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ABSTRACT

Organic photovoltaics (OPVs) have attracted great scientific interest due to their low
weight, flexibility and possibility of roll-to-roll mass production, providing green energy
with low cost. The next important research and development milestones of OPVs are
considered to be the avoidance of high cost materials, such as the transparent conductor
indium tin oxide (ITO), and the avoidance of high vacuum and energy intensive
deposition techniques, such as thermal evaporator, which is commonly used for the
deposition of the reflective metal top electrode. Through the use of solution-processed
electrodes, OPVs can be fabricated in a roll to roll production line. The inkjet printing
(IJP) deposition technique has the potential to be introduced in the roll to roll production
of OPVs due to its ability to print two-dimensional patterns and save material with drop

on demand technology.

In this thesis (Chapter 3), the potential of replacing the rigid and expensive ITO with 1JP
copper grids was investigated. Copper (Cu) nanoparticle inks have drawn much attention
since they are cheaper than silver nanoparticle inks. A printing and sintering optimization
of a proposed Cu ink is presented, resulting in high quality and conductive Cu grid
structures. However, challenges arise during the implementation of Cu grid in the
fabrication of OPVs. Specifically, Cu oxidizes during the necessary annealing step of
PEDOT:PSS at 140°C in air, resulting in reduced conductivity. A highly conductive
PEDOT:PSS formulation was introduced in order to enhance the conductivity of the
electrode and assist in current collection. 3.4% power conversion efficiency (PCE) was

achieved whereas the reference 1TO-based device exhibited 4.9% PCE.

The two following chapters (Chapters 4 and 5) are focused on the top electrode of inverted
OPVs. A lifetime study is presented, comparing a solution processed PEDOT:PSS hole
transporting layer (HTL) with the evaporated MoOs HTL under 65°C in dark. The results
show that devices using PEDOT:PSS as HTL are significantly more stable over time
under heat conditions, compared to the devices using evaporated MoOz as HTL which
are suffering from fast degradation. OPVs with PEDOT:PSS and MoO3 as bi-layer HTL
in different configurations were fabricated in an approach to isolate the interfaces and the
degradation parameters. The results show that P3HT:PCBM/Mo0O3 as well as MoOs/Ag
interfaces, contribute to the fast degradation of inverted OPVs with MoOs/Ag as top

vii



electrode. In addition, the above aspect was further enhanced by applying reverse
engineering method in inverted OPVs with MoOs/Ag as top electrode.

Based on the lifetime results of Chapter 4, PEDOT:PSS HTL was used in combination
with IJP silver (Ag) for the development of a fully solution processed evaporation-free
top electrode (Chapter 5). In inverted OPVs, silver top electrode can be deposited with
printable deposition techniques compatible with roll to roll production line. A fully
solution processed electrode is presented in inverted OPVs consisting of a highly
conductive PEDOT:PSS and IJP Ag. Thick PEDOT:PSS layer was used in order to
address the diffusion of solvents contained in Ag ink, into the active layer. It is proposed
that highly conductive PEDOT:PSS assists in current collection of the printed electrode.
Finally, a mixture of commercially available Ag inks with different nanoparticle sizes,
was used in order to retain high conductivity, to control the printability and to achieve

intimate interfaces.

viii



TABLE OF CONTENTS

LIST OF TABLES ...ttt ettt ne e Xi
LIST OF FIGURES ... .ottt xii
1. Introduction to Organic PNOtOVOILAICS..........cccueieiiiiieiiciesieee e 1
1.1. A brief history of photovoltaiC SYStEMS .........cccceviiiiieiie e 1
1.2.  Organic PhotovoItaiCS (OPVS) ...cc.uiiiiieiiiieiie ittt 2
1.3.  Historical evolution of OPVs active layer StruCture ............cccccocevvrvnvnieinennenn 5
1.4, Working prinCiple 0f OPVS ... 7
1.5, DEeVICE AICHITECIUIES ......couiiiieiieic ittt 8
1.6, LIfEtime OF OPVS ... 9
2. OPVs Materials, Performance Parameters and Fabrication Methods ..................... 12
2.1.  Materials for organic solar CElIS..........ccovviieiiiiiiic e, 12
2.2, OPV Performance Parameters...........ccouoeiririeiiiirenieise e 18
2.3.  Device Fabrication Methods ...........cccoiiiiiiiiiiiiiie s 23

3. Printed copper nanoparticle metal grids for cost-effective 1TO-free solution

ProCesSed SOIAr CEIIS........coi i 31
K200 |11 {0 L1 o1 1 o] o PSSR 33
3.2, Materials and MethOdS.........cccveiieiiiieiice e 34
3.3, RESUILS ANd DISCUSSION.....ccuieiiieiierieiieesieasiesteesieeee e sreeeesseesteeeeaseesseesseeneessens 37
B4, CONCIUSIONS ...ttt ettt bbb nes 50

4. Influence of the Hole Transporting Layer on the Thermal Stability of Inverted

Organic Photovoltaics Using Accelerated Heat Lifetime Protocols..............ccccveennene. 52
4.1, INEFOTUCTION ...ttt nre s 53
4.2.  Materials and MethodS..........cceiviiiiiiiice e 56
4.3.  RESUILS ANA DISCUSSION......cueieieiierieiiiesieeiesteesiaeee e s eeaesseesreeeesseesseesseeneessens 57
A4, CONCIUSION......oiieiieie ettt e e ae st e sreeeeeneenteenseaneenrees 68



5. Evaporation-Free Inverted Organic PhotOVOItaICS ..........cccvevveiiiieiiiiie e, 70

5.1 INTrOAUCTION ... 71
5.2.  Materials and MethoUsS...........ooiiiiiiiiieeree e 72
5.3, ReSUIS and DISCUSSION.........couiitiriiriiiiieiieieit ettt 74
5.4, CONCIUSTON. ...ttt bbbt 82
B.  FULUIE WOTK ..o 83
6.1. Doped metal oxides investigation for up-scalable OPVS............ccccccveveieennenn, 83
6.2. ITO-free and evaporation-free high efficient OPVS .........cccccevevieivivciienenn, 85
7. CONCIUSIONS ...ttt 87
8. RETEIBNCES ... 90



LIST OF TABLES

Table 3.1: Photovoltaic parameters of OPVs with 1JP Cu grid with different PEDOT:PSS
FOMMIUIALIONS ...ttt et e esreenre e e enes 40
Table 3.2: Photovoltaic parameters of OPVs with 1JP Cu grid with different number of
lines. The photovoltaic parameters were averaged over four devices. ...........ccccvvenenne. 42
Table 3.3: Photovoltaic parameters of OPVs with 1JP Cu grid with different annealing
temperatures of PEDOT:PSS. The photovoltaic parameters were averaged over four
HBVICES. .ttt ettt R ettt R e b et e Rt bt et ene e be e b nneenre s 46
Table 3.4: Photovoltaic parameters of OPVs with embedded 1JP Cu grid with different
number of lines. The photovoltaic parameters were averaged over four devices........... 49
Table 4.1. Average absolute photovoltaic parameter values and standard deviation out of
8 inverted OPVs in each case, obtained before initiating the heat aging...........cccccceveu... 58
Table 4.2: Initial photovoltaic parameters and standard deviation of inverted OPVs with
different hole transporting [AYErS. .........c.coveiiiiie e 62

Table 5.1: PCE performance parameters of the reference (evaporated Ag) inverted OPVs

and the optimum evaporation-free inverted OPVs with IJP AgQ. ....ccccovvevviiiiiicien, 81
Table 6.1: JV parameters of inverted OPVs with ETL: ATO(40nm), ATO(40nm)/PElI,
ATO(120nm)/PEI, PEI(3-5nm) and without ETL (ITO only). .....cccoevvevvieiieceee 84

Xi



LIST OF FIGURES

Figure 1.1: The line graph shows the on record certified by National Research Laboratory
(NREL) cells power conversion efficiencies for various photovoltaic cells since 1975
(Figure was adopted from NREL National center of photovoltaics)...........ccceevevviinnenn 4
Figure 1.2: Single layer, Bi-layer and Bulk Heterojunction structure...........c.ccccccovvuenenn 6
Figure 1.3: (i) Electrons from the energy level HOMO of the donor go to the energy level
LUMO of the donor (ii) singlet exciton creation (iii) separation of the exciton by the
transfer of the electron from the energy level LUMO of the donor to the energy level
LUMO of the acceptor (iv) polaron pair (v) separation of the polaron pair due to the
electric field and charge transportation by hopping process to the local energy states (vi)
charge collected from the electrodes: photocurrent. (Figure adopted from Deibel C. and
DyakonoVv V., refErenCe [13]) ..c.coeieiiiiiisiiiieieie ettt 8
Figure 1.4: Normal structure (Left) OPVs and Inverted structure OPVs (right).............. 9
Figure 1.5: Diagram of the best OPV lifetime values according to the test condition (Tso

: time when performance reaches 80%, Trinai: Used When study was interrupted before

OPVs reach T80). (Figure adopted from Gevorgyan, et al., reference [29])........cccc...... 11
Figure 2.1: Performance characteristics of OPVs with 8-line grid/PEDOT:PSS in
comparison with the ITO-based device (Neophytou et al., reference [79])........cccueee.e. 16
Figure 2.2: (a) Current density (J) vs Voltage (V) characteristics under illumination of an
organic solar cell (b) Dark current density vs Voltage characteristics ............cccecvreeneen. 19
Figure 2.3: The equivalent Circuit for an OPV ........cccoiiiiiiiiiiiiieiee e 20
Figure 2.4: DOCLOr BIAQE ........ccveoieieeece et 23
Figure 2.5: Thermal eVapOrator ..........cccooeiieiieiiiic et 25
Figure 2.6: Dimatix 2800 Series INKJEt PriNter.........cccooeiiriiiniieieiciese e 26
Figure 2.7: Mapping image of IJP pattern with large drop spacing, insufficient for droplets
merging and film fOrmation............ccooe o 28
Figure 2.8: Droplets ejection from NOZZIES...........ccevviiiieiii i 29
Figure 2.9: Contact angle..........oviioiie s 30
Figure 3.1: Device structure of ITO-free OPV ..ot 32
Figure 3.2: Profilometry of IJP Cu lines printed with 25 um drop spacing.................... 35

Figure 3.3: Embedding procedure of IJP Cu lines (a) Ormoprime© adhesion promoter is
applied on the final substrate. Transparent UV-curable Ormocomp®© resin is drop-casted
on the sacrificial substrate with the IJP Cu grid. (b) The two substrates are brought to

Xii



close proximity and pressured. Then, UV radiation is applied. (c) The two substrates are
separated mechanically by applying force between the two substrates leading to the
embedded 1JP Cu grid SUDSTIALES. ........ccveiuieieiiesieee s 36
Figure 3.4: Sintered Cu structure with different focuses. Red dashed boarded area
indicates the sintered area with 12-16 mm distance between focusing lense and sample
U -1 SRR PRPRS 37
Figure 3.5: (a) Conductivity of printed Cu layers after sintering with different laser speeds
at 12 mm (blue triangles), 14 mm (black squares) and 16 mm (red circles) focal lengths.
(b) SEM image of un-sintered Cu and (c) SEM image of sintered Cu...........ccccceeveennen. 38
Figure 3.6: Microscope images of IJP Cu lines (a) without PEDOT: PSS, (b) with ~100
nm PEDOT: PSS incompletely covered and (c) with ~200 nm PEDOT: PSS completely
(010} =] 1o ST USPRPRRR 39
Figure 3.7: llluminated J/V characteristics of OPVs with bottom electrode: ITO/ PH
PEDOT:PSS (black squares), Embedded 8-line Cu grid/ PH PEDOT:PSS (red triangles),
Embedded 8-line Cu grid/ P Jet NV2 PEDOT:PSS (blue Circles).......c.cccovvevvrvieireennnnn. 40
Figure 3.8: (a) llluminated and (b) dark J/V characteristics of OPVs with bottom contact:
ITO (black squares), 4-line Cu grid (red triangles), 6-line Cu grid (blue circles), 8-line Cu
grid (green dIAMONGS). ....eoveiieiieieieei et bbbt 41
Figure 3.9: Transmittance of ITO (black squares) and 6-Lines Cu grid (Blue circles).
Absorbance of Si-PCPDTBT-layer (red triangles). ........cccoovviveiieiecieiiece e 42
Figure 3.10: Normalized photocurrent mapping images of OPVs with 1JP Cu grid lines
(@) 4 lines, (b) 6 1ines and (C) 8 lINES. ......cccoiiiiiiiee s 44
Figure 3.11: (a) Conductivity over time of IJP Cu layers aged at 140 °C (i) in inert
atmosphere (black square), (ii) coated with PEDOT:PSS NV?2 in inert atmosphere (red
circle), (iii) in air (blue triangle) and (iv) coated with PEDOT:PSS NV2 in air (magenta
downward triangle) (b) Conductivity over time of 1JP Cu layers aged at 140 °C (i) coated
with PEDOT:PSS PH500 in inert atmosphere (blue squares), (ii) coated with PEDOT:PSS
PHS500 in @ir (Qre€Nn CIFCIES) ...vvieiie ettt 44
Figure 3.12: (a) Influence of different temperatures on the Cu conductivity. (b) Influence
of lower PEDOT:PSS annealing temperatures on Cu grid-based OPVs performance... 46
Figure 3.13: Schematic view of Cu lines (a) before embedding and (b) after embedding.
(c) Profilometry of 1JP Cu lines before (black line) and after embedding (blue line). (d)

Illuminated J/V characteristics of OPVs with bottom contact: ITO (black squares),

Xiii



Embedded 4-line Cu grid (red triangles), Embedded 6-line Cu grid (blue circles),
Embedded 8-line Cu grid (green diamonds)..........ccoveeierieiinienieseene e 48
Figure 3.14: Transmittance of OrmOCOMP FESIN.......ccvevvviieeiiereciese e 49
Figure 4.1: Degradation trends of the OPV parameters at 65 °C over time for non-
encapsulated inverted OPVs with different active layers: P3HT:PC[70]BM (Red),
DPPTTT:PC[70]BM (Green), PTB7:PC[70]BM (Blue) using either MoO3 (dashed lines)
or PEDOT:PSS (solid lines) as HTL, plotted as a function of (a) normalized Voc, (b)
normalized Jsc, (c) normalized FF and (d) normalized PCE..........cccccoveiieveciieieenenn, 59
Figure 4.2: Normalized photocurrent mapping images of non-encapsulated inverted
OPVs using MoOsz as HTL in P3HT:PC[70]BM-based solar cells, showing degradation
at 65 °C OVer time OF EXPOSUIE. ...cviciiiieiee ettt sae e nre s 61
Figure 4.3: Degradation trends of inverted OPVs parameters at 65 °C over time for
ITO/ZnO/P3HT:PC[70]1BM with different top electrode configurations as a function of
(@) normalized Voc, (b) normalized Jsc, (¢) normalized FF and (d) normalized PCE. .. 63
Figure 4.4: Current density versus voltage characteristics (J/V) in dark over time of
exposure under heat conditions for inverted OPVs using different hole transporting layers
— (a) PEDOT:PSS:ZD, (b) PEDOT:PSS:ZD/M00Qs3, (c) MoOz and (d) MoOs
PEDOTIPSS:ZD. ...ttt sttt et e e e e e e s e e e ne e e e neeeanes 65
Figure 4.5: (a) Hluminated and (b) dark J/VV characteristics of complete devices with
MoOs HTL as produced (black rectangles) and aged for 20 hours (blue circles). The
incomplete layer stacks were aged for 20 hours at 65 °C and then coated with the required
fresh electrode. The stacks were ITO/ZnO/P3HT:PC[70]BM, which was coated with
fresh MoOs/Ag (red triangles) and 1ITO/ZnO/P3HT:PC[70]BM/Mo0Qs, which was coated
with fresh Ag (green diamonds). ......ccveieeiieiiiec i 67
Figure 5.1: (a) Schematic of inverted structure used in this reported work, from the
bottom: ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag (b) Surface energy wetting envelopes
of ITO (opened rectangles), ITO/ZnO (opened triangles), 1TO/ZnO/P3HT:PCBM
(opened diamonds),ITO/ZnO/P3HT:PCBM/PEDOT:PSS (opened circles) and surface
tensions of PEDOT(PH):PSS (filled diamond), PEDOT(PH):PSS:Z:D (filled rectangle),
ANP silver ink (filled triangle), EMD5603 silver ink (closed circle) ...........ccocooveenneee. 74
Figure 5.2: (a) Conductivity of PEDOT(PH):PSS:ZD as a function of PSS content (b)
Illuminated J/V characteristics of inverted OPVs with top electrode: 50 nm
PEDOT(PH):PSS:ZzD with 1IJP Ag (EMD5603 ink) (triangles), 50 nm
PEDOT:PSS:ZD:PSS (20%) with IJP Ag (squares) and 50 nm PEDOT(PH):PSS:ZD

Xiv



with evaporated Ag (circles). (c) Illuminated J/V characteristics of inverted OPVs with
top electrode: 50 nm PEDOT(PH500):PSS:ZD:EG(5%) with IJP Ag (EMD5603 Ag ink)
(triangles), 50 nm PEDOT(PH500):PSS:ZD:EG(5%):PSS(20%) with 1JP Ag (squares)
and 50 nm PEDOT(PH):PSS:ZD with evaporated Ag (d) llluminated J/V characteristics
for inverted OPVs with top electrode: -~150 nm PEDOT(PH):PSS:ZD with 1JP
AQ(EMD5603 ink) (squares), 150 nm PEDOT:PSS (PH500) with IJP Ag (triangles) and
50 nm PEDOT:PSS (PH) with evaporated Ag (CIrcles). .......cccovevveveiiieiieie e 76
Figure 5.3: SEM ((a),( b), (c)) and AFM ((d), (e), (f)) images of inkjet-printed EMD5603
Ag ink ((a), (d)), ANP:IPA (1:0.5) Ag ink ((b), (e)) and Ag ink mixture ((c), (f)) on glass.
The scale bar for all IMages IS 2 M. ......coiiiiiiiieie e 79
Figure 5.4: (a) llluminated J/VV characteristics of inverted OPVs with top electrode
PEDOT:PSS(PH):ZD and 1JP Ag with EMD5603 ink (red triangles), ANP:IPA (1:0.5)
ink (blue squares) and Mixture ink (green diamonds) and evaporated Ag (black circles).
(b) Muminated J/V characteristics of inverted OPVs with top electrode: ~150 nm
PEDOT:PSS(PH500):ZD:EG(5%) and 1JP Ag Mixture (red diamonds), 150 nm
PEDOT:PSS(PH500):ZD:EG(5%) and I1JP Ag with EMD5603 ink (red triangles)and 50
nm PEDOT:PSS(PH):ZD evaporated Ag (CIFCIES) ........ccvriririniiieiee e 80
Figure 6.1: (a) IHluminated JV characteristics of inverted OPVs with ETL: ATO (black
squares), ATO(40nm)/PEI (red rectangles), ATO(120nm)/PEI (blue circles), PEI (green
diamonds) and without ETL-ITO only (magenta squares). (b) magnification................ 84

XV



LIST OF ABBREVIATIONS

AFM . Atomic Force Microscopy
o TSP UP O VRTUPTPPRURRTN Silver
Al s Aluminium
ATO . Antimuonium Doped Tin Oxide
AZO . Aluminum Doped Zinc Oxide
BHUI . o Bulk-heteronjunction
O T TP P PSP PRRPRPPRPIO Calcium

Pt Copper

] Carbon Nanotubes
DPPTTT . e e, thieno[3,2-b]thiophene-diketopyrrolopyrrole
o TSROSO Energy Gap

B Ethylene glycol
BT Electron Transporting Layer
B Fill Factor
F O e Fluorine doped Tin Oxide
HOMO. ... Highest Occupied Molecular Orbital

H L. oo Hole Transporting Layer

0 Indium Tin Oxide
Inkjet Printed

Xvi



JC e Short Circuit Current Density

LI ettt eenneees Lithium Fluoride
LUMOL. . e Lowest Unoccupied Molecular Orbital
Si-PCPDTBT..........ceee.el. poly[(4,40-bis(2-ethylhexyl) dithieno[3,2-b:20,30-d]silole)-

2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,50-diyl]

ODCB .. ortho DiChlorobenzene
OV Organic Photovoltaic
PaH T . Poly- 3 - hexylthiophene
PCBM...o.oii Phenyl-C61-butyric acid methyl ester
PC[70]BM.....ooiiiiiiiiic e, [6,6]-phenyl C71-butyric acid methyl ester
P . Power Conversion Efficiency
PO Photocurrent Mapping
PV s Photovoltaics
PEDOT:PSS.....cccceevinnnnnnn. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEL e polyethylenimine
PEN. .o poly[(9,9-bis(3" -(N,N-dimethylamion)propyl)-2,7-

fluorene)-alt-2,7-(9,9-dioctyl)-fluorene])

PTB7.........c....l. Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]

SEM . Scanning Electron Microscope
A ettt e e e Open Circuit Voltage

2O . o Zinc Oxide
ISOS. . International Summit of OPVs Stability

XVil



ITIC..........oel 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-’]-s-indaceno[1,2-b:5,6-
b’]dithiophene)

Xviii



1. Introduction to Organic Photovoltaics

1.1.A brief history of photovoltaic systems

According to the International Energy Agency, world energy consumption will be
increased by 28% by 2040 (International Energy Outlook 2017). This increases the need
to use technologies utilizing renewable energy with the lower cost. Nowadays, the energy
consumption and the elimination of the conventional energy sources, necessitates the use
of renewable energy. Furthermore, due to the greenhouse effect, the global warming
phenomenon is becoming more severe and therefore it makes necessary the use of green
energy which is environmentally friendly. Sunlight is an ubiquitous form of energy and
it can be considered as the most important source of energy on earth. By taking advantage
of a small proportion of the abundant solar radiation, the energy demand on earth can be

covered at a large degree.

Photovoltaic devices are taking advantage of solar energy by converting energy of solar
light directly into electricity by the photovoltaic effect. The photovoltaic effect was
invented by the French scientist Edmund A. Becquerel in 1839, when he observed the
platinum plates coated with silver chloride or silver bromide inserted in acidic solution,
to produce electricity under illumination.! In 1876 Adams and Day discovered the
photoconductive effect when they observed electricity production from selenium while
being exposed to sunlight.l’) The above inventions led to the formation of the first
selenium photovoltaic cell in 1883 produced by Fritts.[¥] This was the beginning of the
technological developing world of solar photovoltaics that promote the magical idea of
converting solar light into electricity. The efficiency of photovoltaics (PVs) was very poor
until the beginning of 1950s. The first silicon based solar cell was produced in Bell
Telephone laboratories with power conversion efficiency of 6% in 1954 by Chapin D. M.
et al.[4 Due to their high cost, the initial applications of PVs were limited to aerospace
industry and later in small devices such as calculators, radios, watches and other small
battery charging devices. However, due to the energetic crisis in 1970s while the Earth’s
oil reserves would have run out and the energy demand would have been multiplied,
increased public awareness about renewable energy sources. Over the next years there

was a significant development of this technology aiming for high efficiency, long stability



and manufacturing cost reduction. Furthermore, significant efforts have begun on PV

development for residential and commercial use.

The first generation of photovoltaics is based on single crystalline and multi-crystalline
silicon. Silicon based photovoltaics are the most commonly used and well-studied PV
technologies. Nowadays, the power conversion efficiency of single crystalline and multi-
crystalline silicon is 27% and 22% respectively with 15-20 years lifetime manufacturer
warranty. Thin film PVs such as Cadmium tellurite (CdTe) and Copper Indium Gallium
Selenide (CIGS) constitute the second generation of PVs. They are less costly per watt
than 1% generation PVs due to the reduced material and energy consumption during
manufacturing. The third generation PVs were designed to combine advantages from 1%
and 2" generation PVs. Dye-sensitized, quantum dot, perovskite and organic solar cells
are technologies subjected to the third generation of PVs. The energy consumption for
manufacturing 3" generation PVs is reduced dramatically compared to the other two
generations. In addition, thickness of 3™ generation PVs could be reduced to less than 1

um allowing product development opportunities for flexible and lightweight PVs.
1.2.0rganic Photovoltaics (OPVSs)

Organic materials are constituted from carbon which is an abundant source on earth.
Therefore, photovoltaics constituted by organic materials that are significantly cheaper
than inorganic materials aim to a dramatic fabrication cost reduction. The first organic
compound in which photoconductivity was observed is anthracene, as indicated by
Pochettino and Volmer in 1906 and 1913, respectively. Remarkable progress in organic
photovoltaics (OPVs) has been made in 1970s. OPVs with power conversion efficiencies
far below 1% have been fabricated. For the interest of the reader, review article in organic
solar cells by Chamberlain G.A. in 1982, is recommended. The first remarkable two-layer
(bi-layer) organic solar cell with around 1% power conversion efficiency was fabricated
by Tang in 1979.1]

In 2000, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded with
the Nobel Prize in Chemistry for the discovery of organic semiconducting polymers in
1977."1 With simple words, they discovered that plastic with suitable impurities can
present semi-conductive properties. This discovery broke the myth that plastics are

insulators of electricity and simultaneously begun a revolution in the world of electronics.



The combination of the very good mechanical properties of plastics with the
semiconducting properties have developed new opportunities and prospects in
manufacturing flexible, lightweight and low-cost electronic devices. As a result, organic
photovoltaics have attracted the attention of the research community and companies due
to the ease of manufacturing with simple deposition techniques at room temperature.
Furthermore, the low cost and the ability to fabricate ultrathin, lightweight and flexible

photovoltaics make them even more attractive and set them as emerging technology.

The next important invention was the mixing of polymeric organic semiconductor with a
fullerene derivative by Heeger A.J. et al in 1995, resulting in the well-known bulk
heterojunction active layer structure which is used until today. Nowadays, the best
certified reported OPVs efficiencies are based on the so-called bulk heterojunction (BHJ)
architecture, where the active layer is consisted of a blend of a conjugated polymer
(electron donor) and a fullerene derivative (electron acceptor). The last two decades OPVs
are under the spotlight of researchers, and the power conversion efficiency (PCE) and the
lifetime performance of OPVs are continuously improving. Up scaling of this technology
should combine high efficiency, long lifetime and low-cost printing manufacturing.
Recent progress in BHJ OPVs overcame the barrier of 10% certified power conversion
efficiency (see Figure 1.1). In addition, the promising progress of the lifetime
performance of OPVs during the last years resulted in OPVs with 2-4 years stability.[]
However, this technology demands low-cost manufacturing in order to make their
commercialization more realistic. One of the next important research and development
OPV milestones toward up scalability is considered to be the avoidance of energy
consuming deposition techniques and thereby high cost materials. This thesis focuses on
solution processed electrodes which is a key parameter for the roll to roll fabrication of
OPVs.
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1.3. Historical evolution of OPVs active layer structure

1.3.1. Single layer structure

The active area of the first organic solar cell structure was consisted of a single layer of
organic semiconductor, sandwiched between two electrodes with different work functions
(Figure 1.2 image in left). The bottom electrode is a transparent conductive oxide in order
to allow the solar radiation to pass through it and reach the active area. The top electrode
is a low work function metal such as Al, Ca, Mg, Ca/Al, LiF/Al. The active region, which
Is the organic semiconductor, absorbs light and an electron is excited from the valence
band to the conduction band. As a result, an exciton is formed. The exciton is a pair of an
electron and a hole bonded together with Coulomb bond. An electric field is created due
to the difference between the work function of the two electrodes but is rarely sufficient
to break the bond of the exciton created in organic semiconductors. The excitons diffuse
along the polymer chain with a diffusion length of 10-20 nm.[11 Therefore, the only
excitons dissociation in this structure occurred in the area of 10-20 nm of the upper
electrode. As a result, this structure was suffering from high exciton recombination rates
and therefore low power conversion efficiencies in the range of 0.1 % were achieved.['?
The challenge raised from this structure was to overcome this limitation by finding more

efficient mechanisms of exciton dissociation.
1.3.2. Bi-layer structure

The bi-layer structure (Figure 1.2 image in the middle) in which the active region was
consisted of two organic materials, an electron donor and an electron acceptor, was
developed in 1979. An electrostatic field sufficient to break the bond of the exciton was
created at the interface of the two materials. The exciton diffusion length is about 10-20
nm and therefore the exciton dissociation occurred at 10-20 nm above and below the
interface of both materials. This structure was more efficient in excitons dissociation than
the single layer structure. Thus, the power conversion efficiency was increased about 10

orders of magnitude and reached 1 % efficiency.[1%]
1.3.3. Bulk Heterojunction

The first bulk heterojunction structure was developed in 1995 and brought a revolution

in the field of organic photovoltaics. Bulk heterojunction is the dominant active layer



structure used in OPVs until today. The active area consists of a blend of an electron
donor and an electron acceptor in order to increase the interfaces between the two
materials (Figure 1.2 image in right). In this structure the excitons that are generated in
the electron donor material have more possibilities to reach the electron acceptor in their
diffusion length range. In the interface of both materials, an electric field is created to
split the exciton sufficiently into free carriers. In the first bulk heterojunction structure,
the semiconductive polymer poly (2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene
vinylene) (MEH-PPV) was used as the electron donor and the fullerene [6]-phenyl-C61
butyric acid methyl ester (PCBM) as the electron acceptor.1 As a result, the donor-
acceptor interfaces lead to more efficient exciton dissociations, overcoming the barrier of
1% efficiency. The morphology of the active layer blend has a major influence on the
exciton dissociation efficiency. The annealing temperatures, the drying of the film, the
choice of solvents and additives are some of the most significant factors determining the
final bulk heterojunction morphology.*5-18]

Top electrode Top electrode Top electrode

Semiconductor: Electron Donor-
Electron Donor Electron Acceptor Acceptor blend

Light
Light
Light

Figure 1.2: Single layer, Bi-layer and Bulk Heterojunction structure



1.4.Working principle of OPVs

As previously mentioned, the most widely used active layer structure is the Bulk
Heterojunction where the active area is a blend of an electron donor and an electron
acceptor. The Bulk Heterojunction structure replaced the bi-layer structure in order to
increase the interfaces between electron donor and acceptor for more efficient exciton

dissociation.

Organic semiconductors absorb photons efficiently due to their high absorption
coefficient and thus active layer thickness of only some hundreds of nanometers is enough
to absorb all the light at its maximum absorption spectrum. Photons with energy equal or
greater than the energy gap are absorbed by the photoactive film which is the organic
semiconductor (electron donor). An electron is excited from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the
conjugated polymer. Then the exciton, which is a pair of an electron and a hole held with
Coulomb bonds, is created. The electron and the hole are bonded together much more
strongly than in inorganic semiconductors, due to the low dielectric constant of the
organic semiconductor materials. Therefore, a lot of energy is needed in order to break
the bond of the exciton. If an exciton finds the electron acceptor in the length less than
the exciton diffusion length (~10-20 nm) then the electron moves from the LUMO of the
donor to the LUMO of the acceptor.®ll!Y1 Due to the potential difference (LUMO of
donor - LUMO of acceptor) of the donor-acceptor interface an electrostatic field is created
and the exciton dissociation is occurred. At this point, the electron and the hole are still
retained with Coulomb bonds, however they are weaker (polaron pair). This is caused due
to the formation of intermolecular energy states in donor-acceptor interface (Charge
Transfer States).[?] In this intermediate state, the exciton will be either recombined or get
completely separated into free charges (electrons and holes) which can then move to their
corresponding electrodes. Recombination of charged carriers should be minimized for an

efficient charge separation.

Dissociation of the exciton occurs when the generated electrostatic field is sufficient to
break the bond of the exciton. This force is theoretically defined by the difference of the
LUMO level of the donor and the LUMO level of the acceptor.[?1l If the electric field



between LUMO of donor and LUMO of acceptor is big enough to overcome the exciton

binding energy (200-500 meV) then the exciton will split into free carriers.[??]

Electrons move along the electron acceptor and they are finally collected by the cathode.
The positive charged carriers (holes) are left in the HOMO of the electron donor and are
collected by the anode. Between electrodes and active layers, interfacial layers (buffer
layers) are commonly introduced in order to favor the charge selectivity and carrier

transportation to the respective electrodes.
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Figure 1.3: (i) Electrons from the energy level HOMO of the donor go to the energy level LUMO of
the donor (ii) singlet exciton creation (iii) separation of the exciton by the transfer of the electron
from the energy level LUMO of the donor to the energy level LUMO of the acceptor (iv) polaron pair
(v) separation of the polaron pair due to the electric field and charge transportation by hopping
process to the local energy states (vi) charge collected from the electrodes: photocurrent. (Figure

adopted from Deibel C. and Dyakonov V., reference [13])

1.5.Device Architectures

In normal structure, the electrons are collected from the top electrode (Al) and the holes
from the bottom electrode (ITO/Hole Transporting Layer). The top electrode is consisted
of low work function metals such as aluminum (Al) which is relatively unstable and prone
to moisture and oxygen.[?3241 However, if the polarity of the electrodes is inverted, the
cathode and the anode are flipped. This configuration is called inverted structure. In

inverted OPVs, the electrons are collected from the bottom electrode (ITO/Electron



Transporting Layer) and the holes from the top electrode (Hole Transporting
Layer/Metal) allowing the use of air stable high work function electrodes such as silver
(Ag) or gold (Au). Inverted OPVs present prolonged lifetime stability compared to the
normal structured OPVs.[?] Furthermore, inverted OPVs provide technological
opportunities due to their design flexibility. The Ag electrode can be deposited with
printed techniques lowering the fabrication cost of OPVs, as will be shown in more details

in Chapter 5 of this thesis. Due to the aforementioned advantages, inverted structure is

more preferable and has attracted more scientific interest during the last years.[6]
Ag )

C Al
P3HT:PCBM P3HT:PCBM

hC e

Figure 1.4: Normal structure (Left) OPVs and Inverted structure OPVs (right)

1.6. Lifetime of OPVs

The three main pillars for OPVs commercialization are power conversion efficiency,
manufacturing cost and lifetime performance. OPVs device stability is affected by
chemical and physical modifications. Chemical degradation arises from interactions
between two materials or components resulting in chemical structure alterations. Physical
modifications are associated with structural modifications. Both types of modifications
are caused by external and internal factors. External factors are oxygen, moisture,
temperature, light and mechanical stress. Internal factors are associated with chemical
modifications. External factors may accelerate chemical modification. For instance,
temperature can cause thermal diffusion at interfaces and morphological evolution of
active layer. Light can accelerate both chemical and physical modifications. Light can
induce heat affecting physical modification. In addition, light can also cause
photodegradation and accelerate the reaction of oxygen within the device, affecting

chemical modification. (2729



The research community has established standardized lifetime protocols in an effort to
have reliable lifetime data comparison and thus more understandable degradation
mechanisms under different environmental stress factors. These regulated lifetime test
procedures are called ISOS which stands for a dedicated annual session on OPVs stability,
named International Summit on OPVs Stability. ISOS standards are divided in five main
testing categories: dark (ISOS-D), outdoor (ISOS-O), laboratory weathering (1ISOS-L),
thermal cycling (ISOS-T) and solar-thermal-humidity cycling (ISOS-LT). Each of the
above categories is subdivided in three stages depending on the level of testing. The three
test protocol levels are basic (Level 1), intermediate (Level 2) and advanced (Level 3)
and are defined according to the equipment, the conditions and the range of parameters.
For the interested reader, more details of the ISOS protocols can be found in Reese M.O.,
et al..B% In Chapter 4 of this thesis 1SOS-D-2 protocol (65°C, ambient humidity) was
used to examine useful information about the degradation mechanism of non-
encapsulated inverted OPVs comparing a solution processed with an evaporated hole

transporting layer.

The diversity between the deposition processes, the materials, the device structures, the
device geometries, the encapsulation types and the ageing mechanisms, can cause
diversity of degradation patterns among reported lifetime data. In addition, the lack of
experience on lifetime performance of OPVs does not allow to predict their durability
based on the accelerating testing, and therefore the establishment of pass-fail tests either.
Again, OPV community set lifetime parameters on frequently obtained patterns as an
approach to identify better the lifetime data reported in the literature.*% Professor’s Krebs
F. group has demonstrated a statistical approach for analysing various OPV samples
under different stress factors based on ISOS protocols.[®!l Their average lifetime was
determined and the ratio between the accelerated and real outdoor test was calculated.
The same approach was used for analysing the entire literature lifetime data and
potentially to be used in order to predict the lifetime of OPVs.[32:3]
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Figure 1.5: Diagram of the best OPV lifetime values according to the test condition (Tso : time when
performance reaches 80%, Trinai: Used when study was interrupted before OPVs reach T80). (Figure

adopted from Gevorgyan, et al., reference [29])

The last years, a lot of progress has been made in the lifetime performance of OPVs, and
OPVs with shelf life stability of up to four years now exist (Figure 1.5).[?°1 Despite the
progress in lifetime performance in OPV's compared to the early stages of this technology,
stability of OPVs remains one of the main bottlenecks to push this technology to the

market.
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2. OPVs Materials, Performance Parameters and Fabrication
Methods

2.1.Materials for organic solar cells
2.1.1. Material for electrodes

The reflective top metal electrode of OPVs is usually thermally evaporated. Normal
structure OPVs use aluminum (Al) and inverted structure OPVs silver. Indium tin oxide
(ITO), is the most widely used transparent conductor in OPVs and in other optoelectronic
applications in general. Its high transparency (>90%) and low sheet resistance values (4-
30 Q/sq) are the two key parameters of its extensive usage as the transparent electrode.
However, it is deposited with sputtering technique which requires vacuum and high
amount of energy, incompatible with solution processing and roll to roll manufacturing.
Furthermore, its high cost (indium is rare mineral) and brittleness make it incompatible
for cheap, printable and flexible electronic applications.[>*] Other vacuum deposited
transparent conductive oxides that fulfill the bottom electrode requirements are fluorine
doped tin oxide (FTO) and aluminum doped zinc oxide (AZO).[35361 Multilayer
electrodes, and more specifically a thin metal layer sandwiched between two dielectrics
(metal oxide-metal-metal oxide), attracted much attention as a replacement of ITO
transparent conductor since they provide the possibility to use cheap and abundant
elements.[37-3%1 However, vacuum deposition and energy intensive techniques tend to be
the Achilles heel for the mass production of OPVs. Therefore, the use of solution
processed electrodes could be the key for realizing low cost mass production
photovoltaics. Many efforts have been made for solution processing both the bottom and
top contacts. Solution processed ITO-free electrodes constitute an emerging topic toward
commercialization of flexible electronic applications. Highly conductive PEDOT:PSS,
metal nanowires, carbon-based materials and metal nanoparticles are the most promising

candidates reported in the literature.[*0-47]

Metal nanowires and especially silver nanowires have attracted tremendous interest as a
replacement of ITO transparent electrode due to their fascinating mechanical, optical,
electrical and solution processable properties. In addition, nanowires attracted the
attention of industry due to aesthetic reasons in contrast to metal grid designed electrodes.
Critical parameters that affect the performance of metal nanowires are the aspect ratio,

12



the size uniformity, the density, the smoothness and the purity. Transparency is achieved
through the formation of percolation network due to the low diameter of nanowires which
is usually less than 100 nm and the high aspect ratio which is higher than 100. Metal
nanowires can be dispersed in polar solvents and deposited with all solution processing
techniques such as spray coating, spin coating, doctor blade and inkjet printing.[*”-5 The
most commonly reported sheet resistance and transmittance values in the literature are
10-100 Q/sq and 80-90% respectively.5152 OPVs utilizing this material has already
demonstrated high performance either used as bottom, either as top and either as both
solution processed electrodes.*? OPVs with efficiencies comparable to those with ITO
electrode were achieved. Furthermore, it has been demonstrated that silver nanowires are
more bending durable than ITO in flexible OPVs.[*8] Nevertheless, the stability and the
synthesis of well controlled length and consequently the conductivity of silver nanowires
should be addressed for further application. Copper nanowires are significantly cheaper
and can provide nearly the same conductivity with silver nanowires. However, they are
sensitive to oxygen and moisture leading to reduced conductivity due to copper
oxidation.[81 An effective method to reduce the oxidation reactivity is the coating of an
inert shell with noble materials such as silver and nickel. However, the complexity of the
processing of such synthesis limit their further development.

Recently, carbon-based materials (graphene, graphene oxide, carbon nanotubes) attracted
a lot of attention from research community. The discovery of graphene offered
advantages for the application of flexible electronics. The theoretical high electrical
conductivity (sheet resistance of 6 kQ/sq) and light transmittance (97.7%) of a single
graphene lead to extensive research of this material as a transparent conductor.>
However, films deposited in real are never identical. The formation of graphene can be
obtained with chemical vapor deposition and mechanical cleaving.5>%61 This is the main
bottleneck of this material since the mentioned techniques are not compatible with low-
cost mass production photovoltaics. On the other hand, graphene oxide has shown strong
potential for mass production of flexible transparent electrodes since it can be dispersed
in polar solvents providing versatility in solution processability of this material.’” The
electrical conductivity of graphene oxide is relatively poor, but it can be improved by
thermally or chemically reduced process resulting in graphene-based material providing

sheet resistance values ranging from 0.2-1 k/sq.[5®!
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The single Carbon NanoTube (CNT) has amazing electrical properties (conductivity of
3x10* S/cm and mobility 100000 cm?/Vs).[581 However, when single CNTs come in
contact to form a CNTs network their conductivity is significantly affected from the
contact resistance between CNTs which depends on the CNT length, diameter, synthesis
and purity. The reported sheet resistance values of CNTs networks in the literature are in
the range of 200-300 Q/sq with 80% transmittance at 550 nm.[5%-61 |t is worth noting that
the current values are not competitive to those of ITO. Similarly to graphene, a major
challenge is their poor dispersion due to their high affinity for each other caused by Van
der Waals interactions. In addition, their high roughness could be considered as another
obstacle for their use as transparent electrodes.

The relatively good processability and unique optoelectronic properties of PEDOT:PSS
conductive polymer make it one of the alternative ITO-free solution processed electrode.
The conductivity of PEDOT:PSS (0.001-4000 S/cm) is continuously improved by various
approaches. Numerous studies showed that a treatment with acids or polar solvents leads
to partial removal of the insulating PSS and promotes the polymer chains to a linear-
extended coil alignment resulting in enhanced interchain mobility and conductivity.[62-69]
Kim et al used concentrated H>SO4 to treat PEDOT:PSS and achieve 4380 S/cm
conductivity (50 €/sq sheet resistance) which is the highest reported value in the
literature. OPVs with PCEs comparable to those with ITO electrode were achieved.[5¢!
However, treatment with strong acids doesn’t meet the requirements of a mass production
transparent electrode since they can cause safety and environmental issues. Despite the
improved conductivity values of treated PEDOT:PSS, they still don’t meet the
requirements for a transparent electrode (10 Q/sq and >85% transparency). The limited
conductivity and high sheet resistance of PEDOT:PSS lead to OPVs with high series
resistance values and thus lower performance. The high series resistance limits the use of
PEDOT:PSS as electrode in large area OPVs. In addition the long term stability of
PEDOT:PSS is an issue since is vulnerable to high temperatures and humidity.[67.68l
Therefore, further optimization of this material is needed in terms of conductivity and

stability for its wider usage as transparent conductor.

Metal grids combined with PEDOT:PSS as the bottom transparent electrode significantly
decrease the resistance of the anode and overcome the resistance limitations of

PEDOT:PSS as a sole electrode.[5% Metal grids provide areas fully covered with high
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conductivity and areas fully transparent, and in combination with the PEDOT:PSS
constitute the transparent electrode. Metal grid can be formed with thermal evaporation
through micro structured mask, lithography or by printing metal nanoparticle inks.[’¢-73l
The latter is a prerequisite for solution processed OPVs. Metal nanoparticles’ size is
ranging from one to several hundred nanometers. In addition, the high surface to volume
ratio results in increased surface energy and low melting point. The metal nanoparticles
can be formed with various synthetic methods and they can be dispersed in solvents.
Therefore, they can be deposited with printing techniques such as flexographic, screen
and inkjet printing. The ink could be designed by careful choice of solvents, binders and
additives to meet the deposition technique requirements.[’* Sintering of the metal
nanoparticles is required in order to provide the desired percolation network paths for
electrical conductivity. The most commonly used sintering methods are the thermal, laser,
photonic, chemical and microwave sintering.[’>7 The applied energy melts
nanoparticles and merge them. This results in a conductive connected network achieving
10-30 % of the bulk conductivity of the metal.[®] Metal nanoparticles have been used for

the design of both electrodes, the bottom transparent electrode and the top electrode.[81-
85]

For the bottom transparent electrode with Metal grid/PEDOT:PSS, an optimization is
needed for the metal covered area depending on the metal grid and PEDOT:PSS
conductivity (compromise between resistive and shadowing losses). Furthermore, studies
comparing different grid geometries and line morphologies were also reported.[®8871 From
our previous work, the optimization of inkjet printed Ag grid was established in detail,
consisting of lines with 200 nm height and 45-50 um width, as bottom electrode in OPVs.
Two-step thermal sintering process was applied to control the line morphology and
achieve the desired conductivity and desired adhesion of Ag on glass substrate.[7988]
OPVs using Ag lines grid and PEDOT:PSS as the bottom electrode achieved comparable
efficiency with those of ITO-based device as shown in Figure 2.1.
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Figure 2.1: Performance characteristics of OPVs with 8-line grid/PEDOT:PSS in comparison with
the ITO-based device (Neophytou et al., reference [79])

Cu nanoparticle inks could provide similar conductivity with Ag nanoparticle inks and
since they are significantly cheaper they could further reduce the fabrication cost of
OPVs. More details about ITO-free OPVs based on 1JP Cu grid will be followed in
Chapter 3 of this thesis which demonstrates 1JP Cu nanoparticles as a replacement of ITO
bottom electrode. In addition, Chapter 5 demonstrates inkjet printed Ag nanoparticles as

evaporated free top contact in inverted OPVs.
2.1.2. Photoactive materials

Nowadays, the bulk heterojunction structure which is a blend of an electron donor and an
electron acceptor is used as the active layer of OPVs. Donor materials are usually
conjugated polymers where the most widely used is P3HT. Research community
synthesizes various polymer donors in order to improve the device efficiency and the
lifetime performance of OPVs. [

Fullerene derivatives are used as electron acceptors in the active layer blend. Over the
last years, fullerene derivatives tend to be replaced by polymeric acceptors in order to
reduce the cost and increase the efficiency and stability of OPVs.[921 Some of the highest
reported PCEs in the literature are using newly developed acceptors such as ITIC and
IDTBR.P2 Furthermore, combination of polymer acceptors with small amount of
fullerene acceptors (ternary blends) have been used for further improvement on the

efficiency of the device.l*®]
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It should be noted that the purpose of this thesis is not to produce high record PCEs but
to focus on the electrodes of OPVs. As a result, well-studied materials were used as
electron donors and acceptors. The materials used in this work as electron donors for the
active layer are Si-PCPDTBT in Chapter 3, P3HT, DPPTTT and PTB7 in Chapter 4 and
P3HT in Chapter 5. PC[60]BM and PC[70]BM were used as electron acceptors.

2.1.3. Hole and Electron transporting materials

A hole transporting layer (HTL) and electron transporting layer (ETL) are used in order
to provide hole or electron selectivity of the contacts. These interfacial layers are
rensposible for reasonable functions: (1) Tuning of the energy level alignment of the
electrode/active layer and thus facilitating better Ohmic contact formation of the
electrode/active layer. (2) Define the polarity of the electrode and hence the device
architecture (normal or inverted). (3) Control surface properties to alter the morphology
of the active layer. (4) Improve charge transport by favoring exciton dissosiation, charge
extraction and minimizing recobination rates. (5) They are also used as optical spacers
and plasmonic effects to enhance light absorbption of the active layer. In addition, these
interfacial layers are usually used to improve the stability of OPVs by prohibiting

chemical or physical reaction between the polymer and the electrode.[®4]

HTL is characterized by a good hole mobility. The energy level of HTL should align with
the HOMO level of the donor and act as electron blocking layer. The conjucated polymer
PEDOT:PSS is the most widely used and studied HTL. PEDOT:PSS with different
conductivities, wetting properties, acidity and optoelectronic properties were developed
and widely used to serve several roles in OPVs. Despite the extensive usage of this
material, devices using PEDOT:PSS are vulnerable to humidity due to its hygroscopic
nature.[®® In addition, acidity of PEDOT:PSS proved detrimental for the stability of
normal structured OPVs.[?6971 The replacement of this material is still a challenging task
in terms of device stability. V20s, WO3z, and MoOs are some oxide materials used in order
to replace it. A lifetime study under heat conditions comparing an evaporated MoOs and
a solution processed PEDOT:PSS is exhibited in Chapter 4 showing that the solution
processed PEDOT:PSS HTL exhibited significantly better lifetime performance than
MoO3z HTL.
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Calcium and Lithium Fluoride are usually used as electron selective layers in normal
structured OPVs, however their high reactivity with air limit OPVs lifetime performance.
TiOx and ZnO are extensievly used as electron transporting layers (ETL) in inverted
OPVs. Such metal oxides can be deposited with thermal evaporation or sputtering under
vacum. However, as already mentioned, thease techniques are not suitable for upscaling
fast production of OPVs. Solution processed oxides were developed using low
temperature solution processed methods and used in OPVs elctrode configurations.[®8]
Doping of these oxides with other metal elements can alter their workfunction alowing
band alignment regarding electrode configuration and active layer materials. In addition,
doping provide higher conductivity values and therefore thicker oxide layers could be
used providing flexibility on deposition of this layer with upscaling roll to roll

techniques.[?%.100]
2.2. OPV Performance Parameters

The performance and other important parameters of a solar cell device are characterized
by Current-Voltage (JV) curves which are obtained under dark and under illumination. A
JV curve is plotted when external bias (negative-positive) is applied to the device and the
produced current is pointed to the corresponding value of voltage. The cell can be
considered as a two terminal device which conducts like a diode in the dark and generates

a photo-voltage when illuminated by the sun.

The solar cell is illuminated by the solar simulator which emits simulated sunlight of an
air mass 1.5 G spectrum at a power output per incident area of 100 mW/cm? (one sun).
This process is done in order to have comparative efficiency results from all around the

world.
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Figure 2.2: (a) Current density (J) vs Voltage (V) characteristics under illumination of an organic

solar cell (b) Dark current density vs Voltage characteristics

From the illuminated Current-Voltage (JV) curve which is illustrated in Figure 2.2a four
parameters, which determine and characterize the efficiency of a solar cell, can be
obtained. These parameters are the short circuit current density (Jsc), the open circuit
voltage (Voc), the fill factor (FF) and the power conversion efficiency (PCE).

The solar cell in dark conditions acts as a diode and the JV curve (Figure 2.2b) which is
obtained under dark conditions can provide other significant characteristics: the parallel
resistance (Rp), the ideality factor (n), and the series resistance (Rs). The Ry arises from
leakage of current (the current which flows in the opposite direction of the current flow)
through the device and appears at low-negative voltages. Technically at these voltages
(\V<0) the device acts as a photodetector consuming power to produce photocurrent. Rp
is determined by the quality of the films and the interfaces. Rpis limited by leakage current
through pinholes in the device and carrier recombinations during their transfer at the
electrodes. At V>V region (Rs region) again the device consumes power. Rs arises from
the resistance of the materials and the interfaces in the vertical direction of the device, in
the direction of the current flow, and appears at high positive voltages (see Figure 2.2b
Region Rs). Rs is also determined by the conductivity of the electrodes. For an efficient
solar cell, the Ry should be as large as possible and the Rs should be as low as possible.
Both Rs and R, affect the FF. The intermediate voltages (Region n) are characterized by

the ideality factor (n) which is mainly influenced by the morphology of the active layer.
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Figure 2.3: The equivalent circuit for an OPV

The equivalent electric circuit diagram of an OPV is also important for further
understanding the function of a solar cell. The circuit consisting of four parts is illustrated
in Figure 2.3. The photocurrent source represents the current generated by the absorption
of light and subsequent carrier generation. The diode represents the excitons
recombination at the interfaces. The series resistance represents the internal resistance of
the solar cell in the direction of current flow. The parallel resistance represents the leakage

current through the cell.
2.2.1. Short-circuit Current Density (Jsc)

The short-circuit current density Jsc is the current density at zero bias (V =0). The Jsc is
influenced by the following factors. (1) Absorption efficiency (nass) which is determined
by the overlap of absorption spectrum of the active layer and the solar spectrum, the light
intensity and the thickness of the active layer. (2) Exciton dissociation efficiency (ndiss)
which is determined by the active layer morphology and donor-acceptor interface. (3)

Charge collection efficiency (nout). [21:101.102]
JSC ~Nabs . Ndiss . Nout Equation 1

The photo generated current is given from the equation below where is the exclusion of
dark current (Jq) from short circuit current. Dark current is the current which flows in the
device under dark under an applied voltage. Jqs flows in the opposite direction of the

photocurrent.

Jon =Jsc —Ja Equation 2
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2.2.2. Open Circuit Voltage (Voc)

The open-circuit voltage Vo is the voltage across the solar cell when J =0 (open-circuited
device). This means that V. is the value when photocurrent generation and dark current
are canceled out. V is strongly affected by the difference of the HOMO of the donor and
the LUMO of the acceptor, as indicated in Equation 3 where q=1.6.10"°C is the
elementary charge, ELumo (acceptor) and Exomo (donor) are the energy levels of the
acceptor LUMO and the donor HOMO respectively.[1%1 V. in OPVs is strongly affected

from the donor-acceptor system and the morphology of the active layer blend.
gVoc = ELumo@cceptor) — Enomo(donor) Equation 3
2.2.3. Fill Factor (FF)

The Fill Factor (FF) is the ratio between the theoretical power Pmax theoritical (defined by Jsc
X Voc) and the maximum power (Pmax) which is actually being produced. Due to the diode
behavior and additional resistance and recombination losses, |Jmax| and Vmax are always
less than |Jsc| and Vo, respectively. Therefore, FF can be calculated from the equation

below:

FFY = —max___ _ ImaxZmax Equation 4

Pmax theoritical JscVoc

Actually, the Fill Factor of a solar cell is the measure of the power that can be extracted
from the diode. Higher FF values indicate higher maximum power obtained. Both serial
(Rs) and parallel resistance (Rp) influence the FF.

2.2.4. Power Conversion Efficiency (PCE)

The PCE is the most important parameter of a solar cell device as it reflects how efficient
a solar cell can convert light to electricity. PCE is the ratio between the power of incident
light and the maximum power Pmax that can be obtained from the particular device. Piignt
is constant at 100 mW/cm?. The PCE is given by:

Pmax — ]SCVOCFF
Plight Plight

n= Equation 5
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2.2.5. Quantum Efficiency (QE)

The external quantum efficiency (EQE) is defined as the percentage of photons hitting

the device which are converted to electrons and collected by the terminals.

Number of collected electrons

EQE(%) =

Equation 6

Number of incident photons

Another useful value for better understanding of the OPVs performance is the internal
quantum efficiency (IQE). IQE includes the absorption characteristics of the active layer
whereas EQE does not and therefore significant information can be extracted. Internal
quantum efficiency is defined as the ratio of the number of extracted charge carriers to

the number of absorbed photons in the active layer.

Number of collected electrons

IQE(%) = Equation 7

Number of photons absorbed in the A.L.

High percentage value of IQE indicates an efficient exciton separation, charge carrier

transportation and charge collection.
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2.3. Device Fabrication Methods
2.3.1. Doctor Blade

Doctor Blade deposition technique is a lab scale technique that could provide insight on
the up-scalability of OPVs processing parameters since its working principle is similar to
the slot die coating up scalable technique. It uses a small amount of material for large area
surfaces and deposits high quality uniform layers in the direction of a moving blade. A
specific amount of solution is applied either to the substrate surface or in the gap between
the substrate and the blade according to high or low viscosity respectively. The blade
moves at a speed set by the operator along the substrate and the solution is deposited on
the entire surface of the substrate and dry due to the evaporation of the solvent. Both rigid
and flexible substrates could be deposited using this technique. Parameters which affect
the thickness and the quality of the film are the speed of the blade, the substrate
temperature, the distance of the blade from the substrate, the volume, the concentration
and the viscosity of the solution. In general, when the speed of the blade increases, thicker
films are yielded. This technique was used for the deposition of most layers of this thesis

as you will see in the next chapters.

Figure 2.4: Doctor Blade
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2.3.2. Roll to roll manufacturing

As previously mentioned, one of the three crucial commercialization aspects of OPVs is
the fabrication cost. One of the most important privilege of OPVs is that the can be
solution processed allowing deposition in ambient conditions via lower cost techniques.
Roll to roll manufacturing enables high speed and low-cost fabrication of flexible
lightweight photovoltaics. These are important parameters for commercialization and
accomplishments of product development targets of OPVs. Roll to roll manufacturing
could constitute a combination of various techniques such as slot die coating, spray
coating, gravure, flexographic, rotary screen printing and flatbed screen printing. The
interested reader can find extensive information about the aforementioned techniques
elsewhere.[10.104.105]1 Slot die coating is a contactless deposition method in which the ink
flows along a coating blade and it is retained between the blade and substrate by meniscus
forces. The substrate is moving and the ink is deposited uniformly along the direction of
the moving substrate. Slot die coating does not allow 2-D pattering of the coated film in
contrast with other deposition techniques. One can say that slot die coating is an up
scalable version of doctor blading technique which is extensively used in this thesis.
However, there are a lot of limitations and challenges while transferring fabrication from
lab-scale to up scalable techniques.

2.3.3. Thermal Evaporator

Thermal evaporator is responsible for the deposition of the reflective metal electrode of
the device. It can deposit metals by evaporating them and thereby forms the top reflective
electrode. The metal is placed in a boat which is located in a chamber that has to be
evacuated to a base pressure of ~ 10 mbar. The vacuum which is achieved is sufficient
to decrease the boiling point of most metals. Also, vacuum removes residual gases inside
the chamber, preventing the evaporated metal atoms to collide or react with other foreign
atoms. When the boiling point is reached the metal starts to evaporate. Then, the
evaporated atoms rise up inside the evaporation chamber and condense to a solid state on
the surface of a sample. The result is a uniform high-quality film and the thickness can
be controlled by the evaporation rate. In addition, thermal evaporator can be used for the
deposition of various materials such as metal, metal oxides and organic materials.

However, it is an energy consuming technique and incompatible with roll to roll
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manufacturing and therefore many research units try to find alternative methods to replace
it.

Figure 2.5: Thermal evaporator

2.34. Inkjet printing

Inkjet printing is a promising deposition method for organic solar cells due to its ability
to deposit a specific volume of drop on a specific spot. This means that it allows the
printing of two-dimensional patterns and high resolution/quality layers by controlling the
processing. In addition, inkjet printing with drop on demand technology can save material
and as a result, the overall fabrication cost can be reduced significantly. Inkjet printing is
a contactless method, the print head does not come in direct contact with the substrate,
and therefore it can print on a variety of substrates without damaging the underlying
layers. Chapter 3 and 5 of this thesis are based on inkjet printing metal nanoparticles for

the design of the bottom and top electrode, respectively.

This method is separated into two categories according to the droplet ejection. In the first
category the droplets are continuously generated from one nozzle and a droplet jet is
formed and electrostatically deflected into the desired area (continuous). This method is
very fast, but the printing area is limited. In the second category, the droplets are

generated and ejected from many nozzles and accelerated towards a specific spot on the
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substrate (drop on demand). In contrast with the first method, this one has the capability
to cover a greater surface due to the number of nozzles that it uses. The drop on demand
technology is subdivided in three categories: piezoelectric, thermal and electrostatic. The
piezoelectric method is the most commonly used since it is suitable to print various types
of inks materials. The mechanical pressure is created through a piezoelectric crystal and
an applied voltage based on the piezoelectric effect. Then the droplets are created and
ejected through the nozzles on the desired spot. The droplet in thermal printing is created
by a pressure formed by heating the ink. This method requires one of the ink compounds
to have low boiling point solvent. For the electrostatic inkjet printing, an electrostatic
field is applied between the nozzles, then the drop is charged electrostatically and it is

ejected from the nozzles to the substrate. [196]

Figure 2.6: Dimatix 2800 series inkjet printer

The thickness of the printed layer can be controlled by printing several layers or by
increasing the volume of the droplet on a specific spot. The latter can be controlled by the
parameter called drop spacing. The thickness (d) of the inkjet-printed film can be
calculated in the equation below:

NgVgc
p

d= Equation 8

Where Nq is the number of the droplets delivered per area (cm), Vq is the volume of the
droplets, ¢ is the concentration of the solid material in the ink in g cm=and p is the density

of the material in the final film in g cm.[103]
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The ink properties play a major role in the quality of the printable layer. They also define
if the ink can be printed or not. To ensure if the ink is printable, the inverse (Z) of the

Ohnesorge number (Oh) should be calculated.[°7]

z = @' Nge
n (Nwe)1/2

Equation 9

Nre IS the Reynolds number which is the ratio of inertial to viscous forces. Nwe is the
Weber number which is the balance between inertial and capillary forces. The equations

of the two numbers are illustrated below.

Ng, = ? Equation 10
2
Ny, = v:p Equation 11

Where v is the average velocity of the droplet, p is the density, v is the surface tension, n
is the viscosity of the fluid and a is the radius of the printing nozzle. Jang, D. et al.

determine that a fluid with Z > 14 is not printable.[107]

The viscosity for jettable fluids should be 2-30 centipoise. Low viscosity is required for
the ink to be jetted. Fluids with viscosity up to 30 centipoises may be jetted but their drop
velocity limits the processing. Surface tension should be 30-60 dynes/cm to prevent
dripping from the nozzles. Low surface tension is preferred in order to achieve desirable
spreading of the ink and wetting of the substrate. In addition, low surface tension provides
easy generation of a stream of droplets. The printable inks consist of many types of
solvents. It is commonly known that for roll to roll manufacturing water-based solvents
which are not harmful for human health are preferred (instead of aromatic and organic
solvents).[1%] Many works have shown that printing high quality of an active area blend
should combine a mixture of two solvents, one with low and one with high boiling point.
The low boiling point solvent compensates the drying rate of the printed film and the high

boiling point solvent prevents nozzle clogging.[195106]

Crucial printing parameters in the printing of high quality layers of specific thickness
using an inkjet printer are the temperature of the printer's platen (substrate temperature),
the cartridge temperature, the drop spacing and the nozzle height. By increasing the

substrate temperature, the drying process is accelerated. The manipulation of the drying
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process has a major influence on the layer morphology since it can affect the drying
kinetics and determine the uniformity of the printed layer. The drying process depends
on the boiling point of the solution. The higher is the boiling point the slower is the drying
process. However, most printing inks incorporate mixture of solvents,[% the surface
tension and boiling point gradient generate flows during drying. The capillary and
maragoni flows that are generated during the drying process should be balanced to

provide the desired layer morphology.[t10-112

Drop spacing is the parameter that determine the film thickness. The greater the spacing
between drops, the less amount of material is used during printing and therefore lower
thicknesses are achieved. When the drop spacing is too big the drops may not be able to

merge and give the desirable pattern (Error! Reference source not found.).

Figure 2.7: Mapping image of 1JP pattern with large drop spacing, insufficient for droplets merging

and film formation

An important parameter which is related with the resolution of the printed layers is the
applied voltage which determines the volume, the speed and the uniformity of each drop
and it synchronizes the fall of the drops. Also, voltage controls drop formation and drop
size which are majorly defined by the nozzle size and fluid properties (viscosity, density,
and surface tension). Figure 2.8 shows synchronize and uniform droplet ejection through
the nozzles. It can be observed that the droplets have a tail due to the cohesive forces
within the fluid. In order to achieve successful and high resolution printed layer the tail
should be collected into the main drop. On the other hand, long tails can lead to the
‘satellite effect” which is a drop contained in a ring of ink around it. In general, lower

voltage leads to shorter tails which are more preferable.
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Figure 2.8: Droplets ejection from nozzles

Furthermore, important factors are the spreading, the wetting and the drying of the
solution which is applied on the substrate. As it has already been mentioned, these are
determined by the properties of the solution (viscosity and surface tension) and by the
surface on which it will be applied (surface energy). The surface tension is the interaction
between the consistency forces and the adhesive forces. The surface tension and surface
energy are a function of the contact angle. The wetting of a surface is favored by the
increase in the surface energy of the solid and the decrease in the surface tension of the
liquid. A contact angle occurs when a drop falls on a solid substrate. For optimal
spreading and wetting of the ink on the surface, the contact angle between the solution
and the substrate must be limited to the minimum. The contact angle (0) is defined by the
Thomas Young equation, which describes the balance between the forces (F=y.ds, where
ds is the path element between the three phases) that are created when a liquid drop meets

a solid surface.
Y €0S(0) = ¥Vsp — Vg Equation 12

Where 0 is the contact angle, yi IS the interface tension between the liquid and the vapor
(environment), ysv IS the interface tension between the solid and the vapor (environment)
and vys is the interface tension between the solid and the liquid. The Young equation
assumes that the surface of the solid is smooth, uniform and rigid. It must also be

chemically and naturally inactive with the liquids which come in contact with.
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Figure 2.9: Contact angle

30



3. Printed copper nanoparticle metal grids for cost-effective

ITO-free solution processed solar cells

The high cost and rigidity of the widely used ITO electrode in OPVs limit the
commercialization prospects of flexible photovoltaics. A promising method of replacing
ITO is by metal grid designs which ensure adequate light transmittance and appropriate
conductivity for efficient current collection. Furthermore, inkjet printing with drop on
demand technology has the ability to be introduced in a roll to roll production line
providing opportunities for solution processed electrodes. Nowadays, noble metal
nanoparticle inks such as silver are dominant in the field and several efficient ITO-free
OPVs with inkjet-printed (1JP) silver grids have been reported in the literature. However,
copper nanoparticle inks have drawn much attention since they have the potential to
constitute an alternative cost-effective solution for ITO-free printed electronic

applications.

This chapter demonstrates an effort to show the challenges and potential of 1JP Copper
(Cu) structures to replace the rigid and expensive ITO. Efficient cost-effective ITO-free
OPVs processed in ambient conditions and comprising an IJP copper nanoparticle grid
were presented for the first time. This reported work demonstrates important aspects of
copper nanoparticles for printed electronics such as printing parameters, sintering and
metal grid design optimisation. The proposed copper nanoparticle ink which has excellent
jetting and printing properties resulting in high quality 1IJP Cu nanoparticle metal grids.
ITO-free, Si-PCPDTBT: PC[70]BM OPVs processed in ambient low-cost fabrication
conditions comprising embedded and non embedded inkjet-printed copper grid/Poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) as the bottom electrode
with power conversion efficiencies (PCE) of 2.6% and 3.4% respectively are presented.
The results of the ITO-free OPVs using inkjet-printed Cu nanoparticle current collecting
grids are discussed relevant to reference ITO-based OPVs with PCE of 4.9%. Part of the
PCE losses for the developed non embedded Cu based ITO-free OPVs are due to the
bottom electrode conductivity which decreases upon the necessary annealing step of
PEDOT:PSS in air.
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Figure 3.1: Device structure of ITO-free OPV
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3.1.Introduction

The viability and sustainability of organic photovoltaics is based on three main pillars,
namely an increased power conversion efficiency (PCE), a prolonged lifetime and low
production costs. During the last years, a lot of effort has been undertaken by the research
community around those three pillars toward OPVs commercialization. OPVs with high
PCEs and prolonged lifetime have been achieved.[%2113114] However, the combination of
PCE, stability and low cost production is still challenging and essential for a feasible
commercialization of this technology. One of the major privileges of OPVs is that they
can be solution processed and fabricated with fast roll to roll techniques such as gravure,
flexographic, slot die coating and inkjet printing.[*15-171 Inkjet printing with drop on
demand technology has the ability to be integrated in a roll to roll production line reducing
the fabrication cost and providing technological opportunities and a unique design
flexibility.[128 Inkjet printing has been used for the deposition of all the layers of an OPV
stack and recently some works have demonstrated fully 1JP OPV .[81.82118-120] Remarkably,
inkjet printing has been widely used in the fabrication of metal grid designs as a
substitution of the rigid and expensive ITO transparent conductor.[34121-1231 Nowadays,
silver nanoparticle based inks are dominant in the field and several efficient ITO-free
OPVs with 1P silver grids have been reported.[46.72:8088,124-126] A high efficient ITO-free
OPVs with 1JP Ag grid is also reported in our previous work.[*6:1271 On the other hand,
copper nanoparticle based inks are gaining more and more attention, as copper
nanoparticle ink is six times cheaper than silver nanoparticle ink and could potentially
further reduce the fabrication cost of OPVs.[*281 However extensive research in literature
showed that ITO-free printed electronic devices using Cu electrodes have not been

previously reported.

The main drawback of Cu-based inks is the instability of the printed Cu-structures related
to undesired oxidation while being processed in ambient conditions. Due to the high Cu
oxidation reactivity with increasing temperature in ambient conditions, the conventional
thermal sintering used in noble metal nanoparticles (e.g. Ag) is not practicable. Instead,
alternative fast sintering methods such as laser sintering or intense pulsed light sintering
have been reported to be more convenient.[’8123-131] A selective sintering is performed

while a specific wavelength beam is applied and absorbed by Cu nanoparticles. Laser
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sintering provides concentrated power in a very short time frame, thus minimizing Cu

oxidation and yielding the desired conductivities for optoelectronic applications.

However, Polino et al. reported another major drawback which may challenge the use of
Cu inks for the fabrication of OPVs and other printed opto-electronic applications. They
investigated three different commercially available Cu nanoparticle inks and reported
serious difficulties due to the identified fast oxidation of the IJP Cu grids when combined
with PEDOT:PSS.[12]

In this work efficient ITO-free OPVs comprising IJP Cu grid/PEDOT:PSS as the bottom
electrode were presented for the first time. Importantly, both the printing and the sintering
of the Cu grids were performed in ambient conditions. The proposed Cu nanoparticle ink
produced using copper nanoparticles of approximately 100 nm in diameter, has been
formed by a high temperature plasma synthesis method (CI-005, synthesized by Intrinsiq
Materials). The dispersion was adjusted to a viscosity of approximately 12 cP and the
surface tension of the ink was 29-30 mN.m™ providing excellent printability behaviour
and stability during the printing and sintering pristine Cu grids process. Furthermore, it
was shown that optimization of the laser sintering procedure provided high conductivity
and good adhesion on glass substrates. The non-embedded Si-PCPDTBT: PC[70]BM
based ITO-free devices showed a power conversion efficiency (PCE) of 3.4% whereas
the 1TO-based OPV showed a 4.9% PCE. It is shown that the conductivity of the
developed bottom electrode decreases upon the necessary annealing step of PEDOT:PSS
in air. Oxidation of copper at elevated temperatures is revealed as the main drawback of
Cu grid-based OPVs and one of the reason of demonstrating lower device performance
than ITO-based OPVs. Finally, initial trials on embedded 1JP Cu based Si-PCPDTBT:
PC[70]BM OPVs are also developed by following a reverse nanoimprinting transfer
procedure and a PCE of 2.6% is achieved. Despite the lower performance and additional
steps needed during the fabrication process the embedded ITO-free OPVs show the
potential of processing sintered Cu on flexible surfaces, providing technological

opportunities for flexible electronic applications.
3.2. Materials and Methods

Soda-lime glass substrates were sonicated in acetone and subsequently in isopropanol for

10 minutes followed by additional 10 minutes of UV-O3 treatment before printing. The
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CI1-005 copper ink was produced using copper nanoparticles of approximately 100 nm in
diameter, which had been formed by a high temperature plasma synthesis method. The
nanoparticles were added to a blend of solvents containing a small quantity of additives
and resin and dispersed using a bead mill. The dispersion was then filtered and adjusted
to a viscosity of approximately 12 cP with additional solvent. The surface tension of the
ink was 29-30 mN.m™. The copper nanoparticle-based ink (Intrinsiq materials CI-005)
was inkjet-printed using a Fujifilm Dimatix DMP-2800 piezoelectric drop on demand
printer with a 10 pL cartridge on top of the glass substrates. The printing process was
performed in ambient conditions. The substrate and cartridge temperatures were set at 35
°C. The print head was set at 700 um above the substrate and Cu lines were printed with
25 um drop spacing resulting in lines of ~450nm average height and ~80-85 um width as

measured with a Veeco Dektak 150 profilometer.
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Figure 3.2: Profilometry of 1JP Cu lines printed with 25 pm drop spacing

The IJP Cu grids were dried on a hotplate at 60 °C for 1 hour. An infra-red diode laser
(LAPS 60, Intrinsig Materials) with an output current of 55 A, 808 nm beam, 25 mm/s
speed and a distance of 14 mm between a focusing lense and the sample surface was used
to sinter the 1JP Cu grids. Highly conductive (~200 S.cm™) PEDOT:PSS with neutral pH
(Clevios P Jet NV2) was doctor bladed on top of the ITO or on the embedded 1JP Cu
layer resulting in ~90 nm layer thickness. For non-embedded IJP Cu grids ~200 nm
PEDOT:PSS was doctor bladed to overcoat the Cu lines. Annealing of PEDOT:PSS
layers was performed at 140°C on a hotplate for 20 minutes in ambient conditions. For

the embedding of 1JP Cu grid,the procedure described elsewhere was followed and is
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shown in detail in Figure 3.3.118 341 Ormocomp® and ormoprime© were purchased from
micro resist technology.

(a) (b) (c)
UV radiation
Final substrate
> Ormoprime®© Final substrate
/°’m°°°"‘P© Final substrate EEEERERER
EEENENENErunes E EEEEENR
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Figure 3.3: Embedding procedure of 1JP Cu lines (a) Ormoprime© adhesion promoter is applied on
the final substrate. Transparent UV-curable Ormocomp®© resin is drop-casted on the sacrificial
substrate with the 1JP Cu grid. (b) The two substrates are brought to close proximity and pressured.
Then, UV radiation is applied. (c) The two substrates are separated mechanically by applying force
between the two substrates leading to the embedded 1JP Cu grid substrates.

Pre-patterned 1TO substrates (sheet resistance 4 Q/o) were purchased from Psiotec Ltd.
The photoactive layer, a blend of poly[(4,40-bis(2-ethylhexyl) dithieno[3,2-b:20,30-
d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,50-diyl] (Si-
PCPDTBT):[6,6]-phenyl-C71-butyric acid methyl ester (PC[70]BM) (1:1.5 by weight) at
a concentration of 15 mg/ml in chlorobenzene, was doctor bladed on top of PEDOT:PSS
resulting in a layer thickness of ~100 nm. To complete the normal-structured stack, 10
nm of calcium and 100 nm of aluminum both of which were thermally evaporated on top
of the photoactive layer and patterned through a shadow mask, resulting in four solar
cells, each with an active area of 9 mm?2. Topographic analyses were performed using a
Quanta 200 SEM (FEI, Hillsboro, Oregon, USA). A four-point probe (Jandel RM3000)
conductivity meter was employed for sheet resistance measurements. The current density-
voltage (J/V) characteristics were measured with a Keithley source measurement unit
(SMU 2420) and a calibrated Newport solar simulator equipped with a Xe lamp (AM1.5G
spectrum at 100 mW.cm as measured by an Oriel 91150V calibration cell equipped with
a KGS5 filter). A 9 mm? mask was used to define the exact area of the device. Photocurrent
mapping measurements were performed under 405 nm laser excitation using a Botest

PCT photocurrent system.
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3.3. Results and Discussion

3.3.1. Laser sintering optimization

It is known that the sintering of copper nanoparticles with conventional heating methods
leads to fast oxidation.[*32] In this work the sintering of the inkjet-printed Cu structures
was therefore performed with laser sintering by using an infra-red (808 nm) diode laser
beam in continuous mode in order to overcome the aforementioned limitation.[’8130] |t js
worth mentioning that a drying step of IJP Cu structures is needed before laser sintering
in order to avoid spontaneous solvent evaporation which lead to unfavoured
morphological distorters and spikes during sintering. In this work, Cu films were dried at
60°C for one hour on a hotplate. This step provide mild drying of solvents contained in
Cu ink and control the flows that are generated during drying [®], defining somehow the
uniformity of the printed layer and eliminating spikes that might occur during laser

sintering.

In order to find the optimum laser sintering conditions, a scan with constant speed and
different distances between a laser focusing lense and the substrate (focal length) was
performed. This distance defines the diameter of the laser spot on the sample surface and
consequently the energy input per area. The optimum distance was found to be between
12-16 mm (Figure 3.4).

Figure 3.4: Sintered Cu structure with different focuses. Red dashed boarded area indicates the

sintered area with 12-16 mm distance between focusing lense and sample surface

Figure 3.5 illustrates the conductivity of Cu films sintered with different laser scanning
speeds and distances of 16 mm (black squares), 14 mm (red circles) and 12 mm (blue
triangles). The highest conductivities were achieved with 16 and 14 mm at 15 and 20
mm.s? scanning speeds. However, at these speeds the Cu structure was partially or
sometimes completely detached from the substrate due to the high power applied and the
subsequent excessive thermal stress. Therefore, optimum sintering conditions were found
to be at 25 mm.s? scanning speed and a distance of 14 mm, still providing a high
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conductivity of ~36000 S.cm™ (sheet resistance of ~500 mQ/o for ~550 nm film
thickness) and also the desired adhesion on the glass substrates. Figure 3.5b and ¢ show
SEM images of a Cu layer before and after laser sintering, respectively. The effect of

laser sintering can be seen in the necking and merging of Cu nanoparticles.
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Figure 3.5: (a) Conductivity of printed Cu layers after sintering with different laser speeds at 12 mm
(blue triangles), 14 mm (black squares) and 16 mm (red circles) focal lengths. (b) SEM image of un-

sintered Cu and (c) SEM image of sintered Cu

3.3.2. Cu line dimensions, PEDOT:PSS thickness and conductivity

The main challenges of 1JP metal grid structures when used for OPVs, are the line height
and potential spikes occurring during solvent evaporation contained in the nanoparticle
ink. These can lead to direct contact of metal with the active layer or even with the top
electrode resulting in high leakage current or in short circuits. In order to overcome this
limitation thick PEDOT:PSS layers were used to overcoat the metal grid lines.[125132]
However, thick PEDOT:PSS layers reduce the transparency of the electrode and thus
studies to reduce the line height by controlling printing parameters, embedding metal grid
in transparent resin and either with UV-O3 treatment have been reported.[124134-1381 |n this
study, only the implementation of UV-O3 treated surfaces resulted in optimum wettability
of the ink on the substrates, enabling the printing of high quality lines, as shown in Figure
3.6.
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Figure 3.6: Microscope images of 1JP Cu lines (a) without PEDOT: PSS, (b) with ~100 nm PEDOT:
PSS incompletely covered and (c) with ~200 nm PEDOT: PSS completely covered

In addition, by altering the printing parameters and especially the drop spacing the lowest
possible Cu line achieved was 450 nm as shown in Figure 3.2. On the other hand, the
thinnest possible PEDOT:PSS layer should be applied in order to reduce transmittance
losses, while still covering the Cu lines. Figure 3.6b and 3.6¢ show microscope images of
IJP Cu lines with ~100 nm and ~200 nm PEDOT:PSS layers, incompletely and fully
covered, respectively. The latter is in accordance with the findings of Galagan et al. who
reported that ~200 nm of PEDOT:PSS were enough to cover 600 nm Ag grid lines.[129]

It is well known that an optimized ITO-free electrode consisting of a metal grid and
PEDOT:PSS should combine minimum transmittance losses and a desired conductivity.
In previous reported works the optimum metal covered area was found to be around 10-
13%.[124125] |n addition, high and low conductivity PEDOT:PSS combined with Ag grids
have been previously implemented to efficiently replace ITO. The use of high or low
conductivity PEDOT:PSS depends on the metal conductivity, the metal covered area, the

grid design and the device area.

In our previous work it was shown that highly conductive Ag grid with 13% Ag covered
area and low conductivity formulation Clevios PH PEDOT:PSS (0.01 S.cm™) efficiently
replaced 1TO.[133] In this work, the device performance of OPVs with Cu-grid and two
different PEDOT:PSS formulations with low (0.01 S.cm™) and high conductivity (200

S.cm™) respectively is initially investigated.
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Figure 3.7: llluminated J/V characteristics of OPVs with bottom electrode: ITO/ PH PEDOT:PSS
(black squares), Embedded 8-line Cu grid/ PH PEDOT:PSS (red triangles), Embedded 8-line Cu
grid/ P Jet NV2 PEDOT:PSS (blue circles).

Table 3.1: Photovoltaic parameters of OPVs with IJP Cu grid with different PEDOT:PSS

formulations

PCE
OPVs with bottom Voc Jsc FF -
-2 0 b
electrode: V) (mA.cm?2) (%)
ITO/ PH PEDOT:PSS
. 0.62 135 58 48
(control device)
1JP Cu grid/ PH
0.58 2.4 34 0.5
PEDOT:PSS
IJP Cu grid/ P Jet 052 g
NV2 PEDOT:PSS ' 9.6 44 :

OPVs with IJP Cu grid combined with low conductivity PEDOT:PSS exhibited poor
device performance (Figure 3.7 and Table 3.1). It is found that low conductive
PEDOT:PSS cannot assist in an efficient charge collection. Therefore, Clevios P Jet NV2
PEDOT:PSS with ~200 S.cm™ conductivity combined with 1JP Cu grid constitutes the
bottom electrode of ITO-free OPVs in this work.
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3.3.3. Non-embedded ITO-free OPVs with IJP Cu line grids

To investigate the effect of the surface covering area on the device performance, devices
with different number of Cu grids lines were fabricated. Their representative illuminated

and dark J/V characteristics are shown in Figure 3.8.
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Figure 3.8: (a) llluminated and (b) dark J/V characteristics of OPVs with bottom contact: ITO (black

squares), 4-line Cu grid (red triangles), 6-line Cu grid (blue circles), 8-line Cu grid (green diamonds).

ITO-free OPVs based on IJP Cu grids with a pitch of 0.6 mm (4 lines), 0.43 mm (6 lines)
and 0.33 mm (8 lines) were fabricated and compared. Table 3.2 summarizes the
photovoltaic parameters of the OPVs under study. The control 1TO-based device
demonstrated the highest power conversion efficiency (PCE) of 4.9% whereas the highest
PCE of Cu grid-based OPVs is 3.4% (6 lines). Comparing the ITO-free devices an
improvement of the fill factor (FF) in Cu-grids comprising more lines is observed. In
addition, short circuit current (Js) is increased by increasing the number of lines until a
turning point where the shadowing losses are more dominant. The optimum balance
between carrier collection and shadowing losses was obtained with a 6-line grid,
providing 11.4mA.cm? Js. and 51% FF whereas the reference exhibits 14.1 mA.cm™and
58% FF. Around 15% of the total 20% loss in Jsc can be well attributed to the shadowing
losses of Cu grid design (Figure 3.9) and the lower transmission of the thicker
PEDOT:PSS layer.
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Figure 3.9: Transmittance of ITO (black squares) and 6-Lines Cu grid (Blue circles). Absorbance of
Si-PCPDTBT-layer (red triangles).

Table 3.2: Photovoltaic parameters of OPVs with 1JP Cu grid with different number of lines. The

photovoltaic parameters were averaged over four devices.

ITO-free | Surface
Voc Jsc FF PCE
Cu based |coverage Rs (Q.cm?) [ Rp(Q.cm?)
V) | (mAcem?) [ (%) (%)
OPVs (%)

ITO - 0.60+0.02( 14.1+0.7 58+2 4.9+0.1 1.48 2328
4-line grid 11.33 [0.57+0.01| 9.7+0.3 43+4 2.4+0.2 8.37 863
6-line grid 17.00 [0.58+0.01] 11.4+0.8 51+2 3.4+0.3 4.50 583
8-line grid 22.67 (0.56+0.01| 8.8+0.4 48+4 2.3+0.2 6.38 858

However, to gain more insights about the losses in device performance in ITO-free OPVs,
the dark JV characteristics were plotted (Figure 3.8b). The series resistance (Rs) of Cu
grid-based OPVs is significantly higher than that of ITO-based OPVs. The Cu grid-based
OPVs measured under dark conditions (Figure 3.8b) have low current density at forward
bias and thus significantly higher series resistance (Rs) values compared with 1TO-based
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OPVs. The Rs indicates the current resistance in the vertical direction between the layers
and interfaces comprising the OPV. In this case the changes in Rs can therefore be

assigned mainly to the conductivity of the electrode.[13%.140]

In addition, all the Cu grid-based OPVs have higher leakage current (lower parallel
resistance, Rp) than ITO-based OPVs. The latter can be attributed to the morphology of
Cu grid-based OPVs and peaks of Cu-lines that were not fully over coated by
PEDOT:PSS, in contrast to the flat morphology of ITO electrode. The increased Rs and
reduced Rp values of Cu grid-based OPVs are reflected in the lower fill factor values
compared with the ITO-based OPVs. The FF of the control device is 58% whereas
optimum Cu grid-based OPVs exhibit 51% FF.

It has been concluded that one of the main reasons of the lower device performance
compared with the ITO-based OPVs is the conductivity of the electrode. In line to this,
the JV parameters reveal conductivity limitations of the Cu grid arising possibly from the
OPV fabrication process. Therefore, further studies were performed aiming the
identification of the reduced performance of IJP Cu/PEDOT:PSS bottom electrode.

3.3.4. Compatibility study of Cu grid with PEDOT:PSS

A possible reason of the reduced conductivity of Cu-grids could be the failure of Cu-lines
during OPVs processing. In order to analyze the functionality of the developed Cu grids

photocurrent mapping measurements were carried out (Figure 3.10).
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Figure 3.10: Normalized photocurrent mapping images of OPVs with I1JP Cu grid lines (a) 4 lines,
(b) 6 lines and (c) 8 lines.

This powerful imaging technique allowed us to easily identify defects in photocurrent
distribution along the Cu grid structures. Normalized photocurrent mapping images
reveal an efficient and homogeneous current distribution through the Cu grid lines for the
4-line and 6-line configuration, proving the reliability of the printed lines. In contrast to
this high photocurrent intensity, the 8-line Cu-grid showed a lower intensity and less

current collection, which is in accordance with the Js. values shown in Table 3.2.

Despite the initial high conductivity of Cu, ITO-free OPV parameters demonstrated lower
current density and higher series resistance compared with the reference device, revealing
conductivity limitations of Cu grid that might have been occurred during the fabrication
of OPVs.
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Figure 3.11: (a) Conductivity over time of 1JP Cu layers aged at 140 °C (i) in inert atmosphere (black
square), (ii) coated with PEDOT:PSS NV2 in inert atmosphere (red circle), (iii) in air (blue triangle)
and (iv) coated with PEDOT:PSS NV2 in air (magenta downward triangle) (b) Conductivity over
time of 1JP Cu layers aged at 140 °C (i) coated with PEDOT:PSS PH500 in inert atmosphere (blue
squares), (ii) coated with PEDOT:PSS PH500 in air (green circles)

As mentioned previously, Polino et al. pointed out the incompatibility of PEDOT:PSS
with Cu grid. In order to investigate the compatibility of Cu grid with PEDOT:PSS, the
sheet resistance of Cu films with and without PEDOT:PSSs was measured over time at
140 °C in air and in inert atmosphere. The temperature of 140 °C was chosen since it is

widely used as the optimum annealing temperature for the PEDOT:PSS in OPVs
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fabrication. Figure 3.11a illustrates the resulting conductivity values of Cu layers
subjected to thermal stress at 140 °C with and without PEDOT:PSS (clevios P Jet NV2
formulation) for 40 minutes. Interestingly, the results indicate that PEDOT:PSS has no
considerable influence on Cu conductivity but heating of Cu in air does cause a reduction
in conductivity. The initial conductivity value (35000 S.cm™) of pure Cu nanoparticle
films is reduced to less than the half (15000 S.cm™) after 20 minutes at 140°C in air. On
the other hand, the conductivity of such films aged for 20 minutes in inert atmosphere

only suffers a minor reduction.

Mayousse et al., have observed improved conductivity values of copper nanowires when
coated them with PEDOT:PSS (pH ~2.5). The enhanced conductivity was ascribed to the
acidic nature of PEDOT:PSS (pH ~2.5).[141] The remaining insulating copper oxide was
removed and allows regeneration of the electrode when acidic PEDOT:PSS was coated
on top of copper nanowires. In order to investigated the above statement, PEDOT:PSS
PH500 with pH ~2.5 was introduced to this study. Cu layers were fully coated with the
specific formulation PEDOT:PSS. Figure 3.11b illustrates the calculated conductivity
values over time of Cu with and without the two PEDOT:PSS under comparison
subjected at 140 °C. Again, we haven’t observed any change in conductivity before and
after coating Cu with PEDOT:PSS PH500 but we have observed similar degradation trend
of Cu conductivity on films coated with the PEDOT:PSS NV2 formulation when heat is
applied. These results indicate that in this case the acidic nature of PEDOT:PSS could not
assist in conductivity enhancement and therefore acidity of PEDOT:PSS has not any
influence in Cu conductivity, in contrast to heat.

Further investigation of the influence of different temperatures, ranging from 60°C-
160°C, on the Cu conductivity is presented in Figure 3.12 which would be useful for other
material systems or optoelectronic applications. Reduction of Cu conductivity was
observed for all temperatures used in this study over time. It can be observed that as the
temperature increases the conductivity exhibits a decrease. A fast oxidation and a
dramatic reduction of Cu conductivity was observed at 160°C. In addition, the influence
of different PEDOT:PSS annealing temperatures on the device performance of Cu-grid
based OPVs was investigated as shown in Figure 3.12 and Table 3.3. The annealing
temperature of PEDOT:PSS has a major influence on the device performance of OPVs.
Cu-grid based OPVs with PEDOT:PSS annealed at 80 °C and 100°C have lower PCE
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than those annealed at 120°C and 140°C. Cu-grid based OPVs with PEDOT:PSS
annealed at 120°C have slightly better performance than Cu-grid based OPVs with
PEDOT:PSS annealed at 140°C. Overall annealing temperature of PEDOT:PSS at 120
°C or 140 °C are found to fulfilled the processing annealing conditions of PEDOT:PSS
but are still high enough to reduce Cu conductivity.
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Figure 3.12: (a) Influence of different temperatures on the Cu conductivity. (b) Influence of lower
PEDOT:PSS annealing temperatures on Cu grid-based OPVs performance

Table 3.3: Photovoltaic parameters of OPVs with 1JP Cu grid with different annealing temperatures

of PEDOT:PSS. The photovoltaic parameters were averaged over four devices.

Voc Jsc FF PCE
OPVs
V) (mA.cm?) (%) (%)
Reference 0.61+0.01 13.840.7 58+3 4.9+0.1
Cu grid-PEDOT:PSS annealed
0.59+0.01 10.740.2 51+1 3.240.1
at 140°C
Cu grid-PEDOT:PSS annealed
0.56+0.01 12.1+0.7 50+1 3.410.2
at 120°C
Cu grid-PEDOT:PSS annealed
0.53+0.02 10.5+0.6 44+3 2.4+0.1
at 100°C
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Cu grid-PEDOT:PSS annealed
at 80°C

0.51+0.02 10.7+0.6 4142 2.240.3

These results show the corrosion tendency of sintered Cu nanoparticle films at elevated
temperatures in air and emphasize the significance of OPV processing limitation of Cu at
elevated temperatures in air.[*4?] Based on the above, the increased Rs and therefore the
lower device performance of Cu-based OPVs is attributed to the reduced conductivity of
Cu arising from oxidation during the annealing of PEDOT:PSS.

It is believed that this is the main reason of the mismatch between the optimum found Cu
covered area (17%) of this work and other works which have reported optimum metal
covered area around 10-13%. In this case, more Cu lines are needed in order to improve
the conductivity of the electrode, however this has a negative impact on its transparency
(higher shadowing), thus limiting the Jsc. The same applies for the proposed PEDOT:PSS
formulation as its high conductivity is needed to improve the overall conductivity of the
electrode and assist in current collection. The above results indicate that transferring the
annealing process of PEDOT:PSS to inert atmosphere might recover part of the PCE
losses of the ITO-free OPVs. However, all the printed Cu-based ITO-free OPVs presented
in this work are processed in ambient conditions, which is suitable parameter for low-cost

solution processed OPV.

3.3.5. Embedding of IJP Cu grids through reverse nanoimprinting transferring

procedure

As mentioned earlier, a crucial point of ITO-free OPVs with inkjet printed metal grids is
the line height and topography, as they need to be coated with a thick PEDOT:PSS layer.
In order to overcome the aforementioned limitation and reduce the transmittance losses,

ITO-free OPVs with embedded metal grid designs were developed.124]
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Figure 3.13: Schematic view of Cu lines (a) before embedding and (b) after embedding. (c)
Profilometry of 1JP Cu lines before (black line) and after embedding (blue line). (d) Illuminated J/V
characteristics of OPVs with bottom contact: ITO (black squares), Embedded 4-line Cu grid (red
triangles), Embedded 6-line Cu grid (blue circles), Embedded 8-line Cu grid (green diamonds).

At first, the embedding of IJP Cu lines within a transparent resin (see transparency of
resin in Figure 3.14) allow the use of thinner PEDOT:PSS, thus reducing losses in
transparency. Secondly, the employed flipping over procedure provides superior, flat
smooth surfaces and lines without spikes as depicted in Figure 3.13c. Smooth surfaces
and lines without spikes could reduce leakage current and thus improve Ry and FF values.
In addition, since line height influences the grid conductivity, embedding allows the use
of thicker lines without affecting the layers that will be deposited. Finally, the specific
embedding procedure followed in this study could provide technological opportunities as
the final embedded Cu-grid can be applied on flexible surfaces.
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Figure 3.14: Transmittance of Ormocomp resin

The concentrated high intensity of laser sintering of Cu on flexible substrates could lead
to excessive heating and shrinkage of the substrate due to the heat transfer from Cu to the
substrate. Thus, lower energy intensities or pulsed sintering have to be used resulting in
lower Cu conductivities. The embedding procedure could combine the high conductivity
of IJP Cu structures sintered on glass with the application of the embedded Cu-grid onto
a flexible substrate by using the flipping over procedure. (1431 The sheet resistance value
of sintered Cu remains unchanged after the transferring procedure as measured with four
point probe.

Table 3.4: Photovoltaic parameters of OPVs with embedded 1JP Cu grid with different number of

lines. The photovoltaic parameters were averaged over four devices.

Voc Jsc FF PCE
ITO-free Cu based OPVs

V) (mA.cm?) (%) (%)
ITO 0.60+0.02 14.1+0.7 58+2 4.9+0.1
Embedded 4-line grid 0.54+0.02 9.8+0.4 42+3 2.2+0.3
Embedded 6-line grid 0.54+0.01 10.6+1.1 45+4 2.6+0.2
Embedded 8-line grid 0.54+0.02 9.4+1.0 44+1 2.240.1
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ITO-free OPVs with embedded IJP Cu grid-lines were fabricated and JV characteristics
of illuminated devices and JV parameters are illustrated in Figure 3.13 and Table 3.4
respectively. The same photovoltaic trend with non-embedded IJP Cu grid based OPVs
was observed for embedded 1JP Cu grid based OPVs: again, the optimum configuration
was the 6-line Cu grid. Embedded 1JP Cu-grid could theoretically provide better
performance than not-embedded IJP Cu-grid based OPVs. However, these experimental
results show lower device performance. Embedded 6-line Cu grid based OPV exhibited
a 2.6% PCE whereas the not-embedded 6-line Cu grid has 3.4% PCE. Comparing 6-line
grid, embedded Cu based OPVs have lower values in all photovoltaics parameters
compared with the non-embedded based OPVs (see Table 3.2 and Table 3.4).

The main drawback of the embedding procedure was found to be the complication and
the lack of reproducibility of the flipping over procedure with such small substrates
(15x15 mm) and delicate 1JP Cu lines. In accordance to the above observations, 1JP Cu
lines were found to be too sensitive and prone to defects during the transferring procedure.
It is believed that further optimization of the embedding procedure or alternative
embedding methods could further improve device performance and be beneficial for
processing of sintered Cu on flexible substrates. Despite the additional fabrication steps,
embedding the Cu lines following the reverse nanoimprinting transfer process could meet
the technical requirements to enable the fabrication of large area metal grid electrodes for

flexible electronic applications.

3.4. Conclusions

In conclusion, the first functional electronic device based on ITO-free inkjet-printed Cu
grid is reported. The development, sintering and optimization process of a suitable inkjet
printing Cu nanoparticle ink is presented in this study. The results show that the proposed
Cu-nanoparticles formed by plasma synthesis produce high quality printed Cu lines with
desired values of conductivity and good adhesion properties resulting in efficient cost
effective current collecting metal grids. The Si-PCPDTBT:PC[70]BM, ITO-free OPVs
based on I1JP Cu grid yielded 3.4% PCE whereas the ITO-based OPV was 4.9%. Despite
the good compatibility of the developed Cu grid in combination with the proposed
PEDOT:PSS, Cu oxidation and a reduced conductivity arises from the necessary
annealing step of PEDOT:PSS in ambient conditions. This experimental work suggested

that part of the ITO-free OPV losses due to reduced conductivity can be recovered by
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incorporating the highly conductive PEDOT:PSS NV2. Finally, an effort to reduce Rp
and transmittance losses was performed by embedding 1JP Cu lines in a transparent resin
through reverse nanoimprinting transfer method resulting in functional ITO-free
embedded Cu-based OPVs. Despite the lower performance than the expected, the
embedding procedure followed showing the potential of processing laser sintered Cu

structures on flexible substrates relevant to flexible electronic applications.
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4. Influence of the Hole Transporting Layer on the Thermal
Stability of Inverted Organic Photovoltaics Using

Accelerated Heat Lifetime Protocols

In this chapter the heat stability of a solution processed HTL (PEDOT:PSS) is compared
with an evaporated HTL (MoQO3) in inverted OPVs. Inverted OPVs could be proved
beneficial concerning product development targets of this technology mainly because
their superiority in terms of long term stability compared to normal structured OPVs.
Therefore, inverted structured OPVs are more preferable than normal structured.
Furthermore, inverted structured OPVs usually use Ag as the top electrode which can be
solution processed as it will be shown in Chapter 5. The most widely used HTL in inverted
OPVs is the solution processed PEDOT:PSS. However, PEDOT:PSS is vulnerable to
moisture due to its hygroscopic nature, a significant parameter that having a negative
effect in stability of OPVs. On the other hand, high power conversion efficiency (PCE)
inverted OPVs usually use thermally evaporated MoOs as a HTL. Despite the high PCE
values reported, stability investigations are still limited and the exact degradation
mechanisms of inverted OPVs using thermally evaporated MoO3z HTL remain unclear
under different environmental stress factors. In this chapter, the accelerated lifetime
performance under the ISOS D-2 protocol (dark-low RH-65°) of non-encapsulated
inverted OPVs based on the thiophene-based active layer materials poly(3-
hexylthiophene) (P3HT), Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b'ldithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl]] (PTB7) and thieno[3,2-b]thiophene-diketopyrrolopyrrole (DPPTTT)
blended with [6,6]-phenyl C71-butyric acid methyl ester (PC[70]BM), respectively was
investigated. The investigation of degradation mechanisms presented focus on optimized
P3HT:PC[70]BM-based inverted OPVs. Specifically, a systematic study on the thermal
stability of inverted OPVs comparing the solution processed PEDOT:PSS and the
evaporated MoOs HTL is presented. PEDOT:PSS proved significantly more stable than
MoOs under heat conditions. Using a series of measurements and reverse engineering
methods it is reported that the P3HT:PC[70]BM/Mo00O3 interface is the main origin of
failure of P3HT:PC[70]BM-based inverted OPVs under heat conditions; a trend which is

also observed for the two other thiophene-based polymers used in this study. The results
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of this study also suggested that the interface between MoOs and Ag limits significantly
the heat stability of inverted OPVs.

4.1.Introduction

Organic Photovoltaics have attracted great scientific interest during the last decade due
to their ease of manufacture with printable techniques and their potential to become
flexible, lightweight and low cost energy sources.['1®144 High power conversion
efficiencies and prolonged lifetimes are essential for OPV commercialization. The barrier
of 10% efficiency has already been overcome and OPVs exiting 10% power conversion
efficiency (PCE) have been demonstrated.[*4%1 On the other hand, long stabilities of OPVs
is the next barrier that needs to be overcome. Understanding the degradation mechanisms
that influence the stability of different device configurations using various environmental

stress factors is still a challenging task.

In the inverted structure, the use of an air stable metal such as silver results in enhanced
lifetime compared to normal structured OPVs, which are limited in stability mainly due
to oxidation of the metals such as calcium or aluminum.[?41461471 Ppoly(3 4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is the most common
material used as hole transporting layer in both architectures. It is known that due to its
hydroscopic nature, ingress of moisture and oxygen from the edges into the device can
cause degradation.[1481491 Alsp, it is suggested that PEDOT:PSS acidic nature leads in
etching of ITO in normal structured OPVs.[%1 On the other hand, in inverted OPVs
PEDOT:PSS acts as a getter of moisture and oxygen and protects the active layer to react
with air, suspending their degradation mechanism compared with normal structured
OPVs.

Furthermore, heat is one of the environmental factors found to significantly affect the
long term stability of OPVs. Heat stability studies at operating temperature performed by
Sachs-Quintana et al. on normal structure OPVs show that a thin polymer layer forms at
the back (metal) contact, which creates an electron barrier between the active layer and
the cathode.[*] This is related to the interface between the back contact and the bulk
heterojunction and is shown to be the first step in thermal degradation in organic solar
cells with normal architecture and especially while using low glass transition temperature

conjugated polymers. However, in inverted OPVs this barrier formation is favorable as it
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helps hole selectivity. This feature has been claimed as an additional advantage of
inverted OPVs.[1%0 Thus, the inverted structure is preferable concerning product

development targets as it can allow more design flexibility and prolonged lifetime.

However, despite the prolonged lifetime of inverted structured OPVs compare with
normal structured OPVs, the top electrode (the anode) of inverted OPVs has been
identified as one of the most vulnerable parts of the device under various environmental
stress factors. A lot of studies were performed and reveal the crucial influence of the
interface between the active layer and HTL in the lifetime performance of inverted
OPVs.[25151-153] Inverted OPVs with PEDOT:PSS treated with different wetting agents
present different lifetime behavior in accelerated humidity conditions, thereby showing
the crucial influence of processing and HTL/active layer interface formation.[*>4
Furthermore, Norrman et al. have suggested that PEDOT:PSS is the main factor of
degradation of inverted OPVs in ambient conditions. They have demonstrated that the
phase separation of PEDOT:PSS into PEDOT rich and PSS rich regions and the active
layer/PEDOT:PSS interface are the main sources of failure of the long-term lifetime of
inverted OPVs.[159]

Therefore, the substitution of the moisture sensitive PEDOT:PSS in inverted OPVs with
metal oxide HTLs such as MoOs, V205, and WO3 could be beneficial in some cases
concerning stability of inverted OPVs. However, the use of solution processed metal
oxides as HTL in inverted OPVs is still challenging, since major processing issues have
to be addressed (wettability, annealing temperature, energy level alignment). Recent work
has shown that solution-processed MoOz can be used to produce efficient and stable
normal structure and inverted OPVs when used as a sole HTL, as well as when inserted
in addition to PEDOT:PSS. [156-158] Mixing of solution-based MoO3z with PEDOT:PSS
has also yielded efficient inverted solar cells.[*>%1 On the other hand, evaporated metal
oxides are still more widely used as HTLs in inverted OPVs, leading in high PCEs with
optimum hole selectivity. However, evaporated HTLs are incompatible with roll to roll

manufacturing.

MoO:s is a promising material as a HTL in inverted OPVs in terms of efficiency due to
the favorable energy level alignment between its work function and the HOMO of typical
active layers in the range of -5.0 eV for polythiophene-based materials.[*6%161] Despite the

promising developments of inverted OPVs using MoOz as a HTL in terms of PCE,
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lifetime studies under humidity comparing MoO3z and PEDOT:PSS HTL in inverted
OPVs show that evaporated MoOs is also very sensitive to moisture and leads to inverted
OPVs with limited lifetime.[162]

The reason is that oxygen and humidity ingress can alter the conductivity and work
function of Mo03.1%631641 On the other hand, the hygroscopic PEDOT:PSS in this
architecture can act as a getter and protect the active layer from water interactions with
air.1*6% Furthermore, MoOs may undergo a change in the oxidation state of the Mo (VI)
metal under exposure to heat. Under heat conditions, MoOs releases oxygen leading to
lower Mo oxidation states and a shift in the work function of the oxide.[*641%6] Another
intrinsic problem of MoOs is the photochromic effect which is triggered under exposure
to UV light and significantly influences its optical response. The transparency of MoO3
is considerably reduced influencing the back reflection of the top contact which affect the
photocurrent in inverted OPVs.I%67] In addition, Voroshazi et al. have shown that the
transparency reduction of MoOgz can also occur under heat in dark conditions in inverted
OPVs with MoO3/Ag/Al top contact due to chemical interactions between MoOs and Al
atoms.[1681 Another aspect of the degradation mechanism of inverted OPVs with the
aforementioned top electrode was pointed out by Rdsch et al. through different imaging
techniques, whereby they attributed the failure to the migration of silver and diffusion
into the MoOs layer, changing its work function.[*6°1 Greenbank et al. have shown
diffusion of Ag into the active layer and its resulting weakening is correlated to
performance decline (specifically Vo reduction) device when used in conjunction with
MoOs as HTL.[Y9 However, a full understanding of the stability of MoOs HTL in
inverted OPVs is still lacking due to the complexity of this material and the varying
environmental stress factors that can influence the degradation cause of inverted OPVs
with MoOs HTL.

Therefore, this chapter aims to analyze the degradation mechanisms of non-encapsulated
inverted OPVs using MoOgs as HTL, under accelerated heat lifetime conditions using the
ISOS-D-2 protocol (dark — low RH — 65 °C). As a first step, inverted OPVs using various
polymer:fullerene active layers are investigated. Photocurrent mapping measurements
provide degradation images at 65°C at various points in time. Secondly, different
electrode configurations are investigated for reference P3HT:PC[70]BM polymer-

fullerene active layer. Using combinations of two interlayers — MoO3z and PEDOT:PSS —
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at the top electrode of P3HT:PC[70]BM based devices, the device degradation is
attributed primarily to the interface between the active layer and MoO3z and secondly to
that between MoOz and Ag. Furthermore, alternative reverse engineering methods are
used to enhance the assumption that the MoOa/Ag interface significantly contributes to

the degradation of inverted OPVs under heat conditions.
4.2. Materials and Methods

Pre-patterned glass-1TO substrates (sheet resistance 4 Q/sq) were purchased from Psiotec
Ltd. Zinc acetate dehydrate, 2-methoxyethanol and ethanolamine were purchased from
Sigma Aldrich, P3HT from Rieke Metals, PTB7 from 1-Material, PC[70]BM from
Solenne BV, PEDOT:PSS PH from H.C. Stark, MoOz powder from Sigma Aldrich and

silver pellets from Kurt J. Lesker.

For the fabrication of inverted OPVs, ITO substrates were sonicated in acetone and
subsequently in isopropanol for 10 minutes. Zinc oxide (ZnO) electron transporting layer
was prepared using a sol-gel process as described in detail elsewhere.['"™] The ZnO
precursor was doctor bladed on top of ITO substrates and annealed for 20 min at 140 °C
in ambient conditions. After the annealing step a 40 nm ZnO layer is formed as measured
with a Veeco Dektak 150 profilometer. The photo-active layers, which are blends of 36
mg/ml in chlorobenzene P3HT:PC[70]BM (1:0.8 by weight), 15 mg/ml in o0-DCB
DPPTTT:PC[70]BM (1:4 by weight), 25 mg/ml PTB7:PC[70]BM (1:1.5 by weight) were
doctor bladed on top of ZnO resulting in a layer thickness of ~180 nm, 100 nm and 90
nm, respectively, as measured with a profilometer. The polymer:fullerene ratios used

were chosen from the best performing devices reported in literature.[154.172.173]

For all PEDOT:PSS-based devices a treatment with two wetting agents (Zonyl and
Dynol) has been applied as described in detail previously, and will be named as
PEDOT:PSS:ZD within the text and figures.['34174 The P3HT:PC[70]BM-based
inverted OPV's were annealed inside a glovebox at 140°C for 20 minutes prior to thermal
evaporation of a silver layer with a thickness of 100 nm, resulting in four solar cells, each
with an active area of 9 mm?2. For the devices with MoOs HTL, 10 nm of MoO3 was
evaporated prior to silver evaporation. For devices using MoOs and PEDOT:PSS:ZD as
HTL, MoOs was evaporated onto the active layer, PEDOT:PSS:ZD doctor bladed onto

the MoOg layer, followed by silver evaporation. These devices were annealed for another
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2 min at 140 °C after PEDOT:PSS:ZD deposition. For devices with
PEDOT:PSS:ZD/M00Os/Ag top electrode the procedure was the same as for
PEDOT:PSS:ZD-based devices, except for an extra 10nm MoO3 layer evaporated on top
of the PEDOT:PSS:ZD layer.

The current density-voltage (J/V) characteristics were measured with a Keithley source
measurement unit (SMU 2420). For illumination, a calibrated Newport Solar simulator
equipped with a Xe lamp was used, providing an AM1.5G spectrum at 100mW/cm? as
measured by an Oriel 91150V calibration cell equipped with a KG5 filter. Photocurrent
measurements were performed under 405 nm laser excitation using a Botest PCT
photocurrent system. Thermal aging of the devices has been performed according to
ISOS-D-2 protocol, namely, inverted OPVs under test were placed in a dark chamber
(Binder) at 65 °C with controlled ambient humidity ~40% and aged for several hours.[17®]
Their J/V characteristics were measured at different stages of degradation. The devices
were un-encapsulated and the lifetime study was started 1 day after device fabrication.

4.3. Results and Discussion

From the initial heat lifetime experiments comparing inverted OPVs comprised of
ITO/ZnO/P3HT:PCBM/ with a MoO3/Ag vs PEDOT:PSS/Ag top electrode, a dramatic
drop in all photovoltaic parameters of inverted OPVs using MoOs as HTL is observed,
after just a few hours under the ISOS-D-2 protocol (65°C, ~40% RH). Therefore, a series
of studies were performed aiming at the isolation of the problem and better understanding
of the degradation mechanism.

4.3.1. Investigating the degradation mechanisms of inverted OPVs under the ISOS-
D-2 protocol using different polymer:fullerene blends and top electrode

configurations

In order to obtain a general picture about the heat degradation origins of inverted OPVs,
three different polymer:fullerene blends were tested. The inverted OPVs with the
following  general configuration:  ITO/ZnO/polymer:PC[70]BM/M003/Ag  or
PEDOT:PSS:ZD/Ag were exposed to heat conditions based on the 1SOS-D-2 protocol
(T = 65 °C, dark, RH =constant ambient ~40%). P3HT:PC[70]BM (1:0.8),
PTB7:PC[70]BM (1:1.5), and DPPTTT:PC[70]BM (1:4) were used as the active layers.
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The initial (obtained before heat aging) average values of the photovoltaic parameters for
the inverted OPVs under study are summarized in Table 4.1.

Table 4.1. Average absolute photovoltaic parameter values and standard deviation out of 8 inverted

OPVs in each case, obtained before initiating the heat aging.

Inverted OPVs Voc Jsc FF PCE
V) (mA.cm?) (%) (%)

Active layer/MoOs/Ag

P3HT:PC[70]BM 0.56 £ 0.01 11.2+0.3 56 +2 35+0.2

PTB7:PC[70]BM 0.68 £ 0.02 125+ 0.6 47 +6 40+0.7

DPPTTT:PC[70]BM 0.55+0.01 11.2+0.6 53+4 33+04

Active layer/PEDOT:PSS:ZD/Ag

P3HT:PC[70]BM 0.58+0.01 9.3+04 58+3 3.2+0.2

PTB7:PC[70]BM 0.69+0.01 8.3+0.7 50+2 29+0.3

DPPTTT:PC[70]BM 0.54+0.01 81+11 54+1 25+01

It should be noted that while some of the device performance values presented in Table
4.1 may be below some literature values for the device structure, the purpose of this work
is not to produce best-performing “hero” devices.[!721731761771 Thys the relative
performance values can still be used to obtain a general picture for the degradation
behavior of different active layers, comparing PEDOT:PSS and MoO3 HTLs. Figure 4.1
shows the normalized photovoltaic parameters over time of exposure under heat

conditions of all the inverted OPVs under study.
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Figure 4.1: Degradation trends of the OPV parameters at 65 °C over time for non-encapsulated
inverted OPVs with different active layers: P3HT:PC[70]BM (Red), DPPTTT:PC[70]BM (Green),
PTB7:PC[70]BM (Blue) using either MoO3 (dashed lines) or PEDOT:PSS (solid lines) as HTL,
plotted as a function of (a) normalized Voc, (b) normalized Jsc, (c) normalized FF and (d) normalized
PCE.

From the initial heat lifetime experiment with three different polymers (P3HT, PTB7 and
DPPTTT) comparing inverted OPVs comprised of ITO/ZnO/Active Layer/ with a
MoOs/Ag vs PEDOT:PSS/Ag top electrode (Figure 4.1), a dramatic drop in all
photovoltaic parameters of inverted OPVs using MoOs as HTL was observed, after just a
few hours under the ISOS-D-2 protocol (65°C, ~40% RH). In contrast, the lifetime
performance of inverted OPVs using PEDOT:PSS as a HTL is significantly better to that
observed with MoO3 for all the different polymer:fullerene blend combinations studied.
It is worth noting that all the polymers used in this study are thiophene-based (P3HT,
PTB7 and DPPTTT). For PTB7:PC[70]BM-based inverted OPVs, a fast degradation
pattern under 85 °C dark heat has previously been observed and been primarily attributed
to morphological changes within the active layer.'’® Furthermore, PTB7 has been

reported as sensitive to several environmental factors, while DPPTTT has shown greater

59



stability under light and oxygen, but not under thermal conditions.[72177.179.180] On the
other hand, P3HT:PC[70]BM-based inverted OPVs are known to be resistive to several
environmental stress factors and impressive lifetime performances in accelerated and

outdoor conditions are demonstrated elsewhere,[181-183]

All the above observations indicate that the incorporation of MoO3z as HTL at the top
electrode of inverted OPVs has a dominant influence on the lifetime performance when
subjected to the ISOS D-2 protocol despite the complicated degradation patterns that
might also arise due to the variety of active layers. In fact, this study focuses specifically
on the electrode configurations in the inverted device structure and the effects of this on
the degradation behavior of OPVs. Detailed investigations of the active layer would be
beyond the scope of this work. However, the interested reader is referred to the works by
Wantz et al., Rumer et al., Wang et al. and Schaffer et al. [27:28.183.184] Fyrther analysis in
the remainder of this study focus on the understanding of the degradation mechanisms of
inverted OPVs using the reference and well optimized P3HT:PC[70]BM as the active

layer.

4.3.2. Investigating the degradation mechanisms of P3HT:PC[70]BM/MoQOs-based
inverted OPVs under the 1ISOS-D-2 protocol using buffer layer engineering

In order to visualize this fast degradation of P3HT:PC[70]BM-based solar cells,
photocurrent images that map the device active area and its degradation are shown in
Figure 4.2. This is a powerful technique that map the developed current in every defined
scanned pixel, providing photocurrent distribution mapping image of complete
devices.[*8] A laser is moved across the device through the transparent electrode giving
an indication of defects and therefore possibly diminished device performance. Inverted
OPVs using P3HT:PC[70]BM as active layer and MoOsz as HTL were aged and
photocurrent mapping images were extracted at different stages of degradation. The
degradation of inverted OPVs with MoOs as HTL happens very fast, even after 5 hours
degradation under heat, and the photocurrent drops dramatically (see Figure 4.1 and
Figure 4.2).
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The photocurrent mapping measurements indicate that for non-encapsulated inverted
P3HT:PC[70]BM solar cells incorporating evaporated MoOs HTL, the photocurrent
generation drops dramatically in just 5 hours of exposure. The photocurrent intensity
observed is significantly less within the whole device area. Despite the obvious drop near
the edges of the devices which could be attributed to ingress of air and moisture, the center
of the device also shows significantly less photocurrent generation compared to the fresh
devices. This is in accordance to Figure 4.1b which shows a fast Jsc degradation of
P3HT:PC[70]BM/M00Os3 based OPVs within the first few hours of exposure.

To investigate the interfacial interaction of MoOgz with the P3HT:PC[70]BM active layer,
buffer layer engineering was applied to isolate the interfaces under study. Inverted OPVs
based on P3HT:PC[70]BM with four different configurations of top electrode -MoOs/Ag,
PEDOT:PSS:ZD/Ag, PEDOT:PSS:ZD/Mo00s/Ag and MoOs/PEDOT:PSS:ZD/Ag — were
tested under 65 °C. The photovoltaic parameters of these devices are shown in Table 4.2.
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Table 4.2: Initial photovoltaic parameters and standard deviation of inverted OPVs with different

hole transporting layers.

Inverted P3HT:PC[70]BM

. . Voc Jsc FF PCE
OPVs using different top

: . V) (mA.cm?) (%) (%)

electrode configurations
PEDOT:PSS:ZD/Ag 0.58+0.01 9.3+x04 58 +3 3.2x0.2
PEDOT:PSS:ZD/Mo0Os/Ag 0.57+0.01 10.0+£0.5 54+2 3.1+0.2
MoOs/Ag 0.56 +0.01 11.2+0.3 56 + 2 35+0.2
MoO3/PEDOT:PSS:ZD/Ag 0.55+0.01 85+0.7 57+1 2.7+0.3

The inverted OPVs using MoOs/Ag top electrode show the highest initial efficiency of
3.5%. This is followed by very similar device -efficiencies obtained using
PEDOT:PSS:ZD/Ag and PEDOT:PSS:ZD/Mo0Os/Ag of 3.2% and 3.1%, respectively.
Finally, 2.7% PCE is obtained for inverted OPVs with an MoOs/PEDOT:PSS:ZD/Ag top
electrode. Interestingly, these values are comparable to those reported by Wang et al.
using a solution-based hybrid electrode consisting of MoOz and PEDOT:PSS, indicating
an efficient bilayer HTL.[1%
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Figure 4.3: Degradation trends of inverted OPVs parameters at 65°C over time for
ITO/ZnO/P3HT:PC[70]BM with different top electrode configurations as a function of (a)

normalized Voc, (b) normalized Jsc, (¢) normalized FF and (d) normalized PCE.

As shown in Figure 4.3 and in line with the previous observations from Figure 4.1,
inverted OPVs using MoOz/Ag top electrode degrade very fast under heat conditions from
the initial efficiency of 3.5% compared to inverted OPVs with PEDOT:PSS:ZD as HTL.
As also reported elsewhere, all the J/V parameters exponentially drop without allowing
precise identification of the failure mechanism.['881 However, by incorporating a
PEDOT:PSS:ZD layer between the active layer and MoOs as well as between MoO3z and
Ag, the degradation behavior can be influenced and significant observations can be
arised.[187]

Interestingly, the inverted OPVs with MoO3z/PEDOT:PSS:ZD/Ag as a top contact present
an intermediate PCE decay between devices with MoOz and PEDOT:PSS:ZD as HTL.
The majority of the PCE drop on those devices is attributed to FF (Figure 4.3). Thus, it is
assumed that the influence on FF in devices with MoO3/Ag top contact is attributed to the
interface of MoOs and active layer. By inserting the layer of PEDOT:PSS:ZD between
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MoOs and Ag, the suppressed decay of those devices indicates that direct contact between
the MoOs and Ag influences device degradation. Furthermore, the Vo decline of devices
with a direct interface between P3HT:PC[70]BM and MoO3z (organic/metal oxide
interface) is more obvious than the devices with P3HT:PC[70]BM and PEDOT:PSS:ZD
(organic/organic interface). The latter can again link the failure of the device to the
interface of the P3HT:PC[70]BM active layer with MoOgs, as has been reported

previously. 186l

On the other hand inverted OPVs with PEDOT:PSS:ZD/MoQO3z HTL present similar
lifetime behavior to inverted OPVs with only PEDOT:PSS:ZD as HTL. In that case no
obvious degradation is observed when MoO3z and Ag are in contact. Two possible
phenomena could explain this. The first is that carrier selectivity occurs through
PEDOT:PSS:ZD and carrier (i.e. hole) collection through MoO3/Ag, without allowing
identification of any degradation caused due to interactions of MoO3-Ag on such devices.
This could explain the reduced degradation characteristics observed in the OPVs in which
PEDOT:PSS interfaces with the active layer. The second might be that silver migration
and diffusion in the active layer through defects of the MoOs3 layer is prevented by
inserting the PEDOT:PSS:ZD layer, as assumed elsewhere.[169170.186] Thjs effect of atoms
diffusing into the active layer has been investigated in several works: The Wantz group
has observed diffusion of silver atoms in MoOs and organic layers.[170.186.188] Additionally,
the Osterbacka group observed diffusion of MoOs into the active layer material causes
doping effects that are detrimental to device performance.l*8% The findings of this work
for the MoOs/Ag top contact seem to reflect these behaviors. However, since upon
insertion of the PEDOT:PSS:ZD layer in inverted OPVs of this study the detrimental
effects are slowed down drastically, it is believed that this is a strong indication that

indeed the silver top contact also influences these degradation effects.

Therefore, observations made from this experimental approach, reveal that the interfaces
between the active layer and MoOs as well as between MoOs and Ag majorly contribute
to the degradation of the P3HT:PC[70]BM inverted OPVs under heat aging conditions,
and that both electron blocking as well as diffusion of both MoO3 and Ag species may

play a role in this.
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To better understand the above observations on the degradation mechanism, the dark J/\V

characteristics of the different types of OPVs with different buffer layers at the initial and

at different stages of degradation were obtained and are shown in Figure 4.4.
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Figure 4.4: Current density versus voltage characteristics (J/V) in dark over time of exposure under
heat conditions for inverted OPVs using different hole transporting layers — (a) PEDOT:PSS:ZD, (b)
PEDOT:PSS:ZD/Mo0s, (c) MoOs and (d) MoOs PEDOT:PSS:ZD.

The inverted OPVs containing MoOs HTL as produced and measured in the dark (see
Figure 4.4) have low leakage current at reverse bias implying high shunt resistance (Rp).
In addition at high forward bias they have high current density and thus low series
resistance (Rs) value and therefore their diode-like behavior is better than
PEDOT:PSS:ZD-containing devices and accordingly they present higher PCE values, as

shown in Table 4.2.

The dark J/V curves of devices with PEDOT:PSS:ZD as HTL show more stable Rs and
Rp values, which are slightly improved over time (Figure 4.4). This shows that the
organic-organic interface improves over time under heat conditions and that hole

transportation is favored at the first stages of degradation. In addition, the performance
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(and especially FF) may be assisted by formation of a hole selective thin P3HT layer on

top of the active layer under heating.[*50]

Figure 4.4b shows the dark J/V for devices with PEDOT:PSS:ZD/Mo0O3z as HTL. The Rp
of these devices is slightly improved over time whereas Rs is slightly increased over time.
It is assumed that the Rp is improved due to changes in the organic/organic interface.
However, the slight reduction in Rs is attributed to the interactions of the double

interlayers affecting the carrier transportation in the vertical direction.

Inverted OPVs using MoOz as HTL show slightly reduced Rs over time of exposure .On
the other hand, a significant leakage current and ideality factor increase over time,
implying poor diode properties and MoOzs/active layer interactions (Figure 4.4c). The
increase in Rp of those devices is more intense and more obvious than the other inverted
OPVs under study and it occurs even after some hours of degradation. In addition, the Rp
and ideality factor issues over time of exposure are also observed when inverted OPVs
using MoOs/PEDOT:PSS:ZD as HTL are tested (Figure 4.4d). The latter reveals the
detrimental influence of the P3HT:PC[70]BM/MoOs interface in carrier selectivity.[*%
This interfacial interaction over time of exposure promotes high leakage current and high
recombination rates resulting in poor Rp and ideality factors which are reflected in FF, as
also shown in Figure 4.3.

4.3.3. Investigating the degradation mechanisms of P3HT:PC[70]BM/MoQOs-based

inverted OPVs under the 1ISOS-D-2 protocol using reverse engineering.

To further investigate the degradation mechanism of MoO3/Ag based inverted OPVs a
reverse engineering method was applied in order to examine whether these interfacial
degradations are reversible. Therefore incomplete device structures were fabricated with
ITO/ZnO/P3HT:PC[70]1BM and ITO/ZnO/P3HT:PC[70]BM/M0O3 layer stacks. These
were aged at 65 °C prior to the deposition of the subsequent fresh MoO3s/Ag and Ag

layers, respectively.
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Figure 4.5: (a) llluminated and (b) dark J/V characteristics of complete devices with MoOs HTL as
produced (black rectangles) and aged for 20 hours (blue circles). The incomplete layer stacks were
aged for 20 hours at 65 °C and then coated with the required fresh electrode. The stacks were
ITO/ZnO/P3HT:PC[70]BM, which was coated with fresh MoOs/Ag (red triangles) and
ITO/ZnO/P3HT:PC[70]BM/Mo00Os, which was coated with fresh Ag (green diamonds).

Figure 4.5 illustrates the illuminated and dark J/V curves for devices with MoOs HTL as
produced and after aging for 20 hours at 65 °C. Figure 4.5 also shows the J/V
characteristics for devices with degraded stacks after fresh evaporation of the top contact.
The findings enhances the aspect that the MoOs/Ag interface also plays a role in this
degradation. After reverse engineering, illuminated J/Vs show the Vo value is recovered
when a new MoOs/Ag is deposited and also when only a new Ag layer is deposited on
the 1TO/ZnO/P3HT:PC[70]BM/M00s3 aged stack. This seems to suggest that the
MoOs/Ag interface is responsible for the Vo decay in devices using MoOs/Ag top

contact.[187]

In addition, the rectification of devices with an active layer/MoOs interface changes over
time and is getting more symmetrical (Figure 4.4c, Figure 4.4d and Figure 4.5b).
However, rectification of complete devices based on aged
ITO/ZnO/P3HT:PC70BM/M00O3 upon evaporation of a fresh silver electrode, or aged
ITO/ZnO/P3HT:PC70BM with fresh MoO3z/Ag the ideality factor of devices with
ITO/ZnO/P3HT:PC70BM/M003 and ITO/ZnO/P3HT:PC70BM aged stacks is recovered
(see Figure 4.5) and is similar in shape to the as-produced devices. This is an indicator
that in these devices aging of the MoO3s/Ag interface and more specifically Ag is

responsible for the change in ideality factor.[8¢]
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However, the fresh evaporation of Ag by itself does not lead to a recovery of Js.. This
happens only upon fresh evaporation of both MoOsz and Ag on the aged stack of
ITO/ZnO/P3HT:PC[70]BM. This could be another indication that P3HT:PCBM/Mo003
interface is responsible for the degraded Jsc of the device over time of exposure under heat
conditions. Overall, with a freshly evaporated MoOs/Ag electrode, 90% of the efficiency
of the as-produced devices was recovered, which is a clear indication that the device
degradation is not affected by ITO/ZnO/P3HT:PCBM interfaces but almost exclusively
by the interfaces of the top electrode P3HT:PCBM/Mo0QO3/Ag as shown in Figure 4.5.
It should be noted that in principle it was expected to reach the same efficiency with the
as-produced devices. However, it is assumed that the exposure to moisture in combination
with the heat causes faster degradation and interface modification to the uncapped

devices, thereby preventing full recovery by reverse engineering the top contact.

4.4.Conclusion

The lifetime  performance of P3HT:PC[70]BM, PTB7:PC[70]BM and
DPPTTT:PC[70]BM inverted OPVs using solution processed PEDOT:PSS or thermally
evaporated MoOs as HTL was monitored under heat conditions according to ISOS-D-2
protocol (T = 65 °C, dark, RH = ambient constant at ~40%). Inverted OPVs using
thermally evaporated MoOs as HTL presented the most dramatic decay of all OPV
parameters under 65 °C even after a few hours of exposure. A series of experiments were
performed using photocurrent mapping and different buffer layer engineering methods in
order to isolate the interfaces and reveal the failure mechanisms of P3HT:PC[70]BM
using MoOs as HTL devices under accelerated heat conditions. Upon incorporation of the
two compared HTL (evaporated MoOz and solution-processed PEDOT:PSS:ZD) in
different combinations and configurations in inverted OPVs with the P3HT:PC[70]BM
active layer, it was observed that the P3HT:PC[70]BM/Mo0Os3 interface is the most
sensitive part of this degradation triggered at 65 °C. This is primarily shown by the
reduction in FF and slower degradation of inverted OPVs with MoO3/PEDOT:PSS:ZD
double interlayer, which isolates the MoOs from the Ag. This was in agreement with the
dark J/Vs of inverted OPVs, which show the ideality factor of OPVs with the
P3HT:PC[70]BM/Mo0Q:3 interface is affected, thereby further revealing the detrimental
influence of this interface. After alternative reverse engineering method the Voc and

ideality factor of such devices is recovered when fresh Ag is deposited on top of
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ITO/ZnO/P3HT:PC[70]BM/M003 aged stacks. This showed that the Ag electrode
influences the stability of inverted OPVs with MoOs as HTL under heat conditions and
was confirmed by the suppressed decay of inverted OPVs using MoO3z/PEDOT:PSS:ZD
as HTL.[287]

To conclude, in the case of inverted P3HT:PC[70]BM OPVs with MoOs/Ag top contact,
which were extensively studied in this work by using a series of measurements and
device/reverse engineering methods, the results presented indicate that inverted OPV heat
degradation is not affected by the ITO/ZnO/P3HT:PCBM interfaces but almost
exclusively by the interfaces of the top electrode P3HT:PCBM/M0O3/Ag. The interfaces
between the P3HT:PC[70]BM active layer/MoOz and MoOz/Ag are the main origins of
failure of inverted OPVs under intense heat conditions of OPVs using MoO3 as HTL, a
trend which was observed for the three thiophene-based materials utilized in this study of
inverted OPVs. The PEDOT:PSS:ZD HTL resulted in more stable for inverted OPV
compared to MoOz HTL under 1ISOS-D-2 heat protocol, a fact which should be taken into
account when reporting on high efficiency devices utilizing MoO3 as HTL. In addition,
this study shows the significance of lifetime performance of OPVs with different HTLSs.
Despite the lower initial efficiency of devices with PEDOT:PSS, OPVs with solution
processed PEDOT:PSS HTL present significantly better stability than MoOs. This is an
important parameter which was taken into account for the next chapter where a fully

solution processed top electrode is presented consisting of PEDOT:PSS and IJP Ag.
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5. Evaporation-Free Inverted Organic Photovoltaics

Inverted OPVs usually use evaporated metal as the top metal electrode. Despite the high-
quality electrodes formed by vacuum techniques, their high cost and their incompatibility
with large scale production is not applicable for commercialization prospects of cheap
OPV devices. Therefore, the need for a solution processed electrode is essential for the
up-scalability and the commercialization of OPVs. In the previous chapter it was shown
that solution processed PEDOT:PSS HTL has better lifetime stability than an evaporated
MoOs HTL under heat conditions. However, when the metal electrode it comes to fully
solution processed and especially with an inkjet-printed (I1JP) silver (Ag) on top of
PEDOT:PSS, the interfaces formed between solution processed materials and their
impact on initial device performance need further investigation. In this chapter, an
investigation of inkjet-printed  nanoparticle inks combined with a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) formulation for solution-
processed top electrodes in inverted organic photovoltaics employing the poly(3-
hexylthiopehene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) material system
was performed. These results, have suggested that thick (150 nm) highly conductive
PEDOT:PSS is required for the design of the solution processed top electrode.
Furthermore, a suitable mixture of commercially available Ag nanoparticle inks is
proposed to control the printability and electrical conductivity of the solution-processed
top electrode. Based on the proposed solution-processed hole-selective contact, a power
conversion efficiency (PCE) in the range of 2.9% is reported for evaporation-free inverted

OPVs whereas reference device with thermal evaporated Ag exhibited 3.5% PCE.[84
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5.1.Introduction

OPV devices with prolonged lifetime and printing manufacturing are essential for
commercialization prospects of solution-based OPV technologies.[34191-1%1 One of the
important research and development OPV milestones is considered to be the avoidance
of high vacuum and temperature deposition such as thermal evaporation of the reflective
top electrode. Through the use of solution-processed top electrodes, OPVs can be
fabricated in a roll-to-roll production line while simultaneously replacing the energy

intensive step of thermal evaporation.[115:194.195]

In the inverted structure the electrons are extracted at the bottom electrode (ITO/n-type
metal oxide) and the holes are extracted at the top electrode (Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS/Metal).l*%¢!  Inverted
OPVs could allow more flexibility on designing the roll to roll production process and
thus can provide technological opportunities.[t”2197] |n addition, inverted OPVs exhibit
significantly longer lifetime performance compared to normal structure OPVs, another
important parameter for commercialization of such devices.[?5951%] However most of the
high performance inverted OPVs reported in the literature use thermally evaporated metal

top electrodes.

Solution processed top electrode is a major challenge in designing economically viable
inverted OPVs. Despite the recent progress, in solution-based metal oxide used as hole
selective contacts in inverted OPVs.[19%-201 PEDQOT:PSS s still the most common
solution-based hole selective contact in inverted OPVs top electrode, because of its

tuneable electronic properties and compatibility with various printing processes.[202-204]

Recent efforts have been reported in the literature to eliminate this high energy consuming
processing step for the top electrode of inverted OPVs, such as using spray-coated silver
nanowires and high-conductivity PEDOT:PSS as well as screen—printed silver
inks.[202.205-207] Fyrthermore, a relatively thick 800 nm PEDOT:PSS layer has been
proposed as hole selective contact suitable for fully solution-processed top electrode.[207]
When the Ag top electrode was inkjet-printed on top of this layer, 2% PCE was achieved
for OPV devices with an active area of 1cm?2.1207] Galagan et al. have proposed that a thin
layer of a specific formulation of PEDOT:PSS could be robust enough to protect the

underlying layers from the diffusion of solvents.[2°4] This group have achieved 2.8% PCE
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in devices with 40 nm PEDOT:PSS combined with inkjet printed (IJP) Ag as top electrode
with an active area of 0.25cm?.

It was shown that inkjet printing is a suitable method to print Cu and Ag bottom electrodes
as a replacement for indium tin oxide (1TO).[133208209] However, in order for an inkjet-
printed top electrode to serve as a functional replacement for its evaporated counterpart,
it must fulfill two crucial requirements: Firstly, it must wet the underlying PEDOT:PSS
layer without dissolving it. Secondly, the required electrical properties have to be
achieved avoiding high temperature sintering, not compatible with the underlying organic
active layers. In this chapter, is reported an investigation of evaporation-free inverted
OPVs with an IJP Ag top electrode. Functionality and compatibility studies of
PEDOT:PSS derivatives combined with a suitable mixture of silver nanoparticle ink
formulations are presented in order to achieve the finest printability and the required
electrical conductivity of the solution-processed top electrode. The developed solution-
processed top electrode consists of a double layer (150 nm) high-conductivity
PEDOT:PSS with a suitable IJP Ag ink mixture, providing inverted OPVs with PCE in
the range of 3%.

5.2. Materials and Methods

For inverted solar cells fabrication, ITO substrates were sonicated in acetone and
subsequently in isopropanol for 10 minutes. Zinc oxide (ZnO) electron transporting layer
was prepared using a sol-gel process as described elseward.[?2% The photo-active layer, a
blend of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM) (1:0.8 wt%) 36 mg/ml in chlorobenzene, was doctor bladed on top of ZnO
resulting in a thickness of ~180 nm as measured with a Veeco Dektak 150 profilometer.
All hole selective layers Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) investigated in this work have been doctor bladed on top of active layers.
To ensure good wetting of PEDOT:PSS on top of the hydrophobic P3HT:PCBM layer, a
0.5% mixture of surfactants (Zonyl and Dynol) in a ratio of 5:2 is added.[?1% Then devices
were transferred in a nitrogen filled glovebox and annealed at 140 °C for 20 minutes
followed by thermal evaporation of a silver layer with a thickness of 100 nm.

For the evaporation-free OPV devices, a Dimatix 2800 inkjet printer was employed for

Ag ink deposition. The printer parameters were optimized to print a uniform 250 nm Ag
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layer with a four-device pattern of 9 mm? active area. Three silver inks (EMD5603, ANP
and a mixture of the two inks) with different solids concentration and nanoparticle sizes
were used for this investigation. EMD5603 ink has <150 nm nanoparticle size and 20%
solids content dispersed in ethylene glycol. ANP ink has-50 nm nanoparticle size and 30-
35% solids content dispersed in triethylene glycol monoethyl ether. The third ink is a
proposed mixture of 80% EMD5603 Ag ink and 20% ANP Ag ink. The annealing of the
photoactive layer P3HT:PCBM for the evaporation-free devices was carried out at 140°C
for 20 minutes before the Ag deposition in a nitrogen-filled glovebox. The sintering
temperature of the Ag was set at 140 °C for 2 minutes on a hotplate in ambient conditions.
The J/V characteristics were obtained using a calibrated Newport solar simulator
equipped providing an AM1.5G spectrum at 100 mW/cm?. All the inverted OPVs under
study have the following structure 1TO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag.
Conductivity measurements were performed using a four point probe setup from Jandel

engineering Ltd.
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5.3.Results and Discussion

5.3.1. Wetting properties of Ag inks

The reference inverted device wused in this study is constituded from
ITO/ZnO/P3HT:PCBM/PEDOT:PSS PH/evaporated Ag. ITO and zinc oxide (ZnO) form
the bottom electrode which is the electron selective contact. P3HT:PCBM s the
photoactive material and PEDOT:PSS PH in combination with thermally evaporated Ag
forms the hole selective contact. The aim of the following study is to present recent
advances for inverted OPVs with inkjet printed solution processed top Ag electrode. An
investigation of different combinations of PEDOT:PSS as well as different Ag inks was
performed in order to find the most suitable combination for inverted OPVs with an

inkjet-printed top electrode.
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Figure 5.1: (a) Schematic of inverted structure used in this reported work, from the bottom:
ITO/ZNO/P3HT:PCBM/PEDOT:PSS/Ag (b) Surface energy wetting envelopes of ITO (opened
rectangles), ITO/ZNnO (opened triangles), ITO/ZNO/P3HT:PCBM (opened
diamonds),ITO/ZnO/P3HT:PCBM/PEDOT:PSS (opened circles) and surface tensions of
PEDOT(PH):PSS (filled diamond), PEDOT(PH):PSS:Z:D (filled rectangle), ANP silver ink (filled
triangle), EMD5603 silver ink (closed circle)

A significant parameter which should be considered for all solution processed OPVs is
the wetting properties of the chosen electronic materials. Figure 5.1b shows the wetting
envelopes and surface tension values for every electronic material employed within the
inverted OPV device structure under study. Based on these measurements PEDOT:PSS

surface tension is outside of the wetting envelope of P3HT:PCBM. The latter exhibits
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high surface hydrophobicity and in order to ensure good wetting of PEDOT:PSS on top,
surfactants are needed as reported elsewhere.l'74l The addition of the surfactant mixture
significantly improved the wetting properties of PEDOT:PSS and, as expected, the

obtained surface tension values were significantly reduced (Figure 5.1b).

Regarding the solution processed metal contact, the surface tension of the two
commercially available Ag inks used in this study (EMD5603 and ANP) were measured
and are shown in Figure 5.1b. As it can be seen the surface tension values for the silver
inks lie well within the wetting envelope of PEDOT:PSS layer (see Figure 5.1Db).
However, wetting properties of PEDOT:PSS significantly alter as they are affected by the
underlying layer (P3HT:PCBM). This affects the printability of silver on PEDOT:PSS.
Surface tension values of EMD5603 ink is on the edge of the wetting envelope of
P3HT:PCBM and ANP silver ink is outside (Figure 5.1b). The last observation is in
agreement with the experimental trials performed to print both aforementioned Ag inks.
In addition, due to the high surface tension of ANP ink, pattering and morphological
issues arise during printing and sintering. To achieve higher layer quality with ANP Ag

ink, it was diluted with isopropyl alcohol (IPA) in a ratio of 1:0.5.
5.3.2. PEDOT:PSS for I1JP Ag electrode

The initial trials to fabricate fully solution-processed electrodes, comprised of
PEDOT:PSS (50nm)/IJP Ag nanoparticles (EMD 5603) resulted in poor device
performance (Figure 5.2b). Diffusion of the inks caused dissolution of the underlying
organic layers as previously reported, leading to low electrode selectivity, caused by
direct contact of the Ag ink with the semiconducting layer and thus poor inverted OPVs

performance, [206.207.211,212]

In order to increase the chemical resistance of PEDOT:PSS, firstly it was investigated the
effect of increasing the PSS content in PEDOT:PSS hole transporting layer.223 However,
the experimental trials did not lead to a significant improvement in evaporation free
inverted OPV device performance upon inclusion of this higher PSS content as shown

inFigure 5.2b and Figure 5.2c.
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Figure 5.2: (a) Conductivity of PEDOT(PH):PSS:ZD as a function of PSS content (b) IHluminated J/V
characteristics of inverted OPVs with top electrode: 50 nm PEDOT(PH):PSS:ZD with 1JP Ag
(EMD5603 ink) (triangles), 50 nm PEDOT:PSS:ZD:PSS (20%) with 1JP Ag (squares) and 50 nm
PEDOT(PH):PSS:ZD with evaporated Ag (circles). (c) HHluminated J/V characteristics of inverted
OPVs with top electrode: 50 nm PEDOT(PH500):PSS:ZD:EG(5%) with 1JP Ag (EMD5603 Ag ink)
(triangles), 50 nm PEDOT(PH500):PSS:ZD:EG(5%):PSS(20%) with 1JP Ag (squares) and 50 nm
PEDOT(PH):PSS:ZD with evaporated Ag (d) lHluminated J/V characteristics for inverted OPVs with
top electrode: <50 nm PEDOT(PH):PSS:ZD with 1JP Ag(EMD5603 ink) (squares), <150 nm
PEDOT:PSS (PH500) with 1JP Ag (triangles) and 50 nm PEDOT:PSS (PH) with evaporated Ag

(circles).

Figure 5.2a demonstrates electrical conductivity measurements performed on all
PEDOT:PSS formulations used in this study. The addition of ethylene glycol (EG) in
PEDOT:PSS (Clevios PH500) leads to increased electrical conductivity values as
described elsewhere.[?1 On the other-hand increasing percentage of PSS content in
PEDOT:PSS leads to electrical conductivity decrease for both PEDOT:PSS formulations.
Figure 5.2c indicates the illuminated J/V characteristics of devices with
PEDOT:PSS(PH500):ZD:EG(5%) with and without extra PSS(20%). Due to higher
conductivity PEDOT:PSS(PH500):ZD:EG(5%) with and without increased PSS content
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provides better hole selectivity than the PEDOT PH when combined with Ag printed inks
for evaporation-free top electrodes. The addition of PSS content does not eliminate the
diffusion issues involved during the processing and sintering procedure, and thus

resulting in inverted OPVs with poor top electrode selectivity.

A second approach which can be followed to reduce diffusion of Ag ink formulation into
the active layer is the deposition of thicker PEDOT:PSS layers.[?071 The two
aforementioned PEDOT:PSS formulations with different conductivities were used and
compared. A 150 nm double layer PEDOT:PSS for each formulation was used in
combination with 1IJP EMD5603 Ag ink to form the solution processed top electrode. The
JIV characteristics in Figure 5.2d show that by increasing the thickness of PEDOT:PSS,
functional electrodes can be achieved using both PEDOT:PSS derivatives as hole
selective contacts. Conductivity issues are critical for solution-processed top electrodes.
PEDOT:PSS PH500 with 5%vol ethylene glycol has 230 S/cm conductivity as measured
with four point probe. This value is approximately five orders of magnitude higher than
the conductivity measured for PEDOT PH (0.01 S/cm). Both approximate 150 nm thick
PEDOT:PSS formulations [(PEDOT:PSS(PH):ZD and
PEDOT:PSS(PH500):ZD:EG(5%)] resulted in functional evaporation-free inverted
OPVs. Figure 5.2d shows the illuminated J/V characteristics for the devices under study.
Based on this study, the PEDOT:PSS (PH500) based formulation provides slightly better
fill factor (FF) and series resistance (Rs) values as well as better reproducibility compared
to PEDOT:PSS (PH) based formulations for evaporation-free inverted OPVs.

5.3.3. Metal nanoparticle inks

The conductivity limitations also arise due to processing requirements of the 1JP Ag
nanoparticle top electrodes within the inverted OPV structure. The FF of evaporation-free
OPVs is much lower compared to the reference inverted OPVs using low-conductivity
PEDOT:PSS (PH) hole selective contact. One of the reasons for the lower FF of the
evaporation-free inverted OPVs could be the low conductivity of the EMD5603 Ag I1JP
top electrode. The sintering temperature value is limited by the functional properties of
the active layer. The sintering has to be carried out at a maximum of 140°C to avoid
negative influence on the performance of P3HT:PCBM active layer. Thus, the
conductivity of the particular Ag ink cannot reach higher values as its conductivity is

strongly dependent on the optimized OPV processing temperature. Thus, the other critical

77



parameter that can be modified to improve the conductivity values is the metal
nanoparticle size. A high sintering temperature provides higher conductivity and a smaller
nanoparticle size can provides lower curing temperature.l33] Therefore, ANP inkjet-
printed layers are expected to provide higher conductivity at 140°C due to the smaller

nanoparticle sizes they contain.

From a printability point of view, EMD5603 prints well on PEDOT:PSS in contrast with
ANP which presents some morphological and patterning issues during the printing and
sintering process. During inkjet printing, the ANP ink accumulated in the center of the
printed pattern due to its high surface tension and its high solid concentration. During the
sintering of ANP ink, a flow from the edges to the center was observed and most of the
Ag was accumulated in the center. This effect was mentioned elsewhere as Maragoni flow
which is generated during the drying of the printed ink.[*'? The inverse flow when ink
flows from the center to the edges is well known as capillary flow. These flows depends
on solvents concentration (surface tension-boiling point) and sintering temperature.l6l In
order to overcome this problem and balance the flows generated during the drying of ink,
ANP was diluted with IPA in a 1:0.5 ratio since the sintering temperature was kept
constant at 140 °C for two minutes. Based on this formulation the inkjet printing
parameters of ANP can be improved but not fully resolved.

To address the above critical issues, it is proposed within this paper an ink mixture which
can provide solution-based current-collecting electrodes that combine the printability of
EMD5603 with the electrical properties of ANP. ANP ink exhibits higher conductivity
(35190 S/cm) than EMD5603 (25446 S/cm) ink sintered at 140°C as measured using the
four point probe method. The optimized ink mixture consists of 80% EMD5603 and 20%
ANP ink demonstrates good printability and slightly higher conductivity values (37713
S/cm) compared with pristine ANP and EMD inks.
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Figure 5.3: SEM ((a),( b), (c)) and AFM ((d), (e), (f)) images of inkjet-printed EMD5603 Ag ink ((a),
(d)), ANP:IPA (1:0.5) Ag ink ((b), (e)) and Ag ink mixture ((c), (f)) on glass. The scale bar for all
images is 2 pum.

In order to examine the surface topography of the Ag inkjet-printed inks, scanning
electron microscopy (SEM) and atomic force microscopy (AFM) studies were performed.
Figure 5.3 shows SEM and AFM images for the three different silver inks sintered at
140°C for 2 minutes.Figure 5.3a and Figure 5.3d represents EMD5603 Ag IJP layers,
showing smaller cluster sizes whereas ANP 1JP layers show larger clusters (Figure 5.3b,
Figure 5.3e, Figure 5.3c and Figure 5.3f), then, seems to show both cluster sizes seen for
EMD5603 and ANP ink.

As previously reported the Ag cluster size and the agglomeration is depend on the
sintering temperature and has influence on the conductivity.[?15-218] Small nanoparticles
have lower curing temperature and thus are able to growth more than the large
nanoparticles at 140°C. The ink mixture contains small (~50 nm) and large (~150 nm)
nanoparticle sizes, it is suggested that this combination of small and large nanoparticles
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can form a better carrier transportation network than EMD5603 ink leading also to
slightly higher conductivity values compared to the ANP ink. More importantly, the
proposed Ag ink mixture eliminates printing processing limitations providing functional

top contact and intimate interfaces for the solution processed top electrode.
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Figure 5.4: (a) Illuminated J/V characteristics of inverted OPVs with top electrode
PEDOT:PSS(PH):ZD and 1JP Ag with EMD5603 ink (red triangles), ANP:IPA (1:0.5) ink (blue
squares) and Mixture ink (green diamonds) and evaporated Ag (black circles). (b) lHluminated J/V
characteristics of inverted OPVs with top electrode: 150 nm PEDOT:PSS(PH500):ZD:EG(5%) and
IJP Ag Mixture (red diamonds), 150 nm PEDOT:PSS(PH500):ZD:EG(5%) and 1JP Ag with
EMD5603 ink (red triangles)and 50 nm PEDOT:PSS(PH):ZD evaporated Ag (circles)

In order to compare the different ink formulations with the evaporated Ag, the three
different ink formulations (EMD5603, ANP and ink mixture) have been inkjet-printed on
the reference ~50 nm PEDOT:PSS(PH):ZD layer. Comparing the three evaporation-free
inverted OPVs, the best PCE value is achieved using the ink mixture as shown in Figure
5.4a. OPVs using ink mixture have shown better Jsc and FF values than the other two
inks in study. Figure 5.4b illustrates the illuminated J/V characteristics of 1JP Ag inks
printed on the optimized ~150 nm PEDOT:PSS (PH500). Note that OPV curve which
represent 1IJP ANP based OPVs is not included since the devices were shunted in this
particular run. This is another one indication showing the bad printability of ANP ink for

this work requirements.
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optimum evaporation-free inverted OPVs with 1JP Ag.

Voc Jsc FF PCE
OPV
%) (mA/cm?) (%0) (%)
Reference 0.59 9.1 65 35
1JP 0.61 9.2 51 2.9

Table 5.1: PCE performance parameters of the reference (evaporated Ag) inverted OPVs and the

When then combining the previously established 150 nm layer of PEDOT:PSS
(PH500):ZD:EG(5%) with the Ag ink mixture, the resulting J/V characteristics are shown
in Figure 5.4b together with the reference inverted OPVs using evaporated silver top
electrode and PEDOT:PSS(PH):ZD-(50 nm) hole selective contact. The evaporation-free
inverted OPVs containing IJP Ag (ink mixture) top electrodes only show slightly lower
PCE compared to the optimized reference inverted OPVs. The PCE parameters such as
Voc and Jsc have similar values as shown in Table 5.1. The main drop is observed in the
FF which is 65% in the reference inverted OPVs and 51% for the optimum evaporation-
free inverted OPVs. Despite the above limitations on the hole carrier selectivity of the
proposed solution-processed top electrode for inverted OPV performance, a 2.9% PCE
has been achieved for evaporation-free inverted OPVs using the proposed 150 nm and
highly conductive PEDOT:PSS formulation combined with the proposed IJP Ag ink
mixture. PCE reduction is expected for larger than 1cm? active area devices due to a likely

increase in series resistance (Rs) as experimentally studied by P. Kopola et al.[11%]
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5.4.Conclusion

In summary, the fabrication of the solution-processed top electrode in inverted OPV
devices was investigated. The crucial points which deserve consideration during the
fabrication of solution-processed top electrodes are each layer’s wetting properties and
the prevention of dissolving of the underlying layers. The electronic properties, printing
parameters and intimate interfaces are shown to be critical for achieving high
performance  solution-processed top  electrodes. A  double layer of
PEDOT:PSS(PH500):ZD:EG(5%) with overall thickness of approximately 150 nm, can
provide a functional hole selective contact for solution-processed top electrodes and can
be used to partly resolve the limitations caused by diffusion of the Ag ink formulation in
PEDOT:PSS. However, there are still many critical challenges that need to be overcome
in order to eliminate diffusion issues on the way to achieving high performance solution-
processed top electrodes for long lived evaporation-free inverted OPVs.

Importantly, by mixing suitable Ag inks with different nanoparticle sizes and curing
temperature, it was shown that adequate conductivity and inkjet printing processing
properties at sintering temperatures compatible with the requirements of inverted OPVs
solution processed requirements, can be achieved. For all the experimental runs
performed for the purpose of this work using different PEDOT:PSS hole selective
contacts, the ink mixture showed that could be used to improve the PCE inverted OPVs
incorporating solution-processed top electrode. The resulting evaporation-free inverted
OPVs reached 2.9% PCE in comparison to the optimized reference inverted OPVs
exhibiting PCE of 3.5%.
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6. Future Work

This thesis sets the baselines for the development and characterization of up-scalable
solution processed electrodes of OPVs. This work will be continued toward the
development of ITO-free and evaporation-free stable and up-scalable electrodes for

efficient OPVs. A brief overview of the future work is followed.
6.1. Doped metal oxides investigation for up-scalable OPVs

Metal oxides have been extensively used as n-type or p-type buffer layers in OPVs due
to their high transparency, relatively high conductivity, tunable work function and
solution processability. Furthermore, the advantage of solution processing of these
materials at low temperatures provide opportunities for up-scalability of OPVs. Solution
processed doped metal oxides with improved conductivities could meet the routes for up-
scalable OPVs since thicker layers (100-200 nm) can be deposited without affecting
significantly the transparency and conductivity of the layer. A lot of studies have shown
that PFN or PEI (Polyethylenimine) modification of oxide materials by several methods
such as dipping, bi-layer or as additive in the precursor improve the device performance
and stability of OPVs.[219-2231 More specifically, they have shown that PEI improve the
morphology and structural order of ZnO and thereby the electron mobility in the vertical
direction. Most importantly PEI is widely used to reduce the work function of metal
oxides (and consequently the work function of bottom electrodes of inverted OPVs) and
thereby assist in band alignment.[2241 As a result, incorporation of such layers enhance the

device performance of OPVs mainly due to improved FF values.

Figure 6.1 shows the illuminated JV characteristics of inverted OPVs with different ETL
and the following device configuration: ITO/ETL/P3HT:PCBM/MoO3s/Ag. The
preliminary results of this work have shown that inverted OPVs using a sole antimuonium
doped tin oxide (ATO) used as n-type buffer layer function as a resistor (Figure 6.1)
showing that an energetic barrier is created at the bottom electrode. Moreover, OPVs
without ETL have presented 1.4% PCE whereas OPVs with PEI (3-5nm) as ETL (or
modification of ITO with PEI) have shown an improvement in device performance and a
PCE of 2.9% (Table 6.1). Interestingly, the ATO/PEI nanocomposite has performed
efficiently as n-type buffer layer in inverted OPVs and PCEs in the range of 3.8% were

achieved. According to the above observations, the improved PCE could be attributed to
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a work function reduction of the ATO layer. Furthermore, by increasing the thickness of
doped oxide at 120 nm the performance is still high (3.7% PCE) showing that the
incorporation of PEI does not affect conductivity of the doped oxide and provide
opportunities for the usage of this material for up-scalability purposes. This preliminary
study will be extended to further understanding the properties of ATO/PEI and the
mechanism of work function shifting. Further studies on lifetime performance of inverted
OPVs comparing ATO/PEI, ZnO (reference), ZnO/PEI, AZO (most widely used doped
oxide) and AZO/PEI will be performed.

(a) (b)
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Figure 6.1: (a) llluminated JV characteristics of inverted OPVs with ETL: ATO (black squares),
ATO(40nm)/PEI (red rectangles), ATO(120nm)/PEI (blue circles), PEI (green diamonds) and
without ETL-ITO only (magenta squares). (b) magnification

Table 6.1: JV parameters of inverted OPVs with ETL: ATO(40nm), ATO(40nm)/PEI,
ATO(120nm)/PEI, PEI(3-5nm) and without ETL (ITO only).

OPVs with ETL: Voo Jsc FF PCE
V) (mA.cm™) (%0) (%)
ITO 0.42 8.5 39 14
ITO/ATO - - - -
ITO/PEI 0.60 8.6 56 2.9
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ITO/ATO 40nm/PEI 0.60 10.3 61 3.8

ITO/ATO 120nm/PEI 0.62 9.8 61 3.7

6.2. ITO-free and evaporation-free high efficient OPVs

Normal structure OPVs with ITO-free electrode with IJP metal grid use PEDOT:PSS as
HTL and as conductivity enhancer of the electrode. ITO-free inverted structure OPVs
with IJP metal grid also use PEDOT:PSS as electrode enhancer and an ETL on top of the
IJP metal grid/PEDOT:PSS electrode. Replacing PEDOT:PSS with doped metal oxide
could be beneficial for product development targets since several issues arise due to its
hygroscopic and acidic nature. Other studies have shown the implementation of doped
oxides on Ag nanowire but to the best of my knowledge, IJP metal grids combined with
a doped metal oxide have not been reported. Doped oxide should have high transparency
(>80%) and high conductivity (0.01-200 S/cm) at high thicknesses and low annealing
temperature in order to be used in conjunction with the IJP metal grid and substitute the
PEDOT:PSS layer. Furthermore, the formation of doped oxide on 1JP line morphology is
another challenge that need further investigation but as it was shown in chapter 3 the
embedding procedure can be used to control grid morphology. Therefore, a study to
combine a highly conductive IJP Ag electrode with a doped metal oxide (AZO, ATO/PEI)
will be performed and their effect on device performance and stability will be

investigated.

In Chapter 3 the limitations arise during the processing of IJP Cu grid as a bottom
electrode in OPVs were reported. The oxidation reactivity of Cu-grid at elevated
temperatures revealed as the main drawback of Cu grid based OPVs. This has a major
influence on the performance and the stability of Cu-grid based OPVs during the
fabrication process of OPVs since most of the materials (active layers, HTL and ETL)
consisting an OPV require annealing treatment. A solution to this problem could be a
protecting layer on top of Cu grid in order to protect them from oxygen interactions in air
during processing. The effect of conductivity of Cu at elevated temperatures

incorporating different types of protecting layers will be investigated. In addition, mixing
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of copper nanoparticles with other noble metal nanoparticles in a core-shell structure
could be another potential solution to the oxidation instability of 1JP Cu.

Novel non-fullerene acceptor materials (such as ITIC and IDTBR) have already been used
with newly synthesized conjugated polymeric donors (such as PTB7-th and PBDBT)
achieving efficiencies that exceed 10%. This remarkable progress in terms of device
efficiency demonstrates the potential of large scale production of OPVs. The main goal
of this study will be the design of efficient solution processed electrodes adopting the
ITO-free and evaporation-free concepts of this thesis as well as incorporating other
deposition techniques and electrode materials. The electrodes will be designed according
to the up to date most efficient donor/acceptor system in order to achieve high efficient
solution processed OPVs. OPVs will be fabricated with roll to roll compatible techniques

and tested under ISOS protocols in indoor and outdoor conditions.
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7. Conclusions

The ability to fabricate ultrathin, lightweight, flexible and low-cost photovoltaics trigger
the research community and industries in a depth investigation of OPVs during the last
two decades. The three main pillars of commercialization of OPVs is efficiency, stability
and fabrication cost. The avoidance of high vacuum, energy intensive techniques and high
cost materials are necessary requirements for the up-scalability and roll to roll production
of this technology. This thesis has demonstrated routes toward solution processed

electrodes showing the potential for fully solution processed OPVs.

Chapter 3 of this thesis demonstrates ITO-free normal structured OPVs based on 1JP Cu
grid/highly conductive PEDOT:PSS electrode. Cu ink is much cheaper than Ag ink which
is the metal ink with dominant use in IJP electrodes for OPVs. Therefore, Cu have
attracted a lot of attention during the last years. The oxidation reactivity of Cu is the main
drawback of Cu nanoparticle ink. However, a lot of progress has been made in the
development of Cu inks and in the sintering methods to produce high conductivity Cu
grid structures. In this work, high quality 1JP Cu lines with desired conductivity values
were achieved through printing parameters and sintering optimization. Despite the decent
PCE values achieved with non-embedded IJP Cu grid (3.4%) compared with the reference
ITO-based device (4.9%), limitations arise during the processing of OPVs fabrication.
More specifically, during the necessary annealing step of PEDOT:PSS at 140 °C in air,
Cu oxidizes due to its high oxidation reactivity at elevated temperatures. As a result, the
conductivity of Cu is reduced and highly conductive PEDOT:PSS was combined in order
to compensate this conductivity loss and enhance the overall conductivity of the
electrode. Cost effective ITO-free OPVs with 3.4% PCE were achieved with IJP Cu
grid/PEDOT:PSS as the bottom electrode whereas the reference exhibited 4.9% PCE.
Furthermore, the efforts to embed Cu grid electrode in a transparent resin with a reverse
nanoimprinting method are presented. Embedding of Cu grid could reduce electrode
transmittance losses and improve OPV performance parameters since lower R, values
were expected for flat line surfaces. In addition, the embedding procedure followed could
provide opportunities also for other applications (sensors, light emitting diodes, RFID
antennas) since optimized sintered Cu from glass substrate can be transferred to flexible
substrates avoiding shrinkage of the plastic substrate due to the excess heat during laser
sintering. However, the results with embedded IJP Cu grid have not improved the
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performance possibly due to the complication and lack of reproducibility of the
embedding procedure with small substrates. Further optimization or alternative

embedding methods could be beneficial for OPVs and for other applications.

The next Chapters (Chapters 4 and 5) are focused on the top electrode of inverted
structured OPVs which is more stable and could provide technological opportunities since
Ag top electrode could be deposited through solution processed techniques. In chapter 4,
the influence of thermal stability of a solution processed HTL (PEDOT:PSS) compared
with an evaporated HTL (MoO3) is demonstrated under the 1ISOS-D2 at 65°C. The PCE
of inverted OPVs that use MoOs as HTL drops dramatically even after a few hours of
exposure to heat. Significant observations were extracted during the identification of the
failure mechanism of inverted OPVs with MoOgz under heat through buffer layer and
device engineering methods. The P3HT:PCBM/MoO3 interface as well as MoO3/Ag
contribute to the fast degradation of inverted OPVs with MoOs as HTL. Indeed,
PEDOT:PSS has been proved one of the most vulnerable parts in inverted OPVs.
However, replacing of PEDOT:PSS is still a challenging task since alternative HTL such
as metal oxides need further investigation not only in PCE but also in stability. It has been
concluded that solution processed PEDOT:PSS has significantly better lifetime
performance than evaporated MoOs under heat conditions (65°C, 1SOS-D2).

Chapter 5 is based on a fully solution processed top electrode of inverted OPVs consisting
with an 1JP Ag combined with highly conductive PEDOT:PSS HTL as a top electrode in
inverted OPVs. The most significant challenges that arise when an evaporated electrode
comes to a fully solution processed electrode is the wetting properties of the materials
used on top of the active layer, the dissolution of the underlying layers and the sintering
temperature of the metal top contact. It was concluded that thick PEDOT:PSS layer is
required in order to block the diffusion of solvents contain in Ag ink. In addition highly
conductive formulation (PH500 PEDOT:PSS) is required in order to enhance the
conductivity of the electrode. Furthermore, by mixing two commercially available Ag
inks (80%EMD+20%ANP) with different nanoparticle size the printing parameters were
controlled, and desired conductivity values were achieved providing efficient carrier
transportation network and intimate interfaces. PCE of 2.9% was achieved for inverted
OPVs with fully solution processed electrode whereas the reference evaporated Ag
electrode based OPVs exhibited 3.5 % PCE.
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To conclude, a transparent electrode is developed based on IJP Cu lines grid/highly
conductive PEDOT:PSS showing the potential for a cost effective solution processed
photovoltaics. Lifetime performance studies have shown that OPVs with PEDOT:PSS as
HTL are more stable than MoOs HTL under heat conditions showing that replacement of
PEDOT:PSS is not an easy task and lifetime performance factors should be taken into
account. Finally, an efficient fully solution processed top electrode, based on highly
conductive thick PEDOT:PSS combined with IJP Ag, for inverted OPVs was designed.
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