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ABSTRACT

LIQIANG YANG: Design Strategies for Polymer Solar Cells of Highdency and
Low Cost: Materials, Interface, and Device Structures
(Under the direction of Wei You)

Polymer-based solar cells are very promising candidates towlaed® solar energy,
since they can be solution processed and light weight. The best pabphaercells
currently achieve an efficiency of about 8%, which is not comypetitith their thin film
inorganic counterparts yet. On the other hand, reducing the manufgctost and
improving the stability of polymer solar cells are also cunalfuture commercialization
of polymer solar cells. These further developments can betdsed on more detailed
design strategies that can only be established through theagioicidf the fundamentals
on conjugate polymers, interface, and device structures.

In this thesis, quantitatively investigations of side chains andisidrgs to construct
ideal conjugated polymers for organic solar cells have been presented. Ttleagidef a
conjugated polymer significantly impacts the photovoltaic properties tho
corresponding bulk heterojunction (BHJ) solar cell. In addition to sidengha
substituents can further tune energy levels, band gaps, and even morpAofogper
combination of side chains and fluorine substituents on the conjugated badklene
viable approach to high efficient BHJ devices. Moreover, the polgBwithiophene)

(P3MT) interfacial layer successfully serves as the haasport layer for solution-



processed BHJ polymer solar cells with efficiency as agkh%, which largely extends
the lifetime of polymer solar cells. In addition, solution-procedkedble polymer BHJ
solar cells based on silver nanowires (Ag NWs) have beaessitlly fabricated with
recoverable efficiency of 2.5%, which indicates that Ag NW sbelels can serve as a
low cost, flexible alternative to indium tin oxide (ITO), and thgramprove the
economic viability of polymer solar cells. Finally, a conceptuayv approach, parallel
bulk heterojunction (PBHJ) has been demonstrated in this thesis. Thé st cell
maintains the low cost manufacturing of single junction BHJgc@&hile inherits the
major benefit of incorporating multiple polymers in tandem celléery respectable
power conversion efficiency (PCE) over 7% has been obtained inBRE Hevice,

which is among the best performances for polymer solar cells.
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CHAPTER 1

INTRODUCTION

1.1. Why Polymer Solar Cells

With the world energy demand increasing, the search for altegreatergy sources is
a growing academic and industrial pursuit. The limited resefnearbon-based fuels and
increased emissions of greenhouse gases (e.f).@® placed a greater demand on the
renewable and clean energy, such as hydropower, geothermal, windlaan@€empared
with other renewable energy sources, harvesting energy ldifeotn the Sun via
photovoltaic (PV) technologies is increasingly being recognizednas of the most
promising long-term solutions — or maybe the ultimate solution -stes&@inable future.
Since the 1950s, the power conversion efficie(fe€E) of these devices has steadily
improved. Currently, crystalline silicon crystalline silicon basells and multi-junction
solar cells can achieve up to 258nd 35% PCE respectively. Furthermore, in a multi-
junction device, where two or more sub-cells are stacked to abgtetent regions of
the solar spectrum, PCE over 40% have been achiettmivever, the high cost of single
crystal growth and the complicated manufacturing process compmafesisil fuels limit
their wide applications. In order to lower the cost, other typeslaf sells such as such
as amorphous silicon, cadmium telluride, dye sensitized sola, egltl organic solar
cells have been developed. Among them, polymer solar cells arel@@uspromising

low-cost alternatives to existing silicon photovoltaics, becaustheofiow weight, the



tenable electronic and optical properties of conjugated polymershangdotential for

low-cost roll-to-roll manufacturing.

1.2. Bulk Heterojunction Polymer Solar Cells

In 1959,the first organic solar cell was made by Kallman ebaded on a single
crystal of anthracenavith a power efficiency of 0.02%. The low efficiency is pardlye
to organic materials with high dielectric constant, which leagtrtangly bound electron-
hole pairs, and therefore poor charge separation. In 1986 Tang reportédiemcg of
0.95% and FF of 65% by using thin-film double-layer photovoltaic cellsogiper
phtalocyanine (CPc) and a perylene tetracarboxylic (PT) deedalt was found that
excitons can easily be dissociated into electrons and holesiatdtace of CPc and the
PT layer due to their differences in energy levels. The sacoé this electron
donor/acceptor concept largely stimulated research in the fiebdgahic photovoltaics.
The seminal discovery of rapid photoinduced electron transfer from aigebeg
polymer to the buckminsterfullerene molecule in 198 to the first demonstration of
an efficient polymer solar cell based on poly[2-methoxy-5-(2Adbtxyloxy)-1,4-
phenylenevinylene] (MEH-PPV) and a soluble version of the fullerggé]-phenyl-
C61-butyric acid methyl ester (RBM) in 19952 Since then, the new concept, coined
as “Donor-Acceptor Bulk Heterojunction (BHJ)” solar cell, has reeth as one of the

most active research fields in the past two decddes.

1.2.1 Device Configuration and M echanism
A typical polymer solar cell has a “sandwich” structure (Aig) and it is fabricated

layer-by-layer, whose four layers, from bottom to top, are g&hede, the poly(3,4-



ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSSY, ldlge active layer,
and the cathode. The anode is usually a plastic or glass substrate coateangpaent
Indium Tin Oxide (ITO) layer. The conductive PEDOT:PSS is ueseabjust the energy
level and provide a smooth surface to improve the electrical cdrgareeen the ITO and
the active layet® The organic active layer is used for light absorption and charge
separation. The cathode is usually made of a low work function swetialas Aluminum

or Calcium.

Figure 1.1. A typical structure of “layer-by-layer” polymer solar cell

The fundamental operating principle of a polymer solar cell isedasn the
cooperative interaction of molecular or polymeric electron donors aaeéptors.
Typically, photoexcitation of the donor generates excitons (boundaidotie pairs), as
opposed to free charges in the inorganic solar cells, due to thedtegtdc constant of
organics. These excitons will only find sufficient energetic dgviorce for dissociation
into free charges at the interface with an electron acceptsuitdbly high electron
affinity. Excitons must therefore diffuse through the donor in oraeeach an acceptor
site where charges can be generated and then finally be tradsitwdegh the donor
phase (holes) and the acceptor phase (electrons). It is thisityeoEbaving two distinct
and interacting species that is the defining characteastite organic solar cell. Despite

this common attribute, many different types of organic solar egiist, which can be



grouped in two general categories distinguished by the actiméeof the active layer,
with either a donor-acceptor bilayer or a bicontinuous donor-acceptgrostey known

as a bulk-heterojunction (BHJ). In contrast to the double layer steydhe success of
the bulk hetreojunction solar cell can be attributed to the interpattratwork between
the donor and acceptor (Fig. 1.2). The interpenetrated network of difels two

advantages: (a) it minimizes the travelling distance of emsit(electron-hole pair
generated upon light absorption) to the donor/acceptor (D/A) intedadegoncurrently
maximizes the D/A interfacial area, thereby ensuring dogten dissociation at the D/A
interface to generate maximum free charge carriers; lnha Offers charge transport
pathways to facilitate the charge collection at electrodes, etimgplthe conversion of

the photon energy to electrical energy (i.e., photovoltaic effect).
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Figure 1.2. Schematic illustration of the active layer in BHJ polymer soltr ce

1.2.2 Important Parameters of Organic Solar Cells
The single most important performance parameter of a solariscehe power

conversion efficiency (PCE of), which can be defined as the ratio of maximum power



out (the blue area shown in Fig. 1.3) to power in. When illuminated \gih dnd placed
under short circuit (i.e. applied voltage = 0 V), photocurrent is productte external
circuit. This point is labeled as the short-circuit currelt) (on the standard current
density vs. voltagelJfV) measurement (Fig. 1.3). On the other hand, under open circuit
(i.e. J = 0 A/nf), the value of applied voltage is named as the open circuit vaitage

The fill factor (FF) is defined as the ratio of maximum powetided by Jsc x Voc.
Therefore, the PCE is proportional to the product of Vs¢,and FF as shown in the

equation:PCE:M.
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Figure 1.3. A preventative current density-voltagk\{) curve and key parameters of
device measurement.

1.3. Conjugated Polymersfor Polymer Solar Cells

The development of new materials has always been the driviog toreach higher
efficiency values, with significant contribution from the catefcontrol of the
morphology of the Donor-Acceptor blend. A typical conjugated polymed asethe

electron donor in polymer solar cells is illustrated in Fig. 1.4n&gally, a conjugated



polymer can be arbitrarily divided into three catoging componentsthe conjugatel

backbone, the side chaianc the substituents.

Side Chain @ Substituent

Figure 1.4. lllustration of a typical conjugated polymer foretlapplication in organi
solar cells

3.1.1. Development of Conjugated Backbone

The conjugated backba is the most important component becauskcttates most c
the polymer solar cellelated physicaproperties ofthe conjugated polym, such as
energy levels, band gap amolecular interactionsHundreds of different backbon
have been reported so .**** For example, early studiehad been focused
poly(phenylenevinylene) (PPV) based polymers, sash MEF-PPV and poly[2-
methoxy-5-(3’-7’dimethyloctyloxy-1,4-phenylenevinylene] (MDM®PV). The PCE
of MDMO-PPV based BHJ solar cells reached over — with a highV, of 0.82 V- by
employing chlorinated solvents to control the maiphy.****> Unfortunately, the larg
band gap (over 2 eV) of PPV based polymers sicantly limited the current achievak
by BHJ solar cells. Aew polyme, regioregular poly(3iexylthiophene) (P3H", with a
narrower band gap (1.9 ¢\énd thereby higher achievatJsc became the new focus

intensive studies. By the careful control the morphology of théDonol-Acceptor



blended thin films via therm&lor solvent annealin, the efficiency of P3HT based BHJ
devices was able to reach over 8%’ Recognizing that a smaller band gap polymer can
absorb more light with potentially much higher efficiency, the fosusew materials
development has been shifted to conjugated polymers of smaller bandTdepbeavy
investment in the research of small band gap polymers has pajditeffwell: a number

of new polymers have shown over 7% PCE in BHJ solar cells € Thati)2?%?8 with

over 9% being reported in the préss.

Table 1.1. Best performing polymers for BHJ solar cells

Polymer HOMO Egp Vo Jsc FF P n Ref.
€ev) (&v) (V) (mAln) (%)

s -515 16 074 1450 069 7.4(C70) =
W 8.4(C70) %

ROOC R=2.
S -55 1.88 0.88 10.6 0.66 6.1 (C70) =
7.2(C70) *#
Mjf -5.60 1.69 0.85 12.6 0.68 7.3(C70) =
RS o -557 1.73 0.88 12.2 0.68 7.3(C70) **

-556 182 0.92 13.1 0.61 7.3(C70) “

—-554 17 0.89 12.8 0.62 72 3¢

-536 20 0.79 12.45 0.72 71 €

R, NN
PBRDT-FTAZ R,

a. No additives were added. RBM was used. bFF: fill factor

1.3.2 Side Chains AreNOT Trivial

It is well-known that decorating the polymer backbone with side chears
effectively improve the solubility of the polymer, which is a aauprerequisite toward
achieving high molecular weight of the resulting conjugated polyméftowever,

substituting the small hydrogen atoms on these aromatic units atitér rbig alkyl or



alkoxy chains often result in significant steric hindrance betwthese aromatic units on
the conjugated backbone. For example, a computational simulatiotecbtiea severe
steric hindrance introduced by these alkyl/alkoxy chains on 4tfiedi(thiophen-2-
yl)benzothiadiazole (DTBT) lead to a twisted conjugated backbionegolymers
incorporating the substituted DTBY.Therefore the hole mobilities of the polymers
incorporating such substituted DTBT were noticeably lower tharofttae polymer with
un-substituted DTBT, which accounted for a smallgin the former cas#- In an earlier
study, the homopolymers of alkylated DTBT were prepared by Jagahkat al. by
varying alkyl chains on either 3 or 4 positions of the thienyl grétipEhough relatively
high molecular weight polymers were obtained, the steric hindiatrogluced by these
alkyl chains in these polymers led to much larger band gaps tthetn of the
homopolymer of un-substituted DTBY.Later, Wanget al. synthesized a series of
internal donor-acceptor type of copolymers containing benzothiadiaB®leand four
thiophenes incorporating side chains on different posffiobespite indentical alkyl side
chains, the positions where these alkyl side chains are attamhdifferent thiophene
rings have significant influence on the physical properties anaybitdic performance
of resulting polymers. Positioning these alkyl chains clogbedluorene renders large
steric hindrance during polymerization, which results in a sigmflg lower molecular
weight in PFO-M2 and consequently a poor performance of 0.74% campihel.82%
in PFO-M1 and 2.63% in PFO-M3.

Most recently, You and co-workers systematically investigatiedt effect the side
chain positions had on the optical, electrochemical, and photovoltaic pespeft

conjugated polymers using PBDT-DTBT as the model polymer (Fig.>3.5Not



surprisingly, attaching alkyl chains greatly improved the solytati resulting polymers;
however, the anchoring positions significantly impacted the photovgitajerties in
BHJ solar cells. As discussed earlier, anchoring solubilizivagne at the inner core of
DTBT introduces significant steric hindrance along the conjugatekbbae, leading to
anincrease in the band gap. Moreover, the electron density of HOIQyelevels of
PBDT-3DTBT and PBDT-DTsoIBT are essentially localized onBBE unit, indicating
a lack of delocalization. Therefore low efficiencies were oiege for both PBDT-
3DTBT (0.21 %) and PBDT-DTsoIBT (0.01 %). On the other hand, shiftilkygy chains
to the 4 positions of the flanking thienyl groups (PBDT-4DTBT) has a minmpact on
the band gap and energy levels when compared with PBDT-DTBT.tcdDtgeincreased
solubility, PBDT-4DTBT possesses a higher molecular weiiim: (27 kg/mol) and
shows enhanced intermixing with PC61BM, without the severe adggnegd polymers
observed with PBDT-DTBT. Therefore, PBDT-4DTBT based solar gelsilt in an
overall efficiency of 1.83%, which is significantly higher thituat of the PBDT-DTBT
based devices (0.72 %). These results present a good example tifehpuasitioning

side chains does in fact matter.

C16H33

CqgH
Dihedral angle 2 16T

Dihedral angle 1 R1=H R2=H R3=H PBDT-DTBT
S R1=H R2=H  R3=octyl PBDT-4DTBT
R,y N R1=H R2=octyl R3=H ~ PBDT-3DTBT
Rs R1=4-ethyl octyl R2=H R3=H PBDT-DTsolBT

Ri R R,

Figure 1.5. Chemical structures of PBDT-DTBT, PBDT-4DTBT, PBDT-3DTBida
PBDT-DTsoIBT.



Even when the side chains are “properly” anchored on the conjugated badkigone,
length and shape of these side chains also have a noticealbleti(ses substantial)
impact on the properties of resulting conjugated polymers. s@atlial. completed a
comparative investigation on the photovoltaic properties of BHJ devisesl loa a series
of poly(3-alkylthiophene)s of butyl (P3BT), pentyl (P3PT) and hg®B8HT)>* The
longer side-chains facilitate the clustering of ¢ BM molecules and establish fast
electron-percolation pathways, leading to improved electron mobiftince holes and
electrons exhibit well-balanced mobilities in the case of P3Pids:BM, a better fill
factor was observed. In another study, Egbe et al. graftedediffeide chains to the
backbone of a series of anthraceoataining poly(p-phenylene-ethynylene)-alt-poly(p-
phenylene-vinylene)s (PPEPV) copolymers to tune the-n stacking ability of the
materials’’ An increase of the open circuit voltage fren0.65 V to ~0.90 V was
observed with decreasing side chain density. It is because hghydgide chains dilute
the concentration of the absorbing conjugated species per volume unitdace the
interfacial area between donor polymer and;B® leading to strong phase separation
and concomitant poor photovoltaic performance.

1.3.3. Importance of Substituent

Though the energy levels and band gap of a conjugated polymer is ahetietynined
by the selection of conjugated aromatic units, substituents can deauarther tune
energy levels, band gaps, molecular interaction and even morphology.

Using archetypical poly(p-phenylene-vinylene) (PPV) as the mpdsimer, the
substituent effect on conjugated polymers was systematicaitiied by Bredas and

Heeger with the valence effective Hamiltonian (VEH) metffodttaching electron
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donating methoxy groups to the benzene unit of the PPV would raise gheshi
occupied molecular orbital (HOMO) energy level when compared Wétotiginal PPV
(with similar lowest unoccupied molecular orbital (LUMO) levélhis effect was also
observed experimentalfij. When switching to the electron withdrawing group (such as
cyano), stabilization on both HOMO and LUMO levels would be expectedieker,
calculations found that the band gaps of the cyano PPVs would be larger than &t of P
because of the asymmetry in the stabilization of the HOMO &idQ levels by the
cyano substituent. Furthermore, the position of the cyano (either on thygeesor on

the vinylene) affects the energy levels and band gap. When eyasicadded on the
vinylene, the calculated LUMO level was noticeably lower theat of the analog with
cyano on the phenylene, with less difference on the HOMO eevrgls. The authors
attributed this effect to the different numbemalectrons on the vinylene and phenylene.
Since vinylene unit only has twoelectrons whereas phenylene unit has six, substitution
on the vinylene would introduce a relatively larger perturbationh® donjugated
backbone, further lowering the LUMO level. All these results pteskeabove indicate
that electron donating substituents (such as methoxy) would have asmgoificant
impact on the HOMO level, while electron withdrawing ones (sucleyaso) would
affect more strongly on the LUMO level.

Another interesting substituent is the fluorine. Fluorine is thallsst electron
withdrawing group with a van der Waals radius of 1.35 A and a Pectt@hegativity of
4.0. Fluorinated organic molecules exhibit a series of unique feadudcds as great
thermal and oxidative stabilify), elevated resistance to degradafibnenhanced

hydrophobicity and high lipophobicity in perfluorinated substafités.addition, these
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fluorine atoms often have a great influence on inter- andmiiecular interactions via
C-F---H, F---S and-€--nr interactions>** Applying fluorine substitution in the D-A
polymers was investigated by You and co-workers in two recentestid? In one
report, they added two fluorine atoms to the commonly employed berdiattuke (BT),
converting BT into fluorinated benzothiadiazole (ffB%f). The ffBT based polymer
showed decreased HOMO and LUMO levels but a similar band gapashgrared with
those of its non-fluorinated analog. Preliminary PV tests on BHXekwdemonstrated
both increase,. (0.91 V) andls. (12.9 mA/cni). Together with an also enhanced fill
factor of 0.61, an impressive PCE of 7.2% was thus obtained withoutISjpeaiments.

In another related study, BnDT based copolymers (PBnDT-FTWA) 5,6-difluoro-2H-
benzo[d][1,2,3]triazole (FTAZ) as the acceptor unit was syntbed&fzThis polymer
exhibited a medium band gap of 2.0 eV compared with that of the b&B&d polymer
due to the weaker electron affinity of FTAZ. Surprisingly, pites of a band gap of ~ 2.0
eV, the current of PBNDT-FTAZ could be larger than 12 mA/¢depending upon the
thickness of the active layer), which can be explained by its imiglecular weight and
large hole mobility. The BHJ devices based on PBnDT-FTAZ camlgtshowed a
higher FF and Js; than those of devices based on the polymers without fluorine
substituents at comparable thicknesses. A peak PCE of 7.1% wasedbita BHJ
devices of PBnDT-FTAZ:P&BM without annealing and any additives. Remarkably,
PBnDT-FTAZ:PG:BM solar cells can still achieve over 6%fieiency even at an
unprecedented thickness ofufin (of the active layer), which makes PBnDT-FTAZ an

excellent polymer for tandem solar cells.
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1.4. Hole Transport Layers(HTL) in BHJ Polymer Solar Cells

The electrical properties at the interfaces are critfcal governing solar cell
performances, because the contact resistance between the qigatoactive layer and
the electrode can strongly impact the charge collection, whiohe of the fundamental
steps of energy conversion in BHJ solar cells. In addition, anode/caithtedkcial
layers are used as charge selective contacts betweeBHbheactive layer and the
electrodesTypically, a thin layer of PEDOT:PSS is applied in betwdenITO and the
active layer to improve the electrical contact between tkediid the active layer and to
adjust energy leveld. However, a number of drawbacks exist with this approach that
limits the application of polymer solar cells: the acidic nature of PEPS%:can corrode
the ITO electrodé?* leading to a chemical instability at the interf4eand
PEDOT:PSS does not have sufficient electron blocking capabilithich could render
electron leakage at anode to reducelthe

The research community has proposed several new interfacets lag viable
replacements for PEDOT:PSS for polymer solar cells apmitstf?’*">*For example,
a self-doped, grafted conductive copolymer (PSSA-g-PANI), ha&n beported for
photovoltaic applications. The conductivity and acidity of this copolyraer be easily
tuned by varying the PSSA and PANI molar ratioMost importantly, OPV devices
based on optimized PSSA-g-PANI film exhibited better therreadlilgy and efficiency
than those of the PEDOT:PSS-based control device. PSSA-g-PAMIstabe doped by
introducing perfluorinated ionomer (PFIl). Devices based on thed®&fdd PSSA-g-
PANI showed a more than 30-fold increase in lifetime compavethé PEDOT:PSS

based device. In addition to conductive polymers, p-Type transition axédals such as
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vanadium oxides (30s)°°, nickel oxides (Ni®Q)°’, and molybdenum oxide (Ma{B**
have also been used as another class of hole transport layer far O8vipared with
PEDOT:PSS, these large bandgap metal oxides possess bet@rtotsparency in the
visible and near infrared regions. In addition, the conduction band of fhegee
semiconducting oxides is sufficiently higher than the LUMO okptar materials, which
can effectively work as electron blocking layer, leading to ketettron leakage through
the anode. However, most of the p-type metal oxide films rejumeuum deposition
processes, which are incompatible with the high throughput printinggseseRecently,
low temperature and solution-based Nilbns were prepared by a sol-gel method with
thermal annealing at moderate temperatures, followed bypl&ma treatment. The
NiOx films successfully worked as HSL in the polymer BHJ desi®>° with a very
promising high PCE (6.7%). The Nibased devices have better stability than those
PEDOT:PSS-based devices due to improved hole selectivity and coldadiscussed
above, interface layer plays a very important role for improvhg efficiency and

stability of OPVs. Therefore, design of interfacial materialan important research topic.

1.5. Transparent Conductive Electrode for BHJ Polymer Solar Cells

The conventional anode of choice for organic solar cells has been itdiuxide
(ITO) due to its excellent transparency and conductivity. HowdV¥€D, has several
longstanding disadvantages. First, the cost of ITO thin fikngery high, primarily
because ITO thin films must be vapor-deposited at rates orderagrfitude slower than
solution-based coating processes. Second, indium is a relatbaebeselement. Third,

the brittleness of ITO renders it susceptible to mechanical gianmaaking it unsuitable
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for use with mobile, flexible electronic systeffisTherefore, a critical roadblock to the
commercialization of OPVs is the transparent conductive electrode.

Since 2004, steady improvements have been made in the research and development of
transparent electrodes based on nanoscale carbon-based mateluding single-wall
carbon nanotubes (SWNT), multiwall-carbon nanotubes (MWNT), and graphéfe.
sheet resistance of several hundi¥d at 80% optical transmittance in the visible range,
achievable in these multiwall-carbon nanotubes (MWNT) and graphesotogles, is
used in solar cells, ending up with a relative low efficiel{®y.Great progress of the
SWNT films have been developed have transmittarfc®5% in the visible and sheet
resistanceof 200 Q/o with achieved power efficiency of 2.5 %, a printing method was
required to transfer carbon-based materials to transparentasebstwvhich complicates
the processing procedures and potentially increases the cost & ORvre recently,
metal nanogrids based on copper and silver have been developed as higdrdrans
electrode with pretty low sheet resistait€ More recently, a high-performance
transparent electrode (90 % at @) based on electrospun copper nanofiber networks
was developed Organic solar cells using these copper nanowire networks as
transparent electrodes have reached power efficiencies of 3.0n¥parble to control
devices made with ITO electrodes. The solution processed silaewma (Ag NW)
networks have been developed with low sheet resistance of X0s20at 80 %
transmittance recenti7.”* With a very low processing and materials cost, and a relative
high work function around 4.6 eV, Ag NW transparent electrode is a girgni
alternative to replace ITO anode for large area applicationsalrid-roll processing.

The solution-processed Ag NW transparent electrodes have been used eesceathode
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electrode on top of BHJ devidésind anode electrode on top of invert c&ll&nd, it was
successfully developed as anode electrode underneath a vacuum deplasiezdsoiar

cells’?

1.6. Tandem and Multi-blend Solar Cells

The first prerequisite to achieving high efficiency in any syp&solar cells is that the
solar radiation is absorbed efficiently by the active lalyen typical BHJ polymer solar
cell which employs a conjugated polymer as a p-type semicondactbra fullerene
derivative as the n-type semiconductor, the polymer is the major light abdgoveever,
the intrinsic narrow absorption width of these conjugated polymers, yisudh a full
width at half maximum (FWHM) on the order of 200 Afrcan only overlap with a small
fraction of the solar spectrum. This in-efficient light absorpteads to noticeably low
current (usually around 10 mA/&nwhen compared with other types of high efficiency
solar cells (e.g., over 40 mA/énin crystalline Si solar cell), which limits the further
improvement on the efficiency of polymer solar cells. One simppecach to increase
the absorption breadth of a polymer solar cell is to blend multiple dmmeponents of
different absorption features (ideally complementary), into a BKEA phenyl-G;-
butyric acid methyl ester (R@M) as the electron acceptor. Recently, this simple
method has been successfully demonstrated by the addition ofl dranten (1 — 20%)
of dye molecules or a small band gap polymer into the archatymoly(3-
hexylthiophene) (P3HT)/REBM BHJ cells’®’® In these ternary or even quaternary
blend systems, both the dye molecules and the small band gap pabtnasrthe “guest”

sensitizer to improve the light absorption of the “host” P3HT basedl Bias believed
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that additional excitons generated by these sensitizers waddcthte with P§BM,
and these extra charge carriers (holes) were able to trartsptinie anode via the
dominant P3HT phase. This requires these “guest” sensitizers taHeaw&lOMO and
LUMO levels in between the corresponding energy levels of thel R3td those of the
PG:BM (Fig. 1.6). Such a cascade energy level alignment is negessarevent the
possible energy transfer among components in the BHJ blend, and to effisigat

exciton splitting and charge transport to the electrodes.

Energy (eV)
Acceptor

Figure 1.6. Energy diagram electrodes and semiconductors used in ternary blends.
Curved arrows indicate allowed charge transfer reactions in the multi-bléethsys

Compared with the multi-blend system, tandem cells offer a nfileretiee approach to
broaden the light absorption and enhance its utiliz&fiofhis is because tandem cells
stack multiple sub-cells in either series or parallel conmecsuch that each sub-cell
incorporating a polymer absorbing specific range of the solarrspedfFig. 1.7f%
Each sub-cell works individually without any energy or chargestea between each
other, significantly reducing the thermalization losses in the multi-blenersy3Further,
this important feature of tandem cells — independent working dlsb-cessentially lifts
the restrictions on the design and selection of materials in thig-btend system,

allowing versatile materials selections and device desi§pecifically, a serially
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connected tandem cell benefits from a significantly highgrwhich is the sum of those
from each sub-cell; however, tlig of such a device is pinned to the smallksamong

those individualls. from sub-cell€* On the other hand, thi. in a parallel connected
tandem cell combines those from each sub-cell, whereag,the in between those of

single sub-cell§>®8

1 g

Parallel Circuit Series Circuit

Figure 1.7. Schematic structure of polymer tandem cells.

1.7. Challenges and Objectives

It is generally agreed that further increases in efficiemitlybe required before these
polymer solar cells can become competitive with their thin filgrganic counterparts.
Several research groups have tried to predict the maximumadii@iefficiency that can
be achieved with polymer/fullerene BHJ solar cE{&;?®*°although different methods
have been used, most estimates are between 10 and 11%. A speafioward such
efficiencies is not well-defined, although it does appear thal@@went of new polymer
and fullerene derivatives will be required. Such development mustsee lba a new set

of more detailed design principles that can only be establifimedigh the rigorous
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elucidation of the fundamental physical principles that govern the phtdmvplocess.
In addition to higher efficiency of polymer solar cells, longtirfee and large scale roll-
to-roll manufacturing for polymer solar cell are also catifor commercialization of
polymer solar cells in near future. Therefore, design of devioetste and interfacial
layer for polymer solar cells is required to meet the solygi@meessed roll-to-roll
manufacturing and to improve the stability of polymer solar cells.

The creative design and synthesis of conjugated backbones has r¢lceigeeatest
amount of attention and has driven the efficiency of BHJ solas telrecord highs,
however, the investigate on side chains and the substituents arempitécal. Since
both side chains and the substituents are key constituting componerdsjujated
polymer, optimization of side chains and the substituents can maxitn& energy
harvesting potential of a given conjugated backbone in its BHJegeincChapter 2 and
3, we will quantitatively analyse the influence of side chainsflaiadine substituents on
the photovoltaic performance of polymer solar cells. Moreover, iciatfdayer of
PEDOT:PSS is commonly applied in between the ITO and the active ¢aiyepitove the
electrical contact between the ITO and the active layertanadjust energy levels,
however, the acidic nature of PEDOT:PSS tends to corrode the ¢E@oele, leading to
a chemical instability at the interface. In order to extdwdlifetime of polymer solar
cells, we will try to replace PEDOT:PSS with a much nsiadble hole transport layer in
Chapter 4. Another critical roadblock that stands in the way of @vomatization in
OPVs is the ITO anode electrode which is expensive and does notrémgieed
flexibility ® for low-cost roll-to-roll manufacturing. Therefore, we wilicus on promising

alternative to ITO as the anode electrode in Chapter 5. In@uditithe typical single
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junction solar cells, tandem cells that stack multiple conjugadéaners can effectively
harvesting the solar energy than the single junction Télfsdowever, the concomitant
issues with tandem cells such as device complexity and increasedf fabricatioff **
significantly impair the commercial viability of this technojodn Chapter 6, we will
demonstrate a conceptually new approach which maintains the sidgee
configuration and low cost processing of single junction BHJ cetisgewnherits the

major benefit of incorporating multiple polymers in tandem cells.
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CHAPTER 2

QUANTITATIVELY ANALYZING THE INFLUENCE OF SIDE CHAINS OF
CONJUGATED DONOR POLYMERS ON THE PERFORMANCE OF
PHOTOVOLTAIC®
2.1. Introduction

The efficiency of all solar cells is determined by the sempéquation:

_ Je e xVx FF
F)

input

n . To the first degree of approximatiod is dictated by the band

gap of the light-absorbing materials in the solar cell, wMileis closely related to the
energetics (i.e., energy levels) of the materials used. Tind parameter,FF, is
determined by the shunt and series resistance of the sofér kcethe prevailing bulk
heterojunction (BHJ) configuration for organic solar cells, typycabnsisting of a
polymer and a fullerene derivative, thg andV,. are decided by the band gap and the
HOMO energy level of the conjugated polyfier Therefore, engineering the band gap
and energy levels of conjugated polymers has been an extreredyrasearch direction
under intense scrutiny. Within this area, impressive progresddes achieved; for
example, the record high efficiency for organic solar cells han beonstantly
updated®**1617.212399nd the ever-increasing database of polymers for BHJ slar ¢

has led to a reasonably organized design ratiotidle However, most of these

structure/property correlations are rather qualitative and empfrievhereas the more

* Adapted with permission frondournal of Physical Chemistry 2010, 114 (39),
16793-16800, by Ligiang Yang, Huaxing Zhou, and Wei You



respected, rigorous and quantitative analyses of these struaipestpr relationships

rarely appear in the literatdfe”

Conventional wisdom dictates that the band gap and energy levelsarfjumated
polymer are determined by the molecular structure of the coeipaickbone, while the
solubilizing alkyl chains — if engineered properly — should have dgiagl impact on
these propertiéd Therefore, the side chains should have minimal impact on the
observedls; andVe in polymer based BHJ solar céfid” Contrary to the “conventional
wisdom”, we report here that the side chain plays a signifrcé@tin modulating thé&/,c
and Jsc of BHJ solar cells fabricated from polymers containing an idantonjugated
backbone. The conjugated backbone of these polymers (PNDT-DTREDnhstructed
following the weak donor-strong acceptor strafé§y”’ by alternating naphtho[2,1-
b:3,4b'dithiophene (NDT) and 4,7-di(thiophen-2-yl)benzothiadiazole (DTBTY.(Eil).

The alkyl chains are attached to the 4th position of these thggoyps on DTBT to
minimize the steric hindrance to the polymer backbone and hence inbaimanear
identical band gap and energy levels (as decided by the conjubatitbone?.
Surprisingly, the observed,. andJs; of these PNDT-DTBT based BHJ devices vary as
much as 100%, depending upon the length and shape of the alkyl side chains.
Consequently, the overall efficiency of PNDT-DTBT polymersAB® based solar cells

has shown a significant variation as much as 2.5 fold (from 1.20% to 3.36863. M
importantly, the observed difference\fp. andJsc has been quantitatively correlated with

a pre-exponential dark current ternds,, which accounts for the intermolecular

interactions in the polymer/RBM blends®. The calculatedVy. and Js. match the
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experimental values within 10% error, which clearly demonstratpréaictive power of

this quantitative analysis.

R1=2-hexyldecyl R2=octyl C10,6-C8
R1=2-hexyldecyl R2=2-ethylhexyl C10,6-C6,2
R1=octyl R2=octyl C8-C8
R1=octyl R2=dodecyl C8-C12
R1=octyl R2=2-ethylhexyl C8-C6,2
R1=2-ethylhexyl R2=2-ethylhexyl C6,2-C6,2

Figure 2.1. The chemical structures of the six polymers based on the PNIBI-D
backbone.

2.2. Experimental Section

Glass substrates coated with patterned indium-doped tin oxide (&) purchased
from Thin Film Devices, Inc. The 150 nm sputtered ITO pattech daesistivity of
15Q/o.  Prior to use, the substrates were ultrasonicated for 20 mimutasetone
followed by deionized water and then 2-propanol. The substratesdmneteunder a
stream of nitrogen and subjected to the treatment of UV-Ozorme3@veninutes. A
filtered dispersion of PEDOT:PSS in water (Baytron PH500) thea spun cast onto
clean ITO substrates at 4000 rpm for 60 seconds and then baked at b4A0C@ninutes
to give a thin film with a thickness of 40 nm. A blend of polymer aGgiBBM (1:1 w/w,
10 mg/mL for polymers) was dissolved in chlorobenzene with heatid@@&tC for 6

hours. All the solutions were spun cast at 1100 rpm for 60 seconds onfOTHEES
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layer. The substrates were then dried at room temperature giotiedox under nitrogen
atmosphere for 12 hours. The devices were finished for measuraftemthermal
deposition of a 30 nm film of calcium and a 70 nm aluminum filmhascathode at a
pressure of ~ 1xIDmbar. There are 8 devices per substrate, with an activeoffea
mm per device. Device characterization was carried out under AM tr&@aition with
the intensity of 100 mW/cm(Oriel 91160, 300 W) calibrated by a NREL certified
standard silicon cell. Current versus potential (I-V) curvegwerorded with a Keithley
2400 digital source meter. EQE were detected under monochromatiméition (Oriel
Cornerstone 260 ¥2 m monochromator equipped with Oriel 70613NS QTH lamp) and the
calibration of the incident light was performed with a monocHhysgasilicon diode. All
fabrication steps after adding the PEDOT:PSS layer onto BuMstrate, and
characterizations were performed in gloveboxes under nitrogen atm@spler more
experimental details about reagents, instrumentation, electrathgrand spectroscopy

please checRppendix A.

2.3. Optical and Electrochemical Properties of Polymers

a 12 — C10,6-C8 b i — C10,6-C8
~ C10,6-C6,2 i C10,6-C6,2
3 1.0 ——C8-C8 = tar cs-C8
< ——C8-C12 8 10l —cs-c12
S 0.8 ——(C8-C6,2 s ——C8-C6,2
g ——C6,2-C6,2 Z ogll——C6,2-C6,2
S 0.6 s
g 3
< 06
E 0.4 3
= 2 04
E 02 £
2 5 02}
=z
0.0
T T T T 0.0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.2. Normalized absorption spectra of polymer solutions in trichlorobereteme
140 °C and b) room temperature.
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At high temperature and in good solvent, the effect of solubilizing chains on conjugated
polymers has little impact on the optical properties since thansoly are adequately
solvated. Thus all absorption spectra of these polymers collapsthdogindicative of
the identical PNDT-DTBT backbone (Fig. 2.2a). However, dramatiects were
observed on the optical properties of polymer, when these polymer soloftimentical
concentration are cooled to room temperature. For example, polym&B @8th short
straight side chains exhibits much stronger aggregation whepacechwith C10,6-C6,2,
as indicated by a pronounced absorption increase at longer ngthesldrom about 700
nm to almost 800 nm. The observed differences on the optical prepErpelymer with

different size of side chains will be further discussed in the following s&ctio

——C10,6-C8
C10,6-C6,2
50 ——c8-C8
——c8-Cc12

—(C8-C6,2
——C6,2-C6,2

-24 -20 -16 -1.2 -08 -04 0.0 04 08 1.2
Potential vs. Fc/Fc+ (V)

Figure 2.3. Cyclic voltammograms of the oxidation and reduction behavior of this fil

The polymerization results of all polymers are listed in Table The synthesis of all
six polymers was controlled to get a similar moleculargivein order to minimize the
effect of molecular weight on the photovoltaic performances. Ryothiis library of
polymers with identical conjugated backbone via cyclic voltammptoyides direct

evidence on how the difference in shape and length of these alkyischffects the
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energy levels of these related polymers (Fig. 2.3). Table \lrimsrizes the energy
levels of LUMO and HOMO observed from cyclic voltammetry aachputational study
(seeAppendix B Fig. B.1). The calculated values of the HOMO and LUMO exhibit
similar trend to the corresponding experimental data, a cleamtraticof the viability
and effectiveness of these electrochemical data. Integbstihe shape and length of
attached solubilizing alkyl chains on the DTBT unit seemingly |t impact on the
electrochemical properties of related polymers, due to thedelimsteric hindrance

introduced by the side chain ofi gosition of the polymer backbori@.

Table 2.1. Calculated and measured electrochemical data of all polymers.

Polymer (Kg/}nm o PO HOI\é;)I(eV HOI\g()p(eV) LOI\/IC(;l(eV) Lonéc;p(eV)
C10,6-C8 11.9 1.83 -5.15 -5.32 -2.85 -3.12
C10,6-C6,2 10.6 1.77 -5.16 -5.33 -2.89 -3.20
C8-C8 12.4 2.23 -5.04 5.13 -2.86 -3.19
C8-C12 15.4 3.03 -5.02 -5.27 -2.84 -3.12
C8-C6,2 5.24 1.91 -5.16 -5.30 -2.88 -3.21
C6,2-C6,2 6.76 2.07 5.17 -5.34 -2.90 -3.26

2.4. Measured and Calculated Photovoltaic Properties of All Devices
The generalized Shockley equation (equation (2% can be used to describe the

current densityJ) vs. voltage ) characteristics of organic solar cells:

R, V- %
e e e e

Here, R, is the parallel resistancBs is the series resistanck,is the saturation current

density,q is the fundamental charge,is the diode ideality factor, and, (V) is the
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voltage-dependent photocurrent density. The saturation current dénsitigich is the

current resulting from carriers generated thermally atDbieor/Acceptor interface, has
been shown to vary exponentially with energy barritp) — the energy difference
between the LOMO level of the Acceptor and the HOMO levehefDonor. Therefore,
Js can be represented by equation 8:2%*%for systems, wherg; is dominated by the

recombination, as observed for most organic solar'¢etf§1%4

J, = Jsoexp(LEDA) (2.2)
n

The magnitude of the pre-exponential terdg, depends on a number of materials
properties that determine the carrier generation/recombinatenimdependent ofEpa.
Since the studied polymers have the identical PNDT-DTBT backbotie evily
difference in the alkyl side chainsk, is believed to represent the strength of

intermolecular interactions determined by the intermolecular packingrdadrg.

At open circuit conditionsJEO, V=V,), substitution of equation (2.2) into equation
(2.1) and assuming both a minimal leakage curd@nix Rs), and a short circuit current

Jsc = J,,(V) = J, equation (1) can be simplified and further solved to offer equations

(2.3) 9810310510630 q (4), in which/,c andJsc are given by:

V. = nlen N N AE,, 23)
q J/) 29 '
2qV.. — AE V
J zJ ex oc DA + oc
sc so|: p( onkT ]j| R, (2.4)
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Equation (2.3) suggests a logarithmic dependence d¥d¢hen Jsc andJs, in the first
term and a linear dependence of Yhe on the interface energy differencg=G,) in the
second term. Clearly, to achieve the maximum pos&ihldéor a given Donor/Acceptor
pair, Jsoc must beminimized On the contrary, éarge Js, is required for the maximum
possible J;c according to equation (2.4). However, because other parameters (i.e.,
molecular weight and solubility) also contribute to the attaindijethe relationship
betweenls, and the observedi. is more complex in practical BHJ devices than what is

described in equation (2%)

Table 2.2. Measured and calculated performance parameters for all dévices

Jsc Jsc
Polymer (mi?c(:) " %ln (ﬁ—;) AZA ch:ajV) V%iév)(mé/;ln%) (mg(%rﬁ)
C10,6-C8 148 2.16 -0.16 0.76 0.60 0.59 7.05 7.98
C10,6-C6,2 3.38 4.90 0.06 0.77 0.83 0.81 5.02 5.62
C8-C8 399 2.64 -0.28 0.67 0.39 0.41 9.75 6.97
C8-C12 254 2.12 -0.21 0.74 0.53 0.52 5.22 5.88
C8-C6,2 68.8 3.17 -0.15 0.75 0.60 0.59 10.04 10.93
C6,2-C6,2 22.6 3.51 -0.07 0.77 0.70 0.69 9.58 10.67

@Devices were obtained using polymer andsiB® blend with 1:1 weight ratio. The
interface gapdEpa, was calculated using BRBM lowest unoccupied molecular orbital
(LUMO) value which is 3.8 eV as we measured.

Having laid out the foundation, we applied these equations our library winecd
(PNDT-DTBT), to compare the experimental results with thdipted values from these
equations, with ultimate goal of quantitatively explaining the ofeserdifference in
photovoltaic properties. In practice, the measured dark current-vattagacteristics
were first fit into the generalized Shockley equation (2.1) taaewtrandJs (Table 2.2).

Then the calculated values &, Vo, andJsc were derived from equation (2.2), equation
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(2.3), and equation (2.4), respectively. The results are list€dhle 2.2, together with
corresponding experimental values. The calculated values ofVihematch the
corresponding experimental data exceptionally well (less thardifésence), a clear
indication of the viability and effectiveness of this simulation ¥Q¢ A noticeable
discrepancy between the calculated and the experimental vakibsdraobserved in the
case ofls, however, the calculatel.values exhibit a similar trend as the corresponding
experimental data. This indicates there are other factors invoivite attainablels:in
practical BHJ devices. Furthermotg, — a parameter that is determined by the intrinsic
properties of donor polymers — is proposed to quantitatively exgiaimntermolecular
interaction introduced by the side chain. We believe this is thidtifine such quantitative
analysis has been used to explain the dramatic impact on photoyotip&rties solely

caused by the side chains.

Table 2.3. Photovoltaic performances of all polymer-based devices

Polymer I:%ergfﬂr: Th(iﬁir(r%essVoc V) (mijg ) FF (%) 7 (%)
C10,6-C8 1:1 75 0.59 7.98 46.05  2.17
C10,6-C6,2 1:1 85 0.81 5.62 44.07 2.01

C8-C8 1:1 110 0.41 6.97 42.05 1.20

C8-C12 1:1 65 0.52 5.88 42.09 1.28

C8-C6,2 1:1 75 0.59 10.93 46.43  3.00
C6,2-C6,2 11 65 0.69 10.67 4590  3.36

Since the repeating unit of PNDT-DTBT consists of two struttunits, NDT and

DTBT, we arbitrarily sub-categorized these six polymate three groups. Each group
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contains two or three polymers with only variation of side chaimseither NDT or
DTBT (but not on both), in order to accurately analyze the effetttesie side chains in a

systematic fashion.

2.5.NDT with 2-hexyldecyl (C10,6) and DTBT with Various Alkyl Chains

In this group, a long branched chain (C10,6) is attached to thetustl unit NDT,
while another eight carbon chain is anchored on the DTBT. The twmp studied in
this group are structural isomers, with only a small diffeeeincthe shape of the alkyl
chain attached to DTBT (straight C8 vs. branched C6,2). However,cibreesponding
photovoltaic properties are noticeably different (Table 2.3). Sifiggolymers exhibit
similar mobility (seeAppendix B Table B.1), the observed difference in photovoltaic
properties can only be explained by the different intermolecularaiction in the solid
state. For this reason, small angle X-ray diffractioiRID¥ was used to probe the
nanomorphology of the active layer. The peaks around 20° with strong tytengie
XRD spectra of the polymer- RBM blend is believed to arise from the £BM (Fig.
2.2b). The representative spacing of the (100) and (010) plane cadciitah the spectra

is listed in Table 2.4.

30



d

Figure 2.4. Schematic nanomorphology of active layer in BHJ devices.

As shown in the Fig. 2.4, the value of (100) spacing corresponds to thecdista
between PNDT-DTBT conjugated backbones, which is determinedebiprigest alkyl
side chain. The fact that these two polymers with identical lorgide chains of 2-
hexyldecyl (C10,6) explains the observed similar (100) spacingh®wther hand, the
distance between the coplamaconjugated polymers is represented by the value of (010)
spacing. Unlike C10,6-C8 PNDT-DTBT showing igentifiable (010) peak, C10,6-C6,2
has a barely discernible (010) peak. This is because the braaldyecide chain 2-
ethylhexyl (C6,2) renders the (010) plane less planar and consequerriyasds the
intermolecular packing of the C10,6-C6,2 polymer. Moreover, C10,6-C6,2 lzages
(010) spacing than that of C10,6-C8 as shown in Table 2.4, implying a langer
overlapping distance which is also due to the bulky branch atkylchains (C6,2). Both
the weak (010) peak intensity and the large value of (010) spatitigeiC10,6-C6,2
polymer indicates a weakoverlapping amongst individual conjugated polymer chains
which results in weak intermolecular interaction. This weak indéraular interaction

explains the calculated smdl, in the case of C10,6-C6,2. In contrast, a much sharper
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(100) peak and observable (200) and (300) peaks have been obtained {0 B8
polymer in both the polymer/R@BM blend and the pure polymer spectra than
corresponding peaks in the C10,6-C6,2 polymer. Moreover, an additionalpzakliat
21° can be observed in the continual spectrum zone in the XRD specttben©10,6-
C8 polymer. These facts indicate the C10,6-C8 polymer has a higheentage of
polycrystalline nature in the solid state than the C10,6-C6,2, as caatetbtdoy AFM
(Fig. 2.5). Sincels, values can be magnitudes larger in polycrystalline matehals in
amorphous materiaf$ it is not surprising to observe that thgof the C10,6-C8 polymer
with straight C8 chain on the DTBT is almost fifty times bigtfean that of the C10,6-

C6,2.

e T
-

e L

L T

Figure 25. AFM phase images of C10,6-C8:£BM film (left) and C10,6-
C6,2:PG1BM film (right).

Further evidence supporting stronger intermolecular interaction en Gh0,6-C8
polymer is provided by the UV-vis spectra acquired in the solié st thin films (Fig.
2.6c). At a glance, both polymers have similar absorption coefficigmdative of a
similar density of conjugated backbones in the solid state. Thideaascribed to the

identical longest alkyl chain of C10,6 in both polymers (and further swgzpday a

32



similar value of (100) spacing), since the density of conjagbéekbone in the thin film

is largely decided by the longest side chains. However, urigeJv/-Vis absorption
spectra of polymers in solutions at high temperature where aitrapeverlapped, the
size and branching of the side chains have a dramatic effatie absorption spectra as
thin films. The much stronger intermolecular interaction in th@,6-C8 polymer than
that of the C10,6-C6,2 leads to a pronounced increase in the absorptiorh,breadt
extending up to almost 850 nm (Fig. 2.6c), which is supportive of thelatdd largels,

of the C10,6-C8 polymer (Table 2.2).

Table 2.4. Diffraction angles and related d-spacing obtained from XRD spectra.

Polymer Only PolymerPCs,BM (1:1)

Polymer (100) (010) (100) (010)
20 (°)/d-spacing (A) 20 (°)/d-spacing (A) 260(°)/d-spacing (A) 2 (°)/d-spacing (A)

C10,6-C8 3.74/23.62 25.00/3.56 3.69/23.94 24.93/3.5

C10,6-C6,2 3.76/23.50 23.41/3.80 3.73/23.69 N/A
C8-C8 4.23/20.89 25.45/3.50 4.31/20.50 25.44/3.50
C8-C12 3.72/23.75 25.32/3.52 3.65/24.21 25.21/3.53
C8-C6,2 4.37/20.22 25.17/3.54 4.47/19.77 25.19/3.54

C6,2-C6,2 4.67/18.92 25.02/3.56 4.60/19.21 24.68/3.

The seemingly negligible difference in the side chains @#itat8 vs. branched C6,2)
has a significant impact on the current-voltage characteristis®lar cells fabricated
from these polymers (Fig. 2.6d). For example, while the cyclicarotietry (CV)
measurements only discerned a very small difference on the GH@Nergy level
between the C10,6-C6,2 polymer and the C10,6-C8, a much bigger difference\a the

was observed between the C10,6-C6,2 polymer (0.81 V) and the C10,6-C8 (0T5@ V).
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smaller Js, of the C10,6-C6,2 polymer, which rooted from the weaker intermolecular
stacking of the conjugated polymer due to the branched C6,2 chain, contpbsitesely

to theV, via the first term in equation (2.3). Similarly, the bigdgrof the C10,6,-C8
polymer significantly reduces thé,.. However, the impact als, is reversed when the
short circuit currentJy) is concerned. A largéds, will help increase thds. via the first
term in equation (2.4). Therefore, thg of BHJ devices from the C10,6-C8 polymer is
noticeably bigger than that of the C10,6-C6,2 polymer (Table 2.3). t@uadly, the
larger Jsc of the C10,6-C8 polymer can be explained via the UV-Vis absorppentra:
the strong intermolecular interaction in the C10,6-C8 polymer dezsdhe optical band
gap and broadens the absorption spectrum, and hence increakgsTihe investigation
of these two isomeric polymers reveals that a branched sidesaten lead to a lov,,
resulting a highv,., while a straight side chain will facilitate a highlag by increasing

the Js, (also resulting in a decreased optical band gap).
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Figure 2.6. a) XRD spectra of the C10,6-C8 and C10,6-C6,2 polymers in thin films
(arrows indicating (010) peaks). b) XRD spectra of C10,6-C8BN (1:1) and C10,6-
C6,2:PG:BM (1:1) blends in thin films (arrows indicating (010) peaks). bs@ption
spectra of C10,6-C8:R¢BM (1:1) and C10,6-C6,2:R¢BM (1:1) blends in thin films. d)
Current density vs. voltage characteristics in the dark (iaset)llumination under 1 sun,
AML1.5 conditions for C10,6-C8 and C10,6-C6,2 polymer based BHJ solar cells.

2.6. NDT with Octyl (C8) and DTBT with Different Alkyl Chains

The study of the C10,6-C8 and C10,6-C6,2 polymers implied that shorter ehnains
beneficial to improving thdg: via the increased density of conjugated backbone and the
enhanced intermolecular interaction. Therefore, in section 2.6, shaighstalkyl chains
(C8) were attached to the NDT in order to further improvelthéAs shown in Fig. 2.7a
and b, (010) peaks with strong intensities are observed in all ofttiresegpolymers (C8-

C8, C8-C12, and C8-C6,2), indicating that the short straight chains @6 €8hance the
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intermolecular packing compared with the branched chains of C10#&ddition, the
(010) spacing is further decreased in the C8-C8 polymer compdtedhat in the C8-
C6,2 polymer, reiterating the stronger intermolecular interacttroduced by the
straight alkyl chains on the DTBT as previously discussed. drerghe C8-C8 polymer
with short straight alkyl chains on both NDT and DTBT units hassthallest (010)
spacing among all studied six polymers, leading to the ladggestlue (Table 2.2). A
small difference between the (100) spacing of the C8-C8 polymer and that©8-C6,2
is noticed, likely due to a shorter length of the branched chain ofdd@fZe DTBT than
that of the straight chain of C8. However, the (100) spacing o€C&E€12 polymer is
significantly longer than that of either the C8-C8 polymerher €8-C6,2. This can be
explained by the fact that the distance between conjugated pdbatidoones is mainly
dominated by the length of the longest side chain rather than sitbder chains. For
example, the longest side chain in this study is dodecyl (a laé&gl chain of 12
carbons), which is 4.98 A longer than the longest side chain of octyl imprdyof C8-
C8 and C8-C6,2. This gives rise to the observed difference of 3 — $5tife i(100)

spacing.
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Figure 2.7. a) XRD spectra of the C8-C8, C8-C12, and C8-C6,2 polymers in thma fi
(arrows indicating (010) peaks). b) XRD spectra of C8-C&BX@ (1:1), C8-
C12:PG:BM (1:1), and C8-C6,2:P&BM (1:1) blends in thin films (arrows indicating
(010) peaks). c) Absorption spectra of C8-C8sB® (1:1), C8-C12:PgBM (1:1), and
C8-C6,2:P@:BM (1:1) blends in thin films. d) Current density vs. voltage chargstics
in the dark (inset) and illumination under 1 sun, AM1.5 conditions for C8-C8,128-C
and C8-C6,2 polymers based BHJ solar cells.

The UV-Vis absorption spectra and current-voltage charadotsrisf these three
polymers are plotted in Fig. 2.7c and d, respectively. Accorainggtuation (2.4), the
short straight chains of C8 on both NDT and DTBT units should improv&d{Hee to a

large Jso. However, the BHJ device of the C8-C8 polymer with the larggstoes not

exhibit a highls, largely due to the poor film morphology as large polymer domains and

rougher surfaces have been observed (Fig. 2.8). The very strong oietastar

interaction in the C8-C8 polymer limits its solubility in thecessing solvent, resulting
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in large agglomerations in the film. These undesired large aggse@dt polymers
influence thels: by limiting the exciton diffusion to the interface with £BM, as well as
by impacting the energetics and kinetics of charge transfdreainterface. The strong
tendency to aggregate of the C8-C8 polymer is also indicatedheébyetatively low
absorption coefficient and a red-shift absorption shoulder arising ahm3@ue to the

strong stacking of polymers (Fig. 2.7¢).

i

Figure 2.8. AFM images of C8-C8:P&BM film in a 1:1 ratio blend. (left: height image;
right: phase image).

Changing the short straight C8 chain on the DTBT unit to a longistrehain of C12
or a branched chain of C6,2 significantly improves the solubilitythef resulting
polymers (C8-C12 and C8-C6,2) and the morphology of their blend wi()iBRIC The
improved solubility of the C8-C12 polymer compared with that of the C8-C8 is due to the
increased degrees of freedom resulted from the four extra caitas on the C12 chain
compared with the C8 chain. The longer side chain of C12 slightgkens the
intermolecular interaction in the C8-C12 polymer, thereby leading to a glgghdllerJs,.
This smallerds, helps enhanc¥,.from 0.41 V in BHJ solar cells of the C8-C8 polymer

to 0.52 V in the case of the C8-C12 polymer. Similarly, the improvad#ity of the
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C8-C6,2 polymer can be explained by the weakened intermoleculangatue to the
branched chain of C6,2, which also accounts for a much snigll@f the C8-C6,2
polymer than that of the C8-C8. This smallgrexplains the observed highéj. of 0.59

V in solar cells made from the C8-C6,2 polymer. It is int@rgsto notice that the
observedls. of C8-C6,2 polymer BHJ devices is much higher than that of C8-&/E2,
though the latter polymer has a four times lagias that of the former polymer. This
observation implies thak. is not only influenced by th&, Another important parameter
that determines thé is the density of the conjugated backbones in thin films, which is
controlled by the length of alkyl side chain. As indicated inpgtevious discussion, the
longer side chains of C12 in the C8-C12 polymer increase the digiatween PNDT-
DTBT polymer backbones (~ 3.5 A larger value of the (100) spacirthe C8-C12
polymer than that in the C8-C6,2) and result in a lower polymer baekdensity at
given thin films. Therefore, the C8-C12 polymer with a smaller mely backbone
density has a lower absorption coefficient than that of the C8-GdgR 2.7c) and
consequently a decreas&d Similarly, the C10,6-C8 polymer exhibits a higllgybut a
smallerJs, partly due to the lower absorption coefficient of the C10,6-C8 palyfaue

to the longer side chain of C10,6).

2.7. DTBT with 2-ethylhexyl (C6,2) and NDT with Different Alkyl Chains
To complement the previous investigations where we arbitrariigetethe alkyl chain
on the NDT unit while changing the chain on the DTBT unit, in secf.7, the short

branched alkyl chain of C6,2 is fixed on the DTBT unit, while the latkyain on the
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NDT unit is varied by the size and branching. Here, polymers €16,8, C8-C6,2, and

C6,2-C6,2 were investigated.

As shown in Table 2.4, the C10,6-C6,2 polymer has noticeably larger $p&6ing
and weaker peak intensity than that of either C8-C6,2 or C6,2-C6,2, die -
existence of both the big and bulky branched chains of C10,6 and thédmtariains of
C6,2. The weak intermolecular interaction in the C10,6-C6,2 polymer egptaismall
Jso (smallest among all six polymers studied), which consequergtisléo the highest
observedV, (0.81 V) as a BHJ device. Compared with the C8-C6,2 polymer, the C6,2-
C6,2 polymer with branched chains, C6,2 on the NDT unit, exhibits a wgxl@®r peak
and a slightly larger (010) spacing. Hence, a relativalgler Js, is obtained for the
C6,2-C6,2 polymer, which contributes to the observed lavigern0.69 V) as a BHJ

device than that of the C8-C6,2 polymer (0.59 V).

On the other hand, the largdss of the C8-C6,2 polymer (among all three polymers in
section 2.7) implies the strongest intermolecular interaction, whicupported by the
smallest (010) spacing and strongest peak intensity. This stromgahéeular stacking
explains the observed smallest optical band gap. Moreover, havinghtwrter chains
(C8 and C6,2) helps maintain a relatively high absorption coeffiaenhe C8-C6,2
polymer (Fig. 2.9¢c). Both of the largk, and high absorption coefficient result in the
highestlsc (10.93mA/cny) of the C8-C6,2 polymer based BHJ devices among all studied

six polymers.

Finally, the C6,2-6,2 polymer exhibits only a slightly smallgr(10.67 mA/cr) in its

BHJ device than that of the C8-C6,2 polymer (Table 2.3), but a signifiargerVyc
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(0.69 V vs. 0.59 V). Therefore the C6,2-C6,2 polymer demonstrates the thighes
efficiency (3.36%) among all studied six polymers. It does appaarshorter, branched
chains strike a balance between Wg and theJs, resulting in the highest possible

efficiency.
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Figure 2.9. a) XRD spectra of the C10,6-C6,2, C8-C6,2, and C6,2-C6,2 polymers in thin
films (arrows indicating (010) peaks). b) XRD spectra of C10,6-€€2BM (1:1), C8-
C6,2:PG;BM (1:1), and C6,2-C6,2:REBM (1:1) blends in thin films (arrows indicating
(010) peaks). c) Absorption spectra of C10,6-C6,2;BK (1:1), C8-C6,2:P&BM (1:1),

and C6,2-C6,2:P&EBM (1:1) blends in thin films. d) Current density vs. voltage
characteristics in the dark (inset) and illumination under 1 sun, AMdn8itions for
C10,6-C6,2, C8-C6,2, and C6,2-C6,2 polymers based BHJ solar cells.
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2.8. Conclusion

The most striking conclusion of this study is that the side chaitached to the
conjugated backbone of a low band gap polymer (PNDT-DTBT) significamihacts
the photovoltaic characteristicg.t andJsy) of the corresponding BHJ solar cell. Further,
we successfully established a quantitative relationship betvieeattached alkyl side
chains and observed photovoltaic properties via the generalized Shocklagregya—
a parameter that is determined by the intrinsic properties of gahgmers — is distilled
to quantify the observed side chains-dependent photovoltaic propertieso&iridwary
of six polymers shares an identical conjugated backbone (PNDTFR Tl variation of
the Jso on the different side chains is believed to be representingtréiegth of the

intermolecular interaction among polymers in thin films.

As demonstrated in our study, long and branched side chains would weaken the
intermolecular interaction, leading to a sm&l which is beneficial to th&/,. On the
other hand, short and straight side chains would promote the internaolederaction,
rendering a largels,, which should increase th&. (though at the expense ®%).
However,Js: is not only influenced bys, but also affected by the film morphology of the
blend, and the density of the conjugated backbone which is controllec: bgnitth of
alkyl side chain. It appears that short and branched side chaind strike a desirable
balance betweeX,: andJs to reach the optimum efficiency via an appropriteThis
hypothesis is supported by the fact that the highest efficien8y86£6 is obtained from
the C6,2-C6,2 polymer in the studied six polymers, witlh.af 0.69 V and ds; of 10.67
mA/cn? X, Similar results have been obtained in other st&tt&% though the authors

ascribed the observed difference in photovoltaic properties to thghological
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difference in the BHJ blend. Based on our study, it might not be demel or
serendipitous that the branched side chain of C6,2 has been used in aofucbdrand

gap polymer with impressive photovoltaic efficiencies in their BHJ soli't&l1%819

Finally, we want to mention that though the short, branched chdi®,@f seems to be
the optimum side chain for the studied PNDT-DTBT as well asr gtblymer systems;
however, it may not be the ideal chain for any given conjugatddbae. The structural
optimization of polymers to reach the full potential of any gigenjugated polymer for
photovoltaic applications is a convoluted process. Other factors, suchmolasular
weight, solubility in the processing solvent, and the morphology of thyeneolPG,BM

blend, remain to be included in the selection of side chains.
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CHAPTER 3

DISENTANGLING THE IMPACT OF SIDE CHAINS AND FLUORINE
SUBSTITUENTS OF CONJUGATED DONOR POLYMERSON THE
PERFORMANCE OF PHOTOVOLTAIC BLENDS

3.1. Introduction

Any conjugated polymer for photovoltaic applications contains three destituting
components: the conjugated backbone, the side chains and the substituanis (et
conjugated backbon&While the creative design and synthesis of conjugated backbones
has received the greatest amount of attention and has drivefiicteney of BHJ solar
cells to record high&?1:2326:28:30.10-11g4 gide chains and the substituents have largely
been overlooked until recentt§y830:3%:37.106-108,113-115

Conjugated polymers require side chains to ensure their solubilityeiprocessing
solvent prior to the device fabrication. Further, these side chaneritical to achieving
high polymer molecular weight which improves charge transpoheinalated BHJ solar
cells and leads to higher currefitsdowever, recently peopfe®’ %11 have shown
that in addition to addressing the concerns on the solubility and treeuteal weight of
related polymers, these seemingly “trivial” side chains egmfgcantly affect the device
characteristics of related BHJ solar cells (eMpo Jse and FF).38118123129130Tha50
chains influence the intermolecular interaction (among polymers dnedre polymers
and fullerenes) and related stacking/packinghe solid stateall of which have a large

impact on the performance of the BHJ solar cell, a solid staece. Specifically, in



Chapter 2, we showed that long branched side chains weaken interdauoleteractions,
leading to an increasad,but a lowerls.** On the other hand, short straight side chains
promote intermolecular interaction, rendering an enhadgéthough at the expense of
Vo). Therefore, we concluded that side chain optimization of conjugabdaners
requires a balance betwe®df. and Js. to reach optimum efficiencies, since achieving
both a highv,c and a highlsc seemed irreconcilable.

While side chains do not significantly perturb the electronic @tctal properties of
related conjugated polymers (if anchored properly to minimizeicsteindrance),
substituents on the backbone such as fluorine (F) and oxygen (O), cauonkne-
properties including the energy levels and band §4p% For example, we recently
showed that for two separate polymers, adding F atoms to the cewjugetkbone leads
to a highenV,, a higherJsc and a betteFF for F-substituted polymer-based solar cells
than those of their non-fluorinated anal842’ Interestingly, in both cases, even with
long and bulky side chains attached to the conjugated backbones (whichhaeelted
to a lowerlsy), very respectable currents were still obtained togethtrhighV,. as well
as bettefFF. These observations imply that F substituents could mitigate théveega
impact onJsc due to long and branched side chains — a very interesting obseation

warrants further investigation.
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C6,2-C6,2 X=H R, =2-ethylhexyl R, =2-ethylhexyl

C8,4-C6,2 X=H Ry =2-butyloctyl R, = 2-ethylhexyl
C6,2-C6,2F X =F R, = 2-ethylhexyl R, = 2-ethylhexyl
C8,4-C6,2F X=F R, = 2-butyloctyl R, = 2-ethylhexyl

Figure 3.1. The chemical structures of four polymers based on the PNOHTDT
backbone.

In order to disentangle the intertwined influence on photovoltaiopeance of side
chains and F substituents, we carried out a systematic studysenea of polymers
containing identical conjugated backbones (PNDT-DTBT, the samédaekn Chapter
2) but different side chains and either hydrogen or F substit(féigts3.1). To minimize
possible interference from molecular weight variations, all fourymets were
synthesized with similar molecular weight as shown in Table Btérdstingly, polymer
C8,4-C6,2F with long bulky side chains and F substituents exhibitartiestV,. and a
very highJs. as well as a higkF, resulting in the highest efficiency observed among all
four polymers, regardless of processing solvent choice (chlorobenzene
dichlorobenzene). The observed difference¥d4f Jscand FF, depending upon the side
chains and F substituents, were thoroughly investigated viaedekisracterization and
optimization, modeling and calculations, and X-ray scattering. Our stadghcindicates
that a proper combination of side chains and F substituents on theatedjbgckbone is
a viable approach tsimultaneouslybtain largeVy., highJsc and good=F of the related

BHJ devices.
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3.2. Experimental Section
3.2.1 Grazing-Incidence Wide-Angle X-ray Scattering (GI-WAXY)

Samples for GI-WAXS were prepared on PEDOT:PSS-coated Srataisstising the
same preparation conditions as devices. Measurements were tdlesmdine 7.3.3 of
the Advanced Light Source using a Pilatus 1M detector. A grazindeimicangle of 0.12°
was used where air scatter was minimized by purgingithgetween the x-ray source,
sample, and detector with helium gas.

3.2.2. Polymer Solar Cell Fabrication and Testing

Glass substrates coated with patterned indium-doped tin oxide (V&) purchased
from Thin Film Devices, Inc. The 150 nm sputtered ITO patteh daesistivity of
15Q/o.  Prior to use, the substrates were ultrasonicated for 20 mimutasetone
followed by deionized water and then 2-propanol. The substratesdneteunder a
stream of nitrogen and subjected to the treatment of UV-Ozome3@veninutes. A
filtered dispersion of PEDOT:PSS in water (Baytron PH500) thea spun cast onto
clean ITO substrates at 4000 rpm for 60 seconds and then baked atfbdQ0@inutes
to give a thin film with a thickness of 40 nm. Blends of polymer aBgiBM (1:1 wiw,
10 mg/mL for polymers) were dissolved in DCB with heating at 13@r’@ CB with
heating at 100 °C for 6 hours. All the solutions were spun cast atipgdimpm for 60
seconds onto PEDOT:PSS layer. The substrates were then dresmmatemperature in
the glovebox under nitrogen atmosphere for 12 hours. The devices wishedi for
measurement after thermal deposition of a 30 nm film of calcharaa70 nm aluminum
film as the cathode at a pressure of ~ 2kfrthar. There are 8 devices per substrate, with

an active area of 12 nfnper device. Device characterization was carried out under AM
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1.5G irradiation with the intensity of 100 mW/eifOriel 91160, 300 W) calibrated by a
NREL certified standard silicon cell. Current versus poteritid) Curves were recorded
with a Keithley 2400 digital source meter. EQE were detectedrundaochromatic
illumination (Oriel Cornerstone 260 ¥2 m monochromator equipped witl DO613NS
QTH lamp) and the calibration of the incident light was perfornveth a
monocrystalline silicon diode. All fabrication steps after addingPEDOT:PSS layer
onto ITO substrate, and characterizations were performed in glovebodes nitrogen
atmosphere. For more experimental details about reagents, iestation,

electrochemistry, and spectroscopy please cAggendix A.

3.3. Optical and electrochemical properties

At high temperature and in a good solvent, such as dichlorobenzene, ébe oéff
solubilizing chains on conjugated polymers has little impact on theabpiroperties
since the polymers are adequately solvated. Thus the absorption sp@ciymers with
identical backbones collapse together, regardless of the side stha and shape, as
shown in Fig. 3.2a. Compared with those of non-fluorinated polymers, the barsdoédge
these F substituted polymers are slightly (~0.03 eV) blue-shift&8 €V vs. 1.90 eV),

as observed in other similar systeti&:%

48



12 12

—C6,2-C6,2 b —C6,2-C6,2
104 d ——C84-C6.2 10} ——C8,4-C6,2
: cozciar | 3 e
< 08 C8,4-C6,2F < osl , ,
£ S
a =1
S 06 E 0.6
< <
el el
g o4 g o4
IS IS
g g
5 02 5 02
z2 z
OO L 1 L 1 L 1 L 1 L 1 ks oo L 1 1 1 \.
400 450 500 550 600 650 700 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.2. Normalized absorption spectra of four polymers in dichlorobenzemel&t0
°C and b) room temperature.

However, when these polymer solutions of identical concentration aledctw room
temperature, we observe noticeable differences in the optical pespefrthese polymer
solutions (Fig. 3.2b). For example, polymer C6,2-C6,2 with short sideslexhibits
much stronger aggregation when compared with C8,4-C6,2, as indicateddnoarmued
absorption increase at longer wavelengths from about 690 nm to almostm/5his
red-shift in the absorption spectrum of C6,2-C6,2 leads to a ndaod gap of 1.65 eV,
roughly 0.14 eV smaller than that of C8,4-C6,2 (1.79 eV). These reseltoasistent
with our previous observation that introducing short side chains to the grohankbone
renders a shortet-n overlapping distance, and strengthens stacking ability of the
relevant conjugated polymel¥. On the other hand, when F substituents are added to
these two polymers, both C6,2-C6,2F and C8,4-C6,2F show pronounced absorption
shoulders around 655 and 672 nm, respectively, indicating strong polymegatggre
even in solution at room temperature. Strong aggregation in thesendted PNDT-
DTBTs is likely due to the induced inter- and intramolecular icteyas via C-F---H,

1

F---F and C-Fm interactions**® Because of the strong stacking introduced by F

substituents, polymer C8,4-C6,2F demonstrates a red shift in its absospe&ctrum
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when compared with that of C8,4-C6,2, leading to a smaller band gap of 1.72 eV, Finally
introducing F atoms to C6,2-C6,2 does not further decrease its band gayseased

from the similar absorption edge of C6,2-C6,2F to that of C6,2-C6,2eihs that the
short side chains on C6,2-C6,2 already introduced such a strangtacking that
additionaln-nt stacking offered by F substituents cannot further enhance the amsorpt
but only renders a poorer solubility of C6,2-C6,2F.

Table 3.1. Key polymer properties of four polymers

a
E (eV
Polymer ( }\r/lr?ol) ( /I\:Ir:vol) PDI o V) HOQ//IO
g g 140°C R.T. (ev)
C6,2-C6,2 7.879 18525  2.35 1.90 1.65 536
C8,4-C62 7.618 16244  2.13 1.90 1.79 537
C6,2-C6,2F 7.449 18829 253 1.03 1.68 _5.41
C8,4-C6,2F 10478 28320  2.70 1.03 1.72 543

a . . .
Calculated from the intersection of the tangents on the low eitergpe of the
absorption spectrum (in dichlorobenzene) with the baseline.

3.4. Morphology of Polymer:PCgBM Thin Films

As shown in Fig. 3.3, with the strongr stacking ability offered by short C6,2 side
chains, the BHJ film of C6,2-C6,2 polymer/&8BM exhibits clear phase separation with
uniform separated domains as observed in the atomic-force microé8Bp) phase
image (Fig. 3.3a), whereas a finer, less pronounced phase sepagadiobserved in the
blend film of C8,4-C6,2 polymer/R¢BM (Fig. 3.3b). On the other hand, compared with
the non-fluorinated polymers, both BHJ films with the fluorinated potgreghibit very
large separated domains (Fig. 3.3c,d), indicative of enhanced amerintramolecular

interactions via C-F---H, F---F and Csinteraction$'>*°
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Figure 3.3. AFM phase images (2 x#n) of a) C6,2-C6,2, b) C8,4-C6,2, c) C6,2-C6,2F
and d) C8,4-C6,2F-based BHJ devices processed with dichlorobenzene.

Grazing-incidence wide-angle X-ray scattering (GI-WAX&)s also conducted to gain
further insight into the structural differences of the blend filfikis measurement
provides detailed information on the relative degree of crystadiizalong with relative
crystallite orientation and a minimum crystallite size. dincalso provide a relative
measure of the strengths of intermolecular interaction of culde as reflected in
changes in the crystal d-spacitg’'*Fig. 3.4 presents 2D GI-WAXS data of these four
polymer/PG1BM films measured on PEDOT:PSS-coated Si substrates. Rejates=at
spacing values and peak intensities are listed in Table 3.2, corregpaadnulti-peak

fitting in Appendix B Fig. B.2. It should be noted that the isotropic and broad ring
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around q=1.4 & arises from amorphous B8M. In terms of polymer crystallites, the
strong (100) peak and higher order peaks visible for some filmssespiréamellar
polymer spacing between backbones. On the other handg-thstacking between
coplanarn-conjugated polymers is represented by the (010) peak. Polynitersivert
C6,2 side chains (C6,2-C6,2 and C6,2-C6,2F) exhibit both smaller (100) and (010)
spacing than their corresponding polymers with C8,4 side chains. Ther sfi®®@
spacing by ~1 A for the C6,2-based polymer blends is consistentheitbhbrter C6,2
side chains when compared with the blends with C8,4-based polymers. ahiés s
argument could be used to explain the slight reductions in (010ngpiaci C6,2-based
polymer blends where these side chains require less space tiexipmymer backbone.
This would indicate stronger intermolecular interactions betweenm@olychains as

argued previously to influence device performatite.
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Figure 3.4. GI-WAXS data of a) C6-C6,2, b) C8,4-C6,2, c) C626,2F ancd) C8,4-
C6,2F-based polymer:RBM BHJ films pocessed with dichlorobenzene) The
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In terms of relative degrees of polymer crystallinity aneémation, introducing shorter
side chains to the polymer backbone increases the scattering intensay@1®) peak in
the out-of-plane (OOP) direction compared to the analogous polyewrddbivith C8,4
side chains. Similar to the influence of shortening the side chainsducing F to the
polymer backbones also increases the OOP (010) peak intensities3@eég). By
comparing intensity ratios of OOP to in-plane (IP) in the 010 uec relative
comparisons of the orientation oft stacking planes can also be made. With addition of
fluorine or when shortening the side chains, the polymer orientati@onsss
increasingly “face-on” with the-rn stacking direction perpendicular to the substrate. This
can also be noted in the intensity distribution of the (100) peaks fdPtlamd OOP
directions where the (100) and (200) peaks have larger IP componeptdyfoers that
are more “face-on”. From the ratio of (010) intensities, blends @6,2-C6,2F exhibit
the most “face-on” polymer configuration while those with C8,4-C&labat the least
and are preferentially “edge-on” with the side chains perpendituthe substrate. This
is also evident in that this blend has the highest IP (010) intearsityargest anisotropy
between IP and OOP (100) intensity. Interestingly, shortening (010npolg-spacing
via shortening the side chain and/or adding F substituents promotegsing “face-on”
polymer orientations. It is possible that strong stacking ability helps the coplanar
conjugated backbone interact strongly with the substrate, therebtateng a “face-on”
structure. Finally, compared to polymer orientation, less significfaariges occur for the
polymer crystallite size calculated from the inverse fulllttviat half maximum of the

(010) peak width (seappendix B Fig. B.2).
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Table 3.2. Representative GIWAXS results of four polymer{fBM blends

(100)d-  (010)d- (010)OOP (010) IP  (010) OOP/IP

Polymer spacinglA) spacingfA) Intensity  Intensity  Intensity Ratio
C6,2-C6,2 19.6 3.60 145 25 5.8
C8,4-C6,2 21.0 3.72 <5 40 <0.13
C6,2-C6,2F 19.6 3.57 401 13 31
C8,4-C6,2F 20.8 3.66 49 25 2.0

3.5. Photovoltaic Properties of BHJ Devices Processed with o-Dichlorobenzene
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Figure 3.5. a) Light current density vs. voltage characteristics of op&chiBHJ solar
cells processed in dichlorobenzene under 1 Sun condition (100 ni)Vkmbsorption
coefficient of polymer/PgBM thin films processed in dichlorobenzene.

Quite surprisingly, the marginal changes in polymer structutdgtido minor changes
in the optical and electrochemical properties resulted in significhanges in the
morphological properties, as we discussed in the previous sectionsgzoraengly,
significant differences were noted in the photovoltaic propedi€3HJ devices where
the efficiency varies as much as three fold (from 1.91% to 5.62%, BaB)e The
current-voltage characteristics of solar cells based on thesg@dbumers are shown in

Fig. 3.5a with representative performance parameters list€dlle 3.3. Please note that

55



for fair comparison and accurate interpretation of structure-gsopelationships, we
maintained identical processing conditions for all polymers for thepresentative
devices (e.g., weight ratio of polymer to #8M was 1:1 in DCB). The high boiling
solvent (DCB) extends the solvent annealing time compared to chlossteenahich
allows more time for polymer chains to organize into their natural morphology dominated
by the intermolecular interactions among polymers.

Table 3.3. Photovoltaic performances of optimized devices processed irodibeinzene.

polymer POUmer: ProcessinThiokness Vee e e () (30
C6,2-C6,2 1:1 DCB 85 0.67 13.82  53.09 4.92
C8,4-C6,2 1:1 DCB 83 0.75 5.47 46.54 1.91
C6,2-C6,2F 11 DCB 116 0.75 13.29 54.38 5.42
C8,4-C6,2F 11 DCB 118 0.81 1091 63.64 5.62

Detailed analysis of the BHJ device characteristics furtherloses the impact on
related photovoltaic properties introduced by the subtle change in ctlaghs and

substituents on these polymers. Since the efficiency of all sella is determined by the

J. . xV,.x FF
P

input

equation:’7 = , Where; and Pinpy are the cell’s energy conversion

efficiency and input power, respectively; in the following, we will individuallpaiss
the impact of F substituents and side chaind/g@nJsc and FF of related BHJ devices

based on these four polymers.
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3.5.1 Open Circuit Voltage (Voc)

Derived from the Shockley equatiovi,.can be described B/
Vo~ nlen(Jscj+ AE,,
q Jso 2q (3.1)

Where, q is the fundamental charge,is the diode ideality factoy/Epa is the energy

difference between the LUMO level of the Acceptor (A) and H@MO level of the
Donor (D), and the pre-exponential terd®, depending on a number of materials
properties that affect the generation and recombination of freiersafPrevious studies
successfully demonstrated a direct relationship between thetstrefiintermolecular
interactions in the polymer/R@BM blends and the magnitude &f,°**** The calculated

values of theV, 214

match the corresponding experimental data exceptionally well
(Table 3.4), demonstrating a clear validation of this calculatiorvar For the non-
fluorinated polymers with only variation of the side chains (i.e., ©&%2 vs. C6,2-
C6,2), we observe higher,. for the polymer with C8,4 side chains than that of the
corresponding polymer with C6,2 side chains. As discussed previouslyeudiiffede
chains barely change the HOMO level of donor polymers and Headdo very similar
AEpa between C6,2-C6,2 and C8,4-C6,2 polymers. Therefore, the incrégsed
devices based on the polymer with longer side chains of C8 #ilmited to a smallels,,
according to equation (3.1). This is because the long bulky C8,4 simhs cequire large
space volumes next to the polymer backbone and hence reduce theolextalan

interaction between polymer chains in polymer crystallitesindicated by GI-WAXS

above) and potentially between polymerdfBM, leading to a smals,***
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Table 3.4. Calculated photovoltaic performances of four polymers in their BHJ devices

Jso Ty (L) BEpa - Noe (V) Voc (V)
Polymer  Solvent (mA/erd) . In 2q Cal  Measured

C6,2-C6,2 DCB 9.64 3.88 0.036 0.630 0.666 0.67
C8,4-C6,2 DCB 1.36 3.84 0.138 0.635 0.773 0.75
C6,2-C6,2F DCB 3.25 3.09 0.113 0.655 0.768 0.75
C8,4-C6,2F DCB 1.06 2.52 0.152 0.665 0.817 0.81

Jso

On the other hand, adding F substituents to the PNDT-DTBT backbonetteads
noticeably higheN,. of its related BHJ device than that of its non-fluorinated analog
based BHJ cell, even with identical side chains (i.e., C6,2-C6,2F6y2-5,2), which
can be explained according to equation (3.1). First, the electtbdrawving nature of
the F substituents lowers the HOMO energy level of the fluodnatdymer by ~ 0.05
eV relative to that of the non-fluorinated analog, resulting inrgefadEpa for the
fluorinated polymer. Second, the fluorinated polymer exhibits a smijemlue than
that of the non-fluorinated analog, leading to a larger valukdrfitst term of equation
(3.1) (Table 3.4). A smalleds, implies weakened polymer/BREBM interactions in the
blend of C6,2-C6,2F polymer and 8BM, which seemingly contradicts the enhanced
polymer/polymer intermolecular interaction in the C6,2-C6,2F poli@{BM blend as
we discussed earlier (Fig. 3.4, Section 3.4). We offer the folpwexplanation. The
impact onJs, by the alkyl chain is different from that exerted by Ehgubstitution. While
these bulky side chains distance the conjugated polymer frogiBMC thereby
weakening the interaction between the polymer anghBNC and thus a smalls,, we
believe the smalleds, obtained with these fluorinated polymers can be attributed to the

suppressed recombination rate at D/A interfaces via introducing #lestronegative F
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substituents. A detailed discussion will be provided in Section 3.5.3. Comlairimg
HOMO energy level and a smalk, the fluorinated polymer C6,2-C6,2F exhibits
significantly largeN,. in its BHJ device than that in the non-fluorinated C6,2-C6,2-based
BHJ device.

Based on the above discussion, the synergistic effects oporaing both long bulky
side chains and F substituents in the case of polymer C8,4-C6,2k dkbadlto the
largestV,. in its BHJ device in this series of polymers, which is indebdtwe observed
(0.81 V for the C8,4-C6,2F-based BHJ device).

3.5.2 Short Circuit Current Density (J«)

Similar to what we observed befdrd replacing the long bulky side chain with short
side chain results in a significant increasel@from 5.47 mA/cn in the case of the
C8,4-C6,2 polymer to 13.82 mA/éim the C6,2-C6,2 polymer. The highé&gfrom the
polymer of shorter chains can be ascribed to a) higher opticatpaio, b) improved
generation of free charge carriers, and c) potentially improvedjelextraction due to
favorable n-n stacking and favorable average backbone orientation along the sample
normal as derived from the GI-WAXS and UV-Vis spectra, respagti As indicated in
the previous discussion, the value of (100) spacing corresponds to theedlstaneen
polymer lamellas, which is determined by the longest alldé¢ shain. Thus, the C6,2-
C6,2 polymer with a smaller value of (100) spacing has a largesitgdeof polymer
backbone and consequently a higher absorption coefficient (Fig. 3.5b)efruotre, the
short side chains of C6,2 occupy less space than the long bulkyhsioes of C8,4,
resulting in stronger-n, stacking of coplanar conjugated backbones for the C6,2-C6,2

polymer than that for C8,4-C6,2. This stronget stacking explains the smaller optical
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band gaps in the C6,2-C6,2 polymer thin film (Fig. 3.5b). Both a high absorption
coefficient and a smaller band gap should lead to an impréyedlso related to the
strong stacking ability offered by these short chains, C6,2-C6s2atiies in BHJ film
exhibit more “face on” structure compared with the “edge on” &tracmbtained in the
blend film of C8,4-C6,2 polymer/R¢BM (Fig. 3.4, Section 3.4). This desirable
orientation of polymer crystallites in the case of C6,2-C6,2 polfh@eiBM blend could
provide more efficient hole charge transport and improved charge tmollec
efficiency!*’*?°Similar analyses can be applied to explain the observed stneifat for
both fluorinated polymers: the BHJ device based on C6,2-C6,2F with shherttsains
exhibits a higherJs. (13.29 mA/cr) than that of C8,4-C6,2F-based device (10.91
mA/cn).

The absorption coefficients from Fig. 3.5b are used to calcluatentggnary part of
the index of refraction, k, from k eA/4n, wherea is the absorption coefficient ands
the incident wavelength. The real part of the index of refractoralt wavelengths is
then assumed to be 2.0, which has been shown to not significantly inflilrenceetrall
absorption compared to using the true index dispeféforlUsing the transfer matrix
optical model, absorption in the active layer is then simulated waigple active layer
thickness and the following device architecture: glass/ITO (150REDDT:PSS (40
nm)/active layer/aluminum. The optical properties of glass, IPGDOT:PSS, and
aluminum were measured using spectroscopic ellipsometry andvare gjsewheré?
where the model accounts for parasitic absorption losselebgléctrodes and optical
interference due to each device interface. Absorption in the aldier is then

convoluted with the standard 1 Sun solar spectrum and integrated b&w@and 875
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nm to give a maximum achievable photocurrent assuming 100% internaluluant
efficiency. These values are then normalized to the firdt pethe C6,2-C6,2 polymer
blend as shown below to compare how active layer thickness and rte#ere intrinsic
absorption by each blend would affect the measured photocurrent, dgpbeiahort-

circuit current.
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Figure 3.6. Normalized maximum photocurrent as function of active layer thickfos
each polymer blend processed from DCB

Compared with the non-fluorinated PNDT-DTBT polymers, both fluorinatedogues
have lower absorption coefficients. Though the weaker intrinsicrptiimo of the
fluorinated polymer-based blends are compensated by thicker acywes lan their
optimized devices, this thickness change amounts to a minor modifi¢adén) in
absorption as deduced from optical modeling of complete devices3(6)gOn the other
hand, differences in absorption strength from the absorption ceetBc{Fig 3.5b) plays

a larger role and suggests 11% higher absorption for the C6,2-C6,2-bleset
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compared to the fluorinated analogue. HoweverJihenprovement amounts to only 4%
signifying a non-optical enhancement to fhefor the blend with C6,2-C6,2F The same
is true when comparing the C8,4-based blends where the absorption nsgh@¥dor the
non-fluorinated case, but thlg. is actually 2 timedower for devices with C8,4-C6,2.
Both comparisons indicate that addition of fluorine creates atrield@nhancement that
compensates for the weaker intrinsic absorption. This yieldsynequivalentJs. when
comparing devices with C6,2-based polymers or significantly higherhen comparing
those with C8,4. As postulated above, changds.inot related to absorption differences
could be due to modifications in the structure introduced by F sulgsfusuch as
polymer crystal orientation (C8,4-C6,2/8BM is the most “edge-on” of the four blend
films) or morphology (C8,4-C6,2/R¢€M has the finest surface morphology) in blend
films, leading to improved charge generation and/or transport.

3.5.3 Charge Separation Probability
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Figure 3.7. a) Photo current density vs. effective voltage and b) charge Bepara
probability vs. applied voltage curves of optimized BHJ solar ceftscessed in
dichlorobenzene under 1 Sun condition (100 mW)cm

Along with enhanceds that is not related to improved optical absorption, the devices

based on fluorinated polymers consistently show bEfewvhen compared with the non-
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fluorinated polymer-based ones; in particular, the C8,4-C6,2F-based dewmmstrates

a highFF up to 63.6% (Table 3.3). In order to qualitatively understand theemde of
fluorine substituents orFF of BHJ devices, we calculate the charge separation
probability of each device. First, we obtain the photocurrégm) Py subtracting the
current density in the dark from that under the illumination. FthenresultingJps-V
characteristics, we determine the compensation voltdgeaf which J,n=0. Fig. 3.7a
plots theJ,, at room temperature (T=300K) against the effective voltage sa¢hes
device (given byVy-V). For a small reverse voltag&/otV <0.5), the photocurrent
increases rapidly with effective voltage. However, for largense voltagesvp—V >1),
every generated bound e-h pair dissociates into free carrietisebgpplied field, and
consequently the photocurrent becomes saturated and field-indepEfidietdause the
Jon dependence on cell voltage mainly arises from geminate paimbécatiori** and
bimolecular recombination only dominates in the range of voltages g, ?> the
recombination of free charge carriers can be neglected wottege-dependend,;, loss.
However, it has been recently argued that geminate pair recorohimaindependent of
applied voltagé¥® and theJ,n dependence on voltage is dominated by bimolecular
recombinatiof?’. In this case, we take the former interpretation simply appropriate
means to quantify differences in thg voltage dependence of the different blends. For
this case, the calculation of charge separation probability wasdiérved from Sokel

and Hughes's solution for the photocurré&ft:

J,=eG B
p exp(e(\/o— V)/ kT)_ 1 dv_ \0 (32)
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wherek is the Boltzmann constaril,is the temperatures is the electric chargé, is the
thickness of the active layer, a@ds the generation rate of charge carriers. In reality, not
all photogenerated bouneth pairs (represented b§n., dissociate into free charge
carriers, which is determined in-part by the electridfigrength (i.e., applied voltage).

Consequently, the generation rate of free charge car@sah be described
G=GnP (3.3)

where P is the charge separation probability. At high effective voltage

exple(,—V)/kT)+1  2KT
exple(,—V)/KT)-1 €Yy- V)

~1) where all photogenerated boureh pairs

dissociate into free charge carrie®=(Gnay, the photocurrent becomes saturatégﬁ
and can be described ;' = eG,,, L. Substitution of equation (3.3) into equation (3.2)
and then replacing Gl with J5*, equation (3.2) can be further solved to yield

ph

equation (3.4), in which the charge separation probabBilisygiven by:

_ ‘]ph / eXp(e(\/o_V)/ kT)+ l_ 2KT
Iz exp(e(V,—- V)/ KD-1 €Y- \) (3.4)

According to equation (3.4), the charge separation probability indgites based on
each of four polymers can be calculated and plotted as a fuctapplied voltage (Fig.
3.7b). At large applied reverse voltag®s<{—1.5), charge separation probabilities of all
four BHJ devices is close to 100%, implying every photogenerated bshrghir is
dissociated into free carriers by the high applied field asudsed previously. However,

charge separation probability decreases with decreasing rewatage. This occurs
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because only a certain fraction @h pairs escape recombination (due to their mutual
Coulomb attraction) under small external electric field.

Fig. 3.7b clearly indicates a higher charge separation prolydbiih devices based on
fluorinated polymers than that of the corresponding polymer with iggrgide chains
(e.g., C8,4,-C6,2F vs. C8,4-C6,2), especially near maximum power paiatird (F) is
the most electronegative element in the periodic table, with angaaléctronegativity of
4.0, much larger than that of hydrogen (22)It is very likely that introduction of the
most electronegative element (F) creates strong internal dipmeents which lower the
Coulombic potential between tleeh pairs>*° It is also possible that adding F atoms at the
polymer/PGiBM interface increases theeh pair separation distance after charge transfer.
Both effects would lead to weaker Coulombic attractions betwdepairs after exciton
splitting, indicating a low recombination rate via the introductiontlefse fluorine
substituents. Attributed to the retardation of the recombination dgeses based on the
fluorinated polymers exhibit larger charge separation probalalitg generate more
photocurrent at weaker fields, which results in an imprds#eadvhen compared with the
non-fluorinated polymers. For example, the C8,4-C6,2F-based device witlclgge
separation probability even for weak electric fields exhibitsHighestFF among all
devices.

The retardation, via these F substituents, of the recombinationatatesontributes to

the differences inJs. However, Jsc is determined by (a) the maximal amount of

potentially separable photogeneratedh pairs (represented b}{jﬁ‘) and (b) charge

separation probability at short circuit, both of which are largefluenced by the

morphology of the BHJ blend. Take the C6,2-C6,2 polymer and its fluorinagéalgafor
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example. Although the C6,2-C6,2F-based devices show a higher chargatisepa
probability than the non-fluorinated analogs at short circuit (Figh), a slightly lower

Jsc was observed in the C6,2-C6,2F-based devices (Table 3.3) due toalles amount

of available charges in the C6,2-C6,2F-based devices (Idgﬁesshown in Fig. 3.7a and

partially dictated by differences in light absorption). As disedssarlier, if an optimal
morphology was reached (e.g. C6,2-C6,2 polymer blend), the extratacking of
conjugated backbones via the introduction of F atoms could decrease psbjuislity

and thereby promote the formation of large phase-separated domdimom@uniform
BHJ films (e.g. C6,2-C6,2F polymer blend). This would reduce thefacial area

between the donor molecules and acceptor molecules, thereby dimirtshiagount of

photogenerate@-h pairs (IowerJ;,'j“). On the other hand, adding F substituents to the

C8,4-C6,2 polymer optimizes orientation of these conjugated backbones to “facegon” (Fi
3.4d vs. 3.4b) and promotes their weak stacking in C8,4-C6,2 thin films (Fig. 3.3d vs.

3.3b), which likely facilitates the generation mdtentially separable-h pairs (a higher

J;;“). The much improvedl;ﬁ“, together with the retardation of recombination at short

circuit, leads to a significantly increasdg in the C8,4-C6,2F-based BHJ device than
that of the non-fluorinated analog-based BHJ device. Togetherverthhigh FF and
enhancedV,., which areattributed to the combined effect of long C8,4 side chains and
fluorine substituents, a high overall efficiency exceeding 5.6% otserved for the

C8,4-C6,2F-based device, the highest of the blends studied in this work.
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3.6. Photovoltaic Properties of BHJ Devices Processed with Chlorobenzene (CB)
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Figure 3.8. a) Current density vs. voltage characteristics of optimized Bolar cells
processed in chlorobenzene under 1 Sun condition (100 nf)V/&h Absorption
coefficient of polymer/PgBM thin films spun coated with chlorobenzene.

Compared witho-dichlorobenzene (DCB) which has a high boiling point of 180°C,
lower boiling point solvents, such as chlorobenzene (CB), can providedisadubility
of polymers and short solvent annealing time of the BHJ blend. Thus,logiaegboiling
solvents can change the stacking ability and orientation of polymer backbooesei to
further study the influence of fluorine and side chain on the performance aigrodplar
cells, devices based on these four polymers were also prodessidir CB-based
solutions at low temperature (100°C). As we already observed inedeprocessed in
DCB, the two fluorinated polymers exhibit more pronounced absorption shothders
the non-fluorinated polymers (Fig. 3.8b), indicating strarg stacking introduced by
these F substituents. Similarly, due to the less space occupistiobt side chains,
polymers with short side chains exhibit larger polymer backbone tygemasid

consequently slightly higher absorption coefficients.
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Table 3.5. Photovoltaic performances of optimized devices processed in chlorobenzene.

ramer B P TSt ) 0109
C6,2-C6,2 1:1 CB 82 0.71 12.06 48.89 4.19
C8,4-C6,2 1:1 CB 104 0.79 8.76 56.10 3.83
C6,2-C6,2F 11 CB 106 0.75 11.76 46.04 4.06
C8,4-C6,2F 11 CB 111 0.85 9.58 64.49 5.25

Indeed, switching to lower boiling point solvent has noticeable impactievice
performance (Fig. 3.8a and Table 3.5). In some cases, the imppite dramatic. First,
we observe a significantly improved performance in the C8,4-C6gtdbaevice
fabricated from the CB solution: its efficiency doubles thahefdevice processed with
DCB, mainly due to the much improveld.. This is likely because CB, with a lower
boiling point, can shorten solvent annealing time for molecular regeraent, thereby
partially ‘freezing’ the random orientational alignment of polyrbackbones prior to
crystallization. This is indeed the case from GI-WAXS meaments on C8,4-
C6,2/PG:BM blend films processed from CB as shown in Fig. 3.9. The strong (100)
reflections in the OOP direction are completely destroyed, rendthe polymer much
more amorphous. The random orientation of polymer backbones rather thygaoted
for C8,4-C6,2/P&BM processed from DCB may help explain thgmprovement from
5.47 mA/cnf in DCB To 8.46 mA/crhin CB. Second, it appears that the introduction of
fluorine to the C6,2-C6,2 polymer has some negative effect on photovmitguerties of
the resulting polymer C6,2-C6,2F. As indicated in previous discussion, both the short side
chain C6,2 and the F substituent can induce very sttangtacking among polymer

backbones. As a result, we noticed that polymer C6,2-C6,2F with both thes&leor
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chain C6,2 and fluorine substituent had a very poor solubility in low bglongt solvent
CB. This poor solubility of the C6,2-C6,2F polymer in CB was alsectft by the large
agglomerations in the AFM height image of its thin film (RBdL0). This agglomeration
and non-uniform morphology in the C6,2-C6,2F@BB BHJ thin film led to a

decrease®F and corresponding slight decrease in the overall efficiency.
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Figure 3.9. The GI-WAXS sector averages of C8,4-C6,2-based polymgiBRCBHJ
films processed with different solvents.

As discussed earlier, switching from C6,2 to long branch side cl&athvzakens-n
stacking in the polymer C8,4-C6,2F, resulting a good solubility in CB. A gohubility,
together with the effect of the F substituent, leads to a Righn C8,4-C6,2F-based
devices. Combing a higkF with a respectables. and highV,. ascribable to the
synergistic effect of long bulky side chain and fluorine, the C&2&based BHJ
device exhibits the highest efficiency of 5.25% among all thesgneoibased devices
processed by CB. Therefore, varying the processing solvent Haseliitct on the
performance of devices based on the C8,4-C6,2F polymer. This “sahsemisitivity”

with consistently high efficiency could be beneficial to future roll-by{poticessing.
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Figure 3.10. AFM heigTht images of a) C6,2-C6,2, b) C8,4-C6p:2, c) C6,2-C6,2F and d)
C8,4-C6,2F based BHJ devices processed with chlorobenzene.
3.7. Conclusion

This detailed study of PNDT-DTBT polymers with an identical agajed backbone
but different side chains and F substituents complements our prewvidegendent
discoveries of the effects of the side chains and the F substationEhotovoltaic
properties of polymer-based solar cells. It becomes clear didat chains and F
substituents have strong influences on the intermolecular intera@tiqresticular, at the
polymer/fullerene interface), thereby exerting significampacts on the photovoltaic
properties of conjugated polymer-based BHJ cells. For the C8,4-C62qrolyith long

chains of C8,4, introducing the most electronegative element, F, tcothjegated
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backbone noticeably increases the charge separation probabilitpangested in
improvements in thdsc andFF. Furthermore, the polymer with F substituents tends to
adopt an increasingly “face on” orientation to the substrate. Thierped orientation
could assist charge transport, and when combined with increased clkagagatien
probability, explains a significantly highek. for the fluorinated polymer-based BHJ
devices than that of the non-fluorinated polymer-based ones. Additioriattg,
branched side chains such as C8,4 help weaken the polym@&XP@termolecular
interaction and suppresses the dark current, which together with aH@MO level by
the electronegative F substituents, leads to the hiyhetdr the C8,4-C6,2F-based BHJ
device. These factors contribute to the observed highest effyc@nC8,4-C6,2F-based
solar cells in the studied series of polymers. On the other hand, grslyaith shorter
side chains (e.g., C6,2-C6,2) have a strong tendency to aggrebath, imdeed helps
optical absorption and potentially charge transport yielding a hijhexhen compared
with the C8,4-C6,2-based device. However, these short chain polynsersstabw
concomitant poor solubility and difficult morphological control, which atacerbated
by the addition of F substituents. Thus only little improvement on theieeicy is
observed for the fluorinated short chain polymer (C6,2-C6,2F) basedcBIHidvhen
compared with the C6,2-C6,2-based one. In conclusion, our results indicatantha
appropriate combination of side chains and F substituents can maximeizenergy

harvesting potential of a given conjugated backbone in its BHJ devices.
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CHAPTER 4

POLY(3-METHYLTHIOPHENE) ASA HOLE TRANSPORT LAYER FOR HIGH
PERFORMANCE POLYMER SOLAR CELLS

4.1. Introduction
In most BHJ polymer solar cells, PEDOT:PSS has become thdastamaterial for

increasing the work function of ITO for effective hole coliest However, a number of
drawbacks exist with this approach that limits the applicatiopobfmer solar cells: the
acidic nature of PEDOT:PSS can corrode the ITO elecffofideading to a chemical
instability at the interfac® and PEDOT:PSS does not have sufficient electron blocking
capability*® which could render electron leakage at anode to reduck;the

The research community has proposed several new interfaceds laag viable
replacements for PEDOT:PSS for polymer solar cells appiustt®’*’>*For example,
a self-doped, grafted conductive copolymer (PSSA-g-PANI), han Weported for
photovoltaic applications. The conductivity and acidity of this copolycaer be easily
tuned by varying the PSSA and PANI molar rdtioMost importantly, OPV devices
based on optimized PSSA-g-PANI film exhibited better therradilgy and efficiency
than those of the PEDOT:PSS-based control device. PSSA-g-PANIstahe doped by
introducing perfluorinated ionomer (PFI). Devices based on thed®kdd PSSA-g-
PANI showed a more than 30-fold increase in lifetime comparsethé PEDOT:PSS
based device. However, the acidic and hygroscopic nature ofdbedacting polymers

may lead to similar degradation problems as found in PEDOT:R8&ently, p-Type



transition metal oxides such as vanadium oxidegO{V°, nickel oxides (Ni®)*’, and
molybdenum oxide (Mog***" have also been used as another class of hole transport
layer for OPVs. Compared with PEDOT:PSS, these large bpnudgéal oxides possess
better optical transparency in the visible and near infrargbng. In addition, the
conduction band of these p-type semiconducting oxides is sufficieigtierhthan the
LUMO of acceptor materials, which can effectively work #scteon blocking layer,
leading to small electron leakage through the anode. However oftbe p-type metal
oxide films required vacuum deposition processes, which are incompaiibléhe high
throughput printing processes.

In this Chapter, uniform poly(3-methylthiophene) (P3MT) films tabricated with
thickness values ranging from 3 to 20 nm on ITO surfaces gcguinitiated Kumada
catalyst-transfer polycondensation (SI-KCTP) using surface do(aryl)Ni(ll)-Br
Initiators >33 The P3MT interfacial layer is covalently bound, preventing dielation
during processing of additional layers, which successfullyesers the hole transport
layer (HTL) for solution-processed BHJ polymer solar ceith & typical configuration
of ITO/P3MT/polymer:PGBM/Ca/Al (Fig. 4.1). We were able to obtain cell
efficiencies as high as 5% based on doped thin P3MT interfagyarsl in our
investigation. Moreover, due to the stability of P3MT/ITO substrategices based on
reused P3MT/ITO substrates extracted from old devices exdaitisfactory efficiency as
high as the original devices. All these doped P3MT-based desxtekited satisfactory
performance with little optimization, indicating that P3MT ifaeral layers are a

promising alternative to PEDOT:PSS as the hole transport layer fos.OPV

73



H(Br)
- <
Cathode NS
¥
4 5,
7 o:/P\
| ITO Q9

Figure 4.1. The device structure of the BHJ polymer solar cell based PiBkéifacial
layer. The P3MT interfacial layer is covalently bound to ITO suddgesurface-initiated
Kumada catalyst-transfer polycondensation (SI-KCTP) using subiaaed (aryl)Ni(ll)-
Br Initiators, preventing delamination during processing of additionaldayer

4.2. Experimental Section

4.2.1. Fabrication of Interfacial Modifiers.

All interfacial layers were fabricated using SI-KCTPInFithickness was varied by
adjusting the concentration of monomer, where films 3-5 nm thick desreed from the
lowest concentration of 0.02M and films >20 nm were derived from a 0.2M
concentration. A glass slide holder was used to hold large areaaseh$t total in each
trial) in an upright fashion and polymerization was conducted withauingt Control
substrates that did not undergo the catalyst immobilization steprétrated no signs of
P3MT, implying the absence of physisorption processes. Filokrtess values were
estimated based on the UV-Vis absorption max and AFM, where a 0. bahs®runit

correlates to a 10 nm film thicknes.

A typical procedure involves the cleaning of patterned ITOtsalies in an ultrasonic
bath for 15 minutes in water, then 15 minutes in IPA. After dryindeura nitrogen

stream, substrates were ozone cleaned for 15 minutes. Immedsdtety cleaned
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substrates were placed in a 5 mM solution of phosphonic acid for 48 hdwes. T
functionalized substrates were then removed from the solution and ahnesaler
nitrogen for 12 hours (150 C). After annealing, the functionalized sulsstraéere
extensively rinsed with ethanol, dried under a nitrogen stream.trandferred to a
glovebox. A 20 mL toluene solution of Ni(COD)2 (60 mg) and 2,2’-bipyridBve g)
was prepared and poured over the substrates in a glass slide hbisieva3 left for one
hour. The solution was decanted and the Ni(ll)bpy functionalized sdssitatre rinsed

2x with toluene and 1x with THF. A 20 mL solution of dppp (100 mg) was poured ove
the substrates and left for 1 hour. The ligand exchange solution wastet@nd the
Ni(I)dppp functionalized substrates were rinsed 3 times with .THFsolution of
monomer was then poured over the Ni(ll)dppp functionalized substratesfafat [E2
hours at room temperature. After polymerization, substratescaeséully removed from
the solution and rinsed extensively with water, ethanol, and DCM.sSkdee sonicated

in chloroform to ensure no physisorbed polymers were present on the substrates.

Synthesis of 2-bromo-5-iodo-3-methylthiophene is reported elsewteFor the
magnesiation step, 0.9 equiv. of isopropylmagnesium chloride was adugaisl to a
THF solution of 2-bromo-5-iodo-3-methylthiophene at 0 C. This wa®dtfor 1 hour at

0 C and warmed to room temperature prior to use.
4.2.2. Polymer Solar Cell Fabrication and Testing.

Prior to use, bare ITO substrates were ultrasonicated for 20 ewminot acetone
followed by deionized water and then 2-propanol. The ITO substratesdsied under a

stream of nitrogen and subjected to the treatment of UV-Ozoae 3 minutes. A

75



filtered dispersion of PEDOT:PSS in water (Baytron PH500) thea spun cast onto
clean ITO and Ag NW substrates at 4000 rpm for 60 seconds and thehabdld) °C

for 10 minutes to give a thin film with a thickness of 40 nm. Nthé&rrtreatment was
applied to P3MT/ITO substrates before using. Blends of polymerP&adM (1:1
weight ratio) were dissolved in DCB with heating at 120 °C for 6 hours. All the solutions
were spun cast at 500 rpm for 60 seconds onto the substrates. Thaesubsra then
dried at room temperature in the glovebox under a nitrogen atmosphere for 12 hours. The
devices were finished for measurement after thermal depositi@a 3 nm film of
calcium and a 70 nm aluminum film as the cathode at a pressure of 20° mbar.
There are 8 devices per substrate, with an active area of 2pemrdevice. All
fabrication and characterization steps after adding the PEDOTay&Sonto ITO were
performed in gloveboxes under a nitrogen atmospHlae.more experimental details

about reagents, instrumentation, and spectroscopy pleaseAgeakdix A.

4.3. Properitiesof PSMT Interfacial Layer

Fig. 4.2a compares the optical transmittance of undoped P3MT osub$irates, with
that of a PEDOT:PSS-coated reference substrate. All of the uwh&®3d&T films exhibit
excellent transparency at wavelengths over 650 nm. The lowaewntittances of
undoped P3MT layers appear at 450 nm, which is lower than reports ofiR3rE dry
state*** This can be attributed to the presence of oligomeric matesalting from early
chain terminatior’®* With the thickness of P3MT increasing to 20 nm, the transmittance
of the P3MT film decreased to 75% at 450 nm, which implies that Paj&rs over 20
nm thick may have negative effect on the performance of sole&s dee to low

transmittance. On the other hand, the optical transmittance of PES peaks
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(99.2 %) around 430 nm, but continually decreases to 90 % at 850Timus, while
PEDOT:PSS/ITO substrates might be slightly advantageowpfications targeting the
visible region, P3MT outperform PEDOT:PSS for applications requirapgical
transparency extending into longer wavelength (e.g., small bandsgjap cells).
Interestingly, after electrochemically doping the film, th@ensmittance of P3MT film
dramatically decreased at a long wavelength range (over 450 amd the lowest
transmittance red shifts to 500 nm (Fig 4.2b). This is indicativaoddronic and

bipolaronic states along the P3MT backbone, which leads to redrstii#t transmittance

spectra.
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Figure 4.2. Transmission spectra for a) 40 nm PEDOT:PSS reference apdes of
undoped P3MT layers with different thicknesses, and b) P3MT layereband after

doping.
4.4. Photovoltaic Properties of Devices Based on Doped PSMT L ayer
In order to comprehensively investigate the application of tiR&MT interfacial

layers as the hole transport layer in solution-processed BHJ @olgatar cells, we

selected two representative polymers, P3HT and PBnDT-DT#fBThese two polymers
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are largely different in energy levels and band gaps: (b&1@ energy level and optical

band gap are — 5.2 eV and 1.9 eV in P3Aa@nd are — 5.54 eV and 1.7 eV in PBnDT-

DTfBT.% Representative current-voltage curves of devices based on 9 nif IFBM

and reference cells are shown in Fig. 4.3, with key photovoltaic atkastics and

processing conditions summarized in Table 4.1 and Table 4.2.
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Figure 4.3. Characteristid-V curves of the BHJ solar cell devices based on a) P3HT and
b) PBnDT-DTfBT under one Sun condition (100 mW#m

Compared with the reference devices based on bare ITO anodessthereticeable
increase in the/,. of all devices based on undoped P3MT/ITO substrates, due to the
modified work function of ITO surface. However, the lowkg and FF of undoped
P3MT-based devices counteract the effect of incredggdleading to a similar low
efficiency as that of bare ITO-based devices. Thedgwand FF of these undoped P3MT-
based devices are largely attributed to the low mobility and poogeheansport of
undoped P3MT interfacial layers. The hole mainly transports thrdnggimtermolecular
n-n stacking of conjugated polymer backbones. However,athestacking of P3MT
randomly orientated to the ITO anode due to low grafting detiSitgading to a low

mobility and poor charge transport in the vertical direction. Thexefthe undoped
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P3MT interfacial layers work as free charge blocking ldatween the active layer and
ITO anode, which results in lods. and poor FF. Surprisingly, all the devices based on
doped P3MT interfacial layers exhibit an improvkggdandV,, which is closed to that of
the PEDOT reference cells. This is attributed to dopinghef R3MT layer, which
generates polaronic and bipolaronic states to facilitate chaggport. In addition, the
relatively high LUMO level of P3MT inhibits the electron transfie®m active layer to
ITO anode. Therefore, the doped P3MT interfacial layer can bedesadias a hole only
transport layer for BHJ solar cells based on conjugated polym#rsawvide range of
HOMO levels (e.g. — 5.2 eV in P3HT and are — 5.54 eV in PBnDT-DiffBHowever,
relatively low FF were observed in the doped P3MT-based devicesashgrared with
PEDOT:PSS based reference cell, which may be attributed touhelOMO level of
P3MT layer. These results imply after further optimizatiothef P3MT interfacial layer
electronic properties, the performance should be as good as thaDGITEHESS based
devices.

Table 4.1. Photovoltaic properties of devices based on undoped P3MT/ITO.

Polymer P3MT layer X}’)C (mAJ/SCsz) FF (%) n (%)
P3HT ~3nm 0.39 7.14 36.87 1.03
~6nm 0.45 6.57 40.01 1.18
~9nm 0.49 7.54 29.38 1.07
~20nm 0.45 5.26 43.35 1.03
PBNDT- ~3nm 0.77 7.05 39.76 2.16
DTHBT ~6nm 0.71 6.48 34.10 1.57
~9nm 0.69 6.42 39.63 1.76
~20nm 0.67 6.61 32.51 1.44
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45. Effect of PBMT Thickness on the Perfor mance of Devices
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Figure 4.4. Optical properties of P3HT and PBnDT-DTffBT

The effect of thickness of P3MT interfacial layers on the photacofieoperties of
BHJ devices was also investigated. All the doped P3MT-basedede(Table 4.2)
exhibit better performance than that of undoped P3MT-based devitesoriésponding
P3MT thickness (Table 4.1). It is consistent with our previous discdiiatydoping can
significant improve the charge transport efficiency of P3Myel, leading to a better
performance. For these doped P3MT-based devices, the best perfoismahserved in
the device based on a 9nm P3MT layer, regardless of which donaneyolg used
(P3HT and PBnDT-DTffBT). It is possible that P3MT can hardlyrfa uniform layer
on ITO surface under a small thickness (~3 nm), leading tovediatow FF and)s.. On
the other hand, thick P3MT layer (~20 nm) significantly reducesrdresmittance of
P3MT/ITO substrate, resulting in a decreadgd Therefore, ~ 9nm thick P3MT layer
provides a balance between the hole transport and the transmitesidéng in the

highest possible efficiency in both P3HT and PBnDT-DT{fBT basétl Blevices.
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Interestingly, theJs. of P3HT-based devices dramatically decreased from 8.4 to 5.8
mA/cn?, when the thickness of P3MT interfacial layer increased fronmo 20 nm.
Meanwhile, only a small decease & was observed in the PBnDT-DTffBT-based
devices under the same conditions. It is because the absorption of tlie RRIdE
interfacial layer is largely overlapped with the absorptioR2HT (Fig. 4.4). For devices
based on a smaller band gap polymer, the thick P3MT interfliagiat will have less
effect on the photovoltaic properties. For example, a device of PENDBT based on

20 nm P3MT interfacial layer still exhibits efficiency lagh as 4.7%, which is only 6%

lower than that of the 9 nm P3MT based device.

Table 4.2. Photovoltaic properties of devices based on doped P3MT/ITO,
PEDOT:PSS/ITO, and bare ITO.

J
Polymer Substrates oc sc FF %
y V) (mAlcn?) 1 (%)
P3HT Bare ITO 0.27 8.61 48.43 1.12

~3nm P3MT 045  6.81 4752  1.46
~6nm P3MT 049  7.45 5506 2.03
~9nm P3MT 055 839 5449 251
~20nm P3MT 047 581 4651  1.27
PEDOT:PSS 053 880 6476 3.02

PBnDT- Bare ITO 0.47 9.78 34.32 1.58

DTHBT  _3nmP3MT o087 762 5227 342

~6nm P3MT  0.89 10.10 53.89 4.85
~9nm P3MT  0.89 10.16 55.72 5.04
~20nm P3MT 0.87 9.76 55.82 4.74

PEDOT:PSS 0.91 10.21 65.59 6.09
& All polymers were blend with RGBM at a weight ratio of 1:1 in dichlorobenzene.
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4.6. Stability and Re-usability of PBMT Interfacial L ayer

Due to the covalent immobilization of the P3MT chains, the P3MT ad&if layers
on ITO substrates are very stable in air and insoluble in veatédrorganic solvents.
Therefore, the P3MT/ITO substrates can be reused for BHJ deafiiee wiping out the
polymer/PG:BM active layer. In this study, old devices (over one month since
fabrication) based on 9 nm doped P3MT were ultrasonicated for 20 minutes DCB
followed by acetone, deionized water and then 2-propanol to cle#imedthyers above
P3MT/ITO substrate. In order to investigate the stability of mppevel, half of these
cleaned old P3MT/ITO substrates were electrochemically redoged; no further
treatment was applied to the other half. Representative cwokatie curves of devices
based on these reused P3MT/ITO substrates using PBnDT-DT#Ribrzor polymers
are shown in Fig. 4.5. Efficiency of the device based on reused P3M$UbSrate with
no treatment is significantly low than that of the original dbpgevices (5% in Table
4.2). After redoping the reused P3MT/ITO substrate, the efficiehadevices based on
the redoped substrate recovers to 4.7%, which is as high as thatwfgihal doped
devices. These results indicate that no damage to the P3MTdeyared during the
cleaning procedures, which can be attributed to covalent attachntbet|iO substrate.
The counter ions on doped P3MT layers were partially washed ovdter and organic
solvents under sonication. Due to the residual counter ions, devices drasedsed
P3MT with no treatment still exhibit better performance thahdh#ée undoped original

P3MT device.
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Figure 4.5. CharacteristicJ-V curves of the BHJ solar cell devices based on reused
P3MT/ITO substrates under one Sun condition (100 m\fj/cm
4.7. Conclusion

P3MT interfacial layers on ITO electrodes were fabricatkedugh SI-KCTP. After
doping, these P3MT interfacial layers successfully servetliealdle transport layer for
solution-processed BHJ polymer solar cells. With an optimizedkrbgs of P3MT
layers, the doped P3MT devices exhibit high efficiency, whichased to that of the
PEDOT reference cells. More importantly, unlike acidic PEDRSB which leads to
chemical instability at the ITO/PEDOT:PSS interface, RBMT/ITO substrate is stabile
in air, water, and organic solvents, even under sonication in hot DE@Bicd3 based on
P3MT/ITO substrates from old devices by removal of active layer metal electrode
exhibit efficiency as high as the original devices. Though the dmstes based on
P3MT/ITO substrate in our investigation still exhibit a lowdf Eompared that of

PEDOT:PSS-based devices, we believe after further investigatid optimization, the
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modification of ITO with a covalently bound P3MT interfacial layera promising

approach to replace PEDOT:PSS in OPV devices.

84



CHAPTER S

SOLUTION PROCESSED FLEXIBLE POLYMER SOLAR CELLSWITH
SILVER NANOWIRE ELECTRODES*

5.1 Introduction
Rapid progresses in the development of new materials and deviogzapbn have
brought commercialization of polymer solar cells closer to tsgalvith recent reports

k221262830 However, a critical roadblock to the

citing efficiencies over 7
commercialization of polymer solar cells is the transparent ativéuelectrode (e.g., the
anode). The conventional anode of choice for organic solar cells hasnoiem tin
oxide (ITO) due to its excellent transparency and conductivity. MemdTO has
several longstanding disadvantages. First, the cost of ITO itms fs very high,
primarily because ITO thin films must be vapor-deposited as @tgers of magnitude
slower than solution-based coating processes. Second, indium iatigehglscarce
element. Third, the brittleness of ITO renders it susceptiblenéchanical damage,
making it unsuitable for use with mobile, flexible electronic syst¥ms.

The research community has proposed several new transpareridelecas viable
replacements for ITO for OPV applications, including single-vealtbon nanotubes

(SWNTSs), multiwall-carbon nanotubes (MWNTSs), and graptf&fi&.However, the high

sheet resistance of MWNTSs or graphene-based electrodes (tygeatral hundre@/o

* Adapted with permission from ACS Applied Materials & Interfgc2011, 3 (10),
4075-4084, by Ligiang Yang, Tim Zhang, Huaxing Zhou, Samuel C. PricearBenj.
Wiley, and Wei You



at 80% optical transmittance in the visible range) result®lar €ells fabricated with
these electrodes having a relative low efficieffyf. Conductive transparent SWNTs
films have met much more successes: for example, Blackbural. achieved an
efficiency over 3% with P3HT:P&BM cells on SWNTs electrodes with PEDOT:PSS as
the hole transport layér® and 2.65 % without the hole transport la}®ra noticeable
improvement over previous literature reslftsHowever, these SWNTs electrodes are
fabricated via multiple steps, which could potentially lead togah manufacturing cost.
Metal nanogrids based on copper and silver have been developed as drdanspar
electrodes with low sheet resistafit€’ but the fabrication of these nanogrids requires
costly lithographical steps that cannot be easily scaled astaetfective manner. More
recently, a high-performance transparent electrode (90 %@it-fdased on electrospun
copper nanofiber networks was developedOrganic solar cells using these copper
nanowire networks as transparent electrodes have reached pagienats of 3.0 %,
comparable to control devices made with ITO electrodes. Unfoelynatectrospinning

is an inherently low-throughput process that has not yet witnesseld conemercial
success despite being first patented in the 1930's.

Solution-processed networks of silver nanowires (Ag NWs) have argsestance and
transmittance comparable to those of ITO (10c28 at 80 % transmittance), together
with a relatively high work function of 4.5 eV (Fig. 5.74)* Therefore, films of Ag
NWs have been touted as one of the most promising alternativesOtdolT high-
throughput roll-to-roll manufacturing of low-cost transparent condudting for OPV
applications. For example, solution-processed Ag NW transparecitoeles have

recently been used as the cathode for a BHJ solaf@elfj as the anode for an inverted
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cell.”® Ag NW films have also been demonstrated as the anode fruaim-deposited
bilayer solar cell? However, there is no prior report that uses Ag NW thin fitms
replace ITO as the bottom anode in solution-processed BHJ devikadg,due to the
significant challenges associated with such a demonstration. cl@tienge is that Ag
NW network electrodes are relatively rough; the Ag NWs thake up the film can
easily penetrate the thin layer (~ 100 nm) of solution-procgssither/PG;BM blend
atop the Ag NW electrode, resulting in a short-circuited devid@ address these
challenges, we fabricated highly conductive Ag NW films by Wpm an agueous
solution of Ag NWs onto a substrate (glass or plastics) withiraorash. These highly
transparent yet remarkably conductive Ag NW films succegs$elived as the anode for
solution-processed, flexible BHJ organic solar cells withpacéy configuration of Ag
NWs/PEDOT:PSS/polymer:REBM/Ca/Al (Fig. 5.1b). We were able to obtain cell
efficiencies as high as 2.5 % with a new low band gap polymaur investigation\(ide
infra). To further probe the effects of the Ag NW electrode enpierformance of OPVs
and the underlying performance-limiting principles, we have inyastd three different
polymers, each having different energy levels and processnagnpters in the device
fabrication, in OPV devices with Ag NW films as the anodel tAése OPV devices
exhibited satisfactory performance with little optimizatiowicating that Ag NWs are a

promising alternative to ITO as the anode for OPVs.

87



2.1ev Ca

a
2.8 ev |
A
PEDOT, sigey o
45 eV:PSS Polymer '
PCBM|
A9 50ev
b 6.0 ev
_——cam

«—— Polymer/PCBM

S—— PEDOT:PSS
S — AgNWs

S——— Substrate

Figure 5.1. a) Energy-level diagram showing the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energreswaork functions

of each of the component materials. b) The device structure of thosgbrocessed
BHJ polymer solar cell with the Ag NW anode.

5.2. Experimental Section

5.2.1. Synthesis of Silver Nanowires

Round bottom flasks and stir bars were cleaned with concentratiecanit! and rinsed
with deionized water. They were dried in an oven at 80 °C. Toasta#ction, 158.4 ml
of J.T. Baker ethylene glycol (EG) was added to a 500 ml flasH, this flask was
stoppered and placed in an oil bath set to 140 °C. Four solutions wepdpared: (1)
0.257 g of NaCl in 20 ml EG, (2) 0.081 g Fe(®in 10 ml EG, (3) 1.05 g
polyvinylpyrrolidone (55,000 MW) in 25 ml EG, and (4) 1.05 g AgN® 25 ml EG.
After preheating the EG in the oil bath for 1 hour, 0.2 ml of swmufil), 0.1 ml of
solution (2), 20.76 ml of solution (3), and 20.76 ml of solution (4) were added taske
in that order with a single addition from a pipette, with about 30 sedoeltigeen the

addition of each solution (the time between additions is not cjiticihe flask was
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stoppered and allowed to react for 2 hours. The wire solution wasditebuted evenly
into 6 centrifugation tubes each with 10 ml of acetone. The tubesrortexed and then
centrifuged for 1 hour at 2000 rpm. The supernatant was removed dotva TonbL
level, and the wires were re-dispersed in DI water before anathed of centrifugation
for 1 hour at 2000 rpm. The wires were washed with DI water irséinee way one
additional time before use. Wire solution concentration was detetmisi|mg atomic
absorption spectroscopy.
5.2.2. Fabrication of Silver Nanowires Films

Ag NW films were fabricated by spraying an aqueous solutioAgpMNWs onto a
surface, followed by pressing. The wire solution was diluted top0® of Ag with DI
water. A microscope glass slide was cut into 1 inch squagplasma cleaned in a
Harrick Plasma Cleaner/Sterilizer (Model PDC) for 5 masut The squares were
preheated on a heating pad covered by aluminum foil for 5 minutes at 130 °C
Temperature was controlled with a Staco Energy Type 3-PN-101fabla
Autotransformer. The spray rate was set to between .05 and .09 &mrfaying was
performed in a laboratory hood with an Aztek A470 Airbrush with a 0.4 mml@&o
attached to a Sun Mines Electrics mini air compressor. Thg gprawas moved back
and forth across the slides from a height of several inchesasltimportant that the
temperature of the heating pad did not drop below 100 °C during the sppagress.
The conductivity of the slides was measured by a Signatone S-11&0A-fpoint probe
every 2 minutes. Spraying continued until the average conductioftias slides were
below 50Q/0o. The percent transmittance of each slide was measured at 53§ingra

Cary 6000i UV-Vis-NIR spectrophotometer.
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The same procedure was used with the polyethylene terepht{REate film as the
substrate. The material was cut into 1 inch by 3 inch strips astnpl cleaned for 5
minutes. The strips were then taped to a large glass slidéhdoispraying and
conductivity measurements to ensure they were not blown awag lspthy gun, and to
obtain good contact with the four-point probe.

The glass slides were pressed between aluminum plates aisvwgdel C Carver
Laboratory Press. The slides were placed on an aluminunvptatéhe wires facing up,
and then a clean microscope slide was carefully placed on tke he&fore setting the
other plate on top. The slides were pressed with 1 metric ton ssypee The same
pressing procedure was used with the PET slides, but the cleavsaape slides were
fluorinated before pressing to reduce the amount of nanowire trafrsiar the
polyethylene terephthalate to the glass. To fluorinate theostiope slides, they were
plasma cleaned for 1 minute, and then placed in a desiccator under wath&aul of
1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (98%, Sigma-Aldrich, ProdGode
667420) for at least one day before pressing.

5.2.3. Polymer Solar Cell Fabrication and Testing

Prior to use, the ITO substrates were ultrasonicated for @0tes in acetone followed
by deionized water and then 2-propanol. The ITO substrates wedewhder a stream
of nitrogen and subjected to the treatment of UV-Ozone over 30 mindedurther
treatment was applied to Ag NW substrates before using. térefil dispersion of
PEDOT:PSS in water (Baytron PH500) was then spun cast ontol€l®aand Ag NW
substrates at 4000 rpm for 60 seconds and then baked at 140 °C for 10 toirgitesa

thin film with a thickness of 40 nm. Blends of polymer andg;B®! were dissolved in
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corresponding solvents with heating at 120 °C for 6 hours. All the Godutiere spun
cast at 400 rpm for 30 seconds onto the PEDOT:PSS layer. The t@shstesie then
dried at room temperature in the glovebox under a nitrogen atmosphere for 12 hours. The
devices were finished for measurement after thermal depositi@a 3 nm film of
calcium and a 70 nm aluminum film as the cathode at a pressure of 20° mbar.
There are 8 devices per substrate, with an active area of f2pemuevice. Device
characterization was carried out under AM 1.5G irradiation withnéensity of 100
mW/cn? (Oriel 91160, 300 W) calibrated by a NREL certified standalidosi cell.
Current versus potential (I-V) curves were recorded with ahlesit2400 digital source
meter. EQE were detected under monochromatic illumina@uiel( Cornerstone260 %4
m monochromator equipped with Oriel 70613NS QTH lamp) and the calibratithe of
incident light was performed with a monocrystalline silicon diodd!. fabrication and
characterization steps after adding the PEDOT:PSS layer I3i@0and Ag NW
substrates were performed in gloveboxes under a nitrogen atmospherenoF®
experimental details about reagents, instrumentation, and specyrogiegse check

Appendix A.

5.3. Properties of Silver Nanowire Films

Fig. 5.2a presents a scanning electron microscopy (SEM) iofeggéattened Ag NW
film on a glass substrate fabricated by spraying a solutiomonbwires, followed by
pressing. A high-magnification image in the inset shows the s Mippear to be
squashed. The NWs used for the electrode were about 60 nm in diante@dum in

length. This Ag NW film appears to have a lower density condpaiéh films of a
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similar conductivity (~36/0) in a previous repoff: This is likely due to the fact that
the NWs used here are longer (oven2d) than those used previously (~2@). As the
number density of NWs required for percolation is inversely proportiona, whereL

is the length of a NW, the longer NWs used here can achieve the same conductigty as t

shorter NWs at a number density 4 times smaller than thassegefor the shorter

Nws 138

Figure 5.2. SEM images of Ag NW network a) before and b) after PEDS$:Eoating;
AFM images (10 x 1@um; inset 2 x 2um) of the Ag NW network b) before and c) after
PEDOT:PSS coating.

As shown in Fig. 5.2b, a uniform film of PEDOT:PSS can be spin-caattedthe Ag
NWs without washing away the NWs. The PEDOT:PSS coating alsesethe sheet

resistance of the NW film from 3Q/o to 23 Q/o, which is very close to that of the
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commercial ITO (~ 1%/o) with similar transmittance in the visible region. It has
previously been noted that the resistance at NW junctions & ldrgn that of individual
Ag NWs./2™ The PEDOT:PSS coating likely decreases the resistangencfions
between the NWSs, and thereby increases the overall condyco¥itthe film.
Additionally, this PEDOT:PSS coating reduces the surface rougtofethe Ag NWs
from 100 ~ 120 nm in height (twice large as the diameter of Aty Mue to their overlap)
to ~ 80 nm, since the nanowires are partially embedded into the PEDOT:P3§ (6iti
5.2c and d). This reduced roughness decreases the possibility tefcaita shoft’

caused by protruding Ag NWs.
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Figure 5.3. a) Transmission spectra for ITO reference, Ag NW films lmssggand on
PET; Photographs of highly transparent Ag NW films transferred bjtglass and c)
PET.

High optical transmittance over a large wavelength range #@dhto 2000 nm is an
important property for the transparent electrode in a polymer $®it&F cell, since one
must minimize any optical loss due to the transparent electrédy. 5.3a compares the
optical transmittance of Ag NW films on glass and on PET substiravith that of an

ITO-coated reference substrate. Both of the Ag NW fileigh€r on glass or PET)
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exhibit excellent transparency (~ 80%) from 400 to 2000 nm. Formgathe optical
transmittance of the Ag NW film (33Q/o) on glass decreases slightly from 83.9 % at
500 nm, to 74.0 % at 2000 nm. The Ag NW film on PET exhibits a slidbtier
transmittance compared with the Ag NW film on glass, but thmpensated for by its
slightly lower sheet resistance (3@31), indicating the transmittance to sheet resistance
ratio is similar for Ag NWs on either substrate. On the oth@nd, the optical
transmittance of the ITO-coated substrate peaks (96.2 %) around 550tnteckeases

to 42.1 % at 2000 nm. Thus, while ITO substrates might be slightlyntyeous for
applications targeting the visible region, Ag NW electrodes outperfof@® for
applications requiring optical transparency extending into longeeleagth (e.g., solar

cells and photodetectors).
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Figure 5.4. Sheet resistance of the pure Ag NW and PEDOT:PSS coated\A{IMNs
on PET substrates under different bending conditions. Inset showxpgheneental
setup of the two-probe electrical measurement. Direct cootatfigator clips to copper
tape electrodes on Ag NW films was used in order to ensure geottidl contact
during bending.
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In addition to high optical transparency on par with ITO electrolgdNW electrodes
offer excellent mechanical flexibility while maintaining higonductivity, a significant
advantage over traditional ITO electrode that will crack unddarge degree of
bending®® Fig. 5.4 shows the electrical conductivity of Ag NW films RBET with or
without PEDOT:PSS coating while bending the substrate. For comeadng angles
(curvature radii) up to 120° (5.7 mm), a slight decrease in the alesgstof the Ag
NWSs/PET film with increased bending angle was observed. Inaginthe resistance of
the Ag NWSs/PET film slightly increases with decreased bendimgle from 120° to —
120°. This change in resistance with bending angle may be due to tige chagressure
at the nanowire junctions, or a change in the number of nanowiregusi@ti given area.
More importantly, the original conductivity of the Ag NW filnarc be fully recovered
once the strain is released from the Ag NWs/PET film, even Bending to 120° (5.7
mm in curvature radii) over one hundred times. Similar reswdte wbserved for the Ag
NWSs/PET film coated with PEDOT:PSS. The mechanical flégband recoverable
conductivity of these Ag NW electrodes not only makes them compatitiidow cost,
roll-to-roll manufacturing, but also helps them find promising apfiioa in emerging
technologies (such as foldable displays or flexible solar delishich the electrode must
withstand mechanical deformation without a loss in the conductivity.

5.4. Performance of BHJ Solar Cells Based on Silver Nanowires

In order to comprehensively investigate the application of thesH\Agelectrodes as
the anode in solution-processed BHJ polymer solar cells, we esklacset of three
representative polymers. The first one is the well-studied andnercially available

P3HT, widely used as a donor polymer in BHJ OPV/sThe other polymers (PBnDT-
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FTAZ?® and PBnDT-DTffBT% were recently synthesized following the weak donor-
strong acceptor stratedy?’ by alternating benzo[1,84,5bdithiophene (BnDT) and
either fluorinated 2-alkyl-benzd][1,2,3]triazoles (FTAZ) or 4,7-di(thiophen-2-
yl)benzothiadiazole (DTffBT) (Fig. 5.5). This set of polymergresent a wide range of
key materials properties and processing conditions: (a) energlsland band gaps: the
HOMO energy level is varied from — 5.2 eV in P3FfF 5.36 eV in PBnDT-FTAZ® to

— 5.54 eV in PBnDT-DTffBY° and the optical band gap from 1.9 eV in P3HT, 2.0 eV in
PBnDT-FTAZ, to 1.7 eV in PBnDT-DTffBT; (b) processing conditi®8HT based BHJ
cells were processed in chlorobenzene (CB) followed by theanredaling at 150 °C to
reach its maximum performant®.Devices based on the two amorphous donor polymers
PBnDT-FTAZ and PBnDT-DTffBT were fabricated in 1,2,4-trichlorobame (TCB) and
1,2-dichlorobenzene (DCB), respectively, followed by a solvent annealiuggs. By
comparing the properties of devices based on these three differgmiep®l(in reference
to the characteristics of devices based on ITO substrategjpwe gain insights into the
effect of the Ag NW electrode as the anode on the performanseludion-processed

BHJ solar cells.

P3HT PBnDT-FTAZ PBnDT-DTffBT
R, FF Ry FF
S S S S S S S
N A\
\/ /n (Q\*Qﬁ/\ﬁ_’ﬁ\/ﬁn \S \/\/
R 7
R, R4 N\'}I,N R, R, R N\S/N R,
R4 = 2-ethylhexyl Rs
R, = 3-butylnonyl
R = 2-butyloctyl

Figure. 5.5. Chemical structures of P3HT, PBnDT-FTAZ, and PBnDT-DTffBT.

A typical device consists of Ag NWSs/PEDOT:PSS (40 nm) ke tnode,

polymer:PG:BM as the active layer, and Ca (30 nm)/Al (70 nm) as the cathdte.
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cross-section SEM images (Fig. 5.6a, b and c) clearly shoWlattened Ag NWs were
covered by the polymer/REBM active layer. The PEDOT:PSS layer was difficult to
observe in the cross-section images, since it is relativatyctimpared to the Ag NW
film. We found it was necessary to use thick active laye00 nm) in order to prevent
the Ag NWs from penetrating the device and causing a shouitcif€ortunately, unlike
other high performance polymers with an optimized thickness around ~168 tima,
polymers used in this study perform well with thicker films. Ewample the PBnDT-
FTAZ and PBnDT-DTffBT polymers exhibit an optimized thickness ®@® nm?>-°
For comparison, reference devices with identical polymeiBBN blends were
fabricated on the conventional ITO anode with identical processing parametedsr to
control for factors such as active layer thickness. As showigirb.6d, the thickness (~
300 nm) of the ITO reference device based on PBnDT-DTffBT isyahtical to that
of the device fabricated with the Ag NW electrode (Fig. 5.6d)er&fore any observed
difference in the performance of the otherwise identical sabs can be safely ascribed

to the difference in the properties of Ag NW and ITO electrodes.
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Figure 5.6. Cross-sectional SEM images of Ag NW-based devices matea)vR3HT, b)
PBnDT-FTAZ, and c) PBnDT-DTffBT; d) ITO-based reference dewiased on PBnDT-
DTffBT.
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Figure 5.7. Characteristid-V curves of the BHJ solar cell devices based on a) P3HT, ¢)
PBnDT-FTAZ, and e) PBnDT-DTffBT under one Sun condition (100 m\E)cEBQE

and absorption of the BHJ solar cell devices based on b) P3HT, d) PBR&Y4, and f)
PBnDT-DTffBT.

Representative current-voltage curves of devices under both illtiomrend dark are
shown in Fig. 5.7, with key photovoltaic characteristics and processingtioasdi
summarized in Table 5.1. The series resistafge gnd shunt resistanc®s) were

calculated from the slope of the dark current curves. In geradiralevices fabricated
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with Ag NW electrodes demonstrate lower performance than ¢banterparts based on
ITO electrodes, with a slightly smaller short circuit curr€lyf and significantly lower
fill factor (FF) and open circuit voltagé/{). We ascribe the reducdg. andFF to the
decrease®s, and increaseBs in devices based on Ag NW electrodes. In general, both a
high Ry, and a lowRs are desirable for any solar cell. Compared with the ne¢ere
devices with conventional ITO anodes, there is a noticeable dedreiseRs, of all
devices based on Ag NW electrodes, but still large enough for @®\s. On the other
hand, theRs of the Ag NW-based devices is significantly greater thah dhahe ITO-
based device, which is likely the main reason for a 10 % decmeaggof the device
based on Ag NW electrodes when compared with the reference dmsed on ITO
electrodes. Although the conductivity of Ag NW electrodes ispamable with that of
ITO, these Ag NW networks are not as continuous and smooth as theespuft@rthin
film, thereby resulting in more conduction taking place through thanealin the device
based on Ag NWs. This fact could explain the incre&gaad the Ag NW-based devices.
Taken together, the largB and lowerRs;, lead to a 20 % decrease in e for the Ag

NW-based solar cells.
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Table5.1. Fabrication parameters and photovoltaic performances of dévices.

Polymer: Jsc Voc FF n Rs Rsh
Polymer PC..BM Solvent (mA/cnd) W) (%) %) ) @)
P3HT _ 4
(NWs) 1:1 CB 8.12 0.31 43 1.1 285 3.3 x"10
P3HT 1:1 CcB 922 058 57 31 293 2010
(Reference)
PBNDT-
FTAZ 1:2 TCB 8.84 0.45 49 1.9 125 5.0 x 16
(NWs)
PBNDT-
FTAZ 1:2 TCB  10.33 0.79 67 55 323 25x7%0
(Reference)
PBNDT-
DTHBT 1:1 DCB 964 059 48 28 196 2.0x10
(NWs)
PBNDT-
DTffBT 1:1 DCB 11.17 0.91 58 58 29.6 1.0+%10
(Reference)

@ All polymer/PG:BM solutions were spun cast at 400 rpm for 30 seconds to obtain
similar film thicknesses.

The primary reasons for the lower efficiency of all the devilgessed on Ag NWs is the
significantly smallerV,. compared with that of the ITO-based device. It is generally
accepted that th¥,. of polymer/fullerene BHJ solar cells is primarily deterndirgy the
difference between the HOMO energy level of the polymer &ed MO of the
acceptor>131% |n our study, the/,. of devices based on ITO electrodes traces the
different HOMO energy levels of the polymers that were usabl€r5.1). However, we
observed a consistent decrease of ~ 0.3 V for the Ag NW-based deompared with
their ITO-based counterparts, regardless of the HOMO enevgY ¢f the donor polymer.
One plausible reason could be the change in the microstructure anuoietariar
interaction in the polymer active layer when switching from l@€ctrodes to Ag NW

electrodes, which could affect thg..*** However, the absorbance and External quantum
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efficiency (EQE) of the Ag NW-based devices exhibit neatbntical absorption edge
and EQE curve shape compared with those of ITO reference sefi@ach polymer
(Fig. 5.7b, d and f), indicating that the microstructure and intermaleautieraction in
the polymer active layer was not strongly affected by theNAV electrode. Therefore,
we are inclined to the alternative explanation that the observéstedi€e in theV,.
between ITO based devices and Ag NW based devices could lie theedifference in
the work function of these electrode materials (ITO, Ag NWd,REDOT:PSS), since a
non-ohmic contact between the anode and the active layer (e.g., potymlel diminish
the Vi, of polymer solar cell§**!4142 To explore this hypothesis further, ultraviolet
photoelectron spectroscopy (UPS) was performed to measure tkdumotion () of
the Ag NW electrodes, the PEDOT:PSS and the ITO. ghheas calculated according
to equation (5.1

®m= Emin + hv — Enax (5.1)
where, Enin, the low photoelectron kinetic energy, defines the lowest eneegyrahs
able to overcome the work function of the surfd&gs, the high kinetic energy onset of
the photocurrent, is a manifestation of the electron population arounertime IEvel of
the metal; andhv is a known energy provided to the electrons (21.2 eV in our
experiment). As summarized in Table 5.2, due to the high work function of PEDOT:PSS,
the pmof the ITO anode coated with PEDOT:PSS is 0.17 eV higher thaoftkiz¢ bare
ITO anode. This thin PEDOT:PSS layer on top of ITO enhances the aamtact
between the anode and the polymer, thereby improvinythef BHJ devices. It proved
difficult to determine thep,, of the pure Ag NW film due to charges build-up on the

insulating substrate, likely due to the low density of the Ag NWsus thep, of a high-
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density Ag NW film was measured instead (~ 4.04 eV) to etiti@p, of the pure Ag
NW film. As we demonstrated earlier (Fig. 5.2d), a ~ 40 nm BEDOT:PSS layer
cannot fully cover these Ag NW networks, therefore ghef Ag NW electrode after
coating PEDOT:PSS is only slightly increased to 4.19 eV, 0.39 eV lower than th&t of
coated with PEDOT:PSS electrode. The lowgrof the Ag NW electrode (even after
coated with PEDOT:PSS), combined with its greater roughness, werydikely make
the contact between the anode (Ag NWSs) and the polymer less ttanithat between
the smooth films of ITO and the same polymer. Therefore thereif€e in the work
function (0.39 eV) between Ag NWs/PEDOT:PSS and ITO/PEDOT:R8%ccount for
the observed roughly 0.3 V decreasevgfin all the Ag NW-based devices. Although
the performance of Ag NW-based devices is currently lower thanlTi®e based
reference devices, we still achieved a respectable power camveficiency of 2.8 %,
including a highJs. of 9.64 mA/cm, aV, of 0.59 V and a fill factor of 48% with the
solution-processed BHJ solar cell based on the Ag NW anode and apubymaler

(PBNDT-DTffBT).
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Table 5.2. Work function of anode electrodés

Substrates En(€eV) Ewux(€eV) om(eV)
ITO 9.41 26.2 4.41
ITO
(coating PEDOT) 9.58 26.2 4.58
Ag NWs 9.04 26.2 4.04
Ag NWs on Glass
(coated with 8.49 25.5 4.19
PEDOT:PSS)
Ag NWs on PET
(coated with 9.44 26.2 4.44
PEDOT:PSS)

& Ultraviolet photoelectron spectrum are provided\ppendix B3.

5.5. Photovoltaic Properties of Flexible BHJ Solar Cells

A significant advantage of the Ag NWs over ITO is their dro¢ resilience to
mechanical deformation with minimal loss of their conductivity aaddparency (Fig.
5.4). To investigate the impact of flexion on the performance air s@lls based on
these flexible electrodes, BHJ solar cells made from eftttese three polymer:REBM
blends as the active layer were fabricated on Ag NWs/PHEE filThe photovoltaic data
of the flexible BHJ solar cells were acquired with two prolectekcal measurements
performed by the direct contact of an alligator clip to theACedthode and to the copper
tape covered Ag NW anode, respectively. The copper tape betwesdhgdi@r clip and
the Ag NW anode was used in order to ensure good electricalctatiang the
measurement (Fig. 5.8). This setup allowed us to monitor the chamgtovoltaic

properties of flexible solar cells as a function of the bendimggeanithout detaching and
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repositioning the electrical contacts. Unfortuhgtsolar cells using P3HT/Fs:BM as
an active layer alway®xhibited the characteristics of a short circuiere wher
fabricated with thicker polymer layers. This ikelly due to the fact that the anneal
process for P3HT:P&EBM cells takes place at 150 °C, a temperature niigher thar
the glass transitionemperature Tg) of PET (75 °C), which would cause the P
substrate to deform. The deformation of the PEGs8ate would in turn increase t
likelihood of Ag NWs penetrating the active lay®evices made with the amorphc

donor polymers PBNnDFTAZ ard PBnDTDTffBT did not require annealing, so the

devices wee successfully fabricat.

Figure 5.8. a) The experimental setup used for measuringJ-V curves of flexible
devices. bDirect contact of alligator clips to copper tapetba Ag NW anodt was used
in order to ensure good electrical contact duriregliending

The currentvoltage characteristics of Ag NWs/P-based flexible solar cells ma
with either PBNnDTFTAZ or PBnD1-DTffBT under different bending conditions &
shown in Fig. 5.9a and, bespectively. Representative performance paemelf sola
cells are tabulated in Tab%3. Compared with the devices fabricated on Ag Njléss

substrates, there is a noticeable decreay,. for both of the flexible solar cells, whic
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perhaps resulted from the technical challenge of achieving a urstmating of the active
layer on top of Ag NWS/PET via spin coating, since theselflexXPET substrates are
prone to deformation. Interestingly, thg of PBnDT-FTAZ and PBnDT-DTffBT based
flexible devices improves from 0.45 V to 0.67 V and from 0.59 V to 0.75 V, regehcti
This large improvement df,. (~ 0.2 V) is likely due to a higher work function of the
PEDOT:PSS/Ag NWSs/PET film (~ 0.25 eV higher) compared witnREDOT:PSS/Ag
NWs/Glass substrate (Table 5.2); however, the exact nature ob#erved higher work

function of the PEDOT:PSS/Ag NWSs/PET film is not yet clear.
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Figure 5.9. Characteristid-V curves of flexible devices during bending.

As shown in Fig. 5.9 and Table 5.3, with increased bending angle, riemtcdensity
drops for both of the flexible Ag NWs/PET devices, which is likakhe to the decreased
angle of incidence of the illumination. Th&. also decreased slightly under bending,
which can be explained by equation (52)**

V. nkTIn Jee N AEq,
q J 24

SO

(5.2)
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where nis the diode ideality factodg, is related to intermolecular interaction, afteba

is the energy difference between the LUMO level of thgBX& and the HOMO level of
the donor polymer. Since Js,, and4Epa remain unchanged for devices based on the
identical polymer/PgBM blend, a smallev,. for an increased bending angle would
slightly diminish theV,. of the flexible device. There is no noticeable change offhe
under bending, implying that tH& andRs, of the devices barely change while varying
the bending angle. This observation is consistent with the minomahge of the
conductivity of these Ag NW electrodes as shown in Fig. 5.4. More tamby, even
after 10 convex bending—recovery cycles with significantly latgeormation (e.g., a
bending angle/curvature radii of 120°/7.2 mm), these flexible dewiaesstill recover
their original performance with only little performance d&ation. For example, we
achieved an efficiency of 2.3 % for the PBnDT-DTHfBTHEM based flexible devices
even after these devices were bent to 120° (7.2 mm) and returr@®éd 30% of the
original value (2.5 %) before bending. In sharp contrast, BHJ devised ba ITO/PET
only withstood bending to curvature radii of 15.9 mm with poor performafcether,
these devices failed completely (becoming an open circuit) lagieg bent to curvature
radii of 9.5 mm due to the development of micro-cracks generatetebgnechanical
stress in ITG® These results clearly exhibit the superiority of these MgsMver ITO

in fabricating highly flexible solar cells with high efficiency.
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Table5.3. Photovoltaic performances of flexible devices under bending condition.

Polymer cﬁs/r;?glg gg?}lli?((r;)r/n) (mAJ;(C:rﬁ) Voo V) FRE (%) 0 (%)
PBNnDT- 0/- 511 0.67 40.77 14
FTAZ 60/14 4.56 0.65 39.25 1.2
90/9.5 3.84 0.63 40.11 1.0
120/7.2 3.79 0.63 39.17 0.69
recover 4.95 0.63 39.45 1.2
PBNnDT- 0/- 8.58 0.75 38.72 25
DTHET 60/14 7.33 0.71 40.37 2.1
90/9.5 6.35 0.69 40.57 1.8
120/7.2 4.68 0.69 36.05 1.2
recover 8.52 0.75 35.58 2.3

5.6. Conclusion

Fully solution-processed polymer BHJ solar cells with Ag NWodes have been
fabricated with three representative donor polymers (P3HT, PEBADAZ, and PBnDT-
DTffBT). Comparison of these devices with reference devicesdbas ITO revealed
several unique characteristics of Ag NW anodes when they aredpaith different
polymers. As Ag NW electrodes offer electrical and optpralperties comparable to
those of ITO, the short circuit current was not strongly aftebtethe type of anode that
was used. In contrast, the open circuit voltage of Ag NW-based @dvices is
consistently ~ 0.3 V lower than that of corresponding ITO-based dewdssh
significantly reduced the observed efficiency of the Ag NW-bakadces. This lower
open circuit voltage is ascribed to the low work function of the Ag NAEBOT:PSS
film and the poor ohmic contact between the Ag NW anode and tive #agier. Future

work will focus on engineering the nanowire anode to improve the workidanct
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matching. However, even with this relatively low open circuitage, devices on glass
substrates exhibited efficiencies as high as 2.8 %. Furthedemenstrated for the first
time that highly flexible BHJ solar cells can be fabridave Ag NWs/PET anode via a
simple solution processing, the flexible devices retained an eifigief 2.3 %, even after
10 convex bending—recovery cycles with large deformation up to 120° (7.2nmm
curvature radii), whereas devices based on ITO/PET exhibited arciopaih after being
bent to 9.5 mm in curvature radii. This study demonstratestibafg NW electrode
meets the most important criteria of conductivity, transpardtexipility, and solution-
processability necessary to replace ITO in organic photovoltaiSsich nanowire
electrodes will likely enable high-throughput roll-to-roll manwaing of low-cost

OPVs.
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CHAPTER 6
PARALLEL BULK HETEROJUNCTION POLYMER SOLAR CELLS*

6.1. Introduction

In a typical BHJ polymer solar cell which employs a conjugaiagimer as a p-type
semiconductor and a fullerene derivative as the n-type semicondbet@olymer is the
major light absorber. However, the intrinsic narrow absorptionhwefithese conjugated
polymers, usually with a full width at half maximum (FWHM) on treer of 200 nnd!
can only overlap with a small fraction of the solar spectrum. Trhisfficient light
absorption leads to noticeably low current (usually around 10 nfMetmen compared
with other types of high efficiency solar cells (e.g., over 40 mAlonerystalline Si solar
cell), which limits the further improvement on the efficiencypaoiymer solar cells.
Therefore, intensive research efforts have been devoted to the desetagmew p-type
conjugated polymers with better match to the solar spectrum, andutseitpof non-
fullerene based n-type materials that absorb complimentariponregf the solar

spectrum** Unfortunately, only incremental progress has been made in both fronts.

Alternatively, one can increase the absorption breadth of a solabycedtacking
multiple sub-cells in either series or parallel connection such ¢hah sub-cell
incorporating a polymer absorbing specific range of the solactrsppe (Fig. 6.1).

Specifically, a serially connected tandem cell benefits frosigaificantly higherV,

* Adapted with permission fromdournal of the American Chemical Socie?p12, 134
(12), 5432-543%yLigiang Yang, Huaxing Zhou, Samuel C. Price, and Wei You



which is the sum of those from each sub-cell; however)dha such a device is pinned
to the smallestls. among those individuals. from sub-cell$* This poses the first
technical challenge: each sub-cell must be carefullyneeged (e.g., control of the light
absorbing layer thickness) to ensure the current matching withmmaxpossible value.
Second, instead of dealing a sandwiched structure of electrodelagBvielectrode with
two interfaces (between electrode and active layer) in @esjanction BHJ solar cell,
one has to carefully design and optimize additional intercelluzonmbination layers
between the sub-cells. These recombination layers not only aneateinterfaces which
need to be optimized to reach the designed efficiency, also retacantount of
transmitted light, let alone the added cost of fabrication. Omtiiner hand, thds. in a
parallel connected tandem cell combines those from each sub-ceteas thé&/, is in
between those of single sub-céi§® However, even worse than the serially connected
tandem cell, the parallel connection employs not only more intelaeklectrodes, also
requires additional optical spacers to separate these BHXHsifFig. 6.1F° both of

which create a number of technical difficulties and increase the cost icbtadon.

Recently, Zhang et al. fabricated a simple parallel tanddhbyg spin coating P3HT/
PGs:BM solution directly onto a pre-evaporated copper phthalocyanine JCaee®” In
this simple parallel tandem cell, the @M in the top P3HT/P&BM bulk
heterojunction (BHJ) sub-cell is believed to be in contact withutigerlying CuPc to
form the CuPc/P§&BM bilayer sub-cell. Unfortunately, limited by the low current
generated from the CuPc/RBM bilayer solar cell, no noticeable improvement in the
overall efficiency was observed in this simple design of [mréndem cell. Most

importantly, the fabrication of this parallel tandem structure took advantalge sblivent
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resistance of the evaporated CuPc layer. Thus similar approaaghest de directly
applied to adding the top sub-cell via solution processing onto theoseprocessed
BHJ bottom sub-cell (Fig. 6.1), because the bottom sub-cell couldsiye @amaged by

the solvent when spin coating the subsequent layers if no interfacial layeusest.

Recombination

Optical
Spacer

Simplified
Parallel Circuit

[ ITO

Figure 6.1. Schematic structure of different types of polymer tandem cells.

6.2. Concept of Parallel Bulk Heterojunction (PBHJ)
Our new design, parallel bulk heterojunction (PBHJ) solar cell, coveses

aforementioned technical challenges and increased cost assositttetandem cell,
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since it maintains the fundamental structure of a single junBtibhcell (two electrodes
sandwiching the active layer) (Fig. 6.2). Meanwhile, PBHJ béaesadvantage of
conventional multi-blend systems — an increased absorption width. Impgrtantl
compared with conventional multi-blend system which can only incorperaeall
qguantity of additional donor molecules/polymers as sensitizers,JP&itar cells can
employ two or more polymers of different band gaps at any cotiusiegardless of
their HOMO (or LUMO) levels. In our PBHJ device incorporatimg tdonor polymers
and PG,;BM as the acceptowride infrg), excitons generated in individual donor polymer
would migrate to respective polymer/gBM interface and then dissociate into free
electrons and holes, as would occur in a conventional BHJ cell. Eleatouhd transport
through the PgBM enriched domain prior to their collection by the cathode. Meapwhil
besides a possible charge transfer at the interface of polynyengrolholes generated
from different donor polymers would mainly travel through their esponding polymer
linked channel to the anode. Thus, all free charge carriers ¢emhdram two donor
polymers and P§&BM (i.e., two polymer/PgBM blends) can be collected by the same
cathode and anode, which indicates this structure is equivalent tdlal garanection of
two single BHJ cells. PBHJ essentially merges two (or jngirggle junction cells into
one integrated design that combines the simple device structure\iafabrication cost)

of single junction BHJ cellandthe much improved light harvesting from tandem cells.
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Figure 6.2. Schematic structure and energy diagram of PBHJ devices

6.3. Experimental Section

All devices were fabricated by spin-coating the activeddyend solutions on top of
electronic-grade PEDOT:PSS (Baytron PH500) coated indiunxidtefylass slides (ITO)
(Thin Film Devices). PBHJ solar cells were fabricated frone single blend of two
donor polymers with P&BM, and single BHJ devices were fabricated from binary
blends of donor polymer and B8M. All blends were dissolved in dichlorobenzene (10
mg/mL for donor polymers) with heating at 100 °C for 6 hours. Thacee were
finished for the measurements after the thermal deposition ofrem3fim of calcium
and a 70 nm aluminum film as the cathode at a pressure of ~° Infiér. There are 8
devices per substrate, with an active area of 12 pendevice. Device characterization
was carried out under AM 1.5G irradiation with the intensity of 100/cnW (Oriel
91160, 300 W) calibrated by a NREL certified standard silicon celfre@t versus
potential (I-V) curves were recorded with a Keithley 2400 digitaurce meter. EQE
were detected under monochromatic illumination (Oriel Cornerstone 260n Ya
monochromator equipped with Oriel 70613NS QTH lamp) and the calibrationeof t

incident light was performed with a monocrystalline silicon diodé fakrication steps
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after adding the PEDOT:PSS layer onto ITO substrate, and ctéidzations were
performed in gloveboxes under nitrogen atmosphere. For more experimeaital ateut

reagents, instrumentation, and spectroscopy please Alppekdix A.

6.4. Proof of PBHJ Concept

As the proof-of-concept, we chose two groups of polymers to constrittl B&vices
(poly(benzodithiophene-dithienyl-benzotriazole) (TAZ)and poly(benzodithiophene-
dithienyl-benzothiadiazole) (oTBY3 poly(benzodithiophene-dithienyl-difluoro-
benzothiadiazole) (DTBTf and poly(benzodithiophene-dithienyl-thiadiazolo-pyridine)
(DTPyT)'). Each group contains two polymers of different band gaps and HOMO
levels (Fig. 6.3)Two PBHJ devices were then fabricated with ~ 100 nm thick active
layers consisting of TAZ/DTBT/P&EBM  (weight ratio of 0.5:0.5:1) and
DTHBT/DTPYT/PGs:BM (weight ratio of 0.5:0.5:1) respectively. For the purpose of
comparison, we also fabricated four conventional single junction BHddlsbbased on
individual polymer blended with RgBM (1:1) with an active layer of ~ 50 nm thickness.
The first notable feature is that the absorption spectra of Biglsd cells are essentially
the linear combination of spectra of two single sub-cells. (Eia and b), since PBHJ
cells have no interfacial layers that could undesirably refledtabsorb the incident light
and thereby reduce the total amount of light absorbed by the &aye Because two
polymers of different band gaps and absorption behavior are employex PiBES cells
exhibit much broader absorption width when compared with that of the and gap
polymer based sub-cells, and significantly increased absorpti@mgtir in low

wavelength regions than that of small band gap polymer based Igibd-oe example,
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the peak absorption of TAZ/RBM film is located between 500 and 600 nm with the
absorption edge only extending to approximately 650 nm. On the other hand, the
DTBT/PGs:BM film absorbs relatively weakly between 500-600 nm, but hascagstr
absorption band between 600-750 nm. The PBHJ device of TAZ/DTBBRIC
captures absorption features of both sub-cells and resultsnong stbsorption covering

a significantly wider range (350 nm to 750 nm) with much increabedrption intensity.
Similar absorption features are also observed in the PBHJ device of

DTHBT/DTPYT/PCs:BM.

HOMO - 5.29 eV DTBT HOMO - 5.40 eV
Band Gap 1.98 eV Band Gap 1.70 eV

HOMO —5.54 eV HOMO - 5.45 eV
DTHBT Band Gap 1.70 eV DTPyT Band Gap 1.51 eV

Figure 6.3. Chemical structures and band gaps of TAZ, DTBT, DTffBT and DTPyT.

The most interesting feature of these PBHJ devices is teenakguantum efficiency
(EQE) spectra. As shown in Fig. 6.4c and d, the EQE spectRBHf] devices are
approximately the sum of those of individual “sub-cells” in the leavelength range
where both donor polymers contributeetdn pairs (and thereby the photocurrent). This
indicates that most of the free charge carriers genenatedch “sub-cell” of the PBHJ

device are successfully collected by respective electroddsrestingly, in high
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wavelength range where the larger band gap polymer no longer absorbaspant
thereby contributes zero current, the EQE of the PBHJ devicgherhihan that of the
lower band gap “sub-cell’. For example, the EQE numbers of DT&ib-cell” and
DTPyT “sub-cell” are around 30% at wavelength of 700 nm and 750 nm ctieghe
whereas the EQE numbers of TAZ/DTBT and DTffBT/DTPyYT based PBHs aedlover

40 % at the corresponding wavelength. It is highly possible thatatije band gap
polymer with high mobility can serve as additional charge trangparinel in the PBHJ
device, to facilitate charge transport and consequently enhancaténeal quantum
efficiency (IQE) in the lower band gap absorption range. Colldgtiveuch enhanced
EQE spectra — over 40% across a width of over 400 nm — were observeith of our
PBHJ devices. As a result, thg of PBHJ devices are significantly increased and almost
identical to the sum of those in two single “sub-cells” (as shiowFig. 6.4e and f). On
the other hand, th¥,. of PBHJ devices is in between of those measured in individual
“sub-cells”, which establishes that PBHJ solar cells d@iffeerent from conventional
multi-blend systems where the observeg. is pinned to the smallest,. of the
corresponding binary blend*® This is because in conventional multi-blend systems,
dominant hole transport and collection occurs through the donor componenthevith t
highest HOMO level. This highest HOMO level determines theemies V,. of the
multi-blend system, independent of the origin of photocurrent genefatitmwever, in

our PBHJ devices, both the energy transfer and charge transferebetiiferent donor
materials are not dominant. Holes generated from individual donor paymeauld
mainly travel through their corresponding polymer connected channdélet@anode,

similar to the parallel connection of two single junction BHJscdlhus the observell.
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combines those from each “sub-cell”, whereas\Mhas in between those of single “sub-

cells”, both of which are a clear indication of a parallel conneétigh.
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Figure 6.4. Absorption of the PBHJ devices and their sub-cells based on apTAL
and d) DTffBT/DTPyT; EQE of the PBHJ devices and their suls-dehsed on b)
TAZ/DTBT and e) DTffBT/DTPyT; Characteristi¢-V curves of the PBHJ devices and
their sub-cells based on ¢) TAZ/DTBT and f) DTffBT/DTPyT.
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6.5. Photovoltaic Properties of PBHJ Solar Cells
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Figure 6.5. Characteristic J-V curves of the PBHJ devices and single d&Hg with
optimum thickness based on a) TAZ/DTBT and d) DTffBT/DTPyT.

In order to investigate the individual contribution from each sub-oethe PBHJ
device and identify the optimal device condition (e.g., blending aatibfilm thickness),
we varied the composition of related two sub-cells for each PBMitedand also
optimized the film thicknesses. Fig. 6.5 shows the J-V curves d?Bik) devices based
on various compositions of related two sub-cells, with the represenfzhotovoltaic
properties tabulated in Table 6.1. Fig. 6.6a and b summarize the ge@tasof PBHJ
devices consisting of systematically varied composition of twecsllb, together with
these of the single junction BHJ devices with optimal thicknessefi@rence. In the
PBHJ device based on TAZ/DTBT, as the proportion of TAZ subdmsireases, the
EQE in the region between 450 and 600 nm attenuates (Fig. 6.6a). However, this does not
lead to a decreaseli. (Fig. 6.6c), since the correspondingly increased proportion of
DTBT sub-cell results in an increased EQE response from 600 to 750vhith

compensates the decrease of EQE in the low wavelength region.
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Figure 6.6. EQE of the PBHJ devices with different composition of a) TAZDTand b)
DTHBT/DTPyT; Jscand V,c of the PBHJ devices as a function of the amount of ¢) TAZ
in DTBT and d) DTfBT in DTPyT.

As a result, thdsc in the PBHJ devices with all compositions (entry 2, 3, 4 in Table 6.1)
has significantly improved when compared with single junction BHitds (entry 1 and

5 in Table 6.1). In particular, the PBHJ device consisting of equivaleount of TAZ
and DTBT sub-cells shows J; of 12.3 mA/crr%, which is about 40% and 20% higher

than that of TAZ (8.68 mA/crz’r)u and DTBT (10.2 mA/crzr) based single junction BHJ
devices, respectively. Similar composition-dependent behavior is bserved in the
EQE spectra of PBHJ devices consisting of DTffBT and DTPyJetbasub-cells (Fig.

6.6b), resulting in enhancdg.observed in all PBHJ cells (entry 7, 8, 9 in Table 6.1). The

highestJscof the DT BT/DTPyYT based PBHJ solar cell is 14.1 mA?pabout 16% and
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10% higher than those of single BHJ devices based on DTffBT (12.2n121)Aand

DTPyT (12.8 mA/crrzl), respectively. Interestingly, unlike the TAZ/DTBT based PBHJ
cells where the highesds. appears at the 50:50 ratio, the highdgf in the
DTffBT/DTPyYT based PBHJ devices is achieved from the deviceistorgs of 70%
DTffBT and 30% DTPyT (Fig. 6.6d and entry 9 in Table 6.1), which indicéite
optimum composition of a PBHJ device depends on the optical and elegiroperties

of constituting polymers, such as the overlap of EQE spectra ofduodivpolymer based
sub-cells. On the other hand, as the proportion of the sub-cell whierhig.increases,
the V. of the related PBHJ solar cell shows a continuous improvemamt ®:75 V to
0.87 V in the TAZ/DTBT system and 0.85 V to 0.91 V in the DT BTEYT system,
respectively (Fig. 6.6¢c and d, Table 6.1). This further confirms thaPBtdJ device
belongs to the parallel connection of single junction sub-cells, sirceroltage of a
parallel circuit is the weighted average of individual voltdgesa these single sub-cells.
Because of the much improvég, all PBHJ devices (though with different compositions)
exhibit increased overall efficiency when compared with correspgndingle BHJ
devices (Table 6.1). However, we note that the highest efficiebsgrved in these two
exemplary PBHJ systems is not from the PBHJ device witheligs., since the overall
efficiency of solar cells is also affected by Wg and theFF. In these two specific PBHJ
systems, the TAZ/DTBT PBHJ system exhibits the highestieficy of 5.88% with a
composition of 30% TAZ and 70% DTBT based sub-cells, whereas ti@ DIDITPyT
PBHJ system with equivalent proportion of DT BT and DTPyT Hasab-cells offers

the best efficiency over 7%.
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Table 6.1. Photovoltaic performances of devices with optimized thickhess.

Thickness  Jsc Voc FFE .
Entry Cells (m)  (mAcn®) (V) (%) 1 (%)
. TAZiI-DOTBT 96 8.68 0.75 624 4.06

2 TAZ.DTBT
0.7:0.3 102 10.3 0.75 62.0 4.79

3 TAZ:DTBT
0.50.5 111 12.3 0.79 59.8 5.80

4 TAZ.DTBT
0.3:0.7 79 11.9 0.81 60.8 5.88
° TAZ(:)I.DlTBT 88 10.2 0.87 49.6 4.39
° DTﬁBIEgTPyT 138 12.2 091 56.5 6.26

7 DTfBT:DTPYT
0.7:0.3 84 12.5 0.89 59.3 6.60

8 DTHBT:DTPYT
0505 94 13.7 0.87 58.9 7.02

9 DTfBT:DTPYT
0.3:0.7 81 14.1 0.85 56.5 6.78
w0 DTﬁBg.:?TPyT 89 12.8 0.85 58.1 6.30

& All polymers were blend with RGBM at a weight ratio of 1:1 in dichlorobenzene.

6.5. Conclusion

A conceptually new device configuration, Parallel Bulk Heterojonc{PBHJ), was
proposed and successfully demonstrated with two prototypicahsysRBBHJ eliminates
the needs of careful design and precise control of the interfagels, which are key
components in conventional tandem cells, thereby significantly regltioencomplexity
of the devices and photon loss from these interfacial layers. Myertantly, PBHJ
enables the effective use of multiple sub-cells with much imprdigat absorption and
conversion. Thus PBHJ represents a major advancement over the converdrafial

connected or series connected tandem cells. In the two prototypstams, thels. of
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PBHJ device can be increased up to 40% when compared with the optinglenBiiJ
devices, resulting in noticeably enhanced overall efficiency. Thaoegailed working
mechanism and specific rationale in paring multiple polymersBRJPremain to be
investigated, we believe PBHJ opens a new avenue to accelamtefficiency

improvement of polymer solar cells.
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CHAPTER 7

CONCLUSION AND FUTURE DIRECTIONS

7.1. Importance of this Thesis

Further increasing efficiency and reducing the cost of manufagtpolymer solar
cells are crucial for future commercialization of polymeasaklls. In previous chapters,
some quantitatively investigations of side chains and substituentsnitruct ideal
conjugated polymers for organic solar cells have been presented. Witstandig the
influence of side chains and substituents, highly efficient conjdgatg/mers for solar
cells were successfully designed. Moreover, new intetfegjar and device structures
of polymer solar cell demonstrated in previous chapters indicateatianal design of
interface and structure not only facilities low cost roll-dt-fabrication and stability, but
also improve the performance of solar cells.
7.1.1" Trivial" ThingsAreNon-Trivial

Conventional wisdom dictates that the band gap and energy levalsmijugated
polymer are primarily determined by the molecular structuteetonjugated backbone,
while the solubilizing alkyl chains should have a negligible immacthese properties.
Hence the side chains should have minimal impact odsthend V.. of corresponding
polymer-based BHJ solar cells. However, contrary to the “convehticisdom”, we
demonstrate in Chapter 2 that the side chain of a low band gap pdRNERIT-DTBT)

significantly impacts the observad. andJs. of the corresponding BHJ solar cell with



variations as much as 100%, depending upon the length and shape of tHesleaaiky
The long and branched side chains would weaken the intermolecutacimae, which is
beneficial to thé/,.. though at the expense &t In chapter 3, we indicated a possible
new strategy to increase efficiency of conjugated polymesebaslar cell via optimal
combination of side chains and F substituents. Although long bulky sides alieaken
n-n stacking and intermolecular interaction, thereby leadingdocedJs. in the related
polymer-based BHJ cells, the reduckgis significantly improved by F substitution on
the conjugated backbone, partly because of enhangeacking and optimized polymer
orientation relative to the electrodes. Further, the introductionsabBtituents lowers the
HOMO and suppresses charge recombination, both of which benefitea YiighFinally,
F substitution yields high charge separation probability even uretgrsmall external
electric field, which not only leads to a very higk over 60% in related BHJ devices,
but also helps to improve tlle. Because of the synergistic effects of long bulky chains
and F substituents, the related polymer-based BHJ solar cebitexiine highest
efficiency of up to 5.62%.
7.1.2. Engineer Interface

In chapter 4, uniform P3MT films were successfully fabadabn ITO surfaces by
surface-initiated Kumada catalyst-transfer polycondensatiolKC3IP) using surface
bound (ary)Ni(l1)-Br Initiators. The P3MT interfacial layes covalently bound,
preventing delamination during processing of additional layers, hwkiaccessfully
served as the HTL for solution-processed BHJ polymer solas eath a typical
configuration. PCE of 5% has been achieved on doped thin P3MT améttyers in

our investigation. Moreover, due to the good stability of P3MT/ITO tsales, devices
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based on reused P3MT/ITO substrates extracted from old devibdst esatisfactory
efficiency as high as the original devices. All these doped PBadEd devices exhibited
satisfactory performance, indicating that P3MT interfaeigét is a promising alternative
to PEDOT:PSS as the hole transport layer and thereby improve the stiligys.
7.1.3. Design of Device Structurels Crucial

Fully solution-processed polymer BHJ solar cells with anodedenieom silver
nanowires (Ag NWs) were successfully fabricated with a cordigur of Ag
NWs/PEDOT:PSS/ P&EBM/Cal/Al in Chapter 5 Efficiencies of 2.8 % and 2.5 % were
obtained for devices with Ag NW network on glass and on PET, respgctivore
importantly, highly flexible BHJ solar cells have been firédgricated on Ag NWs/PET
anode with recoverable efficiency of 2.5% under large deformatiaim 20°. These
results indicate that, with improved engineering of the nanowiresfeolinterface, Ag
NW electrodes can serve as a low cost, flexible alternaiiv€@, and thereby improve
the economic viability and mechanical stability of OPVs. One ftather improve
efficiency of a solar cell by stacking multiple sub-selh either series or parallel
connection such that each sub-cell incorporating a polymer absorbicifjcspnge of
the solar spectrum. However, this approach is technically ogallg, leading to an
increased cost of fabrication. Therefore, we demonstrated aptoaltg new approach,
parallel bulk heterojunction (PBHJ) in Chapter 6. This PBHJ soldmtaEntains the
simple device configuration and low cost processing of single junBiibh cells while
inherits the major benefit of incorporating multiple polymers md&an cells. In this
PBHJ, free charge carriers travel through their correspondampr polymer linked

channels and fullerene enriched domain to the electrodes, equivalentpéoallel
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connection. Thds. of the PBHJ solar cell is nearly identical to the sunmdividual Js¢
of each single sub-cell, while thg. is in between of those from sub-cells. Preliminary
optimization of PBHJ devices leads up to 40% improvemewt.iand 30% in overall

efficiency when compared with these of single BHJ devices.

7.2. Looking Forward

In the rest of this Chapter, | will try to expand the horizon beyonmstieg polymer
and device architecture design and discuss some future developmetiordiréor the
whole field of polymer solar cell.

7.3.1. IsaHigher PCE Possible?

So far thels; can reach as high as 17.3 mAf¢if with absorption up to 900 nm (~
1.3 eV); the highes¥,. obtained has been over 1 % and the highest obtaindtF
has breached 7088*° If we could achieve all these impressive values with onerayste
this champion BHJ solar cell would offer an unprecedented value of 12¥%drtunately,
all these high values are obtained from different polymer basedsididms, partly due
to the inter-relation between some of the properties such as Hrebdletweeds. and
Voc as discussed in chapter 2. A more rigorous model calculation on tihetal
performance of polymer:fullerene BHJ cells predicts a maxinpaonver efficiency of
11.7% for single cells and 14.1% for tandem structifresiowever, if polymer solar
cells (and organic solar cells in general) intend to compéte ather thin film PV
technologies (such as CIGS or CdTe) as a viable economic solutimnéwable energy
future, higher efficiencies (15 — 20%) will be strongly desirableot required. Is a

higher PCE for polymer solar cells possible? To answer this challengkaste analyze
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the Js., Voc and FF individually, since these three parameters finally determiiree t
efficiency.

Short circuit current (Jg). It is generally agreed that a smaller band gap favors a
higher short circuit current. However, this trend reaches @simum around 1.3 eV.
Polymers with even smaller band gap than 1.3 eV fail to offer morertd as expected
from their absorption extending into near IR. It is because thelyisuadll full width at
half maximum (FWHM) of these conjugated polymers, normallyhenorder of 200 nm.
Thus continuously shifting the absorption of the polymer towards IR enleo$olar
spectrum would inevitably diminish its ability to absorb théntlign the visible region.
There are several possible solutions have emerged to increasabsbeption of
conjugated polymers: 1) using random copolymerization to bring more than t
monomers into the conjugated backbone. 2) stacking multiple sub-céisdam cells
that each sub-cell incorporating a polymer absorbing specifgerahthe solar spectrum,
3) multi-blend system that mix several polymers absorbing fspeanges of the solar
spectrum with fullerene and 4) applying light trapping for beligit harvesting’
Alternatively, one can employ electron accepting materialsahsbrb complementary
part of the solar spectrum in regard to the absorption of thealedonating polymers,
thereby broadening the light harvesting of the active layer. midst successful example
is the PG;BM, whose less symmetry (compared withsE8B/A) renders a much enhanced
absorption from 300 to 600 nf This strong absorption in the UV-Vis region by the
PGC;1BM effectively complements the absorption usually ranging & nm to 800 nm
offered by these narrow band gap polymers, thereby leading to eeciate increase

(20% or more) in thds. of related solar cells when compared with that of;BM based
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ones. In addition to the low absorption polymer solar cells, the ektgquaamtum
efficiency (EQE) remains relatively low (50% — 80%), evenhase highly efficient
polymers/fullerene BHJ solar cells. This is mainly due to twe mobility of charge
carriers in these polymer:fullerene blends and the intrinsidalydered morphology of
the BHJ cells, leading to poor charge transport. Thus further imprdkgarrier
mobilities (both holes and electronics), controlling the morphology, iadth§y methods
to slow down or diminish charge recombination, should be among the research priorities.
Open circuit voltage (Voc). After years of investigation, it is generally accepted that
the V,. is proportional to the difference between the HOMO of the donotrendUMO
of the acceptor, though recent advances in understanding the orighe 9§, have
provided further insight®%1°11°2 Therefore, the first priority is to further understand
the origin of Voc. With a recently developed newelectron acceptor (D99'BE}
Heeger and Wudl showed tha¥g of 1.2 V could be obtained from the P3HT/D99'BF
BHJ solar cell®* as opposed to the usually obtained 0.6 V in the case of P3E{BMC
solar cells. More importantly, these authors demonstrated that electrdartcandd still
occur even with only 0.12 eV in the LUMOs offset. Apparently, ékeiton binding
energy could be as small as 0.1 eV (at least in the cas&®Hdf)P However, even in this
successful demonstration, a loss of over 0.5 eV was still obsemnvesl thie difference
between the LUMO of D99'BF and the HOMO of P3HT was 1.78 eV. Nesleds,
there is still a lot to be done to determine a clearerctsire-property relationship
regarding thé&/,., so the chemists will know how to design better materials @ettiron
donating and electron accepting materials). Alternatively, beferdind new acceptors

that can replace the fullerene on all fronts, we can still mathéy structure of this
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fascinating group of molecules to raise up their LUMO enesggl$, in order to gain a
higherV,.. There have been successful examples such as trimettilie @ndohedral
fullerenes (TNEFs, in particuldrusN@C80)° indene-Go bisadduct (ICBA)-* among
others'® The V. of related P3HT:modified fullerene BHJ cells can be increased
much as 0.26 V when compared with P3HT{BM™ cells!® because of the raised
LUMO energy level of the modified fullerene.

Fill factor (FF). Unlike silicon solar cell or even dye sensitized solar celld) bbt
which give high fill factors (75 — 80% or higher), the polymer soklls usually only
offer a fill factor around 60%. It is attributed to the low gjeacarrier mobilities (esp.
holes) and the disordered nature of the BHJ film that leads to paagectransport. In
order to get a higkF, research efforts are needed to reach a balanced and ragd char
transport (holes vs. electrons), to optimize and control the film morphathdg more
ordered structure, and to improve all electric contacts. Anotheibfsgpproach is
engineering anode/cathode interfacial layers as chargetigeleontacts between the
BHJ active layer and the electrodes. These interfaciakdagan work as hole selective
layer at anode or as electron selective layer at cathode Vauititate charge transport

and charge collection near electrode, leading to impré¥ed

7.3.2. How to Further Reduce the Cost?
Though the rational design of the active layer (e.g., polymer aretdol or other
acceptors) and device architecture (e.g. tandem cells)uctuerf improve the efficiency

of polymer BHJ cell as discussed in previous Chapters, one gtdkrte further reduce

130



the manufacturing cost before reaching the full potential pfgaren cell. Listed below
are two approaches to low cost polymer solar cells:

Transparent electrode. ITO has been the standard transparent contact electrode for
polymer solar cells. However, the physical nature (brittlenass) the high price
associated with ITO prevent a large scale roll to roll prodoctif polymer solar cells
based on this particular material. Carbon nanotubes, grapti&hesnd metal
nanowire§’ ™ have been proposed and respectable results demonstrate that these
electrodes meet the most important criteria of conductivitgsfrarency, flexibility, and
solution-processability necessary to replace ITO in polymer s@ll. Therefore, these
electrodes will likely enable high-throughput roll-to-roll mantdaing of low-cost
polymer solar cells.

Stability. A long lifetime of polymer solar cells is crucial for lowost and
commercialization. PEDOT:PSS is commonly used as the intdrfanctional layer
between the photoactive polymer and electrode contacts, howevecjdits @ature
etches the ITO and imposes potential lifetime instability. Therefoe¢al oxides recently
emerged as versatile interface modifiers, such as’NMpOs,2**"**W0;"**°as the hole
transport layer to replace PEDOT:PSS. Devices based oninter$acial layers showed
a much longer lifetime compared to the PEDOT:PSS based deviceaddition,
progresses have been made in the inverted cells to increase #tabdity>” In an
inverted architecture the anode is composed of a relatively dtaldecollection layer
covered by a high work function metal. The absence of PEDOT:iR8So& work

function metals implies promising long term stability of the inverted strucBigaificant

131



progress has been made to improve the stability of polymer salar; dor example,
Konarka has shown a life time of three years for their polymer solar¥ell
Device Engineering. As discussed in Chapter 6, tandem structure can further improve

efficiency of a solar cell, however, this approach lead to aeased cost of fabrication.
Another approach is to blend multiple donor components of different alosofpatures
(ideally complementary), into a single junction BHJ devices.eRidy, this simple
method has been successfully demonstrated by the addition ofldractain (1 — 20%)
of dye molecules or a small band gap polymer as sensitizarsthat archetypical
P3HT/PG1BM BHJ cells’®" Moreover, our PBHJ enables the effective use of multiple
donors with much improved light absorption and conversion. All of thesg-loherhd
BHJ devices eliminate the needs of careful design and prem$elcof the interfacial
layers in tandem cells, thereby significantly reducing the ptexity of the device.
However, detailed working mechanism and specific rationale in pamudgple polymers
in BHJ devices remain to be further investigated to acceldratefficiency improvement
of polymer solar cells.

All these challenges and opportunities compose the major part &irpevish list
for the commercialization of polymer solar cells. This i®m@nidable task; however, if
we could achieve these goals, the payoff would be huge — rallitprocessed single
junction polymer solar cells with 15% efficiency and 10 yeaggitife would be within

reach!
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Appendix A:
Common Experimental Details

A1l. Reagentsand I nstrumentation

All reagents and chemicals were purchased from commercialeso(#ldrich, Acros,
Strem, Fluka) and used without further purification unless stated osigerwReagent
grade solvents were dried when necessary and purified by dtill&lass substrates
coated with patterned indium-doped tin oxide (ITO) were purchased Timm Film
Devices, Incwith a 150 nm thick sputtered ITO pattern and a resistivity of2kh
Microwave assisted polymerizations were conducted in a CEMoiescBenchmate
microwave reactor.Gel permeation chromatography (GPC) measurements were
performed with a Polymer Laboratories PL-GPC 220 instrument udiy&y-
trichlorobenzene solvent (stabilized with 125 ppm BHT) at 260 The obtained
molecular weight is relative to the polystyrene standard. Uaifb\é absorption spectra
were obtained by a Shimadzu UV-2401PC spectrophotometer. For the emeasts of
thin films, polymers were spun coated onto pre-cleaned glass dfid@ 10 mg/mL
polymer solutions in chlorobenzene. The thicknesses of fiims weaded by a
profilometer (Alpha-Step 200, Tencor Instruments). Asylum Researdh3MFAtomic
Force Microscope was used for taking AFM images. The microsgap@perated in AC
mode at ambient conditions (T = 21 °C, RH = 45 %), using siliconileasts
(BudgetSensorsTap300Al) with resonance frequencies of approximately 300 kHz.
Powder X-ray diffraction spectra were obtained using a Brukeé€®s SMART APEX I
instrument. Samples were first peeled off from the solar cell deaakthen mounted on
the sample holder for XRD measurement.

A2. Electrochemistry
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Cyclic voltammetry measurements were carried out using an8igtecal Systems
(BAS) Epsilon potentiostat equipped with a standard three-electrodéguoatibn.
Typically, a three electrodes cell equipped with a glasbocamworking electrode, a
Ag/AgNO; (0.01M in anhydrous acetonitrile) reference electrode, and artcaunter
electrode was employed. The measurements were done in anhydetasitale with
tetrabutyl ammonium hexafluorophosphate (0.1 M) as the supportingogleetinder an
argon atmosphere at a scan rate of 100 mV/s. Polymer filmes dvep cast onto the
glassy carbon working electrode from a 2.5 mg/mL chloroform solatnehdried under
house nitrogen stream prior to measurements. The electrocheomsats were
determined at the position where the current starts to differ ftembaseline. The
potential of Ag/AgNQ reference electrode was internally calibrated by ushng t
ferrocene/ferrocenium redox couple (FEéNFevhich has a known reduction potential of —
4.8e 10 The highest occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) energy levels of copolymers werkewdated from the onset

0oXx

oxidation potentials €2, ) and onset reductive potentialsE[:, ), respectively,

according to equation (A.1) and (A.2). The electrochemicaltgradened band gaps
were deduced from the difference between onset potentials frioiation and reduction

of copolymers as depicted in equation (A.3).

HOMO= - (Eg;(est + 4.8) (eV) (A.l)
LUMO= — (E%,_ + 4.8) (eV) (A.2)
EgEa% = E(())r:(est - E(;?\?ast (A-'?’)

A3. Spectroscopy:

134



UV-Visible absorption spectra were obtained by a Shimadzu UV-2401PC
spectrophotometer. Fluorescence spectra were recorded omad3hi RF-5301PC
spectrofluorophotometer. For the measurements of thin films, polymers spun
coated onto pre-cleaned glass slides from 10 mg/mL polymer soluticztdoroform.

The thicknesses of films were recorded by a profilometer (Aftega 200, Tencor

Instruments).
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Appendix B:
Supporting Infor mation
B1l. SCLC Mobility Measurement in Chapter 2
For mobility measurements, the hole-only devices in a configuration of
ITO/PEDOT:PSS (40 nm)/polymer:RBM/Pd (50 nm) were fabricated. The
experimental dark current densiti@of polymer:PG,BM blends were measured when
applied with voltage from 0 to 6 V. The applied voltAgeras corrected from the built-
in voltage Vi whichwas takeras a compensation voltaggi=V,. + 0.05 V and the
voltage dropV,s across the ITO/PEDOT:PSS series resistance and consathanee,
which is found to be around 38 from a reference device without the polymer layer.
From the plots ofl ®° vs. V (supporting information), hole mobilities of copolymers can
be deduced from

9 V?
J :ggrgo,th (B.1)

wheregg is the permittivity of free space; is the dielectric constant of the polymer
which is assumed to be around 3 for the conjugated polym@ssthe hole mobilityV is

the voltage drop across the device, bnsl the film thickness of active layer.
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Table B.1. Mobility of polymers under SCLC condition

Polymer Only Polymer:PG1BM (1:1)
Polymer

Only Thickness Mobility Thickness Mobility

(nm) (cnf/V-s) (nm) (cnf/V-s)
C10,6-C8 40 3.27E-06 £ 6.87E-07 80 2.49E-05 + 2.61E-06
C10,6-C6,2 40 9.41E-06 + 2.64E-06 75 3.32E-05 + 4.81E-06
C8-C8 35 5.49E-07 + 1.93E-08 70 1.58E-05 + 2.47E-06
C8-C12 35 1.25E-06 + 1.63E-07 75 2.29E-05 + 4.28E-06
C8-C6,2 40 1.61E-06 + 2.27E-07 70 1.61E-05 + 9.24E-07
C6,2-C6,2 40 8.05E-06 + 1.16E-06 70 2.06E-05+ 3.80E-06

B2. Computational Simulation in Chapter 2.

The optimized geometry, HOMO and LUMO energy levels and gleatron density

distributions were calculated at the B3LYP/6-311+G* level lodory using density

functional theory and Gaussian 03 package (Fig. B.1).
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Figure B.1. Electron density distributions of all polymers &@dMO and LUMO
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B3. Multi-peak Gaussian Fittingin Chapter 3

Fig. B.2 shows the Multi-peak gaussian fitting to (a-d) out ah@land (e-h) in plane
PGs:BM and polymer 010 peaks. A cubic background is simultaneously fit along with the
g location, peak width, and height of each peak. For the in plane data, aonadigeak
near g = 1.8 & is used. Panels (a,e) correspond to polymesBN blend C6,2-C6,2,

while (b,f) correspond to C8,4-C6,2, (c,g) C6,2-C6,2F, and (d,h) C8,4-C6,2F.
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and polymer 010 peaks.
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B4. Ultraviolet Photoelectron Spectroscopy (UPS) in Chapter 4

In UPS the source of radiation is a-discharge lamp emitting He | radiation
energy 21.2 eV Such radiation is only capable of ionising elecsrénrom the outermo:t
levels of atoms the valence levelThe UPS was performed in ChapteioSmeasure th
work function () of the Ag NW electrodes, the PEDOT:PSS and tl@@ UPS spectra
of each sulisate are shown beloy

UPS' SpectrumLens ModeUFS. Resolutiosbassenrty 5

Acgn. Time(s): 84 Sweeps: | Anode:He I{0 W) Step(meV): 25.0
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FigureB.3. UPS spectrum cITO substrate (arrows indicatirig, on leftandEmnaxon
right).
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FullUPS ITO 1:30(10075_UPS_AgNanowire_polymers)
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Figure B.4. UPS spectrum (PEDOT:PSS coating ITO substrate (arromeéicating Enin
on left andEmaxon right).
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Figure B.5. UPS spectrum cAg NW sheet (arrows indicatinigy, on leftandEmaxon
right).
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Figure B.6. UPS spectrum (PEDOT:PSS coatingg NW/glass substrate (arro\

indicating Emin on left andEm, 0N right).

144



FullUPS TZP 1:46(10075_UPS_AgNanowire_polymers)
UPS  Spectrum Lens Mode:UPS  Resolution:Pass energy 5
Acgn. Time(s): 84 Sweeps: | Anode:He I(0 W) Step{meV): 25.0
Dwell Time(ms): 100 Charge Neutraliser :Off Acquired On :10/10/29 12:22:01

4
x10
100_
= 80_]
B N
= 60_]
£z [
£ 40
2 4
= 20
0
T T T u T T T — T T T T T T T T y T T
8 12 16 20 24 28
Kinetic Energy(eV)
LoUUPS TZP 1AT(10075_UPS_AgNanowire polymers) HiUPS TZP 1 48{10075_UPS_AgNansowire_polymers)
UPS  Spectrum Lens Mode UPS  Resolution Pass encrgy § UPS  Spectrum  Lens Mode UPS  Resolution Pass energy §
Acgn. Tume(s): 30 Sweeps | Anode He HO W) SiepimeV): 100 Acgn. Tume(s) 320 Sweeps | Anode:He N0 W) Stepime V) 10.00
Dwell Tme(ms). 100 Chasge Newtraliser OFF Acquired On 1010729 12-22.01 Dwell Time(ms) 400 Charge Neutraliser 'O Acquired On :10/1029 12:22.01
w0t so_al0
100 \\
80 60
& o] &
= Z 1,
2 -1 '~
£ £
2 g0 E
4 20
204 l i
LI S B S B B B B S B e S S B S B By B L B e S B e e e T B ¢
L LR 9 95 10 105 nu pLE 252 256 26 26.4 8
Kinetic EncrgvieV') Kinetic EncrgyieV)

FigureB.7. UPS spectrum (PEDOT:PSS coatingg NW/PET substrate (arrov
indicating Emin on left andEma, on right).
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