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Abstract

An anionic conjugated polyelectrolyte poly[(9,9-bis(4-sulfonatobutyl sodiuruordne-alt-
phenylene)-ran-(4,7-di-2-thienyl-2,1,3-benzothiadiazole-alt-phenylene)]  which  exhilgtsod
solubility in water was synthesised via Suzuki-cross coupling. This conjugated poblgtecivas
used as an additive in the hole transporting layer within organic photovoltagesleVhere is an
efficiency gain as a result of an improved carrier generation andectrargport across the interface
into the hole transport layer when the work function of the hole transpartidavell matched to the
active layer of the solar cell. The best performances were achieved using/nd of the
polyelectrolyte additive added to the hole transport layer solution in whiehtikasaverage power
conversion efficiency increased from 4.63 % for reference devices without any atiloliva6 %
when the additive is present whicheid3 % improvement. The reproducibility of device performance
was also significantly improved with the variation in fill factor, shartuit current and open circuit
voltage all improving when the additive is present.

I ntroduction

Organic solar cells (OSCs) are an attractive technology and a potential sbrgnewable and clean
energy due to their low cost, light weight, mechanical flexibility, aisé of green materia|§|
Recently, the power conversion efficiency (PCE) of OSCs has been improved up to daestéo
developments in materials and fabrication proegsBhe most typical architecture for devidesa
bulk heterojunction (BHJ) based on a polymer:fullerene blend for theedater. Indium tin oxide
(ITO) is used for the anode, Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate) THELS)
for hole transporting layer (HTL), and aluminium for the catfﬁde.

Conjugated polyelectrolytes (CPEs) are conjugated polymers that cohtaiped ionic side chains
which give them water-solubilitff] CPEs are promising materials for chemfflaind biological’]
sensors, thin film transistof§,organic light emitting diode]and organic solar celff} During the
past decade, CPEs have been used as electron transporting layers (ETUs3 or 88Cs and CPE
interlayers have helped to improve the PCE of def&&["| He et al. and Zhou et al. reported
fluorene and cyclopenta-dithiophene based CPEs as thin ETLs and HTLs,ivespecid showed
improvement in &, Voc, FF and PCE. He et al. reported that PTB7 based solar cells achieved PCEs
over 8 % with a positivg charged poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
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2,7-(9,9-dioctylfluorene)] PFN interlayer; the device architecture was
ITO/PEDOT:PSS/PTB?:PQBM/PFN/Ca/AImZhou et al. showedn improvement of &, Voc, FF

and PCE using CPE- negativdy charged conjugated polyelectrolyte as a HTL instead of
PEDOT:PSS. The solar cell performance was increased giving a PCE of 8.2 %augilegice
structure of ITO/CPE-K/PTB?:B(;BM/Ca/AI.

Herein, we describe the use of a CPE additive in the PEDOT:PSSdHdffectively increase the
PCE and reproducibility of OSC performance. We synthesised poly[(9,9-bis(4-sulfonbtmialityn)
fluorene-alt-phenylene)-ran-(4,7-di-2-thienyl-2,1,3-benzothiadiazole-alt-phenyldRSFP-DTBTP)
using fluorene, phenylene and di-thienyl-benzothiadiazole based conjugated polyelectrolyte. Fluorene
phenylene and thienyl units were introduced as electron donating grouplsearehzothiadiazole
units as the electron accepting groups in the conjugated polyelectrolytma®ugroups are attached
to the fluorene backbone of the CPE to aid water solubility. The molar oatiluorene and di-
thienyl-benzothiadiazole was 9:1. For this study, solas edglh a BHJ active layer consisting of
blends of poly[N9”’-hepta-decanyl-2,7-carbazole-alt-§4;7’-di-2-thienyl2’,1°,3’-
benzothiadiazole)] (PCDTBT) and [6,6]-phenyl-C71-butyric acid methyl eBtesBM) and poly(3-
hexylthiophene-2,5-diyl) (P3HT) with [6,6]-phenyl-C61-butyric acid methyl e$REZBM) were
fabricated. ITO and calcium/aluminium (Ca/Al) were used as the anode and cathtelials
respectively. Our OSC device architecture was ITO/PEDOTHESFFRDTBTP/Active layer/Ca)/Al

and were compared to more standard ITO/PEDOT:PSS/Active iaggA( reference devices.

Experimental Section
Materials

All Materials for the synthesis of monomers and the polymer were purchase@ifgom-Aldrich,
Acros Organics, Alfa Aesar, and Fisher scientific and used without furthiéication. PEDOT:PSS

(Al 4083), PCDTBT, P&BM, ITO glass substrates, and UV-epoxy resin were purchased from Ossila
Ltd.

M easur ements

'H and*C nuclear magnetic resonance (NMR) spectra were recorded by Bruker DRX-500 500 MHz
NMR spectrometer in deuterium oxide ;@ or chloroform-d (CDG). Elemental analysis (EA)
results were measured using a Perkin Elmer 2400 series Il. UV-vis absorption speetracasured

by an Ocean Optics USB2000+ spectrometer and DT-MINI-2-GS combined Deuterium-Hagbgen li
source. Fourier transform infrared (FT-IR) spectra were recorded by Perkin Hiomgier MID FT-

IR Spectrometer. Cyclic voltammetry (CV) measurements were obtained by &min&pplied
Research model 263A Potentiostat/Galvanostat. 10 ml of tetrabutylammonium péecfiidraM in
acetonitrile) was used as the electrolyte solution. Aj/dederence electrode (Ag wire in 0.01 M
AgNO; solution in the electrolyte solution), Pt working electrode (2immeter smooth Pt disc, area

= 3.14 x 10 cn¥) and Pt counter electrode (Pt wire) were used as three electrode $ystitwm
measurement. Thickness of HTL thin films were measured by J. A. Woollam Co. M-2000
ellipsometer. The atomic force microscope (AFM) imageswbtained by a Veeco Dimension 3100
AFM with a Nanoscope llla controller and basic extender. It was operated imgamoide with
Bruker TESPA tapping mode cantilevers with a nominal spring constant of 4zamlm nominal
resonant frequency of 320 kHz. Photoluminescence spectra were collected bleyK@T00
multimeter with Laser- LDCU CW 450nm diode laser and detector was silicon diaaples were
measured under vacuum at approximately 1 %rhbar.



Synthesis of 2,7-dibr omo-9,9-bis(4-sulfonatobutyl)fluor ene disodium (1™

100 mg of tetrabutylammonium bromide was dissolved in 50 wt % sodium hydroxide solution (10 ml)
and DMSO (70 ml) under nitrogen and then 5 g (15.43 mmol) of 2,7-dibromofluorerselded into

the mixture in a 250 ml three-necked round-botdiftask. A solution of 1,4-butane sultone (5.25g,
38.58 mmol) and DMSO (26 ml) was added dropwise into the mixture under nitrogemiXtare

was stirred for 3 h at room temperature then the reaction mixturg@neepitated into 500 ml of
acetone. The crude product was isolated by filtration and washed with ethanol. The ywaslve-
crystallised twice in acetonef8 then dried under vacuum at 40 °C for 24 h. The product was
obtained as a white powder. Yield 6.28 g (63.56 %W)NMR (500 MHz, DO, & ppm): 7.62 (d, 2H),

7.59 (d, 2H), 7.47 (dd, 2H), 2.58-2.42 (m, 4H), 2.05-1.88 (m, 4H), 1.47-1.26 (m, 4H), 0.6-0.41 (m,
4H). °C NMR (125 MHz, DO, & ppm): 167.75, 152.15, 138.88, 130.31, 126.47, 121.44, 121.26,
55.18, 50.76, 38.57, 24.24, 22.39. Element. Anal. Calcd. fbtBr.Na,OsS;: C, 39.39; H, 3.46; Br,
24.96; S, 10.01; found: C, 34.93; H, 3.67; Br, 21.18; S, 8.71.

Synthesis of 4,7-dibromo-2,1,3-benzothiadiazole (2E|

2,1,3-Benzothiadiazole (10 g, 73.4 mmol) and hydrobromic acid (150 ml, 48%) were added into a
two-necked 500 ml round-botted flask and stirred. A mixture of bromine (35.19 g, 220.2 mmol)
and hydrobromic acid (100 ml, 48%) was very slowly added dropwise into the flask. Thesrigsir
heated under reflux for 6 h. Dark orange coloured solids were produced. Theemixts cooled

down and neutralised with sodium bité solution (~40 %, 250 ml) to remove excess bromine. The
solids were filtered and washed well in water over 1h then washed with diethyl Tétheproduct

was re-crystllized from chloroform/methanol and dried in vacuum at 40 diC2# h to
affordyellowish crystals. Yield 15.9 g (73.7 %} NMR (500 MHz, CDC}, 5 ppm): 7.75 (s, 2H)"*C

NMR (125 MHz,CDCl;, & ppm) 152.99, 132.38, 113.94. Element Anal. Calcd. #t,Br,N,S: C,

24.52; H, 0.69; Br, 54.36; N, 9.53; S, 10.91; found: C, 24.55; H, 0.73; Br, 53.36; N, 9.4; S, 10.22.

Synthesisof 4,7-di-2-thienyl-2,1,3-benzothiadiazole (3]7]

A mixture of 4,7-dibromo-2,1,3-benzothiadiazole (1 g, 3.4 mmol) and thiophene-2-barcidic
pinacol ester (1.79 g, 8.5 mmol) was dissolved in anhydrous toluene (30as@)D; 2M aqueous (10

ml) was then added under nitrogen followed by Pd(@&dp-tolyl)phosphine (1/2, 4 mol %) and
then the mixture was stirred at 95 °C under reflux for 24 h. After coolingntkieire, water was
added to the flask. The organic phase was separated and then washed with water amtiebrine.
organic phase was dried over MgSénd then evaporated. The product was purified by column
chromatography using dichloromethane (DCM)/hexane (1/3, v/v). The solid was reizgdtal
toluene/ethanol. The product was dried in vacuum atGfof 24 h. Red crystals were obtained.
Yield 0.33 g (32.3 %)H NMR (500 MHz, CDC}, § ppm): 8.11 (dd, 2H), 7.88 (s, 2H), 7.45 (dd, 2H),
7.21 (dd, 2H)*C NMR (125 MHz, CDGJ, § ppm): 152.5, 139.3, 128.1, 127.5, 126.8, 126, 125.8.
Element Anal. Calcd. for GHgN,S:: C, 55.97; H, 2.68; N, 9.33; S, 32.02; found: C, 56.15; H, 3.06; N,
9.07; S, 30.85.

Synthesis of 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazol (4] "T"]

4,7-Di-2-thienyl-2,1,3-benzothiadiazole (0.3 g, 1 mmol) was dissolved in amnigfichloroform (7
ml) and acetic acid (7 ml) in a flask. N-bromosuccinimide (NBS) (0.4 g, 2.2 nwaglXhen slowly



added into the mixture. The mixture was stirred at room temperature overnight (about)0Dbark

red solids precipitated out of solution and were filtered off. The productwasised with methanol
and then recrystallized in DMF. Dark red crystals were obtained. Yield 0.89.8 %).'H NMR

(500 MHz, CDC}, & ppm): 7.80 (dd, 2H), 7.78 (s, 2H), 7.15 (dd, 2H). Element Anal. Calcd. for
C1HeBIRNLS:: C, 36.70; H, 1.32; Br, 34.88; N, 6.11; S, 20.99; found: C, 29.93; H, 1.08; Br, #8.66;
4.92; S, 17.10.

Synthesis of poly[(9,9-bis(4-sulfonatobutyl sodium) fluorene-alt-phenylene)-ran-(4,7-di-2-
thienyl-2,1,3-benzothiadiazol e-alt-phenylene)] (PSFP—DTBTP)E

2,7-Dibromo-9,9-bis(4-sulfonatobutyl)fluorene disodium (0.63 g, 0.98 mmol), 4,7-bis(5-emo
thienyl)-2,1,3-benzothiadiazole (0.05 g, 0.11 mmol), and 1,4-phenylene-bisboronic acid pinacol ester
(0.36 g, 1.09 mmol) were dissolved in a mixture of DMF (10 ml) angC®a2M aqueous (15 ml) in

a 100 ml round-bottomed flask. After the materials completely dissolved, Pd{®ifm)
tolyl)phosphine (1/4, 5 mol %) was added and the mixture was then degassed. The reaatien mixt
was stirred at 85-90 °C under reflux for 3 days. The mixture was coolexitio temperature and
poured into acetone. The precipitate was redissolved in deionised waterlUfios svas dialyzed in
cellulose membrane (MWCO 12,400) for 3 d. The reddish product was obtained through freeze-
drying, yield 0.22 g (37%¥H NMR (500 MHz, DO, & ppm): 8.39-6.78 (br, 10H), 3.88-3.51 (br,
3.6H), 2.68-2.02 (br, 3.6H), 1.58-1.09 (br, 3.6H), 0.83-0.6 (br, 3.6H).

Result and Discussion
Synthesis of conjugated polyeectrolyte

The chemical structures and synthesis procedure of PSFP-DTBTP are illustr&elteme 1. 2,7-
Dibromo-9,9-bis(4-sulfonatobutyhfluorene  disodium (1) was prepared on mgac®,7-
dibromofluorene in a mixture of dimethyl sulfoxide (DMSO) and 50 wt % sodhiydnoxide (NaOH)
solution with 1,4-butane sultone in the presence of tetrabutylammonium bromideB)TB,7-
Dibromo-2,1,3-benzothiadiazole (2) was prepared via the bromination of benzothiadiazole wit
bromine in hydrobromic acid (HBr). 43i2-thienyl-2,1,3-benzothiadiazole (3) was synthesised via
the Suzuki cross-coupling of (2) and thiophene-2-boronic acid pinacol ester using PA({Q@C)
tolyl)phosphine as catalyst in toluene and 2M aqu&m€0; as a base. 4,7-Bis(5-bromo-2-thienyl)-
2,1,3-benzothiadizole (4) was prepared through the bromination of (3) using N-bromosuccinimide
(NBS) in a mixture of chloroform and acetic acid. PSFP-DTBTP was sysdidetiirough the Suzuki
cross-coupling polymerisation of (1), (4), and 1,4-phenylene-bisboronic acid pineerchtea molar
ratio of 9:1:10 in N,N-dimethylformaitbe (DMF) using 2M aqueoubla,CO; as a base in the
presence of Pd(OAgjri(o-tolyl)phosphine as a catalyst. The PSFP-DTBTP was purified by dialysis
using a dialysis membrane (molecular weight cut-off: 12.4 KDa) for 3 dagsettthe final product
with 37% yield. In order to synthesisdow band gap based CP&fluorene, phenylene and thienyl
units were used as electron donating groups and benzothiadiazole units were ussdras el
accepting groups. The sulfonatobutyl side chains on the fluorene repsahuninolar ratio of 9:1 of

(1) and (4) afford good solubility of the resulting CPE in water.
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Scheme 1 Procedure of polymer synthesis.

Optical characterisation of conjugated polyelectrolyte

Hole transporting layer blends of PEDOT:PSS:PSFP-DTBTP were prepared by 2adgiql or 5
mg/ml or 8 mg/ml of the CPE to the PEDOT:PSS Al 4083 solution{113 wt%, Ossila Ltd) and
were named as HTL2, HTL5, and HTLS8 respectively in this paper. To measure the UVevjgtiahs

of thin films, PSFP-DTBTP, PEDOT:PSS, HTL2, HTL5, and HTL8 were spin coated at &®0onr
glass substrates for 40 s and then thermally annealed &C1f60 15 min. Figure 1 (a) shows the
UV-vis absorption spectra of PSFP-DTBTP solution in water and thin fimBSHRPDTBTP,
PEDOT:PSS, HTL2, HTL5, and HTL8 after spin casting onto glass substrates. sEhelioto of
Figure 1 (a) is PSFP-DTBTP (5mg/ml) in deionised water shoiténiged colour. Th@SFRDTBTP

film showsa strongrn—n* absorption peak at 366 nm from fluorene, phenylene and thienyl groups and
a very weak absorption peak at around 530 nm from intramolecular charge tiaetsieen donor
and acceptor units along polymer chains. The 366 nm absorption peak observdelSRREETBTP

film was shifted by about 8 nm compared to the solution spectra where the pealab@s 858 nm.

The number of co-planar rings along the backbone of the polymer determinegutation length.

The longer the conjugation length, the smaller the separation between adjaceniem@sgyue to
guantum confinement effects. Fewer twists in the polymer increases the co-planarity aesuttan
from changes in the environment. Therefore the absorbance shift is attributed tsingctbe
conjugation length of the rigid backbone in the film, when the polymer is isolieestate. However,

we could not confirm whether the peak from the DTBTP group around 530 nnshiféed in
comparison to solution because of the weak signal strength. The pristine PEBGilnP8id not
show any specific absorption features. The HTL films shoaethall absorption peak at 372 nm
which increased with increasing concentration (2 mg/ml, 5 mg/ml and 8lyrayichit has very small
trace of an absorption peak at around 530 nm from PSFP-DTBTP. The main absorption peaks of
HTL2 and HTL5 were slightly red shifted from tHRSFRDTBTP peak at 366 nm to 372 nm.
However, HTL8 was blue shifted and had an absorption peak at 362 nm.

Although PSFRDTBTP has a very weak peak at around 530 nm, the spectral edge of therpolym
absorption is around 600 nm which equates to a band gap for PSFP-DTBTP of tothakief UV-

vis absorption spectra data which is in good agreement with the cyclic voltam(@f)y
measurement in Figure 2.
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Figure 1 UV-vis absor ption spectra of (2)PSFP-DTBTP solution (black solid) and films of PSFP-DTBTP (grey solid),
HTL2 (green), HTL5 (red), HTL8 (orange), PEDOT:PSS (purple), increased x 10 peaks of PSFP-DTBTP solution
(black dot) and PSFP-DTBTP film (grey dot), (inset photo is PSFP-DTBTP solution), and (b) PCDTBT (blue),
PCDTBT:PC;BM (grey), PEDOT:PSS/IPCDTBT:PC;BM (purple), and HTL2 (green), or HTL5 (red),
HTL8/PCDTBT:PC,;BM (orange) (HTL isholetransporting layer of PEDOT:PSS.PSFP-DTBTP).



In order to understand the combined absorption abilities of the active layer dusd Fgure 1 (b)
shows theUV-vis absorption spectra of PCDTBT, PCDTBT:#/8M (blend ratio of 1:4) and
HTL/PCDTBT:PG:BM. All HTLs were spin coated on glass substrates at 6000 rpm and the HTLs
were thermally annealed at 150 °C for 15 min then PCDTBABN were spin coated at 700 rpm on
the HTL and thermally annealed at 80 °C for 15 min. The PCDTBT film std@nstrong absorption
peak at 403 nm and strong broad absorption band from 560 nm to 5@ fitme blend of
PCDTBT:PG:BM film showed increased absorption ability from 300 nm to 580 nm due to absorption
by PG:BM. PEDOT:PSS/PCDTBT:PABM did not show any specific difference with
PCDTBT:PG,BM. However, HTL2, HTL5, and HTL8/PCDTBT:R@M films showed an
increasing peak around 370 nm with increasing CPE concentration in therdTthis correspoisd
with the results for the PSFP-DTBTP absorption peak in Figure 1 (a).

A CV measurement was used to study the oxidation and reduction properties of dlecfrolyte.
The CV measurement of the conjugated polyelectrolyte was performed in thencpreske
tetrabutylammonium perchlorate (0.1 M) as an electrolyte in acetordtnite Ag/Ag reference
electrode (Ag wire in 0.01 M AgNgsolution). A CV curve of PSFP-DTBTP is shown in Figure 2.
The onset point of oxidation is 0.66 V and the energy level of the highest ocougdieclilar orbital
(HOMO) was calculated at -5.37 eV. The reduction onset point is -1.33 V and the Eveigyf
lowest unoccupied molecular orbital (LUMO) was calculated at -3.38 eV. These resuds w
compared to a similar CPE material PFN (fluorene groups are included). Thg levetg compared
well with PFN (HOMO of -5.61 eV, and LUMO of -2.14 e@The effect of the fluorene side group
and the donor and acceptor nature of PSFP-DTBTP resulted in a lower oxidatisadantion
potential than PFN. The ionic sulfonyl groups of PSFP-DTBTP lead to eadiitiori than general
fluorene and DTBTP groups gave the polymer a lower reduction potential aeaddand gap than
PFN due to the alternating donor-acceptor structure of the po@ner.

— PSFP-DTBTP
| [ — ] |
I —~—
()
| -
| —
-
@)
-2.2 -1.7 -1.2 -0.7 -0.2 0.3 0.8

Potential (V)

Figure 2 Cyclic Voltammetry (CV) diagram of PSFP-DTBTP.



Figure 3 (a) summarises the energy levels of ITO, PEDOT:PSS, PSFP-DTBTP, PGHETBT,
PG;1BM, PCBM, Ca, and Al and these are similar to those reported else{ffEfpAs shown in
Figure 3 (a), the HOMO level of PSFP-DTBTP is located between the HOMOoleR€IDTBT and
PEDOT:PSS, so holes generated in PCDT®IIM easily move to the ITO electrode. Also electrons
are blocked from going to ITO anode. In addition, extra absorption b§SREDTBTP means it is
possible to createlectrons and holes in tiRSFRPDTBTP. Therefore, some additional electrons may
be injected into the PCDTBT ai{;;BM and onto the cathode whilst and the additional holes move
to the ITO anode via the PEDOT:PSS. However, in comparison the HOMO and LUMO levels of
PSFRDTBTP are lower than HOMO and LUMO levels of P3HT, respectively, so in the P3HT
devices the PSFP-DTBTP would disrupt the flow of holes to the anodeisgedawill act as a
potential barrier. As a result, the P3HT devices with PSFP-DTBTP showetli@ioa of PCEas
described in Figure 4 (c) and Table 1.

(a) 326V
3386V
366V
406V
oM
~43eV ¢
3
&
5 9 3
ITo 9 $
e PEDOT g 2
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~-52eV -9 e -5.40 eV =
~.55eV
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(c) n
5H|3
Al Ca (2.5 nmy/Al (100 nm) PCDTBT P3HT
Ca
BHJ active layer Active layer (~70 nm)
HTL (29- 61 nm)
ITO (100 nm) PSFP-DTBTP

Figure 3 (a) The energy diagram of materialsin a solar cell (PSFP-DTBTP band gap is measured by CV, others are
from previous reports , (b) the structure of PSFP-DTBTP, PCDTBT, and PC,,BM, and (c) the architecture of
BHJ organic solar cell.

Work function of HTLs

The work functions of pristine PEDOT:PSS, and PSFP-DTBTP mixed PEDOT:R&firtts were
measured by ultraviolet photoelectron spectroscopy (UPS) using a helium 12t aVv. The UPS
spectra of PEDOT:PSS, HTL2, HTL5 and HTL8 are shown in Figure 4. The wackidn is seen as
a "cut-off* in the UPS spectrum at the low kinetic energy side. As shoviigimre 4, the work
function of PEDOT:PSS. HTL2, HTL5, and HTL8 are 4.95, 5.07, 5.14, anded/1tespectively.
The HTL5 hasalower work function than the others and sexpecedto showa higher V¢ than the
devices made with the other HTL concentrations.
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Figure 4 The UPS spectra of PEDOT:PSS, HTL2, HTL5, and HTL8 thin films

Photovoltaic properties

The architecture of the PCDTBT solar cells consisted of ITO/PEDOT:RIS$TI®2, or HTL5, or
HTL8/PCDTBT:PG,BM/Ca/Al and the P3HT solar cells were ITO/PEDOT:PSS, or
HTL5/P3HT:PCBM/AL. The device’s structure, materials, and energy level of each material are
described in Figure 3 (c). The corresponding J-V curves and external quantum efficiency (EQE) of the
devices are shown in Figure 5 and their photovoltaic characteristics are desciibbte 1. The J#

curves of the solar cell devices were measured using a solar simulator unde6@Ntradiation.
Reference PCDTBT devices showedsc of -8.63 + 1.7 mA/cr) Vo of 0.84 + 0.03 V, and FF of
62.28 + 7.85 %. The average PCE was 4.63 % and the best PCE was 5.36 %. HTL2 devices and
HTL8 devices showed better efficiency on average, but the reference devicetedexdietter
champion PCE than HTL2 and HTL8. However, HTL5 devices recoedég of -9.46 + 0.88
mA/cn?, Voc of 0.88 + 0.03 V, FF of 66.25 + 2.85 %, with an average PCE of 5.26 % and a best PCE
of 5.67 %, which are significantly better results than all the other devicesnémad, enhancement of

all parameterssd, Voc, and FF in HTL5 device resulted in an improvement of both average and best
efficiency. The devices with CPE added showaéigher V¢ by about 0.02 0.04V compared to the
reference device. The ideal maximurgcMn solar cells is determined by the difference between the
HOMO level of the donor and the LUMO level of the acceptor, but theirvactual devices showed

a value lower than this idealo¥. The actual ¥c is affected by the work function of electrodes and
any interfacial Iayeﬁ The devices with CPE added have a lower work function (&\4han the
pristine PEDOT:PSS (-4.95 eV) which gave the devices with CPE added a highénavi the
reference devices. In Figure 5 (b), the HTL5 device showddwer EQE than the pristine
PEDOT:PSS device below 390 nithis is attributed to some of the light 330 nm to 420 nm being



absorbed by the CPE rather than PCDTBT and therefore not undergoing efticiegd separation
across the interfaces within the BHJ. However, as demonstrated helowr iPL experiments,
significant energy transfer can occur between the CPE and PCDTBT whiahiseigithis effect.
Above 390 nm the EQE of the HTL5 device is higher than that of the PEDOT:PSS, aeviitie is
attributed to improved charge transfer into the HTL because of the impratet between the work
function of the HTL and the PCDTBT BHJ layer HOMO level. The HTL5 device has a higtiean)
the pristine PEDOT:PSS based device because the charge transport is mone. €féicier generated
charges are lost to recombination processes.
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Table 1. Photovoltaic properties of PCDTBT and P3HT solar cells with various HTL (The average value was
calculated with the best 50 % of pixels of over 6 devices.).

i PCE (%)
Device HTL o
HTL amounts Thickness Jsc (MA/CNT)  Voc (V) FF (%)

Average Best

PCDTBT solar cells

el 15  29nm -863+17 084+003 62.28+7.85 463 532

HTL2 7  35nm -8.88+054 086+004 6251+679 483 5.8

HTL5 15  47nm -9.46+0.88 0.88+003 6625+2.85 526 5.67

HTLS 7 6lnm -884+053 086+003 6362+442 485 518
P3HT solar cedls

e 6 29nm -899+0.18 056+001 6655+0.81 3.35 355

HTL5 6  47nm -6.83+098 057+001 4054+946 1.68 2.18

Conductivity of the holetransporting layer
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Figure 6 Effect of PSFP-DTBTP concentration on the film conductivity for the hole transporting layers (blue) and the
film UV-vis absor ption at 370 nm for the hole transporting layers.

The conductivity and absorption values of the HTL are described in Figure 6. In &jdgbeepristine
PEDOT:PSS shows the highest sheet conductivity 1.8%81€m and HTL2, HTL5, and HTL8 show
a decrease of conductivity 5.4 x18/cm, 3.0 x 18S/cm, and 1.8 x 10S/cm respectively with
increase of concentration of PSFP-DTBTP in the films. Therefore, assumingrilee canductivity
through the HTL film follows the same trend as the sheet conductivity tkerme of CPE in the



HTL would be expected to reduce performance. The PSFP-DTBTP would act as an insutetor
HTL, but yet the HTL5 based solar cell showed the best efficiency. Consideeirghsorbance of
these devices the incident light will be absorbed more efficiently between 3220 nm in
those devices with CPE in the HTL layers compared to the pristine PEDOT:R8%irdsence of
CPE therefore increases absorbance and results in the generation of more whkaitomsay diffuse

to the accepting group in the CPE to then be separated into free electrodeandith the electrons
transferring to the active layer and the holes to the PEDOT:PSS. Theegdflooeigh the CPE mixed
with PEDOT:PSS showed lower conductivity than that of PEDOT:PSS, the HTL5 based solar cell had
a higher PCE than that of pristine PEDOT:PSS based solar cell because, PSHP{RiNBErs some
electrons from the HTL to the BHJ layer. There is a trade-off betweeaddonductivity through
the HTL layer and improved carrier generation and charge transport acrossitiaeéninto the HTL
layer which is optimised at a CPE concentration close to 5 mg/ml.

To demonstrate that the energy level alignment between the HTL and the PCDTBT iJtpéas

an important role in this efficiency enhancement P3HT solar cells werdatiscated with CPE
added to the HTL. P3HT has a HOMO level which (unlike PCDTBT) is notmegithed to the HTL
with CPE additive. The reference P3HT solar cell showeg af}8.99 + 0.18 mA/cf) Voc of 0.56

+ 0.01 V, FF of 66.55 = 0.81 %, average PCE of 3.35 % and the best PCE of 3.55 %eH dthev
HTL5 based P3HT solar cell showed lower performance characteristics wighoé -6.83 = 0.98
mAJcr?, Voc of 0.57 + 0.01 V, FF of 40.54 + 9.46 %, average PCE of 1.68 %, and the best PCE of
2.18 %. HTL5 based P3HT exhibited a similasc\(0.01 V increased) with reference P3HT due to
lower HOMO level of HTL5. The i was significantly reduced because the HOMO energy level of
PSFRDTBTP is lower than that of P3HT and therefore the energy transfer abiesatérface is
reduced because there is an effective energy barrier to hole transport lsisras®rface, reducing
the efficiency of charge transport.

Photoluminescence char acterisation of holetransporting layer and active layer
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Figure 7 Normalized PL spectra of films of PSFP-DTBTP, PCDTBT and bi-layer of PSFP-DTBTP and PCDTBT.

Figure 7 showed the photoluminescence (PL) spectra of PSFP-DTBTP (15 mg/pO)irfilk,
PCDTBT (4 mg/ml in chlorobenzene) film, and PSFP-DTBTP and PCDTBT bi-fdgerThe PL
spectrum of PCDTBT showed an emission peak at 698 nm and small shoulder peak at B1® nm
similar to the emission peak of PCDTBT from a previous re@RCDTBT was well quenched with
PG;:BM in a blend (1:4 weight ratio) film in Figure SEhe PL spectrum of PSFP-DTBTP film has
anemission peak at 647 nm, shifted considerably from the strong absorption peak at 366 nm (Figure 1
(b)). This red emission is due to exciton migration from the electron donatingrfeigroup to the
electron accepting benzothiadiazole group in the polyelectr@féhe PL spectra of PEDOT:PSS
with PSFP-DTBTP are illustrated in Figure S3. PEDOT:PSS thin films with theaG&Eve showed
avery weak PL peak around 647 nm. To understand the correlation between the HTL5 aigIrPCD

a PSFRDTBTP and PCDTBT bi-layer film was prepared. TRk spectra of thSFRDTBTP and
PCDTBT bi-layer film did not exhibit an emission peak similar toRIS&RPDTBTP only film at 647

nm (Figure 7) but insteaghowed an emission peak at 695 nm. This is attributed to the overlapping of
the PSFRDTBTP emission peak with absorption peak of PCDTBT around 600 nm to 650 hm and the
resulting quenching of theSFRDTBTP emission by PCDTBT. It implies that intermolecular charge
transfer was occurring from the CPE to the PCDT[BfTherefore, much of the light absorbed by the
CPE in our devices will likely be transferred to the PCDTBT minimising losses.

Conclusion

A conjugated polyelectrolyte was synthesised from 9,9-bis(4-sulfonatobutyl sodiuongne,
phenylene, and 4,7-di-2-thienyl-2,1,3-benzothiadiazole units @sBgguki-cross coupling reaction.
The conjugated polyelectrolyte synthesised dissolved well in water. ®8Kdis(4-sulfonatobutyl



sodium) fluorene-alt-phenylene)-ran-(4,7-di-2-thienyl-2,1,3-benzothiadiazole-alt-pheny(E&HP-
DTBTP) showeda strong absorption peak at 370 nm with small absorption features around 550 nm,
and a PL emission peak at 645 nm. The conjugated polyelectrolyte was used as aniadd#ithole
transporting layer of OSCs. The PSFP-DTBTP HTL based solar cell iagEaof 5.67 % when
incorporated in a PCDTBT:R{M solar cell which was a significant improvement over the control
device without any CPE. All characteristics of the solar cell with GeEe higher than that of the
reference device without the additive. The consistency of the device fabricatiosspmwas also
improved. Although the HTL with the conjugated polyelectrolyte had a lower cowitiycthe
improved absorption ability of polyelectrolyte and the improved charge trarisporthe HTL more
than compensated for this. In addition, the work function of the HTL with CPE adtetbwer than
the pristine PEDOT:PSS, this results in the HTL5 device shoavmgher V¢ by about 0.02-0.04 V
compared to the PEDOT:PSS reference device. The work function for HTLS is alsariagtieed to
the HOMO level of the PCDTBT within the BHJ layer. For this reason the improvéatrpance of
this device is mainly attributed to improved hole charge transfer fronedetyer BHJ to the HTL.
The solar cell with 5 mg/ml CPE showed an average PCE improvement ofctnp@ared to the
reference device.
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