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The development of processing routes to fabricate organic photovoltaic devices (OPVS) using non
halogenated solvents is a necessary step towards their eventual commercialisation. To address this iss
we have used Hansen solubility parameter analysis to identify a non-halogenated solvent blend based o
mixture of carbon disulfide and acetone. This solvent blend was then used to deposit a donor-accept
polymer— fullerene thin-film that was then used as the active layer of bulk-heterojunction OPV. For the
benchmark polymer:fullerene system PCDTBT:§BM, a power conversion efficiency of 6.75% was

achieved; a 20% relative improvement over reference cells processed using the chlorinated-solve
chlorobenzene. Improvements in device efficiency are attributed to an increase in electron and hol
conductivity resulting from enhanced fullerene crystallisation; a property that leads to enhanced devic

efficiency through improved charge extraction.

1. Introduction achieved using the polymer PffBT4T-20D, these

) _ _ ) ~ values are approaching the value deemed viable for
Bulk-heterojunction organic photovoltaic devices _ g
o commercial adoptioft:¥) We note however that
(BHJ OPVs) have seen rapid improvements in _

_ o most work on the development OPV devices has
power conversion efficiency (PCE) over the past
) _ ) concentrated on the use of halogenated solvents
few years, resulting from improvements in the N _
) ) ~_ (e.g. chlorobenzene) to solubilise and deposit the
design of new semiconductors and the optimization _ _ _
) _ active semiconducting layer. Whilst such solvents
of device architectures. Current recdtdE’s for . o .
_ _ ) _ enable uniform thin-films to be cast having a BHJ
single junction OPVs have seen dramatic leaps _ o o
. ) nanomorphology that is optimised for efficient
with the polymer PTB7 capable of exceedi®ip _ _
photocurrent generation, environmental concerns
and most recently a PCE of 10.8% has been



place restrictions upon the use of halogenateemiconductor§? HSP analysis has also been
solvents in an industrial environment; an issue theged to develop non-halogenated solvent blends to
is problematic for the commercialization of highprocess a mixture of the polymer P3HT (poly(3-
performance OPVE&>®  Unfortunately, many hexylthiophene-2,5-diyl)) and the fullerene
organic semiconductors have poor solubility acceptor PGoBM ([6,6]-phenyl-G;-butyric acid
non-halogenated solvents; a property that resultsmethyl ester) with PVdevices created having a

the formation of non-uniform thin-films that havéCE of up to 3.496>

In other work, non-
poor photocurrent generating properties whéalogenated solvent systems have been developed
fabricated into an OPV. to solubilise OPV active-layers based on the
. ) polymers PIDT-phanQ, PIDTT-DFBT, and PBDT-
To address this, attention has focussed on _
_ _ DTNT. Here, a solvent blend based on a mixture of
the synthesis of high-performance organic
) o o the solvents toluene:l-methylnaphthalene and o-
semiconductors having improved solubility in non- . . _
xylene:1,2-dimethylnaphthalene, with the devices
halogenated solvents such as alcohols or water. _
.. created having a PCE of 6.1%, 7.2% and 6.1%
Unfortunately the presence of additional _
o _ _ respectively. It was however found that these
solubilising side-groups can both increase the . .
_ _ systems required strict control over solvent blend
density of charge traps and result in the formation N o _ o .
. _ ~ composition to optimize device efficient§"!
of a non-optimal active-layer morphology leading
to a reduction in PCE™? An alternative approach Here, we report the use of a blend of carbon
is to use blends of non-halogenated solventsdisulfide and acetone to cast the active
mimic the solubility characteristics of @emiconducting layer of an OPV consisting of a
halogenated solvent. Here, the solubility of l@dend of the polymer PCDTBT ((poly[N-9'-
material can be estimated by matching the Han<heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
solubility parameters (HSPs) of a blend of solverthienyl-2',1',3'-benzothiadiazole)])) andC;:BM
to a specific solvent that is able to solubilise ttf[6,6]-Phenyl-Gi-butyric acid methyl ester).
desired materidt! The HSP of a solvent consistAverage PCEs of 6.6% are achieved (peak 6.75%);
of three components; the energy of the dispersia value that exceeds the efficiency achieved for
forces between molecules (3g4), the energy resultingreference devices cast from chlorobenzene (5.5%).
from permanent dipole moments (dp), and the In comparison to previous work on the use of HSP
energy of hydrogen bonds (dp). This powerful to develop non-halogenated solvent blends for OPV
technique has been previously used to determactive layerd*d, the replacement non-halogenated
the solubility of a number of material systemnrsolvent blend we have developed here results in

including small molecule organicimproved performance compared to its halogenated



counterpart. Indeed, the PCEs values we hawvere purchased from Sigma Aldrich and used
obtained using a non-halogenated solvent blend arthout any further purification. Mo©(99.95%)
close to the largest values that have beenas purchased from Testbourne Ltd, vanadium (V)
demonstrated for this donor:acceptor system usmgtriisopropoxide, Aluminium (99.99%) and
devices based on a ITO / Molybdenum (V1) Oxid€alcium (99%) were purchased from Sigma
anode and a Ca/Al cathode. We also show that tAldrich. PCDTBT was synthesized according to
solvent system can be used to deposit a relapeeviously reported methof€? and had a M of
polymer:fullerene system based on PFDT2BT26.5 KDa, and PDI of 2.18. PFDT2BT-8 was
(poly[9,9-dioctylfluorene-4,7-alt-(5,6- synthesized according to a previously reported
bis(octyloxy)-4,7-di(2,2-bithiophene-5- method!® and had a M of 91.6 KDa, and PDI of
yl)benzo[c]thiadiazole)-5,5-diyl]) and P@BM.*® 1.47. PGBM was purchased from Ossila Ltd and
Here PCEs of 6.81% are achieved using the ndwd a purity of 95% (5% REBM).
halogenated solvent blend compared to reference o
literature values of 5.8% achieved usin%j2 OPV fabrication and measirement
chlorinated solvents. To understand sudéfor PCDTBT:PGoBM devices ITO substrates were
improvement in device performance, we applyc@ated with a (8 nm) layer of Molybdenum (VI)
range of structural and optoelectronic probes @xide for use as a hole extraction layer via vacuum
study the thin-films deposited including the use ef/aporation. For PFDT2BT-8 devices vanadium
grazing-incidence X-ray scattering to probe filfV) oxide was deposited via spin coating in air at
structure at angstrom length scales. Vgpeed of 4000 rpm from a precursor solution of
demonstrate that films cast from non-halogenateahadium (V) oxytriisopropoxide dissolved in
solvents have improved electron- and hole-carrieppropyl alcohol at a concentration of 4 mg'ml
conductivity that we speculate results fromhhe active layer was deposited from a solution of
enhanced PCBM crystallisation; properties that grelymer:PG¢BM dissolved in either chlorobenzene
likely to reduce efficiency losses through geminate a solvent blend of carbon disulfide and acetone
and non-geminate recombination. (solvent blend ratio of 4:1) and with a
polymer:fullerene blend ratio of 1:3.5 at an overall
2. Experimental concentration of (25 mg mifor PCDTBT devices
and 35 mg mt for PFDT2BT-8). Solutions were
then spin coated at 4,300 RPM for O®etone
Carbon Disulfide (99.9% HPLC grade), acetors®lutions and 1,800 RPM for chlorobenzene
(99.5% HPLC grade) and chlorobenzene (99.95%6)lutions. Devices were then transferred into a

2.1 Materials



vacuum chamber for the deposition of the tdpe dark over the voltage range 0 to 10 V. Data
calcium (3 nm) /aluminium (100 nm) cathode vipgresented has been corrected for the built-in
vacuum evaporation in order to enhance holeltage of each device (estimated from the
blocking and reflectivity at the electron extractindifference in electrode work functions) . A total of
interface?’!  Devices were encapsulated und&l devices (for CB) and 14 devices (for
nitrogen using a glass slide fixed in place by &f;,:Acetone) were fabricated to obtain average
inert UV-setting epoxy. For each solvent systewvalues.
explored, we have fabricated 4 independent

2.4 GIWAXS
devices-substrates, each containing 6 individual
pixels (having an area of 4.8 Mntorresponding Wide-angle X-ray Diffraction patterns were
to a total of 24 devices per solvent-system. ORWtained for each thin-film in a grazing-incidence
devices were measured under ambient conditigeometry at the 107 beam-line at the Diamond
using a Keithley 2400 source meter and a Newpbight Source (Didcot, UK). PCDTBT and
92251A-1000 AM1.5 solar simulator. A shadoWwCDTBT:PG¢BM blend films were deposited via
mask was used to define the area of illumination g@n-casting onto silicon/native oxide substrates for
4.5 mnf. An NREL calibrated silicon diode wasneasurement. Samples were measured within a
used to calibrate the power output at 100 mV¥craustom-built cell containing a slight overpressure
at 40°C. In our data analysis, we have selected tfiehelium to minimise background X-ray scatter.
top 50% of pixels having the highest efficiencljor measurement, an 8 keV X-ray beam was
from each deposition condition. This was done iincident on the sample surface at a grgzi
order to remove any failed pixels and prevent aimgidence angle of 0.2°. Data was collected using a
selection bias. EQE measurements were aRitatus 2M detector and analysed using the DAWN
recorded at Jsc for champion devices cast from godtware package (http://www.dawnsci.org). Silver
two different solvent blends. Behanate powder was used as a calibrant.obut-

plane X-ray scattering profiles were obtained from

2.3 Fabrication of Devices Having Conductivity _ ) _
a 20° wide sector-integration of the 2D GIWAXS

Dominated by a Single Charge Carrier _ _ _
images, whereas azimuthal X-ray scattering
Devices were fabricated in which chargprofiles were obtained over the g range 1
conductivity is assumed to be dominated Hy71 A’ for PCDTBT:PGoBM films, and from
electrons. Electron-dominated devices were badedl A’ to 1.89 A! for PCDTBT films. Data plots
on a ITO/CSCO/PCDTBT:PGoBM/Ca/Al were normalizedto g, values of 0.9 for the

architecture. J-V characteristics were measured in



polymer:fullerene blend films andt g, = 2.3 for chlorobenzene (CB). Chlorinated solvents such as
the polymer films. CB pose many problems when it comes to the
environmental damage they can cause. CB is, for
2.5 Photoluminescence M easur ements .
example, highly toxic to aquatic life at verywo
PL measurements were recorded using a 532 comcentrations and has a tendency to accumulate
CW laser having a power of approximately 10Qithin water due to its low volatility, high-stability
mW as an  excitation source,  wittand solubility in water. To find a non-halogenated
photoluminescence imaged into a monochromatwivent replacement for CB, we have used Hansen
coupled to silicon photodiode. All samples wermlubility parameter analysis to obtain a solvent
held under vacuum during the course of tmeixture having similar solubilizing properties as
measurement. CB. This concept is illustrated in Figure 1(c) where
we shown a three-dimensional plot&f o, anddy
3 Results for CB, with Figure 1(d) plotting the same
3.1 I dentification of a Suitable Solvent Blend information on a Teas diagram. Clearly, there are a

large  number of ways by which solubility

The two prototypical donor-acceptor copolymers
P yP P poly parameters can be matched. Here, we have chosen

we have explored are shown in Figure 1 (a) and (b). N
b g @ (tc? use a combination of non-halogenated solvents

Copolymer PFDT2BT-8 (shown in part (b)) has a
POty ( part (b)) that have similar values dfy to that of CB, but

similar structure to PFDTBT (poly[9,9-dioct@IH- _ _
_ o have values ob, and 8, that are either relatively
fluorene-2,7-diyl-alt-(4,7-di-thiophen-2-yl)-

o ) ) higher or lower than those of CB. On mixing, this

2°,1°,3’-benzothiadiazole-5,5-diyl]) (shown in part o .

. o combination of solvents permits a non-halogenated
(@), but has two additional solubilising octyloxy _ _ o

o ) solvent system to be realised having very similar
groups on the benzothiadiazole unit and two extra

: . values ofd, 64anddy, to that of CB.

thiophene units along the polymer backbone. Suc% P.d "
modifications to the copolymer structure result in The solvents we have chosen for this

enhanced material solubility and a relative red-shiitirpose are carbon disulfide (§Sand acetone.

in the onset of optical absorption. Both PCDTBAcetone is a well-known solvent that is widely
and PFDT2BT-8 have relatively deep highesiisedin research and industry and has been applied
occupied molecular orbital (HOMO) levels ah many commercial products including rayon and
approximately -5.3 eV relative to vacuum. cellophane. CSis used in the manufacture of
rubber and was used as a precursor for carbon

PCDTBT and PFDT2BT-8 are most often

- - tetrachloride for most of the 20century??%!
processed using chlorinated solvents such as

Compared to CBCS, has lower impact in the



environmental due to its relatively low toxigitymutually miscible and have similar boiling points
high-volatility and lower degree of solubility in(46.0 and 56.1°C respectively). This latter property

water. CS; is also unstable upon exposure tnsures that the solvents in the blend evaporate at a
sunlight and has a half-life in air of 5.5 days and %imilar rate and

that the Hansen solubility
minutes in water.

This combination of factonsarameter of the blend does not change appreciably

suggestst is less harmful to the environmentallgluring the drying process. It should be noted

than other chlorinated solvents. For completendssvever that both solvents have a boiling point that
however, we emphasise that S flammable due is significantly lower than that of chlorobenzene

to its low boiling point, and it thus has an increas¢t31.7°C) and thus an G3cetone blend will dry
risk of ignition compared to other higher boilingmore rapidly than CB.
point organic solvents. Care should therefore be _ _

In Figure 1(c) and (d) it can be seen that the
taken when handling large quantities of the solvent,

best matching of HSPs to that of CB occurs when
however simple precautionary measures can be

CS, and acetone are mixed at a composition of

taken to reduce such risks.
83:17 by volume. We find that it is possible to
CS; has HSP values df, and 8y that are dissolve PCDTBT, PFDT2BT-8, and RBM in

lower than that of CB, wittd, and &, of acetone CSy:Acetone over a relatively larger range of blend
both being significantly larger than that of CB d&tios. Importantly, we find that at the optimal
can be seen in Figures 1(c) and (d) and@able 1. blend ratio, PCDTBT is slightly more soluble in the
A further important consideration in our solverfiptimised

selection is the fact that GSand acetone ar

PCDTBT (©)
S,
N/\ i 25
OO0 %
2 S \ & 20 Acetone
(a) \ / n / ?’a Chlorobenzene {1515, 10:4}7.2]
* g 15 [19, 4.3, 2)
H 7CB CBH 7 ‘; 10
2 Carbon Disulfide
PFDT2BT-8 5 s 02 0,04
4, 0 15 o
28 Y, 5 175 oo
N % \4
\ /\ /\ — \/ \N e,,&%m . z 225202@\@
= " . "
o) \, \/V -~ \/ \/\ / /\/ \/‘\ f € ) S, 25 215 o€ 0 025 05 075 1
HCs CaMy =

MPa'?
H,CBO Dispersion Energy (MPa™)
OCH,,

Figure 1. The chemical structure of the donor-acceptor copolymers PCDTBT and PFDT2BT-8 are showr
in parts (a) and (b) respectively. Blends of carbon disulfide and acetone and their equivalent Hanse
solubility parameters ranging from 9:1 to 1:9 by volume are plotted in a three dimensional plotgc) and

Teas diagram (d). In addition the locations of chlorobenzene, acetone and carbon disulfide are shown.



dd dp dh Bpt Visc. Surf. Ten.
(MPa) (MPa) (MPa) (°C) (mPa.s)* (N.mY)t
CS 20.2 0 0.6 46> 0.352% 0.032%°
CsHeO 15.5 10.1 7.0 56.12°! 0.306% 0.02407°!
CeHsCl 19 4.3 2 131. 7% 0.753%! 0.037%°!

*at 25°C, T at 20°C

Table 1. Hansen solubility parameters, boiling point, viscosity, and surface tension of the solvents carbor

disulfide, acetone and chlorobenzene.

CS:Acetone blend than it is in CB, having CDTBT based solutions. Upon reducing the, CS

solubility limit of 20 mg mfi* in the non- concentration to 56% and below, it is observed that

halogenated blend compared to 10 mg fot CB. PCDTBT begins to come out of solution and forms
small deposits on the side of the vials. ;551

This apparent increase in the solubility of the

_ however remains in solution at much lower,CS
PCDTBT in theCS;:Acetone blend results from the

fact that the Hansen solubility parameter of tr(]:gncentratlons.

solvent blend is a closer match to the ideal solvent

characteristics for PCDTBT than is CB. This _

promising result indicates the suitability of thig)'2 OPV Device Results

novel solvent blend for deposition techniques théte have fabricated OPV devices utilising an active
require much higher concentration solutiifs. layer of PCDTBT:PGBM (1:3.5 wt%) that was
Here, we determined the relative solubility afeposited by spin-casting from either a CB or a
PCDTBT and P&BM by dissolving in pure CSat CS:Acetone blendFigures 2(a) and(b) show the

a concentration of 10 mg thland diluting with J-V curves and external quantum efficiency (EQE)
acetone to achieve specific %volumes of carbepectra for the highest performing devices
disulfide. Images of solutions at varying %volumdabricated from the two different casting solvents.
of CS are shown in supplementary déiigure S1. Device metrics (peak and average PCE) are
At 60% CS and above, both materials areummarised i able 2. Although the difference in

relatively soluble with few aggregates present Jac determined for the different devices is the same



within experimental uncertainty, we find that the We have studied relative sensitivity of
current density at the maximum power point device performance to the solvent blend ratio, and
significantly larger than experimental uncertaintyave fabricated OPV devices in which the
level. Indeed, we find that devices cast frofbvolume of carbon disulfide added to the casting
CS:Acetone exhibit an overall higher PCEBolvent was varied between 60% and 100%.
compared to the CB reference cells with values Résults are shown in supplementary dagure S2

(6.6 £ 0.1)% and (5.5 £ 0.1)% determined for eaagh which we plotdevice J-V characteristics, with
sample set respectively. This 20% increase in PE€ficiency metrics summarised ihable S1. We
results from an increase iRgl(by 7.7%),FF (by find that for casting solvents containing between
10%) and ¥c (by 2.2%). From the EQE60% and 90% Cshy volume, the PCE of solar cell
measurements presentedRigure 2(b), it can be devices is relatively constant, taking values
seen that the conversion efficiency of incidebetween 6.3% and 6.5%. For devices prepared
photons to extracted charge carriers is also hignemg pure Cg§ the PCE undergoes a strong
for devices cast from a G®3cetone blend reduction to around 2.5%; a result we as we discuss
compared to those cast from CB, taking kelow results from charge extraction being
maximum EQE values of 75% and 68%ompromised in these devices. This consistently
respectively. Notably, the shape of the EQ&gh PCE across such a range of solvent
spectrum of the GSAcetone and CB prepareccomposition is extremely promising, as many
devices are slightly different, with the €8cetone previous attempts at halogenated solvent
device absorbing light more effectively betweenreplacement have reported narrower process

500 to 650 nm. windows!*#*7
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carbon disulfide: acetone devices at an 8:2 solvent blend ratio.

Figure 2. (a) J-V and (b) EQE graphs of peaks performing device®fpclilorobenzene devices arl)(

Device Jsc Voc FF PCE Rs Rsh
(Solvent) (mA.cm®) (V) (%) (%) (Q.cm?) | (Q.cmd
-10.00 0.89 62.04 5.52 11.2 829
PCDTBT:PGoBM
(0.22) | (0.002) | (1.01) (0.12) (1.6) (64)
(Chlorobenzene)
[-10.41] | [0.89] | [62.83] [5.80] [10.3] [730]
PCDTBT:PGBM | -10.72 0.91 68.20 6.62 7.1 1669
(CSy:Acetone) (0.16) | (0.002) | (1.26) (0.13) (0.7) (303)
[-10.72] | [0.91] | [69.40] [6.75] [6.9] [1448]

Table 2. Device metrics showing average, (standard deviation), and [best device] values for the shor
circuit current density, open circuit voltage, fill factor, power conversion efficiency, series resistahce, a

shunt resistance for films cast from chlorobenzene or a carbon disulfide:acetone blend.

To explore the generality of this non-halogenat&®8 Charge Carrier Conductivity

solvent system to deposit polymer-fullerene thin . o
_ o - To identify the origin for the enhanced PCE of
films having improved OPV efficiency, we have .
_ solar cells prepared using the non-halogenated
used it to process a blend of the polymer blend
end,

. . solvent
PFDT2BT-8 (see chemical structure igure _

_ _ dominated by electrons were
1(b)) and PGBM. We find that using the

characterise the
CS:Acetone solvent blend, a _
_ _ PCDTBT:PGoBM thin
maximum PCE = 6.81%, withy¥= 0.94V, J.= -

dominated by electron transport were based on
10.68 mA cnif and FF =

67.8% (see
supplementary informatiofrigure S3 and Table

devices whose injection is

fabricated to
effective  conductivity of
devices had )
devices

films. Here,

CS,CO; and Cal/Al electrodes. The result of this

_ _ _ ~ measurement is shown iRigure 3 where we
S2). Again, we find that this power conversion _ L
- S _ _ present the current density (under dark injection)
efficiency is significantly higher than previously _ _ _
_ _ _ sustained by such devices as a function of E, where
reported literature figures for this polymer:fullerene o .

_ _ _ E is the average electric field applied across the
system in which a PCE of 5.8% was achieved when . , _
device. We find that for devices prepared using a
cast from chlorobenzert®!



CS:Acetone blend, the average electron-mobilitsnages for PCDTBT cast from (a) chlorobenzene
extracted from the space charge limited curreantd (b) CSacetone, and a PCDTBT:R8M

regime is approximately (4.2 + 0.3) x16nm?V s blend cast from (c) chlorobenzene and (d)
! For films prepared from chlorobenzene, @@S:acetone. Part (e), shows the intensity profile

electron mobility value of (1.6 + 0.1) x f@n?V for each thin fim as a function of,.qHere the

st is instead determined. We believe that thRCDTBT:PG(BM scattering profiles have been

modest increase in mobilitys consistent with displaced vertically for the sake of clarity.

reduced non-geminate recombination, more

o . Note, that the scattering background levels
efficient charge extraction and thus the observed

_ _ are similar in all samples studied. We are confident
increase irFF and $c.

that the scattering patterns observed originate from

100000 molecular arrangement at nanometer length-scales,
1 —*—CS, Electron

10000_—% rather than diffraction effects from micron-sized
"‘E PC,oBM clusters. We are confident that this is the
< 1000 . . . .
£ ] case, as optical images of the films deposited are
g 100-; smooth and relatively uniform as can be seen in
g Figure $4.
(&)

Comparing the X-ray scattering pattern of

100 1000 10000 100000 1000000

Electric Field (Vicm) pure PCDTBT cast from either CB or £&cetone

(Figure 4(a) and (b) respectively), it can be seen

Figure 3. Current density as a function of thﬁmt the polymer is largely amorphous when cast

square root of electric field is shown for devices in ] .
either both solvent system; a result in agreement
which charge transport is dominated by electro%th previous measuremer&? Indeed, we
cast from either chlorobenzene or a carbon .. .
confirm that X-ray scatter from the pure polymer is
disulphide-acetone blend. characterised by two broad rings located at

3.4 Crystalline Structure of Deposited Films approximately 0.42A& (d-spacing of 15.0A) and

1.61A* (d-spacing of 0.39A) in g that are
To determine whether the different casting solvents . . .
attributed to lamellar packing and mn-n stacking of
modify the structure of the thin-film blend, we have . , 127 0]
adjacent polymer chains respectiveéf{?” Both
used Grazing Incidence Wide Angle X-ra¥. L . . :
ings are elliptical in nature with the regions of
IWAX tterin t haracteri th ,
(G S) scattering  to  characterise gtrongest X-ray scatter located in the out-of-place
morphol f thin-film f PCDTBT an L L : .
orphology  © n-ims o = a dqzdlrectlon. This indicates the existence of multiple
PCDTBT:PGoBM. Figure 4 shows scattering



polymorphs with a slight preference for face-ofhis indicates that such effects are not just limited
orientation of polymer chains with respect to the a single polymer:fullerene system but may be
sample substrate. We find that the nature of thmre general over a large class of materials.
casting solvent does not affect the characteristic
PCDTBT inter-chain spacing, however it appea
that there is a relative increase in X-ray scatteril
intensity in the film cast from chlorobenzene

indicating enhanced crystallinity.

For the PCDTBT:P&BM blend films (as
shown inFigure 4 parts (c) and (d)), we find that
X-ray scatter is characterised by three distinct rin
located in g at 0.67A', 1.38A' and 2.08A.
These features derive from scattering from
hexagonal-close packed lattice of HBM

aggregates within the blend and correspond to

spacings of 0.94 nm, 046 nm and 0.30 n 10000

el PCDTBT:PC, BM (CB) —=— PCDTBT (CB)
—e—PCDTBT:PC, BM (CS,:Acetone) —e— PCDTBT (CS,:Acetone)

respectively’”*% In Figure 4(e) it can be seen that _
: - L . . = 1000
there is a significant relative increase in scatterii &
=
intensity from the P&BM aggregates in the blend’z ]
[0
films cast from C8&Acetone (although the E W\“
linewidth of this feature remains unchanged). W U s oA e un o =
interpret this behaviour as originating from a q,A")

increase in the number-density of fullerene
o Figure 4. GIWAXS data showing scattering
aggregates within the G3cetone cast sample, _
. . ) patterns for PCDTBT films cast from (a)
rather than from differences in the size of the o
o _ chlorobenzene and (b) carbon disulfide: acetone
aggregates (a change in size would be evidenced by _
) ) ) ) blends. Parts (c) and (d) show scattering patterns
a change in scattering-feature linewidth). Such
_ o for PCDTBT:PGBM films cast from
effects are not simply limited to PCDTBT-based o _
) _ _ chlorobenzene and carbon disulfide respectively. In
blends. Indeed, increased scattering intensity o _
) _ ] part (e) we plot scattering intensity along the q
associated with aggregate®?GBM is also = _
o axis extracted from data presented in parts (a) to
observed in films of PFDT2BT-8:R¢BM cast

from a CS;:Acetone solvent blend (séegure S5).



We can confirm this increase in aggregate

= PC_BM
number-density using steady-state2 o PCDTBT-PC BM - CB Cast
W 70

photoluminescence (PL) measurements recorded “ PCDTBT-PC,BM - CS,:Acetone Cast

Int

from the CB and CSAcetone solvent blend films
as shown inFigure 5. Here, no normalisation is

applied to thee spectra, with the data presented

minescene

u

being recorded under identical excitatio

conditions. For comparison, we also show P

PHoto

emission recorded from a control film of pure

T T T T
600 700 800 900 1000 1100

PC,oBM. It can be seen that the emission from the
PCDTBT: PG BM films is almost identical to that

Wavelength (nm)

of PGeBM. Such Iluminescence fromrigure 5. Steady state photoluminescence recorded
polymer:fullerene blends has been previousibm a PCBM film cast from CB, together with PL
ascribed to radiative decay of excitons photemission from PCDTBT:P&BM blend films

generated on fullerene aggregates whose sizg1i8.5 wt%) cast from CB and a gBcetone
comparable to the diffusion length of a B8M solvent blend.
exciton (~5nm¥*Y a property that results in some
fraction of excitons undergoing radiativg" Conclusion
recombination rather than dissociation into charg@fe believe that the enhancedG8M aggregation
carriers. It can be seen that the PL emissignthin-films cast from the solvent blend results
intensity associated with aggregated ;B8 is from the greater relative solubility of PBM in a
significantly greater (approximately 5 timespin CS;:Acetone solution even at relatively [0@S;
films cast froma CS:Acetone solvent than it is forconcentrations. We speculate that as the solvent-
CB cast films. This observation further sudggesblend film evaporates, the relative concentration of
that there is a relative increase in the fraction @6, in the CS:Acetone blend falls due to its
PCoBM molecules that undergo aggregatioslightly greater volatility compared to acetone.
within aC$;:Acetone cast film. When the CSconcentration falls below ~ 56%, the
PCDTBT component starts to drop out of solution
as its solubility limit has been reached. At this point
however, the P&BM still remains in solution and
only forms aggregates at a later point in the

evaporation process. This relative delay in the



solidification between P{BM compared to significant increase in the fraction of fullerene
PCDTBT results in a film that has reduced mixingolecules undergoing aggregation. This increased
between the polymer and the fullerene, with aggregation is beneficial for device performance, as
greater fraction of P&BM being found in anit increases the efficiency of charge carrier
aggregated form. Clearly, the difference in thextraction as evidenced by increased electron and
volatility between C% and acetone is sufficientlyhole conductivity and by improved device fill-
small to create a film in which there is still afactors. This permits us to realise
effective dispersion of RGBM molecules withim PCDTBT:PG¢BM OPVs having a maximum PCE
PCDTBT-rich matrix, rather than a system iof 6.75%, with similar devices based on
which the two components are completely dBFDT2BT-8 having a PCE of 6.81%; values both
mixed. larger than those realised in comparable devices in

_ _ which the active layer was cast from a chlorinated
We thus ascribe the improved electron
N ) o . solvent (chlorobenzene). Our results demonstrate
mobility, FF and device efficiency on casting from _ _
, therefore a simple and straight-forward approach to
a CS:Acetone blend to the increased aggregation _
o _ _ fabricate OPVs using solvents that are less harmful
and crystallization of the PGBM. It is possible . .
o _ o ) to the environment than regular chlorinated
that this improves device efficiency in several N _ _
. ) solvents. Critically, this selection of solvents does
ways; firstly, a number of studies have argued that

) . . not sacrifice device performance, but leads to
geminate- and non-geminate recombination is _ o
, enhanced device efficiency.
suppressed when an electron is created upon a

PC,BM aggregate, rather than on an isolated
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films cast from the solvent blend demonstrate a



[1] Z. He, C. Zhong, S. Su, M. Xu, H. Wu, Y. Cad12] |. Burgues-Ceballos, F. Machui, J. Min, T.

Nature Photor2012, 6, 591-595 Ameri, M. M. Voigt, Y. N. Luponosovo, S. A.
[2] J. R. Sheats, J. Matter. RéX04, 19, 1974- Ponomarenko, P. D. Lachmaroise, M. Campoy-
1989 Quiles, C. J. Brabec. Adv. Funct. Mat@014, 24,

[3] C. J. Brabec, Sol. Energy. Mater. Sol. Cell§449-1457

2004, 83, 273-292 [13] C. D. Park, T. A. Fleetham, J. Li, B. D. Vogt,

[4] Y. Liu, J. Zhao, Z. Li, C. Mu, W. Ma, H. Hu, K.Org. Electron2011, 12, 1465-1470

Jiang, H. Lin, H. Ade, H. Yan, Nat. Communl14] B. Schmidt-Hansberg, M. Sanyal, N.

2014, 5, 5293 Grossiord, Y. Galagan, M. Baunach, M. F. G.
[5] G. Li, V. Shrotriya, J. Huang, Y. Yao, TKlein, A. Colsmann, P. Scharfer, U. Lemmer, H.
Moriarty, K. Emery, Y. Yang, Nature Mate2005, Dosch, J. Michels, E. Barrena, W. Schabel, Sol.
4, 864-868 Energy Mater. Sol. Cell2012, 96, 195-201

[6] S. H. Park, A. Roy, S. Beaupré, S. Cho, §L5] F. Machui, S. Langner, X. Zhu, S. Abbott, C.

Coates, J. S. Moon, D. Moses, M. Leclerc, K. Le&, Brabec. Sol. Energy Mater. Sol. Ce#i812, 100,

A. J. Heeger. Natur@009, 3, 297-302 138-146
[7] R. Sgndergaard, M. Helgesen, M. Jagrgensen[F6] K. S. Chen, H. L. Yip, C. W. Schlenker, D. S.
C. Krebs, Adv. Energy Mate2011, 1, 68-71 Ginger, A. K. Y. Jen, Org. Electror2012, 13,

[8] C. Duan, W. Cai, B. B. Y. Hsu, C. Zhong, K2870-2878

Zhang, C. Liu, Z. Hu, F. Huang, G. C. Bazan, A. [L7] C. C. Chueh, K. Yao, H. L. Yip, C. Y. Chang,
Heeger, Y. Cao, Energy Environ. S@013, 6, Y. X. Xu, K. S. Chen, C. Z. Li, P. Liu, F. Huang,
3022-3034 Y. Chen, W. C. Chen, A. K. Y. Jen. Energy
[9] J. K. Mwaura, M. R. Pinto, D. Witker, N.Environ. Sci.2013, 6, 3241-3248
Ananthakrishnan, K. S. Schanze, J. R. Reynol@ls8] D. C. Watters, H. Yi, A. J. Pearson, J.
Langmuir,2005, 21, 10119-10126 Kingsley, A. Iraqi, D. G. Lidzey, Macromol. Rapid
[10] T. R. Andersen, T. T. Larsen-Olsen, BCommun.2013, 34, 1157-1162

AndreasenA. P. L. Bottiger, J. E. Carlé, M.[19] A. A. B. Alghamdi, D. C. Watters, H. Yi, S.
Helgesen, E. Bundgaard, K. Norrman, J. VAl-Faifi, M. S. Almeataq, D. Coles, J. Kingsley, D.
Andreasen, M. Jgrgensen, F. C. Krebs, ACS Naf®, Lidzey, A. Iraqi, J. Mater. Chem. R013, 1,
2011, 5, 4188-4196 5165-5171

[11] C. M. Hansen, A. L. Smith, Carb@®04, 42, [20] N. Blouin, A. Michaud, M. Leclerc, Adv.
1591-1597 Mater.2007, 19, 2295-2300



[21] D. C. Watters, J. Kingsley, H. Yi, T. Wang, A[30] T. Ohno, S. Yatsuya, J. Mater. St998, 33,
Iraqgi, D. G. Lidzey, Org. Electror2012, 13, 1401- 5843-5847

1408 [31] S. D. Dimitrov, C. B. Nielsen, S. Shoaee, P. S.
[22] Agency for Toxic Substances and Disea3alladhar, J. Du, I. McCulloch, J. R. Durrant, J.
Registry (ATSDR). 1996. Toxicological profile forPhys. Chem. LetR012, 3, 140-144

Carbon Disulfide. Atlanta, GA: U.S. Department ¢82] K. Tvingstedt, K. Vandewal, F. Zang, O.
Health and Human Services, Public Health Servidaganas. J. Phys. Chem2G10, 114, 21824-21832
[23] U.S. Environmental Protection Agency. Healf33] F. C. Jamieson, E. B. Domingo, T. McCarthy-
and Environmental Effects Profile for Carbolvard, M. Heeney, N. Stingelin, J. R. Durrant.
disulfide. = EPA/600/x-86/155.  EnvironmentaChem. Sci2012, 3, 485-492

Criteria and Assessment Office, Office of Healfl34] S. Gélinas, A. Rao, A. Kumar, S. L. Smtih, A.
and Environmental Assessment, Office of Reseaimh Chin, J. Clark, T. S. Van der Poll, G. C. Bazan,
and Development, Cincinnati, OH. 1986 R. H. Friend. Scienc014, 343, 512-516

[24] F. C. Krebs, Sol. Energy Mater. Sol. Cells,

2009, 93, 394-412

[25] D. R. Lide, Handbook of Chemistry and

Physics. CRC Press, Boca Raton, United States

1998

[26] J. A. Dean,Lange’s Handbook of Chemistry,

McGraw-Hill New York, United State$999

[27] P. A. Staniec, A. J. Parnell, A. D. F. Dunbar,

H. Yi, A. J. Pearson, T. Wang, P. E. Hopkinson, C.

Kinane, R. M. Dalgliesh, A. M. Donald, A. J.

Ryan, A. Iraqi, R. A. L. Jones, D. G. Lidzey. Adv.

Energy Mater2011, 1, 499-504

[28] R. B. Aich, N. Blouin, A. Bouchard, M.

Leclerc, Chem. Mate009, 21, 751-757

[29] N. Blouin, A. Michaud, D. Gendron, S.

Wakim, E. Blair, R. Neagu-Plesu, M. Belletéte, G.

Durocher, Y. Tao, M. Leclerc, J. Am. Chem Soc.

2008, 130, 732-742



——100:0
] —o—90:10
5] ——80:20

1 ——70:30

—— 60:40

Current Density (mA.cm'z)

Supplementary Information

Figure S2. Average J-V characteristics of OPV
devices cast from blends of €&cetone, with the

CS, concentration varied between 60 and 100 by

volume.
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Figure SL. Images showing the relative solubility £ -10
3]
for PCDTBT (Top) and P#&BM (bottom) in © _ | . .
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blends of C8Acetone with %volume of GS .
Bias (V)

shown, 23% volume has solvent removed from vial

to show the amount of aggregates left upon the vialgure S3. Average J-V characteristics of
PFDT2BT-8:PGoBM OPV devices cast from a
CS;:acetone blend




Figure $4. Optical microscopy images of films 01
PCDTBT:PGoBM cast from (a) Chlorobenzene

and (b) CgAcetone

Figure S5. QIWAXS
PFDT2BT-8:PGoBM films cast from (a) CB and
(b) CS:Acetone

images of blends of

Solvent Ratios Jsc Voc FF PCE Rs RsH
(CSyAcetone) | (mA.cm?) V) (%) (%) (Q.cm? | (Q.cm?)
-10.66 0.91 65.8 6.36 8.0 1593
60:40 (0.32) | (0.002) | (2.1) (0.12) (0.5) (173)
[-11.00] | [0.91] [66.1] [6.57] [7.8] [1230]
-10.12 0.91 70.8 6.51 6.9 2190
70:30 (0.16) (0.01) (5.0) (0.09) (0.1) (373)
[-10.32] | [0.91] [70.9] [6.64] [7.2] [2361]
-10.16 0.90 70.5 6.43 7.6 1793
80:20 (0.21) (0.01) (1.2) (0.18) (0.3) (418)
[-10.27] | [0.90] [71.5] [6.61] [6.8] [2028]
-10.09 0.90 69.3 6.29 7.8 1894
90:10
(0.27) (0.02) (3.3) (0.33) (0.5) (423)




[-10.18] | [0.91] | [71.5] [6.60] [7.1] [1567]

-9.92 0.67 37.0 2.46 32.6 190
100:0 (0.25) | (0.06) | (3.0) (0.45) (4.9) (56)

[-10.11] | [0.77] | [45.7] [3.53] [13.8] [426]

Table S1. Device metrics showing average, (standard deviation), and [best device] values for the shor
circuit current density, open circuit voltage, fill factor, power conversion efficiency, series resistahce, a

shunt resistance for films cast from varying carbon disulfide: acetone blends.

Jsc Voc FF PCE

(mA.cm | (V) (%) (%)
2
)

PEDT2RT.| -9-08 | 0.93 | 71.4 | 6.05

8:PGoBM | (.10.68) | (0.94) | (67.8)| (6.81)

Table S2 Device metrics showing average, and
(best devicg values for the short circuit current
density, open circuit voltage, fill factor, power
conversion efficiency, series resistance, and shunt
resistance for PFDT2BT-8:PBM devices cast

from a CS:Acetone blend.



