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Resumen

La eficiencia de la energia fotovoltaica organica estd aumentando rapidamente, sin
embargo, su rendimiento en dispositivos a gran escala y su estabilidad todavia suponen un
reto. El desarrollo de la tecnologia fotovoltaica ha sido intenso durante los dltimos afios,
abordando problemas criticos a través del aumento del tamafio de los modulos OPV desde
dispositivos a escala de laboratorio a modulos a escala industrial. El logro de procesos
fiables de impresion y recubrimiento para modulos a gran escala ha sido un desafio hasta el
momento y, por lo tanto, ha sido el tema de investigacion de esta tesis.

La técnica de roll-to-roll es una técnica de procesamiento aplicada en esta tesis para
lograr una solucién de alto rendimiento para médulos OPV a gran escala. En este trabajo se
ha demostrado la fabricacién de médulos OPV basados en P3HT: PCBM y P3HT:o-IDTBR
sobre un sustrato flexible, obtenidos a gran escala (Capitulo 3). La nueva metodologia
destaca los desafios para escalar los pequefios dispositivos de laboratorio a médulos mas
grandes. Comprender los pasos criticos en el proceso de escalado es decisivo para abordar
los esfuerzos de investigacion y asi disminuir la brecha antes mencionada. En el Capitulo 5,
analizamos las pérdidas de eficiencia asociadas con varios de los pasos principales
involucrados en el proceso de escalado de los dispositivos OPV, desde el recubrimiento por
doctor blade a escala de laboratorio hasta el recubrimiento por roll-to-roll preindustrial. En el
capitulo, demostramos que cuando se utilizan materiales en la capa activa cuyo
rendimiento es tolerante con respecto a variaciones de espesor/microestructura, los pasos
criticos estan relacionados con las capas de bloqueo de portadores de carga, asi como con
las pérdidas potenciales debidas a la absorcion paréasita en los electrodos.

También investigamos el empaguetamiento molecular de las moléculas pequefias y su
correlacion con el rendimiento del dispositivo en el Capitulo 4. Nuestros datos sugieren que
la cristalinidad tanto del donante de electrones como del aceptor de electrones es una
fuente de separacién y recombinacién de fases y, por lo tanto, ademas de la alineacién del
nivel de energia, se debe lograr una estructura de ordenamiento 6ptima entre el donante de
electrones y el aceptor de electrones. Apoyamos nuestra investigacion obteniendo los
espectros de absorcion oOptica tanto en solucién como en estado sélido, voltamperometria
ciclica y GIWAXS para las peliculas en estado solido.

No solo se ha investigado el procesamiento de los médulos sino también su geometria y
los resultados se reportan en un tercer capitulo. Se optimizé la geometria de los electrodos
impresos por la serigrafia para obtener un mejor rendimiento fotovoltaico de los modulos
OPV. Ademas, se ha realizado un estudio comparativo de los diferentes materiales de
electrodos serigrafiados. EI médulo OPV mas eficiente mostré un valor de PCE del 1% en
condiciones AM 1.5.

La degradacion de los médulos fotovoltaicos procesados en solucion sigue siendo un
problema crucial para poder cumplir con los requisitos industriales que hemos tratado en el
Capitulo 6. Dado que la degradacién de los médulos se correlaciona principalmente con los
componentes de la capa activa, hemos investigado y comparado también la degradacion de
los médulos preparados por roll-to-roll basados en heterouniones formadas por aceptores
de fullereno y no fullereno (P3HT: PCBM P3HT:0-IDTBR, respectivamente)para tener mas
informacion para mejorar la vida atil de los médulos OPV para la aplicacion a escala
industrial. Se utilizan dos tipos de sistemas de encapsulacion (solo PET y lamina de barrera)
para aislar los modulos de las condiciones ambientales, como la difusiébn de oxigeno y
humedad en los médulos OPV. Los médulos basados en P3HT: PCBM y P3HT:0-IDTBR,
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encapsulados con lamina de barrera, han mostrado actividad hasta 522 y 249 horas,
respectivamente, mientras que los modulos encapsulados con ldmina de PET mostraron
actividad durante 21 horas. Ademas, se descubrié que no solo los componentes de la capa
fotoactiva son responsables del proceso de degradacion, sino que también la capa
transportadora de huecos juega un papel en la estabilidad.
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Resum

L'eficiencia de la fotovoltaica organica esta augmentant rapidament, pero el seu rendiment
en dispositius a gran escala i la seva estabilitat s6n molt dificils d'aconseguir. El
desenvolupament de la tecnologia fotovoltaica ha estat intens, abordant problemes critics
mitjancant 'augment d'escala dels moduls OPV des de dispositius a escala de laboratori fins
a moduls a escala industrial. L'assoliment de processos d'impressio i recobriment fiables per
a moduls a gran escala ha estat un repte fins ara i, per tant, ha estat el tema de recerca
d'aquesta tesi.

Roll-to-roll és una técnica de processament aplicada en aquesta tesi per aconseguir una
soluci6 d'alt rendiment per a moduls OPV a gran escala. En aquest treball sthan demostrat
moduls OPV basats en P3HT: PCBM i P3HT:0-IDTBR sobre un substrat flexible, obtinguts a
gran escala. La nova metodologia destaca els reptes per ampliar els petits dispositius de
laboratori a moduls més grans. Entendre els passos critics en el procés d'augment d'escala
és decisiu per abordar els esforcos de recerca per reduir la bretxa esmentada. En un
capitol, analitzem les pérdues d'eficiencia associades a diversos dels passos principals
implicats en la via d'augment d'escala dels dispositius OPV, des del recobriment per doctor
blade a escala de laboratori fins al recobriment preindustrial fet per roll-to-roll. Mostrem que
guan s'utilitzen materials a la capa activa per als quals el rendiment és tolerant a les
variacions de gruix/microestructura, els passos critics estan relacionats amb les capes de
bloqueig dels portadors de carrega, aixi com les perdues potencials degudes a I'absorcid
parasitaria als eléctrodes.

També hem investigat I'empaguetament molecular de les molécules petites i la seva
correlacio amb el rendiment del dispositiu. Les nostres dades suggereixen que la cristalinitat
tant del donant d'electrons com de l'acceptor d'electrons sén una font de separacio i
recombinacié de fases i, per tant, a més de l'alineacié del nivell d'energia, s'ha d'aconseguir
una estructura Optima d'ordenacié entre el donant i l'acceptador d'electrons. Hem
aconseguit la nostra investigacio obtenint els espectres d'absorci6é optica tant en estat solid
com en solucid, voltammetria ciclica i GIWAXS per a les pel-licules en estat solid.

S'ha investigat no només el processament dels moduls, siné també la seva geometria i els
resultats es reporten en un tercer capitol. La geometria de l'electrode impresa per la
serigrafia es va optimitzar per obtenir un millor rendiment fotovoltaic dels moduls OPV. A
més, s'ha realitzat un estudi comparatiu dels diferents materials dels eléctrodes serigrafiats.
El millor modul OPV va mostrar un valor PCE de I'1% en condicions AM 1.5.

La degradacié dels moduls fotovoltaics processats en solucié segueix sent un problema
dominant per a acomplir les exigéncies industrials. Atés que la degradacié dels moduls es
correlaciona principalment amb els components de la capa activa, també hem investigat i
comparat la degradacio dels moduls roll-to-roll basats en heterounions fetes amb acceptors
de fullere i no fulleré (P3HT: PCBM P3HT: o-IDTBR, respectivament). per tenir més
coneixements per millorar la vida Gtil dels moduls OPV per a l'aplicacié a escala industrial.
S'utilitzen dos tipus de sistemes d'encapsulacié (només PET i lamina de barrera) per aillar
els moduls de les condicions ambientals, com ara la difusié d'oxigen i humitat als moduls
OPV. Els moduls basats en P3HT: PCBM i P3HT:0-IDTBR, encapsulats amb lamina de
barrera han mostrat activitat fins a 522 i 249 hores, respectivament, mentre que els moduls
encapsulats amb lamina de PET van mostrar activitat durant 21 hores. A més, no nomeés es
va trobar que els components de la capa fotoactiva eren responsables del procés de
degradacio, sin6 que també hi va tenir un paper la capa transportadora de buits.
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Abstract

The efficiency of the organic photovoltaics is rapidly increasing. Their performance in large-
scale devices and their stability is, however, still highly challenging. The development of
photovoltaic technology has been intense, addressing critical issues through the upscaling of
OPVs from lab scale devices to industrial scale modules. The achievement of reliable
printing and coating processes for large-scale modules has been challenging thus far, and it
has been therefore one of the main topics of research in this thesis.

Roll-to-roll is a processing technique applied in this thesis to achieve high throughput
solution for large-scale OPV modules. OPV modules based on P3HT: PCBM and P3HT:o-
IDTBR on a flexible substrate, obtained at large-scale, have been demonstrated in this work
(Chapter 3). New methodology highlights the challenges to scale up the small lab devices to
larger modules. Understanding the critical steps in the upscaling process is decisive to
address the research efforts towards decreasing the aforementioned gap. In Chapter 5, we
quantify the efficiency losses associated with several of the main steps involved in the up-
scaling pathway of the OPV devices, from lab-scale blade coating to pre-industrial slot die
roll-to-roll coating. We show that when using materials in the active layer for which the
performance is tolerant to thickness/microstructure variations, the critical steps are related to
the charge carrier blocking layers, as well as potential losses due to parasitic absorption in
the electrodes.

We have also investigated the molecular packing of the small molecules and its correlation
with the device’s performance in Chapter 4. Our data suggest that the crystallinity tendency
of both electron donor and electron acceptor are a source of phase separation and
recombination, and thus besides energy level alignment, an optimum of ordering structure
between the electron donor and the electron acceptor have to be achieved. We supported
our investigation by obtaining the optical absorption spectra in both solution and solid states,
cyclic voltammetry and GIWAXS for the solid-state films.

Not only the modules processing but also their geometry has been investigated and the
results reported in the third chapter. The electrode geometry printed by the screen printer
was optimized to obtain better photovoltaic performance of OPV modules. In addition, a
comparative study of the different screen-printed electrode materials has been carried out.
The fabricated OPV modules showed PCE values of ca 1% under AM 1.5 conditions.

The degradation of solution processed photovoltaic modules is still a dominant issue for the
industrial requirement, and the topic of Chapter 6. Since the degradation of the modules is
mainly correlated to the active layer components, we have investigated and compared as
well the degradation of roll-to-roll modules based on fullerene and non-fullerene acceptors
(PSHT: PCBM P3HT:0-IDTBR, respectively) heterojunctions to have more insights for
improving the lifetime the OPV modules for the industrial scale application. Two types of
encapsulation systems (PET only and barrier foil) were used to isolate the modules from the
environmental conditions, minimizing diffusion of oxygen and humidity into OPV modules.
Modules based on P3HT: PCBM and P3HT:0-IDTBR, encapsulated with barrier foil have
shown activity up to 522 and 249 hours, respectively, while modules encapsulated with PET
foil showed activity for 21 hours. In addition, not only the photoactive layer components were
found to be responsible for the degradation process but also the HTL had a role in the
resulting stability.
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Chapter 1 Introduction

Abstract

OPYV technology has the potential to offer many applications to the silicon PV dominated
market, such as flexibility, semitransparency, integration within buildings exhibiting colourful
appearance, and powering portable electronics. OPV needs to fulfil a good performance in
terms of efficiency, lifetime, and production cost to be attractive for industry. The module
efficiency needs to exceed the 10% with lifetime over 10 years accompanied with cost
production of less than 1 euro per watt. However, while there has been a huge boost in the
lab scale efficiency of OPV devices because of applying non-fullerene acceptors up to over
18%, processing OPV in large scale by roll-to-roll methods is still lacking the equivalent
efficiency. Moreover, the stability of the organic components in BHJ currently limits device
lifetime.

In this thesis we have investigated the challenging of upscaling processing from blade
coating to roll-to-roll processing, implying novel non-fullerene acceptors and correlating their
microstructure to the device’s performance. In the first part of the thesis, we have been
investigating silver nanowires to achieve semi-transparent OPV modules. Despite their
roughness, silver electrode was screen printed in OPV modules. In addition, the electrode
geometry has been optimized in the third chapter to obtain OPV module illustrated a power
conversion efficiency of 1% under AM 1.5 conditions in chapter three.

Since Non-fullerene acceptors offer wide tunability of absorption spectra and less voltage
losses due to the energy levels compared to fullerene acceptors, which results in higher
PCEs. We have also investigated the molecular packing of the small molecules and its
correlation with the device’s performance by measuring solution and solid-state absorption,
cyclic voltammetry as well as characterizing the films by grazing incident wide angle X-ray
scattering (GIWAXS). We showed that the crystallinity of both electron donor and electron
acceptor are a source of phase separation and recombination, and therefore not only the
energy level alignment, but also the ordering tendencies of the donor and the acceptor.

To deepen the understanding of the efficiency lack between the lab-scale devices and the
large-scale devices. We analysed the efficiency losses associated with several of the main
steps involved in the up-scaling pathway of the OPV devices, from lab-scale blade coating to
pre-industrial slot die roll-to-roll coating. We show that when using materials in the active
layer for which the performance is tolerant to thickness/microstructure variations, the critical
steps are related to the charge carrier blocking layers, as well as potential losses due to
parasitic absorption in the electrodes. Hole transport layer was responsible of the major
efficiency loss through the upscaling processing.

Finally, we have investigated and compared as well the degradation of roll-to-roll modules
based on P3HT: PCBM and P3HT:0-IDTBR heterojunctions to have more insights for
improving the lifetime the OPV modules for the industrial scale application. Two types of
encapsulation systems (PET only and barrier foil) are used to isolate the modules from the
environmental conditions such as the diffusion of oxygen and humidity into OPV modules.
Modules based on P3HT: PCBM and P3HT:0-IDTBR, encapsulated with barrier foil have
shown activity up to 522 and 249 hours, respectively, while modules encapsulated with PET
foil showed activity for 21 hours. In addition, not only the photoactive layer components were
found to be responsible for the degradation process but also the HTL had a role in it.



1.1 Solar energy

The solar irradiation is an extremely abundant and constant renewable energy source.
The sun is the star of the Solar System, has a diameter of 1 392 684 km and is located
1.496x108 km far from the Earth[1]. It was formed 4.5 billion years ago, and it is calculated
that it will last for another 5 billion of years. The sun irradiation has an average power density
of 100 W/cm? [2] arriving to the earth daily. The solar spectrum has the range of
wavelengths from 280 to 4000 nm. Since the earth is rotating, the sun intensity is varying
along the day. The sun radiation reaches to the earth surface through the atmosphere and
its optical path length is defined by the Air Mass coefficient "AM" that has the value 1 for
normal incidence (see Figure 1.1), being that the reference is Air Mass 0, outside the
atmosphere. The air mass is explained in figure 1.1(b). The standard air mass "AM 1.5"
corresponds to a solar zenith angle of z=48.2°.

—— et (b)

AMO 1 \ >4
*\ AM 1.5 QOD' AM = !
ﬂ%\ @ - S Vo v L\ cos@

O

*

J m15f'“‘1m$:: ]
/. P W

200 400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 1.1 (a) The solar irradiance with air mass 0 (reference) in red and with air mass 1.5 in
green and (b) an explanation of the air mass definition, pictures reproduced from references

(3], [4].
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The arriving energy to the surface of the earth every hour is found to be 4.39-10% Joule
while the worldwide energy consumption in 2010 was 5.5-10%° Joule[5]. This comparison
shows the importance and the motivation of this renewable source of energy. The solar
energy reaching to the surface of the earth every hour almost satisfies the global energy
demand over the entire year [6]. The estimated energy hitting the earth in a year is 23,000
TWi/year,13 times greater than the combined energy potential of coal, natural gas,
petroleum, and uranium, along with wind and other types of renewable energy sources [7].



1.2 Scaling up the OPV devices

Yet, scaling up the OPV devices from lap-scale to large scale is complex due to several
factors discussed as follows.

Electrical factors are including the electrode sheet resistance of the large area in OPV
modules is higher than in case of the small area devices since it is proportional to the
dimension of the area used. In addition, the flexible substrate (PET coated with ITO) has
higher sheet resistance then the rigid substrates (glass coated ITO). The electrode material
and the deposition technique affect the sheet resistance of the electrode. The investigation
reported[8] that the graphene deposited by screen printing has the high sheet resistance and
the metal nanowire deposited by screen printing has the lowest sheet resistance. Another
factor is the geometrical design of the module in which the connecting parts (dead zones)
between the cells in the module are considered in the area but not able to generate current.
Both factors are increasing the series resistance of the produced modules. These factors
result in reduction in the photogenerated current and the fill factor modules and therefore the
efficiency of the produced. The solution for these challenge is; first, to apply highly
conductive transparent electrodes to overcome the evolution of the sheet resistance with the
large area. Second, is to minimize the length of the dead zone. Laser patterning is the
reported technique to minimize the length of the dead zone to 80 um, the minimum reported
dead zone, by optimizing the duration and the wavelength of the laser pulse reaching
maximum geometrical fill factor of 98%][9].

Optical factors are considering the more absorption of the incident light to the cell. The
large area transparent electrode found to be less transparent than the transparent electrode
at small area. In large scale modules the layers such as interfacial and photoactive layers
are thicker than the small area devices resulting in more light absorption. Silver grid applied
in modules as a top electrode has shads that reduce the incoming light to the photoactive
layer. These factors related to the loss of the photogenerated current of the modules and the
efficiency as well. The suggested solution is to apply transparent top electrode such as
PEDOT: PSS[10].

Factors associated to the photoactive layer are considered challenging in the upscaling such
as the dark current at the large area modules arising from increasing the defect numbers in
the photoactive layer. In small area devices, the PAL has a 100 nm thickness unlike at large
scale modules PAL should be thicker to overcome the defects. Thickness inhomogeneity is
reported to hinder the modules performance. Furthermore, materials with less sensitivity to
thickness variations have the potential to be applied at the large area modules. Forming
thick PAL comes along with systems that have face-on ordering are desired for the vertical
charge transport. Temperature dependant aggregation systems such as PBTff4T-20D,
PTB7-th, and PNT4T-20D are reported to have the optimum morphology in the thick PAL
and therefore high fill factor and efficiency. Fluorinated and chlorinated polymers reported to
improve the charge mobility through the -1 stacking. Not only the materials but also the
solvent used since halogenated solvents are used in small area devices should be replaced
by the non-halogenated solvents at the large-scale modules which found to negatively affect
the photovoltaic performance[11]. Hansen parameters were reported as a lead to the non-
halogenated solvents selection for the materials.



1.3 Deposition techniques

Large scale production is carried out by considering different deposition technique with low-
cost production.

No contact (coating) techniques in which the solution is conducted from the head to the
substrate without contact such as blade coating, spin coating, slot-die roll-to-roll, and spray
coating. While the contact method is two-dimension pattern printing in which the substrate
has a contact with the solution such as flexographic printing, and screen printing, unlike the
inkjet printing. The most applied methods in the large-scale processing are the slot die roll-
to-roll and screen printing. Blade coating is a method that produce zero- dimension layer,
slot die roll-to-roll can produce one -dimension strips and the ink jet is able to produce two-
dimension different patterns. In this thesis we employed blade coating, screen printing and
slot die roll-to-roll (see experimental chapter).

1.4 Basic working principles

Organic semiconductors are t-conjugated polymers consists of carbon and hydrogen
atoms that combine the electrical conductivity of semiconductors and the flexibility of plastic.
Organic semiconductors are amorphous or polycrystalline structures. The conjugation in
these materials arises from the iteration between the single and double bonds between the
carbon atoms. Molecular orbitals in these materials form two bonds, namely o-bonds and 1r-
bonds. o-bonds resulted from the sp2 hybridization between the orbitals and 1-bonds arises
from the overlapping between the unhybridized p-orbitals. Organic semiconductors have low
band gap of 1- 5 eV between the high occupied molecular orbitals (HOMO) and the low
occupied molecular orbitals (LUMO). The charge carriers are localised to the HOMO and the
LUMO and can move by hopping along the conjugation of the polymer backbone. When
photon, with the same energy to the band gap of the polymer, is absorbed, electron moves
to excited state forming exciton. Excitons are of two different types of singlet and triplet
excitons. When the electron and the hole have the opposite spins, they form singlet exciton
and in case of spinning at the same direction they from triplet exciton.

Organic semiconductors have desired properties for organic electronic devices such as
light weight, low charge-carrier mobilities(10° cm?/V-s) [12], low dielectric constant (g, = 3 —
4) [13], [14], excitonic characteristics [15] which means that the photon absorption generates
a coulombically bound (0.5-1.0eV) electron-hole pair, low-cost manufacturing, and
mechanical flexibility[16]. Organic semiconductors have the potential to be applied in organic
electronics such as photovoltaic devices. The photovoltaic process gains differences based
on the device type.

Single junction devices shown in Figure 1.2(a) have one organic photoactive layer
between two electrodes[17]. Light absorption in organic layer induces the production of
photo exciton (electron hole pair). The electric field lead to the HOMO and the LUMO
bending, and to form the Schottky barrier between the electrode and the organic layer
[18], [19]. This field is responsible for the charge dissociation of excitons to deliver free
charges (electron and holes) collected at electrodes. Because of the short diffusion
length in organic materials (5-100 nm)[20]-[22], all excitons formed beyond the depletion
region recombine in addition to the fact that all charges are moving in the same phase /
layer, so the probability to recombine is high.

Higher efficiencies of about 1% were obtained with the bilayer heterojunction devices
(see Figure 1.2 (b)), demonstrated by C. Tang in 1986, due to the introduction of the



donor-acceptor heterojunction concept. In bilayer devices, the photoactive layer consists
of two layers of electron donor (D) and electron acceptor (A) organic semiconductors. The
photo-generated exciton moves to the donor/acceptor interfacial heterojunction by diffusion,
the photo excited electrons transfer from the donor LUMO to the acceptor LUMO (LUMOa,),
and the holes would stay in the donor HOMO (HOMOp). The offset (LUMO of donor-LUMO
of acceptor and HOMO of donor- HOMO of acceptor) is responsible for the charge
separation through the charge-transfer (CT) process resulting in the diffusion of the electrons
and holes to the electrodes (see Figure 1.2 (f)) [23]. In bilayer heterojunction OPV devices,
the charge recombination is reduced due to the Frenkel exciton when electrons and holes
diffuse to two phases. The limited PCE of the bilayer devices is due to the low
donor/acceptor heterojunction interfacial area.

For improving the efficiency of the bilayer, heterojunction OPV devices can be obtained
by maximizing the donor acceptor interface, combined with decreasing the exciton diffusion
pathway to the interface. Therefore, bulk hetero junction (BHJ) photoactive layer is formed
by blending the donor and acceptor materials together (Figure 1.2(c)). The principles of BHJ
OPV devices based on fullerene acceptors consist of five steps: light absorption Figure
1.2(f)-(i) by the donor generating bounded excitons Figure 1.2(f)-(ii), exciton diffusion to the
donor/acceptor interface, exciton dissociation into free-charges or charge separation (CS)
Figure 1.2(f)-(iii), free-charges transport (CT) to the interface Figure 1.2(f)-(iv), free-charges
collection at the electrodes[23]. The bounded exciton can recombine to the ground state or
to the triplet state of the donor material (T) [24]. The efficiency enhancement in BHJ devices
is due to the large donor/acceptor interface and the reduced domains of the donor and
acceptor, which reflects the importance of the film morphology of the photoactive layer in
OPV device. If the D/A blend domains are in the same range of the D and A exciton diffusion
lengths, all excitons will reach the interface[25]. This helps to increase the thickness of the
photoactive layer more than 100 nm[26] and hence improve the light harvesting although the
non-geminate recombination is still limiting the BHJ devices efficiency. The optimal
morphology is a fine intermix of donor and acceptor domains, with sizes that meet the donor
and acceptor exciton diffusion lengths and a high donor/acceptor interface, through bi-
continuous percolation pathways for charges transport to the electrodes[27].
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Figure 1.2 OPV devices: (a) single photoactive layer, (b) bilayer heterojunction photoactive
layer, (c) bulk heterojunction photoactive layer, (d) interdigitated photoactive layer, (e) the
photovoltaic process in single organic layer and (f) the photovoltaic process in organic
heterojunction layer.



1.4.1 Exciton creation by light absorption

The incident photons to the photoactive layer are absorbed by the donor material with a
certain efficiency. This optical absorption is affected by the optical absorption coefficient,
molar extinction coefficient, their density in the photoactive material. The absorption of the
donor material is limited by its bandgap, that is the difference between its LUMO and HOMO
levels[28]. The absorption coefficient depends on the density of the electronic and vibrational
states, the overlap of the wavefunction between the ground state and excited state, and
molecular orientation in the organic material. Improving the absorption coefficient of organic
materials can be obtained by tunning the molecular structure and their packing in the film.
Second is the light pathway penetrating the photoactive layer that is dependent on the film
thickness. The film thickness of the photoactive layer is limited by the low charge mobility
that characterizes the organic semiconductors.

The light absorption happens in the photoactive layer and, as a consequence, an electron
is promoted from the ground state to the excited state, to form a bounded exciton (Frenkel
exciton) with the hole remaining in the HOMO. Dissociating the exciton into two free charges
requires overcoming the coulombic energy (Eg) of the interaction still present between the
electron-hole pair.

1.4.2 Exciton diffusion and charge separation

Normally, the exciton is formed and the charge transfer takes less than 100 fs to reach
the interface [29] despite the geminate recombination, in which the electron and the hole of
the same exciton recombine together. The domain size of the donor material needs to be in
the range of the exciton diffusion length to overcome the recombination mechanisms.
Exciton dissociation represented in equation 1.

IP, — EAy — Eg > 0 Equation 1

After the dissociation, the charges separate, with the hole staying in the donor material and
the electron transferring to the acceptor one. However, the charges are still bounded by
coulombic force so that the internal electric field, arising from the difference between the two
electrodes, is needed to obtain free charges. If the built-in electric field is low the geminate
recombination (occurring within micro- to milliseconds time ranges) is likely to happen[30].

In BHJ films, organic materials are amorphous or semicrystalline where the charge
transport (or polaron diffusion) happens by the hopping mechanism[31]. Since in organic
semiconductors the conductive electronic states are more localized, their charge mobility is
low (usually lower than 102 cm?/V-s)[32], compared with other traditional semiconductors
(10® cm?/V-s). The morphology of the photoactive layer is a limiting key factor since the
intermixing phases between the donor and the acceptor should imply high interfacial area for
efficient charge separation and overcoming recombination.

1.4.3 Charge extraction

The two electrodes should have different work functions; the work-function of the cathode
should be lower than the LUMO of the acceptor and the one of the anodes should be higher
than the HOMO of the donor. The position of the work function with respect to
semiconductor levels defines the contact type either ohmic or blocking. In the non ohmic
contact of the organic electrode interface there is an electrical loss while in case of the ohmic
contact there is a high efficiency of the charge collection at the electrodes[33] Al, Ca, and Ag
are the most common low work function electrode while Indium Tin Oxide (ITO) is common
high work function electrode with transparency to visible light (90%) due to its high bandgap
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(around 3.7 eV) for letting the light in the device[34]. The selective collection for the charges
at the BHJ film/electrode interface implies less nhon geminate recombination of the charges.
Therefore, buffer layers are applied into OPV devices[35]. Interfacial layers work as optical
spacer and selectively exhibit ohmic contact to the electron donor or the electron acceptor.
PEDOT: PSS, MoOs; and V:0s are the most common anode buffer layers and typical
cathode buffer layers are LiF, TiO, and ZnO.

1.5 Equivalent circuit of BHJ solar cell

Figure 1.3 (a) shows an equivalent circuit of the OPV device[36]. By illuminating the cell,
the short circuit current lsc of the cell is defined when the circuit is closed, and the terminals
are connected while the open circuit voltage Vo is defined when the circuit is opened, and
the terminals are separated by infinite resistance R.. The current density Jsc is mostly
employed instead of the current. V = I*R_ is the voltage generated in the cell. The relation
between the current and the voltage under the illumination of the cell as well as the power P
= I*V relation with the voltage is presented in Figure 1.3(b)

Decreasing Rp

lse I(A) Max pp Increasing Rs
i
Vi Vo ,

v(v) \ v(v) \

1(A)

1(a)

|
<
1(A)

(b) (c) (d)

Figure 1.3 (a) The equivalent circuit of BHJ solar cell and (b) I-V and P-V curves of the
corresponding cell with the photovoltaic parameters, (c) the |-V curves of the corresponding
cell with increasingly high Rs and (d) the |-V curves of a solar cell with gradually lower Rp.

The dark current can be defined when the cell is not illuminated and the there is a
potential difference between the circuit terminals, that generates a current that opposes the
photo generated current under illumination resulting that the total current in the circuit has
lower value than the short circuit value expressed in Equation 2 [36]

av_
I=Jo (eKBT - 1) Equation 2
The total current density in the solar cell is expressed by Equation 3:
JV) = Js¢ = Jaark(V) Equation 3
To be substituted in the ideal diode equation 4[37]
av
J=Jsc=Jo (eKBT_ 1) Equation 4

The ideality factor represents the deviation of the real diode respect to the ideal case, here
introduced, leading to Equation 5:[38]

_av_
J=Jsc=Jo (eEKBT - 1) Equation 5

By applying this to the BHJ device Equation 5 define the real BHJ OPV device (see Figure
1.3) which consists of (1) the photo current source |, (2) dark current |l at reverse bias, with
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an ideality factor ¢, (3) parallel resistance R, (to be infinite in ideal solar cell), which
considers current leakage and (4) series resistance Rs (to be zero in ideal solar cell), that
considers the resistivity of the semiconductors and electrodes as well as the ohmic
resistance at interfaces[2]. This leads to Equation 6:

q(V-IRs) .
J=Jsc=Jo <e SKpT  — 1) +—— Equation 6
14

1.6 Photovoltaic parameters of solar cell

Figure 1.3(b) shows all the photovoltaic parameters of the solar cell. The open circuit
voltage Vo is defined as the voltage of the cell with no current flows, that is depends on the
difference between HOMOp - LUMOA. The photogenerated current density Jsc is the current
of the cell when V =0.

The maximum electric power (Pmax) produced under illumination is the product of the
maximum current I, and the maximum voltage of V. The ratio between the maximum power
obtained by the cell (In-Vm) and the obtained power from the cell (Isc-Voc) is called the fill
factor FF and be calculated as in Equation 7:

FF = fmax Equation 7

IscVoc

The FF indicates the quality of a photovoltaic cell. FF depends on the recombination in the
solar cell, the buffer layers, the shunt, and series resistance.

The power conversion efficiency (PCE, in W/m?) is defined in Equation 8:

PCE = = Ise%oc™ Eqyation 8
Py, Py,

Pm is the output power of the cell and P, is the incident power of light.

The PCE measured in standard temperature (25°C) and illumination conditions (incident
radiation P. = 100 mW/cm? and AM1.5 spectral shape) is the conventional efficiency (n)
value given for any solar cell.

The External Quantum Efficiency (EQE) is defined by Equation 9

Ne

EQE =

Equation 9
Nph

The EQE(A) can be obtained from the short-circuit current Isc(A) of the cell illuminated at
each wavelength A and the incident light intensity Ji(A\) at the same wavelengths (see
Equation 10):

_ Ne _ Isc®)  he
EQE() = Npn  Ji() g4

where c is the light speed and h is the Planck constant.

Equation 10

The internal quantum efficiency (IQE) represents the conversion of absorbed photons into
charges within the cell, because in EQE the light absorption capability of the active layer and
the possible losses due to reflection and scattering are considered.



1.7 OPV device architecture: conventional and inverted
structure

Different device structures have been investigated for seeking better efficiency and
stability. The expression of conventional configuration refers to the structure where electrons
are collected at the opaque electrode. The opposite occurs in the case of the inverted
configuration, where the opaque electrode acts as the anode (see figure 1.4). The inverted
configuration is more stable than the conventional structure because of the high work
function electrode that is more resist to oxidation [2].

_+]
.
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Figure 1.4 (a)Scheme of the conventional configuration of the OPV device and (b) the
inverted configuration of the OPV device.

1.8 Active layer materials: fullerene- and non-fullerene-
conjugated polymers blends

Different material combinations have been used for the photoactive layer in BHJs with the
purpose of obtaining efficient charge transfer, such as blends of polymers, and blends of
polymer and small molecules. Poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid methyl
ester (P3HT:PCBM) has been applied extensively [39] in BHJ OPV cells due to the ultrafast
electron transfer from P3HT to PCBM, due to their low cost that makes them very attractive
for high throughput application. Although, fullerene acceptor has a deep LUMO level
providing good electron conductivity, their absorption is limiting the light-harvesting.

Fullerene derivatives form favourable morphology with polymer donors. Cs and Co

eventually applied in vacuum deposited OPVs and their soluble derivatives PCs:BM and
PC71BM have been applied in solution processed OPVs. The spherical shape of Cey,
discovered by Kroto, provides a good acceptor character due to its isotropic microstructure
and its alignment to the donor p-system and the delocalization of LUMO level over the whole
surface of the molecule. PCs:BM, synthesized by Hummelen, is more soluble in organic
solvents than Ceo. The bulk hetero junction has introduced by with the soluble PCsBM
acceptor and the polymer donor. The main advantages of the fullerene acceptors are the
high electron mobilities, and the ability to form both pure and mixed domains for the
appropriate charge transfer. However, the main drawback of PCe&BM is its narrow
absorption in the visible region, because of the Cgo sSymmetry so that Wienk synthesized the
PC71:BM.The efficiency of devices based on PC¢:BM or PC7:BM is over 7.7%.
In addition to the deep LUMO levels of the PCs:BM that result in Voc loss in OPV devices, so
that bisPCes1BM, Ceo bisadduct 1ICsoBA, and indene-C7o bisadduct 1IC70BA which exhibited 0.1,
0.17 and 0.19 eV LUMO Ilevel shifted up, respectively. For further improvement in the
device’s efficiency, non-fullerene acceptors have been introduced to the application in the
OPV devices.



Non fullerene acceptor (NFA) has a high potential for their strong absorption and

tunability[39], [40]. The efficiency of OPV devices based on the non-fullerene acceptor has
exceeded 18% in single-junction OSCs[41], [42]. NFA has the advantages of enhanced
processability and solubility, efficient charge transfer, and ease of synthesis.
NF acceptors are either fused aromatic diimides acceptors, or push—pull strong
intramolecular acceptors. Their interesting features presented in Figurel.5 such as (i)
conjugated backbones with Tr-conjugated functional carbonyl groups (oxygen) and/or
nitrogen cyano group(nitrogen) that provides strong electron-accepting ability. (ii) these -
electrons are well delocalized into the backbones that ensures the electron transportation
without being trapped.
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Figure 1.5 The molecular structure of most common NFA applied in OPV devices.

DI molecule was implemented in bilayer OPV device in 1986[43],[44] Eventually, the
efficiency of OPV device based on the perylene diimide (PDI) acceptors exceeded 12%[45],
[46]. Among the fused aromatic diimides, PDI derivatives are one of the most intensively
studied molecules due to their high photo stability, their optical absorption in the visible
spectrum, electron mobility due to the intermolecular coupling arises from the planar
structure, high electron affinity (3.9 eV)[47] and crucially their cost is lower than fullerenes.
Moreover they offer multiple sites for structural modification to tune their absorption and
imide group that has high electron affinity[48]. Their properties can be tailored by the
substitution of the imide nitrogen atoms or on the rylene core (see small molecule chapter) in
addition to the -1 stacking that form crystal motifs proper for charge transport[32]. PDIs
have planar backbone molecular structure so that in solid state they make large crystals,
which hinder the charge transport, that makes the main consideration of PDI molecules to
control their solubility and hence their aggregation. Side chained PDI derivatives can twist
which hinder their aggregation and provide low bandgap as reported in spirobifluorene PDI,
N-alkyl-substituted PDIs and naphthalenetetracarboxylic diimide (NDI) that used as effective
electron acceptors in OPV devices[49]-[52]. More detailed information about the effect of the
molecular packing on the performance of OPV devices is elaborated in chapter five.
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1.9 Degradation of BHJ OPV devices

Improving the lifetime of OPV device is challenging since the degradation mechanisms
[53], [54] such as oxygen and water diffusion [66], electro-migration, electrode oxidation [55],
[56] [67], diffusion of In to PEDOT:PSS[57], bleaching and intrinsic degradation of organic
materials in PAL [58]. Degradation factors can be categorized into intrinsic or extrinsic.
Tablel.1 summarizes the degradation factors that stand against the device stability.

Tablel.1 Summary of the degradation sources for the organic solar cell.

Stress

Mechanism

Solution

Extrinsic degradation

Water and oxygen

Water reacts with low

work function electrode
Oxygen produces
unintentional doping

Encapsulation

Photo induced
degradation

Organic materials
bleaching by
photooxidation

Encapsulation
associated with UV
filters

Photo induced traps on
non-fullerene materials
enhancing the density of
states

Enhance the order of
crystallinity in materials

Dimerization of PCBM NFA
Intrinsic degradation Thermal degradation in Phase separation in Crosslinking,
darkness BHJ vitrification
Forming blocking layer Use of alternative
at the electrode interface materials

1.9.1 Intrinsic degradation

Losses in OPVs by time are divided into three regimes: “burn in” in which the performance
deteriorate by 10-50% in hundred or thousand hours, “stabilized” long-term rate, a period of
constant degradation in which the performance reduced by extra 20% in thousands of hours,

and device failure (Figure 1.6).

Efficiency

Long term

Burn-in
Failure

v

Aging time

Figure 1.6 OPV degradation over time.

The intrinsic degradation in dark in the photoactive layer and or in the buffer layers
happens due to the thermally induced molecular rearrangement that can hinder charge
extraction. Organic materials phase separate over long times, fact that deteriorate free
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carriers generation[59]. This is a critical intrinsic degradation pathway that it cannot be
avoided by the encapsulation of the devices.

In the photoactive layer, phase separation improved by applying high boiling solvents,
although the additive inhibits the device stability[60], [61]. Some of these additives affect the
polymer conjugation, introduce traps, and introduce the oxidation in the PAL[62], [63].

Dark degradation could be identified when the OPV devices are heated in dark, and the
corresponding performance is measured. Rapid degradation of devices aging in dark
ambient at room temperature was reported to expose two stages of degradation, the first
stage had a rapid degradation between the cathode and the PAL due to the exposure to O>
and H2O during the manufacturing followed by the second phase in which the degradation is
slower.

1.9.2 Extrinsic degradation

Extrinsic factors require an external stimulus, such as oxygen and water for chemical
degradation, bending for mechanical degradation, light for photoinduced degradation or heat
for thermal degradation. Encapsulation slows down the extrinsic degradation rate.

1.9.3 Electrode Degradation

The degradation of the metal electrode result in deteriorating the device performance[64].
Two different mechanisms can lead to the electrode degradation; first is the electrode
oxidation by the diffusion of oxygen[65] and the second is the reaction of the electrode with
the active layer or charge transport layers [65]. When the metal oxidizes, the series
resistance of the cell increases, and the charge selectivity of the electrode is hindered. Low
work function metal electrode oxidizes by the diffusion of water through the pores in the
metal layer and create a barrier for the charge transport [66].Al interacts with Cego, forming Al-
Ceobonds that cause reduced charge transport and device performance[67]. Silver
electrodes is more stable than the aluminium electrode to be oxidized[64]. Therefore, in
order to improve the stability of the devices, it is advisable to use high work function metals
in the inverted structure[65],[68].

1.9.4 Degradation of the hole transport material

The most applied HTL in OPV devices is poly (ethylenedioxythiophene) poly (styrene
sulfonic acid) (PEDOT: PSS), although PEDOT: PSS deteriorate the device stability.
PEDOT: PSS is highly hygroscopic, and that the absorption of water leads to a reduction of
its conductivity and the device stability. PEDOT:PSS accelerate the degradation since water
can diffuse through it reaching the cathode[69]. Furthermore, the absorption of water by the
PEDOT: PSS increase the resistance at the interface [71] and introduce the degradation in
the PAL, forming aggregation and decreasing the absorption[70]. Different alternatives have
been reported for the PEDOT:PSS of better stability such as vacuum deposited MoO3[71],
sputtered chromium oxide-chromium nitride[72], sputtered nickel oxide (NiO) [72], copper
oxide (CuOx)[73], lithium benzoate[74], the phosphine oxide 2,7-bis (diphenyl phosphoryl)-9,
9-spirobi [fluorene][75], cesium carbonate [76], LiF and Cs,COg3[77] or cadmium selenide
(Cdse) [71].
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1.9.5 Photo-oxidation of the active layer P3HT: PCBM

The Photo-oxidation in organic films lead to optical bleaching that imply the loss in their
optical density via a free-radical reaction[78]. It is reported in many polymers such as
PPV[79], [80], P3HT[81]-[83], PCDTBT[84], [85], PTB7[86], PBDTTPD[86], Si-
PCPDTBT[86] and others[86],the reaction of polymers with oxygen indicated by the loss of
conjugated bonds and a growth of carbonyl, ester, and alkoxy bonds, indicating that the
materials have reacted with oxygen. The photo oxidation process consists of initiation,
propagation, and termination. The initiation is when a bond breaks and a free radical is
formed and this is normally seen when a hydrogen atom is introduced in the polymer side
chain, then propagation occurs, when this free radical propagates via diffusion, in which the
conjugated bonds break that is the main reason for the optical bleaching. The Propagation is
accelerated by the oxygen diffusion. When the two free radicals combine the termination
happens as elaborated in the following equations.

(1) initiation r +PH — P +rH

(2) propagation P° + 0, — PO,

(3) POy + PH — PO,H + P’

(4) termination PO, + PO, — inactibe products + 0,
(5) branching PO,H o PO + HO

Photochemical degradation mechanisms of the conjugated polymers can be summarised
as follows: photo bleaching(perturbation of the 1T-conjugation), photo-doping (charge transfer
D + A = [Dd+ Ad]), and free radical initiated that is followed by secession and cross-
linking[87].

Removing the polymer side chain, the initiation point, is a way to enhance the stability of
the solution-processed polymers[88]. Both factors the film morphology and the film density
are correlated to the stability since crystalline films have been found to be more stable[81],
[89] and dense films tend to be more stable since the oxygen cannot diffuse easily to
reaction sites[90].

1.9.6 Degradation of the electron transport layer (ETL)

ETL was reported to increase the lifetime of the OPV devices to be longer than devices
without ETL kept in dark. Zinc oxide (ZnO) is the most common ETL used in inverted
structure solution processed OPV devices[91]. The conductivity of ZnO is affected by the
dopant materials, Aluminium doped ZnO was reported to be more stable and efficient in
OPV device[92].The conductivity of ZnO enhances by exposure to UV-irradiation through the
direct bandgap excitation[87]. Under the UV radiation, the oxygen de-dopes as shown in
figure 1.7 and the conductivity improves. after the gradual de-doping of oxygen, the oxygen
is re adsorb again on the surface of ZnO nanoparticles and re-doped the ZnO nanoparticles.
The stability of the devices with radiated ETL was enhanced to over 500 h.
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Figure 1.7 The conductivity enhancement process of the ZnO particles by UV radiation.

1.9.7 Degradation effect on the photovoltaic parameters

The degradation mechanisms have the following effects on the photovoltaic parameters:

- The fill factor FF is affected by the efficiency of the interfacial charge transfer
between layers therefore the degradation of the PAL/electrode interface has a major
influence on the F value, mobility, and thus to the degree of phase separation
(thermal degradation).

- The variation of the serial resistance, is related to the resistivity of the whole stack in
the OPV device such as the metal busbar and specially the contact resistance
between the photoactive layer (PAL) and the electrode

- The shunt resistance can vary due to changes in the leakage current through the
whole device and the presence of shunts and shorts.

- The open circuit voltage is affected by several parameters such as the variation in
the interface of the PAL and electrode, change of the effective band gap of the PAL,
electrode work function change, and increase in recombination due to increase in
phase separation upon thermal stress.

- The short circuit current is proportional to the light absorption efficiency so it is highly
influenced by the loss of polymer conjugation, the molecular architecture of the
polymer, the thickness of the PAL, the loss in the degree of transparency of the
stack, the exciton dissociation efficiency, the change in donor/acceptor morphology,
the decrease in the interfacial area between the donor and the acceptor , the
increase of the blend domains, the loss of percolating paths, the degradation of the
electrode/PAL interface.

1.10 Motivation

OPV has reported high efficiencies of 18% in lab scale devices that assure that the OPV
technology has a high potential not only for the outdoor application but also the indoor
application. These efficiency values are far from the produce large scale devices. The
reported efficiency for large scale modules is 11.7%[93]. Several factors are considered
quite challenging while upscaling processing in each layer. First Deposition method is
required for depositing homogenous photoactive layer since the thickness variation is
reported to affect the photovoltaic performance. The photoactive layer in large scale OPV
modules should have thickness less than 300 nm due to the short diffusion length and the
limited charge mobility. Complexity of modules manufacturing is related to the
implementation of green solvents instead of the halogenated solvents.
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Second factor limiting the upscaling is the monolithically connection between the series
connected cells resulting in losses in the photogenerated current and the FF of the produced
modules.

Third, is the electrical conductivity of the transparent electrode. Although ITO is the most
applied transparent electrode in OPV devices, its conductivity stands against the generated
current in large scale devices. Not only its conductivity but also its rigidity limits the flexibility
of the OPV devices

Fourth, the top electrode in OPV devices usually is evaporated which increase the cost of
the large-scale production, therefore the boost of the solution processed electrodes is
required in the high throughput production.

Finally, the stability of the OPV modules is still far from the required market need of 10
years lifetime. Therefore, new encapsulation mechanisms are needed.

The main investigation carried out in this thesis was about the challenges that OPV device
face through the upscaling processing from blade coating to roll-to-roll deposition technique.
In addition to synthesize and apply new materials seeking highly efficient devices and
correlated their photovoltaic performance to the molecular structure of the BHJ in the
photoactive layer. Furthermore, deepen the understanding of the degradation sources in
OPV devices and their effect on the device’s lifetime.
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Chapter 2 Experimental work

Abstract

In this chapter, the materials used in the different processing techniques applied to prepare
the OPV devices were presented. Solution processing techniques were pointed out as the
main coating techniques like blade coating, slot die roll-to-roll and screen printing. Insights
about not only lab-scale devices preparation of semitransparent devices and ITO free OPV
devices but also large-scale OPV modules preparation were shown. Coating recipe of
preparing the lab-scale devices and printing conditions of the roll-to-rolled modules were
listed as well.

Furthermore, towards the cost reduction a modification of the slot die head has been
carried out giving the ability to fit the use of small amount of the inks will be explained.

Characterization protocol of the applied inks to test their printing reliability according to the
applied printing techniques were employed. After the inks revealed the printing ability, thin
layers are printed and then characterized. Preparing OPV devices or modules of different
printed layers in the inverted structure. Characterization of the prepared devices and
modules was elaborated. Further experiments to study the degradation of the prepared OPV
modules were illustrated.

This work has been done in different labs, most of the experiments were carried out in
Eurecat and in ICMAB. Under SEPOMO umbrella of the ITN network framework, two entities
were involved in this thesis through two secondments one in Merck Ltd. (chapter five) and
second in the University of Wurzburg (chapter six).
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2.1 Materials

Since most of the OPV devices in this thesis were realized with the inverted structure of
substrate/bottom electrode/ ETL/PAL/HTL/top electrode, the materials will be listed following
the same order.

2.1.1 Substrates and bottom electrodes

In case of the substrate with the bottom electrode, different types have been used,
depending on the experiment.

For lab scale devices prepared by blade coating, patterned substrates were used as
following:

1- (In Eurecat) Patterned 25 x 25 mm ITO-coated glass slides were purchased from
PsiOTec Ltd. The pattern consisted of a central strip (19 x 25 mm) with sheet
resistance 24 Q/o.

2- (In ICMAB) Patterned ITO coated glass (25x75 mm) provided from Ossila with sheet
resistance 20 Q/o and thickness of 100 nm.

3- (In Merck) Patterned 5x5 cm ITO coated glass slides provided by Merck with a
sheet resistance of 5 Q/o

In case of the devices prepared by roll-to-roll methods, the substrates that have been
used are the following ones:

1- (In Eurecat) ITO strip coated PET with 50 Q/o and 150 nm thickness, provided by
Technifilm.

2- (In Merck) IMI (Insultor-Metal-Insultor) patterned PET with sheet resistance 7 Q/o.
The IMI substrates rolls had dimensions 165 mm x150 m and were laser patterned
with a Rofin1064 nm Nd: YVO. laser.

2.1.2 Electron transport layer

Both ZnO and AZO have been used for the electron transport layer. In the early work of
this thesis Zinc Oxide (ZnO), used for the ETL for both lab-scale devices and modules
printed by roll-to-roll, however AZO supplied form Avantma N-21X replaced the ZnO due to
the better process ability and the more conductivity. ZnO was prepared in the lab in Eurecat
by sol gel method as shown in Figure 2.1.
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Figure 2.1 the procedure to prepare ZnO by sol gel.

1. Preparing two solutions: one solution of zinc acetate (ZnAc) (11.89 g) in 500 ml of
methanol (MetOH) and the second solution of KOH (6 g) in 250 ml of MetOH.

2. Placing the first solution in three neck flask connected to a reflux system and surrounded
with aluminum foil to keep the temperature homogenous on a hot plate at T = 120 ° C and
adjust the magnetic stirrer at 400 rpm. A thermometer was place inside the flask to indicate
the reaction temperature. The KOH solution in a beaker covered with the large watch glass
on another plate at T = 100 ° C and 400 rpm.

3. When the thermometer indicates T> 60 ° C, the KOH solution was added to the flask.

4. The mixture should become cloudy and become transparent in a few moments. The
reaction should be with reflux for 3 hours.

Controlling the temperature in the flask, and keep the T stablilzed between 65 and 67 °C.

5. After 3 hours, the plate turned off and the solution cooled down to 50 ° C. Then, the
dispersion transferred to a previously filled bottle of N2 in the glove-box and rest for 4 hours.

6. After 4 hours, the solvent changed by methanol by delicate pouring of the supernatant
into another container and new methanol was added.

7. Next day, all of the supernatant removed with a syringe and the remaining volume of
ink was weighted and calculated it in the excel sheet. A 16% by weight of dispersant, of 2-
[2- (2-Methoxyethoxy) ethoxy] acetic acid (MEA) was added. In the excel sheet prepared for
dilution calculations enter the total volume of ink, sum of the volume prior to the addition of
MEA, plus that of MEA added. Finally, the required ZnO concentration was adjusted by
adding the corresponding amount of methanol and the whole dispersion was filtered with a
0.2 um PTFE filter.

ZnO was applied as an ETL since it is the most common metal oxide ETL used in OPV
devices due to its relatively high electron mobility, transparency, wide direct bandgap [3.2
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eV] and solution process ability[1]. However later on in this studies it has been replaced with
Aluminum doped Zinc oxide [AZO]. The replacement was due to processing issues raised
while printing by roll-to-roll technique, whitish color and less adhesion to the ITO layer even
after applying corona to PET coated ITO surface. The printed ZnO was easy to be removed
by rolling the whole web. The performance of the OPV devices with ZnO as ETL was pretty
close to OPV devices with AZO as ETL on the average performance despite the best cell
performance [see Figure 2.2] was pretty higher PCE 2.4% with AZO than in case of the ZnO
of PCE 1.8% as shown in Table 2.1. The reproducibility problems of ZnO has been
reported[2,3] since ZnO tends to form trap states associated with defects. In AZO the doping
of the ZnO with Al improving the wettability of the ETL on top of the P3HT: PSS layer as it
introduces electrical polarization into the ZnO lattice as reported[4,5]. SEM images of both
ETLs deposited by blade coating on glass were shown in Figure 2.3. Moreover, the AZO has
been used as it is more conductive and as a result of the band gap shift the depletion region
on both sides of the ETL has reduced than in case of ZnO which cause more charge carriers
to tunnel the barrier.

1 1
IS %)
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Current density [mA/Cm?]

1
oo
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Figure 2.2 The JV curves of the best modules with different ETL AZO in black color and ZnO
in red color.

Table 2.1 The photovoltaic performance of devices OPV modules with AZO and ZnO as ETL

ETL Vv [V] 3_[mA/Cm] FFl%]  PCE[%]

Zn0O 0.55+0.02 -6 -1 4243 1.3+0.3
Best Cell 0.54 -7.8 44 1.8

AZO 0.52+0.07 -6.2+-0.8 4619 1.5+0.4
Best Cell 0.56 -7.6 56 2.4
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Figure 2. 3 SEM images of (a) AZO layer on glass and (b) ZnO layer on glass.
2.1.3 Photoactive layer

Both lab-scale devices and large-scale modules were constructed with inverted bulk
heterojunction structure. The photo active layer (PAL) was a blend of electron donor material
and electron acceptor material and also in this case, depending on the experiment, the
materials for these components have been changed. The chemical structures of the
Photoactive materials are shown in Figure 2.4.

The donor materials were as follows(see Figure2.4):
(A)91-94%, Mw =50-70 kDa regioregular P3HT purchased from Rieke Metals, (B) PBDB-T
and (C )PCDTBT were purchased from Ossila. The photoactive layer of the roll to roll

devices prepared in Merck was based on the blue donor (d)PBTZT-stat-BDTT-8, however
the acceptor was not declared from Merck.

The acceptor materials were as follows (see Figure2.4):

In the framework of the collaboration with the Universidad Complutense, three small
molecules were synthesized as acceptors (e) 3PIPT, (H4PIPM, (h)PIPB; and [g] PCsBM >
99% purity purchased from Solenne BV.

Alll the solvents were used as delivered from Sigma-Aldrich: chlorobenzene, Chloroform,
acetone, isopropanol, ethanol or methanol.
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(c)PCDTBT (d) PBTZT-stat-BDTT-8

Figure 2. 4 The chemical structure of the Photo active materials in the OPV devices (a)
P3HT, (b) PBDBT, (c) PBTBT, (d) PBTZT-stat-BDTT-8, (€)3PIPT, (f)/4PIPM, (g) PCsBM and
(h)PIPB.
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2.1.4 Hole transport layer

For the lab scale devices (MoOs) was thermally evaporated and the pellets were provided
by Alfa Aesar.

For preparing lab scale devices in Merck (chapter two) PEDOT: PSS P VP AL 4083,
Clevios solar 388 and Clevios solar 434 were applied as HTL and were provided by
Heraeus.

For the roll-to-roll experiments FHC Solar PEDOT: PSS provided from Heraeus.

2.1.5 Top electrode

Silver top electrode was thermally evaporated in the lab scale devices. The silver pellets
were provided from Kurt J. Lesker. However, in the large-scale modules prepared by roll-to-
roll the top electrode was silver paste DuPont 5000 and was screen printed.

In either ITO-free or semitransparent lab-scale devices Poly bio wire silver nanowires
(AgNWSs) provided from poly ink and Clevios HYE provided from Hareous were applied as
electrodes.

2.2 Processing techniques

In this section the printing techniques used for our research are introduced, with a
description of the working mechanisms. The used techniques are blade coating for preparing
the lab scale devices, slot die roll-to-roll and screen printing for preparing the large-scale
modules.

2.2.1 Substrates cleaning

Depending on the type of substrate and the lab where the experiment was performed,
differences were introduced in the process employed for cleaning the substrates(see Table
2.2).

Table 2.2 the cleaning protocol followed in each lab

Lab Cleaning protocol

Eurecat . Sonication bath in acetone (5 minutes)

. Sonication bath in isopropanol (5 minutes)

. Sonication bath in ethanol (5 minutes)

. Drying by nitrogen gun

Sonication bath in acetone (5 minutes)

. Sonication bath in isopropanol (5 minutes)

. Sonication bath in ethanol (5 minutes)

. Rinsing in distilled water

Drying the substrates on a hot plate in air for 30 minutes

. Sonication bath in acetone (5 minutes)

. Sonication bath in10% vol. Helmanex in H20 solution (5 minutes)
. Sonication bath in isopropanol (5 minutes)

. Sonication bath in acetone (5 minutes)

. Sonication bath in 10% w/v NaOH in water solution (20 minutes)
. Drying by compressed air gun

Merck

ICMAB

CUAWNRUORAWNREIAWNPE
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2.2.2 Blade coating technique

Doctor blade is a non-contact solution deposition technique while applying temperature to
the platform. Furthermore, this technique could be integrated to the roll-to-roll printing line. A
sketch of the working principle of such technique is presented in Figure 2.5.

ion ) 5

Gap controller
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Meniscus
Dry film thickness

Ink reservoir

istance

Substrate

BT
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Temperature controller

Blade coater

Figure 2. 5 (a) lllustration of the doctor blade process coater, (b)the blade coater at ICMAB
and Eurecat and (c) the blade coater in Merck.

The deposition process starts by applying a certain ink volume, V, by the pipette in the
gap height, G, between the substrate and the blade. The blade moves, accordingly with the
adjusted speed, spreading the ink over the substrate, with the effect of producing a wet film
on it. Adjusting the platform temperature is often useful in order to control the drying
dynamics, which on its turn, has effects on the film morphology. Fast drying is preferred, in
case of using high boiling point solvents, to eliminate the material inhomogeneity and, for
example, to decrease the phase separation between donor and acceptor, in the case of the
active layer. The temperature of the plate controls the drying dynamics and affecting the
morphology of the resulted film. The maximum achieved thickness is approximately 50% of
the gap height as reported[6].Towards the upscaling doctor blade is mainly applied to
optimize the layer thicknesses and to allow further study over the wide range of thickness in
the small scale before transmit it to the roll to roll printing technique. The blade coater used
in Eurecat and in ICMAB was of model (ZUA 2300, Zehntner), however in Merck the blade
coater was provided from Zhnite. The blade coater in ICMAB was modified by a home-made
electronic board to allow the coating using variable blade speed, which results in a thickness
gradient within the same substrate. This enables the thickness optimization within a single
substrate, which has the advantage of using less material.

The resulting thickness of the dried film depends on different parameters
1- Ink properties such as rheological properties, viscosity, concentration and solvent
boiling point.

29



2- The processing parameters such as blade speed [the faster the blade the thicker the
film produced], blade height, ink volume and plate temperature.

The optimized depositing conditions of lab-scale devices in chapter two, ITO free devices
and the semitransparent devices are summarized in Table 2.3.

Table 2.3 the inks formulations and the printing conditions of all the lab devices.

Printing conditions of the ITO free devices

Printing parameters

Ink Formulation Ink volume[ul], blade speed[mm/s],Blade

gap[um] & plate temperature [°c]

Zn0O 15 mg/ml prepared in Eurecat 40 pl, 40 mm/s,100 pm &45°c

P3HT:PC60BM [30:24] wt% in CB 40 pl, 5 mm/s,100 pm &45°c
PolyBio wire Commercial 100 pl, 40 mm/s,100 pm &80°c

Commercial ink provided by
HYE 60 pl, 5 mm/s,100 pm &80°c
Heraeus
Semitransparent devices with AgNWSs as a top electrode
AZO Avantama N21X 30ml, 5mm/s, 150mm, 45°C
P3HT:PC_BM (30:24) wt % in CB 40ml, 40mm/s, 200um, 100°C

PEDOT:H20(80:20)wt% with

PEDOT:PSS (FHC) 0.5% Capstone

30ml, 3 mm/s, 250mm, 80°C

PolyBio wire Commercial 40ml, 90mm/s, 250mm, 65°C

HYE Commercial ink provided by 40ml, 10mm/s, 250mm, 65°C
Heraeus

AgNW In ethanol 6mg/ml 40ml, 45mm/s, 250mm, 65°C

OPV devices optimized based on blue ink

AZO Avantama N21 X 50 pl, 5 mm/s,50 um &40°C

Blue ink Formulated by Merck 80 pl, 6 mm/s,100 pm &60°C

P VP AL 4083 Commercial ink provided by 180 pl, 5 mm/s,575 pm &65°C
Heraeus

Clevios 388 & Clevios Commercial inks provided by

(o]
434 Heraeus 100 pl, 4 mm/s,200 pm &65°C

30



All lab-scale devices were completed with the thermal evaporation of MoOs, for the HTL, and
silver, as the top electrode. For this step, equipment by Kurt J. Lesker is employed (Figure
2.6).

The evaporation is performed by using a shadow mask to define the shape of the top
electrode, which determined the active area of the device. where six substrates, each
substrate contain six devices, were placed [in Eurecat] or six substrates, each substrate
contains 24 devices, were placed [in ICMAB] at high vacuum [10® mbar]. A thermal
evaporator provided from Kurt J. Lesker [in Eurecat] and provided from ECOVap, MBraun [in
ICMAB] attached to a glovebox where the samples were placed into the shadow mask. The
thickness as well as the rate of evaporation was monitored by using an oscillating quartz
crystal. The thickness of silver electrode was100 nm and the one of MoO3; was 10 nm. The
evaporation rate in case of Ag 3A/m and in case of MoO3 was 1 A/m. The active area was
set to 25 mm? in [Eurecat] and 5mm? [in ICMAB]. In all cases, a high substrate rotation
speed was set in order to minimize border shadowing effects.

Figure 2. 6 (a) The thermal evaporator equipment in Eurecat, (b) substrate out of the thermal
evaporator with 6 OPV devices[in Eurecat] and (c) the substrate after the evaporation of the
MoOs and the silver top electrode, 24 OPV devices in each substrate, [at ICMAB].

31



2.2.3 Roll-to-roll technique

Devices up-scaling was performed by using roll-to-roll technology that allows high
throughput processing. Slot-die and mini roll-to-roll, shown in Figure 2.7 and Figure 2.8, are
the machines used in this work. Coating by the slot die takes place through moving a web of
flexible substrate aligned along the whole machine. The head is continuously filled with the
ink by a syringe pump as showed in Figure 2.7 c). A wide range of inks viscosity [0.1-1000
Pa-s] is compatible with slot-die technique. The wet thickness is controlled by different
factors, mostly the pumping rate and the web speed. The web moves in a wide range of
speed: 1-600 m/min. The dried film thickness could be between 50 nm up to 2 dimensions.
The dired film thickness can be determined from Equation 2.1[7]:

9
v.w

t= % Equation 2.1

Where t is the produced dry film thickness, Q is the flow rate (cm®min), V is the coating
speed (cm/min), w is the coating width(cm), ¢ is the ink concentration (gm/cm?) and p is the
material density (g/cm?3).

An internal mask with a thickness of 50 um, made of stainless steel, enables the controlled
ink flow to the web and enables the printing of well defined stripes. A second internal mask,
provided with meniscus helps guiding the ink to the substrate in the form imposed by the
previous one. The width of the so-generated meniscus defines the width of the printed
stripes, which, in Eurecat, can be equal to 4, 5.5 or 6.7 mm, depending of the ink to be
printed. The choice of the width to be used depends on factors like ink wettability and layer.
Inks with low surface tension and, hence, good wettability behaviour, could require a smaller
width in order not to exceed the stripe nominal width. In terms of layer, on the other side, the
last layer is required to be sharper in order to avoid unwanted contact with the other stripes.

Figure 2. 7 (a) The real image of the roll to roll machine with clarification of the web
alignment in blue, (b) illustration of the slot die head components, (c)the substrate roll of the
three layers printed ETL,PAL and HTL by the modified mask and (d) the process of the slot

die printing.
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Syringe pump

o )

Figure 2.8 (a)Real image of the mini roll to roll in the loop printing mode since(1)is the
heating syringe unit, (2) the heating rode used to heat the slot die head, (3) the slot die head
with holes to enable heating the inks while printing, (4) camera to monitor the printing
process, (5)IR heating unit to dry the printed layers and (6) . UV-VIS spectroscopy to
determine the printed layers thicknesses by the optical density measurement and (b) Slot die
head components

The choice of shim thickness - in our case always 50 um — could depend on ink viscosity,
being that a more viscous ink could require a higher thickness in order to flow properly
through the system.

A modification of the internal shim has been carried out to help printing only three and six
strips instead of thirty stripe that allows less materials consume and reduce the coast of the
produced modules. That is not only because of the less materials consumption but also
because of the less substrate used since, by that way, the main substrate roll could be cut
into three sharper rolls, obtaining the triple the initial amount. That leaded to reduce the
tension the machine applied to the substrate to the third [see Figure 2.9]. The tension
reduction was motivated by the appearance of cracks in the ITO layer [Figure 2.10]. That is
consequently reduce the performance of the OPV modules dramatically since longitudinal
conductivity was [290+50Q] and the transversal conductivity [55+20Q)] conductivity was
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measured. Most of the layers have been printed by the roll to roll such as ETL, PAL and
HTL. The recipe for the coating process is listed in Table 2.4.

During the secondment in Merck mini roll to roll machine used Figure 2.8. Such equipment
is provided with heating accessories that have the aim to guarantees that the ink is
maintained at a constant temperature, that is higher than room temperature: the syringe and
the tube are surrounded by a heating foil, while, the main roll and the slot-die head are
heated by a heating rode. These heating units allow the exposure of the ink to a
homogeneous temperature through all the path from the source to the printing head. The
recipe of the printing conditions of the different layers by the mini roll to roll are presented in
Table 2.5.

~ B

Applied tension [T]

—
Web

Cylinder s= % __r _ [ﬁ]

7:3 —_ —=3
k 2 3 52 /

Figure 2.9 Relation between the web width and the applied tension producing more stress
on the ITO layer.

Direction of ITO cracks

Transversal direction

Figure 2. 10 (a) The microscopic image of the substrate and the three layers ETL,PAL and
HTL printed on top, (b) the microscopic image of PET with ITO on top and (c) the
microscopic image of the cracks presented in the ITO layer because of the extra stress
applied to it.
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Table 2. 4 The printing recipe for printing ETL,PAL and HTL by roll-to-roll machine.

| Printing conditions ZnO PsHT: PCBM | PEDOT: PSS
Pump Flow [ml/minute] 1.2 3 6.5
Tube [ internal 1.45 2.06 2.54
diameter ,mm,]
Ink Solvent Methan CB Water
e
Concentration 50 30:24 MW 20% ,0.54
[mg/ml] capstone
Substrate Speed[m/minute] 1.2 14 0.8
Tension[N] 30 30 30
Curing Oven temperature 140 140 140
Temperature [°C]

Table 2. 5 The printing recipe followed to print ETL, PAL and HTL by the mini roll-to-roll

coater.
Roll-to-roll printing parameters
Ink Back roll temperature[°C], web speed [m/mint], ink flow[ml/mint],
syringe temperature[°C], Tube temperature[°C], slot die head
temperature[°C] and curing temperature [°C]
AZO 45°C, 1m/min, 0.6 ml/min, RT, RT, RT & 110°C
Blue ink 60°C, 1m/min, 0.9 ml/min,60°C, 60°C, 60°C &120°C

P VP AL 4083 Not printable
Clevios 388 & 55°C, 1m/min, 0.8 ml/min, RT, RT, RT & 120°C

Clevios 434



2.2.4 Screen-printing technique

The screen-printing techniques used to print the fingers pattern of the top electrode since
its characteristic of printing thick layer. The screen-printing technique has two possible
configurations as shown in Figure 2.11. To finish printing the OPV module Figure 2.12, the
silver top electrode grid [that will be treated in chapter 3] was printed by flatbed screen
printing technique, of model AT-60PD by ATMA shown in Figure 2.13. Screen printing is a
contact printing technique where the ink is released to the substrate through the textured
[mesh]screen. The mesh is placed over the substrate. The printing of the silver top electrode
started when the squeegee moves over the screen. The moving squeegee forces the ink to
filter through the screen texture to the substrate once the force is applied. Therefore, high
viscous and low volatile inks are required for this technique in order to prevent too quick
evaporation, screen clogging and resolution loss. The equipment used at Eurecat is semi-
automatic because after each printing the following substrate must be placed manually.

The wet layer thicknesses of the layers printed by screen printers are of range from less
than 10 um up to more than 500 ym[7]. The dried thickness is calculated from the equation
2.2

t = Vscreen.l(p.% Equation 2.2

Where Vseeen is the screen volume, c¢ is the material concentration, p is the material
viscosity and K, is the pick out ratio that depends on the processing parameters such as
squeegee force, printing speed, snap-off distance, snap-off angle and the ink rheology.
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Squeegee Prin}ed pattern

Rotary screen printing

Figure 2. 11 The screen-printing technique (a) flatbed screen and (b) rotary screen printed.
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Figure 2. 12 (a)The roll of three printed layers ETL, PAL and PAL by roll-t

o-roll and (b) image

of two OPV modules with printed silver top electrode with different finger spacing 1mm and
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Figure 2. 13 (a) Scheme of the screen-printing technique, (b) the real image of the semi-

automatic AT-60PD model by ATMA screen printer.
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2.2.5 Encapsulation

The encapsulation is the step that completes module preparation. All the modules were
laminated in the laminating machine shown in Figure 2.14 by introducing the solar module
between two PET foils. The lamination is done by melting A4 size PET at 80°C on top and
below of solar module.Although it is not the ideal encapsulation, it is cheap and easy to
process and offer the stability of the modules for days that is enough for the characterization
and for more long living time the modules were usually kept in vaccum.

Saturn Si(A3

Figure 2. 14 The laminating equipment.

2.3 Degradation of modules prepared by slot-die roll-to-roll

Modules based on P3HT:PCBM and P3HT:0-IDTBR were employed for degradation
experiment(chapter six). All the modules were differentiated by their encapsulation labelled,
only PET and barrier. Only PET will mark modules encapsulated by thin PET foils.
Encapsulation took place by sandwiching the modules between two PET foils to be inserted
into the laminator at 80°C. Barrier will mark modules with extra encapsulation that performed
by gluing barrier foils to the OPV modules. The modules used have three devices connected
in series, each of 0.001485 m?2. A picture of an encapsulated devices is presented in Figure
2.15. The degradation of modules implied by placing all modules in the climatic chamber to
be degraded under illumination of power 474 mW/m?, humidity of 40% and temperature of
30°C. This work will focus on understanding the photodegradation of the OPV modules in
general.
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Different characterizations techniques were employed not only for the modules such as
electrical, spectroscopic, and thermal characterization but also for the inks and the deposited
layers as explained in the following section.

idity 40%

pcrature%" ,
F
= ‘* - §

Figure 2.15 (a) modules are placed in the climatic chamber with the conditions written and
(b) the four set of modules included in the study; P3HT:PCBM module (barrier) in dark red,
P3HT:PCBM module (PET) in red, P3HT:0-IDTBR module (barrier) in dark blue and P3HT:o-
IDTBR module (PET) in blue.

2.4 Charachterization techniques

In this section, the different characterization techniques were described. Primarily, several
characterizations have been performed to the inks either commercially or lab prepared.
Further characterizations are required after preparing the solar modules.

2.4.1 Characterization of inks

In solution printing technology the addressing of proper inks is mandatory to achieve a
reliable process. The inks properties must be selected for compatibility requirements with the
equipment itself, but also to assure the quality in the coated layers.

Rheology and wetting properties

Viscosity and surface tension are intrinsic ink properties that can be assessed by using
rheometer and contact angle equipment, respectively. Surface tension of liquids, surface
free energy of substrates and contact angle of inks on top of substrates were measured by a
Drop Shape Analysis System DSA100 from Kruss. Table 2.6 shows the measured
rheological properties of the inks used in the OPV devices. Measuring viscosities were
applied by using HAAKE RheoStress 6000 universal rheometer (from Thermo Scientific). A
data base was held to record the measured properties for the inks used in the solution
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processed printing techniques to question their fitting to the process ability of the coating

method.

Table 2. 6 Database of the rheological properties of the inks and resulting films used in

preparing the OPV devices.

| FILM | INK |
. N -1
Device Material Coat.mg d [nm] SFE ; o } R, P B} SFT_ n@100s
component technique [mMN-m] | [Sem] | [Q0a] | [gmI'] | [mN-m ] | [mPa-s]
‘ Glass
Substrate ) - - = = - - -
‘ PET Melinex 52+2
ITO
Technifilm+FO - 120 50+3 1678 50+1 - - -
MTech.
Transparent
Agnw 1.01 +
electrode PolyBioWire Dr Blade 68 £ 6 0.02 65.2+04 | 41+4
HY E Dr Blade i = 258+0.1|14.3+0.2
0.01
ZnO Eurecat -to-
|| Rl ~0.8 | 22.7+0.20.49+0.01
ETL
AZO
Nanograde (- Rowie™ | 137 7949 O | 271 35
21X - Flex) '
P3HT:PCBM=3 Roll-to- 38.41
Active layer ~ 0:24in CB Roll +1.07 - - Sleas
Merck blue ink
Clevios F
HC+20%w Roll-to- | 69 + 45.05
HTL H,0+0.5% Roll 12 | 1349 | 734%43 198%3 17.9+0.7 54%6
Capstone
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2.4.2 Characterization of the layers

Layers characterization was the following step to have the insights into physical properties
that influence the performance of the OPV devices. The layers’ thickness was determined by
Veeco Dektak 150 Profilometer [Figure 2.16]. Transmission of the transparent electrode has
been measured by Perkin-Elmer Lambda 950 UV-Vis spectrophotometer. AFM was used to
have insights into the layers’ topology and roughness of the different HTLs applied in OPV
devices in chapter two. TEM used to check the formation of the silver nanowires and to
measure their diameters. For measuring the electrical conductivity of the printed or
deposited films by doctor blade technique a four-probe technique.

Figure 2. 16 Dektak 150 profilometer.

2.4.3 Module characterization

2.4.3.1 JV characterization

The JV characteristics of the solar cells or modules were measured under AM 1.5G [Air
Mass 1.5 Global] illumination, 100 mW.cm. The device characterization is performed using
a solar simulator Atlas, model SolarTest 1200, regulated on 1000 W-m power density [A]-
Figure 2.17. The power density is calibrated by means of a pyranometer KippZonen, model
CMP 6 [B]- Figure 2.17. The I-V curves of the devices is performed by using a source/meter
Keithley, model 2602A [C]- Figure 2.17Figure 2.. Another JV characterization was applied for
the small molecule devices (chapter four) in ICMAB using a Keithley 4200 power source
meter under AM 1.5G illumination at an intensity of 100 mW cm2. The solar simulator was
calibrated with a certified silicon solar cell (Oriel, Newport).
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2.43.2LBIC

Light beam induced current [LBIC] see Figure 2.18 used to have more insights regarding
the best electrode ink and their compatibility with the layers beneath. LBIC was measured
adapting the WITec alpha 300 RA+ microscope equipment Figure 2.18. The sample was
illuminated locally by a monochromatic nm laser. The Raman signal was recorded with a
spectrometer (CCD camera) and co-locally the photocurrent response (LBIC) with a source
meter. This co-local technique refers to RamBIC (Raman and LBIC).

sO0CCCOCCS
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Figure 2.17 (a) Solar simulator, (b) pyrometer and (c) source meter by Keithey.
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Figure 2.18 The LBIC equipment illustration.
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2.4.3.3 EPR spectroscopy

Figure 2.19 Schematic illustration of preparing the modules to be measured by the EPR
spectroscopy since pieces of the stripes in the same module were cut and put into an EPR
tube.

The modules were running the degradation experiments in chapter six, were stored and
cut in the glovebox and, in order to obtain the EPR spectra of the modules, samples were
prepared as followed (see Figure 2.19); the modules were cut into stripes of 5.5 mm (length)
x 1.4 mm (width), while 6 stripes were placed in an EPR quartz tube (Wilmad) in a nitrogen-
filled glovebox. EPR experiments were carried out with an X-band spectrometer (Magnettech
MS-5000) with a resonance frequency of 9.42 GHz and a quality factor of Q ~ 1500 — 3000.
The experimental settings were optimized to a modulation frequency of Bmod = 0.2 mT and
microwave power of PMW = 1 mW at room temperature. For quantitative EPR, a reference
sample of the molecular radical 1,3-bis(diphenylene)-2- phenylallyl (BDPA) with a known
spin number of NBDPA = 3.6 x 1017 was used. By comparing the double integral (DI) of the
reference EPR signal with the EPR signals of the modules (both measured with same
settings) the spin number is given by (s = %2):

DI .
ref X Qmodules Equatlon 23
DImodules Qref

Nmodules = Nref X
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Chapter 3 Solution processed semitransparent electrodes

Abstract

In the present chapter, we describe two different approaches for solution processed
semitransparent electrodes. First, we report the synthesis and optimization of silver
nanowire dispersions with controlled dimensions. We investigate their solution
processing into films with varying transparency and electrical conductivity and
demonstrate their use for electrodes in organic solar cells. On the other hand,
semitransparent electrodes based on screen printed silver grids are designed and
fabricated. A comparative study of the different screen-printed electrode materials is
carried out and the printed electrode geometry is optimized to obtain an efficient
photovoltaic performance of our photovoltaic modules.
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3.1 Why are transparent electrodes so challenging for
upscaling the OPV printing process?

Transparent conductive electrodes have a great importance in optoelectronic devices,
such as photovoltaic cells and light-emitting diodes. Figure 3.1 shows that two electrodes are
required in organic optoelectronic devices such as OPV and OLED[1] in order to collect or
inject charges, respectively. One of the electrodes needs to be transparent so light can pass
through; while the other electrode is normally opaque and reflects light back to the device.
Lately, research has been done to obtain semitransparent devices because of potential
applications in architecture, such as semitransparent windows. To meet the industrial
challenges, materials, cost and processing are key factors.

Indium-tin oxide (ITO) is the most commonly used transparent electrode in OPV. This is
due to its low sheet resistance (10-20 Q/(]) for films of thickness 100 to 300 nm
corresponding to electrical conductivity in the order of 10® S/cm and high optical
transmission (>80%) in the visible range. Despite of this attractive traits, ITO’s
manufacturing complexity and high-cost production limit mass production of the up scaled
OPV devices. ITO brittleness is an obstacle in the application of the flexible OPV devices.
Cracks can appear under mechanical stress, which would be a source of dramatic decrease
of the electrical conductivity. Commercial ITO electrodes are fabricated by sputtering, and
thermal evaporation. Sputtering requires high- temperature treatment (400 to 500°C) and
high-vacuum that increases the cost and processing complexity. Moreover, the fabrication of
ITO on polyethylene terephthalate (PET), the most popular material employed for flexible
substrates, consumes 87% of the energy and over 30% of the material cost.[1] Indium is a
scarce element on the Earth’s crust, and as such, will never be cheap, particularly in
applications for which one needs very large areas, such as sun light to electricity energy
conversion. These conditions remark the importance of the simple processing and the need
for solution processed transparent electrodes.

A Top electrode B Top electrode
Organic Organic
Bottom electrode Bottom electrode
Substrate Substrate

Lightin OPV device

Light out from OLED

Figure 3.1 Optoelectronic device’s structure a) OPV and bottom emitting OLED and b)
transparent OPV and OLED.

Unlike sputtering and other vacuum complex processing techniques, solution processed
printing techniques employ relatively simpler technologies, scale up at industrial level with a
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lower cost and can open the possibility to more applications arising from having flexible
devices [2—17]. Printing techniques have, therefore, a high potential to prepare transparent
conducting electrodes at the industrial scale [18].

Different materials have been investigated for transparent conductive electrodes (TCE),
including graphene, CNTs, conducting polymers and metal nanowires[19-23]. First, Carbon
materials have low-cost and high stability[24,25]. Graphene has been investigated as TCEs
due to its high transparency and conductivity[26—28]. Graphene sheet was calculated to
have 97.7% transmittance and 6 Q/1 sheet resistance[29,30]. However, processing is done
by chemical vapor deposition which is against the low cost perspectives[26,28,31].
Graphene oxide (GO) has been used as a TCE because it is solution-processable[31,32].
The sheet resistance of GO electrode is 200-1000 Q/[7 and its transmission is lower than
90%[23]. Single carbon nanotubes (CNTSs) films have high conductivity to be applied as
TCE. However, the performance of solution processed CNT films is still limited due to its
challenging purification, dispersion and stabilization[24,33]. A single CNT has high
conductivity (3 x10® S m'*) and mobility of 100000 cm?/V s, which is not the case for the
CNTs due to the resistance between the connections [34,35]. The sheet resistance of CNT
is 102-10* /11 and transmission of ~80% at 550 nm[36].

Second, conducting polymers are privileged for their ability of tuning their band gap by
chemical modification and doping. Transporting electrons through delocalized 1 bonds is the
main reason of the conductivity of the conducting polymers. The most widely used polymer
is PEDOT:PSS, which has conductivity values between (100-1000 S cm™), however its
sheet resistance (102-103 Q/0)) is still significantly higher than that of ITO, which limits its
use as electrode in OPV devices [37].

Third, metals are favorable as they exhibit the highest electrical conductivity. Solution-
based metal deposition technologies rely on dispersions of metal nanoparticles/nanowires in
a given solvent[38—41]. Recently, silver nanowires (Ag NWs) have emerged as a promising
candidate due to their high electrical conductivity, high optical transmission, excellent
flexibility [38], their solution processing and are being applied in the large-scale
production[42—-44]. The wires aspect ratio is important since the percolation between the
long wires have a huge influence in the electrical conductivity and the diameters of the wires
highly influence the optical transmittance. The reported transmittance value is 80-90%, with
sheet resistance of 1-100 Q/7.

Silver nanowires (AgNWs) have 10-200 nm and lengths of 5—-100 um[45—49]. The aspect
ratio, length over diameter, should be greater than 10 unlike the case of silver nanorods [47].
Enormous efforts are advocated obtaining high quality, uniformity and yields by high
throughput techniques[50].

Methods for the synthesis of the AgNWs have been reported in the literature, such as
electrochemical synthesis, template synthesis, and polyol synthesis [51,52]. Electrochemical
method produce AgNWs based on single crystal, whereas the wet chemistry method
produce AgNWs based on a multiply twinned crystal[53]. However, the advantage of the
template method is the well-controlled manner of growth. Hard templates explored by
Charles R. Martin’s[54] produce highly ordered structure despite the removal of these
templates that might damage the nanowires. In contrast, polymers as soft templates can be
dissolved easily in solution, which is of high potential application in industry. Finally, Polyol
method is defined as the soft chemical method for the preparation of nanowires.

Furthermore, composite materials have been investigated as TCE aiming at overcoming
the disadvantages of single materials. One particularly used option is the combination of
printed metal grids with EDOT: PSS underneath. The resulting composed electrode helps
with the large sheet resistance (Rs) of to the conducting polymer alone and increases the
collection of charges, when compared with the Ag grid alone[56-58].

The electrical sheet resistance and the optical transmittance are the most important
parameters that characterize a semitransparent electrode film. Roughness, work function,
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processability, and mechanical properties, are considered for electrode materials. A required
compromise between transmittance and sheet resistance are considered for the adequate
electrodes. The intrinsic limit of the conductivity is defined by electron—acoustic phonon
scattering in the layer at room temperature[59].

The electrode sheet resistance, Rs, as displayed in equation 4.1.
Rg = (at)7t Equation 4. 1

Whereas the optical transparency, T, follows, in a first approximation, an exponential decay
behavior with t as given by the Beer-Lambert law shown in equation 4.2

T = IL =e * Equation 4. 2
0

Where | is the incident light intensity, and | is the transmitted light intensity. Table 3.1
presents the optical transmittance at wavelength 550 nm and the sheet resistance of solution
processed TCEs reported in literature[60]. But what is the best way of comparing TCEs?

Table 3.1 Properties of solution processed TCEs.

Substrate T Rs (Q/00) Ref
ITO/glass 0.83 3.1 [61]
AgNW/PET 0.947 20.2 [62]
AZO/AgNW/AZO/ZnOlglass 0.934 11.3 [63]
PEDOT:PSS/glass 0.97 240 [64]
PEDOT:PSS/PET 0.86 24 [65]
PEDOT:PSS/Ag gird/PET 0.73 0.62 [66]
graphene/PET 0.90 41 [67]
graphene/glass 0.9 100 [68]

Researchers introduced the concept of figure of merit (FOM), [@1.], to evaluate specifically
the performance of TCEs in order to incorporate both relevant parameters (light
transparency and electrical conductivity). There have been different FOM proposed.

Fraser and Cook defined the FOM as a function of thickness through the following equation
4.3[69].

FOM[®7c] = Rl Equation 4. 3
By combining equation 4.1, 4.2 and 4.3 we get

FOM [@rc] = ate™®t Equation 4. 4

By solving this equation ag% = 0, to obtain minimum thickness T = 1/e = 0.37.
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Optimum FOM obtained at transmission of 0.37 which is not desired for the properties of
TCEs. Therefore, Haacke[69,70] proposed FOM given by equation 4.5

FOM = }:—x Equation 4. 5
S
t = — Equation 4. 6
ax
=1 i
X = Equation 4. 7

Where x is an exponent. Minimum T is essential for maximum @, and the value of x =10 is
associated to T = 90% [69].

Selecting a proper material is crucial for designing the device electrode. FOM is the
dominant protocol for comparing the solution processed AgNWs and the commercial
electrode materials synthetization of AQNWs based on Polyol method are presented as
following.

By choosing the FOM as a criteria to qualify the electrode films we need to prepare and
optimize the AgNWs, then prepare films of AQNWSs and calculate the FOM of the prepared
AgNWs films, before applying them in the OPV devices. For preparing the AgNWs, we
chose polyol method for specific reasons, as it will be explained in the following section.
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3.2 Synthesis of AQNW by the polyol method

In this work, we have selected the polyol method because it has been introduced as one of
the most successful methods for preparing high quality AQNWs in large scale. Xia’'s group
prepare AgNWs by the polyol method[42] in which Pt nanoparticles used as seeds.
However, a self- seeding process that does not need any exotic seeds was later

reported[71].

/i)Add 0.2 g of PVP

i) Add 0.25 iii)Add 3.5 g of iv) Place the solution
(Mw = 360 000) to :)lgAgNO J FeCl; in 600 mM in preheated reactor
25 ml of EG N in EG at 130°c

v) Acetone and ethanol were
e used to wash the precipitate
with centrifugation of 4000

(om lete | Claar solution ‘ x rpm for 5 min. Finally, the
dlswlvmb at R AgNWs were redispersed in

y i ' y ethanol for future use.

P

Figure 3. 2 Steps for preparing AgNWSs by Polyol method.

The steps followed for the preparation are sketched in Figure 3.2. In brief, the steps are (i)
PVP is added into a vessel with ethylene glycol and let to dissolve at RT; (i) AgQNOs; is added
to clear solution; (iii) prepare 600mM of FeCls in ethylene glycol and add 3.5g to the previous
solution;(iv) adjust the temperature of oil path to 130°C or adjust the temperature of oven to
be 130° and transfer the whole vessel after complete dissolving for 5 hours; (v) use acetone
and ethanol to wash the precipitate with centrifugation at 4000rpm for 5minutes. All the
synthesized AgNWs were eventually suspended in ethanol. The AgNOs; happens when the
concentration of silver atoms reaches a super saturation, nucleation and growth of
nanoparticles begins. Both twinned and single-crystal seeds of silver are formed through
homogeneous nucleation. The twinned particles, of low surface energy, happens by the
nucleation [72]. The poly (vinyl pyrrolidone) (PVP) has two functions, first as a capping agent
that adsorbs onto the surfaces of the particles and second as solvent to reduce the
aggregation [73].

Figure 3.3 illustrates the growth mechanism of AQNWs by one pot approach in which the
additives stirred at room temperature. AgNWs formation pass by three stages. First, the
AgCIl nano cubes formation at 100 °C. Second, these cubes grown to multiply twinned
particles. The third stage is similar to the syringe pump method.
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3.2.1The role of multiple twinned particles

Murphy has reported that the multiple twinned particles (MTPS) act as seeds for nanorods
and nanowires [75] and Gai et al.[76] reported the process in which nanorods formed from
MTP seeds[77]. The MTP extended outwardly in a fivefold symmetry, and the MTP’s surface
consisted of ten {111} facets. In the Ostwald ripening process[74], the twin boundary of the
highest surface energy is what makes silver atoms grow only at the twin boundaries
producing the MTP and then extended in one dimension to be nanorods and nanowires.

. o« o . [ ] [ ]
AgNO; + PVl o ®.°,9 ¢ o Nucleation |¢®,“*0e
> LI e % ¢ oy
0 045 % 0 * * e .
Ag(0) Seeds
o ® *
Growth .
— . °
[ ]
. * o o
Wires Rods

Figure 3. 3 The growth mechanism of AgNWSs.

3.2.2 The role of PVP

The formed nanowires have {111} facets at their ends and {100} facets on their sides
between the two ends. The PVP macromolecules interact with the {100} facets stronger than
with the {111} facets because of their highest interaction energies between PVP and crystal
facets {100}[78]. Therefore, the {111} facets have only sites for the growth and continued in
one-dimension. The growth mechanism is shown in Figure 3.4 [37].
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Figure 3. 4 The multiple twinned particles growth into nanowires mechanism.

The importance of adding NacCl to the reaction lies in the resulting better quality of Ag NWs
since CI ions coordinates to Ag* ions result in AgCl, which enables the silver nanoparticles
to grow as MTPs[79]. Other additives such as KBr [80], CuCl; [80-82] and FeCls [71] have
been reported. Different parameters such as molecular weight of PVP[44,73], reaction
temperature[83] and the stirring speed [84] have been investigated to optimize the size of Ag
NWs.

3.3 Optimization of silver nanowires

Our goal is to obtain the maximum of the AgNWSs aspect ratio since this affects the
electrical and optical properties of the AQNWs as a TCE. The ratio of the length over the
diameter is very important since it affects the optical and the electrical properties of the
electrode. The nanowires diameter is important for the optical properties: the thinner the
nanowires, the less light scattering is observed. The length is more related to the electrical
properties as the longer the nanowires, the more interconnections between the wires and the
more percolation in the network, with a consequent improvement in electrical conductivity of
the film. Consequently, we explore the properties of the synthesized AgNWs by
systematically investigating the chemical elements in the reaction.
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3.3.1 The effect of the molar ratio between PVP: AgNO3

Since the PVP plays an important role in the chemical reaction as explained before, we
explored the changes of the molar ratio between PVP and AgNO3 to study the resulting
variations in the geometry of the AQNWs. Figure 3. 5 shows the TEM images of the AQNWs
under the effect of the different molar ratios between PVP and AgNO:s. It was not possible to
estimate the average length of the nanowires, since they are longer than the image scale
and it was hard to track each single wire in the TEM pictures with different entanglements.
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Figure 3.5 TEM images of the nanowires prepared with different molar ratios between PVP
and AgNQOa3.

The effect of changing the molar ratio between PVP and AgNOs: on the nanowires
diameters is shown in Figure 3. 6(a). The results showed that the diameter of the nanowires
is inversely proportional to the molar ratio of PVP: AgNOs. This is understandable since the
PVP is used as a capping agent that surrounds the nanowires in the reaction, limiting the
diameter of the nanowires. Since by decreasing the molar ratio between PVP and AgNOs
the silver growth of happens on both {111} and {100} faces resulting in wires with large
diameter. Therefore, increasing the molar ration of PVP: AgNOs decreases the diameter of
the nanowires.
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Figure 3. 6 (a) relationship between the PVP: AgNOs molar ration and the mean value of the
nanowires diameter and (b) the electrical conductivity and the optical transmittance (at 550
nm) of AgNWSs, as a function of the molar ratios between PVP: AgNOs films deposited by
blade coating on glass.
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Conductivity and optical measurements have also been conducted. The absorption
spectrum of AgNWs is shown in Figure 3.6(b). To investigate the conductivity and the optical
properties of the prepared AgNWs, different solutions of AgNWs in ethanol at the
concentration of 2mg/ml were deposited on glass substrates by blade coating. Figure 3. 6(c)
shows the conductivity measured by the four-probe technique and the transmittance of the
films at 550 nm, a wavelength of the maximum power delivered by the sun. On one side, the
electrical conductivity decreases with increasing the molar ratio PVP: AgNOs. That is agreed
with the results reported since increasing PVP:AgNOs; molar ratio, PVP molecules block
anisotropic growth the nanowires and the length of the nanowires decreases[85].
Furthermore, since the total weight is fixed so the amount of silver is decreased that leads to
less conductivity. On the other side, the optical transmittance has a trend, it is not
monotonous though. The highest transmittance observed is 91%, corresponding to the ratio
PVP: AgNOs; = 1.2:1. Since we seek the transparent conductive electrodes applications,
1.2:1 is the chosen optimized molar ratio between of PVP: AgNOs; to be followed by the next
optimization factor.

Applying silver nanowires in the organic solar cells gains many benefits related to their
optical and electrical properties. When AgNWSs applied in solar cells as a top transparent
conductive electrode, it is reported that their plasmonic effect enhances the photovoltaic
performance such as increasing the Js. of the devices[86]. Also when AgNWs are used as
bottom electrode in the inverted solar cells, the photovoltaic performance enhances by
reducing the length for the holes to be collected[87]. AgNWSs also exhibit the solar cells a
transparency in the visible range since they absorb in the IR range of light spectrum[88]. A
flexible solution processed solar cell by roll-to-roll has been reported by implementing
AgNWs as a top electrode[89]. AgNWs offer better stability to the OPV devices by
1000%[89].

Haze, an observed phenomena of the AgNWSs films, is related with the scattered light to the
photoactive layer. Haze benefits the optical path in the photoactive layer improving the Js¢ of
the cell[87]. Haze is controlled by the diameter and the density of the NWs. A linear relation
between the haze and the mass density of the nanowires, how many wires per area, has
been reported[90]. Since haze reduces the transmission, its optimization is reported to be in
the range 8% - 15% for transparent electrodes in solar cells]

3.3.2 The effect of the stirring speed

The stirring speed applied during the synthesis process is the next factor to be optimized
as it is reported that the stirring speed plays an important role in the chemical reaction[85].
Four different stirring speeds 0, 300, 750 and 1000 rpm were tested while the PVP:AgNos
molar ratio kept fixed the optimized ratio. Figure 3.7 presents the TEM images of the
nanowires prepared at different speeds of 0, 300, 750 and 1000 rpm since the stirring speed
affects the concentration of the Ag* ions in the solution during the growth process. No stirring
helps the silver nanowires to grow, as shown in the TEM images; however the stirring did not
help the growth process as in case of 300 rpm short wires and silver spheres are formed. In
the case of 750 and 1000 rpm, the nanowires are still shorter than in the case of no stirring.
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Figure 3.7 TEM images of AgNWSs synthesized at different stirring speeds.

The diameter distribution over the stirring speed is shown in Figure 3.8.The electrical
conductivity and the optical transmittance of the AgNW films of 6émg/ml concentration
deposited by blade coating on glass have also been characterized, as shown in Figure
3.8(b). The AgNWSs synthesized without stirring have the highest electrical conductivity since
they have the longest wires that provide more percolation network while the highest
transmittance, 83%, was observed for a stirring speed of 200 rpm. Therefore, the optimum
condition seem to be O rpm since the stirring seems to break down the nanowires and
decrease the conductivity.
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Figure 3.8 (a) AgNWs diameter synthesized at different stirring speeds and (b) electrical
conductivity (left side) and optical transmittance (right) at wavelength 550 nm of the AgNWSs,
as a function of the stirring speed during the synthesis. The films were deposited by blade
coating on glass.

3.3.3 The effect of the reaction temperature

The reaction temperature is another critical factor for AQNWs formation, since below a
certain threshold temperature, Ag nanowires with a high aspect ratio cannot be formed. As
the reaction temperature increases, the anisotropic growth is achieved. Figure 3.9 shows the
TEM images of the AQNW prepared at different reaction temperatures at the optimum molar
ratio between PVP: AgNOs 1.2:1 due to its desired properties (see the effect of the molar
ratio between PVP: AgNO; section) and without stirring. Figure 3.9 shows the effect of the
temperature reaction on the diameter of the AQNWs where the smallest diameters come with
130°C. From the results, it seems that the higher temperature leads to higher diameter,
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which agrees with a lower transmission that we observed. The electrical conductivity and the
optical transmittance of the films are shown in Figure 3.10. It can be seen that the larger the
diameter, the more scattered light within the Ag wire film resulting in more haze or whitish
color of the deposited films of AgNW which, in turns, reduces the normal incidence
transmittance of the resulting films (note that an integrated sphere has not been used in
these experiments). Since we seek the application of semitransparent electrodes, we will
choose the 130°C as an optimum condition for the reaction temperature.
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Figure 3.9 TEM images of AQNWs prepared at different reaction temperatures
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Figure 3.10 (a)The average values of the AgNWs diameter as a function of the reaction
temperatures and (b) the optical transmittance at wavelength 550 nm and electrical
conductivity of the AgNWSs, as a function of the reaction temperatures, the films were
deposited by blade coating on glass.
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3.3.4 The effect of the concentration of ethylene glycol

Ethylene glycol (EG) is not only a solvent, but also a reducing agent. Therefore, we seek
on optimizing the amount of the EG used in the reaction. Figure 3.11 shows the TEM images
of the different AQNWSs prepared by adding different volumes of ethylene glycol. The volume
fraction of ethylene glycol can affect the reduction rate of the AgNos and, consequently, the
nanowires properties. The diameter of the resulted nanowires at different EG amounts are
shown in Figure 3.12[a].

25 ml
EG amount

Figure 3.11 TEM images of different AQNWSs prepared with different concentrations of EG.
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Figure 3.12 (a)Histogram of the AgNWSs diameter synthesized with different EG volumes and
(b) Optical (left side) and electrical (right) properties of AQNWSs prepared with different added
volumes of Ethylene glycol.

To examine the properties of the produced nanowires, AgNWs films are prepared by blade
coating on glass. The results showed that by the EG amount influences the reduction rate
and hence the nanowires characteristics. Therefore, the chosen optimum amount for EG is
25 ml since it resulted in the highest transmittance that will fulfil out desired requirement for
the semitransparent electrode application.
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3.3.5 Annealing temperature and anisotropy

The annealing treatment is another factor that demonstrated to have some effect on AQNW
films conductivity. In order to observe this effect, we compared the conductivity of films not
exposed to annealing with films exposed to 130°C for 30 minutes. The conductivity of the
annealed films was higher (45.245 S/cm) compared to the non-annealed films (20.075
S/cm). The annealing helps the nanowires to sold and diffuse together helping the
connections between the wires to be welded reducing the interfacial resistance between
NWs, which in consequence increases the conductivity of the deposited films.

In addition, the conductivity of the printed silver nano wires films comes from the
connection between the wires so that the conductivity might be anisotropic depending on the
printing direction. Therefore, we have tested the anisotropic conductivity of the AgNWs films.
We have followed two different ways for observing the anisotropic electrical conductivity of
the films. The first one, as clarified in Figure 3. 13(a), is achieved by printing two layers
either parallel to each other or perpendicular to each other. The conductivity measured by
four-probe of these two layer on top of each other in the parallel case was of 28.590 S/cm
and in case of the perpendicular direction was 23.310 S/cm. The second way consists of
applying the electrodes either parallel to the printed layers or perpendicular to the printed
layers, as it is shown in Figure 3.13(b). The corresponding conductivity has been calculated
by equation 4.1 and it was 45.245 S/cm in the perpendicular direction and in case of the
parallel direction it was 38.469 S/cm. The conductivity was higher in the perpendicular
direction than the perpendicular one. This might reflect the anisotropic characteristic of the
AgNWSs conductivity.
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Figure 3.13 (a) Schematic illustration of printing two layers of AgQNWs and (b) the direction of
the applied electrodes.
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3.4 Resume on the optimization of AQNWSs

We have investigated in detail the synthesis and the optimization of AgNW for their
application as a semitransparent electrode. The optimum conditions that we have found are
no stirring for molar ration 1:1.2 between PVP and AgNOs3, at 130°C and 25 ml of EG, which
result in AgNW of lengths greater than 23 microns, and diameters of 74 nm. Films of
different inks such as commercial AgNWs from PolyBio and the commercial PEDOT: PSS
were blade coated on glass substrates and their electrical and optical properties were
measured. FOM were calculated for these films based on Haacke relation discussed in
section 1.2. Figure 3.14 represents the FOM of the optimized AgNW at concentration of 6
mg/ml in comparison to the commercial ITO, PolyBio and the PEDOT: PSS.

The synthesized AgNWs were of the highest FOM of 7.86E-02 Q* while the rest of the
materials exhibited FOM of 1.75E-02 Q?, 7.05E-03 Q! and 1.54E-03 Q* for ITO, PolyBio
wires and PEDOT: PSS, respectively. These findings showed the high potential for the
synthesized AgNWs to be used as TCEs in OPV devices.
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Figure 3.14 FOM of the optimized AgNWs compared to other promising commercial
materials as TCEs.
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3.5 Applying AgNWs in OPV devices
3.5.1 AgNW films as ITO replacement

We first attempted to use AgNW as an ITO replacement. For this, the deposition of AQNW
electrode was made by blade coating in devices with the following structure:
glass/AgNW/ZnO/P3HT: PCBM/MoOs/Ag. AgNW, ZnO and PAL were also deposited blade
coating, while MoOs; and Ag were thermally evaporated. Table 3.2 lists the inks chosen
based on their availability in our lab and the respective optimum deposition conditions after
several trials to reach the optimum.

The average performance of the OPV devices, however they have poor performance, (12
device for each), is shown in Table 3.3. The values, however, they are not shown in the
table, indicate that several devices are short circuited (3 out of 6) when applying AgNW,
independently whether the ink is prepared in the lab or commercial. The JV curves for the
champion cells are presented in Figure 3.15. The poor performance resulted from applying
the nanowires in devices could be due to excessive roughness caused by the wires
themselves. As a trial to overcome this issue, we applied the PEDOT: PSS as a matrix to
embed the nanowires. PEDOT:PSS containing samples gave better photocurrent than those
with the bare AgNW. The devices with electrode two layers of PEDOT: PSS and AgNWs
give a lower photo-generated current and in turn lower efficiency than the devices with
electrode of one layer of the nanowires mixed with PEDOT: PSS. That shows the better
mixing between the polymer and the nanowires in which the PEDOT: PSS helps to fill the
gaps between the wires and improves the conductivity. On the other hand, for devices based
only on AgNW, both commercial and our formulations give similar efficiencies. For
PEDOT:PSS containing electrodes, our formulation is the one that produces the best ITO-
free cells of the considered electrodes. The final efficiency is, however, still, half of that
obtained when using ITO. Further optimization would need to be undertaken in order to
reduce the gap between ITO containing and ITO free cells.

Table 3.2 The deposition conditions of different inks by blade coatings in the inverted solar
cells

Printing parameters
Ink Formulation Ink volume[ul], blade speed[mm/s], blade gap[um]
& plate temperature [°C]

15 mg/ml prepared

o]

Zn0O at Eurecat 40 pl, 40 mm/s,100 pm & 45 °C
P3HT:PCs0BM [30:24] wt% in CB 40 pl, 5 mm/s,100 pm & 45 °C
PolyBio wire Commercial 100 pl, 40 mm/s,100 um & 80 °C

HYE Commercial 60 pl, 5 mm/s,100 um & 80 °C

AgNW mixed with
PEDOT: PSS/ Commercial 30pl, 3 mm/s,100 pm, 80 °C
PEDOT:PSS
AgNW In ethanol 6mg/ml 40pl, 45mm/s,100 pm, 65 °C
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Table 3. 3 The average values of the photovoltaic parameters * the standard deviation
values [the best cell performance] of ITO free solar cells prepared with different bottom
electrodes. An ITO-containing device has been included for comparison purposes

AgNW mixed with PEDOT:PSS [one

layer]

0.29+0.15[0.44]

5.13+0.61[5.74]

35.3+11.7[47]

VvV [V] 2 9 0

Electrode oc JSC[mA/cm ] FF[%] PCE[%]
AgNW 0.39+0.08[0.39] | 1.05+0.68[1.53] | 25.746.10[34.2] | 0.18+0.08[0.2]
AgNW with PEDOT 0.48+0.03[0.5] | 1.40+0.50[1.82] | 37.9+3.6[40.5] | 0.26+0.14[0.36]

[Two layers]

HYE 0.35+0.32[0.45] | 0.78+0.16[1] | 25.5+42.3[36] | 0.15+0.02[0.16]
Poly BIO Wires 0.30+0.05[0.36] | 0.30+0.10[0.35] | 25.6+3.1[25.1] | 0.02+0.01[0.03]
ITO 0.55+0.01[0.55] | 6.28+1.08[7.36] | 49.72+3.55[44.7] | 1.69+0.25[1.94]

0.62+0.49[1.11]
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Figure 3.15 The best devices JV curves of ITO free solar cells prepared with different bottom
electrode materials. ITO-containing device is shown for comparison purposes.

The synthesized AgNW showed high roughness (RMS)of 68+6 nm as measured by
profilometer, for a layer with an as-deposited thickness of 108+18 nm. In order to flatten
these films and to increase the conductivity between the wires, one solution was to deposit
PEDOT: PSS (Clevios FHC Solar) layer on top (labelled as AgNWs mixed with PEDOT:
PSS- two layers). Alternatively, we mix the two components together and print it as one layer
(labelled as AgNWs mixed (1:1 VR) with PEDOT: PSS- one layer). Moreover, we compared
our materials with two commercial inks: one only based on nanowires (Polybio wires), the
other one based on a mixture of nanowires combined with PEDOT: PSS (HYE).

Different solution processed films were deposited by blade coating on PET substrate to test
the potential of these materials to be applied as electrodes in OPV devices. The electric
conductivity of the films measured by the four-probe technique showed values of 4.8 x10*
S/cm, 2.4x10° S/cm, 2.1x102 S/cm and 2.6 x10? S/cm for the Ag Dupont 5000, PolyBio
wires, PEDOT: PSS, PolyBio wires and PEDOT: PSS on top (two layers), respectively. The
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deposited films were of thicknesses 7.46 pm, 0.075 pm, 0.511 pm and 0.208 pm,
respectively. The Ag Dupont 5000 was totally opague. However, the optical transmissions
(at wavelength, A = 550 nm) of the PolyBio wires, PEDOT: PSS, PolyBio wires and PEDOT:
PSS on top (two layers) were 87%, 75% and 81%, respectively.

These findings revealed the ease solution synthetization and optimization of the silver nano
wires as a high potential material to replace indium tin oxide for the application of
semitransparent electrode in OPV devices due to their remarkable FOM, solution-
processing, flexibility and cost wise. The disadvantages of AQNWSs are high roughness, low
adhesion to substrates and high resistance at the wires junction. Yet, AQNWs still have the
potential as a TCEs and it has reported a new generation of the silver nano rings with their
outstanding properties for more potentials due to the high transmittance, high conductivity,
easy processing, and notable flexibility[91].

As reported in the literature the main challenge stands against the application of silver
nanowires in OPV devices is the roughness and the reported solution are by embedding the
AgNW into the substrate [either by contact transfer method or by applied pressure method]
or by addition of another layer over the AgQNWSs. The reported solutions for the future work
[86] of AgNWSs as TCE are listed in the Table 3.4.

Table 3.4 solution for the reported challenges of applying AQNWs in solar cells.

High Roughness Two solutions (a)Embedding AgNWs into
substrates either by contact transfer methos or
by applied pressure

(b) Coating overcoat layer on AgNWs network
Low Adhesion on substrate Heating of AgNWSs, Coating overcoat layer on
AgNWs network and Substrate, Embedding
AgNWs into polymer substrates, Substrate
surface modification and Using Adhesion

Promoter
High Wire-Wire Junction resistance Physically Physically welding methods, Chemically
welding methods Welding methods, and Coating overcoat layer

(Nano soldering)

Atmospheric corrosion Embedding AgNWs into | AgNWs into polymer substrates, Coating
polymer substrates overcoat layer on AgNWSs network and
Chemical treatment
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3.5.2 Evaporation free semitransparent solar cells

The importance of AQNWS as TCE can come along with their application as top electrode
as well as discussed in in section 3.2. Applying AgNWSs as a top electrode in solar cells
allows the complete coating of all device layers without decreasing the transparency
compared to the evaporated electrodes. Different silver nano wires (AgNWSs, polybio wires
and HYE) have been tested as top electrode, in devices with structure
glass/ITO/AZO/PAL/PEDOT: PSS/Top electrode. We shifted from using the ZnO to the AZO
as a ETL since we found some problems while coating the ZnO by roll-to-roll and also when
AZO used the modules performance do not vary critically on the variation of the coated layer
thickness. The printing parameters employed for these experiments are listed in Table 3.5.
Table 3.6 shows the photovoltaic parameters of semitransparent devices with three blade
speeds for the deposition optimization of the top electrode. The IV curves of the champion
cells are shown in Figure 3.16.

Table 3.5 The printing parameters of the semitransparent devices.

Printing parameters

Ink Formulation [Ink volume , blade speed, blade Gap, plat
temperature]
AZO AVANTAMA 30 pl, 5mm/s, 150 pm, 45°C
P3HT:PC,_ BM [30:24] wt % in CB 40 pl, 40mm/s, 200 um, 100°C
PEDOT:H20[80:20]wt%
PEDOT:PSS with 0.5% Capstone 30 pl, 3 mm/s, 250 pm, 80°C

[Eurecat R2R recipe]

Commercial 10% DAPRO

PolyBio wire 40 pl, 90mm/s, 250 pm, 65°C

W-77
HYE Commercial 40 pl, 10mm/s, 250 pm, 65°C
AgNW In ethanol 6mg/ml 40 pl, 45mm/s, 250 pm, 65°C

63



Table 3.6 Photovoltaic parameters of the semitransparent devices.

Blade
Speed
[mm/s]

45 mm/s

10 mm/s

90 mm/s

Electrode

AgNW
Polybio wires
HYE
AgNW
Polybio wires
HYE
AgNW
Polybio wires

HYE

Voc [V]

0.44+0.06[0.48]
0.36+0.12[0.44]
0.50+0.01[0.51]
0.22+0.07[0.29]
0.47+0.04[0.47]
0.43+0.10[0.44]
0.30+0.12[0.4]

0.47+0.01[0.47]

0.47+0.06[0.52]

2
Jsc [mA/cm ]

2.13+0.42[2.21]
2.29+0.06[2.29]
2.90+0.19[3.03]
2.27+0.42[2.57]
4.63+0.43[4.71]
5.04+1.23[6.07]
2.42+0.88[3.2]
3.40+0.62[4.12]

4.59+1.76[5.66]

FF[ %]

32.31+2.87[35.43]

35.13+7.14[40.41]

42.37+0.47[42.03]

28.92+2.72[31.85]

38.47+2.41[39.11]

33.046.30[35.32]

32.32+5.55[33.08]

40.73£3.16[37.52]

39.02+6.63[44.81]

PCE[ %]

0.31+0.10[0.37]
0.31+0.15[0.46]
0.62+0.05[0.67]
0.16+0.08[0.24]
0.83+0.18[0.86]
0.71+0.26[0.97]
0.26+0.18[0.42]
0.65+0.10[0.75]

0.82+0.35[1.17]

1
—_—

1
§

Current density [MA/Cm?]

—— AgNW
-5 —— Polybio
—+—HYE
-6 . 1 . 1 . 1 . 1 . 1
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Figure 3. 16 The JV curves of the best semitransparent devices.

The devices with optimized Polybio wires and HYE have the better photocurrent and hence
better efficiency than the devices with the synthesized AgNWs. The modules with the
synthesized AgNWs as an electrode have the lowest current between the three modules due
to the low adhesion of the AgNWs layer to the beneath layers that lead to low ability of
charge collection. The V. values of the modules found to be low compared to the
performance of the solar cells with evaporated silver electrode that could be due to the
change of the electrode work function by introducing the PEDOT:PSS as it is mentioned in
the literature that the work function is related to the type of PEDOT:PSS used based on ink
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formation PH that changes the work function of the electrode and hence as a consequence
the device performance[92].

The prepared AgNWSs ink formulation was not adequate for its processing by roll to roll.
The printed layers were not homogeneous in case of the synthesized AQNWs. Moreover, the
adhesion to the substrate and or to the PEDOT: PSS layer of AQNWSs layer is too poor that
stands against their application in the OPV devices. We found that the adhesion problem of
AgNWs film weather to the substrate or to the layer beneath was reported[86]. It was found
that the thermal treatment of the AQNWSs and intense light pulse light enhances the adhesion
for the small-scale devices and for the large-scale the use of binder polymer, coating extra
layer of metal oxides and embedding the silver nanowires in polymer substrates reported to
improve the adhesion issues this problem has been reported in the literature [86].

As we did not succeed to formulate the ink for the synthesized silver nanowires, thus we
shifted to apply solution processed silver electrode by screen printed technique and for
further optimization for the electrode geometry as follows in the next section.
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3.6 Applying solution processed electrodes in OPV devices

3.6.1 30 cells module: Importance of the silver fingers

We shifted from the roll-to-rolled slot die silver nano wires to screen printed silver grid
electrodes. The metal grid has economic advantages by allowing thick metal layer with
minimum cost. We chose Ag Dupont 5000 from the reported inks for its roll-to-roll compatible
processability and its conductivity[93]. In addition, the grid geometry improves the
transparency of the OPV modules. The grid design needs to be optimized for a good charge
carrier collection and avoid damaging the underneath layers due to its ink solvents. The
whole modules design has been led by the previous work presented in the literature[94,95].
For this reason, the top electrode is printed in form of fingers, minimizing the contact
between silver paste and the other layers, taking advantage from the presence of the
conductive PEDOT: PSS

0.1 mm

Finger spacing, m, 200 mm I

!
4.25 mm
With fingers 4-|_
I ]
| Bl |

Without fingers ._I

4.25 mm

Figure 3.17 The geometry of the screen-printed silver electrode.

Figure 3.17 shows the design of the screen-printed silver electrode that contains two parts,
one with fingers and the other without fingers. The geometry of the OPV modules of 30 cells
are shown in Figure 3.18 showing the inverted structure of the solo devices of
PET/ITO/ETL/PAL/HTL/Ag. ETL, PAL and HTL are slot die coated whereas the top silver
electrode was screen printed where the stripes are of active area 11.2 cm?. The schematic
illustration of the series interconnection between 30 cells in one module is shown in Figure
3.18 [a]. This reflects the advantage of this printing technique providing the less coasty
efficient compared to the laser patterning way to introduce the monolithic interconnection
between the 30 cells in one module. The resolution of the printing technique affects the
active and the dead areas in the module and in consequence the geometrical fill factor of the
module. Printing the HTL is playing an important role in the monolithically inter connection,
so its printing is slightly shifted on purpose as shown in Figure 3.18 [a] to connect the bottom
electrode, ITO, with the top electrode, Ag.
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The geometric fill factor (GFF), described in equation 4.8, is the active area over the total
area of module connected monolithically where the dimensions are shown in Figure 3.18 [b],
The parameters are: n is the cells number, L is the length of the module, W is the width of
the module, and the w is the width of the single cell.

Active area nxXLxXw

GFF

Equation 4. 8

Total area  nXLXW

A le ale sl
> >

: Dead area :,\cu’\'c ;n'c;:\
- I | +
1

[
[ [
Top eledtrode I Top eleétrode, CJTop electrode
HTL, | P HTL
. PAL  ©  PAL | PAL
ETL |, | ETL | ETL
Bottom electrode | Bottoml electrode | Bottom electrode
Substrate

B < W =25.6Cm

Ag ‘ 4 mm

g
O
=)

[
.|

v B !

w=0.59 mm

Figure 3.18 (A) The module design,(B) the top electrode geometry and (C)real image of the
fully solution processed module of 30 cells.

The coating parameters of the roll-to-roll processed layers are tabulated in Table 3.7.
Silver conductor Dupont 5000 ink was printed by screen printing technique. The blade
pressure was set to the minimum to ensure printing all thin fingers throughout the mask. This
fact is very relevant because some damage was inferred in the layer's underneath like
PEDOT: PSS and active layer while printing silver with serigraphy.

Two designs of silver electrode were performed. The first one is the traditional with contacts
at the edges of the module, bus bar and fingers. Furthermore, we tested the performance of
the solar cell without grid fingers and bus bars, in other words, only silver contacts in the
edges were printed, which served to evaluate any lack of compatibility between the screen-
printed ink and the layers underneath. After silver printing, modules were cured in the oven
at 120°C for 20 minutes. The lamination step was carried out with the laminating machine by
introducing the solar module between PET foils. The lamination is done by melting A4 size
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PET at 80°C on top and below of solar module. Figure 3.19 shows the best JV curves of the
modules with two different designs of top electrode. The photovoltaic parameters are
presented in Table 3.7, which shows the importance of the fingers in the charge collection.

Table 3.7 The printing conditions of the slot die roll to rolled OPV module.

‘ Printing conditions ‘ Zno ‘ P3HT: PCBM ‘ PEDOT: PSS
Pump Flow [mL/minute] 1.2 3 6.5
Tube [ internal 1.45 2.06 2.54
diameter, mm]
Ink Solvent Methan CB Water
ol
Concentration[mg/mL] 50 30:24 MW 20%,0.54
capstone
Substrate Speed[m/minute] 1.2 1.4 0.8
Tension[N] 30 30 30
Curing Oven temperature 140 140 140
Temperature [°C]

Table 3.8 The average photovoltaic parameters of the modules with different top electrodes

2
Modules V.M Jss[mAcm ] | FFI%] | PCE[%]
Without fingers 14+0.4 3+0.3 33+2 0.40+0.05
With fingers 815 31 306 | 0.30.2
00—

- —&— Module with fingers
. —a— Module without fingers

©
o

A
o

Current density [mA/Cm?]
on

Voltage [V]

Figure 3.19 The best JV curves of modules with two silver top electrode with fingers (purple
color) and without fingers (blue color).

The results shown in the figure showed that the photovoltaic performance is better when
the electrode design is with fingers because the Vo. and Jsc are similar, but the FF is better.
The average performance of modules presented in table 3.8 showed that, however being in
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principle good, having electrode design with fingers leads to larger spread of values in the
performance. However, the concept of the fingers was to enhance the charge extraction and
to reduce the distances that the charge carriers need to travel through the PEDOT: PSS to
reach the electrode. In order to have a deeper understanding of this result we carried out an
additional characterization of the modules.

Light Beam Induced Current, LBIC, measurement was carried out to understand if the
fingers are chemically damaging the layers beneath or they are participating in collecting the
charge carriers: LBIC was measured on a 4-stripe module, together with simultaneous
Raman measurement of the same area. The module illuminated by a 532 nm laser source
and the corresponding Raman spectra obtained by WITec alpha 300 RA.

Figure 3.20 revealed that areas covered with silver grid fingers are the areas with lowest
photocurrent. However, active areas between fingertips and bus bar are the areas with the
higher photocurrent. The Raman signal of the P3HT placed under the silver fingers has less
intensity than the area of P3HT placed between the silver fingers suggesting the interaction
of the solvents of the silver paste with the active layer beneath.
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Figure 3.20 [A] Photo of the measured module,[B] the integrated Raman intensity for P3HT,

[C] the LBIC measured for the module and [D] a cluster analysis of the Raman signal, which

we used to quantify the amount of P3HT in the different regions. The color code is the same
that different areas in the module; dark purple is for the area beneath the silver.
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3.6.2 3&6 cells module: Optimization of the finger spacing

In the silver grid, the PEDOT: PSS layers plays two roles, first as a hole transport layer
(electron blocking layer) and second as part of the electrode, as it has to transport the
charges laterally towards the silver electrode fingers. The distance between silver fingers is,
thus, an important parameter when working with such a configuration that needs to be
optimized according to the PEDOT conductivity[96,97]. In this section, we thus investigate
finger interspacing. Moreover, the study has been designed to also test if important
differences can be observed when changing the number of cells forming a module: 3 and 6
series-connected cells have been tested.

Different modules were tested for two reasons the first is to optimize the spacing between
the electrode fingers 1mm, 2mm, 4mm and 8mm, and the second is the optimize the number
of cells per modules [either 3 or 6 cells] as shown in Figure 3.21 of device structure
employed in this case was PET/ITO/AZO/P3HT:PCsBM/PEDOT: PSS/Ag.

25.6 cm 25.6cm

1111
I

Figure 3.21 The design of the screen for the screen-printed silver electrode, which evaluates
modules with either 3 or 6 cells, as well as several spacing values between the fingers,
namely 1, 2, 4 and 8 mm.
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First, the four considered spacings between the electrode fingers have been tested in one
batch of 6-cells modules, and the J-V curves of the best devices for each spacing are shown
in Figure 3.22. The photovoltaic parameters of the corresponding modules are listed in Table
3.9. The spacings that gave the best results, over 20 modules per each value, are 1 and 4
mm. For this reason, we focused on these values to compare between modules with 3 and 6
cells. In principle as the distance between the fingers increases the resistance increases
which should lead to a decrease in both the FF and the Jsc. The parameters presented in
Table 3.9 agrees with the hypothesis since both the values of the FF and the Jsc are lower
in the case of modules with an electrode configuration of 8mm than in case of the modules
with an electrode configuration of 1mm. However, the area beneath the electrode interprets
the data from a different perspective since the PAL under the electrode finger suffers
degradation that means that the lower the number of the fingers the larger the
photogenerated current. Considering the proposed hypothesis, the results of 2mm and 4mm
showed the optimum electrode spacing for the electrode configuration despite that the 2mm
was unexpected. Second is the number of modules optimization in which the number of the
connected modules is proportional to the Voc that makes the 6 cells configuration is better
than the 3 cells configuration.
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Figure 3.22 The best JV curves of 3 cells modules, triangle, (A) and 6 cells modules, square,
(B) with different silver finger spacing (top electrode) 1mm (blue), 2mm (gray), 4 mm (red)
and 8mm (olive).

Table 3.9 the photovoltaic parameters of the 3-cells and 6-cells modules with different
spacings between the silver electrode fingers.

Finger spacing ‘ vV (V) I (mAem?) | FE (9) PCE (%)

1.40+0.19 | 4.23+0.38 | 32.38+2.82 0.47+0.13

I
I 1
]
1 mm \ : 6 cells modules :
|1 3.51+1.5 3.54+0.28 | 35.2946.55 0.67+0.33 |
3 cells modules
1.02+0.37 2.42+1.03 31.69+3.60 0.26%+0.15
2 mm
6 cells modules
2.07+0.70 2.57+1.08 30.06+3.5 0.30+0.20
X 3 cells modules X
11.25+0.17 4.33+0.66 30.54+2.62 0.58+0.16 !
4 mm 1 1
I 6 cells modules I
12.94+0.21 | 4.35+0.37 | 35.30+2.28 0.760.10 |
3 cells modules
8 mm 1.24+0.32 2.08+0.80 32.47+2.46 0.29+0.15

6 cells modules
2.02+0.89 2.1+1.08 15+61 0.24+0.18

It must be said that the V. values, around a mean of 1.2 V for 3 cells and 2.9 V for 6 cells,
are near to the expected ones for a P3TH:PCBM system (approximately 1.5 V and 3 V,
respectively) due to their energy levels of the materials, being slightly lower. The current
densities, between 3 and 5 mA.-cm?, are not the best ones we could expect from these
devices. The same may be said for the fill factors, between 30 and 45% considering the two
groups. In terms of efficiency, the obtained values are below than 1% with very few
exceptions.these observed lower values might be due to the low geometrical fill factor to
connent the cells per module.

After realizing the importance of the silver paste incompatibility and seeking for the
optimization of the electrode geometry, we applied different PEDOT: PSS inks as a solution
of preventing the interaction between the electrode and the active layer. The photovoltaic

71



parameters of the 3-cells modules with different HTLs is presented in Table 3.10.

3.23 shows the best JV curves of the 3-cells modules with different HTLs.

Table 3.10 The photovoltaic parameters of the 3- cells modules with different HTLs.

Electrode

HYE+Ag 4mm

Best device

PEDOT+Ag 4mm

Best device

PEDOT+Ag 1mm
Best device

PEDOT+HYE+Ag 4mm

Best device

VOC[V]

1.45+0.16
1.63
1.27+0.28
1.46
1.22+0.17
1.37
1.31+0.51

1.58

JSC[mA/cmz] FF[%]
3.44+0.87 32.58+3.19
4.53 36.64
4.83+0.35 31.71+£2.80
4.98 35.81
4.12+0.81 31.06£2.30
441 33.83
3.47+£1.42 35.13+£4.61
4.79 39.42

PCE[%]
0.55+0.19

0.91
0.68+0.21

0.88
0.54+0.16

0.69
0.62+0.39

1.01

1 1 1
w N -

Current density [mA/Cm?]
A

—a4—PEDOT+ Ag grid 4mm
—A&—PEDOT+ Ag grid lmm

—4&—PEDOT+HYE+Ag grid 4 mm |

—a—HYE+ Ag grid 4mm

0.6 0.8

Voltage [V]

1.0 12 14 1.6

1.8

Figure 3.23 The JV curves of the best 3-cells modules with different HTLs.

Figure

Introducing the HYE as HTL did not help so much the photovoltaic parameters and the
efficiency of the modules since the performance of the modules of PEDOT + Ag grid 4mm is
better than the modules of HYE+Ag grid 4mm. This could be due to the less polymer content
in case of HYE since the polymer works as an electrode where the electrons pass throgh to
reach the silver grid. Exhibitibg two layers of PEDOT:PSS improves the photovoltaic
performance of the emodules that leads the future work for implement two layers of different
functioning PEDOT:PSS and apply more optimiziation for the corresponding function of each
layer such as the thickness, the electrical proprties, the optical properties and their

rheological properties.
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3.7 CONCLUSIONS

In this chapter, silver nanowires were synthesized and optimized by Polyol method. High
FOM of the prepared silver nanowires films was obtained. Application of the silver nanowires
as an electrode to replace the ITO into OPV devices are crucial because of their high
roughness no matter if the silver nanowires are prepared or of commercial inks. However,
silver nanowires have high potentials to be applied for the transparent electrode since they
have high transmittance and electrical conductivity in addition to their solution processing.
Implementing silver nanowires as a top electrode had a comparable performance in doctor
bladed devices, however the prepared one were not compatible for the roll-to-roll technique.
Different electrode materials and geometry have been applied to optimize the photovoltaic
performance of the devices. Screen printed grid geometry of silver electrode has been
optimized where PEDOT:PSS plays two roles as an electrode and as a HTL. One layer of
PEDOT:PSS to play two roles was not effective and for the future work two layers should be
applied to implement the corresponding the functions with their optimization. Introducing the
HYE as HTL did not help so much the photovoltaic parameters and the efficiency of the
modules. Further optimization of the electrode geometry by investigating the fingers spacing
for better charge collection. In this sense, we observe that 8 mm spacing has revealed as an
excessive distance between fingers, probably for a bad charge collection and the spacing of
4 mm revealed good performance of the modules with efficiency reaches 1%.
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Chapter 4 Photovoltaic performance of solar cells based on 3-
perylene imide acceptors

Abstract

The microstructure of the photoactive layer components is quite challenging since it affects
the performance of the OSC. Side chains of the molecules affect their molecular packing
and hence their molecular energy levels. In this work we present three synthesized electron
acceptors based on perylene imide (PI) of similar energy levels, despite their packing
properties. We measure the absorption in both solution and solid-state, cyclic voltammetry
and films are characterized by grazing incident wide angle X-ray scattering (GIWAXS). Then,
as a following step, we compare the same characterizations of the three molecules in blends
with two different donor polymers, namely PCDTBT and PBDBT, since their energy levels
have a well aligning with the energy levels of Pl acceptors. We show how critical is the
difference between the three acceptors in blends. Finally, correlating the structural evidence
to the OSCs performance prepared by the six blends is presented. We reach to the
conclusion that a good pairing of donor acceptor should imply energy alignment as well as
tendencies of their degree of crystallization. The results of this chapter have been published
in the Rana_Adel, Elena Gala, Matias J. Alonso-Navarro, Edgar Gutierrez, Jaime Martin,
Marco Stella, Eugenia Martinez-Ferrero, Alejandro de la Pefia, Alexandra Harbuzaru, Maria
del Mar Ramos, Rocio Ponce Ortiz, Jose Luis Segura and Mariano Campoy-Quiles,
Comparing the microstructure and photovoltaic performance of 3 perylene imide acceptors
with similar energy levels but different packing tendencies, J. Mater. Chem. C, 10, 1698-
1710, 2022, doi: 10.1039/D1TC05037K.”.

81



4.1 PDI molecules in OPV devices

OPV technology has a high potential for large-scale production by solution processing
methods leading to light-weight and flexible systems.[1] The synthesis of new materials of
improved properties are quite progressed.[2] Fullerene acceptors have many advantages
that allow their application in the OPV devices such as being good electron conductors, high
charge mobilities, efficient exciton separation and deep LUMO level.[1] Despite their poor
absorption that limits light harvesting. The efficiency of OPV devices are exceeding 18%[3]
due to the implementation of non-fullerene acceptors (NFAs). NFA is developing the
efficiency of large-area OPV devices.[4], [5]

Yet, Rylene imides are applied in optoelectronics such as perylene imides (PI)[6] and
naphthalene imide[5]-[9] that has electron withdrawing moieties of arylene imides. Indeed,
the efficiencies of devices based on Pl acceptors reported values of 9-10%.[2], [10]-[18] PIs
are gaining the interest because of their optical absorption enhancing the light
harvesting,[19] in addition to their high photostability, low cost synthesis[20] and solution-
processing adaptability. In Pl molecules, -1 interactions between the perylene cores leads
to high aggregation tendency and resulting in a high order of column-shape structures.
These aggregation has an impact on the of the optoelectronic properties[21] and considered
as a charge carrier trapping source,[22] meanwhile the electrical conductivity was affected
by the morphological change in solid state films.[23]

For investigating the performance of OPV devices based on Pl molecules, there are three
ways to control their morphology:[22] First, inheriting the phase separation by controlling the
length of the nanophases in the copolymers. L.Bu reported devices of efficiency of 1.5%
based on Pls with electron donors;[24] Second, tuning the molecular geometry of perylene
diimides (PDIs). Rajaram and co-workers obtained PCE values of 2.77 % by combination of
a nonplanar Pl derivative and a hole-transporting polymer;[25] Third, by controlling the
crystallization in Pl-based thin films by varying donor polymers and the processing
conditions willing well compatibility.

In this chapter, we synthesized three electron acceptors based on perylene imide-based of
different tendencies to their molecular packing. Their molecular structure is tuned to produce
PIPB, 3PIPT, and 4PIPM as shown in Figure 4.1. The solid-state optical absorption,
emission, and electrochemical properties in addition to their films characterization by grazing
incident wide angle X-rays (GIWAXSs) is presented. Furthermore, the same characterizations
are performed on the blends of the new acceptors along with the two polymer donors. The
donor polymers, are poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl2',1",3"-
benzothiadiazole) (PCDTBT) and poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-
b:4,5-b’ldithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-
c’]dithiophene-4,8-dione)] (PBDBT) (Figure 4.1), with a well aligned energy levels to the PI
acceptors unlike their structural order.[26] Characterizing the PI acceptors in blends reveals
their molecular packing tendency and their effect on the performance of their photovoltaic
devices. While the devices performance was not highly efficient, we revealed insights about
the microstructure compatibility of the blend components.
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4.2 Synthesis of new Pl molecules

Novel PI molecules, PIPB, 3PIPT and 4PIPM are shown in Figure 4.1. They were
synthetized by the group of Prof. Jose Luis Segura (Universidad Complutense de Madrid) by
condensation of perylenimide diketone (PID) with the corresponding o-phenylenediamine to
have different geometrical structure planar and 3-D structural(chapter two small molecules
synthesis section).[27] The three novel molecules were purified by chromatography and

presented a good solubility in chlorinated solvents such as chloroform, dichloromethane and
chlorobenzene.

CioHas

Ci2Hzs
(0}

(@)

|

O oo ‘ ACOK, CHCI, EtOH, AcOH
" )
o

N 85 °C, overnight
' overnight O 91 %
0
o
N/ \N 75 % PID
O ’
CioHa1
PIPB N NH2 o
AcOK, CHCl3 CioHos
0 EtOH, AcOH ] °
85°C
-6 HCI
l overnight Crottor
. VEZE SN 87 % CiaHos
ZHN . NH, V2

/N N-.
N WY
‘ S‘g
CioHay O @' 3PIPT 01
012"‘2510 § N Crotly 12128
o
@3 -3.36
© < a5 -3.60
4 L 394 .396 -3.84
T 4.5
\/\// I\ /N s E_gs__
20 =0 o
i S N \}{M 2.5 . 550 PEBBT
can)\can s & -5.5—-PCDTBT
PCDTBT 2.5:_

- -6.13 -6.07 -6.07
3PIPT 4PIPM PIPB

Figure 4.1. (a) The molecular structure of three Pl molecules PIPB, 3PIPTand 4PIPM, (b)
PCDTBT, (c) PBDBT and (d) the energetic levels of these molecules.
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The molecules were theoretically investigated by the groups of Maria del Mar Ramos,
Rocio Ponce Ortiz at the University of Malaga. Geometrical optimization was accomplished
employing the DFT exchange correlation functional B3LYP/6-31(d,p) level, assuming the
molecules in gas phase, and alkyl chains of imide groups were changed by methyl groups in
order to simplify the calculations. For the linear PIPB, the HOMO and LUMO orbitals are all
over the molecule.[28] In the case of 3PIPT, the HOMO is over the three cores of perylene
resulting in combining the degenerated orbitals and shows delocalization over the three
branches.[29], [30] The triptycene unit contribution is observed (Figure 4.2). For 4PIPM, it
was found that the HOMO is located in two perylenimide cores whereas LUMO is situated in
only one perylenimide unit.
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Figure 4.2. (a) Optimization of the Pl molecules molecular and (b) their topologies, this
Figure adopted from refrence[47].

Table 4.1. Properties of the three Pl molecules in solution.

Acceptor | Aabs Molar extinction coefficient Aonset  Eg Aem E"req E"eq Eiumo Enomo
(nm) (M-em") (nm)  (eV) (nm) (V) V) (eV) (eV)

PIPB 323, 364, 379, 1.67 x 10° 555 2.23 545, 588, 637 -1.26 -1.44 -3.84 -6.07
463, 496, 534

3PIPT 337,395,470, 3.26x10° 566 2.19 948, 592, 640 -1.16 -1.38 -3.94 -6.13
501, 540

4PIPM 331,368,388, 3.14x10° 587 2.1 546, 590, 638 -1.14 -1.39 -3.96 -6.07
471, 503, 541
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For more insights, the electrochemical and the optical properties of the Pl molecules
measured by UV-Visible and cyclic voltammetry and fluorescence spectroscopies was
measured. The obtained data are summarized in Table 4.1. These experiments was
measured by Elena Gala in the Universidad Complutense de Madrid
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Figure 4.3. (a) The absorption spectra of the three PI molecules in solution, (b) measured
cyclic voltammograms, this Figure adopted from refrence[47].

The obtained redox potentials in the middle between the forward and the reverse scans is
shown in Figure 4.3b, the measurement was performed in dichloromethane solutions with
platinum electrode was the working electrode, while the Ag/Ag* was the reference electrode.
All the three molecules PIPB, 3PIPT and 4PIPM, exhibit two successive reversible reduction
processes Fig. 4.3(b) that are classically found for perylenimide derivatives. These two
reduction processes are monoelectronic for PIPB. Concerning with the derivatives with
higher dimensionality, 3PIPT and 4PIPM, it is worth mentioning that no splitting is observed
in the two reduction processes which suggests that the coulombic interactions from the
electrons in different perylenimide subunits is negligible. Thus, the two successive reversible
reduction processes observed for the triptycene and tetraphenylmethane derivatives involve
simultaneous reduction of all perylenimide moieties. This means that the novel non-planar
derivatives accept up to six and eight electrons upon reduction for 3PIPT and 4PIPM
respectively. The estimated values, by using standard approximations Enomo = Egopt +
ELumo[35],[33], and [34], of HOMO and LUMO energies for the Pl molecules are listed in
Table 4.1[36].

Table 4.1 shows the UV-Vis and fluorescence spectra were measured in chloroform
solutions. perylenimide derivatives Characteristic were recorded for the three Pl molecules.
For the planar molecule, PIPB, the main peaks were observed at 497 nm and 535 nm of the
S0-Slcorrelated to the 0-0 and 0-1 band. While the peak at 465 nm correlated to the SO—
S2 transition as seen in Figure 4.3a. Similarly with a red shift trend was obtained in the UV-
vis spectra with the higher dimension molecule, 3PIPT and 4PIPM.

Aggregation in three molecules were tested by measuring the absorption at different
concentrations. Figures 4.4 shows a red shift as well as the (0,1) vibronic band has a relative
enhance to the (0,0) transition. This behaviour is correlated to the aggregation of
perylenimide unit. Aggregates lead to enhance (0,1) vibronic band in comparison to non-
aggregated Pl molecules. Therefore, the ratio of the (0,0) and the (0,1) transition intensities
decreases, which confirms the aggregation[37]-[41] by the molecular exciton.[42]-[44] For
4PIPM , this behaviour is clearly observed because of the self-aggregation obtained at 10”7
M concentration. Table 4.1shows that PIPB has molar extinction coefficient (¢) of value
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167197 M*cm™, which is half the value for 3PIPT and 4PIPM at 326029 M'cm™ and 313757

M-tcm™, respectively.
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Figure 4.4 Optical absorption spectra at different concentrations of (a) PIPB, (b) 3PIPT and
(c) 4PIPM in solution, this Figure adopted from refrence[47].

In solid state, the optical properties of the thin films of PIPB, 3PIPT and 4PIPM, obtained
by UV-vis spectroscopy. The spectra obtained from the solid-state UV-Vis spectra shown in
Figure 4.4 agreed the high aggregation tendency in the Pl molecules” films. As it can be
seen, PIPB absorption peaks have a relative change in the intensity and a red shift of 55 nm
at 590 nm in case of the solid state than in the case of solution. This shift is correlated to the
strong aggregation tendency of this molecule in the solid-state forming crystals. Planar -
conjugated electron acceptors are common to their tendency to cofacial -1 stacking,
favoring columnar and lamellar assemblies[9], [17], [45] which are beneficial in order to
achieve good electron mobilities[46]. On the contrary, this tendency toward aggregation is
responsible for severe phase separation when they are combined with donor polymers in
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bulk heterojunction thin films thus producing only modest efficiencies in organic photovoltaic
devices[17], [47]. For the higher dimensional molecules 3PIPT and 4PIPM the relative
intensity of its absorption peaks at 497 and 535 nm changes in solid state due to its
tendency to aggregation (Figure4.4). For non-aggregated solutions we should observe that
the absorption at 535 nm is significantly more intense than the absorption at 497 nm, but we
observe the opposite in solid state films.
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Figure 4.5. (a) The photoluminescence spectra of the three Pl molecules, (b) the absorption
spectra of the three Pl molecules in solid state , (c-e) the two-dimensions GIWAXS and (f-h)
corresponding OOP and IP profiles, this Figure adopted from refrence[47].

For further information about the molecular packing of the small molecules, films of 4PIPM,
3PIPT and PIPB are prepared by blade coating and studied by GIWAX. These
measurements were carried out by Edgar and Jaime at ALBA synchrotron. The two-
dimensional (2D) GIWAXS patterns of the three molecules are presented in Figure 4.4 and
the corresponding out-of-plane (OOP) and in plane (IP) line cut profiles for the three
molecules are showed in Figure 4.4(f-h). Interestingly, the measurements showed varying
packing order of the PIPB than 3PIPT and 4PIPM. T1-TT intermolecular stacking appear in
peaks at gr= 2, 5, 8 and 18 nm™ in PIPB revealed the highest degree of crystallinity among
the three molecules in the OOP direction while in the IP direction where the intramolecular
stacking showed less degree of crystallinity since the peak intensity at 2 nm™* has reduces
and the peak at 5 nm™ disappeared. That is ascribed to the edge-on orientation to the
substrate. For 4PIPM and 3PIPT both OOP and IP showed lower order packing. Peaks at
gz= 3.5 nm™ and at gz= gr = 17.5 nm' in 4PIPM showed higher degree of crystallinity than
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disordering shown from the isotropic reflections in the 3PIPT. Therefore, strong differences
in the packing behaviour confirmed by GIWAXS on thin films of each NFA. While PIPB film
exhibits a larger number of better resolved peaks, 3PIPT has isotropic structure. We can
claim that the planar molecule PIPB form a well order film by 1T-11 stacking while 4PIPM of
four branches that form lamellar packing hindering the 1-11 stacking unlike the 3PIPT of
three branches that are perpendicularly aligned to the molecule plane resulting in
amorphous film.

4.3 Preparing heterojunctions by blending Pl molecules with
polymer donors

After revealing the packing order of the three Pl molecules, it is interesting to further study
the molecular packing of the three molecules in blend structure. PBDBT and PCDTBT of
molecular structure shown in Figure 4.1 are the electron donor polymers chosen to be
blended with the three Pl molecules 4PIPM, 3PIPT and PIPB for their preferred energy
levels aligning to the small molecules[26] as shown in Figure 4.1(d). In addition to their high
molar extinction coefficients obtained from the UV-Vis absorption spectra to be 3.61.593 x
10° cm*M* for PCDTBT and 1.990 cm™M* x 10° for PBDBT. Furthermore, they have
different degree of crystallinity since PCDTBT form amorphous films unlike PBDBT films
gain a crystalline order[49].

First, blend films are prepared by combining the three molecules with PCDTBT of weight
ration 1:1 in CF: CB (3:1 VR). The optical absorption of the prepared blends and the neat
PCDTBT was measured by UV-VIS spectroscopy as shown in Figure 4.7 (a). PCDTBT have
two absorption bands: short wavelength band due to the N-(1-octylnonyl)-2,7-di(thien-2-yl)
carbazole unit and long wavelength band due to the intramolecular charge transfer. The
blends have the optical peaks in the same bands of the small molecule and the spectrum is
normalized to the film thickness as shown in Figures 4.7(a). The PCDTBT:3PIPT has
stronger absorption than the PCDTBT: PIPB and PCDTBT: 4PIPM. The long wavelength
absorption peak present in the polymer spectra corresponds to the internal charge transfer
state is red shifted in case of PCDTBT: PIPB and PCDTBT: 3PIPT for more interaction
between the polymer donor and the acceptor. Apparently, the Pl molecules enhanced the
absorption of the blend films in the visible spectrum for more light harvesting purpose.
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Figure 4.6. (a) Optical absorption spectra obtained in solutions for PCDTBT and for
PBDBT(b)

The PL spectra of the PCDTBT and the blends were obtained by illuminating the films with
HeNe laser source of power ImW. The PL peaks shown in Figure 4.7(b) are normalized
to their optical absorption at 633nm. The UV-Vis and PL spectra can probe indirectly the
quality of the small molecules stacking. The PL is dominated by the emission characteristics
of the intermolecular species. PCDTBT has emission peak at 697 nm. The broad shifted PL
emission peaks from 715 nm for 4PIPM, 3PIPT and PIPB in the small molecules (see
Fig.4.3(d)) to 720, 713, 759 and 697 nm for 4PIPM: PCDTBT, 3PIPT: PCDTBT, PIPB:
PCDTBT and PCDTBT (see Fig.4.7(b)), respectively is correlated to the interaction between
the Pl molecules and the polymer PCDTBT. The broadening in PL spectra of the blend films
indicating more intensive emissive characteristics at wavelengths longer than 700 nm. For
blends of PIPB and 4PIPM, a red shifted peak is indicating the aggregation arises due to the
T1-1T intermolecular interaction of the high crystalline PDI molecules. The above results of the
three blends evidence the Pl molecules aggregation and the interaction between the PI
molecules and the polymer donor. The low ability of 3PIPT to aggregate helps obtained the
hypochromic shift in the blend PCDTBT:3PIPT due to the good interaction between the
polymer donor and the Pl acceptor. While the bathochromic shift obtained in the blend
PCDTBT: PIPB films is due to the PI molecules aggregation that is hindered by the polymer
matrix. The red shift obtained in the blend PCDTBT:4PIPM spectrum, addressed by PL shift,
is correlated to the less aggregation compared to PIPB.
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Figure 3.7. (a) optical absorption spectra of PCDTBT and its blends, (b) Pl spectra of
PCDTBT: PIPB, PCDTBT:3PIPT, PCDTBT:4PIPM and PCDTBT. (c-f) their corresponding
GIWAXS patterns and (g-f) their OOP and IP profiles, this Figure adopted from refrence[47].

The GIWAX experiments have been performed by Edgar Gutierrez, and Jaime Martin in
POLYMAT, University of the Basque Country. The two-dimensional (2D) GIWAXS patterns
of 4PIPM: PCDTBT, 3PIPT: PCDTBT, PIPB: PCDTBT and PCDTBT are obtained and
presented in Figure 4.7(c-f) and the corresponding OOP and IP line cut are presented in
Figure 4.7(g-j). As it can be seen, for the blends of the 4PIPM: PCDTBT and 3PIPT:
PCDTBT the peaks represent the less degree of crystallinity than both the polymer and the
acceptor that is due to the presence of amorphous regions in the film. In general, blending
the three acceptors with PCDTBT results in broadening and less resolved OOP and IP
peaks than in case of the polymer and the small molecule alone, implying more aggregation.
This leads to expectation of microstructure recombination if these blends are applied in OPV
devices[50].

Second, films are prepared by blending the PI molecules with PBDBT with the same
condition followed in the first polymer PCDTBT of weight ratio (1:1) soluble in CF: CB (3:1
VR). The optical properties of the films are shown in Figures 4.8(a-b). Each spectrum is
normalized to the film thickness. The absorption spectra of the blend resemble a mixture of
the spectra of the corresponding components.
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Figure 4.8. (a) The optical absorption spectra of the PBDBT and its blends in solid state, (b)
their corresponding photoluminescence spectra, (c-h) GIWAXS of PBDBT and the blends,
and(g-j) their corresponding (OOP) and (IP) profiles, this Figure adopted from refrence[47].

The PL spectra of the PBDBT blends are shown in Figure 4.8. The PL peaks shifted from
715 nm for 4PIPM, 3PIPT and PIPB in the small molecules (see Figure 4.5) and at 736 nm
for the PBDBT polymer to 767, 772, and 773 nm for 4PIPM: PBDBT, 3PIPT: PBDBT,and
PIPB: PBDBT, respectively. The PL peak of the blends are red shifted and get broaden
indicated the aggregation in the blend films of PBDBT. In case of the PBDBT:4PIPM and
PBDBT: PIPB both the donor polymer and the small molecule have high degree of order that
increase the tendency to create microstructure islands. For the blends of PBDBT comparing
to the blends of PCDTBT the PL peaks intensity are reduced due to the presence of the
phase separation. PBDBT has high ordered structure that is reflected in their low intensity
PL spectra due to the short -1 stacking led to non-radiative relations.[51]-[53]. These
findings importance of the degree of microstructure order of both pairs in the heterojunction
to avoid the phase separation and the short - stacking for improving the charge
separation efficiency in OPV devices.

The two-dimensional (2D) GIWAXS patterns of 4PIPM: PBDBT, 3PIPT: PBDBT, PIPB:
PBDBT and PBDBT with the corresponding OOP and IP line cut profiles are shown in Figure
4.8(c-f). For PBDBT:PIPB, which has peaks at g = 3.5 nm? and g, = 17.5 nm?, seems to
maintain the degree of crystallinity from the Pl molecule. Diffraction pattern obtained is
corelated to the phase separation present in the blend in addition to the PL data indicated
the existence of both crystalline structures of the polymer and the Pl acceptor. That indicates
the presence of phase separation between the small molecule and the polymer that agrees
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with the presence of the two PL peaks of the donor and the acceptor. For the PBDBT:4PIPM
and PBDBT:3PIPT GIWAX results that more isotopic ordering appeared in the Pl molecules
domains, however the PL data assure the phase separation between the polymer and the
acceptor in the blend.
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Figure 4.9. Obtained Raman spectra of PCDTBT, PIPB and their blend, this Figure adopted
from refrence[47].

After revealing the molecular packing information by GIWAX and PL, chemical change
needs to be investigated for further insights about the microstructure. Raman spectra of the
blends are obtained by shining the blend film prepared by blade coating on glass with 488
nm laser source of power 1ImW. Raman Spectra of the electron donor polymer, PIPB and
their blend PCDTBT: PIPB are shown in Figure 4.9. For all the blends, the Raman peaks of
both the donor and the small molecule are present in the blend spectra. Having the polymer
peaks in the blend suggest that there is not a chemical change in the monomer. However,
Table 3.2 shows the shifts observed that indicates a interaction between the donor polymer
and the Pl molecule which in accordance with the PL data.

For PCDTBT blends, the polymer peaks shift to higher wavenumbers when mixed with
3PIPT that is correlating to the polymer reducing its ordering [54], [55] unlike in the case of
PBDBT, where the polymer peaks cannot be resolved in blends. Raman peaks of the PI
molecules are more affected by blending with PBDBT than with blending with PCDTBT since
their peaks are shifted to lowers wavenumbers.
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Table 4.2. Raman peaks of the Pl molecules and their blends.
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544 553 561 540 546 547 546 527 561 538
580 501
618 626 591 692 618 623 618
7 77 708 7 713 71
B42 844 844 842
87 874 875 874 785
1077 1066 1065 1068 1068 1066 1063 1073 1065 1075 1065
1096 1095 1003 1091 1091 1003
1270 1272 1208 1195
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4.4 PV performance of devices based on Pl molecules

After studying the blends microstructures, investigating the performance of OPV devices
of these microstructure and have insights of their correlation is the following step. The three
electron acceptors, 4PIPM, 3PIPT and PIPB, were applied in photovoltaic devices
incorporated with electron donor polymers: PCDTBT and PBDBT. The devices of glass
/ITO/AZO/active layer/MoOs/Ag were prepared.
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Figure 4.10.(a) the energy diagram of the hetero junction formed by blending the three PI

molecules with PCDTBT (b) Ve, Jse, FF, PCE of devices based on PCDTBT: PIPB,

PCDTBT:3PIPT and PCDTBT:4PIPM and (c) the J- V curves of the champion cells of the
corresponding blends, this Figure adopted from refrence[47].

Table 4.3. Average * standard deviation (best cell) values of PV parameters for 288 OPV

devices

Heterojunctions Voc (V) Jse(mA/cm?) FF (%) PCE (%)

PCDTBT:4PIPM 0.88+0.06 (0.92) 1.46+0.03 (1.44) 3242 (33) 0.41+0.04 (0.44)
PCDTBT:3PIPT 0.7+0.2 (0.8) 2.240.1 (2.3) 3343 (30) 0.4940.11 (0.56)
PCDTBT: PIPB 1.1610.01 (1.16) 3.02+0.01 (3.02) 3214 (35) 1.1210.14 (1.22)
PBDBT:4PIPM 0.7510.01 (0.75) 2.310.1 (2.4) 4111 (41) 0.7340.01 (0.74)
PBDBT:3PIPT 0.7940.04 (0.82) 2.4510.08 (2.5) 4014 (42) 0.7640.13 (0.85)
PBDBT: PIPB 0.88+0.01 (0.87) 2.01£0.2 (2.2) 2511 (26) 0.4310.07 (0.48)
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Two series of devices are prepared based on the donor polymer. First is applying the
blends of the less crystalline donor polymer PCDTBT. Figure 4.10 and Table 4.3 shows the
performance of devices based on PCDTBT. The blend of PCDTBT: PIPB showed the
highest PCE values of 1.2%. The performance of the devices with 4PIPM and 3PIPT
showed less efficiency of the values 0.56% and 0.47%, respectively. Unfortunately, the
devices efficiency was low despite the photoactive layer thickness and the processing
optimization[56]. In general, FF were low (29-33 %) which is because of the low order of
packing, obtained revealed in the GIWAX data, enhancing the charge carrier trapping,
microstructure recombination and restraining the charge transport. The values of the Vo
(see Figure 4.11) are not the values expected from the energy levels difference between the
donor and the acceptor reflecting the microstructure recombination in devices. This is in
agreement to the reported conclusion that the high crystalline donor needs to be blended
with less crystalline acceptor to improve the charge mobility, which will enhance the FF and
PCE in the device[57]. This finding indicates that Pl molecules form charge trapping sites
that cannot be easily missed, even by using different geometry[21]. However, in case of
PCDTBT: PIPB, the ordering of PIPB enhanced the conductivity of the intermolecular -1
stacking.
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Figure 4.11. (a) the energy diagram of the hetero junction formed by blending the three PI
molecules with PBDBT (b) Vo, Jsc, FF, PCE of devices based on PBDBT: PIPB,
PBDBT:3PIPT and PBDBT:4PIPM and (c) the J- V curves of the champion cells of the
corresponding blends, this Figure adopted from refrence[47].

Second polymer to be implied in devices is PBDBT, which is a highly crystalline polymer.
As shown in figure 4.11 and table 4.3 the devices performance has declined to lower
efficiencies. PBDBT: PIPB devices exhibited the lowest efficiency among the three small
molecules of value 0.48 %. While the PBDBT:4PIPM and PBDBT:3PIPT provided higher
efficiency of 0.74% and 0.85%, respectively. The fill factor of the devices has been improved
to 50% and 44% than in case of the blends with PCDTBT. These results interrelated to the
difference in acceptors degree of crystallinity and hence their molecular packing in blends
discussed by the GIWAX data. When the planar PIPB molecules blended with the high
crystalline PBDBT, micro islands are formed to restrain the formation of an intermolecular
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connection, hindering the charge transport and limiting the improvement of PCE[58]. The
high crystallinity of PIPB tends form phase separated regions in the blend that reduce the
Jsc. The 3D form in case of 3PIPT helps the charge transfer between polymer layers in
coherence to the Js results.

4.5 Effect of Pl molecule solubility on the performance of the
OPV devices

As mentioned above aggregation of Pl molecules is a critical issue so that three different
solvents have been investigated searching for better solubility: chlorobenzene, chloroform
and their combination. Figure 4.10 and Figure 4.11 shows the devices performance based
on the solvent used. Despite the low efficiency, the photovoltaic performance was different
depending on their degree of solubility. The chloroform: chlorobenzene co-solvent enhances
the PCE of the devices than the CB. That is due to the drying time since the CF has lower
boiling point temperature than CB which prevents the formation of large phase separation.
Both CF and CB showed low solubility of PI molecules and the combination of both solvents
works better than each solvent alone.

Even though the enormous optimization of the solvents used there was still hard to
complete dissolve these molecules in solvents that drive us to investigate the devices
efficiencies depend on Hansen solubility parameters by ANOVA studies which are shown in
Table 4.4.[53], [59]-[64] Polarity showed F factor of 71.4 while hydrogen bonds and
dispersion have similar values of 114.8. These data have a lot of dispersion that needs
further analysis therefore, the surface map shown in Figure 4.12 Provided the relation
between the PCE of the devices and the solubility parameters for different solvent used in
the BHJ such as TCE: tetrachloroethane, DCM: dichloromethane, CB: Chlorobenzene and
CF: chloroform. Chloroform enhanced the solubility of the molecules and thus the
photovoltaic performance. CB, DCM and TCE showed less performance than in case of
combining CF and CB (3:1) VR.

Table 4.4 ANOVA statistics of different solvents, electron donors, and solubility parameters.

F factor Parameter

45.1 Different solvents for PCDTBT: PIPB devices
441 Different solvents for PBDBT: PIPB devices
54.5 Different solvents for PBDBT:3PIPT

8.2 Different solvents for PCDTBT:3PIPT

11.9 Different solvents for PBDBT:4PIPM

246 Different solvents for PCDTBT:4PIPM

0.78 Different donors for 3PIPT

4.2 Different donors for 4PIPM

120.3 Different donors for PIPB

114.8 Hydrogen bonds

71.4 Polarity

114.8 Dispersion

From the above data more insights are presented about the advantages of the -1
intermolecular stacking for improving the charge transport in heterojunctions and hence the
device efficiency. Overcoming this problem can be achieved by increasing the grain
boundaries of the small PI molecules can help the charge transport and extraction.[65]
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view of the surface map.

4.5 Conclusion

We conclude this investigation by shining the light on how to choose the heterojunction
pair in terms of their molecular structure. Tunning the geometry of the three Pl molecules as
a NFA affect their molecular packing and the performance of their OPV devices. When the
planar PIPB molecule with high ordering degree paired with the PCDTBT, of low order
structure, the highest efficiency is recorded art 1.2%. Unlike pairing the same molecule with
the PBDBT, polymer that has high ordered structure resulted in low efficient devices
because of the high phase separation. The high ordered Pl molecules 3PIPT and 4PIPM
showed better blending with the PBDBT and hence better efficiency for the OPV devices.
That reflects the importance of the ordering structure variance between the donor and the
acceptor in the heterojunction of OPV device since disordering in the intermolecular
structure hinder the charge trapping and enhance the charge transport.
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Chapter 5 Challenges for upscaling OPV devices from blade
coating to slot die roll-to-roll

Abstract

The successful printing of high throughput solution processed OPV modules will boost their
wide industrial implementation. It is of crucial importance to understand where the efficiency
losses experimented by large-scale processed modules come from. Questioning the
efficiency gap between the lab-scale cells and the large-scale modules motivates us to
implement a methodology that understand and tackle the process of upscaling step by step.
Therefore, we examined the efficiency losses associated to all the steps during the upscaling
of lab-scale. In this chapter we have developed a methodology for tracking the efficiency
losses along the upscaling process from lab- to devices prepared by roll-to-roll coating. This
methodology has allowed a close inspection of the impact of each printing phase in the final
efficiency of the device through a step-by-step process. In this chapter we showed that the
performance does not critically depend on the thickness/microstructure changes of the
photoactive material, the efficiency losses are due to the blocking layers and the absorption
of the electrodes.
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5.1 Introduction: why is it challenging to up-scale OPV devices?

Organic solar cells have high potential for the large-scale production due to its low cost,
flexibility and architecture perspectives for buildings. The photoactive materials’ printing-
ability in large area using roll-to-roll (R2R) processing techniques is a major advantage of the
organic photovoltaic technology. Nowadays, the innovation of the photoactive materials have
resulted in an enormous development in devices efficiency that is considered interesting for
commercialization. The highest reported power conversion efficiencies (PCE) is 18.22% so
far [1],[2], [3]. Despite these very good results, the upscaling from the lab to fab is still
lacking this high efficiency. The closure of the gap between lab scale devices and industrial
scale modules is not straightforward[4]. In fact, different parameters are running in the large-
scale processing such as slot die roll-to-roll coating than in lab processing such as spin
coating. Among these parameters, the long exposure to air while roll-to-roll processing on
contrary to the lab-scale devices prepared in inert atmosphere that affect the devices lifetime
and stability[5]—-[8]. In addition, and related to this, there are morphological changes that
consequently affect the structure- performance nexus of the solution processed organic films
such as phase separation and/or different orientation of the donor and the acceptor. These
changes affect the charge carrier transport and hence the photovoltaic parameters[9]-[12].
More parameters are changing at the same time that need to be analysed one by one. The
first step changing in the roll-to-roll processing is the substrate. Replacing rigid glass
substrates with flexible polymeric films is an extremely attractive possibility for roll-to-roll
processing with the advantages of weight reduction and the flexibility. Semicrystalline
polyethylene terephthalate (PET), due to their high mechanical properties, optical
transparency and solvent resistance properties, are the most applied plastic substrates for
flexible optoelectronic devices[13][14], [15]. When coated with Indium Tin Oxide (ITO)
exhibits high transparency 85%-90% and good electrical conductivity with a sheet resistance
as low as 8-12 Q sqg-1[16]. Furthermore, ITO-Metal-ITO (IMI) coated PET is more favourable
because of its better electrical conductivity (sheet resistance ca 1- 8 Q sq-1)[17].

Another parameter to consider while upscaling processing is the thickness variation in the
printed stripes by slot die roll-to-roll, thick at the edges and thinner in the middle of the
stripes forming wavy shapes along the printed stripes. In OPV devices the thickness of the
layers plays an important role in many roles such as light absorption[18] and the ability to
extract charge carriers[19]. Varying the thickness of the layers might add parallel resistance
in the cell that might reduce the fill factor of the whole device since the thick layers are
reported to reduce the driving field in the active layer, and thus, the charge carrier collection
[20]. This thickness variations is responsible for variation in the performance in different
batches[21]-[23]. This problem could be overcome mechanically by reverse gravure (RG)
coating that is able to produce uniform thin film as reported[22], [24]. Another considered
way is applying materials that have tolerant performance to thickness variations in the
photoactive layer[25], [26] and in the blocking layers[27], [28].

Interfacial layers have a great impact on the performance of the solar cells, through their
contribution to charge carriers extraction to the corresponding electrodes [29]-[34]. The
common solution-processed materials for electron transport layers (ETLs) are titanium oxide
(TiIOX)[35], zinc oxide (ZnO)[36], and less common systems such as cesium carbonate
(Cs2C03)[37]. Zinc oxide (ZnO) has many favorable advantages such as high electron
mobility, non-toxicity and optical transparency[38]. From energy bands perspectives, the
Fermi energy of ZnO match most applied electron acceptor materials LUMO levels. In
addition, Al doped ZnO (AZO) offers more favorable property to the roll-to-roll processing by
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functioning efficiently in thick layers (>50nm)[39] in addition to its better stability and in
comparison to the ZnO it does not need light soaking for enhancing the efficiency [40]

For the hole transporting materials, the most applied materials in solution processing are
molybdenum  oxide (MoOx)[41], vanadium oxide (V20x)[42], and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). PEDOT:PSS has the
advantage of high transmittance in the visible region, as well as high work function matching
most photoactive materials’ energy levels [31], [32], [34], [43]-[47]. Despite the fact that
PEDOT:PSS forms a colloidal dispersion in water with high surface tension that stands
against the flow of coating process. This requires more effort to ease the coating processing
such as adding materials to enhance the wettability, however the additives might hinder the
device efficiency[48], [49]. In addition to the fact of adding water into organic solar cells could
seriously reduce their stability [50].

All the up mentioned issues have a direct impact in the performance of the devices
prepared by high throughput techniques. Therefore, defining and quantifying the energy
losses through the up-scaling processing would help to identify the challenging factors in
solution processed OPV devices. Thus, in this work we have followed a step-by-step
approach based on combining different printing techniques from blade coating to slot die roll-
to-roll with the aim of assessing the causes of performance losses that affect industrialization
of the printed devices.

5.2 Step-by-step methodology tackling the upscaling
processing

Figure 5.1 shows the experimental steps through which our strategy is deployed. According
to this experimental design, all the «cells are of the inverted structure
substrate/electrode/ETL/PAL/HTL/electrode. Blade coated on top of glass substrate/ITO is
considered as a reference cell sown in Figure 5.1 structure i. The first step consists in
replacing the glass substrate to the flexible IMI coated PET and comparing the differences
arising from this change as shown in Figure 5.1 structure ii. This step is followed by
introducing the roll-to-roll coating in the first layer instead of blade coating the ETL as shown
in Figure 5.1 structure iii, following by slot die roll-to-roll coating of the PAL as shown in
Figure 5.1 structure iv and end with slot die roll-to-roll coating for the HTL as shown in Figure
5.1 structure v. The silver electrode is kept evaporated through all the steps due to its high
electrical conductivity. This methodology implies the efficiency loss tracking through the
upscaling of the solar cell processing. All the devices were printed and measured under
ambient environment. Clearly, other aspects such as top electrode, cell size, and cell
interconnections in modules also affect the performance and should be the topic of future
step-by step studies.
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Figure 5.1 Step-by-step methodology for the upscaling processing from blade coating (BC)
to slot die roll-to-roll (R2R).

5.3 Preparing the reference device

As mentioned above preparing and optimizing reference device of structure
glass/ITO/AZO/PAL/Clevios P VP Al 4083/Ag is the starting point for the experimental
methodology. Blade coating conditions listed in Table 5.1 are followed for the rest of the
layers except the silver that is evaporated on the whole stack. All the layers have been
deposited by dr blade technigue with the printing conditions showed in

Table , with the exception of the top electrode that was thermally evaporated. Two steps
are followed to optimize the reference device: first optimizing the thickness of PAL and
second optimizing the annealing conditions of the PAL.

Table 5.1 The printing conditions for the reference device.

Doctor blade printing parameters

Ink
Ink volume [ul] | blade speed [mm/s] | Blade gap [um] | plate temperature [°C]
AZO 50 5 50 40
Blue ink 80 6 100 60
P VP AL 4083 180 5 575 65
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The optimization of the thickness of the PAL has been done by instant control of the active
layer thickness during the printing process. Therefore, the optical density of the photoactive
layer is monitored by the UV-VIS spectroscopy, by processing different blade speeds. The
relation held out between the active layer thickness, the optical density and the blade speed
is shown in figure 5.2. Figure 5.3 shows the box plot with the mean values of the
photovoltaic parameters of the prepared devices over different blade speeds while the

whisker represents the maximum and the minimum values of the parameters.
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Figure 5.2 Relationship between the PAL thickness, blade speed and optical density.
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Figure 5.3 The photovoltaic parameters of the devices prepared at different blade speeds for
the photoactive layer.
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The thickness of PAL corresponding to the highest efficiency obtained of value 7.8% ~8%,
is 150 nm, which corresponds to an optical density of 0.9. As it can be seen, there is no
much change in the efficiencies of the devices (6.5-7.7%) over the range of thicknesses
obtained, 80-260 nm, by varying the blade speed over the range of 2.5-10 mm/s. This is an
important advantage of these materials that have a great potential in the up-scaled OPV
technology.

The second step in optimizing the reference process is the thermal annealing. The thermal
annealing is reported [51]-[53] to affect the degree of crystallinity of the heterojunction and
hence the charge carrier transport in the photoactive layer of the devices. Therefore,
different annealing conditions are carried out to the devices inside the glove box between
120 °C and 140 °C. Figure 5.4 shows the absorption spectra of the different annealed PAL
films. All the films are blade coated on glass with the following annealing conditions; without
annealing, annealed at 120°C for 10 minutes, annealed at 130°C for 3 minutes, annealed at
120°C for 5 minutes + at 130°C for 3 minutes and annealed at 120°C for 5 minutes + at
140°C for 3 minutes.

3.0 . . , . : :
— Without annealing
25} 120°C i
) 130°C
c 120°c+130°¢
2 20F  _q20°c+140°C .
£
&
o 1.5 _
[&]
c
®
£
510 -
w
o
<
05 -
OO 1 L 1 L | L 1

500 600 700 800 900
Wavelength (nm)

Figure 5.4 The absorption spectra of the PAL annealed at the following conditions: without
annealing in black, annealed at 120°C for 10 minutes in Cimon, annealed at 130°C for 3
minutes in green, annealed at 120°C for 5 minutes + at 130°C for 3 minutes in baby blue and
annealed at 120°C for 5 minutes+ at 140°C for 3minutes in blue.

The main peak of the PAL film at 830 nm in the non-annealed film is shifted by annealing
independently on the temperature of the annealing process indicating the change in the
degree of crystallinity of the annealed films. As a following step, these annealing conditions
are carried out to the reference device to obtain the best photovoltaic performance. Figure
5.5 shows the J-V curves of the champion cells for each batch of devices annealed at
different conditions and Table 5.2 lists their corresponding photovoltaic parameters.
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Figure 5.5 The J-V curves of the champion cells prepared at different annealing conditions.

Table 5.2 The average valueszt the standard deviation of the photovoltaic performance of 26
devices prepared with different annealing conditions along with their corresponding
champion cells.

Annealing conditions Voc Jsc FF PCE
(mV) (mA/cm?) (%) (%)

Without step annealing 713+13 17.8+0.3 49+4 6.5+£0.4
Champion cell 715 17.9 49 6.9

120 °C (10 min) 702+12 18.3¢1.1 5415 6.8+0.4
Champion cell 702 17.4 59 7.2

130 °C (3 min) 708112 18.5+0.4 5742 7.5+0.2
Champion cell 710 18.8 58 7.7

120 °C (10 min) +130 °C (3 min) 70810 18.6+0.5 5643 7.4+0.4
Champion cell 708 19.1 58 7.8

120 °C (10 min) + 140 °C(3 min) 716111 18.5+0.4 5743 7.5+0.3
Champion cell 712 18.8 59 7.8

The best performance is obtained after annealing for 5 minutes at 120°C + 3 minutes at
130°C condition, of device parameters PCE =7.9%, FF=58%, Jsc=19 mA/cm? and V,.=0.71 V
that reached us to the start point of our proposed methodology in Figure 5.1 structure i.
Therefore, we start tracking the efficiency losses layer-by-layer through the upscaling.
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5.4 Efficiency losses due to the substrate change

In the first step, substituting the glass substrate with the IMI coated PET substrate.
Following the same device structure, the whole stack are blade coated on the new substrate
except the evaporated Ag electrode Figure 5.1 structure ii. However, temperature above 120
°C degrades the PET, this temperature limits the annealing processing of the device that is
why we annealed this batch at 110 °C. At this step, we tested two different materials for the
HTL: Clevios P VP AL 4083 and Clevios solar 388. Despite the high electrical conductivity of
the P VP AL 4083, this ink is not easy to be coated by roll-to-roll, so that Clevios 388 that
has good electrical conductivity (for more reasons on selecting this material see section’
Losses arising in the HTL'), is applied. Figure 5.6 shows the champion cells of each device
batch with the two different substrates. All the photovoltaic parameters of both device
batches comparing the devices performance with two difference substrates are listed in
Table 5.4.
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Figure 5.6 The. J-V curves of the champion cells prepared with different substrates and two
HTLs.

Table 5.3 The average values * standard deviation of photovoltaic parameters out of 53
devices prepared with different substrates and two HTLs.

Substrate (HTL) Voc Jsc FF PCE
(mV) (mA/cm?) (%) (%)
PET/IMI (HTL 4083) 671+ 17 154+ 1.2 47+ 7 49+1.2
PET/IMI (HTL 388) 685 +17 13.8+1.1 56 5 5.3 0.5
Glass/ITO (HTL 4083) 708 + 10 18.6 £ 0.5 56 +3 74+04

The best performance of devices with glass substrate of efficiency of 7.7% while the best
performance of devices with PET substrate has the value of 5.3% independently on the HTL
applied. Devices with glass substrates have higher Js., Voc compared to the devices with
PET substrates. In case of devices with PET and HTL 4083 have higher Jsc compared to
devices with PET substrate and HTL 388 unlike the FF and V..

In order to get an insight of the reasons of the efficiency loss, we have analyzed the applied
substrates properties. First, we analyze the electrical properties in which the two substrate
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have slightly similar values of resistance PET/IMI and glass/ITO substrates are 6.5 £ 0.6 and
4.2 + 0.2 Q sq?, respectively. For comparison, the standard PET/ITO substrates typically
exhibit sheet resistance values in the range of 6-500 Q sq?® depending on the thickness.
Second, the optical properties, we measured the optical spectra of both substrates shown in
Figure 5.7 and the PAL film from the PV-F formulated ink labeled as blue ink. The PET/IMI
substrate shows higher absorption in the range where the blue ink absorbs, below 500 nm
and above 700 nm. That is resulting in less light to enter the cell with PET substrate than the
light that enter the devices with glass substrate and hence decreasing the Jsc of the devices
with PET substrate. The optical loss exhibited by the two substrates is calculated by the
equation below:

loss = A:;AG * 100 Equation 3.1
G

Where, Ag indicates the absorption of glass/ITO and Ar the one of PET/IMI.
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Figure 5.7 The absorption spectra of glass/ITO, PET/IMI and blue ink and sun spectral
irradiance.

Considering the PCE values, a light loss value of 11.4% in the region where the blue ink
absorbs (650-850 nm region) calculated when introducing PET/IMI substrate instead of the
glass/ITO substrate. Besides the loss of extra 4.3% of light enters the cell with glass
substrate while PET/IMI absorb all the light in the region 300 to 380 nm. To sum up these
16% loss in the Js is interrelated to the optical loss between the two substrates. Additional
loss is considered because of the annealing limiting temperature for devices with PET/IMI
lower than the optimized annealing condition with devices prepared with glass substrates.
The observed lower values of the open circuit voltage of the device with PET/IMI with the
two HTLs and the FF for the flexible devices with HTL 4083 is correlated to the cracks
induced by the thermal treatment in the PET/IMI/AZO layer, which cause device leakage and
possibly increase in charge carrier recombination.
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5.5 Efficiency losses arising in the ETL

The following step is to compare between the performance of devices of the same
structure prepared by depositing the AZO as ETL by blade coating and by slot die roll-to-roll
as shown in Figure 5.1 structure iii. In addition, two different materials for the HTL mention in
the previous step, Clevios P VP AL 4083 and Clevios solar 388, will be applied for the HTL.

The J-V curves of the champion cells for each batch of devices are shown in Figure 5.8
and Table 5.4 lists the average values of the photovoltaic parameters of the devices.
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Figure. 5.8 The J-V curves of the champion cells with AZO blade coating (circles) or slot die
R2R coated (triangles), in combination with HTL 4083 (blue color) or HTL 388(green line)
layer.

Table 5. 4 The average values of the photovoltaic parameters of devices with blade coated
and slot die R2R AZO and HTLs P VPAL 4083 (blue) and Clevios 388(green)

Samples Voc Jsc FF PCE
(mV) (mA/cm?2) (%) (%)
AZO R2R 4083 592+49 13.9+04 43 +4 3.6 £0.6
AZO BC 4083 671+ 17 154+ 1.2 477 49+12
AZO R2R 388 673 £ 17 12.3+£0.9 52 £5 4.3+0.4
AZO BC 388 685 +17 13.9+1.1 56 +5 53+05

Devices with P VP AL 4083 and R2R-AZO shows efficiencies around 4%, while with P VP
AL 4083 and BC- AZO shows efficiencies closer to 5%. Devices with Clevios 388 and R2R-
AZO showed efficiency of 4%, while devices with Clevios 388 and BC- AZO have
efficiencies of 5%. Regardless of the applied HTL, the devices with BC-AZO showed higher
parameters Jsc, Voc and FF than the devices of R2R-ed AZO layer.

That is reflecting the same loss independently on the applied HTL. To understand this loss,
we analyzed the AZO layers by stylus profilometry. The measured thickness for slot die
coated AZO is 32 + 16 nm and for the blade coated AZO is 22 £ 1 nm. The change in layer
thickness is addressed by the deposition techniques that are limited by the required
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rheological properties for the corresponding technique. Slot die R2R coated film exhibit
higher root means square (RMS) surface roughness of values RMS of 22 + 9 nm than the
blade coated film of values 4 + 2 nm.

ZnO film roughness is reported to affect the photovoltaic performance of OPV devices by
different mechanisms[54]-[56]. By comparing blade coated films to spin coated films,
roughness in blade coated films is reported due to the different liquid spreading mechanisms
and drying kinetics and hindering the devices performance and stability as a
consequence[57]. The roughness in R2R-AZO layer result in enlarging the interfacial area at
ETL/PAL interface, leading to higher trap density that is the source of the trap assisted
recombination[57]-[60], and the reason for the reduction of the FF and V.. in those
devices[61]. Furthermore, the surface energy of the electron transport layer is affected by
the roughness present in the AZO layer and as a consequence influence the wetting of the
following ink on top. In addition, the interfacial area at the donor/acceptor interface is
decreased because of the high roughness in the ETL printed by roll-to-roll resulting in less
dissociation of the charge carriers and hence hindering the photogenerated current[58].
Therefore, we corelated the observed reduction in Vo and FF for the devices with R2R-AZO
to the large RMS roughness obtained in comparing to the values obtained by the devices
with BC-AZO.

In this step the different materials for the HTLs did not affect the efficiency of the devices,
however, better FF and V.., are observed in case of Clevios 388 than in case of Al 4083.
Therefore, we have focused on the HTL 388 in the following experiment. The comparison of
the device’s performance based on different HTLs, and discussion of their properties are
followed in “Efficiency losses due to the HTL” section.

5.6 Efficiency losses arising in the PAL

The following step is to deposit the photoactive layer by slot die R2R as shown in Figure
5.1 structure iv. The J-V curves of the champion cells of both sets with PAL coated by slot
die R2R and PAL blade coated are shown in Figure 5.9. Quite similar parameters Vo, FF
and Jsc were observed for both batches, as listed in Table 5.5.

Slot die roll-to-rolled photoactive layer did not exhibit a significant difference in efficiency
compared to the blade coated. That is interrelated to the hypothesis that the microstructure
of the investigated material is resilient to changes resulted from the deposition method. This
property gets along with the upscaling processing overcoming the coating inhomogeneities
or roughness.
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Table 5.5 The average value + the standard deviation of the photovoltaic parameters of 79
devices prepared by blade coated and slot die R2R.

Samples Voc Jsc FF PCE
(mV) (mA/cm?) (%) (%)
PAL R2R 684+33 12+2 4915 4.0+0.5
PAL BC 67317 12.3+0.9 5215 4.3+0.4
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Figure 5. 9 The champion cells of the device based on blade coated PAL (circle) and slot die
coated R2R (triangle).

5.7 Efficiency losses arising in the HTLs

This is the last stage of our methodology in which we investigate the effect of printing
technique on the hole transport layer and correlate it to the device performance.

Different commercial PEDOT: PSS inks were applied in the common experiment: P VP Al
4083 is widely applied because of its high electrical conductivity and transparency. Despite,
its high surface tension resulting in the de-wetting on the hydrophobic surface of the active
layer.

These de-wetting problems can be treated by the addition of isopropanol (IPA) to the ink,
however addition of too much IPA caused leakage out of the print- head ruining the printing
process. It is reported that among different solvents, IPA is the solvent of choice to solve the
PEDOT agglomerate that helps the PEDOT: PSS to form a uniform layer. The phase
separation formed by the PEDOT-rich agglomerates create an interfacial energy barrier
between PEDOT: PSS and the photoactive layer that increase the recombination rate and
contributes to observed s-shape in the JV curves of the devices. The IPA hydrophobicity
preferentially solve the PEDOT-rich agglomerates in an aqueous PEDOT:PSS solution [46].
Therefore, in order to avoid this problem, we have focused on two other HTLs: Clevios 388
and Clevios 434.
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The devices shown in Figure 5.1 of structure v are prepared. The J-V curves of the
champion cells of each set of devices are shown in Figure 5.10. Table 5.6 shows the
average values of the photovoltaic parameters of the prepared devices. The best efficiency
of devices with BC-HTL 388 is 4%, while for the case of BC-HTL 434 is 3.7%. Changing the
printing technique to R2R dropped the efficiency to 3.2 % and 2.4%, respectively. Lower
photovoltaic parameters Jsc and Vo obtained by devices prepared by slot die R2R than the
prepared devices by blade coating. Clearly, the reduction in the FF of the R2Red HTLs is the
main reason for the efficiency drop. In addition, an S shape present in the J-V curves of the
R2R coated HTL devices, is related to the low surface recombination at the electrode[62],
[63]

0 T T T T
—a— 388 slot die R2R
-2 | —+— 388 blade coated
—a— 434 slot die R2R
| —e— 434 blade coated

Current density (mA/cm?)

-12

-14 1 1 1
0.0 0.2 04 0.6

Voltage (V)

Figure 5.10 The J-V curves of the champion solar cells with HTLs 388 (green) and 434
(purple), deposited by blade coating (circle) and by slot die R2R coating(triangle).

Table 5.6 The average values * standard deviation of photovoltaic parameters of 189 solar
cells prepared by slot die roll-to-roll and blade coating.

HTL Voc (MV)  Jsc (MAICcM?)  FF (%)  PCE (%)

HTL 388 (BC) 684+33 12.1+1.6 4915 4.0£0.5

HTL 388 (R2R) 620458 11.240.7 3416 2.4+0.4
HTL 434 (BC) 673426 11.3+2.1 49+4 3.740.6

HTL 434 (R2R) 625460 8.9+0.3 37+3 2.1+0.3

To further understand this result, we have analyzed other parameters for the HTLs such as
the contact angle, electrical conductivity, optical properties, work functions and the
topography. The contact angle was measured for the different hole transport layers on top of
PAL/AZO/IMI/PET layers deposited by R2R to simulate the same results from the devices.
Table 5.8 lists all the measured data.
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Both HTL 388 and HTL434 gave lower contact angle than HTL 4083 which facilitates the
coating of the former materials on top of the PAL. Therefore, we discarded HTL 4083 in this
experiment.

Table 5.7 Measured parameters of the different HTLs applied in this experiment.

Parameter HTL 4083 HTL 388 HTL 434
Contact angle (°) 95 +2 2518 234
Work function (eV) 5.0+0.1 5.0+0.1 4.840.1
Sheet resistance before annealing (Q/sq?) 0.2+0.6 1.3+£03 26.2+3.1
Sheet resistance after annealing (Q/ sq1)) 0.3+04 04+0.1 17.4+3.2

The sheet resistance results, see Table 5.7, showed higher conductivity of HTL 4083 while
HTL 434 showed the lowest conductivity. The thermal annealing improved the electrical
conductivity of these materials, which is due to the moisture evaporation [64] or
microstructural changes.

The work function (¢) of the three HTL materials was determined by Kelvin Probe Force
Microscopy (KPFM) at room temperature under ambient conditions (for more details see the
experimental chapter). The HTL 434 showed lower work function by 0.2 eV than HTL 4083
and HTL 388 which explains the higher Vo and Jsc obtained for devices based on HTL 388
and HTL 4083, with respect to the devices based on HTL 434. PEDOT:PSS as an electron
blocking layer has a limit duet to its mismatch to the energy level of PAL (PBTZT-stat-BDTT-
8 at 5.2 eV[65]) resulting in reduction of Vo [66]. The increase in the work function of the
HTL, enhance the charge extraction and result in increasing the V.. and improving the Jsc
and FF[67], [69-72].

The absorption spectra of the three HTLs are shown in Figure 5.11. Due to the backward
illumination in OSC, the HTL transparency led to an increase in the Jsc. This is because of
allowing lighter to be reflected by the silver electrode into the active layer for multiple
illumination. The absorption curves were normalized to the layers’ thicknesses and reflect
the high transmittance of the P VP Al 4083 in comparison with the other two samples. On the
other hand, the comparison of the two Clevios inks shows that 434 absorbs more than 388
which explains why the Js is lower when 434 is employed in the devices.
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Figure 5.11 The absorption spectra of the different HTLs.

The morphology of the three HTL films blade co

ated on glass was investigated by atomic

force microscopy (AFM). These images were taken by Francesco Silvestri of the AFM

service in ICMAB. Figure 5.12 shows that pores

are present in the HTL 388 (thickness of

257 nm) and HTL 434 films (thickness of 255 nm), with depths of up to 20 nm. This porous

morphology could lead to direct contact between

the top contact and the PAL, unlike the

smooth topography of HTL 4083 (thickness of 530 nm). That elaborates partially the lower
performance for HTL 388 devices, compared to devices with HTL 4083.

Figure 5.12 AFM topography images of the different HTLSs:

3.0um

a) HTL 4083, b) HTL 388 and c)

HTL 434. The scale in the upper row is of 3 microns, the scale in the down row is of 1.8

microns
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These findings showed the main source of efficiency loss is assigned to the HTL printing by
slot die roll-to-roll coating technique. First, their coating by the slot die roll-to-roll is limited by
their rheological properties. Second, PET limits the thermal annealing of the devices and,
resulting in less conductive HTL in slot die roll-to-roll coated devices than in the case of
blade coated devices on glass substrates. Third, the reduction in the FF caused by both the
rough ETL, and the porous HTL, deposited by slot die roll-to-roll. Finally, shunts created due
to the porosity in the slot die R2R coated HTL, decrease FF, Jsc and, hence, the total
efficiency.

Figure 5.13 summarizes the efficiency loss sources examined in this work through the up
scaling from blade coating to slot die R2R coating.

Efficient blade coated devices of ‘
PCE 8% 25% loss of PCE because of the
substrate

Blade coated devices on PET/IMI of 16% loss of PCE becausc of the
PCE 6% relatively high thickness &
roughness of the ETL

0% loss of PCE due to going from
BC to slot dic R2R in the PAL

Slot die roll-to-rolled ETL with optimum
coating conditions leads to devices of PCE 5%

PCE 5%

[Slot die roll-to-rolled PAL devices of

50% loss of PCE due to

bad printing of HTLs
2-3‘3"[)

[ Slot die roll-to-roll devices of PCE

Figure 5.13 Efficiency losses through the upscaling process of organic solar cells.

Flexible TCE based on PET resulted in 25% reduction in the device efficiency due to the
increased optical absorption and the limiting of the annealing temperature of the devices.
Slot die R2R coating resulted in rough ETL that negatively influenced the device
performance and considered as the third efficiency loss source. A photoactive system with
thickness-independent performances helped to overcome the upscaling processing, being in
favor to the roll-to-roll coating, keeping the same performance of the devices without
additional loss. Low surface tension, highly transparent and highly conductive HTL inks are
the key parameters for upscaling solution processed organic solar cells. HTLs considered
the main efficiency loss by the reduction of 50% efficiency through the upscaling processing
due to their electrical properties and their roughness.
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5.8 Conclusion

A step-by-step methodology was experimented to evaluate each stage in the upscaling
processing from blade coating to slot die R2R coating of OPV devices. Flexible substrates
limited the thermal annealing of the devices and provided strong parasitic optical absorption,
influencing the photogenerated current of the devices. The coating technique change for
depositing the ETL result in introducing roughness that hinder the device performance. For
the specific PAL material with performance insensitivity to film thickness properties applied in
this experiment, no efficiency loss was experimented by changing the coating technique.
Finally, HTL, whose printing is considered a challenge in the upscaling, reduced the FF of
the devices due to the film quality induced by its wetting properties. These findings will help
bolding the main challenges for the industrialization of solution processed organic
photovoltaic devices.
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Chapter 6 Degradation study of OPV modules

Abstract

The degradation of solution processed photovoltaic modules is still a dominant issue that
hinders the commercialization. Since the degradation of the modules is strongly correlated to
the active layer components, we have compared the degradation of roll-to-roll modules
based on fullerene acceptors (FA) (P3HT: PCBM) and non-fullerene acceptors (NFA)
(P3HT:0-IDTBR) heterojunctions to have more insights in the lifetime of the OPV modules
for the industrial scale application. Two types of encapsulation systems (PET only and
barrier foil) are used to isolate the modules from the environmental conditions, such as (the
diffusion of) oxygen and humidity. The degradation of the roll-to-roll modules has been
carried out in a climatic chamber with controlled conditions (temperature and humidity) for
hundreds of hours in air following ISOS-L-1 protocol. We have investigated the degradation
by several characterization techniques, such as electrical characterization,
photoluminescence, Raman spectroscopy in addition to the EPR spectroscopy. Imaging
techniques have been used as well for comparing fresh and degraded modules using the
laser beam induced current (LBIC) technique, in order to reveal information about the
photodegradation mechanisms. It has been found that the FA stabilizes the donor polymer
more than the NFA. Modules based on P3HT: PCBM and P3HT:0-IDTBR encapsulated with
barrier foil were active up to 522 and 249 hours, respectively, while modules encapsulated
with PET foil showed activity only for 21 hours. In addition, not only the photoactive layer
components were found to be the origin of the degradation process but also the HTL is
affected by the oxygen diffusion.
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6.1 Degradation challenges in OPV devices

Organic photovoltaic modules prepared by high throughput techniques, such as roll-to-
roll, are cutting the edge towards industrialization due to their capacity for a fast solution
processing on flexible substrates and low-cost production [1,2]. The device efficiency is
rapidly improving, with current high records exceeding 18%, by synthesizing and combining
new materials. The lack of device stability is, however, still an obstacle to meet the market
needs [3-10][11]. Therefore, research on device stability is increasingly gaining attention.
Undoubtedly, OPV devices suffer from degradation when different layers are exposed to
environmental conditions, such as light, oxygen, temperature and humidity, that deteriorate
the lifetime of the devices if they are not protected [12]. The concept of device degradation
refers to a decrease of the performance over time due to the reduction of the cell parameters
Jsev Voo, FF and resulting PCE, and the performance in general[13]. Degradation
mechanisms, as reported in literature[13—16], are classified as extrinsic, when caused by
external factors, including chemical reactions with the water and oxygen coming from the
environment or cracks due to repeated bending; and intrinsic, when the process occurs in
the dark and without other external stimuli. Extrinsic degradation includes the diffusion of
external oxygen and water into the device, the degradation of the photoactive materials by
light, morphological evolution by applying high temperatures, diffusion of the materials from
the electrode and interfacial layer and the subsequent reaction with the organic materials
and morphological changes in the photoactive layer. Organic solar cells reported to have the
low oxygen transmission rate (OTR) 107° cm?®m?d bar and water vapour transmission
rate(WVTR) of 107 g/m?d [17]. In addition, the OPV device undergoes degradation under
dark due to the molecular rearrangement in the photoactive layer and at the interfaces, that
affects the charge extraction such as the phase separation between the donor and the
acceptor.

In addition, illuminating the OPV devices induces additional degradation that leads to an
exponential decay in the efficiency of the device and loss of the short-circuit current due to
different types of photodegradation avenues, some requiring the presence of oxygen and
some not. As an example, for fullerene based OPVs, photodegradation has been found to
be related to the photodimerization of the fullerene molecule of Cso and PCBM[18,19].

Several strategies investigated to increase the modules stability have been
reported[11],[25],[26],[22—24],[25-27]. A proper encapsulation is required to provide extrinsic
stability to the OPV devices through the reduction of oxygen and water diffusion into the
devices. Furthermore, it improves the mechanical stability of the devices such as bending
and scratches. In addition, encapsulation can act as a UV filter with the aim of eliminating
the UV part of the solar radiation that degrades the photoactive materials [28]. Different
types of encapsulation strategies are reported for OPV devices [29,30], indicating that both
flexible and rigid options are able to enhance their lifetime by an amount of many thousand
hours [31,32]. Even if glass encapsulation offers the best performances in terms of water
and oxygen permeation rates, it is not compatible with OPV devices for flexible
applications[33]. Therefore, different research papers have reported encapsulation methods
that combines the advantages of high device protection with transparency, flexibility and low-
cost.

Amongst the different materials that have been used for encapsulation are the metal
oxides such as TiO, and Al;Os [34]. Al>O3 layers deposited by atomic layer deposition have
demonstrated to preserve the efficiency of pentacene based solar cells for 6000 hours with
an efficiency loss of 6% [35]. Al.Os has also showed superior encapsulation for P3HT:PCBM
based solar cell to retain 80% of their efficiency after 500 h in air [36]. Other types of
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materials, such as MgF: [37] and graphene oxide GO [38], have been shown to improve the
lifetime of OPV device by several hundred hours. On the other hand, encapsulation based
on organic materials have also been reported to protect OPV devices [31,39,40]. Bisphenol
based epoxy has been applied as an encapsulation material [41]. UV curable glue has been
reported as a top encapsulation for achieving high stability in OPV devices based on
PCDTBT:PC-:BM [42]. Multilayer combinations such as polyethylene (42mm)/ethylene vinyl
alcohol copolymer (6mm)/polyethylene (42mm) (PE/EVOH/PE) or polypropylene/polyvinyl
alcohol/inorganic layer/polyethylene (PP/PVA/In/ PE) have resulted in water transmission
rates of 1073g m2day?, allowing to reach lifetimes of several years[43,44].

In this chapter, we aim to evaluate the influence of the encapsulating layer on OPV
modules prepared by roll-to-roll slot die printing technique in air. For that, we have studied
the photo and thermal degradation. we have fabricated 25 modules by slot die coating, each
with 3 cells connected in series. Samples were fabricated on ITO coated PET, the active
layers,were P3HT:PCBM and P-HT:0-IDTBR, ZnO and PEDOT:PSS were deposited by slot
die, and then as top electrode by screen printing with the geometry shown in Figure XX. We
compare the encapsulation with thin PET (brand/provider) and barrier foil (brand/provider).
Further details in the Experimental Chapter. All the experimental details are described in the
experimental chapter. We followed ISOS-L-1 protocol adjusting the environmental conditions
for the modules in a climatic chamber[45]. From the results in the chapter, it seems that the
barrier foil of thickness 80 i and 86% transmittance has been designed to block UV, and to
minimize the transmission of both oxygen and water to <0,01 g/sgm.day and 0,005
g/sgm.day, respectively. PET foils are used to assure a minimum stability during
characterization and an easy access to the material, without spending expensive material
just for tests. The interesting devices were than encapsulated with barrier foil. Moreover, we
have done a direct comparison between fullerene and non-fullerene acceptors combined
with the workhorse donor P3HT to detect changes in their behaviour upon degradation.

6.2 Degradation induced by light exposure

The degradation of OPV modules under light exposure has been investigated by
measuring the J-V characteristics of the modules for different light exposure time intervals as
shown in Fig. 6.1. The main photovoltaic parameters are summarized in table 6.1. From the
measured values, we calculated the normalised values at different degradation time intervals
that are presented in Figure 6.2 for the four sets of modules. The modules encapsulated with
barrier foil based on P3HT: PCBM and P3HT:0-IDTBR showed active performance for more
than 522 and 291 hours, respectively, while the same type of modules encapsulated with
only PET foil were active for slightly more than 21 hours. The Tg values, defined as the time
to which the modules retain 80% of their initial efficiency, for the four sets of modules are
tabulated in Table 6.2 showing that the modules based on P3HT: PCBM are more stable
than the modules based on P3HT:0-IDTBR.

These results revealed that the modules encapsulated with barrier foil resist the
degradation for longer periods of time (as one may expect considering that they have been
designed to prevent at least in part, gas transmission). Interestingly, we notice that the
efficiency of modules based on P3HT: PCBM encapsulated with the barrier foil increased in
the first hours after exposing to illumination. This increase in the efficiency is accompanied
by the increase of the photo generated current and slight decrease in the V.. This change
has been reported to correlate to the change in the degree of crystallinity of the photo active
layer which is similar to the effect of thermal annealing [46].
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Fig. 6.1 The J-V curves before and during the degradation process under 1 sun of (a)
module based on P3HT: PCBM encapsulated only with PET, (b) module based on P3HT:
PCBM encapsulated with barrier foil, (c) module based on P3HT:0-IDTBR encapsulated only
with PET and (d) module based on P3HT:0-IDTBR encapsulated with barrier foil.
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Table 6.1. Evolution with time of the Photovoltaic parameters of the P3HT: PCBM and
P3HT:0-IDTBR based modules with different encapsulation conditions.

Modules Encapsulation Exposure time Voc Jsc FF PCE
(hours) (V) (mA-cm?) (%) (%)

PET 0 1.44 -3 59.5 0.60

1 1.38 -2.01 31.7 0.36

o 3 1.38 -1.62 29.1 0.19
E 4 1.38 -1.53 30.1 0.18
a) 5 1.38 -1.5 30 0.18
_| 21 1.36 -0.33 28.8 0.02
O Barrier 0 1.6 -3.45 32.2 0.60
= 96 1.11 2.4 28.7 0.25
% 97 1.19 -2.43 29.3 0.28
o 99 1.23 -2.55 29.2 0.30
114 1.01 -2.25 28.6 0.22

219 0.84 -1.29 28.1 0.03

291 0.79 -0.99 27.6 0.02

PET 0 0.91 -4.41 29.2 0.39

1 0.97 -4.56 29 0.43

3 0.83 -4.29 29 0.34

4 0.79 -4.14 28.7 0.31

5 0.8 -4.32 28.3 0.33

21 0.36 -1.62 26.9 0.05

S Barrier 0 1.44 -4.68 33.9 0.76
m 1 1.39 -4.68 33.4 0.72
Q 3 1.39 -4.89 33.9 0.77
.. 4 1.39 -5.01 33.8 0.78
'E 5 1.39 -5.04 33.8 0.79
™ 21 1.36 -5.1 33.6 0.78
o 115 1.25 -4.62 32 0.62
164 1.21 -4.23 31 0.53

260 1.15 -3.84 30.3 0.45

261 1.15 -3.9 30.1 0.45

279 1.19 -3.96 30.8 0.48

354 0.91 -2.97 30.8 0.09

402 0.95 -2.49 30.9 0.08

522 0.9 -2.01 30.8 0.06
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Table 6.2 Estimated Tgo of the four sets of modules.

Modules Tso (hours)
P3HT:PCBM (PET) 3
P3HT:PCBM (barrier) 120
P3HT:0-IDTBR (PET) 1
P3HT:0-IDTBR (barrier) 31
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Fig. 6.2 The normalized evolution with time of the photovoltaic parameters of the degraded
P3HT:0-IDTBR modules in blue and P3HT: PCBM modules in red with PET and with barrier
foil.

As shown in Figure 6.2, the degraded modules suffered from the reduction of Jsc and Voc.
The reduction of Jsc can be caused by several factors, such as low charge extraction and the
increase in the trap states. The fill factor of the modules is also reduced after exposing the

modules to light, being the decrease of the FF of modules encapsulated with PET faster than
in the modules encapsulated with barrier foil.

These findings ascribed the importance of encapsulation for the OPV modules. Indeed,
the encapsulated solar cell with barrier foil took 120 and 31 hours to degrade by more than
20% for P3HT: PCBM and P3HT:0-IDTBR modules, respectively, under continuous

illumination. The PET encapsulated modules exhibited Tgo of less than 3 hours, and got
totally degraded after 21 hours.

This observation correlates the role of external ambient conditions in the degradation
process of OPV modules such as oxygen or water. While in PET encapsulated modules both
extrinsic and intrinsic factors have been observed, in modules encapsulated with barrier foil
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could be dominated by intrinsic or photoinduced related factors. That opens the question of
what is the source of degradation? Since both modules were degraded but in different rates,
it is plausible that the combination of oxygen and light result in photooxidation and the
subsequent degradation. In fact, these two agents induce the photo oxidation of the
photoactive layer materials. Oxygen can react with either the donor or the acceptor to create
trap states that hinder the photogenerated current [47]. For the case of fullerenes, PCBM
has been reported to play a role to stabilize polymers in the PAL in the OPV device [48,49].
This stabilization is based on two aspects: exciton quenching and radical scavenging. The
exciton quenching hinders the excited singlet state and the triplet states lifetime by
transferring the electron to PCBM. The triplet states have longer lifetime, which is in favour
to the reaction with the singlet oxygen that is the first step in the photo-oxidation of P3HT
films [50]. However, PCBM has high intersystem crossing that could lead the degradation of
other polymers. It is also reported that fullerenes can scavenge oxygen-cantered
radicals[51,52] that are produced by UV-exposure in the surface of the ZnO ETL.

To deepen our understanding of the mechanisms behind the photo degradation, we have
measured the EQE of the modules before and after different time intervals of light exposure.
The normalized EQE measurements of the modules are shown in Figure 6.3. For reference,
the main absorption bands of PCBM, P3HT and o-IDTBR are marked as shadows of colours
green, pink and purple, respectively. For P3HT: PCBM modules, encapsulated with PET,
degradation causes a decrease in the spectrum intensity right from the first hours, but with
no change in the shape. Starting from that moment, donor and acceptor-related peaks
decrease in intensity. For the modules based on P3HT:0-IDTBR encapsulated with PET foll
both peaks of P3HT and o-IDTBR are hindered after three hours of illumination, while in
case of modules based on P3HT:o-IDTBR encapsulated with barrier foil the shape of the
spectrum does not significantly change during the exposure time, but the integrated current
does. The EQE trends are in good agreement with the solar cell efficient trends (Fig. 6.2),
namely the modules encapsulated by barrier foils were active for longer time than the
modules encapsulated with only PET foils. This is mainly due to the lower amount of oxygen
and water penetrating to the modules that slows the degradation of the photoactive layer. In
addition, the EQE spectrum showed lower intensity upon degradation, but the shape
remains the same. Therefore, the absorption capacity of both donor and acceptor is affected
at the same rate. From EQE we can tell that the absorption is not significantly changing, but
the charge generation/collection decreases significantly upon degradation.
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Figure 6.3 The normalized EQE before (black) and after exposing the modules to light for
different periods in the climatic chamber (a) P3HT: PCBM (PET), (b) P3HT: PCBM (barrier),
(c) P3HT:0-IDTBR (PET) and (d) P3HT:o-IDTBR(barrier), pink square marks the spectral
region where the P3HT have strong absorption peaks, green square marks the
corresponding for PCBM and the purple square marks the interesting area for o-IDTBR.

6.3 Degradation induced by thermal treatment

Aside to the light induced factors, thermally induced changes could also play a role in the
module degradation process. Since modules were exposed to both light irradiation and
temperature during the degradation experiment in the climatic chamber, we considered
interesting to verify whether the temperature was having any effects on the performance of
the modules. To study this possibility, the temperature inside the climatic chamber was set to
24°C and a thermocouple was fixed directly above the module to monitor the temperature
during the light exposure time. We observed that the temperature was slightly above 30 °C.
This measurement could, however, have issues with the thermal contact resistance and thus
we designed a different experiment to double check.

Indeed, in order to determine the real temperature of the module exposed to the solar
simulator, an infrared camera was used to measure the temperature of the module while
illuminating the modules and the corresponding efficiency was recorded[53]. The relation
between module efficiency and its temperature is shown in Figure 6.4.
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Figure 6.4 (a) Relationship between efficiency and temperature of P3HT:0-IDTBR modules
encapsulated with PET and barrier foil and (b) relationship between efficiency and
temperature of PSHT: PCBM modules encapsulated with PET and barrier foil.

The first observation is that, upon illumination, the modules rise their temperature up to
50-55 °C. This is consistent with previous publications[53]. On the other hand, we observe
the same behaviour for modules based on the two different active layer materials and
encapsulated with PET, in which the efficiency strongly decreases by increasing the
temperature. On the other hand, the modules encapsulated with barrier foil exhibit an
efficiency raise after the temperature increases and a later decrease while the exposure is
maintained. The initial increase in the efficiency is probably associated to an enhancement
of the charge transport and carrier extraction[43] due to an increase in the crystallization,
although we cannot rule out the activation of the ZnO with UV illumination. It can also be
related to the fact that hot OPV tend to exhibit higher efficiencies compared to
measurements performed at room temperature due to the thermally induced hopping
transport[53]. Further experiments on the reversibility of the different effects would clarify
this.

In general terms, the fact that the outcome of the experiment above depends on the
encapsulation material, suggest that the external factors are the major source of
degradation. We hypothesize that charge traps are originated by the presence of oxygen
and water in the environment and their formation is accelerated either by the illumination or
by the increase in the temperature which is responsible for deteriorating the performance of
the modules. According to the literature, electron trapping affects the charge transport that in
accordance decrease the photogenerated current and FF, and is also associated with non-
radiative recombination that is responsible for decreasing the V.. and hence the whole
performance of the devices[46][54] [55]. Therefore, in our case, we can tentatively assign the
decrease in the PCE to the formation of charge traps induced by the diffusion of oxygen
towards the active layer and to the degradation of the interfacial contacts that is accelerated
by the temperature increase. We note that we cannot fully discard phase separation in the
photoactive layer (vide infra).

To further characterize and understand the cause and effect of degradation in the
modules, we have undertaken spectroscopic characterization of the samples. Up to now,
most of the studies in the literature have been related to the P3HT, so that further studies
are needed to understand the role of PCBM and o-IDTBR, interlayers and electrodes in
device degradation.
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6.4 LBIC and PL characterization

To further elucidate the effect of photo degradation on local change of OPV device
performance, non-destructive imaging characterizations like LBIC and PL measurements are
done to determine the defects induced by the process of degradation and correlate the loss
in device performance with local changes in device behaviour.

The LBIC technique allows mapping the charge collection resulting from the photovoltaic
effect since it locally scans the modules and reveals information about the extracted current
when the module is scanned by the laser beam [56,57]. Such technique is used for
investigating several parameters, such as processing parameters [58], electrode materials
[59], and moisture diffusion inside the devices during degradation [60].

pr—
4000 ym

(c)

J—
4000 um

Figure 6.5 LBIC photocurrent mapping of (a) fresh P3HT:0-IDTBR module (PET), (b)
degraded P3HT:0-IDTBR module (PET) after exposing to light for 21 hours in climatic
chamber, c) fresh P3HT:0-IDTBR module (barrier), (d) degraded P3HT:0-IDTBR module
(barrier) after exposing to light for 339 hours in climatic chamber, (e) fresh P3HT:PCBM
module(PET), (f) degraded P3HT:PCBM module (PET) after exposing to light for 21 hours in
climatic chamber, (g) fresh P3HT:PCBM module (barrier) and (h) degraded P3HT:PCBM
module (barrier) after exposing to light for 522 hours in climatic chamber. Note that scale
bars are different in each image.

Figure 6.5 shows the LBIC mapping of the modules based on both fullerene and non-
fullerene hetero-junctions encapsulated by barrier foil and only PET, before and after light
exposure of 21 hours for PET modules, 291 hours for modules based on P3HT:0-IDTBR
with barrier foil and 522 hours for modules based on P3HT: PCBM with barrier foil. One of
the advantages of this non-destructive characterization technique is that it allows the
evaluation of the printing defects of the whole module, which are difficult to detect by the
performance measurements. Indeed, the variation of the current mapping of the three
devices in fresh modules are ascribed to the printing quality of the module. This variation can
be attributed to the inhomogeneity of the thickness of the active layer or to the different
distancing of the meniscus guides to the main source of the ink injection in the slot die head.
One appreciation is that each cell contributes unequally to the charge generation in the
module. Another observation is that, in general, the areas below the silver electrode suffered
a complete loss of current.

In general trend is: for the as deposited materials, we see that some of the cells are
“dark”, i.e. they don’t contribute significantly to the photocurrent of the module, due to, likely,
shunts. Degraded samples are, however, homogeneously degraded, i.e. all cells are
degraded for each module producing the same small current each, but also the degradation

133



covers the whole area, so the gas uptake fully penetrates into the cell leading to degradation
of the whole film or across the whole interface. On the other hand, the comparison of the
fresh modules permits to observe that samples encapsulated with PET suffer more current
losses than those protected by barrier foils. That is in agreement with the previous results
confirming the higher degradation rate in the modules with PET encapsulation. In the case of
the modules exposed to light for 21 hours and only protected with PET, the current loss was
homogenously distributed along the different cells within the modules. In the case of the
modules encapsulated with barrier foil, the P3HT:0-IDTBR heterojunction have a
homogenous current loss along the whole device while in the case of degraded modules
based on P3HT: PCBM hetero-junction the current loss was higher at the centre of each
device. It is possible that the differentiation between the centre and the edges are due to the
inhomogeneity of the thickness of the active layer and the presence of other layers like the
HTL and ETL. Due to the series connection between the devices in one module, HTL does
not cover the whole stripe (one device) and the regions where the HTL is coated might
absorb the photons emitted by the active layer.

In addition, PEDOT: PSS is significant as highly acidic and hygroscopic lead to the
corrosion to the ITO electrode. Indium is diffusing of to the PAL and therefore traps charge
carriers[61-63]. Water diffusion to the device layers hinder the device stability [64].
Furthermore, water entry to the device from the edges via absorption by the PEDOT: PSS
leading to the cathode oxidation, and Jsc reduction[65-67][68] [69].

The photoluminescence (PL) of the OPV modules has been investigated to help to
elucidate the effects of light exposure in the degradation of the modules. PL spectra in the
literature have been used to investigate the charge transfer rate to the electrode [70] and the
degradation mechanism in OPV modules [58,71-73]. Macro PL characterization has been
performed to the modules with the position for the corresponding LBIC measurement and
Raman spectra in the following section.

The PL spectrum of the studied module based on P3HT: PCBM has a dominant peak at
724 nm and a secondary peak at 801nm. Both maxima are in correlation to the PL emission
of the donor polymer reported in the literature [74]. In the case of module based on P3HT:o-
IDTBR, there is one peak at 786 nm and a shoulder at 854 nm that suggest the overlapping
of the signals from P3HT and o-IDTBR. All the measured PL peaks are listed in Table 6.3.
As shown in Figure 6.6, after the degradation, the ratio in intensity between peaks changes,
which is ascribed to the change in the molecular conformation [75]. The 0-0, 0-1 and 0-2
emission correspond to singlet emissions after inter-chain vibrational relaxation. This
vibronic structure is an indicator of the delocalized excitons from interchain -1 stacking of
the polymer chain, known as H-aggregates. Commonly, aggregation affect the interface
between the donor and acceptor in the active layer, which hinder the exciton dissociation
and enhance the non-radiative recombination in the device [76,77]. Thus, the induced
aggregation in the polymer might be correlated to the change in the polymer crystallinity, and
the subsequent reduction of exciton dissociation process in the degraded modules. This is in
accordance with the voltage loss obtained in the photodegradation experiments.

It is observed that the degraded modules based on both P3HT:0-IDTBR and P3HT:
PCBM show a large increase in the PL intensity compared to the fresh modules. The
degraded modules encapsulated with barrier foil have less intensity variation than in case of
modules encapsulated with PET. The PL intensity could be interrelated to the excitons
generated in the active layer providing high PL intensity [78], while the low PL intensity
indicate that the excitons are efficiently dissociated into charge carriers in the active layer or
effective charge extraction by the charge transport layers or that excitons have a
nonradiative recombination [55]. Therefore, the observed increase in PL intensity suggests a
decrease in the exciton dissociation ability in the degraded modules, probably due to the
increase in the phase separation between the donor and the acceptor. This can result in
reduced photogenerated current, which is considered one of the main reasons for the initial
photodegradation results from air-induced photodegradation process [79] [80]. The increase
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in the PL intensity for modules-based on P3HT:0-IDTBR encapsulated with PET is due to
the degradation of the o-IDTBR because of the generation of radicals in the surface of ZnO
that are mitigated by the PCBM, unlike the case in modules based on P3HT: PCBM
encapsulated with PET. The barrier foil contains UV filters; thus, the concentration of
radicals is lower, and the PL intensity less than with PET.

PET PET
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Figure 6.6 A) PL of both, the fresh P3HT:0-IDTBR module in blue and the degraded,
exposed to light for 21 hours in climatic chamber, P3HT:0-IDTBR module in dark blue,
encapsulated with PET,(B) PL of both, the fresh P3HT:0-IDTBR module in blue and the
degraded, exposed to light for 339 hours in climatic chamber, P3HT:0-IDTBR module in dark
blue, encapsulated with barrier, (C) the PL of the fresh P3HT:PCBM module in red and the
degraded P3HT:PCBM module, exposed to light for 21 hours in climatic chamber, in dark
red both encapsulated with PET and D) the PL of the fresh P3HT:PCBM module in red and
the degraded P3HT:PCBM module, exposed to light for 522 hours in climatic chamber, in
dark red both encapsulated with barrier foil.

135



Table 6.3 Photoluminescence peaks (in nm) measured for the modules.

Fresh Degrad Fresh Degrad Fresh Degrad Fresh Degrad
P3HT: ed P3HT: | P3HT: ed P3HT: | P3HT: o-| ed P3HT: | P3HT: o-|ed P3HT:
PCBM PCBM PCBM PCBM IDTBR 0-IDTBR IDTBR 0-IDTBR
module module module module module module module module
(barrier) (barrier) (PET) (PET) (barrier) (barrier) (PET) (PET)

725.3 724.8 725.5 724.4 786.3 787.8 786.1 787.4

801.8 801.3 801.3 800.2 854.0 859.7

6.5 Raman characterization

Raman technique is sensitive to the vibrations in the conjugated systems of C—C and
C=C bonds and can detect the change in the conformational twisting and in the aggregation
of the polymer chain [81-84]. When air diffuses into the active layer and the modules are
exposed to light, the oxygen doping of the active layer induces a decrease in the
performance of the module. Trap states are formed by oxygen interaction in the active layer
that increases the hole concentration [85,86], in addition to polymer aggregation [80].
Therefore, for further understanding how the polymer reacts with oxygen atoms, a
comparison of the Raman spectra between the fresh and the degraded modules has been
performed. Average Raman spectra were obtained for the fresh and degraded modules
based on both P3HT:0-IDTBR and P3HT: PCBM hetero junctions by exciting the modules
with a laser source with a wavelength of 488 nm, a power of 10 mW, a grating of 1200 g/mm
and excitation area 576 mm?2. Exciting at this wavelength, we are performing resonant
experiments mainly for the donor.

Figure 6.7 shows the obtained Raman spectra with the stretching mode of C=C at 1450
cm?, the C-C one at 1379 cm™ and other features located at 1202 cm™ assigned to C-C
stretch mode, 1183 cm™ assigned to C-C stretch with the C—H bending mode, and 726 cm™*
assigned to the C—S—C deformation mode. The main changes observed between the fresh
and the degraded modules are: (1) shift of thiophene C-C stretch peak at 1450 cm™ (see
Table 6.4) in fresh modules toward higher wavenumbers in the degraded modules that is
characteristic of the oxidised state of P3HT, (2) reduction in the main peak intensity and (3)
the intensity reduction of the degraded modules based on P3HT:0-IDTBR heterojunction that
are higher than the intensity reduction in case of the degraded modules based on
P3HT:PCBM heterojunction, suggesting that the PCBM stabilizes the polymer more than o-
IDTBR.
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Figure 6.7 The average Raman spectra of the whole (a) P3HT:0-IDTBR module (PET) in
blue and degraded P3HT:0-IDTBR module (PET) in dark blue after exposing to light for 21
hours in climatic chamber (b) P3HT:0-IDTBR module (barrier) in blue and degraded
P3HT:0-IDTBR module (barrier) in dark blue after exposing to light for 339 hours in climatic
chamber, (c) P3HT:PCBM module (barrier) in red and degraded P3HT:PCBM module
(barrier) in dark red after exposing to light for 21 hours in climatic chamber and (d)
P3HT:PCBM module (barrier) in red and degraded P3HT:PCBM module (barrier) in dark red
after exposing to light for 522 hours in climatic chambe, peaks for reference materials were
considered from the reported literature[87-89].

The up shift of the peaks indicates that the C-C bonds of the thiophene unit are vibrating
at higher frequencies during the degradation. This change could be a result of the
crystallization process induced by heating[90]. The formation of oxygen-related defect states
in P3HT during the photooxidation process of the polymer donor that has been identified as
a source of photocurrent loss [91]. Photodegradation leads to the oxidation of the thiophene
backbone, breaking the polymer conjugation which results in the loss of the polymer
crystallinity and hence the reduction of the absorption ability of the polymer [92]. This
process is called bleaching of the active layer and results in the reduction in the
photogenerated current of the degraded modules. Furthermore, the appearance of this shift
is also observed when comparing the fresh modules encapsulated with barrier and the fresh
modules encapsulated with PET. In the case of the modules encapsulated with PET foil, air
diffusion is easily achieved and there is a certain degree of degradation that is not observed
in the modules protected with a barrier foil.

These findings revealed that the photodegradation has two steps; first is the initial step of
degradation, which is followed by reductions in absorption[93]. [94,95]. The diffusion of
oxygen and water accompanied with light exposure enhances chemical degradation of the
organic layers and interfaces, which deteriorate the photovoltaic performance[96]. The
photooxidation of the PAL results in bleaching, change in the energy levels, reduction in
charge carrier mobilities and aggregation of fullerene domains [85]. In addition, the oxidation
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of PAL leads to an increase in the electronic traps that reduces the FF and V. of a
device[97,98]. Not only the active layer but also the cathode oxidized due to presence of
oxygen caused in S shaped I-V curve. The ease diffusion of oxygen and water assets via
pinholes and voids in the metal layer to the module layers[66].

Table 6.4 Raman peaks (in cm™) measured for the modules.

Fresh Degrad Fresh Degrad Fresh Degrade Fresh Degrade
P3HT: ed P3HT: | P3HT: ed P3HT: | P3HT: o- | d P3HT: o- | P3HT: o- | d P3HT: o-
PCBM PCBM PCBM PCBM IDTBR IDTBR IDTBR IDTBR
module module module module module module module module
(barrier) | (barrier) (PET) (PET) (barrier) (barrier) (PET) (PET)

631 631 631 631 631 634 632 632

727 727 727 727 726 729 725 727

859 857 859 857 858 862 860 862

1093 1093 1093 1092 998 997 997 997

1183 1187 1182 1182 1090 1097 1094 1096

1203 1201 1201 1203 1184 1189 1184 1184

1290 1290 1291 1290 1292 1292 1292 1293

1379 1379 1379 1379 1378 1383 1379 1381

1451 1452 1454 1449 1449 1453 1454 1456

1515 1517 1515 1513 1517 1518 1517 1518

1617 1618 1619 1617 1615 1619 1617 1619

1660 1658 1655 1656 1679 1680 1680 1680

1729 1730 1729 1729 1729 1730 1730 1730

1842 1842 1842 1842
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6.6 EPR spectroscopy
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Figure 6.8 EPR results for OPV modules, degraded in a climate chamber under constant
illumination. The spectrum consists of the whole signal in black and its fit in green that
consist of broad peak in blue and narrow peak in red of (a) fresh module based on P3HT:o0-
IDTBR encapsulated with PET,(b) degraded modules based on P3HT:0-IDTBR
encapsulated with PET, (c) fresh module based on P3HT:0-IDTBR encapsulated with barrier
foil, (d) degraded modules based on P3HT:0-IDTBR encapsulated with barrier foil, (e) fresh
module based on P3HT:PCBM encapsulated with PET, (f) degraded modules based on
P3HT:PCBM encapsulated with PET, (i) fresh module based on P3HT:PCBM encapsulated
with barrier foil and (j) degraded module based on P3HT:PCBM encapsulated with barrier.
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The EPR spectra of all the modules, fresh and degraded, are shown in Figure 6.8. This
measurement has been carried out by Yannis in the university of Wurzburg. As it can be
seen from the figure, the obtained spectrum consists of two overlapping signals, which can
be fitted by first-derivative Gaussians to two signals; The narrow signal (red lines) is
attributed to P3HT*/P3HT:O; complex, as supported by literature [86,99,100]. P3HT is
known to form P3HT*/P3HT:O,~ complexes that are also referred to as environmental p-
doping. By P3HT"-we refer to the polaron, a quasiparticle that is mobile at ambient
temperatures, while the P3HT:O.-complex is a charge trap and recombination centre. To
clarify the origin of the broad peak, reference measurements on modules without active layer
(structure PET/ITO/AZO/HTL) and furthermore without HTL (structure PET/ITO/AZO) were
measured and shown in Figure 6.9.

The small EPR peak seen in the PET/ITO/AZO structure was assigned to the O oxygen
vacancy of the ZnO, and the intensity of this peak is known to increase by doping with
aluminium[101,102]. The measurement of the PET/ITO/AZO/HTL sample shows a broad
signal that can be assigned to PEDOT: PSS by comparing with the PET/ITO/AZO sample..
EPR signals for PEDOT:PSS are known in literature and are assigned to positive charges on
the PEDOT chain [103,104]. Interestly, it has been reported that the number of positive
charges on the PEDOT: PSS polymer chain increases by increasing temperature[103].

)

— PET/ITO/AZO
— PET/ITO/AZO/PEDOT:PSS

EPR Signal (a.u.)

IlIIlIIIIIIIIII]IIIII]IIIIIII

333 334 335 336 337 338 339

Magnetic Field (mT)

Figure 6.9 EPR results for devices without the active layer. a) EPR signal for modules with
PET/ITO/AZO (black) and PET/ITO/AZO/HTL (grey), revealing the HTL PEDOT: PSS as
origin of the broad EPR signal.

The signal intensities and thus the spin concentrations of the narrow signal ascribed to
P3HT increase considerably with extended time of module light exposure in the climatic
chamber (Figure 6.10) indicating an enhancement in the concentration of P3HT radicals.
Herby, the encapsulation with barrier foil is far more effective than standard PET-foil as can
be concluded from the observed spin concentrations in the active layer and in agreement
with the device data. However, modules with the acceptor o-IDTBR showed a higher spin
count (integrated area under the red curve) for pristine and degraded modules than those
with  PCBM. This observation is consistent with other NFA-based blends, since
photoexcitation or charge transfer produce mobile electrons on the NFA that are
energetically able to transfer to O, to form 05 radicals [99] that contribute to the degradation
of the donor polymer. On the other hand, as mentioned earlier, the PCBM has been reported
to stabilize many conjugated polymers in the photoactive layer in the OPV device[48,49].
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Variation in signal intensity or spin concentration of the hole transport layer PEDOT: PSS
upon extended time in the climatic chamber does not show a clear trend (Figure 6.10(b)),
beside the fact that the modules encapsulated by PET show higher spin concentration than
those protected with barrier foils, supporting again the fact that the barrier foil acts as a
better protective layer. The hygroscopic PEDOT: PSS enhance the absorption of water to
diffuse through the whole device. The phase separation in PEDOT:PSS is reported to
increase the interfacial degradation via oxygen and water [105]. The oxidized metal layer
and the phase separated photoactive layer cause less interface between the electron donor
and the electron acceptor that affect the charge dissociation negatively and therefore the
module performance [85].
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Figure 6.10. (a) Spin concentration in the active layer of OPV modules based on P3HT:
PCBM and P3HT:0-IDTBR, pristine (orange) and after degradation (red). The spin count in
the degraded modules is increased, while it is also higher in modules with PET-foil as
encapsulation and with O-IDTBR as acceptor, (b) Spin concentration in PEDOT: PSS layer,
pristine (light blue) and after degradation (dark blue). Upon degradation, there is no visible
trend in radical buildup.

6.7 Conclusion

In this chapter, we presented a complete investigation of the degradation sources in solar
modules, with the aim of deepening our understanding on the process in order to improve
their lifetime. We have presented spectroscopic and imaging characterization of fresh and
degraded modules based on FA and NFA heterojunctions prepared by roll-to-roll processing
technique. It has been demonstrated that the barrier foil increased the lifetime of the
modules in comparison to the PET encapsulation presumably due to the slower diffusion of
the oxygen and water, as well as UV protection. PCBM showed more stabilization when it is
blended to the polymer P3HT than in case of blending to the o-IDTBR. Devices data showed
T80 of 120h,3h ,31h, and 1h for the P3HT: PCBM modules encapsulated with barrier, PET,
P3HT:0-IDTBR modules encapsulated with barrier and PET, respectively. EQE experiments
showed a homogeneous decrease in photocurrent without much spectral change,
suggesting not significant change in absorption upon degradation. Thermal experiments
indicated that samples get 30-35°C hotter upon illumination, which results in an initial
increase in efficiency for the barrier encapsulated devices followed by degradation caused
from the morphological change. Raman spectra showed that there is some degree of
chemical degradation of the active layer. Raman shifts suggest increased crystallinity, which
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might be associated to phase separation. PL data strongly agreed with this. LBIC showed
that degradation is homogeneous in all the devices, and throughout the whole device area
(rather than pinhole like). EPR spectrum shows the role of the PEDOT: PSS and the active
layer in the chemical degradation process.

In general conclusion, barrier foil much better than PET encapsulation, and P3HT: PCBM
more stable than o-IDTBR based modules. We have also seen that PCBM plays a protective
role of the P3HT that extends the lifetime of the encapsulated modules 200 hours more than
with the popular NFA o-IDTBR.
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Chapter 7 outcomes and perspectives

In this thesis we investigated some of the main challenges OPV devices exhibited through
the upscaling processing. On the one hand, we correlated the performance of the OPV
devices to the microstructure of the photoactive layer applied in the devices for a particular
example. Specifically, different Pl molecules were applied as electron acceptors and the
effect of the corresponding molecular packing on the performance of the devices was
studied. Moreover, different electrode designs and materials were optimized in order to
maintain efficient modules. Finally, degradation studies of the OPV modules were
accomplished to investigate their stability. The major outcomes of experiments carried out
through the thesis are summarized as followed. In general, Table 7.1 summarize the
reported requirements for encapsulating materials.

Table 7.1 the encapsulating materials requirements.

Characteristics Requirement

water vapour transmission rate 1073-107% g'm=2-day!

Oxygen transmission rate 1073-1075 cm3-m2-dayt-atm™
Glass transition temperature <-40 °C

Light transmission >90%

Water absorption <0.5 wt % (20 °C/100% RH)
Tensile modulus <20.7 mPa (>3000 psi) at 25 °C

7.1 Conclusion

In the first experimental chapter (i.e. Chapter 3), we studied the synthesis of silver
nanowires by the solution processed polyol method. We optimized the nanowires’ dimension
through controlling different parameters such as stirring speed, reaction temperature, and
the molar ratio between PVP: AgNOs. The optimized AgNWs were of diameter 76 nm and
more than 100 um meters long, and were selected by its electrical properties. Their films had
a promising FOM (7.86 x102Qx1) compared to the TCE films such as ITO (1.76 x102Q1).

The good FOM revealed the potential of AQNWSs for their application in solar cell to replace
ITO. However, the resulting high roughness did not help their implementation. Devices
based on silver nanowires showed low performance regardless of the inks being
commercially provided or synthesized by us. PEDOT: PSS was used to overcome the
nanowires roughness, and resulted in devices with higher photocurrent. Although blending
the PEDOT: PSS with the silver nanowires improves the devices efficiency, the obtained
efficiency was still half of the value obtained by the reference devices based on ITO
electrodes.
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On the other hand, providing AgQNWSs as a top electrode in the inverted structure solar cell
to obtain semi-transparent solar cell has the obstacle of low adhesion of the AgNWs to the
beneath layer, resulting in low device performance.

This motivated us to shift our attention to screen printed silver grids based on commercial
inks, and optimize their design for roll-to-rolled OPV modules. There, PEDOT:PSS plays
two roles, namely, an electrode and a HTL. Introducing the HYE as HTL did not help so
much the photovoltaic parameters and the efficiency of the modules. Further optimization of
the electrode geometry was carried out by investigating the fingers spacing, for better charge
collection. In this sense, we observe that 8 mm spacing has revealed as an excessive
distance between fingers -probably for a bad charge collection- and the spacing of 4 mm
revealed good performance of the modules with efficiency reaches 1% with an active area of
14.85 cm?.

In Chapter four we emphasized the difficulty of designing NFAs with a desired
microstructure in the blend. NFAs are privileged for tunning their energy levels to match the
electron donor materials. However, their microstructure still plays a crucial challenge which
determines their potential application in solar cells. Three Pl molecules, (PIPB,3PIPT, and
4PIPM), were designed to explore who their molecular packing in heterojunctions correlates
to the performance of the solar cells. This investigation was carried out by using GIWAX,
UV-VIS and Raman spectroscopy. Pristine films of PIPB showed the highest ordering
structure unlike the higher dimension molecules, 3PIPT and 4PIPM. These Studies provided
the importance of the degree of crystallinity variance between the donor and the acceptor in
the heterojunction. Therefore, when a planar molecule PIPB paired with the PCDTBT that
has a moderate degree of ordering, devices showed efficiency of 1.2%, while devices based
on the same molecule PIPB blend with the PBDBT, a polymer that exhibits a higher degree
of crystallinity than PCDTBT, showed efficiency of 0.48 %.

The low efficiency of the devices highlighted the challenges associated to microstructure.
These are not only based on the molecular ordering tendency of the molecules but also on
the PI molecules solubility and ability to aggregate, as well as their miscibility. Aggregation
tendency of the Pl molecules observed by GIWAXS and in the red shift in their absorption
spectra in solid state through -1 stacking. Despite m—11 stacking being favorable for good
electron mobility, this strong packing tendency resulted in phase separation in the bulk
heterojunction.

In chapter five we revealed the challenges of upscaling processing in OPV devices. We
provided a step-by-step methodology to show the limitations of each step through the
upscaling from blade coating to the roll-to-roll coating. First, a reference device of inverted
structure was optimized by blade coating all the layers on glass substrate, except the silver
electrode that was evaporated. Annealing conditions applied to enhance the photovoltaic
performance resulted in a efficiency value of 8%. Moving from blade coating to roll-to-roll
coating implies changes step by step.

The first change was for the rigid glass substrate coated with ITO to be replaced by the
flexible PET substrate coated with IMI. This change resulted in 25% reduction in the device
efficiency limiting the efficiency to a value of 6%.

Second step was to change the deposition technique of the ETL(AZO) from blade coating
to roll-to-roll on top of the flexible PET/IMI. This change exhibited another efficiency loss of
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16% to end the devices with efficiency value of 5% due to the roughness of the slot die R2R
coated layer. Roughness in ETL influenced the photovoltaic performance by different means.
First, by enlarging the interfacial area at ETL/PAL interface resulting in high trap density and
hence reduction of the FF and V.. of the devices. second, by changing the ETL surface
energy and, therefore, influence the wetting of the deposited ink on top. Third, by decreasing
the interfacial area at the donor/acceptor interface led to less charge dissociation.

Third step was to coat the PAL by slot die R2R on top of the R2R-ed ETL/IMI/PET. The
implementation of a material has thickness/microstructure insensitive performance enabled
the roll-to-roll processing remaining the same performance to the devices.

Last step was to coat the HTL during roll-to-roll to detect an additional efficiency reduction
of 50%, vyielding devices with efficiency of 2-3%. Therefore, HTLs can be considered the
main efficiency loss during the upscaling processing due to their rheological and electrical
properties reducing the FF of the devices. The optical absorption of the HTL resulted in
reduction in the photogenerated current and the porosity revealed by AFM figures was
responsible for shunts possibilities in the devices.

Finally, the stability of OPV modules prepared by roll-to-roll coating technique has been
analyzed. In order to study the extrinsic degradation mechanisms of modules based on FA
and NFAs, a spectroscopic investigation was carried out that combined EPR, LBIC and
Raman, and revealed the role of fullerene in stabilizing the OPV modules. The EPR
spectrum confirms the p-doping of the polymer with oxygen and revealed that the HTL is
also a source of degradation of the module by building up radicals. PCBM protected P3HT to
extend the lifetime of the encapsulated modules up to 200 hours. Fullerene based modules
lasted more than the encapsulated modules based on P3HT:0-IDTBR.

7.2 Future work

ITO has a high conductivity (10-50 ohms /o) and a high transparency (more than 80%) in
the visible range, despite its brittleness that limits the application in the large-scale
production and stands against the flexibility as a major advantage of the OPV.

Electrode materials to replace 1TO, exhibiting optimum transparency, conductivity, stability,
low cost and compatibility with roll-to-roll deposition have been reported[1] such as PEDOT:
PSS[2] metallic nanowires[3], carbon nanotubes[4], and thin metal layers[5].Table 7.2 shows
a comparison between different materials reported as TCE. Metal nanowires represent the
highest potential material for the application of electrodes in organic solar cells. AQNWs
promise a high potential in organic solar cells because of their optical and electrical
characteristics in addition to their flexibility and their stability. Their ability to be produced in
low-cost solution processing imply their integration at large scale industry. They are the most
promising candidate to replace ITO and to produce semi-transparent flexible organic solar
cells when applied as top electrode[6]. Table 7.3 showed the reported efficient devices with
AgNWs combined with different PEDOT: PSS or embedded in the flexible substrate as a
replacement for the ITO electrode.
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Table 7.2 Comparison of TCE materials[7].

Materials Sheet Optical Flexibili Fabrication cost
resistance transmittance ty

Carbon nanotubes High Low High Solution Low
processing

CVD Graphene Low High High Vapour High
deposition

Reduced Graphene High Low High Solution Low
Oxide processing

Conductive polymers High Low/medium High Solution Low
processing

Metallic nanowires low High High Solution Low
processing

Table 7.3 The performance of the reported flexible organic solar cells[7].

Device structure Voc Jsc FF PCE Reference
V) (mA/cm? (%) (%)
)

PET/AgNWs/PH1000/PEDOT:PSS 0.83 19.17 65.1 10.30 [8]
4083/PAL/PFN-Br/Al

AgNWs@PI/ZnO/Active 0.82 19.6 72 11.6 [9]
Layer/MoO3/Ag

PET/Embedded-AgNWs/AZO- 0.83 25.05 73.0 15.50 [10]
SG/Active Layer/MoO3/Al

PET/PSSNa:AgNWs/ZnO 0.7 26.99 69.7 13.15 [11]
NPs/PFN-Br/PAL/MoO3/Ag

PET/AgNWSs/ZnO/active 0.84 22.26 64.66 12.02 [12]
layer/MoO3/Ag

The main drawback of silver nanowires is the resulting high roughness, Optimizing the
nanowires dimensions is aimed to be less 30 nm for haze and roughness reduction[13].
solutions reported are by annealing the AgNWSs, or by embedding the AgNW into the
substrate (either by contact transfer method or by applied pressure method), or by flattening
the AgNWs surface by applying an extra layer [7]. Silver nano rings showed better optical
and electrical characteristics than the silver nanowires due to their circular shape enhancing
the electrical properties and optical properties having higher transparency and less haze
than the silver nanowires.

Inorganic and nanocarbon HTLs are desired in OPV due to their transparency in the visible
range, electrical properties, and high stability. Different materials have been reported with
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high potential as HTLs, such as MoO3[14] , WO;[15], GO[16], and CNTs[17]. Mo and Ni
doped with V and Cu were reported to enhance the Vo, FF, and Jsc due to tunning the WF.
Functionalizing CNTs with amino improved FF and Jsc. Compositing PEDOT: PSS with other
materials was a good way to improve the device performance[18], [19]. Adding metal oxides
such as MoOs3, V205 graphene oxide enhanced the electron blocking and the device stability
and hindered the recombination in devices. Adding metal nanoparticles increased the
electrical conductivity and the optical absorption leading to an increase in the
photogenerated current of the devices[20]. Small molecule solution processed HTLs is
favored in large scales organic solar cells due to the high stability, low costs, and ease
preparation. Small molecules are promising not only as HTLs but also as electron acceptor
materials. However, Pl based molecules are promising as NFAs, their structure has
aggregation through the stacking that led to trap assist recombination. More investigation is
required for designing NFA with higher solubility and a packing tendency that match the
electron donor material. Not only their energy level aligning to the donor materials but also
their microstructure that needs to be optimized to avoid phase separation and forming
microcrystals in the heterojunction.

OPYV could reach a lifetime of more than 20 years by good encapsulation and blocking the
UV radiation [21]. Two sources of degradation in OSC are identified, namely extrinsic and
intrinsic sources. Extrinsic degradation results from the reaction of the organic materials with
oxygen and water that leads to bleaching of the active layer[22] and reduction of the
conductivity of the photoactive and charge transport layers[23]. UV radiation leads to intrinsic
degradation in OSC by breaking the carbon bonds in the organic materials. Encapsulation
has been reported to remove the extrinsic degradation and to block the UV radiation [24].
Encapsulation materials should have requirements such as high dielectric constant, light
transmission, mechanical strength, and resistance to ultraviolet (UV) degradation and
thermal oxidation. Glass encapsulation has been reported the best life time for OSC
resulting in water vapour transmission, as a measure of general gas permeation, of less than
107%g (m? day)™}[25]. Thin, transparent and inexpensive efficient barrier encapsulation are
required for the protection of OSC achieved by lamination or direct deposition of thin film
encapsulation[26]. Best results are in both cases obtained with multilayer structures[27].
Polyvinyl butyral (PVB), ethylene vinyl acetate (EVA), and thermoplastic polyurethane (TPU)
were reported to encapsulate OPV devices[28].
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