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ABSTRACT: The organic solar cells of heterojunction system, ITO/PEDOT:PSS/P3HT:PCBM/Al, with a thermal annealing
after deposition of Al exhibit better performance than those with an annealing process before deposition of Al. In this study,
ultrafast time-resolved spectroscopy is employed to reveal the underlying mechanism of annealing effects on the performance of
P3HT:PCBM solar cell devices. The analyses of all decomposed relaxation processes show that the postannealed devices exhibit
an increase in charge transfer, in the number of separated polarons and a reduction in the amount of recombination between
excited carriers. Moreover, the longer lifetime for the excited carriers in postannealed devices indicates it is more likely to be
dissociated into photocarriers and result in a larger value for photocurrent, which demonstrates the physical mechanism for
increased device performance.
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In the past couple of decades, organic solar cells have evolved
as a cost-effective alternative to silicon-based solar cells.

Organic solar cells can be made into devices that are lighter in
weight and more flexible than photovoltaics that use traditional
inorganic semiconductors.1,2 For standard bulk heterojunction
systems, poly(3-hexylthiophene) (P3HT) as the electron donor
and [6,6]-pheny1-C61-butyric acid methyl ester (PCBM) as
the electron acceptor are frequently mixed to create a
composite material, that has been demonstrated to give
effective device performance.3 To optimize the efficiency of
these composite materials, the correlation between the
fabrication processes and device performance, as well as the
basic operation mechanisms, requires detailed study. It is
known that the devices that use the simple structure, ITO/
PEDOT:PSS/P3HT:PCBM/Al, with an annealing process after
deposition of Al (post annealing), have better performance

than those with an annealing process before the deposition of
Al (preannealing). Recently, the variation of surface morphol-
ogy and vertical distribution of P3HT:PCBM blends after an
annealing process has been studied using atomic force
microscopy,4 photoemission spectroscopy,5,6 transmission
electron microscopy,7,8 and grazing-incidence wide-angle X-
ray scattering9,10 in order to determine the reasons for the high
performance. However, the carrier dynamics directly correlate
to the efficiency of charge transport in solar cell devices remain
unexplained.
Ultrafast optical pump−probe spectroscopy has proven to be

a powerful tool for the study of the relaxation processes
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through electron−electron interaction,11 electron−phonon
interaction,12−14 and electron−spin interaction15,16 in various
materials. To understand the underlying mechanisms in
materials, the interactions between the order parameters must
be derived first. By observing the difference in the characteristic
time scales and behavior for the various degrees of freedom in
complex structures or composite materials, ultrafast spectros-
copy can be used to determine the individual dynamics and the
relationship between different order parameters. Therefore,
some transient spectroscopic studies in organic photovoltaic
materials have shed light on improving the device perform-
ance.17−19 Pensack and Asbury directly observed the formation
and dissociation of charge-transfer states of the heterojunction
systems in which the delocalized electron and hole wave
functions exhibit efficient dissociation rate by ultrafast
solvatochromism.20 In addition, the enhancement of free
charge generation rate was measured in annealed regioregular
P3HT:PCBM blends.21 It was also found that the exciton
diffusion, charge transfer, and charge dissociation are strongly
dependent on blend structures.22 On the basis of the above
studies, the transient spectroscopy can be further used to reveal
the underlying mechanism for the different performance of pre/
post-annealed devices.
In this study, the ultrafast carrier dynamics (charge

generation and the recombination) in pre/post-annealed
P3HT:PCBM devices was systematically investigated by
monitoring the changes of transient absorbance in visible
region. The absorbance changes as a function of wavelength
and time were measured to reveal the correlation between the
carrier dynamics and the photovoltaic properties. By analyzing
the carrier relaxation dynamics, a model for energy transfer in
pre/post-annealed devices were established.
Figure 1 shows the current density−voltage (J−V) character-

istics for a device with the structure of ITO/PEDOT:PSS/

P3HT:PCBM/Al and different thermal annealing processes.
The devices were fabricated using preannealing or postanneal-
ing processes. To fabricate the devices using the preannealing
processes, the as-cast P3HT:PCBM was thermally annealed at
190 °C for 10 min, prior to deposition of the Al cathode. For
the fabrication of the devices using a postannealing process, the
Al cathode was deposited on the as-cast P3HT:PCBM and this
was then annealed at 190 °C for 10 min. The device
performance and characteristics are further detailed in the
inset of Figure 1. As expected, the device that is fabricated using

a preannealing process exhibits poor characteristics and its
power conversion efficiency is only 1.63%. The other device
with a postannealing process demonstrates better device
performance and its power conversion efficiency is 2.88%. In
terms of device performance, both open circuit voltage (VOC)
and short circuit current (JSC) are improved by the
postannealing process. The device performance in this study
is similar to that of the devices with the same structure (ITO/
PEDOT:PSS/P3HT:PCBM/Al) reported previously.10,23,24

The devices produced by a postannealing process have been
demonstrated to possess higher performance because of the
changes in surface morphology and the vertical distribution of
the P3HT:PCBM blends during annealing, as mentioned in
previous reports.4,5,9 The basic mechanism for charge transport
is definitely important in regulating the device performance. To
understand this hidden mechanism, the correlations between
the carrier dynamics and the device performance for the pre/
post-annealed devices must be determined. Before carried out
any time- and photon energy-resolved pump−probe spectros-
copy, the fundamental optical properties of P3HT:PCBM
devices have to be examined. The stationary absorbance spectra
for the pre- and postannealed devices in the visible range are
shown in Figure 2. The absorbance increases rapidly at photon

energies greater than ∼1.9 eV, which demonstrates that the
polymer has a wide absorption band.25 Both spectra for the pre-
and postannealed devices show a π − π* transition of P3HT at
2.05 and 2.23 eV.26,27

Figures 3a, c show the two-dimensional plots for the time-
and photon energy-resolved transient difference absorbance
spectra, ΔA(ω,t), of the devices with pre- and postannealing
processes using the pump−probe technique. The ΔA spectrum
is positive at photon energies of less than ∼1.98 eV, which is
attributable to the induced absorption for the transitions from
the first excited state to higher states. The negative ΔA at
photon energies greater than ∼1.98 eV is attributed to the
stimulated emission from the excited state and photobleaching
due to ground state depletion. The two peaks at 2.05 and 2.23
eV represent the π−π* transition in P3HT. Figure 4 further
shows the relaxation processes of samples, which are excited by
pump pulses with a photon energy of >1.9 eV (the absorption
gap energy).17,18 In the composite samples, it is estimated that

Figure 1. Current density−voltage (J−V) characteristics for the solar
cells of ITO/PEDOT:PSS/P3HT:PCBM/Al with pre- and post-
annealing processes. The inset table shows the characteristics of the
device performance.

Figure 2. Stationary absorption spectra for P3HT:PCBM devices with
postannealing (red) and preannealing (blue) processes. The laser
spectrum of the light source used in this study is shown by black line.
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more than 60% of the incident photons are absorbed by the
polymer.28 Therefore, the sample excited by the pump pulses
generates the excited electron and hole pairs, primarily in
P3HT molecules. The excited electrons at the lowest
unoccupied molecular orbital (LUMO) of P3HT transfer to
the LUMO of PCBM and then the holes remain in the P3HT
to form a bounded polaron pair (BPP) with the excited
electrons. The time constant for this interfacial charge transfer
is measured as ∼90 fs.18,19 The generated BPP then relaxes to

the ground state, via the parallel processes of “dissociating into
separated polarons”, “trapping by defect states”, and “recombi-
nation.” The time constants for dissociating into the separated
polarons and defect trapping are reported to be ∼0.95 ps and
∼2.8 ps,18 respectively.
According to above scenario, the real time traces for ΔA

(ω,t) are expressed by the following equation.
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where the suffixes CT, SP, trap, and Recomb, correspond to
charge transfer, separated polarons (dissociated BPP), trapped
BPP, and carrier recombination, respectively. The fitting results
are shown in Figure 5a−f. The time constant for carrier
recombination is beyond the measurement range in this study.
For the device fabricated by a postannealing process, the time
constants, τCT, τSP, and τtrap, are ∼0.13, ∼0.68, and ∼8.48 ps,
respectively. For the preannealed device, the time constants,
τCT, τSP, and τtrap, are ∼0.13, ∼0.54, and ∼2.60 ps, respectively.
The relaxation processes for BPP, especially for trapping by
defect states (τtrap), apparently have a longer lifetime in the
device with a postannealing process. This implies that the
excited carriers in the ELUMO

A state have a longer lifetime and so
are more likely to be dissociated into photocarriers that further
produce a photocurrent. Accordingly, this longer lifetime of the
excited carriers in the device with a postannealing process may
explain the increase in the JSC value. However, in reality there
are serval relaxation channels for the excited carriers in the
ELUMO
A state, such as dissociating into separated polarons,

trapping by defect states and recombination. In the case where

Figure 3. Two-dimensional plot of transient difference absorption ΔA(ω,t) and ΔA(ω) spectra at various time delays for (a, b) preannealed and (c,
d) postannealed P3HT:PCBM devices.

Figure 4. A schematic representation of ultrafast carrier dynamics after
photoexcitation. ELUMO

D : the lowest unoccupied molecular orbital of
the electron donor. ELUMO

D : the highest occupied molecular orbital of
the electron donor. ELUMO

A : the lowest unoccupied molecular orbital of
the electron acceptor. ELUMO

A : the highest occupied molecular orbital of
the electron acceptor. In this study, the electron donor and the
electron acceptor are P3HT and PCBM, respectively. τ is the time
constant for the relaxation processes.
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most excited carriers in the ELUMO
A state are trapped by defect

states or recombine with opposite charges, without contribu-
tion to the photocurrent, then these excited carriers certainly do
not produce an increase in the value of JSC, even though they
have longer lifetime in the ELUMO

A state. Consequently, it is
necessary to determine how many excited carriers in the ELUMO

A

state relax through each channel, which is still unresolved.
It is worth emphasizing that pump−probe spectroscopy with

high time- and photon energy-resolution can be further used to
show the total amount of all relaxation processes in the ELUMO

A

state (see Figure 4), which is the key to understanding any
improvement in device performance. The percentage of carriers
relaxed through every channel is calculated using the
coefficients, ACT, ASP, Atrap, and ARecomb. Figures 5g−i show
the percentage of decomposed components in the three
different regions. Region I shows the induced absorption at
∼1.88 eV. Regions II and III contain the peaks for stimulated
emission and photobleaching, at ∼2.05 and ∼2.23 eV,
respectively. In these three regions, the percentage of charge
transfer increases by ∼3.5% for the postannealed devices. This
demonstrates that the interfacial charge transfer from an
electron donor (P3HT) to an electron acceptor (PCBM) in the
devices with a postannealing process is more efficient than that
in the preannealed devices. There are ∼1.6% more separated
polarons in the postannealed devices than that in the
preannealed devices, but there is ∼5.2% less recombination in
the postannealed devices. Consequently, more charges transfer
from an electron donor (P3HT) to an electron acceptor
(PCBM). More separated polarons and less recombination
mean that there are more effective free carriers, which produces
a larger short circuit current (JSC) in the postannealed devices,
as shown in Figure 1.

In P3HT:PCBM blend films, moreover, ultrafast dynamics
studies showed that the photovoltaic efficiency can be
significantly affected by the blend morphology, rather than
excess energy.21 Further compare with the unannealed
P3HT:PCBM blend films, the charge transfer, charge
dissociation and charge collection in the annealed
P3HT:PCBM blend films are strongly dependent on the
blend structue.21,22 Therefore, we argue that the structural
morphology in our devices would be influenced by the Al layer
during the annealing process, which leads to the difference in
carrier dynamics and device performance. These results are
consistent with previous studies on surface morphology and the
vertical distribution of P3HT:PCBM blends during anneal-
ing.4−6,8,10 It has been reported that the presence of an Al layer
on top of the P3HT:PCBM layer reduces the crystallization of
P3HT during thermal annealing, which results in a surface
segregated PCBM-rich layer at the Al interface and further
increases the effective built-in field. The desirable hole-blocking
layers, i.e., the surface segregation of PCBM at the Al interface
induced by a postannealing process, increase the charge transfer
and the number of separated polarons, but reduce the amount
of recombination between electrons and holes, which is the
source of the significant performance improvement in the
postannealed devices.
In conclusion, ultrafast time-resolved spectroscopy clearly

shows the effect of annealing processes on the performance of
P3HT:PCBM solar cells. The longer lifetime of the excited
carriers in the ELUMO

A state of the postannealed devices results in
a larger value of JSC. The analyses of all decomposed relaxation
processes show that there is an increase in charge transfer, in
the number of separated polarons and a reduction in the
amount of recombination between excited carriers, which is one

Figure 5. Exponential fitting results, using eq 1 (see text), for (a, b) preannealed devices and (d, e) postannealed devices. The blue, red, green, and
gray traces respectively represent charge transfer, separated polarons, trapped BPP and recombination. (c, f) Percentage for the decomposed
relaxation processes in b and e. (g−i) Average percentage for the decomposed relaxation processes in the three different regions, at ∼1.88, ∼2.05,
and ∼2.23 eV, respectively.

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/am508091u
ACS Appl. Mater. Interfaces 2015, 7, 4457−4462

4460

http://dx.doi.org/10.1021/am508091u


of the physical mechanism responsible for increasing the
performance by a postannealing process. These findings are
consistent with the observations on the annealing-dependent
surface morphology and the vertical distribution of
P3HT:PCBM blends. Finally, this study provides key
information for the design of high-performance solar cells.
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