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Charge recombination in a poly „para-phenylene vinylene …-fullerene
derivative composite film studied by transient, nonresonant,
hole-burning spectroscopy

Ton Offermans, Stefan C. J. Meskers, and René A. J. Janssena)

Laboratory for Macromolecular and Organic Chemistry, Eindhoven University of Technology, P.O. Box 513,
NL-5600MB Eindhoven, The Netherlands

~Received 2 May 2003; accepted 27 August 2003!

Transient, nonresonant, hole-burning spectroscopy has been used to study the charge recombination
process in poly@2-methoxy-5-~38,78-dimethyloctyloxy!-1-4-phenylene vinylene# ~MDMO-PPV!:
methanofullerene~PCBM! composite films. The position and intensity of the spectral hole in the
absorption band of MDMO-PPV have been monitored as a function of time in the 10 ns–10ms time
range. A time-dependent redshift is observed. The intensity of the spectral hole decays with time
according to a power law (}t2a). The exponenta'0.5 is found to be nearly independent of the
excitation fluence in the range 0.05–2 mJ/cm2. The depth of the spectral hole depends sublinearly
on the excitation fluence~I! and can be described by (}G2b) with b;0.5. The time-dependent
redshift and the power-law type time decay can be reproduced by numerical simulations. The Monte
Carlo method is used to simulate the hopping dynamics of the photoinduced charges in a lattice of
energetically disordered sites before they eventually recombine at the MDMO-PPV:PCBM
interface. The results indicate that charge separation is assisted by disorder and that, in the 10 ns–10
ms time range, the recombination rate is limited by the detrapping of the cationic charge carriers in
MDMO-PPV. © 2003 American Institute of Physics.@DOI: 10.1063/1.1619946#
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I. INTRODUCTION

Following the discovery of photoinduced charge sepa
tion between conjugated polymers and fullerene C60 ~Ref. 1!
there has been a large research effort aimed at constru
of polymer–fullerene photovoltaic devices.2 Energy conver-
sion efficiencies of 2.5% in simulated solar light have be
obtained by sandwiching a strongly absorbing electron
nating conjugated polymer~MDMO-PPV, Fig. 1! and an
electron accepting fullerene derivative~PCBM, Fig. 1! into a
single bulk heterojunction layer between two electrodes w
different work function~usually aluminum and doped indium
tin oxide! for charge collection.3,4 These bulk heterojunction
are spontaneously formed when the two materials are
cast from a common solution under appropriate conditio
In the active layer, phase separation into bi-continuo
fullerene and polymer rich phases occurs with a typi
length scale of 50–100 nm. Photogeneration of charge c
ers in MDMO-PPV:PCBM blends occurs with a time co
stant of 45 fs5 and a quantum yield near unity.

Organic molecular materials are characterized by l
values for the relative dielectric constante r ~typically e r

53 to 4!. Due to this fact, one expects tight binding betwe
photogenerated electrons and holes. Calculations of the
sager radius yield values of typically;15 nm at room tem-
perature~;70 nm at 80 K!,6 i.e., much larger than the mo
lecular dimensions. Based on these considerations, one
expect that the main product of a photoinduced elect
transfer reaction in a blend of electron donating and acc
ing molecular materials is a Coulombically bound electro

a!Author to whom all correspondence should be addressed. Electronic
r.a.j.janssen@tue.nl
10920021-9606/2003/119(20)/10924/6/$20.00
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hole pair at the interface of the two materials. The ene
needed for separation of such pairs is expected to be a
tenths of an electron volt and, hence, considerably lar
thankT. Still, measurements of the internal quantum yield
collected charges in a photovoltaic device show high yie
~estimated.85%!.2,3,7 A number of papers have dealt wit
this problem of generation of free charge carriers in orga
materials.8 In an alternative view, the exciton binding energ
for the conjugated polymer is estimated to be very low~;0.1
eV! and nearly free charge carriers~positive and negative
polarons! on the polymer chains are viewed as prima
excitations.9 The photocarrier quantum efficiency in pu
MEH-PPV was estimated at 0.1 in zero applied field,10 while
upon addition of fullerene the yield for carrier generati
involving electron transfer to the C60 approaches unity.11

Here we apply hole-burning spectroscopy to study
dynamical behavior of photogenerated charge carriers
MDMO-PPV:PCBM blends as used in organic solar ce
Transient, nonresonant, hole burning can be applied to c
jugated polymers provided that a long-lived ‘‘bottle-neck
state is accessible.12 Here the charge-separated state pla
this role.13 Hole-burning spectroscopy allows for investig
tion of the dynamical behavior of cationic charge carriers
blends by monitoring the properties of the associated spe
hole in the MDMO-PPV absorption band.

II. EXPERIMENT

Thin films of the MDMO-PPV:PCBM~1:4 w/w! com-
posite material were obtained by spin coating from ch
robenzene solution on a glass substrate. For a film of 170
the optical density at 2.76 eV was 0.5.
il:
4 © 2003 American Institute of Physics
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10925J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Charge recombination in a polymer-fullerene composite
Transient hole burning spectra were recorded by exci
the sample with pulses of 2.76 eV photons~pulse width 4 ns,
repetition rate 10 Hz! obtained from an optical parametr
oscillator, pumped by the third harmonic of a Nd-YAG las
The excited area was 1.8 mm2 and the sample was held at 8
K in a vacuum cryostat. An intensified CCD camera w
used to record the transmission of a tungsten–halogen p
light through the sample after dispersion by a spectrogra
The signal acquisition by the camera was electronica
gated. To obtain differential transmission spectra, the pr
light was recorded at the delay time of interest and then
reference transmission at a 25 ms delay. For small acq
tion delays, the transmission spectra were corrected fo
very small residual fluorescence.

III. RESULTS AND DISCUSSION

Figure 2~a! shows the absorption spectrum of th
MDMO-PPV:PCBM~1:4 w/w! composite film, featuring the
lowest energy absorption band of the PPV polymer at aro
2.5 eV. Figure 2~a! also shows the nonresonant spectral h
induced by excitation at 2.76 eV photon energy with puls
of 4 ns temporal width from our laser setup. As can be s
from Fig. 2~a!, the position of the spectral hole has shifted
about 0.5 eV from the excitation energy. Furthermore,
width of the hole is considerably smaller than the width
the absorption band of MDMO-PPV. This illustrates the
homogeneous broadening of the polymer band and is con
tent with charge transport14,15 and time-resolved photo
luminescence16,17 studies on PPV polymers. These measu
ments have provided strong evidence for a disorder mode
which quasiparticles such as charge carriers or neutral p
toexcitations are localized on chain segments, separate
defects in the polymer structure. The statistical distribut
of the length of the segments resulting from the random
sition of the defects along the chain gives rise to dispers
in the energy of the states available to the particles. T
density of states distribution is usually approximated by
Gaussian curve. In the disorder model, the particles m
between the chain segments by a hopping type motion.
the data shown in Fig. 2~a!, the shift of the hole away from
the excitation photon energy can be due several factors.
name relaxation of the initial excitations by intrachain vibr
tional relaxation and intersegment energy transfer hopp
In addition, migration of the cationic charge carrier (h1) to

FIG. 1. Compounds used: MDMO-PPV~poly@2-methoxy-5-~38,78-
dimethyloctyloxy!-1,4-phenylene vinylene#! and PCBM ~1-~3-meth-
oxycarbonyl!-propyl-1-phenyl-(6,6)C61).
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chain segments with longer conjugation length can also c
tribute. From studies on oligomer model compounds it
known that the ionization energy of PV oligomers decrea
with increasing conjugation length.18 Also the energy of the
first singlet-excited state decreases with increasing oligo
length,19 leading to a redshift of the lowest energy absorpti
band with increasing conjugation length. Explanation
terms of the dynamic Burstein–Moss shift20 seems unlikely
as no changes in hole position could be measured as a f
tion of excitation density.

Figure 2~b! shows the temporal evolution of the spectr
holes. A time-dependent redshift of the hole is observed
the ns–ms time window. This can be due to migration of
cationic charge carriers to chain segments of MDMO-P
with longer conjugation length as explained earlier. An alt
native explanation is that recombination, and hence, the
time of the charge-separated state, depends on the ioniz
energy of the chain segment~in its neutral state! occupied by
the cationic charge carrier. To explain the experimental
servation one then has to assume a slower recombination
for chain segments with longer effective conjugation leng

To gain more insight into these matters, we have p
formed numerical simulations of the geminate charge reco
bination process using a hopping model with energetic d
order and a Gaussian density of states distribution.14,21 We
have included the electrostatic interaction between the ge
nate charge carriers. In this model, the MDMO-PPV phas
represented by a cubic lattice of 15315315 sites with 10 Å
lattice constant. The width of the Gaussian distribution

FIG. 2. ~a! Absorption spectrum and spectral holes~excitation at 2.76 eV,
acquisition delay 33 ns, gate width 10 ns,T580 K) of a MDMO-
PPV:PCBM blend.~b! Time dependence of spectral holes. Spectra w
recorded at delay time/gate width combinations of: 10 ns/2 ns; 33 ns/10
233 ns/30 ns; 1ms/100 ns, 3ms/300 ns; and 10ms/300 ns. Spectra were
recorded with excitation at 2.76 eV~fluence 2.0 mJ/cm2! at T580 K and are
shifted upward in successive steps for clarity.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



e

-
V
e

,
he
ed
ai
er
ll
e

th
th
w

er

ho
ak

of

e at
f the
ay
r a

a
ig.

s
ela-
eir

r in
the
ach
he

mb
is

ay
n-
for
,

y

rt

n
f

n

10926 J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Offermans, Meskers, and Janssen
states can be obtained from charge transport measurem
and from experimental data on pristine MDMO-PPV,sPPV

>120 meV has been reported.22 The PCBM phase is repre
sented by a similar cubic lattice, adjoining the MDMO-PP
Also for PCBM the width of the Gaussian DOS has be
evaluated from transport measurements yieldingsPCBM

570 meV.23 This value is smaller than for MDMO-PPV
which may reflect the high purity of the material and t
limited conformational freedom for chemical bonds involv
in thep electron system. At the start of the simulation, a p
of charge carriers is placed at the MDMO-PPV:PCBM int
face on opposing lattice positions. The energy of the initia
occupied site (Estart) is taken as an adjustable parameter. R
combination is allowed only when carriers are directly at
interface on opposing lattice positions. Probabilities for
hopping rates were calculated according to the well-kno
Miller–Abrahams expression:

n~r i j ,DEi j ,T!

5H n0 exp~22gr i j !exp~2DEi j /kBT! for DEi j .0

n0 exp~22gr i j ! for DEi j ,0 .

~1!

In the simulations the following values for the paramet
were used:n0510 ps21, g50.5 Å21, and T580 K. Other
parameters used are the rate for charge recombinationkrec

51.0 ns21 and the relative dielectric constant ofe r54. At
the interface, the minimal distance between electron and
is 1 nm. In the simulations we performed we choose to t
energy associated with the initial site of the carriers (Estart)

FIG. 3. MC simulations of electron (e2) and hole (h1) recombination at
the donor:acceptor~MDMO-PPV:PCBM! interface.~a! Fraction of charges
that escape recombination. Solid lines correspond to an initial site energ
Estart50 eV, dashed lines to an initial site energy ofEstart560 meV for both
types of charge carriers. The dotted lines represent a simulations sta
with four charge pairs instead of one.~b! Distance of hole (h1) and electron
(e2) from the interface in units of the lattice constantb51 nm.
Downloaded 23 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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as an adjustable parameter. The site energyE50 is defined
as the center of the Gaussian distribution for both types
carriers.

Typical results of the Monte Carlo~MC! simulations are
illustrated in Figs. 3 and 4. In Fig. 3~a! the fraction of charge
carriers surviving the~geminate! recombination is shown
versus time for two different values ofEstart. As can be seen
a considerable number of recombination events take plac
1 ns and these events can be assigned to recombination o
original charge pair before migration of the carriers aw
from the interface occurs. A number of carriers survive fo
considerable time by hopping away from the interface to
site in the bulk with low site energy. This can be seen in F
3~b! where the average distance of both negatively (e2) and
positively charged carrier (h1) to the interface are plotted a
a function of time. As can be seen, the carriers remain r
tively close to the interface and do not escape from th
mutual Coulomb attraction. Curiously, theh1 moves further
away from the interface than thee2, even though theh1 is
expected to be the lowest~bulk! mobility. This can be inter-
preted as follows: Due to the stronger energetic disorde
MDMO-PPV, the difference in energy between a site at
interface and a neighboring site closer to the bulk can re
more negative values for the MDMO-PPV lattice than for t
PCBM grid. The energy gained by jumping ofh1 to a lattice
site with lower energy can be used to overcome the Coulo
attraction. As the energetic disorder of the PPV lattice
higher, the probability for the presence of a site slightly aw
from the interface with sufficiently low energy to compe
sate for the loss of electrostatic potential energy, is higher
the h1 than for thee2. Thus one may expect that, initially

of

ing

FIG. 4. MC simulations of electron and a hole (h1) of recombination at the
donor:acceptor~MDMO-PPV:PCBM! interface. Solid lines correspond to a
initial site energy ofEstart50 eV, dashed lines to an initial site energy o
Estart560 meV for both types of charge carriers.~a! Energy of the site on
which theh1 resides, expressed in unitss5120 meV, the standard deviatio
of the Gaussian density of states for the PPV segments.~b! Standard devia-
tion of theh1 site energy.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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10927J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Charge recombination in a polymer-fullerene composite
the h1 can jump away from the interface more easily th
the e2.

In the limit of low temperature and vanishing disord
for the PCBM phase, one could envision thee2 as sort of
‘‘image charge’’ of theh1. It will be trapped at the interface
by the Coulombic attraction, but should be able to ‘‘follow
motion of theh1 in the x, y plane. Once the Coulombi
attraction was lowered by diffusion of theh1 away from the
interface, it may be possible for thee2 to escape from the
potential well. Once escaped, thee2 can travel over larger
distance thanh1 in a certain time interval, due to its highe
mobility.

In Fig. 4~a! we have listed the energy of the site o
which theh1 in the PPV phase resides. From the results
follows that the long-lived charge carriers occupy a lo
energy site, which must have been reached by hopping.
parently, the driving force to jump away from the interfac
opposing the Coulomb attraction is the energetic disorde
numberh1 can jump to a low energy site further away fro
the interface. Since the width of the Gaussian distribution
the energy of the sites is broader forh1 than for e2, it
follows that cationic carriers can gain more energy by jum
ing away from the interface, which gives them more freed
to move in the potential well built up by the Coulomb attra
tion.

Once the carriers have jumped away from the interf
to a low-energy site and have become trapped, the mob
of the charge carrier is strongly reduced and recombina
with the opposite charge at the interface now requires th
mal activation. Charges at deep traps have the lowest ch
per unit time to be detrapped, and therefore these carriers
the more persistent species. When increasingEstart, the prob-
ability to jump away from the interface is increased and
yield of long-lived charge carriers is enhanced. Interestin
for the decay of the number of charges with timet, the simu-
lations predict an algebraic law}(1/t)a with a50.17 ~when
Estart50). Algebraic behavior has also been predicted
bulk recombination24 and seems therefore not exclusively r
lated to the presence of the interface but rather to the dis
sive nature of the carrier transport.

The numerical results shown in Fig. 4~a! show that the
average energy of the sites occupied by the hole decre
with time. This is consistent with the experimentally o
served redshift of the spectral hole. Figure 4~b! exhibits the
standard deviation of the energy of the states occupied by
h1 as function of time. At short times, allh1 occupy the
initial site with Estart and hence the standard deviation
zero. During the first hopping events, the deviation increa
rapidly as the carriers jump to sites that are widely distr
uted in energy. Curiously, at longer time delays the stand
deviation reduces again. Such a time-dependent narrow
has also been observed for the relaxation of neutral phot
citations in conjugated polymers25 and can be understood i
terms of nonequilibrium dynamics. If quasiparticles with
energy above the average of the ensemble have a faste
of relaxation or disappearance than the particles with lo
energy, such a time-dependent narrowing has to occur.
experimental data show evidence for the occurrence of
dynamical narrowing.
Downloaded 23 Apr 2007 to 131.155.151.20. Redistribution subject to AI
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As mentioned earlier, the simulations predict an alg
braic decay for the number of charges with time. To ver
this prediction we have measured the depth of the spec
hole as a function of time. The results are illustrated in Fig
and reveal an algebraic}(1/t)a decay, witha50.45–0.50.
The exponenta predicted by the simulations is, howeve
two to three times smaller than the experimentally obser
value and at present we cannot account in detail for
discrepancy. The experimental power-law decay is in agr
ment with other recent studies of charge recombinati
where specific absorption bands of the charge carriers w
monitored.26–29

Figure 5 also shows the experimental pump fluence
pendence of the decay process. Curiously, there is on
limited influence of effect of the pump intensity on the d
cay. At all fluences investigated~2–0.05 mJ/cm2!, power-law
decay is observed. For the highest fluence used, a slig
higher value for the exponenta of the power-law decay
is obtained, but the increment is within experimen
uncertainty.

The absence of a significant dependence of the de
rate on excitation fluence could be interpreted as an ind
tion that the recombination involves only geminate pai
Clearly, when recombination occurs exclusively with t
geminate carrier of opposite charge, the decay profile will
independent of the excitation density. Conversely for fr
charge carriers, recombination will be nongeminate in nat
and is expected to depend strongly on excitation density
the case of geminate recombination one expects a linear
pendence of the carrier density on the excitation fluence.
latter prediction holds of course as long as no excito
exciton or exciton–charge30 annihilation processes becom
operative.

In Fig. 6, we illustrate the dependence of the intensity
the spectral hole on excitation fluence for several time in
vals of detection after the excitation pulse. The data sho
sublinear dependence of the photoinduced absorption si
on the excitation fluence. This observation is not consist

FIG. 5. Decay of the depth of the spectral hole in MDMO-PPV:PCBM a
function of time. Excitation 2.76 eV, pump fluences:~j! ;2 mJ/cm2; ~s!
;1 mJ/cm2; ~m! ;0.5 mJ/cm2; and ~,!: ;0.05 mJ/cm2. Solid lines repre-
sent fits ofDT}(1/t)a to the data with~j! a50.5060.01; ~s! a50.46
60.02; ~m! a50.4560.03; and~,! a50.4660.16.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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with only geminate recombination. Incidentally, we menti
that our observations summarized in Fig. 6 differ from tho
reported by Montanariet al., who observe that the density o
photogenerated charge carriers saturates for excitation d
ties .1 mJ/cm2 and times.20 ns after excitation at room
temperature.

The sublinear dependence of the hole intensity on
excitation fluence can be explained in several ways and
mention the possibility of limitation by trap filling.31 Before
being trapped charges might recombine in either a gemi
or nongeminate fashion and the limited number of trap s
will give rise to a sublinear dependence of the number
long-lived charge carriers on the initial carrier density.

Once the charges are trapped, the recombination
may be controlled by several processes. We name the ra
release from the trap and the rate at which encounters
charge carriers of opposite sign occur at the interface.

To investigate these options further we have again
sorted to MC simulations. In Fig. 3~a!, we compare the out
come of simulations starting with just one charge pair w
simulation starting with four charge pairs. In the latter ca
the initial positions of the charge pairs was on a horizon
line with just one empty lattice position between lik
charges. To assess the effect of nongeminate recombina
the carriers were allowed to recombine with all other carri
of opposite sign when at the interface and on opposing lat
positions. The simulations were performed for the same s
energies as those with only one charge pair. The results s
that in the time range from 10 ns onward, the percentag
surviving holes is smaller for the simulation with four char
pairs when compared to the data for just one charge p
This means that the density of long-lived carriers depe
sublinearly on the initial density of carriers. Qualitative
this prediction is in agreement with the experimentally o
served, (I /I 0)0.5 dependence indicating that the disord
model can in principle account for a nonlinear fluen
dependence.

FIG. 6. Fluence dependence of the spectral hole depth. Excitation 2.7
T580 K, I 0'1 mJ/cm2. Data were recorded at delay time/gate width co
binations of~j! 33 ns/50 ns;~s! 183 ns/250 ns;~m! 933 ns/300 ns;~,!
2933 ns/620 ns. Dashed lines represent a fit ofDT}(I /I 0)b to the data with:
~j! b50.6760.08; ~s! b50.4460.06; ~m! b50.4060.06; and ~,!
b50.4460.2.
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Assuming that the microphase separation of the PC
and the MDMO-PPV takes place with a characteristic len
scale of;100 nm, the internal MDMO-PPV:PCBM surfac
area can be estimated at 106 cm2/cm3. Furthermore assum
ing that all absorbed photons lead to generation of a cha
directly at the interface and neglecting recombination eve
the distance between two photoinduced charge carriers
erated by pulsed illumination of a 100-nm-thick film wit
;1 mJ/cm2 of 2.75 eV photons can be estimated at a fe
nanometers. Therefore it may be anticipated that under
experimental conditions a significant number of sites at
interface will be occupied after illumination. It seems po
sible that in the present simulations the number density
charge carriers at the interface is not taken high enoug
fully bear out the effect of nongeminate carrier–carrier int
actions. Further simulations of multiparticle hopping pr
cesses are in preparation. Looking at Fig. 3~a!, it appears that
the decay of the number of charge carriers fort.100 ns is
rather insensitive to their initial number density. This obs
vation also holds for simulation at higher temperatures wh
the yield rate long-lived carriers is higher. Therefore, we
vor the interpretation that the recombination in this time w
dow is limited by the rate of release ofh1 from the traps in
the MDMO-PPV phase of the mixture. In this case the ra
determining step in the recombination process is a sim
mono-molecular reaction, it is expected to be independen
the excitation density.

IV. CONCLUSIONS

By transient, nonresonant, hole-burning spectroscop
can be shown that recombination of photogenerated cha
in the 10 ns–10ms time range in MDMO-PPV:PCBM blend
follows a power law decay with time (t2a, with a50.45–
0.50!. According to MC simulations this behavior is consi
tent with a hopping model of photogenerated positive a
negative charges in energetically disordered Gaussian
tributed density of states of donor and acceptor phases, e
tually followed by recombination at their interface. In th
10 ns–10ms time range, the number of charges present
pends sublinearly on the excitation fluence. Surprisingly,
power-law exponenta is not affected by the fluence. MC
simulations show that this behavior can be rationalized w
the recombination is limited by the detrapping of the holes
MDMO-PPV.
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