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Regioregular pol§3-(4'-(1",4",7"-trioxaocty)phenybthiophenes (PEOPT$ exhibit interesting
properties for the use in polymer electronics. Exposing thin films of the amorphous, disordered
phase(orange phageof the “as prepared” polymer to chloroform vapor or annealing them by heat
treatment results in a redshift of the absorption maximum due to the formation of nanocrystals in an
ordered phaséblue phasg As such, PEOPT thus is a very interesting conjugated polymeric
material, which exhibits two different phases with well-defined order/disorder characters on
one-and-the-same material. This property opens up the unique possibility to investigate the role of
order/disorder on the photoexcited pattern without being obscured by the differences in chemical
structure by using different materials with different crystallinity. The fact, that blue phase PEOPT
exhibits absorption edges at relatively low energies around 1.8 eV, thereby demonstrating an
enhanced spectral absorption range as compared to the orange phase, makes them attractive for use
in photodiodes and solar cells as well. The photoinduced charge generation efficiency in both phases
of PEOPT is significantly enhanced by the addition of a strong electron acceptor such as fullerene
Ceo, as observed by quenching of the luminescence and by photoinduced absorption measurements
in the infrared and uv—visible regime. The average number and the lifetime of photoinduced carriers
in composites of PEOPT with a methanofullereie6]-phenyl G;—butyric acid methyl ester
(PCBM) are found to depend on the crystallinity of PEOPT in thin films, which gives rise to charged
photoexcitations delocalized between polymer chains. Stronger bimolecular recombination in
composites of the blue phase PEOPT with PCBM is observed as compared to the orange phase
PEOPT/PCBM films. The origin of this enhanced recombination is found to be related to the hole
mobility of the polymer. ©2001 American Institute of Physic§DOI: 10.1063/1.1404984

I. INTRODUCTION orange and a blue phdseas reported. The origin of this

Polythiophenes are a very versatile class of Conjug‘,itegwermochromism was extensively studied from a structural

polymers. Substituted polythiophenes were among the firft@int of view especially with respect to the interplay between
conjugated polymers modified by attaching long solubilizingthe effective conjugation length of the thiophene backbone

side chains to improve their solubility and processabtiity. @nd the conformational change of the alkyl side chaires,
Substituted polythiophenes can be tailored for various appliflat trans versus twisteqyauchestructures®*°

cations by designing the side groups to give the polymer Recently, emphasis was put again on the investigation of
different properties. Especially for device applications, poly-the two different phases in substituted polythiophenes, dem-
thiophenes have several attractive properties: They are rel@nstrating a photoinduced phase transformation in polyalky-
tively stable and the monomer synthesis is easy and versatiléhiophenes within the nanosecond regith@he regioregu-
This easy synthesis allowed researchers to develop polyarity of the polythiophenes has an important influence on the
thiophenes that were tested successfully for electroluminesffective conjugation length. For regioregular thiophenes, the
cent diodes emitting in the whole visible spectral rah@a; 7 conjugation seems to be longer since the thiophene rings
optically pumped lasing, for organic transistor$,and re-  are less twisted relative to each other due to decreased steric
cently also for photodiodésand solar cell§.For some pro-  hindrance-

cessable polythiophenes, among them the (Baly For a series of regioregular substituted 8l
alkylthiophenes a thermochromic change between anphenyithiophenesthis phenomena of two different phases
was studied extensively by x-ray diffractioh* In general,
dElectronic address: christoph.brabec@jk.uni-linz.ac.at the class of substituted pd@Brphenylthiophengsis semi-
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crystalline. A highly interesting phenomena is observed for

many of the poly3-phenylthiophengswith a para substitu-

tion of the phenyl ring. Depending on the processing condi-

tions, spin-coated thin films of these polymers can exist in

two distinct states with different crystallinity: a less crystal-

line state with a larger spacing of the highest occupied—

lowest unoccupied molecular orbitdHOMO-LUMO) dis-

tance and a higher crystalline state with a lower HOMO— .
LUMO distance® The general trend observed was that
poly(3-phenylthiophengs initially go into a metastable,
poorly crystalline state in the “as-prepared” form and then
achieve a thermodynamically more stable form after appro-
priate treatment. These two phases are subsequently referred
to as orange phaséower crystallinity and blue phase Aluminum
(higher crystallinity, indicating their different colors. The
poly(3-phenylthiophengswith para-substituted phenyl rings

have structures in which the substituted side chains are di- Active layer
rected away from the polymer backbone. The main chains PEDOT
therefore pack closer along theaxis but are spaced with

longer distances along th& axis. According to the x-ray

studies the packing of the chains to each other is higher i 1. chemical structure of PEOPT and PCBM and solar cell device
the blue phase compared to the orange phagposing structure.

thin films of the amorphous, disordered phé&senge phage

of the “as-prepared” polymer to chloroform vapor at room

temperature or annealing them by heat treatment results in\ﬁell as the investigated device structure is shown in Fig. 1.

redshift of the absorption maximum due to the formation OfThe enhanced solubility of PCBM compared tg,@llows a
more and larger nanocrystals in an ordered phé®ee o fyjierene-conjugated—polymer ratio and strongly sup-
phase. o o , ports the formation of donor—acceptor bulk heterojunctions.
As such, poly3-(4'~(1",4",7"-trioxaocty)phenyjthio- Orange phase thin-film samples were produced by spin
pheng (PEOPT thus is a very interesting conjugated poly- ¢ qting from 1 to 1.5 wt % solutions of PEOPT in chloroform

meric material, which exhibits two different phases with at high spinning speed. The conversion of the orange phase

well-defined order/disorder character on one—and—the-sam@ast films to the blue phase can be performed by either a

material. This property opens up the unique possibility O emperature step of 100 °C for 10 min or by exposing the
investigate the role of order/disorder on the photoexcited pa[[ P P y exp g

: hout bei b d by the diff i chemi IIms directly after spin casting to chloroform vapor at room
ern without being obscured by the dilferences in chemica emperature. Casting PEOPT from orthodichlorobenzene

structure by using different materials with different crystal- (ODCB) solutions or from mixtures of chloroform with tolu-

linity. Further interest in thesg regmregular polythmpher_mesene directly results in thin films in the blue phase. The results
stems from enhanced absorption in the near-infrared regim

hich makes this ol £ 5ol int i did t%n the blue phase presented in this study were obtained by
which makes this class of polymers an interesting candida pin-casting films from chloroform/toluene 1:1 mixtures ex-

for solar cell device applications because the polymers WiIcept for the pristine blue PEOPT diode, which was converted
absorb more of the terrestial solar spectrum due to their lo y a temperature step ’

band gap. Since the discovery of an ultrafast photoinduce Photoinduced absorptioiPIA) measurements were per-
electron traqsfé? from many conjugated polymers to formed at liquid-nitrogen temperature under a vacuum better
fullerenes, this effect has been used to enhance the quant n 10°3 Pa as described elsewhéfeDevices with an ac-
effici_ency for charge gener_ation and thereb_ylgalso the phOtOE|ve area of 5 mrhwere produced between ITO/PEDOT:PSS
voltaic performance of conjugated polyméFs: (indium tin  oxide/(poly(3,4-ethylenedioxythiopheire

In_ th!s paper we |r_1vest|gate the _quasrsteady-state pr.’g;ioly(styrenesulfona1)esubstrates and thermally evaporated
toexcitations of a special representative of the class of regi Al electrodes. The photoactive layer consisting of pristine

regular phenyl-substituted polythiopherf€s’PEOPT, in its PEOPT was spin-coated from 1% chloroform solution to a

pristine state as well as in composites W'Fh and W'thOUtthickness of less than 100 nm. Conversion of the orange to
fullerenes. The influence of the degree of disorder of thes?he blue phase was performed by a temperature step of
tWO phases of polB-phenylthiophengson the photoex_cita- 00°C for 10 min. Bulk heterojunction devices with
tion pattern as well as on the occurrence of photoinduce llerenes were produced with the same technology, but dif-
charge transfer to fullerenes is studied and their relative POrarent geometry. Since the devices were aimed for ISIA mea-
tential in photovoltaic applications is evaluated. surements, a large-area semitransparent top electrode is
needed and the appropriate active area of the devices-was

Il. EXPERIMENT cn®. Thin films were spin-cast from 1:1 ratios of PCBM-

The chemical structure of PEORRef. 21 and[6,6]- :PEOPT from chloroform(orange phaseor chloroform/

phenyl G,—butyric acid methyl estefPCBM) (Ref. 22 as  toluene(blue phasgsolutions. The aluminum top electrode

O

FEOPT
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8x10* 2 8 45 tions show their maximum at 2.70 eV. The oscillator strength
@ ﬁﬁgﬁiﬁﬁiﬁﬁibﬁil;“;m for peak absorption at 2.7 eV is higher for chloroform than
axio*k L - for benzene. For benzene solutions of PEOPT, further peaks
, {1.0 at 2.19, 2.02, and 1.83 eV are observed. The onset for the
o / absorption in benzene solutions is around 1.70 eV, while for

the chloroform solution the onset of absorption is observed at
2.15 eV. Comparing the absorption spectra to the solid-state
film absorptionFig. 2(b)], the high-energy peak at 2.7 eV is
assigned to the orange phase, while the low-energy absorp-
tion features of the benzene solution at 2.19, 2.02, and 1.83
eV, which are absent in the chloroform solution, are assigned
to the blue phase. Obviously, the absorption spectra in ben-
zene is a mixture of the blue and orange phase, while in
chloroform solution only the orange phase is observed.
Qualitative results similar to those observed for benzene so-
lutions were observed for solutions of PEOPT in chloroben-
zene, dichlorobenzene, and toluene. In all these solvents both
- phases of PEOPT are observed, while chloroform is the only
4x10°{€) PEOPT/PCEM - solvent giving the orange phase exclusively.

2x10* |

™0 N 103

6x10° Jo.2

Optical Density

Luminescence AT {a.u.]

3x10°+ 0,1

/ PEOPT
blue phase
- orange phase 0,0

oxio®h Z'rl;g:iizse f loa The luminescence of PEOPT in solution is plotted in

\ A ' Fig. 2@ for chloroform and benzene as solvents. The lumi-
OWWVMV“V’\VN nescence in benzene shows a maximum at 1.89 eV, for the

. {2 chloroform solution this maximum is observed at 1.86 eV.

210° The emission in chloroform is almost an order of magnitude
410° g higher than the emission in benzene. Comparison of the so-

4 % 100 lution luminescence with luminescence from thin solid films
allows assignment of the emission to originate dominantly

from photoexcitations in the orange phase. This is in agree-
FIG. 2. Right axis: uv—visible absorption of the two phases of PEOPT inment with recent reports that the luminescence quantum
solution and in the solid state, with and without fulleren@,PEOPT in  yield of blue phase PEOPT is considerably lower than that
0.05 wt % solutions in chlorofornfdotted line and benzendcontinuous for orange phase PEOPT. The blue phase emission from
line). (b) uv—visible absorption spectra of PEOPT spin-cast films, orangePEOPT in th t | ) ts is th f ith b t
(dotted ling and blue phasécontinuous ling (c) uv—visible absorption In ese. WO_ S.O vents Is there O'?e .el er absent or
spectra of PEOPT/PCBM 1:1 mixtures, spin cast, PEOPT in @aetinu-  below the detection limit of the photomultiplier setup.
ous line and orange phageotted ling. Left axis: Luminescence spectra of
the two phases of PEOPT in solution and in the solid state, with and withou% Thin films
fullerenes(a) Luminescence of PEOPT in 0.05 wt % solution in chloroform “*

(dotted line, divided by a factor of 5 for better comparis@md benzene Thin films of PEOPT were characterized by absorption,

(continuous ling at 298 K. (b) Luminescence of PEOPT spin-cast films at : - :
80 K, orange(dotted ling and blue phasécontinuous ling (c) Lumines- luminescence, and photoinduced absorption measurements.

cence of PEOPT/PCBM composite spin-cast films at 80 K, orddgtted 1 N€ absorption maXimum of the orange phase films is ob-
line) and blue phasécontinuous ling served at 2.63 eV while the onset is around 2.1 eV. For the

blue phase films, the maximum is observed at 2.25 eV with
] ] the onset at 1.75 eYFig. 2(b)]. The blue phase has an ad-
was thermally evaporated with a thickness of 15 nm. Photogjsional shoulder at 1.92 eV. The huge shift of the onset for
currents were measured at room temperature in vacuum. ljne apsorption from 2.1 eV in the orange phase to 1.75 eV in
Iurr_linat_ion through the transparent _ITO side was done byne plue phase is assigned to a narrowing of the HOMO—
white light from a halogen lamp with 60 mW/Emi=V | yMO levels. This narrowing of the HOMO—LUMO levels
curves were recorded with a Keithley 2400 source metefig 515 observed by fluorescence measurements at 80 K, plot-
typically by averaging 200 measurements for one pointieq jn Fig. Zb). The orange phase shows a broad fluores-
Spectrally resolved photocurrent measurements Were regnce peak with a maximum at 1.84 eV and a shoulder at

corded by a lock-in technique, illuminating the device with 1 79 ey, The maximum of the fluorescence in the blue phase
~0.1 mW/cn? monochromatized light from a Xe arc lamp is redshifted to 1.48 eV.

and white light background illumination. Light intensities Ultraviolet—visible light absorption spectroscopy was

Photon Energy [eV]

were measured by a calibrated Si photodiode. used to investigate the phase of PEOPT in composites with
PCBM after processing and to ensure that PCBM does not
lll. RESULTS AND DISCUSSION hinder the structural reorganization of PEOPT from one

phase to another. As shown in Figcg both samples show

) an absorption feature around 3.5 eV that is attributed to the

1. Solution PCBM absorption. For the chloroform cast sample the onset
The solution absorption spectra of PEOPT in benzenef absorption is detected at the same position as for the pris-

and chloroform solutions are shown in FigaR Both solu-  tine orange phase PEOPT thin films. Although the absorption

A. Absorption and luminescence
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-l @ PEOPT orange Phase ;I,'VAaSI:jIZnIe L;tigsgltzrsf:almg of PEOPT in various composites—excitation
—— PEOPT blue Phase X3
6x10™[ S Energy(eV)
xs\ « (Compounds 147 140 127 120 1.16 090 ir
= 4x10°T :
= Orange PEOPT 0.75
< “ o Blue PEOPT 0.91 0.83 0.85
2x10 Orange PEOPT/PCBM 0.37 0.45
o Blue PEOPT/PCBM 0.40 0.40 0.39
-2x10™ L . . . . L v\
°6 08 10 12 14 16 18 20 tion of the absorption spectra of the single components, and
Energy [eV] no signs of complex formation or ground-state charge-
10 100 1000 transfer complexes are obseryed.
: . Figure Zc) shows the luminescence of the two compos-
T, . (b) ites with PCBM. Upon addition of PCBM the luminescence
B of the polymer is completely quenchéice., below the sen-
sitivity of the setup, independent of the phase of the poly-
PEOPT X mer, which is already indicative for the occurrence of photo-
orange pnase a i
L s i induced charge transfer.
B. Excited-state spectroscopy
1(1.30eV)=0.4ms
100+ Before presenting and discussing the experimental re-
_ sults of the pristine PEOPT and the PEOPT/PCBM compos-
‘g 10k ites we briefly review the eﬁegt of fullerene addiztiloqzto non-
g ;’:‘“w\*‘&w degenerate grpund—stat_e conjugateq polyrirets24=42For
E e \g\z g e e=ggo many of the h|ghly luminescent conjugated polymemch
- a PR bt aa as alkoxy-substituted PPY<poly phenylenevinylenethe
0L PEOPT blue phase r, (1.20 6V) = 24 ms dominant photoexcited absorption feature peak in the
o 146eV " ,(1.20eV) = 0.3 ms microsecond—millisecond time regime is attributed to a
o 120eV e ©(0.95eV)=0.19 ms triplet—triplet absorption. Upon addition of fullerene several
e g-zg :x :E?-jg :x;: 2619m;ns new features are observed in such composisnearly
) ) complete quenching of the luminescence accompanidd)oy
s e nearly complete quenching of the triplet state. Additionally
10 100 1000 (iii ), long-lived new absorption features in the high-energy
Chopper Frequency [Hz] range (above the Fermi levgland in the low-energy range

FIG. 3. (a) PIA spectra of PEOPT in the blueontinuous ling and orange (t_)elow the Fermi levelare qpserved, assigned to the two
phase(dotted ling at 80 K and 10° Pa, excitation at 488 nm with 150 mw  dipole-allowed polaron transitiods.

laser power for the blue phase and 30 mW for the orange phase, chopper  The PIA spectra of the blue and orange phase thin films
frequency 122 Hz(b) Frequency dependence of the PIA featurag) of ; :

PEOPT in the orange phase at 1.30 @pen square, upper paind for are compare_d in Flg.(a). F9r the ora_nge phase one broad
PEOPT in the blue phase at 1.46 @pen square at 1.20 eV(open circlg, _PlA fe_ature IS Observ_ed with a maximum at 1.27 eV. The
at 0.95 eV(open diamony and 0.86 eV(open triangle for PEOPT blue  intensity scaling of this feature scales with an exponent of
phase(lower par}. The continuous lines are fits to a monomolecular decay(,75, showing no signs of saturation even at monochromatic
model. The experimental conditions were as denote@in excitations intensities as high as 200 mw/ffrom the Ar*

laser. Although the intensity scaling does not imply strict

features at higher energies are partially hidden under thEonomolecular recombination behavitfable ), the fre-
PCBM absorption, a maximum is observed aR.6 eV,

which is again in good correlation with that of pristine or- o _

ange phase PEOPT. The chloroform cast sample is therefof@‘B"E Il. Frequency scallng. !_lfet|mes are calculat_ed W|tr_1 a monomolecu-
. i . ar decay model for the pristine polymers and with a bimolecular decay
identified as orange phase PEOPT/PCBM composite. The .. o polymer/PCBM mixtures.

onset of absorption of the chloroform/toluene cast sample is

observed at 1.75 eV, which correlates with that of the pristine (ms) 147 140 127 120 116 090 IR
blue phase polymer. A smooth increase of absorption untiloange pEOPT 0.4
2.25 eV is followed by a flat plateau. Although the polymer Biue PEOPT 24 40 0.19
peak absorption features are masked by the PCBM absorp- 0.26
tion, the blue and the orange phase samples are clearly iderfrange PEOPT/PCBM 0 35 0215
tified by their different onset of absorption, which mirrors the ' '

; . . Blue PEOPT/PCBM 0.63 0.37 0.85
different HOMO-LUMO levels. The ir absorption of ue 0.08

PEOPT in composites with fullerenes is a linear superposi
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guency dependence of the 1.27-eV feature was fitted to a F PEOPT/PCBM
first-order relaxation kinetics modé€Table 1) and a lifetime .| — blue phase (a)
of 0.4 ms was obtainelFig. 3(b)]. The photoexcitation pat- 6x10r orange phase
tern of the blue phase is more complex than that for the
orange phase. Four PIA features are observed at 1.70 anc y
1.47 eV, one broader feature with two peaks around 1.20 eV, - 4x10
and one around 0.95 and 0.86 eV. While the signal intensity';
of the three features at higher energies scales with the exci- .
tation intensity with exponenta between 0.75 and 0.8, the 2x10 R A
low-energy feature at 0.86 eV scales with an exponent
=0.9 (Table ). The lifetimes of the PIA features were cal- 0 e L ' LT
culated by fitting a monomolecular recombination model 06 08 10 12 14 16 18 20
(with up to two relaxation timgsto the frequency depen- Energy [eV]
dence of the PIA signals. All the features show lifetimes in
the millisecond range. The lifetime dependence of the 1.2-eV 10 100 1000
peak is more complicated and a monomolecular relaxation ) PEOPT PCBM
model with two lifetimes was necessary to receive a good fit. I ey

The PIA of the composites of the orange phase PEOPT 100 o 0626V
with PCBM (1:1 wt ratio [Fig. 4(a), dashed ling shows a TTee—a
broad excited-state absorption feature between 1.2 and 2 e\ T
with its maximum at around 1.40 eV. Additionally, a second ¢, (140 V) = 4 ms
PIA feature is observed at around 0.46 eV as shown in Fig. 5. 10| 7, (1.40 €V) = 0.45 ms
Both absorption features show a laser power dependence . (0626V)=2 ms
with an exponent<0.5 (Table |), which indicates a domi- ¢, (0.62eV) =0.15ms
nant bimolecular decay mechanism. The lifetimes of these

. o PEOPT blue/PCBM

features, as derived from fitting the frequency dependence of © o 0 1466V
the single feature$Fig. 4(b), Table Il to a second-order g T o 1.16eV
recombination kineticgbimolecular recombinatiorare 0.15 2 100f e 2 060eV
and 4 ms. Again, two relaxation times were chosen to get a & M o
better fit. £ —a & "o

The PIA of the blue phase PEOPT mixed with PCBM B —L‘TA‘&N N
(1:1 wt ratio [Fig. 4@] shows two high-energy absorption « (1.46 V) = 0.63 ns (0.60 eV) = 0.85 ms™a__
features at 1.47 eVWwith an additional shoulder at 1.60 gV ¢ (1.16 eV) = 0.37 s (0.60 eV) = 0.08 ms .
and at 1.16 eV. Again, a low-energy feature is observed and 10F, . . i
spectrally fully resolved by the ir PIA measurements in Fig. 10 100 1000
5. This low-energy feature shows a rather broad peak be- Chopper Frequency [Hz]
tween 0.32 and 0.20 eV. The laser power dependence agé\iﬁb. 4. (a) PIA spectra of PEOPT blue:PCBM 1{tontinuous ling and
reveals clearly a bimolecular decay mechani3able )); all ~ PEOPT orange phase:PCBM Idashed lingat 100 K and 103 Pa, exci-

peaks scale withw=0.40. The lifetimes were calculated tation at 488 nm with 30 mW, chopper frequency 122 K. Frequency

; ependence of the peakAT) at 1.41 eV(open squareand 0.62 eMopen
from fits to the frequency dependence of the PIA feature#’riangle for PEOPT in orange phasepper part. at 1.46 eV(open circle,

[Fig. 4(b)] With 0.37 and 9-85 ms. At very low energié®e- 4116 eV(open diamony and 0.60 eV(open trianglg for PEOPT blue
low 0.2 eV), infrared-activated vibrationRAVS) are ob-  phase(lower par and fit (continuous ling fit curve and lifetime are calcu-

served. The photoexcited charges distort the polymer backated for the bimolecular decay mechanism.

bone lattice due to symmetry breaking as well as due to

electron—phonon coupling. Therefore, upon photoexcitation

totally symmetric Ag modes become infrared activated andHE1) is generated around 1.4 eV, as indicated by the differ-

result in appearance of these IRAV modes. The inset of Figent intensity and frequency scalifiisted in Table J. Addi-

5 shows the fingerprint region of the IRAV of the two com- tionally, a low-energy featuréE1) with a maximum around

posites. Both composites, blue and orange PEOPT mixed.46 eV is generated. Both, the high- and the low-energy

with PCBM, show the same IRAV pattern. features follow the same scaling behavior and are identified
The photoexcitation pattern of orange phase PEOPTEs the low-energy and the high-energy polaron absorption

with and without PCBM is similar to the scheme describedbands of orange PEOPT.

above. Pristine orange PEOPT has only one long-lived pho- The photoexcitation pattern of blue phase PEOPT is

toexcitation in the high-energy range centered around 1.2wore complicated. For pristine blue phase PEOPT three dif-

eV. No PIA features are found in the low-energy region downferent signals are observed, at 1.47 @vth a high-energy

to 0.6 eV. Therefore, this photoexcitation is assigned to a&houlder at 1.65 e/ around 1.2 eV, and around 0.9 €Nig.

triplet—triplet absorption. Upon addition of PCBM the emis- 3, Tables | and . The single excited-state absorption fea-

sion of orange PEOPT and the triplet are strongly quenchetlires are quite broad spectrally distributed and overlap with

and a novel high-energy photoinduced absorption featureach other. Since the 0.9-eV peak can be quenched by the
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6X10-3 6x10° 0.04
27T | R B orange PEOPT
blue PEOTT ,\
- : / | blue PEOPT
0,03
3| E \ﬂ '
4x10 * aig® : \/\ \ =
. blue PEOPT/PCBM oamgepEOPT. | | J X
= 1 0], o o w i
? 0,08 0,10 0,12 0,14 0,16 014 8 0,02
2X1 0.3_ Energy [eV] e
0,014
o b 7
Voltage [V]
T T T T T T 4
4 0 0,00 T T T
0,2 0, 0,6 8 2,0 25 3,0
Energy [eV]
Energy [eV]

FIG. 5. Photoinduced absorption spectrum of blue PEOPT/PC&ivitinu- . .
ous ling and orange PEOPT/PCBM composiféstted ling in the infrared FIG. 6. Spectrally resolved photocurrent of blue PEQEGntinuous lines

region at 80 K. The inset is an enlargement of the IRAV region of the twoVS Orange PEOPTdotted lines. The inset shows thé-V curves under
samples. white light illumination with 60 mW/crA Under these conditions, the fol-

lowing values were measured for the blue pha%g=0.91V, I
=1.9uA/lcm?, FF=0.30, and for the orange phas¥,.=1.06V, I
=2.2uAlcm, FF=0.24.

addition of fullerenes, it is suggested to assign this peak to

the triplet—triplet absorption. The two peaks at 1.47 eV o
(HE2) and 1.2 eV(HEL) show very similar scaling behavior, HOMO-LUMO levels. A similar phenomenon was observed

indicating their common origin. In the blue phase PEOPT/recently for other regioregular polythiopherfés? In these

PCBM composites two photoinduced absorption features arBolythiophenes, th_e format_ion of su_ch two_-di_mensional
observed at high energies, at 1.5 &¥E2) and at 1.18 eV lamellar structures induced increased interchain interactions
(HEL). Additionally, a low-energy peak is observed with its that strongly influenced the traditional one-dimensional elec-
peak around 0.25 eVLE1). These three peaks scale simi- fonic properties of the polymer chains. These two-
larly with laser intensity and chopping frequency. The HEldimensional delocalized photoexcitations are characterized

and LE1 features are assigned to the high- and low-energ§y their refatively small polaronic energy and by multiple

absorption features of photoexcited charged carrips absorptlon_ bands_ln the gap. Additionally |t_ was found that in
larong in blue PEOPT, respectively. The nature of the HEzconfprmatlons without enhar_lced_ crystallllnlty the quantum
feature will be discussed below. It is interesting to note thaffficiency of charge generation is considerably lower and

the lifetime of the polarons in blue PEOPT is up to an ordefneutral triplets are the dominant photoexcitations for poly-

of magnitude shorter upon addition of PCBM and also conlhiophenes. Following these repdits°we interpret the PIA

siderably shorter than that in orange phase PEOPT/PCBNfFature HE2 as a two-dimensional, delocalized charged pho-

composites. Obviously, recombination of carriers is eased fofP€xcitation induced by the interchain coupling in the blue
blue phase PEOPT/PCBM composites, probably due t(E)hase of PEOPT. Such photoexcitations are expected to be
higher mobility of the carriers. absent in the unordered phase and are consequently not ob-

Due to the similar scaling behavior of the HE2 with the S€Tved in the orange phase PEOPT.
LE1 feature, the HE2 feature is supposed to originate from . o
charged carriers; however, the energetic position does not fit- PEOPT photodiodes: Conformation-induced
the dipole-allowed polaron transitiofi$Comparing the PIA change of the band gap
features of blue and orange phase PEOPT/PCBM compos- Thin-film photovoltaic devices were produced in order
ites, it is evident that the low-energy features as well as theo investigate the spectral dependence of the photoinduced
high-energy feature HE1 correspond to the same dipolecharge generation in the pristine polymer. Figure 6 shows the
allowed transition of polarons in PEOPT, only shifted in en-spectrally resolved photocurrent of blue PEOPT versus or-
ergy due to the lowered HOMO-LUMO levels of the blue ange PEOPT. The measured photocurrent was transformed
phase PEOPT. Therefore, the HE2 feature in blue phasi@to the photovoltaic external quantum efficien@pllected
PEOPT/PCBM, which follows the scaling behavior of the charge carrier per incident photoor the spectrally resolved
HE1 and features LE1 rather closely, has no pendant in thicident photon to converted electron efficien¢? CE) ac-
orange phase. For a chemically and electronically very simieording to
lar polythiophene, pol\B-(4’-octylpheny)thiopheng
(POPT), which also shows comparable orange and blue IPCE(%) =[1240A (nm) ]I o s AlCM?)/ 10 (W/M?), (1)
phases, x-ray studies proved that the blue phase of this polwhere I, is the intensity of the incident light and the
mer has a considerable higher degree of crystallinity than thexcitation wavelength. The maximum value of the IPCE for
orange phasé and recent x-ray studies on PEOPT suggestedlue and orange PEOPT were found to be on the order of
the same trendf In their blue phase the conformation of 5X10 2%. The similar values of the IPCE for the both
these polymers results in a much stronger interchain interagghases are mirrored in the magnitude of the short circuit
tion (7 stacking, aggregatgthereby causing the shift of the currentlg. as seen from the-V curves of the diodes plotted
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in the inset of Fig. 6. In general, the photodiodes from the  Nevertheless, the photovoltaic devices show good diode
pristine polymer showed very poor diode behavior with re-behavior with rectification ratios of more than two orders of
spect to rectification, and consequently the fill factors of themagnitude in the dark, making them suitable for field-
two diodes are low. Further, the diodes suffer considerablynduced PIA studies. Figure(d shows the photoinduced
from large serial resistivities. The open circuit voltage ofabsorption spectrum of two different devices at various op-
0.91 and 1.06 V, respectively, for the orange and the bluerating conditiongunderl., and at—3 V). For the orange
phase are within the expectations for such diodes, taking intphase devices the field-dependent photoinduced absorption
account the difference in the work functiogs of the anode  pattern consists of a broad absorption band with its maxi-
(PEDOT: ¢¢~5.1eV) and the cathodéAl: ¢;~4.3eV). mum at~1.4 eV, almost identical to the results from thin
The spectral shape of the IPCE of blue and orange PEOPfllm measurements shown in Fig(a}. The spectral pattern
follows very closely the absorption spectra. The photodiodesf the PIA feature does not change upon applying voltage,
from orange PEOPT show their photocurrent maximum atnd little dependency of the intensity of the PIA signal on the
2.7 eV and their onset at 2.1 eV. For blue PEOPT photointernally or externally applied field is observed. A8 V the
diodes the onset of photocurrent generation is observed &itensity of the PIA signal is enhanced by25%. For the
1.8 eV, thereby~0.3 eV redshifted compared to the orangeblue phase device no or only a weak PIA signal was ob-
phase PEOPT diodes. served under short circuit conditions. Upon applying V a

The spectrally resolved photocurrent measurements fdroad PIA signal is clearly observed. The high-energy pattern
blue and orange phase PEOPT confirm the existence of twef this PIA signal with two peaks at 1.45 and 1.8 eV may
different confirmation-dependent band gaps of PEOPT as atesemble the high-energy range of the thin-film PIA signal
ready indicated by the ground- and excited-state absorptiopiotted in Fig. 4a). The peak at 1.16 eV, observed for the
measurements. Absorption and emission studies showed#ye PEOPT/PCBM film, is not resolved for the field-
narrowing of the HOMO—-LUMO levels for the blue phase dependent PIA and only a broad absorption feature is ob-
compared to the orange phase. Photoinduced absorptigerved at this position under external bias 68 V. The
studies show that for the blue phase the pOSition of the hlghmtens|ty and frequency Sca”ng behavior of the field-
energy (HE1) and the low-energy(LE) polaron peaks are dependent PIA features, plotted in Figébj7and 7c) respec-
redshifted compared to the orange phase, each feature Byely, indicate a bimolecular recombination mechanism for
~0.15 eV. The narrowing of the HOMO-LUMO levels for the excited-state absorption features in good correlation with
the blue phase PEOPT is also indicated by the redshifteghe scaling behavior of the thin films. The relaxation kinetics
zero transition of the PIA signal. For blue phase PEOPTpf grange phase PEOPT/PCBM diodes is at least an order of
PCBM this transition is observed at1.8 eV, while for red magnitude slower than that for blue phase PEOPT/PCBM.
phase PEOPT/PCBM the transition is observed-atl eV. The PIA on blue and orange phase diodes give signifi-
~ The lowered onset of photocurrent for the blue phasgant different signal amplitudes. For photoinduced absorp-
justifies extension of the conclusions drawn for the HOMO—jony spectroscopy modulating the laser excitation with a me-
LUMO narrowing to the band gap of the polymer. Taking the chanjcal chopper, only the long-lived carriers with a lifetime
results from absorption, emission, PIA, and photocurreniy the ms—sub-ms range are observed. Photoexcitations with
measurements together, it is therefore safe to conclude thatifetime + that are considerably larger than the inverse of
blue phase PEOPT has ai.3 eV smaller band gap than the he chopping frequency @/ contribute to the PIA response

orange phase PEOPT. Since there are no chemical changggh 1/7, while photoexcitations with lifetimes shorter than
involved in the transition from the orange to the blue phaseq,,, contribute tor. If no PIA is observed eithefi) the

the narrowing of the band gap has to have its origin in gjtetime of the carrierdand thereby the average steady state
conformational change of the polymer influencing the mor-cqncentration of carrieysis too low or (ii) the absorption
phology and aggregation of chains. cross section of the carriers is too low. We can exclude point
(ii) to be responsible for the difference in signal amplitude
between the orange and the blue phase, since the PIA mea-
In order to realize blue phase devices with film param-surements on thin films allowed us to observe the excited
eters comparable to the orange phase devices thin films westates for the blue and orange phase samples under compa-
spin-cast from chloroform/toluene mixtures. Small amountgable conditions. The frequency-dependent PIA measure-
of toluene are enough to bring PEOPT into the blue phasanents on blue phase PEOPT/PCBM revealed that the life-
while chloroform guarantees the comparable film thicknessime of charged carriers in blue phase PEOPT is considerably
as determined by-stepper measurements. TheV curves lower than that for orange phase PEOPT/PCBM.
for such devices recorded at room temperature are shown in  Obviously, bimolecular recombination is more efficient
the insets of Fig. (@). It is important to note that no optimi- in the blue phase of PEOPT compared to the orange phase.
zation of the devices with respect to their efficiency wasUnder reverse bias, two effects can influence the amplitude
performed, regarding their film thickness, the semitransparef the PIA signal in photodioded(i) the lifetime can be
ent metal electrodes, the fullerene concentration, or the sothanged due to a modified recombination proces@i pthe
vent used for spin casting. Therefore, the power characterisstumber of carriers in the sample can be enhanced due to
tics of these devices, tHg, theV,., and consequently the higher quantum efficiency for charge generatioor reduced
power conversion efficiencyy.y are expected to become recombination. The difference in the lifetimes of the photo-
considerably higher for optimized devices. diode compared to the thin-film PIA signals is so snj&lb.

D. Biased PIA on PEOTP /PCBM solar cells
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7(c)], that processi) can be neglected. In order to explain path\ in conjugated polymers is typically less than 5 fim
the low signal intensity of the blue phase PEOPT/PCBMwhich is clearly below the Coulombic capture radiys thus
diode under low field, we suggest a Langevin-ifmecom-  allowing us to use the Langevin model. In this model the
bination model, which is frequently observed in low- recombination of nongeminate carriers may be viewed as the
mobility organic semiconductors with narrow bands. A limit drift of two charges together under the action of the Coulom-

for the applicability of Langevin recombination is that the bic field E. For convenience, the negative charge on the
fullerene is supposed to be stationary and only the positive

Coulombic capture radius.,
_ a2 charges move with an averaged electron—hole mobjlity
o=e/(4meeokT), @ Using A\~5nm, the mobility of blue and orange phase

has to be comparable to the mean free patif the carriers PEOPT can be estimated frétn
in the bulk of the semiconductor. = eN2/(7)3KT,

Assuming the value fore~ 3, the Coulombic capture
radius is calculated with,~19 nm. The average mean free with (7) as the average mean free lifetime of the carriers

3
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Taking mean lifetimes of 10 and/1s for the orange and blue nation is found to be related to the hole mobility of the
phase at room temperatufas estimated from the 80 K val- polymer chain. Further optimization of the PV photovoltaic
ues, zero-field bulk mobility values of mobility values of devices in the blue phase is necessary to utilize the redshifted
10 % and 10 ° cn?/V s are estimated for the orange and blueabsorption of this material.

phase, respectively. According to Ref. 46 polythiophenes

with strong interchain interactiondlue phasgare always ACKNOWLEDGMENTS
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