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Effects of substrates on the performance of
optoelectronic devices: A review

Joseph Asare?, Benjamin Agyei-Tuffour®*>*, Evangeline A. Amonoo??, David Dodoo-Arhin?,
Emmanuel Nyankson?, Bismark Mensah?, Oluwaseun O. Oyewole®, Abu Yaya? and

Boateng Onwona-Agyeman?

Abstract: This review discusses the effects of substrates on devices fabricated for
optoelectronic applications. It includes the types and characteristics of substrates,
synthesis and fabrication of substrates, and the influence of substrates on the optical
properties, surface morphology and current-voltage behaviour of optoelectronic devices.
The study showed that two main types of substrates: planar and textured are commonly
used in the industry. Flexibility, semi-rigidity and rigidity are characteristics of the sub-
strates and they vary in modulus, transparency and texture. Whereas glass and metal
substrates can be produced via melt casting, polydimethylsiloxane (PDMS), polyethylene
terephthalate (PET), etc are produced by crosslinking polymer base materials with curing
agents. The mechanical and current-voltage characteristics are also shown for planar
and textured substrate-based devices. The textured substrates showed ridges, wrinkles,
buckled surface morphology whereas the planar showed uniform and largely flat mor-
phology. Textured substrates also recorded higher optical absorbance and improved
device efficiencies compared with planar substrates. The molecular configuration of the
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polymer chains are edged-on for planar substrates and both edge-on and face-on for
textured substrates. The findings and their implications have been discussed to highlight
the importance of substrates in the fabrication and performance of optoelectronic
devices.

Subjects: Ceramics & Glasses; Composites; Polymers & Plastics

Keywords: planar; textured; flexible and rigid substrates; surface morphology; interfaces;
optoelectronics devices

1. Introduction

The increase in the global energy demand has opened up worldwide opportunities for technolo-
gical advancements in energy efficient systems that are both inexpensive and clean (Choi et al.
(2008), Arpin et al. (2010), Battalia et al. (2010), Asare et al. (2017), and Hoseinzadeh et al. (2017)).
From the optical to electronic and or electronic to optical devices embodies the latest generation
of inventions. In solar power generation, such devices offer advantages such as low-cost, light-
weight and self-operating roll-to-roll mass fabrication methods through printing and coating while
providing flexibility features as add-ons (V. Kumar & Wang, 2013). These optoelectronic devices
could be made from organic and or inorganic materials. The materials are mostly deposited unto
substrates to achieve either planar or textured optoelectronic devices. An example is in organic
thin-film technology, where conjugated polymers are deposited unto glass, silicon wafers, poly-
ethylene terephthalate (PET), polydimethylsiloxane (PDMS) substrates, etc.

Substrates are therefore solid planar or textured substances on which layers of other conducting
materials are deposited. In solid-state electronics, substrate materials are usually silicon, silicon dioxide,
aluminium oxide, sapphire, germanium, gallium arsenide or indium phosphide (Nasuno et al.,, 2001).
Composite substrates such as indium tin oxide (ITO) on glass/PET, ZnO/Al/ZnO on glass (Rwenyagila et
al.,, 2015, 2014) and FTO-WO0s-Ag-WOs on glass have been used in other optoelectronic devices such as
smart window and energy storage systems (Hoseinzadeh et al., 2018). They also serve as the base upon
which electronic devices like integrated circuits (ICs), transistors and diodes are deposited (Laconte et al.,
2004). Substrates can either be semiconductors or electrical insulators depending on the fabrication
process and application. When ICs are being constructed, the substrate material is formed into or cut out
as thin discs called wafers (Rogers et al., 2017). Different electronic structures are etched or deposited on
these wafers (Germack et al., 2009; Nasuno et al., 2001; Wake et al., 1994; Yeung et al., 2005). In thin-film
fabrication, the substrate determines whether the device is rigid or flexible implying that the mechanical
behavior of electronic devices is to a large extent influenced by the substrate (Asare et al., 2015, 2017;
Chiang et al., 2009; Jouane et al., 2013; Kaltenbrunner et al,, 2012; Laconte et al., 2004; De Leeuw &
Cantatore, 2008; Popoola et al, 2017; White et al., 2013; Zardetto et al,, 2011; Zhou et al,, 2019).
Electronic systems with flexible substrates continue to receive growing attention because of their
extensive applications in electro-optical devices like; LCD screens, CMOS imagers, flexible displays,
eyelike digital cameras, skin electronics, intelligent surgical gloves, substrate integrated waveguide
antennas, health monitoring devices, etc. (Yu et al., 2016; Zhou et al., 2019).

Cyclic voltammetry (C-V) technique has played an enormous role in the fabrication of different
optoelectronic devices. It is used to determine the oxidation and reduction potentials of the different
substrates and materials used in device fabrications. Common devices such as solar cells, transistors and
especially batteries, capacitors and super capacitors have used C-V analyses to investigate the charge-
discharge rates of the devices. Prior studies by (Hoseinzadeh et al., 2018; Jha et al., 2017; Sim et al., 2013)
on the application of C-V measurements on substrates for electrochromic devices, photocatalysis,
counter electrodes, etc. are available in literature. Hoseinzadeh showed the electrochromic properties
of WO5; and WO3-Ag thin films using C-V tests. The transmittance was reported to increase in the WOs-
Ag due to the Ag nanopatrticles. The WO; exhibited oxidation and reductions peaks at ~—0.3 V compared
to the WOs-Ag at ~-0.15 V. This led to an increase in current and improvement in the electrochromic
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Figure 1. Cell efficiencies compi-
lation. Adapted from Ref.
(Bisquert 2017; Giannouli et al.,
2015; National Renewable
Energy Laboratory (NREL), 2020).

properties of WOs-Ag films. Krysova et al., 2017 used C-V test to investigate the optical transmittance of
Ta-doped TiO, (anatase) thin films are grown on ordinary soda-lime glass substrate for photocatalytic
applications. Similar technique by Sim et al, 2017 to measure the photocurrent conversion and perfor-
mance of dye sensitize solar cells (DSSC) using molybdenum (Mo) and fluorine-doped-tinoxide (FTO)
substrates. Very recently, flexible substrates from stainless steel coated with platinum (Pt) have also
been used in other studies I addition to Polypyrrole (PPy) FTO-coated glass substrate. These are used as
the photoanodes in DSSCs. However, PPy-FTO substrates recorded lower performance compared to the
Pt-FTO at the oxidation potentials of 0.32 and 0.28 V, respectively

This paper therefore reviews the effects of substrates on devices fabricated for optoelectronic
applications. It includes the types and characteristics of substrates, synthesis and fabrication of
substrates, and the influence of substrates on the optical properties, surface morphology and
current-voltage behaviour of optoelectronic devices. Suggestions on new technologies and their
future implications for the optoelectronic industries are presented.

2. Substrates and performance of optoelectronic devices

Recent studies have shown that the different techniques incorporated in the production of photo-
voltaic cells affect the device performance like the application of pressure during Organic photovoltaic
(OPV) fabrication. In this example, device performance is improved when the surface contact between
layers is enhanced due to the application of pressure (Agyei-Tuffour et al., 2016). Nevertheless,
increasing pressure can also cause excessive sink in of particles trapped between the layers and
further lead to a disruption in the performance of the devices just as low adhesion between layers can
lead to interfacial failure (Oyewole et al,, 2015). Despite degradation factors (Giannouli et al., 2015)
and more, between 2009 and 2020, PV efficiencies have shown a rapid increase, especially in low-cost
perovskite materials (See Figure 1). However, the efficiency of perovskite cells drops at larger scales
contrary to laboratory records set on small samples (Extance, 2019). Other substrates produced using
the electrochemical depostion methods have been adopted in inverted optoelectronic devices such as
OPV and OLEDs. Silver thin film on glass, ZnO-Al-ZnO, Pt/FTO, WO3-Ag films, etc. have been produced

. . BER
Best Research-Cell Efficiencies L:NREL
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T O e 8 e

IMM = inverted, metamorphic
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Figure 2. Cyclic voltammo-
grams of: (@) WO; and WO3;-Ag
thin films (b) Pt-coated FTO and
Pt-coated Mo counter electro-
des, (c) Ta5d sample (5%-Ta,
500 nm layer thickness) at
scanrates 50, 100 and 200 mV/
s. and (d) PPy-FTO film and Pt-
FTO on glass (Hoseinzadeh et
al,, 2018; Jha et al,, 2017;
Krysova et al,, 2017; Sim et al.,
2013).

<X cogent.-engineering

and their electrochromic properties investigated. Some of the common cyclic voltammograms are
presented in Figure 2 to the show the oxidation and reduction potentials of the electrode.

2.1. Characteristics of optoelectronic devices
Important parameters utilized in the study of optoelectronic devices have been documented by
Christiana Honsberg and Stuart Bowden in a survey to improve photovoltaic education include

short-circuit current, open-circuit voltage, fill factor and cell efficiency. (Honsberg & Bowden, 2017)

The current that goes through the device when the voltage across it is zero is called the short-
circuit current (Isc) (Figure 3(a-b)). The Isc equation is:

Ie = qG(Ln +Lp) I

where I, is the short circuit current over the area of the device,
q is the fundamental unit of charge,
L, and L, are the electron and hole diffusion lengths respectively, and
G is the generation rate.

Open-circuit voltage, Voc is the maximum voltage available from the device when there is no
current (Figure 3). The Voc equation is given as

1.5
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Figure 3. (a) and (b) represent
the current-voltage (IV) char-
acteristic graph of a PV indi-
cating the Isc and Voc
respectively. Adapted from Ref.
(Honsberg & Bowden, 2017).

<X cogent.-engineering

3 3
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where %T is the thermal voltage,

N, is the doping concentration,

An is the excess carrier concentration, and
n, is the intrinsic carrier concentration.

Fill Factor (FF) is a conjugated parameter which determines the maximum power provided by a PV.
FF relation is given as

Voc — In(Voe +0.72)

FF — 111
Voot 1 (I11)

where the V¢ is normalized to
Voc = %Voc (IV)

The cell efficiency () is defined as the ratio of the energy output from the PV to the input energy
from the sun. This parameter reflects the performance of the PV to the light spectrum, incident
sunlight intensity and the PV temperature. The 5 relationship to the incident power (P;,) is given by
the following equations:

Pmax = VocIscFF (V)
g = Voc;chF (V1)
in

where all terms have their usual meaning.

3. Substrate materials and optoelectronic devices fabrication methods

A substrate mostly refers to a slice of semiconducting material like silicon or metal oxide in
computing and electronics. (Duan et al, 2003; Rogers et al., 2009) Substrates serve as the
foundation for the fabrication of components such as integrated circuits and transistors.
Materials used for substrates are cut to form thin discs, sometimes called wafers, on which
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Figure 4. (a) Silicon production
(Kero et al., 2017) (b) Silicon
films/wafers (Choung et al.,
2016; LABTECH, 2020; Taguchi
et al., 2014) (c) ultrathin glass
substrate (Flaherty, 2017) (d)
Sketch of a vacuum deposition
process (Angus Macleod, 2013)
(e) electronic devices inte-
grated unto a glass film/sub-
strate (Novacentrix, 2020).

other electronic components are constructed. (Isa et al., 2009) Vacuum vapor deposition methods
used mostly for substrate fabrication and deposition makes them light, flexible and non-oxidizing
in air. (Jean et al., 2016; Montanino et al., 2015) Depending on the industry involved, the substrate
material could differ, so the various types of substrates used based on the device configuration or
fabrication parameters could be rigid or flexible depending on the intended purpose. (Mortimer et
al., 2006; Rogers et al., 2009; Zardetto et al., 2011)

3.1. Classification of substrates

3.1.1. Rigid substrates

Rigid substrates are stiff, hard and inflexible materials on which electronic devices are applied. Since
these materials are unbending, they are used in applications where flexibility is not a requirement. The
most common rigid substrates used in optoelectronic technology are silicon, glass and metal.

Silicon, unlike glass, is a semiconducting tetravalent metalloid with a blue-grey metallic outlook and
the processing route into wafers and micro- and nanochips is shown in Figure 4. Though classified as
hard, it is a brittle crystalline solid. In the universe, Silicon is the eighth most common element by
mass. It is usually found in dust particles and grains of sand as silicon dioxide (quartz) or on planets
and planetoids as silicate making it the most abundant element after oxygen. The reflective nature of
Silicon and the ability to control its charge carriers to obtain desired electrical properties are desirable
properties in the optoelectronics industry (Asim et al., 2012; Iwata et al., 2001). The glass, on the other
hand, is a thermally stable amorphous solid that has application in tableware optoelectronics and
many others. Properties of glass include reflection, refraction, and transmission. Glass cannot scatter
light because it lacks grain boundaries. This makes it a desired material in the manufacture of devices
such as lenses and windowpanes. The refractive index of simple glass is around 1.5 and can be altered
by integrating with low or high-density materials such as boron, lead oxide, zirconium, titanium and
barium. Inherent features of glass that limit its applications include rigidity, heaviness, and brittleness
(N. Wang et al., 2012).

Substrate
& heater

Electron-beam
source

Industrial grade Si

(b)
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However, Flaherty et al, (2017) developed a flexible glass substrate for organic printed electro-
nics and solar cells. Again, most metal substrates are considered rigid and their smoothness can
be enhanced by polishing or by applying other layers. The conductive nature of these metal
substrates can be either advantageous or disadvantageous. When metal substrates are used for
back contacts in thin-film electronics, their conductive properties are not utilized. Such substrates
are mostly insulated from interacting with the device using a laminating or insulating layer. For
instance, due to stainless steel’s inability to undergo oxidation, it can be used as a dimensionally
stable substrate in OPV devices to prevent degradation. In this case, also, foils made of stainless
steel have been used as flexible substrates. (Flint et al.,, 2000; Galagan et al.,, 2012; Yu et al., 2003;
Miettunen et al., 2008)

3.1.2. Flexible substrates

Flexible materials or substrates that could replace rigid substrates for applications in electronics
would include polymer substrates, plastic substrates and/or elastic substrates. (Duan et al., 2003;
Rogers et al., 2009). Flexural properties of such materials make them a preferred choice over
transparent rigid substrates owing to their lightweight, bending ability (V. Kumar & Wang, 2013)
and their compatibility with the large-scale roll-to-roll production process. (Asare et al., 2015,
2017; Dupont et al,, 2012; Jouane et al., 2013; Kayser & Lipomi, 2019; Popoola et al., 2017; Van de
Wiel et al., 2013; Weber et al.,, 2018). For transparent flexible substrates used in OPVs, inertness to
organic solvents, excellent optical performances, low coefficient of thermal expansion (CTE) and
thermal durability are definite requirements. Such transparent bendable or stretchable polymer
substrates include polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), polyimide (PI)
Foil, polycarbonate (PC), polyethylene 2,6-naphthalate (PEN), polyethersulfone (PES), nanocellulose
and metallic foils. (Agyei-Tuffour et al., 2016; Kaltenbrunner et al., 2012; Razzell-Hollis et al., 2013)

In terms of application, polydimethylsiloxane (PDMS) is the most utilized organic polymer sub-
strate in the organic electronics industry. It is known for its extraordinary flow properties, non-
flammability, high optical transmittance, inertness, and non-toxic nature. (Wypych, 2016) This
viscoelastic silicon-based polymer is applied in various capacities from contact lenses and medical
devices to elastomers; it is also present in shampoos, food, caulk, lubricants and heat-resistant
tiles. (Barth-Wehrenalp & Block, 1963; Duffy et al, 1998; McDonald & Whitesides, 2002).
Polyethylene-terephthalate (PET) is another generally useful flexible substrate applied in devices
that require chemical and thermal resistant features as well as transparency (Hwang et al., 2009).
PET stands out as the most familiar thermoplastic polymer resin of the polyester family and is
often used in fibers for clothing, solid and liquid food containers, thermoforming for manufactur-
ing, and composites with glass fiber for engineering resins. Most PET production is directed towards
artificial/synthetic fibres with bottle production accounting for about 30% of the demand. It is also
applied in textiles and packaging materials. (Aleksandrova et al.,, 2015; Cho et al,, 2008; Hwang et
al.,, 2009; Kuwabara et al., 2012; Li et al., 2017; Li et al., 2005; Moro et al., 2012; Part et al., 2014;
Sun et al., 2010; Yu et al,, 2016).Polyimide is a polymer of imide monomers. Registering high heat-
resistances, polyimides afford diverse applications in parts that require unrefined organic materials
such as high-temperature fuel cells, displays, and many military roles. (Ding et al., 2011; Li et al,,
2017)

A group of thermoplastic polymers called Polycarbonate (PC) is a tough material with some
grades being optically transparent. PCs are widely applied in flexible electronics since they can be
easily molded and thermoformed. (Ahmad et al., 2013; Ho et al,, 2014, 2012; Chen et al., 2007).
Polyethersulfone (PES) forms part of the three Polysulfones used industrially for electrical equip-
ment and medical technology (Kayser & Lipomi, 2019). Polysulfones, with a glass transition
temperature of 185°C, is composed of para-linked aromatics, sulfonyl groups and ether groups
and partly also alkyl groups. Their raw material and processing cost is high and is mostly used in
specialty applications. Substrates made of PES are expected to have outstanding resistance to heat
and oxidation. PES is resistant to hydrolysis in aqueous and alkaline media. These properties along
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Figure 5. (a) paper (b) a sche-
matic showing Yao et al’s

potential roll-to-roll fabrication

of transparent plastic-paper
substrates. Reprinted from ref.
(Yao et al., 2016) (c) & (d) are
the optimized combination of
high transmittance (similar to
plastic) and high transmission
haze of plastic-paper sub-
strates. Reprinted from ref.
(Yao et al., 2016).

with their good electrical properties make them a good source of substrate material in optoelec-
tronic device fabrication. (Ashraf, 2015; Fink, 2008)

Paper’s multifarious applications and low cost make it an attractive material for substrate
development. Paper is an ecofriendly and cheap material for many electronic applications such
as the fabrication of substrate for integrated waveguides and electronic circuit ink-jet printing.
(Kumar et al., 2016; Moro et al., 2012). However, it poses serious challenges in electronics due to its
high optical haze and low transmittance property. In optoelectronic devices, the major concern is
to increase the efficiency of light coupled into and out of the paper substrate. The combination of
paper and plastic materials to form plastic-paper substrate (See Figure 5) has solved this problem
by increasing the optical and haze transmittances to >85% and >90% respectively in a broadband
wavelength (Yao et al., 2016). Aside from the mechanical flexibility, this new substrate is also ultra-
flat and very compatible with optoelectronic device fabrication processes. (Park et al., 2016; Yao et
al,, 2016) Nanocellulose and 3 M™ tape materials are also used to replace conventional conduct-
ing substrates in fabricating highly efficient stretchable organic PV devices. These materials shown
in Figures 6 and 7, pave ways for fully deformable PVs in wearable electronics (Chen et al., 2017;
Costa et al., 2016). Finally, Metal foil substrates are predominantly used for flexible organic
electronic devices. These substrates are particularly attractive in organic electronics because
they provide excellent barriers to water and oxygen leading to an increase in the life span of the
device. (Galagan et al., 2012) Stainless steel foil is mostly used in manufacturing OPVs because of
its superior chemical resistance to other chemicals used in the fabrication process. (Galagan et al,,
2012)

3.2. Substrate effect on perovskite solar cells performance

The performance of perovskite-based solar cells fabricated on different substrates has seen a
steady rise over the years (Fan et al., 2017; Green et al., 2014; Qiu et al, 2018; Szuromi &
Grocholski, 2017). Lal et al.,, (2017) reported on the development of perovskite tandem cells on
rigid substrates (FTO coated glass), major motivations and challenges. Recently, perovskite solar
cells have also been deposited on a flexible substrate (PET/ITO) with ~19.11% efficiency (Suk Jung
et al,, 2019). The influence of the flexible substrates opens a myriad of mechanical effects on the
device performance such as folding, bending and stretching.
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Figure 6. (a) ITO on PET thin
film substrate (b) A film bulk
acoustic resonator with Au
electrodes on a PET substrate.
Reprinted from ref. (Yu et al,,
2016) (c) Polyimide film
(DuPont, 2017) (d)
Polycarbonate film (Pc-film,
2020) (e) Nanocellulose film
(Smy.fi, 2016) (f) M tape (ALCO,
2020).

Figure 7. (a)
Polydimethylsiloxane (PDMS)
film and (b)-(e) are some flex-
ible and stretchable electronic
devices integrated unto a PDMS
film. Reprinted from ref. (Kim et
al,, 2009; Lin et al.,, 2014;
Menard et al,, 2005; Qi et al,,
2010; Yoon et al., 2008; Zhou et
al., 2019).

Thin PDMS (d)

coating “\,

Fabric

The impacts and challenges associated with these multiple mechanical effects on flexible
optoelectronics have been addressed by Sukjung et al,2019 in a similar review article. The
combined efforts to increase efficiency and achieve appreciable stability of the device has led to
tandem cells produced to utilize the energy of short-wave photons in the light spectrum (Lal et al,,
2017). The tandem cells were possible following the previous report by N.G. Park (2015) on the
optoelectronic properties of perovskite materials and progress made in achieving commercial-
scale perovskite solar cells. Initially, an ~10% efficient perovskite solar cells were re-developed,
and the solid hole conductor was substituted with a liquid electrolyte leading to an ~18% efficiency
in just two years. It was further suggested that future technologies should employ encapsulation
to achieve environmental and photo-stability (Park, 2015). The encapsulation could be done with
PDMS or other suitable materials reviewed in this paper.
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Figure 8. Smooth and textured
FTO substrates and the current-
voltage behaviour in perovskite
solar cells. (Adapted from (Shi
et al,, 2017)).

Recently, Zhao and Chen et al reported a bulk passivation strategy by incorporating 2.5%
chlorine which increased crystallinity leading to larger grains and reduced electronic disorder in
mixed tin-lead low-bandgap (~1.25 eV) perovskite layers leading to increased carrier mobility. This
allowed low band-gap perovskites with power conversion efficiencies of 21% and steady-state
efficiencies (20.7%) to be fabricated. The efficiencies, in this case, was retained to 85% after
80 hours of operation (Lin et al., 2018; Zhao et al., 2018). Wali and Elumalai et al also reviewed
the progress made on tandem solar cells and comparisons were made between multiple and
single junction tandem cells. The advantages, breakthroughs, limitations, current developments
and future potential for practical applications of the perovskite solar cells were also presented
(Wali et al,, 2018). Anaya et al., 2017 again investigated the use of metal halide (ABX3) as an active
layer for tandem solar cells. ABX3 perovskite was found to be easily fabricated, less expensive and
exhibiting outstanding optical and electronic properties. Therefore, ABX; perovskites were found to
be good candidates for large scale green energy production.

Metal halide tandem cells studies by Shen et al, 2018 and Doung et al., have reported efficiencies
of ~ 26.4 % for a four-terminal cell configuration. The new prospects of tandem structures were
studied and key aspects and challenges such as device toxicity and stability were addressed in the
study. The stability issues in perovskites have been tackled by investigating and optimizing the
individual layers in the perovskite solar cell including their reaction with water. Device encapsula-
tion using water-resistant materials to protect the devices from degradation have been reported
by (Kim et al., 2010; Wang et al,, 2016). When Planar and or textured substrates are used, the
current-voltage characteristics of fabricated perovskite solar cell can be very significant. Reports by
Biao Shi et al. (2017) in Figure 8, Suk Jung et al. (2019) in Figure 9, Adjokatse et al. (2019) in Figure
10 showed that the textured fluorine-doped tin oxide (FTO) produced highly efficient devices of ~
20 mA/cm? compared to ~17.5 mA/cm? in the smooth FTO substrate device. Device architecture
and substrates have also been discovered to influence performance. As shown in Figure 10, the
conventional architecture using indium tin oxide (ITO) coated glass substrate was higher com-
pared to the inverted architecture.

3.3. Influence of substrate on morphological properties of optoelectronic device layers

The substrate used in the fabrication of optoelectronic devices may have significant impacts on the
nano- and micro-morphological properties and the performance of devices. The relationship
between solar cell performances and surface morphology of substrates are shown in Figure 10-
14 (Chen et al., 2019; Li et al., 2019, Yang et al., 2019; Gusain et al., 2019; Nasuno et al., 2001).
Chen et al reported on using air-stable vacuum-assisted and high relative humidity to control the
morphology on the glass substrate. Li et al showed the challenges and strategies on the perovs-
kite’s morphology and their performance whereas Yang et al studied perovskites with planar
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Figure 9. Perovskite film pro-
duced using additives (a)
Schematic illustration of the
different morphology develop-
ment for CH3NH3PbI;_,Cl, films
with and without H,0 additive.
(b) Illustration of the F-PSC
structure and J-V curves of F-
PSCs under both reverse and
forward scan directions using
MAPDI;-DS (dimethyl sulfide)
as the absorber layer. (c) Cross-
sectional SEM image and J-V
curves of an F-PSC with the
Rb;K,CsFAMA absorber. (Suk
Jung et al,, 2019).
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Figure 10. Different substrate
architecture and their effect on
FAI-based perovskite solar cell
performance; (a) PEDOT.PSS
based hole transport layer
based substrate architecture,
(b) TiO,-Cl hole transport layer
based substrate architecture.
(c) and (b) are the performance
measurements (Adjokatse et
al,, 2019).
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Figure 11. (a) A 3D schematic
view of a perovskite based
Photovoltaic cell, (b) cross-sec- -
tional SEM view of perovskite — wreig
based Photovoltaic on an FTO
coated glass, (c) morphology of - oo O
. . Sptro-OMcTAD F1O
perovskite on a glass slide . .
under stable air deposition
method and (d) morphological
view of the perovskite layer on
glass under vacuum flash
assisted method of deposition.
(Chen et al., 2019).
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Figure 12. Surface morphology Hot air flow pre-annealing  Pb(NO3): solution
challenges of high performing

inorganic perovskite solar fab-
rication; (a) pre-annealing
technique, (b) spin-coating and
(c) vacuum chamber deposition
(Li et al,, 2019).
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morphologies with complex tin (IV) oxides. Figures 10-14 show the interfacial processes and
morphologies that influence solar cell performance. In organic solar cells, using a textured-ZnO
substrate and pc-Si: H fabricated through the wet etching process to get the optimum morphology
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Figure 13. Planar structured
solar cells with complex SnO,
and their performances; (a) and
(b) are XRD images indicating
peaks of SnO, composites, (c)
AFM images of three SnO,
based substrates, (d) band dia-
gram of multilayers, (e) trans-
mittance measurements for
different substrate composi-
tions (f) and electrical perfor-
mances of different substrate
configurations (Yang et al.,,
2018).
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of the substrate would give high efficiency according to Nasuno et al. An average slope, tan 6, of
substrate surface textures, was achieved by atomic force microscopy (AFM) images and solar cell
performance was matched with tan 6. The balance between the optical confinement and the grain
boundary formation generated a conversion efficiency as a maximum at a tan 6 of 0.08 which was
3 times less as compared to that of a a-Si: H substrate. When the optimized morphology was used,
an efficiency of 9.4% was obtained at a deposition temperature of 140°C (Nasuno et al., 2001).
Also, organic vapor phase deposition was used to grow polycrystalline pentacene channel thin-film
transistors and X-ray diffraction showed that octadecyl trichlorosilane (OTS) treatment of the
substrate before the deposition of pentacene decreased the order of the molecular stacking or
increased the density of flat-lying molecules because of the improved hole mobility at the
pentacene/OTS interface (Knipp et al., 2003; Shtein et al., 2002). Furthermore, graphene mono-
layers deposited on oxide substrates have been seen to have superior charge mobility and thermal
transport due to the effects of substrate surface corrugation on the equilibrium mean thickness of
the supported graphene and the interfacial adhesion energy. By considering both the substrate
surface corrugation and the mismatch strain, it is found that a tensile mismatch strain reduces the
corrugation amplitude of graphene whilst a corrugated substrate surface promotes strain-induced
instability under a compressive strain.

Therefore, the morphology of supported graphene monolayers can be monitored or con-
trolled (Aitken & Huang, 2010). Research work by Stakheev et al on metal-substrate
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Figure 14. (a), (b), (c) and (d)
show interfacial processes and
performance challenges in
polymer solar cells; (Agyei-
Tuffour et al., 2017; Gusain et
al,, 2019).
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interaction found that there were some substrate-induced effects in the form of electronic
modifications of the supported clusters and morphological transformations (Stakheev &
Kustov, 1999). Last but not least, the interface composition was found to be linked to the
surface energy of the substrate upon which the polymer-fullerene blends are cast according
to work done by Germack et al and Agyei-Tuffour et al (Agyei-Tuffour et al., 2017, 2016;
Germack et al., 2009).

X-ray photoelectron spectroscopy (XPS) is a very important surface characterization technique to
investigate the surface and elemental composition of thin films used in the optoelectronic device
fabrications. Figure 15 (a-b) shows the XPS results of indium tin oxide (ITO) substrate treated with
plasma oxidation, Zhang et al. (2014). The binding energy peak showed at 529.7 eV is due to the
oxygen in oxide lattice of the ITO. Similar XPS analyses of Silver substrates have also been studied
by Mou et al. (2018) in Figure 16(a-d) and peaks with varying intensities against the binding energy
for the common elements such as Ag3ds;, Ag3ds,, were recorded at 367.8 eV and 373.8 eV
respectively. These correspond to the pure Ag element without the formation of an oxide on the
surface. The Ols peaks at 531.4 eV and 532.6 eV refer to the adsorbed oxygen from the
environment.
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Figure 15. O1s XPS analysis of
(a) pristine ITO; (b) plasma-
treated ITO. (Zhang et al.,
2014).

Figure 16. XPS spectra of silver
film on glass substrate sintered
at 110 °C for 2 h: (a) survey
spectrum, (b) Ag3d spectrum,
(c) C1s spectrum, and (d) O1s
spectrum. (Mou et al,, 2018).

(b)

Pristine ITO Plasma-treated ITO

—
Q
e

=  Measured data
- Fitting data

- = Measured data -
Fitting data

Intensity (a.u.)
Intensity (a.u.)

53 534 832 530 528 526 53 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

(b) Ag3d

Intensity (a.u.)
Intensity (a.u.)

1 1 i 1 N L n

1200 1000 800 600 400 200 0 380 378 376 374 372 370 368 366 364 362
Binding energy (eV) Binding energy (eV)

(c) C1s (d) O1s

Intensity (a.u.)
Intensity (a.u.)

290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

4. Conclusions and recommendations

This review article presented the effects of substrates on the morphology and performance of
optoelectronic devices. The study showed that there are two major types of substrates used in the
optoelectronic industry. They are planar and textured substrates. These can also be classified as rigid
or flexible depending on the Youngs moduli and flexural properties of the substrate. Planar and rigid
substrates such as glass and metals are used where stretching and or bending are not required.
Textured and flexible substrates are used where deformation in bending, stretching and in some
cases, torsion is required. Planar substrates usually result in low light harvesting, reduced optical
absorption and hence low device efficiencies compared with textured substrates. This is largely due
to the fact that, there are enhanced reflections of the incident radiations on planar substrates.
Textured substrates allow for multiple internal reflections and therefore increase the residence time
of the incident radiation. The study again showed that planar substrates usually induce smooth
surface morphologies at the intra- and interfacial surface contacts between the layered structures
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whereas textured substrates leads to corrugated or relatively rough morphologies. These rough
morphologies are responsible for multiple light scatterings in optoelectronic devices hence lead to
improved performances. They also lead to molecular re-configuration in both edge-on and face-on
stacking. For example, poly-3-hexylthiophene molecules will assume edge-on configuration on
planar glass substrates and both edge-on and face-on configuration on textured substrates.

It is recommended that textured substrates with high mechanical flexibility can be adopted in
large-area optoelectronic device frabrications due to their versatility in applications including
wearable electronics, ultra-thin devices, corrugated optoelectronic roofing structures and many
more. These also clearly points to the challenges and opportunities for further research in the field

of optoelectronic device materials and fabrication techniques.
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