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We used the transient and steady state photomodulation spectroscopies for studying the
photoexcitations dynamics in blends of regio-regular poly(3-hexylthiophene) (RR-P3HT)
and fullerene in a broad spectral range from 0.13 to 2.25 eV. We found that both localized
polarons and singlet excitons are instantaneously photogenerated in the blends. However
the photogeneration process of delocalized polarons which contribute to the photocurrent
proceeds in two steps: first, within a couple of ps the excitons generated in the polymer
domains populate the charge transfer complex states at the RR-P3HT/fullerene interfaces;
this is followed by the charge transfer ionization into delocalized charge polarons in the
polymer and fullerene constituents within �20 ps. In contrast, the localized polaron
dynamics are unrelated with the excitons and delocalized polarons dynamics. We also
report on the occurrence of ultrafast quantum interference anti-resonances between pho-
toinduced infrared-active vibrations and the delocalized polaron band in the blends, which
shows the delocalization character of the photogenerated charges that contribute to the
photocurrent.

Published by Elsevier B.V.
1. Introduction

Organic photovoltaic (OPV) solar cells based on blends
of p-conjugated polymers with fullerene molecules have
attracted widespread interests in both academic and com-
mercial communities in recent years. One of the most stud-
ied bulk heterojunction (BHJ) organic photovoltaic
materials is the blend of regio-regular poly (3-hexylthioph-
ene) (RR-P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), which is often considered as a ‘‘model BHJ
system’’ [1,2]. The P3HT/PCBM blend films are character-
ized by charge photogeneration with high efficiency, and
phase separated fullerene and polymer networks that facil-
itate charge transport. Consequently high power conver-
sion efficiencies up to �4.5% can be obtained in solar
cells based on RR-P3HT/PCBM BHJ photovoltaic devices
r B.V.

ny).
[3,4]. Numerous steady-state and time-resolved spectro-
scopic studies have been conducted in pristine P3HT and
P3HT/PCBM blend in order to understand the properties
and evolution of neutral and charged photoexcitations;
but many aspects of the photophysics still remain unclear
[5–22]. One of the reasons for this is the additional compli-
cations that arise due to the strong chain-chain interaction
in the self-organized p-stacked two-dimensional (2D)
lamellae of the polymer domains in the films [16]. There-
fore, unlike many other p-conjugated polymers in which
photoexcitations are usually localized on almost isolated
polymer chains, it has been shown that in RR-P3HT films
both neutral and charge photoexcitations are delocalized
within the 2D lamellae along the p-stacking direction
[16–19].

In this work we used both transient and continuous
wave (cw) photomodulation (PM) spectroscopies for
studying the photoexcitations dynamics in pristine RR-
P3HT and RR-P3HT/PCBM blends in a unique broad spec-
tral range from 0.13 to 2.25 eV. In the blend we show that
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both localized polarons (LP) and singlet excitons are
instantaneously photogenerated. However the photogen-
eration process of delocalized polarons (DP) which contrib-
ute to the photocurrent in OPV cells proceeds in two steps:
first, within a couple of ps the excitons generated in the
polymer domains are trapped in the charge transfer com-
plex (CTC) at the RR-P3HT/fullerene interfaces; this is fol-
lowed by the CTC ionization into DP in the polymer and
fullerene constituents within �20 ps, which can readily
contribute to the photocurrent in the film. In contrast, we
found that the localized polaron density is unrelated with
the excitons and DP dynamics. We also measured in the
blend photoinduced ultrafast quantum interference anti-
resonances between the photoinduced infrared-active
vibrations and the DB band in the near-IR spectral range,
which shows the delocalization character of the photogen-
erated mobile charges.
2. Experimental

The femtosecond (fs) two-color pump–probe correla-
tion technique was used for measuring the transient pho-
toexcitation response dynamics in the fs to ns time
domain. Two fs Ti:sapphire laser systems were utilized to
cover the broad probe photon energy; (i) a low power (en-
ergy/pulse �0.1 nJ) high repetition rate (�80 MHz) [23] la-
ser system for the mid-IR spectral range; and (ii) a high
power (energy/pulse �10 lJ) low repetition rate (�1 kHz)
laser system for the near-IR/visible spectral range [21].
For both laser systems the excitation photon energy,
�hx(pump) was set at �3.1 eV using a second harmonic
generation crystal.

For system (i) in the mid-IR range both signal and idler
output of an optical parametric oscillator (Tsunami, Opal,
Spectra Physics) were used, respectively as probe beams
in the spectral interval �hxðprobeÞ ranging from 0.55 to
1.05 eV. In addition a difference frequency set up based
on a nonlinear optical crystal was used to extend the probe
spectral range from �0.13 to �0.43 eV. For system (ii)
white light super-continuum was generated having
�hxðprobeÞ in the range from 1.2 to 2.7 eV. The transient
PM signal, DT/T(t) is the fractional change, DT in transmis-
sion, T, which is negative for PA, and positive for photoble-
aching (PB). The transient PM spectra from the two laser
systems were normalized to each other in the near-IR/vis-
ible spectral range, where �hxðprobeÞ from the low power
laser system was doubled. The pump and probe beams
were carefully adjusted to get complete spatial overlap
on the film, which was kept under dynamic vacuum. In
addition, the pump/probe ‘beam-walk’ caused by the
translation stage was carefully monitored, and the tran-
sient PM response was adjusted by the ‘beam-walk’ mea-
sured response [23].

The steady state PM spectrum was obtained using a stan-
dard cw setup [8]. For excitation we used a cw Ar+ laser pump
beam at �hxL ¼ 2:5 eV that was modulated at frequency f; and
an incandescent tungsten/halogen lamp as the probe. The PM
spectrum was measured using a lock-in amplifier referenced
at f, a monochromator, and various combinations of gratings,
filters, and solid-state photodetectors spanning the spectral
range 0:3 < �hxðprobeÞ < 2:3 eV. This setup was also used
for measuring the photoluminescence spectrum. To cover
the range �hxðprobeÞ < 0:3 eV we used a FTIR spectrometer.
The Ar+ laser beam was modulated with a shutter, and the
transmission spectrum of the film was measured with the
excitation beam on and off. About 5000 scans for T(off) and
T(on) (where T(on) and T(off) is the obtained transmission
spectrum with the excitation laser beam on and off, respec-
tively) were recorded, and subsequently DT/T spectrum was
calculated using the relation [T(on)� T(off)]/T(off). The PM
spectra obtained with both set ups were normalized to each
other in the �hxðprobeÞ range of 0.3–0.4 eV.

RR-P3HT and PCBM were purchased from ADS Inc., they
were used without further purification. The mixing ratio of
the RR-P3HT/PCBM blend was 1.2:1 by weight; this ratio
was chosen since it gives the highest power conversion
efficiency in OPV cells application [4]. The films were drop
cast onto CaF2 substrates from dilute toluene solution. The
films preparation and annealing (for the blend only) were
done in nitrogen atmosphere in a glovebox.

The bulk heterojunction organic photovoltaic devices
were fabricated using RR-P3HT (8 mg/ml)/PCBM solution
of 1.2:1 mass ratio in toluene. The devices were comprised
of thin film of indium tin oxide (ITO) anode; PEDOT:PSS
hole transport layer; layer of spin-coated RR-P3HT/PCBM
blend; and capped with Ca/Al cathode [24]. The ITO coated
glass with low sheet resistance (�10X/h) was purchased
from Delta Technologies. The substrate was cleaned with
acetone, 2% micro-90 cleaning solution, de-ionized water
and methanol. A thin hole transport layer (50 nm) of a mix-
ture of poly (3,4-ethylenedioxythiophene) and poly (sty-
renesulfonate) (PEDOTT: PSS) was spin coated over the
substrate and subsequently dried for half an hour at
100 �C in a glove-box. The P3HT/PCBM solution was spin
coated on the substrate at 650 rpm and annealed at
150 �C for half an hour. The device fabrication was com-
pleted by thermally evaporated a 20 nm Ca followed by
an 80 nm Al. Finally the completed device was encapsu-
lated with a cover glass using Norland 6106 UV-curable
optical adhesive to protect the device from oxygen and
water in the air. The device I–V characteristics under sun-
like illumination were measured using a Keithley 236
Source-Measure unit. The light source was a Xenon lamp
with an AM1.5 filter of which intensity was calibrated to
100 mW/cm2 using a silicon PV cell that was pre-calibrated
at NREL.
3. Results and discussion

Fig. 1(a) shows the cw PM spectrum of a RR-P3HT/PCBM
film at 80 K; it contains four PA bands. Two PA bands (DP1 at
0.09 eV and DP2 at 1.8 eV) are due to 2D delocalized pola-
rons (DP) in the RR-P3HT ordered domains (lamellar struc-
ture with enhanced interchain coupling [16]); whereas the
other two PA bands (P1 at 0.35 eV and P2 at 1.25 eV) are due
to localized intrachain polarons (LP) in the disordered P3HT
regions of the film [8,16]. An interaction model depicted in
Fig. 1(b) shows that the interchain interaction in the RR-
P3HT lamellae splits the intrachain DP levels, resulting in
energy shift of the DP allowed optically transitions [16]



Fig. 1. (a) Cw PA spectrum of RR-P3HT/PCBM blend film at 80 K. Various
PA bands are assigned where DP1 and DP2 are for delocalized polarons,
and P1 and P2 are for localized intrachain polarons. The inset shows the
DP1 band in more detail. (b) A model for the energy levels and related
allowed optical transitions of intrachain localized polarons and interchain
delocalized polarons.
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respect to those of LP. This may explain the reason that DP1

is red shifted respect to P1, whereas DP2 is blue shifted re-
spect to P2 [16]. The sharp dips (anti-resonances) superim-
posed on the DP1 band (shown more clearly in Fig. 1(a)
inset) are due to photoinduced infrared-active vibrations
(IRAVs), which usually appear as PA lines in less ordered
films such as blend of 2-methoxy-5-(20-ethylhexyloxy)
poly(phenylene-vinylene) (MEH-PPV)/C60 [25]. The cw
photoinduced Fano-type anti-resonances (AR) have been
explained using non adiabatic amplitude mode model and
charge density wave conductivity band, which indicates
the existence of a continuum band in RR-P3HT/PCBM blend
films [26].

Although the DP excitation in the lamellae of RR-P3HT/
PCBM blend has been recognized for playing an important
role in the optoelectronic response of organic devices [9],
the mechanism for the DP photogeneration in RR-P3HT/
PCBM is still debated. One model proposes that the exciton
photoexcitation in the polymer constituent dissociates
within hundreds of femtoseconds [9,27], while the electron
transfers to the PCBM molecule, and the remaining hole re-
sides in the polymer chain. However whether the hole
excitation in the polymer domain is LP or DP type is still
unclear. It has been also suggested [5] that the ultrafast
charge separation in polymer/fullerene blends occurs be-
fore localization of the primary excitation to form a bound
exciton. In contrast, evidence for the existence of a charge
transfer complex (CTC) state in the interfaces between the
polymer and PCBM domains, and its role as an intermedi-
ate state in the DP photogeneration have been also
reported [1,10,28,29]. Several techniques such as electro-
absorption, below-gap pump excitation PM, as well as pho-
toluminescence [10,28,29] have been applied to study the
CTC in polymer/fullerene blends. For further studying the
CTC role in the charge photogeneration in the blend we
need to investigate the photoexcitation ultrafast dynamics.

Figs. 2(a) and 3 present the transient PM spectra of RR-
P3HT/PCBM blend film measured at t = 0 ps and t = 50 ps,
from 0.13 eV to 1 eV and from 1.25 eV to 2.25 eV, respec-
tively. The t = 0 ps PM spectrum contain five PA bands:
PA1 at �0.95 eV, P1 at �0.35 eV, and DP1 band below
0.3 eV (seen in Fig. 2), and P2 at �1.4 eV and DP2 at
1.9 eV (seen in Fig. 3), respectively. PA1 band was previ-
ously assigned to optical transitions related to the photo-
generated singlet intrachain excitons [8,10]; it is seen
that it decays within about 20 ps (Fig. 2(b)). Consequently
the transient PM spectrum at t = 50 ps contains only four
bands, namely DP1, P1, P2 and DP2 (in increasing photon
energy order); consistent with the cw PM spectrum
(Fig. 1(a)). However, the relative intensities of the PA bands
are very different in the cw and transient spectra. This indi-
cates that the various PA bands have different dynamics.

PA1 dynamics cannot be fit using a single exponential
decay; a better fit is achieved using two exponentials,
namely A1exp(�t/s1) + A2exp(�t/s2) with s1 = 2.6 ps,
s2 = 22 ps, respectively. The relatively small s1 value is sur-
prising because the exciton dissociation was expected to
be on a time scale less than 1 ps [9,27]. We thus conclude
that the delayed dynamics involves exciton diffusion to the
donor–acceptor (D–A) interfaces. In contrast, P1 dynamics
(Fig. 2(c)) reveals that these polarons are created instanta-
neously along with the excitons [14]; and in addition P1

does not grow at the expense of PA1 decay. Also P1 remains
constant after about 150 ps (Fig. 3(b)). Moreover PA1

(Fig. 2(d)) and P1 dynamics do not change with the excita-
tion intensities. We thus conclude that the photogenerated
LP (P1) and exciton (PA1) species are uncorrelated. The
branching ratio, g of photogenerated polarons/excitons
has been estimated from the relative intensity ratio P1/
PA1 [i.e. integrated area under each respective PA band].
For this we used the low intensity laser system in order
to avoid the complex recombination processes typical of
high intensity laser systems [36]; we thus estimated g
�80% at t = 0 ps. This indicates that the initial LP popula-
tion is relatively higher in the blend compared to the pris-
tine RR-P3HT film (g = 30% [14]), which could be explained
as due to larger disorder and impurity density in the blend.
In support for this conclusion we note that after annealing
the same film at 150 �C for 30 min, g decreases to �30% at
t = 0 ps (Fig. 2(a) inset). We also note that the populations
of the LP and excitons are unrelated in both pristine and
annealed blend films. On the other hand DP1 at 0.25 eV
grows exponentially, with a time constant s = 19 ps
(Fig. 2(b)), which is very close to the s2 time constant of
PA1 decay. This shows that DP1 rises on the expense of



-1 0 1 2 3 4 5
Time (ps)

PA
1

P
1

DP
1

(c)

0

0.4

0.8

1.2

0 50 100 150

ΔΤ
/Τ

 (a
.u

.)

Time (ps)

PA
1
, τ

1
=2.6 ps, τ

2
=22 ps

P
1
, τ=50 ps

DP
1
, τ=19 ps

(b)

-1

0

1

2

3

4

5

0.2 0.4 0.6 0.8 1
10

4 (-Δ
Τ/

Τ)
Photon Energy (eV)

RR - P3HT/PCBM

P
1

P A
1

0 ps

50 ps

DP
1

2

3

4

5

6

7

0.2 0.4 0.6 0.8 1 1.2
Photon Energy (eV)

0 ps

10
5 (-Δ

Τ/
Τ)

 

Annealed 150 oC
30 minutes

PA
1

P
1

(a)

0

0.2

0.4

0.6

0.8

1

1.2

0 40 80 120

I
0

0 .6  I
0

0 .8  I
0

0 .4  I
0

ΔΤ
/Τ

  (
a.

 u
. )

Time (ps)

P A
1

-10

-5

0

5

-0.2 0 0.2 0.4 0.6 0.8

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

Fill Factor  50%

PCE   2.1%

(d) (e)

Fig. 2. (a) The transient PM spectrum of RR-P3HT/PCBM blend in the mid-IR range at t = 0 ps and 50 ps, respectively. The bands PA1, P1 and DP1 are assigned.
The inset of (a) is the transient PA spectrum of the same film at t = 0 ps measured after annealing at 150 �C for 30 min. (b) and (c): Transient dynamics at
various PA bands up to 150 ps and 5 ps, respectively. The lines through the data points in (b) are fitting, whereas the lines in (c) are to guide the eye. (d):
Excitation intensity dependence of PA1 dynamics. (e): I–V characteristics under AM 1.5 illumination of P3HT/PCBM photovoltaic device using toluene
solution of blends.

Fig. 3. The transient PA spectrum of RR-P3HT/PCBM blend in the near-IR/
visible range measured at t = 0 ps and 50 ps, respectively. The inset
compares the transient dynamics of DP1 and DP2 up to 20 ps.
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PA1 decay, and this is compelling evidence that the delocal-
ized polarons are in fact created once the excitons decay
when arriving to the D–A interfaces. I–V characteristic
under sun illumination of a device fabricated using RR-
P3HT/PCBM solution of 1.2:1 mass ratio in toluene is
shown in Fig. 2(e). The device performance is fairly good
with estimated power conversion efficiency of 2.1% and fill
factor of 50%. This indicates that the polymer lamellar
structure, and the D–A phase separation in the RR-P3HT/
PCBM films used for our spectroscopic studies are defi-
nitely in place.

In addition the PM spectrum in the visible/near-IR
range (Fig. 3) shows a rise of DP2 band in the ps range.
We note that its dynamics was probed at 1.55 eV (within
the DP2 spectral range) using the low intensity laser sys-
tem to avoid bimolecular recombination. We can clearly
see that the ‘rise dynamics’ of DP2 and DP1 measured using
the same laser system are identical (Fig. 3 inset), which
gives another evidence for the generation of DP excitations
on the expense of the excitons decay [7,30]. The PM also
shows a spectral feature associated with photoinduced
electro-absorption modulation with phonon sidebands at
�1.9, 2.05, and 2.23 eV, respectively [14]; which indicates
that most photoexcitations in the blends are in fact



Fig. 4. (a) Transient PA spectrum of RR-P3HT/PCBM blends from 0.13 eV
to 0.24 eV measured at t = 0 ps, 50 ps, and 200 ps, respectively. Inset of (a)
shows the cw PA spectrum in the same spectral range. (b) Transient
dynamics at various probe energies.
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charged, and hence form photoinduced internal electric
fields.

The most striking consequence of the DP photogenera-
tion in the ps time domain is the quantum interference
AR between photoinduced infrared vibrations and DP1

band, as shown in Fig. 4(a). The inset of Fig. 4(a) shows
the cw PM spectrum of the blend film for comparison.
The dips at �0.18 eV and �0.16 eV in the transient PM
spectrum clearly appear after �200 ps with similar spec-
trum as that obtained in cw conditions. The AR dips are
caused by the overlap between the discrete vibrational
lines and DP1 continuum band [26]. The complex AR struc-
ture in the cw PM spectrum was calculated before using
the non-adiabatic version of the amplitude mode (AM)
model coupled to charge density wave of a conductivity
continuum band; this led to the identification of a contin-
uum band in ordered polymer films such as RR-P3HT
[8,26].

The AM model has had spectacular success in explain-
ing the resonant Raman scattering (RRS) dispersion in
PCPs, as well as photoinduced and doping induced IRAVs.
Because the Raman vibrational energies are much smaller
than the optical gap, and also their corresponding IRAV fre-
quencies are much smaller than the energy of photoin-
duced and doping induced electronic bands, many
applications of the AM model were based on the adiabatic
approximation [31,32]. However this approximation does
not hold true in the case of RR-P3HT/PCBM blends here
since the IR-active lines overlap with the electronic transi-
tion of delocalized polarons (see energy diagram of Fig. 1).
Therefore, both vibronic and electronic excitations, as well
as their quantum interference have to be taken into ac-
count to evaluate the conductivity r(x) (hence the absorp-
tion spectrum since imaginary r(x) � a(x).

The conductivity spectrum r(x) consists of two parts
[33,34]; one is determined by the most strongly coupled
phonons in the non-adiabatic limit; the other is related
to the system response in the absence of phonons. In the
charge-density wave approximation, the sharp features in
r(x) are given by the relation [26]:

rðxÞ � 1þ D0ðxÞ½1� ap�
1þ D0ðxÞ½1þ C � ap�

ð1Þ

where C is a constant that presents a smooth electronic re-
sponse; ap is defined as polaron-vibrational ‘pinning
parameter’ for the trapped polaron excitation; and D0(x)
is the ‘bare’ phonon propagator. The latter is given [31]
by the relation: D0(x) = Rnd0,n (x), and d0;nðxÞ ¼
kn=kfðx0

nÞ
2
=½x2 � ðx0

nÞ
2 � idn�g, wherex0

n, dn and kn are the
‘bare’ phonon frequencies, their natural linewidth (inverse
lifetime) and electron–phonon (e–p) coupling constant,
respectively; and Rkn = k, which is the total e–p coupling.

The poles of Eq. (1), which can be found from the rela-
tion: D0(x) = �(1 � ap + C)�1 produce peaks (or IRAV’s) in
r(x). We have previously used the IRAV’s, which appear
as positive absorption lines to identify the charge state of
photoexcitations in the ps PM spectra of less ordered PCPs’
films [35]. In contrast the zeros in Eq. (1), which can be
found by the relation: D0(x) = �(1 � ap)�1 produce inden-
tations (or ARs) in r(x). Eq. (1) was used before to success-
fully fit the cw AR features indicating the existence of a
continuum band in RR-P3HT/PCBM blend films [26].
Therefore the obtained transient AR features in the ps tran-
sient PM spectrum provides direct evidence that the
photogenerated DP species in the blend are free charges,
since they form a continuum absorption band that is cou-
pled to IRAVs.

The transient dynamics of the PM spectrum near the AR
features are shown in more detail in Fig. 4(b); dramatic dif-
ferent behavior for close-by energies is clearly seen. It is
interesting to note that the PA dynamics at 0.18 eV and
0.16 eV are very different, although they both belong to
the AR features. Apparently the anti-resonance effect is
stronger at 0.18 eV, which is probably caused by the stron-
ger e–p coupling of this mode (related to the C = C stretch-
ing vibration) [19,32].

From the cw PM spectrum reported previously [8,16]
we know that DP excitations are also photogenerated in
pristine RR-P3HT films. It is therefore interesting to inves-
tigate the ultrafast PM spectrum and dynamics of pristine
RR-P3HT film in mid-IR in comparison with the cw PM
spectrum; this is shown in Fig. 5. As is clearly seen the
transient and cw PM spectra are very different from each
other. Whereas the ps transient PM spectrum is dominated
by the LP excitations with PA at 0.35 eV, the cw PM spec-
trum is dominated by the DP excitations with PA at
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�0.1 eV. In addition Fig. 5 also shows that there are no
photoinduced infrared vibrations related to the photogen-
erated LP excitations, indicating that these polarons are in-
deed localized. We therefore conclude that the DP
excitations seen in cw PM spectrum of pristine RR-P3HT
are generated at a later time, probably as a result of exciton
ionization; in contrast the LP that are generated in the ps
time domain decay via geminate recombination, and thus
do not contribute to the generation of DP excitations
directly.
4. Conclusions

In summary, we investigated the nature and ultrafast
dynamics of the photoexcitations in RR-P3HT/PCBM blend
that is utilized for photovoltaic applications. We found that
localized polarons and singlet excitons are instantaneously
photogenerated with almost equal probability in as pre-
pared films; upon annealing the branching ratio, g be-
tween localized polarons and excitons decreases to about
30%. In contrast delocalized polarons that may contribute
to the photocurrent are generated at the expense of exci-
tons within �20 ps, but do not correlate well with the gen-
erated localized polarons in the film. The high degree of
phase separation in the blend results in the diffusion of
excitons generated in the polymer domains towards the
D–A interfaces, thereby forming an intermediate charge
transfer exciton. We also identified the quantum interfer-
ence anti-resonances between photoinduced infrared-
active vibrations and delocalized polaron band in the ps
time domain, indicating that the delocalized polarons form
a continuum band in the blend film that indicates their
ability to participate in charge transport.
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