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Abstract

Metal-halide perovskites are considered as one of the most exciting material systems
due to their excellent optoelectronic properties. Notably, the multi-bandgap properties
of perovskites have opened an emerging prospect for highly efficient tandem solar cell
and color vision applications. So far, only perovskite-based tandem solar cells allow
reaching energy conversion efficiencies exceeding 30% at low manufacturing cost. In
this thesis, efficient solar cells and color sensors are studied based on metal-halide
perovskite materials.

Charge transport/contact layers have a significant impact on the electrical and optical
properties of perovskite solar cells. Particularly, the front contact, which is a part of the
junction of the solar cell, has to be efficient for realizing high energy conversion
efficiency. The front contact must provide a lateral charge transport to the terminals
and should allow efficient light incoupling while maintaining low optical losses. Hence,
In the first part of the thesis, metal-oxides, such as titanium oxide (TiOz2), nickel-oxide
(NiO), zinc oxide (ZnO), etc., are investigated as potential front contacts for realizing
efficient perovskite solar cells. High-quality metal oxide films are prepared by spray
pyrolysis deposition (SPD), electron-beam physical vapor deposition (EBPVD), metal-
organic chemical vapor deposition (MOCVD), and atomic layer deposition (ALD)
techniques. As a first step, the study is carried out to investigate the planar perovskite

solar cell performance with different front contacts, which is also used as a reference
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device structure for future investigations. Subsequently, the study is progressed to the
textured perovskite solar cells, which combines the benefit of reaching high short-
circuit current densities and energy conversion efficiencies due to efficient photon
management. Efficient photon management allows enhancing photon absorptions in
perovskite solar cells through light incoupling and/or light trapping. Herein, light
incoupling and light trapping are investigated with the integration of surface textures
(e.g. moth-eye, pyramid, optical metasurfaces, etc.) on top of planar perovskite solar
cells. A non-resonant optical metasurface is additionally studied as an alternative light-
trapping structure for realizing efficient perovskite solar cells, where an array of ZnO
nanowires is realized by the templated electrodeposition through a mask of resist. The
complex requirements of perovskite solar front contacts and the effect of the front
contact on the optics of perovskite solar cells are described in this part of the study.
The optics of solar cells is investigated by 3D finite-difference time-domain (FDTD)
optical simulations and the electrical effects of solar cells are inspected by the 3D finite
element method (FEM). Detailed discussions for the realization of metal oxide films
and the influence of photon management on the photovoltaic performance are
provided.

The second part of this thesis deals with detailed balance calculations and photon
management of perovskite-based tandem solar cells. An extended Shockley—
Queisser model is used to identify fundamental loss mechanisms and link the losses

to the optics of solar cells. The influence of free-carrier absorption of metal oxide films
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on the optics of low bandgap and/or tandem solar cells is investigated. Herein, an
optimized design is proposed for the perovskite/silicon tandem solar cell, which has the
potential to reach energy conversion efficiency beyond 30% with a short-circuit current
density exceeding 20 mA cm™ while using realistic device geometry. A hybrid approach is
used to investigate the optics of perovskite/silicon tandem solar cells by combining 3D
finite-difference time-domain simulations with experimental measurements. Furthermore,
multi-bandgap perovskites are employed as absorbers for investigating high-efficiency
perovskite/perovskite tandem solar cells at low cost. Details on the nanophotonic design
of perovskite-based tandem solar cells are provided.

In the final part of this thesis, multi-bandgap perovskite materials are considered for the
realization of efficient vertically stacked color sensors. The vertically stacked color sensor
consists of three different energy bandgap perovskite diodes (channels), which allows
exhibiting excellent color separation without having any color aliasing or color moiré
error. The complex material properties of multi-bandgap perovskites are determined
by the energy shift modeling. The quantum efficiency of the proposed vertically
stacked color sensor is 3 times higher than the conventional filter-based color sensors.
The current study focuses on the perovskite color sensor for achieving the quantum
efficiency approaching 100%. The quantum efficiency of the investigated sensor is
calculated by 3D finite-difference time-domain simulations. The study is further
advanced to the realization of the multi-channel color sensor for detecting multispectral

imaging, where six individual perovskite diodes are used for the sensor construction.
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The six-channel sensor outperforms all other characterized sensors. It enables the
reconstruction of incident spectra that can be applied to a wide range of areas, such
as health, communications, safety, and securities. The colorimetric characterization is
performed based on the calculated spectral responsivities of the investigated color
sensors. Details on the used materials, the device design, and the colorimetric

analysis are provided.

. ____________________________________________________________________________________________________________________________________________|
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1.1 Motivation

Photovoltaic is the fastest-growing energy source in the electricity sector, which has
great potential to overcome the world’s energy crisis. However, record energy
conversion efficiencies yet much lower than the theoretical upper limit of a solar cell.
Different methodologies have been proposed to overcome the limits of conventional
single-junction solar cells by applying novel physical principles, amongst, tandem solar
cells have been the most promising approach, which can reach the energy conversion
efficiency exceeding 40%. Furthermore, the color image sensor is a fundamental
fragment of a multitude of technologies, including digital cameras, smartphones, optical
mouse devices, camera modules, medical imaging equipment, sonar, radar, and many
others. Hence, image sensing technology has an inordinate impact on our daily life;
nevertheless, the conventional color image sensors based on color filter arrays (CFA)
are not efficient due to sensor construction. However, designs of efficient tandem solar
cells and color sensors are challenging, which demand optically matched materials with
excellent electrical and optical properties. This thesis aims at realizing highly efficient

tandem solar cells and optical color sensors based on perovskite material systems.

1.2 Introduction

In recent years, the perovskite material system has gained considerable research
attention because of its excellent electronic and optical properties, particularly, its
ability to tailor the bandgap and low deposition cost.(Bush et al., 2017a; Chung et al.,
2017; Y. C. Kim et al., 2017; M. Liu, Johnston, & Snaith, 2013a) The low penetration
or absorption depths of several tens to hundreds of nanometers in combination with
the high diffusion lengths >1 um allows for realizing thin-film solar cells with high

energy conversion efficiency (ECE).(Castelli, Garcia-Lastra, Thygesen, & Jacobsen,

R
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2014; Green, Jiang, Soufiani, & Ho-Balillie, 2015; Jang et al., 2016; Jiang, Green,
Sheng, & Ho-Baillie, 2015; Li et al., 2015; Shi et al., 2015; L. Wang et al., 2016) Single-
junction perovskite solar cells (PSCs) with ECEs exceeding 20% have been
demonstrated by several research groups.(Green, Dunlop, et al., 2019; Green et al.,
2018; N.-G. Park, 2015a) This thesis initially focuses on the optics of PSC front
contacts to realize an optimized single-junction PSC structure; later, the structure is
applied to the implementation of perovskite-based high-efficiency tandem solar cells
(TSCs). The photon management is studied through the improvement of light
incoupling and/or light trapping in PSCs, which has a significant influence on the
realization of high ECEs. Finally, the study is extended to the implementation of
efficient optical color sensors with perovskite alloys. Further explanations are

discussed in the following sub-sections.

1.2.1 Perovskite Solar Cell Front Contacts

In a simple PSC structure, the perovskite layer is sandwiched between two charge
transport/contact layers. Hence, the qualities of the electron transport material (ETM)
and/or hole transport material (HTM), such as energy level alignment, charge mobility,
morphology, and its related interface properties are substantially valuable for the
determination of PSCs with better photovoltaic performance.(Juarez-Perez et al., 2014;
N.-G. Park, 2015b; Werner, Niesen, & Ballif, 2018) So far, PSCs with high ECEs are
made from organic HTMs (e.g., PEDOT:PSS, Spiro-OMeTAD, PTAA, and P3HT) along
with TiO2 ETL. However, organic HTMs require additional dopant materials and
adhesive ingredients (e.g., BCP) which degrade the device stability.(Burschka, Kessler,
Nazeeruddin, & Gratzel, 2013; Conings et al., 2014; Heo et al., 2013; H.-S. Kim et al.,
2012; Noh, Jeon, et al., 2013a; You et al., 2014) Recently, promising results have been

demonstrated by using metal oxides (titanium oxide (TiOz2), zinc oxide (ZnO), and
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Nickel oxide (NiO)) as charge transport layers for the implementation of efficient PSCs
due to their extensive range of benefits, such as chemical stability, high mobility, low
resistivity, low cost, and suitable energy level.(Mohammad |. Hossain, Qarony,
Jovanov, Tsang, & Knipp, 2018a; Wakamiya et al., 2014; J.-Y. Wang et al., 2009a;
Yongzhen Wu et al., 2014; Xu et al., 2015a; J. Zhou et al., 2017) Metal oxides can be
prepared by several deposition techniques, including spin-coating, spray-pyrolysis,
sol-gel, magnetron sputtering, atomic layer deposition (ALD), electron beam physical
vapor deposition (EBPVD).(Abzieher et al., 2019; Aydin et al., 2018; Jin Cui et al.,
2014; Jlassi, Sta, Haijji, & Ezzaouia, 2014; Ryu et al., 2000; Seo et al., 2016; Yongzhen
Wu et al., 2014; Zardetto et al., 2017; Z. Zhu et al., 2014) Nevertheless, until now,
most emphasis has been made on the optimization of absorber materials and the
electronic properties of the contact layers of PSCs. Little attention has been on the
optics of the solar cell and the influence of the contact layers on the optics of the solar
cells. However, the optics of the contact layers has a distinct impact on the optics of
the complete solar cells and the short-circuit current density (Jsc). The optics of the
contact layers is essential for single-junction PSCs and even more critical for
perovskite-based TSCs. The front contact of a PSC has four functions. Firstly, the front
and back contacts together with the perovskite absorber form the junction of the solar
cell. Hence, the work function of the materials must be selected accordingly. Secondly,
the front contact must provide lateral conductivity, so that the charges can be
transported to the solar cell terminals or a printed metallic front contact grid. Thirdly,
the front contact must allow for an efficient incoupling of the light in the solar cell. It
might be combined with the diffraction or refraction of the incident light to increase the
optical path length of the light in the solar cell, which results in increased quantum
efficiency (QE). Often this is achieved by texturing the contacts. Fourthly, the
absorption loss of the contact layer should be as low as possible. The second point is

closely linked to the fourth point. An increased doping concentration leads to increased
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conductivity, but also the free carrier absorption is increased, and potentially the
absorption loss of the contact layers is increased. The metal oxide contacts can fulfill
all requirements for the implementation of efficient PSCs. The current study aims to
propose a solar cell design that allows for reaching Jsc of more than 90% of its
maximum Jsc. Such high values have been achieved for record silicon or gallium
arsenide solar cells exceeds 90% of the theoretical limit.(Green, Emery, Hishikawa,
Warta, & Dunlop, 2016; Shockley & Queisser, 1961b) In the case of PSCs with ~1.6
eV perovskite absorber, such high values have not been achieved yet. Hence, we
inspect several transport materials as front contact of PSCs, which were realized from
different deposition methods. As a first step, metal oxide films were prepared for the
fabrication of planar PSCs to investigate the influence of front contacts on the PSC
performance. In the second step, the photon management in PSCs is studied by
improving light incoupling and/or light trapping in PSCs.

In the current study, the spray-pyrolysis deposition (SPD) technique was used for the
preparation of dense TiOz films, which is one of the popular methods used in industries
to deposit large area ceramic films.(Piegari & Flory, 2013) Then, NiO films were
prepared by the EBPVD technique at low temperatures. Arecent study has shown that
an EB deposited NiO as charge transport material can exhibit excellent PSC
performance.(Abzieher et al., 2019) Next, the ALD technique was utilized to prepare
high-quality uniform ZnO films at low temperatures. Designated metal oxides were
used as potential front contacts for planar PSC fabrications.

Additionally, the refractive index of the perovskite material system is comparable to
the refractive index of the metal oxide films. Hence, reflections at the metal
oxide/perovskite interface are low. The reflection of two materials forming a planar
interface increases with increasing refractive index difference between the materials.
Hence, the layer stack consisting of the metal oxide layers and the perovskite layer

can be treated as one unit with almost equal refractive index. This simplifies the optical
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design. However, performances of planar devices are still limited due to the higher
reflection losses. Hence, we focus on the coupling of the incident light in PSCs. This
can be achieved by integrating a pyramidal surface texture on top of the solar cell.
Depending on the dimensions of the pyramidal texture the structure might as well
diffract or refract the incident light, so that the optical path length is increased.
Consequently, the electrical properties of the PSCs should be comparable to planar
PSCs realized in substrate configuration. It is assumed that the modified optical design
does not affect the electrical properties of the solar cells. Hence, it is expected that
electrical parameters of the solar cell, the open-circuit voltage (Voc) and fill factor (FF),
are comparable to planar solar cells in substrate configuration. As a part of this study
smooth and pyramid textured boron-doped ZnO films were prepared by a Metal-
Organic Chemical vapor deposition (MOCVD) process, which is a standard process
used in industry to coat several square meter large glass substrates. The PSC covered
with pyramid textures, which is formed by a self-texturing process,(Mohammad I.
Hossain, Hongsingthong, et al., 2019) allow increasing the Jsc with improved light
incoupling and light trapping. As an alternative solution for the light trapping structure
while maintaining the planar technology, a new process using optical metasurfaces is
introduced, which gives an almost equal performance like pyramid texture. The
investigated metasurfaces consist of an array of ZnO nanowires with subwavelength
large edge length, which are used as fundamental building blocks in controlling the
phase of the incident light. The nanowires are prepared in this study by a templated
electrodeposition through an electron beam patterned resist, which will open a new

gateway for the next-generation photovoltaic technology.

1.2.2 Perovskite-based Tandem Solar Cells

Current commercial solar modules are predominately based on crystalline silicon (c-
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Si) single-junction solar cells. So far, laboratory solar cells with record ECEs of 26.3%
have been demonstrated(Yoshikawa et al., 2017a) while an upper theoretical ECE of
a solar cell with a bandgap of 1.15 eV (e.g. silicon) is ~33.5%.(Shockley & Queisser,
1961b) Detailed balance calculations reveal that the serial connected TSC can only
reach ECE exceeding 40% if an ideal material combination is selected for the top and
bottom solar cell.(Shockley & Queisser, 1961b; Vos, 1980) ECEs higher than 40% can
be reached if Ec top=0.5%EG bot+1.15 €V, where Ec _top and Ec bot are the bandgaps of
the top and bottom diode absorbers. The relationship is valid if the bandgap of the
bottom diode stays in a range from 0.85 eV to 1.2 eV. Hence, a variety of material
combinations can be selected. The c-Si with a bandgap of 1.15 eV is well suited as a
bottom solar cell. Consequently, a lot of research has been devoted to the
development of TSCs using a c-Si bottom solar cell. In this case, the highest ECE can
be reached if the bandgap of the top cell is equal to ~1.73 eV. Several aspects must
be considered to combine the well-established c-Si solar cell technology with other
material systems or fabrication processes. Amorphous silicon exhibits an ideal
bandgap, but the tail states of the material prevent the realization of solar cells with
high Vocs, which is a prerequisite for the recognition of TSCs with high ECEs.(M. A.
Green, 2003; Meier et al., 2004; Meillaud, Shah, Droz, Vallat-Sauvain, & Miazza, 2006;
Qarony et al., 2017; Shah et al., 2002) Silicon oxide / c-Si based quantum dot and
guantum well have been investigated as potential material of the top solar cell.(R.
Lopez-Delgado et al., 2016, 2017; Rosendo Lopez-Delgado et al., 2018; Pi, Li, Li, &
Yang, 2011) However, solar cells with high ECEs have not been realized using silicon-
based quantum dots or quantum wells. Furthermore, compound semiconductors have
been investigated as potential top solar cell absorber material. However, the high
fabrication temperatures of compound semiconductors, the lattice mismatch between
silicon and compound semiconductors, and the fabrication cost have so far prevented

the successful realization. In recent years, the perovskite material system has been
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investigated as potential material for single-junction solar cells or as material for
perovskite/silicon TSCs.(Bush et al., 2017b; Leguy et al., 2015; Sahli et al., 2018a,;
Werner et al., 2018; Wolff et al., 2017; W.-J. Yin, Shi, & Yan, 2014a) So far, the
perovskite material exhibits very encouraging results.(Fang et al., 2019; Jeon et al.,
2013; M. Liu, Johnston, & Snaith, 2013b; H. Zhang, Wang, Chen, & Jen, 2017; Zuo et
al., 2016, 2019; Zuo, Vak, Angmo, Ding, & Gao, 2018; Zuo & Ding, 2014) High ECEs
have been achieved for single-junction PSCs with Vocs close to the theoretical limit.
Furthermore, the material system can be fabricated by a variety of deposition methods
at low temperatures, which facilitates the integration of a perovskite top solar cell on a
c-Si bottom solar cell. Up to now, single-junction PSCs with ECEs exceeding 20%
have been achieved.(Burschka, Pellet, et al., 2013; Green, Hishikawa, et al., 2019;
Hao, Stoumpos, Cao, Chang, & Kanatzidis, 2014; Lee, Seol, Cho, & Park, 2014; N.-
G. Park, 2015b) Research on perovskite/silicon TSCs is still a new research topic. The
number of teams working on the realization of record perovskite/silicon TSCs is still
small. The realization of perovskite/silicon TSCs with record ECEs is only possible if
the perovskite top solar cell and the silicon bottom solar cell operate very close to the
theoretical limit. Nevertheless, perovskite/silicon TSCs with certified ECEs exceeding
27% have been demonstrated.(Oxford PV-The Perovskite Company, 2020) The
realization of solar cells with higher ECEs approaching or even exceeding 30% can
be expected soon. To close the gap between theoretical ECE limits and the
performance of real solar cells a thorough investigation of the losses of a solar cell is

required.

In the current study, we discuss a detailed balance approach and photon management
to maximize the ECE of TSCs. We describe how optics and nanophotonics can be
combinedly used to optimize not only the Jsc of a solar cell but also all other solar cell

parameters. Herein, a nanophotonic design of the perovskite/silicon TSC is presented,

MOHAMMAD ISMAIL HOSSAIN PAGE | 8



Q Chapter 1 1l Introduction
&

THE HONG KONG POLYTECHNIC UNIVERSITY

which can give an ECE over 30% with Jsc beyond 20 mA/cm-. By taking advantage
of multi-bandgap perovskite material systems, we demonstrate efficient
perovskite/perovskite TSC with the integration of optical metasurfaces which has the
potential to deliver an ECE approaching 30%. The optics of solar cells was

investigated by 3D FDTD optical simulations.

1.2.3 Color Imaging Sensors with Perovskite Alloys

A further extension of this study is the use of tunable bandgap properties of the
perovskite material system for the realization of optical color sensors. In our modern life,
all major optical devices, such as cameras, optical mouse, medical imaging,
smartphones, etc. use image sensors. Hence, the image sensor has a high impact on
the entire community. The conventional color image sensors, commonly used in
different applications like smartphones and digital cameras, is usually performed by a
side-by-side arrangement of an array of sensor elements as schematically shown in
Figure 1(a). The sensor elements in this technology are covered by color filter arrays
(CFA), consisting of a periodic arrangement of blue, green, and red color filters for a
three-color channel sensor.(Bayer, 1976; Lukac & Plataniotis, 2005b) The use of CFA
leads to color artifacts like color aliasing or color Moiré effect, resulting in poor sharpness
and immunity in the captured images and videos.(Hubel, Liu, & Guttosch, 2004) For the
case of black/white camera without using the CFA, the upper limit of the quantum
efficiency (QEsw(A)) of the individual diodes is assumed to exhibit approx. 100%.
However, in the case of a color camera with CFA, the upper limit of the QE of a color

pixel is given by

L1 (1)
QEcolorO\) = N X QEBWO\)

where N is the number of color channels. In this case of a conventional three-color
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sensor with CFA, the QE exhibits an upper limit of 33%, since 2/3 of total incident
photons are not converted into sensor signal.(Gunturk, Glotzbach, Altunbasak, Schafer,
& Mersereau, 2005a) This is because only one color is detected by one channel at a
time. In other words, when the red channel detects a red color image, the blue and green
channels remain unused. As the red color covers 1/3 of the overall area of the color
pixel, the resultant maximum achievable QE of the detection process is limited to
33%.(Palanchoke, Boutami, & Gidon, 2017) As a consequence, limits the image
contrast and low-level light sensitivity of the sensors. Hence, the QE is limited by the
side-by-side arrangement of the color filter, resulting in the reduction of the dynamic

range by 20xlog(N)=10 dB and increase the signal to noise ratio (SNR).

The schematic diagram is shown in Fig. 1(b) is a vertically stacked color sensor used
as an alternative to the conventional color sensor with CFA, where wavelength-
dependent photon absorption and corresponding signals are collected at different
depths of the device. The sensor consists of three vertically stacked semiconductor
diodes. The design of the sensor device structure is made in such a way that high energy
photons with blue colors are absorbed in the top diode. In contrast, relatively lower
energetic photons with green and red colors are penetrated deep in the device and
eventually absorbed by the middle and bottom diodes, respectively. This strong
wavelength-dependent incident photon absorption strategy allows achieving good color-
to-color separation. As all the incident photons are converted into sensor signals, this
sensor can exhibit an upper limit of QE as 100%. Additionally, the vertically stacked color
sensor does not require using color filters, allowing to capture images and videos
without sampling artifacts like color aliasing or color Moiré. Such a vertically stacked
color sensor technology was first deployed in the Sigma SD9 DSLR camera back in
2002, where the sensor principle is best known for the Foveon X3 sensor.(Hubel et al.,

2004; Lyon & Hubel, 2002; Merrill, 1999) So far, the vertically stacked sensor has been
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only demonstrated by using silicon alloys and c-Si materials. However, the use of
indirect bandgap and low bandgap silicon materials in the conventional color sensors
leads to poor color separation amongst red, green, and blue color spectral responsivities
and high color detection error for the human vision system in the infrared region,
respectively.(Hubel, 2005b) Moreover, the sensor is highly sensitive to lighting
conditions, resulting in distinguishable image quality captured in the poor and bright light.
However, such problems can be solved by developing a vertically stacked color sensor

with tunable and direct bandgap semiconductor materials.

& €

Filter

e e e
Resulting
pattern

Blue: 33% Green: 33% Red: 33% Blue: 100% Green: 100% Red: 100%

Figure 1.1: Schematic cross-sections of (a) conventional three-color sensor with the
side-by-side arrangement of optical color filter arrays (CFA), where the upper limit of
the resultant quantum efficiency of the detection process is limited to 33% and (b)
vertically stacked three-color sensor consisting of three semiconductor diodes with
three different bandgaps, resulting into 100% upper limit of quantum efficiency in the
detection process.

In this study, mixed-halide perovskite materials are studied for the realization of highly
efficient optical color sensors. Perovskites have recently gained substantial research
attention in developing several high-performance optoelectronic devices due to their

outstanding optical and electronic properties. In particular, unlike the silicon materials,
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the mixed-halide perovskite materials exhibit excellent optical bandgap tunability with
direct bandgap semiconductor properties. The electronic structure and bandgap can be
nicely tuned only by changing the composition of the halide components in the mixed-
halide perovskites. Additionally, the higher absorption coefficient and electron/hole
diffusion length allow developing highly efficient devices. Hence, mixed-halide
perovskites are proposed for developing vertically stacked color sensors as an
alternative to the silicon-based color sensors in the current study. The study mainly
focuses on achieving very high QE and spectral response of such vertically stacked
perovskite color sensor by introducing textured interfaces in the devices. A very high QE
of approaching 100% has been obtained from the proposed sensor device, allowing to
detect images with high contrast and high-level of light sensitivity. However, 3-channel
optical sensors are not able to identify beyond primary RGB colors. Hence, we study on
the implementation of multispectral imaging with perovskite alloys. As we know,
electromagnetic waves are carriers of energy and information, which propagate in time
and space. An ideal electromagnetic sensor array would measure the light intensity
and the wavelength of the electromagnetic wave as a function of time and position.
The human vision system and digital cameras allow for detecting the light intensity of
visible light as a function of time and position. The spectral information is measured in
the form of “colors”, which represent an integral over a spectral range. Spectrometers
are commonly used to measure the spectral characteristics of electromagnetic waves.
However, spectrometers do not provide spatial information. Hence, a spectrometer
can be seen as a single-pixel camera with high spectral resolution. Multispectral
cameras provide spectral and spatial information as a function of time. Multispectral
cameras capture images for many spectral channels so that the spectral information
of the image can be reconstructed. The realization of such cameras is technically
complex and expensive in comparison to classical digital cameras that mimic the

human vision system. However, multispectral cameras allow for new applications in
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Bio, health, and secuirities.

In this current study, we develop a basic RGB vertically stacked optical image sensor
with multi-bandgap mixed halide perovskites, which can exhibit QE approaching 100%.
Furthermore, mixed halide perovskites are utilized to realize the efficient six-channel
multispectral image sensor, which has the potential to outperform all characterized
color sensors. The investigated sensor can detect six distinct colors at a time. The
optical properties of the mixed-halide tunable bandgap perovskites calculated by the
energy shift model are discussed. The proposed sensor devices modeled by optical
wave propagation simulations for QEs and spectral sensitivities for the color sensors
are presented, where the calculated perovskite optical materials properties were used
as input parameters. Herein, the calculated QE of the investigated sensor is compared
with conventional color sensors. Sensors are colorimetrically characterized to determine
the color error and compare with the traditional color sensor with CFA as well as the
Foveon sensor based on the c-Si. The colorimetric characterization is described
systematically, which allows realizing whether the investigated color sensors are

suitable for the human vision system, which can also be used as a reference system.

1.3 Accomplished Milestones

a. The influence of front contacts and photon management for the realization
of high-efficiency perovskite solar cells.

b. Realization of the energy conversion efficiency of perovskite/silicon
tandem solar cells exceeding 30%.

c. Aroute to reach the efficient optical color sensors with perovskite alloys,
which delivers a quantum efficiency approaching 100%.

d. A novel pathway to develop a visible transparent solar cell exhibiting

R
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energy conversion efficiency over 20%.

1.4 Thesis Outline

This thesis focuses on the realization of highly efficient perovskite single-junction solar
cells, perovskite-based tandem solar cells, and optical color sensors with multi-
bandgap perovskite alloys. The optical and electronic properties are determined from
the energy shift modeling. The optics of solar cells and color sensors are investigated
by 3D FDTD simulations. The electrical effects of solar cells are investigated by the
finite element method (FEM) simulations. Moreover, necessary material
characterizations are performed to obtain the input parameters for optical and
electrical simulations. For a clear insight, this thesis is arranged into seven chapters,

whose insides are described below.

Chapter 1 “Introduction”
Chapter 1 includes the general introduction and motivation of the study. The thesis

arrangement is also described in it.

Chapter 2 “Fundamentals”

Chapter 2 presents the basic theory of solar cells, photovoltaic performance
parameters, losses in solar cells, thermodynamic limits, ultimate efficiency limit,
detailed balance limit or Shockley-Queisser limit, and photodetectors. The chapter
also describes the numerical modeling and methods. [relevant publication: Nano-Micro Lett.,

11 (2019) 58; Applied Nanoscience, 7 (2017) 489-497)

Chapter 3 & 4 “Optics of Perovskite Solar Cell Front Contacts”
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In the Chapter 3, optics of flat-front contacts is discussed, where optics of textured
front contacts is discussed in Chapter 4. Chapter 3 and 4 mainly describes the
influence of front contact materials on short-circuit current densities and energy
conversion efficiencies of perovskite solar cells. Furthermore, how efficient photon
management can improve short-circuit current densities and energy conversion
efficiencies is also discussed in this chapter. A potential pathway to reach photon
absorption of single-junction perovskite solar cell approaching unity is systematically
provided. [relevant publications: Small Methods, (2020) 200454; RSC Advances, 10 (2020) 14856-
14866; Solar Energy, 198 (2020) 570-577; ACS Applied Materials & Interfaces, 11 (2019) 14693-14701;

Materials Today Energy, 11 (2019) 106-113; Advanced Theory & Simulations, 1 (2018) 1800030]

Chapter 5 “Perovskite Tandem Solar Cells: From Detailed Balance Theory to
Photon Management”

Chapter 5 covers the perovskite/silicon tandem solar cells from detailed balance
calculations to photon management. The nanophotonic design of perovskite/silicon
tandem solar cells is described, which can exhibit an energy conversion efficiency
beyond 30%. A systematic explanation about the fabrication technique of
perovskite/silicon tandem solar cells is also presented. A realization of the low-cost
perovskite/perovskite tandem solar cell is additionally presented in this chapter.
[relevant publications: Nano-Micro Lett., 11 (2019) 58; Journal of Materials Chemistry A, 6 (2018) 3625-
3633; ACS Applied Materials & Interfaces, 11 (2019) 14693-14701; Solar Energy, 198 (2020) 570-577;

ACS Applied Materials & Interfaces,12 (2020) 15080-15086 ]

Chapter 6 “Color Image Sensors with Perovskite Alloys”
Chapter 6 describes how multi-bandgap mixed-halide perovskites can be used to
implement efficient optical color sensors, which can deliver the quantum efficiency

close to 100%. The investigated color sensors have a better color separation without
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having color aliasing or color moiré error. All necessary optical analysis and

colorimetric characterizations are performed for the investigated color sensors.

Chapter 7 “Summary and Outlook”

Chapter 7 summarizes the results demonstrated in all sections on perovskite single-
junction solar cells, perovskite/silicon tandem solar cells, perovskite/perovskite
tandem solar cells, and color imaging sensors with mixed-halide perovskites.
Moreover, a short explanation of some ongoing and future projects is also presented

in this chapter.

R
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2.2 Fundamentals of Solar Cells

In general, a solar cell is an electronic device that converts sunlight into electricity. The
basic device structure consists of a p-n or p-i-n junction.(Alharbi & Kais, 2015; Limpert,
Bremner, & Linke, 2015) In a first step, the incident photons are absorbed, causing the
creating of electron/hole pairs. In a second step, the photogenerated electron/hole
pairs are separated and subsequently collected. The charge collection of the
photogenerated charges occurs due to diffusion, drift, or the combination of both
transport processes to the contacts of the solar cell. Figure 2.1 provides an overview
of different solar cells. Figure 2.1(a) shows a schematic sketch of a crystalline silicon
(c-Si) homojunction solar cell. Photons are absorbed throughout the complete p-n
junction. The photogenerated electron/hole pairs are predominantly collected by
charge diffusion. Figure 2.1(b) exhibits a heterojunction solar cell consisting of a c-Si
absorber and amorphous silicon (a-Si:H) contact layers. In comparison to a classical
silicon homojunction solar cells as shown in Figure 2.1(a), the heterojunction allows
for minimizing optical loss (preferable in the emitter), leading to a high short-circuit
current density (Jsc) and high open-circuit voltage (Voc) due to the use of a
heterostructure. Typically, amorphous silicon p- and n-layers are used to form the
contacts. Due to the high diffusion length of c-Si, charge diffusion is the primary charge
transport mechanism. Most thin-film solar cells consist of a p-i-n structure. An intrinsic
absorber layer is introduced between the p- and n-regions. The charge collection
process is mainly or partially dominated by the drift of the electron/hole pairs to the
contacts. An example of an a-Si:H thin-film solar cell is shown in Figure 2.1(c). A
heterojunction thin-film solar cell is shown in Figure 2.1(d). To increase the Voc, hence,
the energy conversion efficiency (ECE), a tandem solar cell (TSC) structure is
introduced. As shown in Figure 2.1(e), a high bandgap material (e.g., perovskite) is
used as a top absorber and a low bandgap material (e.g., c-Si) is considered as a

bottom absorber for the implementation of a TSC. In this study, a heterojunction thin-

R
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film solar cell structure is used for the investigation of perovskite solar cells (PSCs),
where a perovskite layer is used as an absorber of the incident light. Perovskite
material system is comparatively a new semiconducting direct bandgap material with
excellent optoelectronic properties.(Green, Ho-Baillie, & Snaith, 2014; Kojima,

Teshima, Shirai, & Miyasaka, 2009; Werner et al., 2018)

(a) (b) © o o
p-layer c-Si | Front Contact Front Contact

p-layer a-Si:H Hole Transporting

Perovskite
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p-layer a-Si:H
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Electron Transporting
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Figure 2.1: Schematics of (a) crystalline silicon homojunction solar cell, (b) silicon
heterojunction solar cell consisting of a crystalline silicon absorber and amorphous
silicon contact layers, (c) amorphous silicon homojunction thin-film solar cell, (d)
perovskite heterojunction thin-film solar cell, and (e) perovskite/silicon tandem solar
cell. (f) The schematic sketch of a perovskite crystal structure.

In general, the perovskite material system perovskite materials can be defined by the
chemical formula ABXs where A is being organic/inorganic cations (CHsNHs* (MAY),
NH2CHsNHz*(FA*), Cs), B is a divalent cation (Pb*, Sn*), and X is the monovalent
halide anion (I, CI, Br).(Green et al., 2014; Stranks & Snaith, 2015a) The crystal

structure of a perovskite material is depicted in Figure 2.1(f). The perovskites are

R
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considered as a very promising material due to its tunable bandgap ability, where only
by changing the halide anion element (X), the bandgap of the perovskite materials can
be changed from low to high. The multi-bandgap perovskites allow realizing high-
efficiency tandem solar cells and efficient optical color sensors. In this study,
methylammonium-lead(n)-iodide, CHsNHsPbls (MAPbIs) perovskite, which has a
bandgap of ~1.6 eV, is used as a potential absorber for the investigation of single-
junction perovskite and perovskite/silicon tandem solar cells. The complex optical
constant of perovskite material used in this study is adapted from the published paper
by Loper et al.(Loeper et al., 2015) In addition, multi-bandgap perovskites are used to
realize the vertically stacked color sensors. However, in a typical PSC structure, the
perovskite absorber is sandwiched between electron transporting / hole blocking and
hole transporting / electron blocking layers, as depicted in Figure 2.1(d). A variety of
electron transporting / hole blocking layers and hole transporting / electron blocking
layers have been investigated as potential contact layers. In this study, we used

transparent conductive oxides (TCO) as contact layers.

2.2.1 Photovoltaic Characteristic Parameters

In general, the most important parameter to characterize a solar cell is the ECE, which
is given by the ratio of the electrical output power density to the optical input power.
An Air Mass 1.5 spectrum is used as a standardized optical input power
density.(“Reference Solar Spectral Irradiance: ASTM G-173,” n.d.) The electrical
output power density is given by VmpxJmp, Where Vmp and Jmp are the voltage and
current density at the maximal powerpoint. Vmp and Jmp are derived from the current-
voltage characteristic, J(V), of the solar cell. To correlate the J(V) characteristics with

the physics of a solar cell the parameters, short-circuit current density (Jsc), fill factor
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(FF), and open-circuit voltage (Voc) are introduced. The Jsc is given by J(V=0)=Jsc,

while the Voc is determined by J(V=Voc)=0. The ECE can be calculated by

Vmp X ]mp — Voc X Jsc X FF (2.1)
P P

Hence the fill factor can be computed by

Fp = Jmp X Jmp 2.2)
Voc X Jsc

An ideal solar cell can be described by the following equation,

JOv) = Jo % (exp (o) ~ 1) ~ Jsc (2.3)

KTcen
where q, V, Kk, Tcel, and Jo are an elementary charge, applied voltage, Boltzmann

constant, the temperature of the solar cell, and saturation current density. The Voc of

the solar cell can be determined by

kT, kT,
Voc = €lln (IS—C + 1) ~ — Cellyy (]S—C) (2.4)
q Jo q Jo

A graphical representation of solar cell J(V) characteristic curves along with
photovoltaic characteristic parameters are shown in Figure 2.2.
In accordance with the optical conservation law, absorbance, transmittance, and

reflectance for the solar cell can be defined by(Mohammad Ismail Hossain, 2013)

A +RM) +TQ) =1 (2.5)

Where A(D), R()\)=PR—"ﬂ, and T(A)z@ are absorbance, reflectance, and
1

P nc Inc

transmittance of the solar cell at a given wavelength. P,. is the incident power.
Prest @nd Prpans are the portion of the incident power reflected by and transmitted

through the solar cell, respectively.
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One of the essential photovoltaic efficiency indicators is quantum efficiency (QE),
which defines the ratio of the number of carriers contribute to the electricity under
short-circuit conditions to the number of incident photons. Often, the external quantum

efficiency (EQE) is termed as a QE.
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Figure 2.2: Schematics representation of (a) solar cell J-V characteristic curves under
dark and illuminated conditions and (b) photovoltaic characteristic curve under only
illumination condition along with performance parameters.

The internal quantum efficiency (IQE) is determined as the ratio of the number of
carriers contribute to the output current at short-circuit condition to the total number of
photogenerated electron-hole pairs within the absorber material.(Dewan, 2011; Luque
& Hegedus, 2010a; Mohammad Ismail Hossain, 2013) In this thesis, the EQE is
presented as the QE. The IQE and EQE can be expressed by

EQE(A
IQEQ)) = 1?—}{(03) (2.6)
EQEQ) = QE() = JscD)  Jsc(D) 2.7)

adA)  Jin @

Where q is the elementary charge and ® denotes the incident photon flux as a given

wavelength. Hence, the overall collection efficiency can also be calculated by
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Jsc(M) (2.8)
Jin()
However, The CE considers the total losses in the solar cell whereas QE exhibits only

CEQ) =

the losses by the absorber material.

2.3 Fundamentals of Photodetectors

Photodetectors are an essential element in the present technology, which is a
semiconductor device that converts an optical signal into an electrical signal.
Photodetectors have a wide range of applications, where almost all major sectors, e.g.,
telecommunications, biotechnology, medicine, monitoring systems, etc., use imaging

devices that are based on photodetectors.
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Figure 2.3: Schematic of a PIN structure of photodiode and corresponding energy
band diagram.

Semiconductor photodetectors often termed as photodiodes used in the
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communication industries, which have similar structures like light-emitting diodes,
solar cells, or laser diodes. Nevertheless, unlike the conventional p-n diodes, which
works in the forward bias, photodetectors operate in the reverse region so that a tiny
saturation current flows through the diode terminals without an input signal.(Sze & Ng,
1995) In principle, to generate electron-hole pairs, the incident photons should have
equal or higher energy than the bandgap of materials used in the photodetector as
photoactive materials. Practically, many types of device structures are used to improve
the performance of photodetectors; however, the underlying mechanism remains the
same. A p-i-n structure is mostly used to build a photodetector, where a photoactive
material is placed between two doped layers; hence, sometimes, it is called p-i-n
diode.(Khosrow-Pour, D.B.A., 2009) The basic structure of p-i-n diode along with the

corresponding energy band diagram is depicted in Figure 2.3.

The performance of the photodetector depends mostly on the used photoactive
material (e.g., Si, 2D materials, perovskites, etc.) and device design, where only a few
characteristic parameters are considered to evaluate the performance, those are
responsivity, quantum efficiency, and spectral responsivity.

Responsivity (R) measures the photocurrents (Jpc) due to the incident optical power

(Pin) which can be expressed mathematically by(Qarony, 2019)

R = Jpe (2.12)

The quantum efficiency can be determined by

g - Rhe (2.13)
gA

where h and c¢ are Planck’s constant and velocity of light in free space, respectively. q
is the elementary charge. Then, the spectral responsivity of the photodetector can be

calculated by the following formula
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GAQE() (2.14)
hc

SRQ\) =

2.4 Thermodynamics and Detailed-balance Limits

Understanding the fundamental limits in the energy conversion process of solar cells
and determining a potential upper limit of the ECE is essential in developing high-
efficiency solar cells.(Hegedus & Luque, 2005; Kosyachenko, 2015; Luque & Hegedus,
2010b) The limit of the ECE of a solar cell can be derived by using the first and second
laws of thermodynamics. In the first model, the solar conversion process is described
as a heat engine, which converts the energy emitted by the sun in useable work. The
energy is absorbed by a solar cell, which is described as an absorber at ambient
temperature. The energy emitted by the sun is transferred to the solar cell and
converted by the solar cell without creating entropy. Hence the conversion process is
described by a reversible Carnot heat engine.(Curzon & Ahlborn, 1975; Peter T.
Landsberg & Markvart, 1998) Landsberg expanded the model by taking reflection
losses and entropy generation into account because of the conversion process.
Shockley and Queisser were the first to apply thermodynamics to a solar cell described
as a semiconductor device.(Shockley & Queisser, 1961b) They introduced the concept
of an ultimate solar cell conversion efficiency. In this model, the solar cell is described
by a semiconductor with a bandgap. Hence, large fractions of the incident light are lost
due to thermalization and optical losses. Furthermore, it is assumed that the energy
conversion process is free of recombination losses. In the next step, Shockley and
Queisser expanded their model and took radiative recombination into account. The
derived limit is commonly called the detailed balance or Shockley-Queisser limit. The
solar cell is described as an ideal solar cell. Only the bandgap of the semiconductor is

considered as parameter in description of the solar cell. Several authors expanded the
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model of Shockley-Queisser to described special type of solar cells or consider charge
transport and optical properties of materials. A brief introduction of different models is

proved in the following sub sections.

2.4.1 The Carnot Conversion Efficiency Limit

The most fundamental energy conversion efficiency limit for a solar cell is the Carnot
limit, which describes a solar cell as a heat engine as shown in Figure 2.4. The input
parameters are Esun and Ssun, where Esun and Ssun are the heat flux and entropy flux
coming from the sun. Tsun is the temperature of the sun which is assumed to be 6000
K. The entropy flux is given by Esun/Tsun. The output parameters of the solar cell are
represented by an energy flux in the form of useable work W and the heat flux Q
emitted to the ambient. Swis the entropy due to the generated heat energy and Ta is
the ambient temperature. According to the first law of thermodynamics, the system

can be described by

Esun =W+ Q, (2.15)
where Esun is the input radiation energy from the sun and W and Q are the output work
and heat energy, respectively. Accordingly, the equation of the heat flux can be

expressed as

Ssun + S = Sw, (2.16)
where Ssun is entropies from the sun, while Sg is the entropy caused by transmission,
absorption, and conversion of the sunlight. Sw is the entropy due to heat loss. It is
assumed that no entropy is generated during the transmission, absorption or
conversion of the sunlight. Hence, Sc is assumed to be zero and the process is a

reversible energy conversion process. The ECE can be determined by

R
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— W =ESun_Q=1_ Q (2_17)
ESun E:Sun ESun

Because Sg is equal to zero equation 5 can be rewritten by Esun/Tsun=Q/Ta, so that the

Nc

ECE can be express only by the input and output temperature.

Ta (2.18)

Equation (8) defines the upper limit of the energy conversion process using the Carnot

model.
Ambient
777777777777777777777777777777777777777777777777777777777777777 T emperature,
- Ta
Eg,, m——
Sun Sol N
Temperature, g;,r . (heat)
TSun ! i
Sy = 50 Sw=o
Sun TSun ! TA

Figure 2.4: Schematic sketch of a solar cell represented by a Carnot reversible heat
engine.

The final expression of the ECE does not require or provide any information about the
potential realization of such a converter. Furthermore, the calculations assumed that
no entropy generation occurs during the transmission, absorption or conversion of the
sunlight. However, Planck showed already at the beginning of the 20™ century, that an
energy transfer between two blackbodies involves unavoidable entropy
generation.(Alharbi & Kais, 2015; Kosyachenko, 2015; Planck, 1901) Landsberg tried

to account for these entropy losses.
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2.4.2 The Landsberg Conversion Efficiency Limit

Landsberg calculated an ECE limit assuming that the sun and the solar cell are
described as blackbodies with entropy losses, which means that the transmission,
generation, and conversion lead to an entropy loss.(Kosyachenko, 2015) Furthermore,
the input and output heat fluxes are replaced by input and output radiation energies.

The schematic sketch of the Landsberg solar converter is illustrated in Figure 2.5.

Cell Temperature, Ambient

"""""""""""""""""""""""""""""" T Temperature,
Cell ! T
A
Converter :
Ecenn ¢ _ w
Solar ! I Q
cell (heat)
m—— |
S _ 4Egy _
€l 3 Tean 5 S :g

Figure 2.5: Schematic diagram of the Landsberg model for a solar converter.

The emission of an ideal blackbody is described by the Stefan Boltzmann law.

According to the Stefan Boltzmann law, the radiation energy is given by

E = 0gpT* (2.19)
where T is the temperature of the blackbody and oss is the Boltzmann constant. The
entropy of the system can be calculated by solving the fundamental equation of
thermodynamics TdS=dE, which leads to S=4xE/3/T, so that the entropy of the sun

and the solar cell is given by

I —
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_ 4Esun (2.20)
Sun — 5
3 TSun
and
S¢ = & el (2.21)
3 Teen

where Ecell and Scell are the energy and entropy due to radiation, respectively. Now,

equations (5) and (6) become

Esun =W+ Q + Ecen (2-22)
Ssun = Sw + Scen — Sg (2.23)
If we assume that the solar cell temperature, Tcel, is equal to the ambient temperature,

Ta, so that the following expression can be derived.

_ W _ Esun—Q—Ecen _ . Q _ Ecen _ i Q  Teen (2.24)
ESun ESun ESun ESun ESun T;;Lun

The general solution of the Landsberg conversion efficiency is given by(De Vos,

nL

Landsberg, Baruch, & Parrott, 1993; Markvart & Landsberg, 2002)

— Téy 4Ty 4Ty o (Tc4e11> (2.25)
L=1- __ - _ .
TS4un 3 TSun 3 TCell TS4un

100

3 E NGRE LT TN Landsberg

~ N Sea

3, 80- \.\ Carnot . /

C N, “
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S 60 N R
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201 ~ K
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Figure 2.6: Temperature-dependent Carnot and Landsberg efficiencies for solar
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energy conversion.

The Landsberg conversion efficiency is plotted in Figure 2.6 together with the Carnot
limit. The Landsberg limit is plotted for two cases. In the first case, it is assumed that
the temperature of the solar cell and the environment are equal and Tee = Ta. This is
realistic for low solar cell temperatures, while the assumption is not realistic for high
solar cell temperatures. In a second case, it is assumed that the ambient temperature
is constant at Ta=300 K, while the conversion temperature is varied. The conversion
efficiency as a function of the temperature is illustrated in Figure 2.6. According to the
Carnot model, the upper conversion efficiency is limited to 95% assuming an ambient
temperature of 300 K. The Landsberg model provides an upper limit of is to 93%. The
ECE is zero if the converter and ambient temperature is equal to the sun
temperature.(De Vos et al., 1993; P. T. Landsberg & Tonge, 1980; Rawat, Lamba, &
Kaushik, 2017)

2.4.3 The Ultimate Solar Cell Conversion Efficiency Limit

So far, the solar cell has been described by a general blackbody. Now we will assume
that the solar cell is described by a single-junction solar cell, which consists of a
semiconductor with a constant bandgap. The ultimate conversion efficiency
represents a theoretical ECE limit of a semiconductor-based solar cell. Photons with
photon energies larger than or equal to the material bandgap are absorbed. Photons
with energies smaller than the bandgap are not absorbed. It is assumed that
photogenerated electron/hole pairs are collected. The recombination of electron/hole
pairs is not considered. Only thermalization and absorption losses are considered.
Absorption losses occur for photon energies smaller the bandgap and thermalization

losses occur for energies larger than the bandgap.(Kosyachenko, 2015) The photon
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flux of the sun, which is absorbed by the solar cell is given by.(Kosyachenko, 2015;

Shockley & Queisser, 1961b)

2 (© E2dE
FCell(T = TSun) = f
E

h3c2 E
& exXp (kTSun

where h, c, k, and Ec are Planck’s constant, speed of light, Boltzmann constant, and

)_1 (2.26)

energy bandgap of the photovoltaic material. The photon flux can be approximated by

2n [ E e
Foan (T = Tsun) = oz | exp (= ) E2dE = | dsunE (2.27)
Eg Sun Eg

where ¢sun is the blackbody radiation flux of the sun, which is given by

2T )
$sun :h3—CZXE Xexp(—

E ) (2.28)
kTSun

The photocurrent density of the solar cell is given by J=gxFcei(T=Tsun). The electrical

output power density of the solar cell is calculated by

Eg

The input sun power density is given by(Kosyachenko, 2015)

21 j°° E3dE _2m° (KTsypn)*
0

~ (2.30)
ex ( E )_ 1 15h3c?
P kTSun
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Figure 2.7: Temperature-dependent Carnot and Landsberg efficiencies for solar
energy conversion.

Finally, the energy conversion efficiency of a solar cell is calculated by n=Pout/Pin. By
using the blackbody spectrum (T=6000 K) and AM 1.5 global spectrum, the solar cell
exhibits a maximum of the ultimate conversion efficiency of 44% and 49%, respectively
for a bandgap of 1.1 eV as shown in Figure 2.7. These ECEs are significantly lower
than the Carnot and Landsberg limits because of the two losses, absorption losses
and thermalization losses, which are large for single-junction solar

cells.(Kosyachenko, 2015)

2.4.4 Detailed Balance Limit or Shockley-Queisser Limit

The ultimate ECE limit derived by Shockley and Queisser does not consider radiative
emission by the solar cell. Hence, the ultimate conversion efficiency limit violates the
Kirchhoff law. Shockley and Queisser expanded their model commonly called detailed
balance limit or Shockley-Queisser (SQ) limit, by taking radiative recombination into
account. Thermal generation and non-radiative recombination are not considered. The

photon flux emitted by the solar cell can be described by blackbody radiation. The
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emission energy is given by E-qV, where V is the voltage applied to the solar

cell.(Kosyachenko, 2015; Shockley & Queisser, 1961b)

Fr(V) = 2r_ E* dE
r(V) = h3czf E—qVv (2.31)
Ec exp Kooy )~ 1
ce

The applied voltage is equal to the splitting of the Fermi levels qV=EF"-ErP, where EF"
and ErP are the majority of quasi-Fermi levels in the p- and n-region of the p-n junction.
The quasi-Fermi levels are determined by the free carrier concentration, which is again
determined by doping concentration, generation, and recombination of charges. With
increasing photogeneration, the quasi-Fermi levels shift closer to the conduction and
valence bands, and the Voc is increased. In contrast, for recombination, the quasi-
Fermi levels away from the conduction and valence bands and the Voc are reduced.

The photon flux emitted by the solar cell can be approximated by

Fu(V) 21 J“’ ( E—qV)Esz ( qVv )de’ dE 530
=—— | exp|-— =ex
R h3c2 ‘, p KTeor p KTeen/ J. Cell (2.32)

The equation can be simplified and the blackbody radiation flux ¢ceir of the solar cell

can be described by

21 5 E
been = 157 E"exp (‘ kTCeH) (2.33)

So that the photon flux at zero applied voltage is given by

Fro = | ¢cendE (2.34)
Eg
Combining 22-24 allows for describing the photon flux as a function of the applied

voltage.
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qVv
FR(V) = FRO X exp (kTC ll) (235)
e

The expression for the total current density is given by(Ruhle, 2017; Shockley &
Queisser, 1961b)

J(V) = q X [Feen — Fr(V)] (2.36)

The Jsc and Voc can be calculated by.

Jsc = q X [Feenn — Frol (2.37)

and

Voe = KTcen < In (Fcell) (2.38)
q Fro

The FF and ECE of the solar cell is given by

P max[J(V) x V] (2.39)
Jsc X Voc
and
\% \Y
0= maXUé ) x V] (2.40)

The Jsc, Voc, FF, and ECE as a function of the bandgap are shown in Figure 2.8 for

blackbody radiation and an AM 1.5G sun spectrum.
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Figure 2.8: Detailed Balance limit or Shockley—Queisser limit for (a) short-circuit
current density, (b) open-circuit voltage, (c) fill factor, and (d) conversion efficiency
under AM 1.5G spectrum with blackbody spectrum at 6000 K.

The Jsc increases, while the Voc decreases as a function of the bandgap. The optimal
bandgap represents a trade-off between the Jsc and the Voc. The ECE as a function
of the bandgap is provided in Figure 2.8(d). The ECE reaches a maximum value of
approx. 33.5%. The maximum ECE is observed for a bandgap of 1.2-1.4 eV. A
comparison of the ultimate energy conversion efficiency and the Shockley-Queisser
conversion efficiency limit is plotted in Figure 2.7. The additional loss in the ECE
caused by radiative recombination and charge transport. The ultimate conversion
efficiency exhibits its maximum for 1.1 eV, while the SQ limit exhibits a maximum at
1.2-1.4 eV. The difference is approximately equal to Ec-qxVoc, where Vocis the open-

circuit voltage according to the SQ limit (equation 2.38). In other words, considering
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radiative recombination losses leads to a shift of the optical bandgap to larger
bandgaps. Hence, materials with appropriate bandgap can be selected. The electronic
and optical properties of the materials will determine if the material allows for reaching

ECEs close to the detailed balance limit.(Shockley & Queisser, 1961b)

2.5 Numerical Modeling Theory and Method

Numerical modeling and simulations are an essential part of realizing efficient
optoelectronic devices by providing a reliable prediction on device performance. The
optical performance of devices is determined from the optical wave propagation or the
field distributions within the device structure, where the optical wave propagation is
directly associated with the electromagnetic (EM) wave. In 1865, James Clerk Maxwell
introduced a set of four equations, which are called Maxwell's equations, which can
explain any electromagnetic wave propagation phenomena.(“VIll. A dynamical theory
of the electromagnetic field,” 1865) As compared to the simple analytical methods (e.g.,
Transfer Matrix Method), Maxwell’s equations can solve an extensive range of
complex device structures with precision. Several mathematical approaches, e.g.,
Fourier modal method (FMM), finite element method (FEM), finite-difference time-
domain (FDTD) method, finite integration technique (FIT), method of moments (MoM),
rigorous coupled-wave analysis (RCWA), etc., is employed to solve Maxwell’'s
equations.(Chandezon, Maystre, & Raoult, 1980; Inan & Marshall, 2011; Moharam,
Pommet, Grann, & Gaylord, 1995; Sadiku, 2015; Saleh & Teich, 2007) In this thesis,
the optics of solar cells and color sensors is investigated by FDTD-based Maxwell’s
equations solver. A further discussion on Maxwell’s equations and device modeling

theories is provided in the following subsections.
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2.5.1 Electromagnetic Theory

The electromagnetic theory starts with Maxwell’s equations, which describe a
complete method of optical wave propagation. The shorter wavelength or low-level
light cannot be explained by the classical wave theory, where Maxwell’s equations
solve such problems accurately.(Dewan, 2011; Sadiku, 2015; Saleh & Teich, 2007;
“VIII. A dynamical theory of the electromagnetic field,” 1865) Maxwell's equations in
the following provide the relationship between electric and magnetic field

quantities.(Dexter, 1958; Mohammad Ismail Hossain, 2013; Staelin, 2011; Steen, 2000)

OB oH
= 2.52a
VXE= 5T TR (2.522)
oD OE

= = e— 2.52b
VxH ot +]=¢ g +] ( )
V.D=p (2.52¢)
V.B=0 (2.52d)

where E and H are electric field intensity and magnetic field intensity, respectively. D
and B are electric flux intensity and magnetic flux intensity, respectively. J is the
current density. p is being the charge density. € and p are electrical permittivity and

magnetic permeability of the material.

Maxwell’'s equations have to be satisfied with the condition of the electric and magnetic
field to realize wave equations. Hence, Maxwell’s curl equation is taken for linear
isotropic, homogeneous, and source-free medium (p=0, J=0), and added a curl of both
sides of equation 2.52a.(Dewan, 2011; Mohammad Ismail Hossain, 2013; Qarony,

2019)

]
~VXVXE == (VxH) (2.53)
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Since J=0,(Sadiku, 2015) equation 2.53 becomes

0°E 2.54
—VXVXE = MEF ( )

By applying an identity vector to equation 2.54, it is found

0°E 2.55

V(V E) - V2E=-HSF ( )
Since p=0,(Sadiku, 2015) the equation 2.55 can be written as

0°E 2.56

VZE — HSF =0 ( )

Equation 2.56 is called the time-dependent vector Helmholtz equation or simply wave
equation. Moreover, it is possible to get the equation for H. If the same above

procedure is applied to equation 2.52b, we can get

2H
2 —
VH - pe—— =0

These two equations (2.56 and 2.57) are the motion of electromagnetic waves that

(2.57)

travel in a medium with a velocity of(Dewan, 2011; Mohammad Ismail Hossain, 2013;

Qarony, 2019)

v = \/E (2.58)

In free space, with electromagnetics constants pu, =4m x 1077 H/m and g, =
8.854 x 10712F/m, the speed of light is 3 x 108 m/s. Detailed information is provided
in the literature.(Hecht, 2010; Popovic & Neff, 2000; Saleh & Teich, 2007; Steen, 2000)

2.5.2 Finite-Difference Time-Domain (FDTD) Method

In practice, Maxwell’s equations deal with partial differential equations, which is non-

linear by analyzing mathematical approaches. As mentioned earlier, several numerical
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methods, such as FEM, FDM, FDTD, and MoM, are used. In finite difference methods,
Maxwell's equations are discretized by replacing differential equations by finite
difference equations.(Chandezon et al., 1980; Inan & Marshall, 2011; Moharam et al.,
1995; Sadiku, 2015; Saleh & Teich, 2007) Amongst, FDTD is a very efficient method
due to the requirement of fewer grids, which can be applied to the wide optoelectronic
areas.(Dewan, 2011; Mohammad Ismail Hossain, 2013) In 1966, Kane S. Yee first
introduced FDTD.(Yee, 1966) The optics of solar cells and color sensors are
investigated by FDTD optical simulations in the current study. Electromagnetic wave
elements in FDTD always denoted by not only time also a space and stability
conditions depend on the size of the mesh. The wavelength of the incident light has
substantial impact on the effectiveness of FDTD results.(Dewan, 2011; Mohammad
Ismail Hossain, 2013; Qarony, 2019) Electromagnetic waves are rigorously calculated
by the FDTD method, which strongly depends on the spatial distribution of the sample
(sampling factor and time steps).(Yee, 1966) Maxwell’s curl equations are realized
from the Yee algorithm, which calculates all potential capacities of samples for a
certain limit. The sampling in space has a further influence on the stability of the FDTD,
thus, sampling time has to be properly defined to ensure stability in FDTD domain.(Yee,

1966)

Hence, the FDTD method can be started with the expansion of equations 2.52a and

2.52b with Faraday’s and Ampere’s laws in component form.

oH, OE, OE,
0 - (=X (2.59)
ot Jz dy

oH, OE, OE
y _ OE, 0B (2.60)
e = Gx T3

——
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L aEy) (2.61)
ot dy  OXx
Similarly,

JE, _ OH, OH, (2.62)
€ P +0'EX—(ay —E

OE, oH, OH, (2.63)
e o8B = (G %)

JE, OH, OH, (2.64)
e+ ok = (5~

(i j+1, k+1) ( BRY 41, 41, k1)

:‘-
(i, ], k+1)..'

’I i, J, k

(i+1, j+1, k)

N

E.(i.] k)

L,
IIII

(i, ], k) Js (i+1, ], k)

Figure 2.9: Unit cell of the Yee’s lattice with the positions and directions of the electric
field (E) and magnetic field (H) components.

Equations 2.59 to 2.61 are the expanded form of equation 2.52a, and equations 2.62
to 2.64 are the expanded form of equation 2.52b for a rectangular coordinate system.
The following expanded equations can be discretized with central finite difference

approximation as long as they lie on a staggered grid with representing a cubic box,

]
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which is called Yee Cell.(Yee, 1966) All electric and magnetic field components are
placed in a cubic or unit cell are shown in Figure 2.9.

By expanding the equation 2.59 in term of central finite difference, we obtain

1 1
H, 2(i,jk) —Hy 2Gj k) E3Gik) —EpGik—1)
" At B Az N (2.65)
EJ(i.j k) — E2Gij — LK)
Ay

1
n+=
2

x(ijk) W€ have

Solving for H

Hn-”é i, ] k = ¢ En i, ] k En i, ] k 1 ¢ En( i k)
X (l'lr ) OQZ( y(lr]' ) y(lr]' )) OQ ( z\L ),

1
E2(i,j — 1,k)) + H, 2(i,j, k)

With the same procedure, the other two components of the magnetic field (H) can be
determined. Next, by expanding the equation 2.62 in term of central finite difference

again, we get

E)r(H-l(il j' k) - E)I(l(ll jl k)
€ +

1
n+s
o oE, %(i,jk) =

(2.67)
n+l - . n+l . . . . . .
H, %(ij+ 1,k)—H, %(,jk) EZ(jk) —E}Gij— 1,k
Ay Ay
Solving for Egy,, we have
1 1 1
E2G0 1) = 2 (B, 26+ 1,01 — By 2(,319)
(2.68)

R
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1
+2

1 ey g [
_E(Hy (jk+1)—H; “(,j,k) +5EX(1,],k)
By repeating the same procedure, the other two electric field (E) components can be
determined. More details can be found in the literature.(Qarony, 2019; Yee, 1966) To
investigate the optics within an optoelectronic device, the evolution of the

electromagnetic fields are computed as follows.(Yee, 1966)

a) Setting initial conditions, let n=0, hence, H"2=0 and E°=0.

b) Computing values for sources at n.

c) Computing H™172,

d) Computing E".

e) Check for convergence of the solution. If not finished, let n=n+1 and go to step
2.

f) Performing post-processing.

In this study, Maxwell's equations solver is used in the three-dimensional (3D)
environment, where the incident plane wave is circular, which is the combination of
transverse electric (TE) and transverse magnetic (TM) to z-direction. Hence, to have

the 3D FDTD equations, it is necessary to determine equations for 2D FDTD. By
considering a structure that is infinite in the z dimension, so that % = 0, from equations

2.59 10 2.61, 2.62 to 2.64, we get.

Jt dy
u% _ JE, (2.70)
ot ox

R
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0E, O0H, OH
OE. _OHy oHy (2.71)
Jt 0x dy
Equations 2.69 to 2.71 are called the transverse magnetic to z (TMz): Ez, Hx, Hy.
Similarly,
dt dy
8% _ 0H, (2.73)
dt 0x

J0H, 0E, OE
£ — ( _ y) (2.74)
Jt dy  0x

Equations 2.72 to 2.74 are called the transverse electric to z (TEz): Hz, Ex, Ey.

The stability of FDTD is a crucial part of any optical simulations. FDTD contains a
spatial distribution means it includes both time and space. Hence, to achieve an
accurate calculation, mesh cell size should be 1/100 or less at the shortest wavelength.

The relation can be presented by the following formula

)L .
Maximum grid size = minimum(Ax, Ay, Az) < —— (2.75)
10N ax

where, nmax is the maximum refractive index. Ax, Ay, and Az are the step size. The
stability of FDTD can be analyzed by using von-Neuman method, hence, we obtain

the maximum time-step

gmin 1 1 1

3D: At<-— -1/2 2.76

T g (AXZ * Ay? + AZZ) ( )
gmin 1 1

2D: At < —1/2 2.77

< (ot Ayz) (2.77)
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Where, & and ¢o relative and vacuum permittivity of the material or medium,
respectively.

2.5.3 Simulation Method

The numerical simulation always plays a vital role in realizing efficient solar cells,
where the characteristic parameters often determine from the optical and electrical
simulations without carrying complex experiments. In the following, both simulation

methods used in this thesis are shortly explained.

Optical simulation

Three-dimensional FDTD optical simulations are performed to study the influence of
the device design on the Jsc and derive an optimal device design. The complex
refractive index of the materials and the geometry of the devices are used as input
parameters. The optical constants of materials are determined either by ellipsometry
measurement of the deposited film or adapted from the published works. Simulations
are carried out for the wavelengths range from 300 nm to 800 nm for single-junction
PSCs and 300 nm to 1200 nm for TSCs. A circularly polarized plane wave is
considered as an incident wave, which has an amplitude of 1 V/m. The collection
efficiency of solar cell absorbers is assumed to be 100%. This assumption is valid if
the charge carrier diffusion length is larger than the thickness of the absorber. The
measured diffusion length is large enough for MAPbIs (1.7 um for electrons and 6.3
um for holes), while the thickness of our perovskite solar cells is smaller than 400
nm.(Li et al., 2015). The calculated QE of the solar cell represents an upper limit of the

QE. The total generation rate can be calculated by

12} |E(x’y’Z)|
GRrota(A) = € jwdﬂ (2.78)

where, ¢ is the imaginary part of the relative permittivity, &=(n-ik)2, where n is the

refractive index and k is the extinction coefficient of the perovskite absorber. And, h is
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the Planck’s constant. The absorption coefficient of the absorber can be computed by
a=41k/A. The optical simulation provides the electric field distribution within the solar

cell structure. The time-averaged power density within the solar cell is given by

1
Qx,y,z) = EcsonalE(x,y, 7)|? (2.79)

where c and g, are the speed of light in free space and permittivity of free space. «
is the absorption coefficient. n and E are the refractive index of the material and
electric field distribution, respectively. Based on the power density, the quantum

efficiency (QE) of the solar cell is calculated by

QE(A) = % Q (x,y,z)dxdydz (2.80)
P

where P, is the optical input power of the sun. The calculated QE of the solar cell
represents an upper limit of QE. The QE is defined as the ratio of photons absorbed
by the absorber layer divided by the total photons incident to the solar cell.

Furthermore, the short-circuit current density can be calculated by

Jsc = hicf Ax QE(A) x S(A)dA (2.81)

where h is the Planck’s constant and S() is the solar spectral irradiance (AM 1.5G).
Photons absorbed by the absorber layer contribute to the Jsc, and photons absorbed

by all other layers do not contribute to the Jsc.

Electrical Simulation

To estimate the realistic photovoltaic performance, electrical parameters play an
additional critical role; however, optical simulations do not allow determining electrical
parameters of the solar cell. Therefore, electrical simulations are performed thoroughly
of investigated solar cells by the finite element method (FEM), which allows

determining the current-voltage (J-V) characteristic curve of the solar cell. In the FEM

R
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approach, non-linear Poisson’s, continuity, and drift-diffusion equations are engaged

for the calculations. The charge (p) and the current density (J) can be expressed by

p=qm—p+Np+ Ny (2.82)
Jn = —quanVe + gDy, Vn (2.83a)
Jp = —quppVe — qD,Vp (2.83b)

where, n and p are electron concentration and hole concentration, respectively. Np
and Nj are donor density and acceptor density, respectively. u, and up, are electron
and hole mobilities. D, and D, are electron and hole diffusion constants. @ is the
electrostatic potential.

Further detail of the numerical calculation can be found in the literature.(Da, Xuan, &
Li, 2018) The electron-hole pair (EHP) generation was used as an optical input for the
FEM simulation, which was realized from the FDTD optical simulation. The generation
rate for electron and hole is kept constant to the total generation rate
(GRT1ota=GRn=GRp). Furthermore, both radiative recombination (Rrad) and non-
radiative recombination, which are auger recombination (Rauger), Shockley-Read-Hall
recombination (Rsru), and surface recombination (Rsurface), Were considered for the
investigation. Furthermore, a wide range of essential electronic properties of the
material is used in the calculation. The close boundary conditions are applied to the
simulation environment, where front contact and metal contact are designated as
anode and cathode, respectively. For attaining the JV curve, a range of the voltage

swipe is considered.
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CHAPTER 3

OPTICS OF PEROVSKITE SOLAR CELL
FRONT CONTACTS (Flat)
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This chapter describes the influence of the front contacts on the photovoltaic
performance of planar perovskite solar cells. Metal oxide contacts are used for the
fabrication of the solar cells, where several deposition techniques are adapted to
prepare high-quality metal oxide films. Detailed explanations are provided in the

following sections.

3.1 Electron Beam Physical Vapor Deposition of NiO Films

Efficient hole transport materials (HTLs) are crucial for realizing improved short-circuit
current density (Jsc) and energy conversion efficiency (ECE) of perovskite solar cells
(PSCs). PSCs with high ECEs use organic HTMs that are highly responsive to humid
due to enhanced hydrophilicity, affecting device stability.(You et al., 2016b) Currently,
nickel-oxide (NiO), a direct bandgap inorganic material, has attracted considerable
attention to the research community because of its better chemical stability, high hole
mobility, low resistivity, low cost, and suitable energy level. NiO films can be used as
a potential HTM for efficient and stable PSCs.(W. Sun et al., 2016; J.-Y. Wang et al.,
2009a; X. Yin et al., 2017) In this study, NiO films were investigated as potential HTL
for the fabrication of planar PSCs, where the films were prepared by electron-beam
physical vapor deposition (EBPVD) at low temperatures. EB deposition is a
comparatively new and less reported technique, which can produce high-quality films
with more exceptional smoothness and compactness. As compared to solution-
processed methods, the EVPVD-grown NiO film exhibits excellent reproducibility while
utilizing for the fabrication of PSCs.(Abzieher et al., 2019; Singh, Quli, Wolfe, &
Schriempf, 1999) In this current study, optics and electrical effects of PSCs are
investigated, where NiO acts as an HTL. Further details are provided in the following

sections.

R
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3.1.1 Material Properties and Perovskite Solar Cell Structure

A superstrate configured planar PSC was fabricated experimentally to realize the
potential use of NiO film as an HTL. A ~300 nm thick methylammonium lead-iodide
(MAPDI3) perovskite absorber with a bandgap (Eg) of ~1.6 eV was placed between
hole-transport/electron-blocking layer (HTL) and electron-transport/hole-blocking
layer (ETL). The best performance PSC consists of a 50 nm NiO HTL, where 50 nm
PCBM and a 20 nm BCP were used as the ETL. Similar combinations of transport
materials are used to realize contacts of highly efficient PSCs.(Abzieher et al., 2019)
The solar cell was deposited on a thick FTO substrate, where a 100 nm silver (Ag) was
used as a back reflector. The planar PSC exhibit a significant reflection loss due to the
flat surface, which limits Jsc and ECE of the device. In this study, the front contact
(FTO/NIO) and perovskite have almost a comparable refractive index, which reduces
the optical losses due to front reflections. However, the Jsc can be increased by

improving light incoupling and light trapping while the reflection losses are minimized.

F 3
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Figure 3.1: (a) The schematic diagram of the inverted planar perovskite solar cell. (b)
Corresponding energy level structure of perovskite solar cell.
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3.1.2 Results and Discussions

As a first step, NiO films were prepared on glass substrates with thicknesses ranging

from 25 nm to 100 nm.
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Figure 3.2: Thickness dependent (a) optical transmittance, and (b) energy bandgap
and work function of EBPVD grown NiO films deposited on FTO substrates. (c) X-ray
diffraction patterns of different thicknesses of NiO films. (d) Top-view SEM micrographs
of NiO film on FTO substrates.(Mohammad Ismail Hossain et al., 2020)

The transmission spectra of the NiO films are shown in Figure 3.2(a). 25 nm NiO films
exhibit transparency in the spectrum ranging from 300 nm to 800 nm of almost 80%,
while a glass substrate without the NiO exhibits a transmission of 90%. With increasing

film thickness, the absorption of the NiO film increases, while the transmission
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decreases down to 60% for films with a thickness of 100 nm.(Jassim, Zumaila, & Al
Waly, 2013) The optical transparency of NiO films for a wavelength range 300-1200
nm is provided in Appendix A (Figure A1).

The optical bandgap of the films was determined by analyzing the absorption of the
NiO films. A thickness-dependent bandgap of the NiO film is shown in Figure 3.2(b),
where the bandgap varies from 3.75 eV to 3.7 eV with the NiO film thickness from 25
nm to 100 nm, respectively.(Paulose, Mohan, & Parihar, 2017) Besides, the work
functions of the deposited films are presented in Fig. 2(b), where the work function
varies from 5.2 eV to 5.6 eV for the thickness range 25 nm to 100 nm. An HTL with a
high work function is required to realize an increased open-circuit voltage (Voc) of the
PSC.(Yan et al., 2016) In this study, the peak of the work function is found for the 50
nm case. XRD measurements provide a good crystallinity of the deposited NiO films
with necessary diffracted peaks.(Wei, Qiao, Yang, Zhang, & Yan, 2009) Figure 3.2(c)
illustrates the XRD patterns of the NiO films for the angular region from 30° to 90°.
Three major peaks are available in the XRD spectra. At 37.2°, a powerful diffraction

peak appeared, corresponding to the (111) crystal plane.

Table 3.1: Thickness dependent resistivity of NiO films.

Thickness Resistivity,
(nm) (kQ.cm)
25 4.97
50 4.05
75 2.89
100 3.16

In addition, at 43.2° and 62.8°, diffraction peaks for (200) and (220) crystal planes are

also found. Increasing the thickness of the NiO film, corresponding diffraction peak
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materials.(H.-L. Chen, Lu, & Hwang, 2006) Furthermore, peaks between 75° to 90°
are corresponding to the crystal planes (113) and (222), respectively, are strengthened
by increasing the NiO thickness. The high-resolution SEM image of the NiO film
surface is shown in Figure 3.2(d), where the film was prepared on the FTO substrate.
At high magnification, the film shows a great uniformity and a very smooth surface.
NIO film on the FTO substrate shows a pyramid-shaped structure that is mainly
pronounced from the FTO properties. The influence of film thickness on the resistivity

can be understood from Table 3.1.
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Figure 3.3: (a) SEM topography and (b) XRD patterns of MAPbIs perovskite films on
NiO/FTO substrate.

As shown, the resistivity of the NiO film decreases from 4.97 to 2.89 kQ.cm, with
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increasing the thickness from 25 nm to 75 nm. However, the resistivity increases
slightly for the 100 nm thick NiO film. In this study, 50 nm NiO film thickness was used
to fabricate the PSCs with reasonable resistance to improve the conductivity of the
device. As a second part, planar PSCs were fabricated in superstrate configuration
with NiO HTL. A detailed procedure on how to fabricate the planar PSC with NiO HTL
is explained in the Materials and Methods subsection. A schematic explanation of the

PSC fabrication is shown in Appendix A (Figure A1.1).
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Figure 3.4: (a) Cross-sectional SEM image of the fabricated planar perovskite solar
cell. A comparison of (b) current-voltage characteristics, and (c) quantum efficiencies
of the fabricated planar perovskite solar cell deposited on FTO substrate of the
champion device.(Mohammad Ismail Hossain et al., 2020)

Figure 3.3(a) displays the top-view SEM image of the MAPDbI3s perovskite/NiO on the

FTO substrate, where an average grain size of perovskite was found over 500 nm.
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The XRD patterns of the MAPbI3 perovskite/NiO on the FTO substrate are shown in
Figure 3.3(b). The spectra include major seven peaks at 14.08°, 19.9° 23.3°, 28.42°,
31.85°, 40.28°, and 43.21°, which correspond to the (110), (200), (211), (220), (310),
(224), and (314) crystal planes for the MAPbIs perovskite, respectively. Nevertheless,
the peak located at 12.58° corresponds to the (004) plane for the Pblz. The strongest
signal was found from the (110) plane, and the morphology of the FTO substrate
influences the formation of the crystalline MAPDbIs. Several experimentally realized
devices were studied to investigate the role of NiO in PSC performance. A cross-
sectional FESEM (Field emission scanning electron microscopy) image of the
fabricated PSC is depicted in Figure 3.4(a). (Glass/FTO/NiO/MAPbIs/PCBM/BCP/AQ),
where the interface between MAPDbIs perovskite and NiO formed the heterojunction.
Measured thicknesses of MAPbIs and NiO were approximately 300 nm and 50 nm,
respectively, where the thickness of PCBM/BCP is accounted to be ~70 nm. Figure
3.4(b) shows the current-voltage (I-V) characteristics of a champion device under an
AM 1.5 spectrum along with the photovoltaic parameters. The photovoltaic parameters
were extracted for forward and reverse voltage sweeps. Almost no hysteresis was
observed during the measurements. ECEs of 13.37% and 13.42% were measured for
forward and backward scans. Jsc, Voc, and FF of the fabricated device with the
reverse scan are 17.1 mA/cm?, 0.99 V, and 0.79, respectively, whereas, the forward
scan exhibits Jsc of 17.2 mA/cm?, Voc of 1.0 V, and FF of 0.78. A summary of the
photovoltaic parameters for different NiO thicknesses is provided in Appendix A (Table
A1.1). The measured QE under short-circuit conditions is provided in Figure 3.4(c). A
maximal QE of 70% is observed in the wavelength range of 450 nm to 650 nm. The
solar cell exhibits a Jsc of 17.10 mA/cm?2. Jsc and QE of the solar cell are limited by
several factors. We used FDTD optical simulations to quantify the losses and to
discuss optimization strategies. The optical constants of the materials used for the

simulations are provided in Figure A1.2. The optical constants were determined by
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spectroscopic ellipsometry of films prepared on glass substrates. The simulated QE,
along with QE of the experimentally realized solar cell, is provided in Figure 3.3(e). A
good agreement is found between experiment and optical simulation. The simulated
Jsc was calculated to 18.0 mA/cm? with a maximum QE of 80% at ~530 nm wavelength.
The optical simulations are characterized by the formation of optical fringes, which is
caused by fringes that occurred from the FTO substrate. The influence of NiO film on
QE and Jsc is provided in Appendix A (Figure A1.3). The experimentally realized solar
cell is primarily limited by the optical absorption losses of the NiO layer and reflection
losses of the solar cell. The refection can be minimized by using an anti-reflection
coating; however, an anti-reflection coating minimizes the reflection for a narrow
spectral region. An efficient broadband incoupling of light in a solar cell can be
achieved by using a surface texture. We have shown that how a moth-eye surface
texture could be used to improve the light incoupling of PSCs.(Qarony, Hossain,

Dewan, et al., 2018)

3.1.3 Experimental Details
3.1.3.1 Materials

All chemicals with high purity were used as received in the absence of any further
purification. Major solvents such as gamma butyrolactone (GBL), dimethyl sulfoxide
(DMSO), chlorobenzene, hydrochloric acid (HCL), acetone, bathocuproine (BCP), and

zinc (Zn) powder were purchased from Wako Pure Chemical Industries, Ltd., Japan.
3.1.3.2 Substrate Preparation

Before using Fluorine doped tin oxide (FTO, Pilkington, 14 Q.cm) substrates (2.5 cm
x 2.5 cm) for the fabrication, FTO conductive glasses were patterned with Zn powder

and 2M HCL solution. Next, substrates were cleaned by ultrasonic treatment in
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detergent, deionized water, acetone, and isopropyl alcohol in a sequence for 10 min
at each step, and consecutively dried with pure nitrogen (N2) blower. Substrates were
then exposed to Ultraviolet-ozone (UV-O3) treatment for 15 mins at 115°C before

getting ready for the perovskite solar cell fabrication.
3.1.3.3 Precursor Solution Preparation

The perovskite solution was prepared by dissolving the 461 mg of Pbl2 (99%, Sigma-
Aldrich) and 159 mg of MAI (>98%, Tokyo Chemical Industry Co., Japan) into the
solution of DMSO (78 mg) and GBL (700 mg), which leads to a clear solution of MAPDbIs.
The solution was stored in a glass container and stirred overnight at 55°C before spin
coating. Next, phenyl-Ce1-butyric acid methyl ester (PCs1BM, 99.5%, Lumtec Co.,
Taiwan) solution was prepared by using chlorobenzene (20 mg/mL) as a solvent. The

whole process of solution preparations was carried out inside the glove box.
3.1.3.4 Device Fabrication

NiO as a hole transporting material (HTM) was deposited on a clean and patterned
FTO from a 99.99% pure NiOx target pallet (1 cm?, Kujondo Chemical Laboratories
Co., Japan) by EBPVD technique. The pressure of the deposition chamber was approx.
4.62 x 10 Torr. Substrates were dispossessed from any purposeful heating (room
temperature) during the deposition process, and the deposition rate was adjusted to
0.10 nm/s to reach an HTL thickness of ~560 nm. Then, HTM coated FTO substrates
were immediately taken into the glove box for further fabrication. Next, the perovskite
layer was deposited onto the NiO substrates from a 50 uL of MAPbI3 precursor solution
by spin coating. The spin coater was set into two different rotations and a time interval
with a 2-sec slope. In a first step, spin coater rotated for 10 sec at 1000 rpm. In a
second step, the spin coater was set for 30 sec at 5000 rpm immediately after 2 sec

slope time in between. After 14 sec of spin coating, 500 uL of anhydrous toluene was
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dripped onto spin-coated substrates and annealed. The annealing process was
distributed into two sections. First, films were thermally treated for 10 min at 50°C onto
a hot plate; later, films were moved to another hot plate for annealing at 100°C for 10
mins. As a next step, 50 yL of PCBM solution was spread over the perovskite
deposited substrates and spin-coated for 30 sec at 1000 rpm. And, PCBM deposited
substrates were thermally treated for 10 mins at 80°C. And, 150 uL of BCP solution
was dropped onto the substrate and rotated for 30 sec at 6000 rpm. After completing
the spin coating, deposited substrates were annealed at 80°C for 10 mins. Finally, a
120 nm thick silver (Ag) metal contact was deposited on the top of the BCP deposited
substrates by a resistive thermal evaporator under a vacuum chamber with a pressure
of 4.65 x 10 Torr. A customized patterned mask was used to attain the expected
device structure of final PSCs. A detailed procedure is schematically shown in Figure

A1.1.
3.1.3.5 Measurement and Characterization

A UV/VIS/NIR spectrometer (PerkinElmer UV/VIS/NIR Spectrometer Lambda 1050)
was used to determine the optical transmittance, which allows measuring absorption,
transmittance, and reflection of deposited films for the wavelength range from 200 nm
to 4000 nm. The complex refractive indices of deposited flms were analyzed by the
spectroscopic ellipsometry (J.A. Woollam Co. Inc. Spectroscopic Ellipsometer)
measurements where wavelength ranged from 371nm to 1000 nm at three incident
angles of 60°, 65°, and 70°. The crystal structures of deposited films were examined
by using X-ray diffraction (XRD, Ragaku SmartLab) measurements with CuKa«
radiation (A=0.154 nm) at room temperature. The XRD spectra were measured on all
samples in the two-theta (28) angular region between 20° to 90°. The work function
was measured by AC-3 with 2.0 nW light intensity and 0.05 interval (RIKEN KEIKI,
JAPAN). The resistivity of the deposited NiOx films was measured by the Hall Effect
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measurement tool ‘ECOPIA 3000. The magnetic field was 0.57 Tesla, and the probe
current was set to 4 mA for all the samples. A Van-Der-Pauw structure was made for
a four-point probe resistivity measurement, where a small sample (1 cm x 1 cm) was
prepared for the measurement. Field emission scanning electron microscopy (FESEM,
JEOL JSM-6335F) was used to observe the morphological characteristics of deposited
samples, which allows realizing the image at high resolution. The surface roughness
of the deposited samples was determined by using atomic force microscopy (AFM,
NT-MDT). All these measurements were performed under ambient environmental
conditions. The photovoltaic parameters and performance of the fabricated device
were investigated by a solar simulator (Newport solar simulator +EQE) under
simulated AM 1.5G sunlight, which allows realizing current density-voltage (JV)
characteristic. The computer-controlled solar illumination was set to 100 mA/cm?in air.
Both forward and reverse scans were set to start from -0.2 V to 1.2 V and vice versa.
Next, the quantum efficiency spectra were measured from 300 nm to 850 nm by using
the EQE system. The photo-illuminated active area of the fabricated device was 0.16
cm? (0.4 cm x 0.4 cm) without further measures. The actual thicknesses of the

deposited films were determined by the Dektak Veeco surface profiler.

——
MOHAMMAD ISMAIL HOSSAIN PAGE | 58



& Chapter 3 Il Optics of PSC Front Contacts (Flat)

THE HONG KONG POLYTECHNIC UNIVERSITY

3.2 Spray Pyrolysis Deposition of TiO2 Films

In perovskite solar cells (PSCs), hole-blocking/electron-transport layer (ETL) plays a
significant role in transporting the photogenerated electrons and blocking holes,
avoiding the electrical shunt between the transparent electrode/perovskite and
transparent electrode/hole transport material (HTM) interfaces.(Juarez-Perez et al.,
2014; Moehl et al., 2014) The qualities of the ETL, such as energy level alignment,
charge mobility, morphology, and its related interface properties are substantially
valuable for the determination of PSCs with better photovoltaic performance.(Juarez-
Perez et al., 2014; N.-G. Park, 2015b; Werner et al., 2018) In addition, the preparation
of a hole-blocking layer has to be simple so that it reduces production costs and
enables future commercialization of PSCs. So far, TiO2 is considerably a popular
material as an ETL due to its potential simple deposition, favorable energy level,
tunable electronic properties, and surface uniformity.(Méllmann et al., 2019; Paek et
al., 2017; Yongzhen Wu et al., 2014) Resulting in TiO2 reduces hysteresis and
improves charge transfer with the PSC. In this study, the spray pyrolysis technique
was used for the deposition of dense TiOz2 layer, which is one of the popular methods
used in industries to deposit large areas of ceramic films.(Piegari & Flory, 2013) Next,
high-performance planar PSCs were fabricated by employing a spray-pyrolyzed TiO2
compact ETL. The influence of TiO2 layer thickness on the photovoltaic performance
of the resulting devices was investigated by varying the precursor solution
concentration from 0.15 M to 0.40 M. 3D optical simulations were utilized to study the
mechanism of device operation from the optical point of view. Optical simulations were
precisely used to model, design, and optimize the PSCs. A detailed discussion is

provided in the following sections.
3.2.1 Device Design and Material Properties

In this study, planar PSCs were investigated experimentally for realizing the potential
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of using a compact TiO2 layer as an ETM, which was further validated by 3D FDTD
optical simulations.(Mohammad |. Hossain, Qarony, et al., 2019; Qarony, Hossain,
Salleo, Knipp, & Tsang, 2019) Spray-pyrolysis deposition was used to prepare the pin-
hole free TiO2 ETM. Herein, the most commonly used methylammonium lead-iodide
(MAPDI3) perovskite material was used as a photo-absorber, which has a bandgap of
1.55 eV. In the current PSC design, TiO2 ETL is deposited on a thick FTO substrate
where the thickness of the ETL was tuned by changing the TiO2 precursor solution
concentration. However, the champion cell has a TiO2 thickness of 70 nm. Spiro-
OMeTAD was used as a potential HTM for the fabrication of PSCs, which has a
thickness of 250 nm. A 300 nm perovskite absorber is placed between electron and
hole transport layers, where the only perovskite contributes to the quantum efficiency
and short-circuit current density. A 100 nm gold metal contact was used as a back
reflector to complete the device. Similar combinations of electron and hole transport
layers have been used to realize contacts of highly efficient planar PSCs. A schematic
of the investigated planar PSC structure is depicted in Figure 3.5(a), and the
corresponding energy band diagram is shown in Figure 3.5(b).

(a) (b)

Electron (e) 22
o ® ©

A
-

Spiro-OMeTAD

-3.9

TiO, CL Au '
111 T
Hole (h*)

Incident Light 7.3

Energy Level (eV)

Figure 3.5: (a) The schematic diagram and (b) Corresponding energy level structure
of planar perovskite solar cell.
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3.2.2 Results and Discussions

Smooth morphology and higher crystallinity are highly required to produce highly
efficient planar PSCs. Hence, the investigation started from the deposition of TiOz2 film
on FTO substrates by using the spray-pyrolysis method. In the spray-pyrolysis method,
the titanium precursors were brought to the FTO substrates, where the TiO2 precursor
solution concentration was tuned from 0.15 M to 0.40 M to obtain optimum
performance. In this study, the optimum thickness of uniformly distributed TiO2 ETL is
~70 nm, which was fabricated from the 0.35 M TiOz2 precursor solution concentration.
Figure 3.6(a) shows the surface morphology of the TiO2 compact layer on the FTO
substrate. It is noted that the surface of the FTO substrate is rough, and grain size
varies from tens to hundreds of nanometers. The resultant TiO2 film shows a smooth
surface, which predominantly imitates the basic FTO morphology, except some small
crinkles. Such ETL compact layers are very suitable for the fabrication of continuous
perovskite film. Figure 3.6(b) illustrates the SEM top-view of perovskite film deposited
on the TiO2/FTO through spin-coating. The SEM image shows a standard surface
morphology with densely packed perovskite crystals where grain size varies from
approximately 200 nm to 500 nm. It can be clearly observed that gaps between
crystals are low, which ensures a high-quality perovskite film, where a more massive
gap/crack minimizes the shunt-resistance of solar cells, which leads a leakage. The
leakage will reduce both fill factor and short-circuit current density of the device,
resulting in, the photovoltaic performance will be lowered. The effect of TiO2 ETL on
the crystallization of perovskites was further studied by the XRD spectra, which are
shown in Figure 3.6(c). XRD patterns of perovskite film on the TiO2/FTO exhibit a set
of diffraction peaks of perovskite tetragonal phase located between 10° and 50° two-
theta. At 14.2°, an extreme diffraction peak is appeared, corresponding to the
characteristic peak of MAPbI3 perovskite of lattice plane (110), which confirms a better

crystallinity. In addition, some significant peaks are also discovered at 26.8°, 28.7°,
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and 38° from XRD spectra that correspond to (220), (310), and (440) crystal planes.
The UV-vis absorption spectra of perovskite films on TiO2 deposited FTO were also
measured to investigate the effect of crystallinity on the absorption, which is presented
in Figure 3.6(d). High absorptions can be observed throughout the spectral range (300
nm to 900 nm), where the absorbance goes zero after reaching 800 nm wavelength,
and it proves the perfect perovskite material properties. Absorptions from 300 nm to

350 nm wavelengths correspond to the TiO2 ETL.
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Figure 3.6: Top-view SEM micrographs of (a) spray-pyrolysis deposited TiO2 and (b)
perovskite film on the TiO2 compact layer. (c) The X-ray diffraction patterns and (d) the
UV-vis absorption spectrum of the perovskite film fabricated on a compact TiO2. The
TiOz2 precursor solution has a concentration of 0.35 M and a thickness of 70 nm.

Moreover, high and smooth absorbance confirm the crack-free morphology and
excellent crystallinity, which enhances the Jsc and device performance. To study the
influence of TiO2 ETL on the photovoltaic performance, a group of PSCs was
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fabricated with the structure FTO/TiO2 CL/Perovskite/Spiro-OMeTAD/Au under
identical conditions, where the concentration of TiO2 precursor solution was varied
from 0.15 M to 0.40 M. A cross-sectional SEM image of the best performing planar
PSC is shown in Figure 3.7(a), which confirms a nice crystallinity within the perovskite
layer; however, a number of cracks can be seen between perovskite and contact
interfaces that will be further investigated through optics. The current-density versus
voltage (J-V) characteristics at a scan speed of 0.05 V/s with reverse scan (RS; from
1.2V to -0.1 V) of the fabricated PSCs against different TiO2 precursor solution
concentrations are presented in Figure 3.7(b). The J-V curves with the forward scan
(FS; from -0.1 V to 1.2 V) with the same scan rate are given in Appendix A (Figure
A2.1).
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Figure 3.7: (a) The cross-sectional FESEM image of the fabricated champion PSC.
(b) Current-voltage (J-V) curves of the reverse scan (from 1.2 V to -0.1 V) for the
fabricated planar PSCs with different TiO2 precursor solution concentration (from 0.15
m to 0.40 M). (c) A comparison of quantum efficiencies between experiment and 3D
FDTD optical simulation. (b) Forward scan (from -0.1 V to 1.2 V) and reverse scan (1.2
V to 0.1 V) J-V curves of the fabricated best-performing PSC along with the J-V curve
realized from the 3D FEM electrical simulation.
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Awide variation of J-V curves can be observed by changing the TiO2 precursor solution
concentration. The photovoltaic performance of fabricated devices with different TiO2
precursor solution concentrations was compared by using parameters extracted from
J-V curves and QEs, which are illustrated in Figure A2.2. With varying the TiO2
precursor solution concentration, Jsc, Voc, and FF are varied from 13.3 mA/cm? to
21.3 mA/cm?, 0.99 V to 1.08 V, and 65.8% to 72%, respectively with the RS. On the
other hand, Jsc, Voc, and FF are changed from 15.07 mA/cm? to 21.4 mA/cm?, 0.99 V
to 1.075 V, and 50.4% to 69%, respectively with the FS. In all cases, Jsc and Voc are
maximized only when the concentration of the TiO2 precursor solution is 0.35 M, FF is
maximized for 0.30 M (RS) case. However, the hysteresis effect is quite high in the
case of 0.30 M, where 0.35 M case shows a very low hysteresis problem. Still, both
incremental and decremental trends are noticeable in ECEs against different TiO2
precursor solution concentrations, where the highest ECE (16.56%) was achieved for
the 0.35 M case. J-V characteristic and QE of the best-performing PSC (0.35 M) are
shown in Figure 3.7(b) and Figure 3.7(c), respectively, along with rigorous optical and
electrical simulation results. The complex refractive indices of used materials were
used as input parameters for optical simulations, which are shown in Appendix A
(Figure A2.3). A detail description on the simulation method is provided in Chapter 2
(Section 2.3). Experimental results show a very nice agreement with the results from
the simulations. However, experimental performance parameter values are slightly
lower than the simulation values. In addition, experimental QE is marginally lower than
the simulated QE, which leads to a reduction of the Jsc, such drop was occurred due
to the slight degradation of the sample while transferring from J-V measurement to QE
measurement, and this is due to the limitation of our laboratory facility. It should be
noted that the thickness of TiO2 ETL depends on its precursor solution concentration.
The thickness-dependent QE and absorption in the ETL are shown in Appendix A
(Figure A2.4).
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To examine the reproducibility, 13 fabricated devices were investigated in each group
(total 6 groups), where the TiOz2 precursor solution concentration was varied from 0.15
M to 0.40 M. The photovoltaic parameters were obtained from each J-V curve and
displayed in Figure 3.8. Figure 3.8(a), Figure 3.8(b), Figure 3.8(c), and Figure 3.8(d)
reveal the average values of Voc, Jsc, FF, and ECE of resultant PSCs as a function of

TiOz2 precursor solution concentration, respectively.
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Figure 3.8: Average values of (a) Voc, (b) Jsc, (c) FF, and (d) ECE obtained in terms
of varying the molar concentration of TiO2 solution based resultant 13 devices with a
scan from 1.2 V to -0.1 V and a scan rate of 0.05 V/s.

Error bars indicate plus or minus the standard deviation from the mean value. The

best-optimized performance with excellent reproducibility was obtained for the 0.35
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TiO2 precursor solution concentration. As expected, 0.35 M case exposed a superior
performance than other cases (0.15 M, 0.20 M, 0.25 M, 0.30 M, and 0.40 M). The 0.35
M TiOz2 precursor solution concentration ETL-based devices yield better reproducibility
and average Voc, Jsc, FF, ECE of 1.02+0.06 V, 19.37+1.93 mA/cm?, 67+5%,
13.5+3.05%, respectively. The statistics of PSC performances of 13 devices are
summarized in Table 3.2, where the results can be attributed to the enhanced
morphology and crystallinity of perovskite films using optimized TiO2 precursor solution
concentration. The best-performance PSC has an optimized TiO2 ETL thickness of
approx. 70 nm, which shows a maximum ECE of 16.55% with a Jsc of 21.3 mA/cmz,
a Voc of 1.08 V, and an FF of 72%. Moreover, the integrated currents from QE also

agree within 10% of the measured Jsc from the J-V curve.

Table 3.2: TiO2 precursor solution concentration-dependent performance statistics of
fabricated PSCs with a structure of FTO/TiOz/perovskite/Spiro-OMeTAD/Au. Statistical
analysis (average * standard deviation) based on 13 devices for each round of device
fabrication as a function of TiO2 concentration.

TiO2 Precursor | Open-circuit | Short-circuit Fill- Power Conversion
Solution Voltage Current Density | Factor | Efficiency (%)
Concentration (V) (mA/cm?) (%)

0.15M 0.96+0.03 14.35+5 56+11 | 7.313

0.20 M 0.93+0.07 16.94+1.2 58+12 | 9.1+1.7

0.25 M 1.0+0.04 18.45+1.3 6315 |9.1+1.7

0.30 M 0.98+0.07 17.9+2.2 68+12 | 11.6+2.3

0.35 M 1.02+0.06 19.37+1.93 6715 13.54£3.05

0.40 M 0.97+0.09 19.1+1.7 48+12 | 9.3+3.7

To understand further the device optimization and performance, it is necessary to

investigate the optics along with the experiment, which can demonstrate layer by layer

——
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loss analysis through electric field distribution and ensure the total charge collection
efficiency 100%. In this study, 3D FDTD optical simulations were used to model and
optimize PSCs. The optical simulation allows determining electric field distributions,
which further utilized to calculate power density, reflectance, transmittance, parasitic
absorption losses, absorption in the perovskite layer that leads to obtaining QE and
Jsc. Herein, the perovskite layer thickness was kept constant to 300 nm, while the
thickness of TiO2 ETL was varied from 50 nm to 130 nm. An excellent agreement was
found between simulated results and experiment results, where the Jsc is varied from
19.75 mA/cm? to 21.35 mA/cm?, Jsc was maximized when TiO2 ETL thickness is 70
nm which can be seen in Figure 3.7(b) and Figure A2.4. Simulated power densities of
the optimized PSC under monochromatic illumination of 300 nm, 400 nm, 500 nm, 600
nm, 700 nm, and 800 nm are revealed in Figure 3.9(b-e) along with a cross-section of
the device (Figure 3.9(a)). For shorter wavelengths (<400 nm), most of the incident
photons are absorbed by the TiO2 ETL, and a fraction of photons are absorbed by the
perovskite absorber, where at 400 nm, photons are absorbed by the vicinity of
TiO2/Perovskite and start propagates to the perovskite layer. As wavelength increases,
the absorption in the perovskite absorber layer gets higher, as observed in Figure
3.9(d-f). At 700 nm, a significant portion of the incident light reaches the back contact
and gets reflected and forms a standing wave pattern, a minor portion of lights are
absorbed by the TiO2 ETL and the Spiro-OMeTAD/Au interface. This is due to
constructive and destructive interfaces, as shown in Figure 3.9(f). Furthermore, the
absorptions get zero while wavelengths go beyond 800 nm, as illustrated in Figure
3.9(g), where a particular portion of incident photons is only absorbed by TiO2 and Au
layers. These optical phenomena are also supported by the QE plots presented in
Figure 3.9(c). It can be realized that the most considerable portion of incident lights
either gets reflected or considers as the parasitic optical losses. Hence, interface

engineering and light incoupling strategies must be introduced so that such losses can
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be minimized, and QE and Jsc can be maximized, which further supports to boost ECE

of PSCs.
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Figure 3.9: (a) The schematic cross-section of a planar PSC with optimized TiO2 ETL.
Power density map of the pyramid textured perovskite solar cell for monochromatic

illumination of (b) 300 nm, (c) 400 nm, (d) 500 nm, (e) 600 nm, (f) 700 nm, and (e) 750
nm. The TiO2 ETL has a thickness of 70 nm.

3.2.3 Experimental Section
3.2.3.1 Materials and Characterization

Lead iodide (Pbl2) and methylammonium iodide (CH3NHsl) was purchased from Tokyo
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Chemical Industry (Tokyo, Japan). In addition, titanium diisopropoxide bis
(acetylacetonate; Aldrich, 75 wt%) in isopropanol was bought from Wako chemical.
N, N-dimethylformamide (DMF, purity 99.5%) and Dimethyl sulfoxide (DMSO, purity
99.5%) were also purchased from Wako Chemical (Tokyo, Japan). The field emission
scanning electron microscopy (FE-SEM; S-4800, Hitachi High-Tech, Tokyo, Japan)
was used to analyze the resulting surface morphologies. The ultraviolet-visible near-
infrared spectrophotometer (UV-Vis-NIR; V-670, Jasco Corporation, Tokyo, Japan)
absorption spectra from the samples were measured using a spectrophotometer. The
X-ray diffraction (XRD) patterns of perovskite films were measured using an X-ray
diffractometer (D8 Discover, Bruker AXS Co. Ltd, Tokyo, Japan) with an X-ray tube
(Cu Ka radiation, A = 1.5406 A). The current density versus voltage (J-V)
characteristics at a scan speed of 0.05 V/s with forward-scan (FS; from -0.1V to 1.2V)
and reverse-scan (RS; from 1.2V to -0.1V) of the resultant devices were analyzed
under simulated (100 mW/cm?, AM1.5, 1 sun intensity) by a solar simulator using a
Keithley 2401 digital source meter. The incident photon-to-electron conversion
efficiency (IPCE) of the resultant devices was tested using a monochromatic xenon
arc light system (Bunkoukeiki, SMI-250JA). All the devices were characterized in air,
humidity ranging from 40% to 50%, and temperature 20°C. The active area of the

device was 0.09 cm?Z.
3.2.3.2 Device Fabrication

The transparent conducting fluorine-doped tin oxide FTO/patterned glass substrates
with sheet resistance 10 Qsq' were cleaned with soap solution, distilled water,
acetone, ethyl alcohol, and again distilled water then cleaned by UV-ozone treatment
for 15 min. Then, a compact TiO2 layer was deposited on the FTO-glass via spray
pyrolysis deposition at 450 °C from a precursor solution of from 0.15 to 0.0.40 M

titanium diisopropoxide bis(acetylacetonate) in isopropanol according to the procedure
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described by Wakamiya et al.(Wakamiya et al., 2014) As deposited substrates were
left at 450 °C for 30 min in a muffle furnace and let to cool down to room temperature.
The perovskite precursor solution (1M Pbl2 and 1M CH3sNHsl in DMF and DMSO mixed
solvent) was coated on the resulting substrates. A mix solution of 1M Pbl2 and 1M
CHsNHsl was dissolved in a mixed solvent of DMF and DMSO (4V DMF: 1V DMSO),
followed by at 60 °C for 1h. The perovskite film was prepared by spin-coating the
precursor solution at 6000 rpm for 60 s with dripping 500 pl of chlorobenzene (CB) just
8 s after the spin-coating started. The precursor coated substrates were then allowed
to anneal at 100 °C on a hot plate for 1 h to crystallize perovskite in a glove box under
an inert environment. We tuned the thickness of compact TiO2 by changing the
concentration (0.15, 0.20, 0.25, 0.30, 0.35 M, and 0.40 M) of TiO2 solution. The
optimized thickness of spray pyrolysis TiO2 was measured ~70 nm. The HTL was spin-
coating at 3000 rpm for 30 s from a solution of 2,2'7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'spirobifluorene (spiro-OMeTAD) in CB (0.058 M) with 4-tert-
butylpyridine (0.19 M), lithium bis(trifluoromethylsulfonyl)imide (0.031 M) and tris[2-
(1H-pyrazol-1-y1)-4-tert-butylpyridine]cobalt(lll)  tris[bis(trifluoromethysulfonyl)imide]
(5.6 x 1073 M).(Dualeh et al., 2014; Wakamiya et al., 2014)The resulting thin-films were
annealed at 70 °C for 20 min on a hot plate. After that, 60-nm-thick gold (Au) electrodes
were deposited on HTL layer at 6.5 x 103 Pa.
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3.3 Atomic Layer Deposition of ZnO Films

ALD is a unique deposition technique for the precision-controlled deposition of high-
quality metal oxide films for optoelectronic device applications.(Seo, Jeong, Park, Shin,
& Park, 2019; Zardetto et al., 2017) ALD is a specific pulse-mode CVD method which
allows for self-limiting film growth. Recently, ALD films have gained considerable
interest in the solar cell community because of its large-area uniformity, high film
conformity, sub-monolayer atomic precision thickness control, pinhole or defect-free
films over large substrate areas, and most importantly it allows low-temperature
depositions.(Keun Kim, Seong Hwang, Ko Park, & Jin Yun, 2005; Lim & Lee, 2007,
Seo et al., 2019; Zardetto et al., 2017) In this study, Aluminum-doped and undoped
zinc oxide (ZnO) films were investigated as potential charge transporting/blocking
layers for planar perovskite solar cells (PSCs), where the films were prepared by
atomic layer deposition (ALD) at low (<200°C) substrate temperatures. Herein, ZnO
refers to ALD films without nominal aluminum doping, while AZO refers to intentionally
aluminum-doped ZnO films. The deposited films were crystalline with a single-phase
wurtzite structure and exhibit excellent uniformity and low surface roughness, which
was confirmed by XRD and SEM measurements. Necessary optical and electrical
characterizations were performed on the deposited films, which allow for realizing
high-quality films with low resistivity and high optical transparency at the standard
growth rate. Spectroscopic ellipsometry measurements were carried out to extract the
complex refractive index of the deposited films, which was used to study the optics of
PSCs. Guidelines are provided on how to realize PSCs exhibiting high short-circuit

current densities (Jscs).

3.3.1 Materials and Device Geometry

The crystal structure of perovskites is depicted in Figure 3.10(b). The hybrid organic-
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inorganic metal halide-based perovskite materials can be defined by the chemical
formula ABX3 where A and B are being cations, and X is an anion.(Green et al., 2014)
In this study, methylammonium lead-iodide (MAPbIs) perovskite material (bandgap of
~1.6 eV). In a typical PSC structure, the perovskite absorber is sandwiched between
an electron transport layer (ETL) and the hole transport layer (HTL), as depicted in
Figure 3.10(a). Herein, metal oxides are used as potential HTL and ETL. In the current
study, we used high-quality AZO and ZnO as potential front and rear contacts, which

were prepared by ALD at low growth temperatures of less than 200°C.

(b)

Figure 3.10: Schematic sketch of (a) a planar perovskite solar cell structure and (b) a
perovskite crystal structure.

Perovskite and metal oxides have a comparable refractive index, which helps to
minimize the reflection loss. The optical constants used for the simulations are
provided in Appendix A (Figure A3.1), where the complex refractive index of MAPbI3
was adapted from the literature.(Loper et al., 2015b) A planar PSC structure is
investigated in the current study as depicted in Figure 3.16(a), where a 50 nm thick
ALD-grown AZO is used as an electron transport/hole blocking layer (ETL). A MAPDlI3
perovskite absorber is sandwiched between the front and back contact, where the
thickness of the perovskite absorber is varied from 100 nm to 400 nm. A double
NiO/ZnO layer is used as a hole transport or an electron blocking layer (HTL), where

a 50 nm thick ALD-grown ZnO is combined with a very thin NiO. The NiO/ZnO double
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layer acts as a tunneling junction.(Mohammad |. Hossain, Hongsingthong, et al., 2019;
Qarony et al., 2019) The double NiO/ZnO layer exhibits a suitable work function, high
lateral conductivity, and low absorption losses.(Mohammad I|. Hossain et al., 2018a;
J.-Y. Wang et al., 2009a) Similar combinations of metal oxides have been used to
realize contacts of highly efficient PSCs.(An et al., 2017; Mohammad |. Hossain et al.,
2018a; W. Zhang, Ren, Guo, He, & Li, 2018; J. Zhou et al., 2017) A thick aluminum
(Al is utilized as a back reflector. All investigated PSC structures are assumed to be
realized in substrate configuration, which allows further for integrating the solar cell on

top of a crystalline silicon bottom solar cell to form a perovskite/silicon TSC.

3.3.2 Experimental Details

ALD technique allows realizing a wide range of metal oxide depositions such as TiOz,
Zn0O, SnO2, NiO, etc. for optoelectronic applications.(Zardetto et al., 2017) For the ALD
process of a metal oxide compound, the gaseous vapor from a chemical precursor
usually in liquid or solid form is used in conjunction with an oxidizing co-reactant such
as H20, Oz, or Og, for the periodic surface reactions separated by purging cycles, so
that film growth reactions occur only on the film surface in a self-limiting manner.(lgbal
et al., 2016; Mohammad et al., 2019; Seo et al., 2019) A repetitive supply of precursors
leads to the deposition of the desired film at a growth rate less than a single monolayer,
which ensures the formation of a pinhole defect-free film on the substrate surface. The
optoelectronic properties of deposited films mainly depend on the deposition
temperature, pressure, choice of precursors, and the total number of utilized ALD
cycles.(Igbal et al., 2016; Keun Kim et al., 2005; Zardetto et al., 2017) In this study, a
thermal ALD system (Okyay Technologies, Inc.) is utilized to prepare ZnO and AZO
films on silicon and glass substrates. Description of the used ALD system and

substrate loading is illustrated in Figure 3.11(a). Detailed explanations of the
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deposition process and film characterizations will be discussed in the following

sections.
3.3.2.1 Deposition of Metal Oxides

In this study, ZnO and AZO films were deposited thermally by ALD, where silicon (100)
and glass (Corning 7059) were used as substrates. Throughout the experiments,
Diethylzinc ((Zn(Cz2Hs)2), DEZ, Sigma-Aldrich), Trimethylaluminum (TMA, 99.999%,
Strem Chemicals, Inc.), and Deionized (DI) water (H20) were used as precursors and
oxidant. Nitrogen (N2, 99.999% purity, Airgas) was used as both carrier and purging
gas. In all experiments, precursors and water oxidants were kept at room temperature
(22-24°C) in the lab.
(a)

Outlet

= BT \ -+ Reactor Chamber " — To Pump
oy B E B with 8” Wafer
N,(99.999%) = 2 2 Capacity
—
Precursor and Co-reactant Cylinders
(b) ;
' Zn0O
(ﬂ:z;::ale) ' (m cycles)

Figure 3.11: (a) ALD thermal system description and substrate arrangement, and (b)
schematic of the deposition process for the growth of AZO.

The substrate temperature was varied from 100°C to 200°C with an interval of 50°C.

The base pressure of the chamber was kept below ~100 mTorr throughout the
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experiments. Up to 500 ALD cycles were performed to investigate the layer by layer
film growth in the self-limiting growth regime. Before loading the substrates into the
ALD chamber, silicon and glass substrates were ultrasonically cleaned with solvents
(acetone and isopropanol) and deionized water in a sequence for 2 minutes, next dried
with nitrogen flow. Prior to start, the deposition of zinc-oxide films, standard alumina
(Al203) film was grown as a reference sample, where TMA and water were used as
precursors and co-reactant. The deposited alumina films exhibited excellent uniformity
and high quality in terms of their optical properties (refractive index) and surface

morphology.

Deposition of Zinc-oxide (ZnO) Film

DEZ and DI water were selected as precursor and oxidant for the deposition of ZnO
films on silicon and glass substrates. The precursor and oxidant were alternately
supplied into the ALD reactor by using external intrinsic vapor pressures. The ALD

reaction mechanism for the ZnO film growth can be defined by the following equation:

Zn(CH2CH3s)2 + H20 — ZnO + 2C2Hs (3.1)
The deposition of ZnO film is a quite straight forward process, where a single ALD
reaction cycle consists of a 15 ms exposure to DEZ, followed by a 10 s for N2 purge,
a 15 ms exposure to H20, and then another 10 s N2 purge to remove reaction by-
products and an excess amount of precursor vapor entirely. The total number of ALD
reaction cycles ranged from 50 to 500, allowing us to choose the film thickness within

~9 to0 90 nm.

Deposition of Al-doped Zinc Oxide (AZO) Film
Similar substrates (silicon and glass) were used to deposit AZO films, where the

substrate temperature was kept constant to 150°C. DEZ and DI water vapor served
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as zinc and oxygen precursors, where they alternatively introduced in the ALD reactor
through the chamber inlet using N2 carrier gas at a flow rate of 20 sccm. TMA and DI
water were selected as aluminum and oxygen precursors for the Al203 growth, which
is used to dope the ZnO film. In this experiment, the pulsing time of precursors (DEZ
and TMA) and oxidant (H20) was kept constant at 15 ms, where purging flow time was
10 s for all cases. The ALD growth of AZO can be described by the following

expression (equation 3.2).

[A x (DEZ + H20) + B x (TMA + H20)] x C (3.2)
where [A x (DEZ + H20) + B x (TMA + H20)] represents one supercycle, and C is the
number of supercycles for the AZO film deposition. The supercycle was repetitively
performed until obtaining the expected film thickness, where multiple (m) ZnO cycles
repeated for one (1) Al20s cycle, as illustrated schematically in Figure 3.11(b).
Henceforth, the number of DEZ/H20 cycles carried out for the AZO film deposition
depends on the deposition cycle ratio ZnO:Al20s. In this experiment, the deposition
cycle ratio varied from 15:1 to 50:1 to realize the better AZO film having low resistivity
(high conductivity) and high transparency. A similar number of ALD cycles (up to 500)
was performed for the AZO deposition, where the total number of ALD cycles was
determined by adding individual ZnO and Al20s3 cycles. It is noted that the pulse time
of individual precursor flow has been optimized to the minimum value (15 ms) which
is notably lower than the reported value in the literature.(Igbal et al., 2016; Seo et al.,
2019; J. Zhou et al., 2017) Hence, the proposed deposition process might result in

high quality and, at the same time low-cost device layers.
3.3.2.2 Materials Characterization

As a part of this study, different physical properties of the deposited films have been

characterized by using several techniques, which lead to realizing the better contact

R
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layers for PSCs. The electrical and optical characterizations were performed on the
films deposited on silicon substrates, where films deposited on glass substrates were
used for the morphological and structural analyses. All measurements were performed
at room temperature (22-24°C). To begin the characterization process, we started to
study the growth mechanism of undoped ZnO films for multiple ALD reaction cycles,
which were deposited at 150°C. The growth property of deposited films was
determined by the ex-situ multi-wavelength ellipsometry measurement (FS-1 Multi-
wavelength Ellipsometer, Film Sense, LLC). This ellipsometry allows determining the
wavelength-independent refractive index, where we have obtained the expected
refractive index (~2) for deposited ZnO films. The film thickness varies with changing
the number of ALD cycles, where ZnO film thickness ranged from ~9 nm to ~88 nm
for 50 to 500 ALD cycles. The growth per cycle (GPC) for individual ZnO films varies
from ~0.177 nm to ~0.175 nm. The thickness of the deposited film is increased linearly
due to an almost constant GPC, which demonstrates the self-limiting behavior of the
ALD growth process.

Additionally, we also measured the growth rate (~0.1 nm/cycle) and refractive index
(~1.6) of previously deposited Al20s3 film, which will be used as a reference to
determine the doping percentage. Next, we studied the growth of AZO film for different
deposition cycles. In general, the growth rate of AZO films is relatively lower than the
growth rate of ZnO, which might occur due to the insufficient energy of chemical
reactions. The growth rate of deposited AZO films decreases with the increase of the
Al percentage up to 25:1 deposition cycle and then starts to increase with a further
increase of dopant. Typically, the minimum growth rate is useful to achieve a uniform
and good quality film. Figure 3.12(a) shows the growth per cycle of AZO for different
deposition cycles along with undoped ZnO, where the total number of ALD cycles was
300 considered. The corresponding film thickness is varied from ~50 nm to ~54 nm,

with an average growth rate of ~0.18 nm/cycle. Our calculated GPC has a comparable
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value, which was determined by other research groups.(Geng et al., 2011; Guziewicz
et al., 2008; Igbal et al., 2016) The nominal Al percentage in the AZO film can be
determined by the following formula (Eq. 3).(Y. Wu et al., 2013)

GPCal,o0,
GPCal,0, + GPCzno X N

where GPC,po, and GPCz,o represents the growth rates of Al203 and ZnO,

%Alyom = x 100% (3.3)

respectively, where N indicates the number of supercycles.
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Figure 3.12: (a) Growth per ALD cycle and (b) measured resistivity as a function of

the deposition cycle. ZnO and AZO films on silicon substrates were used to determine
the GPC, whereas films on glass substrates used for the determination of resistivity.

According to the equation (3.3), the nominal Al percentage of AZO film, which has a
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comparatively low GPC (25:1 deposition cycle), was calculated to 2.14%. One of the
major optoelectronic applications of ZnO films is to use as a transparent contact,
where both high conductivity (low resistivity) and high transparency are required. In
PSC, the front contact should be thin enough to minimize series resistance so that
optical losses are minimized. The thinner front contact should also provide an efficient
charge injection. Since deposited AZO and ZnO films will be used as potential front
and back contacts in this study for the implementation of PSCs, it is necessary to
evaluate the performance as a contact layer by understanding the electrical properties
of deposited films. The electrical characterization of deposited AZO and ZnO films was
carried by means of four-point probe measurements by using the Alessi CPS system
at room temperature. The system allows determining the sheet resistance of the film,
which can be further multiplied with film thickness for the realization of a resistivity. To
avoid spatial resistivity distribution, films were deposited on glass substrates, which
patterned in squared-shaped (1 cm x 1 cm) following the van der Pauw geometry.
Figure 3.12(b) shows the measured resistivity of AZO and ZnO films as a function of
the deposition cycle ratio. In the case of undoped ZnO, the resistivity is 7.56 x102 Q-
cm. As aluminum incorporated into ZnO films, the resistivity of AZO decreases and
reaches to the lowest value of 5.84 x10* Q-cm for 25:1 deposition cycle ratio. Further
doping of Al leads to slight increase the resistivity to 3.74 %103 Q-cm for 15:1
deposition cycle ratio. The lowest resistivity was achieved for 25:1 AZO which is lower
than the results reported in the literature.(Igbal et al., 2016; Keun Kim et al., 2005; Y.
Wu et al., 2013) The deposition was carried by controlling the number of supercycles
consisted of DEZ/H20:TMA/H20 cycle ratio 25:1, as explained in the deposition

process.

To start with the optical characterization, the spectroscopic ellipsometry (J.A. Woollam

Co. Inc. Spectroscopic Ellipsometer) measurements were performed on AZO and ZnO
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films deposited on silicon substrates. The wavelength ranged from 371nm to 1000 nm
at three incident angles of 60°, 65°, and 70° for the measurements. The ellipsometry
techniques allow determining complex dielectric constants and refractive index of
deposited films. Figure 3.13 shows the measured optical constants of AZO films,
where it is found that complex dielectric constant and refractive index of 50:1 AZO is
almost like undoped ZnO. Hence, only the optical constants of AZO films are shown
in Figure 3.13, where the deposition cycle ratio is varied from 15:1 to 50:1. A blue or
UV shift is observed in the optical constants by increasing the Al doping percentage

since Al impurity can act as effective n-type donors for generating free carriers.
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Figure 3.13: (a) real and (b) imaginary part of the complex dielectric function of AZO
films as a function of the incident wavelength. (c) Real and (d) imaginary part of the
complex refractive index of AZO films as a function of the incident wavelength. Films
were grown on silicon substrates for the optical measurement.
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The doping concentration of DEZ/H20 can increase the free carrier concentration that
reduces the refractive index of AZO film. Figure 3.13(d) shows the extinction coefficient
of AZO films for various deposition cycle ratios. It can be seen that all the extinction
coefficients are close to zero for the entire wavelength range 400-1000 nm, which
indicates the transparency within this wavelength range. The absorption coefficient, a
can be determined from the following formula (equation 3.4), which further allows
calculating the bandgap of the film. The bandgap of the deposited AZO films is approx.
3.1eV.

Ak (3.4)

where, k is the extinction coefficient of the film.

To investigate the transparency of deposited films, a UV/VIS/NIR spectrometer
(PerkinElmer UV/VIS/NIR Spectrometer Lambda 1050) was used to analyze the
optical transmittance of both AZO and ZnO films. The system allows measuring
absorption, transmittance, and reflection of deposited films for the wavelength range
from 200 nm to 4000 nm. Since deposited films will be used in PSC, therefore, we

studied the transmission for the wavelength range 300 nm to 800 nm.
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Figure 3.14: (a) Optical transmittance spectrum of ZnO and AZO films with various
deposition cycles, grown on glass substrates. (b) X-ray diffraction patterns of ZnO and
AZO films with various deposition cycles, grown on Si substrates.
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Figure 3.14(a) illustrates the transmittance spectrum for AZO and ZnO films, where
the deposition cycle ratio of AZO is varied from 15:1 to 50:1. Moreover, films on glass
substrates were used for the transmission measurement. It can be seen that the
average transmission of the deposited samples is approximately 90 % in the visible
wavelength region (400-700 nm). The UV shift of absorption edge (300-400 nm) has
been found with increasing Al doping level, which is very consistent with the results
measured by the spectroscopy ellipsometry. Such ALD growth films exhibit great
potential as a transparent conductor for PSC applications, which can be further applied

to the implementation of transparent solar cells.

For the structural analysis, x-ray diffraction (XRD) measurements were done on
deposited ZnO and AZO films. The crystalline structures were performed for the
deposited films by using Ragaku SmartLab automated multi-purpose X-ray
Diffractometer with CuKa radiation (A=0.154 nm) at room temperature. The XRD
spectra were measured on all samples in the two-theta (26) angular region between
25° to 80°. The XRD patterns of ZnO and AZO with the deposition cycles of 15:1 and
25:1 is shown in Figure 3.14(b), where comparison of XRD pattern of only AZO films
for various deposition cycle ratios are presented in Appendix A (Figure A3.2). In
addition, temperature-dependent XRD patterns for the 25:1 (optimal cycle ratio) AZO
film is shown in Appendix A (Figure A3.3). All XRD patterns clearly exhibit the
polycrystalline structure with orientation along different planes. These planes are (100),
(002), (101), (102), (110), (103), and (112) of undoped ZnO, which confirm that films
are polycrystalline wurtzite structure. Major diffraction peaks ((100), (002), (101), and
(110)) are observed at 31.8°, 34.5°, 36°, and 56.5° in the undoped ZnO film.
Nevertheless, at 34.5° diffraction peak (002) has a less intensity, which disappears by
Al doping, where (002) is completely missing in 15:1 AZO case. On the other hand,
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peak (100) at 31.8° becomes more dominant after increasing the Al doping level, which
is similar to the results reported in the literature. Moreover, increased doping causes
to introduce new peaks, which are (024) and (202).

In order to check the uniformity of deposited films, surface morphologies of AZO and
ZnO films grown on a silicon substrate were studied by using optical microscopy (Leica
DM 2700M) and field emission scanning electron microscopy (FESEM JEOL JSM-
6335F). Surface morphologies were first investigated with optical microscopy where
all films exhibit a good uniformity and no significant difference is observed between
AZO and ZnO films. Figure 3.15(a,b) shows optical microscopic images of 25:1 AZO

and ZnO films for a large area.

(a)

X40,000

X3,700 X40,000

Figure 3.15: Optical microscopic images of (a) 25:1 AZO and (b) undoped ZnO. Top
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view of SEM micrographs of (c,d) 25:1 and (e,f) undoped ZnO. All films were grown
on silicon substrates at 150°C deposition temperature.

Next, surface morphologies were investigated by using FESEM, where typically all
films exhibit good uniformity over the scanning area. High-resolution SEM images of
ZnO and 25:1 AZO are depicted in Figure 3.15(c-d), where film thickness varies
between 50-54 nm. In low magnification images, it has been seen that all films show
a great uniformity, which is highly dense. For higher magnification, AZO film
demonstrates a relatively smoother than undoped ZnO film. The influence of Al doping
makes the ZnO film more uniform, which leads to prepare a high-quality film. Generally,
it is clear that all samples show a smooth surface with low surface roughness, which

will help to improve the stability and performance of PSCs.

3.3.3 Realization of Optimum Front Contact for PSCs

In the current study, we have investigated the influence of the front contact on the QE
and Jsc of perovskite single-junction solar cells. The sheet resistance of the front
contact was kept constant to 80 Ohms, while the doping concentration was varied.
Hence, the AZO film thickness has to be adjusted to keep the sheet resistance of the
front contact constant. The charges are collected by a metal front contact grid printed
on the solar cell. For the given sheet resistance, the thickness of the AZO film was
varied from 50 nm to 1690 nm. Figure 3.16(b) exhibits the power density profile of a
solar cell with an AZO thickness of 50 nm under monochromatic illumination of 420
nm, 550 nm, and 700 nm. At 420 nm wavelength, most of the incident photons are
absorbed within the first 150 nm of the perovskite film. At 700 nm, a large fraction of
the incident light reaches the back contact, where it is reflected, and a standing wave
is formed inside the solar cell due to constructive and destructive interference, as

shown in Figure 3.16(b). The QE of solar cells with equal sheet resistance but different
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doping concentration and thickness is shown in Figure 3.17(a). The solar cell with a
front contact thickness of 50 nm exhibits the highest QE. An increased QE is observed

for short wavelengths due to the low absorption of the thin AZO layer.

(a) AZO NiO/ZnO
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Figure 3.16: (a) Schematic cross-section of a perovskite planar solar cell with AZO

front contact. (b) Power density profile of perovskite solar cell with an AZO front

contact (deposition cycle ratio 25:1) for different incident wavelengths. (c) Power

density profile of perovskite solar cell with an AZO front contact for different front
contact thicknesses at an incident wavelength of 550 nm.

Furthermore, an increased QE is observed for the spectral range from 400 nm to
almost 600 nm. The front contact acts as a quarter wavelength thick anti-reflection

coating for an incident wavelength of 500 nm. The thickness of an anti-reflection
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coating is commonly given by A/(4xnarc), where A is the wavelength at which the

reflection is minimized, and narc is the refractive index of the anti-reflection coating. In

our case, the thickness of the anti-reflection layer is given by

x (1~ w) (3.5)

dave =
AZO 4 -

Nazo

where, nazo is the refractive index of the front contact and @azorer is a phase shift

introduced by the AZO/perovskite interface.
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Figure 3.17: (a) Quantum efficiency and (b) front contact absorption of PSC with equal
front contact sheet resistance but the different thickness and doping concertation. (c)
Quantum efficiency of PSC with equal doping concentration but different thicknesses.
(d) Short-circuit current density of PSC with equal front contact sheet resistance but
the different thickness and doping concertation as a function of perovskite absorber
thickness.
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The phase shift is caused by the large extinction coefficient of the perovskite layer.
The phase shift is calculated to be approx. n/4. Without the phase shift, the thickness
of the front contact would have to be 65 nm to achieve anti-reflection properties at 500
nm. The phase shift at the AZO/perovskite interface leads to a reduction of the front
contact thickness down to 50 nm. Decreasing the doping concentration of the front
contact leads to an increased thickness, which causes an increased absorption loss
of the front contact. Furthermore, the front contact does not act as an anti-reflection
coating anymore. Multiple interferences in the front contact are clearly visible in the
QE. A comparison of a solar cell with thin and thick front contact is provided in Figure
3.16(c). The plot shows the power density profile for an incident wavelength of 550 nm
and a front contact thickness of 50 nm and 280 nm. The shape of the power density
profile is not affected by the different front contact. Only the incoupling of light by the
front contact is affected. Moreover, the influence of different front contact thicknesses
on the Jsc was investigated, which is shown in Figure 3.16(d). The Jsc is varied from
17.3 mA/cm? to 22.5 mA/cm? for perovskite thicknesses from 100 nm to 400 nm,
respectively. The Jsc is enhanced by 45% for 100 nm thick solar cells and 26% for a
solar cell with a thickness of 400 nm. The Jsc of the PSC with an anti-reflection coating
is comparable to the PSC with a textured front contact.(Mohammad |. Hossain,
Hongsingthong, et al., 2019) In this study, Three-dimensional (3D) finite-difference
time-domain (FDTD) optical simulations were utilized to investigate the optics and
optimize the perovskite solar cells, where detailed information can be found in Chapter

2 (Section 2.3).
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3.4 Comparison of Front Contacts

In this Chapter, several metal oxide thin films (e.g., NiO, TiO2, and ZnO) are
investigated as potential charge transport materials (electron and hole transport
layers) for planar PSCs. Literature review reveals that such metal oxides are widely
used for the fabrication of efficient PSCs. (Moéllmann et al., 2019; Paek et al., 2017; Seo
et al., 2019; W. Sun et al., 2016; J.-Y. Wang et al., 2009a; Yongzhen Wu et al., 2014; X. Yin
et al., 2017; Zardetto et al., 2017) In this study, the influence of different types of front
contact on the optics of PSCs is experimentally and theoretically investigated to realize
highly efficient PSCs. The aim of this work is not to claim for the fabrication of a best
PSC, rather than we wanted to have a reference for the impact of the front contact for
solar cell performance, so that we can relate it for our future investigations. Herein, we
focused on the following points for realizing next-generation high efficiency solar cells.
1. High quality film preparation (uniform, compact, and smooth)
2. Industrially viable, so that the demonstrated method can be used for large area
thin film deposition.
3. Can fulfill the basic requirements of the front contact (e.g., high optical
transparency, suitable work function, high lateral conductivity, low parasitic

loss, etc)

In this study, we have used Spray Pyrolysis Deposition (SPD), Electron Beam (EB)
Deposition, and Atomic Layer Deposition (ALD) for preparing high quality transport
materials for PSCs. A fair comparison between different front contacts that realized by

several deposition methods on the photovoltaic performance is shown in Table 3.3.

——
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Table 3. 3: A comparison of different front contacts on the PSC performance

Electron Beam Spray Pyrolysis Atomic Layer
Deposition of NiO Deposition of TiO2 Deposition of ZnO
Parameter
Experiment | Simulation | Experiment | Simulation | Experiment | Simulation

Jsc 17.2 18.3 21.3 21.4 X 22.2
(mA/cm?)

Voc (V) 1.0 1.01 1.07 1.07 X 1.18

FF (%) 79 81 72 76 X 81

ECE (%) |13.42 14.95 16.55 17.47 X 21.2
3.5 Summary

In this Chapter, a potential use of metal oxide films as charge transport materials for
planar perovskite solar cells has been investigated. Several deposition techniques are
utilized to prepare high-quality contact materials. The optics and optimization of
perovskite solar cells are studied by three-dimensional FDTD optical simulations,
where 3D FEM electrical simulations examine electrical effects. Firstly, electron beam
physical vapor deposition technique (EBPVD) is used to prepare the high-quality NiO
film at a low temperature, which further used as a hole transporting layer for fabricating
planar perovskite solar cells. The performance of experimentally realized planar
perovskite solar cells is compared with the simulated PSCs, where an excellent
agreement is found between experiments and optical simulations. The influence of the
NiO film thickness on quantum efficiency (QE) and short-circuit current density (Jsc)

is discussed. The fabricated champion device exhibited an energy conversion
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efficiency of 13.42% with an open-circuit voltage of 1 V; a short-circuit current density
of 17.2 mA/cm? and a fill factor of 78%. It has been found that NiO HTL must be thin
to provide high conductivity and transparency so that the absorption loss is minimized.
Secondly, the pin-hole free, uniform, and highly compact TiO2 hole-blocking/electron-
transport layer (ETL) is prepared by using spray pyrolysis deposition for the fabrication
of high-efficiency perovskite solar cells (PSCs). The concentration of TiO2 precursor
solution has a great effect on the thickness of the ETL. Hence, the TiO2 concentration
iss varied from 0.15 M to 0.40 M for optimizing PSCs. The influence of TiO2
concentration on the photovoltaic performance was studied. As compared to other
TiO2 concentrations (0.15 M, 0.2 M, 0.25 M, 0.3 M, and 0.4 M), the 0.35 M TiO2
exhibited a superior photovoltaic performance due to excellent electron injection at the
perovskite/TiO2, which prevents from high leakage currents and recombination of
charge carriers. To understand the reproducibility of PSC fabrications, 13 fabricated
devices were studied in each group. As anticipated, the 0.35 M TiO2 demonstrated a
better performance in terms of PCE and reproducibility. The best-performance PSC,
which has an ETL thickness of ~70 nm, allows realizing a short-circuit current density
(Jsc) of 21.3 mA/cm?, open-circuit voltage (Voc) of 1.08 V, fill-factor (FF) of 72%, and
power conversion efficiency (PCE) of 16.55%, respectively. Furthermore, three-
dimensional Optical and electrical simulations are used to validate the findings in the
experiments. It is assumed that the spray-pyrolyzed TiO2 CI has excellent potential for
developing high-efficiency perovskite solar cells.

Finally, AZO and ZnO films were investigated as potential contacts for single-junction
perovskite solar cells. AZO and ZnO films were prepared by using ALD at low
deposition temperatures. The influence of various doping concentrations on the
electrical, optical, and structural properties were investigated by several
characterization methods. Films with resistivites down to 5.8x10“* Q-cm for the

thickness of ~50 nm, where an almost 90% optical transmittance was achieved for the
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spectral range 400 nm to 1200 nm. It is examined that thin and highly doped metal
oxides can be used as efficient perovskite solar cell front contacts. The film acts as an
anti-reflection coating, while the optical losses of the front contact are rather low, which
allows for reaching a short-circuit current density of up to 22.5 mA/cm? from the planar

perovskite solar cell having a perovskite absorber thickness of 400 nm.

R
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OPTICS OF PEROVSKITE SOLAR CELL
FRONT CONTACTS (TEXTURED)
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This chapter presents the optics of perovskite solar cell (PSC) front contacts. A
detailed discussion on the light incoupling and the light trapping is provided, which
contributes to realize efficient photon management for perovskite solar cells. The
textured front contacts can improve the short-circuit current density (Jsc) and energy
conversion efficiency (ECE) by enhanced light incoupling and/or light trapping. Herein,
different deposition methods are used to realize the textured front contacts, which are

described in the following sections.

4.1 Self-textured ZnO Films as a Front Contact

The front contact has a crucial role on the optoelectronic properties of PSCs. The front
contact is part of the junction of the solar cell, must provide lateral charge transport to
the terminals, should allow for an efficient light incoupling, while having low optical
losses. So far, investigated PSCs have planar front contacts, which are mainly limited
owing to significant reflection losses. The complex requirements of the PSC front
contact are described, and the optics of the front contact is investigated in the current
study. Metal oxide films were investigated as potential front contacts to study the
influence of the front contact on Jsc and ECE. The incoupling of light in the solar cell
is investigated by 3D FDTD optical simulations and optical measurements of
experimentally realized self-textured ZnO films. The ZnO films were prepared by
metal-organic chemical vapor deposition (MOCVD) at low temperatures. Furthermore,
the influence of free carrier absorption of metal oxide films on the optics of low
bandgap and/or tandem solar cells is investigated. Guidelines are provided on how to

choose the doping concentration and thickness of the metal oxide films.

4.1.1 Perovskite Solar Cell Structure

Most research on PSCs is still focused on single-junction solar cells. However, the
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combination of perovskite and silicon as part of a perovskite/silicon tandem solar cell
(TSC) exhibits the largest economic potential, because this combination allows
reaching high ECEs, while the manufacturing cost is low.(Bush et al., 2017a;
Mohammad I|. Hossain et al., 2018a; Jost et al., 2018; Sahli et al., 2018b; Werner et
al., 2018) In this case, the PSC must be integrated on crystalline silicon (c-Si) wafer-
based bottom solar cell. Hence, we will focus on device structures in substrate
configuration, opposite to solar cells on glass substrates, commonly referred to as
solar cells in superstrate configuration. The refractive index of the perovskite material
system is comparable to the refractive index of the metal oxide contact layers. Hence,
reflections at the metal oxide/perovskite interface are low. The reflection of two
materials forming a planar interface increases with increasing refractive index
difference between the materials. Hence, the layer stack consisting of the metal oxide
layers and the perovskite layer can be treated as one unit with an almost equal
refractive index. This simplifies the optical design. Hence, we can focus on the
coupling of the incident light in the solar cell. This can be achieved by integrating a
pyramidal surface texture on top of the solar cell. Depending on the dimensions of the
pyramidal texture, the structure might as well diffract or refract the incident light, so
that the optical path length is increased. Consequently, the electrical properties of the
solar cells should be comparable to planar perovskite solar cells realized in substrate
configuration. It is assumed that the modified optical design does not affect the
electrical properties of the solar cells. Hence, it can be expected that the electrical
parameter of the solar cell, the open-circuit voltage (Voc), and fill factor (FF), are

comparable to planar solar cells in substrate configuration.

Cross-sections of PSCs with smooth and textured front contact are depicted in Figure
4.1(a,b). The photon management in PSCs differs fundamentally from photon

management in silicon thin-film and silicon wafer-based solar cells. Silicon exhibits a
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distinctly higher refractive index than perovskite so that the interface between the
silicon diode and the metal oxide contact layers must be textured to allow for efficient
photon management. Nickel oxide (NiO) and zinc oxide (ZnO) layers are used as a
hole transporting/electron blocking layer (HTL) and electron transporting/hole blocking
layer (ETL), respectively. It is challenging to realize NiO films with high transmission
and high conductivity. Hence, a 5 nm NiO layer is combined with a 75 nm thick ITO is
used as a contact. Such a double layer of NiO and ITO is used to combine hole
transporting/electron blocking with high transmission and low lateral resistivity. It is

assumed that the NiO/ITO double layer forms a tunnel junction.

(a) (b)

ZnO

Figure 4.1: Schematic cross-section of a perovskite solar cell with (a) planar and (b)
textured zinc oxide front contacts. Corresponding SEM images of (c¢) smooth and (d)
pyramidal textured ZnO films.(Mohammad |. Hossain, Hongsingthong, et al., 2019)

The selected double layer is consistent with layer stacks used by several experimental
studies on PSCs in the superstrate configuration.(Forin, Purica, Budianu, & Schiopu,

2012b; J.-Y. Wang et al., 2009b) The formation of a front contact on top of the
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perovskite absorber is complex. A variety of materials and material combinations have
been investigated. ZnO films have been prepared by spin coating from ZnO
nanoparticle solutions, resulting in solar cells with high ECE.(You et al., 2016¢) Other
authors prepare a Ceo layer before preparing a ZnO film, or a lithium fluoride (LiF) layer
followed by a Cso and a zinc oxide layer. The Ceso and LiF layers are introduced to
control the work function and prevent the damage of the underlying perovskite layer.
We have investigated the influence of different front contact configurations on the
optics of the PSCs. The simulation results are provided in Appendix B (Subsection
B.1.1). The Ceo layer causes absorption losses, and a distinct drop of the quantum
efficiency (QE) is observed. The LiF layer has almost no influence on the QE if the LiF
layer is placed between the perovskite and the Ceo layer. The LiF causes only a distinct
reflection loss if the LiF is placed between the perovskite and the ZnO layer, and the
Ceo layer is removed (Figure B1.1). However, such a structure has not been proposed
as a potential contact configuration. The corresponding simulations are provided in
Figure B1.1 of the Appendix. Even though the Ceo layer leads to a distinct drop in the
QE, the Ceo layer has no influence on the proposed ideas and conclusions. Hence, we
focused on the following solar cell with only a ZnO contact layer. An aluminum layer is
used as back contact and back reflector. Furthermore, the influence of an
encapsulation layer on the solar cell was not considered. Further information on the
influence of an encapsulation layer on the optics of the solar cell is provided in

Appendix B (subsection B.1.2 and Figure B1.2).

4.1.2 Photon Management

The perovskite device structure in Figure 4.1(b) allows for an enhancement of the ECE
by using a different front contact design. On the one hand, the dimensions of the front

contact texture must be derived, and on the other hand, it must be possible to fabricate

MOHAMMAD ISMAIL HOSSAIN PAGE | 96



& Chapter 4 Il Optics of PSC Front Contacts (Textured)

THE HONG KONG POLYTECHNIC UNIVERSITY

such structures. In the following, the fabrication of such surface textures by a self-
texturing process is investigated. Such self-texturing has been successfully used to
increase the Jsc and ECE of silicon thin-film solar cells. However, such self-textured
contacts have not been investigated as potential front contacts of PSCs. Optical
simulations are used to realize the optimal dimensions that are also provided in the

following.
4.1.2.1 Experimental Realization of Textured Metal Oxide Contact Layers

Textured ZnO layers doped with aluminum, gallium, or boron can be realized by a
variety of deposition methods. ZnO films with pyramidal or inverted pyramidal structure
have been realized by chemical vapor deposition (CVD), pulse laser deposition (PLD)
or the wet chemical etching of sputtered ZnO films in diluted solutions of hydrochloric
or hydrofluoric acids.(Dewan et al., 2015; Dikovska, Atanasov, Vasilev, Dimitrov, &
Stoyanchov, 2005; Hongsingthong, Yunaz, Miyajima, & Konagai, 2010; Hwang et al.,
2015; Muller, Rech, Springer, & Vanecek, 2004a; Yoo et al., 2008) This study focuses
on films prepared by CVD.(Dewan et al., 2015; Hongsingthong et al., 2010; Muller et
al., 2004a) The CVD of textured metal oxide films is a standard process used in
industry to coat several square meter large glass substrates. As a part of this study,
boron-doped ZnO (ZnO:B) film was prepared by a Metal-Organic Chemical vapor
deposition (MOCVD) process. Details on the preparation of the zinc oxide films are
provided in the experimental section. Figure 4.1(c) exhibits a Scanning Electron
Microscope (SEM) image of a smooth boron-doped zinc oxide film. In contrast, Figure
4.1(d) shows a boron-doped film that is covered with quasi-randomly arranged
pyramids. Figure 4.1(c) exhibits the SEM of a film prepared by using a D20O/H20 ratio
of 1, while the D20/H20 ratio is O for the film shown in Figure 4.1(d). The size of the
pyramids can be controlled by the thickness of the ZnO film. The size of the pyramids

increases with increasing thickness of the ZnO film. Each pyramid can be

MOHAMMAD ISMAIL HOSSAIN PAGE | 97



Q% Chapter 4 Il Optics of PSC Front Contacts (Textured)

THE HONG KONG POLYTECHNIC UNIVERSITY

characterized by a period, p, and a height, h. The opening angle of the pyramid is
given by 2xtan(p/2/h). Small pyramids exhibit an opening angle of 135°-140°
corresponding to the opening angle of inverted pyramids etched in ZnO single crystals.
With increasing film thickness and increasing size of the pyramids, the opening angle
decreases.(Boccard et al., 2012) Opening angles down to 40° have been observed for

ZnO films with a thickness of up to 7 um.(Boccard et al., 2012)
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Figure 4.2: (a) Measured total transmission of 1.6 ym thick ZnO film prepared by
metal-organic chemical vapor deposition (MOCVD). The roughness of the film was
varied by the D20O/H20 ratio during the growth process. The roughness increases with
decreasing D20/H20 ratio. (b) Haze in transmission. The haze is defined as the diffuse
transmission normalized to the total transmission.

The films fabricated as part of this study exhibit a charge carrier concentration of

2x10%° cm-3 irrespective of the D20/H20 ratio. For D20/H20 ratios of 0 and 0.1, the

MOHAMMAD ISMAIL HOSSAIN PAGE | 98



& Chapter 4 Il Optics of PSC Front Contacts (Textured)

THE HONG KONG POLYTECHNIC UNIVERSITY

electron charge carrier mobility is 15 cm?/V/s, while for higher D20/H20 ratios ranging
from 1 to 10, the electron charge carrier mobility is approx. equal to 7.5 cm?/V/s. Fig.
2(a) exhibits the total (specular plus diffuse) transmission of the films. The averaged
total transmission for all films is higher than 80% in the spectral range from 400 nm to
800 nm as shown in Figure 4.2(a). The haze in the transmission is shown in Figure
4.2(b). The haze is defined as the diffuse transmission normalized to the total
transmission. The haze increases with decreasing D20/H20 ratio and increasing
roughness of the ZnO film. With increasing haze more light is diffracted by the texture
of the ZnO film. However, the haze does not provide information on the diffraction
angle of the diffracted light. Furthermore, it is difficult to directly correlate haze
measurements with the QE and Jsc of solar cells. Optical simulations allow for a good

correlation of the surface texture and the QE.
4.1.2.2 Realizing the Optimal Dimension of the Front Contact

The refractive index of the used ZnO and ITO is depicted in Figure 4.3(a) along with
the refractive index of perovskite (methylammonium-lead(n)-iodide, CHsNHsPbls
(MAPDI3)) material used in the investigation. The refractive index of the ZnO and ITO
layers is comparable with the refractive index of the perovskite material. The
perovskite material system exhibits a high absorption coefficient and, hence, a low
absorption or penetration depth. The penetration depth (tp=1/ap(A)) is the inverse of
the absorption coefficient and defined as the thickness at which the incident light
intensity drops to 1/e. The dashed lines added to the graph represent the penetration
depth for a solar cell with 100 nm and 400 nm thickness, as shown in Figure 4.3(b).
The incident light is absorbed up to a wavelength of 610 nm and 770 nm assuming a
penetration depth of 200 nm and 800 nm, respectively. The optical data used in this
study was adapted from the literature.(Drude, 1900b, 1900a; Loper et al., 2015b;

Steinhauser, 2008) We used the finite-difference time-domain (FDTD) simulations to
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calculate the 3D optical wave propagation. Details on the method and procedures to
calculate power density profiles, the QE, and the Jsc are provided in the experimental
section.(Dewan et al., 2009; Parsons, Tamang, Jovanov, Wagner, & Knipp, 2017) The
optical wave propagation was investigated for pyramids with heights of 200 nm, 400
nm, and 600 nm, while the period is varied from 150 nm to 1200 nm. The pyramids
are formed on a continuous layer of ZnO. In the case of an experimentally realized
solar cell, the thickness of the continuous layer is determined by the doping
concentration, which is linked to the required lateral sheet resistance of the ZnO layer

and the growth conditions of the ZnO film.

(a) 3.0

c

<

]

2 20| ——

)]

=

B

S 1.0-

) —Zn0

o — 170

Perovskite

00 T ‘ T ‘

b 300 400 500 600 700 800

(’_‘) 10—2

E Perovskite

£ 10°;

o

a

_5 1044 2xd=800 nm

®

2 1051

[(}]

o

10° - w - w
300 400 500 600 700 800
Wavelength (nm)

Figure 4.3: (a) Refractive indices of ZnO, ITO, and Perovskite materials. (b) The
penetration depth of the Perovskite material.

The influence of the thickness of the continuous layer on the QE and Jsc is described
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in Appendix B (subsection B.1.3 and Figure B1.3). The absorption losses of the
continuous ZnO layer increase with increasing thickness of the film. However, the
thickness has no influence on the light incoupling of the solar cell and the light trapping
of the solar cell. In the following, it is assumed that the ZnO layer has a thickness of
400 nm, while the period and height of the surface texture are 600 nm and 600 nm.
Figure 4.4 exhibits a comparison of QE and total reflection of a pyramidal textured and
flat perovskite solar cell with an absorber thickness of 100 nm and 400 nm, respectively.
The QE of the planar solar cell is characterized by pronounced interference fringes.
The 400 nm thick ZnO front contact is responsible for the formation of interference
fringes. As compared to the flat solar cell, the pyramidal textured solar cell shows a
higher QE throughout the complete spectral range for the 100 nm and 400 nm thick
PSCs. For short wavelengths, the absorption coefficient of the perovskite material is
substantial, and the penetration depth is minimal. Hence, the penetration depth is
smaller than twice the thickness of the absorber of the solar cell. For a 100 nm thick
solar cell, the penetration depth is equal to twice the absorber layer thickness for a
wavelength of 580 nm, while for a solar cell with an absorber thickness of 400 nm, the
transition point is shifted to 770 nm. The gain of the QEs caused by an improved
incoupling of light. Hence, it can be concluded that for short wavelengths, light trapping
of the incident, light does not lead to an increased QE. The light might be diffracted by
the surface texture, but the diffraction does not lead to increased light absorption. The
light is absorbed irrespective of the diffraction of the incident light. For tp>2xd, the
situation is different. The penetration depth is larger than two times the thickness of
the perovskite absorber, and the gain in the QE is caused by improved incoupling and
increased absorption of the incident light due to diffraction.

This is also confirmed by the calculated total reflection of the solar cells in Figure 4.4(c)
and 4.4(d). The total reflection is calculated by R=1-Atwta, Where Atwtal is the total

absorption of the solar cell. The total absorption of the solar cells approaches unity if

MOHAMMAD ISMAIL HOSSAIN PAGE | 101



& Chapter 4 Il Optics of PSC Front Contacts (Textured)

THE HONG KONG POLYTECHNIC UNIVERSITY

the pyramid texture allows for an efficient incoupling and 2xd>tp, which occurs for
wavelengths up to 580 nm and 770 nm using 100 nm and 400 nm thick perovskite
absorber layers, respectively. For 2xd<tp the total absorption is distinctly increased,
due to the improved incoupling and light trapping, but the total absorption does not
approach unity. It should be noted here that the roughness of the perovskite films is
not considered in the optical simulations. The roughness of the perovskite film
depends on several factors like the deposition method, the temperature during the
deposition, and temperatures during potential subsequent deposition steps or

annealing procedures.
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Figure 4.4: Simulated quantum efficiency of flat and pyramidal textured perovskite
solar cell with a period and height of 600 nm and 600 nm for a perovskite absorber
layer thickness of (a) 100 nm and (b) 400 nm. Reflection of flat and pyramidal textured
perovskite solar cell for a perovskite absorber layer thickness of (c) 100 nm and (d)
400 nm. (d and tp are denoted as the perovskite absorber layer thickness and the
penetration depth of perovskite material).

R
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As previously mentioned, the refractive index of the metal oxide contact layers and the
perovskite layer is comparable.
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Figure 4.5: Short-circuit current density for perovskite solar cells with absorber
thickness of (a,b,c) 100 nm and (d,e,f) 400 nm as a function of the period of the front
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pyramidal surface texture. (a,d) Total short circuit current density and (b,e) short circuit
current density up to the wavelength where the penetration depth is equal to twice the
absorber thickness. (b) For the 100 nm thick perovskite solar cell the short circuit
current is calculated from 300 nm to 610 nm, (e) while for the 400 nm thick perovskite
solar cell the short circuit current is calculated from 300 nm to 770 nm. (c,f) Short
circuit current density for wavelengths where the penetration depth is larger than twice
the absorber thickness. (c) For the 100 nm thick perovskite solar cell the short circuit
current is calculated from 610 nm to 800 nm, while for the 400 nm thick perovskite
solar cell the short circuit current is calculated from 770 nm to 800 nm.

Hence, a rough interface will have only a minimal effect on the optics. It can be
expected that the impact of the roughness on the electronic properties is distinctly
larger. Only for the planar reference solar cell shown in Figure 4.1(a) the interference
fringes will be reduced, while the short circuit current is not affected. In the case of the
solar cell structure in Figure 4.1(b), most light propagation is incoherent, so that the
QE and the Jsc are not affected. In the following, the influence of the dimension of the
pyramidal surface texture on Jsc is studied. Again, the thickness of the perovskite layer
was set to 100 nm and 400 nm. Figure 4.5(a-c) exhibits the Jsc for an absorber layer
thickness of 100 nm, while the Jsc plots for a thickness of 400 nm are shown in Figure
4.5(d-f). Three different pyramid texture heights (200 nm, 400 nm, and 600 nm) are
considered for the investigations, while for each height, the period of the pyramid is
varied from 150 nm to 1200 nm. Figure 4.5(a,d) exhibits the total Jsc of the 100 nm
and 400 nm thick solar cells as a function of the period of the surface texture. Short
and long dashed lines are added to the graphs. The long-dashed line corresponds to
the Jsc of a flat solar cell, as shown in Figure 4.1(a). The short-dashed line exhibits
the Jsc of a flat solar cell, assuming perfect incoupling of the light in the solar cell.
Figure 4.5(a,d) shows that the Jsc of the textured solar cell is always larger than the
Jsc of the flat solar cell irrespective of the selected height and period. For small periods
of the pyramid texture, nznoxpzno<<, the pyramidal texture acts like a refractive index

gradient, which allows for efficient light incoupling in the solar cell. With increasing
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period, the incident light is diffracted, so that a further increase of the Jsc is observed.
The Jsc increases with increasing height of the pyramid. In other words, the opening
angle of the pyramid, which is given by 2xtan(p/2/h), decreases with increasing height
of the pyramid. For large opening angles, which are reached for small pyramid heights
and larger periods, the incident light is diffracted in small angles. Consequently, the
Jsc drops below the Jsc of a solar cell exhibiting perfect incoupling of light and
converges towards the Jsc of a flat solar cell. The highest Jsc is achieved for a period
of the pyramid texture of approximately 500 nm. In the case of the thin perovskite solar
cell (100 nm absorber), the Jsc is increased from 13.8 to ~18.5 mA/cm?. The Jsc of
the thick solar cell (400 nm) is increased from 20.6 to ~23.6 mA/cm?. This corresponds
to a relative Jsc gain of 34% (100 nm) and 14.5% (400 nm). The Jsc gain is defined
as (Isc_tex-Isc fiat)/Isc_fiat, Where Isc_tex and Isc_fiat are the Jsc of the textured and the
reference planar (flat) solar cell. For the thin solar cell, a distinct gain of the Jsc is
achieved due to the increased absorption caused by diffraction, while for the thick solar
cell, the absorption is only slightly increased. For this structure, the diffraction of the
light has only a small effect on the total Jsc. In order to separate the impact of light
incoupling from light trapping, the Jsc is divided. Figure 4.5(b,e) exhibits the Jsc up to
the wavelengths where t,=2xd, which is 580 nm and 770 nm. Up to this wavelength,
the gain in the Jsc is caused by an improved light incoupling. For longer wavelengths,
diffraction has an additional effect on the Jsc. The Jsc plots for longer wavelengths are
shown in Figure 4.5(c, f). For the thin solar cell (Figure 4.5(c)), a large absolute gain
of the Jsc is observed, while the relative gain of the Jsc is small. The absolute Jsc is
increased by approx. 3 mA/cm? for an optimal period. However, the relative gain of the
Jsc is smaller than 100%. For the thick solar cell, diffraction has only a small effect on
the absolute Jsc. Hence, the total Jsc gain is small, while the relative Jsc gain is large.
The absolute Jsc is increased by approx. 0.8 mA/cm? for an optimal period. However,

the relative gain of the Jsc is approx. 400%.
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The influence of the period of the surface texture on the power density map is shown
in Figure 4.6. The power density profiles of 100 nm and 400 nm thick perovskite solar
cells are shown in Figure 4.6 for an incident wavelength of 700 nm.
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Figure 4.6: Simulated power density profiles of perovskite solar cell with perovskite
absorber layer thickness of (a,c) 100 nm and (b,d) 400 nm for a small and large period
of (a,c) 300 nm and (b,d) 900 nm and fixed pyramid height of 600 nm, using an incident
wavelength of 700 nm.

Surface textures with a period of nznoxpzno<<Ai, allow for an efficient light incoupling in
the solar cells, while for larger periods light trapping is observed. The optical

simulations are carried out for periods of 300 nm and 900 nm, while the height is kept
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constant at 600 nm. For the case of the 300 nm period, a standing wave is formed in
the solar cell, as depicted in Figure 4.6(a) and Figure 4.6(b). The standing wave
indicates that the pyramids act as a refractive index grating; however, the light is not
diffracted by the pyramids. Whereas, the incident light is diffracted by the pyramid for

surface textures with a period of 900 nm.
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Figure 4.7: (a) A comparison of short-circuit current density among perovskite solar
cells with a smooth surface, large period (900 nm), and a small period (300 nm). (b) A
comparison of relative short-circuit current density gain between perovskite solar cell
with large period (900 nm) and small period (300 nm).

Consequently, a distinctly higher power density is observed for PSCs with large
surface texture irrespective of perovskite absorber layer thickness. This is confirmed

by the power density profile shown in Figure 4.6(c) and Figure 4.6(d). The Jsc as a
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function of the solar cell thickness is shown in Figure 4.7(a) for a small (300 nm) and
large (900 nm) period. Again, the solar cell on a smooth surface is used as a reference
cell here. Furthermore, the Jsc gain is plotted in Figure 4.7(b). For thick perovskite
absorber layers, both solar cells with small and large surface texture reach equal Jscs.
A relative Jsc gain of 12.5% is observed. This gain is mainly caused by the improved
light incoupling. Very good incoupling is observed for the small and large surface
texture. For thin solar cells, the additional diffraction of the incident light leads to an
additional gain of the Jsc. For the investigated solar cells, a Jsc gain of up to 25% is
observed. The calculated Jsc for the solar cell with the 400 nm thick absorber reaches
90% of the upper theoretical Jsc limit of 25.6 mA/cm?. The almost perfect incoupling
can be achieved by using a surface texture, where nznoxpzno<<Ai. In this case, the
height of the pyramid texture must be hzno>A/2/nzno. Even for the larger periods, an
almost perfect light incoupling can be achieved. The opening angle of the pyramid
should be 50° or smaller to achieve an effective light incoupling. ZnO pyramids with
such small opening angles can only be fabricated by growing thick ZnO films with large
pyramids. Hence good incoupling can experimentally only be achieved by growing

large pyramids and thick ZnO films.

4.1.3 Conductivity versus Optical Losses

The absorption loss of the contact layer should be as low as possible, while the
conductivity of the contact layers should be as high as possible. However, these two
aims contradict each other. By minimizing the lateral resistivity of the contact layers
the series resistance is reduced, and the fill factor is maximized. If the doping
concentration of the metal oxide layer is low, the series resistance is increased, and
the fill factor is lowered so that finally, the ECE is negatively affected. On the other

hand, the free carrier absorption of the contacts layer is low if the doping concentration
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of the metal oxide film is low. Hence a low doping concentration allows for a high Jsc.
Most perovskite solar cells are prepared in superstrate configuration on thin but highly
doped ITO (Indium tin oxide) front contacts. The transmittance (T), absorbance (A),
and reflectance (R) of a typical planar metal oxide layer (zinc oxide) are shown in
Figure 4.8. An extended Drude Lorentz model was used to describe the complex
refractive index of the metal oxide film.(Drude, 1900b, 1900a) The model used to
calculate the optical constants is provided in Appendix B (subsection B.1.4). The
spectra can be divided into four regions. a.) the direct band-to-band absorption region
for short wavelengths, b.) The transparent region covering the visible and near-infrared
part of the optical spectrum and c.) the free carrier absorption region. The free carrier

region can be described by the plasma wavelength A, and finally, d.) the reflection

state.
uviisl nNR IR
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c absorption  (metal state)
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Figure 4.8: The transmittance (T), absorbance (A), and reflectance (R) of a planar zinc
oxide film.

The relationship between the doping concentration and the plasma wavelength can

be described by

R
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Ap = 2 /—505“"“* (4.1)
q Nopt

where, c is the speed of light in space, m’ is the effective mass of the electron, g and

€» are the vacuum and relative permittivity of the metal oxide film, respectively with
increasing doping concentration, the plasma wavelength shifts to shorter wavelengths.
In the case of a single-junction PSC, a thin and highly doped metal oxide film can be
selected. The absorption loss due to free carrier absorption is usually low. For a multi-
junction solar cell, like a perovskite/silicon tandem solar cell, the situation is different.
The free carrier absorption might have a negative effect on the QE for long
wavelengths. The calculated complex refractive indices were compared to
experimentally determined optical constants, and a valid agreement was observed.
The ZnO layer has a thickness of 400 nm, while the thickness of the ITO layer is only
70 nm. The parameters used for calculating the complex refractive index are provided

in Appendix B, in Table B1.

4.1.4 Towards Optimal Front Contacts of Perovskite Solar Cells

The front contacts of PSCs in substrate configuration must fulfill several requirements,
as already pointed out in the introduction. Firstly, the front and back contact, together
with the perovskite absorber forms the junction of the solar cell. Hence, the work
function of the materials must be selected accordingly. Secondly, the front contact
must provide high lateral conductivity, so that charges can be transported without
significant ohmic losses. Thirdly, light must be efficiently coupled in the solar cells, and
fourthly, the absorption loss of the contact layer should be as low as possible. It is
difficult for one layer to fulfill all these requirements. Hence, we propose a multi-layer
system consisting of three layers. The layers and the function of the individual layers

will be described in the following.
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High work function and protection layer

The first layer must be directly prepared on the perovskite layer. The work
function of the material should be matched to the band structure of the
perovskite film to allow for a high Voc. The layer can be thin but should
prevent the damage of the underlying perovskite layer due to the
subsequent deposition of layers Il and Ill. The layer might be formed by ZnO
or other materials. The optical losses of this layer should be low as the layer
should be very thin.

Lateral charge transport layer with low optical losses

The layer should provide high lateral conductivity so that charges can be
transported to the external terminals or printed front contact grid of the solar
cell. At the same time, the optical loss of the layer should be low. For wide
bandgap material single-junction solar cells, this can be achieved by thin
and highly doped metal oxide films, like the commonly used ITO. For low
bandgap materials and multi-junction solar cells, the doping concentration
must be lower to prevent absorption losses due to free carrier absorption.
Subsequently, metal oxides with high charge carrier mobility like hydrogen
doped indium oxide (IOH) or thick metal oxide films could be used.(Barraud
et al., 2013a; Takashi Koida, Fujiwara, & Kondo, 2007b; Sai, Matsui,
Matsubara, Kondo, & Yoshida, 2014; Tamang, Sai, Jovanov, Matsubara, &
Knipp, 2018) It can be expected that the optical loss of the complete front
contact layer system is determined by this layer.

Incoupling and/or light trapping layer

The layer allows for efficient coupling of the light in the solar cell. Depending
on the needs, the layer might also diffract the light to increase the optical
path length. Again, such structures can be realized by using metal oxides.

For example, self-texturing ZnO films prepared by MOCVD can be used. In
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the case of PSCs, the film does not have to be doped.

If the perovskite is directly deposited on a textured silicon wafer as part of a
perovskite/silicon TSC, layer | and Il are required, but the layer Ill is not required

anymore.

4.1.5 Experimental Section

4.15.1 ZnO Preparation

The ZnO thin films are deposited on Corning 7059 glass substrates using Diethylzinc
(C4H10Zn) as a precursor and a mixture of heavy (D20) and “light” water (H20) as
oxidants. Diborane (B2Hs) (1% Hz diluted) was used as a dopant gas. The films were
grown at substrate temperature and pressure of 160 °C of 3 Torr, respectively. The
surface morphology of the ZnO films can be controlled by the D20/H20 ratio. The
D20/H20 ratio was varied from 0 to 1. The thickness of the zinc oxide films was kept

constant at about 1.6 um.
4.1.5.2 Optical Simulation Method

Optical wave propagation is investigated by three-dimensional (3D) finite-difference
time-domain (FDTD) simulations. The simulations are carried out for an incident wave
with an amplitude of 1 V/m and a spectral range from 300 nm to 800 nm. Details are

provided in Chapter 2 (Section 2.3).

R
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4.2 Non-resonant ZnO Metasurfaces as a Front Contact

Metasurfaces have gained considerable attention in recent years. So far, most of the
work has focused on implementing passive optical components like lenses and
polarizers.(Arbabi et al., 2018; H.-T. Chen, Taylor, & Yu, 2016; Genevet, Capasso,
Aieta, Khorasaninejad, & Devlin, 2017; Tiguntseva et al., 2017; Y. Zhao, Belkin, & Alu,
2012) However, the optical bandwidth of the implemented structures is limited. Several
optoelectronic applications like image sensors, infrared cameras, and SCs require
broadband properties, which cannot be provided by most resonant optical
metasurfaces. Hence, we focus in this study on non-resonant metasurfaces. By
utilizing the pyramid texture on top of the PSC, light incoupling and/or light trapping
can be increased, where the pyramid texture is formed by the CVD self-texturing
process. The CVD process mostly requires elevated temperatures that may damage
the underlying perovskite layer. Hence, as an alternative, we have developed a new
process using electrodeposited ZnO metasurfaces. This study aims to develop a non-
resonant metasurface with properties equal to pyramidal surface texture, which allows
for efficient broadband light incoupling and can be used as a potential light-trapping
structure in PSCs. And, the metasurfaces can be prepared at low temperatures. The
zinc oxide nanowire-based building blocks of the metasurface can be prepared by a
templated electrodeposition through a mask of resist. The phase of the incident light
can be controlled by the edge length of the subwavelength large zinc oxide nanowires.
An array of zinc oxide nanowires was prepared and characterized in the current study.
3D optical simulations were used to compare solar cells covered with non-resonant
metasurfaces with commonly used light trapping structures. Detailed guidelines for the

realization of non-resonant metal oxide metasurfaces are provided in the following.

4.2.1 Device Design

The proposed device structures consist of PSCs with integrated non-resonant
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metasurfaces. The optics of the device with integrated metasurfaces will be compared
to a reference structure using a pyramidal surface texture. Furthermore, the device is
compared to a planar reference solar cell. Cross-sections of single-junction devices
are shown in Figure 4.9. We focus in this study on device structures in substrate
configuration, opposite to solar cells on glass substrates, commonly referred to as

solar cells in superstrate configuration.

hy
P
Zn0O ZnO ZnO
\'I{e] \[{e]
Al Al Al
(a) (b) (c)

Figure 4.9: The schematic diagrams of (a) planar, (b) front pyramidal textured, and (c)
front metasurface structured perovskite solar cells.

The contact layers and the perovskite absorber layer exhibit comparable refractive
indices, so that interfaces between the perovskite and the contact layer do not have
to be textured. Consequently, the electrical properties of the solar cells should be
comparable to planar PSCs. Hence, it can be assumed that the modified optical design
does not affect the electrical properties of the solar cells. NiO and ZnO layers were
used as hole transporting / electron blocking layer (HTL) and electron transporting /
hole blocking layer (ETL). It is difficult to realize NiO films with high transmission and
high conductivity, which is why a 5 nm NiO layer was combined with a 75 nm thick ITO
HTL with high transmission and low lateral resistivity. It is assumed that the NiO/ITO

layer forms a tunnel junction. We used the double layer to be consistent with several
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experimental studies on PSCs in the superstrate configuration.(Rakstys et al., 2017;
W.-J. Yin, Shi, & Yan, 2014b) An aluminum layer was used as back contact and back
reflector. A 400 nm thick metal-doped ZnO transparent conductive oxide was used as
an ETL. Furthermore, the layer provides lateral charge transport. A thick but lightly
doped ZnO was selected as a front contact and not a thin but highly doped metal oxide
layer. By using a thick but lightly doped zinc oxide layer, the parasitic absorption of the
front contact can be reduced, which is caused by free carrier absorption for long
wavelengths. The free carrier absorption plays a primary role in a single-junction solar
cell with narrowband absorbers or TSCs. The ZnO layer can be formed by
electrodeposition or low temperature sputtering. The pyramidal surface texture and
the nanowire array were added to the top of the continuous ZnO layer, as shown in
Figure 4.9(b) and 4.9(c). The planar reference solar cell is shown in Figure 4.9(a). The

perovskite active layer thickness varied from 100 nm to 400 nm for the investigation.

4.2.2 Results and Discussion
4.2.2.1 Metasurfaces for Light Trapping

The aim is to realize non-resonant metasurfaces, which imposes a phase change
equal to the phase change introduced by pyramidal surface texture. The metasurface
consists of ZnO nanowires with a square-shaped base, where the edge length of the
ZnO nanowires is distinctly smaller than the incident wavelengths. In general, the
phase change imposed on an optical wave by a layer is described by
d(x,y)=n(x,y)xh(x,y), where, n(x,y) and h(x,y) are the refractive index and height of the
layer as a function of the position x and y. Figure 4.10(a) exhibits the height profile of
the pyramid with a square-shaped base, where p and ho are the period and height of

the tip of the pyramid. The height profile of the pyramid can be represented by
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Hence, the phase change of the pyramid can be determined by
dp(X,y,A)=nzno(A)xhzno(X,y) + nairx[ho-hzno(x,y)], where, A is the incident wavelength
and nzno(A) and nair are the refractive index of the ZnO front contact and the
surrounding air. hzno(x,y) is the height of the ZnO front contact as a function of the
position on the surface. The phase change of the pyramid texture must be equal to the

phase change of the metasurface ¢m(x,y,1).

(a) p/2

-p/2

X

-p/2

yl
Figure 4.10: Height profile of (a) pyramid surface texture and (b) non-resonant
nanowire array.

The phase change of the nanowire array can be described by effective medium theory,
so that ¢m(X,y,L)=nef(X,y,A)%xho. The height profile of the nanowire array is shown in
Figure 4.10(b). It is assumed that the pyramid and the nanowire arrays are realized by
ZnO. The size of the unit cell is p, while ho is the height of all nanowires. b and a are
the block size and the edge length of the nanowires, which is distinctly smaller than
the incident wavelength A. Hence the following expression of the effective refractive

index of the metasurface can be described by

R
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For the current structure, the effective refractive index can be approximated by a
parallel arrangement of optical elements.(Qarony, Hossain, Dewan, et al., 2018) The
effective refractive index for the metasurface can be approximated by
nef(X,Yy,A)=nzno(1)*f(X,y)+ nairx[1-f(X,y)], where, f(x,y) is the volume ratio of the material.
By combing both expressions, the following expression for the volume ratio can be
determined: f(x,y)=hzno(X,y)/ho. The array of zinc oxide nanowires is based on pillars

with a square-shaped base. Hence, the edge length of the pillar can be determined by

mean
thO (x' y) (44)
ho

a(x,y) = b X
where b is the block size and spacing between pillars, and h™"(x,y) is the mean height
of the ZnO profile within a block. The period and height for both structures are
considered as 900 nm and 600 nm, respectively. The block size was selected to be
nxb<<A, so that the effective medium theory can be applied to describe the phase
change of the metasurface. In the current study, the block size was selected to be 90

nm x 90 nm. Hence, the center pillar of the metasurface exhibits the dimensions of 90

nm x 90 nm x 600 nm.

A variety of fabrication methods exist to realize the metasurfaces. We will focus here
on templated growth, a method in which a substrate is covered with a patterned mask
that acts as a template for the growth of films. Templated growth, in combination with
atomic layer deposition (ALD), has been used by several authors to realize optical
metasurfaces. We have investigated the combination of templated growth
electrodeposition. An array of ZnO nanowire arrays can be prepared by templated

electrodeposition of zinc oxide nanowires. Figure 4.11(a) shows the fabrication of a
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ZnO nanowire array. An electron beam resist (e.g., PMMA) is patterned on a
conductive surface covered with a sputtered gold of sputtered ITO film. The ZnO wires
are grown from solution. SEM images of ZnO subwavelength arrays are shown in

Figure 4.11(b).
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Figure 4.11: (a) Schematic illustration of the fabrication process of zinc oxide
nanowires by templated electrodeposition. (b) SEM images of zinc oxide nanowire
arrays.(Mohammad I. Hossain et al., 2020)

The height of the nanowires is determined by the thickness of the resist. The
fabrication of nanowires with small diameters requires the use of thin e-beam resists,
while for long wires, an increased diameter must be accepted. Hence, the dimensions
of the ZnO nanowires are determined and limited by the lithographic process. In other
words, the height to diameter ratio of the wires is limited by the lithographic process.
We have realized periodic nanowires with diameters down to 100 nm and heights of
400-500 nm. The ZnO nanostructures are polycrystalline. Crystalline ZnO tends to
grow in a Wurtzite crystal structure. ZnO nanowires grown without a pre-patterned

resist coating are characterized by a hexagonal cross-section.(Yumnam & Wagner,
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2018) In our study, we opened square-shaped vias in the electron beam resist. The
resulting cross-section of the nanowire does not show a clear hexagonal nor a clear
square-shaped cross-section, but the cross-section is closer to a hexagonal cross-
section. Further details on the electrodeposition of such periodic nanostructures are

given in the literature.(Uddin et al., 2017; Yumnam & Wagner, 2018)

To integrate the metasurfaces on PSCs, it will be necessary to use parallel lithography
and not a serial lithographic process like electron beam lithography. This requires
either a high resolution optical lithographic process or an alternative large-area
compatible patterning method. Even without covering a substrate with an electron
beam, resist pattern zinc oxide tends to form nanowires by selecting the right
deposition conditions. The growth of ZnO nanowires has been demonstrated by a
variety of deposition methods including electro deposition.(Jingbiao Cui, 2012; Greene,
Yuhas, Law, Zitoun, & Yang, 2006; Z. L. Wang, 2004) By varying the density of the
nanowires on the substrate, the refractive index can be controlled as a function of the
position on the substrate, and non-resonant metasurfaces can be realized. For
example, we have investigated the use of self-assembled monolayers to control the
density of nanowires on the substrate. The self-assembled monolayer acts like a resist,
and the ZnO nanowires grow only in the regions not covered by the self-assembled
monolayers. In the first set of experiments, the coverage of the substrate by a self-
assembled monolayer was controlled by the exposure time of the substrate to a
solution containing self-assembled molecules. The density of nanowires on the
substrate can be controlled from sparse to dense. In the second set of experiments,
the self-assembled monolayer was printed on the substrate by microcontact printing
to create regions covered by self-assembled molecules. Afterward, ZnO nanowires
were grown by electrodeposition. By controlling the coverage of the self-assembled

molecules on the substrate, the density of nanowires on the substrate can be
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controlled, and the refractive index can be controlled as a function of the position on
the substrate. Further information on the use of self-assembled monolayers as a
template, and the growth of ZnO nanowire on conductive substrates by
electrodeposition is provided in the literature.(Pérez-Tomas, Mingorance, Tanenbaum,
& Lira-Cantu, 2018) The underlying ETL layer of the PSC can be prepared by
sputtering. The sputtering process can be carried out at low temperatures, and the
doping concentration of the ETL can be controlled over a wide range. The ZnO
nanowires have only the function to couple the light in the SC. Hence, the nanowires

do not have to be doped, and the ZnO nanowires can be grown by electrodeposition.
4.2.2.2 Single-junction Perovskite Solar Cells with Non-resonant Metasurface

The optics of the single-junction PSCs with flat, pyramid texture, and non-resonant
metasurfaces metal-oxide front contacts were investigated by 3D FDTD optical
simulations. In the first step, the flat and pyramid textured PSCs were compared for
different perovskite layer thicknesses. In contrast, the height and period of the pyramid
texture were 600 nm and 900 nm, respectively. A comparison of the calculated
quantum efficiency (QE) between flat and pyramid textured solar cells is shown in
Figure 4.12 for a perovskite absorber thickness of 100 nm. The thickness of the
continuous ZnO front contact layer is 400 nm. The QE of the planar solar cell exhibits
interference fringes caused by the ZnO layer. Changing the thickness of the ZnO leads
to a shift of the interference fringes. However, the Jsc is not sensitive to thickness
variations. Only for thin ZnO front contacts with typical thicknesses of 50 nm to 80 nm,
a distinct change of the Jsc is observed. In this case, the front contact acts as an ARC.
The interference fringes almost disappear by covering the thick ZnO front contact with
pyramid textures. The QE is distinctly increased throughout the whole wavelength
spectrum (300 nm - 800 nm) in comparison to the flat solar cell. For short wavelengths

ranging from 350 nm to 600 nm, the enhanced QE is observed due to improved light
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incoupling. The diffraction of the incident light does not affect the absorption of the
solar cell, because the penetration depth is smaller or approximately equal to two
times the thickness of the absorber. The penetration depth (tp=1/ap(A)) is defined as a
thickness at which the incident light intensity drops to 1/e. For long wavelengths, the
penetration depth is larger than two times the thickness of the absorber layer. For
instance, for a wavelength of approximately 600 nm, the penetration depth is equal to

two times the thickness of the perovskite layer.
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Figure 4.12: Calculated quantum efficiency of flat and pyramidal textured perovskite
solar cells. The perovskite absorber layer thickness is 100 nm.

The incident light is diffracted, and a distinct gain of the absorption is obtained. The
improved QE leads to an increase of Jsc from 13.7 mA/cm? to 17.6 mA/cmZ.
Furthermore, optical simulations were carried out for different absorber layer
thicknesses, periods, and heights of the pyramid texture. The Jsc is maximized for an
optimal pyramidal surface texture period of 600 nm — 1000 nm. Furthermore, the short-
circuit current gain increases with increasing the height of the pyramid. The optimal
dimensions of the pyramidal surface texture were used as input parameters in
designing the dimensions of the metasurfaces. The height and period of the pyramid

were selected to be 600 nm and 900 nm. In the following, the optics of PSCs with
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integrated metasurface are compared with pyramidal textured SCs.

The time-averaged power density profiles of PSCs with pyramidal texture and
metasurface texture, along with the cross-sections of the devices, are shown in
Figures 4.13(a-h). The thickness of the perovskite layer was selected to be 300 nm.

Power density maps are shown for monochromatic illumination of 300 nm, 500 nm,
and 750 nm.
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Figure 4.13: (a) Schematic cross-section of perovskite solar cell with pyramid textured
front contact and corresponding power loss profiles for an incident wavelength of (b)
300 nm, (c) 500 nm, and (d) 750 nm. (e) Schematic cross-section of perovskite solar
cell with metasurface structured front contact and corresponding power loss profiles
for an incident wavelength of (f) 300 nm, (g) 500 nm, and (h) 750 nm. The period and
height of the structures are 900 nm and 600 nm, respectively.

Both solar cell structures exhibit similar power density maps for all three wavelengths.
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For short wavelengths of 300 nm, a significant amount of incident light is absorbed by
the ZnO layer, and only a small fraction of light is absorbed by the perovskite layers,
as shown in Figures 4.13(b,f). For 300 nm, the photon energy is larger than the
bandgap of the ZnO layer with approx. 3.2 eV. For the wavelength of 500 nm, the

incident photon is mostly absorbed by the perovskite absorber layer.
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Figure 4.14: (a,b) Quantum efficiency of perovskite solar cell with pyramidal texture
and metasurface texture. The perovskite absorber layer has a thickness of (a) 100 nm
and (b) 300 nm. (c) Short-circuit current density and (d) short-circuit current gain as a
function of the absorber layer thickness.

For 500 nm, the penetration depth of the photon is still smaller than the thickness of
the SC so that only a tiny amount of light reaches the back contact, as illustrated in
Figures 4.13(c,g). For an incident wavelength of 750 nm, the penetration depth is

distinctly increased because the photon energy of the incident light is approaching the
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bandgap of the perovskite material (MAPbIs).(Mohammad |. Hossain, Hongsingthong,
et al., 2019; Qarony et al., 2015) Hence, the incident light reaches to the back contact,
where it is reflected. The incident light is diffracted by the surface textures, resulting in
a distinctly higher power density absorbed by the perovskite absorber. This is
confirmed by the power density profile shown in Figures 4.13(d,h) and the electric field
distribution plots provided in Appendix B (Figure B2.1). A comparison of the simulated
QE, Jsc, and Jsc gain of the perovskite solar cells with pyramidal surface texture and
metasurface texture is shown in Figure 4.14. A comparison of the calculated QE for
perovskite absorber layer thicknesses of 100 nm and 300 nm is depicted in Figure
414(a) and Figure 4.14(b), respectively. The solar cells with pyramidal and
metasurface texture exhibit almost equal QEs. Saturation of the Jsc is observed for a
thickness of 400 nm. A further increase of the absorber thickness leads to minimal
gains of the Jsc.(Qarony, Hossain, Dewan, et al., 2018) The Jsc and Jsc gain of the
pyramidal and metasurface textured solar cells are shown in Figures 4.14(c) and
4.14(d) for absorber layer thickness ranging from 100 nm to 400 nm. The Jsc of PSCs
with pyramidal and metasurface texture is distinctly higher than the short circuit current

of the flat solar cells irrespective of the thickness of the perovskite layer.

Furthermore, an excellent agreement between the Jsc of the pyramidal texture and
metasurface textured solar cell is observed. For an absorber thickness of 300 nm, the
solar cells reach a Jsc of 22.8 mA/cm?. This corresponds to a Jsc gain of 11%. A
maximum Jsc gain of approx. 25% is obtained for the pyramid and metasurface PSCs
for an absorber thickness of 100 nm thick perovskite absorber layer. For thin solar
cells, the penetration depth is larger than twice the thickness of the absorber so that
the QE and Jsc are determined by the diffraction of the incident light. For thicker solar
cells, the penetration depth is almost equal to the twice the thickness of the absorber,

so that the high QE and Jsc is determined by improved light incoupling.
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4.2.3 Methods

4.2.3.1 Electrodeposition of Templated Growth Zinc-oxide Nanowires

In the first step, a conductive layer like gold or doped zinc oxide is prepared on the
substrate. For example, a doped zinc oxide film can be prepared by sputtering at low
temperatures. For templated growth, a non-conductive electron beam resist (e.g.,
PMMA) was coated on the substrate. Vias with different diameters were opened in the
resist layer by standard electron-beam lithography. Subsequently, ZnO was grown
electrochemically through the holes. The ZnO nanowires were grown from aqueous
Zn(NO3)z2 solution with potassium chloride (KCI) as a supporting electrolyte. A platinum
sheet was used as the counter electrode, an Ag/AgCl wire as the reference electrode,
and an indium tin oxide (ITO) covered glass slide as the working electrode. The
deposition rate of the zinc oxide structures depends on the applied voltage during the
electrodeposition, the temperature of the solution, and the concentration of the
electrolyte. The zinc oxide nanowires shown in Figure 4.11 were grown at a
temperature of 65°C, an applied voltage of - 0.975V, a concentration of 5mM Zn(NO3)2,
and a deposition time of 20 min. Hence the deposition rate is 0.5 nm/s. After the growth
of the wires, the resist is stripped by a solvent. Zinc oxide nanowires with diameters
down to 100 nm were realized. The preparation process and SEM images of zinc oxide
subwavelength arrays are shown in Figure 4.11. The height of the nanowires is
determined by the thickness of the resist. The fabrication of nanowires with small
diameters requires the use of thin e-beam resists, while for long wires, an increased
diameter must be accepted. Hence, we have realized periodic nanowires with

diameters down to 100 nm and a height of 400-500 nm.
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4.2.3.2 Optical Simulation Method

Optical wave propagation was studied by 3D FDTD simulations. The electromagnetic
field distributions and the time-averaged power density distributions are calculated.
The optical simulations were carried out using a mesh size of 10 nm. Based on the
time-averaged power density distribution, the absorption for each layer of the solar cell
is calculated. Details on the calculation of the QE and Jsc are given in Chapter 2

(section 2.3).

4.3 Summary

The short-circuit current density and energy conversion efficiency of perovskite solar
cells can be increased by utilizing photon management. High short-circuit current
density can be achieved by integrating a pyramidal or a metasurface texture on top of
a solar cell. In the first part of this study, the optics of single-junction perovskite solar
cell front contacts has been studied to improve light incoupling. Metal oxide films were
used as front contacts with refractive indices (=2.2) comparable to the perovskite
material system (=2.5). Hence, the solar cell with contacts can be treated as one unit,
and the optics of the solar cell is primarily affected by the optics of the front contact.
An optimized front contact of the solar cell consists of a multi-layer of three films with
different functions. The first layer with a well-tailored work function is responsible for
forming the junction and prevent the damage of the perovskite layer due to subsequent
deposition steps. The second layer provides the lateral charge transport to the
terminals or a printed metal grid. For wide bandgap material single-junction solar cells,
this can be achieved by thin and highly doped metal oxide films. For low bandgap
materials and multi-junction solar cells, the doping concentration must be reduced to
prevent absorption losses due to free carrier absorption. Subsequently, metal oxides

with high charge carrier mobility or thick metal oxide films must be used. The third
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layer is responsible for the incoupling and potential diffraction of the incident light. Such
function can be implemented by using self-textured zinc oxide films prepared by metal-
organic chemical vapor deposition. The surface morphology of the ZnO films can be
controlled by the heavy (D20) to “light” water (H20) ratio during the deposition. Efficient
light incoupling is achieved, if the opening angle of the pyramids is smaller than 50°.
The size of experimentally realized pyramid textures can be controlled by the growth
conditions and the film thickness. Pyramids with small opening angles can be realized
by using thick ZnO films and large pyramids. Optical simulations shown that an
improved optics of the front contact leads to short-circuit current density gain from 13.8
to ~ 18.5 mA/cm? and 20.6 to ~23.6 mA/cm? in the case of thin (100 nm absorber) and
thick (400 nm absorber) perovskite solar cells, respectively. Hence, the 400 nm thick
solar cell reaches 92% of the theoretical short-circuit current density limit of 25.6
mA/cm?.

In the second part, optics of perovskite solar cells with integrated non-resonant metal
oxide metasurfaces has been studied. Non-resonant metasurface nanostructure has
been used as a fundamental building block in controlling the phase of the incident light.
Such nanostructure non-resonant metasurfaces were realized by preparing
periodically arranged zinc oxide nanowire arrays via electrodeposition. The nanowires
were prepared by templated growth through a mask of photoresist. Secondly, non-
resonant metasurfaces are designed with optical properties comparable to commonly
used pyramid textured light trapping structures. Single-junction perovskite solar cells
with metasurface and pyramidal surface texture are compared, exhibiting almost
identical quantum efficiencies and short-circuit current densities. Compared to the
solar cell on the smooth substrate, the single-junction solar cells with metasurface and
pyramid textured perovskite solar cells provides a 10-25 % improvement of the short-
circuit current density. For perovskite absorber layer thicknesses smaller than 300 nm,

a gain of short-circuit current density and energy conversion efficiency of 20-25% is
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attained due to the scattering and diffraction of incident light within the solar cell
structure. For thicker perovskite absorber layers, the short-circuit current density is
increased by 10% due to improved light incoupling. In this study, we have shown an
alternative light trapping structure by using non-resonant metal oxide metasurfaces,
which will open a new pathway for the implementation of high-efficiency next-

generation solar cells.
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CHAPTER 5

PEROVSKITE TANDEM SOLAR CELLS:
FROM DETAILED BALANCE LIMIT TO
PHOTON MANAGEMENT
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This chapter discusses the detailed balance theory to achieve photon management in
perovskite solar cells (PSCs), which allows realizing enhanced short-circuit current
densities (Jscs) and energy conversion efficiencies (ECEs). This chapter aims to
optimize the perovskite-based tandem solar cells (TSCs), which can exhibit ECEs
exceeding 30%. Furthermore, we describe how optics and nanophotonics can be
utilized to optimize not only the Jscs of a solar cell but also all photovoltaic parameters.

A detailed optimization process is provided in the following sections.

5.1 From Detailed Balance Theory to Photon Management

in Perovskite/Silicon Tandem Solar Cells

High ECEs are essential for the commercialization of solar cells. Hence, most research
focuses on the improvement of ECE by utilizing different approaches and novel
materials, where multi-junction solar cells are considered as the most promising route
to reach high ECE.(Bush et al., 2017b; Leijtens, Bush, Prasanna, & McGehee, 2018;
Qarony et al., 2019; Sahli et al., 2018a; Vos, 1980; Werner et al., 2018; D. Zhao et al.,
2018) According to the detailed balance limit, the ECE of TSCs can go beyond 40% if
optimum bandgap materials are selected for the top and bottom solar cells.(Shockley
& Queisser, 1961b; Vos, 1980) The relationship is valid if the bandgap of the bottom
diode stays in a range from 0.85 eV to 1.2 eV. Hence, a variety of material
combinations can be selected; however, crystalline silicon (c-Si) with a bandgap of
1.15 eV is considered as a well-suited material as the bottom solar cell. A lot of
research has been devoted to the development of TSCs using a c-Si bottom solar cell.
In this case, the highest ECE can be reached if the bandgap of the top cell is equal to
~1.7 eV.(Shockley & Queisser, 1961b; Vos, 1980) In recent years, the perovskite
material system has been investigated as potential material for single-junction PSCs

or as material for perovskite/silicon TSCs.(Bush et al., 2017b; Leguy et al., 2015; Sahli
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et al., 2018a; Werner et al., 2018; Wolff et al., 2017; W.-J. Yin et al., 2014a) So far,
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the material exhibits very encouraging results.(Fang et al., 2019; Jeon et al., 2013; M.
Liu et al., 2013b; H. Zhang et al., 2017; Zuo et al., 2016, 2019, 2018; Zuo & Ding,
2014) High ECEs have been achieved for single-junction PSCs with open-circuit
voltages (Vocs) close to the theoretical limit. Research on perovskite/silicon TSC is
still a new research topic. The number of teams working on the realization of record
perovskite/silicon TSCs is still small.(Bush et al., 2017b; Sahli et al., 2018a) The
realization of perovskite/silicon TSCs with record efficiencies is only possible if the top
PSC and the silicon bottom solar cell operate very close to the theoretical limit. To
close the gap between theoretical ECE limits and the performance of real solar cells,
a thorough investigation of the losses of a solar cell is required. Herein, we study the
detailed balance theory and the optics of perovskite/silicon TSCs to obtain the upper
limit of ECE. Finally, we propose an optimized device design for a perovskite/silicon
TSC to realize ECE over 30% by considering realistic interface morphologies. In the

following subsections, more detailed explanations are provided.

5.1.1 Detailed Balance Theory for Tandem Solar Cells

5.1.1.1 Detailed Balance and Charge Transport

The detailed balance limit commonly called the Shockley-Queisser (S-Q) limit,
assumes only radiative recombination. However, to provide a more realistic description,
additional generation/recombination processes must be considered. To derive the J(V)
characteristic of a solar cell the following five processes (already stated in the original

work of Shockley and Queisser) must be considered.(Shockley & Queisser, 1961b)

1. Generation of electron-hole pairs by the illumination, Gcei.

2. Radiative recombination, Rr.
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3. Non-radiative generation processes or thermal generation, Go.
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4. Non-radiative recombination, RnR.

5. Extraction of electron-hole pairs as current flow, J.

The steady-state J(V) characteristic of the solar cell taking the five process into

account can be described by

q X d X [Geenp + Go — RR(V) —=Ryg(V)] =] =10 (5.1)
where d is the thickness of the solar cell. The radiative and non-radiative

recombination can be described by

V
RR(V) = RRO X exp( q ) (52a)
KTcen
qV
Rnr(V) = Ryro X exp (kT > (5.2b)
Cell

where Rro and Rnro are the radiative and non-radiative recombination rates for an
applied voltage of zero volts. At full sunlight, the generation Gceen is distinctly larger
than the non-radiative generation rate or thermal generation, Go, so that we will not
consider non-radiative generation rate or thermal generation in future calculations. If
we further assume that Rnr is negligible, we get the following expressing for the open-

circuit voltage,

KT¢en Geen
Voe = X In ( ) (5.3)
oc q RRro

The expression follows the classical description of the Shockley Queisser limit, which
is described in Chapter 2 (subsection 2.4.4). If we consider non-radiative

recombination, we receive the following expression for the open-circuit voltage,

_ kTCell Gphot

Vo = 9 n( ) (5.4)
oc q Rro + Rnr
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Instead of expressing the Voc in terms of the generation rate, we will describe the Voc
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in terms of the Jsc and the saturation current density, which leads to the following
equation,

kT, KT,
Voe = cclell « In (]s_c) _ Kleen (o (I Jsc > (5.5)

]0 q gad + lgon—rad

where the saturation current density is the sum of the radiative recombination
saturation current density, Jo', and the non-radiative recombination saturation current
densities, Jo"""ad, the equation can be rewritten by using the logarithm laws, so that

the first term, Vo9, considers only radiative recombination.

KT ] 5
VOC = i X lln (%) +1In < rad Onon—rad>l
q I Jrad 48 (5.6)

_ yrad kTC ]Bad
— VOoC + q In Bad_l_lgon—rad

The first term is equal to the Voc derived in equations 2.38 and 2.45 (Chapter 2). In
both cases, only radiative recombination is considered when calculating the Voc. The
second term contains all entropic losses that are related to non-radiative
recombination and parasitic absorption of photons in the solar cell. The ratio of the
radiative recombination saturation current density and the total saturation current
density can be expressed as the quantum efficiency (QE) of a pn-junction operating
as a light-emitting diode (LED). QELep is the EQE of the p-n junction operating as an
LED.

]Bad ](r_)ad

QELED = ]0 = ]Bad +]80n—rad

(5.7)
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Here, we distinguish the saturation current, Jo', that leads to the emission of photons
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and the saturation current, Jo"°""a, that does not lead to photon emission. The final

expression of the open-circuit voltage is given by

Voc = Vot + % X In(QELgp) (5.8)
If the non-radiative saturation current density is zero, the external quantum efficiency
(EQE) of the LED is equal to one and equation 2.48 is equal the equation 2.38
calculated in the original work of Shockley and Queisser (Chapter 2 (sub-section
2.4.4)). Due to detailed balance, the emission and absorption properties of a solar cell
are related. However, the relationship between absorption and emission in a
semiconductor is only valid if the quasi-Fermi level splitting is constant over the whole
volume of the absorber.(Rau, Paetzold, & Kirchartz, 2014; Wehrspohn, Rau, &

Gombert, 2015) The relationship between the QE and absorption of the solar cell with

the radiative Jsc and non-radiative saturation current density (Jo) is given in equations

5.9 and 5.10.
Jsc = Qe f QEcen(E) X dhsun (E)dE (5.9)
0
](I;ad = qsoutf QEcell(E) X (I)cell(E)dE (5.10)
0

where &in and sout are the etendue describing the incoupling and outcoupling of light.
By considering that A(E)+R(E)=1 and A(E)=QE-cell(E)+Apara(E), where A(E) is the total
absorption of the solar cell, R(E) is the total reflection for the solar cell and Apara(E) is

the parasitic losses an expression for the non-radiative recombination can be derived

by

B~ = geou [ [Acen(E) = QEcen (B) = REE] X ean(E)E (5.11)
0

R
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Equations 5.9 to 5.11 provide some guidelines to maximize the ECE of a real solar
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cell. By increasing the QE of a solar cell, the Jsc and the radiative saturation current
density is increased. Furthermore, the QELep is increased. Hence, the Voc is increased
too. Ideally, the QELep is approaching unity, so that the Voc is converging towards the
maximal value. This can be achieved by minimizing the reflection of the solar cell due
to improved light incoupling or light trapping or minimizing parasitic losses. Parasitic
optical losses or non-radiative losses lead to a drop in the QEcen and drop of QELeb.
Both effects lead to a lowering of the Voc. Hence, such losses should be minimized or
avoided. The optics of a solar cell influence all three parameters, Jsc, Voc, and FF. By
optimizing the optics all three parameters can be increased. On the other hand, non-
radiative losses have not only a negative effect on the Jsc. The Voc and the FF are

negatively affected too.

5.1.1.2 Detailed Balance and Photon Management

The aim of photon management in a solar cell is to increase the QEcen by minimizing
reflection and parasitic optical losses. One way to increase QEcen is through light
trapping. In this case, the optical path length of light in the solar cell is increased by
the design of the solar cell or a specific light-trapping structure, which is integrated into
the solar cell. However, the maximal optical path length enhancement is limited to 2n?,
where n is the refractive index of the absorber material of the solar cell. Hence, the

QE of a semiconducting slab is limited to

QE e(E) = Ace(E) = 1 — exp(—4 X a(E) X n?(E) x d) (5.12)
where o(E) and n(E) are the absorption coefficient and the refractive index,
respectively. For short wavelengths, the penetration depth of the photons is typically
smaller than twice the thickness of the solar cell. For long wavelengths, the penetration

depth might exceed twice the thickness of the solar cell. Hence, light trapping is of
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importance for long wavelengths. Equation 5.12 can be developed in a Taylor series.
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For long wavelength and weak absorbing materials is 1/(4 X n(E) x d)>>a(E), so that

the absorbance for can be approximated by

QE e(E) = 4 x a(E) x n?(E) x d (5.13)
The absorption limit derived by Yablonovitch et al. represents a ray optics or
geometrical optics limit. The limit is valid for absorber thicknesses much larger than
the wavelength of the incident light. The same applies to the dimensions of the light-
trapping textures. The size of the surface features must be distinctly more
considerable than the incident wavelengths. For thin-film solar cells, these
assumptions might not be fulfilled. Yu et al. have shown that higher QEs and Jscs can
be achieved by using wave optics .(Yu, Raman, & Fan, 2011; J. Zhu, Yu, Fan, & Cui,
2010) Furthermore, the authors proposed potential solar cells with higher Jscs.(Yu,
Raman, & Fan, 2010; Yu et al., 2011, J. Zhu et al., 2010) In general, a variety of optical
concepts can be applied to increase the QE of solar cells and/or reduce material
consumption in the solar cell fabrication process. The concepts can be divided into
three optical domains distinguished by the size of the surface features or surface
textures. Features distinctly smaller than the optical wavelength can be used to
minimize the reflection at an interface. The optics can be described by effective
medium theory. Most of the used structures act as broadband anti-reflection coatings
to improve the incoupling of light in the solar cell. If the feature size is comparable to
the wavelengths of the incident light, diffraction might be used to increase the optical
path lengths of light in the solar cell. This concept is often applied to silicon thin-film
solar cells. Silicon, being an indirect semiconductor with a low absorption coefficient
close to the bandgap, requires the use of light trapping to reach Jsc close to the

theoretical limits.
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Table 5.1: Optical wave propagation and photon management mechanisms in
solar cells.
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Feature period << period = period >>
size wavelength wavelength wavelength
Physical effect Formation of a Diffraction of light Refraction of
refractive index light
gradient

Description of Effective Diffraction theory Ray or
optical wave medium theory or numerical geometric optics
propagation simulation

Potential Broadband anti- Light trapping in Light trapping
application reflection coating thin-film solar cell in bulk solar cell

In the case of c-Si wafer-based solar cells, refraction of the incident light is usually
used to enhance the optical path length in the solar cell. The textures are usually
formed by anisotropic etching of silicon wafers. Table 5.1 describes the optical wave
propagation and photon management mechanism in solar cells. In this study, we have
investigated the optics of single-junction PSCs and perovskite/silicon TSCs. The
absorption coefficients of perovskite and crystalline silicon are shown in Figure 5.1.
The perovskite material system is a direct bandgap semiconductor. The material
exhibits a high absorption coefficient and a low penetration depth. Furthermore, the
diffusion length is larger than the penetration depths. Hence, light trapping is not
required to increase the QE and Jsc of the solar cell. The emphasis must be on
minimizing reflection losses and parasitic losses in the solar cell. The c-Si is an indirect
bandgap semiconductor, and the penetration depth close to the bandgap is larger than
the thickness of a typical solar cell. Hence, light trapping is applied to increase QE and
Jsc. Typically, the surface of a crystalline solar cell is characterized by large surface
features, which support the refraction of the incident light. Photon Management in

silicon solar cells is more complex than photon management in PSCs. In the case of
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a silicon solar cell, the incident light must be efficiently coupled in the solar cell, the

light in the solar cell must be confined by a light-trapping structure, and lastly, the light

trapping structure must be design in a way that parasitic optical losses are kept small.
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Figure 5.1: Absorption coefficients of crystalline silicon and MAPDbIs perovskite.

In the case of a PSC, the incident light must be efficiently coupled in the solar cell, and
optical losses must be minimized. In section 5.1.2, the described guidelines will be
used to design solar cells with high Jscs and ECEs. Finite-difference time-domain

(FDTD) simulations will be used to simulate the optical wave propagation.
5.1.1.3 Detailed Balance Limit of Tandem Solar Cells

Detailed balance limit calculations are not only restricted to a single-junction solar cell.
The calculations can be applied to tandem or multi-junction solar cell. The first detailed
balance calculation for TSCs was published by De Vos.(Vos, 1980) A general
description of the detailed balance theory for multi-junction solar cells is provided by
Green.(M. A. Green, 2003) Here, we discuss the detailed balance limit of TSCs and
its implications for perovskite/silicon TSCs. In general, a TSC can be operated as two
and four-terminal devices. Plots of the ECE of two and four-terminal TSCs are provided

in Figure 5.2a and 5.2b. In the case of a four-terminal device, the incident light is
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divided into two diodes, while both diodes are electrically independent. For a variety
of combinations of bandgaps, an ECE exceeding 40% can be reached. The electrical
output power generated of both diodes is calculated independently and added when
calculating the ECE. Only the incident light must be divided amongst the two solar
cells. The ECE of a two-terminal device or a serial connected TSC is shown in Figure
5.2a. The ECE is mainly determined by the Jsc of the TSC. The total Jsc is equal to
the Jsc of the bottom solar cell if the Jsc of the bottom diode is smaller than the Jsc of
the top diode. The total Jsc is determined by the Jsc of the top diode if the Jsc of the
bottom diode is larger than the Jsc of the top diode. The Jsc of a TSC is matched if the
Jsc of the top and the bottom diodes is equal or almost equal. The ECE of a TSC is

maximized for a combination of top and bottom solar cells with matched bandgaps.
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Figure 5.2: Detailed balance conversion efficiency limit for (a) 2-terminal and (b) 4-
terminal tandem solar cells.
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If the right combination of bandgaps of the top and bottom solar cell is selected, and
the Jsc of the two terminal TSC is matched, and the two terminal TSCs can reach
ECEs equal to the four terminal TSCs. A maximal ECE can be reached if the bandgap
of the top cell is equal to Ec_top=0.5%Ec_bot+1.15 €eV. Crystalline silicon solar cells
represent the dominant commercial solar cell technology. The ECE of a TSC with a c-
Si bottom solar cell is maximized if the bandgap of the top diode is approx. 1.725 eV.
The combination allows for a maximal ECE of ~43%. In the current study, we use
perovskite (MAPDI3) as an absorber with a bandgap of ~1.6 eV. The maximal ECE of
a perovskite/silicon TSC is ~33%. If we start with a perovskite top cell and a bandgap
of 1.6 eV, the optical bandgap of the bottom solar cell is 0.9 eV, which allows for

realizing an upper ECE of ~44%.

5.1.2 Photon Management in Perovskite Solar Cells

Detailed balance calculations presented in the previous section show that ECESs higher
than the best single-junction solar cells could be reached by transitioning towards
TSCs. The combination of c-Si and the perovskite material system is a perfect match.
So far, perovskite/c-Si TSCs in two-terminal configuration and four-terminal
configurations have reached ECEs of 25.2% and 26.4%, respectively.(Duong et al.,
2017; Sahli et al., 2018a) Recently, the ECE of the perovskite/silicon TSC has reached
28%, as reported by Oxford PV,(Oxford PV-The Perovskite Company, 2020);
however, detailed descriptions on how to realize a high ECE have not been revealed
yet. The bandgap of the perovskite material system can be controlled over a wide
range.(Ju et al., 2018; Noh, Im, Heo, Mandal, & Seok, 2013; L. Wang et al., 2016;
Yang, Fiala, Jeangros, & Ballif, 2018) In this study, we will use CH3sNH3sPbls, the best-

studied material out of the group of perovskites. CHsNH3sPbls exhibits a bandgap of

R
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~1.6 eV. The high extinction coefficient and large diffusion length allow for realizing
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PSCs with high Jscs and ECEs.(Li et al., 2015; Loper et al., 2015a; Rao, Chen, Wang,
Kuang, & Su, 2017; van Eerden et al., 2017; Wolff et al., 2017) The optics of the solar
cell can be improved by enhanced light incoupling and minimizing optical losses. The
largest gains can be achieved by an improved light incoupling.(Qarony, Hossain,
Dewan, et al., 2018; Qarony, Hossain, Jovanov, Knipp, & Tsang, 2018) A variety of
structures have been investigated that exhibit improved incoupling. Here, we focus on

moth-eye textures, which exhibit excellent in- and out-coupling properties.

5.1.2.1 Device Design and Materials

The aim is to realize perovskite/silicon TSCs with a high ECE. In the case of a
perovskite/silicon TSC, the top PSC must be fabricated on top of the c-Si bottom solar
cell. Therefore, the TSC is a solar cell in a substrate configuration. Hence, we will
focus in this study only on solar cells in substrate configuration. In the first step, we
investigate single-junction PSCs before moving to a perovskite/silicon TSC. The
single-junction PSC consists of a hydrogen doped tin oxide (IOH)/ Nickel oxide (NiO)
double layer, a perovskite (CHsNHsPbls) layer, Zinc oxide (ZnO) interlayer, and an
aluminum reflector. All charge transport and charge blocking layers used in this study
are metal oxides, which can be deposited by physical (PVD) or chemical vapor
deposition (CVD). We decided to avoid spin-coated transport and charge blocking
layers because the layers must be prepared on textured substrates.(Mohammad 1.
Hossain, Qarony, Jovanov, Tsang, & Knipp, 2018b) PVD and CVD seem more suited
for the deposition of uniform films on textured substrates. Nevertheless, a variety of
charge transport and charge blocking layers have been suggested and successfully
implemented including well-established materials like Spiro-MeOTAD and TiO2 or
novel materials like graphene oxide or Cu-phthalocyanine.(Jang et al., 2016; Koushik

etal., 2017; Z. Liu et al., 2018; Luo et al., 2017; Noh, Jeon, et al., 2013b; Vidyasagar,
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Mufioz Flores, & Jiménez Pérez, 2018) Furthermore, it might be necessary to use
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multiple layers to fulfill all the requirements of the contact layers. The NiO film is used
as a hole transport and an electron blocking layer. However, NiO films exhibit a low
hole charge carrier mobility, so that the lateral conductivity of the films is too low to
realize solar cells with low sheet resistance and high fill factor. Highly doped NiO films
exhibit high absorption losses, so that a double layer of IOH/NIO is used. IOH shows
a high electron charge carrier mobility, and NiO exhibits a high work function which
permits to achieve efficient hole injections and provides good lateral charge transport
so that solar cells with low series resistance and high fill factor can be achieved.(Xu et

al., 2015b; J. Zhou et al., 2017)
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Figure 5.3: (a) Refractive Indices and (b) Extinction coefficients of Perovskite
(CHsNHsPbls), IOH, and ZnO materials.
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The IOH/NIO double layer forms a tunnel junction. Similar combinations of materials
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like ITO/NIO were used in literature to experimentally realize PSCs with high ECEs.(W.
Chen et al., 2018; Hu et al., 2014) The NiO is only 5 nm thick so that the absorption
by the layer is low. Hence, we have not considered the NiO layer in the optical
simulations.(Mohammad |. Hossain, Hongsingthong, et al., 2019; Mohammad |I.
Hossain et al., 2018b) The optical constants used for the simulation were taken from
the literature.(Filipi€ et al., 2015; Mejia Escobar, Pathak, Liu, Snaith, & Jaramillo, 2017;
van Eerden et al.,, 2017) Figure 5.3 illustrates the complex refractive indices and
extinction coefficients of IOH, perovskite (CHsNHsPbls), and ZnO. The perovskite
material system and the metal oxide contact layers have a comparable refractive
index. Hence, the reflection at the perovskite/metal oxide interface is low, and the
entire layer stack exhibits a comparable refractive index.(Slawinski, Slawinski, Brown,

& Parkin, 2000)

5.1.3 Single-junction Perovskite Solar Cells

In the first step, the investigation started with the implementation of a flat single-
junction PSC. Figure 5.4(a) shows the schematic cross-section of a PSC on a smooth
or flat substrate. The solar cell consists of a 70 nm front hydrogen doped tin oxide
(IOH)/ Nickel oxide (NiO) double layer, a 350 nm perovskite (CH3sNHsPbls) material, a
70 nm Zinc oxide (ZnO) layer, and an aluminum (Al) layer as a reflector. The time
average power density for the incident wavelength of 400 nm and 750 nm are provided
in Figures 5.4(b) and 5.4(c), respectively. Due to the high absorption coefficient of the
perovskite material for the short wavelengths (400 nm), most photons are absorbed
within a couple of tens of nanometers of the perovskite film. For long wavelengths (750

nm) the absorption coefficient is reduced, and a certain fraction of the incident light

R
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reaches the back reflector, where the light is a reflection so that a standing wave is

formed in front of the back reflector. The QE of the PSC is shown in Figure 5.5.

@ Incident @ Light

(a) (B) ;=400 nm
IOH/NiIO
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Figure 5.4: (a) Schematic cross-section, and simulated power density under
monochromatic illumination of wavelength (b) 400 nm, and (c) 750 nm for the flat
perovskite solar cell.

The QE is plotted together with the absorption of the front and back contact and the
reflection of the solar cell. The perovskite material system exhibits a bandgap of ~1.6
eV, which results in an upper Jsc of 26.9 mA/cm?2. The Jsc of the simulated single-
junction PSC is 21.4 mA/cm2. A Jsc of 5.5 mA/cm? is lost due to absorption and
reflection losses. The reflection accounts for an optical loss of 4.4 mA/cm?, which
corresponds to 16% of total Jsc, while the absorption losses of the front and back
contact account for 4% of the total Jsc. The short-circuit current density can be
distinctly improved by an improving coupling of the incident light in the solar cell. In the
second step, photon management in single-junction PSC is studied using moth-eye surface
texture. Moth eye textures have been intensively used to improve the light incoupling in
biological or optoelectronic devices and systems.(Chan, Morse, & Gordon, 2018; Kuo, Hsu,
Nien, & Yu, 2016; Tan et al., 2017) Moth eye textures act like broadband anti-reflection
coatings so that the incoupling of light can be distinctly improved, and the reflection is

reduced.(Q. Chen et al., 2009; Woo Leem, Guan, Choi, & Su Yu, 2015) Figure 5.6(a,b) and
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Figure 5.6(c,d) show scanning electron microscopy (SEM) and atomic force microscope

(AFM) images of moth eye surface textures.(Woo Leem et al., 2015)
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Figure 5.5: Quantum efficiency and absorption of individual layers of a flat perovskite
solar cell.

The polymeric moth-eye surface textures were fabricated by casting a
Polydimethylsiloxane (PDMS) film on a crystalline silicon master, which was patterned
by silicon semiconductor processing. The moth-eye texture is characterized by
periodically distributed nipples with a circular base arranged in a hexagonal grid. The
surface profile of each nipple of the moth-eye texture exhibits a paraboloid shape. It is
shown in our previous studies that paraboloid shaped nipple exhibit almost ideal
incoupling properties.(Dewan et al., 2012; Qarony, Hossain, Dewan, et al., 2018) It is
assumed that the moth-eye texture used in this study has a diameter of 150 nm and a
height of 200 nm.(Woo Leem et al., 2015), as shown in Figure 5.6(e) and Figure 5.6(f).
We have integrated the moth-eye texture in a PSC. Figure 5.7(a) shows a cross-
section of a textured solar cell. All interfaces of the solar cell structures are moth-eye
textured. The power density map for a wavelength of 750 nm is shown in Figure 5.7(b)
and the calculated QE is shown in Figure 5.7(e). Furthermore, the QE of a flat or planar

solar cell is included in Figure 5.7(e). For short wavelengths, the increased QE is

MOHAMMAD ISMAIL HOSSAIN PAGE | 145



QQ Chapter 5 Il Perovskite TSCs: From DB Limit to Photon Management

THE HONG KONG POLYTECHNIC UNIVERSITY

observed for the moth-eye textured solar cell. For long wavelengths, the planar solar

cell exhibits a higher QE.
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Figure 5.6: (a, b) SEM and (c, d) AFM images of a moth-eye surface texture.
Reproduced with permission from Ref.(Woo Leem et al., 2015) Copyright 2019,

Elsevier. (e, f) Moth eye surface texture used for the optical simulation of the solar
cells.

The drop of the QE is caused by the textured Al back contact. The Al back contact
exhibits a high absorption, leading to high non-radiative optical losses for long

wavelengths. This is confirmed by the power density map in Figure 5.7(b) for 750 nm.
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Figure 5.7: (a, c) Schematic cross-sections of a perovskite solar cell with integrated
moth-eye textures. (a) An aluminum contact with a moth-eye texture is formed, and all
subsequent layers of the solar cell are formed on the textured metal contact. Hence,
all layers of the solar cell exhibit a moth-eye texture. (c) A moth-eye textured interlayer
is formed on a flat or planar aluminum reflector. All layers are formed on the moth-eye
texturized interlayer. Hence, all layers except the aluminum back contact exhibit a
moth-eye texture and (b, d) corresponding power density maps for an incident
wavelength of 750 nm. Periods and heights of the moth-eye structures are 300 nm
and 200 nm, respectively. (e) Comparison of calculated quantum efficiency and optical
loss of the metal back contact, and (f) comparison of absorbance for perovskite solar
cells with and without integrated moth-eye texture.

The optics of the solar cell can be improved by using a planar Al reflector in

combination with a textured interlayer. A schematic cross-section of the solar cell is

R
MOHAMMAD ISMAIL HOSSAIN PAGE | 147



QQ Chapter 5 Il Perovskite TSCs: From DB Limit to Photon Management

&

shown in Figure 5.7(c) and the corresponding power density map in Figure 5.7(d).

THE HONG KONG POLYTECHNIC UNIVERSITY

The optical loss of the back contact is distinctly reduced. A standing wave is formed in
the solar cell. Hence, it can be concluded that the moth-eye texture leads to a good
light incoupling, but no diffraction of the incident light is observed. The modified back
contact design leads to a distinct gain in the QE shown in Figure 5.7(e) for long
wavelengths. The total absorption of the solar cells and the absorption of the back
contact is shown in Figure 5.7(f). These two solar cells with moth eye texture exhibit a
total absorption close to unity. By minimizing the absorption losses of the contact
layers, the QE of the solar cell can be increased. The flat solar cell exhibits a Jsc of
21.4 mA/cm?, while the moth-eye textured solar cells exhibit Jsc of 22.6 mA/cm? and
23.1 mA/cm?. The moth-eye textured Al reflector leads to an optical loss of 0.5 mA/cm?.
In the following section, a guideline for realizing perovskite/silicon TSCs with high Jsc

and ECE is given.

5.1.4 Perovskite/Silicon Tandem Solar Cells

The perovskite and silicon absorbers are used as top and bottom solar cells. c-Si
exhibits a bandgap of 1.15 eV so that the solar cell absorbs light up to almost 1200
nm. The upper theoretical limit of the Jsc (Shockley Queisser limit) is calculated as 46
mA/cm?, Experimentally realized single c-Si solar cell exhibit Jsc of 41 to 42 mA/cm?
and ECEs of ~26%.(Yoshikawa et al., 2017a) This means that the maximal Jsc of a
perovskite/silicon TSC under current matching condition is 23 mA/cm?.(Mohammad |.
Hossain et al., 2018b) Based on the best experimentally realized c-Si solar cells it can
be expected that the Jsc of the best perovskite/silicon TSCs is in the range from 20 to
21 mA/cm?.(Green, Hishikawa, et al., 2019; Yoshikawa et al., 2017a) To determine an
optical solar cell design, the optical wave propagation must be rigorously simulated.

However, the thickness of the TSC is distinctly larger than the wavelength of the
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incident light, so that a rigorous simulation is computationally too
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complex.(Mohammad I. Hossain et al., 2018b) Therefore, a hybrid approach is used

to model wave propagation.
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Figure 5.8: (a) Cross-section of moth-eye textured perovskite/silicon tandem solar cell.
The corresponding power density map for an incident wavelength of (b) 400 nm, (c)
750 nm, and (d) 1000 nm. The corresponding electric field distribution for an incident
wavelength of (e) 400 nm, (f) 750 nm, and (g) 1000 nm.

The top cell consists of a double IOH/NIO front contact, the perovskite material, and a
ZnO back contact. The silicon heterojunction bottom solar cell is described by an

infinitely thick silicon substrate with a backside texture comparable to the front side
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texture of conventional single-junction c-Si solar cells (Mohammad |. Hossain et al.,
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2018b; Yoshikawa et al., 2017a). To determine the QE of the bottom solar cell, the
light transmitted by the top PSC in the bottom solar cell is calculated. Furthermore, it
is assumed that light entering the bottom solar cell refracted by the textured backside

of the silicon wafer. The QE of the top and bottom solar cell is given by

QEtop(D) = Aperovskite (V) (5.14)

QEpottom (D) = QEc_si(A) X Tperovskite (M) (5.15)
where  Aperovskite @Nd  Tperovskite @re the absorption and transmission of the
perovskite layer. QE._s; is the QE is taken from literature for a silicon solar cell with
record ECE. The schematic cross-section of a perovskite/silicon TSC with integrated

moth-eye texture is depicted in Figure 5.8(a).

The corresponding power density maps and electric field distributions under different
wavelengths are shown in Figures 5.8(b-g). For 400 nm, all the incident light is
absorbed by the first 100 nm of the perovskite top cell. For a wavelength of 750 nm,
most of the light is still absorbed by the top solar cell. Only a small fraction of the
incident light enters the bottom cell. For an incident wavelength of 1000 nm almost, all
light is transmitted in the bottom diode, where the light is absorbed. The calculated QE
for the top, bottom, and total cells under Jsc matched condition is illustrated in Figure
5.9. The Jsc is matched for a perovskite layer thickness of 350 nm. At approximately
770 nm, both top and bottom exhibit equal QE of roughly 50%. The matched Jsc
reaches 20.7 mA/cm? while the total Jsc is 41.4 mA/cm? which is very close to our
predicted reference value taken from record efficiency silicon solar cell. The attained
Jsc is very close to the upper theoretical limit. To provide a realistic prediction of the
ECE of the solar cells, a description of the Voc and the FF is required. The full

understanding of the formation of high Voc is needed. It has been proposed that the

MOHAMMAD ISMAIL HOSSAIN PAGE | 150



QQ Chapter 5 Il Perovskite TSCs: From DB Limit to Photon Management

THE HONG KONG POLYTECHNIC UNIVERSITY

high Voc is caused by slow bulk recombination, low density of states in the conduction

and valence band or low band tails.(Kirchartz, 2019; Nishiwaki et al., 2018; Y. Zhou &

Long, 2017)
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Figure 5.9: The calculated quantum efficiency of the top, bottom, and total
perovskite/silicon tandem solar cell under matched short-circuit current conditions.

In this study, we estimate an upper limit of the ECE by combining the optical simulation
results with results for experimentally realized solar cells. The best experimentally
realized silicon solar cells exhibit a Voc of ~0.74 V and FF of 84.9%, while the best
PSCs using a MAPbIs absorber exhibits 1.182 V Voc and 77% FF.(Green, Hishikawa,
et al., 2019; Y. Wang et al., 2018) The maximum ECE can be estimated to ~33%. By
using a top PSC with an optimum bandgap of 1.7 eV, a further improved of the Voc
and the ECE can be expected. If we assume that the same matching Jsc is achieved,
the final ECE will increase up to ~35%. We are currently in the process of investigating
the optics of perovskite/silicon TSCs with MAPDI1-xBrx top cell absorbers. By increasing

the bandgap of the top diode to 1.7 eV, we like to approach ECEs of 35%.
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5.2 Nanophotonic Design of Perovskite/Silicon Tandem

Solar Cell

The perovskite material system allows for the realization of perovskite/silicon TSCs
with high ECEs at a low cost. To realize such solar cells, the device geometry, device
processing, and the contact materials have to be modified in comparison to single-
junction PSCs. In this study, a perovskite/silicon TSC will be proposed, which provides
ECEs exceeding 30%. The optimization of perovskite/silicon TSCs will be discussed
taking realistic device structure into consideration. Strategies will be described to
reach high Jscs and high ECEs. High Jscs can be achieved by minimizing reflection
losses and optical losses of the contact layers. The realization of perovskite/silicon
TSCs with high ECEs requires several modifications of the solar cell design compared
to conventionally fabricated single-junction PSCs. Commonly used deposition
processes and contact/charge transport materials have to be replaced. Herein, we
mainly focus on the optical design of the TSC using nanophotonic approaches to reach
high Jscs. A hybrid approach is used to investigate the optics by combining Finite-
Difference Time-Domain simulations with experimental measurements. A detailed
discussion on the design of the integrated TSC using nanophotonics is provided in the

following subsections.

5.2.1 Design of Perovskite/Silicon Tandem Solar Cells

The Jsc of record silicon single-junction solar cells ranges from 40 to 42 mA/cm?. At
the same time, the theoretical upper limit is equal to 46 mA/cm?2.(Green, Hishikawa, et
al., 2017; Masuko et al., 2014; Shockley & Queisser, 1961a; Yoshikawa et al., 2017b)
Hence, the realized solar cells exhibit records very close to the theoretical limit, while
losses are deficient, accounting for only 9-13% of the Jsc. Losses can be attributed to

absorption losses of contact layers and charge transport materials, which do not
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contribute to the Jsc. Furthermore, the theoretical limits require a charge collection
efficiency of 100 %. In the case of a TSC, the Jsc has to be matched. In other words,
both solar cells have to provide equal Jsc. Otherwise, the Jsc is limited by matching
losses. This leads to an upper theoretical limit for a perovskite/silicon TSC of 23
mA/cm?2. In order to reach an integrated perovskite/silicon TSC with a Jsc close to the
theoretical limit, several device processing and material aspects have to be considered.

Potential design of a perovskite/silicon TSC reaching the required Jsc is shown in

Figure 5.10.
Incident ITO/NIO or
Light IOH/NIO
m 100-300 nm
5 Silicon Heterojunction
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Figure 5.10: Schematic cross-section of the unit cell of an optically optimized
perovskite/ silicon tandem solar cell.

A solar cell with very low reflection losses has to be designed. Such low reflection
losses can only be reached by texturing the front interface of the solar cell. A planar
front contact interface leads to distinct reflection losses and a lowering of the Jsc.
Hence, the perovskite top cell has to be prepared on a textured silicon solar cell.
However, single-junction PSCs are commonly prepared on planar glass substrates

coated with a transparent conductive oxide. Most authors use a spin coating to prepare
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the complete solar cells or at least the contact/charge transport layers of the solar cell.

THE HONG KONG POLYTECHNIC UNIVERSITY

However, spin coating is not compatible with the fabrication of PSC on a textured
silicon solar cell. Hence, some material and fabrication processes have to be replaced.
In the following, it is assumed that all layers of the PSC are prepared by physical or
chemical vapor deposition (PVD or CVD) techniques. Perovskite films have been
prepared by thermal evaporation, allowing for the realization of single-junction solar
cells with high ECE.(Fan et al., 2016) Recently, promising results have been presented
for perovskite films grown by CVD.(Leyden et al., 2014; Spina et al., 2016) PSCs with
high ECEs have been realized using NiO and ZnO as a hole transporting/electron
blocking layer (HTL) and an electron transporting/hole blocking layer (ETL).(Xu et al.,
2015b; J. Zhou et al., 2017) In both cases, the films have been prepared by the spin
coating of nanoparticle films. In this study, it is assumed that the metal oxide films are
prepared by sputtering. NiO films exhibit a high work function, while the charge carrier
mobility and the conductivity of the films are rather low.(Kwon et al., 2016) Doping the
film leads to a distinct increase in the conductivity. However, the increased doping
concentration causes a drop in the optical transmission of the film leading to high
absorption losses of the NiO film and limiting the Jsc. In order to overcome the
limitations, the NiO film has been replaced by an ITO/NiO double layer, in which a very
thin NiO film allows for efficient hole injection and electron blocking. The much thicker
ITO layer is responsible for the lateral conductivity of the screen-printed front contact
grid. Both metal oxides are highly doped, which allows for the formation of an efficient
tunneling junction. ITO films exhibit typical electron charge carrier mobilities in the
range of 10 to 20 cm?/Vs.(Barraud et al., 2013b; T. Koida, Fujiwara, & Kondo, 2009a)
High doping concentrations are required to reach high conductivities of the films. This
is not a problem for a single-junction PSC, which exhibits a bandgap of 1.6 eV.
However, the situation is different for a TSC, which exhibits high QEs up to almost

1.05 eV (1200 nm). The high doping concentration causes high free carrier absorption,
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which limits the QE of the bottom solar cell. The charge carrier mobility of the

THE HONG KONG POLYTECHNIC UNIVERSITY

transparent conductive oxide has to be increased to keep the front contact sheet
resistance constant while decreasing the free carrier absorption losses. Hence, the
ITO film is replaced by a hydrogen doped indium oxide (IOH) film. IOH exhibits a
distinctly higher electron charge carrier mobility.(Barraud et al., 2013b; T. Koida et al.,
2009a) Hence, the doping concentration of the IOH film can be reduced while
maintaining a constant sheet resistance. Consequently, the free carrier absorption is
reduced, and the QE of the bottom cell is increased. The HTL and ETL of the solar
cell are formed by sputtering or CVD of zinc oxide films doped by aluminum or
boron.(Rech & Wagner, 1999; Steinhauser, 2008) The bottom solar cell consists of a
heterojunction silicon solar cell, allowing for high open-circuit voltages (Vocs). In order
to allow for the generation of a high Jsc, the front interface of the bottom solar cell has
to be textured. In this study, it is assumed that the front and back contacts are textured.
It is also assumed that the backside of the silicon wafer is covered with a surface
texture comparable with conventional single-junction silicon solar cells. The
dimensions of the back-contact texture are described by hback and prvack. The function
of the texture is to refract the light that reaches the back contact. The front side of the
silicon wafer is covered with a surface texture with the dimensions of hsront and prront.
The function of the front contact texture is to minimize reflection losses, while efficiently

coupling light in the top and bottom solar cells.

The integration of the PSC on the silicon wafer is getting more difficult with increasing
the roughness of the front contact. In this study, a front contact texture is selected that
allows for an efficient light incoupling while keeping the roughness of the front contact
low. Hence, the dimensions of the front surface texture are distinctly smaller than the
texture of the back contact (hfront<<hpack and prront<<poack). The front and back contact

textures are formed by anisotropic etching of a silicon wafer with a {111} crystal
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orientation. The anisotropic etching is characterized by the formation of a pyramidal
surface texture, which can be described by an etching angle of 54.7° relative to the
surface of the silicon wafer. It is considered that the front and back sides of the wafer
are covered by such pyramidal textures, so that hont/(2xpfront) =
hback/(2xPoack)=tan(54.7°)=V2. In this study, the period of the front surface texture is
varied from 0 nm to 1000 nm, while keeping the etching angle constant. A period of 0

nm corresponds to a planar surface.

Perovskite/silicon TSCs with high Jscs can be reached by the following three

guidelines:

e Firstly, minimizing the reflection losses by improving the light incoupling in the solar
cell. An improved incoupling is achieved by texturing the solar cell.

e Secondly, the light has to be efficiently coupled from the top solar cell in the bottom
solar cell. The perovskite material exhibits a rather low refractive index of approx.
2, while silicon exhibits a high refractive index of approx. 4, so that an efficient
coupling of light in the bottom solar cell is required. An optical matching layer is
introduced between the top and bottom solar cell to improve the coupling.

¢ And thirdly, the optical losses by the contact layers have to be minimized, without

negatively affecting the electrical properties of the solar cell.

5.2.2 Optical Material Properties

Several studies on the optical properties of perovskite films have been
published.(Loper et al., 2015a; Shirayama et al., 2016a) The published data exhibits
a large variety of the extracted absorption coefficient and bandgap. The variations are

mainly caused by the high surface roughness of perovskite films compared to other
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semiconductor films. Hence, the extracted absorption coefficient is overestimated, and
the optical bandgap is underestimated. A very detailed analysis of the influence of the
surface roughness on the optical constants has been published by Shirayama et
al.(Shirayama et al., 2016a) In our study, we use the optical data published by Loper
et al.(Loper et al., 2015a) The adapted complex refractive index of the CHsNH3Pbls
perovskite material is provided in Appendix C (Figure C1.1) for the spectral range from
300 nm to 1200 nm. The extinction coefficient is assumed to be zero for optical
bandgaps larger than 1.6 eV. The refractive index and extinction coefficient of ITO and

IOH are shown in Figure 5.11(a) and Figure 5.11(b), respectively.
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Figure 5.11: (a) Refractive index and (b) extinction coefficient of contact and
transparent conductive layers of IOH, ITO, and ZnO.

As mentioned in section 5.2.1, the front transparent conductive oxides have three
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functions. The material has to allow for an efficient charge injection in the solar cell
while exhibiting a low specific resistivity to minimize the series resistance. At the same
time, optical absorption losses by the transparent conductive oxide should be low. A
Drude Lorentz model is used to describe the dielectric function of ITO and IOH.(Drude,
1900b, 1900a) The Lorentz term is used to describe the optical properties close to the
bandgap of the metal oxide, while a Drude model is used to describe the free carrier
absorption. An extended Drude model with a modified expression for the damping
frequency is used.(Drude, 1900a) The model considers the drop in the charge carrier
mobility as the wavelength is approaching the plasma wavelength.(Drude, 1900a) The
dielectric functions are determined by modeling the transmission, absorption, and
reflection of experimentally realized ITO and IOH films with equal sheet resistance.
The samples are prepared and measured by Koida et.al.(T. Koida et al., 2009a) The
IOH film exhibits electron mobility of pe=140 cm?/Vs, which is 5-10 times higher than
the electron mobility of ITO. Consequently, the doping concentration of ITO films is 5-
10 times lower, which leads to a shift of the plasma wavelength to longer wavelengths.
The parameters used to determine the optical constants are provided in Appendix C
(Figure C1.2, Figure C1.3, Table C1). In this study, the two materials are compared in
terms of the influence of the free carrier absorption on the QE and Jsc of the TSC.
Furthermore, Figure 5.11 exhibits the optical constants of the ZnO ETL. Again, a Drude
Lorentz model is used to model the complex refractive index. The parameters were
determined by modeling the transmission, absorption, and reflection of Low-Pressure
Chemical Vapor Deposited (LPCVD) films published by Steinhauser.(Steinhauser,
2008) The parameters used to model the ZnO are provided in Appendix C (Figure
C1.2, Figure C1.3, Table C1).

5.2.3 Modeling and simulation Method

To determine a realistic description of the solar cells, the optical wave propagation has
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to be rigorously simulated. However, the thickness of the TSC is distinctly larger than
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the wavelength of the incident light, so that a rigorous simulation is very complex and
time-consuming. Hence, a hybrid approach is used to model wave propagation. An
FDTD approach is used to model the optical wave propagation in the top cell and the
coupling of light in the bottom solar cell. The top cell consists of the ITO or IOH front
contact, the perovskite material, and a ZnO back contact. The NiO hole transporting
layer is not considered by the optical calculations because the layer is very thin. Hence,
the absorption by the layer is neglected. The silicon bottom solar cell is described by
an infinitely thick silicon substrate with surface texture (hfont, pfront). In order to
determine the QE of the bottom solar cell, the light transmitted by the perovskite top
solar cell is calculated. It is assumed that light entering the bottom solar cell is
effectively coupled in by the textured front side of the silicon wafer and refracted by
the textured backside of the silicon wafer.

The QE of the top and bottom solar cell is calculated by rewriting equations 5.14 and

5.15.
QETop ~ Aperovskite (5.16)
QEBot ~ QEC—Si X TTop (5.17)

where Aperovsiite 1S the absorption of the perovskite layer, it is assumed that the

collection efficiency of the perovskite layer is 100%.

Light absorbed by the contact and hole/electron transporting layers does not contribute
to the QE. The QE of the bottom solar cell is determined by multiplying the
transmission of the top cell, Twp, with the QE of a single junction solar cell from
literature.(Green, Emery, et al., 2017; Yoshikawa et al., 2017b) Based on the QE, the
Jsc for the top and bottom solar cell was calculated. Details on the calculation of the

QE and Jsc are given in the literature.(Dewan et al., 2009) In this study, only results
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for matched solar cells are presented in this manuscript. The thickness of the top diode
is adjusted until the matching of the Jsc of the top and bottom solar cell is achieved.
All electromagnetic simulations are carried out in three dimensions (3D) for incident
light are ranging from 300 nm to 1200 nm. More details about the optical simulation

method are provided in Chapter 2 (section 2.3).
5.2.4 Results and Discussions

The schematic cross-section of a perovskite/silicon TSC with a flat front contact is
depicted in Figure 5.12(a). The cell consists of a 70 nm ITO/NiO transparent front
contact followed by a perovskite layer with a thickness of 225 nm, and a 70 nm thick

ZnO as a transport layer.

(a) Incident (b)1.0
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Figure 5.12: (a) The schematic cross-section of perovskite/silicon tandem solar cell
with a flat front contact. (b) Corresponding external quantum efficiency for the top,
bottom, and tandem solar cells. The NiO film is assumed to be very thin relative to the
thickness of the ITO layers so that the layer is not considered by the optical
calculations.

The NiO film is assumed to be very thin relative to the thickness of the ITO layers so
that the layer is not considered by the optical calculations. The calculated QE under

current matched conditions is given in Figure 5.12(b). The QE of the top and bottom
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solar cell was calculated according to Equations (1) and (2). The solar cell exhibits a
Jsc of 17.2 mA/cm?. The Jsc represents the highest current for a perovskite/silicon
TSC with a flat front contact without anti-reflection coating. The results are in very good
agreement with the recently published experimental results by Bush et.al.(Bush et al.,
2017b) However, the low Jsc of the TSC prevents the realization of a solar cell with

ECEs exceeding single-junction silicon solar cells with record ECE.
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Figure 5.13: (a) The schematic cross-section of perovskite/silicon tandem solar cell
with a pyramid textured front contact. (b) Simulated power loss map of
perovskite/silicon tandem solar for monochromatic illumination of 400 nm, (c) 700 nm,
and (d) and 1000 nm. The NiO films are assumed to be very thin so that the layer is
not considered by the optical calculations.

Therefore, an efficient light incoupling concept is needed to reduce reflection losses.
In the next step, the silicon wafer was textured before adding the top PSC. By texturing
the top solar cell, the incoupling of the light is improved and the QE and Jsc are
enhanced. The dimensions of the surface texture are described by a pyramidal texture.

The dimension of the pyramids is determined by hsront and prront. The texture is formed
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by anisotropic etching of a silicon wafer with a {111} crystal orientation. The pyramidal
surface texture is described by a constant hfront/(2xprront) ratio of V2 correspondings to
an etching angle of 54.7° relative to the surface of the silicon wafer. The time average
power loss map of a TSC with a period of 450 nm is shown in Figure 5.13 under
monochromatic illumination with wavelengths of 400 nm, 700 nm, and 1000 nm. The
top and bottom diodes in Figure 5.13 are visualized separately because of the
distinctly different absorption coefficient of the top PSC and the silicon bottom cells.
Due to the high absorption coefficient of perovskite for short wavelengths, all photons
are absorbed by the top diode (Figure 5.13(b)). For a wavelength of 700 nm, most of
the incident light is still absorbed by the top diode, but a smaller fraction of light is
already absorbed by the bottom diode. For a wavelength of 1000 nm, no light is
absorbed by the perovskite layer as shown in Figure 5.13(c). The light penetrates deep
into the silicon bottom solar cell. A distinct fraction of the light is absorbed by the ITO
front contact because of the high free carrier absorption. The light absorbed by the

ITO does not contribute to the Jsc.

In the next step, the influence of the period of the surface texture on the QE and Jsc
is studied. For each period, the Jsc of the top and bottom solar cells were matched by
adjusting the thickness of the top solar cell. Figure 5.15(a) shows the relationship
between the perovskite layer thickness of the top cell and the period of the front texture
for matched Jsc conditions. The period is varied from 100 nm to 1000 nm leading to
an increased perovskite layer thickness from 225 nm to 370 nm. The influence of the
period of the surface texture on the QE of the top and the bottom diode is shown in
Figures 5.14(a) and 5.14(b). Texturing the front surface leads to an improved
incoupling of light in the solar cell. Therefore, the QE of the top cell is increased for
short wavelengths (300 nm - 500 nm). Furthermore, more light is coupled to the bottom

solar cell. Consequently, the Jsc of the top and bottom solar cells is increased. In order
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to match the Jsc of the bottom solar cell by the top solar cell, the thickness of the top
cell has to be increased. The increased thickness of the top cell lowers the
transmission of the top cell and the QE of the bottom solar in the spectral range
between 500 nm and 800 nm. The small absorption of the top solar cell for
wavelengths larger than 900 nm is caused by small inaccuracies in fitting the optical
constants of perovskite by the FDTD simulation tool. However, the absorption of
wavelengths >900 nm has no influence on the Jsc. The Jsc is only calculated for
photon energies larger than the bandgap. Hence, the absorption of wavelengths >780

nm represents parasitic optical losses.
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Figure 5.14: Influence of the period of the surface texture on the matched short-circuit
current of the (a) top and (b) bottom solar cells.

The thickness of the top solar cell is increased until the Jsc of the top, and bottom solar
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cells are matched. A maximum matched Jsc of 20 mA/cm? is achieved for periods of
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the surface texture of 450 nm or larger. In this case, the thickness of the top cell is
equal to 285 nm. The matched Jsc as a function of the period of the surface texture is
shown in Figure 5.15(b). For periods of the surface texture larger than 450 nm, the

matched Jsc remains almost unchanged.
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Figure 5.15: (a) Relationship between the period of surface texture and perovskite
layer thickness of the top solar cell of a perovskite/silicon tandem solar cell under
short-circuit current matching conditions. (b) Short-circuit current density as a function
of the period of the surface texture.

It should be mentioned that the etching angle of the substrate relative to the surface
of the silicon wafer remains constant at 54.7°so that an increased period results in an

increased height of the surface texture. The root means square roughness of the
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substrate is directly proportional to the height of the pyramids. Hence, it can be
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concluded that for a constant etching angle, the period is directly proportional to the
root mean square roughness of the substrate. With increasing roughness, the
integration of the top cell on the textured substrate is getting more complex.
Furthermore, the diffraction of the incident light decreases with an increasing surface
period. For larger periods, the light is only refracted by the surface of the solar cell.
This leads to a drop in the Jsc of the top solar cell. To compensate for the drop of the
Jsc, the thickness of the top solar cell has to be increased from 285 nm to 370 nm for
a surface period of 1000 nm. So, an optimum period of the surface texture and
perovskite layer thickness of 450 nm and 285 nm is obtained. In the following, the
optical incoupling of the light in the bottom diode is investigated. The perovskite and
metal oxide contact layers exhibit refractive indices of approximately 2, while silicon
exhibits a refractive index of 4. Hence, a distinct reflection at the interface can be
expected. However, the used structure shows the very good coupling of the light
from the top to the bottom diode. In order to illustrate the good incoupling of the light,
the refractive index is plotted as a function of the height of the solar cell. The effective
medium approach is used to calculate the effective refractive index as a function of
the height, where nper and nsi are the refractive index of perovskite and silicon
(nperenzno~niTornion~2, nsiz4). The effective medium approach is applicable if the
surface texture is distinctly smaller than the incident wavelength. This assumption
might not be fulfilled. However, the approach provides a reasonable approximation.
For a pyramidal surface texture, a parabolic change of the refractive index is calculated.
If the pyramids would be replaced by cones with a parabolic surface profile, a linear
change of the refractive index as a function of the height would be observed. A cone-
like surface texture allows for an almost perfect incoupling of the light in the solar cell.

The pyramidal structure is very close in terms of the incoupling. If the PSC would be
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prepared on a flat silicon bottom cell, an abrupt change of the refractive index would
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be observed, which leads to maximum reflection losses, as shown in Figure 5.12.
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Figure 5.16: Cross-section of the textured perovskite/silicon tandem solar cell with an
effective refractive index as a function of the height of the solar cell.

The incoupling of light in the flat bottom cell could be improved by introducing an
optical matching (OM) layer with a refractive index of nom=(nznoxns)°®~3.5, a low
extinction coefficient and the thickness of the OM-layer to be equal to an odd multiple
of the quarter wavelength of the light that should be coupled in the bottom diode. In
the case of a textured perovskite/silicon TSC, the situation is different. Both interfaces
of the textured solar cell (air/perovskite and perovskite/silicon) in Figure 5.16 can be
approximated by a parabolic refractive index gradient, allowing for an excellent
incoupling in the top and bottom solar cells. In the case of the red curve (Figure 5.16),
it is assumed that the refractive index of the OM-layer is 2, while in the case of the
purple curve, the refractive index is set to 3.5. It can be seen that the OM-layer has
only a small effect on the effective refractive index. This is confirmed by FDTD
simulations of the solar cell structure with and without an OM-layer. Introducing an
OM-layer does not lead to an increased total QE and Jsc. Hence, no additional optical
matching layer is required. Two reasons are responsible for the good incoupling of the

light in the bottom diode. Firstly, the top cell is prepared on a textured surface.
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Secondly, the refractive index of the contact/charge-transporting layers of the top cell

is almost equal to the refractive index of the perovskite layer.
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Figure 5.17: (a) Calculated quantum efficiency of top, bottom and, total
perovskite/silicon tandem solar cell using a hydrogen doped indium oxide front contact
(b) Calculated quantum efficiency and absorption of front contact of perovskite/silicon
tandem solar cell with hydrogen doped indium oxide and indium tin oxide front contacts.

In the third step of the optimization process, the parasitic absorption of the solar cells
is minimized by replacing the indium tin oxide front contact with hydrogen doped
indium oxide. ITO films exhibit rather a low electron charge carrier mobilities (10 - 25
cm?/Vs), so that high doping concentrations are required to realize front contacts with
high conductivity. The high doping concentration causes high free carrier absorption,

which limits the QE of the silicon bottom solar cell.(Barraud et al., 2013b; T. Koida et
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al., 2009a) In the following calculations, the sheet resistance of the front contact was

THE HONG KONG POLYTECHNIC UNIVERSITY

assumed to be 35 Q. The sheet resistance is consistent with data published in the
literature for highly efficient silicon heterojunction solar cells.(Barraud et al., 2013b; T.
Koida et al., 2009a) The charge carrier mobility of the transparent conductive oxide
has to be increased to keep the front contact sheet resistance constant while
decreasing the free carrier absorption losses. Hence, the ITO film is replaced by a
hydrogen doped indium oxide (IOH) film. Hydrogen doped indium oxide exhibits a
distinctly higher electron charge carrier mobility.(Barraud et al., 2013b) Sputtered
hydrogen doped indium layers exhibit 5 to10 times higher electron mobility (pe=66
cm?/Vs) than ITO layers. Subsequently, the doping concentration of IOH films is 5-10
lower, which leads to a shift of the plasma wavelength to longer wavelengths. Hence
the absorption loss of the front contact for long wavelengths is distinctly reduced and
the QE of the bottom solar cell is increased for wavelengths larger than 800 nm. Later,
the thickness of the top cell is slightly increased to reach a matched Jsc of 20.61
mA/cm?. Figure 5.17(a) shows the calculated QE under matched current conditions.
Replacing the ITO by the IOH leads to a gain of the Jsc of 0.61 mA/cm? due to the
lower optical losses of IOH front contact, which is seen in Figure 5.17(b). The
theoretical limit of the Jsc for an ideal TSC is 23 mA/cm?. The experimentally measured
bottom solar cell has imposed an upper limit of the Jsc of 21.4 mA/cm? on the studied
solar cell. Hence, the achieved Jsc is very close to this limit. Later, the study has been
extended for the larger structures, where optical simulation results are included in
Appendix C (Figure C1.4). The study revealed the influence of different growth
mechanisms on the fabrication of perovskite/silicon TSCs. A detailed discussion is
provided in the literature.(Wayesh Qarony; Mohammad Ismail Hossain; Vladislav
Jovanov; Alberto Salleo; Dietmar Knipp; Yuen Hong Tsang;, 2019) A potential ECE of
the perovskite/silicon TSC can be estimated by combining the calculated Jsc with Vocs

and FFs measured for single-junction perovskite and silicon solar cells. The best
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experimentally realized perovskite single-junction solar cells exhibit Voc and FF of
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1.182V and 77%. In comparison, the best silicon solar cells exhibit Voc and FF of 0.74
V and 84.9%.(Green, Hishikawa, et al., 2019; Y. Wang et al., 2018) By considering a
reduction of the Voc of the bottom solar cell due to the reduced Jsc an ECE of 32.5%
can be estimated for a perovskite/silicon TSC. In order to reach higher ECE, the Voc

of the PSC has to be further increased.

R
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5.3 Optically Rough but Electrically Flat Tandem Solar
Cells

5.3.1 Perovskite/Silicon Tandem Solar Cells

This is the prolonged version of the study, as described in Chapter 4 (Section 4.1),
where only single-junction PSCs were investigated. In this study, we focus on the
implementation of perovskite/silicon TSCs, where optimized single-junction PSC is
used as a potential top cell for realizing perovskite/silicon TSC. It is found that the
textured PSCs lead to a distinct improvement of Jscs and ECEs, which are done by
either PVD or CVD techniques. However, the textured perovskite surface may affect
the microstructure, and electronic structure of perovskite material, which reduces the
electronic performances (Voc, FF), resulting in, the ECE of a solar cell is negatively
influenced. Hence, it is assumed that the planar perovskite layer may overcome such
problems. At this stage, it remains unclear which structure is better, herein, we present
an alternative device structure for the fabrication of perovskite/silicon TSCs that we
named optically rough but electrically flat (OREF) design. By considering OREF design,
advantages from textured solar cells can be achieved while maintaining the flat
absorber layer. In the proposed structure, interfaces between perovskite and contacts
are assumed to be flat, and the air/front contact interface is being textured, which
improves both optical and electrical performances in the solar cell. The aim of this
study is not to claim that the OFER design is better than all textured TSC. The study
proposes an alternative device design for realizing efficient perovskite/silicon TSCs. In
this study, two different metal oxides are utilized as front contacts and compared in
terms of their QE and Jsc. In the case of a single-junction PSC, a thin and highly doped
metal oxide film can be selected. The absorption loss due to free carrier absorption is
usually low. For a perovskite/silicon TSC, the situation is different. The free carrier

absorption might have a negative effect on the QE for long wavelengths. Figure 5.18
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exhibits the optical simulation of the OFER perovskite/silicon TSC. Details on the

calculation of the QE are provided in Ref.(Mohammad |. Hossain et al., 2018a)
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Figure 5.18: The schematic sketch of electrically flat and optically rough
perovskite/silicon tandem solar cells with (a) a continuous ZnO front contact and (b)
continuous ITO front contact. The corresponding quantum efficiency of the top and
bottom cell and the total quantum efficiency are shown in (c,d). The corresponding
total absorption (1-R) and the absorption of front and back contacts are also shown in
(e,f).
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A TSC with a continuous ZnO front contact layer is compared to a TSC with a
continuous ITO layer with equal conductivity. An extended Drude Lorentz model was
used to describe the complex refractive index of ZnO and ITO. The model used to
calculate the optical constants is provided in Appendix B (Section B.1.4). The
calculated complex refractive indices were compared to experimentally determined
optical constants, and a good agreement was observed. The ZnO layer has a
thickness of 400 nm, while the thickness of the ITO layer is only 70 nm. The
parameters used for calculating the complex refractive index are provided in Appendix
B (Table B1). The TSC, as depicted in Figures 5.18(a, b, c), exhibits almost equal
performance with the previously investigated all textured perovskite/silicon TSC
described in Section 5.2. Here, we have compared the ZnO font contact with an ITO
layer with equal conductivity. Due to the higher doping concentration of the ITO layer,
distinctly higher absorption of the front ITO layer is observed, as shown in Figure
5.18(f). The optical loss increases from 1.65 mA/cm? to 2.5 mA/cm?, while the total Jsc
drops to approximately 19 mA/cm?. It can be concluded that high doping
concentrations and thin metal oxide front contacts can be used for solar cells using
materials with large bandgaps, while for low bandgap solar cells or multijunction solar
cells the doping concentration should be reduced and the thickness of the front contact
should be increased to limit the optical losses of the front contact. It is believed that
the OFER device design can be applied to other TSCs. In the next section, all

perovskite TSC is discussed by utilizing the OFER device structure.

5.3.2 Perovskite/Perovskite Tandem Solar Cells

Perovskite/perovskite TSCs covered with a flat front contact, a pyramidal front contact,
and a metasurface front contact are shown in Figures 5.19. The dimensions of the

front contact of the TSC are identical with the dimensions used for the investigated
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single-junction PSC, as described in Chapter 4 (Section 4.2).
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Figure 5.19: Schematic sketches of perovskite/perovskite tandem solar cells with (a)
the flat, (b) the pyramid texture, and (b) the integrated metasurfaces front contacts.
(d,e,f) Corresponding simulated quantum efficiencies and short-circuit current
densities.

The thickness of the front ZnO layer was kept constant to 400 nm, and the height and
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period of the pyramid and the nanowires used to form the metasurface were also kept
constant at 600 nm and 900 nm, respectively. Figures 5.19(a), 5.19(b), and 5.19(c)
display the schematic cross-sections of perovskite/perovskite TSCs with flat, pyramid
texture, and integrated metasurfaces, where a wide bandgap (Eg~1.78 eV) perovskite
(MAPDbBrl) and small bandgap (Eq~1.16 €V) perovskite (MAPbSnI) were used as top
cell and bottom cell, respectively. The thickness of the bottom perovskite absorber was
1000 nm for all three solar cells, while the top cell has absorber thicknesses of 650
nm, 500 nm, and 500 nm for flat, pyramid texture, and metasurface structured
perovskite/perovskite tandem solar cells. The corresponding simulated QEs are
shown in Figures 5.19(d), 5.19(e), and 5.19(f). Visible light is absorbed by the top
perovskite absorber, while near-infrared light is absorbed by the bottom diode. All three
tandem solar cells in Figure 5.19 are current matched. The Jscs of
perovskite/perovskite TSCs with flat, pyramid texture, and integrated metasurfaces are
16.9 mA/cm?, 18.5 mA/cm?, and 18.3 mA/cm?, respectively. The TSC with pyramid and
metasurface front contact reveal almost equal Jscs. As compared to the flat tandem
solar cell, solar cells with pyramid texture and optical metasurfaces provide an
increased Jscs of approx. 10%. Hence, the results for the TSCs are consistent with
the results for the single-junction PSCs. The integration of a pyramid texture or a non-
resonant metasurface allows for an improved light incoupling and an increased Jsc.
By combining the calculated Jsc with an experimentally realized electrical parameter
of PSCs, an ECEs for both perovskite/perovskite TSCs can be estimated to beyond
30%.(D. Chen et al., 2018; Yumnam & Wagner, 2018)

To conclude, several perovskite materials current have been investigated for single or
multi-junction solar cells, which exhibit a comparable refractive index. Hence, the
approach can be applied to a variety of perovskite materials without making significant

adjustments to the dimensions.
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5.3.3 Summary

In the first section of this chapter, we study the detailed balance theory (Shockley
Queisser model) to realize a fundamental understanding of energy conversion
efficiency losses and limits of single-junction and tandem solar cells. However, only
recent work on more generalized detailed balance limits shows that the Shockley
Queisser model must be extended to take charge transport, e.g., non-radiative, into
account. Furthermore, optical limits, e.g., imposed by the Yablonovitch limit, must be
considered. It is shown that the optics of a solar cell has not only an influence on the
short-circuit current density but all solar cell parameters. The influence of photon
management on the solar cell parameters of a perovskite single-junction solar cell and
a perovskite/silicon solar cell is discussed in greater details. The photon management
of a perovskite single-junction solar cell can be predominately improved by an
improved light incoupling and a reduction of optical losses in the solar cell. The photon
management of silicon solar cells is more complicated. In addition to improving light
incoupling and minimizing optical losses to the light must be trapped in a solar cell.
We have proposed a potential design for the perovskite/silicon tandem solar cells
using a moth-eye surface texture, which allows for an improving light incoupling. The
proposed perovskite/silicon tandem solar cell exhibits an energy conversion efficiency

of over 32%, and a matched short-circuit current density of 20.7 mA/cm?.

Secondly, the study aims at providing guidelines for the realization of perovskite/silicon
solar cells with high energy conversion efficiency. Perovskite/silicon tandem solar cells
have been designed with short-circuit current densities exceeding 20 mA/cm? while
taking realistic device structures into consideration. A realistic set of input parameters
was selected, which involves the material properties and geometry of the tandem solar
cell. The high short-circuit current density allows for the realization of perovskite/silicon

tandem solar cells with conversion efficiencies exceeding 30%. To allow for a realistic
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combines Finite-Difference Time-Domain simulations with experimentally measured
data of the bottom solar cell. The perovskite/silicon tandem solar cell has to be textured
to minimize reflection losses. Hence the perovskite top cell has to be prepared on top
of the textured silicon bottom cell. This requires the use of materials and deposition
techniques compatible with the fabrication on a textured substrate. In this study,
ITO/NIO and IOH/NIO hole and ZnO electron transporting layers were used, which can
be prepared by sputtering. Optimal dimensions of the surface texture were derived,
assuming that the top solar cell is prepared on an anisotropic etched silicon solar cell.
For a period of the surface texture of approximately 500 nm or larger the short-circuit
current density is maximized. Furthermore, the textured silicon solar cell allows for an
almost perfect incoupling of the longer wavelengths light in the bottom cell. In the next
step, the contact layers were optimized by minimizing the free carrier absorption
losses. The ITO/NIO front contact was replaced by an IOH/NIO layer, which exhibits
3-5 times higher electron mobility. The higher charge carrier mobility allows for using
a lower doping concentration while keeping the sheet resistance of the contact layer
constant. The use of hydrogen doped indium oxide allows for the gain of the short-
circuit current density of 0.6 mA/cm?, resulting in a total short-circuit current density of

20.6 mA/cm?2.

Finally, in addition to the all textured perovskite/silicon solar cells, we proposed an
alternative device design, we named the optically rough but electrical flat design, for
the perovskite-based tandem solar cells. In the proposed TSC design, interfaces
between perovskite absorber and contacts are assumed to be flat and front contact is
covered with a textured surface. Hence, both optical and electrical performances are
improved in the case of tandem solar cells. The optical simulation results of OFER

TSC provided a comparable short-circuit current densities and estimated ECEs with
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all-textured TSCs. Therefore, we believe that the proposed device structure is an

alternative solution for the implementation of high-efficiency TSCs.
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CHAPTER 6

MULTISPECTRAL COLOR IMAGE SENSORS
WITH PEROVSKITE ALLOYS
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This chapter discusses how multi-bandgap perovskite material systems can be used
to implement efficient color image sensors, which have no color aliasing or color Moiré
error. Here, we focus on the vertically stacked color sensor design, which has an
enormous advantage than conventional filter-based optical color imaging. In the first
step, we focus on the three-channel vertically stacked color image sensor using tunable
bandgap mixed-halide perovskites. Then, the mixed-halide perovskites have been used
to realize six-channel vertically stacked multispectral image sensors. Herein, devices
are compared based on their quantum efficiencies (QEs) and spectral responsivities
(SRs); hence, we aim to maximize the QEs and SRs of investigated sensors. Detailed

explanations of perovskite optical color sensors are provided in the following sections.

6.1 Three-channel Perovskite Color Image Sensor

Image sensing technology has a great impact on our daily life by providing visual
information, contributing to improvements in healthcare, safety, and security, and it is an
essential part of our personal communication and entertainment. Most electronic
imaging technology is based on the use of CMOS (Complementary Metal-oxide
Semiconductor) electronics in combination with arrays of silicon photodetectors.
Throughout the last two decades, the pixel size of image sensors has been reduced,
and the resolution has been increased, while the cost has been reduced.(El Gamal &
Eltoukhy, 2005; Theuwissen, 2008) However, the basic color detection scheme
remains unchanged. Color image sensors usually consist of an array of photodiodes,
which are covered by a side-by-side arrangement of optical filters to detect the colors
red, green, and blue.(Bayer, 1976; Lukac & Plataniotis, 2005a) Hence, a color pixel
consists of three sensor elements to detect the colors red, green, and blue. Most real
devices use a Bayer filter arrangement, which consists of a 1x red, 2x green, and 1x

blue filters.(Bayer, 1976) However, for simplicity, we will use the most fundamental
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implementation in this manuscript. The efficiency of the detection process is
characterized by the normalized optical efficiency (NOE), which can be used to
characterize grayscale and color image sensors. The NOE is defined as the ratio of
optical power absorbed by the photodetector to power incidence on the total pixel
area.(Marinelli & Palange, 2011) Amongst others, the NOE is limited by geometrical
factors like the area fill factor (AFF), which is the ratio of the actual detector size to the
overall size of the color pixel. For simplicity, we assume AFF to be 100%. In the case of
a grayscale camera without optical filters and an AFF of 100%, the NOE is equal to the

quantum efficiency (QEsw (A)) of the individual diodes.

NOEgy (1) = QEgy (D). (6.1)

However, in the case of a color camera using optical filters, the NOE is given by

NOE;pa(R) = L>< (Ag X Tr(A) + Ag X To(D)+Ag X Tg(1)) X QEgy (1) (6.2)
CFA ACP R R G G B B BW

where Tgr, Tc and Tg are the transmissions of the color filters. We assume the peak
transmission of the filters to be 100% for the three color channels. Ar, A, and Ag are
the areas of the red, green, blue color detector and Acr is the area of the total color pixel.
In the case of a color filter array, Ar, A, and Ag are equal to 1/3xAcp, so that the NOE

is given by

NOEcpa(4) = % X QEgy (1). (6.3)
Hence, the NOE exhibits an upper limit of 33%, because 2/3 of total incident photons
are not used as part of the detection process.(Gunturk et al., 2005a) For instance, when
red light is incident on a color pixel, only the red channel detects a signal, but the red

detector covers only 1/3 of the pixel area.

This, consequently, limits the image contrast and the low-level light sensitivity of the
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sensors. Hence, the NOE is limited by the side-by-side arrangement of the color filter,
resulting in the reduction of the dynamic range by 20xlog(N)= 10 dB and increase the
signal to noise ratio (SNR). The NOE can be increased by a vertically stacked color
sensor. The detection principle is based on the wavelength-dependent absorption of
photons penetrating a semiconductor. The effect can be used to realize color sensors if
the photogenerated charges are collected at different depths of the device. Our sensor
consists of three vertically stacked semiconductor diodes. Blue light is absorbed by the
top diode, while the green and red light are absorbed by the middle and bottom diodes,
respectively. The vertically stacked color sensor does not require the use of color filters,
allowing to capture images without sampling artifacts like color aliasing or color Moiré.

The NOE of the stacked color sensor (SCS) can be calculated by

1
NOEsc5(R) = . X (Ag X QER(2) + Ag X QE;(A) + Ap X QEx(R)) (6.4)

Because the area of each sensor channel is equal to the total area of the color pixel,

Ar=Ac=As=Acpr and equation 4 can be simplified to

NOEscs(4) = QER(A) + QE(A) + QER(A). (6.5)
The idea of using vertically stacked color sensing technology has been proposed and
implemented several years ago by a variety of research teams.(Herzog, Knipp, Stiebig,
& Koenig, 1998; Hubel et al., 2004; Jansen-van Vuuren, Armin, Pandey, Burn, &
Meredith, 2016; Lyon & Hubel, 2002; Merrill, 1999; Theil et al., 2000; Topic, Stiebig,
Knipp, & Smole, 1999). Some years later, the first commercial product based on stacked
color sensors was offered by Foveon.(Hubel et al., 2004) Hence, the sensor concept is
commonly referred to as the Foveon sensor. Almost all work on stacked vertically color
sensors is based on silicon technology. However, the use of an indirect bandgap and
low bandgap material like silicon leads to poor color separation. Due to the indirect

bandgap, a considerable overlap of the spectral responsivities (SRs) of the color
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channels and a high color error is observed.(Hubel, 2005a)

In this study, mixed-halide perovskite materials are studied for the realization of SCSs.
Perovskites have recently gained substantial attention due to their outstanding optical
and electronic properties. Unlike silicon, mixed-halide perovskites exhibit a direct
bandgap, and the bandgap can be tuned over a wide spectral range by changing the
composition of the halide components in the mixed-halide perovskites. Hence, the
bandgaps can be matched very well to the SRs of the human vision system. Additionally,
the higher absorption coefficient and electron/hole diffusion length allow for developing
sensors with high QE and high NOE. Herein, perovskite alloys are used to study the
three-channel vertically stacked color sensors, where the perovskite material systems
exhibit an excellent optical bandgap tunability with direct bandgap semiconductor
properties. The electronic structure and bandgap can be nicely tuned only by changing
the composition of the halide components in the mixed-halide perovskites. The study
primarily focuses on achieving very high QE and SR of such vertically stacked
perovskite color sensor by introducing textured interfaces in the devices. Finally, a
colorimetric characterization method is utilized to determine the color error and compare

with conventional color imagers.

6.1.1 Optical Properties of Bandgap Tunable Mixed Halide

Perovskite

The aim of digital cameras is to mimic or replicate the human vision system. Hence, the
human vision system represents the reference system for the evaluation or
benchmarking of different color sensors or imaging technologies. The International
Commission on lllumination (CIE) works on colorimetry and defined a standard for the
specification of color stimuli.(CIE: Publication No. 15.2, 1986) A particular color stimulus

in the visible wavelength region is represented by tristimulus values XYZ in the CIE
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system. The XYZ values were experimentally determined by using human
observers.(Fernandez-Maloigne & Trémeau, 2013) This experiment resulted in the
definition of color matching functions (CMFs) and the standards that are used by industry.
The CMFs are provided in section 6.1.3(B). We used the CMF to derive the design of
the color sensor. The CMF exhibits maxima of the sensitivities at 2.75 eV, 2.2 eV and
2.05 eV, and cut-off energies at 2.5 eV, 2.1 eV and 1.8 eV. We selected absorbers with
bandgaps equal to the cut-off energies of 2.5 eV (blue), 2.1 eV (green), and 1.8 eV(red).
The absorber with a bandgap of 2.5 eV is used for the top diode, a material with a
bandgap of 2.1 eV is used for the middle diode and 1.8 eV for the bottom diode,
respectively.

The perovskite material system is usually composed of three elements, an
organic/inorganic cation (Cs*, MA*(CH3NHzs"), and FA* (NH2CHsNH2"), a divalent cation
(Pb* or Sn*), and a monovalent halide anion (I, CI, or Br).(Stranks & Snaith, 2015b)
The electronic structure of the perovskite material systems can be tuned over an
extensive range. In this study, the bandgap must be tuned from 2.5 eV to 1.8 eV, which
can only be achieved by replacing the monovalent halide anions (I, CI,, or Br). The
resulting materials are MAPbCls, MAPbBr3, and MAPbIs, with bandgaps of 3.1 eV, 2.3
eV, and 1.6 eV.(Fujiwara, Kato, Tamakoshi, Miyadera, & Chikamatsu, 2018; Kumawat
et al., 2015; Leguy et al., 2016; Noh, Im, et al., 2013; J.-S. Park et al., 2015; Shirayama
et al., 2016b)

To implement the required bandgaps, mixed-halide perovskites will have to be used. A
MAPD(l1xBrx)s mixture will be used for the middle and bottom diode while a MAPb(Br-
xClx)s mixture is used for the top diode. In a first step, the composition of the material
was determined by using the bowing parameters which is given for the mixed-halide
perovskites of MAPDbI1-xBrx and MAPbBrixClx by the following analytically expression:
Eg(x) = 1.61 + 0.34x + 0.33x? eV and Eg(x) = 2.28 + 0.48x + 0.3x2 eV, respectively. To

tailor the absorber materials to the required bandgaps, the top diode is based on
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MAPDb(Br1-xClx)s, with a concentration of x=37%. The absorbers of the middle and bottom
diodes are based on MAPDb(l1-xBrx)s, with a concentration of x=80% and 40%. The
optical-constant spectra of the desired alloy compositions were calculated by applying
the energy shift model. Halogen composition-dependent optical bandgaps of mixed-
halide organic-inorganic perovskite materials are provided in Appendix D (Figure D1.1).
The optical constants of single-phase materials (i.e., MAPDbI3,(Shirayama et al., 2016b)
MAPDbBr3,(J.-S. Park et al., 2015) and MAPDbCIs (Leguy et al., 2016)) where used as
input parameters. The optical function of an arbitrary composition is synthesized from a
pair of known optical functions. In this case, the optical spectra of the end compositions
are blue (or red)-shifted so that the bandgap energies match with that of the target
composition.(Minoura et al., 2015; Snyder, Woollam, Alterovitz, & Johs, 1990a) In the
calculation of a MAPb(l1xBrx)s alloy, for example, the optical spectrum of MAPDI3 is
shifted toward higher energy, while that of MAPDbBrrs is red-shifted, and these two spectra
are synthesized with appropriate weighting factors. The extinction coefficient of the
perovskite alloys of MAPb(Bro.63Clo.37)3, (MAPblo.2Bro.s)s and MAPDb(lo.6Bro.4)3 calculated

by the energy shift model are shown in Figure 6.1.
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Figure 6.1: Extinction coefficient of calculated mixed-halide perovskites of
MAPDb(Bro.63Clo.37)3, (MAPblo.2Bro.s)3, and MAPb(lo.6Bro.4)s with an optical bandgap of 2.5
eV, 2.1 eV, and 1.8 eV, respectively. MAPDbBr0.63CI0.37, MAPbI0.2Br0.8, and
MAPDbIO.6Br0.4 with an optical bandgap of 2.5 eV, 2.1 eV, and 1.8 eV, respectively.
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6.1.2 Device Design and Methods for Optical Wave Propagation

Calculation

The schematic cross-sections of vertically stacked perovskite color sensors with planar
and textured interfaces are shown in Figure 6.2(a) and Figure 6.2(c), respectively. The
flat device structure in Figure 6.2(a) consists of a 75 nm doped ZnO used as a hole
blocking / electron transporting layer (ETL), followed by a MAPb(Br1xClx)s absorber with
a bandgap of 2.5 eV. The absorber detects blue light in the top diode. MAPb(l1xBrx)3
absorbers with bandgaps of 2.1 and 1.8 eV are used to form the middle (green) and
bottom (red) absorber layers, while an 80 nm double layer of NiO / ZnO is used as
electron blocking layer / hole transporting layer (HTL). A very thin (5 nm) layer of NiO
facilitates the efficient transport of holes and blocking of the electrons. However, the use
of a thick ZnO layer (75 nm) allows for a high lateral electrical conductivity of each
contact, resulting in a low series resistance and low absorption loss of the contact layers.
Such contact layers have been commonly utilized for the realization of efficient
perovskite solar cells (PSCs).(Forin, Purica, Budianu, & Schiopu, 2012a; J.-Y. Wang et
al., 2009a; You et al., 2016a) The textured substrate is formed by placing a textured zinc
oxide (ZnO) layer on top of the metal back reflector before depositing all other layers. A
textured zinc oxide layer can be formed by direct deposition of films using metal-organic
chemical vapor deposition (MOCVD), pulsed laser deposition, or sputtering followed by
wet etching.(Hongsingthong et al., 2010; Mohammad I. Hossain, Hongsingthong, et al.,
2019; Muller, Rech, Springer, & Vanecek, 2004b; Tsoutsouva, Panagopoulos,
Papadimitriou, Fasaki, & Kompitsas, 2011) Additionally, an UV blocking layer of
MAPDbCI3 with a bandgap of 3.1 eV is placed on top of the color sensor to suppress the
incident light below 400 nm because the human vision system is not sensitive to
wavelengths smaller than 400 nm. The planar and textured color sensors consist of an
equal layer stack. Only the layer stack of the textured color sensor is formed on a

textured substrate, and a UV blocking layer is placed on top of the detector.
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The optics of the designed sensor devices were studied with the aid of three-
dimensional (3D) finite-difference time-domain (FDTD) simulations,(Taflove, Hagness,
& Piket-May, 2005) where the optical properties of materials and geometry of the device
structures used as input parameters for the calculations. The optical wave propagations
within the device structures were modeled for incident wavelengths in the range of 300
nm to 800 nm. At first, the electromagnetic field distribution was calculated within sensor
devices from the optical wave propagations. Then the QEs and SRs of the sensors were
calculated from the electromagnetic fields. It is assumed that the photon absorbed by
the perovskite absorbers contribute to the QE and SR, whereas photons absorbed by
the contact and transport layers do not contribute to the QE. Furthermore, the upper
limit of the collection efficiency is assumed to be 100%, since the thicknesses of all the

perovskite absorbers are smaller than the diffusion lengths of the materials.
6.1.3 Results and Discussions

A. Perovskite color sensors
In the first part, vertically stacked perovskite color sensors with flat interfaces are
investigated, as shown in Figure 6.2(a). Mixed-halide perovskites with bandgaps of 2.5,
2.1, and 1.8 eV were used as absorber layers of the top, middle, and bottom diode,
respectively. The bandgaps of the absorbers were selected to be equal to the cut-off
energies of 2.5 eV (blue), 2.1 eV (green), and 1.8 eV (red) of the CMFs. The
thicknesses of the perovskite absorbers were selected to be larger than the penetration
depth at the band edge with 500, 700, and 1000 nm. The calculated QE for the three
color channels is depicted in Figure 6.2(b). Furthermore, the SR of the sensor calculated
by SR(A)=gxAxQE(A)/(hxc), which is also provided in Appendix D (Figure D1.2), where
g is the elementary electron charge, A is the wavelength, QE()) is the quantum efficiency,
h is Planck’s constant, and c is the speed of light. The sensor exhibits maxima of the

spectral response at 480, 568, and 670 nm with Full Width Half Maxima (FWHM) at 111
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nm, 92 nm, and 93 nm, respectively. The CIE standard color-matching functions exhibit
maxima of the spectral response at 450, 550, and 650 nm with FWHM ranging from 60
nm to 100 nm.

A comparison of the sensor characteristics with other vertically stacked sensor exhibits
a distinct better agreement with the color-matching function than other structures in
literature.(Ganesh, Shivanna, Friend, & Narayan, 2019; Gautam, Bag, & Narayan, 2011;
Herzog et al., 1998; Hubel, 2005a; Hubel et al., 2004; Jansen-van Vuuren et al., 2016;
Knipp et al., 2006; Lyon & Hubel, 2002; Merrill, 1999; Theil et al., 2000; Yakunin,
Shynkarenko, Dirin, Cherniukh, & Kovalenko, 2017) Stacked silicon sensors suffer from
the large overall of the spectral responsivities due to the indirect bandgap of crystalline
silicon. The idea of using stacked perovskite sensors has been proposed by Yakunin et
al. using a mechanically stacked sensor consisting of individual MAPbls, MAPbBTrs3, and
MAPDbCIs detectors.(Yakunin et al., 2017) However, the spectral characteristics were not
matched to the human vision system. Hence, the stacked perovskite color sensor
exhibits a color error distinctly higher than the color errors of sensors using side-by-side
filter arrangement. Almost all other stacked color sensors exhibit color errors lower than
the color error of the stacked sensor presented by Yakunin et al. but still higher than
sensors using optical filters. In the case of most other color sensors, the color separation
and the color error are limited by the considerable overlap of the SRs.(El Gamal &
Eltoukhy, 2005; Hubel, 2005a; Knipp et al., 2006) The sensor described in Figure 6.2(a)
exhibits a color error smaller than all previously published stacked color sensors and
comparable to the sensor using a side-by-side filter arrangement. Further details on the
colorimetric characterization of the sensor are provided in the upcoming sections of the
manuscript.

Prior to providing a basic introduction to the color science and the colorimetric
characterization of the SCS, further improvements of the sensor structure will be

discussed. The improvements will lead to a reduction of the color error and an
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enhancement of the QE and NOE. The color sensor is sensitive in the spectral range
from 350 nm to 400 nm, while the human receptors are not sensitive in this spectral

region. The sensitivities between 350 nm and 400 nm lead to an increased color error

of the sensor.

(b) _
_____ 10 Top —— Middle Bottom
MAPbBr, Cl, >
x=0.37, E,=2.5 eV & 0.8
2 I R I o
MAPbI, ,Br, E
x=0.4, E;=2.1 eV L
ipiii= | 5 oos
c
@
-
N B [ Qe
1.0 19 25 300 400 500 600 700 800
Effective Wavelength (nm)
Refractive Index
(d) Top Middle Bottom
______ 1.0
"""""" 3 08 (\_/)
(RN .. C
------------ 0
92
U E
L
""""""" £ 041
e -'E
©
3
------------ 3 \
T 0 - T T T
1.0 19 25 300 400 500 600 700 800
Effective

W I th
Refractive Index avelength (nm)

Figure 6.2: Schematic cross-section and corresponding effective refractive index of (a)
flat and (c) textured vertically stacked perovskite color sensor. The simulated
corresponding quantum efficiency of (b) flat and (d) textured vertically stacked
perovskite color sensor.

The short wavelengths sensitivity can be reduced by placing a UV blocking layer on the

sensor layer stack. The cut-off wavelength and cut-off energy of the UV blocking layer
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should be 400 nm and 3.1 eV, which matched exactly with the bandgap of MAPbCls. In
the following, a MAPDCIs layer is placed on top of the color sensor with a thickness of
500 nm, which is larger than the penetration depth for a wavelength of 400 nm. Hence,
the MAPDbCIs layer acts as a low pass filter in terms of the incident photon energies and
as a high pass filter in terms of the incident wavelengths. A plot of the QE for a stacked

planar sensor with a UV blocking layer is included in Appendix D (Figure D1.3).
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Figure 6.3: Schematics of (a) flat and (e) textured vertically stacked perovskite color
sensor. Power density plots of (b-d) flat and (f-h) textured vertically stacked perovskite
color sensor with an incident wavelength of (b, f) 470, (c, g) 560, and (d, h) 650 nm.

The top, middle, and bottom diode exhibit bandgaps of 2.5 eV, 2.1 eV, 1.8 eV. Hence,
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photons with photon energies larger than 3.1 eV are not absorbed, and no infrared
blocking filter is required. On the other hand, silicon exhibits a bandgap of 1.14 eV, and
photons with energies from 1.8 eV to 1.14 eV must be blocked from entering the silicon-
based sensors. All three diodes exhibit maxima of the QE and the NOE exceeding 80%.
This is distinctly higher than the theoretical upper limit of sensors using a side-by-side
arrangement of optical filters. But the QEs of the stacked perovskite color sensors do
not approach 100% because of reflection losses. The reflection losses are caused by
refractive index differences between the perovskite layers and the metal oxide contact
layers. This is schematically illustrated in Figure 6.2(a). The differences are small, but
the small differences add up and result in total reflection losses of up to 20%.
Furthermore, the QEs of the three sensor channels exhibit interference fringes due to

Fabry Perot resonances.
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Figure 6.4: Comparison of total quantum efficiencies between a conventional color
sensor with a side-by-side arrangement of optical color filters (blue) and vertically
stacked perovskite color sensor (red) with maximum quantum efficiency approaching
unity.

The number of interference fringes increases from the top to the middle and the bottom
diode. A comparison of the stacked perovskite thin-film color sensor with stacked silicon

thin-film sensors shows that the effect of interference fringes is much more pronounced
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for stacked silicon thin film color sensors. Nevertheless, small changes in the thickness
of the individual layers due to variations as part of a manufacturing process have a
distinct effect on the QE and SR. The reproducibility of the sensors can be distinctly
improved, and the formation of interference fringes can be reduced by reducing the
reflection at the interfaces between the perovskite layers and the metal oxide layers.
Hence, we introduced an interface texture. The function of the texture is to form a
refractive index gradient, as shown in Figure 6.2(c). The function is not to diffract the
incident light. The period and height of the pyramid were selected by 150 nm and 300
nm. The QE of the sensor with textured interfaces and a UV blocking layer is shown in
Figure 6.2(d). The sensor device exhibits QEs, with absolute values exceeding 90%.
Furthermore, the formation of interference fringes is distinctly reduced. The effect of the
surface texture on the power density distribution of a sensor with planar and textured
interfaces is shown in Figure 6.3. An improved light incoupling but no diffraction of the
incident light is observed. The peak wavelength of the spectral responsivity and the
FWHM is not affected by introducing textured interfaces. The calculated QE of the three
channels is used as input to calculate the NOE, which is shown in Figure 6.4.
Furthermore, the theoretical upper limit of the NOE of a color sensor using a side-by-
side arrangement is shown in Figure 6.4. The NOE of a conventional color sensor with

a side-by-side arrangement of the optical color sensor is limited to 33%.

B. Color Science of Perovskite Color Sensor

In this part of the manuscript, the vertically stacked perovskite color sensor with QE and
NOE exceeding 90% is colorimetrically characterized. The color error is compared with
the color error of conventional color sensor with optical color filters as well as the only
commercialized vertically stacked Foveon color sensor using crystalline silicon.(Hubel,
2005a; Hubel et al., 2004; Lyon & Hubel, 2002; Merrill, 1999) The aim of a camera

system is to produce an accurate color of objects in a scene. Such color reproduction is
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achieved when the imaging sensor is able to provide the same results as the human
eye. This is achieved if the CMFs can be represented by a linear combination of the
sensitivities of the three sensor channels. In this case, the transformation from camera

RGB to XYZ can be defined as

x = Mf (6.6)

where x is a 3x1 vector containing the XYZ values for a pixel with RGB values in a 3x1
vector denoted by f. M is the 3x3 matrix that transforms the values on RGB to values in
XYZ. This transformation matrix is obtained by using the camera sensor sensitivities.
The condition for having a linear relationship between sensor sensitivities and the color

matching function is known as Luther condition.
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Figure 6.5: Standard CIE color-matching functions and calculated color matching
function (CMF) of the investigated perovskite vertically stacked color sensor. A linear
color transformation was used.

Due to limitations of filters, sensors, and the issues related to signal to noise ratio, the
Luther condition is usually not valid in trichromatic color cameras.(Hong, Luo, & Rhodes,
2001) For the conversion of camera RGB values into XYZ, empirical data-driven
methods are often used. The data-based correction method uses a set of samples with

known XYZ values. The same samples are acquired in RGB through camera, and the

R
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transformation matrix for RGB to XYZ conversion is estimated. There are many methods
for the determination of the transformation matrix M. Although many researchers worked
on complex models, the International Color Consortium prefers simple linear transforms
to enable quick color reproduction across various display and print devices. A
comparison of the CMFs with the transformed RGB signals of the sensor signals for the
vertically stacked perovskite sensor is shown in Figure 6.5. A simple linear
transformation was used. A good agreement between the absorption bands of the
sensor channels and the CMFs is achieved. The deviation of the transformed sensor
signals from the CMFs is caused by the optical properties of the perovskites. The
perovskites are direct bandgap materials, and the extinction coefficient is only slightly
wavelength-dependent, as shown in Figure 6.1. The resulting sensor signals exhibit a
box-like characteristic if the thickness of the perovskite absorber is larger than the
penetration depth. The colorimetric characterization was performed using a linear
method, allowing us to conduct comparative analysis among several color sensors.

We computed the color reproduction of these color sensors in terms of color difference
metric known as CIEDE2000.(CIE, 2001) The process for computation of XYZ from the
camera RGB through the transformation matrix M and the computation of error is
described in the literature.(Khan, 2018) As shown in Table 6.1, the conventional color
sensor with optical color filters exhibits a color error of 4.4, whereas a stacked silicon
detector exhibits a color error of 5.6. Both sensors are based on crystalline silicon. The
indirect bandgap of crystalline silicon limits the color separation of the individual
channels and a large overlap of the spectral responsivities is observed. Hence, the
stacked silicon color sensor exhibits a color error, which is higher than conventional
sensors using optical filters. The vertically stacked color sensor based on mixed-halide
perovskites exhibits a color error as low as 3.6. The color error of the vertically stacked
perovskite three-color sensor is comparable or even better than the typical conventional

color sensors with CFA as well as the Foveon sensor. Furthermore, the NOE of the
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simulated stacked perovskite color sensor exceeds 90%, which is almost three times

higher than the color sensor with CFA.

Table 6.1: Comparison of the vertically stacked perovskite color sensor with
conventional color sensors using optical color filters and the vertically stacked Foveon
color sensor. The sensors are compared in terms of the used materials, color errors,
and NOEs.

Sensor with Foveon Sensor Stacked
Sensor Color Filter (Stacked silicon perovskites
Array (CFA) diodes) diodes
Arrangement of side-by-side vertical vertical
sensor channels
crystalline silicon| crystalline silicon MAPDb(Br1xClx)3
Materials sensor plus (Foveon sensor) MAPb(l1-xBrx)3
polymer filters
Color error 4.4 5.6 3.6
Normalized optical max. 33% High approaching unity
efficiency
Reference (ElI Gamal & (Hubel, 2005a) this study
Eltoukhy, 2005)

The color separation approach described in this manuscript is not limited to sensors with
three color channels. The sensor concept can be extended to vertically stacked
multispectral color sensors with high NOEs. For example, the number of sensor
channels can be extended to 4 or 6 channels. Multispectral sensors can be applied for
applications, which cannot be addressed by commonly used three color sensors. The

spectral information is valuable for applications like disease detection in plants,
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determination of quality of fruits and vegetables, inspection of electrical instruments,

accurate reproduction of color and tint in textile industry, and many more.
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6.2 Multispectral Image Color Sensor with Perovskite

Alloys

Electromagnetic waves are carriers of energy and information, which propagate in time
and space. An ideal electromagnetic sensor array would measure the light intensity and
the wavelength of the electromagnetic wave as a function of time and position. The
human vision system and digital cameras allow for detecting the light intensity of visible
light as a function of time and position. The spectral information is measured in the form
of “colors”, which represent an integral over a spectral range. Figure 6.6 is a schematic
representation of three different arrangements of measuring color spectral information.
The spectrometers are commonly used to measure the spectral characteristics of
electromagnetic waves. However, spectrometers do not provide spatial information.
Hence, a spectrometer can be seen as a single-pixel camera with high spectral
resolution. Then, the color imager or color image sensor, as shown in Figure 6.6(a), is
a detection process of discriminating color spectral information of incident EM wave as
a function of different wavelengths and penetration depths of photons, where the photon
generated charge carriers are collected at different depth of the device. The
conventional color imager contains an image sensor with a two-dimensional array of a
pixel, where the sensor is coated with color filter array (CFA) for the transmission of
three different colors of blue, green, and red.(Lukac & Plataniotis, 2005a) A raw image
captured by color imager can be considered as three different color images of RGB,
which is recombined as a single colorful image with the aid of the demosaicing
algorithm.(Gunturk, Glotzbach, Altunbasak, Schafer, & Mersereau, 2005b; Hubel et al.,
2004) The vertically stacked color imager described here is free of CFA. On the other
hand, multispectral cameras provide spectral and spatial information as a function of
time. Multispectral cameras capture images for many spectral channels so that the
spectral information of the image can be reconstructed. Moreover, the multispectral

sensor is not limited to three colors only. Nevertheless, the realization of such cameras
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is technically complex and expensive in comparison to classical digital cameras that
mimic the human vision system. However, multispectral cameras allow for new
applications in health, security, quality inspections of products and sorting, PCB
inspection, counterfeit detection, communication systems, etc. For instance,
multispectral image sensors have recently been used in label-free optical imaging,
including fluorescence lifetime imaging for the characterizations and diagnosis of
biological tissues, and potential applications of real-time assessment of tumor margins
in surgical oncology.(Alfonso-Garcia et al., 2018; Boppart et al., 2017; Esperén-Moldes
et al., 2019; Y. Sun et al., 2018; Unger et al., 2020)

Color Imager Multispectral Imager Spectrometer

T & /8

X ¥t

LETT. X4 y1'

Figure 6.6: Schematic cross-sections of (a) color image sensor with vertically stacked
three-color sensor array consisting of semiconductor diodes with three different
bandgaps, (b) multispectral image sensor array, and (c) spectrometer.

However, the existing multispectral image sensor applied to those applications uses
color filter array. The filters create color aliasing or color artifacts in the images. Hence,
further computational image processing is required to perform correcting and
recombining them together. In this section, mixed-halide perovskites are used to realize
six-channel vertically stacked multispectral image sensor, where we aim to maximize
QEs and SRs of sensors so that greater detection and efficiency can be achieved.
Perovskites based three-channel color imagers can be comparable to conventional

color sensors with CFA, while the six-channel perovskite sensors can be demonstrated
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for capable of enabling to reconstruct incident spectra with outperforming all other such

characterized sensors in terms of high QE, SR, as well as low color error.

6.2.1 Optical Material Properties

Mixed-halide perovskites are a class of semiconductor materials that can exhibit
bandgap tunability by changing the composition of the halide elements. Moreover, the
excellent optoelectronic material properties, including direct bandgap of perovskites,
allow exhibiting very good color separation in the six-channel image sensors as well. As
described in Section 6.1.1, experimentally realized optical properties of single halide
perovskites (e.g., MAPbIs, MAPbCIs, and MAPbBr3) are used to calculate the optical
constants of the mixed-halide perovskites with required bandgaps using the energy shift
model.(Snyder, Woollam, Alterovitz, & Johs, 1990b) By changing the halide
compositions, the required bandgaps are determined, where the composition-

dependent perovskite bandgaps are shown in Figure 6.7.
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Figure 6.7: Halide Composition-dependent optical bandgap of mixed-halide perovskite
materials.

Six different bandgaps (2.75, 2.5, 2.25, 2.08, 1.92, and 1.8 eV) are determined from the

energy shift model, where a detailed description of material bandgaps and halide
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composition values are illustrated in Appendix D (Table D1.2). In every case, the
thicknesses of the individual absorbers are larger than their penetration depths. The
optical constants are matched with the provided color matching functions of CIE
standard observer.(Cohen, Wyszecki, & Stiles, 1968) Complex refractive indices and
dielectric constants of the calculated mixed-halide perovskite materials with such

bandgaps are shown in Figure 6.8.
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Figure 6.8: (a) Real and (b) imaginary parts of the complex dielectric constant; (c)
refractive index and (d) extinction coefficient of calculated mixed-halide perovskites of
C1(MAPDbClo.sBro.32), C2(MAPbClo.37Bro.s3), C3(MAPbBro.gslo.o4), C4(MAPbBro.79l0.21),
C5(MAPDbBroslos), and C6(MAPbBro.sslo.s2) with an optical bandgap of 2.75, 2.5, 2.25,
2.08, 1.92, and 1.8 eV, respectively.
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6.2.2 Device Design and Methods

The schematic cross-sections of three-channel and six-channel vertically stacked
perovskite color sensors are shown in Figure 6.9(a) and Figure 6.9(b), respectively. The
Zn0O and ZnO/NiO contacts have thicknesses of 100 nm and 400 nm, respectively. In a
three-channel sensor, top, middle, and bottom absorber have a thickness of 500 nm,
700 nm, and 1000 nm, respectively. In contrast, in the six-channel sensor, channel-1,
channel-2, channel-3, channel-4, channel-5, and channel-6 has a thickness of 500 nm,
600 nm, 800 nm, 1200 nm, 1800 nm, and 2200 nm, respectively.

As described in Section 6.1.2, 3D FDTD methods are used to investigate the optics of
the designed sensor devices, where the optical properties of materials and geometry of

the device structures used as input parameters for the calculations.
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Figure 6.9: Schematic cross-section of (a) three-channel and (b) six-channel color
image sensors with mixed-halide perovskites.

Additionally, an UV blocking layer of MAPbCIs with a bandgap of 3.1 eV is used in the

textured device to suppress the incident lights below 400 nm, since they are not

MOHAMMAD ISMAIL HOSSAIN PAGE | 200



QQ Chapter 6 Il Multispectral Color Image Sensors with Perovskite Alloys

&

THE HONG KONG POLYTECHNIC UNIVERSITY

sensitive to the human vision system. Light propagations through both sensors are

illustrated schematically in Figure 6.10.

6.2.3 Results and Discussions

In the current study, perovskites-based image sensors are studied for high QEs and
SRs, where interfaces of all the layers are pyramidically textured. In the first step, three-
channel color imagers are investigated for a maximum QE and SR. The device structure

is provided in Figure 6.9(a) and in Appendix D (Figure D2.1).
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Figure 6.10: Schematics of optical wave propagation through (a) the three-channel and
(b) the six-channel sensors with perovskites alloys.

The thicknesses of each perovskite absorbers are selected to be larger than the
penetration depths of the absorbers. In this case, the thicknesses of the top, middle, and
bottom perovskite absorbers are optimized to be 500 nm, 700 nm, and 1000 nm,
respectively. The simulated quantum efficiency is depicted in Figure 6.11(a).

Furthermore, the QE of a three-channel perovskite sensor coated on flat surfaces are
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also provided in Appendix D (Figure D2.1(b)) as a reference. Textured interfaces lead to
the reduction of surface reflection and enhancement of the optical path length in the
sensor devices. Consequently, compared to the flat image sensor, the QEs of the

textured device are distinctly increased in all three channels (C1, C2, and C3).
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Figure 6.11: Simulated quantum efficiency of (a) three-channel and (b) six-channel
perovskite color sensors. (c,d) The corresponding spectral responsivity of sensors.

Furthermore, the interference fringes exhibited in the flat sensor due to Fabry Perot
resonances are not pronounced anymore by introducing textured surfaces.
Quantitatively, the QEs are approaching to almost unity or 100%. Such a high QE
obtained in the three-channel color imager could lead to the high contrast of imaging as
well as a very high level of light sensitivity. In the next, the SR is determined using

SR(L)=gxAxQE(L)/(hxc), where A is the wavelength, q is the elementary electron charge,
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h is Planck’s constant, and c is the speed of light. Ideally, the spectral response and
corresponding full width at half maximum (FWHM) of a color sensor are matched with a
CIE standard color-matching functions. The matching function is provided in Figure 6.5,
which exhibits the maxima of the spectral response at 450, 550, and 650 nm with FWHM
ranging from 60 nm to 100 nm. As shown in Figure 6.11(c), the FWHM of the spectral
responsivity for the three-cannel sensor device ranges between 87 nm and 97 nm with
maxima at 480, 568, and 670 nm, which is in very good agreement of CIE spectral
response. This leads to the reduction of the color error as well, which will be explained
in greater detail in the following.

In the following, the results of multispectral image sensors are discussed. Multispectral
image sensors capture image data within specific wavelength ranges across the
electromagnetic spectrum. Such an image sensor can measure light in a small number
of spectrum band based on the design of the sensor. Hence, the multispectral image
sensor allows us to obtain additional information beyond three fundamental RGB colors
that human eyes usually cannot detect. In this study, a six-channel multispectral image
sensor (SMIS) is designed and investigated, where six different perovskite
semiconductor diodes are vertically stacked. The device structure of the SMIS is shown
in Figure 6.9(b). Furthermore, the detailed layer sequence, function of each layer,
materials used in the layers and their associated bandgaps, and thickness of the layers
of the SMIS is included in Appendix D (Table D2.1). Again, the thicknesses of the
perovskite absorber layers for the SMIS device are considered to be larger than the
penetration depths of the materials, so that the photon absorption can be maximized.
The optics of the multispectral image sensor is also simulated by FDTD and evaluated
based on the QE and SR. The QE and corresponding SR of the SMIS is depicted in
Figure 6.11(b) and Figure 6.11(d), respectively. As shown, SMIS exhibits three more
colors than a three-channel color image sensor, allowing it to obtain more information

of a captured image. Hence, unlike the three-channel perovskite image sensor, the
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SMIS device exhibits QEs for six distinct colors of the incident wavelengths, including
purple color captured by channel 1 (C1) at 450 nm of wavelength to the deep red color
located at 700 nm of wavelength captured by channel 6 (C6). A maximum QE of >95%
is exhibited by the channels C2, C3, C5, and C6, whereas about ~85% QE is absorbed
in the channels C1 and C4. Such a high photodetection efficiency of sensor could offer
rigorous scanning results, allowing to utilize them in wide applications. Then the peaks
and FWHM of the SR of the multispectral image sensor are comparable to the CIE

matching function, allowing to achieve very low color error.

6.3 Summary

Vertically stacked perovskite color sensors were proposed and investigated. The sensor
allows for sensing colors without using optical filters. Furthermore, the sensors are color
aliasing and color Moiré error-free. The color-matching functions were used as
guidelines to select the appropriate perovskite mixed-halide and device structure. The
optical constants of the mixed-halide perovskites were obtained by optical
measurements in combination with an energy shift model. The vertically stacked color
sensor structure consisted of three perovskite diodes with bandgaps of 2.5 eV, 2.1 eV,
and 1.8 eV. The optical wave propagation within the sensor structure was described by
finite-difference time-domain (FDTD) simulations. The calculated quantum efficiency
exceeds 90% and is almost 3 times higher than the theoretical upper limit of
conventional sensors using color filter arrays. The stacked perovskite color exhibits
color error comparable with sensors using optical filters, which has not been achieved
by previous stacked color sensors. The sensor concept is not limited to three-channel
sensors. The concepts can be expanded to multispectral or multichannel sensors, which
open the door to a variety of new applications.

Next, a three-channel optical imager and a six-channel multispectral image sensor have

been designed, the optics has been simulated by FDTD, and the characteristics
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performance of the devices has been evaluated by color science. Perovskite-based
three-channel image sensor exhibits very high photodetection ability with spectral
responsivity very much comparable to CIE standard matching function. Consequently,
the investigated color error of the three-channel sensor is comparable to sensors using
optical filters. Then the investigated multispectral optical color sensors enable color
aliasing free color detection with imaging arrays by stacking perovskite thin-film sensors
on top of each other. The sensor elements can be vertically integrated on a readout
electronic, enabling high area fill factors. The six-channel sensor enables the
reconstruction of incident spectra. Moreover, the six-channel multispectral image sensor
investigated here outperforms all other characterized sensor devices. Furthermore,
these sensors are much more efficient, affordable, and easier to integrate into a vision
system, allowing to implement them in new wide applications, including life science or

medical science, aerospace, agriculture, autonomous vehicles.
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SUMMARY AND FUTURE WORKS
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This Chapter summarizes the entire works demonstrated in the thesis. The summary
of this is alienated into three parts: 1) Optics of perovskite solar cell front contacts, 2)
Realization of highly efficient perovskite-based tandem solar cells, and 3) Efficient
multispectral color image sensors with perovskite alloys. A short discussion on some
ongoing and future works related to this thesis is additionally presented, which are 1)
Visibly transparent solar cells build from optical antennas, and 2) Spectral splitting: a

novel approach for realizing efficient all-perovskite tandem solar cells.

7.1 Summary

7.1.1 Optics of Perovskite Solar Cells Front Contacts

Charge transport/contact layers, especially, the front contact, has a substantial
influence on the optics and photovoltaic performance of perovskite solar cells. Metal
oxide contacts have attracted considerable attention to the perovskite solar cell
research community due to their excellent optoelectronic properties. Hence, in this
part, different metal oxides contact materials for perovskite solar cells are investigated
for realizing high short-circuit current densities and energy conversion efficiencies.
Investigated metal oxide films are prepared by several deposition methods. Herein,
NiO films are prepared by the electron beam physical vapor deposition technique
(EBPVD), TiO2 films are prepared by spray pyrolysis deposition (SPD), ZnO films are
realized by atomic layer deposition (ALD) and metal-organic chemical vapor
deposition (MOCVD). MOCVD methods are also used to grow a pyramid-shaped ZnO
film through the self-texturing process. Furthermore, non-resonant optical
metasurfaces are realized by preparing periodically arranged ZnO nanowire arrays via
electrodeposition. The nanowires were prepared by templated growth through a mask
of photoresist. In this study, planar perovskite single-junction solar cells with metal

oxide front contacts are fabricated experimentally, where the optics and optimization
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of solar cells are studied by three-dimensional finite-difference time-domain (FDTD)
optical simulations. The electrical effects of solar cells are exploited by 3D finite
element method (FEM) simulations. Adapted numerical methods exhibit excellent
agreement with the findings from the experiments. Investigations allow realizing high
short-circuit current densities and energy conversion efficiencies while quantum
efficiencies approach unity. This is happened due to the great optoelectronic properties
of metal oxides and perovskite material systems. Metal oxide films as front contacts
are used in the experiment have a comparable refractive index (2.2~2.5) with the
perovskite material system. Hence, the solar cell with contacts can be treated as one
unit, which reduces the front contact reflections significantly. Thus, the optics of the
solar cell is primarily affected by the optics of the front contact. The front contact
requirements for realizing high-efficiency perovskite solar cells are extensively
discussed. The influence of free carrier absorption on photovoltaic performance is
discussed. Photon management is studied by improving light incouping and light-
trapping in the solar cell, which is done by the utilization of self-textured ZnO and ZnO
optical metasurfaces. Finally, it is found that the efficient front contact, which is thin,
lightly doped, and texture, has the potential to reach high short-circuit current density

and energy conversion efficiency.

7.1.2 Realization of Highly Efficient Perovskite-based Tandem Solar
Cells

Perovskite material systems allow for realizing perovskite-based tandem solar cells

with high short-circuit current densities and energy conversion efficiencies. However,

it is necessary to realize the optimum device design and the upper limit of the energy

conversion efficiency of the tandem solar cell. In the case of perovskite/silicon tandem

solar cell, the perovskite top cell has to be prepared on top of the textured silicon

bottom cell, which requires the use of materials and deposition techniques compatible
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with the fabrication on a textured substrate. Furthermore, the optics of perovskite solar
cell differs from the silicon solar cells due to their difference in refractive indices. Hence,
we have studied from the detailed balance theory (Shockley Queisser model) to the
photon management perovskite/silicon tandem solar cells in greater details, which give
a fundamental understanding of energy conversion efficiency losses and limits of
single-junction and tandem solar cells. It has been found that the optics of a solar cell
has not only an influence on the short-circuit current density but all solar cell
parameters. In this part, the influence of photon management on the solar cell
parameters of a perovskite single-junction solar cell and a perovskite/silicon solar cell
is discussed broadly. The photon management of a perovskite single-junction solar
cell can be predominately improved by an improved light incoupling and a reduction
of optical losses in the solar cell, where the photon management of silicon solar cells
is more complex that usually requires light trapping. The photon management in
perovskite/silicon tandem solar cells is examined by the utilization of moth-eye and
pyramid surface textures. We have proposed a nanophotonic design of the
perovskite/silicon tandem solar cell by considering realistic device geometry and
experimental processability. The proposed design perovskite/silicon tandem solar cell
exhibits an energy conversion efficiency beyond 30% with a short-circuit current
density exceeding 20 mA/cm? under matching condition. To allow for a realistic
description of the optical wave propagation, a hybrid approach was used, which
combines finite-difference time-domain simulations with experimentally measured
data of the bottom solar cell. In addition to that, we have investigated
perovskite/perovskite tandem solar cells for realizing high energy conversion efficiency
by taking advantage of the multi-bandgap property of the perovskite material system.
We have considered almost perfect perovskite absorbers for the tandem solar cell,
which can be fabricated at a low cost. Detailed guidelines for the realization of

perovskite/silicon and perovskite/perovskite tandem solar cells with high energy
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conversion efficiencies have been provided in the thesis.

7.1.3 Efficient Multispectral Color Image Sensors with Perovskite
Alloys
The potential use of mixed-halide perovskite materials has been used to realize
vertically stacked three-channel and six-channel color image sensors. The vertically
stacked design can exhibit the sensor performance almost three times higher than the
traditional color sensors with optical filters. The optical materials properties have been
selected by analyzing the color matching functions provided by the CIE standard
observer. The optical constants of the mixed-halide perovskite materials used in the
investigations are calculated using an energy shift model. , the optics has been
simulated by FDTD, and the characteristics performance of the devices has been
evaluated by color science. In the first step, the vertically stacked color sensor structure
consisted of three perovskite diodes allows achieving higher quantum efficiency and
spectral responsivity. The quantum efficiency and spectral responsivity is much higher
than the Foveon color sensor technology and almost three times higher than the
conventional color sensor with CFA. Furthermore, the spectral responsivity of such a
device exhibits the maxima of peaks at 480, 560, and 670 nm with FWHM ranging 87
nm to 97 nm, agreeing nicely with the CIE standard color-matching functions. Hence,
the color error calculated by colorimetric characterization in this study exhibits as low as
3.7, which is comparable or even smaller than the color error shown by the conventional
color sensors using optical color filters (~4.4-5) as well as the Foveon vertically stacked
color sensors (~5). Next, mixed-halide perovskites are utilized to realize six-channel
multispectral image sensor, which has a very high photodetection ability with spectral
responsivity very much comparable to CIE standard matching function. Then the
investigated multispectral optical color sensors enable color aliasing free color detection

with imaging arrays by stacking perovskite thin-film sensors on top of each other. The
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sensor elements can be vertically integrated on a readout electronic, enabling high area
fill factors. The six-channel sensor enables the reconstruction of incident spectra.
Moreover, the six-channel multispectral image sensor investigated here outperforms all
other characterized sensor devices. Furthermore, these sensors are much more
efficient, affordable, and easier to integrate into a vision system, allowing them to
implement them in new wide applications, including life science or medical science,

aerospace, agriculture, autonomous vehicles.

7.2 Future Works

7.2.1 Visibly Transparent Solar Cells Build from Optical Antennas

7.2.1.1 Background

Currently, fossil energy sources are replaced by efficient and cost-effective renewable
energy sources. Photovoltaics can make a major contribution to the transformation of
the energy sector. Beside classical roof-top installations and solar farms, alternative
solar cell concepts have gained significant interest, like building-integrated photovoltaics
(BIPV). Building-integrated photovoltaics is often based on transparent solar cells
integrated into windows or skylights roofs to realize energy sustainable buildings. Or
transparent solar cells are part of co-energy harvesting systems or agri-photovoltaics,
which allows for electrical energy generation while growing fruits or vegetables at the
same time. Transparent or semitransparent solar cells are solar cells that combine the
benefits of visible light transparency and electrical energy generation. The most
transparent solar cell is based on crystalline silicon solar cells. The transmission is
achieved by partially patterning the solar cell or partially opening windows in a solar
module. However, such solutions are non-spectrally selective solar cells. In other

words, the absorption and transmission of the solar cell are independent of the
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wavelength. Detailed balance or Shockley Queisser limit calculations can be used to
determine the upper energy conversion efficiency (ECE) limit of non-spectrally and

spectrally selective solar cells as a function of the average visible transmission.

7.2.1.2 Novelty and Aim of the Project

The ECE of transparent solar cells can be distinctly increased by using a spectrally
selective solar cell that absorbs ultraviolet and near-infrared light, while visible light is
not or only partially absorbed by the solar cell. The ECE of non-spectrally solar cells with
an average visible transmission of 100% is zero. In comparison, the energy conversion
efficiency of a spectrally selective solar cell can be up to 21% for 100% visible light
transmission. Spectrally selective solar cells with an average visible transmission of 100%
can reach up to 2/3 of the ECE of conventional solar cells. We propose a design of a
spectrally selective solar cell that exceeds the Shockley Queisser limit of a non-
spectrally selective solar cell. The approach is based on the use of optical antennas or
metasurfaces. Up to our knowledge for the first time, a spectrally selective solar cell is
proposed, which uses optical antennas. All spectrally selective solar cells described in
the literature are based on organic molecules or carbon-based material system. In this

study, we use standard inorganic solar energy materials.

7.2.1.3 Design and Analysis

Transparent solar cells can be divided into non-spectrally and spectrally selective solar
cells. A comparison between the conventional solar cell and the visibly transparent
solar cell is shown schematically in Figure 7.1. We propose a design of a spectrally
selective solar cell that exceeds the Shockley Queisser limit of a non-spectrally
selective solar cell. This has not be demonstrated before. In other words, we want to
design a solar cell with efficiency in the red area. Figure 7.3 shows the ECE of solar

cells against different average visible transmissions (AVTs).

R
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Figure 7.1: (a) Conventional solar cell, (b) Semitransparent solar cell, (c) Visibly
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7.2.2 Nano Concentrator Solar Cells build from Optical Antenna

7.2.2.1 Background and Objective

Over the past few years, there has been renewed interest in perovskite materials for
fabricating solar cells because of their great optoelectronic properties, such as ease
of fabrication, low deposition temperature, tunable bandgap, and large diffusion length.
It is believed that the perovskite/perovskite tandem solar cell has the potential to cross
the SQ limit of single-junction solar cells. Typically, a wide bandgap perovskite
absorber and a narrow bandgap perovskite absorber are employed as top and bottom
cells in the all perovskite TSC structure, so that high energy photons are absorbed by
only the top cell before transmitting low energy photons to the bottom cell. Hence,

selecting proper materials with complementary bandgaps is essential.
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Figure 7.3: Detailed balance limit (SQ limit) of a two-terminal perovskite/perovskite
tandem solar cells.

According to the detailed-balance theory, the ECE of TSC may go beyond 45% if the
optimum material bandgaps (~1.1 eV and ~1.73 eV) are selected, as shown in Figure
7.13. By realizing the perovskite/perovskite tandem solar cell, some distinctive
advantages can be achieved, such as low-temperature processes for all the sub-cells,

low fabrication costs, and compatible for flexible and lightweight applications.
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In this study, we systematically investigate the optical and electrical properties of the
solar cell for realizing a perovskite/perovskite tandem solar cell with an energy
conversion efficiency beyond 30%, where perovskite materials with suitable bandgaps
are designated in the device structure. The optics and electrical properties of solar
cells are meticulously investigated by three-dimensional (3D) electromagnetic

simulations.

7.2.2.2 Designh and Materials

In general, the design of perovskite/perovskite TSC is challenging due to the
integration of distinctive materials, where material bandgaps have to be energetically
matched so that optical losses are minimized, and ECE is maximized. Furthermore,
the current from the top cell to the bottom cell has to be matched under the short-
circuit condition. By texturing the solar cell interfaces, matched Jsc can be improved;
however, it negatively affects the electrical properties (Voc and FF) of the solar cell.
Hence, a potential device design demands flat interfaces between contacts and
perovskite absorber. Furthermore, the front contact of the perovskite/perovskite TSC
should provide a suitable work function, high lateral conductivity, and low absorption
losses for realizing high ECE. The indium-doped tin oxide (ITO) is commonly used as
a front contact. Nonetheless, it does allow free carrier absorptions in the longer
wavelengths that hinder maximizing the ECE. In this study, initially, planar
perovskite/perovskite tandem solar cells are investigated. Next, a novel approach has
been realized for efficient perovskite/perovskite tandem solar cells by maintaining
planar technology. A schematic cross-section of the investigated planar
perovskite/perovskite tandem solar cell is depicted in Figure 7.4(a), where a similar
solar cell structure is adapted for both subcells. The front contact/electron transporting
layer (ETL) consists of a 70 nm double ITO/NiO followed by a perovskite absorber

layer.
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Figure 7.4: (a) Schematic representation and (b) corresponding energy levels of the
investigated perovskite/perovskite tandem solar cell.

The NiO allocates achieving high FF by providing high work function and efficient hole
transporting / electron blocking, where ITO enables a high lateral conductivity. A 70
nm ZnO is occupied as a hole transporting layer (HTL). It is assumed that the
ZnO/ITO/NiO combined layer forms a tunneling junction for supporting efficient charge
carrier transportation. A 100 nm thick aluminum (Al) is used as a back reflector. Energy
levels of the investigated perovskite/perovskite tandem solar cell are shown in Figure
7.4(b), where the NiO is placed between perovskites and ZnO layer. In this study, top
perovskite and bottom perovskite absorber have bandgaps of 1.78 eV and 1.16 eV,
respectively; hence, it is assumed that the proposed all perovskite tandem solar cell
can exhibit an energy conversion efficiency over 30%. The theoretical limit of the
investigated perovskite/perovskite tandem solar cell is estimated to beyond 40%, as
shown in Figure 7.3. Here, materials used for the realization of perovskite/perovskite
TSCs are energetically and optically matched, which allow improving photon
absorption with efficient charge carrier transportation and light incoupling. Perovskites
and contact materials have a comparable refractive index that aids in reducing the

optical losses by acting as a single block. However, the planar solar cell structure is
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limited due to higher optical losses caused by an unwanted high reflection. Therefore,
we propose a novel approach for designing all perovskite tandem solar cells, where
optical antennas based on nanowires are considered. The schematic of the device
design is shown in Figure 7.5. Up to our knowledge, this is the first time that the

nanowire-based perovskite/perovskite tandem solar cell is investigated.

Figure 7.5: (a) Schematic representation of the nanowire-based perovskite/perovskite

tandem solar cell. Top and bottom absorber nanowires have diameters of 185 nm and
1800, respectively. The height of both nanowires is 1800 nm.
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A.1 Electron Beam Physical Vapor Deposition of NiO Films
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Figure A1.1: Schematic illustration of the perovskite solar cell fabrication.
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Table A1.1: Photovoltaic parameter of perovskite solar cell with different NiO

thicknesses.

300 400 500 600 700 800

Wavelength (nm)

NiO Thickness Jsc VOC (V) FF ECE (%)
(nm) (mA/cm?)
25 17.90 0.95 0.72 12.24
50 17.10 0.99 0.79 13.37
75 13.78 0.95 0.72 9.42
100 12.07 0.92 0.66 7.32
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Figure A1.2: (a) Refractive index and (b) extinction coefficient of MAPbIs perovskite,
ZnO, NiO, BCP, and PCBM.
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Figure A1.3: Influence of the NiO film thickness on (a) quantum efficiency and (b)
short-circuit current density of pyramid textured perovskite solar cells.
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Fig. A1: Thickness dependent optical transmittance of NiO film on FTO substrates.
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A.2 Spray Pyrolysis Deposition of TiO2 Films
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Figure A2.1: Current-voltage (J-V) curves of (a) the forward scan (from -0.1 V to 1.2
V), and (b) both forward scan (from -0.1 V to 1.2 V) and reverse scan (from 1.2 V to -
0.1 V) for the fabricated planar PSCs with different TiO2 precursor solution
concentration (from 0.15 m to 0.40 M).
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Figure A2.2: TiO2 precursor solution concentration dependent (a) Jsc, (b) Voc, (c) FF,
and (d) ECE with a scan from 1.2 V to 0.1 V and a scan rate of 0.05 V/s.
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Figure A2.3: (a) Refractive index and (b) extinction coefficient of MAPbI3s perovskite,

Spiro-OMeTAD, and TiOs2.

MOHAMMAD ISMAIL HOSSAIN

PAGE | 224



qu Appendix A

THE HONG KONG POLYTECHNIC UNIVERSITY

a
(@) 10
)
c 0.8
o
o
E 0.6
E =30 nm
2 041 ——70 nm
% — 110 nm
-] 5 —— 150 nm
a0 ——190 nm

0-0 T T T T

300 400 500 600 700 800
b
( )1.0
| — 30 nm

@ 0.8 —— 70 Nm
- —110 nm
S 0.6 ——150 nm
g ——190 nm
6 0.4
0
<

0.2

0.0 . ‘ .
300 400 500 600 700 800
Wavelength (nm)

Figure A2.4: (a) The influence of TiO2 ETL thickness on QE and Jsc. (b) The
corresponding parasitic loss in the ETL layer.
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A.3 Atomic Layer Deposition of ZnO Films
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Figure A3.1: (a) Refractive index and (b) extinction coefficient of perovskite (MAPDI3),
Zn0O, and AZO for the realization of perovskite solar cells.
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Figure A3.2: X-ray diffraction patterns of AZO films with various deposition cycles,
grown on Si substrates.
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Figure A3.3: X-ray diffraction patterns of AZO films with various deposition
temperatures, grown on Si substrates. The deposition cycle ratio is 25:1.
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B.1 Self-textured ZnO Films as a Front Contact

B.1.1 Influence of different front contact configurations on the

optics of the solar cells

Figure B1.1 exhibits the influence of different front contact configurations (ZnO,
ZnO+Ce0, ZnO+LiF, and ZnO+Ceso+LiF) on the QE and reflection of single-junction

PSCs. The perovskite solar cell has a perovskite layer thickness of 100 nm 400 nm.

(a) (b)

1 . . . . 1 .
- —_—Zn0
2 0.8 0.8} | —zn0+C60
3 c —ZnO+LiF
£ 0.6 3 0.8r | —Zn0+LiF+CB0
E 0.4 |/ |—2nC % 0.4)
2 ZnO+CB0 o
§ 0.2 — ZnO+LiF 0.2l
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%00 400 500 800 700 800 00 400 500 600 700 800

(c) (d)

1 - - - - . -
= —Zn0
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= | =] L
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c —_—Zn0 R
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. . . . __m—-ﬂ e
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Figure B1.1: Simulated quantum efficiency and reflection of perovskite solar cells
using different front contact combinations for (a,b) 100 nm absorber and (c,d) 400 nm
absorber. The pyramid has a period of 600 nm and a height of 600 nm.

R
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A solar cell with only a ZnO front contact exhibits a high QE and a high Jsc. Some
authors add a Ceo and LiF layer to improve the electrical properties of the solar cell. If
a Ceo layer is inserted between the ZnO and perovskite layers, the QE is distinctly
decreased. The QE is reduced due to the optical loss of the Ceo layer. If the Ceo layer
is replaced by a LiF layer, the QE is reduced too, because of an increased reflection
of the solar cell. However, the LiF layer has almost no influence on the QE if the LiF

layer is placed between the perovskite and the Ceo layer.

B.1.2 Effect of an encapsulation layer on the optics of the solar cell
The encapsulation of a solar cell in substrate configuration will lead to a lowering of
the Jsc. But this is the case for all solar cells in substrate configuration, including all c-
Si solar cells. Figure A4.2 exhibits the influence of an encapsulation layer with a
refractive index of 1.5 on the optics of the solar cell. For small periods of the surface
texture, the effect is rather small, and a small drop in the QE and Jsc is observed. For
larger periods and thin solar cells, the effect is more pronounced. A drop of the QE is

observed for longer wavelengths. To account for this, the period size must be reduced.

R
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Figure B1.2: A comparison of simulated quantum efficiency between Air-ZnO interface
and Glass-ZnO interface perovskite solar cells for a period of (a,b) 300 nm, (c,d) 900
nm. The perovskite absorbing layer has a thickness of (a,c) 100 nm, (b,d) 400 nm. The
height of the pyramid texture is kept constant to 600 nm for both period cases. The
corresponding short circuit current density is represented in the graphs.

B.1.3 Influence of the ZnO front contact layer thickness on the

optics of the solar cell

The thickness and doping concentration of the ZnO front contact layer is determined
by the required lateral electrical sheet resistance and the optical losses of the layer.
Furthermore, the self-texturing of the film and the size of the pyramids on the surface
of the ZnO film is linked to the total thickness of the ZnO film. The height of the pyramid

increases, and the opening angle of the pyramid decreases with increasing total film
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thickness. The influence of the thickness of the ZnO front contact on the QE and Jsc
is shown in Figure B1.3. The thickness of the ZnO is varied from 400 nm to 2000 nm,
while the thickness of the perovskite layer is kept constant at 400 nm. With increasing
ZnO film thickness, an increased absorption in the ZnO layer is observed, which
reduces the QE of the solar cell. However, the thickness has no influence on the light

incoupling of the solar cell and the light trapping of the solar cell.

1.0 1.0+ (b)
a\ » ZnO Thickness [mA/cm?]
c 0.8- @ 0.8- 400 nm 1.0
Qo A = 800 nm 23
é o 1200nm 3.0
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O.o p i T T T 1 0.0 T T T T
300 400 500 600 700 800 300 400 500 600 700 800
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Figure B1.3: A comparison of simulated (a) quantum efficiency and (b) ZnO front
contact loss for the textured perovskite solar cell, while the pyramid only covers the
front contact and front contact layer thickness is varied from 400 nm to 2000 nm. The
perovskite absorbing layer has a thickness of 400 nm. The pyramid has a period of
600 nm and a height of 600 nm.

B.1.4 Extended Drude Lorentz Dielectric Model
The complex refractive index of the metal oxide films is required as an input parameter
for the optical simulation.(Mohammad |. Hossain, Qarony, Jovanov, Tsang, & Knipp,

2018c)

n+ik = [z(w) (B1)

The dielectric function is determined by using a Drude Lorentz model. The dielectric

function is given by
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g(w)=¢,(0)+ep(w) (B2)

where ep(w) and eL(w) are the Lorentz and Drude contributions to the dielectric function.

The Lorentz dielectric function is given by

QZ
& (w)= N B3
(@) Q-0 —iQ o (B3)

where Qn, Qo and Qr are the plasma frequency, resonant frequency, and damping

frequency. The Drude dielectric function is given by

2
ep(@)=e, ——5 N (B4)

o +iCo
The Drude dielectric function is given by where &» , on and T" are the high-frequency
dielectric function, the unscreened plasma frequency, and the damping frequency.
Equation B1 to B4 were used to describe the complex refractive index of the zinc oxide
film.B! To describe the ITO film, the Drude model was extended by the following

expression for the frequency dependent damping frequency,

I -r -
[w)=T, ——L1—Hx [arctar{ml + ﬁ} (B5)
7 D,iaen 2

where I'min and I'max are the minimal and maximal of the damping frequency, while

ocross and wwidth are the crossover frequency, and the width of the transition region.B2
B4 The extended Drude model accounts for the frequency-dependent mobility, where
the conductive for ®—0 corresponds to the DC conductivity. The measured reflectance,

transmittance, and absorbance in Figure B1.4 were fitted by using equation B1 to B5.
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The parameters used to fit the experimental data are summarized in Table B1.1. Based

on the extracted plasma frequency the doping concentration was determined by

2
wNEM,
= (B6)

N

where €, me, and q are the vacuum permittivity, the mass of an electron and
elementary charge. Furthermore, the DC conductivity (opc) and resistivity (poc) of the
metal oxide films can be determined by

2
I gy

Ppc I

Opc = (B7)

Based on the optical determined electrical parameters of the films the charge carrier

mobility can be calculated by

/uopt ~ == (B8)

Table B1.1: Summary of Drude, extended Drude, and Lorentz dielectric model.
Extracted doping concentration and charge carrier mobility and experimental data from
literature.(T. Koida, Fujiwara, & Kondo, 2009b; Steinhauser, 2008)

Material
Extracted parameters ITO ZnO
Nopt:= Doping concentration [1/cm?3] 10x1020 22x101°
Lopt:= Carrier mobility [cm?/V/s] 22.5 35
popt:= Electrical Resistivity [QQcm] 2.3x10 1.3x10°3
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Figure B1.4: Measured and simulated reflectance, transmittance, and the absorbance
of an ITO film with a thickness of 240 nm prepared on a glass substrate. A Lorentz and
an extended Drude Model were used to describe the complex refractive index of the
ITO film. Parameters used for the calculation of the reflectance, transmittance, and
absorbance are given in Table B1. The measured data is adapted from Ref.(T. Koida
et al., 2009b; Steinhauser, 2008)

Figure B1.4 exhibits measurements of the reflectance, transmittance and absorbance
of a 240 nm thick ITO layer. The data is adapted from Ref. B5. The reflectance,
transmittance and absorbance are simulated by using the above described Drude
Lorentz model to provide the complex refractive index of the ITO layer. The parameters
required to model the complex refractive index of the ITO layer are provided in Table
B1. A good agreement between the measured reflectance, transmittance and
absorbance is observed. The high absorbance of the ITO film for long wavelengths is

caused by the high free carrier absorption.
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B.2 Non-resonant ZnO Metasurfaces as a Front Contact
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Figure B2.1: (a) Schematic cross-section of perovskite solar cell with pyramid textured
front contact and corresponding electric field distribution for an incident wavelength of
(b) 300 nm, (c) 500 nm, and (d) 750 nm. (e) Schematic cross-section of perovskite
solar cell with metasurfaces structured front contact and corresponding electric field
distribution for an incident wavelength of (f) 300 nm, (g) 500 nm, and (h) 750 nm. The
period and height of the structures are 900 nm and 580 nm, respectively.
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C.1 Nanophotonic Design of Perovskite/Silicon Tandem

Solar Cells
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Figure C1.1: Refractive index (n) and extinction coefficient (k) of CH3NHsPbls
perovskite adapted from Loper et.al.(Loper et al., 2015a)
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Figure C1.2: Measured and simulated reflectance, transmittance, and absorbance of
an ITO film with a thickness of 240 nm prepared on a glass substrate. A Lorentz and
an extended Drude model was used to describe the complex refractive index of the
ITO film. Parameters used for the calculation of the reflectance, transmittance, and
absorbance are given in Table C1. The measured data is adapted from Ref.(Takashi
Koida, Fujiwara, & Kondo, 2007a)
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Figure C1.3: Measured and simulated reflectance, transmittance, and absorbance of
an IOH film with a thickness of 240 nm prepared on a glass substrate. A Lorentz and
an extended Drude model was used to describe the complex refractive index of the
IOH film. Parameters used for the calculation of the reflectance, transmittance, and
absorbance are given in Table C1. The measured data is adapted from Ref.(Takashi
Koida et al., 2007a)

The complex refractive index of metal oxide films is required as the input parameter

for the optical simulation.

n + ik =/ e(w) (C1)

The dielectric function is determined by using a Drude Lorentz model. The dielectric

function is given by
e(w) = &,(w) + ep(w) (C2)

where ep(w) and eL(w) are the Lorentz and Drude contributions to the dielectric function.

The Lorentz dielectric function is given by

05

gL (w) =

where Qn, Qo and Qr are the plasma frequency, resonant frequency and damping

R
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frequency. The Drude dielectric function is given by

W

__ N (C4)
w? + ilw

€p ((*)) = &x

The Drude dielectric function is given by where ¢» , on and I" are the high frequency
dielectric function, the unscreened plasma frequency and the damping frequency.
Equation C1 to C4 were used to describe the complex refractive index of the zinc oxide
film.C(Steinhauser, 2008) To describe the ITO and IOH film the Drude model was

extended by the following expression for the frequency dependent damping frequency,

[L—T w— i’
[Nw) =T, — L Hy [arctan (&) + —] (C95)
n Wwidth 2

where I'min and I'max are the minimal and maximal of the damping frequency, while
ocross and wwidth are the crossover frequency and the width of the transition region.4-
€6 The extended Drude model accounts for the frequency dependent mobility, where
the conductive for ®—0 corresponds to the DC conductivity. The measured reflectance,
transmittance, and absorbance in Figure C1.2 and Figure C1.3 was fitted by using
equation C1 to C5. The parameters used to fit the experimental data are summarized

in Table C1.1.
Based on the extracted plasma frequency the doping concentration was determined

by

2
Nope = R0 (C6)

where g0, me, and q are the vacuum permittivity, mass of an electron and elementary
charge. Furthermore, the DC conductivity (opc) and resistivity (poc) of the metal oxide

films can be determined by

(C7)
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Based on the optical determined electrical parameters of the films the charge carrier

mobility can be calculated by

Hopt & =2 = = (C8)

dNopt I'me

Table C1.1: Summary of Drude, extended Drude and Lorentz dielectric model.
Extracted doping concentration and charge carrier mobility and experimental data from
literature.(T. Koida et al., 2009b; Steinhauser, 2008)

Material
Extracted parameters ITO IOH Zn0O
Nopt:= Doping concentration [1/cm3] 10x102° 3.9x1020 2.5x10"°
Lopt:= Carrier mobility [cm?/V/s] 22.5 66 35
popt:= Electrical Resistivity [QQcm] 2.3x104 2.4x10% 7x1073

(Courtesy: Dr. Asman Tamang, Jacobs University Bremen, Germany)

R
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density distribution of perovskite top solar

cells of

perovskite/silicon tandem solar cell for film growth in the direction of the substrate
normal for an incident wavelength of (a-c) 550 nm and (d-f) 750 nm. Different pyramid

texture periods of (a,d) 4500 nm, (b,e)

investigation, where period to height ratio is kept constant.

6000 nm, and (c,f) 7500 nm are used for the
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D.1 Three-Channel Vertically Stacked Perovskite Color

Sensor
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Figure D1.1: Bandgap of perovskites alloys as a function of the composition.
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Figure D1.2: (a) Schematic cross-section (b) The simulated spectral responsivity of
vertically stacked of a vertically stacked color sensor using perovskite alloys.
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Figure D1.3: (a) Schematic cross-section and corresponding effective refractive index
of flat vertically stacked perovskite color sensor with a UV blocking layer. (b) The
simulated corresponding quantum efficiency of the flat vertically stacked perovskite
color sensor.
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D.2 Multispectral Imaging with Perovskite Alloys
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Figure D2.1: Schematic cross-section of (a) a flat and (b) textured vertically stacked

color sensor using perovskite alloys. (c,d) Corresponding calculated quantum

efficiencies.
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Figure D2.2: Standard color matching function for human vision by CIE.
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