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Novel Regiospecific MDMO-PPV Copolymer with Improved Charge Transport for Bulk
Heterojunction Solar Cells

Attila J. Mozer,* -* Patrick Denk,™ Markus C. Scharber," Helmut Neugebauer} and
N. Serdar Sariciftci*

Forschungs- und Entwicklungs GmbH, Konarka Austria, Gruberstrasset2pA-4020 Linz, Austria, and
Linz Institute for Organic Solar Cells (LIOS) Physical Chemistry, Johannes Keplaretsity Linz,
Altenbergerstrasse 69, A-4040 Linz, Austria

Pawel Wagner$ Laurence Lutsen! and Dirk Vanderzande$

Organic and Polymer Chemistry Group, Limburgs anisitaire Centrum (LUC), Diepenbeek, B-3590,
Belgium, and IMOMEC Diision, Organic and Polymer Chemistry Group, IMEC, Wetenschapspark 1,
Diepenbeek, B-3590, Belgium

Receied: January 7, 2004; In Final Form: February 26, 2004

A novel regiospecific MDMG-PPV copolymer has been synthesized by the copolymerization of the mixture
of 70 wt % 1-(chloromethyl)-5-[(3,7-dimethyloctyl)oxy]-2-methoxy-4-[(octylsulfoxy)methyl]benzene (monomer

A) and 30 wt % 1-(chloromethyl)-2-[(3,7-dimethyloctyl)oxy]-5-methoxy-4-[(octylsulfoxy)methyl]lbenzene
(monomer B) via the sulfinyl precoursor synthetic route. The hole mobility of the new regiospecific MDMO
PPV polymer (also called OIC10—PPV) measured with a time-of-flight setup is found to be a factor of
~3.5 higher at all measured electric fields at room temperature as compared to regiorandom-NPMO

The electric field and temperature dependence of the hole mobility is discussed in the framework of disorder
formalism. The improved charge transport properties of the novel regiospecific MERRIRY copolymer is
attributed to the better interchain interactions facilitated by the more regular PPV backbone, which is also
supported by the red shifted optical absorption and photoluminescence. Finally, the improved charge transport
properties have been utilized by the fabrication of bulk heterojunction photovoltaic devices with a very high
(0.72) filling factor based on the blend of the novel regiospecific MDWMRPV copolymer and the soluble
fullerene derivative 1-[3-(methoxycarbonyl)propyl]-1-phenyl-(6,6)-(CBM).

1. Introduction values of the pristine, individual componefthe above study

. . . suggests that in order to achieve improved and balanced charge
_ The need for renewable and inexpensive photovoltaic energyansport, the intrinsic hole transport properties of MDMO
inspires organic photovoltaic research. One of the most promis- ppy/ needs to be improved.

ing approaches consists of the blend of a strongly light absorbing . . . .
conjugated semiconducting polymer and a soluble fullerene A promising strategy for enhancing the charge carrier mobility

derivative deposited onto a transparent conductive substrate b)Pf conjugated p0|ymers is the synthe_sis of regioregular polymers
simple solution processing technigu8uch “bulk heterojunc- (as_demonstrated n poly(3-he>§ylth|ophene) Compamd to the
tion” solar cells based on the blends of pidB-methoxy-5- regiorandom counterpaf. The highest charge carrier mobility

: : _ f conjugated polymers reported so far in the literature was
3,7-dimethyloctyl)oxy]phenylene]vinylehe(MDMO —PPV 0 . i . .
z[a(nd 1-[3-(me{hox§garg<])?1yl)p?/opyl]]-l-pﬁeﬁyl(-((i,6@1@CBM§ determlngd in highly regioregular and ordered films of poly-
have been fabricated and extensively studied with power (3-hexylth|opher1e) produced by a structure-controlled syn_tHe_S|s.
conversion efficiencies up to 3%#* One of the important A novel .syn.thetlc route to MDM(—}P.PV based on the nonionic
parameters is the charge carrier mobility in the bulk hetero- Polymerization of the 50:50 wt % mixture of the asymmetrically
junction solar cell§:® Recently it was reported from space subst|t#tedbstere0|som(|er mol?lpnr:e(rjst?f the suIﬁgzla[;recoursor
charge limited current measurements that the electron mobility routet c?sth ete?hrecerlny pu Its e fy Llutsen . t.r:Nas
of pristine PCBM thin films e = 2 x 103 cm? V15 is reported that the polymerization of only one or the pure
se\?eral orders of magnitudgehigher than the hole mo)bility of monomer isomers leads to a practically insoluble regioregular
pristine MDMO-PPV thin films i, =5 x 107 cm?V-1s71).7 homopolymer. Unfortunately, insolubility prevents otherwise
Although the electron and hole mobility of the interpenetrating Promising substances from practical use in photovoltaic devices
phases of the MDME&PPV:PCBM blend might differ from the ~ based on solution deposition techniques.
In the present work, we synthesized a novel soluble, re-
_ *Corresponding author. Faxt-43-732-2468-8770. E-mail: attila.mozer@ g'OSpe_C|f'C MDMO-PPV copolymer by the COpOlymenzauon
JkuT.at. of a mixture of 70 wt % 1-(chloromethyl)-5-[(3,7-dimethyloc-
Konarka Austria. tvl -2 h -4- tvIsulf thvllb
. L yl)oxyl-2-methoxy-4-[(octylsulfoxy)methyllbenzene (monomer
Johannes Kepler University Linz. A) and 30 wt % 1-(chloromethyl)-2-[(3,7-dimethyloctyl)oxy]-

§ Limburgs Universitaire Centrum (LUC). ]
"IMEC. 5-methoxy-4-[(octylsulfoxy)methyllbenzene (monomer B) via
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SCHEME 1: Synthesis of the MDMO—PPV Copolymers

Mozer et al.

OR OMe OR ﬁ OR
Cl Cl sec-BuOH S—nOct A
+ — —
S nOct ,S—n0ct -BuONa - Toluene \J»n
MeO o RO o OMe OMe
Monomer A Monomer B R=CyoHy, 1 2

the sulfinyl precoursor synthetic route. The charge carrier
mobility of the novel regiospecific MDM©PPV copolymer
at various temperatures and electric fields with a time-of-flight

TABLE 1: Determined Values of ugr (Room-Temperature
Mobility), and Parameters p, (Prefactor Mobility), o
(Energetic Disorder), and C (Field Dependence of¢) of the

technique is studied. It was found that the charge carrier mobility Disorder Formalism (Eq 1)

at room temperature is enhanced as the regioregularity of the

MDMO—PPV is increased. Moreover, by analyzing the tem-

perature and electric field dependence of the charge carrier

mobility in the framework of disorder formalisi,we discuss
the “molecular structurecharge transport property” correlation
in these conjugated polymers. Finally, we prepared bulk
heterojunction solar cells based on this novel regiospecific
MDMO—PPV copolymer and obtained high efficiencies and
unusually high filling factors.
2. Disorder Formalism

Charge carrier mobility in amorphous conjugated polymers
is generally orders of magnitude lower (fao 108 cn? vV~
s71) and strongly temperature and electric field dependent in
contrast to organic single crystats{0'to 10-1 cn?V-1s71).12
Although the on-chain charge carrier mobility in conjugated
polymers determined by microwave conductivity experi-
mentd314 reaches that of crystalline organic solids, the mac-

URT o o C
samplé (cnmPV-ishb  (cmPV~is)  (meV) [(cm V33

1 2.8x 10°° 2.6x 103 115 1.54x 10
2 0.85x 10°° 0.22x 1073 105 1.35x 10*

aSamples 1 and 2 stand for 70:30 RS-MDM®PV and RRa-
MDMO—PPV, respectively? Room-temperature mobility was mea-
sured at~300 K and 5x 10° V cm™ electric field.

ethyloctyl)oxy]-2-methoxy-4-[(octylsulfoxy)methyl]benzene (Mono-
mer A) and 1-(Chloromethyl)-2-[(3,7-dimethyloctyl)oxy]-5-
methoxy-4-[(octylsulfoxy)methyl]benzene (Monomer B) (See
Scheme 1)The synthesis of the mixture of the asymmetric
monomer isomers was performed following the synthethic
procedure descibed elsewh@été? The mixture was separated
on a chromatographic column (silica gel, hexane:ethyl acetate
1:1) to obtain the two isomers. Each fraction was further purified
on a chromatographic column (silica gel, gradient concentration

roscopic charge transport properties in amorphous films are of ethyl acetate in hexane from pure hexane to 40% of ethyl

controlled by interchain hopping procesdeAmong the several
models available in the literatuté disorder formalism devel-
oped by Basler and co-workets has been the most widely

acetate).
1-(Chloromethyl)-5-[(3,7-dimethyloctyl)oxy]-2-methoxy-4-
[(octylsulfoxy)methyllbenzene (monomer A) was obtained as

employed to describe the peculiar nature of charge transport incolorless or light yellow viscous oil, solidified at low temper-

molecularly doped polymet$, molecular glasse¥, and par-
ticularly conjugated polymer$:1° The model uses the notion

ature (=19 °C) to white crystals.
1-(Chloromethyl)-2-[(3,7-dimethyloctyl)oxy]-5-methoxy-4-

that both the energy levels and the intersite distance of the [(octylsulfoxy)methyllbenzene (monomer B) was obtained as
transport sites are subject to a distribution in an amorphous solidcolorless or pale yellow-green viscous oil, solidified at room
medium. The authors of the theory assume a Gaussian distributemperature to white crystals.

tion for both the energetic and the positional disorder supported  synthesis of the Precursor Polyme#ssolution of 0.97 g (2

by the fact that the absorption profiles of disordered materials

mmol) of the mixture of monomer A and monomer B (or only

generally feature Gaussian line shapes. Monte Carlo simulationsthe pure monomers) in 14 mL skebutanol and a solution of

for hopping transport using MillerAbrahams form of hopping
rate?® within a Gaussian distribution of localized states results
ineq 111

w65 E) = g exp{—(%&)zl
exp[C(6® — S AE™] (
exp[C(6® — 2.25EY] (

whered = ¢/(kT) andX are parameters characterizing energetic
disorder and positional disorder, respectivelyeV) is the width

of the Gaussian density of statas,(cn? V-1 s is a prefactor
mobility in the energetic disorder-free systeg(V cm™) is

the electric field, andC = 2.9 x 1074 [(cm V119 is a fit
parameter. In a refinement, was related to the electric field
dependence of the mobilif. According to the model, the
logarithm of the charge carrier mobility is proportional to the
square root of the electric field, and inversely proportional to
the square of temperature.

> 1.5)
<1.5) (AD)

3. Experimental Section

3.1. Synthesis of the MDMG-PPV Copolymers.Synthesis
of the Stereoisomer Monomers 1-(Chloromethyl)-5-[(3,7-dim-

0.25 g (2.6 mmol) of sodiuntert-butoxide in 10 mL ofsee
butanol was flushed with nitrogenrfa h at 30°C. The solution

of tert-butoxide was added in one portion to the stirred monomer
solution. After 1 h, the reaction mixture was poured into 200
mL of well-stirred ice-cold water.

The part insoluble in water was dissolved in-800 mL of
chloroform, dried over magnesium sulfate, and evaporated under
vacuum at 60°C. Then the solid was redissolved in 8 mL of
chloroform and precipitated in 170 mL of ice-cold methanol.
Methanol was decanted, and the main fraction of precursor
polymer | (see Table 1S) was obtained. Then the decanted
methanol fraction was evaporated in a vacuum at’60to
dryness, and the resulting solid was washed three times by
methanol. The insoluble part was dried in a vacuum overnight
and fraction Il of polymerization was obtained. The decanted
methanol from the second step was evaporated in a vacuum at
60 °C to dryness and fraction Ill was obtained.

Fractions | and Il (seel in Scheme 1) are the polymer
fractions; meanwhile, fraction Ill contains only oligomers (Table
1S).

Corversion of the Precursor Polymershe precursor poly-
mer fractions | and 1l were mixed and dissolved in toluene (100
mg of precursor polymer in 10 mL of toluene). The resulting
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light green solution was flushed with nitrogen at room temper-
ature for 1 h. Then the reaction mixture was refluxed for 3 h
under nitrogen atmosphere during which time the elimination
of the sulfinyl group resulted in conversion to the conjugated
polymer (se€? in Scheme 1). The resulting red solution was
evaporated to dryness under reduced pressure°& &fissolved

in hot chloroform or chlorobenzene (usually-8000 mL), and
precipitated by 150 mL of methanol. The resulting red solid
was isolated by filtration and washed twice with 20 mL of
methanol.

Regiorandom MDMG-PPV was purchased from Covion
GmbH. PCBM was provided by J. C. Hummelen from Rijk-
suniversiteit Groningen.

3.2. Experimental Setups and Sample PreparationlJV—

Vis Absorption and Photoluminescence (PUY —vis absorp-

tion spectra in dilute chlorobenzene solutions were recorded by

a HP 8453 U\~ Visible System. Thin film samples for the PL
were prepared by the doctor blade technique from 1 wt %

chlorobenzene solution onto microscope slides as substrates. P
of the thin film samples was measured as follows: The samples

were mounted into a cryostat and placed in the fodus®cm
diameter collecting lens. The samples were illuminated from
the front side by the 514 nm line of an Ataser with 0.3 mW
intensity. A lowpass filter was used to block the™Agxcitation
line, and the collected light was coupled to an optical fiber,
dispersed by & = /g m monochromator and detected by a Si
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of each material. The thickness of the films was determined
using a Tencor Instruments Alphastep Semiconductor Profiler.

Photovoltaic Devices (PV).PV devices were made of a
layered structure of indium tin oxide (ITO)/PEDOT [poly(3,4-
ethylenedioxythiophene)poly(styrenesulfonate)/MDMOPPV:
PCBM (1:4)/LiF/Al, following the procedure described else-
where! All the PV devices were prepared and measured in an
argon atmosphere dry glovebox. The current voltage charac-
teristics were recorded with a Keithley SMU 2400 unit. The
devices were illuminated from the transparent ITO side using a
Steuernagel solar simulator simulating the AM (air mass) 1.5
sun spectrum. The power conversion efficiency of the solar cells
under simulated AM 1.5 conditions were calculated as

P FFvVv_ J
Namss (%) = (_omm) x 100= ——=—— <l
' Pin P

n

x 100 (A.2)

where Poye (MW cm?) is the output electrical power of the

(device under illuminationP, (mW cm?) is the light intensity

incident on the sample as measured by a calibrated photodiode,
and m is the spectral mismatch factérthat accounts for
deviations in the spectral response to that of the reference cell.
Furthermore, FF is the filling factor defined as

FE= VinppImpp

(A3)
VOCJSC

photodetector array. Three different spots have been measured S .
for each sample. The spectral resolution of the setup wasWNereVmpp (V) and dnpp (MA cm) are the maximum voltage

determined from the full width at half-maximum of the ‘Ar
ion excitation line to be 1 nm.

Time-of-Flight (ToF) Mobility Measurement Setdjypically,
1-2 um thick films were prepared by the doctor blade technique
from 1 wt % chlorobenzene solution onto structured ITO coated

and maximum current density at the maximum power point,
respectively Vo (V) is the open-circuit voltagels. (mA cm~2)

is the short-circuit current density. The incoming light intensity
was 80 mW cm? during the experiments, and the spectral
mismatch factor was 0.753.

glass substrates. On top, Al was evaporated as cathode in @&Results and Discussion

vacuum better than 18 mbar (Al layer thickness 80 nm). The

4.1. Properties of the MDMO—PPV Copolymers.Detailed

samples were illuminated from the ITO side using the second jnformation on the general properties of the MDMOGPV

harmonic (532 nm) of a Nd:YAG pulsed laser (Coherent Infinity - copolymers, including the weight averaged molecular weights
40-100). The photogenerated charges drifted through the gnd polymerization yields, is provided in the Supporting
sample under the external electric field applied by a Brandenberg|nformation Table 1S. Suffice to mention here that as the weight
477-303 voltage supply and were recorded by a Tektronix TDS percent of either one of the isomer monomers is increased in
754 C Digitizing Oscilloscope using a Femto DLPCA low noise  the reaction mixture above 80%, an additional absorption feature
current amplifier. The transit time of charge carriers did not appears at wavelengths longer than the band gap absorption of
change significantly upon changing the incoming light intensity  the isolated conjugated chain, (indicated with an arrow in Figure
by using optical density filters up to OD 3, which indicates that 1), which is attributed to aggregate formation in solution. In
the determined transit times were a true measure of the transitaqgition, the absorption maximum of the conjugated polymers
time of the photogenerated charge carriers and space charggs red shifted as the weight percent of either one of the
effects are negligible. monomers is increased (Figure 1B), which is indicative of longer
From the applied bias and the sign of the photocurrent it is effective conjugation length attributed to the enhanced regio-
evident that the drifting charges were holes. The photocurrent regularity of the conjugated backbone. Because the preparation
transients typically show a narrow plateau region and a broad of bulk heterojunction photovoltaic devices requires a well
dispersive tail as has been shown earlier for several PPV soluble conjugated polymer, we have chosen the conjugated

derivativest®23The time-of-flight (ToF) mobility was calculated
from the transit time of charge carriers @as= d?/(Vt), where
u (cm? V~1s71) is the mobility,d (cm) is the film thicknessy
(V) is the applied potential, artg (s) is the transit time of charge

polymer resulting from the polymerization of the 70:30 wt %
mixture of monomer A and monomer B (referred to as “70:30
RS-MDMO—-PPV”) and compare its charge transport and
photovoltaic properties to the regiorandom MDMOPV

carriers. The transit time of charge carriers was defined as the(referred to as “RRa-MDM©PPV”) purchased from Covion

meeting point of the asymptotes of the two linear regimes in
the log photocurrent vs log time plotéMore than 10 devices
with varying active layer thickness were measured for both

GmbH.
4.2. Charge Carrier Mobility. The room-temperature electric
field dependent ToF mobility of 70:30 RS-MDM&PPV is

MDMO—PPV samples. The temperature dependence measureecompared to RRa-MDMOPPYV in Figure 2 for several films
ments were performed using a temperature-controlled liquid with varying thickness (0.322.3 um). The mobility follows

nitrogen cooled cryostat (Oxford Optistat DN-V, ITC 503
temperature controller, precisioft0.1 K). The temperature

the form logu O EY2for both polymers, a behavior frequently
observed for a wide range of disordered organic semiconduc-

dependence of mobility was determined for at least 2 samplestorst® and described in the disorder model illustrated in section
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Figure 1. (A) Absorption spectra of selected MDM&@PPV copoly- 107"k T
mers in dilute chloroform solution. (B) Absorption spectra of selected
MDMO—PPV copolymers in dilute chloroform solution showing the
region near the peak of the absorption maximum for better comparison. 102 1

35— ' 10° 10° 10* 10° 10° 10° 10* 10°
] time /s
— -4r oy 1 Figure 3. Log photocurrent vs log time plots of the photocurrent
'n ] transients recorded for a 2@n (left side) and a 0.32m (right side)
T, 45) s 5 g ] RRa-MDMO—-PPV device at various applied electric fields. The arrows
~ L) | D%O 1 indicate the meeting points of the two asymptotic linear regimes defined
5 -5 .%@ ] as the transit time of charge carriers.
;_5_5_ ,‘.‘ DO@ ] Our results of thickness independent mobility suggest that the
g o of &P ] film morphology using the doctor blade technique does not
) A 20 ] change significantly by changing the film thickness within
] 0.32-2.3um as far as charge carrier mobility is concerned.
6.5 : : ! J . The room-temperature mobility values measured at 50°
210 4201/2 630 P 1,340 1050 V cm~? electric field have been determined and are summarized
E™/(Vem?) in Table 1. Several factors may be responsible for the improved

Figure 2. Comparison of the field dependent room-temperature
mobility of 70:30 RS-MDMO-PPV (full symbols) and RRa-MDM©
PPV (empty symbols) for various sample thicknesse®) 2.1 um;
(m) 1.05u4m; (a) 0.5um; (¥) 0.45um; (O) 2.3um; (dO) 1.68um; (2)

charge transport property of 70:30 RS-MDM®PV. It was
shown that chemical modifications of the conjugated polymer
could change the electronic and morphologic properties in a
! complicated way. For instance, Veres et al. have reported that
1.72um; (v) 032um. dechasing the amount of polymerization defectsp in PPV
2. The room-temperature mobility of 70:30 RS-MDM®PV derivatives, the room-temperature mobility determined by the
is approximately 3.5 times larger at all measured electric fields time-of-flight technique is increaséé@ Moreover, the work of

for all film thicknesses as compared to the RRa-MDMEPV. Martens et al. compared the mobility values determined from
It is interesting to note that although the shape of the photo- space charge limited current measurement of three fully
current transients became more dispersive as the thickness otonjugated PPV copolymers as well as a partially conjugated
the samples decreased (see Figure 3), we did not observe #PV18 By measuring the electric field and temperature depen-
significant difference in the determined mobility values even dence of the mobility, they correlated the microscopic transport
for samples with 0.32tm thickness. This result has several properties of the PPV copolymers with their molecular structure.
implications to our experiments: (i) the asymptotic determina- It was reported that the broken conjugation decreases the
tion of the mobility from the logarithm photocurrent vs logarithm  mobility significantly. On the other hand, mobility of the fully
time plots gives acceptable values even when the photocurrentconjugated polymers was found to be governed by the amount
transients are strongly dispersive; (i) it was suggested that theof energetic disorder related to the regularity of the conjugated

morphology of solution cast films might vary with film thickness
due to, for example, the different morphologies of concentrated
solutions or the slower solvent evaporation of thicker fiths>

chain and ordering in the solid phase.
Figure 4A,B shows the plot of logarithm mobility versus
square root of electric field determined at several temperatures
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——300 RRa-MDMO—-PPV. The lines and corresponding equations represent
-7 1 —=—315 linear fits of the data.
=330
8- 1 =350 o )
L ‘ . . 1 --380 larger energetic disorder and eventually is lower than that of
320 480 640 800 960 RRa-MDMO-PPV below 230 K, indicated by the arrow in
E1/2 / (V Cm-1)1/2 Figure 5. Furthermore, the field dependence of mobility

characterized by paramet€ris slightly larger for the 70:30
Figure 4. Electric field dependence of mobility of 70:30 RS-MDMO RS-MDMO-PPV. The determined value o agrees well

fezyegpgn?qagaﬁi’gg?ﬂtﬁepg ‘;t/a(B) atvarious temperatures. The lines  ipin o factor of only 2 with the theoretically calculated value
' (C =29 x 10 [(cm V)¥2), which further justifies the

2 | = T applicability of eq 1 to describe our experimental data.
= —y=-259-0.347x R= 0.993 The prefactor mobility is primarily governed by the amount
2 a4t "y =-3.64 - 0.289x R=0.994 of electronic coupling between neighboring transport $fes,
az reflecting the magnitude of electronic wave function overlap,
S 6L which is a sensitive function (exponential) of the intersite
= distance. Our results are rather surprising when compared to
? 8l previous work of Martens et &f. The authors argued that the
w less configurational and conformational freedom of individual
= 1ol chains of their regioregular conjugated polymer ((MC10—
2 PPV) decreases the fluctuation of hopping site energies, thus
- lowering the intrachain energetic disorder. We propose that the
'120 5 1'0 1'5 2‘0 o5 slight increase of the energetic d_isorder of our regioregular
(1000/T )2/ (1/K)? copolymer may result from lower lying energy states of ordered

Figure 5. Temperature dependence of the zero field mobilityey ( ~ "2noaggregates as compared to the amorphous matrix acting
70:30 RS-MDMO-PPV and ©) RRa-MDMO-PPV. The lines and as energetic traps for overall charge transport. The above model
corresponding equations represent linear fits of the data. is schematically illustrated in Scheme 2A,B. Scheme 2A
for 70:30 RS-MDMO-PPV and RRa-MDMG-PPV, respec- illustrates charge motion in the amorphous regions of the films,
tively. The slope of the field dependence of mobility is decreas- In Which the energies of the transport sites (polaron energy)
ing, and the zero field mobility (the mobility extrapolated to €xperience a statistically varying environment, giving rise to a
zero electric field) is increasing with increasing temperature. Such Gaussian distribution of density of states. Scheme 2B, on the
atendency is predicted by the theory of disorder formalism intro- Other hand, depicts regions where the conjugated chains are
duced earliet! Figure 5 shows the temperature dependence of Partially aligned with a better interchain interaction. These
the zero field mobility. The ordinate intercept of the lines regions are expected to create preferential paths (*highways”)
obtained by a linear fit of the data determines the value of pre- for the charge carriers, therefore increasing the mobility. In the
factor mobility, meanwhile the slope is related to the width of framework of disorder formalism, on the other hand, the major
the Gaussian distribution of density of states. Figure 6 shows thesource of disorder of the charge transport sites is assumed to
slope of the field dependence versu¢kT).2 Figures 5 and 6 originate from the variations of dipoténduced dipole interac-
show that our experimental data can be fitted satisfactory usingtions between the charge carrier and the surrounding polarizable
eq 1, and the disorder formalism may provide a framework for matrix4 Because more interacting delocalizedelectron
further discussion of the charge transport properties of thesesystems of the ordered regions are thought to be more polariz-
MDMO—PPV copolymers within the measured temperature able, the extent of the dipoténduced dipole interactions is
range. expected to be higher in the ordered regions of the films, which
The calculated microscopic transport parameters derived fromlowers the site energy. Because the ordered regions in our model
eq 1 are summarized in Table 1. The prefactor mobility is 1 are embedded in an amorphous matrix, these lower lying energy
order of magnitude higher for 70:30 RS-MDM®PV (sample states may act as traps and broaden the density of states. Charge
1), and the energetic disorder parameter also increases slightlyhopping at the end of these “highways” (indicated by the large
Interestingly, the zero field mobility of 70:30 RS-MDM&PPV arrow in Scheme 2B) requires sufficient thermal energy and/or
is only higher above~230 K but decreases faster due to the tilting the barrier by an external electric field. Therefore, at high
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SCHEME 2: Schematic lllustration of Charge Motion T ‘ ‘ L
and the Energy of Hopping Sites (Polaron Energy): (A) Lis
When the Conjugated Chains Are Randomly Oriented;
(B) When Local Ordering of the Conjugated Chains o 0.8F
Takes Place Ee;
Sosel
]
€04l
o
P4
0.2
0

550 600 650 700 750
Wavelength / nm
+@ 53_ @ @ Figure 7. Normalized photoluminescence spectra of (70:30 RS-

MDMO—PPV and (- - -) RRa-MDMG-PPV films, prepared by the

1 I 1 doctor blade technique from 1 wt % chlorobenzene solution.

presence of interchain species in both polymers. However, the
YV features of the films of 70:30 RS-MDM©GPPV are red-shifted
and slightly enhanced as compared to RRa-MDMTPV,
which indicates the existence of more aggregated interchain
species, in accordance with the conclusion of our charge

1
i ! transport studies. A more detailed characterization, including
f 1 low temperature photoluminescence and thermally stimulated
1 luminescence, will be published.

Energy
4=
+

4.3. Photovoltaic Device PerformanceWe have prepared
bulk heterojunction solar cells in order to utilize the improved
charge transport properties of the novel regiospecific MDMO
PPV copolymer. The current density vs voltage curve of a bulk
heterojunction solar cell based on the-4 ratio by weight
mixture of the 70:30 RS-MDM©PPV copolymer with the
fullerene acceptor PCBM is compared with RRa-MDMBPV
in Figure 8A,B, and the parameters characterizing the photo-

' voltaic performance are summarized in Table 2. The current

! _1__1_—1'_1_: density vs voltage curve of the RRa-MDM@®PV was taken
B b—1— WU ! from ref 1, and represents the state-of-the-art photovoltaic device

i ! based on the RRa-MDMOPPV:PCBM blend. The active layers
of both devices were approximately 100 nm thick, and great
temperatures and high electric fields, films of 70:30 RS- care was taken to prepare the 70:30 MDMRPV based devices
MDMO—PPV with better interchain packing shows a higher in exactly the same manner as reported in ref 1. Although the
charge carrier mobility. At low temperatures and low electric short-circuit current and the open-circuit voltage are quite similar
fields, however, charges might be trapped at the lower lying for the two devices, the bulk heterojunction solar cell based on
energy sites of the aligned regions, hence causing stronger tem70:30 RS-MDMG-PPV has a higher power conversion ef-
perature and electric field dependence of mobility. On the basis ficiency of 2.65% under simulated AM 1.5 conditions due to
of the above model, it is emphasized that three-dimensional or- the very high (0.71) filling factor.
dering, when it would spread over the entire bulk, is expected We performed a mathematical simulation of the current
to increase the mobility significantly. However, in partially or- density vs voltage curves shown in Figu B based on the
dered cases when the ordered nanodomains are embedded iBmple one-diode equivalent circuit model in the form of eq
an amorphous matrix, the competitive interplay between increas- 4.3
ed energetic disorder and improved charge transport within these
ordered regions is expected to control the charge carrier 1=13 (exp{v_J S) _ 1) +V_JRRS_J (Ad)

— Yo SC

transport. nks T Rg

Numerous studies have revealed that interchain interactions
are important in alkoxy-substituted PP%s3! and particularly whered (A cm~2) andV (V) are the current density and voltage
in MDMO—PPV2%30 |t has been reported that films with  values taken from Figure 8B, respectively,(A cm™2) is the
increased interchain interactions show a red shift of the reverse bias dark currerR; (Q cm™2) is the series resistance,
luminescence bands, and characteristic enhancement of spectrd®, (€2 cm™2) is the parallel resistance, adgk (A cm™?) is the
features superimposed on the Dand G-2 vibronic sideband short-circuit current density under illumination. The equation
emission of the isolated intrachain excit®/2These features  has been numerically solved, and the parameters obtained by
have been attributed to the radiative decay of interchain excitonsthe best fit are summarized in Table 2. The factor of 2.3 lower
and are highly indicative for the existence of aggregatés. series resistance together with the factor of 2.3 higher parallel

In Figure 7 the normalized photoluminescence spectra of films resistance is responsible for the improved filling factor, and the
of 70:30 RS-MDMO-PPV and RRa-MDMG-PPV are com- improved photovoltaic performance of the 70:30 RS-MDMO
pared. The spectral features between 620 and 750 nm show thé®PV based device. The factor of 2.3 times higher parallel

S
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N
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Energy
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TABLE 2: Photovoltaic Performance of the Bulk Heterojunction Solar Cells, and the Parameters of Eq 4 Obtained by
Numerical Calculation

Jsc Voc Nam 1.5 Jo Rs Rp
mateiaf (mA cm™) V) FF (%)° (mA cm™) (Qecm?) (Qcm?) n
1 5.0 0.8 0.71 2.65 & 1077 1.3 2150 1.9
2 5.25 0.82 0.61 25 & 1077 3 950 2.0

aMaterial 1 and 2 stands for 70:30 RS-MDM®PV: PCBM (1:4) and RRa-MDMOPPV: PCBM (1:4), respectively.Calculated using a
value of mismatch factom = 0.753, see text.

0 packing of the conjugated chains in the ordered regions
A ] facilitates enhanced charge transfer; however, the same ordered
regions act as energetic traps for the charge carriers. At
temperatures, when the surrounding thermal bath is sufficient
i to compensate for the larger energetic disorder effects (notably

I/ ] above 230 K), the higher prefactor mobility governs charge
7l transport. Below 230 K, the effect of larger disorder dominates
the charge transport properties. The improved charge transport
properties of the novel regiospecific MDM&PPV copolymer
were used in fabrication of bulk heterojunction solar cells
exhibiting an improved power conversion efficiency of 2.65%
with high (0.71) filling factor.
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