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ABSTRACT 

Solar energy is one of the most promising renewable energy sources, yet 
increasing solar cell production raises concerns about end-of-life recycling. 
Currently, solar panel recycling remains challenging due to the difficulty to separate 
valuable materials from glass and encapsulants, making device redesign essential. 
This thesis explores cellulose as a substrate that supports the fabrication of 
perovskite solar cells. 

The research assessed cellulose films in terms of their compatibility with 
perovskite solar cells, mainly their optics, surface morphology, mechanical 
properties. After optimizing the transparency, surface roughness, and tensile strength 
of unmodified cellulose nanofibrils films, different nanocellulose grades were tested 
alongside, yet, they were deemed too rough to be used as substrates. Cellulose 
nanocrystal films reached surface roughness comparable to conventional substrates, 
though with reduced flexibility. Combining nanocrystals with nanofibrils improved 
flexibility and moisture resistance, but increased surface roughness. Additionally, 
while highly transparent at normal incidence, nanocellulose films exhibited 
increased reflectivity at angles above 45° due to light scattering by cellulose fibrils. 

In the traditional perovskite solar cell fabrication route, the bottom electrode is 
deposited on the substrate, then etched and patterned for electrically isolated sections 
(i.e., pixels). To accommodate cellulose substrates, a customizable measuring 
apparatus was developed to circumvent this step. This tool helped to prove that 
devices made on non-patterned unetched substrates devices work as well as those 
made on etched ones, enabling early-stage characterization on cellulose films. 

This work concludes with the creation of a methodology for the fabrication of 
more sustainable solar cells through the combination of robust cellulose substrates 
and alternative perovskite solar cell fabrication methods. These findings contribute 
to the development of truly renewable energy sources. 
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TIIVISTELMÄ 

Aurinkoenergia on yksi lupaavimmista uusiutuvan energian lähteistä, mutta 
aurinkokennojen kierrätys on edelleen haastavaa. Tämä johtuu erityisesti siitä, että 
kennojen materiaalien erottelu on vaikeaa. Uusilla kennorakenteilla arvokkaiden 
materiaalien talteenottoa voitaisiin kehittää. Tässä työssä tarkastellaan biopohjaisten 
materiaalien, erityisesti selluloosan, hyödyntämistä aurinkokennojen 
valmistuksessa. 

Tutkimuksessa arvioitiin selluloosakalvojen sopivuutta perovskiitti-
aurinkokennoihin, painottaen optiikkaa, pinnan morfologiaa ja mekaanisia 
ominaisuuksia. Muokkaamattomien nanofibrillikalvojen läpinäkyvyyden, 
karheuden ja mekaanisen kestävyyden optimoinnin lisäksi testattiin erilaisia 
nanoselluloosalaatuja, mutta nämä osoittautuivat liian karkeiksi. Nanokiteistä 
valmistetut kalvot saavuttivat tavallisiin substraatteihin verrattavan karheuden, tosin 
vähäisemmällä joustavuudella. Nanokiteiden yhdistäminen nanofibrilleihin paransi 
kalvojen joustavuutta ja kosteudenkestävyyttä, mutta lisäsi pinnan karheutta. Lisäksi 
havaittiin, että vaikka nanoselluloosakalvot ovat tavanomaisesti hyvin läpinäkyviä, 
niiden heijastavuus kasvaa yli 45° kulmissa johtuen fibrillien aiheuttamasta valon 
sironnasta.  

Perinteisesti perovskiittikenno valmistetaan kerrostamalla elektrodi substraatille, 
minkä jälkeen se etsataan halutun sähköisesti erotellun jaon, ns. pikselöinnin, 
saavuttamiseksi. Tämän vaiheen kiertämiseksi kehitettiin muokattavissa oleva 
mittalaite. Tämä auttoi todistamaan, että ei-kuvioiduilla ja etsaamattomilla 
substraateilla tehdyt laitteet toimivat yhtä hyvin etsatut, mikä mahdollistaa 
varhaisessa kehitysvaiheessa olevien selluloosakalvojen karakterisoinnin.  

Työn viimeinen osa esittelee menetelmiä ympäristöystävällisempien 
aurinkokennojen valmistukseen yhdistämällä vankkoja selluloosasubstraatteja ja 
vaihtoehtoisia perovskiittikennojen valmistusmenetelmiä. Nämä tulokset edistävät 
aidosti uusiutuvien energianlähteiden kehittämistä.  

 
AVAINSANAT: Perovskiitti, aurinkokenno, selluloosa, joustava, kierrätys, 

kestävyys 
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 1 

1 Introduction 

1.1 Contextual overview 

 

Reliance on fossil fuels has had many negative impacts on the environment and 

the world economy: air pollution, water pollution due to oil spillages, energy market 

volatility, armed conflicts over oil and gas rich areas, but above all else, the release 

of greenhouse gases into the atmosphere responsible for global climate change [1], 

[2], [3], [4]. Energy demand is expected to increase, and unless we curb the negative 

effects of fossil fuels usage, we will be faced with many environmental and political 

crises [5]. 

New technologies are required to satisfy the world’s need for clean energy. Solar 

energy appears as one of the most promising alternative sources. An almost 

unlimited energy source, sunlight can be converted into electricity through 

photovoltaic (PV) devices [6]. To date, the global renewable energy share of 

electricity capacity is around 43.2%, which includes hydropower, wind, solar, 

biofuels, among others. This amounts to around 3.87 TW of installed power 

generation of which 1.4 TW correspond to photovoltaic solar energy [7]. As the 

demand for clean energy increases, so does the fabrication of PV modules – in 2024 

700 GW of silicon solar panels were produced [8], and it is projected that the 

manufacturing capacity could reach 2.5 TWp by 2030 [9]. Silicon solar module 

fabrication is mostly concentrated in China, owning 95% of the new facilities 

installed in 2022 [10], and module prices reached the lowest level ever at 0.096 

USD/Watt in 2024 [11]. 

As solar module prices drop and solar energy is more and more adopted across 

the world, it is expected that a high volume of solar modules will be produced to 

tackle climate change. An often-overlooked problem with solar modules is their 

circular economy. Silicon technology dominates the photovoltaic market with more 

than 90% of the installed capacity, and with an average lifetime of 25 years, our 

recycling capacity is not enough to deal with this problem [12]. Modules are built by 

encapsulating the components between rigid layers of glass and plastic, sealed with 

a polymer, usually ethylene vinyl acetate (EVA), and encased in an aluminum frame. 

This structure makes modules very resistant to the outdoors, however, this also 
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complicates their recycling, interrupting their circular economy. The current 

recycling process for solar modules consists in separating the aluminum frame and 

junction box from the module, removing the EVA, and finally removing the silicon 

wafers and recover the metals used for internal connections [12], [13], however, this 

method has yet to be adopted at an industrial scale. 

Most of the value of a solar module lies in its internal components. Silver used 

in the internal connections is a scarce and precious resource, and if the current trends 

continue, it is expected that between 85 to 98% of the total silver reserves will be 

used to manufacture solar modules [14]. Furthermore, at the current mining rate, it 

is expected that the global silver reserves will be depleted in less than 20 years [15]. 

The silicon wafers, while made from a very abundant material, require high energy 

intensive processes to achieve the necessary purity level for solar cells. 

Unfortunately, recovering silicon wafers from modules has proven to be quite 

challenging. Typically, modules are mechanically shredded and then processed to 

recover valuable materials. To avoid damaging the wafer, a chemical delamination 

approach is preferred, although it has been observed that there are still encapsulant 

residues on the wafer that need to be removed via pyrolysis [16]. Whereas silicon is 

the most used PV technology, its recycling complications encourage us to look 

elsewhere for more sustainable alternatives. 

Second and third generation solar cell technologies have started being fabricated 

on flexible synthetic substrates, i.e. polyethylene terephthalate (PET) and 

polyethylene naphthalate (PEN). These substrates have several advantages: they are 

cheap, have very smooth surfaces, are highly transparent, and are well-known 

industrial materials [17], [18], [19]. Yet, one big issue is their fossil origin. Although 

synthetic thermoplastic polymers can be recycled, they degrade on every cycle and 

require new material to be introduced in the process [20], [21]. Ideally, the substrate 

and the electrode attached to it, normally indium tin oxide (ITO), should be 

recovered to be reused in new devices, but unfortunately, ITO can present cracks due 

do bending [22]. The most likely approach for recycling those devices after removing 

the encapsulant would be incinerating them to remove the polymer substrate and 

recover the valuable materials. A more convenient solution would be to use a more 

sustainable material that does not produce as much emissions and waste as synthetic 

polymer. 

Cellulose has surged as an interesting bio-based alternative to synthetic polymer 

substrates in solar devices. As the most abundant biopolymer on the planet, cellulose 

can be obtained from a variety of renewable sources like cotton, trees, and even 

bacteria [23]. Cellulose transparent films have raised interest in the scientific 

community due to the possibility of making printable devices on a more sustainable 

substrate [24], [25], [26] – thanks to its transparency it can allow light to reach the 

active components of solar cells. An important limitation of cellulose films is their 
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low thermal stability. Unmodified cellulose films flexibility decreases with water 

loss from inside the bulk when heated between 75 and 120 °C, but their complete 

thermal degradation is around 300 °C, depending on the type of cellulose [27], [28], 

[29]. In contrast, PET and PEN mechanical integrity are compromised after their 

glass transition temperatures, between 69 °C and 120 °C [30]. As such, cellulose 

cannot resist certain deposition methods and annealing temperatures commonly 

used, i.e., highly conductive ITO and fluorinated tin oxide (FTO) annealing 

temperatures between 350 and 500 °C [31], [32], although it can resist higher 

temperatures than PET and PEN. Therefore, its adoption as a substrate is restricted 

to low-temperature processed solar cells. 

One of the most promising emerging technologies in PV are Perovskite Solar 

Cells (PSCs). While PSCs suffer from low stability, their entry into the solar module 

market is seen as imminent due to their rapid increase in power conversion efficiency 

(PCE) year by year. Characterized by a relatively easy, low temperature and low-

cost fabrication than their silicon counterparts, PSCs have shown an incredible 

increase in efficiency [33]. Unlike silicon solar cells where the silicon wafer is 

treated to become photoactive, PSCs are made by sequentially depositing thin films 

with different roles, such as electrodes, transport and passivation layers, and 

photoactive perovskite materials. PSCs had a meager 3.8% PCE when first used by 

Miyasaka et al. in 2009 [34], and in just 15 years they have had an amazing 

improvement reaching 26.7% [35]. Its ability to be processed at around 100 °C 

naturally pairs it with cellulose to make easily recyclable and high-efficiency solar 

cells. 

There are various issues in combining cellulose and PSCs. As mentioned before, 

cellulose burning limits the fabrication temperatures, as some layers require 

annealing steps around 400 °C in mesoporous architectures. Furthermore, depending 

on the type of cellulose, it can disperse in the solvents used during the fabrication. 

Moreover, films made from the same cellulose material can present different surface 

morphologies, optical and mechanical properties, and these properties can be 

consequences of changing a handful of variables during casting. From how 

concentrated the cellulose is in the solution, how fast it dries, the molecular size of 

the cellulose chains, the material and surface of the container where the film is 

drying, to how much air is dissolved in the solution; all these variables affect the 

properties of the films [36]. 

This thesis focuses on the adaptation of nanocellulose as viable substrate for 

PSCs. In it I discuss how nanocellulose processing affects the characteristics of 

cellulose films and how it would affect the fabrication of PSCs and other 

optoelectronic devices. Later on, I discuss experimental results about the adaptation 

of characterization techniques to PSCs fabricated on unetched substrates where the 
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electrode is unpatterned. Finally, there is an exhaustive review on the fabrication of 

PSCs on cellulose films. 

1.2 Objectives and scope 

 

The main idea of this thesis is the tuning both cellulose films as substrates and 

the PSC fabrication methods. It aims to discuss the requirements for a proper 

substrate for PSCs by examining them with multiple characterization techniques. 

Since cellulose films are new substrates materials in photovoltaics, there is still a 

large knowledge gap that needs to be bridged before adopting this new technology. 

Understanding the inherent limits of the material via different processing routes will 

delineate clearer guidelines on how to adapt bio-based materials into PV devices. 

The main topic is divided into three research questions: 

 

1. How photovoltaics can benefit from bio-based materials? 

2. How nanocellulose processing affects the properties required for films to be used 

as solar cell substrates? 

3. How do PSCs and nanocellulose have to be adapted to work together? 

The first question relates to the importance of introducing or replacing existing 

materials in PV for bio-based alternatives. If high efficiencies and stabilities of new 

generation solar cells can be maintained, switching to bio-based materials has the 

potential of increasing PV’s sustainability, its recyclability, and lowering its cost. 

What components can be replaced, what are the alternative’s limitations and 

advantages, and how they impact the device sustainability are all questions that need 

to be discussed thoroughly. 

The second question concerns the methods used to produce the cellulose films 

and how these affected the final results. While cellulose is simply a chain of glucose 

units, many factors come into play that define resulting film. Important factors 

include how many glucose units form the chain (called the degree of 

polymerization), how the -OH functional groups have been changed, how hydrogen 

bonds of different chains interact, how the films were dried, etc. Therefore, the 

understanding of what properties can the cellulose films have and how they can be 

achieved should be given great importance.  

The last question deals with how the fabrication process of PSCs can affect the 

substrate, how the process can be adapted to work with cellulose, or how can the 

cellulose be modified to withstand the process. Regular fabrication methods are not 

yet adapted to work with cellulose, as it is a new material used in PV. An electrode 

material that can be fabricated at low temperatures should be selected. If the solvents 

used in the process cannot be changed, only cellulose that can resist these solvents 
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should be considered. Table 1 shows which publications answer which research 

questions. 

Table 1.  Where each research question is discussed in the publications included in this thesis 

RESEARCH 

QUESTION 

PUBLICATION 

I 

PUBLICATION 

II 

PUBLICATION 

III 

PUBLICATION 

IV 

PUBLICATION 

V 

RQ1 X X X  X 

RQ2  X X  X 

RQ3    X X 

This thesis focuses on adapting the surface roughness of the films to similar 

values to those of glass, PET, and PEN while maintaining good optical and 

mechanical properties, and what types of cellulose can resist the fabrication process 

of PSCs. 

1.3 Thesis outline 

 

This thesis is based on five publications and they are found in the list of 

publications at the beginning of this work. The first part of Chapter 2 discusses 

cellulose more thoroughly, the different treatments cellulose undergoes, how films 

are made, and what factors affect them. The second part deals with the operation 

principles of PSCs, their fabrication and the factors that affect their functioning 

during fabrication, as well as the methods used to fabricate and characterize the films 

and solar cells made throughout the five publications. Chapter 3 describes the 

methods used in all publications. 

The results of the publications are discussed in Chapter 4. This chapter is 

subdivided in three sections according to the research questions described in section 

1.2. The first research question is answered mostly by Publication I, with small 

contributions from Publication II, III and V, as they directly address the integration 

of bio-based materials in PV. Publications II, III, and V focus on the modification 

and application of cellulose for photovoltaic purposes, addressing the second 

research question. Finally, the answer to the third research question is based around 

Publication IV and V, as they directly engage with the fabrication and 

characterization of PSCs. Publication V contributes to answer all the research 

questions, as it is the culmination of this thesis. 

Chapter 5 ends this thesis with a discussion of the results and suggestions for 

further research. The publications included in the thesis are reprinted after this 

section. 
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2 Background 

2.1 Cellulose 

 

Cellulose is the most abundant biopolymer in the planet, and it has been used by 

humanity throughout history in textiles, paper, food additives, construction, and 

other applications [37]. It is a structural part of all plant life, sustainable, widely 

available, non-toxic, and cheap. Cellulose is primarily derived from three sources: 

cotton, bacteria, and wood. Cotton is the purest source of cellulose, containing only 

minor percentages of fats and waxes. While its purity makes cotton the ideal source 

for textiles, its cultivation is highly water intensive [38]. Pure cellulose can also be 

produced by certain types of bacteria, although this is approach is quite inefficient 

and expensive at the moment [39]. Cellulose can be found in wood in different 

percentages depending on the tree, mixed with hemicellulose and lignin (Figure 1) 

[40].  

From an optoelectronics perspective, cellulose has the interesting capability of 

forming transparent films that can be used as substrates for flexible and printed 

electronics. Typically, cellulose is not thought as transparent, but as an opaque 

material. It has a refractive index different from air, and as a biopolymer, it forms 

long fibers that in turn create porous structures. These structures scatter light to such 

a degree that the bulk material appears opaque [41]. Cellulose first needs to be 

broken down and then reconstituted to form transparent films. This requires a more 

in-depth understating of what cellulose is and how it can be modified. Hemicellulose 

and lignin have also been used to make films, cellulose is better suited for this 

application due to its chemical uniformity, easy functionalization, and superior 

flexibility and smoothness [40], [42]. 

Cellulose molecular structure consists of a chain of D-glucose units (C6H10O5), 

where each unit is rotated 180° with respect the previous one. A unit bonds with the 

next through an oxygen atom between the carbon atom C-1 and the carbon atom C-

4 of the next unit. Each unit has three reactive hydroxyl (-OH) groups connected to 

C-2, C-3, and C-6. The number of units forming the chain is referred to as the degree 

of polymerization. Units in the chain are locked in position because of the hydrogen 

bond between O3-H···O’5. This bond is present in all types of crystalline cellulose, 
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but bonds between O2 and O6 vary. These inter- and intra-molecular forces cause 

cellulose chains to aggregate, creating rigid crystalline structures. The strength of 

these bonds also explains why cellulose degrades before it melts – the hydrogen bond 

network is so extensive that cellulose chains cannot move freely, and cellulose 

undergoes thermal decomposition before enough heat can break this network [23]. 

 
Only a small number of solvents is able to directly dissolve cellulose; they are 

rather uncommon and often require strict operating conditions, such as ionic liquids 

and highly alkaline aqueous conditions [43]. To combine cellulose with simpler 

solvents, a simple strategy is the production of cellulose derivatives by replacing one 

or more of the -OH groups in the cellulose chains. The number of -OH groups 

replaced is known as its degree of substitution (DS), an average value ranging from 

0 to 3, This parameter significantly influences the inter- and intra- molecular forces 

between cellulose chains and the solvent. In unmodified cellulose, these forces are 

responsible for cellulose’s interaction with water, as it bonds with the -OH groups 

and gets trapped between fibers and amorphous regions, allowing cellulose to absorb 

large quantities without being dissolved [23]. Changing the functional groups will 

also impact the derivatives swelling, as they will have different levels of 

hydrophobicity than -OH groups. 

The main strategy to process cellulose films is by dissolution and regeneration, 

that is, the removal of solvent. The resulting film properties are a result of the 

solution and its drying conditions [36], [44], [45]. Solution conditions include factors 

such as the functional groups, solvent type, concentration, DS, and the cellulose 

Figure 1.  Cellulose, lignin, and hemicellulose in wood. Reproduced with permission under 
Creative Commons license [40] 
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chain length, known as the degree of polymerization (DP). The drying conditions 

include the casting surface, solvent volatility, ambient temperature, airflow, and 

relative humidity [46], [47]. It should be noted that unmodified cellulose and some 

of its cellulose derivatives are sometimes processed in water; unmodified cellulose 

is not soluble in water, and it is therefore a suspension, while other derivatives are 

truly soluble in water. As the films dry, the adopt the contour of the drying surface 

the cellulose chains start to arrange. The film optical and mechanical properties will 

depend on the chain and fiber arrangement. 

Cellulose films have been considered as potential substrates for optoelectronics 

thanks to their sustainability relative to PET and PEN [18], [48]. There are two recent 

examples in the literature of successful use of cellulose films as substrates. The first 

one is an organic solar cell (OSC) with a 19% PCE built on ethyl cellulose (EC). 

One of the main issues when building a solar cell on cellulose is the film solvent 

resistance. As cellulose derivative films are made through dissolution and 

regeneration, these derivatives can interact and redisperse in the presence of different 

types of solvents. EC can be dissolved by chloroform, which is the main solvent of 

the ZnO nanoparticle suspension used to fabricate the first layer of the cell. To 

prevent damage to the substrate, the authors made a composite EC film with 

ethoxylated trimethylolpropane triacrylate (ETPTA). ETPTA is cured with UV light 

to polymerize it, forming a robust polymer network that prevents EC from 

redispersing in contact with chloroform. OSCs built on this substrate reached almost 

19% efficiency [49]. The second example is the crosslinking of unmodified cellulose 

to form a so-called “vitrimers”, described as “dynamic covalently bonded cross-

linked polymers, (that) merge the thermal stability of thermosets with the 

malleability of thermoplastics” [50]. Cellulose is first esterified with 10-undecenoyl 

chloride to replace some of the -OH functional groups, then it was made to react with 

(1,4-phenylenebis(1,3,2-dioxaborolane-2,4-diyl))dimethanethiol under UV light. 

This crosslinking is dynamic, meaning the cellulose network to break and reform, 

giving the film great plasticity while maintaining structural integrity. Thanks to this 

type of crosslinking, the cellulose vitrimer can resist water and other solvents, and 

with its high transparency and good mechanical properties it outperforms PEN as a 

substrate. Using this substrate, OSCs reached over 17% efficiency. These two 

examples show that using cellulose as a substrate for solar cells is indeed possible, 

with the right modifications. Cellulose films could be adapted to work with other 

types of optoelectronic devices, although this would require to customize cellulose 

to resist different types of solvents and withstand other deposition methods. These 

modifications are explored further in Publication V. 
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2.2 Perovskite solar cells 

In the last 15 years, perovskite solar cells (PSCs) have attracted significant 

research interest. In 15 years, their efficiency has gone from 3.8% to over 25% [51]. 

Aside from their impressive efficiency, their fabrication is relatively easier than their 

silicon counterparts. Usually, PSCs are fabricated through solution-based methods, 

which lends itself to the use of different deposition techniques, such as spin coating, 

inkjet printing, slot-die coating, although perovskite evaporation has proven to yield 

very reproducible layers [52], [53]. Thanks to these fabrication routes and 

perovskite’s low annealing temperature at around 100 °C, it is possible to use it in 

flexible devices with polymeric substrates like PET and PEN. Furthermore, PSCs 

are excellent candidates to be combined with silicon solar cells to form tandems that 

can achieve higher efficiencies by using a wider part of the solar spectrum [54]. In 

order to better understand how perovskites can be adapted to work with cellulose 

films, it is important to understand some basic concepts about them. 

In photovoltaics, we usually mean organo-metallic halide perovskites when we 

say perovskite. It has an ABX3 structure. A is a big atom or a small molecule, B is a 

metal like lead or tin, and X is a halide. The structure looks like metal B cations 

surrounded by six X anions, forming an octahedron. These octahedra form a crystal 

lattice, and the A cation sits in the interstices [55]. Perovskite can have different 

phases depending on the orientation of the octahedra, and this depends on the atomic 

radii of the components. What is the most stable phase in a perovskite can be 

calculated with Goldschmidt tolerance factor (t) (1):  

 𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
 (1) 

where rA, rB, and rX are the atomic radii of the A, B, and X, respectively [55]. 

Organo-metallic halide perovskites are photoactive in their cubic alpha phase, 

when their tolerance factor is close to 1. In the cubic alpha phase, the octahedra join 

through their vertexes, and are perpendicular to each other. When the tolerance factor 

is different from 1, the octahedra adjust by tilting, and this can cause the lattice to 

change to a different phase. This is mostly defined by the A and B atoms radii: if the 

A ion is too small or the B ion too large, the perovskite can take an orthorhombic or 

rhombohedral structure; or if the A ion is too big or the B ion too small, the structure 

can change to hexagonal or tetragonal [56]. Outside of the cubic alpha phase, the 

perovskite loses its photoactive property, which is something to be avoided. A 

perovskite might have a good tolerance factor, but the structure might become 

unstable overtime due to distortions [57]. These distortions can be a consequence of 

the degradation of the crystal due to the degradation of the organic component, or 

due to contact with water and oxygen, and lattice defects like atomic vacancies or 

ion migration inside the crystal during operation [58]. 
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Perovskites’ great advantage is their tunable bandgap, which can be adjusted 

across the ultraviolet to infrared spectrum by changing the constituent ions. This 

property makes them ideal to combine in tandem solar cells. Their bandgap comes 

from the hybridization of the s and p orbitals of the B and X ions, and this can be 

affected in many ways. As shown in Figure 2a, changing the X anion increases 

conduction band minimum (CBM) by increasing the Pb,p atomic level, due to the 

change in distance between B and X, leading to electron confinement that increases 

its energy. Meanwhile, the valence band maximum (VBM) shifts mostly due to the 

X anion electronegativity. In the case of the B cation, SnI compounds have lower 

electron affinity (EA) and ionization energy (IE) than PbI ones. EA is defined as the 

energy released when an electron attaches to an atom or molecule, and IE is the 

energy required to remove an electron from the valence band. As such, Sn 

compounds require less energy to move an electron from the valence band to the 

conduction band, effectively reducing the bandgap. Finally, while the A cation does 

not participate in the bonding that gives raise to the perovskite bandgap, it indirectly 

influences it by changing the lattice volume and introducing distortion in the 

structure. As the volume and lattice distortions increase, the BX octahedra tilt to 

accommodate to the structure, affecting how the s and p orbitals hybridize, ultimately 

changing the atomic levels [56]. In short, the conduction band is mainly defined by 

the B,p orbital, and the valence band is defined by the antibonding combination of 

the s and p orbitals of BX. In contrast, A has little influence in the electronic 

structure, but it plays a big role on the perovskite dimensionality, and thus, in its 

stability [59]. 

 

Figure 2.  Energy levels in lead and tin perovskites. Reproduced with permission under 
Creative Commons Attribution 4.0 license [56] 

These modifications provide a wide range of tuneable bandgaps suitable for 

PSCs (Figure 3). Additionally, the A cation and the X anion can be a mixture of 

different atoms or molecules. Methylammonium (MA) was the first organic 
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molecule used as the for the A cation site, but due to its tendency to degrade under 

light, moisture and oxygen more options have been explored. Perovskite made using 

formamidinium (FA) are more thermally stable than those using MA, yet, these 

perovskites are not thermodynamically stable at room temperature, undergoing a 

phase transition to a non-photoactive phase [60]. It was found that adding a large 

atom like cesium can help reduce trap states in the perovskite, and increase the device 

stability and performance. Nowadays, devices with the highest efficiencies are made 

with mixed A cations, mainly MA, FA, Cs, and Rb. Recently, guanidinium has been 

used as an A-site cation dopant, allowing for the fabrication of annealing-free PSCs 

with 19.25%. Normally, devices made without thermal annealing suffer from low 

efficiencies, as their annealing methods promote fast crystallization leading to the 

formation of small grains, thus, creating an abundance of charge recombination sites 

in the grain boundaries. The addition of guanidinium iodide facilitates the formation 

of an intermediate phase while the solvent is removed during annealing, leading to a 

better crystallization and higher efficiencies [61]. These results prove that further 

research is needed to optimize cation selection for perovskites. 

 

Figure 3. Different perovskite compositions with different bandgaps. Different perovskite 
compositions are arranged from left to right depending on their bandgaps in eV, from 
350 to 1000 nm. The numbers over and under the bars correspond to the EA and 
the IE of each formulation, respectively. Reproduced with permission under Creative 
Commons Attribution 4.0 license [56] 

Nevertheless, ion mixing comes its own set of problems, with phase segregation 

being one of the biggest. During the perovskite layer deposition and the PSC 

operation, regions rich on different A cations and X anions can form due to various 

factors. As it was explained above, the A-site cation strongly influences the 

perovskite crystal structure and stability, and its migration can lead to undesirable 

impacts. During film formation, when the antisolvent is being introduced, different 

phases form, and this is only exacerbated during thermal annealing. Because of 

perovskite’s nature, activation energies for ion migration are low, allowing ions to 

migrate during operation, driven by difference forces. Ion migration is easily 
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activated under an electric field, and the effect is worsened at elevated temperatures 

(above 50 °C), leading to deterioration of the device [62]. This phenomenon is 

partially reversible when the device is left in the dark [59]. In the case of the X anion, 

bromide (Br⁻) has a higher diffusivity in the solvent than iodide (I⁻) due to its smaller 

ionic radius, and it tends to dominate the growth kinetics of the perovskite. PbBr-

based compounds form easier than PbI-based ones, dominating crystal growth, 

ultimately leading to Br-rich regions. This dynamic indicates that the Br/I ratio is 

crucial to produce well distributed halides in the intended perovskite structure [63]. 

Additionally, in the perovskite lattice, halides are the ions with the lowest migration 

activation energy. Devices made with a Br-rich perovskite (except 100% Br) show 

high hysteresis, and show higher trap density. This is attributed to Br small size and 

easy migration through the crystal structure, leading to the formation to Br-rich 

phases [64]. These results show the sensitivity of this material– fabricating devices 

with perovskites can be challenging as it requires careful control of the 

crystallization process, which is affected by the surrounding atmosphere [65], light 

[66], deposition temperature [67], solvent evaporation [68], etc. One important factor 

that affects the perovskite crystallization is the surface morphology of the surface it 

is forming on, which greatly depends on its roughness [69]; this aspect will be 

explored later. First, it is necessary to discuss the design and fabrication of a PSC. 

Designing a PSC starts with choosing a perovskite active layer material. 

Different applications require different perovskites because of the type of light and 

intensity that is available. To understand PSC operation, it is better to start with the 

active layer, and how the other layers relate to it. First, in the middle of the device, 

there is the perovskite-structure photoactive material from which the cell gains its 

name. When the perovskite absorbs light with energy higher than its bandgap, free 

charge carriers are generated. This process differs from organic solar cells, where a 

bound electron-hole pair (usually called exciton) is generated, and it needs to be 

separated by the other materials [55]. In perovskites, the excitonic binding energy is 

sufficiently low that the available thermal energy is enough to separate the charges 

immediately upon light absorption [55]. Perovskites are known for having large 

diffusion lengths, that is, free charge carriers can travel long distances before being 

reabsorbed by the bulk. The thickness of the active layer in a PSC is usually between 

300 and 500 nm, which is enough for the charge carriers to reach the other layers. 

Next, the perovskite needs to have charge transport layers (CTLs) on each side to 

separate the charges. Introducing charge transport layers reduces the charge 

recombination rate, which increases the device performance [70], [71]. The CTL 

selection is mostly defined by the active layer bandgap and the relative energy levels 

of the conduction band (CB) and the valence band (VB), to ensure proper band 

alignment and efficient charge extraction, as well as fabrication considerations. 

Finally, electrodes complete the device and drive the charge carriers out to an 
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external circuit. Once the device is completed and it is illuminated, the active 

material should produce charge carriers that are extracted through the charge 

transport layers and the electrodes to an electrical load. The performance of the solar 

cell is then determined from its current-voltage (I-V) characteristics and key 

parameters derived from them [72]. 

While the plan to make a PSC starts with the active layer, its fabrication has to 

start on a viable substrate. Most PSCs are made on top of glass substrate covered 

with a transparent conductive oxide (TCO) that acts as an electrode. This material is 

normally deposited via sputtering and annealed at temperatures over 500 °C. ITO 

and FTO are the material of choice due to their high transparency, conductivity, and 

smooth surface [18]. This part of the cell is called the “bottom electrode”. The bottom 

electrode needs to be thoroughly cleaned to allow for the proper deposition of the 

next layers, as defects can cause pinholes and material protrusions that can lead to 

low performance and even short-circuiting. Glass/TCO is typically cleaned with 

water and organic solvents in a sonication bath, followed by a plasma or ultraviolet-

ozone treatment (UV-O3). These treatments have two purposes: to eliminate all 

organic residues on the TCO surface, and to increase the bottom electrode 

wettability, as it greatly affects the spreadability of the next layer [73].  

Next, one of the CTLs is deposited on the electrode. Which CTL is deposited 

first determines the solar cell structure; if the electron transport layer (ETL) is 

deposited first, the device is referred to as having a regular (or n-i-p) structure, 

otherwise it has an inverted (or p-i-n) structure [74]. It is worth mentioning that in 

the organic solar cell field the regular structure starts with the hole transport layer 

(HTL), to avoid confusion. One important factor to choose what CTL is deposited 

first are the material limitations. CTL materials that require high temperature 

annealing, like TiO2 and NiOx, need to be deposited before the perovskite, as it would 

destroy it [75]; some other CTLs need to be deposited after the perovskite due to 

solvent incompatibilities. From this point onward, the fabrication process is normally 

done in a nitrogen atmosphere to avoid water and oxygen intervening in the 

perovskite formation process. However, significant efforts are being made to 

improve the efficiency and stability of PSCs fabricated in ambient conditions [76]. 

Next comes the active layer, and it can be deposited either in one or two step 

process. In the one-step solution process (OSSP), the AX and BX2 salts are mixed 

together in a solvent and deposited on the CTL-covered substrate, followed by 

antisolvent quenching to remove the solvent and start the perovskite crystallization. 

In the two-step solution process (TSSP), a solution of the BX2 salt is deposited first, 

followed by the deposition of the AX solution. Both approaches have advantages 

and disadvantages: OSSP is overall easier to carry out and the films have a more 

defined stoichiometry, although optimizing the antisolvent quenching step is hard 

and can lead to an uneven deposition, while TSSP allows for more even deposition 
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and higher homogeneity at the expense of low stoichiometry control. Then, the 

substrate with the perovskite layer is typically thermally annealed at 100 °C to 

remove residual solvent and promote grain growth [77]. After the perovskite has 

cooled down, the next CTL is deposited. At this stage, the CTL deposition has to 

consider not damaging the perovskite with thermal treatments or solvents. Finally, 

the top electrode, typically gold, silver, or carbon is deposited, thus completing the 

device fabrication. Figure 4 shows an envisioned PSC made on a transparent 

cellulose substrate, with a metallic nanowire bottom electrode, SnO2 as the ETL, a 

perovskite active layer, N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-

spirobi[9H-fluorene]-2,2′,7,7′-tetramine (Spiro-OMeTAD) as the HTL, and a carbon 

top electrode. 

 

Figure 4. Envisioned PSC on transparent cellulose 

For fabricating PSCs on glass substrates, the bottom electrode is typically pre-

deposited by the supplier with an optimized surface roughness. Replacing glass with 

another material requires optimizing the deposition of the electrode (and the first 

CTL) on the new material to minimize negative effects on perovskite formation. 

Such a substrate replacement, in turn, requires understanding the substrate effect on 

the perovskite formation. Climent-Pascual et al. demonstrated that MAPbI3:Cl 

perovskite prefers the 〈110〉growth direction. The preferential (110) fraction 

increases with a reduce surface roughness, showing that the substrate not only has 

an influence on the interfacial properties of the perovskite, but also on the bulk 

properties [69]. 

Replacing glass for cellulose comes with many considerations: how is the 

electrode deposited on the new substrate? How do we optimize these layers to have 
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the best transparency with the lowest possible surface roughness and resistivity? 

How will these new materials impact the formation of the perovskite layer? If this 

new electrode forms a porous network, like metallic meshes and nanowires, how will 

solvents affect the substrates? The “traditional” deposition process of PSCs has been 

optimized to work on glass substrates over the years, and on PET and PEN to a lesser 

extent. Substituting glass and polymers requires reengineering all the methods 

involved into making a PSC. Cellulose films come with some limitations, yet most 

can be eliminated, or at least greatly reduced with the right modifications. 

Sustainable solar cells depend on finding the overlap between the restrictions posed 

by the properties of cellulose films and PSC fabrication methods. 
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3 Methods 

3.1 Cellulose films fabrication and characterization 

3.1.1 Cellulose casting 

In Publication II, cellulose films were made to study how their processing 

affects their final properties. First, cellulose nanofibrils (CNF) were made from 

bleached birch pulp that was disintegrated with a high-pressure fluidizer (pressure 

of 1500 bar, Microfluidics M110P, Microfluidics Int. Co., Newton, MA) six times. 

CNF films were made by vacuum filtration from a CNF suspension in water, pressed 

between filter paper and steel plates and hot pressed. The optimal results were 

obtained using a 0.5% CNF concentration in water, 60 g/m2, and pressing at 30 °C. 

After optimization, nanocellulose of different grades was used to test the impact 

their functional groups on the final films. The same birch pulp was subjected to a 

TEMPO-mediated oxidation (2,2,6,6-tetramethylpiperidine-1-oxyl) process and 

passed through the microfluidizer once (TO-CNF). Other films were made using 

chlorine-free bleached softwood sulphite dissolving pulp and subjecting it to either 

an enzymatic (ENZ-CNF) or a carboxymethylation (CMC-CNF) treatment. ENZ-

CNF was passed through the microfluidizer three times at 400 bar and five additional 

times at 1700 bar. CMC-CNF was passed only once through the microfluidizer at 

1700 bar. Films made from these different nanocellulose grades were made in a 

similar fashion to the optimizer neat CNF ones. 

In Publication III composite nanocellulose films were made using CNC, CNF, 

and montmorillonite clay (MTM). First, a 2 wt% CNC suspension in water sonicated 

and vacuum filtrated. A 2.18wt% CMC-CNF suspension was prepared in a similar 

fashion to that from Publication II. 25 g/m2 CNC:CNF films were cast on 

polystyrene Petri dishes and dried overnight at 23 °C and 50% relative humidity. 

CNC:CNF films were made with 100:0, 75:25, 50:50, 25:75, and 0:100 mass ratios. 

The films containing MTM consisted of 50:50 cellulose (CNC: CNF): MTM by 

mass. All the films made in Publications II and III were prepared by our 

collaborators. 
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3.1.2 Angle dependent transmittance 

In angle dependent transmittance, the sample is mounted on an aperture of an 

integrating sphere; inside this sphere there is a highly reflective polymer that directs 

all the light to an optic fiber cable to takes it to a spectrometer. This solution also 

allows rotation of the integrating sphere and the sample, enabling measurement of 

how the transmittance is affected by the light incidence angle. Our setup consisted 

of an Artifex Engineering 100 mm integrating sphere coupled to a motorized rotating 

stage. A Thorlabs SLS201L/M Stabilized Tungsten-Halogen Light Source was used 

as a white light source, coupled to a Thorlabs SLS201C collimator and a pair of 

lenses. The light from the integrated sphere is transmitted through an optic fiber to a 

Thorlabs CCS200/M compact Czerny-Turner spectrometer (Figure 5). This 

technique was used to analyze the cellulose films made for Publications II and III. 

The data obtained is weighted against a 1.5 AM solar spectrum to simulate the 

transparency they would have under a solar simulator. 

 

 

Figure 5.  Angle dependent transmittance setup at the University of Turku. 

3.1.3 Tensile testing 

To measure the mechanical properties of the films made for Publication II and 

III the films had to be preconditioned by maintaining the films in a controlled 

environment with 50% relative humidity at 23 °C for several days. The films are 

then cut in strips 30 to 45 mm long and 6 mm wide and subjected to a tensile test 

using an MTS 3125 tensile tester to obtain their stress-strain curves at a strain rate 
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of 5 mm/min. These tests were done by our collaborators at RISE Research Institutes 

of Sweden. 

3.1.4 Atomic force microscopy 

Atomic force microscopy (AFM) is a microscopy technique used to image the 

surface of samples in the nanometer scale thanks to its ease-of-operation and high 

resolution compared to SEM. Unlike optical and electron microscopies, AFM 

generates the images by dragging a very fine tip over the sample surface to measure 

its topography and other properties. It has some advantage over SEM and TEM 

systems: it can produce high quality surface images at a fraction of the cost, it is 

simple to operate, and it does not need special measurements conditions like high 

vacuum or low temperatures; however, it does take significantly longer to get good 

quality measurements. 

AFM works by using a very fine tip mounted on a silicon cantilever to scan a 

surface. Light reflected from the cantilever is measured by a photodiode, ultimately 

transforming the cantilever movements into electrical signals. These signals are 

recorded for each pixel of the measured area, creating the image. The tip is also 

connected to piezoelectric transducers that measure the force applied to the tip to 

know how close it is to the sample surface. These components are connected to PID 

controllers to regulate the movements of the instrument. 

To measure the topography of a surface, AFM can be divided in in two modes: 

contact and oscillating. In contact mode, the cantilever deflection is a direct result of 

the topography of the sample, without the need of a lot of processing that can slow 

down imaging, making it a relatively fast method. When the cantilever is close to the 

sample surface, it experiences a repulsion force; the AFM system tries to keep the 

cantilever repulsion at a constant value (known as the set-point) to avoid tip 

deflection and minimize errors. In oscillating mode, as its name implies, the tip is 

oscillating at a constant frequency and the amplitude and frequency changes due to 

the interaction between the tip and the sample surface. Oscillating mode can be 

further divided in non-contact mode, where the tip oscillates close to the sample 

surface and experiences only attractive forces, and tapping (or intermittent) mode, 

where the tip moves through the repulsive and attractive regimes. Tapping mode use 

is favored in air, while non-contact mode is used in vacuum conditions. Nonetheless, 

non-contact mode can produce as good results, and often better, as tapping mode due 

to lower tip wear [78]. 

In Publication III, a ParkSystems NX10 AFM microscope in non-contact mode 

was used to gather surface morphology images from cellulose samples. The images 

were further processed using Gwyddion to obtain statistical data and 3D images of 

the sample surface. 
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3.2 PSC fabrication and characterization 

3.2.1 Spray coating 

In spray coating, a liquid solution is atomized by a carrier gas to evenly distribute 

it over a surface. This method is low-cost and easy to upscale due to its simplicity, 

being one of the few that can be used both in a laboratory scale as well as in industry. 

An airbrush similar to the one in Figure 6 was used to spray coat some materials to 

make PSCs. To operate it, a gas needs to be pumped through the gas inlet, typically 

compressed air or pressurized nitrogen; the gas is released when pressing and pulling 

the trigger, making the gas pass below the solution chamber, carrying the solution 

through the nozzle and onto the substrate. The deposited film morphology can be 

controlled by controlling the spray rate, the gas pressure, and the amount of solution 

used [79]. While devices made through spray coating with airbrushes can achieve 

high efficiencies, the method is difficult to optimize and requires a skilled operator 

[79]. 

 

Figure 6.  Airbursh cross-section. Reproduced with permission of Wiley [79] 

In Publication IV, for PSCs made on glass/FTO, spray pyrolysis is used to 

deposit a layer of crystalline titania (c-TiO2) to act as the ETL. First, a 25 ml solution 

was made with 2 ml diisopropoxytitanium bis (acetylacetonate), 1 ml of 

acetylacetone, and 22 ml of ethanol. This solution is evenly sprayed over clean 

glass/FTO substrates held at 460 °C to form a c-TiO2 layer of around 40 nm 

thickness. 
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3.2.2 Spin coating 

Spin coating uses centrifugal force to spread a liquid evenly over the surface of 

a rotating substrate, at speeds between 1000 and 10 000 rpm. This technique can 

make coating as thin as a few nanometers, making it particularly useful for thin film 

fabrication. Because the solvent evaporation can be greatly increased by airflow 

caused by the high spinning speeds, the coating and drying of the substrate can be 

done in the same step. Spin coating is a widespread PSC fabrication method thanks 

to its simplicity, low-cost, and relatively even deposition [80]. Although, only one 

device can be processed at a time, it is seen mostly as a method for trying and testing 

new formulations before production upscaling. Spin coaters are simple machines, 

mainly consisting of a place where the substrate can sit still while rotating, known 

as the chuck, and it is maintained in place with a vacuum force. Around this setup 

there are walls that catch the residues ejected during rotation. The spin coater 

electronics help set up coating programs by controlling the coating speed, 

acceleration, time, and number of steps. The coating solution can be spread over the 

substrate before the spinning program, or during spinning, known as “dynamic spin 

coating”. 

In Publication IV, part of the ETL, the active layer, and the HTL were spin 

coated to make PSCs. Around 50 µl of a 150 mg/ml suspension of 30-NRD TiO2 

paste in ethanol were spin coated on c-TiO2 covered substrates, followed by another 

annealing step at 450 °C for 30 minutes to complete the mesoporous titania layer (m-

TiO2). After the films have cooled to room temperature, they are subjected to a UV-

O3 treatment for 15 minutes, then transferred to a nitrogen-filled glovebox for spin 

coating with the perovskite active layer. The perovskite precursor solution is a mix 

of three solutions in different proportions to make a 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 (CsFAMA). First, a solvent solution is 

prepared using a 4:1 V/V proportion of dimethylformamide (DMF) and dimethyl 

sulfoxide (DMSO). This solvent is used to prepare 1.5 mol solutions of PbI2 and 

PbBr2; another CsI 1.5 mol solution is prepared with only DMSO. The PbI2 and 

PbBr2 solutions are mixed with FAI and MABr, respectively, with a stoichiometry 

of 1:1.09 (9% lead excess). These two solutions are mixed in 5:1 V/V ration, then 

complemented with 5 vol% of CsI in DMSO to obtain a 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 (CsFAMA) perovskite precursor. The 

precursor solution is cast on the TiO2-covered substrate and spun at 1000 rpm for 10 

s for even spread, then at 6000 rpm for 20 s. 10 s before the end of the program, 200 

µl of CB are dynamically spin coated on the substrate to quench the perovskite layer 

and remove the solvent. The sample is then thermally annealed at 100 °C for 1 h. 

The HTL is made with a 70 mM Spiro-OMeTAD solution in CB, doped with 4-

tert-butylpyridine (tBP), lithium bis(trifluoromethanesulphonyl)imide (LiTFSI, 

Sigma Aldrich) and tris(2-(1H-pyrazol−1-yl)−4-tert-butylpyridine) cobalt (III) tris-
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(bis(tri-fluoromethane) sulphonimide) (FK209). After returning to room 

temperature, the substrates are dynamically spin coated with the Spiro-OMeTAD 

solution at 4000 rpm for 10 s. The substrates are then left inside a dry box overnight 

to allow oxidation of the Spiro-OMeTAD (HTL), which increases its conductivity. 

3.2.3 Thermal evaporation 

Metal top electrodes for PSCs are typically thermally evaporated, and usually 

made of gold or silver. This is done inside a chamber with ultra-high vacuum 

(pressures below 1.5 x 10-5 mbar), where the metal is heated to be vaporized. 

Vaporization can happen in molten metals (i.e., Al and Sn) or solids (i.e., Cr and Mg) 

[81]. The vaporized metal then condenses on the substrate surface, forming a thin 

layer that serves as an electrode. In Publication IV, gold was thermally evaporated 

to form an 80 nm thick electrode on top of the HTL to complete the solar cells. 

3.2.4 3D printing of characterization holders 

In Publication IV, holders were made through 3D printing to characterize PSCs 

and investigate if there are differences between devices made on etched and unetched 

devices. This distinction is important for solar cells made on cellulose, as some types 

of electrodes (i.e., metallic nanowires) cannot be etched if embedded inside the 

cellulose matrix, and etching chemicals and laser could damage the substrate. The 

holders were made from EasyABS filament in a Prusa MK3S+ 3D printer with a 0.4 

mm stainless steel plate. Harwin P70-1020045R spring-loaded “pogo pins” were 

inserted and glued to the 3D printed holder and soldered to copper wires. 

Neodymium magnets were added to each corner to fix the cell in place. The cells are 

accompanied by a brass characterization mask with a defined aperture area. This 

holder was designed to have constant contact between the pin and the electrode at 

different points of the cells without using alligator clamps that could damage PSCs 

made on cellulose (Figure 7). 
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Figure 7. 3D printed holder with an 8-pixel PSC and characterization brass mask. Reproduced 
with permission under Creative Commons Attribution License 4.0 [82] 

3.2.5 Current-voltage (IV) characterization 

The four key parameters used to evaluate the performance of a solar cell are: 

open-circuit voltage (VOC), short-circuit current (ISC), fill factor (FF), and its PCE. 

Under open-circuit conditions, meaning that the cell is illuminated and not connected 

to an external load, the generated electrons move to the ETL and the holes to the 

HTL, accumulating at the interfaces. This charge separation creates a charge 

difference between the electrodes, which is the voltage generated in the cell. It can 

be deduced from the difference in energy levels between the ETL and the HTL, and 

it is affected by the quality of the perovskite layer and charge recombination. In a 

sense, VOC is the voltage generated in the cell when illuminated and connected to a 

load with infinite resistance. In a similar manner, connecting the illuminated cell to 

a load with zero resistance gives ISC. This parameter is a measure of how many 

charge carriers can be extracted from the cell; the more light with higher energy than 

the perovskite bandgap reaches the active layer, the more charge carriers are 

generated. ISC is greatly affected by the resistivity of the materials and interfaces, by 

carrier recombination due to trap states, and by temperature. Usually, the short circuit 
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current density (JSC), is reported instead, as it allows for a better comparison between 

devices by considering the cell active area. 

FF measures the performance of a solar cell (2). FF represents the “squareness” 

of the JV curve; it is the relation between power generated at the maximum and the 

power that would be generated at ideal conditions [72], defined as: 

 𝐹𝐹 =
𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥

𝑉𝑂𝐶×𝐽𝑆𝐶
 (2) 

The efficiency of the cell (PCE or η) is defined by the relation of how much 

power is being generated and the power of the light shone on the cell (3): 

 𝑃𝐶𝐸 =
𝐽𝑆𝐶×𝑉𝑂𝐶×𝐹𝐹

𝑃𝑆
 (3) 

where PS is 1 sun, equal to 1000 W/m2. All these values are illustrated in an IV 

curve (or JV is using the current density) (Figure 8). 

  

 

Figure 8. Power density (red) and current density (black) as a function of voltage. Reproduced 
with permission of Elsevier [72] 

In Publication IV the 4-pixel cells were characterized using a Newport Oriel 

Instruments model 92 250A solar simulator at 1 sun illumination, and a Keithley 

2636 source measure unit (SMU). The cells were covered with a brass mask with a 

12 mm2 aperture to only measure the power produced by a known illuminated area. 

The 8-pixel cells made by our collaborators were characterized using a Wavelab 

Sinus-70 solar simulator and a Keithley 2450 SMU using a brass mask with a 10 

mm2 aperture. Both groups were characterized with a 50 mV/s scan rate. 
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3.2.6 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique to characterize the 

electrical and electrochemical properties of PSCs during operation by measuring the 

impedance response to small electrical signals of varying frequencies. One 

advantage of PSCs is that they require low energies to form; however, this also 

means they can be easily affected in many ways. Inside a PSC there are a multitude 

processes occurring at the same time: degradation from moisture, oxygen, and UV 

light, ion migration due to electrical fields created inside the device during operation, 

and radiative and non-radiative carrier recombination [83]. All of these processes 

have different timeframes, as illustrated in Figure 9. 

 

 

Figure 9. Dynamics in a PSC. Reproduced with permission under Creative Commons 
Attribution NonCommercial 3.0 Unported License [83] 

By introducing a small electrical sine wave signal of a known frequency and 

measuring the impedance change in the device, it is possible to know how long it 

takes the device to return to an equilibrium state. This information is compared to an 

equivalent electrical circuit (EC) (Figure 10a) that would show a similar behavior, 

allowing for a better understanding of the underlying physics of the device. As 

shown in Figure 9, IS can only provide information about certain processes, because 

the timeframe of other phenomena is either too slow, like device degradation, or too 

short, like radiative recombination. Therefore, EIS is mostly useful to measure ionic 

migration and trap-assisted recombination. EIS is often carried out as a complement 

to IV characterization, and it can give useful information to understand the reasons 

behind a cell performance. 

EIS information is laid out in a Nyquist plot, where the impedance real 

component is on the X-axis, and the imaginary component is on the Y-axis. PSC EIS 

measurements typically appear as semicircles (Figure 10b), with the high frequency 
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measurements on the left side of the graph and the low frequency ones on the right; 

these semicircles can be compared to the electrical response of a resistor-constant 

phase element (R-CPE) circuit (Figure 10a). The first element, the series resistance 

(RS), is derived from the distance between the origin and the start of the semicircle. 

RS is a purely resistive value; thus, it only has an X component, and it is the ohmic 

resistance between the cell electrodes. The first semicircle corresponds to the high 

frequency responses inside the cell, such as the non- radiative recombination 

processes, and it is represented in the EC by a CPE and a resistor in parallel. The 

resistor corresponds to the semicircle diameter on the X axis, and the CPE is 

responsible for the “flatness” of the semicircle. The second semicircle thus 

corresponds to the low frequency response attributed to ion migration inside the PSC. 

This information complements the IV results giving information about how charge 

transport affects the cell performance. RS highly impacts the cell FF, ultimately 

lowering PCE. A low RRec signals high charge recombination happening in the cell, 

lowering the cell VOC and ISC. At the furthest to the right RIon indicates the resistance 

of mobile ions to move inside the perovskite layer and across the interfaces. A low 

RIon indicates that ions move too easily and this causes undesirable hysteresis. 

Ideally, a solar cell should have low RS, but high RRec and RIon. 

EIS was performed on the cells made in Publication IV, using a Gamry 

Reference 600+potentiostat from 10−1 to 106 Hz and a Peccell PEC-L01 solar 

simulator.  
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Figure 10. (a) EIS equivalent circuit; (b) EIS of PSCs measured at different points on the 
electrode surface. Reproduced with permission under Creative Commons 
Attribution License 4.0 [82] 
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4 Results and discussion 

4.1 Impact of cellulose processing and drying on 
film properties (Publications I, II, and III) 

4.1.1 Bio-based materials for solar cells 

A set of bio-based materials were reviewed in Publication I to evaluate their 

potential as greener alternatives to valuable or scarce materials in photovoltaic 

devices (Figure 11). One of the best examples is transparent wood as a substrate; 

after removing lignin and replacing it with a transparent epoxy resin with a matching 

refractive index, a PSC with 16.8% was built [84]. The low efficiency, compared to 

the state-of-the-art, is partly due to the substrate thickness, reducing the amount of 

light that reaches the active layer. Cellulose films, on the other hand, have the 

advantage of being very thin and highly transparent, as they are made of pure 

cellulose and do not need to go through lignin removal and resin incorporation steps. 

Cellulose films offer easy processing, flexibility, and high transparency in 

contrast with transparent wood; however, cellulose films tend to have high surface 

roughness and can be affected by solution-based fabrication methods. The surface 

roughness depends on the fiber size being used and the fabrication method, while 

solvent interactions highly depend on the cellulose functional groups and the number 

of available -OH groups. One way to reduce the surface roughness is using nanosized 

cellulose materials to make films, but it only reduces it to a few micrometers – still 

three orders of magnitude higher than glass. CNC can reach roughness levels of a 

few nanometers, but CNC films are too brittle and break easily. On the other hand, 

during fabrication it is desirable that cellulose films can be made using common 

solvents, however, this becomes a problem when depositing material using a solvent 

that can redisperse cellulose. In Publication I, it was proposed to use a planarization 

layer to reduce the surface roughness, protect the film from solvents, and increase 

the gas barrier levels. It has to be stated that the selection of this layer needs to be 

carefully selected, and its environmental impact should not be understated – while 

the substrate is bio-based, it risks “greenwashing” the substrate-coating array. 
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Figure 11. Possible bio-based components in solar cells. Reproduced with permission under 
Creative Commons Attribution License [85] 

One of the main objectives of Publication I is to challenge greenwashing; 

including biobased materials does not automatically make something greener. The 

viability of the product that uses biobased materials should be judged based on 

economic and environmental criteria, i.e. their return on energy investment (REI). 

The REI analysis considers the energy produced by the device during its lifetime 

versus the energy invested to fabricate it, giving rise to three categories of biobased 

materials: those that are near to be implemented, promising ones that need further 

research, and materials with low performance meant for specialized applications. In 

this analysis, cellulose films fall in the second category, as it shows great promise, 

but many properties need to be improved, such as their gas barrier properties and 

their surface morphology without sacrificing their mechanical and optical properties. 

4.1.2 Processing factors affecting roughness, optical and 
mechanical properties of nanocellulose films for 
optoelectronics 

 

In Publication II results are divided in two parts: the first is on how the film 

properties can be changed using a single type of CNF, and the second is on different 

types of CNF with the optimized parameters from the first section. One of the first 

things observed that have an impact on the film formation was the cellulose 

suspension stability and homogeneity. Low concentrations (0.1 wt% in water) led to 
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phase separation after 24h, due to the poor network stabilization and less interaction 

between the nanofibrils. After casting the films, it was observed that those made with 

high concentrations (1.5 wt%) had higher opacity, reflectance, and haze at 550 nm, 

caused by CNF flocculating in suspension, before the film formation. It was also 

observed that higher concentrations led to an increase in surface roughness due to 

the formation of agglomerates, which would be unfavorable when fabricating PSCs. 

Films made with a 0.5 wt% presented the lowest surface roughness (500 nm) and 

very high transmittance (~86% at 550 nm), therefore, this concentration was chosen 

for the second section. 

Increasing the films’ grammage and the pressing temperature both decreased the 

optical transparency, but for different reasons. Pressing at 90 °C results in quicker 

water elimination, disrupting the formation of hydrogen bonds between cellulose 

chains, leading to a reduction in shape. Film density increased with the grammage, 

elongating the path light has to travel across it, ultimately reducing the transmittance 

(Table 2). It was also observed that as density increases, so do the reflectance and 

haziness, and observing the difference in surface roughness, there is no clear 

correlation. This effect indicates that optical properties are affected more by the 

internal structure of the film than its surface. Mechanically, changes on the 

parameters discussed above have a noticeable effect on the films’ tensile strength. 

An increase in density meant higher fiber compaction, which require more energy to 

break. Also, films made with low concentrations and pressed at low temperatures 

presented better mechanical properties, probably due to the random orientation of 

the fibers. 
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Table 2.  Properties of various films made with difference NC grades. Reproduced from 
Publication II 
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In the second section of the article, films of different grades of CNF were made 

to study the effects of different functional groups and treatments. The same CNF 

used for the first batch of films was subjected to TEMPO-oxidation treatment, in 

which –OH groups were converted into carboxyl (–COOH) groups. Then, CNF from 

another supplier was subjected to a carboxymethylation treatment to bond the -OH 

functional groups with chloroacetic acid following Wågberg et al. protocol [86]. The 

same CNF was also subjected to an enzymatic treatment. Regular CNF and the 

enzymatic CNF (CNF and Enz-CNF) kept the -OH functional groups, whereas the 

TEMPO-oxidized and the carboxymethylated CNF (TOCNF and CMC-CNF) have 

different functional groups. 
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Figure 12. Different CNF grades and their properties. (a) CNF source pulp. (b) Films made with 
different CNF grades. (c) SEM cross-section images of CNF films. (d) Suspensions 
turbidity and nanofriction. (e) Transmittance and reflectance at 550 nm. (f) Haze at 
550 nm and grammage. (g) Roughness on both sides of the films. Reproduced with 
permission under Creative Commons license CC-BY [36] 
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It was initially hypothesized that the suspension turbidity could indicate what the 

optical properties of the film would be, but in the case of Enz-CNF its lower 

transmittance and higher reflectance can be attributed to voids in the films created 

by the longer fibrils that increase the light scattering. The cross-section SEM pictures 

(Figure 12a) show that all films have laminar structures, yet TOCNF and CMC-

CNF have different densities due to the interaction of their functional groups with 

water. Water removal in CMC-CNF films was slower, leading to denser films. 

Furthermore, since these films were produced through vacuum filtration, the side 

that is in contact with the filter tends to have the higher surface roughness, as the 

large fibrils tend to settle at the bottom. But even the “smoothest” film still had a 

surface roughness over 1µm, which is quite high compared glass at around 1 nm. 

Normally, denser films lead to better mechanical properties, but this is only true 

when comparing the same CNF grade. CNF films were stronger than Enz-CNF 

because the fibril size homogeneity led to better compaction and better interaction, 

requiring more energy to break. In the case of Enz-CNF and CMC-CNF, carboxyl 

groups induced higher fibrillation leading to enhanced assembly and entanglement. 

Since regular CNF and TOCNF films were made from the same base CNF, it was 

expected that the carboxyl groups would have the same effect, yet TOCNF films had 

lower mechanical properties as they were too fibrillated. 

Optical transmittance is one of the most important properties for a solar cell 

substrate. Transmittance is usually measured with a UV-Vis spectrometer where 

light is shone on a semitransparent sample and measured on the other side to know 

what is its transparency to different wavelengths. The limitation of this approach is 

that it can only measure light that passes directly through the material and is not 

refracted away from the detector. This problem can be solved by trapping all the 

light scattered by the sample inside a very reflective body (i.e., an integrating sphere) 

and sending it to a spectrometer. This approach can be complimented with a 

motorized base to rotate the integrating sphere, resulting in transmittance 

measurements that are now angle dependent. Measurements like this are important 

as it has been proven that cellulose can work as an antireflective coating [87], [88]. 

In the last section of the article the films were analyzed through angle dependent 

transmittance, to see how well these films would perform as substrates for 

optoelectronics. While highly transparent when light is perpendicular, the films 

exhibit high light scattering, reflecting light as the angle increases, dropping from 

>90% at 0° to 60% at 65°. Compared to glass, PET, and PEN, CNF films are highly 

reflective at different angles, which can lead to less light entering the active area of 

a solar cell. Fang et al. [89] used a cellulose film as an antireflective coating on a 

solar cell to increase its photocurrent by scattering light increasing its pathlength 

across the cell, giving light a higher chance to be converted into electricity. This 

approach can lightly increase the cell efficiency, yet it can only work when the 
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antireflective coating refractive index is carefully tuned, requiring a good control of 

the film thickness and porosity [90]. 

4.1.3 Multifunctional nanocellulose hybrid films: From 
packaging to photovoltaics 

In Publication III, CNC and CMC-CNF were combined to make composite 

films. CNC films are generally brittle, and the addition of CNF can help increase the 

film flexibility, thanks to the long fibrils. MTM clay was also added to some of the 

films in an attempt to decrease the films gas permeation. Films made of CNC and 

MTM were denser, as the their small size allows for better packing, reducing voids 

in the structure, meanwhile, adding CNF decreases the density as it interrupts the 

CNC:MTM layered structure. 

Mechanically, CNC and CNC:MTM films have no significant differences, since 

their small size and limited entanglement limit the tensile strength. Other than in the 

75CNC:25CNF film, the addition of MTM decreases the film strength as clay 

interrupts the nanocellulose network. Comparing the films in this study with those 

from other publications [91], [92], [93], hybrid films made of CNC:CNF show worse 

mechanical properties than those made with CNF:MTM mixtures, indicating that 

CNC has a bigger impact than MTM. Regarding the water interactions, cellulosic 

materials tend to do poorly at blocking water because of their hydrophilic nature. 

Films made entirely of CNC completely redispersed in water, but managed to resist, 

even with a low swelling percentage, thanks to their intercalated “brick and mortar” 

structure. For CNC:CNF:MTM films, MTM had an overall positive effect lowering 

the films swelling. 

MTM was added to help reduce the films’ water vapor transmission rate 

(WVTR), as the MTM forms a brick-and-mortar structure between the cellulose 

layers, slowing down water vapor going through the film. In mixed CNC:CNF films 

there was a small decrease in WVTR from 144.2 to 133.1 g/m2·day, but MTM had 

the opposite effect in pure CNF films. Unfortunately, their water vapor transmission 

rates (WVTR) values are still too high compared to the 10-3 to 10-6 g/m2·day level 

required for optoelectronic substrates [94]. 

Optically, CNC:CNF films have transmittance levels over 80% at 550 nm 

without much variation. Neat CNC films form chiral nematic structures, giving CNC 

films an iridescent appearance. While transparency remains high, films containing 

CNF are hazy due to air voids between the fibrils, scattering light. The main optical 

impact of adding MTM was the blocking of UV light below 300 nm but at the 

expense of lowering the overall transmittance across the visible part of the spectrum. 

Because of MTM tendency to decrease transparency, and its reduction in water 
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uptake and WVTR are not significant, it was decided to focus on purely cellulosic 

films. 

Similar to Publication II, angle dependent transmittance was done to 

characterize the CNC:CNF films to judge their possible application in 

optoelectronics. The transmittance of all films containing CNF drops as the light 

incidence angle increases, due to light scattering produced by voids in the cellulosic 

structure. Neat CNC films show an increased reflection of wavelengths between 500 

and 700 nm due to the chiral nematic formation of the nanocrystals (Figure 13). This 

reflection can be shifted by ultrasonicating the CNC suspension before casting to 

further break the nanocrystals, moving the reflections to the infrared part of the 

spectrum [95]. 

The CNC:CNF films surface morphology was analyzed using AFM. 

Measurements showed that neat CNC had the lowest surface roughness at 17 nm, 

while the neat CNF had the highest at 229 nm; the other films being somewhere in 

between. This is due to CNC more compact size, forming denser films, instead of 

porous structures like CNF. Still, the smoothest film is 4 times rougher than PET and 

PEN. Considering the brittleness of pure CNC films, this set of films is unsuitable 

for optoelectronics. 
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Figure 13. Angle dependent transmittance of CNC:CNF samples. 100:0 has a distinctive 
reflectance pattern due to CNC iridescence. Reproduced with permission under 
Creative Commons license CC-BY [96] 

  

 

Based on the result of Publications II and III, while films including CNF show 

interesting mechanical properties, their overall optics and surface roughness make 

unmodified CNF an unsuitable material for optoelectronics substrates. CNC films, 

on the other hand, show some potential as their roughness is quite low and their 

reflectivity can be eliminated. 
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Cellulose has potential, but requires many modifications to compete with the 

currently used substrate materials. The films are already highly transparent and 

require minimal surface roughness reduction, yet, going forward other problems will 

arise – cellulose unfavorable interactions with water and other solvents need to be 

reduced to prevent swelling and redispersion, and cellulose poor gas barrier levels 

need to be improved to reduce the perovskite degradation. These problems and 

possible solutions are further explored in Publication V. 

4.2 How cellulose and PSC fabrication can be 
combined (Publications IV and V) 

4.2.1 Simplifying perovskite solar cell fabrication for 
materials testing: how to use unetched substrates with 
the aid of a three-dimensionally printed cell holder 

 

I wrote Publication IV anticipating the adoption of cellulose as a substrate for 

PSCs. Two steps of the PSC fabrication and characterization could pose problems 

for cellulose: etching of the bottom electrode and connecting the electrodes to 

instruments for IV and IS characterization.  

Solar cells require light to reach the active area to generate a photocurrent, 

therefore, to make the most of the available irradiation, the layers between the active 

area and the outside of the cells have to be as transparent as possible. On the other 

hand, the electrode resistivity and transmittance decrease with thickness. Therefore, 

there is a trade-off between the electrode transmittance and the sheet resistance, 

usually expressed as its figure-of-merit (FOM). While useful, FOM is a very general 

unit that does not consider the wavelengths that are used by the solar cell, nor does 

it consider the length between the area where the photocurrent is generated and 

where the transparent electrode and the cabling join. Anand et al. introduced a novel 

FOM to fix this issue [97], and with this new metric they found that for solar cells 

with a wavelength range between 350-800 nm, only dielectric/metal/dielectric 

composite electrodes, metallic nanowires and meshes, and one organic polymer have 

similar FOM to ITO and FTO. Coincidentally, these electrodes are compatible with 

cellulose films, showing that it is possible to replace TCOs while maintaining a high 

transparency and conductivity ratio. 

The main purpose of etching TCO from the substrate is to create sections where 

the top electrode can be deposited without short circuiting the cell. In a laboratory 

scale, TCO is chemically etched from the substrate using zinc powder and diluted 

acid solution. In the case of cellulose films, I anticipate that metallic nanowires 

would be electrode material of choice. While metallic nanowires can reach high 
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FOM values, they can increase the surface roughness, complicating the deposition 

of subsequent layers. A way to reduce this is by embedding the nanowires into the 

cellulose matrix, leveling the nanowires with the cellulose while keeping the 

nanowire network. However, after this step the nanowires cannot be etched. In an 

industrial setting, this could be overcome by spraying the nanowires with the help of 

stencil patterns, yet, it is difficult to reach this level of production if the problem is 

not solved at a small scale. 

The second issue is connecting the electrodes to characterization instruments. 

Normally in a laboratory scale, alligator clamps and silver ink are used to connect 

PSCs to a potentiostat to perform IV and EIS measurements under a solar simulator. 

Silver ink is used as a semisoft coating on top of the electrode to make good contact 

with the alligator clamp. This approach poses two problems for cellulose films. The 

first and most obvious, is that clamps can damage the substrate and scratch of the 

electrode, and are limited to certain regions of the cell they can touch. The second 

problem is that the silver ink is in a solvent that could affect cellulose or the PSC, 

and as it tends to diffuse into the electrode, it would short circuit an unetched 

substrate. 

These problems were solved by making a custom solar cell holder that allows 

any part of the cell to be contacted with constant pressure (Figure 7). The holder 

was 3D printed as it allows for easy prototyping. To connect the cell to the 

characterization instruments, spring-loaded pins that keep a constant pressure on the 

substrate without damaging it were used. To test our holder, PSCs were made on 

etched and unetched glass/FTO substrates and characterized. The results showed that 

there is no significant difference between etched and unetched substrates, 

independently of measurement location on the cell (Table 3). This article resulted in 

an easily implemented characterization tool, ready for flexible solar cells on 

cellulose. 

 

Table 3.  Results from PSCs made on etched and unetched substrates. Reproduced from 
Publication IV with permission under Creative Commons Attribution License 4.0 [82] 

DEVICE NUMBER OF PIXELS  Η (%) JSC (MA/CM2) VOC (V) FF (%) 

FOUR-PIXEL GROUP 

EDGE ETCHED 24 16.0 ± 0.7 22.1 ± 0.8 1.02 ± 0.03 71 ± 2 

EDGE UNETCHED 24 16 ± 1 22.9 ± 0.8 1.01 ± 0.02 71 ± 3 

CENTRE UNETCHED 24 16 ± 2 23.1 ± 0.4 1.01 ± 0.02 72 ± 3 

EIGHT-PIXEL GROUP 

EDGE ETCHED 47 14 ± 2 18.7 ± 0.9 1.12 ± 0.02 68 ± 5 

CENTRE UNETCHED 48 15 ± 2 19 ± 2 1.11 ± 0.02 72 ± 4 
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4.2.2 Combining cellulose substrates and perovskites in 
sustainable solar cells is possible: a systematic 
literature review with realistic solutions 

In Publication V, I developed a wide strategy to adapt cellulose for use in PSCs. 

To be considered a suitable substrate alternative, cellulose films need to have the 

following properties [18]:  

• Flexibility, at least enough to resist roll-to-roll (R2R) fabrication processes 

• Thermal tolerance, to resist the thermal annealing processes during the solar 

cell fabrication 

• Good optical transmittance, so most of the usable light reaches the solar cell 

active area 

• Low thermal expansion, to avoid expanding and damaging the layers 

deposited on top 

• High electrical conductivity, to minimize resistive energy loses 

• Very low surface roughness, to ensure the proper deposition of the layers 

that make the device 

• Resistance to solvents, since wet deposition methods depend on using a wide 

variety of solvents 

• Very low oxygen and water vapor permeation, to minimize the solar cell 

degradation 

Some types of cellulose can be inherently brittle; one way to improve the 

flexibility of cellulose films is through the addition of plasticizers; small molecules 

situated between cellulose chains that disrupt inter-chain hydrogen bonding, 

increasing their molecular mobility [98]. Due to cellulose intra- and inter-molecule 

bonding, cellulose can resist higher temperatures than PET and PEN without 

melting. Nonetheless, additional features such as increased flexibility can be lost at 

temperatures higher than 100 °C as plasticizers degrade [99]. If the device that is to 

be made on top of the cellulose substrate does not require annealing temperatures 

over 100 °C, then plasticizers such as glycerol can used; otherwise, crosslinking 

would be required to reach temperatures close to 300 °C [50]. Moreover, while the 

mechanical properties of cellulose films are sometimes reported, there is no clear 

standard as they are highly machine- and instrument-dependent, so the only clear 

guideline is that cellulose needs to be “flexible enough” for however solar cells are 

made. 

One often overlooked aspect when discussing substrate materials is the 

coefficient of thermal expansion (CTE). Typical fabrication processes tend to 

involve thermal annealing steps to remove solvents and sinter ceramic layers. As 

materials are heated, they expand at different rates, and this effect can cause fractures 
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and other defects. Cellulose CTE depends on the direction of the cellulose chains 

[100], and it is also affected by crosslinking [101]. 

One of the most important properties of a substrate is its transparency. The more 

light reaches the active material, the higher the photocurrent generated, given that 

the light is of the proper wavelength. Cellulose films’ transparency is strongly 

influenced by drying conditions that need to be carefully controlled. In the case of 

cellulose acetate films prepared for Publication V, the relative humidity and the 

concentration have to be controlled to avoid the cellulose chains to form a porous 

structure that highly scatters light, effectively making the film opaque. In the case of 

CNC, the chiral nematic structure that gives rise to the iridescent look of the films 

can be eliminated by ultrasonicating the CNC while still in suspension to further 

break down the nanocrystals, shifting the reflection to the infrared part of the 

spectrum, or by introducing a crosslinker or a plasticizer that modifies how the 

cellulose chains settle. 

As discussed earlier, there is a trade-off between transparency and electrode 

conductivity. Metallic nanowires are easy to adapt to cellulose and have FOM similar 

to that of TCOs. One consideration here is that nanowires need to be embedded in 

the cellulose matrix to reduce the substrate surface roughness, as this can negatively 

affect the deposition of the other layers. Although surface roughness is less of an 

issue using polymeric electrodes, it is at the expense of a lower FOM. 

PSC fabrication usually involves wet methods for layer deposition. These 

methods require using a variety of solvents that may redisperse the cellulose 

substrate. To solve this issue (i) a type of cellulose that inherently solvent-resistance 

can be used, (ii) cellulose can be crosslinked to make the film solvent resistant, (iii) 

the solvents used can be replaced for others that do not affect the film, or a 

combination of these three options. Finally, the films require high gas barrier levels 

to avoid oxygen and water to enter and degrade the layers of the device. Considering 

all these factors, I developed a realistic strategy to adapt cellulose films and the PSC 

fabrication methods to work together (Figure 14). One thing that is worth 

mentioning is that the values required, for example, flexibility and CTE, are hard to 

define. The necessary flexibility is unclear, as this is very process and machine 

dependent, the desired CTE can change depending on the CTE of the layers 

deposited on the substrate, and the acceptable surface roughness depends on the type 

of material and thickness of the first deposited layers. At this point, a good guideline 

is that cellulose films need to have mechanical and morphological properties similar 

to already used materials like PET and PEN. This similarity would facilitate the 

exploration of biobased substrates through well-established fabrication protocols. 

The 1st step is to modify cellulose while it is still in suspension/solution. By 

crosslinking, the resulting films can gain enough solvent resistance and a small 

improvement in gas barrier properties, and adding a plasticizer can provide enough 

flexibility to endure the fabrication process. The 2nd step requires controlling the 
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drying conditions to achieve the highest possible transparency, and for the film to be 

dried on a very smooth surface to reduce the film surface roughness. After the film 

is dry it needs to be coated to reduce its oxygen transmission rate (OTR), its WVTR, 

and it also works as a planarization layer to further reduce the surface roughness. 

The 4th step involves attaching the film to a rigid carrier, in case the process is carried 

out in a small laboratory scale. Then the electrode material is deposited, be it metallic 

nanowires or a conductive polymer. Next, the substrate needs to be cleaned. Unlike 

the traditional route on glass substrates, cellulose cannot be cleaned used a solvent 

sonication bath, and UV-O3 is discouraged as it can negatively affect cellulose by 

breaking organic bonds. Instead, it is better to clean the surface quickly by 

dynamically spin coating a compatible solvent on the surface, or using plasma and a 

web cleaner in the case of a R2R process. In the 5th step, the substrate needs to allow 

for the easy spread of the next layer over the electrode. This can be done using a low 

power plasma to modify the wettability of the surface of the film, or by adding a 

surfactant to lower the surface tension of the ink. 

In the 6th step, solvents play an important role. The solvent of the first CTL will 

have a big impact on the cellulose film, as there can be little in the way protecting 

the substrate. Here the cellulose can have some solvent resistance thanks to the 

crosslinking earlier, but also by carefully selecting a solvent that is compatible with 

the substrate. Usually, in the 7th step there is a thermal annealing step to remove the 

solvent and crystallize the CTL. The thermal treatment can be avoided using 

different strategies, depending on the CTL material. This is to avoid cellulose 

buckling due to moisture loss or damage done because of the different CTEs of each 

layer. 

In the 8th step there is the perovskite deposition. Here, similar to step 6, the 

solvent choice is also important, and how to use different antisolvents, or skip them 

completely. Step 9 is similar to 7, as there are ways to avoid the thermal annealing 

of the perovskite. Step 10 also requires solvents to be considered to deposit the 

second CTL. Finally, the top electrode can be laminated or mechanically pressed on 

the cell to avoid evaporation-based deposition, which could damage the cell. 
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Figure 14. 11 steps to make PSCs on cellulose substrates 
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5 Conclusions and outlook 

5.1 Summary and conclusions 

 

This work examines the integration of cellulose in PSCs to increase their 

sustainability. The research discusses how cellulose can be modified to more closely 

adopt the properties of the currently used substrate materials in optoelectronics, how 

PSC fabrication can be modified to fit cellulose limitations, and how eventually cells 

made on cellulose could be characterized. This chapter summarizes the results from 

each publication and how they answer the research questions from Chapter 1. 

 

5.1.1 Bio-based materials and PSCs: a mutually beneficial 
relationship 

Publication I concludes that cellulose is a promising bio-based material that 

could improve the recyclability of PSCs. Unfortunately, unlike carbon-based 

electrodes which are already well-established in solar cell architectures, cellulose-

based components are still in an early research stage. As stated there, one of the 

major hurdles of recycling photovoltaic devices is the low profitability of the 

process. 47% of the material value in a silicon solar panel is in the silver contacts 

when they are only 0.1% of the weight – recovering this material is key to attract 

capital to recycle solar panels. One of the biggest obstacles to recycling is the 

substrate as it represents most of the weight and “dilutes” the value of the panel. 

Cellulose has potential to replace glass and other polymers and improve the 

recyclability of PSCs compared to silicon cells, but it requires modifications. 

Publication II demonstrated that CNF suspensions can be adjusted to produce 

films with significantly different surface morphology, mechanical and optical 

properties, and how the nanofibril size played a major role in the film quality even 

when using different CNF grades. Publication III presented strategies to reduce 

water uptake and improve the mechanical properties of the films; however, it was 

observed that while CNF increases the flexibility of CNC films, it does so at the 

expense of a significant increase in surface roughness. The inclusion of MTM 



Joaquín Valdez García 

44 

nanoclay in the films slightly reduced the water swelling and WVTR, but this also 

came with the downside of reducing the optical transmittance and flexibility of the 

films, and an increase complexity to fabricate and handle them. 

Different solutions were explored in Publication V to address the limitations 

encountered in Publications II and III. The first thing to do was to examine the 

properties that make for an appropriate substrate material, and comparing cellulose 

to what is currently being used. Next, modifications and treatments that can be done 

to cellulose to reach acceptable levels of transparency, surface roughness, flexibility, 

and solvent resistance, among others, were discussed. We conclude that cellulose 

requires (i) to be crosslinked to prevent it from swelling and redispersionin solvents, 

and to slightly increase its gas barrier properties, (ii) the inclusion of plasticizers for 

improved flexibility, (iii) careful control of its drying conditions to achieve 

maximum transparency and surface smoothness, and (iv) coatings to further reduce 

its OTR and WVTR. 

5.1.2 Combining PSCs and cellulose: a method 

After obtaining proper cellulose substrates made in the first steps laid out in 

Publication V, the PSC fabrication route needs to be revised and adapted to work 

within the constraints posed by cellulose. First, UV-O3 can damage and make the 

substrate too hydrophilic – surfactants can increase ink spreadability; plasma can 

help with this and clean the surface too. Next, solvents need to be considered and 

replaced with alternatives that are compatible with the substrate, favoring green 

alternatives. Additionally, thermal annealing needs to be replaced with room or low 

temperatures approaches, such as ultrasonication or gas quenching. Finally, the top 

electrode, usually made with precious metals, needs to be replaced with carbon or a 

film with metallic nanowires to maintain a minimum environmental impact. 

Anticipating their eventual development, Publication IV explored solar cells on 

cellulose as they require some attentions during characterization. One of my worries 

is that researchers exploring cellulose substrates in their devices will treat solar cells 

made on cellulose like their rigid counterparts, and will dismiss this material because 

they did not consider it has different requirements. In the first stages of development, 

solar cells on cellulose will be fabricated in a small scale and attached to a rigid 

substrate, where it is possible to use the designed holder. Later on, as cellulose proves 

to be a viable alternative, more methods can be developed, as it happened when PET 

and PEN were first tested. 
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5.2 Future work 

A crucial step to make cellulose a material PSC researchers consider is to ease 

the transition to this type of substrate. Once proper cellulose film has been 

developed, it needs to report it has the properties a PSC requires of a substrate to be 

taken seriously: good gas barrier levels, very low surface roughness, high 

transparency, and what solvents it is compatible with. Only some of these values are 

reported in the literature, as research teams focus on tackling only specific issues. 

Nonetheless, reporting all these values is essential. It is understandable that not 

everything is reported, as this can be due to time constraints or lack of infrastructure; 

however, this is an indication that more collaboration between research teams is 

needed to promote cellulose as a sustainable alternative to glass and synthetic 

polymers. Another way that would help cellulose researchers developing these films 

would be to remind PSC researchers of the different fabrication methods they can 

use – flexibility and innovation on their part would greatly help circumvent 

cellulose’s limitations. 

There are four things that I think are needed soon after solar cells on cellulose 

become a reality: A life-cycle assessment, aging and degradation tests, proper 

biobased encapsulation, and the development of a recycling methodology. As it has 

been stated throughout this work, cellulose can increase solar cell sustainability, but 

we need numbers to support these claims, and to my knowledge, no studies have yet 

addressed this topic. Once these cells are made, they need to be aged to see their 

particular degradation patterns and how they fare against other substrate materials. 

Furthermore, to assure longtime performance but maintain their sustainability, these 

cells need to be paired with biobased encapsulants; it would be a shame to develop 

these cells to have them encapsulated between glass and an epoxy resin. Finally, we 

need proof that valuable materials can be easily recovered with this architecture and 

compare it to the state-of-the-art technologies. As always, there is a lot more work 

to be done, all in hope of finally achieving truly renewable energy source.
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