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Novos sistemas fotovoltaicos impressos com base na calcopirita Cu(In,Ga)Se,

Nas ultimas décadas temos assistido a uma intensa procura de fontes de energia eficientes, limpas
e renovaveis para responder ao crescente consumo energético e aos objetivos de descarbonizacao. No
ambito da energia solar, as células solares de filme fino inorganico com base em Culny,Ga;_Se,
(CIGSe), merecem especial atencdo. No entanto, os sistemas fotovoltaicos (FV) com maior eficiéncia
utilizam processos de deposicdo a vacuo que requerem equipamentos sofisticados e elevadas
guantidades de energia. A deposicao sem vacuo, por outro lado, permite a producdo industrial de
dispositivos FVs de baixo custo, leves e flexiveis, e com um menor impacto ambiental. Assim, este
trabalho utiliza processos de producao de sistemas FV CIGSe através da impressao de filmes finos de
CIGSe por serigrafia, utilizando tintas contendo precursores/nanoparticulas (NPs) bem dispersos. Para
este fim, duas metodologias foram utilizadas: uma convencional e uma alternativa ecologica a anterior,
com base na utilizacao de agua como solvente. Em relacao a origem dos precursores, duas rotas foram
utilizadas: filmes impressos contendo dxidos comerciais de Cu, In e Ga, seguidos de selenizacdo para

converter os percursores em CIGSe e filmes contendo NPs de CIGSe que nao requerem selenizacao.

Notavelmente, a sintese conduzida com metodologias convencionais originou uma grande
quantidade de NPs CIGSe de fase pura de wurzita com estrutura hexagonal. A resultante camada
fotoabsorvente impressa exibiu uma espessura homogénea de 4,5 um com fase calcopirita. Em relacao
aos percursores comerciais, foi produzida uma célula FV CIGSe através da impresséo de tintas contento
oxidos de Cu, In e Ga dispersos em terpineol, seguida de selenizacdo. A deposicdo das camadas
superiores de CdS, através de banho quimico, e i-ZnO/Zn0:Al através de pulverizacao catddica, resultou
num dispositivo FV com 6,1% de eficiéncia. Por outro lado, 0 uso de metodologias ecologicas resultou na
primeira sintese aquosa de grande quantidade de NPs CIGSe de fase pura de calcopirita com estrutura
tetragonal. Além disso, a formulacao de tintas aquosas com déxidos bem dispersos e posterior selenizacao
foi realizada para produzir células FV mais sustentaveis. Seguindo os processos acima descritos foi
produzida uma célula FV CIGSe com recorde de eficiéncia de 7.9%. Finalmente, a deposicao por spray
de tintas condutoras aquosas resultou numa célula FV CIGSe totalmente produzida sem vacuo com

eficiéncia de 2,2%, um recorde para tais sistemas sustentaveis.

Assim, o presente trabalho fornece alternativas sustentaveis para a fabricacao de células FV CIGSe
com base em deposicdes sem vacuo que sao compativeis com a producdo industrial de sistemas FV,

permitindo assim uma producao com maior relacdo custo-eficiéncia.

Palavras-chave: CIGSe, impressao funcional, serigrafia, sistemas fotovoltaicos, sustentabilidade.



Novel printable photovoltaic systems based on Cu(In,Ga)Se, chalcopyrite

Over the last decades, strong efforts are being carried out looking for efficient, clean and renewable
energy sources to fulfill the ever-growing energy consumption and meet the decarbonization goals. With
respect to solar energy, inorganic thin film solar cells based on Culn,Ga; _4Se, (CIGSe) deserve special
attention. However, most efficient CIGSe photovoltaic (PV) systems reported to date comprise complex
equipment and high energy-demanding vacuum deposition processes. Non-vacuum deposition
processes, on the other hand, allows for a low cost industrial roll-to-roll production of light weight and
flexible CIGSe PVs with low environmental impact. Thus, the herein presented work addresses the
processing of CIGSe PV systems by screen printing photoabsorber CIGSe thin films, using inks comprising
well-dispersed CIGSe precursors/nanoparticles (NPs). To this end, two different methodologies were
used: a conventional one and an environmentally friendly alternative, based on the use of water as solvent.
Regarding the nature of the inks’ precursors, two distinct routes were followed: Cu, In and Ga commercial
oxides printed films followed by selenization to convert the precursors into the desired CIGSe phase; and

films with synthesized CIGSe NPs, which does not requires a selenization treatment.

Notably, the synthesis conducted with conventional methodologies gave rise to large amount of
phase-pure CIGSe NPs with hexagonal wurtzite structure. Then, the resultant screen-printed
photoabsorber displayed a homogeneous thickness of 4.5 um with chalcopyrite phase. Concerning the
commercial precursors, a ClGSe PV cell was produced by screen printing Cu, In and Ga oxides ink in
terpineol solvent followed by selenization. The consecutive chemical bath deposition of CdS buffer layer
and sputtering of top i-ZnO and ZnO:Al layers, resulted in a PV device with 6.1% of efficiency. The use of
environmentally friendly methodologies, on the other hand, delivered for the first time a large amount of
aqueously synthesized phase-pure CIGSe NPs with tetragonal chalcopyrite structure. Moreover, the
formulation of water-based inks with well-dispersed oxides and further selenization was conducted to
produce more sustainable PV cells. Following the same processes to complete the device, a record-
breaking CIGSe PV cell with 7.9% of efficiency was produced. Finally, the replacement of sputtering of top
conductive layers by spray coating of water-based conductive inks resulted in a sustainable all-non-

vacuum processed CIGSe PV cell with 2.2% of efficiency, a record breaking for such sustainable systems.

Thus, the present work provides sustainable alternatives to vacuum-based fabrication of CIGSe PV
cells which are compatible with roll-to-roll production of PV systems, allowing for more cost-efficient

production in future.

Keywords: CIGSe, functional printing, photovoltaic systems, screen printing, sustainability.
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Chapter 1. Introduction

The targeted global decarbonization demands the urgent replacement of conventional fossil fuel based process for low
carbon technologies. For instance, the energy from the sun is abundant, inexhaustible, non-polluting, and low-priced,
however, to produce energy in large scale with reliable, cost-efficient and environmentally friendly methods, is a
challenge. The outstanding optical properties of Cu(In, Ga)Se, thin film photovoltaics and intrinsic compatibility with
industrial-scale production are paving a way towards this technology. This chapter reviews printing/coating cost-
efficient and sustainable fabrication methodologies for the replacement of current high energy-demanding vacuum-
based fabrication of Cu(In, Ga)Se, photovoltaics. As final goal, all-printed/solution-processed Cu(In, Ga)Se,
photovoltaics are addressed, towards an environmental friendlier, higher throughput and low-cost production of

photovoltaics.

This chapter is based on the following publication: B. F. Gongalves, S. Sadewasser, S. Lanceros-Méndez and Y. V. Kolen’ko,

Merging Solution Processing and Printing for Sustainable Fabrication of Cu(ln,Ga)Se, Photovoltaics; Submitted 2021.
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1.1 Solar energy

Over the last decades, climate change has become one of the major societal concerns. This problem
is somehow related to human behavior and is already affecting many regions around the world, mostly
by the presence of air pollution, extreme weather conditions, and rising sea levels. Scientists have been
studying this phenomenon and CO, emissions are reported as one of the major contributors [1].
Interestingly, the technological growth has increased the energy consumption at a rate never seen before

and by 2050 is predicted that the energy consumption will more than double the nowadays needs [2].

The Paris agreement established a limit of the global temperature rise to ideally 1.5°C. To
accomplish it, the world needs a reduction of CO, emissions until 2050 by 3.5% per year. More recently,
the European Commission set out the “European Green Deal”, establishing a new growth strategy, to
turn Europe a climate-neutral continent, with 50% less greenhouse gases emissions in 2030 and no net
emission in 2050 [3]. To meet these targets, the deployment of low carbon technologies to replace
conventional fossil fuel usage is urgent [1]. Notably, the energy from the sun has great potential to support
this transition as in just one hour it supplies an amount of energy almost equivalent to the annual energy
consumption on our planet [4]. Furthermore, is abundant, inexhaustible, non-polluting, and free, however,

to produce energy in the TW scale with reliable and cost-efficient methods, is a challenge (Figure 1.1).

Figure 1.1. Solar energy as a solution to decrease CO, emissions and to contribute to a higher energetic

demand.

From all the radiation emitted by the sun, less than 50% reaches the surface of our planet, the rest

is absorbed, filtered, reflected and scattered by the atmosphere [5]. With only some radiation reaching
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the earth’s surface and without a permanent presence of the sun, researchers are working to improve

the devices, reaching some important milestones and bringing solar energy to a leading path.

Importantly, in 2018 (Figure 1.2a), from all of the electricity produced in the world, 25% was
generated by renewable sources with solar energy representing only 2% [6]. The projections for 2050
(Figure 1.2b) consider that the contribution of this energy into the global electricity production will increase
from 2 to 25% and the non-renewables will decrease to 14% [2]. Moreover, the investment on solar energy
is highly increasing and therefore contributing to lower its costs. In 2010 (Figure 1.2c) it costed 325 €
per MWh and in 2019 reduced 87% to 46 € per MWh. By 2030 the estimated cost is between 30 and
35 € per MWh [7]. Regarding the 2018 ranking of global electricity production from photovoltaic (PV)
systems (Figure 1.2d), China is leading it with 178 TWh. Germany, on the other hand, is the leading
country in Europe with 46 TWh and Portugal occupies the 15™ place in Europe and 34™ in the world,
with =1 TWh of electricity production [6].
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Figure 1.2. Global electricity production from different sources in 2018 (a) and predictions for 2050
(b); Cost of solar PV systems per MWh from 2010 to 2019 and predictions for 2030 (c); 2018 top 10

countries with higher electricity production from PV systems and Portugal position (d). Data source: [2,

6, 7].
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1.2 Photovoltaic systems

Solar energy can be directly harvested using small PV cells which in the presence of sunlight convert
part of the sun energy into electrical energy, without creating any kind of pollution. A PV cell is a non-
linear system that can produce a specific amount of electric power, depending not only on the efficiency
of the device but also on the solar irradiation and ambient temperature, among other factors [8]. In order
to produce more energy, PV cells can be connected in series and in parallel combinations to form

modules. When connecting modules, PV arrays arise providing power in the range of MW [8].

1.2.1 Photovoltaic effect

The conversion of sunlight into electrical power occurs due to a physical principle first observed in
1839 by Alexandre-Edmond Becquerel, namely the photovoltaic effect, which is similar to photoelectric
effect, explained by Einstein in 1905. Once PV effect was acknowledged, materials were studied and
developed to optimize the electrical response. The first commercial PV cell was built in 1954 by Bell

Laboratories, showing 6% of efficiency and using Silicon semiconductor material [9].

This principle is described by the generation of a potential difference at the junction of at least two
different semiconductor materials in response to electromagnetic radiation [8]. To observe it, two
semiconductors with extra opposite charges must be in contact, one negatively charged (7-type) where
it is favored the movement of electrons and one positively charged (p-type) where it is favored the
movement of holes. Once in contact, a g~ junction is created and due to the presence of a gradient of
charges, these will diffuse between the two materials to recombine to each other and reach an equilibrium
(Figure 1.3a). In equilibrium, an electric field will separate both materials, namely depletion zone, working
as barrier, and no charges from either side crosses. When electrodes are connected on both

semiconductors, the charges will be collected (Figure 1.3b) [5].

(a)

n-tzpe * o
® o
Oligi e

p-n junction

®electron & hole

Figure 1.3. Photovoltaic effect: o~ junction (a) and depletion zone (b).
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Once a photon is absorbed by the PV cell, if it has an energy equal or higher than the band gap (E,)

energy of the semiconductor, an electron will be excited from its valence band to the conduction band,
leaving a hole on the first, and creating an electron-hole pair (Figure 1.4a) [5]. Due to the presence of a
depletion zone, the electron-hole pairs are conducted to their respective semiconductor and electrodes
(Figure 1.4b). Once the electrodes are connected to an external circuit, the electrons will move through
this circuit (Figure 1.4c) to further recombine with the holes and finally generating electrical power (Figure

1.4d) [5].

Figure 1.4. PV system when exposed to sunlight: generation of an electron-hole pair (a); separation of
the electron-hole pairs to their respective electrodes (b); electron movement trough the external circuit

from anode to cathode (c); recombination of electron with holes and generation of energy (d).

1.2.2 Photovoltaic evaluation parameters

A PV cell performance is evaluated by how well it operates under sunlight. In industry, a standard,
AM1.5G (air mass 1.5 global), is used to evaluate the performance, meaning the average global solar
spectrum after passing through 1.5 atmospheres, which is more representative of the average solar
irradiation at earth’s mid-latitudes [10]. The conversion of photons into electric power is the key ability of
a PV cell and is quantifiable by a parameter known as power conversion efficiency (PCE) where the ratio
of incident light to electrical power output is measured. To evaluate this parameter, current-voltage (£
measurements are conducted, where a series of voltages are applied to the PV cell while is under
illumination [10]. At each voltage step, the output current is measured resulting in an /~V curve with the

following characteristic behavior (Figure 1.5).
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Figure 1.5. Typical /Vcurve of a PV cell with evaluation parameters identified.

Importantly, different parameters can be acquired by this curve [10]:

- Maximum output power (P,,,,,): where PV cell should operate to give the maximum power output.

- Current at maximum power (I,;p): current at maximum power.

- Voltage at maximum power (V;p): voltage at maximum power.

- Short-circuit current (I ¢): maximum current through the PV cell when the voltage across the device
is zero. It depends on the cell's area, the absorption capacity of the photoabsorber layer and the
separation, transportation and extraction of the generated charges.

- Open-circuit voltage (V ,): maximum voltage of a PV cell when the applied electric field cancels the
built-in electric field and therefore the current through the device is zero. It depends on the energy levels
of the photoabsorber material, the work functions of the electrode materials and the charge carrier

recombination rate.

From the above-mentioned parameters, the PV cell’s fill factor (FF) and PCE are determined. FF is
the ratio of the actual power of the cell to the ideal power if there were no series resistance (Rg) and
infinite shunt resistance (Rgy). It evaluates the recombination losses within the PV cell and is determined
by the following (Equation 1.1) [10, 11]. Importantly, the closest to 1 the better is the performance of the

device.

FF — ImpXVmp (1.1)

IscXVoc

Rs and Rgy are parasitic elements, which represents losses in the PV cell. Both degrades the PV
cell’s FF and PCE however do not produce impact on the Is. or V- [10, 11]. The element Rg is related
to resistances that arise from energetic barriers at layer's interfaces and bulk resistances within layers.

This comprises the current movement through the PV cell’'s semiconductors, the contact resistance

6
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between the electrodes and the semiconductors, and the resistance of top and back electrodes. To avoid
this element, there should exist a correct energy level alignment of the materials used on the device [11].
On the other hand, Rgy is related to the existence of alternate current pathways through the PV cell. Low
Rgy causes power losses in PV cells by providing an alternative current path for the photogenerated
current. In opposition to Rg, this element is desirable to be as high as possible to prevent current leakage
trough these alternative paths. Usually this element is associated to manufacturing defects [11]. The PCE

of a PV cell is the ratio of output power (P,,;) to input power (P;,), (Equation 1.2) [10, 11].
PCE = Tout — IscXToc (1.2)
in Pin .

Where, P;,, is determined by the product of the light intensity input and the PV cell’s surface area [11].

1.2.3 Photovoltaic systems development history

Over the past decades, PVs have been widely studied, leading to improvements on photoabsorber
materials and PV engineering, which have been resulting in devices with higher efficiency (Figure 1.6).
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Figure 1.6. PV cell’s efficiencies trough time using different technologies [12].

PV cells are classified as single{unction, when it uses a single p-77 junction, or as multijunction,
when it uses multiple physical configurations to take advantage of several mechanisms of absorption and
charge separation. The junction can be either, built with the same semiconductor material but with
different doping (homo-junction) or by different materials with different band gaps (hetero-junction).

7
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Currently, PV cells are classified into four generations, depending on time and materials used for their
fabrication [13, 14]. First-generation PVs are based on silicon, and it is the most mature and
commercialized technology. Second-generation comprises direct band gap photoabsorbers with a few
micrometers of thickness. Third-generation uses organic semiconductors relying on several energy levels
and multiple charge carrier generation. Finally, the emerging fourth-generation combines flexible
polymeric thin films with nanoparticle structures to produce thin multi-spectrum layers (tandem PVs) [15].
Next, the top five PV cell technologies with the highest efficiencies to date with their respective advantages

and limitations are addressed (Table 1.1).

Table 1.1. Five most efficient PV cells and their respective advantages and limitations.

ECE
PV technology Advantages Limitations Ref.
(%)
Multi-junction - Very complex production process.
- Most efficient technology. 47.1 [16, 17]
3« generation - Most expensive technology.
- High absorptivity.
GaAs - Direct band gap. - High cost.
29.3 [17]
1+ generation - Design versatility. - Complex production process.
- High thermal stability.
Mono- - Complex and high-cost production
crystalline Si | - Long lifetime. process. 27.6 [18]
1+ generation - High weight, rigid and large size.
- Low production cost.
- Ultra-thin. - Short lifetime.
Perovskite - Flexibility. - Low stability to environmental
25.2 [17, 19]
3¢ generation - High absorption coefficient. conditions.
- Low cost and abundant - Mechanical fragility.
materials.
- Low production cost.
- Flexibility.
- High absorption coefficient.
Cu(In, Ga)Se,
- Tunable and direct band - Indium scarcity. 23.4 [20]
2« generation
gap.
- Long lifetime.
- High thermal resistance.
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The material to be used as a semiconductor should absorb the maximum of the sun’s spectrum,
meaning that a low band gap material is desirable, however, is necessary to produce high potential, which
implies a high band gap. Nevertheless, if the band gap is too high, the photons with less energy will
dissipate in the form of heat. Over the years, it has been stablished that a photoabsorber material should

present the following characteristics to deliver ideal PV cells [21]:

- Semiconductor with a direct band gap structure.

- Semiconductor with a band gap between 1.1-1.7 eV.

- Nontoxic and readily available materials.

- Facile, inexpensive and reproducible deposition processes adequate for roll-to-roll industry.
- Great ECE.

- Longterm stability.

1.3 CIGSe photovoltaic systems

Since seminal reports of solar cells with Cu(In, Ga)Se, (CIGSe) photoabsorber [22], extensive
investigations of the material, PV cell design, and optimization studies have resulted in an interesting
class of second-generation thin film PVs [23]. Importantly, CIGSe is a semiconductor with a high
absorption coefficient (*10°> cm™!) and a direct band gap that can be tuned from 1.0 to 1.7 eV by
changing the chemical composition. For instance, Cu(In;_,Gay)Se, with x = 0 exhibits a band gap of
1.0 eV, while when x = 1, the band gap increases to 1.7 eV. The optoelectronic characteristics give
access to CIGSe PVs with photoabsorber layers as thin as 1-2 um, rendering the resultant thin film CIGSe
PVs an appealing alternative to traditional first-generation silicon solar cells, which typically feature
thicknesses of about 100 um [24]. Notably, already 1% (1284 MW) of entire solar energy is produced by
CIGSe PV technology [25].

1.3.1 CIGSe crystal

CIGSe is a chalcopyrite material composed by elements from groups | (Cu) and Il (In, Ga) in equal
parts and two parts of group VI element (Se). This crystal is classified as an alloy and a quaternary
compound [26]. Since In and Ga are chemically very similar, the replacement of In by Ga does not
produce drastic effects on the material chemistry. Therefore, the basis for CIGSe system is the CulnSe,

(CISe) system, which crystallizes in five different phases [27, 28]:
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- CulnSe, with tetragonal chalcopyrite structure (a-ClSe phase);

- Culn,Se; 5 and Culn;Ses with tetragonal stannite structure (5-C1Se phase);
- CulngSeg with hexagonal layered structure (y-ClSe phase);

- CulnSe, with cubic sphalerite structure (6-ClSe phase);

- CulnSe, with hexagonal wurtzite structure (recently discovered phase).

Interestingly, the unit cell of a-CISe chalcopyrite crystal structure can be deduced by doubling the
unit cell of cubic sphalerite (zincblende), where each atom of Zn is bonded to four atoms of Se (Figure
1.7a). In contrast to zincblende, the bonds between Cu and Se in a-ClISe, result from a p-d hybridization
of the orbitals, which results in a different bond length within the structure, causing the tetragonal
distortion of the a-ClISe crystal structure (Figure 1.7b) [27]. A partial replacement of In by Ga in the o-
CISe chalcopyrite unit cell, results in CIGSe chalcopyrite alloy unit cell (Figure 1.7c). CIGSe predominant
phase fields can be deduced by the pseudo-ternary composition diagram of Cu, Se, In,Ses, and Ga,Ses
compounds, at room temperature (RT) (Figure 1.7d). From the predominance diagram, it is clear the
presence of a a-CIGSe single phase, which broadens by increasing the [Ga]/[In] ratio towards Cu-poor
compositions. It is also detectable a dominant phase on the diagram, namely “Ch + P1 + Zb”, which
means a-CIGSe + S-CIGSe + 6-CIGSe phases. Importantly, on this region there is a narrowest portion for
[Ga]/[In+Ga] = 0.25 nominal ratio and Cu-poor stoichiometry, which is where CIGSe PV cells present

higher efficiencies [26].
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Figure 1.7. Unit cells of chalcogenide compounds: zincblende ZnSe (a), chalcopyrite ClISe (b) and
chalcopyrite CIGSe alloy (c). Predominance diagram of CIGSe alloy pseudo-ternary composition at RT (d).
Ch = a — CIGSe phase, P1 = [ — CIGSe phase, P2 =y — CIGSe phase and Zb =§ —
CIGSe phase [26].
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1.3.2 Theoretical efficiency

A PV cell cannot convert 100 % of the light coming from the sun. Theoretically, for a non-concentrated
system under AM1.5G illumination, the Shockley and Queisser limit determines that the maximum solar
conversion efficiency for a single p—njunction CIGSe PV cell is =33.7%, which happens at a band gap of
1.34 eV [29]. This theoretical limit considers (i) non-absorbed photons below the photoabsorber band
gap, (ii) thermalized energy of photons above the photoabsorber band gap, (iii) voltage loss from thermal
radiation, and (iv) absence of ohmic-losses of the PV cells [30]. At the same time, the champion CIGSe
PVs have experimentally reached efficiencies of 23.35% [20] and 18.6% [31] on the cell and module

levels, respectively.

The inevitable recombination of charge carriers within a PV cell is critical for its performance. The
recombination happens when an electron meets a hole, which decreases the amount of charge carriers
and therefore produces a direct impact on the electrical transport mechanisms of the PV cell.
Recombination effects can happen on the entire cell structure, from each individual layer to their
interfaces. As CIGSe layer has a much lower band gap than the upper ones, most of the current
contribution comes from it, therefore most of the recombination effects happens at it. Importantly, these
recombination mechanisms depend on the place they are happening within the photoabsorber, and each
one can be mathematically evaluated. Interestingly, the presence of crystallographic imperfections or
chemical impurities, as secondary phases of CIGSe crystal, is what triggers more recombination effects

[32, 33].

1.3.3 Photovoltaic structure

CIGSe PV systems can have substrate or superstrate cell configurations. In the first case, light passes
through a transparent front contact layer, whereas in the superstrate configuration light passes through
a transparent substrate and reaches the active layer. Substrate configuration is the most common one,
since it provides the most efficient PV cells due to favorable processing conditions [34, 35]. The common
structure of a CIGSe PV (a, b), together with the respective band alignment (c) are depicted in Figure 1.8.
The PV device has a complex layered structure consisting of soda-lime glass (SLG)/Mo/CIGSe/CdS/i
Z/n0/Zn0:Al (AZO), wherein (i) SLG is the PV substrate; (ii) Mo is the back contact coated on SLG; (iii)
CIGSe is the p-type photoabsorber thin film of copper indium gallium diselenide; (iv) CdS is the buffer
layer of n-type cadmium sulfide; (v) ~Zn0O is the resistive layer of intrinsic zinc oxide; and finally (vi) AZO

is a transparent conducting window layer of aluminum-doped zinc oxide.
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sunlight
(a) l - ZnO:Al (300 nm) (b)
l l — i-Zn0O (100 nm)
CdS (40—80nm)

—— CIGSe, (1—2 pm)
—— Mo (0.5—1um)
C 2B SLG (few millimeters)

Mo MoSe, p-CIGSe, +Zn0

QNR SCR

L

Figure 1.8. Common layered structure of a CIGSe PV device (a), together with the respective cross-
section scanning electron microscopy (SEM) image adapted from [36] (b) and a band diagram under
equilibrium (c). E; = conduction band energy, E;, = valence band energy, Er = Fermi energy, SCR =

space charge region, QNR = quasi-neutral region, ¢ = barrier height.

As substrate, rigid SLG is very commonly used in CIGSe PVs (Figure 1.8a, b), mostly due to its high
thermal stability and capability of supplying sodium to the CIGSe layer during fabrication, which increases
the PV cell efficiency. Equally interesting stainless-steel foil [37] and polyimide [38] are employed as well,
which provide lightweight flexible PV cells with reduced cost and easy reorientation to sunlight.

Importantly, such flexible substrates are also suitable for roll-to-roll large scale fabrication processes.

With regard to current collection, the most commonly used back contact is Mo (Figure 1.8a, b). This
is mainly due to its low electrical resistivity (5 X 107 Q c¢m) and good corrosion resistance. Additionally,
Mo forms a very thin layer of MoSe, at the interface with the CIGSe photoabsorber (Figure 1.8b), thus
providing a quasi-ohmic contact between the Mo back contact and the photoabsorber [34, 39].
Transparent conductive oxide (TCO) substrates, e.g., tin—doped indium oxide (ITO) [40] and fluorine-

doped tin oxide (FTO) [41], have also been successfully employed in CIGSe PV cells. TCOs are useful for
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applications that require transparency [42], and in some cases, when combined with metallic reflectors,

the substrate reflectivity is improved as compared to Mo-coated SLG [43].

The stoichiometry [Cu] / [In + Ga] = 0.8-0.9 and [Ga] / [In + Ga] = 0.3 is essential to obtain
highly efficient PV cells with a proper CIGSe photoabsorber [34, 39, 44]. The presence of a Ga gradient
in the photoabsorber thin film is very commonly observed, as it works as a passivation layer for the Mo
back contact, protecting it from recombination of charge carriers. Notably, the recently explored ultrathin
CIGSe photoabsorbers (< 1 um) exhibit a lower absorption of photons and a higher recombination at the
back contact. In this particular case, a Ga gradient is not sufficient to prevent charge recombination, and
therefore passivation layers, such as Al,05 [45], MgF, [46], SiO, [47], and TiO, [48], have been
developed to be placed between the Mo back contact and the CIGSe photoabsorber. Importantly, ultrathin
CIGSe photoabsorber layers significantly reduce the use of rare and expensive In and Ga elements and
consequently the PV production costs, rendering them very attractive for industrial scale production. PV

cells with over 10% efficiency have already been developed using only 450 nm thick CIGSe thin films [49].

To create a p—n junction in high-efficiency CIGSe PVs, CdS, with a band gap of 2.4 eV, is most
commonly used as a buffer layer (Figure 1.8a, b) [34, 39]. Alternatives, such as In,Se; [50], ZnTiO
[51], Zn;_4Mg,0 [52], and Zn(0,S) [53], have also been successfully used. The latter materials have
higher band gaps, thus reducing optical losses inside the buffer layer, but more importantly, they

circumvent the use of the toxic Cd metal [54].

TCOs are commonly used as front contacts owing to their high optical transparency (> 85%) and low
electrical resistivity (< 1073 Q cm). High-performing CIGSe PV cells employ bilayered TCO consisting of
a thin film of ~Zn0O and a thicker film of AZO (Figure 1.8a, b) [34, 39]. Alternatively to ~ZnO/AZO
assembly, materials with large band gaps, such as ITO [55], ZnO;_,S,: Al [56], Zn,_,Mg,0: Al [57],
Zn0: B, In,05: Mo [58], and In,05: H [59], have been employed as front contacts, thus increasing

the transmission of ultraviolet photons to the CIGSe photoabsorber.

The different band gap energies and electron affinities of the individual layers affect the band
alignment and shape the discontinuity of the conduction band at the interfaces, producing a band diagram
(Figure 1.8c). At the interface between CIGSe and CdS, a positive discontinuity of the conduction band,
a spike, occurs. When the spike is too high, the flow of the charges from CIGSe to CdS layers is inhibited,
reducing the short-circuit current density (/s.). When the spike is small, the electrons are thermally

emitted across the spike, and the spike does not work as a barrier [60, 61].
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1.3.4 Reliability and recycling

Prior to commercialization, PV modules are subjected to qualification tests to ensure that its
installation and usage is safe outdoors. Advantageously, CIGSe PV modules are very reliable, showing
degradation of only ~0.5% per year. The degradation of CIGSe PV modules can be attributed to ()
metastabilities, (/) partial shading and hotspots, (/i) potential-induced degradation, and (/) back contact
issues [62, 63]. Among environmental factors, humidity has been established to lead to the highest

degradation rate of CIGSe PVs. To overcome this, encapsulation of the PV modules is performed [64].

CIGSe PV modules evolution highly contributes to the environmentally friendly energy production.
However, when the life cycle of these panels comes to an end, they become a hazardous waste if not
recovered or disposed properly. To guarantee the sustainability of the PV modules, is very important to
establish end of life management strategies [65] with low cost recycling technologies. On the contrary of
Silicon PVs, CIGSe technology have only few recycling attempts implemented. As an example, the
Japanese government after removal of the frame and backsheet, performs the pyrolysis of polymers in a
furnace and the chalcopyrite layer is grated. Loser Chemie company, on the other hand, owns a patent
where after crushing and separating the materials, a chemical treatment is performed to recover the
semiconductor materials. More important, large-scale chalcopyrite PV systems are currently recycled

using a combination of mechanical and chemical treatments [65, 66].

1.3.5 Current fabrication methods

From the fabrication point of view, the most efficient CIGSe PV cells are developed using vacuum-
based deposition processes, which allow a fine control of the deposition parameters, thus affording for
reproducible fabrication of high-quality thin films (i.e., crystalline, phase pure, semiconducting, compact,
smooth, etc.) [67]. For example, the most extensively developed large-area deposition processes
(sputtering, co-evaporation, physical or chemical vapor depositions) are industrially-relevant vacuum-
based methods for the fabrication of CIGSe solar cell modules. On the other hand, small-area deposition
methods (pulsed laser deposition, molecular beam epitaxy) are commonly used in the laboratory research

to advance CIGSe PVs.

In the typical scenario of CIGSe PV fabrication, the Mo back contact is first deposited on a rigid or
flexible substrate followed by the deposition of either Cu-In-Ga alloy or chalcogenide Cu-In-Ga-Se thin
film. Next, the resultant film is subjected to the so-called selenization - gas-transport reaction in Se or

H,Se vapors of CIGSe crystal growth under 450-600 °C - in order to obtain a high-quality CIGSe
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photoabsorber layer. The PV device is then completed by the deposition of the aforementioned

consecutive layers (Figure 1.8), thus affording a high-performing CIGSe solar cell.

The major challenge in the commercialization and market uptake of second-generation CIGSe PV
technology is the high cost and the associated environmental impact of the PV fabrication [68]. For
example, vacuum processes have been employed for the fabrication of the current champion CIGSe PV
with complex cell structure SLG/Mo/Cu(In, Ga)S, Se,/CsF/Zn(0,S,0H),/ZnMg0/Zn0:B/Al/MgF, [20],
thus marking the high versatility and broad applicability of these methods. However, vacuum-based
depositions are quite equipment expensive, energy demanding, and time consuming, and an additional
shortcoming is imposed by the challenge of uniform film deposition over large substrate areas, which is

desired for the production of working PV modules.

Importantly, the number of non-vacuum approaches has gradually increased in the recent years,
since such methodologies not only enable challenging fabrication of CIGSe PVs to be carried out in cost-
efficient fashion with low environmental impact, but also potentially afford large-scale fabrication via

industrial roll-to-roll and screen printing processes.

1.4 Printed/solution-processed CIGSe photovoltaic systems

The non-vacuum approaches can be divided into three classes: (i) electrodeposition, (ii) particulate
ink, and (iii) solution ink [69]. Electrodeposition is beyond the scope of this work and for an overview of
this process, the readers are referred to the literature [70, 71]. Particulate inks are suspensions of
synthesized or commercial particles in solvents (Figure 1.9a, b), while solution inks typically consist of
metal salt precursors dissolved in the solvent (Figure 1.9¢). The formulated inks are further deposited on
a substrate (Figure 1.9d) and subjected to a thermal treatment when required (e.g., calcination,
annealing, selenization) to produce a dense CIGSe layer (Figure 1.9e). Both particulate and solution
approaches are perfectly fit for printing deposition of the thin film, but the rheological properties of the
inks need to be tuned for the chosen printing method. At the moment, CIGSe PVs with similar efficiencies
of 17.1% and 17.3% have been achieved using printing technologies employing particulate [72] and

solution [73] inks, respectively.

To date, the champion vacuum-derived CIGSe PV cell displays higher efficiency than those obtained
by solution processing (23.35% [20] and 17.3% [73], respectively). Notwithstanding the current lower
efficiencies, non-vacuum technologies present many positive aspects, such as lower cost, reduced

material waste, decreased energy demand, higher resolution of the deposition, operation at RT,
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straightforward device miniaturization, higher tolerance to flexible substrates, and compatibility with roll-

to-roll and screen printing industrial productions [74].

Particulate-based Solution-based
(aloooo:' dispersion (b)ooooo dispersion ©, m
N x/\ N /'\ :o :oo lissolution
ggtg:,s';:i a oxigTé/sseiIEn;(:es g salts/organometallic/molecular -
C CIGSe, NPs ink

ink ink

(d) (e)

annealing /
subStra substrate

CIGSe, dense layer

Figure 1.9. Formation of inks for the CIGSe layer using particulate-based synthetic route (a), particulate-
based commercial route (b), and solution-based process (c). CIGSe deposited film (d) and CIGSe dense

layer after annealing (e).

1.4.1 Nature of ink precursors

In the particulate ink process, the particles used can be either synthesized colloidal CIGSe
nanoparticles (NPs) [75-77] or synthesized non-colloidal CIGSe NPs as well as commercially available
precursors, for instance, metal oxides. CIGSe NPs have been synthesized by solvothermal [78],
hydrothermal [79], hot-injection [80-82], heating-up [83-87], and mechanochemical [88, 89] methods.
Accordingly, Cu, In, Ga, and Se metals are used as elemental species or salts dissolved in organic solvents
to react and produce a precipitate. Usually, these procedures provide nanocrystalline CIGSe with precise
phase and shape control. On the other hand, the scale-up of these procedures is hindered by the use of
complex reaction set-ups incorporating autoclaves, Schlenk lines, or gloveboxes. Furthermore, these
methods employ toxic organic solvents, such as hydrazine [90], ethylenediamine [78], and
trioctylphosphine [81], as well as high boiling point solvents, such as oleylamine [80, 82-86] and
hexadecylamine [81, 87] with reaction temperatures above 280 °C, resulting in carbon residues in the
obtained films [91]. The highest PV cell efficiency obtained with a colloidal CIGSe NP procedure is 15.0%,
using hybrid solvothermal/hot-injection method with sulfur/oleylamine and subsequent selenization

treatment to grow the crystal [92].

Environmentally friendly synthesis of CIGSe remains rather unexplored in the literature. Le and co-
workers established a method with a less complex experimental set-up based on sonochemistry with
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ethanol as solvent [93], while Juhaiman et al. reported a microwave-assisted synthesis without organic
solvents [94]. Chaure and co-workers synthesized CIGSe NPs using a chemical ion reduction method with
polyethylene glycol as solvent and stabilizer and sodium borohydride as reducing agent, delivering a PV
cell with 9.3% efficiency [41]. However, the transition to aqueous synthesis of colloidal CIGSe NPs has
not been achieved yet, as strongly agglomerated NPs typically result with no suitable control of the crystal
phase or size distribution. Based on the use of capping ligands (stabilizers) in non-aqueous synthesis to
produce more stable and uniform CIGSe NPs recently, aqueous colloidal synthesis of quaternary
chalcogenide Cu,ZnSnS, NPs [95] and ternary CISe NPs [96] have been addressed. Such works give

hope for an aqueous colloidal synthesis of CIGSe NPs.

The commercial route, usually using metal oxides or selenides as precursors, gives access to PV
cells with higher efficiency than those produced with synthesized NPs. When using oxides, a two-step
thermal treatment is required to provide a dense and uniform CIGSe layer. First, a thermal treatment
(=500 °C) with a reductive atmosphere converts the oxides to a Cu-In-Ga alloy. Then, a selenization
(=550 °C) introduces Se and grows the crystal. This method usually produces a Ga segregation on the
back contact which negatively impacts the photovoltaic performance. Maximum efficiency of 13.6% has
been achieved by this process [97], using a hybrid solution/particulate ink process of sequential chemical
reactions to obtain the metal oxides. When metal selenides are used as precursors, the particles are
mixed and subjected to a single thermal treatment. An efficiency of 17.1% has been achieved by the

company Nanosolar using this process, however, Ga segregation was also identified as a problem [72].

The solution ink process employs metal salts, organometallic, and molecular precursors as solutions,
which omits the need for additives, leading to a homogenous layer composition with a lower number of
defects than particulate inks. This process can include a final annealing treatment or not [44]. Among
solution ink processes, the molecular approach provides higher efficiency PV cells (17.3%), however, it
employs the highly toxic and explosive hydrazine, the use of which is not allowed at industrial-scale
production [73]. Greener solutions using ethanol and propylene glycol followed by post-selenization

treatment have delivered efficiencies of 8.0% and 12.4%, respectively [98, 99].

1.4.2 Selenization

Selenization is a gas-transport reaction that occurs when a film containing Cu, In and Ga precursors
is exposed to a thermal treatment with Se vapor under controlled atmosphere. Se element can be also

supplied in the gas phase in the form of H, Se, turning the process faster and providing more homogenous
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and larger crystals than those obtained by elemental Se vapor, however this last is less toxic and therefore
desirable. During this process, in addition to the growth of the crystal, when using Mo back contacts, a
MoSe, thin layer is created between the back contact and the photoabsorber layer producing a quasi-

ohmic contact, which is beneficial for the PV cell efficiency [24, 100].

The growth of the CIGSe crystal is a complex process, turning challenging the control of its
crystallization parameters. Initially, binary selenides of Cu and In grow, followed by the growth of the ClSe
phase around 370-380 °C, and the CuGaSe, phase at around 425 °C. The complete growth of the
CIGSe crystal occurs at T> 500 °C by the slow interdiffusion between ClISe and CuGaSe, along with Ga
segregation towards the back contact. This segregation occurs due to a more favorable reaction between
In-Se than Ga-Se and tends to create a lower energy band gap at the SCR of the photoabsorber, leading

to poor V¢ [100]. Nevertheless, it can be overcome by performing a sulfurization after selenization [100].

Selenization can be performed using a rapid thermal annealing (RTA) or a one-step, two-step, or
even three-step selenization procedure. RTA provides a short and scalable thermal treatment [101], while
two and three-step selenization promotes a slow interdiffusion step between CISe and CuGaSe,, ensuring
their homogenization [100]. All thermal treatments use a specific setup usually comprising a furnace and
a horizontal quartz reactor tube to withstand high temperatures. The conditions of the process depend
on the composition and deposition of the film and need to be optimized in terms of temperature, time,
pressure, atmosphere, and Se concentration. In some cases, the films are placed inside a graphite box

to ensure constant partial pressure and temperature to grow the CIGSe crystals [101, 102].

Despite providing large and homogenous crystals, selenization releases toxic Se vapors, which are
hazardous to humans in large-scale production, rendering it non-suitable for roll-to-roll processes. To
overcome this hazardous process, one can deposit thin films with ink formulation comprising synthesized
CIGSe NPs, as no further selenization is required in this approach. Though, it requires a high temperature
annealing for obtaining dense photoabsorber films, which are undesirable specially when considering the
use of flexible substrates and roll-to-roll production. Femtosecond laser annealing, on the other hand,
does not require temperature, is more compatible with industrial production and has demonstrated to
enhance the efficiency of the devices [103], turning it a great solution to replace conventional annealing

treatments.
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1.4.3 Inks and deposition processes

Not only the ink formulation determines the quality of the films, but also the type of substrate and
the post-deposition treatment to apply. It plays a huge role in cost, as well as, on the range of applicability
of the resulting PV cell. An ink formulation comprises a precursor, a solvent, and additives. In addition to
the precursor quality, the solvent is a key element for a good dispersion/dissolution. Solvent polarity,
reactivity, surface tension, viscosity, and volatility must be considered not only to adjust the ink's
properties for the chosen deposition process but also to guarantee a suitable dispersion/dissolution of
the precursors [104]. The use of additives, such as binders and surfactants, helps to adjust the ink's
viscosity and surface tension, improving its wettability, dispersion, and stability and therefore leading to
dense and smooth CIGSe layers, without voids. Binders are synthetic or natural polymers and surfactants
are ionic or non-ionic surface tension modifiers [74, 104]. The additives also enhance the integrity of the
films by improving their adhesion to the substrate and preventing cracking and delamination during the

post-deposition thermal processes, which compromise the device's performance.

Particulate-based inks with synthetic precursors allow for a higher control of the layer’'s composition,
with the only lack of homogeneity arising from its thickness, which does not affect the crystal
stoichiometry. These NPs, when synthesized without stabilizers, need surfactants to produce an ink
formulation with uniform composition. With commercial precursors, NP agglomeration is very common
and leads to different settling rates in the solution, compromising the correct stoichiometry within the
films. Although surfactants can provide a solution, they may leave residues even after annealing the films

which compromise their quality, turning it a challenging process [74].

Inks from solution-based precursors are generally more homogeneous on the molecular level and
are often considered an excellent choice to achieve smooth layers with uniform composition. However,
the precursors’ dissolution is a limiting step, as an incomplete dissolution can result in cracks and
shrinkage of the films during annealing. Consequently, the components of the ink, as well as, the
temperature and pH should be carefully selected to promote complete solubilization and avoid the

premature precipitation of the precursors [74].

Table 1.2 shows the highest PV cell efficiencies achieved by printing/coating the CIGSe or CISe layer,
showing the nature of the precursors, ink formulation, post-deposition treatments, and substrate. From
this table it is evident that most of the PV cells showing the highest efficiencies are obtained using toxic
or hazardous solvents. More importantly, all procedures use selenization, which is non-suitable for a roll-

to-roll sustainable fabrication.
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Table 1.2. Most efficient PV cells comprising printed/coated CIGSe/ClSe layer, with corresponding precursor nature, ink formulation, deposition process, and substrate.

Ink formulation - Deposition Efficiency
Precursor nature Solvent Additives Post-deposition treatment Substrate Drocess (%) Ref.
Particulate-based (commercial) No information No information Atmospherlc-pressurg AL (np £as Mo-coated Al foil Not revealed 17.1 [72]
or temperature(7’) information)
Solution-based (molecular) Hydrazine — Annealing 500—600 °C (N,) Mo-coated SLG Spin coating 17.3 [73]
Solution-based (molecular) Hydrazine — Annealing 540 °C (N,) Mo-coated SLG Spin coating 15.2 [105]
Particulate-based (synthetic) Toluene — Annealing an.d selemz'atlon (N2) Mo-coated SLG Spin coating 13.8 [106]
(no 7information)
Hybrid particulate-based 2-methoxyethanol + Calcination 100 °C and 270 °C ) )
(synthetic) + solution-based (salts) ethanolamine B Selenization 600 °C (90 torr) Mo-coated SLG Spin coating 5.1 [107]
. . ) Calcination 350 °C )
Particulate-based (synthetic) Hexanethiol — Selenization 500 °C Mo-coated SLG Blade coating 15.0 [92]
. Tetramethylguanidine + . . Annealing 200 °C (N,) ,
Solution-based (salts) methanol Sodium thiocyanate Selenization 600 °C Mo-coated SLG Blade coating 13.3 [108]
Particulate-based (synthetic) Hexanethiol — Selenization 500 °C Mo-coated SLG Blade coating 12.0 [82]
. Anhydrous ethylene Calcination 250 °C o
Solution-based (salts) 2-Propanol glycol Twosstep selenization 400,560 °C Mo-coated SLG Inkjet printing 11.3 [109]
Solution-based (salts) Ethanol + ethanolami Ethylene glycol Calcination 300 °C Mo<oated SLG  Inkjet printi 5.0 110
olution-based (salts anol + ethanolamine ylene glyco Selenization 500 °C o-coate nkjet printing . [110]
. ) ) Annealing 330—-360 °C (N,) )
Solution-based (salts) Water Sodium nitrate Selenization 560 °C Mo-coated SLG Spray coating 10.7 [111]
1,2-Ethylenediamine + Calcination 310 °C
Solution-based (salts) 1,2-ethanedithiol + — Selenization Mo-coated SLG Spray coating 9.8 [112]
ethylacetate (no 7information,53 kPa)
Calcination 300—400 °C
Particulate-based (commercial) 2-Mercaptoethanol Ethyl cellulose Annealing 500 °C (Ar/H,) Mo-coated SLG ~ Screen printing 2.4 [113]
Selenization 550 °C
Dieti tveol Calcination 400 °C
Particulate-based (commercial) ethylene glyco Ethyl cellulose Annealing 500 °C (Ar/H,) Mo-coated SLG ~ Screen printing 2.2 [114]

monobutyl ether

Selenization + sulfurization 500 °C
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Due to their toxicity, harmfulness, and damage to the environment, replacement of hazardous
organic solvents, such as hydrazine, toluene and hexanethiol, in industrial processes is essential from the
green chemistry and sustainability point of view. Solvents have been ranked according to their
environmental safety and health characteristics [115, 116], which helps in the selection of green solvents
and discourages the use of hazardous ones, that are commonly used in laboratories. Green solvents are
environmentally friendly solvents derived from the processing of crops. In the search of environmentally
friendly inks for the CIGSe layer (Table 1.3), environmentally friendly propanol, ethanol, and water-based

inks have been employed.

However, in most cases, a hazardous selenization treatment is employed. An option to avoid
selenization is to synthesize high-quality CIGSe NPs, incorporate them into green particulate ink
formulations, and annealing the film without Se source. To avoid high temperature annealing, a method
was developed where the layer was crystallized using powerful lasers, which does not represent a danger

to humans or the environment, and it is more feasible for the roll-to-roll industry [117-119].
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Table 1.3. Environmentally friendly alternatives for CIGSe PV cells comprising printed/coated CIGSe layer, with the corresponding precursor nature, ink formulation,
deposition process, and substrate.

Ink f lati - .
Precursor nature i formifation . Post-deposition treatment Substrate Deposition Effu(:)lency Ref.
Solvent Additives process (%)

Hybrid solution-based + Annealing 500~550 °C (N/H.)

partlculate-lfased Water No information Selenization 420—450 °C Mo-coated SLG Not revealed 13.6 [97]
(commercial)
Solution-based _ _ Annealing 330—360 °C (N,) _
(salts) Water Sodium nitrate Selenization 560 °C Mo-coated SLG Spray coating 10.7 [111]
Particulate-based Pulsed laser annealing with pulser fiber ~ CdS/Zn0O/AZ0O- _
(synthetic) Water B laser (1064 nm) under air and RT coated SLG Spray coating L1 [117]
Particulate-based . o .
(synthetic) Ethanol — Flash-light (9W in air at RT) Mo-coated SLG Spray coating 0.2 [118]
Particulate-based Ethanol + : R )
(synthetic) ethylene glycol = Annealing 450 °C (Ar) FTO-coated SLG  Blade coating 9.3 [41]
Partlculate-_b ased Propanol Cationic dispersant Two-steps selenization: 350/540 °C Mo-coated SLG Blade coating 5.6 [120]
(synthetic)
. Selenization 550 °C ) ]
Solution-based (salts) Ethanol - Sulfurization 550 °C Mo-coated SLG Spin coating 12.4 [99]
. Ethanol + Calcination 350 °C , ]
Solution-based (salts) oropylene glycol — Selenization 500—530 °C Mo-coated SLG Spin coating 8.0 [98]
. Calcination 150 °C ) o
Solution-based (salts) Water Polyethylene glycol Mo-coated SLG Inkjet printing 4.0 [121]

Two steps selenization 250/550 °C
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The following deposition processes: spin coating, blade coating, inkjet printing, spray coating, and
screen printing are the most relevant ones to produce CIGSe films (Figure 1.10), and their main

advantages, limitations, and principal parameters are addressed in Table 1.4.

deposited ink (b) spray gun

(a) ink glass substrate

thickness regulators glass substrate (C)

\ I .
¥ » T gger
compressed
air tube
(d) ink (6) squeegee
g—> Patem mesh ink reservoir -
ink droplet—_, nozzle
glass substrate 4 deposited ink ink
. { - ) —-—

=> glass substrate glass substrate

Figure 1.10. Schematic representation of deposition processes, spin coating (a), blade coating (b),

spray coating (c), inkjet printing (d), and screen printing (e).

Among these processes, spin coating provides most efficient CIGSe PV cells, with 17.3% [73]. The
associated simplicity, low cost and needless of rheology additives are the major characteristics leading to
its implementation on PVs production. However, a significant amount of material is wasted during the
inks deposition and more importantly spin coating is the only process herein focused that is not
compatible with roll-to-roll industry, limiting its employment on scale-up production of PVs. Blade coating,
beyond its compatibility with roll-to-roll industry, is very simple, low-priced and the second most efficient
deposition process with CIGSe PV cells reaching up to 15.0% of efficiency [92]. Nevertheless, its low
control over the deposited layer thickness is a limiting step for reproducible industrial production of PVs.
Similarly, spray coating with CIGSe PV cells with a maximum 10.7% of efficiency [111], despite providing
a higher throughput than blade coating, the low control over the thickness is the major limitation as well.
The use of inkjet not only affords a strict control over the layer thickness, as produce no waste, and
requires simple low viscosity inks formulations. PV cells with 11.3% of efficiency [109] were accomplished
and despite the roll-to-roll compatibility, clothing problems are quite common during the printing process.
To avoid it, the particles dispersion should be carried out with extra caution, since the presence of

agglomerations can lead to serious damages on the equipment.
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Table 1.4. Comparison of deposition processes for CIGSe/ClISe layer with advantages, limitations, and

characteristics [24, 122].

. . Blade . . Spray Screen
Spin coating . Inkjet printing . L.
coating coating printing
- Simple ) - Simple
- Precise control )
- Good control - Better _ - Simple - Low cost
_ o over thickness
over thickness  stoichiometry - Low cost - Good control
Advantages and pattern ) .
for small control Maskl - High over thickness
- Maskless
areas - Low cost _ throughput - High
technique
- Low cost throughput
- Difficult ink
- Low control - Low control ) - Low .
e ) preparation - Ink preparation
Limitations over thickness over ) control over ) i )
) (clothing) ) (high viscosity)
for large areas thickness _ thickness
- High cost
Material o )
Significant Little None Some None
waste
Wet thickness
! 1-200 10-200 0.5-5 5-200 10-100
(pm)
Ink viscosity
<10 <10 <10 10-1000 100-100,000
(cP)
Three- . .
Pattern Zero- One- ) . Zero- Two-dimensional
. : . ) i dimensional _ _
resolution dimensional dimensional dimensional 30 um
16-50 um
Roll-to-roll
. No Yes Yes Yes Yes
compatibility
Highest
efficiency PV 17.3[73] 15.0 [92] 11.3[109] 10.7 [111] 2.4[113]
cell (%)

Notably, screen printing (Figure 1.11) is the least explored process with no devices produced using
CIGSe crystal. Nevertheless, when using ClSe the maximum efficiency achieved by a screen-printed
device is 2.4% [113]. Despite the need of an additive to meet the high viscosity requirement, it is a very
promising approach since it allows the deposition of large dimension layers with a good uniformity, high
resolution and low cost, which is very attractive for roll-to-roll industry. Furthermore, it is the most suitable
process to print layers with few micrometers of thickness, desirable for the CIGSe layer [123]. Although
no PV cells with screen-printed CIGSe layer have been reported, its deposition is being optimized in both

rigid [124, 125] and flexible substrates [126, 127].

Interestingly, screen printing is a very simple process commonly used in the textile industry. It can

be used to print active layers and produce devices on many different substrates, such as glass, polymer,
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textile, metal, and paper. The printed pattern is created by first placing a mesh above the chosen substrate
(Figure 1.11a), then with the use of a squeegee, the ink is spread through the mesh by applying pressure
on it until the mesh touches the substrate. With a 45° angle between the squeegee and the mesh and a
continuous pressure and velocity of the squeegee, the ink will pass through the mesh (Figure 1.11b) and
finally print the desired pattern on the substrate (Figure 1.11c). A subsequent low-temperature treatment

is performed to evaporate the solvent used in the ink formulation.

squeegee
. —> pattern
mesh N

ink printed

pattern
glass substrate

Figure 1.11. The screen printing process steps and elements; placement of the mesh with the printing
pattern above the chosen substrate (a), spread of the ink through the mesh by a squeegee (b) and

achievement of the printed pattern over the substrate (c).

When implemented in roll-to-roll processing, printing technologies enable a much larger throughput,
improving the development of flexible lightweight devices and their miniaturization, expanding the devices
field of application. This idea has been attracting much attention during the last decade, driving several

researchers to put effort into fully printed device development in many different fields [128-131].

1.4.4 Fully-printed/solution-processed CIGSe photovoltaic systems

Combining printing techniques with the roll-to-roll process is of high benefit for a PV cell’s final price.
In addition, the amount of waste products and the energy demand are lower than vacuum-processed
devices, resulting in a more sustainable way to produce PV cells. A few fully solution-processed PV cells
have been recently developed [132-135] and currently, their major limitation lies in the low efficiency,
mostly stemming from the photoabsorber layer. As an example, a fully printed CulnS, chalcogenide PV

cell delivered a maximum efficiency of 7.2% [136-138].

Very few examples of fully solution-processed CIGSe PVs have been reported. Nagino et al. [139]
reported the one with the highest efficiency of 10.9%. It comprises an FTO back contact spray-coated over

SLG, a spin-coated CIGSe layer, with a final annealing and selenization under 550 °C to grow the crystal.
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There is no specification about the precursors nature, ink formulation or deposition process used.
Thereafter, a CdS layer deposited by chemical bath and both ZnO NPs, working as a high-resistance
buffer, and Ag nanowires (NWs), working as a transparent front contact, were sequentially spin coated.

Finally, Ag grid electrodes were screen-printed on top of Ag NWs.

Another fully solution-processed CIGSe PV cell showed an efficiency of 1.6% [140]. CIGSe NPs
synthesized in dodecylamine were suspended in odichlorobenzene to produce a spin-coating ink, which
was further annealed, without the need of selenization. Next, the CdS buffer and a conductive layer of
sol—gel derived ZnO precursor solution were spin-coated sequentially. ZnO precursor solution comprises
2-methoxyethanol and monoethanolamine solvents. Finally, AgNWs were spin-coated over the ZnO layer,
and finally, another ZnO layer was spin-coated on top of it, requiring final annealing of 200 °C. The authors
attribute the low efficiency of the device to the poor quality of the photoabsorber film. More specifically,
the low CIGSe particle size (20 nm) results in a partly dense film which increases the potential

recombination of charge carries, and therefore decreases the photovoltaic performance.

The limited efficiency given by fully printed/solution-processed PV cells typically stems from the
CIGSe photoabsorber layer deposition [141]. While the search for more effective printed CIGSe layers is
ongoing, improvements have been achieved on the buffer and front contact layers. Regarding the CdS
buffer layer, chemical bath deposition (CBD) is a well-established method used in high-efficiency CIGSe
PV cells [142]. Although it is a non-vacuum deposition process, the toxicity of Cd has driven the search

for greener alternatives [20].

Printable transparent front contacts, on the contrary, have been extensively investigated. In addition
to the basic requirements on high transmittance and conductivity, the maximum processing temperature
should not exceed 220 °C, otherwise, the layers below will be compromised. There are several candidates
fulfilling these requirements, such as conductive polymers, carbon allotropes, and metal NWs [143].
Printable front contacts have been developed to be implemented in CIGSe PV cells with vacuum-deposited
CIGSe layer to replace the commonly used vacuum-deposited ZnO and AZO layers (Table 1.5). Among all
the candidates, AgNWs seem to be a viable solution due to their excellent optical and electrical properties
as well as low-temperature deposition [143]. The combination of these highly efficient printable
transparent top contacts with well-established buffer layer deposition and more homogenous CIGSe
printed layers will provide fully printed CIGSe PV systems with higher efficiency and bring this technology

to a higher commercially competitive path comparable to vacuum-based CIGSe PV cells.
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Table 1.5. Printed conductive transparent top layers (first layer on the left) used in CIGSe PV cells and

their R, transmittance at 550 nm (T's50,,,, ), @and the reported efficiency.

. ] Deposition R Ts50nm  Efficiency
PV cell configuration process (©Q/sq) (%) (%) Ref.
SWCNT//Zn0/CdS/CIGSe/Mo/SLG Spray coating 50 78 19.5 [144]
AZ0/AgNWs/AZ0/ Spin coating 11 93 11.0  [145]
FZn0/CdS/CIGSe/Mo/SLG
AgNWs-ITO NP/ZnS/CIGSe/Mo/SLG Spin coating 23 87 8.0 [146]
AgNWs+PEDOT:PSS/Zn(S,0,0H)/CdS/ Spray coating 19 82 116 147]
CIGSe/Mo/SLG
AgNWs/AZ0O/FZn0/CdS/CIGSe/Mo/SLG  Spray coating 20 92 14.1 [143]
Zn0/AgNWs/Zn0/CdS/CIGSe/Mo/SLG Spin coating 11 90 13.5 [148]

1.5 Objectives

The main objective of this work was to develop a new generation of sustainable and cost-efficient
CIGSe PV cells using solution processing methodologies for the photoabsorber layer deposition. To meet
this goal, screen-printable inks comprising well-dispersed CIGSe precursors films, with a nominal metals
ratio of [Cu] / [In + Ga] = 0.83 and [Ga] / [In + Ga] = 0.3, were formulated using conventional and
sustainable methodologies in concern to the ink’s solvents. Importantly, CIGSe precursors with distinct
natures were used by following either synthetic or commercial (oxides) route. The resultant inks and
printed films were characterized to evaluate their rheological, structural, morphological, optical and
physical properties to continue for the PV devices production, using the conventional vacuum-based
deposition processes for the upper layers. As ultimate goal, an all-non-vacuum processed CIGSe PV cell
was produced by using environmentally friendly inks for both photoabsorber and top conductive layers

deposition.
The specific objectives of this work were:

=  Formulation of screen-printable inks with tailored rheological properties, comprising either
synthesized CIGSe NPs or well-dispersed Cu, In, and Ga commercial oxides, following
conventional and environmentally friendly methodologies.

= Screen printing with further thermal treatments for dense and compact CIGSe photoabsorber
thin films with great optical properties.

=  Production of CIGSe PV cells comprising screen-printed CIGSe photoabsorber, CBD of CdS
buffer layer and sputtering of top conductive layers (~Zn0O/AZQ).

27



Chapter 1 - Introduction

= Formulation of environmentally friendly inks with tailored rheology properties for spray coating
of top conductive layers (~ZnQ/ITO).
= Production of a sustainable all-non-vacuum processed CIGSe PV cell with screen-printed

CIGSe photoabsorber, CBD of CdS buffer layer and spray coating of top conductive layers.

1.6 Structure of the work and methodologies

The herein presented thesis is divided into two major sections: Section 1 - Conventional
methodologies for solution-processed CIGSe PV systems and Section Il — Environmentally friendly
methodologies for solution-processed CIGSe PV systems, comprising six chapters, five of them based on
published or submitted scientific manuscripts. The arrangement of the sections and chapters follows a
sequential ordering for a better understanding of the developed work and represents the implemented
methodology to achieve the main and specific goals. A summary of the work addressed in each one of

the chapters is next described.

Chapter 1 includes a general introduction to solar energy and PV systems, focusing on CIGSe thin
film technology state of the art and the existing partial and full solution processing of CIGSe PV systems,
using conventional and environmentally friendly methodologies. The main objectives and the structure of
the thesis are addressed, as well. To a better acknowledgment of the achievements, a specific state of

the art is provided in each chapter.

Section 1, covering conventional methodologies, begins with Chapter 2 where a large-scale
synthesis of CIGSe NPs is addressed. The herein presented heat-up synthesis is conducted in a high
boiling point organic solvent working also as a stabilizer, under Schlenk line vacuum and inert conditions.
Structural and optical characterization were used for the evaluation of the chemical composition and
thermal behavior of the synthesized NPs. Additionally, the NPs were chemically modified to be embedded
in a water-based ink for screen printing deposition over SLG, followed by an annealing treatment. The ink
rheological properties were characterized for a proper deposition. Moreover, morphological and structural
characterizations were conducted on the resulting photoabsorber films to study the impact of the used

printing and thermal processes.

Chapter 3 addresses the production of a CIGSe PV cell comprising a screen-printed CIGSe
photoabsorber over FTO-coated SLG substrate. The reported ink formulation comprises Cu, In and Ga
commercial oxides well-dispersed in terpineol solvent for screen printing deposition followed by calcination

and selenization processes. The photoabsorber thin film crystalline structure, morphology, chemical
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composition and optical properties were evaluated. To complete the device, CBD of a CdS buffer layer
and sputtering of ~Zn0O/AZO were conducted and the photovoltaic performance of the device was

evaluated.

In Section Il, sustainable methodologies for the development of CIGSe PV systems are reported.
Chapter 4 includes a large-scale aqueous synthesis of CIGSe NPs using a natural antioxidant as a
complexing agent. The structural and optical properties, as the chemical composition of the resulting NPs

were evaluated.

Chapter 5 includes two water-based ink formulations comprising Cu, In and Ga commercial oxides
with rheology tailored for screen printing deposition are addressed. The reported work comprises a study
of the screen printing deposition over several conductive substrates followed by selenization. The
substrate-photoabsorber interfaces were studied and the most suitable substrate was selected to produce
a CIGSe PV cell, with screen-printed photoabsorber, CBD of CdS and sputtering of ~Zn0/AZ0O. The
photoabsorber structural, morphological and optical properties were evaluated. Here is also addressed
the formulation of water-based inks for the top conductive layers ~ZnQ/ITO, to further produce a
sustainable all-non-vacuum processed CIGSe PV cell comprising screen-printed photoabsorber, CBD of
CdS and spray coating of ~Zn0/ITO. A comparative study between the sputtering and spray coating of
top conductive layers was conducted by the evaluation of the photovoltaic performance of the

corresponding produced PV devices.

Finally, in Chapter 6, the main conclusions of this thesis are presented together with suggestions for

future work.
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Chapter 2. Large-scale synthesis of semiconducting
Cu(In,Ga)Se, nanoparticles for screen printing application

Thin film deposition through solution processing is gaining increasing attention from the industry, due to the potential
low cost and high throughput production. To this end, the elimination of the selenization procedure in the synthesis of
Cu(In, Ga)Se, nanoparticles with following dispersion into ink formulations for printing/ coating deposition processes
are of high relevance. However, most of the reported syntheses procedures give access to tetragonal chalcopyrite
Cu(In, Ga)Se, nanoparticles, whereas methods to obtain other structures are scarce. To this end, this chapter
presents a large-scale synthesis of high-quality Cu(In, Ga)Se, nanoparticles with wurtzite hexagonal structure, wide
absorption in visible to near-infrared regions, and [Cu] / [In + Ga] = 0.8 and [Ga] / [Ga + In] = 0.3 metal ratios.
Moreover, the inclusion of the synthesized NPs into a water-based ink formulation for screen printing deposition has
been addressed, resulting in thin films with homogenous thickness of =4.5 pm, paving the way towards

environmentally friendly roll-to-roll production of photovoltaic systems.

This chapter is based on the following publication: B. F. Gong¢alves, A. P. LaGrow, S. Pyrlin, B. Owens-Baird, G. Botelho, L. S.
A. Marques, M. M. D. Ramos, K. Kovnir, S. Lanceros-Méndez and Y. V. Kolen'ko, Large-Scale Synthesis of Semiconducting

Cu(ln,Ga)Se, Nanoparticles for Screen Printing Application, Nanomaterials, 11(5), 1148, 2021.




2.1 Introduction

Solution-processed CIGSe PVs give access to semi-transparent, lightweight, and flexible PV devices
[1], opening widely their range of application from windows [2] to space exploration [3]. Moreover, solution
processing methodologies are compatible with roll-to-roll production of PV devices, rendering solution
processing more sustainable and cost-efficient than vacuum deposition methodologies [4]. Nevertheless,
the employment of a selenization step during the fabrication of the CIGSe PV is a shortcoming due to the
potential risk it carries through the high toxicity of the evolved selenium species, i.e. Se vapor and H,Se

gas.

To overcome this shortcoming, fabrication of the CIGSe PVs directly from CIGSe NPs would eliminate
the need for the selenization step, thus lowering the environmental impact of the PV cell production. In
this context, the synthesis of CIGSe NPs has attracted considerable interest, and reports based on hot-
injection [, 6], heat-up [/, 8], solvothermal [9, 10], hydrothermal [11, 12], or mechanochemical [13,
14] methods have appeared, usually delivering crystalline and phase-pure CIGSe NPs [15]. Notably, most
of the synthesis protocols, regardless of the method employed [16, 17], are severely limited to the
preparation of CIGSe NPs with common tetragonal chalcopyrite-type structure (space group 142d), the
most thermodynamically stable phase at room temperature [16, 17]. There are only few reports on the
synthesis of CISe NPs with uncommon hexagonal wurtzite-type structure (space group P6;mc) [16, 18-
21], mostly due to the challenging control over stoichiometry and crystal structure [22]. Notably, only one
synthesis strategy has given access to quaternary CIGSe NPs [23]. Most likely, this could be associated
with the addition of Ga into the system which significantly slows the nucleation and growth kinetics of the
NPs, turning difficult its incorporation into CISe [22]. On the other hand, the presence of Ga in the CIGSe
photoabsorber is essential, since the stoichiometry [Cu] / [In + Ga] = 0.8-0.9 and [Ga] / [In + Ga] = 0.3
leads to highly efficient PV cells [24, 25].

The herein presented work covers a synthesis methodology towards the preparation of quaternary
CIGSe NPs with uncommon wurtzite-type structure, along with upscaling of the procedure to 5 g scale.
The experimental and theoretical results on Ga incorporation into the Cu-In-Se system are discussed,
while the thermal stability of the resultant NPs is investigated by /r-s/ift powder X-ray diffraction and /n situ
electron microscopy. Furthermore, the formulation of an environmentally friendly ink comprising the
synthesized CIGSe NPs for screen printing deposition of phase-pure semiconducting thin films is also

addressed.
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2.2 Experimental

2.2.1 Chemicals

Tetrakis(acetonitrile)copper(l) tetrafluoroborate (TACT, 98%, TCI), indium(lll) acetate (In(ac)s,
99.99%, Sigma-Aldrich), gallium(lll) acetylacetonate (Ga(acac)s, 99.99%, Sigma-Aldrich),
hexadecylamine (HDA, 95%, TCl, melting point 44 °C, boiling point 330 °C), diphenyl diselenide
(Ph,Se;), 97%, TCI), acetonitrile (ACN, 99.9%, Fisher Scientific), ethylenediamine (EDA, 299%, Sigma-
Aldrich), dichloromethane (DCM, =99.8%, Fisher Scientific), hydroxypropyl methyl cellulose polymer
(HPMC, 2% aqueous solution, viscosity 80-120 cP, Sigma-Aldrich), toluene (299.5%, Sigma-Aldrich),
ethanol (299.8%, Honeywell), acetone (=99.5%, Honeywell), and isopropanol (IPA, 299.8%, Honeywell)
were used as received. Ultrapure water (18.2 MQ cm) was generated using Milli-Q (MQ) Advantage A10

system (Millipore).

2.2.2 Synthesis

The synthesis was carried out using standard Schlenk line conditions. Initially, the reaction with the
following metal ratio [Cu] / [In + Ga] = 0.83 and [Ga] / [In + Ga] = 0.3 was used. For this purpose, TACT
(12.40 mmol), In(ac); (10.8 mmol), Ga(acac); (4.1 mmol), Ph,Se, (20.2 mmol), and HDA
(414.10 mmol) were charged into a 500 mL three-neck round-bottom flask. The flask was connected to
a condenser and equipped with a magnetic stirrer, thermocouple, and vacuum adapter. After attaching
the flask to a Schlenk line under Ar, the system was slowly heated to 90 °C and the precursors dissolved
in melted HDA under stirring. After complete dissolution, as observed by the emergence of a clear green
solution, the reaction was degassed under vacuum for 30 min to remove undesired low boiling point
liquids, as possible water and acetic acid admixtures. The reaction mixture was placed under Ar and the
system was rapidly heated to 300 °C and stirred at this temperature for 1 h. As the reaction proceeds,
the formation of a brown-black slurry was observed. The slurry was cooled to 70 °C and diluted with
100 mL of toluene, followed by cooling to RT. Notably, it is important to conduct the dilution at 70 °C,
since HDA is solid at RT, and therefore, it will be difficult to isolate the product without dilution. Next, the
resultant NPs were precipitated by a mixture of toluene/ethanol (3:1), washed with the same solvent, and
collected by centrifugation (9000 rpm, 5 min). The washing procedure was repeated three times in total.
Finally, the NPs were dried under vacuum overnight and homogenized using an agate mortar, thus

affording ~5 g of the product as powder (Sample I).
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Similarly, Sample Il was synthesized by modifying the initial concentrations of the metal precursors to
give access to CIGSe NPs with the desired metal ratio. Specifically, TACT (8.20 mmol), In(ac);
(6.43 mmol), Ga(acac); (2.65 mmol) and same amount of Ph,Se, and HDA as used in the previous

synthesis, were used during the synthesis, thus affording ca. 4 g of Sample II.

2.2.3 Ink formulation

For ink formulation purposes, a ligand exchange procedure was employed to replace HDA, since is
solid at RT. To this end, 120 mL of ACN, 1 mL of EDA, and 15 mL of DCM were loaded into a flask and
stirred magnetically at RT [26]. After a few minutes, 3 g of the synthesized NPs were added, and the
solution was stirred at RT for 24 h. The NPs were then collected by centrifugation (9000 rpm, 10 min)
and dried under vacuum. The resultant powder was subjected to wet ball milling (WBM) to eliminate
possible agglomerates and improve the dispersion of the synthesized NPs in the ink. To this end, a
dispersion of 3 g of NPs in 5 mL of IPA was ball-milled for 24 h using a KD-6808 rotary polishing machine
(Guangzhou) with bidirectional rotation and YSZ balls with two sizes of 0.2 mm and 10 mm (mass ratio
50:50). Finally, the resultant suspension was filtered using a 1 um syringe filter to homogenize the NP

size and dried at 80 °C. The resultant powder was ground in a mortar and preserved.

Then the water-based ink was formulated in a 10 mL glass vial. HPMC (45 mg) was first dissolved in
a mixture of water (0.33 mL) and ethanol (0.66 mL) by magnetic stirring at 4 h at RT. Then, the NP
powder (0.60 g) was added to the resulting viscous 5% HPMC solution and kept under stirring for 12 h,

resulting in a homogenous water-based ink with 40% of NPs content.

2.2.4 Screen printing

For printing, 2.6x2.6 cm? SLG substrates (Fisher Scientific) with 1 mm of thickness were
consecutively cleaned in acetone, IPA, and water using ultrasonication (EImasonicP30H) at 60 °C for
20 min each. The substrates were then rinsed with ethanol, dried under N, flow, and subjected to O,

plasma treatment (Harrick Plasma) during 10 min for a complete surface cleaning.

Square patterns of 2.5x2.5 cm? were printed above the previously cleaned SLG substrates using a
semi-automatic screen printer (DX-3050D, DSTAR) equipped with a vacuum stage to hold the substrate.
Thin films were screen printed using 180 threads cm™? count with thread diameter of 27 um and mesh
opening of 24 um. Three-step printing was employed followed by immediate drying at 90 °C for 3 minutes

to evaporate the solvent, followed by annealing to eliminate organic matter inside a quartz tubular furnace

41



(Termolab) using 100 sccm of Ar at 500 °C with a heating rate of 50 °C min during 50 min in total.
Above the same thin film, an additional two-step printing was employed to fill the voids left by the previous
printing, followed by the described thermal treatments. The printing process was performed using an 85-
shore squeegee at 0.3 m s~ of velocity with a 75° deflection angle and a distance between the mesh

and the substrate of 5 mm.

2.2.5 Characterization

X-ray diffraction (XRD):

The phase composition of the NPs was evaluated on an X'Pert PRO diffractometer (PANalytical) set
at 45 kV and 40 mA, equipped with a Ni-filtered Cu Ka radiation and PIXcel detector. XRD data were
collected using Bragg—Brentano geometry in a 28 range from 15° to 80° with a scan speed of 0.01°
s~1. The XRD patterns were matched to the International Centre for Diffraction Data (ICDD) PDF-4
database using HighScore software package (PANalytical).

The average crystallite size was estimated in HighScore software using the Scherrer equation: D =

KA
Bcosd’

where Dis the crystallite size, A'is the Scherrer constant (0.89), A is the X-ray wavelength, S is
the width of the peak (full width at half the maximum (FWHM) in radians), and O is the Bragg angle.

Variable temperature /n-sifu synchrotron powder XRD:

Variable temperature /n-sifu powder XRD data was collected at the synchrotron beamline 17-BM at
the Advanced Photon Source, Argonne National Laboratory. Wurtzite CISe sample was loaded into
0.5/0.7 mm inner/outer diameter silica capillaries and sealed under vacuum. The sealed silica capillaries
were placed into a secondary shield capillary, with a thermocouple set as close as possible to the
measurement area. Details for experimental set-up are provide in [27]. The data were collected with A =

0.24141 A at variable temperatures.

Raman spectroscopy:

To inspect the local structure of the CIGSe photoabsorber layer, Raman spectroscopy measurements
were performed on an alpha300 R confocal Raman microscope (WITec) using a 532 nm Nd:YAG laser
for excitation. The laser beam with power of 0.9 mW was focused on the specimen with a x50 lens

-1

(Zeiss). Afterwards, Raman spectra were collected using 1800 groove mm™" grating with 100

acquisitions and 1.5 s of acquisition time.
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Electron microscopy:

The evaluation of the surface and cross-sectional morphologies of the printed thin films as well as
the chemical composition of the NP powders were performed by SEM using a Quanta 650 FEG ESEM
microscope (FEI) equipped with energy-dispersive X-ray spectroscopy (EDX). To investigate fine
microstructure and the chemical composition of the synthesized NPs, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), selected area electron diffraction (SAED),
and energy-dispersive X-ray spectroscopy in STEM mode (STEM-EDX) were performed using a Titan
Themis Titan Themis 60-300 (FEI co.) equipped with an X-FEG gun, superX EDX configuration with four

detector system, an image corrector, and probe corrector, operating at 200 kV.

The /n-sifu heating studies were carried out on the Titan Themis (FEI co.) transmission electron
microscopy (TEM) with the NanoEx i/v heating holder, with microelectromechanical systems (MEMS)

chips.

Optical properties:

The optical band gap measurements on the as-synthesized NP powders were performed using
UV-Vis—NIR spectroscopy. The resulting data were collected at RT using a LAMBDA 950 UV/Vis/NIR
spectrophotometer (PerkinElmer) equipped with a 60 mm integrating sphere and InGaAs detector. Band
gap values were determined from the product of Planck’s constant with speed of light and absorption

cutoff wavelength on the absorption spectra edge [28].

Surface tension and rheological properties:

The surface tension of the ink was measured by a drop-shape analysis—contact angle (DSA-CA)
method (KRUSS) with DSA3 software package, using a drop volume of 10 pL and a needle with 0.9 mm
of diameter, at RT. The results are presented together with the standard deviation for ten measurements.
The RT dynamic viscosity measurements were performed on a MCR 300 modular compact rheometer

(Physica) using a shear rate range of 0-500 s~?.

Thermogravimetric analysis (TGA):

The thermal behavior of the synthesized CIGSe NPs was obtained with a TGA/DSC 1 STARe system

(Mettler Toledo) under Ar flow with a heating ramp of 10 °C min™!.
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In silico study:

Density Functional Theory (DFT) calculations of segregation energy where conducted using VASP
DFT package for high accuracy [29]. For simulations of the effect of passivating ligands another DFT
package — SIESTA [30] - was used as a trade of between accuracy and computational efficiency for
molecular systems. A 128-atom 2x2x2 supercell of a hexagonal CISe lattice was used both for bulk and
surface calculations with 1.4 nm of vacuum layer added in the latter case. Reciprocal space was sampled
using 2x2x2 Monkhorst-Pack grid. In both cases Perdew-Burke-Ernzerhof generalized gradient
approximation [31] was used for exchange and correlation functional during the geometry relaxation and
the total energies and forces were converged down to 10™% eV and 0.05 eV Ang~! per atom. Energy
cutoffs of 520 eV and 800 Ry were used correspondingly for VASP and SIESTA calculations. Scalar-
relativistic PSML [32] pseudopotentials were used for the latter. To establish the preferred atomic
arrangement on the slab surface where the candidate structures had different atomic composition (Cu-
or In-rich), formation enthalpy difference for super-cells with different atomic composition was computed

as AHgorm = AEppr — X Anyp;, where the first term is the total energy difference between candidate
structures per super-cell and p; = E; puir/ N; puix — chemical potential of element /(Cu or In), estimated

from the energy per atom of a corresponding single element crystal.

2.3 Results
2.3.1 Syntheses

The herein presented work was based on a previous study over the synthesis of CISe NPs [20] with
excellent crystallinity and phase-pure hexagonal wurtzite structure. In this study, the scope of the synthesis
is extended to CIGSe NPs by investigating their applicability for screen printing deposition, which is
relevant for roll-to-roll production of PVs. The large-scale synthesis was conducted by reacting Cu*, In3*,
and Ga3™ precursors with Ph,Se, in HDA working both as solvent, due to its high boiling point, and as
capping agent. First, a synthesis with [Cu] / [In + Ga] = 0.83 and [Ga] / [In + Ga] = 0.3 nominal
stoichiometry of the metal precursors was conducted, however, the resultant NPs metal ratio was different
from the nominal (Sample 1) (vide /infra). Therefore, the ratio of the starting materials was readjusted,
which resulted in NPs with the targeted composition (Sample Il). The conducted syntheses delivered

~4.5 g (~90% yield) and ~3.5 g (~70% yield) of CIGSe NPs for Samples | and Il, respectively.

The XRD phase composition analysis of the resulting NPs from both syntheses (Figure 2.1a) revealed

major peaks corresponding to (100), (002), (101), (102), and (110) reflections of wurtzite with relative
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intensities and positions matching well with the reported characteristic peaks of wurtzite CISe [33].
Notably, no signs of chalcopyrite phase or any secondary phases were found, revealing phase-pure CIGSe
NPs with rare wurtzite-type hexagonal structure (space group P6;mc). The Raman data (Figure 2.1b)
revealed a sharp peak at around 178 cm™?* for Sample I, corresponding to the A, vibrational mode of
CISe [20]. On the other hand, the spectrum of Sample Il confirmed the presence of phase-pure CIGSe
NPs, showing a sharp peak at around 174 cm™?, corresponding to A, vibrational mode of CIGSe and
two broad bands at 127 cm™* and 211 cm™? corresponding to the B; and B,/E modes, respectively
[34, 35]. Importantly, both spectra were found to be free of CuSe, secondary phase, which usually
emerges as an additional Raman peak at 260 cm™~? and is known to be a detrimental phase for PVs by
functioning as a recombination center for charge carriers through the photoabsorber. The chemical
composition of both NP samples was studied by SEM—EDX (Figure 2.2), which revealed a nominal metal
ratio of Cuy13(Ing 4,Gagq10)Se, for Sample I and the successful readjustment for Sample 1l to
Cuggo(Ing ,,Gag5)Se,, well matching with the targeted composition [Cu]/[In + Ga] = 0.8 and
[Gal/[Ga + In] = 0.3. The crystallite size of NPs from Sample Il was estimated using Scherrer formula,

revealing an average of 29 + 8 nm.
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Figure 2.1. XRD diffractogram (/4/ peak assignment is based on ICDD card no. 01-078-5190 for

wurtzite) (a) and Raman data (b) of the synthesized NPs from both samples.
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Figure 2.2. SEM images of Sample | (a) and Sample Il (b), and EDX spectrum of Sample Il (c).

The HAADF-STEM images with STEM—EDX mapping (Figure 2.3) of Sample 1 confirmed the
presence of hexagonal plates with 10-80 nm of size. Interestingly, although the maps revealed a uniform
distribution of Cu, In, and Se metals, Ga seemed to be segregated at the surface of the NPs. The observed
Ga segregation and the Raman spectrum from Sample | has driven to the assumption of the existence

of CISe + Ga mixed phases in the NPs from this sample.

40nm 40 nm €4

" 40nm Cu 40 nm ES

Figure 2.3. HAADF—-STEM image and corresponding STEM—EDX elemental maps of Sample |.
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On the other hand, hexagonal plates with a size of 10—70 nm are observed in the HAADF-STEM
images of Sample Il along the (001) zone axis (Figure 2.4a). Moreover, the fast Fourier transformer
(FFT) patterns (Figure 2.4b) confirm the hexagonal wurtzite phase of the NPs with superstructural ordering
with twin planes in the superstructure ordering shown by the streaking in the FFT (Figure 2.4b) and by
the red arrows and dashed lines (Figure 2.4c). In the STEM—EDX maps (Figure 2.4d), a more uniform
distribution of all metals is detected as compared to Sample I, with Ga located not only on the surface
but also inside the NPs, revealing pure-phase CIGSe with hexagonal wurtzite structure. Therefore,

Sample Il was selected to move forward with this study.
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Figure 2.4. HAADF-STEM images (a, c), FFT pattern (b) and STEM—EDX maps (d) of Sample II.

The deposition of a photoabsorber layer requires an annealing treatment to remove organic matter
from the HDA stabilizer, which would hamper the performance of the PV device due to creation of
recombination centers for charge carriers. Thus, the thermal stability of the synthesized NPs was
evaluated by TGA (Figure 2.5), which revealed that at 500 °C all organic matter is degraded, with a weight

loss of ~14.5%, leading to the selection of this temperature for the annealing.
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Figure 2.5. Thermogravimetric analysis with the corresponding derivative curve for the NPs from Sample

[l under Ar. Peak temperatures a: 187 °C, b: 226 °C, c: 273 °C, d: 337 °C, and e: 433 °C.

Interestingly, the previously reported synthesis [20] revealed that the synthesized CISe NPs tend to
have superstructural ordering. Wurtzite is considered a metastable phase of CISe that is difficult to
stabilize in comparison to the thermodynamically stable chalcopyrite CISe. Thus, prior to annealing the
wurtzite films, thermal stability studies were performed on the CISe NPs by /n-situ XRD (Figure 2.6), where
the wurtzite phase was found to be stable up to 400 °C. At higher temperatures, wurtzite CISe started to
transform into the thermodynamically stable chalcopyrite phase. No further changes were observed in

480-540 °C range. Due the similarities between the CISe and CIGSe NPs, a similar thermal behavior is

M_ﬁg oC

assumed for the herein synthesized CIGSe NPs.
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Figure 2.6. In-situ variable temperature synchrotron powder XRD of wurtzite CISe NCs sample (A =

0.24141 A). The sample was heated from RT (bottom pattern) to 478 °C (top pattern).
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To complete the thermal stability studies, /r-sifu TEM imaging was performed under vacuum on the
synthesized CIGSe NPs (Figure 2.7). Similar to previously reported CISe NPs, the as-synthesized CIGSe
NPs present hexagonal wurtzite-type structure (P63mc subcell) with superstructural ordering. The NPs
were heated rapidly to 450 °C over the course of ~10 minutes and then left at 450 °C. The conducted
experiment revealed no changes in the crystal lattice bellow 450 °C, however, after ~25 min at 450 °C,

the supercell lattices of the wurtzite phase disappeared, as indicated by the calculated FFT patterns.

Figure 2.7. From top to bottom: /7 s/ifu TEM imaging under vacuum of the synthesized CIGSe NPs at
RT, at 350 °C, and at 450 °C during 1 and 26 min, along with the corresponding FFT patterns.
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2.3.2 Screen-printed film

With such high-quality NPs in hand, the study proceeded for the development of a water-based
ink for the screen-printed thin film to be employed as photoabsorber layer. To this end, a ligand
exchange procedure was successfully employed, as detected by the NPs TGA curve (Figure 2.8),
to replace HDA, which is a solid at RT, by EDA. The optical band gap of the NPs after ligand
exchange was evaluated through the absorption spectrum resulting from UV-Vis—NIR
measurements (Figure 2.9), which revealed a strong absorption of light from the entire visible to
the near-infrared regions. Notably, no significant differences on the optical properties were found
between the HDA and EDA-capped NPs. The band gap of EDA-capped NPs (E,) was determined
to be 0.95 + 0.02 eV, which is in good agreement with reported bandgaps for wurtzite CISe NPs
[20].
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Figure 2.8. Thermogravimetric analysis with the corresponding derivative for the NPs from Sample |l
after ligand exchange under Ar. Peak temperatures a: 227 °C, b: 274 °C, ¢: 299 °C, and d: 357 °C.
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Figure 2.9. UV-Vis—NIR absorption spectrum of the synthesized NPs.

The conducted ligand exchange procedure allowed for the dispersion of the NPs in water/ethanol
solvents comprising HPMC as a rheological additive for ink formulation. Notably, the use of WBM
procedure gave access to a smoother screen-printed film with improved NPs dispersion (Figure 2.10).
The resultant ink, with 40% NP content, revealed a non-Newtonian behavior, with a range of dynamic
viscosity of 1.3-4.0 Pa s (Figure 2.11) and a surface tension of 34.3+3.6 mN m™!, suitable for screen
printing deposition over SLG. Moreover, the TGA of the ink (Figure 2.12) revealed that 500 °C should be

employed to remove organic matter from EDA and HPMC.

Figure 2.10. SEM surface images from screen-printed films of Sample Il before (a) and after (b) WBM.
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Figure 2.12. Thermogravimetric analysis with the corresponding derivative curve for the screen

printable ink under Ar. Peak temperatures a: 81 °C and b: 271 °C.

After employing five-step screen printing of the developed ink and annealing the resultant film at

500 °C to eliminate all organic matter, a porous photoabsorber layer with homogenous thickness of

=45 um was observed through SEM surface and cross-sectional imaging (Figure 2.13a, b).

HAADF-STEM data (Figure 2.13c, d) showed CIGSe NPs surrounded by a tiny layer of carbon, probably

arising from the rheological HPMC additive used in the ink formulation, suggesting that a longer annealing
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treatment should be performed. STEM—EDX (Figure 2.13e) reveals a more uniform distribution of the

metals as compared to the powder STEM—EDX analysis.

100nm Cu 100 nm K

Figure 2.13. SEM surface (a) and cross-sectional (b) images and HAADF—STEM images (c, d) with

STEM—EDX maps (e) from screen-printed film of Sample Il after annealing.

The resultant screen-printed film after annealing is a phase-pure CIGSe with tetragonal chalcopyrite
structure (space group 142d) with no signs of undesirable secondary phases (Figure 2.14a). The major
peaks found at 26.8, 44.6, and 52.9° correspond to (112), (220/204), and (312/116) reflections of
chalcopyrite CIGSe phase [9, 36], respectively. The Raman data (Figure 2.14b) revealed a sharp peak at

around 174 cm™1

, corresponding to the A; vibrational mode of CIGSe and two broad bands at
126 cm™1 and 209 cm™! corresponding to the B; and B,/E modes, respectively [34, 35], without

presence of CuSe, secondary phase.

54



Py
@ |5 3 (b)
— a
~ [—] —
(o] o
ol —
~ -
- S 3
=] — .
8 o) 2
2 2
“n W
g g
a8 2
=4 S E
- —_—
= - =4
[—] ~ J = —
] S [ag]
S S
_J A
20 30 40 50 60 70 100 150 200 250 300
26(degree) Raman shift (cm™)

Figure 2.14. The experimental powder XRD pattern (a) and Raman spectrum (b) of the screen-printed

film after annealing at 500 °C. In XRD figure, the A4/ peak assignment is based on ICDD card no. 00-

066-0140 for chalcopyrite.

2.4 Discussion

Based on a previous success in the synthesis of high-quality CISe NPs with the hexagonal wurtzite
structure [20], the procedure has been adapted for the synthesis of CIGSe NPs. The developed synthesis
delivered ~3.5 g of high-quality phase-pure CIGSe NPs with hexagonal wurtzite phase. Although several
strategies have been reported for the synthesis of tetragonal chalcopyrite CIGSe NPs, syntheses of
hexagonal wurtzite CIGSe is uncommon. Importantly, wurtzite metastable phase is characterized by an
increased amount of bonds between Cu and Se atoms, resulting in an improved band structure in regard
to the electron transition and transport due to the delocalized d electrons of Cu [37]. Accordingly, the
absorption of light from visible and infrared re-gions is higher for wurtzite phase than for the chalcopyrite

one, which can result in improved photovoltaic efficiency of devices based on wurtzite NPs [38].

The scale of the NP synthesis is of high importance when considering the ink formulation since
substantial gram quantities of NPs are required. Gram-scale syntheses are quite common, e.g. Houck et
al. synthesized ~1 g of wurtzite CIGSe NPs [23], Mousavi ef a/. prepared a few grams of chalcopyrite
CIGSe [39], and Chang ef a/. produced ~1.3 g of quinary Cu(ln,Ga)SSe NPs with chalcopyrite structure
[40]. Larger sale syntheses of CIGSe NPs are less addressed but existent, e.g. Latha ef a/. synthesized
~3.1 g of chalcopyrite CIGSe [7]. Notably, the herein presented large-scale synthesis delivers a

considerable amount of ~3.5 g of wurtzite CIGSe NPs.
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The addition of Ga into CISe NP synthesis is known to significantly change the growth kinetics of the
NPs, making the control over stoichiometry and structure challenging. Moreover, when dealing with NPs
with wurtzite phase, annealing temperature of maximum 400 °C can be employed, otherwise a
transformation to chalcopyrite phase will occur. In the present synthesis, the introduction of Ga gave
access to phase-pure CIGSe NPs with hexagonal wurtzite structure. However, in addition to being
distributed inside the NPs, Ga is also segregated on the surface of the NPs. To understand this behavior,
DFT calculations have been employed to estimate the relaxed atomic structures of ordered orthorhombic
models, representing the bulk of wurtzite-phase CISe crystal and a thin film slab of it. The crystallographic
directions of CISe corresponding to the two open surfaces of hexagonal NPs has been previously identified

[20] (Figure 2.15a, e). The relaxed atomic structures of these surfaces are shown in the Figure 2.15c, g.
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Figure 2.15. Ordered CISe orthorhombic model of the top or basal (a-d) and side or prism (e-h)
surfaces of hexagonal nanoparticle: idealized super-cell top view (a, €) and side view (b, f) and density
functional theory relaxed atomic structures of the pure surface slabs (c, g) and with Ga dopant and
- NH- C,H; passivating group (d, h). Legend: In (purple), Cu (orange), Se (yellow), Ga (green), N (deep
blue), C (light blue), and H (white).

Top (basal-faceted) surface of a hexagonal NP (Figure 2.15a-d): DFT calculations show that a
monocrystalline slab with such lattice has two unequal faces: Se-rich (top) and Cu/In-rich (bottom). In
the absence of passivation, while the upper Se-face is stable, the bottom Cu/In-face is less so and
undergoes significant restructure to minimize tension (Figure 2.15c¢). To assess the effect of Ga dopant
on CISe crystal the calculations have been repeated by placing Ga instead of one of the In atoms in the

bulk or on the exposed plane. The tendency of a dopant atom to segregate to the surface can be
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characterized  through  “segregation  energy”:  AEs.; = (Esiap[Ga-doped] — Estab[pure]) —
(Epuik[Ga-dopeda] — Epuik[pure]), Where Epyi s1ap represents the total (ionic + electronic energy as
calculated by DFT) of a periodic unit of a bulk system or a surface slab [41]. In case of Ga dopant in the
wurtzite CISe crystal the estimated segregation energy of ~—3 kcal mole™? per dopant atom is obtained,

indicating that positioning of Ga on such surface is thermodynamically favorable.

Even more pronounced this effect is for the side (prism-faceted) surface (Figure 2.15e-h): DFT
calculations show that for ideal lattice a minimal energy surface is Cu-rich plane with the formation
enthalpy (~35 kcal mole™! per 144 atom super-cell) lower than a similar In-rich surface. However,
surface Cu atoms are prone to substitution by Ga: the segregation energy for a single Ga adatom from
bulk to replace a surface Cu atom was estimated to be —20 kcal mole™?. Therefore, segregation of Ga
adatom to Cu-rich side surfaces of hexagonal NPs is highly favorable, leading to a self-exclusion effect of

Ga in the CIGSe NPs. This correlates with Ga concentration map in the Figure 2.4.

To assess the effect of passivating ligands, DFT calculations have been conducted for thin film slab
surface with ethylamine group (imitating the effect of longer HDA) attached to a surface Ga, In or Cu
atoms (Figure 2.15d, h). By analogy the gain from passivating either atom with ligand has been compared
by calculating: AEpassiv = (Epassivica] — Efreelca]) — (Epassiviin] — Efreefin])- AgaIN, @ AEp g5y
~—16.3 kcal mole™? per Ga dopant for In-rich top surface and —28.5 kcal mole™! for Cu-rich side,
indicating that surface Ga atoms are energetically favorable in the presence of amine group ligands. These
computational results explain the Ga segregation in the Sample | produced in this study. The adjustment
of the metal ratios and introduction of Cu vacancies in Sample Il may provide additional stabilization

factor, preventing the Ga segregation.

With understanding of synthesis, structural and thermal stability of synthesized CIGSe NPs, a model
of screen-printed photoabsorber layer was developed. The remotion of the surface ligands requires
annealing temperatures higher than wurtzite-chalcopyrite transformation, thus the resulted film with
homogenous thickness of ~4.5 um is composed by CIGSe chalcopyrite NPs. Despite the NPs’ optimal
structural properties, organic residues were detected, and the resulting film presented a porous layer with
low grain size. Further optimization of the film with lower porosity and better electronic properties should
be conducted. In summary, the herein synthesized NPs are suitable for printing deposition of the

photoabsorber layer, opening ways for the roll-to-roll production of efficient CIGSe PV systems.
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2.5 Conclusions

The herein presented large-scale heat-up synthesis delivered ~3.5 g of phase-pure wurtzite CIGSe
NPs with 10-70nm of size. The synthesized NPs with chemical composition of
Cuggo(Ing 7, Gag ,5)Se,, showed high crystallinity and wide absorption range from visible to near-
infrared regions, well-matching with the properties of analogous NPs used in high efficiency PV systems.
Moreover, it has been found that Ga, besides being distributed inside the CIGSe NPs, is also segregated
at the surface of the synthesized NPs. /n silico calculations support that it is thermodynamically favorable
for Ga atoms to segregate onto the surface of wurtzite phase CISe NP both in case of non-passivated
surface and in the presence of amine-based ligands. Finally, screen-printed thin films with homogenous
thickness of ~4.5 um have been produced by formulating a water-based ink with the synthesized NPs

embedded, paving the way to the roll-to-roll production of CIGSe PV systems.
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Chapter 3. Over 6% efficient Cu(Iln,Ga)Se, solar cell screen-
printed from oxides on FTO

Printing and coating deposition processes are highly desirable for the industrial roll-to-roll production of cost-efficient
photovoltaic devices. In this chapter, a new approach to produce Cu(In, Ga)Se, photovoltaic cells on conductive
fluorine-doped tin oxide is presented, resulting in a device with over six per cent of efficiency. To this end, commercial
oxide nanoparticles have been dispersed into a high-quality screen printable ink based on ethyl cellulose solution in
terpineol. The high homogeneity and good adhesion properties of the formulated oxide ink play an important role in
obtaining dense and highly crystalline photoabsorber layers. These findings reveal that solution-based screen printing
from readily available oxide precursors provide an interesting cost-effective alternative to current vacuum- and energy-

demanding processes for the fabrication of Cu(In, Ga)Se, photovoltaic devices.

This chapter is based on the following publication: V. Sousa, B. F. Gongalves, Y. S. Rosen, J. Virtuoso, P. Anacleto, M. F.
Cerqueira, E. Modin, P. Alpuim, O. |. Lebedev, S. Magdassi, S. Sadewasser, and Y. V. Kolen'ko, Over 6% efficient Cu(ln,Ga)Se,
solar cell screen-printed from oxides on FT0, ACS Applied Energy Materials, 3(4), 202, 3120-3126.




Chapter 3 — Over 6% efficient Cu(ln,Ga)Se, solar cell screen-printed from oxides on FTO

3.1 Introduction

The most efficient CIGSe PV devices are currently fabricated either by co-evaporation or sputtering,
followed by a selenization step, delivering a maximum efficiency of 23.4% [1]. Both are expensive
fabrication techniques based on vacuum processing. Interestingly, solution-based printing/coating
technologies, compatible with roll-to-toll production, represent viable methods for reducing the energy
demand of CIGSe fabrication [2]. Recently, solution-processed CIGSe PV cells have reached 17.3% of
efficiency [3]. However, so far, most of the reported efforts are focused on using inks based on CIGSe
NPs or metallic precursors for solution-processed CIGSe photoabsorber, while only few reports are

available for oxide-based inks.

Thus, this chapter presents a facile screen printing approach to CIGSe PV cells using commercially
available copper(ll) oxide (CuQ), indium(lll) oxide (In,03), and gallium(lll) oxide (Ga,03) as the key
constitute starting materials. These oxides are easy to synthesize and sometimes they can be harvested
directly from the earth’s crust [4], and are therefore commercially readily available. Among the scarce
reports on metal oxides as precursors for screen printing ink formulation [4-6], an intermediate thermal
annealing step is typically required to reduce the pristine oxides into metals, followed by the selenization
step to convert the metals into CIGSe phase. The herein presented work offers the practical advantage of

omitting the reduction step, delivering a PV device with 6% of efficiency.

3.2 Experimental

3.2.1 Chemicals

The following reagents were purchased and used as received: copper oxide nanopowder (CuO, 299%,
30-50 nm, Alfa Aesar), indium oxide nanopowder (In,03, 99.9%, <100 nm, Sigma-Aldrich), gallium oxide
(Ga, 03, 99.999%, =325 mesh powder, Alfa Aesar), di(propylene glycol) methyl ether, (DPM, =99%,
Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich), terpineol (Sigma-Aldrich), ethyl cellulose (EC, 48%
ethoxyl, Sigma-Aldrich), selenium shots (Se, amorphous, 99.999%, 2-6 mm, Alfa Aesar), potassium
cyanide (KCN, 298.0%, Sigma-Aldrich), thiourea (CS(NH,),, 299.0%, Sigma-Aldrich), cadmium acetate
(Cd(ac),, 99.995%, Sigma-Aldrich), ammonium hydroxide aqueous solution (28-30%, Acros Organics),
acetone (299.5%, Honeywell), IPA (=99.8%, Honeywell) and ethanol (299.8%, Honewywell). Ultrapure

water was produced by MQ Advantage A10 system (Millipore) with resistivity of 18.2 MQ.cm.
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3.2.2 Oxide ink formulation

For the precursor ink formulation, 1.684 g of CuO, 2.572 g of In,05 and 0.744 g of Ga, 03 with
nominal ratio of [Cu] / [In + Ga] ~ 0.8 and [Ga] / [Ga + In] = 0.3, were dispersed in 50 g of DPM, and
2 g of OA and then subjected to wet bead milling at 5000 rpm for 30 min using a Dyno Mill (WAB). Then,
the oxide mixture was separated from DPM and OA by centrifugation at 1000 RPM for 30 min followed
by 5000 RPM for 30 min, and the resultant wet paste was stored in a vial. A 5% solution of EC in terpineol
was prepared by the dissolution of the appropriate amount of EC in terpineol at 70 °C under stirring. To
prepare an ink with 50% weight content of the oxides, the appropriate amount of oxide wet paste was

added into the 5% EC solution in terpineol. Finally, the ink was mixed first with a spatula and then let stir

on magnetic stirring plate, at RT, overnight.

3.2.3 Oxide ink properties

The contact angle of the oxide ink on FTO substrate was measured to be 27° + 2°, while the surface

tension was calculated to be 32.9 mN m~!. Dynamic viscosity with non-Newtonian behavior was

observed with a range of dynamic viscosity between 0.7-1.9 Pa s (Figure 3.1). Surface energy of the FTO
substrate was determined to be 74.39 mN m™1.
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Figure 3.1. Dynamic viscosity of the as-formulated oxide ink with a non-Newtonian characteristic
behavior of the ink.

3.2.4 Screen printing

For printing, 2.5 x 2.5 cm? FTO coated SLG substrate (FTO/SLG, 7Q sq Dyesol) with 2 mm of

thickness was cleaned as described on Chapter 2 (section 2.2.4). Then, square patterns of
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2.5x2.5 cm? were printed above the previously cleaned FTO/SLG substrates using a semi-automatic

screen printer as described Chapter 2 (section 2.2.4).

3.2.5 Photovoltaic device fabrication

For the photoabsorber film deposition on FTO/SLG, the oxide ink was screen-printed twice using a
180 threads cm™'mesh screen printer and dried at 100 °C on a hot plate after both depositions for 3
min. Afterwards, the as-printed photoabsorber layer was calcined at 400 °C for 30 min to remove residual
organics (DPM, OA, EC, terpineol), and subjected to the selenization procedure. The selenization was
performed in a tubular furnace, where two film samples were placed inside a graphite box alongside with
0.3 g of elemental Se, and charged into a quartz tube. Prior to selenization, the tube was flushed with
5%H, /Ar mixture at 100 sccm during 1 h. Then, under 5%H, /Ar flow, the furnace was heated to
550 °C at 50 °C min~?, held at this temperature for 20 min, and then immediately opened to ensure

rapid cooling. During cooling, the gas flow inside the quartz tube was changed to Ar.

The as-prepared film samples were etched by aqueous 5% KCN solution at RT for 30 s. To deposit
~70 nm of CdS buffer layer, the CBD technique was employed. A water bath was heated to 60 °C and
the deposition solution was prepared: 85 mL of MQ water, 15 mL of ammonium hydroxide, 0.13 g of
cadmium acetate dissolved in 15 mL of MQ water, and 1.33 g of thiourea dissolved in 15 mL of MQ
water. The film samples were then placed inside the deposition solution and let react for 7 minutes while

mixing the solution for 10 s at the beginning of each minute by moving the sample up and down.

The window layers were deposited by sputtering at 160 W and 20 sccm of Ar flow. An /~Zn0 resistive
layer was first deposited during 4 min, followed by sputtering of AZO transparent conducting window layer
for 14 min. This sputtering procedure provides 50 nm and 200 nm thick i-ZnO and AZO layers,

respectively.

To finalize the PV device, one edge of the device was scratched with a scalpel to reach the back
contact FTO, which was then filled-up with a thin layer of indium metal welded to ensure a good contact

with the probes for the J~ 1V measurements.
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3.2.6 Characterization

Surface tension and rheological properties:

The contact angle, surface tension and surface energy were measured at 22 °C using DSA-CA as
described on Chapter 2 (section 2.2.5). Water and diiodomethane were employed to determine the

surface energy of the FTO substrate.

The RT ink dynamic viscosity measurements were performed on a rheometer as described on

Chapter 2 (section 2.2.5).

X-ray diffraction:

The phase composition of the films was determined using XRD as described on Chapter 2 (section

2.2.5).

Raman spectroscopy:

To inspect the local structure of the CIGSe photoabsorber layer, Raman spectroscopy measurements

were performed as described on Chapter 2 (section 2.2.5), using a laser beam power of 2 mW.

Electron microscopy:

The morphology of the photoabsorber layer and final PV device were analyzed by SEM using Quanta
650 FEG ESEM and Helios NanoLab 450S DualBeam microscopes (FEl), fitted with the spectrometers
for EDX.

The focused ion beam (FIB) method was used to prepare the lamella for cross-sectional investigation.
To investigate fine microstructure and the chemical composition of the final FTO/CIGSe/CdS/ £ZnO/AZQO
PV devices, HAADF-STEM, SAED, and STEM-EDX were performed using JEM-ARM200F cold FEG probe
and image aberration-corrected microscope (JEOL), operated at 200 kV and equipped with large angle

CENTURIO EDX detector and QUANTUM GIF.

Optical properties:

UV-Vis-NIR optical measurements and the band gap determination of the CIGSe photoabsorber films

were carried out as described on Chapter 2 (section 2.2.5).

J-V characterization:

J-Vcurves of the PV cells were measured by a four-point probe system Oriel Sol3A Class AAA Solar

Simulator (Newport), with 100 mW cm™2 illumination source using an AM 1.5 filter. Prior to all
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measurements, the confirmation of total illumination irradiance was conducted using a silicon reference
cell, verifying an irradiance of 0.994 or 1.010 for different measurements, which is consistent with the 1
Sun + 2% error for irradiance measured at the plane of the PV cell according to the Standard Testing
Conditions. For each sample, =10 cells with an area of =0.28 cm? each were isolated and measured
using a two-probe system, placed on the top contact active area cell of AZO, and on indium-welded back
contact. Prior to measurement, the light intensity was calibrated by using a mono-silicon reference cell
with a BK7 optical window calibrated by the National Renewable Energy Laboratory (NREL). A shadow
mask was used to cover the active area to avoid the interference from both scattering light and adjacent

current leakage.

3.3 Results and Discussion

3.3.1 Screen-printed CIGSe photoabsorber layer

The initial point of this work was the formulation of high-quality oxides-based ink for screen printing.
For this purpose, the selected stoichiometric mixture of commercial Cu(ll), In(lll), and Ga(lll) oxides was
subjected to wet bead milling in the presence of DPM and OA. After this step, the resultant wet paste was
dispersed in EC dissolved in terpineol solution. The EC acts both as a rheological agent to enable a high
viscosity ink, and as a binder to improve the adhesion of the printed pattern to the substrate [7]. The ink
was optimized to obtain a good stability, dispersion, wettability, and uniformity of the screen-printed
pattern on the substrate. After successful screen printing of two layers of the as-formulated oxide ink on
FTO/SLG substrate, the obtained film was calcined at 400 °C to remove carbon-based residues and

subjected to rapid selenization at 550 °C under 5%H, /Ar flow.

The phase composition of the resultant film was evaluated by XRD (Figure 3.2a). According to the
results, the photoabsorber layer has a phase mixture of FTO substrate and tetragonal CIGSe with the
chalcopyrite structure [6, 8, 9]. Furthermore, the phase analysis demonstrates no evidences of the
presence of oxides or other phases, suggesting that the metal oxides react with selenium vapor under
diluted hydrogen atmosphere, leading to the formation of CIGSe, as described by the following chemical

reaction (Equation 3.1):

2Cu0 + In, 05 + Ga,0; + 4Se + 8H, = 2Cu(In, Ga)Se, + 8H,0 (3.1)

The convenience of this synthetic protocol is that the conversion of the oxides into crystalline CIGSe

is accomplished in a single step under reductive atmosphere of H,.
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Notably, the Raman spectroscopy data (Figure 3.2b) revealed results consistent with those of the
XRD, showing a major sharp peak at 173 cm™! with full width at half maximum (FWHM) of 11 cm™
corresponding to the A, vibrational mode of CIGSe [10, 11]. Moreover, the two broader peaks at 120
and 218 cm™ are in good agreement with the B; and B, /E modes of CIGSe, respectively [11, 12].
Interestingly, it was observed a shoulder peak at 188 cm™2, which is not associated with any Cu-In-Ga—

Se phases. Hence, the detected band is due to A;, mode of SnSe, compound [10], suggesting an

alloying of Sn from the FTO into the CIGSe layer.

Notably, SEM imaging data (Figure 3.2c, d) show the overall top-view morphology of the resultant
photoabsorber deposited on FTO/SLG, where is detectable a uniform and reasonably dense appearance
of um-sized crystals, indicating significant grain growth of the CIGSe phase during selenization. However,
the surface of the photoabsorber layer is quite rough, which is a result of the random orientation of the
inter-grown CIGSe crystals. The chemical composition and stoichiometry results given by SEM-EDX
analysis shows that the CIGSe phase is depleted in Ga in comparison to the initial oxide ratio of
[Cul / [In+Ga] = 0.8 and [Ga]/ [In + Ga] = 0.3, exhibiting after selenization the following ratio:
[Cu] / [In + Ga] = 1.0 and [Ga] / [In + Ga] = 0.23.
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Figure 3.2. (a) XRD pattern of the CIGSe photoabsorber layer on FTO substrate. Ovals and triangles
correspond to the positions of the most intense Bragg reflections expected for CIGSe (A4/peak assignment
is based on ICDD No. 01-083-3357 for tetragonal CIGSe) and FTO, respectively. (b) Lorentzian fit (blue)
of the experimental Raman data (black) for the CIGSe photoabsorber layer. The position/FWHM (in cm™1)
is provided for each component. Top surface low (c) and high (d) magnification SEM images of the as-

fabricated CIGSe film.

To evaluate the optical properties of the resultant photoabsorber layer, UV-Vis—NIR spectroscopy
was employed and the resultant absorption spectrum (Figure 3.3), shows that the produced CIGSe film
strongly absorbs light from the visible to the near-infrared regions. The optical band gap of the resultant
CIGSe layer was estimated to be 1.04+0.02 eV, which is slightly lower than the optimal values (1.1-
1.14 eV) previously reported for bulk CIGSe chalcopyrite [2, 13].

68



Chapter 3 — Over 6% efficient Cu(ln,Ga)Se, solar cell screen-printed from oxides on FTO

Absorbance, a.u.

T T T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800
Wavelength, nm

Figure 3.3. UV-Vis-NIR absorption spectrum of a representative CIGSe film.

3.3.2 CIGSe photovoltaic device

Notably, the presented results evidence that the screen-printed oxides ink with further selenization
enables the formation of a high-quality CIGSe photoabsorber thin film. Hence, the fabrication of a CIGSe
PV cell was conducted. Briefly, to create a heterojunction, a 70 nm of rtype CdS buffer layer was
deposited by CBD on top of the ptype CIGSe photoabsorber. Next, 50 nm of ~Zn0O layer was sputtered
on top of CdS, followed by the sputtering of 200 nm of AZO as the top layer. This fabrication procedure
enables a reliable process for the fabrication of SLG/FTO/CIGSe/CdS//~Zn0/AZO PV devices.

In order to conduct a cross-sectional investigation of the resultant PV device by TEM, a FIB specimen
preparation was employed. SEM imaging of the resultant lamella (Figure 3.4) and HAADF-STEM
investigation conducted on the lamella together with ED studies are next summarized (Figures 3.5 and
3.6). A multilayered microstructure of the PV device is confirmed by the STEM observations (Figure 3.5
and 3.6a). Moreover, the presence of voids, which are microstructural defects at the interface between
FTO substrate and CIGSe layer, can be clearly seen in Figures 3.4, 3.5 and 3.6a. Interestingly, similar
microstructural defects have been reported in literature [14]. The grains of the photoabsorber CIGSe layer
itself are highly crystalline and structurally defect-free, as seen in the HAADF-STEM images and the
corresponding SAED patterns (Figures 3.6b-d). Regardless of the voids observed at the FTO/CIGSe
interface, the HAADF-STEM imaging of the interface reveals nearly epitaxial growth of CIGSe on top of
the FTO substrate (Figure 3.6e), suggesting the existence of a good electrical contact between the

photoabsorber and the back contact.
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Figure 3.4. SEM imaging of the FIB prepared lamella comprising the SLG/FTO/CIGSe/CdS/ /~ZnO/AZO
PV cell.

Figure 3.5. STEM imaging of the PV cell layers structure.
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Figure 3.6. Cross-sectional HAADF-STEM image of the fabricated PV device (a). SAED patterns along
the [110] and [221] zone axes of selected CIGSe grains (b) and the corresponding HAADF-STEM images
along the [110] and [221] zone axes. Enlargement images with overlaid structural model are given as
inset (purple atoms: In/Ga, orange: Cu and yellow: Se) (c, d). HAADF-STEM image of the interface
between FTO and CIGSe, demonstrating nearly epitaxial growth of [110] CIGSe on [111] FTO together

with the corresponding structural model (red: Sn, blue: O) (e).

Finally, the PV performance of the ten produced devices were evaluated through the obtained J-V/
curves (Figure 3.7 and Table 3.1). The champion PV cell exhibits an efficiency of 6.1%, a Js. of
36.8 mA cm™2, V. of 0.31 V, and FF of 53.8%. Importantly, the /-/curves after few weeks gave nearly
identical performance, marking the stability of the produced PV device (Figure 3.8). The resultant high
Jsc of the device can be correlated with the low bandgap (1.04 eV) obtained for the CIGSe photoabsorber
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layer. As for V., a significantly reduced value, comparing with high performance CIGSe [15] was
measured, which was attributed to recombination losses and to the low bandgap. Regarding FF, it can
be assumed that the series resistance is dominating the losses on this parameter, which could be related

to interface problems between the back contact and the photoabsorber, such as the presence of voids.
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Figure 3.7. J-V curve of the as-fabricated champion PV device reaching 6.1% of efficiency, Jg. of

36.8mA cm™2,V,. of 0.31 V and FF of 53.8% (on inset is a picture of PV device).

Table 3.1. Average and standard deviation of the obtained efficiency, FF, /. and V. of the ten produced

PV cells.

Sample Efficiency (%) FF (%) Jsc (mA cm™2) V,e (V)
1 1.8 31.9 32.9 0.23
2 1.7 28.9 27.5 0.22
3 1.9 35.2 18.9 0.27
4 1.8 334 20.5 0.25
5 1.5 27.2 17.3 0.30
6 2.2 34.4 21.2 0.31
7 3.0 33.0 29.6 0.31
8 3.2 32.4 32.8 0.30
9 55 46.4 35.2 0.34
10 6.1 53.8 36.8 0.31

Average 2.9 35.7 27.3 0.28

SZT:::: 16 7.8 6.9 0.04
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Figure 3.8. /-V/curves of champion PV cell recorded on the same day (a). /-Vcurves of champion

PV cell measured on the day of fabrication and after two months (b).

To better understand the arrangement of the layers inside the PV cell, the cross-sectional chemical
composition and the distribution of all elements was analyzed by EDX mapping in STEM mode (Figure
3.9). STEM-EDX mapping confirms the stack of all layers in the produced PV cell, namely
SLG/FTO/CIGSe/CdS/ ~Zn0/AZO. Starting from the top, the presence of In is detected in the CdS layer,

resulting on a buffer layer with CdS+In composition.
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Figure 3.9. Cross-section HAADF-STEM imaging of the FTO/CIGSe/CdS//~Zn0O/AZO PV device,
together with the simultaneously collected EDX maps of Cu, In, O, Sn, Se, Ga, S, Cd, Si and Zn, as well

as In, Cd, Se and Ga mixture.
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Furthermore, the distribution of Ga within the CIGSe photoabsorber was found to be markedly
inhomogeneous, showing the existence of segregated Ga-0 inclusions within the photoabsorber layer
(Figure 3.10). Since the ink formulation comprises commercial CuO and In,0; nanopowders and
polycrystalline Ga,05 as precursors (Ga,03 nanopowder is not commercially available), it seems that
even after wet bead milling, the size of Ga, 05 is not reduced down to nanometer size, thus resulting in
the existence of not fully reacted Ga-0 segregations in the CIGSe layer due to the low reactivity of the
relatively large particles. Accordingly, the lack of a sufficient amount of Ga in the CIGSe layer could
contribute to its reduced band gap value and accordingly low V. [16]. In addition, the presence of Ga-
0 phase inclusions in the CIGSe layer can be considered as recombination centers for holes and electrons,

thus lowering the overall PV device performance.
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Figure 3.10. Cross-sectional low-magnification HAADF-STEM imaging of FTO/CIGSe/CdS//~Zn0O/AZO
PV device, showing inclusions of unreacted Ga-0 phase (a). Enlargement of the inclusions, together with
the simultaneously collected EDX maps of Ga, In, Se and O elements and their mixture, confirming the
existence of Ga-0 inclusions within the CIGSe layer (b). High-resolution transmission electron microcopy
(HRTEM) image of the CIGSe photoabsorber layer along the [110] zone axis, showing the presence of
partially crystalline Ga-0 phase (c).
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Interestingly, from Figure 3.9, the migration of tin from FTO into the CIGSe layer is clearly observed,
resulting in an intermixing of Sn, Cu, and In at the FTO/CIGSe interface. This migration most probably
occurs during the selenization process and leads to the formation of the aforementioned void defects at
the interface between the photoabsorber and back contact [14]. Such modification of the FTO back
contact possibly gives rise to rear interface recombination, hence, lowering the V. and the device
performance [4]. Moreover, the interface recombination also gives rise to moderate FF as a result of high
series resistance, suggesting that further improvements of the photoabsorber-back contact interface

should be conducted to avoid recombination losses and associated high series resistance [4, 17-19].

3.4 Conclusions

A robust printing-based method for the fabrication of CIGSe PV cells has been described. Notably,
an oxide ink formulation screen-printed with further calcination and selenization gave access to =2 um
thick polycrystalline CIGSe photoabsorber layer grown on top of FTO/SLG substrates. One of the key
points of this approach is that the oxide reduction and selenization have been conducted in a single step.
After deposition of the buffer and window layers, the final SLG/FTO/CIGSe/CdS/~Zn0O/AZO PV cell
exhibited 6.1% efficiency.

Moreover, the conducted research showed that the PV properties are strongly influenced by the
interface recombination due to the compositional and microstructural variation within the PV device. This
suggests that improvements should be performed to enhance the device performance, for instance by
optimizing the photoabsorber-back contact interface, as well as, the chemical composition of the CIGSe

phase.

Finally, the demonstrated feasibility of the screen printing process using oxides ink formulation will
inspire new research efforts for the production of all-solution-processed CIGSe PV with cost-effective

methodologies.
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Chapter 4. Large-scale aqueous synthesis of Cu(ln,Ga)Se,
nanoparticles

Environmentally friendly, selenization-free synthesis of Cu(In, Ga)Se, nanoparticles is pivotal to allow for a more
sustainable production of the photovoltaic devices. To this end an aqueous synthesis of Cu(In, Ga)Se, nanoparticles
has been addressed, followed by annealing, to give access to phase-pure Cu(In, Ga)Se, crystals with chalcopyrite
tetragonal structure and no signs of secondary phases. Morphological and compositional characterization revealed
nanoparticles with 10-35 nm of size and uniform distribution of Cu, In, Ga, and Se metals. In addition, the first
aqueous large-scale synthesis of Cu(In, Ga)Se, NPs has been successfully achieved by up-scaling the synthesis
procedure, resulting in 5 g of nanoparticles with [Cu]/[In + Ga] = 0.8 and [Ga]/[Ga + In] = 0.3 metal ratio, with
excellent crystallinity, and ideal optical band gap of =1.14 eV.

This chapter is based on the following publication: B. F. Gongalves, A. P. LaGrow, G. Botelho, L. M. Salonen, S. Lanceros-

Méndez, and Y. V. Kolen'ko, Large-scale agueous synthesis of Cu(in, Ga)Se, nanoparticles, Submitted 2021.




Chapter 4 — Large-scale aqueous synthesis of Cufln,Ga)Se, nanoparticles

4.1 Introduction

The unique structural and opto-electronic characteristics of CIGSe ptype semiconductor, render
CIGSe PV devices highly promising and under constant optimization [1]. Recently, the preparation of
CIGSe photoabsorber thin films by printing has been explored. However, successful procedures rely
mainly on the use of toxic solvents during synthesis and/or ink formulation, and typically require a

selenization treatment [2], which releases harmful H, Se vapors.

The use of NPs to produce CIGSe thin films allows for both a higher control of the film quality and
omission of the selenization treatment. These NPs are mostly synthesized using heat-up [3, 4],
solvothermal [5, 6], or hot-injection [7] methods, which employ toxic organic solvents and capping ligands
at elevated temperatures. Notably, a few sustainable approaches to produce quaternary CIGSe NPs have
been reported, including microwave-assisted solvent-free synthesis [8] and sonochemical method using
ethanol [9]. On the other hand, ternary CISe NPs [10, 11] and quantum dots [12] for PVs have been

prepared by aqueous synthesis.

Notably, this work presents a novel water-based route to phase-pure CIGSe NPs. Scale-up of the
synthesis protocol afforded 5 g of phase-pure NPs with [Cu] / [In + Ga] ~ 0.8 and [Ga] / [Ga + In] ~ 0.3
metal ratio and optimal optical band gap of 1.14 eV. The herein reported environmentally friendly
synthesis provides easy access to chalcogenide NPs compatible with ink formulation for printing

deposition processes.

4.2 Experimental

4.2.1 Chemicals

Cu(NO3), - 3H,0 (99%, Acros Organics), In(NOj3);-xH,0 (99.99%, Sigma-Aldrich),
Ga(NO3); - xH,0 (99.99%, Sigma-Aldrich), L-glutathione reduced (GSH, 298.0%, Sigma-Aldrich),
NaBH, (99.99%, Sigma-Aldrich), selenium powder (100 mesh, =99.5%, Sigma-Aldrich), and IPA
(299.8%, Honeywell) were purchased and used as received. Ultrapure water (MQ water) was obtained

using a MQ Advantage A10 system (Millipore).

4.2.2 Aqueous synthesis of Cu(In,Ga)Se, nanoparticles

CIGSe NPs were prepared by modifying previously reported procedures [11, 12], targeting a nominal

ratio of Cugyglng,Gagy3Se,. The synthesis was conducted by first dissolving the metal precursors,
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Cu(NO3), - 3H,0 (1.65 mmol), In(NO3);-xH,0 (1.89 mmol), and Ga(NO;3);-xH,0
(1.13 mmol) in 300 mL of MQ water at RT in a three-necked round-bottom flask. After complete
dissolution, indicated by a light blue clear solution, GSH (1.65 mmol) was added and the solution was
stirred under N, at RT. Separately, and also under N,, NaBH, (12.8 mmol) was dissolved in 50 mL of
MQ water and added to a two-necked round-bottom flask containing Se powder (6.4 mmol) for NaHSe

formation according to the following chemical reaction (Equation 4.1).

Then, the temperature of the solution was raised to 80 °C and the mixture was stirred for 30 min.
The final clear red solution was cooled to RT and rapidly injected to the Cu/In/Ga-GSH aqueous solution,
producing an immediate change of color to brown. After agitation at RT for 10 min, the reaction mixture
was heated to 90 °C and stirred at this temperature for 2 h. The resulting colloidal dark solution was let
for natural cooling to RT, followed by the addition of IPA (100 mL) to precipitate the NPs. Finally, the NPs
were collected and washed several times with IPA by centrifugation (9000 rpm, 10 min) followed by

drying under vacuum for 24 h.

The as-synthesized product was annealed inside a quartz tubular furnace (Lenton, Eurotherm) at
500 °C using a heating rate of 10 °C min~! and held at this temperature for 1 h under N, flow for a

complete crystallization.

4.2.3 Upscaled synthesis of Cu(Iln,Ga)Se, nanoparticles

The large-scale synthesis was conducted in an automated synthesis system (Atlas Potassium, Syrris).
Cu(NO3), -3H,0 (8.26 mmoal), In(NOj3);-xH,0 (9.46 mmol), and Ga(NO3);-xH,0
(5.63 mmol) precursors were dissolved in 1 L of MQ water under mechanical stirring at 200 rpm in the
glass reaction vessel, and followed by the addition of GSH (8.26 mmol). In a separate two-necked round-
bottom flask, NaHSe precursor solution was prepared by reacting NaBH, (64.1 mmol) with Se powder
(32.1 mmol) in 100 mL of water. Next, NaHSe was rapidly injected into Cu/In/Ga—GSH aqueous solution
and, after 10 min of agitation, the reaction mixture was heated to 90 °C and stirred at this temperature
for 2 h. Precipitation of the product was conducted using 300 mL of IPA and the NPs were collected and

washed using the above-mentioned procedure.
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4.2.4 Characterization

X-ray diffraction:

The phase composition of the synthesized NPs was analyzed by XRD and the average crystallite size

was estimated as described on Chapter 2 (section 2.2.5).

Thermogravimetric analysis:

The thermal behavior of the aqueous-synthesized NPs was studied by TGA as described on Chapter

2 (section 2.2.5).

Electron microscopy:

The morphology, microstructure and chemical composition of the NPs was analyzed by SEM as

described on Chapter 2 (section 2.2.5).

Optical properties:

UV-Vis-NIR optical measurements and the band gap determination were carried out as described on

Chapter 2 (section 2.2.5).

4.3 Results and Discussion

4.3.1 Aqueous synthesis of Cu(In,Ga)Se, nanoparticles

Agqueous syntheses have major advantages from the industrial point of view since water is abundant,
safe, non-expensive, non-flammable, and requires low energy amount to conduct reactions, due its boiling
point. However, when conducting syntheses in water, the amount of available oxygen in the aqueous
medium can induce oxidation of metals. In the case of CIGSe, the presence of Cu* ions is more desirable
than that of Cu?™, since CuSe intermediate phases have higher mobility and require lower energy for the
conversion into CIGSe end product [13]. Therefore, this CIGSe NP synthesis comprises the dissolution of
Cu?*, In3*, and Ga3* precursors in water in the presence of natural antioxidant GSH as complexing
agent for Cu?* to reduce it to Cu™, which was found to be essential to obtain phase-pure CIGSe. Reaction
between the freshly prepared Se?~ precursor NaHSe (Equation 4.2) and the solution of metal salts

(Equation 4.3) delivered 1 g of CIGSe NPs with 87% yield.
4NaBH, + 2Se + 7H,0 = 2NaHSe + N,B,0, + 14H, (1)

0.83Cu(NO;),3H,0 + 0.7In(NO3);0xH,0 + 0.3Ga(NO3);exH,0 + GSH +
ZNaHSe + HzO = Cu0_83 (In0_7Ga0_3)Se2 (2)

83



Chapter 4 — Large-scale aqueous synthesis of Cufln,Ga)Se, nanoparticles

Due to an incomplete crystallization detected by XRD analysis of the as-synthesized product (Figure
4.1a), subsequent annealing at 500 °C under N, was employed, resulting in highly crystalline CIGSe NPs
(Figure 4.1a). The annealing temperature selection was based on the TG curve of the NPs from aqueous
synthesis (Figure 4.2), which reveals a multi-stage decomposition process with 35% weight loss mostly

stemming from side-products and GSH degradation [14] below 500 °C.

The resultant annealed product correspond to phase-pure CIGSe with tetragonal chalcopyrite
structure (space group ~424) with no signs of undesirable secondary phases (Figure 4.1a). Prominent
peaks found at 26.8, 44.6, and 52.8° correspond to the (112), (204/220), and (312/116) planes of the
CIGSe phase [15, 16], respectively. The crystallite size of the NPs was estimated using Scherrer formula,
revealing an average size of 23+9 nm. The phase purity was further confirmed by Raman spectroscopy
(Figure 4.1b), with a spectrum showing no signs of typical CuSe, secondary phase, usually emerging at
260 cm ™. This admixture phase is detrimental for PVs, since it functions as a recombination center for
charge carriers [17]. Importantly, the presence of a sharp band at 174 cm™ and two broader bands at
127 and 213 cm™! was identified, corresponding to A,, B,, and B, /E vibrational modes of CIGSe [17,
18], respectively. EDX spectroscopy on SEM imaging revealed chemical composition of
Cug g (Ing 73)Gay 33Se, (Figure 4.1c, d), which agrees fairly well with the initial targeted ratio and the

metal ratio used in high-efficiency PVs.
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Figure 4.1. Structural and compositional characterization of the synthesized CIGSe NPs as-synthesized
(gray line) and after annealing (blue line): XRD patterns (/4/ peak assignment is based on ICDD card no.
00-066-0140 for tetragonal CIGSe) (a), Raman spectrum of the CIGSe NPs obtained after annealing (b),

as well as SEM image (c) together with the corresponding EDX spectrum from the annealed product (d).
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Figure 4.2. TGA with the respective derivative curve for the aqueously synthesized NPs under Ar, a:

66 °C, b: 151 °C, ¢: 278 °C, and d: 399 °C.
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HAADF—STEM imaging (Figure 4.3a, b) of the NPs viewed along the [111] zone axis confirmed the
CIGSe chalcopyrite crystal structure, with the respective 3.3 A (112) and 2.0 A (220) lattice spacings
evident (Figure 4.3c). Moreover, the observed STEM—EDX maps (Figure 4.3d) revealed a uniform
distribution of Cu, In, Ga, and Se through the NPs and the presence of NP agglomeration with
heterogeneous size distribution, stemming from the aggregation during annealing. Importantly, no

secondary phases were detected, confirming the phase purity of these NPs.

20 nm cu 20 nm 20 nm

Figure 4.3. HAADF—STEM images (a, c), fast Fourier transform pattern (b) and STEM—EDX maps
(d) for CIGSe NPs agueously synthesized followed by annealing.
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4.3.2 Upscaled synthesis of Cu(In,Ga)Se, nanoparticles

The printing of photoabsorber thin films requires a considerable amount of NPs, and therefore, the
development of robust scale-up synthesis procedures is essential. Accordingly, the aqueous CIGSe NP
synthesis was successfully up-scaled (Figure 4.4a, inset), rendering 5 g of high-quality NPs after annealing
with an excellent yield of 90%. Notably, the corresponding XRD analysis (Figure 4.4a) confirmed phase-
pure CIGSe with a chalcopyrite structure, as observed for the small-scale synthesis. The crystallite size of
the large-scale synthesized NPs, estimated using Scherrer formula, revealed an average of 24+11 nm.
The band gap measurements (Figure 4.4b) revealed a band gap of 1.13+0.02 and 1.14+0.02 eV for the
material obtained by the 1 g and 5 g synthesis, respectively. Notably, these band gap values are close to
the optimum required for PV systems, showing that the NPs synthesized herein can contribute towards
the production of high-efficiency PV devices. Similarly to the 1 g scale synthesis, the scale-up procedure

gave access to NPs with chemical composition of Cug 79 (Ing 74Gag 33)Se, as estimated by EDX (Figure

4.4c,d).
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Figure 4.4. XRD pattern of the NPs (#4/ peak assignment is based on ICDD card no. 00-066-0140 for
tetragonal CIGSe) and the automated reactor vessel as inset (a), UV—Vis—NIR absorption spectra of the
NPs from 1 g and 5 g syntheses (b), SEM image of the NPs (c) and corresponding EDX spectrum (d) for
annealed CIGSe obtained by the large-scale synthesis.
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Notably, this is the first aqueous large-scale synthesis of CIGSe NPs. The high-quality NPs
synthesized have great potential to produce high-performance CIGSe PV devices. For that purpose, the
dispersion of these NPs in water-based solutions is recommended for ink formulation followed by
deposition of thin films on top of conductive substrates through printing processes. To improve the

crystallinity of the films an annealing treatment is also strongly recommended.

4.4 Conclusions

An environmentally friendly aqueous synthesis delivered phase-pure chalcopyrite CIGSe NPs with
10-35 nm of size. Moreover, a scale-up procedure successfully delivered 5 g of NPs with equally high
crystallinity, chemical composition of Cug ,q(Ing.,4Gagz3)Se,, and band gap of 1.14 eV, ideal to be
employed in the printing of CIGSe photoabsorber thin films. These findings contribute to the development
of solution-processed CIGSe PVs, providing a sustainable approach to substitute inconvenient selenization

procedures usually required for these devices.
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Chapter 5. Towards all-non-vacuum processed photovoltaic
systems: water-based screen-printed Cu(In,Ga)Se,
photoabsorber with 7.9% of efficiency

During the last decades, major advances have been made in photovoltaic systems based on Cu(In, Ga)Se,
chalcopyrite. However, the most efficient photovoltaic cells are processed with high-energy-demanding vacuum
conditions. To lower the costs of high throughput production, printing/coating processes are proving to be effective
solutions. However, given the societal concerns about the use of toxic chemicals and costly fabrication of functional
materials and devices for photovoltaic applications, it is important to develop alternative sustainable methodologies.
Thus, to enrich the field of printed Cu(In, Ga)Se, photovoltaics, this chapter presents a combination of printing,
coating, and chemical bath deposition processes for the fabrication of photoabsorber, buffer, and transparent
conductive layers. In a sustainable approach, all inks have been formulated using water and ethanol as solvents.
Screen printing of the photoabsorber on fluorine-doped tin oxide coated glass followed by selenization, further chemical
bath deposition of cadmium sulfide buffer, and final sputtering of intrinsic zinc oxide and aluminum-doped zinc oxide
top conductive layers delivered a 7.9% maximum efficiency device, a record for screen-printed Cu(In, Ga)Se,
photovoltaic cells. On the other hand, an all-non-vacuum processed device with spray-coated intrinsic zinc oxide and
tin-doped indium oxide top conductive layers delivered 2.2% of efficiency. The given approaches represent a relevant

step towards the fabrication of sustainable and efficient Cu(In, Ga)Se, photovoltaic systems.

This chapter is based on the following publication: B. F. Gongalves, G. Botelho, S. Lanceros-Méndez, and Y. V. Kolen’ko, £co-
friendly and Cost-efficient Inks for Screen-printed Fabrication of Copper Indium Gallium Diselenide Photoabsorber Thin Films,
Journal of Colloid & Interface Science, 598, 388-397, 2021, and B. F. Gonegalves, V. Sousa, J. Virtuoso, E. Modin, O. I.
Lebedev, G. Botelho, S. Sadewasser, L. M. Salonen, S. Lanceros-Méndez, and Y. V. Kolen'ko, Towards All-non-vacuum Processed

Photovoltaic Systems. Water-based Screen-printed Cu(in, Ga)Se, Photoabsorber with 7.9% Efficiency, Submitted 2021.
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photoabsorber with 7.9% efficiency

5.1 Introduction

Up to date, CIGSe PV cells with efficiencies up to 17.3% have been produced using printing/coating
[1] processes for the photoabsorber deposition. The faster, more practical, and in some cases easily
scalable printing/coating processes, such as spin coating [1, 2], blade coating [3, 4], inkjet printing [5,
6], spray coating [7, 8], and screen printing [9] have been successfully employed in PV cell fabrication.
Despite the high efficiencies obtained, ranging from 2.4% [9] to 17.3% [1], environmentally friendly
photoabsorber ink formulation would improve the processes from the sustainability point of view. To this
end, toxic solvents, such as hydrazine [1, 2], hexanethiol [3], ethanolamine [6] and ethylenediamine [8]
have been replaced by non-toxic water and ethanol [7, 10-12] albeit with concomitant reduction in device
efficiencies. On the other hand, printable transparent top conductive layers are also raising increasing
interest. However, only few reports have emerged on the production of all-non-vacuum processed CIGSe
PVs. The spin coating of the photoabsorber followed by CBD of the CdS layer and spin coating of the top
conductive layers ~Zn0, AZO, and AgNW delivered PV cells with efficiencies from 1.6% [13]to 7.7% [14].

However, sustainability from the point of view of solvent toxicity has not been addressed.

This work presents the formulation of two novel and environmentally friendly inks based on
commercial CuO, In,05, and Ga,05. Importantly, these inks display excellent dispersion of raw oxide
solids and good rheological properties. The screen printing of the as-developed inks followed by the
thermal treatments afford compact and phase-pure CIGSe photoabsorber thin films. Notably, the films
exhibit semiconducting behavior with optical band gaps of 0.97 and 1.08 eV. Moreover, two procedures
for the development of environmentally friendly CIGSe PVs comprising one of the developed high-quality
photoabsorbers is also addressed. A device based on screen-printed photoabsorber layer, CBD of CdS,
and vacuum-deposited top conductive layers presents a reliable performance with 7.9% of efficiency for
the champion cell. The all-non-vacuum processed device featuring spray-coated ~ZnO and ITO top

contacts delivered 2.2% of efficiency.

5.2 Experimental

5.2.1 Chemicals

Copper oxide nanopowder (CuO, 299%, 30-50 nm, Alfa Aesar), indium oxide nanopowder (In, 0,
99.9%, <100 nm, Sigma-Aldrich), gallium oxide nanopowder (Ga, 03, 99.9%, 80-100 nm, Nanoshel),
selenium shots (Se, 99.999%, 2-6 mm, Alfa Aesar), polyvinyl alcohol polymer (PVA, 98% hydrolyzed,
M, = 13 000-23 000, Sigma-Aldrich), HPMC (2% aqueous solution, viscosity 80-120 cP, Sigma-Aldrich),
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4, 5-dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate (Tiron, 97%, Sigma-Aldrich),
hexadecyltrimethylammonium bromide (CTAB, =99%, Sigma-Aldrich), polyethylene glycol sorbitan
monostearate (Tween 60, stearic acid 40-60%, Sigma-Aldrich), Disperbyk-180 (BYK180, BYK),
Disperbyk-199 (BYK199, BYK), Disperbyk-2013 (BYK2013, BYK), Rheobyk-7420 ES (BYK7420 ES, BYK),
BYK28 (BYK), carbon graphene paste (graphene paste, <7.5 Q sq~1, SunChemical), graphite/carbon-
black paste (carbon paste, <25 ) sq~1, Solaronix), potassium cyanide (KCN, =98.0%, Sigma-Aldrich),
thiourea (CS(NH,),, =299.0%, Sigma-Aldrich), cadmium acetate (Cd(ac),, 99.995%, Sigma-Aldrich),
agueous ammonium hydroxide solution (28-30%, Acros Organics), tin-doped indium oxide 20%
suspension in water (ITO, 18 nm with In,05/Sn0, 90:10%, 299.0%, Sigma-Aldrich), ethanol (=99.8%,
Honeywell), acetone (99.5%, Honeywell), and IPA (299.8%, Honeywell) were used as received. Ultrapure

water (18.2 MQ cm) was generated using MQ Advantage A10 Millipore system.

5.2.2 Photoabsorber layer development

The commercial nanosized Ga, 05 appeared as highly agglomerated powder and to obtain a finer
Ga, 03 powder, this oxide was subjected to WBM. For this purpose, 0.5 g of Ga, 053 was added to a
solution of Tiron (10 mg) dissolved in water (1.5 mL), and the resultant slurry was ball-milled as described
on Chapter 2 (section 2.2.3). After WBM, the Ga, 05 suspension was collected and filtered usinga 1 um
syringe filter to narrow the size distribution. Finally, the resultant suspension was dried at 80 °C and

ground in mortar. The as-prepared Ga, 05 was used in the following studies.

5.2.2.1 PVA oxide ink formulation

In a 10 mL glass vial equipped with a stir bar, 12.2 mg of Tiron (2% related to the oxide solids) was
dissolved in 1.5 mL of water under magnetic stirring for 20 min at RT. Then, 0.21 g of CuO, 0.31 g of
In, 03, and 0.09 g of Ga, 05 (metal ratios: [Cu / In + Ga] = 0.83, [Ga / In + Ga] = 0.3 [15]) were added
to the Tiron solution and the suspension was allowed to stir for 24 h at RT. Thereafter, 0.5 g of PVA were
added to the suspension and the system was subjected to stirring at 90 °C for 12 h, followed by natural
cooling to RT and subsequent addition of a drop of BYK28 defoamer to the ink. This protocol affords a
homogenous and viscous PVA-based ink with 23% oxide solid content. Analysis of the surface tension and
rheological properties of the ink revealed that it shows non-Newtonian behavior with a range of dynamic

viscosity between 1.3-2.8 Pa s (Figure 5.1a) and a surface tension of 29+2 mN m™?.
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5.2.2.2 HPMC oxide ink formulation

A slurry consisting of Tiron (8.1 mg), water (1.5 mL), CuO (0.14 g), In,05 (0.21 g), and Ga,04
(0.06 g) was subjected to WBM for 24 h. The product was collected, dried at 80 °C, and ground in a
mortar. Separately, in a 10 mL glass vial equipped with a stir bar, 45 mg of HPMC were dissolved in a
1:2 solvent mixture of water (0.33 mL) and ethanol (0.66 mL) by stirring for 4 h at RT resulting in a
viscous 5% HPMC solution. To formulate the ink, the Tiron-functionalized oxides were added to the HPMC
solution and the suspension was allowed to stir for 12 h, thus affording a homogeneous HPMC-based ink
with 30% oxide solid content. The metal ratio was the same as in the case of PVA oxide ink. A non-
Newtonian behavior was observed for the HPMC oxide ink, exhibiting a range of dynamic viscosity between

1.8-3.2 Pa s (Figure 5.1b). The surface tension was measured to be 44+2 mN m™!.
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Figure 5.1. Dynamic viscosity of the formulated (a) PVA oxide ink and (b) HPMC oxide ink suggesting a

non-Newtonian behavior.

5.2.2.3 Substrates

The 2.6 cm x 2.6 cm SLG substrates with 1 mm thickness (Fisher Scientific), 2.5 cm x 2.5 cm
FTO/SLG substrates with 2 mm thickness (7 Q sq~1, Dyesol), and 2.6 cm x 2.6 cm Mo-coated SLG

(Mo/SLG) substrates with 1 mm thickness were cleaned as described on Chapter 2 (section 2.2.4).

The 2.5 cm x 2.5 cm graphite sheets with 2 mm thickness (density = 1.3 g cm™3, SIGRAFLEX) and

7.5 cm x 2.5 cm stainless steel plates with 1 mm thickness were cleaned by rinsing with ethanol and

water, followed by drying under N, flow.
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5.2.2.4 Screen printing

Square-shape patterns of 2.5 cm x 2.5 cm were printed on different substrates using the as-
formulated oxide inks and the graphene/carbon pastes, as described on Chapter 2 (section 2.2.4). For

the photoabsorber film deposition, a 180 threads cm™?!

mesh count with 27 um of thread diameter
and 24 um of mesh opening was employed. The films were screen-printed three and two times for PVA
and HPMC oxides inks, respectively. After each printing step, the films were immediately dried at 90 °C
for 5 minutes on a hot plate to evaporate the solvent of the ink. Graphene and carbon pastes were screen
printed on the substrates using a 120 threads cm™! mesh count with 30 um of thread diameter and
53 um of mesh opening. Two- and ten-step printing were used for graphene and carbon pastes,

respectively. The screen printing conditions used are described on Chapter 2 (section 2.2.4).

5.2.2.5 Calcination and selenization

Prior to selenization, the screen-printed thin films from PVA oxide ink were subjected to calcination
(Lenton, Eurotherm) at 500 °C for 3 min under air (heating ramp: 1 °C min~!) in order to remove
organic matter. To convert mixed oxide patterns into the desired CIGSe phase, the patterns were subjected
to a selenization procedure as described on Chapter 3 (section 3.2.5) using 550 °C at 55 °C min~?,
and held at this temperature for 30 min and 5 min in the case of the thin films printed from PVA and

HPMC oxide inks, respectively.

5.2.3 Top conductive layer development

For ~Zn0 ink formulation, 0.85 g of ZnO particles synthesized using a reported method [16] were
dispersed in 10 mL of ethanol using ultrasonication at RT during 6 h. For ITO ink formulation, 2.5 mL of
the commercial dispersion in water were mixed with 2.5 mL of ethanol using vortex and ultrasonication

at RT during 20 min.

5.2.4 Photovoltaic cells fabrication

The CIGSe photoabsorber deposition was performed using two-step printing of HPMC oxide ink
formulation on FTO/SLG substrates as described on section 5.2.2.4. Then, the thin films were selenized
using the conditions described on section 5.2.2.6. Finally, the prepared films were etched and CdS buffer

layer was deposited by CBD as described on Chapter 3 (section 3.2.5). Next, ~Zn0O window layer was
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sputtered using a rotating stage at 10 rpm with 20 sccm of Ar flow at 60 W during 50 min, providing a
final layer thickness of 50 nm. The AZO transparent conductive layer was sputtered under Ar flow of
20 sccm and 60 W during 42 min, providing a final thickness of 200 nm. The fabricated PV cell was
finalized by scratching the edge of the cells with a scalpel down to the FTO back contact. Next, a thin
layer of metallic indium was welded on the scratched place to improve the electric contact between the

cell and the probes used for photovoltaic performance measurements.

All-non-vacuum processed PV cells were produced as described above up to and including the CdS
layer. The top conductive layers used for this cell were ~Zn0 and ITO. The ~Zn0 layer was deposited by
one-step spray coating and dried at 120 °C for 1 h to improve the crystallinity. ITO layer was spray-coated
using two steps followed by drying at 100 °C to ensure solvent evaporation. The spray coating process
was performed manually using an airbrush gun (Dexter) powered by compressed air, vertically positioned
20 cm above a hotplate at 90 °C using a zig-zag coating direction. As comparison for the spray-coated
device, sputtering of ITO was also performed using a rotating stage at 10 rpm with 20 sccm of Ar flow at

60 W during 4 h, providing a final layer thickness of 200 nm.

5.2.5 Characterization

Surface tension and rheological propetrties:

The RT surface tension and ink dynamic viscosity measurements were performed using DSA-CA

and a rheometer, respectively, as described on Chapter 2 (section 2.2.5).

Optical microscopy (OM):

Optical microscopy imaging of the oxides dispersion was performed using an Eclipse LV100 ND

microscope (Nikon) with x10 and x20 ocular and objective lenses, respectively.

X-ray diffraction:

The phase composition of the films was determined using XRD as described on Chapter 2 (section

2.2.5).

Raman spectroscopy:

To inspect the local structure of the CIGSe photoabsorber layer, Raman spectroscopy measurements

were performed as described on Chapter 2 (section 2.2.5), using a laser beam power of 1.5 mW.
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Electron microscopy:

The evaluation of the surface and cross-sectional morphologies as well as chemical composition of
the photoabsorber and top conductive thin films and the cross-sectional evaluation of the produced PV

cells were performed using SEM as described on Chapter 2 (section 2.2.5).

FIB method was used to prepare the lamella for cross-sectional investigation. The investigation of
fine microstructure and the chemical composition of the final PV cells was performed using HAADF-

STEM, SAED, and STEM-EDX as described on Chapter 3 (section 3.2.6).

Optical properties:

UV-Vis-NIR optical measurements and the band gap determination of the CIGSe photoabsorber films

were carried out as described on Chapter 2 (section 2.2.5).

Thermographic analysis:

UV-Vis-NIR optical measurements and the band gap determination of the CIGSe photoabsorber films

were carried out as described on Chapter 2 (section 2.2.5).

J-V characterization:

J-Vcurves of the PV cells were measured by a four-point probe as described on Chapter 3 (section
3.2.6). For each sample, =10 cells with an area of =0.16 cm? each were isolated and measured using
a two-probe system, placed on the top contact active area cell of AZO/ITO, and on indium-welded back

contact.

5.3 Results
5.3.1 Screen-printed CIGSe photoabsorber layers

The replacement of energy-demanding vacuum-deposition processes for CIGSe PV fabrication by
more sustainable screen printing approaches is associated with the important challenge of the design
and development of affordable and non-toxic inks. To produce such inks, commercially available CuO,
In, 05, and Ga, 05 were evaluated as starting materials to be dispersed on water and ethanol solvents
to formulate eco-friendly non-toxic oxide inks. To this end, PVA and HPMC polymers were selected as
thickeners due to their low environmental impact, good solubility in the selected solvents, appropriate

rheological properties, and good adhesion properties. This would enable the development of inks with
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high viscosity for screen printing deposition of thin mixed oxide layers with good adhesion to the substrate

of interest.

5.3.1.1 PVA oxide ink formulation

For PVA-based ink formulation, appropriate amounts of the three oxides, targeting the ratio of
Cugg3(Ing,Gay3)Se,, were initially simply mixed in 25% aqueous solution of PVA. Although the
resultant ink had a smooth visual appearance, after screen printing the ink over SLG substrate followed
by selenization, the obtained thin film did not. A dispersion problem leading to the formation of a non-

homogenous and non-compact CIGSe photoabsorber layer was detected by SEM imaging (Figure 5.2).

Figure 5.2. SEM images for the comparison of the surface (a,c) and cross-sectional (b,d) morphologies

of the resultant CIGSe photoabsorber layers before (a,b) and after (c,d) PVA oxide ink optimization.

To improve the dispersion of the oxides in the PVA solution, seven water-soluble surfactants (CTAB,
Tiron, Tween 60, BYK180, BYK199, BYK2013, BYK7420 ES) were selected to be tested as dispersion
additives (2% relative to oxide solids). Based on the results of the OM imaging of the dispersions (Figure
5.3), Tiron was established to provide the best dispersion of the oxides in water. This was mainly attributed
to the decreased surface tension of water induced by Tiron and the good chelating properties of this

compound [17].
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Figure 5.3. Optical microscopy images showing oxide dispersion in water without surfactant (a) and

with CTAB (b); Tiron (c); Tween 60 (d); BYK180 (e); BYK199 (f); BYK2013 (g), and BYK7420 ES (h).

Nevertheless, despite achieving good oxide dispersion, the appearance of bubbles was observed
upon introduction of Tiron into the PVA ink (Figure 5.4a). To overcome this, silicone-based defoamer
BYK28 was added into the ink, which effectively solved the bubbling problem, resulting in a smooth thin
film (Figure 5.4b).
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Figure 5.4. SEM images of CIGSe thin films obtained without (a) and with (b) the addition of BYK28

defoamer.

To convert the mixed oxide thin films into CIGSe photoabsorber layers, selenization under H,
atmosphere was carried out. After this procedure, the formation of carbon inclusions in the resultant
CIGSe layer was observed as a result of carbonization of the organic matter of the ink, mainly PVA (Figure
5.5a). The presence of carbon in the CIGSe photoabsorber is undesired [18], since such impurities will
affect the electrical properties of the films, thus significantly lowering the efficiency of the PV cell. Hence,
a calcination step was introduced prior to selenization in order to remove the main part of the organic
matter of the ink. Based on the TGA results of the PVA oxide ink, it was established that, upon calcination
under air, PVA degrades entirely at ca. 500 °C (Figure 5.5b). This was further confirmed by the absence
of the PVA stretching vibration mode at ~2900 cm™? [19] in the Raman spectra of the calcined thin films

(Figure 5.5a).
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Figure 5.5. Raman spectra of the thin films after different heat treatment procedures, where the circles

indicate the carbon inclusions (a). TG characteristic curve of PVA oxides ink under air (b).
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After the introduction of the calcination step at 500 °C followed by selenization, a compact and dense
CIGSe photoabsorber layer with nearly uniform film thickness of ~3.5 um was achieved (Figures 5.2c, d).
According to the XRD analysis, the resultant thin film is phase-pure CIGSe with tetragonal chalcopyrite
structure, without oxides or other secondary phases present (Figure 5.6a). The phase purity was further
confirmed by Raman spectroscopy, which shows a sharp peak at 174 cm™? and two broader bands at
120 and 218 cm™?! corresponding to A;, B;, and B,/E vibrational modes of CIGSe [20, 21],
respectively (Figure 5.6b). Notably, no band at 260 cm™? associated with the common CuSe secondary
phase was detected by Raman spectroscopy. According to the SEM-EDX analysis, the chemical
composition of the CIGSe thin film was estimated to be Cug ¢ (Ing 74Gag 25)Se, (Figures 5.6c, d), which

agrees fairly well with the targeted composition in the as-formulated novel PVA ink.
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Figure 5.6. Structural and compositional characterization of the CIGSe photoabsorber layer obtained by
screen printing of PVA oxide ink on SLG followed by calcination and selenization: XRD diffractogram (/4/
peak assignment is based on ICDD card no. 00-066-0140 for tetragonal CIGSe) (a), Raman spectrum
(b), and the SEM image (c) together with the corresponding EDX spectrum (d).
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5.3.1.2 Selection of the conductive substrate

The developed eco-friendly PVA oxide ink successfully afforded a high-quality CIGSe photoabsorber
layer on SLG substrate. However, to produce a CIGSe PV cell, the thin film must be deposited on a
conductive substrate, which works as a back contact for the current collection. To this end, several

potential conductive substrates were investigated.

Mo-coated SLG is a common substrate for CIGSe PVs [22], and therefore, the as-developed PVA
oxide ink was initially deposited on Mo/SLG by screen printing followed by the established calcination and
selenization procedures. Unfortunately, the Mo/SLG substrate did not withstand the selenization
conditions, and after exposure to 550 °C for 30 min under a reductive atmosphere of 5%H, /Ar in the
presence of Se vapor, the resultant CIGSe thin film peels due to the transformation of metallic Mo into
MoSe, with concomitant loss of adhesion to the SLG substrate, accordingly to the following chemical

reactions (Equation 5.1 and 5.2).
HZ(g) + SE(g) = ste(g) (5].)

MO(S) + ZHZSE(g) = MOSBZ(S) + 2H2(g) (52)

Therefore, other conductive substrates were investigated taking into account the necessary high
electrical conductivity and thermal stability [22]. First, a bare graphite sheet was studied, but its high
surface roughness did not allow to obtain a compact CIGSe thin film (Figure 5.7a). To overcome this
issue, the graphite sheet was coated by a graphene paste using a screen printer equipped with a 120
mesh count. Although this coating route afforded the formation of the desired CIGSe thin film (Figure
5.7b), the observed adhesion problems and graphite delamination during the thermal treatments (Figure
5.8) hampered this approach. Next, bare stainless steel was established to allow a very good adhesion of
the CIGSe photoabsorber layer to the substrate (Figures 5.7c and 5.9a, b). However, the formation of a
large quantity of a secondary Fe;Se, phase underneath the CIGSe thin film was detected by XRD (Figure

5.9¢, d), which was attributed to selenization of the stainless-steel substrate (Equation 5.3).

3Fe(s) + 4ste(g) = Fe3Se4(S) + 4H2(g) (53)

This phase was found to intermix well with the CIGSe phase induced by the diffusion of Fe, thus
turning the CIGSe semiconducting layer into a conductive one, which is not suitable for PV cell

development. To avoid such intermixing/diffusion, a conductive carbon buffer layer was deposited by
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screen printing, using a 120 mesh count, over the stainless-steel substrate before printing the oxide ink.
However, this approach led to the appearance of cracks in the resultant photoabsorber CIGSe thin film
and its peeling (Figure 5.7d), most likely due to the mismatch of the thermal expansion coefficients of

stainless steel, C, and CIGSe [15].

Graphite coated
with graphene

A Cu(In,Ga)Se, A Cu(In,Ga)Se,
v FTO %176 ¢ SnSe,

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

40 50 60 70 80 100 150 200 250 300
20 (degree) Raman shift (cm™")

20 30

Figure 5.7. Appearance of the CIGSe photoabsorber layers deposited on graphite (a), graphene-coated
graphite (b), stainless steel (c), carbon-coated stainless steel (d), and FTO/SLG (e). Structural and
morphological characterization of the CIGSe thin films screen printed on FTO/SLG using PVA oxide ink,
followed by calcination and selenization: XRD pattern (/47 peak assignment are based on ICDD card no.
01-082-9226 for tetragonal CIGSe and no. 04-003-5853 for tetragonal Sn0, from FTO) (f), Raman

spectrum (g), surface (h) and cross-sectional (i) SEM images.

BN

Figure 5.8. Representative SEM surface (a) and cross-sectional (b) images of the CIGSe photoabsorber

deposited on graphite coated with graphene.
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Figure 5.9. Characterization of CIGSe photoabsorber layer deposited on bare stainless-steel substrate:
surface (a) and cross-sectional (b) SEM images, XRD pattern (A4/ peak assignment are based on ICDD
card no. 01-079-7081 for tetragonal CIGSe and no. 04-007-8080 for monoclinic Fe;Se, from stainless

steel) (c) and Raman spectrum (d).

After ruling out the conductive Mo/SLG substrate, uncoated and coated graphite, and stainless-steel
substrates, FTO/SLG was next investigated. As illustrated (Figure 5.7e), a high-quality compact thin film
with uniform thickness of ~4 um was observed over FTO/SLG (Figures 5.7h, i). XRD analysis confirmed
the phase purity of the resultant CIGSe layer (Figure 5.7f). By Raman spectroscopy (Figure 5.7g), a
shoulder band was detected at 188 cm™!, which most likely corresponds to the A1g mode of the
secondary SnSe, phase [23], suggesting a partial transformation of the SnO, of FTO into SnSe, during

selenization (Equation 5.4) due to the harsh conditions of this fabrication step.

SHOZ(S) + ZHZSE(g) = SnSeZ(S) + ZHZO(g) (54)

Importantly, the electrical characteristics of the FTO back contact and CIGSe photoabsorber layer
were found to be preserved, indicating that FTO/SLG is the most suitable conductive substrate for the

screen printing deposition of the CIGSe thin film when using the PVA oxide ink.
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5.3.1.3 HPMC oxide ink formulation

Screen printing of the PVA oxide ink over conductive FTO/SLG followed by calcination and
selenization provided a high-quality CIGSe photoabsorber thin film. Nevertheless, in order to reduce the
number of fabrication steps, another eco-friendly oxide ink was formulated using water-soluble HPMC as
a thickener: due to its lower degradation temperature of ~250 °C and higher viscosity than PVA, the

HPMC ink features a lower content of organic matter, thus potentially eliminating the calcination step.

In contrast to the PVA oxide ink above, where Tiron was directly added to the ink solution, in the case
of the HPMC-based ink formulation, the oxides were functionalized by Tiron in advance. Then, a mixture
of Tiron-functionalized CuO, In, 05, and Ga, 05 was dispersed in 1:2 water/ethanol solution containing
5% of HPMC. TGA of the ink under Ar atmosphere suggests that the organic matter should entirely degrade

during the selenization procedure (Figure 5.10), thus allowing for omission of the calcination step.
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Figure 5.10. TG characteristic curve of the HPMC oxide ink under Ar.

After screen printing the ink over FTO/SLG and subsequent selenization, the formation of a compact

thin film with uniform thickness of ~2.5 um was observed (Figure 5.11).

Figure 5.11. Surface (a) and cross-sectional (b) SEM images of the resultant CIGSe photoabsorber layer
deposited from the HPMC oxide ink.
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The XRD and Raman spectroscopy analyses of the thin film revealed the main characteristic peaks
of the CIGSe phase (Figure 5.12a, b) with a minor admixture of a SnSe, phase detected by Raman
spectroscopy (Figure 5.12b). SEM-EDX analysis revealed that the chemical composition of the CIGSe
phase is Cug g, (Ing 77 Gag 31)Se, (Figure 5.12c, d), which is consistent with the nominal ratio of the

metals in the HPMC oxide ink.

(a) A Cugn,Ga)Se2 (b) A Cu(In,Ga)Se,
FT
v _ A, ¢ SnSe,
3 1 2
g S—
(7)) c
 — (]
e =
£ £

20 30 40 5 60 70 80 100 150 200 250 300
26 (degree) Raman shift (cm™")

Se
Cu

e Se
| '."

20 25 30

keV
Figure 5.12. Structural and compositional characterization of the resultant CIGSe photoabsorber layer
deposited onto FTO/SLG substrate using the HPMC oxide ink: XRD pattern (/#4/ peak assignment are
based on ICDD card no. 01-082-9226 for tetragonal CIGSe and no. 04-003-5853 for tetragonal SnO,

from FTO) (a), Raman spectrum (b), and SEM image (c), together with the corresponding EXD spectrum
(d).

5.3.1.4 Optical properties of the photoabsorber thin films

The experimental band gap evaluation of the as-fabricated photoabsorber thin films produced from

PVA and HPMC oxide inks was performed by optical characterization (Figure 5.13). The absorption

105



Chapter 5 — Towards all-non-vacuum processed photovoltaic systems. water-based screen-printed Cu(ln, Ga)Se,
photoabsorber with 7.9% efficiency

spectra showed that both thin films strongly absorb light from the visible and near-infrared regions. The
band gap energy for the Cug o(Ing 74Gag 25)Se, thin film obtained by screen printing of the PVA oxide
ink followed by calcination and selenization was estimated to be 0.97+0.02 eV. On the other hand, the
HPMC oxide ink offers Cugq,(Ing77Gag31)Se, photoabsorber with increased band gap energy of
1.08+0.02 eV, which is slightly lower than the reported optimal band gap of ~1.14 eV for CIGSe PVs [24,
25].
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Figure 5.13. UV-Vis-NIR absorption spectra of the resultant CIGSe thin films fabricated from PVA and
HPMC oxide inks.

5.3.2 CIGSe photovoltaic devices
5.3.2.1 Screen-printed CIGSe device

The excellent results presented for the screen printable HPMC oxide ink has driven to choose it to
continue the study for the production of a CIGSe PV cell. A PV cell containing the screen-printed CIGSe
thin film was finished by first depositing a CdS layer of =70 nm thickness through CBD to complete the
p—n junction and to function as a buffer for the correct deposition of the upper layers. Then, a 50 nm ~
Zn0 layer followed by a 200 nm transparent conductive oxide layer of AZO were sputtered on top for the
charge carrier collection. A cross-sectional analysis of the device with the stack SLG/FTO/CIGSe/CdS/
/~Zn0Q/AZ0 was performed using a FIB SEM specimen preparation (Figure 5.14), revealing a PV cell with

a thickness of ~3 um with well-stacked layers.
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Figure 5.14. SEM images of SLG/FTO/CIGSe/CdS//-ZnO/AZQ PV cell: top surface (a) and FIB lamella

preparation for cross-sectional imaging (b).

The chemical composition was further analyzed by EDX mapping in STEM mode (Figure 5.15).
Starting from the top layers, a small intermixing of CdS with the CIGSe photoabsorber was found with a
presence of Cd and S elements in some of the pores throughout the photoabsorber. Nevertheless, CdS
was found to accomplish its function as a buffer layer, preventing the penetration of Zn and O elements
from the top conductive layers to the photoabsorber. Notably, a uniform distribution of Cu, In, Ga, and Se
was found through the photoabsorber with no signs of the presence of unreacted metal oxides, suggesting
a complete conversion of Cu, In, and Ga oxides into the CIGSe crystal. Nevertheless, due to a small grain

size of the particles the photoabsorber layer was found to be porous.

In the chemical composition analysis of the device, a migration of Sn from the FTO back contact into
the CIGSe layer was also detected as the presence of voids at the FTO—CIGSe interface, similarly to the
fabricated CIGSe PV cell presented on Chapter 3. This migration is attributed to the unavoidable reaction
of Sn with Se during selenization, which gives rise to the aforementioned voids at the interface. Comparing
with the previous cell from Chapter 3, a lower amount of such defects were found in the present device,

which is most likely due to the elimination of the calcination step used in the previous procedure.
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Figure 5.15. Cross-section HAADF-STEM image of the champion PV cell: SLG/FTO/CIGSe/CdS/ /-
Zn0/AZ0, with the collected EDX maps of Cu K, Ga K, In L, Sn'L, Se L, Cd L, S K, Zn K, O K, Si K

elements and Se+Sn+Si+0 mixture color image.

The photovoltaic performance of the device was measured by acquiring /~V curves on ten PV cells
in total with an area of 0.16 cm? each, under light and dark (Table 5.1), evidencing that a reliable and
promising CIGSe PV cell has been produced with an average efficiency of ~4.6+1.2%. The champion PV
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cell exhibited a remarkable efficiency of 7.9%, J¢- of 39.5 mA cm™2, V, of 0.33 V, and FF of 57.8%
(Figure 5.16). The high J¢. can be associated with the low band gap of the photoabsorber CIGSe thin
film of 1.08 eV. Similarly, the low V. is related to recombination losses and the low bandgap. Similar
photovoltaic behavior has been observed in the literature for CIGSe photoabsorber layers prepared
employing a selenization procedure [10, 26-28]. The achieved moderate FF is attributed to losses

stemming from the series resistance.

Table 5.1. Photovoltaic parameters of PV cells fabricated from screen-printed photoabsorber layer and

sputtered /~Zn0 and AZO layers.

PV cell Efficiency (%) FF (%) Jsc MAcm™2) | Voo (V)
1 49 39.2 36.0 0.33
2 3.6 52.1 18.4 0.36
3 3.6 50.8 19.7 0.34
4 7.9 57.8 39.5 0.33
5 4.3 49.5 24.0 0.35
6 45 44.5 28.6 0.34
7 4.8 37.8 36.5 0.33
8 3.8 39.2 28.5 0.33
9 4.1 34.0 33.8 0.34
10 4.6 35.3 36.6 0.34
Average 4.6 44.0 30.2 0.34
gf",':::;: 1.2 8.1 7.5 0.01
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Figure 5.16. The light and dark J~V curves of the champion CIGSe PV cell with screen-printed

photoabsorber.

Despite the promising results, the PV performance of the presented device would be further improved
by additional optimization. Importantly, the aforementioned porous photoabsorber and the voids in the
FTO—-CIGSe interface are recombination spots of charge carriers resulting in low V., thus impacting
negatively on the PV performance of the device. Furthermore, these also give rise to high series resistance
and therefore moderate FF. To eliminate the recombination spots resulting from the porosity of the
photoabsorber, a longer selenization procedure or further sulfurization may increase the grain size and
therefore result in a densely packed photoabsorber layer, increasing V. and concomitantly the PV
performance [29]. Regarding the voids in the FTO—CIGSe interface, the back contact—photoabsorber
interface should be improved. Notably, this study has demonstrated that among Mo/SLG, bare stainless
steel, carbon-coated stainless steel, bare graphite, graphene-coated graphite, and FTO/SLG, the last is
the most suitable back contact to be used with the herein presented deposition methodologies. Therefore,
the implementation of a passivation layer above the FTO back contact may provide a solution to prevent

SnSe, formation and the resulting voids, thus improving the PV performance of the device.

5.3.2.2 All-non-vacuum processed device

To further increase the sustainability of the CIGSe PV cells, the replacement of the vacuum-based
processes used in the deposition of the top conductive layers ~Zn0/AZ0 by non-vacuum-based ones has

been targeted. Spray coating was the chosen technique for the deposition due to its simplicity and the
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absence of thickener additives in the ink formulation. To this end, ~ZnO NPs were synthesized following

a reported procedure [16] and dispersed in ethanol using ultrasonication.

ITO is the most commonly used TCO in the industry due to its convenient processability and good
optical and electrical properties, both desirable characteristics for cost-effective industrial production of
PVs [30, 31]. Thus, ITO was selected as the window layer for the CIGSe PV cell under development. For
the ~Zn0O and ITO inks, one- and two-step coating, respectively, was found to be sufficient to achieve a
full coverage of the layers below. Cross-sectional images of the spray-coated ~ZnO layer revealed a

thickness of ~100 nm (Figure 5.17).

Figure 5.17. Cross-sectional image of spray-coated /~ZnO layer.

The top conductive layers of PV cells greatly impact their performance, and in order to allow for
efficient absorption of photons by the p—r junction, these layers should feature high transparency in the
visible region (>80%) and good electrical properties [32]. By cross-sectional SEM imaging (Figure 5.18a),
the ITO layer was found to be a compact film with a thickness of ~340 nm. UV-Vis—NIR measurements
revealed that the range of highest optical transmittance for the spray-coated ITO layer matches well with
the range of highest absorption of photons by the CIGSe photoabsorber thin films (400—1100 nm)
(Figure 5.18b). Moreover, the observed optical transmittance in the visible region (A = 550 nm) was found

to be around =70%, which is slightly lower than the reported optimal value (>80%).
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Figure 5.18. Cross-sectional SEM imaging of the ITO layer coated on SLG (a), together with the

respective transmittance UV-Vis—NIR spectra (b).

The impact of the replacement of the sputtering procedure of ITO by spray coating on the
performance was studied by measuring the /~V/ curves of the PV cells with screen-printed photoabsorber,
chemical-bath-deposited CdS, and spray-coated ~Zn0 (Figure 5.19). In total, 20 PV cells were evaluated
with an area of 0.16 cm? each under light and dark (Tables 5.2 and 5.3). The highest photovoltaic
performance was found for the cell with the sputtered ITO layer (Figure 5.19a), with 5.6% of efficiency for
the champion device and an average efficiency of 4.7+0.6%, which was attributed to the good deposition
uniformity provided by this technique. The use of the spray-coated ITO layer (Figure 5.19b) resulted in an
average efficiency of 1.6+0.2% and a 2.2% efficiency for the champion device, with J¢. of 9.4 mA cm™2,

V,. of 0.34V, and FF of 67.5%. Cross-sectional SEM imaging shows the stack of all-non-vacuum

processed CIGSe PV cell with spray-coated ~Zn0O and ITO layers with a proper stacking of all layers
(Figure 5.20).
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Figure 5.19. The J—V curves of champion CIGSe PV cells developed with sputtered ITO (a), and spray-
coated ITO (b).

Table 5.2. Photovoltaic parameters of the PV cells fabricated by screen printing of photoabsorber layer,

spray-coated /~Zn0Q, and sputtered ITO layer.

PV cell Efficiency (%) FF (%) Jsc (mA cm™?) Voc (V)
1 5.6 69.0 20.3 0.39
2 4.2 62.3 17.5 0.38
3 5.3 56.7 24.5 0.37
4 5.5 57.2 23.9 0.39
5 4.1 61.9 16.7 0.39
6 4.5 54.6 20.6 0.39
7 4.3 52.3 20.4 0.39
8 4.5 56.5 20.3 0.38
9 4.3 50.9 20.6 0.40
10 4.5 55.0 20.0 0.39
Average 4.7 57.6 20.5 0.39
gf",':::;: 0.6 5.4 2.4 0.01
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Table 5.3. Photovoltaic parameters of PV cells fabricated by screen printing of photoabsorber layer, and

spray-coated /~Zn0 and ITO layers.

PV cell Efficiency (%) FF (%) Jsc (mA cm~2) Voc (V)

1.6 71.9 6.6 0.34

2 1.5 78.1 5.2 0.36

3 1.4 76.8 5.2 0.33

4 1.4 77.8 5.0 0.36

5 1.6 79.9 5.3 0.36

6 1.7 70.6 7.2 0.32

7 1.5 72.5 6.6 0.31

8 1.7 71.4 7.4 0.31

9 1.8 73.8 7.6 0.32

10 2.2 67.5 9.4 0.34
Average 1.6 74.0 6.6 0.34
32':::;: 0.2 4.0 1.4 0.02

Figure 5.20. Cross-sectional SEM imaging of the all-non-vacuum processed CIGSe PV cell.

Sputtering of ITO gives rise to films with higher conductivity than those obtained by non-vacuum
deposition processes [33, 34]. Thus, a lower series resistance is expected for the sputtered ITO layer
than the spray-coated one, which is reflected in the resultant /~V/ curves. On the other hand, the device

with sputtered ITO layer revealed a lower shunt resistance due to manufacturing defects, which mainly
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resulted in a lower average FF obtained for the ten PV cells measured: 57.6% and 74.0% for sputtering
and spray-coated ITO, respectively. The excellent optical and electrical characteristics of the sputtered
ITO layer gave rise to a higher transmittance of photons that can be absorbed by the CIGSe layer and
higher extraction of charge carriers by the top conductive layer itself, explaining the higher J,. of
20.3 mA cm~2 when compared to 9.4 mA cm™? obtained using spray-coated ITO. Previous studies
have revealed that due to differences in ITO crystallinity, higher bandgaps are obtained when using
sputtering as compared to non-vacuum processes [35]. Moreover, controlling In doping is difficult with
non-vacuum deposition, contributing to slightly different 1/, values of 0.39 V, and 0.34 V from sputtering

and spray coating, respectively.

5.4 Discussion

5.4.1 Photoabsorber oxide inks

It was found that the primary challenge to obtain an eco-friendly ink for screen printing is the
achievement of a uniform dispersion of raw oxide materials in the solvent and additive mixture.
Experimental efforts showed that the functionalization of the oxides by Tiron surfactant produces well-
dispersed ink mixtures, as has been reported in the literature for several oxide materials in aqueous
medium (e.g., CuO [17], Al,05 [36], TiO, [37], ZrO, [37], Fe, 05 [38]). Tiron complexes with the
metal sites on the oxide surface, thus capping the material. The hydroxyl and sulfonate groups of the
compound result in negatively charged particles with high repulsion, thus improving the dispersion of the

particles in water.

Having well-dispersible oxides in hands, two novel PVA- and HPMC-based inks were successfully
formulated. Notably, this is the first time that eco-friendly and affordable inks, free of expensive and toxic
components, are established for the fabrication of the CIGSe photoabsorber layer. The experimentally
optimized first ink consists of oxides (23%), Tiron (0.5%), BYK28 defoamer (0.5%), PVA thickener (19%),
and water. Screen printing of this ink with moderate calcination of the resultant oxide film to remove
organic matter, and subsequent selenization to convert the oxides into quaternary metal selenide, render
phase-pure Cugo(Ing,4Gags)Se, thin films with compact morphology and uniform thickness of
~3.5 um. The second ink is composed of Tiron-functionalized oxides (30%), HPMC thickener (3.6%), and
water/ethanol (1:2). Based on the low degradation temperature and high viscosity of HPMC, the
calcination step required for the PVA oxide ink could be omitted. Accordingly, screen printing of the ink

followed by selenization provided highly compact and phase-pure Cugg,(Ing;7,Gagsq1)Se;
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photoabsorber layer with uniform thickness of 2.5 um. The differences in the chemical composition of
the films obtained with both PVA and HPMC oxide inks, mainly in the Ga composition, may arise from the
inferior dispersion of the oxides in the PVA ink as compared to HPMC, leading to the presence of GaO
that has not been entirely converted into CIGSe and therefore a lower amount of Ga in the final CIGSe

crystals.

Non-vacuum fabrication of CIGSe photoabsorber thin films from mixed oxide precursors has been
previously reported [10]. Typically, a coating containing well-mixed CuO, In,03, and Ga,05 is applied
on Mo-coated SLG to form a thin film. After drying, the film is reduced under H, atmosphere to obtain a
smooth Cu-In-Ga alloy coating. Finally, the resultant thin film is subjected to a selenization procedure,
thus affording the desired CIGSe photoabsorber layer as a result of the chemical reaction between Se or
H, Se, supplied by the gas phase, and the Cu-In-Ga alloy. For a low-cost, fast and less energy-demanding
fabrication of CIGSe PVs, it would be beneficial to reduce the number of the processing steps. To achieve
this, the present study successfully combines the oxide reduction with selenization, thereby eliminating

one processing step.

A notable experimental observation is that the selenization has to be conducted in the presence of a
reductive 5%H, /Ar atmosphere in order to entirely convert the commercial oxides into the desired CIGSe

phase, following the next chemical reaction (Equation 5.5).

ZCUO(S) + Ir1203(s) + G3203(S) + 4H25e(g) + 4‘H2 = ZCU(IH, Ga)SeZ(S) + 8H20(g) (55)

A systematic comparison of the results obtained for the different conductive back contact substrates
(viz. Mo-coated SLG, graphite, graphene-coated graphite, stainless steel, carbon-coated stainless steel,
FTO/SLG) allows to identify that, in nearly all aspects, only FTO/SLG remains stable during the harsh
selenization treatment. Although the formation of a very small SnSe, admixture was observed, the
conductivity of the FTO was found to be largely preserved. In contrast, the metal back contacts (Mo, Fe)
were observed to suffer from severe formation of selenide phases (MoSe,, FesSe,) during the
selenization in 5%H,, /Ar. In the case of Mo, its entire conversion into MoSe, leads to peeling of the film,
while Fe diffusion into the CIGSe layer poisons the semiconducting characteristics of the phase, turning
it into a conductive one. A similar situation was found in the case of carbon-based back contacts, which
were found to be unsuitable for the screen printing fabrication of the CIGSe photoabsorber layer, mainly
due to the detrimental morphological issues associated with the delamination and cracking of the

resultant films. Accordingly, the use of chemically resistant and thermally stable back contact substrates
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(e.g., FTO/SLG) is essential when fabricating CIGSe from oxides via direct selenization under reductive

H, atmosphere [22].

As stated earlier, the printing method is an interesting process to access CIGSe PVs, with the
exclusion of energy-demanding vacuum deposition, thus lowering the cost and environmental impact of
the solar cell fabrication. Consequently, the PV-relevant band gap energies were studied for the obtained
CIGSe photoabsorber thin films. The obtained band gap values were estimated to be 0.97 and 1.08 eV
for the CIGSe layers screen-printed from PVA and HPMC oxide inks, respectively. These results highlight
the potential of thin films for PV device fabrication, indicating that the presented screen printing approach
provides a sustainable alternative to vacuum-based fabrication methods. Although the observed band gap
energies are slightly lower than the suggested optimal band gap of 1.14 eV, they are comparable to those
reported for CIGSe with similar metal ratios [39, 40]. The variation in chemical composition and possible
internal strain effects could be the reasons for the observed red-shift in the absorption spectra for the

resultant CIGSe thin films [40].

5.4.2 Photovoltaic devices

To date, few PV cells have been fabricated using screen printing despite its great promise for the
deposition of large-dimension layers with low cost, good uniformity, and high resolution, characteristics
that are very attractive for industrial production. Furthermore, this technique allows to print layers with

few micrometers of thickness on any kind of substrate, from flexible polymers to rigid glasses.

Herein, the combination of screen-printed water-based CIGSe photoabsorber with chemical-bath-
deposited r+type CdS and sputtered ~Zn0/AZ0O layers led to a reliable CIGSe PV cell with an average
efficiency of ~4.6+1.2% and a maximum efficiency of 7.9% with J ¢, of 39.5 mA cm™2, V. of 0.33 V,
and FF of 57.8%. However, the detected voids in the interface between the back contact and the
photoabsorber negatively impacted the performance of the device and need to be addressed in the future
by introducing a passivation layer above the FTO back contact or by softening the selenization conditions.

Nevertheless, this device sets the record efficiency for CIGSe PV cells with screen-printed photoabsorbers.

Recently, in addition to coating/printing of the CIGSe photoabsorber layer, there has been increasing
interest in non-vacuum processed upper layers to give access to all-non-vacuum processed CIGSe PVs
[13, 14]. This pathway would result in CIGSe PVs with lower costs and allow for high throughput

production.
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The CBD of the CdS layer is a very well-established non-vacuum-based process used in most CIGSe
PV cells. On the other hand, the TCOs used on top conductive layers are under extensive investigation
due to their utility in devices of different natures, such as displays and smart windows [41]. The upper
layers of vacuum processed CIGSe PVs have been replaced by spray and spin-coated carbon allotropes
[42], AgNW [43], ITO NPs [44], PEDOT:PSS [45], and AZO [30], all in combination with /~ZnO or similar
semiconductors. Herein, the sputtering of ~Zn0O/AZO layers has been replaced by spray-coated i~
Zn0/ITO layers, resulting in a device with 7.9% of efficiency. In line with a sustainable approach, both
inks were developed using ethanol and water as solvents. A single layer of spray-coated ~Zn0O ink with
100 nm of thickness was used for all PVs. On top of it, the effect of the [TO layer on the PV performance
was studied by comparing the spray-coated ITO layer with a sputtered one. The CIGSe PV cell with the
sputtered layer was found to outperform the spray-coated one with 5.6% of efficiency as compared to

2.2%.

The few existing studies on all-non-vacuum processed CIGSe PVs comprising printed CIGSe
photoabsorber have reported efficiencies of 7.7% [14] and 1.6% [13]. The former was produced by Nagino
et al. by spin coating the FTO back contact on glass substrate [14]. A CIGSe precursor layer was then
spin-coated and selenized, albeit without specifying the nature of the precursors or the ink formulation.
To finalize the cell, CBD of CdS and spin coating of ~ZnO/AgNW layers was performed. The lower
efficiency CIGSe PV cell was produced by spin coating all the layers [13]. First, CIGSe precursor ink
comprising synthesized CIGSe NPs suspended in odichlorobenzene was deposited on commercial
MO/ SLG followed by calcination to remove organic matter, without the need of a selenization step. Then,
CdS, Zn0, AgNW, and ZnO layers were spin-coated consecutively followed by a final annealing at 200 °C.

The ZnO precursor solution was developed using 2-methoxyethanol and monoethanolamine solvents.

Herein, an all-non-vacuum processed CIGSe PV cell was fabricated resulting in a maximum efficiency
of 2.2%, Jsc of 9.4 mA cm™2, V. of 0.34 V, and FF of 67.5%. With a screen-printed water-based CIGSe
layer and subsequent selenization above commercial FTO/SLG substrate, followed by CBD of the CdS
layer and spray coating of water-based /~Zn0O and ITO inks, it has been achieved an environmentally

friendly all-non-vacuum processed CIGSe PV cell with the highest efficiency reported.

5.5 Conclusion

Two novel environmentally friendly screen printable inks have been successfully designed,

formulated, and optimized to access phase-pure and compact Cu(In, Ga)Se, photoabsorber layers with
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few um of thickness exhibiting required semiconducting properties. Of particular interest is that by using
readily available starting oxide materials as metal source, it has been possible to access the
Cu(In, Ga)Se, phase through the direct selenization under reductive hydrogen atmosphere, without the
use of the commonly reported oxide reduction step. Moreover, the films printed with the HPMC ink allowed
the omission of a calcination step, requiring just a short selenization procedure. At the same time, the
selenization approach was found to place some constraints on the selection of the conductive substrates,

and fluorine-doped tin oxide coated glass has been established to be a suitable candidate.

The selection of HPMC oxide ink with following selenization as the photoabsorber layer, chemical
bath deposition of CdS buffer and sputtering of top conductive layers to produce a CIGSe PV cell resulted
in a 7.9% of efficiency record-breaking device with the following stack SLG/FTO/CIGSe/CdS//~Zn0/AZ0.

To further minimize the environmental impact of the PV cell production, the upper layers have been
deposited by spray coating of water/ethanol-formulated ~ZnO and ITO inks. The resulting CIGSe PV cell
featured 2.2% of efficiency, the highest reported using an environmentally friendly all-non-vacuum
processed approach. This work encourages the use of a combination of printing/coating technologies
with sustainable inks to lower the production costs, allowing for high throughput, and in general to give

access to more sustainable CIGSe PV cells.
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Chapter 6. Conclusions and future work

This chapter presents the main conclusions of this work which was mainly devoted to the development of solution-
processed CIGSe PVs using conventional and more sustainable methodologies. Moreover, suggestions for future work

are also provided.
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6.1 Conclusions

The PV market has been growing and providing solutions beyond the stablished silicon technology.
Second generation thin film PV cells have been attracting increasing attention and important advances
have been achieved in CIGSe, which recently reached 23.4% of efficiency. In industry, this type of PV cells
are currently fabricated by vacuum-based deposition processes. Despite affording high-performing CIGSe
PV modules, the processes used in vacuum-based fabrication are complex, expensive, energy demanding

and with relevant environmental impact.

The high demand for sustainable and environmentally benign fabrication methods of CIGSe PVs has
prompted an active search for low-cost alternatives to vacuum-deposition processes. To address this
need, this work was focused on printed/solution-processed CIGSe PVs. To this end, phase-pure CIGSe
NPs were synthesized and photoabsorber thin films with high crystallinity and excellent optical properties
were screen-printed to be further used on the fabrication of PV devices. Moreover, environmentally friendly
alternative methodologies were addressed, and as a result, an environmental friendlier PV cell with screen-
printed photoabsorber was developed. Furthermore, by addressing the top conductive layers’ deposition
by spray coating of environmentally friendly inks, a sustainable all-solution processed CIGSe PV cell was

produced.

6.1.1 Conventional methodologies for solution-processed CIGSe photovoltaic systems

Starting with the conventional methodologies, a large-scale heat-up synthesis was developed,
delivering phase-pure CIGSe NPs with hexagonal wurtzite structure. Importantly, wurtzite-type CIGSe is a
very uncommon structure, difficult to obtain. This synthesis delivered NPs with a chemical composition
of Cug go(Ing 7,Gag ,g)Se, which is the ratio used in high efficiency devices, and with Ga not only
distributed inside the NPs but also at their surface, due to a self-exclusion behavior of the NPs. Moreover,
the synthesized NPs were embedded into an ink formulation for screen printing deposition on SLG,
delivering a photoabsorber layer with ~4.5 um of homogeneous thickness, after annealing, and a crystal

structure change from wurtzite to chalcopyrite.

Besides the use of synthesized CIGSe NPs for photoabsorber layer deposition, commercial oxides
precursors were used as well. To this end, Cu, In and Ga oxides were well-dispersed in a high viscosity
ink based on terpineol solvent for screen printing deposition over FTO/SLG substrate followed by
calcination and selenization. A photoabsorber layer was obtained characterized by high crystallinity and

phase-pure CIGSe with tetragonal chalcopyrite structure and an homogenous thickness of ~2 um.
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Notably, by depositing the upper layers CdS by CBD and top conductive ~ZnO/AZO by sputtering, a
reliable CIGSe PV with 6.1% of efficiency cell was fabricated.

6.1.2 Sustainable methodologies for solution-processed CIGSe photovoltaic systems

In order to develop more sustainable methodologies, a large-scale aqueous synthesis of CIGSe NPs
was developed. Importantly, due to the oxidative nature of water, phase-pure CIGSe NPs are difficult to
address. To this end, the use of a nature-derived stabilizer (GSH) for Cu complexation, afforded the
synthesis of 5 g of NPs which with further annealing treatment delivered phase-pure CIGSe NPs with
tetragonal chalcopyrite structure. Moreover, the NPs presented a nominal metals ratio of

Cug 79(Ing 7,Gag 33)Se, and an ideal optical band gap of 1.14 eV.

Furthermore, the use of sustainable methodologies for the development of CIGSe photoabsorber
layers from commercial oxides was also achieved. Accordingly, two novel water-based inks with well-
dispersed oxides were formulated and screen-printed over several conductive substrates. A photoabsorber
layer was thus obtained with phase-pure CIGSe with tetragonal chalcopyrite structure by avoiding the
commonly used calcination and oxide reduction steps. Notably, a fast selenization treatment was enough
to deliver a photoabsorber layer with nominal ratio of Cugg,(Ing;7Gag31)Se, and homogeneous
thickness of ~2.5 um. The fabrication of a CIGSe PV device with the screen-printed photoabsorber, CBD
of CdS and sputtering of ~Zn0/AZO delivered a robust record-breaking CIGSe PV cell with 7.9% of

efficiency.

Finally, the top conductive layers vacuum-deposition were replaced by spray coating of water-based
inks for ~Zn0O/ITO layers, allowing the fabrication of a reliable and novel sustainable all-non-vacuum

processed CIGSe PV cell with 2.2% of efficiency.

Looking forward, the continuous search for efficient “green” and printable CIGSe, as for all-
printed/solution processed PVs, is essential and will lead these PVs to a more competitive path, as they
present advantages in terms of price, miniaturization, flexibility, weight, and especially with respect to

expanded fields of application, such as windows and textiles.

6.2 Future work

The presented work represents a contribution to the development of solution-processed CIGSe PVs,

providing also environmentally friendly approaches to replace inconvenient procedures usually required

124



Chapter 6 — Conclusions and future works

for this technology. Moreover, it was demonstrated that environmentally friendly alternatives do not always
mean lower performance. However, there are still needs for improvement with respect to the inks and

fabrication methodologies used for CIGSe PVs.

= |mprove the synthesized CIGSe wurtzite NPs dispersion on the ink formulation in order to deliver a
thin film with lower thickness to further fabricate PV devices. Moreover, the ink could be optimized to
avoid the use of an annealing treatment at high temperatures so that wurtzite phase could be
preserved and therefore its effects on the PV cell performance could be evaluated and compared with
chalcopyrite one.

= Formulate inks with the aqueously synthesized CIGSe chalcopyrite NPs to further fabricate CIGSe PV
cells.

= Deposit the HPMC water-based oxide inks into an FTO/SLG substrate with a passivation layer so that
the photoabsorber-back contact interface problems could be solved, and the PV cell efficiency
optimized.

= |mprove the spray coating deposition of ~ZnQO/ITO top conductive layers so that a higher amount of
photons can be absorbed by the CIGSe layer and therefore a higher efficiency device could be
achieved.

= Replace the CdS layer by another non-toxic compound to increase the sustainability of the PV cell
fabrication.

= |mplement the methodologies used in the all-non-vacuum processed CIGSe PV cell in roll-to-roll
industrial production.

= Perform a life-cycle assessment of the CIGSe PV cells to evaluate performance and impact in the

scope of the circular economy and green deal paradigms.
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