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Preface

Silicon-based monocrystalline and multicrystalline solar cells are by far the most
widely used solar cells today. Thin film technologies in general, and cadmium
sulfide (CdS) and cadmium telluride (CdTe) in particular, are increasingly being
employed. Other solar cells based on dyes or organic materials are still in their
infancy but promise a bright future for more efficient photovoltaic technologies.

In photovoltaics, “thinness” generally refers to so-called first-generation,
high-efficiency silicon cells, which are manufactured from bulk wafers hundreds
of micrometers thick. Thin films sacrifice some light-gathering efficiency but use
less material. In copper indium gallium diselenide (CIGS) solar cells, the efficiency
tradeoff is less severe than in silicon. The record efficiencies for thin film CIGS cells
are slightly less than those of CIGS for lab-scale top performance cells. In 2008,
CIGS efficiency was by far the highest compared with those achieved by other thin
film technologies such as CdTe photovoltaics or amorphous silicon (a-Si). CIS and
CGS solar cells offer total area efficiencies of 15.0% and 9.5%, respectively. In 2015,
the gap with the other thin film technologies was closed, with record cell efficiencies
in laboratories of 21.5% for CdTe (FirstSolar) and 21.7% for CIGS (ZSW).

One material with a larger bandgap than Si is perovskite, which has been researched
since 2009 for use in thin film solar cells. Starting with a 4% cell efficiency, perovskites
have shown rapid progress, demonstrating a 10.9% efficient cell mid-2012 and
increasing to as much as 17.9% in 2014. Perovskites are materials following the formula
ABX3 where A and B are cations of different sizes and X is an anion.

Thin film-based solar cells that have the common processes for deposition of
semiconducting materials with low thickness on different substrates giving uniform
appearance produce modules of slightly lower efficiency. The market share for all
these technologies is around 10% and remains relatively stable.
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Batna, Algeria

Chander Shekhar
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Chapter1

Introductory Chapter: Thin Films
Photovoltaics

Beddiaf Zaidi and Chander Shekhar

1. Introduction
1.1 Overview on thin films photovoltaic technologies

Currently, the ever-increasing energy demand has put a strain on conventional
energy sources resulting in a catastrophic increase in greenhouse gases and their
effects a great cause of concern. This rapid growth in the energy-intensive hymen
activities and the ill effects of use of conventional energy resources has pushed sci-
entists to explore and use new renewable, non-polluting energies sources to meet the
energy demand of society. Among the renewable energy resources are solar energy
produced by photovoltaic panels, wind, geothermal, biomass, hydropower, etc. [1-6].

To tap the abundantly available solar energy especially in the tropics, among
the variety of the materials employed amorphous thin-film silicon (a-Si) based
solar cells has been mainly used [7]. Among other materials, CdTe (heterojunction
cadmium telluride, cadmium sulphide), CIS (heterojunction of copper diselenide
indium/cadmium sulfide) have also been used [8, 9]. The manufacturing of these
materials is carried out largely in automated systems free or with minimal hymen
interventions which is suitable for large-scale productions (Figure1).

In addition to the traditional technologies to generate energy from renewable energy
sources, many other approaches and avenues are currently opening up, with a lot of
uncertainty that which of these may prove to be more effective over the other [10].

At present, crystalline technologies (multicrystalline and monocrystalline) are by far
the most widely used. But “thin film” technologies in general and CIS and CdTe in par-
ticular, are increasingly developing being employed by more and more people. Whereas
other approaches employing dyes or organic materials are still in their infancy. These
approaches though promise a bright future for solar energy generation by photovoltaic
cells. There are currently three large families/generations of solar cells as follows [11-14].

* Crystalline technologies which use flat cells from 150 to 200 pm, i.e., 0.15 to
0.2 mm thickness, cut from an ingot or a brick obtained by fusion and molding,
then connected in series to each other to be finally placed and glued to the rear
face of the module’s protective glass. The raw material is always silicon to result
in monocrystalline silicon, multicrystalline silicon or amorphous silicon.

* For more details on the manufacturing process of the solar cells, thin film
solar cells are based on the use of extremely thin layers of a few microns thick
and deposited under vacuum on a substrate (glass, metal, plastic, etc.) A thin
uniform layer composed of single or more often several materials deposited
through vapor phase. The most developed industrially useful materials are
CdTe and CIS-based solar cell technologies.

1 IntechOpen
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Figure 1.
Efficiencies of solar cells.

* Photovoltaic polymer cells will be mentioned for information as their per-
formance can still only be observed under experimental conditions and they
only constitute a long-term alternative. We will also consider concentrators
intended for power stations, intended to follow the solar race and permanently
expose extremely expensive cells and with very high efficiency.
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Chapter2

Materials for Photovoltaics:
Overview, Generations, Recent
Advancements and Future
Prospects

Muhammad Aamir Igbal, Maria Malik, Wajeehah Shahid,
Syed Zaheer Ud Din, Nadia Anwar, Mujtaba Ikram
and Faryal Idrees

Abstract

As a consequence of rising concern about the impact of fossil fuel-based energy
on global warming and climate change, photovoltaic cell technology has advanced
significantly in recent years as a sustainable source of energy. To date, photovoltaic
cells have been split into four generations, with the first two generations accounting
for the majority of the current market. First generation of thin-film technologies
is based on monocrystalline or polycrystalline silicon and gallium arsenide cells
and includes well-known medium- or low-cost technologies with moderate yields,
whereas, second generation includes devices with lower efficiency and manufactur-
ing costs. Third generation is based on novel materials and has a wide range of design
options, as well as expensive but highly efficient cells. However, fourth generation,
also known as “inorganics-in-organics,” combines the low cost and flexibility of
polymer thin films with the durability of innovative inorganic nanostructures (metal
nanoparticles or metal oxides) in organic-based nanomaterials (carbon nanotubes,
graphene, and their derivatives). The aim of this chapter was to highlight the cur-
rent state of photovoltaic cell technology in terms of manufacturing materials and
efficiency by providing a comprehensive overview of the four generations as well as
the relevance of graphene and its derivatives in solar cell applications.

Keywords: efficiency, generations, graphene, photovoltaics, polymers

1. Introduction

The rapid growth of the world’s community and industrial area is leading to the
great need for energy while renewable energy sources consumption such as geother-
mal, biomass, wind, and photovoltaic sources are challenging the planet’s survival
having its adverse effects. From the above-listed energy sources, photovoltaics is
the technology used for the conversion of sunlight into electrical power by means of
semiconductor materials. By considering their history, in 1883, Fritts worked on pho-
tovoltaics applications for the first time [1]. In 1954, the p-n junction diode potential
was discovered at Bells laboratory with the efficiency of 6% using silicon material [2],
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and the same work has also been reported to make heterojunction solar cells based

on Cu,S/CdS [3]. These diodes work on the phenomenon of generated voltages when
sunlight falls on them. In the 1960s, the photovoltaic system for the first time was
employed in commercial applications for space solar cells to deliver the power for
satellite applications [4], and silicon semiconductor materials have been reported to be
widely used in photovoltaic technology [5]. Moreover, in spite of the extensive use of
silicon semiconductor-based technology, it has a high cost, which is the main drawback
of not using this technology for home-based device applications. To overcome these
challenging problems, researchers have put their efforts to replace silicon-based solar
cells technology with the one having superior results [6]. Several researches show
numerous classifications of materials, such as organic, inorganic, and hybrid materi-
als, to potentially replace silicon materials from existing solar cells technology [7].

2. Overview of solar cell technology

Solar cells can be categorized according to their material composition whereas
silicon-based semiconductors are dominant in the industrial share of photovolta-
ics, and despite considering the advantages of silicon material in photovoltaics,
they lack some factors, such as very low absorbing power as well as needing almost
200-300 semiconducting material films to absorb the incident sunlight.

To overcome the lacking of silicon-based semiconductors, alternative technology
was developed with solar cells having a micron-sized thickness, low cost but also
low efficiencies [8], while thin sheet solar cells technology was also developed on
flexible sheets. The advanced technologies are cadmium telluride, copper indium
gallium selenide, and thin film-based technologies with reported efficiency of 20%
[9, 10]. Some of the cadmium telluride-based solar cells companies have gained
tremendous success at the commercial level with an efficiency of about 11% [11].
However, silicon-based single-junction and multi-junction solar cells have an
extensive history of their commercial use including different active layers, such as
microcrystalline silicon or hydrogenated amorphous silicon germanium with vary-
ing efficiencies from 8 to 12%, but their high cost and low efficiencies have limited
the use of silicon material in solar cells and introduced the improved model.

Considering the mechanism of solar cells as shown in Figure 1, when sunlight
falls on solar cell’s surface, it reflects off from the surface. If the photon energy is
lesser than materials bandgap energy then incident light is directly passed out from
the semiconductor without being absorbed but if the photon energy is more than
materials bandgap energy then the semiconductor material absorbs that energy and

@)

n-type material

Electron

Positive ions Electric
depletion zone Negative ions potential

p-type material

Electron flow

Figure 1.
Schematic diagram of a solar cell [12].
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Figure 2.
Photon energy compared to the bandgap energy of a semiconductor [13].

excites electrons from valance to conduction band and generates electron-hole pair
as shown in Figure 2. The advanced solar cells contain layers, such as the contact
layer and window layer, which reduce the reflection losses by increasing the absorp-
tion efficiency of solar cells, resulting in electron-hole pairs that are then separated
and driven to their collection electrodes. In p-n junction, the charge separation
occurs by diffusion method and is collected by electrodes that generate current.
However, the recombination process hurdles the carriers to reaching out to the
electrodes, therefore not all the charge carriers got captured [13].

2.1 Approaches to light trapping

The solar cell surface is structured to trap the incident light within the semi-
conductor that enhances absorption over multiple passes while light trapping is
the foremost mechanism of advanced solar cells. Silicon-based solar cells have a
pyramidal surface structure that allows light to reflect from the cell surface to the
silicon layer. The considerations for thick and thin-film light trapping designs are
different—for thick films, light trapping can be defined using ray optics, although
thin films can be treated with wave optics [13].

2.1.1 Evgodic limit

A thick film light trapping mechanism can be demonstrated with ergodic behav-
ior if the cell texture is fair enough to randomize the light direction within a solar cell.
The total internal reflection between the semiconductor material and surrounding
medium generates the refractive index contrast which enhances photon path length
within the semiconductor material, and hence absorption capacity. However, some
portion of light may leave the semiconductor through an exit cone of some angle [13].

2.1.2 Thin films

In the case of smooth thin films, various mechanisms are used to exhibit absorp-
tion, such as interface reflection and refraction, material thickness, and light coher-
ence. If the incident light coherency is greater than the film thickness, then it may
act as a Fabry—Perot cavity, which serves as a resonant absorber [14]. The Fresnel
coefficients are used to calculate reflection and refraction at normal incidence angle
with tracked phasors over multi-passes.

3. Solar cell generations

Photovoltaic cells are categorized into four main classes according to their
modifications, and these classifications are called generations [15]. Figure 3 depicts
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materials that comprise each generation while Figure 4 represents a historical
overview of efficiencies of solar cells.

3.1 First-generation photovoltaic solar cells

The first-generation of photovoltaic solar cells is based on crystalline film
technology, such as silicon and GaAs semiconductor materials. Silicon (Si) is the
extensively used material for commercial purposes, and almost 90% of the photo-
voltaic solar cell industry is based on silicon-based materials [17], while GaAs is the
oldest material that has been used for solar cells manufacturing owing to its higher
efficiency. There are some advantages to use silicon material for photovoltaic solar
cells manufacturing, such as:

* Itisabundantly found in the earth’s crust, which ensures its availability and
could be inexpensive [18].

e Itisanon-toxic chemical that delays the contamination process and durability
loss that may occur when Si is used as a cell material.

Figure 3.
Four generations of photovoltaic cells along with the materials that comprise each genervation [15].
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A historical overview of solar cell efficiency [16].

» Silicon-based photovoltaic solar cells are easily compatible with the silicon-
based microelectronic sector, resulting in the creation of the most interesting
technologies [17].

The schematic representation of a silicon-based solar cell is shown in Figure 5. The
GaAs has specialized use in multi-junction cells comprising several semiconductor
materials and photovoltaic solar cells [19] having the following special characteristics:

* The GaAs has a bandgap of 1.43 eV that makes it an ideal material for
single-junction photovoltaic solar cells.

* It has a good absorption power, so a few micron-thickness cells can produce a
very strong absorption spectrum while silicon-based cells need a thick material
to reach this limit of absorption.

* Because of the many doping chemicals that can modify the optoelectronic char-
acteristics of a solar cell, GaAs can generate a multifunctional cell structure.

* Also, because of low-temperature coefficients, GaAs-based solar cells have the
least influence on temperature.

Hence, the first-generation photovoltaic solar cells can be further classified into
monocrystalline, polycrystalline, and GaAs solar cells.

3.2 Second-generation photovoltaic solar cells
The second-generation photovoltaic solar cells have the main focus of cost minimi-

zation that was the main issue of first-generation photovoltaic solar cells, and this can
be achieved using thin-film technologies by reducing the material quantity as well as
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Schematic representation of a silicon-based solar cell [12].

improving its quality. This modification is based on materials that showed good results
in first-generation development and were extended to a-Si, c-Si, CdTe, and copper
indium gallium selenide (CIGS) [15]. The advantageous factors of second-generation
photovoltaics are listed below [20, 21];

* They are cheaper because of less material usage, up to a few microns in thickness.
* They have a maximum absorption coefficient.
* They can be used for vacuum and non-vacuum processes.

* This technological advancement can reduce the production steps by allowing
direct integration to high-voltage modules.

However, some of the drawbacks are still present and listed below:

* Second-generation solar cells are less efficient as only 20% efficiency has been
reported for CIGS [16].

* It has a fast degradation phenomenon through induced light, which limits its
outdoor applications.

* The availability of raw materials may also be a limiting factor in some technologies.
3.3 Third-generation photovoltaic solar cells

Third-generation photovoltaics emerged from the gap left by second-generation
technologies which required improved device efficiency via thin-layer deposition
and intend to introduce novel materials with new techniques [22]. This sophisti-
cated technology may be costly but the cost per watt peak would be decreased. As
this technique is nontoxic and uses readily accessible materials, it is best suited for
large-scale photovoltaic solar cell applications. These materials might be organic or

10
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nanostructured with high efficiency of more than 60% achieved by the use of differ-
ent charge carrier collecting methods [23]. More emphasis has been placed on charge
carrier mechanism, charge collecting, and energy capture improvements in third-
generation photovoltaic solar cells. The important technologies used in third-gener-
ation photovoltaic solar cells are—dye-sensitized solar cells (DSSCs), organic and
polymeric solar cells, perovskite cells, quantum dot cells, and multi-junction cells.
The considerable advantages of third-generation photovoltaic solar cells may include
solution-processable technologies, efficient technologies for commercial production,
mechanical toughness, and high efficiencies at higher temperatures. However, the
important challenge of this generation is to reduce the cost of solar electricity.

3.4 Fourth-generation photovoltaic solar cells

Fourth-generation photovoltaic solar cells combine the benefits of previous genera-
tions, such as lower cost, flexibility, and high stability of third-generation nanomateri-
als, metal oxides, graphene, and carbon nanotubes. These characteristics will give
improved solar cell devices with the needed low-cost manufacturing as well as durabil-
ity and the usage of nanomaterials in solar devices will aid to increase charge dissocia-
tion and transportation inside the cells. Because of its amazing properties and allotropic
forms appearing in all four dimensions, graphene is a potential solar cell material with
great scientific hopes in fourth-generation technological accomplishments [12].

4. Graphene and graphene-doped solar cells

Given the desire for renewable energy sources and their complete contribu-
tions to technological advancement, the demand for solar cells has increased with
the added benefit of being low cost and simple to operate. Solar cells are not very
efficient in general; it is the substance that makes them so. Recent developments
in graphene-based solar cells boosted their efficiency about 20% by lowering the
reflection of incident light. To improve the efficiency of solar cells, graphene may be
doped in a variety of ways. Here is a thorough review of graphene-based solar cells
and their doping variants that are being considered and researched across the world.

4.1 Principles of graphene-based solar cells

Graphene-based solar cells operate in the same way as conventional inorganic
solar cells do today but the sole difference is that graphene or graphene-based
materials replace inorganic components. Using graphene as a promising material in
solar cells improves the adaptability along with tuneability of solar cells, while the
number of graphene layers in a device and the doping effects are two essential char-
acteristics that determine the efficiency of graphene-based devices. Figure 6 depicts
the schematic representation for inorganic and organic solar cells with graphene.

4.2 Graphene-silicon solar cells

Solar cells can also be implemented using carbon allotropes that are used for
awide range of applications and made them cost-effective. Some of the carbon
allotropes show remarkable results while some are not much efficient because of the
inability to tune their electronic properties and layer thickness. Graphene-based solar
cells feature such efficient qualities, such as the capacity to modify layer thickness
as per the requirement as well as the ability to tune properties based on the material
combination. Graphene is used in solar cells with graphene-silicon combination with
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Schematic vepresentation for (a) inorganic solar cells, and (b) organic solar cells with graphene [24].

both p-type and n-type heterojunctions and as per reported literature, pure silicon
solar cell’s efficiency is better than any combination. However, graphene tuneability
is much better in the case of hybrid solar cells and in the phase of advancement to
improve its efficiency compared with pure silicon. According to available research,
n-type heterojunctions create about 0.55 internal voltages for electron-hole pair sepa-
ration while Schottky junctions generate 1.5% efficiency with a filler factor of 56%.
As aresult, depending on the dopant, efficiency can be increased and gold particles
doped in graphene sheets showed a 40% increase in efficiency [25].

4.3 Graphene-polymer solar cells

Graphene-polymer-based solar cells are gaining popularity in the market and
these polymer materials may be organic and beneficial due to their simple production
method, low cost, and easy tuneability. Graphene has been used in possible applica-
tions of coating, layering, and temperature annealing in electrodes as a hybrid material
with a combination of organic-inorganic materials. The Fermi level of graphene and
semiconductor sheets is closer for charge injection applications and they have strong
energy characteristics. Graphene can be combined with polymers to produce a hybrid
material with a reported bandgap of 3.6 V that prevents cathode to electrode electron
transport. Graphene layers with a thickness of 2 nm are claimed to provide the best
outcomes in terms of improved electrical resistance and electron transmission [26].

4.4 Graphene-quantum dot solar cells

Carbon allotropes such as graphene and carbon nanotubes when coupled with
quantum dots can produce efficient solar cells and the graphene-quantum dot
combination has potential applicable uses. They are synthesized using an electro-
phoretic and chemical bath deposition method which produces a layered pattern of
graphene and quantum dots that have 18 layers of both materials. This combination
is said to have 16% efficiency while graphene-carbon nanotubes have 7% efficiency.
The combination of graphene and quantum dots provides a superior framework as
well as rapid electron transport between graphene and quantum dots while limiting
charge recombination [27].

4.5 Graphene-tandem solar cells

Tandem solar cells consist of more than two subcells combined together called
multi-junction solar cells. According to studies, a single solar cell is almost 40%
efficient but tandem solar cells based on graphene oxides are up to 86% efficient
owing to their greater subcell combination, and as a result tandem configuration
can improve the energy conversion of solar cells [28].
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4.6 Graphene-perovskite solar cells

Perovskite solar cells have an intriguing bandgap that results in remarkable absorp-
tion properties which eventually results in increased energy conversion efficiency of
a solar cell and because of their standard structure, this type of solar cell can easily
be tuned by changing the required material. These cells also feature a graphene layer
which accounts for only 0.6 weight-percent of a cell and any other proportion reduces
device efficiency. This cell arrangement is a little more complicated but it results in
higher energy conversion efficiency when compared to non-graphene oxide layer solar
cells. When graphene oxide materials are employed in this sort of solar cell and cou-
pled with a light absorber they serve as a hole-conductor. Considering graphene oxide’s
other applications, it increases interface wettability on the surface of a perovskite solar
cell and reduces the hole transporting layer contact angle. In addition, the C-C bonds
of graphene sheets absorb the hole transport layer molecules which improve interfacial
contacts of solar cells and results in better device performance [29].

4.7 Graphene-organic solar cells

Organic solar cells like inorganic ones play an important role in industrial
applications and because of their endurance and low cost, organic devices are
becoming more popular in technology. Major inorganic components in solar cells
are being replaced by hybrid organic-inorganic components that exhibit superior
physical and chemical characteristics as well as easy processability, easy availability,
environmental friendliness, and most significantly, cost-effective synthesis and
manufacturing. The major disadvantage of recent solar cells is their environmental
impact; however organic components address this issue by offering stability against
chemical deterioration, temperature, humidity, and other factors [30].

4.8 Graphene bulk-heterojunction solar cells

Graphene is a potential material used in various applications including elec-
trodes, donor-acceptor layers as well as active layers because of its promising prop-
erties, such as conductivity, flexibility, and transparency, that make it an efficient
material. Multi-junction solar cells also depend on graphene specificity such as
its thickness, annealing temperature, doping concentration, and so on. Graphene
heterojunctions employ graphene-based solar cells as well and they all rely on
how graphene and its derivatives are mixed in these cells. Transparent electrodes,
gallium arsenide (GaAs) solar cells, and photovoltaic layers are the primary compo-
nents of graphene heterojunction solar cells [31].

5. Future prospects

The photovoltaic solar cell is a fascinating research area in both academic and
industrial fields with advances and breakthroughs occurring on a regular basis. Solar
cells [32] are often manufactured utilizing silicon and inorganic materials which have
significant limits in current uses. The development of improved organic graphene-
based and graphene derivative-based materials, as well as narrow bandgap polymers,
is revolutionizing the market by demonstrating their potential and perfect charac-
teristics necessary for solar cell device structure applications. There has been tre-
mendous development in the improvement of graphene-based solar cells and more
work has to be done in the future to achieve further growth in this industry. Because
of their capacity to enhance different characteristics, graphene-based solar cells are
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customizable and adaptable to future limits in solar research. However, by enhancing
existing solar cells and illuminating the characteristics of already employed non-
graphene-based solar cells or developing a new variety of graphene photovoltaics, it
is clear that graphene will play an important role in this intriguing analog [33].

6. Concluding remarks

An overview of photovoltaic solar cells is provided in this chapter, along with
illustrations of four generations as well as prospective applications of graphene
and graphene-based materials. Briefly, the first-generation thin-film technology
was based on monocrystalline or polycrystalline silicon cells and gallium arsenide
while the second generation includes devices with lower efficiency and lower
manufacturing costs. The third generation has novel materials and a wide range of
design options and expensive but highly efficient cells; however, the fourth genera-
tion, also known as “inorganics-in-organics,” combines the low cost/flexibility of
polymer thin films with the durability of innovative inorganic nanostructures in
organic-based nanomaterials. Recent developments in graphene-based solar cells
boosted their efficiency about 20% by lowering the reflection of incident light.
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Chapter 3

Binary Semiconductors Thin Films
Characterization for Solar Cells
Applications

Kenza Kamli and Zakaria Hadef

Abstract

The increasing development of technologies based on the thin films, imposed a
high quality of these films. The crucial importance for all applications of thin films
is related to the stability of their physical and morphological properties. Therefore,
to optimize the performances of the thin films it is recommended to study carefully
all their parameters in order to enhance the elaborated films. With this intention,
various characterizations methods were developed and carried out to study the
different qualities of thin films. In this chapter, we take an interest to the study of
the characteristics of some binary semiconductors thin films elaborated by ultra-
sonic spray pyrolysis, and which are destined for solar cells applications. Several
used characterizations techniques to the determination of the thin films properties
will be given; namely: X-rays diffraction (XRD), Scanning Electron Microscopy
(SEM), EDS (Energy Dispersive Spectroscopy), Hall effect and spectrophotometry
will be discussed in detail.

Keywords: Thin films, ultrasonic spray, X-rays diffraction, SEM, EDS,
spectrophotometry, Hall effect, Binary semiconductors

1. Introduction

The materials have different properties, which are described by their structure,
morphology and chemical composition. The determination of these properties and
the study of the different characteristics of the given materials in order to their
development is very necessary to achieve the requirements of the new technologies.
Therefore, materials characterization is a fundamental process in the field of
materials science.

While many characterization techniques have been practiced for centuries,
such as basic optical microscopy, but new techniques and methodologies are
constantly emerging. Detection ranges of the wide variety of instrumental analytical
techniques can be summarized versus the probe sizes/resolution as shown in
Figure 1.

This chapter is devoted to describe certain important characterization tech-
niques used in general to study and develop the different characteristics of certain
binary semiconductors thin films, which are used in solar cells, to get layers with
high performances.
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Figure 1.
Schematic of detection ranges versus probe sizes/resolution.

2. X-ray diffraction technique

The use of X-ray methods in the field of materials analysis is now entering its
eighth decade. X-ray diffraction techniques are a very useful characterization tool to
study, non-destructively, the crystallographic structure, chemical composition and
physical properties of materials and thin films. It can also be used to measure
various structural properties of these crystalline phases such as strain, grain size,
phase composition, and defect structure.

2.1 X-rays creation

The processes of X-rays creation are based on the energy loss of the energetic
electrons. Figure 2a shows the process of elastic and inelastic scattering where the
deflection, or more specifically the acceleration during the deflection would always
produce radiation.

Two routes including energy transfer between the incident electron and the
electrons of the atom, exists. Both of these processes involve a primary ionization
where a core electron is ejected from the atom. The ejected electron falls with an
excess energy, which can be disposed as an X-ray or Auger electron [1]. The
characteristic X-ray carries the full energy difference of the two electron states as
shown in Figure 2b. Furthermore, an X-ray for a diffraction experiment is charac-
terized by its wavelength, A, but the energy, E, is typically more useful.

For XRD analysis, it is always required to use a coherent beam of monochro-
matic X-rays with a known wavelength [2]. That is why a right selection of metal
anode and energy (i.e., a known wavelength) of accelerated electrons is very
necessary.

2.2 Principle of measurements of X-rays diffraction

A crystal lattice consists of a regular arrangement of atoms, with layers of high
atomic density existing throughout the crystal structure. Knowledge of how atoms
are arranged into crystal structures and microstructures is the foundation on which
we build our understanding of the synthesis, structure and properties of materials [1].
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Figure 2.
Interaction processes between a high-energy electron and an atom.

Planes of high atomic density means planes of high electron density. W.L. Bragg
derived a simple equation treating diffraction as reflection from planes in the
lattice.

nA = 2dy sind 1)

where n is an integer, dpq is the distance inter reticular separating the plans
defined by the indices from Miller (h, k, 1), 6 the angle of incidence and thus of
reflexion compared to these plans and finally A is the wavelength of photons X.

In fact, dyq does not represent the inter-reticular distance only, but it is defined
too:

* the vector drawn from the origin of the unit cell to intersect the
crystallographic plane (hkl) at a 90° angle, called also the vector magnitude;

* and, it is a geometric function of the size and shape of the unit cell.

Bragg’s Law express and interpret the interaction of X-rays with sample, which
creates secondary “diffracted” beams generated in the form of cones of X-rays.
These beams are related to interplanar spacings in the crystalline powder according
to the Bragg’s mathematical relation.

Consequently, a family of planes produces a diffraction peak only at a specific
angle 26. Diffraction experiments are generally made at a fixed wavelength (as we
have mentioned above), thus a measure of the diffraction angles will allow the
associated d-spacings to be calculated.

Figure 3 show the Bragg X-ray diffraction condition.

X-ray diffraction peaks are produced by constructive interference of monochro-
matic beam scattered from each set of lattice planes at specific angles. X-ray dif-
fraction from crystalline solids occurs as a result of the interaction of X-rays with
the electron charge distribution in the crystal lattice. The ordered nature of the
electron charge distribution, which is distributed around atomic nuclei and is
regularly arranged with translational periodicity, means that superposition of the
scattered X-ray amplitudes will give rise to regions of constructive and destructive
interference producing a diffraction pattern.

Bragg’s equation tells us about the position of the diffraction peaks (in terms of 0),
but tells us nothing about the intensity. The intensities of the diffraction peaks are
determined by the arrangement of atoms in the entire crystal. These intensities can
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Figure 3.
Bragg X-ray diffraction condition [3].

be explained by the variation of the square of the structure factor according to the
following equation [4]:

M
Ih1<1(X|Fhk1|2/Fhk1 _ Z Njfj exp [Zni (hXj + kyj + IZ]‘)} 2)
=1

This factor, Fyy, represent the sums of resulting scattering from all of the atoms
in the unit cell to form a diffraction peak from the (hkl) planes of atoms.

N; is the fraction of every equivalent position that is occupied by atom j.

The three factors: x;, y; and z;, which are the fractional coordinates, represents
the atoms position in the atomic planes, and gives the first information about the
amplitude of scattered light.

The other information of the amplitude of scattered light is given by the scat-
tering factor fj, which quantifies the efficiency of X-ray scattering at any angle by
the group of electrons in each atom.

2.3 Sample preparation and diffractometer

Sample preparation is usually the most critical factor influencing the quality of the
analytical data. Preferably, the sample should exhibit a plane or flattened surface.

All conventional X-ray spectrometers comprise three basic parts: the primary
source unit, the spectrometer itself and the measuring electronics. The acquisitions
are generally carried out using a goniometer 6-26 and by using a linear detector.

The diffraction pattern is collected by varying the incidence angle of the incoming
X-ray beam by 0 and the scattering angle by 26 while measuring the scattered
intensity I(26) as a function of the latter. Wide number of powder samples have been
measured by using these tools, but it is also applied to the investigation of thin films.

Nowadays, CCD detector or scintillation are used in the novel generation of
X-ray Diffractometer detector to record the angles and intensities of the diffracted
beams with high resolution.

2.4 X-ray diffraction applications

X-ray Diffraction is considered as one of the most useful characterization tech-
niques, because it is capable of providing general purpose qualitative and quantita-
tive information on the presence of phases in an unknown mixture. This technique
uses X-ray (or neutron) diffraction on powder or microcrystalline samples, where
ideally every possible crystalline orientation is represented equally.
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Information content of an idealized diffraction pattern [5].

Figure 4 shows the information we can get from an idealized diffraction pattern.

A diffraction pattern contains a good deal of information of which three
parameters are of special interest:

* The position of the diffraction maxima;

* The peak intensities;

* The intensity distribution as a function of diffraction angle.

The three pieces of information can be used in particular to identify and quan-
tify the contents of the sample, as well as to calculate the material’s crystallite size

and distribution, crystallinity, stress and strain.
The most traditional use of XRD can be summarized as shown below.

. Phase identification (s
B - In general by usi
Committee on Pow

by the X-ray diffi
r lattice strain distributio

. Determination of the preferred orientation of the crystallites.
usually described in terms of polefigures.

The diffraction pattern is like a fingerprint of the crystal structure. It is a
powerful and rapid technique for identification of an unknown material.
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2.4.1 Phases identification

Among these applications, the identification of unknown crystals in a sample
seems to be the most important. The idea is to match the positions and the intensi-
ties of the peaks in the observed diffraction pattern to a known pattern of peaks
from a standard sample or from a calculation.

A single crystal specimen in a diffractometer would produce only one family of
peaks in the diffraction pattern as given in Figure 5. According to this figure, we
can resume the most common cases of diffraction peaks identification used in
reality.

From Figure 5, we can distinguish three cases:

* The first case for Figure 5a shows at 26 = 20.6°, that Bragg’s law fulfilled for the
(100) planes, producing a diffraction peak;

* The second for Figure 5b, the (110) planes would diffract at 26 = 29.3°%
however, they are not properly aligned to produce a diffraction peak
(the perpendicular to those planes does not bisect the incident and diffracted
beams). Only background is observed,;

* And the last one for Figure 5c, demonstrate that the (200) planes are parallel
to the (100) planes. Therefore, they also diffract for this crystal. Since d,g0 is
% dj00, they appear at 26 = 42°.

Nevertheless, a polycrystalline sample should contain thousands of crystallites as
given in Figure 5d. Therefore, all possible diffraction peaks should be observed. For
every set of planes, there will be a small percentage of crystallites that are properly
oriented to diffract (the plane perpendicular bisects the incident and diffracted
beams).

Figure 5.
Information content of an idealized diffraction pattern [5].
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In addition, the position and the form of the peaks could give us some important
information about the lattice stresses.

As shown in Figure 6, it can be clearly noticed the difference between the
stressed and none stressed peaks. Cause, in the case of a uniform strain we note a
peak move with no shape changes, contrary to the non-uniform strain which
produce with the peak displacement a peak broadens.

2.4.2 Grain size

The determination of the crystallite size is based on the calculation of the width
with middle height of peak (Full Width at Half Maximum FWHM) expressed in
radian, according as mentioned before, to the well-known Sherrer formula
(Figure 7).

The identification of this parameter is as follow:

An increase in the width of the diffraction causes a decrease in the crystallite
size. Destructive interference of the all diffracted beams will result a sharp peak.
Complete destructive interference beside the Bragg angle is produced from taking
diffraction of large number of planes. Thereby, broadened peak can be observed
when the crystallites are of very small sizes in which there are not enough planes to
produce complete destructive interference.
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Figure 6.
Strain effect on the diffraction peak [6].

FWHM
Peak position 26

| mode

Can also be fit with Gaussian,
Lerentzian, Gaussian-Lerentzian etc.

Intensity —p
g
"

Backg_round

I
I
I
&

4

Bragg angle 20 —p

Figure 7.
Determination of the FWHM [6].
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3. Scanning electron microscopy

Since its first commercialization, Scanning Electron Microscope (SEM) shows a
remarkable progress. This technique is now well known and used in many labora-
tories. A SEM can be utilized for high magnification imaging of almost all materials.

3.1 Principle

The SEM instrument is very suitable for different kinds of investigations. It is
possible to investigate for example the fiber in wood and paper, metal fracture
surfaces, production defects in rubber and plastic ect. [7]. Therefore, to be able to
interpret the different images and information’s collected by using SEM it is
essential to understand the principal of function of this tool.

The principle of operation is as follows:

* In a vacuum enclosure, an electron beam focused sweeps the surface of the
sample. According to the physicochemical nature of surface, secondary
electrons, retrodiffused or Auger electrons are emitted, certain electrons are
transmitted and others still dennent place has cathode-luminescence and
x-rays as shown in Figure 8.

e According to the type of detector used, the retro diffused electrons provide an
image topographic (contrast function of the relief) or an image of composition

(contrast function atomic number).

For the observation of the PZT, a light metallization is necessary so to evacuate

the loads.

3.2 Description of the microscope

A knowledgeable SEM operator should have a basic of contents, which can
simplify at this point:

* A source (electron gun) of the electron beam which is accelerated down the
column;

* A series of lenses (condenser and objective) which act to control the diameter
of the beam as well as to focus the beam on the specimen;

Incident Beam
pE Primary Backscattered Electrons
Through ﬂwm Aterae Nurber and Topographical (nfenmation
Compositicn Infortmation R
Cathodolurinesgence
Hletrical Informaticn
Auger Electro

S?BngJm:s Secondary Electrons
Cornpositionsl [nforuiation - Topogragkicel Information

" Specimen Cunrent
Eleetrical nformaton

Figure 8.
Principe of electron beam/specimen interactions.
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Figure 9.
Scheme of scanning electron microscope [8].

A series of apertures (micron-scale holes in metal film) which the beam passes
through and which affect properties of that beam;

L]

Controls for specimen position (%, y, z-height) and orientation (tilt, rotation);

An area of beam/specimen interaction that generates several types of signals
that can be detected and processed to produce an image or spectra;

L]

System of pumping: 3 ionic pumps (vacuum of the column), a diffusion pump
equipped with a vane pump (vacuum of the room) and a vane pump for
hopper (Figure 9).

3.3 SEM applications

The different applications of this technique can be summarized as follow:

Scanning Electron microscopy

I l

[ Topography ] [ Morphology ] [ Thickness ] Crastallsgaphie

structure
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4. Energy dispersive spectroscopy EDS

Energy dispersive X-ray spectroscopy (EDS, EDX or EDXRF) is an analytical
technique used for the elemental analysis or chemical characterization of a sample
(Figure 10).

4.1 Principle

The operating principle of EDS is based on the interaction between electromag-
netic radiation and matter; the X-rays emitted by the matter in response will be
collected and analyzed. This analysis is due to the fact that each element has its own
specific atomic structure; this latter allows the characteristic X-rays of the element
atomic structure to be identified uniquely from each other (Figure 11) [9].

Figure 10.
Energy dispersive spectroscopy (EDS).
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Figure 11.
X-ray source region, with path of X-rays to the spectrometer.
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High energy beam of charged particles is focused into the sample being studied
in order to stimulate the emission of characteristic X-rays from the specimen.
Furthermore, an Energy Dispersive Spectrometer, EDS, is used in order to measure
the number and energy of the X-rays emitted from a specimen. As the energy of the
X-rays are characteristic of the difference in energy between the two shells, and of
the atomic structure of the element from which they were emitted, this allows the
elemental composition of the specimen to be measured [9].

4.2 EDS applications

The Energy-dispersive spectrometer is especially useful for qualitative analysis
because a complete spectrum can be obtained very quickly, but is also used for the
Quantitative analysis. This method permit to find what elements are present and
their quantities in an ‘unknown’ specimen by identifying the lines in the X-ray
spectrum using tables of energies or wavelengths (Figure 12) [10].

Six types of major artifacts may possibly be generated during the detecting
process:

* Peak Broadening;

¢ Peak distortion;

* Silicon x-ray escape peaks;

¢ Sum peaks;

* Silicon and gold absorption edges;

* Silicon internal fluorescence peak.

5. Spectrophotometry

The spectrophotometer has well been called the workhorse of the modern labo-
ratory. In particular, ultraviolet and visible spectrophotometry is the method of
choice in most laboratories concerned with the identification and measurement of
organic and inorganic compounds in a wide range of products and processes.

Characteristic X-ray
peaks

Electron beam: 10keV

Continuum,
Bremsstrahlung

Figure 12.
EDX spectrum of (K,Na)NbO;.
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5.1 Principle
Spectrophotometry is commonly divided in two spectroscopic analyses:

* IR spectroscopy (Infrared spectroscopy), deals with the infrared region of the
electromagnetic spectrum, that is light with a longer wavelength and lower
frequency than visible light. It covers a range of techniques, mostly based on
absorption spectroscopy. As with all spectroscopic techniques, it can be used to
identify and study chemicals. The infrared spectrum of a sample is recorded by
passing a beam of infrared light through the sample. When the frequency of
the IR is the same as the vibrational frequency of a bond, absorption occurs.

* Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry
(UV-Vis or UV/Vis) refers to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. This means it uses light
in the visible and adjacent (near-UV and near-infrared (NIR)) ranges
(Figure 13).

5.2 Description of the spectrophotometer

The instrument used in ultraviolet—visible spectroscopy is called a UV/Vis
spectrophotometer (Figure 14).

Light source UV

slit 2
Diffraction grating 7/
/ A Mitrar 1
4
SHtL . —
Filt Light source VIS
tter
Reference cuvette Detector 1
Mirror 4 y,
4 Reference bearn  #d /]
y Lens 1
Half mirror
. / Muror 2 Sample cuvette Detector 2
NNWN— —|1
[
Mirror 3 W sample beam Liasd

Figure 13.
Principle of operation UV-VIS spectrophotometer [11].
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Figure 14.
Schematic drawing of spectrophotometer basic construction [12].

The minimum requirements of an instrument to study absorption spectra
(a spectrophotometer) can be listed as below:

1.Radiation source with appropriate wavelengths.

2.Means of isolating light of a single wavelength and getting it to the sample
compartment - monochromator and optical geometry.

3.Means of introducing the test sample into the light beam - sample handling.
4.Means of detecting and measuring the light intensity.

5.3 Spectrophotometer applications

Samples characterization by using UV/Vis spectrophotometry works by
comparing the intensity light called reference (which represent the intensity of light
before it passes through a sample), with the measured intensity of light passing
through the sample. The ratio is called the transmittance (or absorbance), and is
usually expressed as a percentage. Therefore by using a spectrometer we can measure
Transmittance/Absorbance, and extract from it the following optical properties:

* Transmition/Absorption;
* Energy gap;
* Activation energy;

¢ Disorder;

¢ Refraction index.

6. Hall Effect

Hall Effect is a process in which a transverse electric field is developed in a solid
material when the material carrying an electric current is placed in a magnetic field
that is perpendicular to the current. Hall Effect was discovered by Edwin Herbert
Hall in 1879.

Hall effect is used to determine if a substance is a semiconductor or an insulator.
The nature of the charge carriers, resistivity and carrier’s mobility can be measured.

6.1 Principle and theory of Hall effect

The principle of Hall Effect states that when a current-carrying conductor or a
semiconductor is introduced to a perpendicular magnetic field, a voltage can be

29



Thin Films Photovoltaics

Applied magnetic
field

®|£>

Figure 15.
Hall measurement HMS set up of CuO grown onto glass substrate [13].

measured at the right angle to the current path. This effect of obtaining a measur-
able voltage is known as the Hall Effect (Figure 15).

When a conductive plate is connected to a circuit with a battery, then a current
starts flowing. The charge carriers will follow a linear path from one end of the plate
to the other end. The motion of charge carriers results in the production of magnetic
fields. When a magnet is placed near the plate, the magnetic field of the charge
carriers is distorted. This upsets the straight flow of the charge carriers. The force
which upsets the direction of flow of charge carriers is known as Lorentz force.

Due to the distortion in the magnetic field of the charge carriers, the nega-
tively charged electrons will be deflected to one side of the plate and positively
charged holes to the other side. A potential difference, known as the Hall
voltage will be generated between both sides of the plate which can be
measured using a meter.

The Hall voltage represented as Vy is given by the formula:

Vi = (IB)/(qnd) 3)

Here,

I: is the current flowing through the sensor;

B: is the magnetic Field Strength;

q: is the charge;

n: is the number of charge carriers per unit volume;
d: is the thickness of the sensor.

6.2 Hall coefficient
The Hall Coefficient Ry is mathematically expressed as.
Ry = Ey/(JB) 4)
where: ] is the current density of the carrier electron, E, is the induced electric
field and B is the magnetic strength. The hall coefficient is positive if the number of

positive charges is more than the negative charges. Similarly, it is negative when
electrons are more than holes.

7. Binary semiconductors layers’ characterization
7.1 Tin monosulfide SnS

Tin monosulfide, SnS, seems to be one of the most important and the most
studied binary semiconductor compounds [14]. Indeed, it can be used in many
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technological devices [15]. It is specifically used in solar cells [15], as an absorber
[16]. Stannous sulfide (SnS), is a very important candidate in photovoltaic applica-
tion due to his high characteristics such as: direct band gap with an almost optimum
value varying in the range 1.3-1.7 eV [17], high absorption coefficient (10> cm™")
[18] and the orthorhombic structure [15]. In addition, it has an orthorhombic
structure [15].

By using a chemical ultrasonic spray deposition method (CUS) [13, 19-21], we
have elaborated two samples of SnS thin films on glass substrates. Solution of
(0.07 M) molarity was prepared by mixing tin chloride SnCl, and thiourea (SC
(NH,),) as sources of Sn and S respectively. The precursors were dissolved in
methanol. The experimental details are given in Table 1.

X-ray diffraction patterns of deposited SnS thin films at different deposition
time are shown in Figure 16.

The films were found to be polycrystalline with a relatively strong (120) peak. In
addition, the other weak peaks contained in the diffraction pattern indicates that
the prepared SnS films have the orthorhombic crystal structure according to the
PDF Card No. 033-1375. Other additional peaks appearing at 28.73°, 32,72° and

Deposition time (min.) Volume (ml) Substrate temperature (°C) Nozzle-substrate
distance (cm)

25 80 350 4.5
30

Table 1.
Experimental conditions used for the preparation of SnS thin films.

0(120) o sns |30 min.|

* SnS,

¢ SnS 25 min.

100
*( ) *(101) * SnSz

Intensity (arb. unit)

20 30 40 50 60 70 80 920
206 (degrees)

Figure 16.
XRD patterns of SnS layers deposited at different deposition time [21].
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49,78° can be attributed to the SnS, phase (PDF Card No. 031-1399) which was
found to accompany the preparation of SnS [22].

The grain sizes and internal strains of the prepared films were calculated from
the XRD data using the standard Debye—Scherer formula, and are summarized in
Table 2.

The grain size calculated from the XRD diffraction spectrum varied from
16.54 nm to 19.07 nm when the deposition time was increased from 25 min. to
30 min. Similar values of the grain size have been found by other investigators
[23, 24]. These sizes values indicate the nanocrystalline nature of the films.

Films morphology and chemical composition was carried out using scanning
electron microscopy (SEM) and EDX technique. The typical SEM image of SnS thin
film deposited during 30 min. is shown in Figure 16. The film is homogeneous,
devoid of cracks and has a near stoichiometric ratio (Sn/S = 1.1). This smooth aspect
of the obtained film (which is consistent with the XRD) can be related to the
viscosity and the surface tension of methanol. Indeed, when using methanol as
solvent, the droplets are more easily spread on the substrate surface [21]. Further-
more, we notice, the presence of Al, Cl, Siand O elements which are not expected to
be in films and may originate from the glass substrates (Figure 17).

The optical band gap is calculated using the relation

(ahv)” = A(hv — Ey) (5)

where A is a constant, Eg is the optical band gap, v is the frequency of the
incident photon and h is the Planck’s constant. The plots of (athv)” versus the photon
energy hv for direct transition for the film deposited during 30 min. is shown in
Figure 18. The band gap energy of this film is determined using the intercept of the
tangent to the plot with the abscissa axis.

The obtained optical band gap values of the two SnS thin films are summarized
in Table 3. We notice that the optical band gap of the prepared films decreases
when the deposition time increases. This decrease of the Eg can be due the grain size
increase [25].

Deposition time (min.) D (nm) Internal strain (ex10~3)
25 16,54 2,09
30 19,07 1,82

Table 2.

Grain sizes and internal strain of SnS films.

Ll =W =18

L L A LS AR TEE W R R 1 1 e e e
e

Figure 17.
SEM images and EDX spectrum of SnS film prepared during 30 min [21].
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Figure 18.

(A) Plot of (ahv)? vs. hv of SnS film. Inset: vepresentation of the absorption coefficient a as a function of the
wavelength. (B) Optical band gap of SnS films [21].

Deposition time (min.) Sn/ S (at.%) Conduction type Restivity (Q.cm)

25 46.53 / 53.47 p-type 120

30 53.10 / 46.90 p-type 8.06
Table 3.

Electrical conductivity of of SnS films A and B and their deposition time.

In Table 3 we report the electrical properties of the as-deposited SnS thin films.

Stannous sulfide is generally known to be a p type semiconductor [26]. Ionized
tin vacancies leads to create the acceptor levels [27].

The atomic ratio obtained from the EDX analysis, conduction type and resistiv-
ity are indicated in Table 3. We note that SnS films have an p-type conductivity,
with quasi-stoichiometric composition. Since the conductivity type of the SnS films
are essentially controlled by the excess in Sn concentration in the compound [21]. In
this case, the Sn atoms act as donor and lead to the n-type conduction. But due to
the quasi-stoichiometric nature of our films, they exhibit a p-type conductivity.
Furthermore, we note that the resistivity of the films decreases when the deposition
time increases. This variation can be attribute to the grain size increase as indicated
in Table 2. These results are consistent with the literature [18].

7.2 Tin disulfide SnS,

Tin disulfide (SnS,) was considered as one of very interesting tin sulfides semi-
conductors. SnS; has been known for its potential applications in solar cells as well
as electrical switchings [28]. This material belongs to IV-VI group of semiconductor
compound with hexagonal crystal structure (a = 0.3648 nm, ¢ = 0.5899 nm) [29]. It
has a wide band gap energy (2.88 eV) [30], and n-type electrical conductivity with
magnitude depending on the preparation methods.

SnS, thin films were deposited onto ordinary glass substrates using the same
method CUS as for SnS. The precursors used as sources of tin (Sn) and sulfur (S)
are: (SnCly: 2H,0) and (SC(NH,),) respectively. Two different molarities of SnCl,
(Ms,) were diluted with a fixed molarity (0.1 mol/l) of thiourea (Ms) in methanol,
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in order to study their effect on SnS, properties. These experimental conditions are

summarized in Table 4.

Figure 19 shows the X-ray diffraction patterns of the elaborated films. From the
obtained spectra it can be noticed, that the films are polycrystalline with a preferred

orientation along the (001) direction and fit well with hexagonal SnS, structure
according to the ASTM card number 23-0677. This indicates the presence of the

pure hexagonal p-SnS; phase [31]. In addition, it can be noticed that, the main peak

intensity increases with increasing Mg, molarity.

Structural properties of the two samples are given in Table 5.

It can be noticed that the grain size decreases when the molarity increases,
contrary to the strain. This comportment is due to the fact that grains growth is

Reagents molarity (mol/l) Volume Substrate Deposition
X (ml) temperature (°C) time (min)
SnCl,: 2H,0 Thiourea
0.06 0.1 30 350 10
0.07
Table 4.

Experimental conditions used for tin disulfide thin films elaborations.

(001)
10004 |

800 H

J | 0.07 mol/l

600 4./ ° sttt

400

Intensity (arb. unit)

200

0.06 mol/l

S B e S e S T EES A ey e e
10 20 30 40 50 60 70 80 90

26 (degrees)

Figure 19.
XRD patterns of SnS, thin films deposited at different molarities [19].

Sample molarity Cristallite size Strain Lattice Lattice parameters (A)
(mol/1) (nm) (*1073) % parameters  according to JCPDS card
(R) number 23-0677

0.06 16.98 2,049 a=3.613 Hexagonal structure
c=5.889 a=3.648

0.07 12.35 2,825 a=3.603 € =589
c=5.873

Table 5.

Structural parameters of dominate phase of the prepared films.
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Figure 20.
SEM image of as-synthesized SnS, thin films [19].

controlled by the strain in film network. Because the presence of internal strain in
the film network cause a minimization in the grain growth driving forces, which
prevent the grain size enlargement during the film formation and vice-versa.

Morphological study of typical SnS, thin film (Msn = 0.07 mol/l), shows that the
surface topography is dense and rough with an arbitrary distribution of the bubbles
(Figure 20).

On the other hand, the measurement of films resistivity revealed that this latter
decreases from 0.46,10° Q.cm when the molarity increases and reaches its
minimum value of 0.18 ,10% Q.cm for Mg, = 0.07 mol/l.

According to the obtained results, for the two studied materials, with the differ-
ent analysis techniques we can conclude that the good quality of the deposited films
and the low fabrication cost of the used method can lead to solar cells whose cost-
quality ratio is better than the solar cells which are fabricated by the other standard
process.
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Chapter 4

Kesterite Cu,ZnSnS, . Se, Thin
Film Solar Cells

Kaiwen Sun, Fangyang Liu and Xiaojing Hao

Abstract

Kesterite Cu,ZnSnS, ,Se, (CZTS) is a promising thin film photovoltaic (PV)
material with low cost and nontoxic constitute as well as decent PV properties,
being regarded as a PV technology that is truly compatible with terawatt deploy-
ment. The kesterite CZTS thin film solar cell has experienced impressive develop-
ment since its first report in 1996 with power conversion efficiencies (PCEs) of only
0.66% to current highest value of 13.0%, while the understanding of the material,
device physics, and loss mechanism is increasingly demanded. This chapter will
review the development history of kesterite technology, present the basic material
properties, and summarize the loss mechanism and strategies to tackle these prob-
lems to date. This chapter will help researchers have brief background knowledge
of kesterite CZTS technology and understand the future direction to further propel
this new technology forward.

Keywords: kesterite, Cu,ZnSn(S,Se),, CZTS, thin film solar cells, loss mechanism

1. Introduction

Thin film photovoltaic (PV) technologies such as Cu(In,Ga)Se; (CIGS) and
CdTe have already demonstrated more than 20% power conversion efficiency
(PEC) [1, 2] and are at their commercial stage. However, considering the
Restriction of Hazardous Substances Directive (RoHS) adopted in European Union
[3] and the recent classification of critical raw materials (CRM) by the European
Commission [4], emerging thin film PV technologies with RoHS-compliant and
CRM-free constituents are increasingly desirable. Kesterite copper-zinc-tin-sele-
nosulfide and related quaternary semiconductor represented by chemical formula
Cu,ZnSnS, «Sey is generally accepted as one promising option for low-cost and
nontoxic thin film PV.

The family of kesterite Cu,ZnSnS, ,Se, includes pure sulfide Cu,ZnSnS,
(CZTS), pure selenide Cu,ZnSnSe, (CZTSe), and selenosulfide Cu,ZnSn(S,Se) 4
(CZTSSe) and other related compound semiconductors. Herein we abbreviate all
Cu,ZnSnS, ,Se, compounds as CZTS. The formation of CZTS is derived from cation
mutations (cross-substitutions) in CulnS, by replacing two In atoms with one
Zn and one Sn [5, 6]. CZTS possess high absorption coefficient of over 10* cm™,
tunable band gap that can range from 1.0 to 1.5 eV to favorably match the solar
spectrum, intrinsic p-type conductivity, and a three-dimensional symmetry of car-
rier transport [7-9]. These decent photovoltaic properties of CZTS have attracted
considerable attention and enabled its rapid development in the last decades.

The highest power conversion efficiencies (PCEs) of Cu,ZnSnS,, Cu,ZnSnSe,
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and Cu,ZnSn(S,Se) 4 have been set to 11%, 12.5%, and 13%, respectively [10-12],
which represent the best PCE among the emerging RoHS-compliant and CRM-free
inorganic thin-film PV technologies.

In this chapter, the development history and current status of CZTS PV technol-
ogy will be briefly introduced. The basic physical and chemical properties of CZTS
thin film will be described to help readers have a better understanding of the mate-
rial. The device architecture and absorber processing will be touched; finally. The
limiting factors as well as the perspective for future development of this technology
will also be reviewed and addressed.

2. The development history of CZTS

The CZTS single crystal was first grown by Nitsche, Sargent, and Wild in 1966
when they tried to prepare a serious of A,B"C'VX,-type quaternary chalcogenides
using iodine vapor transport [13]. The photovoltaic effect of CZTS was exhibited
for the first time in 1988 by Ito and Nakazawa on a heterojunction diode consist-
ing of cadmium-tin-oxide transparent conductive layer and CZTS thin film on
a stainless steel substrate. The open-circuit voltage was measured to be 165 mV
under AM1.5 illumination [14]. The open-circuit voltage was increased to 250 mV
after annealing the device in air, and short-circuit current of 0.1 mA/cm® was
achieved [15].

The first CZTS solar cell with PCE of 0.66% was reported by Katagiri et al. in
1996 at PVSEC-9, with the device structure of ZnO:Al/CdS/CZTS/Mo/soda lime
glass (SLG) substrate [16]. The CZTS thin film was fabricated by vapor-phase
sulfurization of E-B-evaporated precursors [17]. In 1997, Friedlmeier et al. reported
the CZTS solar cell with PCE of 2.3% and open-circuit voltage of 570 mV based
on thermal evaporation [18]. In 1999, the Katagiri group improved the PCE up to
2.63% [19], after that they did a lot of work on optimizing the CZTS thin film and
pushed the efficiency to 5.74% until 2007 [19-24].

The CZTS solar cell started to gain intensive interest from academic and indus-
try community from 2008 when its efficiency was further boosted to 6.7% by
Katagiri et al. and when the CIGS solar cell became mature in its commercialization
stage [25]. A lot of research institutes and solar cell manufactures such as Toyota,
IBM, NREL (National Renewable Energy Laboratory), Solar Frontier, EMPA (Swiss
Federal Laboratories for Materials Science and Technology), HZB (Helmholtz-
Zentrum Berlin), ZSW (Centre for Solar Energy and Hydrogen Research Baden-
Wiirttemberg), UNSW (University of New South Wales), and so on involved in the
development of this technology and significant advances have been achieved in the
following decade [10, 26-33]. During the development period, Se incorporation
has attracted significant attention and led to impressive progress in PCE [34-37].
Moreover, various fabrication methods including vacuum deposition process and
non-vacuum process such as solution method, electrochemical deposition, etc.,
have been developed for fabricating the CZTS thin film [29, 37-40].

An important milestone in the development of CZTS solar cell is the 10% bench-
mark efficiency breakthrough achieved by IBM Thomas J. Watson Research Center
in 2011 [34], which shows substantial commercial promise for the CZTS-based class
of thin film PV materials. This breakthrough also established the leading position
of IBM in CZTS PV technology research, represented by a serious of world record
efficiencies [38, 39, 41]. The highest PCE for CZTS solar cell has been stagnant at
12.6% for more than 6 years since 2014 when IBM last updated their efficiency
breakthrough [39]. Thanks to the better understanding of the CZTS material and
the loss mechanism of the device, quite a few groups reported CZTS PCE close to
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the 12.6% record efficiency in recent years [11, 42-46]. The recently announced
NREL Best Research-Cell Efficiency Chart included the newly refreshed CZTS
record efficiency of 13% achieved by Xin et al. from NJUPT [12]. This small step
breakthrough comes from great efforts in this research area and hopefully will bring
more interests and confidence to the CZTS R&D community.

3. The physical and chemical properties of CZTS thin film

The investigation and understanding of nature of the CZTS thin film are crucial
for further developing this technology. Intensive studies have been conducted dur-
ing the rapid development stage; therefore, the physical and chemical properties of
CZTS have been well revealed.

3.1 Crystal structure

As we briefly introduced earlier, CZTS is derived from the cation mutations of
CulnS, (CIS), while both are originated from the binary II-VI semiconductors adopt-
ing the cubic zinc-blende (or hexagonal wurtzite) structure as shown in Figure 1.

Similarly, the structure of CZTS is also derived from ternary I-III-VI, com-
pounds. In general, as shown in Figure 2, chalcopyrite (CH) and CuAu-like
(CA) structures are two fundamental I-III-VI2 structures that obey the octet rule
[5, 47, 48]. Therefore, the quaternary CZTS is well known as two principal struc-
tures, kesterite (space group I4, Figure 2d) and stannite-type (space group I142m,
Figure 2e), which are derived from CH structure and CA structure, respectively.
Other primitive mixed CA structure (PMCA) (space group I42m, Figure 2f)
derived from CA structure has also been reported in CZTS [5, 47, 48]. As the most
common structures discussed in literature are kesterite and stannite-type, we only
focus on these two structures in this section. The two structures are closely related
with the main difference of cation arrangement. Both structures are composed
of a cubic close-packed lattice of S anions, with half of the tetrahedral interstices
occupied by cations. Sn atoms occupy the same fixed positions in both structures,
but the Cuand Zn atoms are in different position [49, 50]. In kesterite structure,
cation layers of CuZn, CuSn, CuZn, CuZSn alternated atz = 0, %, Y2, and % respec-
tively (Figure 2d), while in stannite structure, ZnSn and Cu, layers alternate with
each other (Figure 2e). The similarities of structure make it difficult to distinguish
kesterite and stannite experimentally by employing common X-ray diffraction and
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Figure 1.
Schematic illustration of the origin of CZTS structure. Reproduced from [6] with permission from the Royal
Society of Chemistry.
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Figure 2.

The crystal structure of (a) zinc-blende ZnS, (b) chalcopyrite CulnS,, (c) CuAu-like CulnS,, (d) Kesterite-
type Cu,ZnSnS,, (e) stannite-type Cu,ZnSnS,, and (f) PMCA-Cu,ZnSnS,. Reproduced from [47] with
permission from the American Physical Society.

Raman spectroscopy techniques [51, 52]. Only advanced techniques such as neutron
powder diffraction analysis are capable to tell them apart [50, 53].

CZTS usually exists as kesterite-type structure, which is more stable thermody-
namically than the stannite-type [54]. This is in agreement with the experimental
observation [21, 50, 55, 56]. Plenty of theoretical studies have also confirmed that
the kesterite-type structure is the ground state structure in CZTS [5, 47, 48, 57-59].
This is also the reason that CZTS is named after Kesterite because it crystallizes as
kesterite structure. However, the energy difference between the kesterite and the
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stannite-type structure is rather small [5, 47, 48, 57-59]. This indicates that kesterite
structure should be formed under equilibrium growth conditions, but both phases
may exist, especially when growth method and conditions are changed, it should

be relatively easy to grow materials with mixed phases. This may also partly explain
the existence of disorder structure with more random distribution of the Cuand Zn
on the cation positions [60], which will be discussed in more details in the following
sections.

3.2 Electronic band structure

Kesterite CZTS has a similar tetrahedral bonds geometry as traditional group
I-V, III-V, and II-VI semiconductors. It obeys Lewis’ octet rule with eight electrons
around each anion atom (S or Se); the four bonds of each anion therefore form
together a close valence shell [48]. However, there are fundamental differences
between the Cu-based quaternary compound and the group I-V, III-V, and II-VI
binary semiconductors. First of all, the bonds in CZTS involve Cu-d-anion-p
hybridized antibonding states. This weakens the bonds in CZTS. Second, Cu in
CZTS has only one valence s-like electron while the group III-V (group II-VI)
semiconductors have three (two) valence s-like electrons for their cations.

Several first principle studies have revealed the electronic band structure of
CZTS [47, 48, 58, 59, 61, 62]. An example is as shown in Figure 3, the calculated
band structures of kesterite Cu,ZnSnS, and Cu,ZnSnSe, from different methods
are presented. Overall, the kesterite CZTS materials are all direct-gap semicon-
ductors. Different calculation methods generated slightly different values, for
example, generalized gradient approximation (GGA) method calculated the band
gap energy for Cu,ZnSnS, and Cu,ZnSnSe, as 1.56 eV and 1.05 eV, respectively.
Corresponding band gap values from hybrid functional calculations (HSE06) are
1.47 and 0.90 eV, while the values from the GW|, calculation are 1.57, and 0.72 eV.
These values are in agreement with other calculated data and available experimental
measurement, converging to the results that Eg ~ 1.5 eV in CZTS and Eg ~ 1.0 eV
in CZTSe [14, 24, 28, 64-72] to vary linearly as a function of the Se content x
[73] with Eg = 1.47,1.30, 1.17, 1.01, and 0.90 eV for x = 0, 1/4, 1/2, 3/4, and 1,
using the HSE06 potential. This linear relationship also agrees with experimental
results [66, 70, 71].

The density of states (DOS) of kesterite Cu,ZnSnS, and Cu,ZnSnSe, can also be
calculated as illustrated in Figure 4 [63]. It is not surprising to see that Cu,ZnSnS,
and Cu,ZnSnSe, show comparable DOS as they are in same tetrahedral bond
geometries. The DOS of conduction bands in Cu,ZnSnS, is ~0.5 eV higher than
that of Cu,ZnSnSe, because of large energy gap. It is common that in Cu-based
chalcogenides including the quaternary (for example, CIS) and ternary compounds
(for example, CZTS), the valence band maximum (VBM) is derived mainly from
the hybridization of anion p and Cu d states because Cu has higher d orbital energy
than Zn, Ga, In, and Sn [59, 74]. In CZTS, the valence p level of S is lower in energy
than Se, thus the VBM of the sulfides is lower than that of the selenides. This differ-
ence is reduced by anion p—Cu d overlap (p-d hybridization) because the hybridiza-
tion is stronger in the shorter Cu-S bond and pushes the antibonding VBM level
of the sulfide up relative to that of the selenide. Therefore, the valence band offset
between the Cu,ZnSnS, and Cu,ZnSnSe;, is less than 0.2 eV. The DOS of the CZTS
conduction band minimum (CBM) is primarily controlled by the Sn-s and anion
p-like states due to the lower s orbital energy of Sn than the other cations [59, 74].
More importantly, in CZTS the lowest CB is separated from the higher energy bands
and is therefore more localized in energy. Therefore, the CBM of CZTS is expected
to vary depending on the alloying on the Sn-site with other group-IV elements
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Figure 3.

The electronic band structure of the kesterite structures of Cu,ZnSnS, and Cu,ZnSnSe, along four symmetry
directions. The energy refers to the VBM (dashed lines). The spin—orbit intevaction is included, but the index
of the bands refers to spin-independent bands where c1 represents the lowest CB and v1 represents the topmost
VB. Different line shapes represent different calculation methods [63]. Reproduced from [59] with permission

from American Institute of Physics.
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Figure 4.

Atomic and angular momentum resolved DOS of kesterite Cu,ZnSnS, and Cu,ZnSnSe, presented with a
70 meV Lorentgian broadening. Reproduced from [59] with permission from American Institute of Physics.
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(e.g., Ge) due to this localized CB. The band gap energy can therefore be tailored by
cation alloying for an optimized optical efficiency of the materials.

3.3 Composition variation and phase competition

As a quaternary semiconductor, CZTS consists of three metals and up to two
chalcogens, which provides a wide range for composition variation and secondary
phase formation. However, high-efficiency CZTS thin film solar cells require single-
phase kesterite absorber, and some secondary phases have been reported detrimen-
tal to the device performance. This section reviews the stable phase region of CZTS
and possible secondary phases likely to be formed in the quaternary system.

The 3D CZTS quaternary phase diagram as shown in Figure 5 can be deduced
from Cu,S-ZnS-SnS, pseudo-ternary diagram [77] and CuS-ZnS-SnS pseudo-
ternary phase diagram [75] (selenide kesterite system also refers to Cu,SnSe;—
SnSe,~ZnSe diagram [78]. In addition, the stability region of the CZTS in the
atomic chemical potential space can be calculated as shown in Figure 5 [76, 79].

All these diagrams indicate that volume of the stable CZTS region is small, and the
slight deviation (maximum 1-2 at%) outside this space will cause the formation of
different secondary phases [5, 80]. The narrow stable window also implies that the
composition control and the chemical potential control are crucial for the growth of
high-quality and single-phase CZTS absorber. The Zn content is particularly impor-
tant because the stable region along the pz, axis is much narrower. Moreover, it is
well accepted experimentally and theoretically that high-efficiency solar cells need
CZTS absorber with Zn-rich and Cu-poor composition [8-10, 27, 28, 33, 67, 81].
This makes it more difficult to control the secondary phases formation.

According to the phase diagram and literature report, the most common second-
ary phases in the Cu-Zn-Sn-S/Se system are list in Table 1 [92]. The influence of
the secondary phases on the solar cell performance depends on their position in the
film as well as their physical properties. For example, Cu,S(Se) phases in the final
film may act as shunting path due to both the high conductivity and contact with
front and back interfaces. However, Cu,S(Se) is also an important fluxing agent to
promote lateral grain growth during the film growth [28]. Generally, If the second-
ary phase has a lower band gap than the CZTS absorber, it will limit the open-circuit
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Left: CZTS quaternary phase diagram including the known phases. Reproduced from [75] with permission
from American Institute of Physics. Right: The calculated chemical-potential stability diagram of Cu2ZnSnS4
in a 2D Cu-rich plane (the stable 3D region is inset) reproduced from [76] with permission from American
Institute of Physics.
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Compound Band gap (eV) Ref. Compound Band gap (eV) Ref.
Cu,ZnSnS, 15 [80] Cu,ZnSnSe, 1.0 [80]
Cw,SnS; 1.0 [82] Cw,SnSe; 0.8 [83]
ZnS 37 [84] ZnSe 27 [84]
SnS, ~25 [85] SnSe, 1.0-16 [86]
SnS 1.0 indirect, 1.3 direct [87, 88] SnSe 13 [89]
CwS 12 [90] Cuw,Se 12 [91]
Table 1.

Most common secondary phases in the Cu-Zn-Sn-S/Se system.

voltage of the solar cell. While secondary phases with higher band gaps than CZTS
are less detrimental; however, they can block the transport when present in large
amounts [93] or at least increase the series resistance [94]. ZnS(e) is the most likely
secondary phase considering the phase diagram and especially when adapting the
Zn-rich and Cu-poor condition. Fortunately, ZnS(e) is a large band gap compound
and is expected to be rather benign if present in small amounts. It has even been
reported that ZnS with similar crystalline structures to CZTS may passivate grain
boundaries or heterojunction interface [81, 95, 96] by reducing strain and lowering
recombination velocities at the grain interfaces. The tin compounds are unlikely to
form because they are usually volatile [97] and will evaporate in most preparation
conditions. As shown in Table 1, one unfavorable low band gap secondary phase in
both Cu,ZnSnS, and Cu,ZnSnSe, system is the ternary Cu,SnS(e)s, which is also
one reason for optimal composition range (Zn-rich and Cu-poor) found for the
best solar cells. However, the non-homogeneous composition across the CZTS film
under normal preparation conditions still provides the possibility to form such det-
rimental secondary phases [98]. Therefore, how to control the amount and position
of the secondary phases in the CZTS absorber needs to be elaborately studied.

3.4 Lattice defects

The formation and properties of lattice defects are important parameters of
semiconductor materials and are crucial to the function of photovoltaic devices,
because they directly influence the generation, separation, and recombination of
electron-hole pairs. The lattice defects (e.g., vacancies, interstitials, antisites) in
kesterite CZTS system are complicated because of the increased number of com-
ponent elements and the similar cation size as well as small chemical mismatch of
Cu* and Zn*". In this section, the formation and ionization of the lattice defects in
kesterite will be briefly reviewed. More importantly, the underlying mechanism
of p-type conductivity, Zn-rich and Cu-poor condition growth condition, as well
as limiting factors for device performance in kesterite CZTS solar cells from the
perspective of lattice defects will be discussed.

The concentration of the lattice defects is determined by their formation energy.
In Figure 6, the calculated formation energies of different defects are plotted as
functions of the Fermi energy (0 means that the Fermi energy is at VBM, while 1.5
or 1.0 eV means that Fermi energy is at CBM). It is obvious that in both Cu,ZnSnS,
and Cu,ZnSnSey, Cuy, antisite is the lowest energy defects, which is different from
the defect properties of their parent compounds (CulnSe, or CuGaSe,) where the
dominant defect is the Cu vacancy Vg, [76, 79, 99]. In addition, the formation ener-
gies of most acceptor defects are lower than those of donor defects, explaining the
intrinsic p-type conductivity observed in literature [21, 48, 64, 84, 100-110].
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Figure 6.

Calculated defect formation energy as a function of the Fermi energy at the thermodynamic chemical-potential
point a (from Figure 5 right) for Cu,SnZnS, (left) and Cu,SnZnSe, (right). For each value of the Fermi
energy, only the most stable chavge state is plotted, with the filled circles (change of slope) representing a change
in charge state (transition energy level). Reproduced from [76, 79] with permission from American Institute of
Physics and American Physical Society.

Another important parameter of lattice defects is their ionization (transition)
levels, which determines if they can produce free carriers and contribute to the
electrical conductivity. The calculated ionization levels of intrinsic defects in the
band gap of Cu,ZnSnS, and Cu,ZnSnSe, are shown in Figure 7. First of all, in both
cases, the dominant defect Cug, has an acceptor level (0.11 eV and 0.15 eV above
VBM in Cu,ZnSnSe, and in Cu,ZnSnS,, respectively) deeper than that of Vg,. The
relatively deep level of dominant antisite defect in CZTS is not favorable to the
device performance because it will limit the open-circuit voltage. This also partially
explains why Zn-rich and Cu-poor condition has normally been found to beneficial
to solar cell efficiency because it could decrease the formation energy and enhance
the population of shallow Vc,. The other acceptor defects (e.g., Cugy, Znsy, Vzy, and
Vsn) have higher formation energy; therefore, they have negligible contribution to
the p-type conductivity. However, they may act as recombination centers especially
for those deep transition levels such as (4—/3-) and (3—/2-) in band gap as seen in
Figure7.

In addition to the point defects, various self-compensated defect clusters can
be formed in CZTS due to the large amount of low-energy intrinsic defects. Defect
compensation in ternary CIS is well known to have electrically benign character
because the intrinsic defects undergo self-passivation through the formation of
defect complexes such as [2V¢,” + Inc,>]. Therefore, it is also interesting to see
if the same behavior can be observed in quaternary kesterites. Cuz, and Znc, are
the lowest-energy acceptor and donor defects, respectively; therefore, antisite
pair [Cugz,” + Zng,'] also shows extremely low formation energy. Fortunately, its
impact on the electronic structure and optical properties is relatively weak. The
detrimental defect clusters are those composed of deep level defects, such as Snz,,
Sncy, Cusy, and Zn;. For example, clusters with Snz, induce large conduction band
edge downshift, which could limit the solar cell performance, because the induced
states are deep and may trap photo-generated electrons from the high conduction
band. [2Cuz, + Snz,] clusters could present in high population if in single-phase
CZTS (Cu/(Zn + Sn) and Zn/Sn ratios near 1) chemical potential conditions and
be detrimental to the solar cell performance. The Zn-rich and Cu-poor condition
could prevent the formation of [2Cugz, + Snz,] clusters because its formation energy

47



Thin Films Photovoltaics

Conduction Band

) | (04) ()

— a i F ' 4 o) y -1
;::, v Cu v Zn v Sn C“i’.n (“u!in LnSn
.E 10 e — -
3 4-3-) = | io/24)
? (Bar2s) O (4]
g 05 N s - =
= (21 : E E . " £

! - . = [Eng S0, Sn, |Cu |Zn |V,

0.0

Valence Band

Q()]lﬂllc@}pl Band -

b1 17

(Ve) r‘h‘u (05s)
%* 0.8 Ve | V| Va |CuyCug [Zng o |
=) i () e £
3 06 (+H2+) Lo i
% _— e
'-] [ (34 i
E{S 04 — — L ol
z i -4
T = ——| = {En |Sng, /S0y, | Cu, | Zn, | Vo
00—

Valence Band

Figure7.

The ionization levels of intrinsic defects in the band gaps of Cu,ZnSnS, (top) and Cu,ZnSnSe, (bottom). The
red bars show the acceptor levels, and the blue bars show the donor levels, with the initial and final charge
states labeled in paventheses. Reproduced from [79] with permission from American Physical Society.

is very sensitive to the chemical potential of Zn. This again partly explains that the
Zn-rich and Cu-poor condition is beneficial to solar cell efficiencies from the defect
perspective.

4. The path towards high-efficiency kesterite solar cell
4.1 Device architecture

The typical device architecture (Figure 8) of kesterite-based solar cell inherits
from its predecessor chalcopyrite CulnSe; solar cells due to their similar optical and
electronic properties. Metal Mo layer with thickness of 500 nm~1000 nm is usually
deposited with sputtering on soda lime glass or other substrates as back contact.
Then the kesterite CZTS absorber layer is deposited on top of the Mo layer. The p-n
junction is formed by p-type CZTS and the following deposited n-type buffer layer.
Typical n-type buffer layer in kesterite and chalcopyrite solar cell is 50 nm~100 nm
thick CdS layer usually by chemical bath deposition. Alternative buffer materi-
als such as ZnSnO, Zn (O, S), ZnCdS, etc., have been explored, especially in pure
sulfide Cu,ZnSnS, to tackle the unfavorable band alignment found at p-n junc-
tion. Next, a 50 nm-100 nm high-resistive intrinsic ZnO (i-ZnO) is deposited.
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Figure 8.
Schematic device structure of a typical kesterite Cu,ZnSnS, thin film solar cell.

Subsequently, the device structure is completed by deposition of 200 nm-500 nm
thick Al-doped ZnO (AZO) or indium tin oxide (ITO) transparent conducting
oxide (TCO) layer as the front contact. Ni/Al metal contacts are deposited on the
TCO layer for improved current collection. Antireflection coating such as MgF, is
often deposited on top of the cell to reduce the reflection loss.

Various deposition methods have been investigated for producing high-quality
CZTS layer during the development of this technology. These deposition methods
are broadly classified as vacuum-based and non-vacuum-based techniques. The
vacuum-based methods are usually considered easy to be expanded to commercial
scale because of the precise process control. All physical vapor deposition tech-
niques including thermal evaporation, E-beam evaporation [17], sputtering [10, 33,
81, 111], pulsed laser deposition [112] fall into this category. The non-vacuum-based
methods are always regarded as low-cost, high-throughput techniques and feasible in
roll-to-roll production. These methods usually involve chemical or solution process,
such as electrochemical deposition [40], nanoparticle-based synthesis [113, 114],
sol-gel spin coating [44, 115], chemical bath deposition (CBD) [116], successive ion
layer adsorption and reaction (SILAR) [117], screen printing [118], etc.

4.2 Loss mechanism and solutions
4.2.1 Open-circuit voltage (Voc)

In kesterite CZTS solar cells, it has been widely accepted that V¢ loss accounts
for the majority (more than 50% [119]) of the efficiency gap between the best
performance device and the theoretical limit (i.e., Shockley—Queisser radiative limit
[120]). Voc loss is determined by the recombination path in the device. The domi-
nant recombination can occur in the bulk of the absorber in the quasi-neutral zone
as band-to-band recombination, via defects, or in the space charge region. Another
important recombination path can be located at the heterojunction interface
between the buffer/window layer and absorber.

Therefore, the absorber problems discussed in Section 3 such as abundant point
defects and defect clusters (i.e., cation disordering), composition variation with
narrow stable region are believed to contribute to the recombination. The Cuand
Zn substitution with low energy causes a large population of antisite defects such
as Cug, and Zng, and related defects complexes. Consequently, severe electrostatic
potential fluctuation and associated band tailing can be observed [121]. In addition,
the microinhomogeneities in composition, nonuniform strain, as well as formation
of secondary phases lead to band gap fluctuations, which are also detrimental to
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Voc. Moreover, acceptor-like Cug, defects at the interface will cause Fermi level
pinning to a low energy level [122], thus reducing the band bending in the absorber
and weakening the electric field. To alleviate the recombination occurring in
absorber layer, great efforts have been made over recent years. One solution that
has been intensively investigated is cation substitutions because the introduction
of larger size cations could result in better cationic ordering, thereby reducing the
defects formed because of the Cu and Zn substitution. Using Ag as a substitute

for Cu [115], Cd as a substitute for Zn [123, 124], and Ge substitute for Sn [125]

are popular choices as they are picked from the same cation groups. As shown in
Figure 9, Promising progress has been made in this direction both experimentally
and theoretically, demonstrating several remarkable efficiencies and mechanism
of the defect emerging with cation substitution. Another possible solution to tackle
the cationic disorder and related band tailing, as well as to activate the shallower
defect is deliberate control of the synthesis condition, for example, post anneal-
ing the CZTS absorber within the critical temperature range of 200-250°C and
reasonable time range of 1-4 hours will improve the CZTS lattice ordering and
increase the band gap [126, 127]. Control of the precursor fabrication process such
as the metal stack order, the valence states of the Sn source, has also been reported
effective in obtaining less defective absorber and corresponding high-efficiency
device [128, 129]. Modification of the sulfurization or selenization condition could
also suppress the formation of detrimental intrinsic defects and defect clusters by
creating a desirable local chemical environment [11].

In term of the interface recombination path, it is mainly caused by the unpas-
sivated charge defects at the heterojunction and/or the undesirable band alignment
between the CZTS absorber and conventional CdS buffer layer. The band alignment
problem is more prominent in high band gap pure sulfide Cu,ZnSnS, because of
its higher conduction band position. A serious of alternative wide band gap buffer
layer materials including ZnCdS [33], Zn(0O,S) [130, 131] and ZnSnO [132, 133]
have been reported effective in mitigating the band alignment issues. The charge
defects at the interface can be reduced by introducing ultrathin layer that has better
lattice match with CZTS [10, 81] or alloying Ag near the heterojunction interface
to from intrinsic or weak n-type (Cu,Ag),ZnSn(S,Se), [115, 134]. Dielectric layers
have also been investigated for passivating the interface defects, thereby suppress-
ing the interface recombination [111, 135].

4.2.2 Short-circuit curvent density (Jsc)

While the Vo loss contributes dominant performance loss in kestrite solar
cells, Jsc also represents a significant limiting factor for efficiency increases. The Jsc
loss is mainly caused by two reasons: one is the light or photons that is reflected or
absorbed by layers above the CZTS (such as the buffer or window layers as shown
in Figure 8), which cannot generate electron-hole pairs. The other is the low carrier
collection efficiency due to the short diffusion length or narrow depletion width.
The first problem can be addressed by introducing antireflection coating and opti-
mizing the optical designs of the top layers above CZTS to increase the fraction of
incident light reaching CZTS. The solution has been proven feasible when applying
wide band gap buffer layer [111, 133], reducing the thickness and roughness of the
top layers [119]. The typical External Quantum Efficiency (EQE) curve of CZTS
usually shows relative lack of long wavelength response [9], which might be related
to the low carrier lifetime. This low lifetime could also be the results of high defect
density in the absorber layer or could simply be a consequence of high recombina-
tion loss at the back contact or at the front interface. Therefore, the solutions for
suppressing the formation of detrimental defects disused in Vo loss above are also
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(a) The band diagrams of CZTSSe and Ag-graded (Cu, _ .Ag,),ZnSn(S,Se), (CAZTSSe) solar cells under
AM 1.5G 100 mW cm2 illumination and the J-V curves of CAZTSSe solar cells with different Ag composition
gradients from the CdS interface to the Mo substrate. (b) J-V curves of CZTS and champion Cu,Zn,Cd, .SnS,
(CZCTS) devices and absorption coefficients and Urbach energy (EU) obtained from PDS measurement. (c)
J-V curves for the champion CZTSSe and CZTGeSSe (30% Ge) solar cells. Reproduced from [115, 124, 125]
with permission from Royal Society of Chemistry, American Chemical Society and John Wiley and Sons.

good for the Jsc improvement In addition, band gap grading has also been devel-
oped in CZTS to increase the EQE by controlling the [S]/[S + Se] ratio at the surface
and back surface [136].

4.2.3 Fill factor (FF)

FF is another significant parameter deficit in kesterite solar cell, which is mainly
limited by the series resistance (Rg) in the device. Careful study has been conducted
to identify the origin of the R, which implies that nonohmic back contact contributes
greatly [137]. The nonohmic back contact could be resulted from Schottky barrier
formation and/or secondary phase formation at the CZTS/Mo back interface. It is
especially severe in high band gap CZTS because of the concentration decrease.
Furthermore, the presence of low band gap secondary phases in CZTS could act as
shunting pathway, which limits the FF and is therefore undesirable in the device as
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well. Deliberate investigation and control of the chemical reaction at the back inter-
face have been proposed to modify the back interface microstructure and improve the
device performance including FF [138, 139]. Introducing barrier layer at the CZTS/Mo
interface has also been attempted in improving the back interface quality [140, 141].

5. Conclusion

Kesterite CZTS material is an emerging and promising PV technology, which
could have the opportunity to realize low-cost and high-volume thin film solar cell
production. After undergoing a rapid development in last decades, the technol-
ogy has attracted increasing attention and demonstrated high potential in high
efficiency. Experimental and theoretical studies reveal that the quaternary material
exits in kesterite structure, similar to the chalcogenide CulnS,. It has a narrow stable
region regarding the chemical potential, which makes the formation of secondary
phases very easy. The intrinsic defects characteristic in the CZTS is complex where
the deep level antisites defects and defect cluster could be prevalent. These unique
properties make it struggling in achieving high-efficiency kesterite solar cells. The
sensitive defects environment causes undesirable band tailing, electrostatic poten-
tial fluctuations, etc., which become recombination path and limit the open-circuit
voltage, as well as other PV performance. The formation of secondary phases
can lead to high serious resistance, shunting path depends on the band gap of the
phase, which will also limit the device performance. In addition, the heterojunction
interface and the Mo/CZTS back interface could also contribute to the performance
loss because of the unfavorable band alignment, unpassivated defects, or detri-
mental reaction during high-temperature annealing. The solutions and approaches
for tackling these loss mechanisms have been reviewed at the end of the chapter.
Finally, in order to build a successful kesterite CZTS technology, combining the
advanced approaches summarized in this chapter with further exploring the mate-
rial synthesis and device physics would pave a path for higher efficiency.
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Abstract

In the case of emerging photovoltaic technologies such as perovskite, most
published works have focused on laboratory-scale cells, indoor conditions and no
international standards have been fully established and adopted. Accordingly, this
chapter shows a brief introduction on the standards and evaluation methods for
perovskite solar minimodules under natural sunlight conditions. Therefore, we
propose evaluating the outdoor performance in terms of power, following the inter-
national standard IEC 61853-1 to obtain the performance according to the power
rating conditions. After some rigorous experimental evaluations, results shown that
the maximum power (Pp,y) evolution for the analyzed minimodules could be corre-
lated with one of the three patterns commonly described for degradation processes
in the literature, named convex, linear, and concave. These patterns were used to
estimate the degradation rate and lifetime (T'go). Moreover, ideality factor (#p)
was estimated from the open-circuit voltage (V,.) dependence on irradiance and
ambient temperature (outdoor data) to provide physical insight into the recombina-
tion mechanism dominating the performance during the exposure. In this context,
it was observed that the three different degradation patterns identified for Pp,,x can
also be identified by #;p. Finally, based on the linear relationship between Ty and
the time to first reach nyp = 2 (Tnip,), is demonstrated that #;p analysis could offer
important complementary information with important implications for this tech-
nology outdoor development, due that the changes in 71p could be correlated with
the recombination mechanisms and degradation processes occurring in the device.

Keywords: perovskite solar cell, outdoor performance, solar minimodule,
ideality factor, degradation
1. Introduction
Perovskite solar cells (PSCs) have attracted the attention of the scientific com-

munity in the last decade evidenced by the impressive number of scientific publica-
tions found under the keyword “perovskite & solar cell” in the database SCOPUS'.

! Database SCOPUS, https://www.scopus.com, accessed on 24th June of 2021.
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At the time of writing, 19407 documents were retrieved, corresponding most of
these works to small area devices measured in laboratory conditions. However, for
the commercialization of this photovoltaic technology (PV), the main challenge is
the fabrication of large area devices with high temporal stability and processed by
scalable techniques, being a prerequisite for real-world application reliable mea-
surement of perovskite technology under outdoor conditions. In addition, given the
characteristics of metal halide perovskites (denoted as “perovskites” in this work),
it is to be noting that there is not a standardized protocol for the fabrication and
performance measurements.

The relevance of outdoor performance is supported by a deep analysis of the sci-
entific literature which reveals that only a small fraction of research articles deals with
perovskite solar cells measured in outdoor conditions. For instance, only 100 docu-
ments were found in SCOPUS when “outdoor” was added as keyword in the search.
Thus, less than 1% of the documents reported outdoor measurements, illustrating
the wide gap between the development of larger area devices and laboratory scale
devices (active area, A < = 1 cm?). Moreover, from the data extracted of more than
16000 scientific articles, almost 70% of these devices have a n-i-p architecture and
active area smaller than 1 cm” (see Figure 1a). This highlighted a big research activity
in small devices, contrary to devices with areas closer to commercial applications. In
fact, in the case of minimodule (cells connected in series and A > = 10 cm?), there are
only 36 devices reported. Interestingly, at this scale the p-i-n architecture account for
almost 42% of the devices reported. Thus, this cell configuration is of high interest
for scaling up the perovskite technology since it has demonstrated higher stability,
reproducibility and can be made from materials of lower cost such Nickel oxide
(NiOx) as hole transport layer instead of spiro commonly used for N-I-P devices [1].

On the other hand, related to the reported stability measurements, the Tgo which
is the time at the device achieves 80% of its initial Power Conversion Efficiency
(PCE), is plotted against measurement time (Figure 1b). Here, the gray area in the
plot comprises 92.5% of the PSCs which have been tested for periods lower than
1600 hours, far from the temporal stability offered by commercial technologies. A
deeper analysis of the data reveals that only 37 devices (~0.09%) have been tested
outdoor and only 28 devices have an area larger than 1 cm”. The small number of
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Figure 1.

Stfte of the art of perovskite photovoltaic technology. The plots were built using the data available in the
“Perovskite Database Project”. (a). PCE as a function of active cell area. The gray area zone corresponds to
large area devices (>10 cm?®). Colors correspond to the cell architecture. (b) Ts, as a function of measurement
time. The gray area corresponds to devices measured for less than 1500 hours. Colors correspond to the cell
architecture.
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publications dealing with large area PSCs tested under real conditions shows a void
in the scientific literature which need to be overcome for commercialization of
perovskite technology, considering that the processing techniques and materials used
for the fabrication of this PSC are hardly applicable in large area devices, and the last
PCE record for PSC of 25.2% is close to commercial technologies such as silicon.
Altogether, this analysis of scientific literature reveals the urgent necessity
of studies dealing with performance measurements of large devices operated
outdoors, tested for longer periods, and produced by solution-based methods
compatible with scalable fabrication. In this chapter, we report a compilation of
several studies developed in our group which report the fabrication and electrical
performance characterization of perovskite minimodules tested in outdoor condi-
tions for periods as long as 2500 hours. The p-i-n mesoporous structure of the
minimodules allows fabrication of devices on substrates of areas up to 100 cm” and
showed improved stability and reproducibility of the perovskite films on large-areas
[1]. Moreover, the volatile solvent methylamine-acetonitrile used for the perovskite
precursor its compatible with scalable fabrication methods [2]. To measure outdoor
performance, we propose a methodology based on the international standard IEC
61853-1 [3]. From the temporal evolution of the maximum power (Pmax) of solar
minimodules tracked at the Solar Cell Outdoor Performance Laboratory (OPSUA)
of the University of Antioquia, we have collected statistical data which allowed
the measurement of lifetime (Tyo) as well as the temporal evolution of the ideality
factor (n;4). From these parameters, it is possible to extract the degradation rate
and monitor the evolution of the degradation processes. Moreover, the information
collected enable tracking the physical processes occurring in the device under real
conditions. Finally, the linear relationship between the time at which the module
reaches n1p = 2 (Tnin,) and Ty, suggested the complementarity of these two param-
eters. This complementarity has important implications for improving the charac-
terization and understanding of the degradation processes and, consequently, for
the PSC’s outdoor optimization.

2. Photovoltaic performance

The performance of photovoltaic devices is conventionally characterized by the
I-V curve according to temperature and illumination conditions. Accordingly, the
Standard Test Conditions (STC) defined as 1000 W/m? of irradiance and 25°C of
cell temperature is the most common conditions to measure the I-V curve in order to
extract the main parameters such as open circuit voltage (V,.), short circuit current
(Isc), maximum power (Pp,y), and estimate the efficiency [4]. STC is commonly
measured in indoor, addressed in the datasheet, and used to compare the progress
of solar technologies [5].

Related to outdoor performance, International Electrotechnical Commission
(IEC) published a series of standards in IEC 61853 intended to establish the require-
ments for evaluating the performance of all photovoltaic technologies in term of
power [6] or term of energy and performance ratio (IEC 61853-3). In the case of
energy, it is worth noting that the study involves the inverter performance. For
that, the performance depends on the evaluated solar device, the electronic device,
and the maximum power tracking algorithm [7]. In the case of power, the study is
mainly based on the parameters extracted for the I-V, in this regard, the standard
called “Photovoltaic (PV) module performance testing and energy rating — Part 1:
Irradiance and temperature performance measurements and power rating” allows
the validation of the devices status of any solar technology defining a pass/fail crite-
ria, in which the success is reached if the power rating conditions (PRC) measured
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fall within the power range specified by the manufacturer [6]. Corresponding the
conditions for the five power rating conditions to:

e Standard Test Condition (STC), defined at 1000 W/m? and cell tempera-
ture of 25°C

* Nominal Operating Cell Temperature (NOCT), defined at 800 W/m” and
ambient temperature of 20°C

e Low Irradiance Condition (LIC), defined at 200 W/m? and cell tempera-
ture of 25°C

* High Temperature Condition (HTC), defined at 1000 W/m? and cell tempera-
ture of 75°C

* Low Temperature Condition (LTC), defined at 500 W/m? and cell temperature
of 15°C)

Consequently, the evaluation of the standard IEC61853-1 according to the five
PRC provides a complete device characterization under various values of irradiance
and temperature, observing the impact of weather variables on Py,y, Voo, Is. Besides,
this characterization could be carried out using a solar simulator and specialized
equipment to set up the temperature and illumination conditions or in natural
sunlight with and without a tracker.

In the case of emerging technologies such as PSCs, no international standards
have been fully established and adopted, and most published works have focused on
laboratory-scale cells to evaluate the performance, stability and degradation of this
technology [8-14]. Thus, because this technology is in its infancy, insufficient data
are available to fully establish or identify the degradation modes and mechanisms of
PSCs, the impact on outdoor performance evolution including large devices [15, 16].

Related to outdoor performance evaluation of perovskite, the International
Summit on Organic Photovoltaic Stability (ISOS) suggests 3 protocols [17].
ISOS-0-1 suggests periodically record the J-V curve at STC using a solar simulator
(indoor). ISOS-0-2 suggests periodically record the J-V curve under outdoor condi-
tions, keeping the device at the Maximum Power Point (MPP) or open-circuit volt-
age. In contrast, the ISOS-O-3 suggests periodically recording the J-V curve using a
solar simulator, keeping the device at MPP under outdoor conditions. Despite that
these cases are related to outdoor, the electrical characterization is usually carried
out under indoor conditions to evaluate the performance degradation or device
stability, this obviously gives most of the time to over or sub estimate the real device
behavior. On the other hand, the protocols suggest reporting the normalized data
(per unit) considering the first value to normalize the data and obtain the degrada-
tion behavior to estimate degradation rate or lifetime. In this regard, a broadly-
supported consensus statement on reporting data related to stability assessment
was published, highlighting certain particularities of PSC technology that must be
taken into account [14].

3. Outdoor performance
To evaluate the outdoor performance of solar devices under natural sunlight

without a tracker, a Solar Cell Outdoor Performance Laboratory of the University of
Antioquia (OPSUA, Figure 2) was implemented in Medellin-Colombia (6° 15’ 38"
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a)

Figure 2.
Solar Cell Outdoor Performance Laboratory of the University of Antioquia (OPSUA). a) commercial
technologies. b) perovskite devices.

N 75° 34’ 05”W, facing south at a fixed angle of 10°). In this laboratory, the perfor-
mance of photovoltaic technologies could be evaluated in terms of power measuring
the I-V curve of devices under different illumination and temperature conditions
according to IEC 61853-1.

To measure the I-V curve of solar devices different hardware techniques have
been used [18], intended to improve portability, local data storage, low cost, and
faster response during measurement. Two different types of I-V curve tracers (solar
analyzer, SA) have been recently developed [19]. One SA is based on the capaci-
tive load technique due to simplicity, power dissipation, and cost concerns. This
prototype is intended for devices that operate for voltages up to 250 V and currents
up to 12.5 A (solar panels, Figure 3a), measuring the I-V curve from short circuit to
open circuit. The other SA is based on the four-quadrant DC supply due to greater
flexibility on sweep direction and speed, allowing a complete characterization
including the reverse bias region and voltages higher than the open-circuit voltage,
making it practical for hysteresis measurements. This prototype is intended for
devices that operate for voltages up to 8 V and currents up to 3 A (solar cells and
solar minimodules, Figure 3b). Moreover, to optimize the I-V curve process and
store records, an embedded computer (Raspberry Pi) is connected to control each
SA and measure the I-V curve every minute.

3.1 Methodology to estimate the performance from outdoor tests
The monitoring system implemented in OPSUA, allows to record, and store the

weather variables (irradiance and temperatures), and electrical data (I-V curve).
These data are uploaded to the remote server to provide backup, and centralize the

Figure 3.
Solar analyzers (SA) to tracer the I-V curve. a) SA for solar panels and b) SA for solar cells or minimodules.
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process to estimate the Outdoor performance according to the flowchart shows in
Figure 2 considering the power rating conditions suggested by IEC 61853-1. In this
sense, the implemented procedure to estimate the outdoor performance could be
divided into two main parts: one part is related to the databases of exposed devices
that are created by merging the weather and electrical data, another part is related
to the analysis, Figure 4.

In brief, from the I-V curves, photovoltaic parameters such as V., the short-
circuit current (Iy.), the fill factor (FF), the photoconversion efficiency, and Py,
were extracted. The irradiances and ambient temperatures were also recorded dur-
ing the I-V measurement (synchronously). Subsequently, the raw data are filtered
based on the linearity determination criterion to minimize transient effects related
to changes in irradiance, shadowing caused by clouds or droplets, or atypical data
[20]. Hence, the best-fit data with a deviation of +5% were selected as the filtered
data. These filtered data are used to perform the analyses:

a.Outdoor performance (OP): the impact of weather variables on performance
is estimated and depicted in form of map to illustrate the performance as a
function of irradiance and temperature, representing the average outdoor
performance during the evaluated time and indicating the operative range of
the involved variables (Figure 5a). A full description of these maps was shown
in previous work [19-21].

b. Power rating conditions (PRCs): the data shown in the form of maps (the
average OP) are filtered considering a deviation of 5% from the irradiance levels
corresponding to the power rating conditions indicated by IEC 61853-1, that is,
1000 W/m?, corresponding to standard test conditions (STC); 800 W/m?, cor-
responding to NOCT conditions; 500 W/m?, corresponding to low-temperature
conditions (LTC); and 200 W/m?, corresponding to low-irradiance conditions
(LIC). Hence, the data deviation of each power rating conditions is considered
by the median value of the data considered in each sampling time, Figure 5b.

Choose database

Read weather and |-V
curve data from server,
defining t, texp and dt

Batch data Data filtering
No Yes. _—s
‘B | selection (linearity determination)
Perfomance
evolution == Impact of
* Power rating weather
s conditions (STC, |-e={ conditions on
NOCT, LIT, LIC) performance
Save (OP maps)
results

Ideality factor (nID) as a function of

open-circuit voltage and weather
conditions
Figure 4.

Flow chart to obtain the outdoor performance. Procedure to analyze and process the databases to obtain the
impact of weather variables on outdoor performance (OP), power rating conditions (PRCs), and ideality
factor (nID).
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c.Ideality factor (n1p): np is calculated following the procedure shown [21],
considering the filtered data and processing the data at different ambient tem-
peratures between 25 and 35°C (Figure 5c). Consequently, because different
ideality factors can be calculated, the median value is considered the average
value to consider the data dispersion representing the evaluated time window.

Finally, it is worth noting that these analyses are considered by the loop. For
that, it is possible to divide the data by sets (batches) to estimate the average impact
of weather variables on performance, the power rating conditions and ideality
factor in every dataset (batch). Therefore, it is possible to analyze the performance
evolution or power loss tendency (degradation-shape).

3.2 Perovskite outdoor performance

In OPSUA, perovskite minimodules (PMM) with inverted structure, large areas
and different cells in series have been tested [1, 20, 21]. Figure 6 shows the perfor-
mance for three representative PMMs during the first 100 h of exposure in the form
of contour. These maps represent the average performance allowing observation of
the impact of weather variables on Pp,x, Vo, and I In this cases is noting that the
performance for the samples show in Figure 6a, b, d, e, g and h, follow similar and
expected behavior for Pp.y, I, and V. according to the irradiance. However, the
performance shows in Figure 6c, f and i do not exhibit this monotonic behavior,
showing local maxima or minima at various irradiance levels and temperature,
behavior that was correlated with fast degradation processes during the first 100 h
of exposure [21]. Therefore, these maps could be used as a diagnostic tool aimed at
identifying early faults or degradation processes in the devices. Moreover, the maps
allow us to identify the low-temperature dependence of V., which was identified as
a competitive advantage of perovskite [20].

3.3 Perovskite degradation

Information on system state and performance collected over time is referred to as
degradation data [22]. In solar devices (cells, modules, and panels), the natural indi-
cator to evaluate the degradation is the performance, which is commonly obtained
from the I-V curves data and contrasted to weather variables such as irradiance and
temperature [23]. In this sense, the failure for an individual device could be defined
as the time at which the output power dropped to 20% below the initial output, being
this the standard definition of lifetime of photovoltaic devices (Ts). It depends on
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Normalized outdoor performance of three representative PMM. a-c) Maximum power. d-f) Short-civcuit
current. g-i) Open-circuit voltage. The color bar indicates the variable range. At the top of each plot, the
maximum vecorded value used to normalize each variables data is shown. These figures only considered the
data during the first 100 h of exposure. Figure taken from [21]. Copyright 2021, Springer Nature.

different factors such as materials and procedures used in the device fabrication, cell
interconnects, weather conditions, seasonal variations, installation conditions, shad-
ing and soiling effects, an electrical mismatch between cells, among others [24].
Currently, the long-term stability or lifetime (Tgo) of perovskite technology
on average is only a few months, even for encapsulated devices, corresponding to
a degradation rate higher than 100%/year [25]. This short lifetime is the result of
intrinsic and external aspects [26]. The intrinsic degradation is mainly related to
thermal and light soaking effects, while external degradation is mainly related to
the ingress of water, moisture, or oxygen into the device [27, 28]. Accordingly, it is
possible to find different strategies to improve the lifetime, including the encapsula-
tion process/method, kind of perovskite (2D, 3D, Etc.), selective charge contacts or
other layers involved [29], passivation of the interfaces [30] or the grain boundaries
[31]. Nevertheless, because the degradation is a complex process that depends on
the structure (layers) and their interfaces, the degradation studies must be con-
ducted in the complete device and not in isolated layers [32].
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In this regard, Figure 7 shows a summary of Py, evolution for different
minimodules evaluated under outdoor conditions in OPSUA. Here, to show the
performance degradation, the evolution of the performance at NOCT was selected
because this power rating conditions is defined as the equilibrium mean solar cell
junction temperature of the module in the described environment [33], these condi-
tions reflecting adequately the real operating, indicating how the module tempera-
ture is affected by solar irradiation, ambient temperature and thermal properties
of the photovoltaic material [34]. In addition, these conditions are included on the
datasheets for commercial solar modules, and it can be reached outdoors [19] whiles
the STC conditions rarely occur outdoor [35].

The evaluated outdoor samples exhibited three different P, evolution patterns
over time, named convex, linear, and concave patterns, because of the shapes they
exhibit. These three distinctive patterns are commonly described for degradation
processes in the literature to study possible degradation paths and estimate the
failure time [22]. Therefore, these P,,,, behaviors were fitting to linear models to
estimate the degradation rate and Tgo. Thus, the T values for the samples were
analyzed in Figure 7b in the form of probability distribution plot. This plot indi-
cates that the double Weibull distribution is more suitable to represent the data
distribution with a shape parameter of ¢ = 0.6, suggesting higher early mortality
of devices and that the failure rate decreases over time. Also, this result suggested
3 degradation levels based on the likelihood of Tg values. The first was related to
the most likely and faster degradation (Tgy < 200 h), the second related to moder-
ate degradation (350 < Tgy < 700 h), and the third related to lower degradation
(Tso > 1250 h). These levels or groups agree with the degradation shape of concave,
linear, and convex patterns, respectively. Therefore, all the analyzed minimodules
present behavior that can be statistically associated with these three patterns.
Finally, Figure 7c highlights the behavior of one representative sample of each pat-
tern, corresponding to the lower degradation rate of the initial Py, of 0.29%/day to
the convex pattern, a moderate degradation rate of 1.39%/day to the linear pattern,
and faster degradation rate of 7.68%/day to the concave pattern.

It is worth noting that these three P, patterns have all been observed for
PSCs [25]. For instance, the convex pattern has been observed for encapsulated
PSCs stored at room temperature [36]. The linear and convex patterns have been
observed in nonencapsulated cells under controlled relative humidity conditions [37],
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Summary of Py evolution at NOCT from the outdoor test. a) representative power loss tendencies for
perovskite minimodules. b) Probability density of Ts, for evaluated samples. Corvesponding the blue bars to Ts,
data, black line to data fit to Normal Distribution function (being the parameters: p = 276.8 and std. = 478)
and green line to data fit to Double Weibull Distribution function (being the parameters: ¢ = 0.6, loc = 80

and scale = 453.7). ¢) Degradation Rate (DR) of three representative patterns of each group according to

degradation levels suggested by the probability function distribution of Ts,. Corresponding the DR to the slope
of linear fitting showed (color lines). The slope of the fitted curves provides the degradation rate in %/h units.
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while the concave pattern has been observed in encapsulated cells exposed to
different levels of sunlight [9]. In addition, this shape has also been observed in
nonencapsulated PSCs under higher relative humidity [11], and in nonencapsulated
devices tested under air exposure [38]. Nevertheless, in the case of controlled atmo-
spheres is possible to correlate the performance behavior with the physical origins
of the degradation, whereas under outdoor conditions is not easy to determine the
origin of the degradation.

In the case of the representative samples of each Py, pattern obtained from the
outdoor tests (Figure 7), The degradation in Py, can be mainly attributed to the
decreases in V,, or I for the convex and linear patterns, respectively (Figure 8a and b).
In contrast, both parameters are significantly degraded for the concave pattern, as is
shown in Figure 8c. Fitting the normalized variables concerning the initial values, to
linear regression models in order to estimate the degradation rates (DR) by sections
(Figure 8d-f), is possible to observe some features:

a.Related to Py, convex pattern, this variable, and the V,. can be modeled by
2 linear models, corresponding the DR value for the second section to 2 times
first section’s value for both variables. In contrast, the I. can be modeled by
only one linear model characterized by a DR value of 0.0023%/h. These results
indicated that the main power drop is because of the changes in V.

b.Related to P,y linear pattern, this variable, and the V,. can be modeled
by 2 linear models. Nevertheless, the corresponding DR value for the sec-
ond section for Py, is lower than the DR value of the first section (0.035
and 0.058%/h, respectively). For V,, the DR for the second section is
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Nogrmulized behavior for photovoltaic parameters. Corresponding a) for variables velated to P, convex
pattern, b) for P,y linear pattern, and c) for P,,.y concave pattern. d) Maximum power for all patterns.
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74



Outdoor Performance of Perovskite Photovoltaic Technology
DOI: http://dx.doi.org/10.5772/intechopen.100437

16 times the first section’s value (0.035 and 0.0022%/h, respectively). I
can be modeled by only one linear model characterized by a DR value of
0.0029%/h. These results indicated that the main power drop is because of
the changes in I;.

c.Related to Pp,x concave pattern, all variables can be modeled by 2 linear mod-
els, corresponding the second section’s DR values to the lower DR values for
each variable. Moreover, in the first section, similar DR values for V.. and I,.
were obtained. These results indicated that the power drop is because of both
variables’ changes (I;. and V).

d.Accordingly, Pp,.x convex and linear patterns share similar trends, character-
ized by constant DR for I, indicating a constant reduction in the charge
extraction. Also, both V. patterns shown a double increase in the DR after a
specific time (1400 and 1000 h for convex and linear patterns). This fact could
be associated with surface traps allowing the charge recombination, increasing
the device’s series resistance, and causing the voltage drop.

3.4 Ideality factor (n1p)

The ideality factor also called the quality factor or shape curve factor, is
one of the most reported parameters for different solar cell technologies. This
parameter has been used to define the electrical behavior of solar devices due
to its relationship with conduction, transport, recombination, and behavior at
interface junctions, providing direct information on the dominating recom-
bination processes. For silicon, 71p has been widely studied, reporting values
between 1 and 2. Close to 1 indicates ideal junctions, equal to 2 is correlated
with the degradation of the solar cell, non-uniformities on recombination
centers, and shunt resistance effects [39]. This parameter has been estimated
using the relationship between the open-circuit voltage (V,.) and light inten-
sity to overcome the effects of series resistance [40], performing numerical
calculations [41], and fitting the I-V curves to equivalent circuits [42]. In the
case of perovskite, a full interpretation of #n;p for non-encapsulated cells was
reported, establishing the relationship between the dominating recombina-
tion process, light intensity and V, [43]. In addition, under dark conditions,
ideality factors close to 2 have been reported due to carrier recombination and
trap-assisted recombination [44, 45] and values between 1.3 and 2.5 has been
estimated considering several hole transport layer thicknesses [46]. Moreover,
due to the estimation of this parameter could be affected by different aspects
such as hysteresis, the dependence of open-circuit voltage on light intensity and
temperature, parasitic resistances, among others, the perovskite ideality factor
estimated from the dark I-V curve could be higher than 2 [47]. Nevertheless, an
agreement has been shown between the n;p value estimated from the recombina-
tion resistance extracted through impedance/frequency-response (IFR) analysis
and the value calculated from V. at different light intensities [21, 47, 48].

On the other hand, despite that 7;p can be accurately estimated from the I-V
curve using proper optimization methods [49], this procedure could be considered
as successful if the I-V curves are well defined. In cases in which the I-V curves show
an S-shape, this procedure could not be suitable, and other elements in the equiva-
lent circuit such as another diode have been included to reproduce the I-V behavior,
increasing the complexity and accurate interpretation of ideality factor [42, 50].
The S-shape behavior is associated with the chemical degradation of electrical
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contacts or charge accumulation on electrodes affecting the series resistance of the
device [51]. Thus, to avoid the series resistances issues, another method is used to
estimate the #p the relationship between V, and light intensities, Eq. (1). This
equation shows the relationship between the V., bandgap (E,), thermal voltage,
ideality factor, and logarithmic dependence on light.

€'VOC=m'Eg+”m‘kB’T'm‘l"£ 1)
0.

Where e is the electron charge, 7 is the number of equal cells connected in series,
E, is the light absorber bandgap, ks is the Boltzmann constant, T is the temperature,
G is the irradiance or light intensity, and G is a constant with the same units than G.

Accordingly, the outdoor data related to the three representative samples cor-
related to each Pp,,, pattern were analyzed following Eq. (1). Therefore, the average
nip values were calculated from the outdoor data taking advantage of the different
levels of illumination caused by day-night cycles to collect a large amount of data
across a broad range of illumination conditions.

Figure 9 shows as an example the procedure to estimate the #;p using the
outdoor data for the sample with P,,, convex pattern during the first 100 h of
exposure. The raw data (full data during the first 100 h) are filtered, applying a
linearity determination criterion to minimize the influence of atypical data or data
related to unclear days, shadowing, dirt, or droplets on the surface. In this regard,
the best-fit data with a deviation of +5% are selected as the filtered data, represent-
ing the average conditions during the exposure time, Figure 9a. Then, the data are
filtered by the ambient temperature to extract the V,. and irradiance values
correlated to this temperature. These V. and irradiance values are used in accor-
dance with Eq. (1) to estimate the n;p values, Figure 9b. Accordingly, to consider
the deviations from the average value due to temperature changes, #p values are
estimated by calculating this parameter in the measurement sets, filtering the data
by temperatures between 25 and 37°C in steps of 2°C with a deviation of +1°C.

100 r-value= 0,96 4.0
(a) =—— Pmax = 0.065R+0.351 50 (b)
35
80 Lo
= E’ > 3.0
E g :':‘2 5
K 202 £
z - g
2 g = 2.0/
o 3
5 a0 S £ ® Data
E 209 T 15 8
‘g = p= = nlD(Voc,R,25°C) =1.6
= 5 5‘110 —— niD(Voc,R,28°C) =1.7
20 10 | == nID(Voc,R,30°C) =1.8
0.5 == niD(Voc,R,32°C) =1.9
= nID(Voc,R,35°C) =1.9
0 L !
“egz2gs8388883¢8 e (0 102 10°
e Ol U e S - s ) Irradiance (W/m?)
Irradiance (W/m?)
Figure 9.

Procedure to estimate nip from Outdoor Data. a) Linearity determination criteria to filter the data from
atypical data. At the top is shown the coefficient of determination (r-value), estimated from the fitting process
between P, and irradiance. The gray points correspond to data measured in the considered exposure time,
and the color dots corvespond to data considered as filtered and representative of the dataset. The filtered data
correspond to the average conditions during the 100 h of exposure. b) Ideality factor estimated considering
different ambient tempevatures and the data registered between 0 and 100 h of exposure. The parameters
estimation of nip for the linear regression in accordance with Eq. (1) is shown in Table 1.
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Temperature (°C) 7D r-value Slope Intercept

25 1.58 0.98 0.16 2.57

28 167 0.98 017 248

30 1.81 0.99 0.18 237

32 1.86 0.99 0.19 232

35 191 0.97 0.20 2.25
Table 1.

Parameters velated to the fit of V,. and Irradiance to estimate np.

Then the mean value of each dataset is considered as the average np value. The
results during the exposure time for the representative samples are shown in
Figure 10 in the form of boxplots to illustrate the deviations from the average value
and data distribution for the samples analyzed.

The n1p results showed in Figure 10 also exhibits three distinct evolution patterns
or shapes. Precisely, a convex Py, evolution pattern corresponds to a concave #p
evolution pattern (Figure 10a) and vice versa (Figure 10c). In contrast, for a linear
Pp.x pattern, a linear n;p pattern is observed (Figure 10b). In the cases of convex
Pp.x/concave nyp patterns (Figures 9 and 10a) and linear patterns (Figures 9 and
10b), at times earlier than Ty, (1442.2 and 414.2 h, respectively), njp takes values
between 1 and 2, indicating bulk Shockley-Read-Hall (SRH) recombination [43]. For
longer times, 71p exhibits values above 2, characteristic of a multiple-trap distribu-
tion, originating from the formation of trap states, causing the performance deg-
radation, as pointed out by Khadka et al. [36]. In concave Py,./convex njp patterns
(Figures 9 and 11c), the initial values of #;p are higher than 2, indicating fast deg-
radation in the first 100 h of exposure due to the formation of multiple trap states.
Interestingly, after the initial increase in 71p, a progressive decrease is observed in
the concave and convex (Figure 11a and c) cases, suggesting evolution from bulk
recombination to interfacial recombination. This behavior does not imply a recovery
in device performance; it only indicates a transition between two different recom-
bination regimes in the degradation process, from multiple-trap recombination to a
regime with higher interfacial recombination.

It is worth noting that results in Figure 10 were estimated in accordance with
Eq. (1) using the ambient temperature to simplify the methodology and the number
of variables to record in the outdoor test. Nevertheless, to determine the impact of
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Figure 10.

Patterns of the ideality factor. a-c) Ideality factor analysis of the three representative samples: (a) nip exhibits
a concave pattern, (b) np exhibits a linear pattern, and (c) nip exhibits a convex pattern. The thick black line
on each box represents the average value in the corresponding time window. The red line is included as a visual
guide to illustrate the patterns. Figure taken from [21]. Copyright 2021, Springer Nature.
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Estimated ideality factor using the device temperature. a) Relationship between ambient and minimodule
temperature during the first 100 h of exposure. Corresponding the points to measured data and the solid ved
line to the linear regression fit. The corresponding coefficient of determination of the fits is shown at the top.

b) Ideality factor calculated considering the device temperature instead of the ambient temperature. The
boxplots were obtained by calculating the variables observed in the measurement sets, each of which contained
measurements recorded over 100 hours of outdoor exposure. The thick black line on each box represents

the median value, while the blue boxes represent 50% of the data in the corresponding time window. c)
Comparison of ideality factor calculated using the device and ambient temperature. Solid lines of each color
correspond to the estimated average nip values and dotted lines to the standard deviation of the variables. These
values were estimated by calculating the nip values in the corresponding time window for ambient temperatures
ranging between 25 and 35°C and device temperature between 25 and 45°C in steps of 2°C.

the device temperature in the estimation of the ideality factor, the data related to
Prax convex pattern were used to estimate this parameter. In this sense, Figure 11a
shows the relationship between ambient and device temperature, which depicted a
linear behavior characterized by the figure’s inset equation and demonstrated by the
r-value close to 1 shown at the top. Figure 11b shows the results of calculating the
n1p using the device temperature. This behavior is very similar to the n;p behavior
obtained in Figure 10a using the ambient temperature. Therefore, to compare in

a better way both behaviors, Figure 11c shows the average values and standard
deviation of the variable in the measurements sets, which contain the data over

100 h of exposure. Hence, the error between both estimations was 4.3%, which was
calculated using the Euclidean norm between the difference of both estimations.
Consequently, it was possible to validate that using the ambient temperature instead
of device temperature allowed us to estimate reliable values to track the evolution
(because this estimation introduces a relative error lower than 5%) and simplifies
the number of outdoor variables.

4, Conclusions

Outdoor performance of emerging halide perovskite photovoltaics is just start-
ing to become an important issue to determine the technology behavior under more
realistic conditions. Specific standards are required to be applied for particular
technologies specially for halide perovskite solar devices, as their behavior not neces-
sarily follows the typical silicon or other traditional semiconductors based technology.
However, general standards like IEC 61853-1 allows to stablish valid criteria to study
these emerging devices. Parameters as lifetime (Tgo) and ideality factor (n;p) can be
estimated from the maximum power output trends and open-circuit voltage (V,.)
dependence on irradiance and ambient temperature from outdoor data. Moreover, the
values can provide physical insight into the recombination mechanism dominating
the performance during the exposure. Perovskites degradation indicates both bulk
Shockley-Read-Hall (SRH) recombination and multiple-trap states for higher values of
ideality factor. These methodologies allow to continue studying different architectures,
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composition, encapsulating methods to improve the performance of the perovskite
photovoltaics under outdoor conditions before they can be release into market.
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Chapter 6

Hybrid Perovskite Thin Film

Akin Olaleru, Eric Maluta, Joseph Kirui and Olasoji Adekoya

Abstract

Hybrid perovskite thin film offers diverse advantages like low cost deposition
techniques, less material consumption and superior optoelectronic properties.
These merits including high voltage and high efficiency performance in a wide
range of high light intensity are sufficient to distinguish perovskite thin films/
devices from their contenders as a thin film technology with greater potential for
industrial applications. Perovskite thin film technology demonstrates potency in
avariety of applications in optoelectronic devices especially photovoltaic applica-
tions. The National Renewable Energy Laboratory (NREL) of the USA categorizes
a number of thin films technologies including perovskite thin film, as emerging
photovoltaics with the bulk of them yet to be commercially applied but are still in
the research or developmental stage. In this chapter, various processing methods
and material combinations as well as current trends in this technology are subjects
of discussion.

Keywords: Perovskite thin film, deposition techniques, low-cost, properties,
solar energy

1. Introduction

Thin film is a two dimensional material layer ranging from fractions of a
nanometer (single layer) to various micrometers in thickness deposited on a
substrate, including plastic, glass or metal, so as to attain properties that cannot be
realized at all with the same material in its bulk form. Thin-film is developed by
depositing a single or multiple layers of absorbing materials on substrate for photo-
voltaic and optoelectronic applications. The definite property of a thin film is due
to the special approach of creating it, by means of evolutionary addition of atoms
or molecules. Thickness is the basic property of thin film and is firmly connected to
diverse properties which vary with thickness.

1.1 Different types of thin film devices?

There are various classes of thin film devices which are widely employed in optical
devices and semiconductors as well as other applications. Thin film devices are used
in the form of optical filters, such as photograph, microscopes. Thin film semicon-
ductor also finds applications in fields of microelectronics, micro-circuitry, solar cells
and integrated circuits are possible type of thin film devices. In addition, common
thin film devices are mirrors which are made of a thin film of reflective material
like aluminum which is attached to the glass substrate. Presently in the market, thin
films are being introduced to deliver drug. The film permits the drug to penetrate the
bloodstream rapidly in complete contrast swallowed pills or liquid suspensions.
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In this chapter, we are going to narrow down to thin film photovoltaics (PVs)
major. The reasons for wide usage are not far-fetched; firstly, film thickness differs
from a few nanometer (nm) to micrometer (um) which is much thinner than the
traditional crystalline silicon PV cell (c-Si) that utilizes wafers of up to 200 pm
thick. Accordingly, thin film cell more flexible and lighter in weight. Secondly, thin
film technologies allow drastically reduced quantities of active material in a cell,
which makes the thin films much cheaper than their bulk counterparts.

Thin films photovoltaics are called based on their main light absorbing material
as shown in Figure 1. The commercial thin film photovoltaics are mainly based on
the following technologies:

e Cadmium Telluride (CdTe)

* Amorphous Silicon (a-Si)

* Copper Indium Diselenide (CIS)
e Gallium Arsenide (GaAs)

These thin film technologies are employed widely in optoelectronic devices and
semiconductors, although there are different applications also. Most of the thin
films used are developed out of a variation of different metals and materials, each
with its own properties and applications.

Unfortunately, these earlier thin film technologies are still relatively expensive
to manufacture. The cost has been a major restriction in the way of expanding the
market in addition the high temperature requirements in production and the low
absorption rate of photons by these films contribute to their weaknesses.

Light-harvesting layer, referred to as the main premise of any given PV technol-
ogy, assumes a key function in deciding the most suitable manufacturing technique
[1]. For instance, traditional silicon wafer photovoltaic cells demand energy-intensive
vacuum processes and hence, normally developed in a batch process. Second
generation thin-film solar cells use direct band gap micron-thick absorber (CdTe,
CIGS) layer for effective conversion of solar to electric energy.

The employment of thin absorber layer eases the acceptance of high efficiency
device fabrication on a variety of substrates. On the other hand, the requirement of
high-vacuum and costly precursor materials restricted the commercial feasibility of
thin film photovoltaic cells.
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Figure 1.
PV device architectures: Wafer-based and thin-film technologies. Main absorber layers are marked by white
color [1].
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In recent times, the National Renewable Energy Laboratory (NREL) has catego-
rized various thin-film technologies as emerging photovoltaics, although most of
these technologies are still in the research and developmental stage, and yet to be
industrially used. Many of these technologies use organic materials, like organome-
tallic compounds and inorganic materials. These emerging thin films photovoltaics
(technologies) fall under the third and fourth generations, which include:

* Organic solar cell

* A dye-sensitized solar cell (DSSC) or “Gritzel cell”
* Copper zinc tin sulfide solar cell (CZTS)

¢ Quantum dot solar cell

* Perovskite solar cells (PSCs)

The emerging thin films photovoltaics offered a golden opportunity for low-
temperature and non-vacuum processability.

However, some of these technologies have low efficiencies, and moreover the
stability of the absorbing materials is inherently too short for industrial applica-
tions. A great number of studies are ongoing on these thin film technologies as
they have the potential to accomplish the goal of ushering in the much anticipated
low-cost and energy-effective photovoltaic cells.

Among these emerging thin films, the perovskite thin film which serve as the
focal point of this chapter provided the promising window to replace the dominant
silicon photovoltaics in the market and also help mitigate the energy crisis globally.
This is possible owing to desirable properties given below.

2. Materials profile for hybrid perovskite

A hybrid perovskite is a semiconductor consisting of organic, inorganic mate-
rials/species and halides. These materials are widely used as light-absorbers in
perovskite solar cells. The excitement for hybrid perovskite materials has been con-
nected to a large extent to the interesting attributes of the inorganic components,
which impart thermal stability and the considerable degree of structural order
[2]. In addition, the organic component properties likewise play a part in the great
properties of halide perovskite including mechanical adaptability and minimal
effort in production [3]. Consequently, the probability of merging the properties of
normal inorganic crystals with those of organic solids has motivated recent research
into the flexible properties of organic—inorganic hybrid perovskite materials.

This family of hybrid perovskite materials has been extensively employed
in optoelectronics. The use of halide perovskites in PV cells has made a major
quantum leap in the field of emerging PV technologies in recent years. The power
conversion efficiencies (PCEs) of PSCs have demonstrated a notable rise from
the pioneering value of 3.8% in 2009 to the latest record of 25.5 and 29.5% for the
single junction device and the tandem with silicon (Si) respectively [4]. Besides the
sphere of PV, the three-dimensional halide perovskites as well as low-dimensional
perovskites have been largely investigated for applications in transistors and light
emission.

The properties that render perovskite materials as the preferred choice for PV
technology are summarized as follows:
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2.1 Charge generation

The superb absorption properties together with low exciton binding energy
enables perovskite-based solar cells to absorb light throughout visible wavelengths
and beyond. This leads to a high population of charge carriers (both electrons and
holes) inside the same absorbing material (ambipolar class material), which has
great impact on the transport, recombination, and extraction of charges. This
promotes low energy-loss by the charges produced and enhances their accumulation
at the electrodes. Hence, this results in high PCEs in perovskite solar cells.

2.2 Charge transport

Unlike other PV technologies, PSCs convey both electrons and holes for extrac-
tion effectively due to its ambipolar transport properties. The superior charge-
transport properties of the material with long charge carrier diffusion lengths of
more than 5 pm, and corresponding lifetime of ~1 ps [5, 6] in single-crystal and
poly-crystalline thin films determine the exceptional PCEs of these cells. The dif-
fusion lengths of PSCs are greater than those of most organic solar cells prepared
using solution-process technique. The diffusion lengths for both electrons and holes
appear to be symmetrical in perovskite solar cells, which is essential for thin-film
PV for the effective extraction of both types of carriers.

2.3 Charge recombination/energy utilization

Perovskite materials can effectively separate and transport electrons and holes
as aresult of quick exciton dissociation, long charge diffusion lengths and probably
self-doping at the interface. Research have shown that the unusual properties of
perovskites, like quick exciton dissociation and appreciable diffusion lengths, plus
shallow trap states due to the presence of impurities, greatly minimize the loss of
charge carrier within the perovskite bulk. The energy utilization in PSCs is very
high and nearly comparable to that observed in other foremost monolithic crystal-
line technologies like c-Si-based solar cells.

2.4 Versatile solution processing

Perovskite materials can dissolve in organic polar solvents, thereby enabling
excellent-quality thin films to be layered on any surface through simple solutions
(spin-coating, spray coating, inkjet printing, slot-die coating, and blade coating).
These deposition methods can be easily incorporated into the roll-to-roll fabrication
of flexible PSCs.

Consequently, it is vital to attain excellent control through the reaction between
the inorganic and organic components, which leads to formation of perovskites
with useful properties and device performance. Several process parameters such as
deposition techniques, stoichiometry, thermal treatment, solvent engineering and
additives which were incorporated into the process to enhance the perovskite thin
film qualities will be discussed in the next section.

3. Pathway to perovskite thin film formation
The preparation of the perovskite layer before deposition on a substrate is

fundamental for achieving high-efficiency devices. Thin film quality indicators,
including crystallinity, grain size, presence of impurity phases, and defects, can
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influence the optoelectronic properties immensely. Furthermore, all the needed
properties (like simple preparation, absorbance through the entire visible range)
PV material are deemed to be affected by the quality of the film. The following
parameters influence the quality of the perovskite film:

* Precursor stoichiometry
* Solvent engineering

* Annealing process

* Deposition method

Usually, careful control of these parameters during preparation of perovskite mate-
rial is required to manufacture high-efficiency PSCs. The charge separation efficiency,
recombination dynamics, and long diffusion length of the charge carriers are expected
to be influenced by crystallization behavior and morphological evolution of the
perovskite film for example, the large grain size can promote better charge transport.

3.1 Precursor stoichiometry

During the last decade, notable development has advanced the field of
perovskite PV cells to the vanguard of thin film PV technologies. The stoichiometry
of the perovskite material is of great significance as it predetermines the optoelec-
tronic properties of the absorber and thus the device performance.

The stoichiometry of the precursor solution, specially the ratio of the organic
and inorganic constituents, highly influences the resulting thin film quality in term
of film conformity and carrier behavior. Moreover, precursor solution stoichiom-
etry can effect profound changes in the properties of the perovskite layer along with
the performance and stability of perovskite PV devices.

The initial nominal stoichiometry and non-stoichiometry of methylammonium
iodide (CH3NH;l, MAI) and lead halides can be carefully regulated in both solution
and vacuum evaporation techniques. The molar ratios of 1:1and 1:3 have been the
most commonly used for perovskite precursors. But other molar ratios which are
non-stoichiometric are reported in [7, 8].

Generally, a solution of Pbl, and MAI with a stoichiometry of 1:1 is employed as
the precursor to form a pure perovskite phase. For the mixture of PbCl, and MAI
solution, a non-stoichiometric mole ratio of 1: 3 is used for the formation of MAPbDL.

Any deviation from stoichiometric ratio (PbCl,: MAI) can lead to either exces-
sive MAI or unreacted PbCl, to remain inside the film, which can be expected to
decompose their resulting optoelectronic performance. For example, the MAI
and Pbl, (1: 1 mole ratio) and the mixture of PbCl, and MAI solution, a non-
stoichiometric mole ratio of 5: 3 is demonstrated to be optimum for the formation of
perovskite precursor [8]. It should be noted that the mixed halide shows enhanced
film properties, for instance. More compact and improved grain size, in comparison
with the pure iodide MAPDI; perovskite.

3.2 Solvent engineering
The selection of the precursor solvent plays a key role in any solution method
and controls the quality of hybrid perovskite films. In one-step deposition

technique, a blend of two separate precursors (for instance methylammonium
iodide and lead halides) is employed. Due to the distinctive nature of organic and
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inorganic precursors, the fundamental specification is that the solvent must be
polar so as to dissolve the precursors, while the physical properties, such as boil-

ing point and vapor pressure, must to be determined with respect to the preferred
crystallization mechanism, that is, rapid or slow. Currently, y-butyrolactone (GBL),
dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP), and dimethylfor-
mamide (DMF) are the usual solvents in the precursor solution, and their mixture
is a possibility to enhance the crystallization [9, 10]. It should be noted that addition
of DMSO to the DMF solution aided in monitoring the perovskite crystallization,
resulting in improved PV performance.

3.3 Anti-solvent treatment

In addition to the significance of the perovskite precursor—solvent interaction
so as to decipher the nature of an intermediate phase in the solvent engineering
technique, the application of an anti-solvent likewise plays an important role in the
surface morphology and crystalline properties of the perovskite films The nature
of an antisolvent is non-polar solvent (that is, a solvent in which the perovskite is
not soluble). Consequently, the inclusion of the anti-solvent onto the precursor
deposited on a substrate can generate fast supersaturation and precipitation of
the perovskite precursor film by eliminating solvents from the precursor solution,
hence, facilitating uniform grain growth with high nucleation density.

Olaleru et al. recorded that dropping ethyl acetate on a perovskite precursor
film during the spinning process caused a homogenous perovskite film with good
reproducibility [11]. Cohen et al. investigated the relationship between anti-solvent
(toluene) treatment and electronic properties of the perovskite films together with
surface morphology [9]. The most common antisolvents include toluene, chlo-
robenzene, and diethyl ether. Other antisolvents investigated including toluene,
chlorobenzene, methanol, ethyl acetate and ethanol were found to induce fast
crystallization and result in enhanced film quality [9]. Furthermore, the application
of a more eco- friendly anti-solvent replacement to toxic chlorobenzene and toluene
is greatly needed to minimize health risks.

3.4 Additives

The introduction of little amounts of chemical additives in perovskite precur-
sor solutions have been recorded to offer advantages with regard to crystallinity,
film uniformity and the resulting device performance. Additives constitute one
more parameter affecting the perovskite morphology. There are different additives
reported in the literature for various perovskites. Additive engineering can also
enhance the quality of perovskite by modifying the film formation kinetics from
a diverse perspective, including morphology modification, defect reduction, and
enhancement of cation diffusion into Pbl, layer [9].

It has been largely documented that the application of additives to the perovskite
precursor solution could be a beneficial and logical technique to obtain large size
grains in perovskite crystal, defect suppression, and improved stability and ultimately
enhanced PCE of PSC devices. A wide spectrum of chemical additive has been
recorded depending on the perovskite mixture and the additives manufacturing
technique.

3.5 Annealing temperature

The formation of perovskite structure requires sufficient heat treatment whose
purpose is twofold; removal of excess solvent remaining on the film and speeding
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up crystallization of perovskite structure. Annealing process is one of the major
parameters controlling the perovskite formation and morphology. The perovskite
annealing is performed at various temperatures; the maximum thermal annealing
for CH;NH;PbI; perovskite should not be more than 110°C.

From our work [8, 11], the annealing temperature had strong impact on the for-
mation of perovskite. The under-and over-annealing were both detrimental to cell
performance. Under-annealing could cause incomplete conversion to the perovskite
and leave residual solvent and ions in the layer, while over-annealing decomposed
the perovskite layer into Pbl, by evaporating MAI from the layer. Therefore, it was
necessary to keep annealing temperature below 110°C to avoid Pbl, formation and
annealing time should be kept below 30 min.

A polar solvent including y-butyrolactone (GBL), dimethyl sulfoxide (DMSO)
dimethylformamide (DMF) and N, N-dimethylacetamide (DMA) in perovskite ink
deposited on a substrate was removed by annealing temperature on a hot plate or
drying in air after the spinning procedure, resulting in supersaturation in the film
for nucleation and crystal growth of the perovskites. This technique provides an
easy strategy to evaporate solvent for perovskite deposition.

4. Scalable fabrication of perovskite thin film

From a technological viewpoint various optoelectronic devices depend on the
integration of active thin films in appliances such as solar cells, light-emitting
devices, and transistors. Until now, vapor and solution deposition have been the two
common routes/methods for effectively preparing hybrid perovskite thin films. One
of the merits of hybrid perovskite over in-organic semiconductors is the feasibility
of obtaining high quality semiconducting films by simple solution or sublimation
processes.

The fabrication of a smooth and pinhole-free large-area perovskite thin film is
essential in the quest to attain PSCs’ commercial application. The main challenge
relies on how to prepare top quality large-area perovskite thin films with a facile
scalable deposition method.

Up till now, the understanding of crystal growth processes and precursor solu-
tion has resulted in notable development laid down on various scalable deposition
methods. This section outlined the striking progress in the preparation of large-area
perovskite thin films and PSCs with scalable deposition techniques.

The best route for the deposition of perovskite thin film in the laboratory
is spin coating with the aid of antisolvent and additive engineering; but, this
technique throws away perovskite solution and is very susceptible to numerous
technical requirements, which stifles its selection for the fabrication of large scale
perovskite films.

Until the present, the recorded techniques for the fabrication of large-area
perovskite thin films (1cm?) could be mostly divided into the following classes:
spin coating, casting, blade coating, spray coating and slot-die coating technologies
[12]. Although spin coating has intrinsic weakness for large-area film preparation,
it is further mentioned in comparison to other methods [12, 13], which reflect the
deficiency in preparing large-area perovskite thin film.

4.1 Spin coating
Spin coating is an easy and common technique widely employed for perovskite

thin film deposition in the laboratory. Normally, a little quantity of precursor
solution is dropped on the center of the substrate. Then, the substrate is spin at a
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high speed so as to spread the coating material by centrifugal force. The precursor
solvent is normally volatile and concurrently evaporates during high-speed spin-
ning. Consequently, the dried film with certain thickness is obtained.

Usually, there are two common methods for spin coating deposition of
perovskite films. These are; one-step or two-step processing techniques as dem-
onstrated in Figure 2. Perovskite thin film can be prepared either by spin-coating
a mixed powders of MAX (X:1, Br, Cl) and PbX, (X: I, Br, Cl) solution (one-step
coating) or by spin-coating PbX, accompanied by deposition of MAX (two-step
coating).

Majority of current study on perovskite solar cells center on their fabrication
using spin coating, which is already proven to attain better thin films with pinhole-
free uniformity and carefully controlled crystal growth. Nevertheless, the spin
coating is applicable to the manufacturing of non-scalable solution-processed PSCs
[12]. It is difficult to expand the technique to enable fabrication of thin film for
application in larger area devices. This practical bottleneck situation has strongly
prompted scientists and manufacturers to consider new scalable techniques for the
manufacturing of large-area perovskite thin films.

4.2 Vapor deposition method

The vapor-deposition techniques as displayed in Figure 3 are usually performed
under high-vacuum conditions. PbX; and MAX are deposited concurrently or
alternately on the precoated substrate by thermal evaporation from dual sources of
PbX, and MAX. Perovskite material is made at an adequate temperature and then
crystallized into a perovskite film.

The perovskite film obtained from this strategy shows complete coverage,
smooth grain structure with grain sizes up to micrometers and complete precursor
transformation [14]. Indeed, it has been reported that vapor-deposited perovskite
films were highly uniform with crystalline platelets at the nanometer scale [15].
This thermal evaporation method requires a high vacuum, which constraints cost
efficiency and large scale production.

4.3 Casting

Casting requires easy transfer of perovskite ink to a target substrate accompa-
nied by a brief heating procedure to evaporate solvent. Film thickness is regulated/
influenced by the solid content in the solution and viscosity. The surface tension
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Figure 2.
Spinning coating process of perovskite thin film [12].
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Vapor deposition of perovskite layers.

between the perovskite ink and substrate together with perovskite precursor viscos-
ity and annealing temperature will greatly influence the quality and uniformity
of the film. The notable benefit of this method is that there is no need for specific
equipment during the process. In this procedure, it is feasible to fabricate large-scale
perovskite thin film, however, the inadequate monitoring of film thickness together
with the imprecise perovskite ink employment are apparent weaknesses of this
technique.

Currently, there is scant literature on fabrication of large-scale perovskite thin
film with the casting technique [12]. The schematic illustration of this technique is
demonstrated in Figure 4.

4.4 Blade coating

Blade coating is a highly established, scalable and extensively employed method
preferred in fabrication of perovskite thin film for PSCs. It is a promising deposi-
tion technique due to little material waste, facile operation, and compatibility with
roll-to-roll fabrication [16]. Blade coating was initially employed for manufacturing
of dye-sensitized solar cells [16]. But recently, it has been applied to the deposition
of large-area perovskite films after skillfully amended [12].

During the blade coating process, a sharp blade is positioned in an appropriate
place over the target substrate with the precursor solution in front of the blade
as displayed in Figure 5. The blade can be moved with linear speed within the
substrate to obtain a wet perovskite film. Generally, the thickness of wet layer
should be approximately half the distance between the substrate and the blade. The
thickness and the quality of the blade coated film is usually ascertained by different
physical factors such as surface energy of the substrate, surface tension and solution
viscosity [16].

It has been reported that the blade coating generates a uniform wet film from the
precursor solution through one-step deposition [18]. Deng et al. made large-area (1
inch?) perovskite film with the doctor blading procedure and it was discovered that
the carrier diffusion length of perovskite film obtained was longer than that of the
films prepared by spin coating [19].
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Figure 4.
Pictorial representation of hot casting and the inset is hot casting procedure [12].
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Schematic of the blade coating technique [17].

4.5 Slot-die coating

Slot-die coating is another widely employed scalable technique for the fabrica-
tion of large-area perovskite thin film. It is probably the best fit technology for
fabrication of perovskite thin film in manufacturing. Furthermore, the procedure is
quite easy and relevant to a wide range of inks with various viscosities.

In this procedure, the precursor is usually applied from the coating head in the
direction of substrate as shown in Figure 6. The perovskite film could be obtained,
after drying and annealing. Quick and precise coating applied to the slot die is
beneficial for the preparation of large-scale with high performance [16].

This method is far more expensive for laboratory uses in comparison with the
blade coating. For this reason, the slot-die technique is not used often in research
labs and the slot-die coated devices have much lower PCE than blade coated PSCs.
Outstanding performance has been recorded so far on slot-die-coated PSCs. That is
why, slot-die coating technique has been recommended as a roll-to-roll compatible
process for the fabrication of PSCs in recent years by different researchers [12]. The
basic illustration of the slot die coating technique as shown in Figure 6.

4.6 Spray coating

In brief, the ultrafine droplets of perovskite solution are sprayed from the nozzle
and deposited on the target substrate which may be heated on a hotplate at certain
temperature as demonstrated in Figure 7. After drying and annealing process, the
perovskite film may be formed on the substrate.

Spray coating is a valuable low-temperature thin film deposition technique that
allows a uniform, high coating rate applicable for various substrates. This method
likewise draws great interest in the preparation of perovskite thin films [16]. But,
little research on perovskite has been recorded employing the spray coating tech-
nique, maybe due to the instability of PSCs.

Figure 6.
The schematic illustration of the slot die technique for pevovskite layer deposition [17].
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Figure 7.
Schematic diagram of ultrasonic spray-coating procedure [12].

In comparison with casting, spray coating has a better thickness control. In order
to achieve a perovskite thin film with better quality by spray coating, the following
should be considered; the perovskite solution concentration and viscosity, substrate
temperature, the nozzle diameter and spray flow rate.

4.7 Ink-jet printing

An inkjet printing technique allows quick and material-conserving coating of
thin films for the large-area preparation of photovoltaic thin films with the capacity
to generate desired thin film as shown in Figure 8. However, to enhance the print-
ing precision of the film the careful control of crystallization of the deposited wet
films and solution properties is a fundamental condition. In this printing method,
careful monitoring of the drop size is vital to obtain uniform thickness film. The ink
properties take a leading role in assuring the stable droplets formation at the nozzle.
Moreover, the fabricated film quality largely depends on the scattering of drops,
coalescence, crystallization, and uniformity of the film during annealing. The
parameters stated above are primarily influenced by the interaction of ink droplet
with the substrate, for instance, the contact angle and surface roughness [20]. The
astonishing success greatly promotes the application of this preparation method in
perovskite devices.

(1) Ink Preparation (2) Inkjet Printing (3) Drying and Annealing

Evacuating Hotplate

Piezoelectric
Transducer

ink Deposition = Wet Film Nucleation + Crystallization

Figure 8.
Schematic illustration of the fabrication of perovskite material using ink-jet printing process [16].
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Though, all these techniques are varying significantly from one to the other, but
they have common goal of strengthen perovskite film formation so as to improve
film quality and better device performance. The understanding of these mecha-
nisms for creating new strategies is the key in producing top quality perovskite
thin film. Further investigation of perovskite growth mechanism will be helpful in
identifying opportunities for enhancement.

In consequence, optimizing processes will give more understanding into film
formation, creating learning loops for developments in science.

5. Designing perovskite solar cells and modules

Perovskite thin films have yielded outstanding photovoltaic performance and are
regarded compatible with low-cost, scalable fabrication. In spite of huge develop-
ment in small-area PSCs’ photovoltaic performance, the large-area fabrication of
uniform and top-quality perovskite films remained problematic coupled with cell
instability and toxicity. But, researchers are making progress meaning that there is
hope that all the challenges will be resolved in the foreseeable future.

In order to establish the possibility in the direction of commercialization, it isa
definite measure for emerging PV technologies to show high efficiency at a module/
mini module of minimum 10-100 cm? [16].

Table 1 shows the record of various scalable deposition strategies employed to
develop large-area perovskite thin films and their roll-to-roll capabilities [16].

The simplicity of making PV cells through solution-based and vapor-based
processes as well as deposition techniques such as spin coating, spraying, slot die,
blade coating and ink-jet printing make it possible for PV cell manufacturers to
ultimately replace clean rooms and complex industrial equipment with facile bench
top procedures. The rapid development, which has propensity for more improve-
ments, coupled with low-cost materials and simple preparation processes. This will
prompt a novel design, new reports on working mechanism and applied perovskite
materials that will emerge.

It is therefore relevant to explore the best mix of various deposition techniques
forming hybrid techniques. Though, blended techniques may likely give rise to
dissimilar film formation mechanisms as a result of different interfaces such as
solid/vapor or solid/liquid interfaces in relation with liquid/liquid interface in a
sequential solution method. This calls for thorough investigations in the nearest
future. The aim is to merge the benefits of various coating techniques for superior
film formation and utilizing the benefits for the fabrication of large scale perovskite
thin film for light-harvesting devices.

Method Material Rolltoroll Largest coaling PCE (%) single PCE (%) module
area (cm?) cellarea <1 (cm?) area > 10 (cm?)

Blade MAPDI; yes 6x15 203 14.6
coating
Slot die MAPbDI; yes 12.5x135 ~12 10
coating
Spray MAPDI; yes 75%x75 16.9 14.2
coating
Ink jet MAPbDI; yes 2.02 1774 —
printing

Table 1.

Record of various scalable deposition strategies employed to develop large-area perovskite thin films.
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6. Conclusion

Due to their ‘adaptable’ low band gap, the perovskite thin films demonstrated
better advantages over their counterparts by far more absorbing over a broader
range, facilitating full light absorption in films as thin as 300-500 nm, which is
favorable for the solid-state cells. Perovskite absorbers find application in tandem
with other PV technologies: supplementing spectral absorption, bandgap tunabil-
ity, and simple technique and process compatibility with silicon and CIGS technolo-
gies. Huge progress has been demonstrated in efficiency, stability, and scalability.
To become a market-competitive technology, a few number of issues such as toxicity
must be resolved alongside with the feedback between process development, scal-
ing, efficiency and stability.

In sum, the performance of PSCs can be enhanced greatly via the optimization
of the different materials composition and techniques entailed in their development
process. Particularly, for the fabrication of scalable modules using commercial
solution coating equipment, the incorporation of solvent engineering and chemical
additives together with physical qualities in the precursor solution is very much
needed. Additionally, perovskite is not just for PV panels. These perovskite materi-
als are excellent nanomaterials with fascinating properties and provide themselves
to numerous inventions for novel devices. In consequence, perovskite’s potential
finds applications in the following: sensors, catalyst electrodes, fuel cells, lasers,
sensors, memory devices and spintronic.
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Edited by Beddiaf Zaidi
and Chander Shekhar

Thin film photovoltaic-based solar modules produce power at a low cost per watt.
They are ideal candidates for large-scale solar farms as well as building-integrated
photovoltaic applications. They can generate consistent power, not only at elevated

temperatures but also on cloudy, overcast days and at low sun angles.Thin film
photovoltaics are second-generation solar cells produced by depositing one or more
thin layers, or thin films, of photosensitive material on a suitable substrate such as
glass, polymer, or metal. Thin film solar cells are based on various materials such as
cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and amorphous
thin film silicon (a-Si, TF-Si) are commercially used in several conventional and
advanced technologies.
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