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A bstract

This work presents the fabrication, characterization, and application of cost-effective, semi-
transparent alternative anodes for optoelectronic devices, particularly in photovoltaic applica-
tions. Graphene derivatives, SPGSW (solution-processed graphene suspended in water) and
PGD (processable graphene derivative), were mechanically synthesized and suspended in wa-
ter. These derivatives served as alternative anodes in two setups: (1) a three-layer graphene
anode (TLGA) with SPGSW/PH1000/PH1000 and PGD/PH1000/PH1000 configurations,
PH1000 is a conductive PEDOT:PSS polymer. Both SPGSW and PGD films were deposited
via drop-casting on a glass substrate and treated with hydriodic acid (HI) and UV-ozone
plasma. The transmittance (T) and electrical resistance (R) parameters of these anodes were
T (at 550 nm) ~ 78 % and R ~ 88 2/sq; and T (at 550 nm) ~ 74 % and R ~ 170 Q/sq for
SPGSW and PGD based electrodes, respectively. (2) The hybrid multilayer graphene anode
(HMGA), comprising a PH1000:PGD (4:1 v/v) bulk hetero-junction (BHJ) with 6 layers, was
spin-coated onto a glass substrate and treated with HI. HMGA achieved T (at 550 nm) ~ 79
% and R ~ 134 Q/sq. The chemical, structural, and morphological characteristics of these an-
odes were analyzed using various techniques: Raman spectroscopy, XRD, optical microscopy,
AFM and FESEM. To validate the opto-electronic application, they were implemented, as a
concept test, in organic solar cells (OSCs) based on the PM6:Y7 blend. Preliminary results
indicated a power conversion efficiency (PCE) ~ 4 % for TLGA based on PGD, ~ 1.4 % for
HMGA and ~ 8 % for ITO (control OSCs). These results suggest that graphene derivatives
have a promising application as an alternative electrode to ITO in photovoltaic devices, offer-
ing an opportunity to improve manufacturing processes. Additionally, it is noteworthy that
both, electrodes and OSCs, were manufactured under regular atmosphere conditions; it was
achieved through the use of a top electrode implemented in the solar devices based on Field’s
Metal (FM), a eutectic alloy of Bi, In, and Sn, deposited by drop-casting at low-temperature
(T ~ 95 °C), eliminating the need of high vacuum techniques.
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Chapter 1

Introduction

In recent years, the planet has suffered considerable deterioration due to global warming
and the increase in greenhouse gases; consequently, human health and the global economy
have also been seriously affected [1]. Some reports have made it clear that environmental
conditions, food production and access to water are aspects that have been considerably
affected by the pollution [2] generated through the combustion of coal, oil, gasoline, diesel
and other fossil fuels that we use every day. Figure 1-1 shows global fossil fuel consumption
broken down by coal, oil and gas from 1800 to 2022, as well as fossil fuel consumption by
country [3]. On the other hand, various studies have shown that the concentration of toxic
gases (particularly CO,) increases rapidly almost hundred times faster, causing geological
atmospheric changes and global warming [4]. These reports and studies are a clear and
forceful warning that it is necessary and important to carry out a transition process from
fossil fuels to clean and renewable energies [5]; this is not only due to the depletion of fossil
fuels but also to avoid further damage to the environment and, therefore, affecting our health
and economy. Renewable resources such as wind, tidal, thermal, biomass and solar are energy

sources that can contribute to reducing pollution and its effects on the environment.



(b)

Figure 1-1: Fossil fuel: (a) Global fossil fuel consumption and (b) Fossil fuel consumption

by country.



In this context, solar energy has become a promising alternative since it is a resource available
to everyone and at no cost. The Sun generates large amounts of energy (~ 6.4x107 W/m?),
through the fusion of hydrogen nuclei, in the form of electromagnetic radiation. About
this radiation, ~ 1 370 W/m? hits the Earth’s atmosphere and ~ 980 W/m? reaches the
Earth’s surface [6]. Solar energy can be converted into electrical energy through the use of

photovoltaic (PV) devices. These PV technologies can be classified in three generations [6,7]:

e First Generation consists of PV devices based on Si and GaAs. These devices have
high efficiencies and they dominate the current market. However, its manufacturing
process is very expensive and complex; for example, obtaining pure crystalline silicon

is extremely costly and difficult.

e Second Generation is based on PV devices made of thin films of inorganic materials
such as cadmium telluride (CdTe), cadmium sulfide (CdS) and solar cells constructed

from copper indium gallium selenide (CIGS).

e Third Generation is called emerging PV technologies.The Organic solar cells (OSCs),
and Perovskite solar cells (PSCs) are some of these technologies; which have attracted
a lot of attention due to their increased power conversion efficiency (PCE) and better
properties such as mechanical flexibility, light weight, semitransparency, and low-cost

roll-to-roll (R2R) processing techniques [8].

This work will focus on PV third generation materials and technologies. In recent years, a
remarkable PCE over 19 % [9] and 20 % [10] for OSCs and 26 % [11] for PSCs have been
reported. Figure 1-2 shows the highest levels of research efficiency that have been obtained
for different types of solar cells [12]. These alternative devices are in an advanced stage
of development that brings them closer to their future commercialization, which could make
these devices more economically affordable to the world for the generation of electrical energy.
However, these devices still face challenges such as reproducibility, stability, toxicity, life time,
among others, which must be resolved before these emerging technologies can be a reality in

the market [13].
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Figure 1-2: Best research-cell efficiencies to 2023. Link: https://www.nrel.gov/pv/cell-
efficiency.html.

A very interesting proposal to overcome some of the limitations of third generation PV devices
is the incorporation of carbon-based materials due to the properties they offer. In this aspect,
graphene (2D material, an allotrope of carbon with a hexagonal honeycomb structure [14])
has generated great interest in the scientific community since its discovery in 2004 [15]. This
is due to its unique properties such as large surface area (2 630 m?/g), high electron mobility
(200 000 em? V=1 s71), flexibility, stability, notable optical transmittance (97.7 %) and high
thermal conductivity (3 000 — 5 000 W m~! K1) [14]. Thanks to these properties, graphene
and its derivatives have been incorporated into different layers of solar devices to improve
their performance and stability. Among some of the layers, we have: hole transport layer
(HTL) [16,17], electron transport layer (ETL) [18,19], active layer [8] and electrodes (anode
or cathode) [20,21]; in this latter use, the anode has been the most studied electrode.

In the field of electrodes, particularly in the anode, at laboratory level, ITO (indium tin
oxide) is the transparent and conductive electrode (TCE) that leads the market applied to

photovoltaic devices. ITO has advantages such as low electrical resistance (~ 10-15 Q sq™ 1),



high optical transmittance (> 90 %), work function (~ 4.8 eV) and electrochemical stability.
However, it also presents disadvantages such as sensitivity to acid/temperature, mechanical
brittleness and high manufacturing costs. The latter is due to two aspects: (1) its deposition
is achieved by sputtering, which is a complex and high vacuum technique and (2) indium is
one of the main chemical elements in the manufacture of ITO and is scarce in the Earth’s
crust [22,23]. Due to limitations of the ITO, various alternatives have been explored to harness
very promising properties of graphene, among these the abundance of carbon precursors on
the Earth’s crust and the simpler techniques required to process it [22,24]. However, the
synthesis, processing and deposition of graphene and its derivatives also present challenges

that must be overcome for these alternative materials to be able to compete with ITO.

In this work, a simple and low-cost method based on drop-casting and spin-coating techniques
is proposed to fabricate alternative electrodes composed of a conductive polymer PEDOT:PSS
(PH1000) and two graphene derivatives: (1) solution-processed graphene suspended in water
(SPGSW) and (2) processable graphene derivative (PGD). Both graphene derivatives were
mechanically synthesized. The manufactured electrodes were implemented as anodes in OSCs
based on PM6:Y7 as concept test to demonstrate the application of both, the graphenic mate-
rials and the manufactured electrodes in photovoltaic devices. The following aspects should be
noted: (1) the entire manufacturing process of the electrodes and the OSCs (direct architec-
ture) can be performed under regular atmospheric conditions. (2) The cathode implemented
in the OSCs was Field’s Metal, which is a eutectic alloy of In (51 %), Bi (32.5 %) and Sn
(16.5 %); this cathode does not require high vacuum deposition methods. (3) The graphenic

materials used are free of doping of metallic nanomaterials.



Chapter 2

Solar cells evolution

2.1 State-of-art

2.1.1 OSCs

In 1958, Kearns and Calvin reported the first organic solar cell (OSC) with a pristine organic
material (magnesium phthalocyanine) placed between two electrodes, which achieved a very
low power conversion efficiency (PCE) (< 0.1 %), which remained without major changes
for more than 20 years [25]. By 1986, Tang manufactured the first bilayer hetero-junction
OSCs with a PCE ~ 1 % [26]; however, only the excitons generated at the donor-acceptor
interface could be separated into the carrier charges, this was because the diffusion length of
the excitons was spatially limited (10 - 20 nm) [27]. In 1995, Yu et al. first fabricated bulk
hetero-junction (BHJ) OSCs achieving PCE ~ 3 % [28]. After many years of studies, by
2005, OSCs reached PCEs between 4 - 5 % for the first time with the famous P3HT:PCBM
blend, which attracted a lot of attention from the scientific community [29,30]. Subsequently,
in 2015, ITIC emerged as a new molecule free of fullerenes that promised fruitful applications
for the manufacturing of OSCs. Zhan et al. implemented the ITIC in combination with
PTB7-TH as active layer in OSCs and achieved high-performance devices with efficiencies
~ 7 % [31]. A year later, in 2016, Hou et al. mixed ITIC with PBDB-T as a fullerene-
free active layer in OSCs and achieved PCEs greater than 11 % [32]. In 2018, Chen et
al. manufactured tandem OSCs, which reached PCEs greater than 17 % [33]. However, by
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2022, tandem OSCs achieved a record efficiency over 20 % and to date it is the maximum
efficiency reported for OSCs [10]. In 2023, Fu et al. manufactured binary OSCs free of
fullerene and low non-radiative recombination, reaching an efficiency of 19.31 % [9]. Today,
BHJ-OSCs are the most investigated solution-processed organic devices [27]. Although the
stability and efficiencies of OSCs are under constant study, these devices present several
advantages compared to traditional cells (inorganic), such as [27,34]: (1) the processability
of the organic semiconductor solution provides great potential for the low-cost large area
OSCs manufacturing; (2) low temperature processing reduces energy consumption during
manufacturing, further reducing energy recovery time; (3) the ability to print on plastic

substrates results in applications such as in wearable and flexible electronics.

2.1.2 PSCs

In 2009, Kojima et al. reported the first implementation of a perovskite (MAPbI3) active
layer in DSSCs, using a liquid electrolyte as hole transport layer (HTL) and achieving an
efficiency of 3.8 % [35]. Despite this success, they observed that the perovskite was soluble in
the electrolyte, which accelerated its degradation (less than an hour stability). Nevertheless,
the experiment demonstrated the feasibility and potential of perovskite as a light-absorbing
layer, revealing great potential in photovoltaic devices. Since then, several research groups
have focused on optimizing perovskite deposition and manufacturing methods to improve the
performance of PV devices using this active layer. In 2012, Kim et al. fabricated rigid PSCs
using spiro-OMeTAD as HTL instead of a liquid electrolyte. They achieved an efficiency of
9.7 % and demonstrated device stability for 500 hours without encapsulation [36]. In the same
year, Lee et al. reported PSCs with a rigid structure using Al,O3 as the scaffold layer instead
of TiOs, achieving efficiencies close to 11 %. This device exhibited improved charge transport
properties and enhanced stability. In addition, they found that perovskite had the ability
to transport both electrons and holes [37]. In 2015, Chen et al. reported the development
of PSCs with a rigid inverted (p-i-n) structure, which achieved a record efficiency of 15 %.
In addition, they highlighted the excellent stability of the device under light exposure for

more than 1000 hours [38]. These results have led to increased interest in research aimed
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at improving the efficiency of PSCs with an inverted configuration. For 2017, Zhen et al.
reported inverted PSCs with a PCE greater than 20 % [39]. Then, in 2020, Zheng et al.
reported for the first time inverted PSCs with efficiencies of 22.3 % [40]. In 2021, Min et al.
presented PSCs with a record efficiency of 25.8 % [41], marking a significant milestone for
these devices. In these PSCs, an interlayer was implemented between the electron transport
layer (ETL) and the active layer to mitigate interface defects. Even without encapsulation,
these devices were able to maintain ~ 90 % of their initial efficiency even after 500 hours
of continuous light exposure. These results indicate the possibility of improving both the
efficiency and stability of the device by reducing defects at the interface between the ETL
and the active layer. On the other hand, for 2022, the inverted PSCs presented a significant
increase in their efficiency. At the beginning of the year, efficiencies greater than 23 % were
reported and by the end of the year, the PSCs had already achieved efficiencies greater than
26 % [11,42-44).

2.2 Active layer materials

2.2.1 OSCs

BHJ-OSCs, in basic form, are composed of transparent electrodes, an active layer, and hole
and electron transport layers. Specifically, the active layer in these devices is composed of
a material that acts as an donor (D) and another that acts as an acceptor (A). In general,
these D and A materials are organic molecules that containing a m-conjugated backbone [45].
Such materials are mixed to form an interpenetrating network, which favors the efficient dis-
sociation of excitons and facilitates rapid charge transfer to the corresponding electrodes [27];
therefore, D and A materials play an essential role in BHJ-OSCs to achieve high efficien-
cies [46]. These materials must have certain properties, such as [45,46]: (1) matching absorp-
tion spectrum; (2) proper molecular energy level alignment; (3) nanoscale phase separation;

(4) high mobility of charge carriers; (5) favorable solubility; (6) appropriate geometry.
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2.2.1.1 Acceptor materials

e Fullerene acceptors:

In 1992, Sariciftci et al. first identified that photoinduced electrons could be transferred from
the polymer to the fullerene cage [47]. From then until before 2015, PCs BM and PC;BM
were the dominant fullerene-based acceptors in BHJ-OSCs due to their high electron mo-
bility (1072 em? V! s71), isotropic charge transport behavior, and high electron affinity.
Despite these advantages, fullerenes limited the performance of organic devices due to their
inherent weak absorption, unsustainable energy levels, large voltage losses (Viss), morpho-
logical instabilities, etc [27]. Due to these limitations, the scientific community began to
study the structure of the PCg BM to determine which variables they could modify and thus
improve the efficiency of the OSCs. Figure 2-1 shows the chemical structures of PCg BM
and PC71BM [46]. PCg¢BM is composed of a Cgy fullerene cage, an aryl group, an alkyl
chain and a terminal group (figure 2-1c), so there are four possible variables to improve the
efficiency of fullerene-based OSCs: (1) modify the aryl group, (2) vary the length of the alkyl
chain, (3) modify the terminal ester group, and (4) change the fullerene cage with highly
absorbent higher fullerenes. However, in most cases, PCg BM modifications did not make a
significant difference in the PCE of BHJ-OSCs; therefore, fullerene derivatives with higher
Cro fullerene content were introduced into the OSCs fields [46]. However, fullerene-based
OSCs are still limited, so it is necessary to explore new materials to further improve the

photovoltaic performance of OSCs [27].
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(c)

Figure 2-1: Chemical structures: (a) PCg;BM, (b) PC71BM and (c) Parts of the PCg BM.

e Non-fullerene acceptors (NFAs)

Since the emergence of the ITIC molecule in 2015 [31], NFAs have attracted a lot of at-
tention due to their characteristics such as [27,46]: stronger light absorption with a readily
tuneable energy levels, higher electron mobility, improved D and A materials miscibility com-
pared with fullerene acceptors and easy synthesis methods. Furthermore, the performance of
OSCs with NFAs has shown significant progress in recent years. NFAs are also divided into
two groups [27,46]: (1) small molecule acceptors (SMAs), within which we have: perylene
diimide (PDI) that are characterized by having a broad and planar structure, high photo-
chemical stability, easy synthesis and modification, which have been widely used as n-type

materials; unfused-ring SMAs refer to those with partially or completely unfused backbone
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structures, where non-covalent intramolecular interactions are used to mediate the planarity
of the molecular structures. These molecules can usually be prepared by simple synthesis
methods; among others SMAs are the ITIC, Y6 and L8-BO. (2) Polymeric acceptors (PAs)
have notable characteristics that SMAs cannot provide, such as good film-forming perfor-
mance. Furthermore, all-polymeric solar cells offer potential advantages such as structural
flexibility and long-term morphological, thermal and mechanical stability. Among some PAs
materials are: bithiophen imide (BTI) with advantages of coplanar structure, short inter-
molecular 7 - - - 7 stacking distance and favorable orientations of solubilizing substituents to
synthesize new n-type semiconductors; among others are bipyridine with a BN coordinative

bond (BN-Py), PDI and PBN-12.

2.2.1.2 Donor materials

Donor materials also play an important role in OSCs. Initially, conjugated polymers such as
P3HT, PTB7, PTB7-Th, among others, were synthesized to match with fullerenes and their
derivatives to improve the capacity of the active layer to harvest light in OSCs [27]. Donor
materials can be classified, according to their bandgap (E,), into three types: wide bandgap
(WBG, E, > 1.8 V), medium bandgap (MBG, 1.6 eV < E, < 1.8 ¢V) and low bandgap
(LBG, E; < 1.6 eV) [46]. P3HT is one of the most relevant donor materials due to its
large-scale preparation and ease of tuning of opto-electronic properties. However, OSCs with
active layer PSHT:PCg BM achieved a PCE of only 5 % due to the super miscibility between
P3HT and fullerenes and their derivatives, which leads to poor phase separation in the active
layer and restricts its later development [27]. Another donor polymer is PTB7, which was
soon superseded by its derivative PTB7-Th with 2-ethylhexyl-thienyl units introduced into
the BDT group. This derivative of PTB7 presented an increase in molecular coplanarity
and the absorption coefficient, as well as a decrease in its bandgap. The first OSCs with
PTB7-Th:PC,BM active layer achieved a PCE of ~ 10 % [27]. On the other hand, narrow
bandgap NFAs have been used as a complement to synthesize WBG-donor polymers such as
J-series, PBDB series, PTQ10 and D18, etc. Of which, PBDB-T, PBDB-T-2F (PM6) and

D18 were the most used polymers due to their good processability, adequate energy levels
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and better phase separation [27].

There are also small molecule donors (SMDs) that have been implemented in OSCs. These
molecules have attracted a lot of attention because they present high purity synthesis with
negligible variation from batch-to-batch, a well-defined chemical structure, easier purification,
and defined molecular weight [27,48]. Among some SMDs are dyes, fused acenes, oligothio-
phenes and triphenylamine-based molecules [48]. OSCs based on SMDs have presented, in
recent years, great progress in their efficiency (~ 17 %); however, there are still key points
that must be improved to achieve better development of SMDs-free of fullerenes-based OSCs;
among these points is optimizing the control of morphology, since it is difficult to form a
continuous interpenetrating network due to the strong crystallinity of SMDs; a solution to
this would be to implement better post-processing methods or suitable additives that allow

the morphology to be modulated [27].

2.2.2 PSCs

Typically, the PSCs are composed of transparent electrodes (anode and cathode), an active
layer (the perovskite, a crucial element in these devices), and hole and electron transport
layers. Initially, the term perovskite referred only to the mineral calcium titanate (CaTiO3),
which did not attract much interest from researchers, resulting in slow progress in the field.
In the last decade, however, researchers have discovered the benefits of perovskite materials
and have synthesized compounds with structures similar to calcium titanate. As a result,
many research groups have incorporated perovskites into new generation solar cells, which
have seen rapid development [49]. In general, the perovskite used in PSCs is a mixed organic-
inorganic compound (although there are PSCs with completely inorganic perovskite) with the
molecular formula ABX3 (figure 2-2 shows the crystal structure of a perovskite). Here, A and
B represent two cations, while X is an anion. A can be an organic or monovalent cation such
as Ca?", CsT, methylammonium (MA — CH3NHY), or formamidinium (FA — CH(NH,)J);
B can be a metal-divalent ion such as Ti?*, Pb%* or Sn?*; and X can be a halide anion such
as Cl~, Br~ or I~ [49-52|. Perovskites are characterized by high light absorption coefficients,

excellent charge carrier lifetime, and a relatively simple preparation process compared to pure
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crystalline silicon [49]. This process includes methods such as spray-coating, dip-coating, two-
step deposition (spin-coating and sublimation), chemical vapor deposition, ink-jet printing,

and blade coating [52,53].

Figure 2-2: Crystal structure of a perovskite ABXj3

2.3 Operating principle

The physical operation principle of OSCs and PSCs is the photovoltaic effect. The main
difference between the two devices lies in their active layer; OSCs use organic semiconducting
materials, such as polymers or small molecules, while PSCs use perovskite. Both organic
semiconductor materials and perovskite serve to absorb solar energy and convert it to electri-
cal energy. The schematic diagram in figure 2-3 illustrates the common operating principle

of OSCs and PSCs, which can be divided into four phases.
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(b)

Figure 2-3: Schematic diagram of the operating principle of (a) OSCs and (b) PSCs.

e Light absorption

The active layer (D-A blend) in OSCs is responsible for absorbing external light (photons);
during this process, the photons (with energy, hr, equal or greater than the bandgap energy
of the D-A) excite the electrons in the active layer from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) to generate the electron-hole
pair (exciton). D and A materials exhibit strong absorption in the visible spectral range
to maximize the conversion of solar energy to electrical energy. However, the absorption

depends on certain characteristics of D and A materials such as the chemical structure,
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molecular weight, orientation of the materials and morphology of the active layer. This last
characteristic plays an important role, since it must guarantee that the D and A materials
are in contact and that the excitons generated by the absorption of light are separated and
transported efficiently to the respective electrodes [54]. In PSCs, the electron-hole pair gen-
eration mechanism is similar to that of organic solar cells (OSCs). However, an important
difference is that the active layer in PSCs is made of perovskite. In addition, the valence
band (VB) and conduction band (CB) are commonly mentioned in PSCs, which correspond

to the HOMO and LUMO of OSCs, respectively [49, 55].
e Charge separation

The excitons, once generated by the absorption of incident light, diffuse towards the interface
between D and A materials in order to separate into free electrical charges. The distance
that these excitons can travel, known as the exciton diffusion length, determines both the
maximum possible thickness of the active layer in OSCs and the distance at which the D-A
phases can be separated. In other words, if this distance is too short, the excitons will not
reach the interface before decaying through radiative or non-radiative processes, resulting in
a loss of energy. In general, it has been observed that in organic semiconductors, the exciton

diffusion length tends to be in the range of 10 - 20 nm [34].

The excitons are dissociated into free charges at the D and A materials interface by means
of a built-in electric field that is present in the active layer and occurs due to the difference
in the energy levels between the LUMO and HOMO of the D and A materials. D-materials,
as conjugated polymers, have high ionization potential, so they tend to donate electrons; on
the contrary, A-materials, fullerenes or non-fullerenes, have low electron affinity, so they have
a strong tendency to accept electrons. Again, morphology is a key piece in the dissociation
process of electron-hole pairs. On the other hand, the electronic properties of D and A
materials also influence the charge separation process. For example, the energy levels of D
and A materials must be properly aligned to facilitate efficient charge separation. The energy
offset between the LUMO and HOMO of materials D and A determines the driving force

for charge separation, and adequate compensation is required to ensure that the generated
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charges can be efficiently collected at the respective electrodes [54].
e Charge collection

The charge collection stage in OSCs refers to the process by which separated electrical charges
move to the corresponding electrodes (generally composed of conductive materials such as
indium tin oxide (ITO), aluminum or silver) before they decay or recombine. This process
is important, since its efficiency directly affects the overall performance of the device. The
charge capture efficiency is influenced by several factors such as [34,54]: (1) the structure of
the active layer; (2) the mobility of charge carriers: in a junction between D and A materials,
a potential gradient is established for the electrons and holes. This is due to the displacement
of the HOMO of the donor and LUMO of the acceptor. This internal gradient determines the
maximum open circuit voltage and facilitates the movement of charges. Also, by asymmetrical
contact arrangement, it is possible to create an external electric field. This is achieved by
using a metal with a low work function to collect electrons and a metal with a high work
function to collect holes. This external electric field contributes to the displacement of charge
carriers, and (3) the alignment of energy levels between D and A materials. For efficient
collection of electrons at the cathode and holes at the anode, it is essential to ensure the

presence of adequate ohmic contact between the organic materials and the electrodes.

For PSCs, after the separation of the charges in the perovskite and due to the internal
electric field, the electrons and holes start to drift and move towards the cathode and anode,
respectively [49]. Previously, the photogenerated electrons and holes were injected into the
CB or LUMO of the ETL and the VB or HOMO of the HTL, respectively. These injection
processes are only possible due to the energy matching of the layers: the CB of the perovskite
is higher than the CB or LUMO of the ETL, while the VB of the perovskite is lower than
the VB or HOMO of the HTL [55].

e Electrical output

The electric current generated by OSCs and PSCs is the result of two essential processes:

charge separation and charge collection at the electrodes. This means that the generated
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carriers must reach the appropriate interfaces before recombining, otherwise the collection
efficiency would decrease. The electrical generation of OSCs and PSCs is characterized by four
fundamental parameters: short circuit current density (Jg¢), open circuit voltage (Voe), fill
factor (FF), and power conversion efficiency (PCE). These parameters are essential indicators
that help us measure and understand the quality and performance of [54] devices. These

parameters are discussed in detail in Section 2.5.

2.4 Architectures

2.4.1 OSCs

OSCs can be divided into four architectures (figure 2-4): single-layer, bilayer, BHJ and

tandem.

Active layer

Cathode Cathode)
ETL ETL |
HTL HTL
Anode Anode
Substrate Substrate

(a) (b)

Anode
Substrate

() (d)

Figure 2-4: OSCs-architectures: (a) Single-layer, (b) Bilayer (c¢) Bulk hetero-junction (BHJ)
and (d) Tandem.
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e Single-layer

These OSCs are characterized by having a single-layer of organic material as the active
layer between electrodes. These devices usually have lower efficiency compared to other
architectures and this may be due to an intrinsic limitation arising from the fact that the
organic layer (p-type or n-type) between the electrodes cannot adequately generate individual
charges (holes and electrons) due to the extremely low charge separation performance caused

by the nature of the tightly bound excitons in organic semiconductors [56].
e Bilayer

In bilayer OSCs, the active layer consists of two layers of organic semiconductor materials that
sit between two electrodes. These two layers are generally a D-layer (usually a conjugated
polymer or small molecule) and an A-layer (usually a fullerene derivative or non-fullerene
acceptor) [54]. When incident light reaches the D-layer of the bilayer OSC, excitons are
generated. The creation of these excitons results in an increase in the concentration of
these structures, and due to this increase, the excitons begin to move towards the interface
between the D and A layers [56]. Once there, the excitons separate into free electrons and
holes. Subsequently, these free charges flow through their respective layers and the external

electrical circuit, resulting in the generation of electrical current [54].
e BHJ

BHJ-OSCs are a type of photovoltaic device with a thin active layer that is composed of
an interlocking structure of D and A materials. These OSCs have an improved interaction
surface compared to bilayer devices. To create the BHJ, volumes of materials D and A are
mixed. As a result of this mixing, the diffusion length that the excitons must travel before
recombining is very short at the interface between D and A. In these devices, the excitons are
generated when the active layer absorb photons from sunlight. The separation of excitons
then results in the collection of charges at the corresponding electrodes, and this process takes

place at the heterojunction interface [56].

e Tandem
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A tandem OSC is, in essence, a solar device made up of two or more subcells connected in
series, designed to increase their efficiency. Each of these subcells can be made of different
materials and have variations in the width of their bandgap, allowing them to absorb different
portions of the solar spectrum. In each subcell there are two essential components: a material
that fulfills the function of absorbing the incident light, converting it into excitons, and
another material that facilitates the movement of the electrons generated in this process.
The union between the subcells allows the charges produced to be transferred efficiently
between them. In the case of a tandem photovoltaic cell, it is common for the initial subcell
to have a wider bandgap than the second subcell. This has the advantage that the first subcell
can absorb high-energy photons, while the second subcell specializes in capturing low-energy
photons. In short, tandem photovoltaic cells optimize solar energy conversion efficiency by
harnessing a broader spectrum of sunlight and converting a greater portion of this light energy

into usable electricity [54].

2.4.2 PSCs

In general, planar PSCs are divided into two structures according to the arrangement of HTL

and ETL: (1) regular planar (n-i-p) PSCs, which have a configuration of cathode/ETL/perovskite/HTL/an
and (2) inverted planar (p-i-n) PSCs and its configuration is anode/HTL /perovskite/ETL/cathode

[52]. Figure 2-5 illustrates the n-i-p and p-i-n architectures. regular PSCs implement ETLs

such as TiO, and SnO,, and HTLs such as spiro-OMeTAD; however, these devices face chal-

lenges such as high hysteresis and insufficient stability. In contrast, inverted PSCs typically

employ PCBM-based ETLs and PEDOT:PSS-based HTLs; these cells have demonstrated

good stability, low hysteresis and competitive efficiency. Therefore, most of the research on

inverted PSCs in recent decades has focused on improving their power conversion efficiency

(PCE) [57].
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Figure 2-5: Schematic diagram of the structure of PSCs: (a) n-i-p and (b) p-i-n.

2.5 J-V curve

The current density-voltage (J-V) curve (figure 2-6) represents the characteristic curve of
photovoltaic devices and covers all possible operating points in terms of current and voltage.
These devices are affected by various environmental conditions, such as temperature, solar
radiation or humidity. To obtain this curve, standard conditions (STC) are considered, which
include an irradiance (I,) = 1000 W/m?, and an air mass (AM) value equal to 1.5. AM
coefficient provides information about the thickness of the atmosphere as a function of the
zenith angle 6 (see equation 2-1). For AM = 1.5, the value of 6 is equal to 48.2°. This
specification is used in combination with a standard power density to ensure an accurate and
direct comparison of solar cell performance at different times and locations. The terms “AM
1.5G” (G stands for global), which incorporates both direct and diffuse radiation, or “AM
1.5D”, which encompasses only direct radiation, are used to represent the standard spectrum

of sunlight at the Earth’s surface [56].
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Figure 2-6: OSCs J-V curve.

From the J-V curve, it is possible to derive several photovoltaic parameters such as:
e Open circuit voltage (Voc):

It is the maximum voltage supplied by the photovoltaic device and is a parameter that
depends much more on temperature. Its unit is voltage (V). It occurs when the flow of
electrons (current) is zero on the J-V curve and can be measured with a voltmeter at the
device terminals, without any load connected. Theoretically Voe can be determined by

taking into account the difference of HOMO of the donor component and LUMO of the
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acceptor component. This theoretical HOMO-LUMO difference can be correlated with the
experimentally obtained value of the J-V characteristics [56]. V¢, mathematically, is given
by equation 2-2, where n is ideality factor, k is Boltzmann’s constant, 7" is the temperature
in Kelvin, q is the charge of an electron, Iy, is the light-generated current and I is the reverse

saturation current [54]:

kT I
VOC == Il_ In <—L + 1) (2—2)
q Io

e Short-circuit current density (Jsc):

Jsc is directly and inversely proportional to the short-circuit current (Igo) and the cell area
(a), respectively. See the equation 2-3. The units of Isc and Jgo are Ampere (A) and A/m?,
respectively. Mathematically, Igo is given by equation 2-4 [54], where V' is the voltage, and
knowing a, Jsc can be calculated. On the other hand, Jg¢ is also directly proportional to the
light intensity and it is the maximum current that a PV device can deliver, which happens
when the voltage of PV device is zero on the J-V curve. In addition, Jg¢ is more commonly
used instead of Igo to eliminate the dependence of cell area.

Isc
Jor = =22 2-3
sC a (2-3)

\Y%
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e Maximum power current density (J,):

It is the current delivered by the PV device at its maximum power point, under certain
conditions of light intensity and temperature. It is used as the nominal current of the PV

device.

e Maximum power voltage (V,):
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It is the voltage delivered by the PV device at its maximum power point under certain
conditions of light intensity and temperature. It is used as the nominal voltage of the PV

device.
e Maximum power point (P,,):

It is the maximum power that the PV device can supply under certain conditions of light

intensity and temperature. Its unit is Watts (W) and mathematically, it is expressed as:

Pun=Vn Jn (2-5)
e Fill factor (FF):

Indicates how efficient the PV device is and quantifies the relationship between the maximum
experimental power of the PV device and the maximum power of an ideal PV device, where
the J-V relationship constitutes a prefect rectangle of sides Js¢ and Voo. FF is dimensionless.

Mathematically, it is expressed as [54]:

P

FF— —™
Voc Jsc

e Power conversion efficiency (n or PCE):

It is the percentage of power transformed into electrical energy from the total sunlight ab-
sorbed for the operation of a given electrical circuit. Mathematically, it is expressed by

equation 2-7, where, P, is the incident solar power with I, = 1000 W/m? [54].

Jsc Voc FF

in

PCE = x 100 % (2-7)

2.6 EQE/IPCE curve

The external quantum efficiency (EQE) or incident photon-to-current conversion efficiency

(IPCE) is used as an additional measure to support the Js¢ derived from the J-V curve
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(Jsc—s—v) of solar devices. The EQE evaluates the conversion of an incident photon to an
electron as a function of the wavelength of the photon. This measurement provides informa-
tion about the different spectral regions that contribute to or cause losses in the photocurrent

generation in the device [58].

Experimentally, EQE can be determined using a light source combined with a xenon lamp
and a monochromator. The light source illuminates the sample through a suitable shadow
mask, while the device is kept short-circuited and the current through the device is measured
with a source meter for each wavelength. The raw current data must be normalized to the
number of exposures by calibration to a reference solar cell with a known spectral response

for each wavelength [58].

Since the EQE represents the specific response of the device under illumination, the Jgo can be
calculated by the equation 2-8, where S(A) is photons per second. However, it is common for
the Jg¢ obtained from the EQE (Jsc—ggg) to be lower than the Jgo— sy, and the error range
is generally between 10 - 20 % [58]. Zimmerman et al. investigated the discrepancy between
Jsc—rpor and Jsc_j_v and they concluded that several factors affect this measurement,
including incorrect measurement conditions, use of different shadow masks for EQE and J-V
measurements, spectral response and cell calibration reference, and homogeneity and spectral

matching of the light output [59].
Jsc-rar = [ GEQE(S()AA (2:8)

2.7 Equivalent circuit of PV devices

The J-V curve shown in figure 2-6 is characteristic of any photovoltaic device, whether organic,
inorganic or hybrid. This curve presents the behavior of a diode, so the OSCs or PSCs, from
an electrical/electronic point of view, can be modeled through the simple diode model based

on the Shockley relationship (equation 2-9) and its equivalent circuit is shown in figure 2-7.
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Figure 2-7: OSCs equivalent circuit.

e(V — JRs V — JRs
1= o (Tr) - R =

Where, Jy is the reverse bias saturation current density, e is the elemental charge, V' is the
bias voltage, J is the current density through the whole device, R, is the series resistance, n
is the ideality factor of the diode, kp is the Boltzmann’s constant, T is the temperature, R,
is the shunt resistance and J,, is the photocurrent. From this equation, the first term on the
right side corresponds to the recombination current and the second term to the shunt current.
Recombination current explains how a PV device acts like diode in the dark, and the shunt
current represents device leakage due to sources such as pinholes that allow parasitic current

to move directly from one electrode to the other [60].

The resistances Ry and Ry, are parasitic resistances. R, is known as the internal resistance
of the PV device and it arises from the organic materials of the device. Also the resistance
of the electrodes and the interfacial connection affect the R, of the device. For example,
the resistance of the active layer is inversely related to the mobility of the charge carriers;
this means that the Ry of OSCs is higher than that of inorganic devices [61]; therefore, the

electrical performance of the OSCs is affected in terms of the FF, and the mobility of charges
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is affected by traps or other barriers (jumps) [62]. On the other hand, R, is due to a leakage
current that occurs at the donor-acceptor and active layer-electrode boundaries. Generally,
Ry, is related to the charge recombination process, i.e., a low carrier recombination rate under
light illumination, without polarization, indicates the presence of a large Ry, value for the
device [63]. A highly efficient OSC, in theory, should present a minimum R, (Ry — 0) and

a maximum R, (Rgn — 00) [64].

2.8 Electrodes

The materials used in TCEs typically exhibit high optical transmittance, low electrical re-
sistance, and a wide bandgap (> 3.1 eV) [65]. To achieve these properties, it is critical to
understand the fundamental properties of the materials, such as their structure, surface, op-
tical and electrical properties. In addition, TCEs should have high chemical stability and
low-cost preparation process; this is essential for the production of photovoltaic devices that
are long-term stable and affordable in terms of cost [66]. Several types of electrodes have
been investigated, including metal oxides (ITO, FTO, 1ZO, AZO, etc.), conductive polymers,
metal films/grids/nanowires, carbon nanotubes (CNTs) and graphene (this will be discussed
in detail in chapter 3) [22,65-67]. PEDOT:PSS, which is one of the most widely known
conductive polymers, shows excellent flexibility and high optical transmittance; however, its
intrinsic acidic and hygroscopic properties limit its applicability. On the other hand, metal
films such as Au, Ag, Al and Cu show low resistance and acceptable transmittance; they
are deposited by thermal evaporation or sputtering. However, Au and Ag have high cost,
while Al and Cu tend to oxidize easily in atmospheric environment. In addition, metal grids
and nanowires require complicated processes such as photolithography or spinning. CNTs
have good optoelectrical performance; however, they usually have rough morphologies, which
makes their application in thin-film devices difficult. In addition, CNTs are usually difficult to
disperse uniformly due to Van der Waals interactions. Among some reports that implement

the alternative electrodes mentioned above in OSCs and PSCs are:

e Wen et al. [68] implemented an alternative anode in flexible OSCs (PET/AgNWs
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FTEs/PH1000 (100 nm)/PEDOT:PSS/PM6:Y6/PDNIO/Al) and reached a PCE of ~
12.7 %. This anode was composed of a silver nanowires (AgNWs) layer and a PH1000
(100 nm) layer. PH1000 was used to enhance the surface roughness of the AgNWs. The
alternative anode showed T (at 550 nm) ~ 80 - 90 % and R ~ 31 Q/sq.

e Jeon et al. [69] implemented Double-walled CNTs (DWNT) as alternative anode in
PSCs (DWNT/PTAA (35 nm)/MA¢FA4PblsoBrg; (450 nm)/Cgy (20 nm)/BCP (6
nm)/Cu (50 nm). DWNT was doped with TFMS (2 v/v %) and reached R ~ 74 Q/sq.
With this electrode, a PCE of ~ 17.2 % was achieved.

e Kim et al. [70] implemented a W-doped Iny,O3 (IWO) metal oxide anode in flexible
PSCs (PET/IWO/PEDOT:PSS/MAPbDI;/PCBM/BCP/Ag), achieving a PCE around
11.33 %. IWO reached T (at 550 nm) ~ 96 % and R ~ 37 Q/sq.



Chapter 3

Graphene: general overview and an

alternative promising electrode to ITO

3.1 Definition and its properties

Graphene is one of the allotropic forms of carbon. Carbon is a chemical element with symbol
C, atomic number 6 and atomic mass 12.01. It is a tetravalent non-metal, having four elec-
trons and six protons to form covalent chemical bonds. Furthermore, it is well known that
carbon is one of the most abundant elements in the Earth’s crust and plays an important and
direct role in supporting life on Earth [71]. On the other hand, carbon has an extreme versa-
tility, with multiple possibilities to form chemical bonds, which gives rise to the existence of
a large number of carbon allotropes due to the possibility of forming different hybridization
states (sp, sp? and sp?®) [71,72]. Currently, various research groups have focused their ef-
forts on studying and manufacturing novel two-dimensional (2D) carbon materials and their
applications depend on what type of carbon atoms combine mutually with a variety of mor-
phologies, including fullerenes, carbon nanotubes and graphene [71]. The latter, graphene,
has attracted a lot of attention in recent years due to its exceptional properties, derived from
a fortunate combination of the electronic structure of carbon, the symmetry of its network
and its 2D nature [73]. Due to its 2D nature, graphene has unique different properties such

as:
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e Electronic properties

Graphene is a highly flexible material that exhibits remarkable electrical properties [14]. The
structural robustness of this 2D material is due to the trigonal planar structure formed by
the sp? hybridazed carbon atom, establishing strong ¢ bonds (responsible for the stability
of the material) with a distance of 1.42 A between the carbon atoms. The p orbitals, which
remain perpendicular to the planar structure, generate covalent bonds with neighboring car-
bon atoms, forming 7 electronic bands. The nature of their tight bonds gives rise to high
Coulomb energies, leading to prominent collective effects such as magnetism and insulating
behavior due to correlation gaps. Despite this, there is an evolving theoretical understand-
ing of its electronic properties, through the resonant valence bond (RVB) theory proposed
by Linus Pauling, where the band structure of graphene classifies it as a semimetal with
Dirac electrons. Most experimental investigations are based on this band structure, although

electron-electron interaction in graphene remains a topic of intense research [74].
e Mechanical properties

Graphene stands out for its notable strength and lightness. It is extraordinarily strong (E =
1.0 TPa), and at the same time, it is extremely light (0.77 mg m~2) [14]. The intrinsic strength
and elastic properties of a single-layer graphene have been evaluated by nanoindentation using
an atomic force microscope (AFM). These experiments have revealed that graphene shows
a nonlinear response to stress-strain, and possesses a second-order elastic stiffness of 340 N
m~!, a third-order elastic stiffness of 690 N m~!, and a resistance to fracture of 42 N m~1,
in addition to a Young’s modulus of E = 1.0 TPa. These measurements have confirmed that
graphene is the most resistant material known. Its exceptional strength and lightness make
it suitable for both individual applications and to reinforce the manufacturing of composite

materials [74].
e Thermal properties

Different forms of carbon have been studied to understand their thermal conductivity, re-

vealing notable variations. This conductivity varies from just 0.01 W m~! K~! in amorphous
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carbon to more than 2 000 W m~! K~! at room temperature in diamond and graphene [75].
An intriguing aspect focuses on how the thermal conductivity of graphene changes with the
number of atomic layers. Here, two factors, one intrinsic and the other extrinsic, influence
thermal transport phenomena. The extrinsic thermal properties of multilayer graphene de-
pend on the dispersion of defects in its structure. As the number of atomic layers increases,
a significant alteration in phonon scattering is observed, providing more phase space for
scattering. This limits phonon scattering from the upper to lower limits, if the number of
atomic layers is kept constant throughout the graphene layer [76]. The thermal conductivity
of graphene has been measured using non-contact optothermal Raman techniques, in sus-
pended graphene layers obtained by exfoliation of bulk graphite. These experiments have
shown that the thermal conductivity can exceed 3 000 W m~! K~! at room temperature in
large sheets of graphene [76]. For suspended monolayer graphene, the thermal conductivity

varies between 4.84 + 0.44 x 10% and 5.30 £ 0.48 x 10> W m~ K~! [74].

The electronic contribution to the thermal conductivity of undoped graphene is minimal due
to the low carrier concentration. In this case, thermal conductivity is primarily governed
by phonon transport, specifically through diffusive conduction at high temperatures and
ballistic conduction at low temperatures. Furthermore, introducing disorder or roughness
into the structure of the graphene network allows its thermal conductivity to be adjusted
over a wide range. In summary, the exceptional heat conduction properties of graphene make

it a promising candidate for various electronic and photonic applications [74].
e Optical properties

Monolayer graphene has been shown to have a high light transmittance of 97.7 % [14]. Light
absorption in graphene is influenced by the fine-structure constant («) and increases linearly
with the number of stacked graphene layers, as experimentally confirmed up to five layers.
Regarding reflection, graphene reflects less than 0.1 % of incident light in the visible range,
increasing to approximately 2 % in the case of ten layers. Therefore, the optical absorption

of graphene is proportional to the number of layers, and each layer absorbs approximately
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2.3 % of the light within the visible spectrum [74].

Figure 3-1 shows the graphene hexagon-honeycomb structure, while Table 3-1 summarizes

the various properties of this material.

Figure 3-1: Chemical structure of monolayer graphene

Table 3-1: Properties of monolayer graphene [74,77].

Properties Values
single-atomic thickness 0.334 nm
Surface area 2 630 m? g1

Mobility
Band gap

Fermi velocity
Electrons and holes near of Dirac point

Thermal conductivity
Tensile strength

Young modulus

200 000 cm? V1 71
zero-gap semiconductor
¢/300 = 1 000 000 m s~*
They behave as massless
fermions (m* = 0)
(5.3 £0.48) x 10> W m K*
130 GPa
1 TPa
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Optical absorbance 2.3 %
Optical transparency 97.7 %

3.2 Fabrication methods

Despite the incredible properties of graphene, other aspects such as the synthesis, processing
and deposition of the 2D material remain a challenge. The synthesis of graphene can be
divided into two methods [78]: (1) Bottom-up where it starts from a carbon precursor, and its
atoms are subsequently arranged to have a high-quality graphene. Commonly used techniques
are chemical vapor deposition (CVD) and epitaxial growth; however, with these techniques
the amount of material produced is very small and the production cost is very high [79] and
(2) Top-down, which starts from a structural base containing graphene, and then is exfoliated
by physical and chemical methods (micromechanical, electrochemical, liquid phase exfoliation
(LPE) of graphite and chemical exfoliation of graphite oxide) to overcome Van der Waal forces

and then separate the sheets until low deffecta graphene is obtained [79,80].

As mentioned above, the deposition of graphene and its derivatives on a desirable, usually
transparent substrate (e.g., glass or plastic), for electrode fabrication also remains a challenge.
CVD is one of the most effective techniques to synthesize high-quality graphene, which is even
comparable to that of mechanically exfoliated graphene. The properties of CVD-graphene
are affected by growth parameters, including gas mass transfer, partial pressure, substrate
selection, and carbon source. Furthermore, the choice of graphene transfer process can con-
trol the overall properties of graphene. Initially, the graphene is deposited on a catalytic
metal sheet (Cu, Ni), followed by a transfer process to deposit it onto a transparent sub-
strate in order to manufacture a graphene-based electrode. Although CVD has resolved
the scalability issues faced by mechanical exfoliation, CVD is expensive because it requires
sophisticated, energy-intensive instruments and suffers from expensive and time-consuming
graphene transfer processes. Also, from the point of view of graphene electrodes, transfer
processes can generate defects in the graphene film and even contaminate it, which would

affect the conductive properties of graphene [79].
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3.3 Graphene electrodes implemented in solar cells

As mentioned in the introduction, the ITO, at the laboratory level, is the TCE that leads
the market applied to photovoltaic devices due to its various advantages (R ~ 10 - 15
sq~t, T > 90 % and work function ~ 4.8 eV). However, ITO presents limitations for which
various alternatives have been explored. In this perspective, graphene has been considered as
a strong option due to its various exceptional properties to address many of the ITO-related
constraints in manufacturing electrodes for solar devices. Furthermore, despite obstacles in
synthesis processes, graphene production can be cheaper and on a larger scale compared to
ITO. Several investigations have been carried out on OSCs and PSCs where alternative hybrid
anodes based on graphene and its derivatives have been incorporated. Among some reports

are:

e Chen et al. [20] implemented a hybrid alternative anode in OSCs (glass/SU-8/Graphene/
PH1000/PEDOT:PSS/PCDTBT:PC71BM/Ag/Ca) and reached a PCE of ~ 4.67 %.
This anode was composed of a monolayer of graphene deposited by CVD with ther-
mally induced wrinkles and a layer of PH1000 to enhance the surface roughness of the

graphene. The hybrid anode showed T (at 550 nm) ~ 89 % and R ~ 148 Q/sq.

e Fernandez-Arteaga et al. [24] manufactured and implemented in OSCs (glass/SPG
/PH1000/PEDOT:PSS/PBDB-T:ITIC/PFN/FM) an alternative bilayer anode (T (at
550 nm) ~ 82 % and R ~ 226 /sq) based on a graphene derivative deposited by drop-
casting and a layer of PH1000 to improve the morphology of the graphene material;
in addition, a chemical treatment (hydroiodic acid) was used to reduce the oxygenated

groups of the graphene derivative and a PCE of ~ 4.2 % was achieved.

e Shin et al. [81] implemented a graphene-based hybrid electrode in flexible OSCs (PET/GR
TCE/PEDOT:PSS/P3HT:PCBM/AI), achieving a PCE around 3.63 %. This anode
was composed of a monolayer of graphene deposited by CVD, and doped with graphene
quantum dots (GQDs)-mixed silver nanowires (AgNWs) with the aim of reducing the
electrical resistance of graphene and improving its flexibility and performance of the

device. The alternative anode reached T (at 550 nm) ~ 90 % and R ~ 594 Q/sq.
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e Zhang et al. [82] worked in an graphene anode for PSCs (FTO/SnO,/Perovskite/ spiro-
OMeTAD/Graphene) reaching a PCE ~ 18.25 %. Graphene was deposited by spray
coating and the device presented excellent flexibility and stability during exposure to

humidity and heat. This anode achieved T (at 550 nm) ~ 30 — 35 % and R ~ 32 Q/sq.

e Jeong et al. [83] manufactured an alternative graphene anode for flexible PSCs (PI/Cu-
grid/Graphene/PEDOT:PSS/FA(sMA 2Pb(IpsBro2)s/PCs1BM/Zn0O/Ag) and they ob-
tained a PCE ~ 16.4 %. This anode is formed by a Cu-grid/graphene (GCEP) where
graphene was deposited by CVD. The flexible PSCs presented good chemical and me-
chanical stability and GCEP improved the PSC photostability by blocking the ultra-
violet (UV) and near-UV light. GCEP presented T (at 550 nm) ~ 81 % and R ~ 5.2

/sq.

e Du et al. [84] implemented a graphene anode in OSCs (PET/BI-Graphene (3 layers)/
MoO,/PPDT2FBT:PC;;BM/Ca/Al) which achieved a PCE ~ 6.46 %. The three layers
of graphene were deposited by CVD and doped with benzimidazole (BI). The OSCs
showed excellent performance and the ability to scale the device. BI-Graphene (3

layers) anode showed T (at 550 nm) ~ 92 % and R ~ 208 Q/sq.

These reports highlight the versatility of graphene as alternative electrodes in third generation
PV devices such as OSCs and PSCs. Typically, these 2D materials are often synthesized and
deposited expensively using methods such as CVD. In this work, unexpensivelly synthesized
graphene derivatives were used in the low cost fabrication of electrodes (three-layer anodes
and hybrid multilayer graphene anode). In the case of three-layer anodes, the graphene
derivatives were deposited by drop-casting technique (easy to use and economical). The fol-
lowing chapters detail the electrode manufacturing processes, their implementation in OSCs,

and the results of the electrode characterizations and their concept test in OSCs.



Chapter 4

Experimental section

4.1 Materials

Powder graphite (< 20 pm), natural flake graphite (< 320 pm), hydriodic acid (HI), DMSO, 1-
chloronaphthalene and anhydrous chloroform were supplied by Sigma Aldrich. HySO4 (98 wt
%), KMnOy4 (99.5 wt %), HCI (37.3 wt %) and HyO5 (30.3 wt %) were purchased from Fermont
(Productos Quimicos Monterrey S.A. de C.V. PEDOT:PSS (PVP Al 4083 (semi-conductive)
and PH1000 (conductive)) was acquired from Heraeus Clevios. Furthermore, Poly|[(2,6-(4,8-
bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-(5,5-(17,3’-di-2-
thienyl-5’,7'-bis(2-ethylhexyl) benzo[1’,2’-c:4’,5’-c’|dithiophene-4,8-dione)| (PBDB-T-2F (PM6)
- MW = 126,690 g/mol) and 2,2’-((2Z,2’Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-
dihydro-[1,2,5] thiadiazolo[3,4-e]thieno[2”,3":4’,5’|thieno[2’,3":4,5|pyrrolo[3,2-g|thieno[2’,37:4,5]
thieno[3,2-blindole-2,10-diyl)bis(methanylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene)) dimalononitrile (BTP — 4Cl (Y7) - MW = 1517.75 g/mol) were purchased
from Ossila. The eutectic alloy Field’s Metal (FM: Bi (32.5 %), In (51 %), Sn (16.5 %)) was
purchased from Rotometals, ITO substrates (~ 10 £2/sq) from Delta Technologies and glass
substrates from Corning Incorporated. For the synthesis process of SPGSW and PGD, the
water was purified through a Millipore system and reagents were used as received without

further purification steps.
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4.2 Synthesis of graphene derivatives

4.2.1 SPGSW

e Exfoliation Method:

15 g of powder graphite (or flake graphite) was placed in a 2 L beaker, 1 L of distilled
water was added. This suspension (15 mg/ mL) was treated at 8000 rpm for 60 min
using a Ross high shear mixer. The solid was separated by gravity filtration and dried

in an oven at 80 °C for 16 h.

e Graphene Oxide (GO) synthesis:

For the preparation of oxidized graphene, 15 g of potassium permanganate (KMnO,)
was slowly added to 125 mL concentrated HSO, at 0 °C in 2 L double-layer beaker
with a cooling system based on Cole-Parmer Polystat. Then 5 g exfoliated powder
graphite (or flake graphite) was slowly added to this mixture in 30 minutes while was
stirring. The temperature was increased to 36.5 °C and kept for 3 h. Subsequently, the
obtained slurry was transferred to a 4 L. beaker containing 1 L of distilled water and
kept under magnetic stirring. The exothermic reaction raised the temperature of the
mixture, then 20 mL of hydrogen peroxide at 30 wt % was slowly added. It is left in
agitation for 10 min and then allowed to rest until precipitating the solid. It is decanted
and 70 mL of concentrated HCI are added to the solid. It is left agitated for 15 min,
and 1 L of distilled water is added, maintaining the magnetic agitation for 15 min more.
Then, it is allowed to precipitate, it is decanted, and 4 L of water is added and stirred
magnetically for 15 min. Subsequently, it was centrifuged at 4000 rpm for 20 min and
washes were carried out until the pH is 7 (in total, there were 5 washes). Finally, the

wet solid was frozen and freeze-dried for one week until dry GO was obtained.

e Preparation of exfoliated graphite powder (GH) dispersions with GO:

1 g and 50 mg of exfoliated graphite powder and GO, respectively at 20:1 w/w were
placed in 100 mL of distilled water. The mixture was tip sonicated for 30 min using

an Ultrasonic processor Cole-Parmer Model CPX130PB. To favour the suspension of
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graphene in water, GO was used as a surfactant. The resulting graphene suspension, in

distilled water, was named SPGSW (solution-processed graphene suspended in water).

4.2.2 PGD

e Exfoliation method

Graphene nanoplatelets are obtained by delamination treatment of aqueous graphite
suspensions by high shear mixing. A 15 mg/mL flake graphite suspension in deionized
water was treated during 60 min at 8000 rpm using a Ross high shear mixer with

external cooling to maintain the internal temperature of the suspension at 25 °C.

¢ GO synthesis

375 mL of HySO, are added to a jacketed reactor of 2 L capacity with recirculation of
an ethylene glycol:water mixture (50:50) at 0 °C through the jacket. After the sulfuric
acid reaches that temperature, 45 g of KMnQy is slowly added. This mixture reaches
an emerald green color to which 15 g of flake graphite previously exfoliated at 8000
rpm for 1 h is slowly added. After obtaining a homogeneous mixture, the temperature
is raised to 36.5 °C and kept under mechanical stirring for 3 h. Subsequently, this
reaction mixture is transferred to a flask containing 1 L of distilled water. After 15
minutes, 30 mL of HyOs (30 %) is added in order to stop the oxidation reaction. 3 L
of distilled water is added and once all the solid precipitates, it is decanted and 200
mL concentrated HCI and 2 L of distilled water are added to eliminate the manganese
salts. After 15 minutes of stirring, it is allowed to precipitate and the solid is decanted

again and washed repeatedly with distilled water until a pH of 7 is reached.

e Preparation of the dispersion

50 mg of GO was added to 100 mL of a 10 mg/mL dispersion of exfoliated flake graphite
in distilled water. The suspension was treated with a tip of a sonotrode Cole-Parmer
CPX130PB by immersion at an intensity of 60 % for 30 min. GO was used as a stabi-
lizing agent to promote the suspension of graphene in water. The resulting suspension

was called PGD (processable graphene derivative).
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4.3 Anodes fabrication process

4.3.1 Three-layer graphene anode (TLGA)

The general configuration of the alternative TLGA was glass/SPGSW or PGD/PH1000
/PH1000 (SPGSW and PGD are in films). The chemical structure of SPGSW, PGD and
the conducting polymer PEDOT:PSS (PH1000) are shown in figure 4.1. The glass substrates
(Si02) were previously cut (~ 1.5 cm x 1.5 cm). For the TLGA based on SPGSW, the glass
substrates were ultrasonically cleaned for 15 min, consecutively, with soap solution, distilled
water, acetone, ethanol, and isopropyl alcohol. Then, substrates were dried overnight in an
oven at 80 °C. After that, the UV-ozone plasma treatment was applied to the clean substrates
for 15 min. For the TLGA based on PGD, the glass substrates were ultrasonically cleaned
for 10 min, consecutively, with soap solution, ethanol, isopropyl alcohol, and deionized wa-
ter; then, substrates were dried with air compress, and immediately they were treated with

UV-ozone plasma for 15 min.

After the corresponding cleaning processes of the glass substrates, the SPGSW and PGD
suspensions (40 pL) were deposited by drop-casting on the surface of the glass substrates at
40 °C for 40 min under regular atmosphere conditions. Subsequently, the SPGSW and PGD
(films) were treated with HI at 90 °C for 2 h and dried overnight; this treatment was applied
to reduce the oxygenated groups presented in the films and recover -their electrical properties.
Then, UV-ozone plasma treatment was applied to the SPGSW and PGD for 1 min and 2
min, respectively, to functionalize only the surface of both films and improve the adhesion of
the PH1000 layer. Previously, PH1000 was mixed with ethanol and DMSO at 1:1:0.1 v/v/v
and stirred on a plate with magnetic stirring for about 48 h at room temperature. Then, 100
L of the modified PH1000 solution was used to deposit the two PH1000 films; both films
were deposited by spin-coating at 3000 rpm for 1 min with annealing treatment at 120 °C
for 10 min. The final thickness for both electrodes were ~ 96 nm and ~ 106 nm for TLGA
based on SPGSW and PGD, respectively.
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Figure 4-1: Chemical structures: (a) SPGSW, (b) PGD and (¢c) PEDOT:PSS (PVP Al 4083
(semi-conductive) and PH1000 (conductive)).

4.3.2 Hybrid multilayer graphene anode (HMGA)

The configuration of HMGA was glass/PH1000:PGD (4:1 v/v) — 6 layers. The PH1000
solution was the same one used in the manufacture of the TLGAs. Also, the cleaning process
for the glass substrates was the same as that described for the TLGA based on PGD. For
HMGA, the PH1000 solution was mixed with PGD (PH1000:PGD) at a ratio of 4:1 v/v
and stirred magnetically on a plate for 12 h at room temperature. Then, 150 uL of the
PH1000:PGD solution was taken to deposit one layer at a time by sping-coating over glass
substrate at 3000 rpm for 1 min and each layer was dried at 120 °C for 10 min. Subsequently,
PH1000:PGD anode was treated with HI at 90 °C for 2 h, this treatment was applied with
the aim to reduce the oxygenated groups presented in the films and improve the electrical

properties of the alternative graphene anode. After this process, anode was cleaned twice
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with isopropyl alcohol by spin-coating (dynamic mode) at 2000 rpm for 30 s, and substrates

were dried overnight at temperature room. The final thickness of the HMGA was ~ 170 nm.

4.4 PM6:Y7-based OSCs fabrication process

TLGA based on PGD and HMGA were tested in PM6:Y 7-based OSCs with configuration an-
ode/PEDOT:PSS/PM6:Y7/PFN/FM, where PEDOT:PSS is the hole transport layer (HTL),
PFN is the electron transport layer (ETL) and FM is Field’s Metal (cathode) that is eutec-
tic alloy of Bi (32.5 %), In (51 %) and Sn (16.5 %). In figure 4-2, chemical structures of
PM6, Y7 and PFN are shown and the chemical structure of PEDOT:PSS is shown in figure
4-1. The ITO was used like reference anode, and it was cut (~ 1.5 x 1.5 cm), ultrasonically
washed and treated with UV-ozone plasma just as glass substrates explained above for TLGA
based on PGD. It is important to mention that the process used for deposit each layer of
the OSCs was the same for the anodes (ITO, TLGA and HMGA) under regular atmosphere
conditions. Previously, the active layer solution, PM6:Y7 (1:1.2 w/w), was prepared at a
concentration of 16 mg/mL in anhydrous chloroform; the mixture was stirred magnetically
at 80 °C for 2 h. PFN solution was prepared at a concentration of 0.3 mg/mL dissolved in
anhydrous methanol and 0.2 % of acetic acid (99.8:0.2 v/v) and stirred magnetically for 24
h. Both solutions, PM6:Y7 and PFN, were stirred out of glovebox. PEDOT:PSS (HTL) was
deposited by spin-coating over anodes at 4500 rpm for 1 min (~ 40 nm of thickness) with a
thermal annealing at 120 °C for 15 min in a hot plate. Subsequently the active layer PM6:Y7
was deposited by spin-coating on top of PEDOT:PSS films at 2500 rpm for 1 min (thickness:
~ 100 nm). Continuously, the PFN was also deposited by spin-coating on the active layer
surface at 6000 rpm for 1 min (thickness in the range of 5 — 10 nm). No annealing treatments
were applied to both layers, PM6:Y7 and PFN. The active area of the cells (~ 0.07 cm?)
were delimited using a shadow mask. Finally, FM was melted at 95 °C and deposited by
drop-casting with a micropipette (50 pL) onto the active cell area of the preheated devices

at the same temperature of FM.
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(c)

Figure 4-2: Chemical structures: (a) PM6, (b) Y7 and (c¢) PFN.

4.5 Equipment used for characterization

The chemical/structural features of SPGSW, PGD and HMGA were determined by Raman
spectroscopy (Microraman Witec confocal, A = 532 nm, and a 100X microscope objective (AN
= 0.9)) and X-ray diffraction analyzes (XRD) was carried out with a Bruker D8 Advance
ECO diffractometer (A ~ 0.154 nm).
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The morphological analysis of the films and the electrodes were carried out by Optical
microscopy (OM, Keyence VHX 5000), Atomic force microscopy (AFM, easyscan2 from
Nanosurf) operating in contact mode and Field Emission Scanning Electron Microscopy (FE-

SEM, Model JSM-F from Jeol).

The electrical and optical properties of films and electrodes were measured by a four-point
home-made experimental setup (resistance by square) and a Perkin Elmer UV /Vis/NIR spec-

trophotometer, respectively.

The OSCs based on ITO, TLGA based on PGD and HMGA were characterized by solar
simulator Sciencetech SS150 class AAA (AM 1.5 condition (100 mW /cm?, 1 sun light)). The
current density curve as a function of voltage (J-V plot) was acquired with a Keithley 2450
source-meter. The PV parameters: open circuit voltage (Voc), short circuit current (Jsc), fill

factor (FF) and power conversion efficiency (PCE), were determined from the J-V plot.



Chapter 5

Results and discussions

5.1 Electrode characterizations

5.1.1 Raman spectra

Figure 5-1 shows the Raman spectra of SPGSW, PGD and HMGA (PH1000:PGD at 4:1 v/v
- 6 layers) at 532 nm (~ 2.33 eV).
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(c)

Figure 5-1: Raman spectra: (a) HMGA, (b) SPGSW and (c¢) PGD.

The Raman spectrum of figure 5-1a corresponds to the bulk heterojunction (BHJ) between
PH1000 and PGD. The characteristic peaks of PH1000 are located at ~ 441 cm™!, ~ 576
cm™!, ~ 699 cm™!, ~ 854 cm™!, ~ 988 cm™!, ~ 1117 em™!, ~ 1256 cm~!, ~ 1360 cm™!,
~ 1429 cm™!, ~ 1508 cm~! and ~ 1574 cm™!, which coincide with other reports in the
literature [85,86]. On the other hand, the peaks located at ~ 1340 cm™! and ~ 1594 cm™!
correspond to the D and G bands, respectively. This corroborates the presence of PGD in

the BHJ films.

The Raman spectra of figures 5-1b and 5-1c¢ corresponds to SPGSW and PGD films, respec-
tively. These figures present two characteristic zones: (1) first order bands (D, G, D*, D",
D’) are observed in the range from 1100 cm™! to 1700 em™! and (2) second order bands (2D,
D+G, 2G) observed in the range of 2500 cm™! to 3200 cm™.

The D band (~ 1330 cm™" - 1350 cm™?) is related to defects in the graphene material and
occurs due to intervalley processes [87]; D-band peaks for SPGSW and PGD were centered
at ~ 1342 ecm~! and ~ 1353 cm ™!, respectively; located within of the range reported in the

literature.
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The G band (~ 1581 cm™! - 1587 cm™!) is related to C=C bond stretching and strain effects
in carbon materials [88]; the G-band peaks for SPGSW and PGD were centered at ~ 1567
cm ! and ~ 1588 cm™!, respectively. The SPGSW presents a redshift of the G band, which
indicates the recovery of the hexagonal network of carbon atoms with defects; on the other
hand, PGD presents the G band with a slight blueshift, which indicates lattice distortions
and a large number of defects caused by the oxidation process [89]. Also, it is important to
mention that in graphene materials, the G band can present a redshift or blueshift due to
the application of external stress, which would cause a deformation of the network, that is,
a change in the interatomic distances and a redistribution of electronic charge [89]. In the
literature there are several works that have reported the G band of graphene materials with

a redshift [90,91] or blueshift [88,92].

The degree of defects or the graphitic film quality is determined by the ratio between the
D and G band intensities (Ip/Ig) [93-96]. In general, highly-ordered graphitic samples (few
defects) show low Ip /I values [97], as in the case of graphite (Ip/Ig = 0.01 - 0.24) [88, 96]
or graphene (Ip/Ig = 0.21) [90]. On the other hand, a high Ip/Is ratio indicates a high
level of defects in the graphitic sample structure [97], as in the case of GO (Ip/Ig = 1.05 -
1.76) [93,98]. 1p /I values of 1.43 and 1.35 were achieved for SPGSW and PGD, respectively.
This indicates that both samples have a high degree of defects, which correlates with the G
band shift explained above. On the other hand, the size of the crystallite along the plane
(L,) can be calculated using equation 5-1 [99], where E, is the laser excitation energy in eV,
Ip and I are the intensities of the D and G peaks, respectively. L, is directly proportional
to (%)_1 for larger crystallites (L, > 2 nm), while for smaller crystallites, (L, < 2 nm),
the linear relation breaks down, and Ip /I varies quadratically with crystallite size. For our
samples, a L, of ~ 13 nm and ~ 12 nm were calculated for the SPGSW and PGD, respectively.
These calculated L, are smaller than those reported in [94,99]. Within the linear regime,
this means that the size of the crystallite gives information about the defects of the graphene
material, that is, a small L, indicates greater defects and a large L, indicates fewer defects.
Based on the above, the crystallite sizes calculated for the SPGSW and PGD corroborate

that these graphene samples have high degrees of defects, an observation that correlates with
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the G band shift of both samples.

-1
The D’ band (~ 1610 cm™! - 1620 cm™?) is associated with the impurity-induced intervalley
dispersion process [87]; the peaks for SPGSW and PGD were centered at ~ 1603 cm™! and
~ 1616 cm ™!, respectively. The Ip/ /I ratios for SPGSW and PGD were ~ 0.77 and ~ 0.69,
respectively; which are quite high values compared to another previously reported (Ip/Ig ~
0.12 - 0.23) [90,100]. The increase in the Ip /I ratio indicates a greater number of defects at
the edges of the crystal structure (these types of defects are known as edge states) [100]. The
values of the Ip/ /15 ratio for SPGSW and PGD corroborated, once again, that both samples
have defects in their structure and this correlates with the shift of the G band of both films,

as well as with the results of the Ip /I ratio and the crystallite sizes calculated above.

The D* band (~ 1050 cm™' - 1200 cm™!) originates from the sp? orbital, it can be related
to disorders in the graphitic lattice [87,101], and the D” band (~ 1500 cm™* - 1550 cm™1)
is related to the amorphous phases of the material [87]. The D* and D” band peaks for the
SPGSW and PGD were centered at ~ 1151 cm™! and ~ 1512 ecm™!; and ~ 1095 cm ™! and

~ 1517 cm™1!, respectively; these are located within of the range reported in the literature.

On the other hand, the 2D band (~ 2700 cm™!) provides information on the number of layers
present in the graphene samples. This band arises from the activation of two phonons with
similar momentum and does not require the presence of defects in the material, that is, it is
always present [88,102]. The 2D-band peaks for SPGSW and PGD were centered at ~ 2680
cm ! and ~ 2711 ecm™!, respectively. There are three ways to analyze the peak of the 2D
band: (1) regarding its shape (broad or sharp) [93,103]; in our spectra, the 2D band has a
wide shape, which would indicate a multilayer structure. (2) FWHM of ~ 329 cm™! and ~ 81
cm ! were calculated for SPGSW and PGD, respectively; which corroborates, quantitatively,
the multilayer structure of both graphene samples (monolayer if FWHM < 30 cm™' and
multilayer if FWHM > 30 ecm™!) [104]. (3) The I,p/Ig ratio obtained were ~ 0.52 and ~
0.33 for SPGSW and PGD, respectively; which agrees, once again, the multilayer structure of
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the graphene samples (monolayer if Irp /I > 2, and multilayer if I,p /I < 0.85, [93,97,105].
According to what is stated in reference [106], an Iyp /I ratio around 0.5 usually indicates
~ T layers of graphene, for the case of the SPGSW a quantity close to 7 layers could be
estimated, while in the case of the PGD, given that the Iyp /I ratio is less than 0.5, it could

indicate that there are more than 7 layers.

The D+G band (~ 2940 cm™!) is an overtone of the D and G peaks positions and the 2G
band (~ 3170 cm™!) is attributed to the G band [107]; the D+G and 2G band peaks for the
SPGSW and PGD were centered at ~ 2929 cm™! and ~ 3106 cm™!; and ~ 2935 cm ™! and
the 2G band was not presented, respectively.

5.1.2 XRD spectra

Figure 5-2 shows the XRD patterns of the graphite powder, SPGSW powder, PGD powder,
PGD film and HMGA. Table 5-1 summarizes the characteristic planes of each sample. The
crystal plane (001) was observed in SPGSW powder, PGD powder and PGD film; which
indicates the presence of GO (low quantities) in the samples [90,108]. GO was used as a
surfactant to facilitate the suspension of the graphene materials in water. The crystal plane
(002) of SPGSW powder and PGD powder practically matches that of graphite powder; these
results corroborate that both samples are graphitic materials. However, for the PGD film,
the plane (002) presents a notable shift to the left, which is in agreement with other reports
of graphene derivatives: 26.4° - 26.5° [24,90,98]; also, this indicates that the PGD film has a
greater amount of oxygenated groups [98,109]. On the other hand, HMGA presents a peak
located at 26.64°, which corresponds to the crystalline plane (002) characteristic of graphitic
materials and corroborates the presence of PGD in the BHJ of HMGA.
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()
Figure 5-2: XRD spectra of samples: (a) SPGSW, (b) PGD and (¢) HMGA.

Table 5-1: Crystal planes fo graphite powder, SPGSW powder, PGD powder, PGD film and
HMGA.

Crystal planes
Samples (001) (002) (101) (004)
Graphite powder ——  26.80° 44.91° 54.99°
SPGSW powder 11.29° 26.85° 44.91° 54.85°
PGD powder 11.94° 26.73° 44.90° 54.92°
PGD film 10.83° 26.42° ——  54.56°
HMGA —  26.64° — —
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On the other hand, the (002) plane peak is used to calculate the interlayer spacing (d(oo2)) by
Bragg’s law and the average crystallite size perpendicular to the plane (L.) in the graphene
lattice by Scherrer’s equation [91,99,103]. Furthermore, through the ratio of L. and dggg)
(Equation 5-2), the number of layers along the c-axis (N.) of the samples can be estimated

[99,103]. Table 5-2 summarizes these parameters.

N, = (5-2)

Table 5-2: d(g2), L. and N, calculations.

Samples d(002) L. N.

Graphite powder ~ 0.331 nm ~ 18 nm ~ 54 sheets
SPGSW powder ~ 0.332 nm ~ 15 nm ~ 45 sheets
PGD powder ~ 0333 nm ~ 28 nm ~ 84 sheets
PGD film ~ (0.337 nm ~ 53 nm ~ 157 sheets

These results have been previously reported for different commercial graphenes (d(pg) ~
0.333 nm — 0.334 nm, L. ~ 24.96 nm — 34.14 nm and N, ~ 75 — 102 layers) [91], graphene
nanoplatelets (d2) ~ 0.335 nm, L, ~ 14.42 nm and N, ~ 43 layers) [103], and different
graphite samples (d(o2) ~ 0.334 nm — 0.335 nm, L. ~ 14.68 nm — 14.69 nm and N, ~ 44
layers) [110]. Thus, our estimations indicate that SPGSW powder, PGD powder and PGD
film have a multilayer structure remembering that Nc, from the point of view of XRD, depends
on the material crystallinity, the order degree, and the amount of oxygenated groups in the

interlayers.

5.1.3 Optical microscopy (OM)

Figure 5-3 shows the topography of SPGSW with different treatments and the SPGSW-
based TLGA (SPGSW/PH1000/PH1000) by OM. It shows that the glass substrate (5-3a) was
adequately covered by the SPGSW without treatments (WT) (5-3b). Figure 5-3c corresponds
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to the topography of SPGSW treated with HI, several black dots can be observed that could
indicate defects in the graphene material film. Figure 5-3d corresponds to SPGSW treated
with HI and UV-ozone plasma; certain black spots (defects) and light and dark areas can
be seen in its topography. The light zones could be because there is less graphene content
because plasma treatment removes some of the material. Figure 5-3e shows the topography of
the SPGSW-based TLGA, the clusters and the light and dark areas that are usually present
after the HI and plasma treatments (5-3d) are not observed, indicating that the PH1000

layers completely covered defects and improved the SPGSW homogeneity.

(d) (e)

Figure 5-3: Topography by OM of: (a) glass substrate, (b) SPGSW/WT, (¢) SPGSW+HI,
(d) SPGSW+HI+4UV-ozone plasma, and (e) SPGSW-based TLGA.

Figure 5-4 shows the topography by OM of the glass substrate (5-4a), PGD with treat-
ments (HI and UV-ozone plasma) (5-4b), PGD-based TLGA (PGD/PH1000/PH1000) (5-4c),
PH1000 anode (composed of 6 layers) (5-4d) and HMGA (5-4e). OM images confirmed that
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the glass substrate was reasonably covered by the PGD, PH1000 and PH1000:PGD films.
After HI and UV-ozone plasma treatments, PGD showed a more uniform topography, with
some grains that appear to be part of the graphenic material. In the case of PGD-based
TLGA, areas covered by PH1000 (blue) were observed to complement the regions where
PGD (brown-orange) could not completely covered. This helped to improve the uniformity
and conductivity of the electrode. PH1000 anode and HMGA images showed quite similar
topography and acceptable uniformity.

(d) (e)

Figure 5-4: Topography by OM of: (a) glass substrate, (b) PGD with treatments, (c¢) PGD-
based TLGA, (d) PH1000 anode, and (¢) HMGA.

5.1.4 Atomic force microscopy (AFM)

AFM images shown in figure 5-5 reveals the morphology of SPGSW with and without treat-
ments as well as that of SPGSW-based TLGA. AFM images confirmed that the glass sub-
strate (5-ba) was covered with SPGSW. The SPGSW/WT (5-5b), SPGSW+HI (5-5¢) and
SPGSW+HI4UV-ozone plasma (5-5d) films presented roughness of ~ 5 nm, ~ 4 nm and ~ 7
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nm, respectively. These roughnesses show a significant decrease compared to that for SPG (~
11 nm) which was also deposited by drop-casting [24]. However, when the plasma treatment
was applied to the samples previously reduced by HI, the roughness increased slightly until
~ 7 nm; this behavior may be because the plasma removes part of the deposited graphene
material, leaving spaces that affect the morphology of the film. Furthermore, a significant
contrast can also be observed between the roughness of the SPGSW films deposited by drop
casting and the graphene film deposited by CVD (roughness ~ 0.38 nm) [20]. Moreover, the
roughness of the SPGSW films mentioned above is still high with respect to ITO (~ 1.85
nm) [20]. The fabrication of an electrode with homogeneous morphology and low roughness is
also extremely important, as this would allow a better contact between the electrode and the
other stacked layers of the photovoltaic device [24]. PH1000 polymer is a viable and simple
option that could allow obtaining more homogeneous morphologies and mainly improving the
electrical conductivity of SPGSW+HI+UV-ozone plasma. With the deposition of PH1000
layers, the roughness of the SPGSW-basedd TLGA was ~ 6 nm (5-5f) with a total thickness
of ~ 96 nm. FEach layer thickness of the alternative electrode was ~ 5 nm, ~ 45 nm and
~ 46 nm for the SPGSW+HI+UV-ozone plasma (5-5e), first and second layers of PH1000,

respectively.
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(e) (f)

Figure 5-5: Morphology by AFM of: (a) glass substrate, (b) SPGSW/WT, (¢) SPGSW+HI,
(d) SPGSW+HI+UV-ozone plasma, (e) average thickness of SPGSW with treatments, and
(f) SPGSW-based TLGA.

Figure 5-6 shows the morphological characterization by AFM of glass substrate (5-5a), PGD
(5-5b), PGD-based TLGA (5-5¢), PH1000 anode (6 layers) (5-5d) and HMGA (5-5¢). AFM
also confirmed that the glass substrate was covered by the layers of PGD and PGD:PH1000.
The first layer of the PGD-based TLGA was PGD (treated with HI and UV-ozone plasma), in
which the characteristic wrinkles of graphene materials can be observed. This layer reached an

average roughness and thickness of ~ 10 nm and ~ 30 nm, respectively. The average roughness
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and thickness of the PGD-based TLGA was ~ 6 and ~ 106 nm, respectively. On the other
hand, the PH1000 anode and HMGA achieved average roughness of ~ 5 nm and ~ 7 nm, and
average thickness of ~ 200 nm and ~ 170 nm, respectively. For PGD-based TLGA, PGD
roughness (~ 10 nm) is relatively high, thus, deposition of the PH1000 layers helped to reduce
this roughness (~ 6 nm), resulting in an electrode with a more homogeneous morphology
that would allow better contact with the other device layers; PH1000 also contributes to
the conductivity of the PGD-based TLGA. For the HMGA, there was a slight difference in
roughness with respect to the PH1000 anode, which could be due to the presence of PGD
grains (see Figure 5-4e) in HMGA films. Regarding the difference in thickness between the
PH1000 anode and HMGA, this could be to the graphene material suspension in distilled
water, which allows a greater dilution of the PH1000 solution, which helps to reduce the
thickness of the HMGA films. When comparing PGD-based TLGA and HMGA thicknesses
with ITO ( 170 — 200 nm, information given by the manufacturer), it is observed that the

reached results are acceptable.
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(e)

Figure 5-6: Morphology by AFM of: (a) glass substrate, (b) PGD with treatments, (c)
PGD-based TLGA, (d) PH1000 anode (6 layers), and (¢) HMGA.

5.1.5 Field emission scanning electron microscopy (FESEM)

Figure 5-7 shows the morphological characterization by FESEM of SPGSW with and without
treaments, PGD with treatments, PGD-based TLGA, PH1000 anode and HMGA. These
images also corroborated the deposition of SPGSW, PGD, PH1000 and PH1000:PGD on the
glass substrate. The images of SPGSW with and without treatments (Figures 5-7a - 5-7¢)

showed wrinkles, which is something characteristic of graphene materials [111,112]. These
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wrinkles were also observed by AFM (Figures 5-5b - 5-5d). The SPGSW film treated with
HI (Figure 5-7b) showed certain pores that could be due to the ability of HI to remove
the epoxy and hydroxyl functional groups found on the surface and edges of the graphene
material [112]. Figure 5-7¢ corresponds to the SPGSW treated with HI and UV-ozone plasma
and shows smoothing and reduction of wrinkles in the material morphology (verified by AFM
in Figure 5-5d); likewise, it presents overlapping flakes with a non-uniform and apparently
thick morphology. Similar to what was observed in the SPGSW, wrinkles were also observed
on the surface of the PGD and exhibited a smoother appearance (Figure 5-7d), which was
also corroborated by AMF (Figure 5-6b). The smoothing of wrinkles is caused by the UV-
ozone plasma treatment. Fig. 5-7e corresponds to the PGD-based TLGA that presents a
uniform morphology, and this is because the PH1000 layers adequately covered the PGD.
This was also observed by AFM (Fig. 5-6¢). In the case of the SPGSW-based TLGA, a
similar morphology would also be expected. Figures 5-7f and 5-7g show the morphologies of
the PH1000 anode and HMGA, respectively. Both images showed a quite similar morphology,
and no significant differences are observed, which is also corroborated by the AFM images
(Figures 5-6d and 5-6e). It is also possible to observe certain pores in the morphological
images of both anodes, which may be due to the removal of the PSS chains in the PH1000
and functional groups (epoxy and hydroxyl) on the PGD by the HI treatment [113,114].



5.1 Electrode characterizations 57

(2)

Figure 5-7: Morphology by FESEM of: (a) SPGSW/WT, (b) SPGSW+HI, (c)
SPGSW+HI+UV-ozone plasma, (d) PGD with treatments, (e) PGD-based TLGA (f)
PH1000 anode (6 layers) and (g) HMGA.
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5.1.6 Optical and electrical properties

Figure 5-8 shows the UV-Vis transmittance spectra of SPGSW (with and without treat-
ments), PH1000, and TLGA based on SPGSW (with and without plasma treatment). From
figure 5-8a, transmittances of ~ 94 %, ~ 96 % and ~ 86 % at 550 nm were determined
for SPGSW/WT, SPGSW+HI and SPGSW+HI4UV-ozone plasma, respectively. From fig-
ure 5-8b, transmittances of ~ 91 %, ~ 85 % and ~ 78 % at 550 nm were reached for
the PH1000 (2 layers), TLGA based on SPGSW without UV-ozone plasma treatment and
TLGA based on SPGSW with UV-ozone plasma treatment, respectively. Considering the
experimental transmittance of the SPGSW-+HI+UV-ozone plasma (~ 86 %) and considering
that a graphene sheet absorbs ~ 2.3 % of light in the Vis region [24], then, the sheets num-
ber of SPGSW+HI+UV-ozone plasma can be estimated theoretically: ~ 6 graphene layers,
which is very close to the determined value using Raman spectroscopy (~ 7 graphene layers).
Both theoretical and experimental number of layers corroborate that the graphene film is
multilayer. Besides, considering that the film SPGSW+HI+UV-ozone plasma (6 layers) has
an absorbance of ~ 14 % and PH1000 polymer (2 layers) an absorbance of ~ 9 %, thus, the
expected transmittance for the three-layer graphene electrode is ~ 77 %, which is quite close

to the experimentally measured (78 %).
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(a) (b)

Figure 5-8: Transmittance spectra: (a) SPGSW (with and without treatments), and (b)
SPGSW-based TLGA (with and without UV-ozone plasma treatment). The films were de-

posited on glass substrates.

The electrical resistance of the SPGSW/WT film (initially in the M order) decreased when
the HI treatment was applied because it removed the oxygenated groups present in the
graphene material due to GO; however, when the plasma treatment was applied, a certain
amount of the graphene material was degraded, generating some defects, and slightly in-
creasing the electrical resistance. Despite these treatments, the electrical resistance was still
above the k) range. The average electrical resistances were 10° Q/sq, ~ 91 kQ/sq, ~ 168
kQ/sq, ~ 102 Q/sq, ~ 131 2/sq and ~ 88 Q/sq determined for SPGSW/WT, SPGSW+HI,
SPGSW+HI4UV-ozone plasma, PH1000 (2 layers), TLGA based on SPGSW without UV-
ozone plasma treatment and TLGA based on SPGSW with UV-ozone plasma treatment
(electrode with the minimum electrical resistance in this work), respectively. Deposition of
the two PH1000 layers contributed to a considerable decrease in the electrical resistance in
the TLGA based on SPGSW with and without plasma treatment. As mentioned [24], the
incorporation of PH1000 may indicate that defects present in SPGSW are covered, causing
an improvement in the morphology and restoration of the electrical paths in the alterna-

tive electrode. On the other hand, UV-ozone plasma treatment also significantly reduced
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the electrical resistance of the TLGA based on SPGSW compared to the TLGA based on
SPGSW without UV-ozone treatment, although there was a ~ 7 % decrease in transmit-
tance, that could result by the exposure of dark areas after the plasma treatment (figure
5-3d). The decrease in electrical resistance could be explained by the fact that the UV-ozone
plasma treatment incorporated oxygenated groups only on the surface of the SPGSW+HI,
improving the film morphology and allowing better adhesion of the first PH1000 sheet to
the SPGSW-+HI after the plasma treatment. On the other hand, it is assumed that work
function of the SPGSW+HI+4UV-ozone plasma film is in the range of ~ 4.4 eV to 4.9 eV,
as has been reported for other graphene derivatives [20,115-117]. This would indicate two
facts: 1) the mentioned graphene film has a work function similar to ITO (~ 4.8 eV) [22] and
2) this TLGA based on SPGSW can adequately be an alternative to ITO in opto-electronic

devices.

On the other hand, the optical and electrical properties of the PGD-based TLGA and HMGA
electrodes were also studied. Figure 5-9 shows the transmittance curves of ITO (~ 838 %),
PGD-based TLGA (~ 74 %), HMGA (~ 79 %) and PH1000 anode (~ 76 %). In TLGA,
PGD film was treated with HI and UV-ozone plasma, and HMGA and PH1000 anode were
treated with HI. The difference of 3 % between HMGA and PH1000 anode could be due to
the fact that PGD is suspended in distilled water, which helps to dilute the PH1000 solution,
allowing thinner films with higher transmittance. The average electrical resistance (measured
just after manufacture) of the PGD-based TLGA, HMGA and PH1000 anode were ~ 170
Q/sq, ~ 134 Q/sq and ~ 73 Q/sq, respectively. To ITO, the electrical resistance is about 10
— 15 Q/sq.
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Figure 5-9: UV-Vis transmittance spectra of ITO, PGD-based TLGA, HMGA and PH1000
anode. Both anodes, HMGA and PH1000, have 6 layers. TLGA, HMGA and PH1000 films

were deposited on glass substrates.

The transmittance and electrical resistance stability of PGD-based TLGA and HMGA were
analyzed (figure 5-10) for 192 h under regular atmosphere conditions, temperature about 25

— 30 °C and humidity in the range 20 — 25 %.

For transmittance, this study showed that both alternative anodes PGD-based TLGA (figure
5-10a) and HMGA (figure 5-10b) maintained good stability under regular atmospheric con-
ditions. A significant reduction in the transmittance of the PGD-based TLGA was observed,
mainly due to the presence of the PGD film. Previous reports have shown that a graphene
film absorbs ~ 2.3 %. Through Raman spectroscopy analysis, it was determined that PGD
film has more than 7 layers of graphene material, resulting in a light absorption of more than
16 %. On the other hand, the HMGA has a slightly higher transmittance than the PH1000.
This is due to the dilution of the PH1000 solution by the suspension of the PGD, which

reduces the thickness of the films and therefore increases the transmittance of the electrode.
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The electrical resistance stability study of the PGD-based TLGA (Figure 5-10c) showed that
this alternative anode presents a significant difference with respect to the PH1000 (2 layers).
The PH1000 (2 layers) initially had an electrical resistance of ~ 358 €2/sq, which remained
stable for the first 24 h. Subsequently, at 48 h, the electrical resistance decreased significantly
to ~ 295 Q/sq. However, over the next 72 h, the electrical resistance gradually increased in the
range of ~ 316 — 328 Q/sq. Then, at 144 h, the electrical resistance experienced a significant
decrease and reached ~ 232 2/sq. After 144 h, the electrical resistance began to gradually
increase again. This behavior can be interpreted as a result of effective initial compaction
of the PH1000 films during the first 48 h, which reduced the electrical resistance to ~ 295
2/sq. However, over the next 72 h, the PH1000 films began to gradually degrade, resulting
in an increase in electrical resistance. This cycle repeats after 144 h. On the other hand,
the electrical resistance of the PGD-based TLGA remained fairly constant throughout the
study period. This could suggest several important implications about the role of PGD in the
electrode: (1) it could contribute to the reduction of the electrical resistance of the electrode,
(2) it could play a role in slowing down the degradation of PH1000, which is reflected in the
stability of the electrical parameter, and (3) it is possible that it favors better compaction

between the PH1000 and PGD films.

Similarly, the electrical resistance stability study of the HMGA (figure 5-10d) showed that
this alternative anode presents a significant difference with respect to the PH1000 anode. The
PH1000 anode showed an initial electrical resistance of ~ 70 £2/sq, which gradually increased
to ~ 78 €1/sq over the first 120 h. After this time, it presented a significant increase in
electrical resistance, reaching approximately 100 ©/sq. This constant increase in electrical
resistance could be because the PH1000 presents a continuous degradation process; during
the first 120 h its degradation is slow, while afterwards the degradation of PH1000 begins to
accelerate. On the other hand, HMGA showed an initial electrical resistance ~ 134 Q/sq,
which increases to ~ 160 €2/sq in the first 24 h, and this resistance remained stable during
the next 48 h. After the first 72 h of the fabrication of the anode, the electrical resistance
decreased, and it started to stabilize around ~ 145 — 150 ©2/sq. The increase in the electrical

resistance of the HMGA in the first 24 h could be due to an accelerated degradation process
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of the PH1000. However, the decrease in the electrical resistance (after the first 72 h of anode
manufacturing) could be attributed to the fact that the PGD is retarding the degradation of
the PH1000 and allowing the films to compact better to stabilize the electrical resistance of
the anode. These differences, that can be interpreted from the study of electrical resistance
stability between the PH1000 and HMGA, show the significant impact that PGD has on the

electrical stability of the anode over time.

(c) (d)

Figure 5-10: Transmittance and electrical resistance stability study of PGD-based TLGA
(a and ¢) and HMGA (b and d).
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Table 5-3 presents the comparison between previously reported graphene electrodes and ours:
SPGSW-based TLGA, PGD-based TLGA and HMGA. The electrical resistance and trans-
mittance values of these alternative anodes are very promising for their application in future
photovoltaic devices. Furthermore, they demonstrate the effectiveness of deposition tech-
niques, such as drop-casting and spin-coating, for the economical and efficient production of

graphene electrodes. low-cost process.

Table 5-3: Comparison of the electrical resistance (R) and transmittance at 550 nm (T)
parameters in alternative graphene electrodes with different deposition methods and our
electrodes (TLGA based on SPGSW, TLGA based on PGD and HMGA). *Typically, ITO
shows a T (at 550 nm) ~ 90 % and R < 20 /sq [118].

Electrodes Deposition R (©2/sq) T (%) Ref.

PH1000 Spin-coating ~ 219 ~ 98 [20]
PH1000/Graphene (wrinkled) CVD ~ 147 ~ 88 [20]
Bilayer (SPG/PH1000) Drop-casting ~ 226 ~ 82 [24]
Graphene/PES PATCVD ~ 82 ~ 86 [115]
PI@Graphene CVD ~ 83 ~ 92 [116]

Cu (7 nm thick)/
CVD ~ 75 ~ 92 [117]
Graphene (4 layers)

graphene-AgNWs/PET
Spray-coating ~ 129 - 194 ~ 70 [119]
(Commercial)



5.2 Concept test: PGD-based TLGA and HMGA as anodes in OSCs 65
Few-layer graphene/PET Rubbing ~ 400 ~ 60 [120]
Graphene/PEDOT:PSS Rod-coating ~ 1902 ~ 90 [118]

GO:PEDOT:PSS Drop-casting ~ 400 - 500 ~ 78 [121]
TLGA
Drop-casting ~ 88 ~ 78  This work
(SPGSW/PH1000/PH1000)
TLGA
Drop-casting ~ 170 ~ 74 This work
(PGD/PH1000/PH1000)
HMGA
Spin-coating ~ 134 ~ 79  This work
(PH1000:PGD - 6 layers)
5.2 Concept test: PGD-based TLGA and HMGA as

anodes in OSCs

PGD-based TLGA and HMGA were implemented in PM6:Y7-based OSCs as anodes. Fig. 5-

11 shows the device architecture and diagram of the device energy levels (previously reported

in [20,24,122,123)).
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Figure 5-11: (a) OSCs architecture, (b) OSCs energy levels, and (¢) OSCs J-V curves for
ITO, PGD-based TLGA and HMGA.

Figure 5-11c shows the J-V curves for the OSCs with the configuration glass/anode/ PE-
DOT:PSS/PM6:Y7/PFEN/FM; the PV parameters are summarized in the table 5-4. The
difference in PCEs values could be mainly attributed to the decrease in transmittance and
increase in electrical resistance in both alternative electrodes, PGD-based TLGA (T (at 550
nm) ~ 74 % and R ~ 170 €/sq) and HMGA (T (at 550 nm) ~ 79 % and R ~ 134 Q/sq),
compared to ITO (T (at 550 nm) ~ 88 % and R ~ 10 - 15 /sq), which would affect the
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generation of charge carriers (less transmittance) and facilitate trapping and recombination
of charges (increase in electrical resistance). On the other hand, the difference in PV perfor-
mance between PGD-based TLGA and HMGA could be partially due to the variation of the
sheet thickness of each alternative anode, PGD-based TLGA (~ 106 nm) and HMGA (~ 170
nm), which could influence the charge generation and conduction in the bulk layer through
different film conformations. However, for the TLGA case, the device performance could be
considered moderately acceptable with respect to other studies [24,117,124], therefore, these
concept tests reveal the potential of graphene material for future applications in photovoltaic
devices. Furthermore, it is important to mention several relevant aspects: (1) various OSCs
reported in the literature implemented top electrodes deposited by evaporation (Al, Ag, Au,
Ca, etc.), on the contrary, devices manufactured in these concept tests used a top electrode
(Field’s Metal) that is easy to deposit, and it does not require evaporation and high vacuum
techniques. (2) The graphene material, PGD, is not doped with any metallic nanostructure.
(3) The deposition of the PGD, in TLGA, was carried out by drop casting, which is an easy-
to-use and low-cost technique. With this stated procedure, the electrode achieved optical and
electrical parameters comparable to other reports in the literature that used more expensive
and complex deposition techniques [118,120,124]. (4) Deposition, fabrication and tests of the
electrodes and OSCs were carried out under regular atmosphere conditions. However, it is
necessary to continue optimizing the deposition and manufacturing processes of the electrode
and OSCs. (5) The contribution of PGD to the stability of the alternative anodes was accept-
able. Particularly, in terms of electrical resistance, PGD may have delayed the degradation
process of PH1000, facilitating greater compaction of the films and thus contributing to the

stabilization of the electrical parameter of the alternative anodes.
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Table 5-4: PV parameters for HMGA, TLGA based on PGD and ITO.

Voc Jsc PCE T R
Anodes ) FF
(V) (mA/cm?®) (%) (%) (©2/sq)
ITO (Indium tin oxide) 0.86 -17.33 0.59 R.76 ~ 88 10-15
TLGA
0.78 -14.17 0.37 4.03 ~ 74 ~ 170
(PGD/PH1000/PH1000)
HMGA
0.41 -12.36 0.28 1.41 ~ 79 ~ 134

(PH1000:PGD - 6 layers)

Table 5-5 shows a comparison between our PV results and previous studies that have incor-

porated graphene electrodes in solar devices. In some cases, our solar devices exhibited PV

parameters with quite acceptable values compared to previous reports. Furthermore, these

results highlight that drop-casting or spin-coating techniques, are viable and efficient options

to fabricate graphene electrodes in an accessible and rapid manner.

Table 5-5: PV parameters of OSCs that use graphene anodes reported in the literature.

*Values in parentheses refer to the control OSCs (ITO).

Voc Jsc PCE
OSCs architecture FF Ref.
(mA/cmz) (%)
glass/Gra/PEDOT:PSS/ 0.82 9.36 0.38  2.93 0]
PCDTBT:PC;BM/Ca/Ag  (0.89)  (10.81)  (0.53) (5.08)
glass/PH1000/PEDOT:PSS/  0.83 0.18 045  3.45 -
PCDTBT:PC;BM/Ca/Ag  (0.89)  (10.81)  (0.53) (5.08)
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glass/Gra(wrinkled) /PH1000/
PEDOT:PSS/PCDTBT:
PC71BM/C&/Ag

glass/SPG/PH1000/PEDOT: 0.86
PSS/PBDB-T:ITIC/PFN/FM  (0.88)

PET/3L Bi-graphene/MoO,/ 0.76
PPDT2FBT:PC7BM/Ca/Al (0.76)

glass/Pl@Qgraphene/PEDOT: 0.84
PSS/PM6:Y6/PDINO/AL  (0.85)

glass/graphene (4 layers)/Cu 0.7
(7 nm thick)/PEDOT:PSS/ ( '74)
0.
PTB7:PC;,BM/PEIH*Bim,~ /Al

glass/graphene (4 layers)/Cu 073
(3 nm thick)/PEDOT:PSS/ '
(0.74)

PTB7:PCBM/PEIH*Bim,~ /Al

PEN /graphene/ZnO/P3HT:

0.62
PC4 BM/PEDOT:PSS/
(0.48)
graphene/Al
glass/MLG/MoO3/PTBT: 0.58
PC7BM/Ca/Al (0.69)

12.38
(10.81)

12.00
(16.70)

13.70
(14.00)

25.80
(25.00)

10.27
(16.25)

13.01
(16.25)

3.60
(5.10)

4.70
(15.60)

0.45
(0.53)

0.41
(0.59)

0.62
(0.66)

0.70
(0.74)

0.24
(0.59)

0.46
(0.59)

0.28
(0.30)

0.26
(0.57)

467
(5.08)

4.20
(8.60)

6.85
(7.12)

15.20
(15.70)

0.66
(7.05)

4.38
(7.05)

0.63
(0.73)

0.70
(6.10)

[84]

[116]

[117]

117]

[125]

124]
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glass/MLG/Ni-grid (40 nm

0.64 12.70 0.52 4.20
thick) /MoOs/PTBT: [124]
(0.69)  (15.60)  (0.57) (6.10)
PC70BM/Ca/Al
glass/Gr&AgNWs/PEDOT: 0.66 4.37 024  0.70 126
PSS/PM6:Y6/PDINO/Al  (0.85)  (24.71)  (0.75) (15.58)
glass/Gr&AgNWs/PH1000
0.83 23.20 0.70  13.44
(160 nm thick) /PEDOT: [126]
(0.85)  (24.71)  (0.75) (15.58)
PSS/PM6:Y6/PDINO/Al
glass/TLGA (PGD)/PEDOT: 0.78 14.17 0.37  4.03
This work
PSS/PM6:Y7/PFN/FM (0.86)  (17.33)  (0.59) (8.76)
glass/HMGA /PEDOT:PSS/ 0.41 12.36 0.28 1.41
This work
PM6:Y7/PFN/FM (0.86)  (17.33)  (0.59) (8.76)

For instance, in reference [124], alternative electrodes composed of a graphene monolayer
(MLG) and MLG with nickel grids (MLG/Ni-grid) were implemented, achieving efficien-
cies of ~ 0.70 % and ~ 4 %, respectively. Compared to our electrodes (PGD-baed TLGA
and HMGA), which do not contain any metallic nanostructure, they could be considered
to have acceptable performance in solar devices. On the other hand, reference [126] im-
plemented a commercially alternative electrode composed of graphene and silver nanowires
(graphene& AgN'Ws) in PM6:Y6 solar devices, achieving an efficiency of ~ 0.70 %. Given
these low efficiencies, they considered adding a layer of PH1000 (160 nm thick) to improve
the electrode (graphene&AgNWs/PH1000) roughness reaching a PCE ~ 13.4 %; thus, the
addition of PH1000 significantly improved device efficiency and highlighted the capability
of PH1000 film; a feature that was also presented in our alternative electrodes (PGD-based
TLGA and HMGA) and reflected in the OSCs performance. In addition, the reference [20]
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implemented graphene electrodes based on graphene monolayer (Gra) and Gra with PH1000
(Gra/PH1000) in OSCs. These electrodes achieved efficiencies about 2.9 % and 4.7 %, respec-
tively. Once again, the significant influence of the addition of PH1000 in the improvement
of these graphene electrodes is highlighted. It is worth noting that the solar devices of refer-
ences [20,124,126] incorporated metallic top electrodes, which require high vacuum deposition

techniques.



Chapter 6

Conclusions

The fabrication and characterization of the three alternative graphene anodes SPGSW-based
TLGA, PGD-based TLGA and HMGA were presented. Alternative anodes TLGA based on
PGD and HMGA were also implemented in PM6:Y7-based OSCs as a concept test to confirm
the application of PGD. In the manufacturing process of the anodes, easy-to-use and low-
cost deposition techniques (drop-casting and spin-coating) were used. The HI treatment was
applied to SPGSW, PGD and HMGA to remove the oxygenated groups and to improve the
films conductivity (SPGSW and PGD) and the anode (HMGA). Also, a UV-ozone plasma
treatment was applied to SPGSW and PGD to improve adhesion between the deposited film
and conducting polymer PEDOT:PSS (PH1000). The TLGA based on SPGSW, TLGA based
on PGD and HMGA achieved T (at 550 nm) ~ 78 % and R ~ 88 §2/sq, T (at 550 nm) ~ 74
% and R ~ 170 ©2/sq and T (at 550 nm) ~ 79 % and R ~ 134 §2/sq, respectively; which are
quite acceptable results and compared favorably with those of other graphene electrodes that
implement complex synthesis processes and deposition techniques. Raman spectroscopy and
XRD characterizations provided information on the structural defects of SPGSW and PGD
in both film and powder. The observations corroborate that both samples are graphenic
materials, as well as that both samples have many defects in their structure, particularly
when they were deposited on film. On the other hand, both techniques also corroborated
the presence of PGD in the HMGA. Also, the morphology of the alternative electrodes were

analyzed, presenting a fairly homogeneous surface, which could be corroborated by AFM and
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SEM.

As a concept test, the alternative anodes TLGA based on PGD and HMGA were implemented
in PM6:Y7-based OSCs. The achieved efficiencies of ~ 4.0 % for TLGA based on PGD and
~ 1.4 % for HMGA are acceptable concept tests compared to some previous reports. These
preliminary results suggest that PGD has promising applications as an alternative electrode
to ITO in photovoltaic devices. In addition, it also allows improving and optimizing the

manufacturing and deposition processes for both electrodes and OSCs.

6.1 Future work

e To improve the electrical properties of graphene derivative during its synthesis, ensuring
that the material has a certain electrical conductivity before subjecting it to chemical

or thermal reduction treatments.

e To explore and examine chemical treatment alternatives, such as NaBH, or hydrazine
and its derivatives, to reduce the graphene film and increase its conductivity. These
agents could be applied using techniques such as vapor deposition, drop-casting, im-

mersion or other methods.

e To explore thermal treatment as another additional alternative to reduce the graphene
layer and thus enhance its electrical conductivity. It would be beneficial to perform
thermogravimetric analyzes (TGA) to evaluate how the mass of the graphene material

varies in response to temperature variations..

e [t would be interesting to explore the incorporation of these graphene electrodes in
Perovskite solar cells (PSCs). However, prior to the introduction of these graphene
electrodes, it is crucial to have a manufacturing process for PSCs that is well established

and guarantees acceptable reproducibility.

e Furthermore, it would be advisable to explore the application of these graphene elec-
trodes in other optoelectronic devices, such as OLEDs, and analyze their performance

when used as alternative anodes.



Appendix A

Scientific publications and conferences

1. Scientific publications

e Alvaro Guerra-Him, Yaily Fernandez-Arteaga, José-Luis Maldonado, Maiby

Valle-Orta, Uriel Sierra, Salvador Fernandez, and Bernardo Antonio Frontana-
Uribe. Implementation of an alternative graphene-based electrode. J.
Mater. Sci. Mater. Electron., 34 (6), 2023. DOI: https://doi.org/ 10.1007 /s10854-
023-09901-x

e Alvaro Guerra-Him, Julio C. Carrillo-Sendejas, José-Luis Maldonado, Yaily

Fernandez-Arteaga, Maiby Valle-Orta, Uriel Sierra, and Salvador Fernandez. Pro-
cessable graphene derivative as an alternative carbon-based electrode.

Submitted
2. Participation in conferences

e Presentation on “On the use of a three-layer graphene anode in solar devices”
at “31st International Materials Research Congress”. Organized by the Mexican
Society of Materials A.C., from August 13 to 18, 2023 in Cancun, Quintana Roo,

Mexico.

e Presentation on “An alternative graphene-based electrode for use in solar devices”
at the “RIAO/OPTILAS 2023”. From March 27 — 31, 2023 in San José, Costa

Rica.
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e Presentation on “Implementation of an alternative graphene-based electrode and
its potential use in solar devices” at “XXX International Materials Research Congress”.
Organized by the Mexican Society of Materials A.C., from August 14 to 19, 2022

in Canctin, Quintana Roo, Mexico.
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