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ABSTRACT: Thermally annealed bilayer heterojunction was shown to be an
alternative approach to form the bulk-heterojunction (BHJ) structure and yield
superior device performance compared to blend-solution-processed BHJ organic
photovoltaic (OPV) devices. The best poly(3-hexylthiophene) (P3HT)/[6,6]phenyl-C61-butyric acid methyl ester (PCBM) based bilayer structure OPV
showed an external quantum eﬃciency approaching 82%, a high ﬁll factor of 74%,
and the power conversion eﬃciency of 5.1%, which are higher than those of the
blend-solution-processed BHJ OPV devices. In contrast to the BHJ formed from
blend solution, richer acceptor, e.g. PCBM, close to the cathode, or diﬀerent
morphology, was generally found in thermally annealed bilayer ﬁlms. However, the
physical mechanism for improved performance in thermally annealed bilayer ﬁlms
was rarely investigated in previous studies. Here, the amount of long-lived
photogenerated charges with lifetime longer than 1 μs, which was characterized by
the time delayed collection ﬁeld method, was slightly enhanced by about 5% in the thermally annealed bilayer devices.
Nevertheless, the bimolecular recombination coeﬃcient was strongly decreased by 350% with transient photovoltage/
photocurrent measurements, conclusively demonstrating that the signiﬁcantly reduced bimolecular recombination loss is a major
contribution to the increased eﬃciency in the thermally annealed bilayer OPVs.

1. INTRODUCTION
Organic photovoltaics (OPVs) are promising candidates for
clean and renewable energy harvesting due to their low cost,
lightweight, ﬂexibility, and high throughput fabrication
capability. The power conversion eﬃciency (PCE) of OPVs
has been quickly rising from ∼1% to above 10% in the past
decade.1 The ﬁrst eﬃcient OPV device was reported by C.
Tang in 1986 which has a donor/acceptor bilayer structure
fabricated by vacuum thermal evaporation deposition.2 This
record OPV device eﬃciency was not surmounted until the
emergence of bulk heterojunction (BHJ) OPV designed by A.
Heeger et. al in 1995.3 In BHJ OPVs, mixtures of donors and
acceptors were used as active layers to overcome the exciton
diﬀusion bottleneck. The charge generation eﬃciency is
dramatically improved by a very large interfacial area of
donor and acceptor in BHJs and a much smaller donor/
acceptor domain size which is within the diﬀusion length of
Frenkel excitons3 or the uncertain length of light.4,5 Almost all
recently reported OPVs with high PCE were based on the BHJ
structure.1,6−9
Very recently, the feasibility to use a bilayer structure for
highly eﬃcient OPVs was revisited. It was ﬁrst reported that the
poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) based bilayer structure OPVs,
which were deposited by spin-coating using immiscible solvents
for donor followed by thermal annealing, showed comparable
performance to the optimized BHJ structure OPVs.10 This
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bilayer structure was also applied to some other photovoltaic
materials systems, yielding PCEs similar to those devices with a
BHJ structure.11 Interestingly, it was later found by several
groups that the thermally annealed bilayer structure was
actually a BHJ due to the interdiﬀusion of PCBM and
P3HT.12,13 The morphology of the BHJ formed by the
interdiﬀusion was reported to be diﬀerent from those formed
by blend solution in that a richer PCBM close to the cathode
was found in thermally annealed bilayer ﬁlms.12 However, the
impact of the diﬀerent morphology on charge generation and
charge recombination in the thermally annealed bilayer
structure OPVs and in BHJs was rarely discussed in previous
studies. In this manuscript, we ﬁrst show that the thermally
annealed bilayer P3HT/PCBM OPV devices can be more
eﬃcient than the optimum BHJ counterparts, and the best
bilayer device yielded an external quantum eﬃciency (EQE)
approaching 82%, a ﬁll factor (FF) of 74%, and a PCE of 5.1%;
and then we systematically investigated the behind physical
mechanism for improved performance in the thermally
annealed bilayer OPVs by using a wide variety of independent
characterization techniques.
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Figure 1. J-V curves of the P3HT/PCBM thermally annealed bilayer devices with diﬀerent P3HT thickness (a) and diﬀerent PCBM thickness (b).

Figure 2. Comparison of device performance in BHJ and thermally annealed bilayer: (a) J-V curves under illumination of simulated AM 1.5G (100
mW cm−2) and normalized long-lived photogenerated charge densities at various applied biases obtained by TDCF measurements, (b) EQE, (c)
reﬂective absorption, and (d) IQE.

2. EXPERIMENTAL SECTION
The cleanness of indium tin oxide (ITO) glass and fabrication
of subsequent poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) ﬁlm followed the previous
recipe.1 The bilayer active ﬁlms were prepared by following the
reported method.14 The P3HT (Rieke, used as received)
solution, with concentration of 15 mg mL−1, 20 mg mL−1, or 30
mg mL−1, was spin-coated onto PEDOT:PSS ﬁlms. Subsequently, the P3HT ﬁlms were baked at 50 °C for 5 min. The
PCBM (Nano-C, used as received, 5 mg mL−1), predissolved in
dichloromethane, was then spin-coated onto the P3HT ﬁlms
with 350 rpm for 1 s followed by 4000 rpm for 10 s.
Subsequently, the obtained bilayer P3HT/PCBM ﬁlm was
annealed at 150 °C for 20 min to drive the interdiﬀusion of
PCBM into P3HT. The active ﬁlms were covered by 20 nm
calcium and 100 nm thick aluminum as cathode. The active
device area is approximately 0.07 cm2. Photocurrent was
measured under irradiation of simulated AM 1.5G (100 mW
cm−2).
For the impedance spectroscopy measurement, the Agilent
precision LCR meter E4980A (20 Hz-2 MHz) was connected
in series to the device. The impedance spectroscopy of the
device was measured under illumination intensity of 100 mW
cm−2 and varied bias voltage (0−0.7 V). The applied bias was
internally provided by the LCR meter E4980A. The photo-

generated charge carrier lifetime under diﬀerent applied bias
voltage was ﬁtted with the equivalent circuit model as shown in
the inset of Figure 3c.
For the transient photocurrent/transient photovoltage
(TPC/TPV) and diﬀerential capacitance experiment, the device
was serially connected to a digital oscilloscope (LeCroy LT
342, with sampling rate of 500 Ms/s, bandwidth of 500 MHz),
and the input impedance of the oscilloscope was 1 MΩ to form
the open circuit condition for monitoring the charge decay
dynamics. In order to change open circuit voltage (VOC) and
charge density in the device, a Newport Xe lamp was used as
the background light illumination with broad range tunable
light intensity. A strongly attenuated UV laser pulse (SRS NL
100 Nitrogen Laser) was used as a small perturbation to the
background illumination on the device. The laser-pulse-induced
photovoltage variation (ΔV) was smaller than 5% of the VOC
produced by the background illumination. The wavelength of
the N2 laser is 337 nm, the repeating frequency was ∼10 HZ,
and the pulse width was less than 3.5 ns. The amount of electric
charge variation (ΔQ) was obtained by integrating short circuit
current (JSC) with time. The electrode capacitance charge
density was subtracted from all the measured charge densities.
The dependence of the long-lived photogenerated charges
on the applied bias was measured by the time delayed
collection ﬁeld (TDCF) method. The laser intensity of the N2
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absorption did not exclude the diﬀuse reﬂectance and parasitic
absorption from the electrode at light incident side. As shown
in Figure 2c, the reﬂective absorption of the bilayer ﬁlms is
slightly weaker than that of the BHJ ﬁlms over almost the entire
UV−visible range except between 450 nm and 550 nm. This
can be explained by the much thinner active layer used in the
bilayer devices (∼85 nm) than in the BHJ devices (∼150 nm).
The smaller amount of PCBM in the thermally annealed bilayer
devices than in the BHJ devices can also explain the lower EQE
from 350 to 450 nm in the bilayer devices. As shown in Figure
2d, the calculated IQE of the thermally annealed bilayer devices
is signiﬁcantly larger than that of the BHJ devices at broad
wavelength range from 500 to 650 nm. In particular, the
maximum IQE in the thermally annealed bilayer device exceeds
90% at around 600 nm. The IQE is actually wavelength
dependent, and the IQE is smaller at the shorter wavelength
range where PCBM absorbs, explained by the too small exciton
diﬀusion length (5 nm) in PCBM.18 The wavelength
dependence of the IQE at long wavelengths should be mainly
due to unique internal morphology of the active ﬁlm resulting
in favorable domain size, charge collection, or optical
interference for higher exciton harvesting eﬃciency in
P3HT.19 It is worth noting that this is the ﬁrst time a
signiﬁcantly better device performance was achieved in
thermally annealed bilayer devices than their BHJ counterparts.
It is interesting to understand the origin of the increased
device performance in the thermally annealed bilayer devices.
Since the IQE and device eﬃciency is strongly aﬀected by the
amount of photogenerated charges relative to the number of
incident photons, we used the TDCF technique which can be
used to characterize the long-lived photogenerated charges,
whose recombination time scale is generally longer than 1
μs.20,21 We compared the long-lived photogenerated charge
densities at various applied biases in thermally annealed bilayer
devices and their BHJ counterparts with using the same
incident light intensity. A large reverse bias of −4 V with a delay
time of 500 ns after the laser pulse (∼337 nm) was used to
sweep-out all the photogenerated long-lived charges. The
transient photocurrent was obtained by subtracting the
measured transient photocurrent under laser pulse with the
capacitance discharge current measured in the dark. The
photogenerated free charge densities at diﬀerent applied biases
were obtained by integrating the transient photocurrent over
time. The long-lived photogenerated charge densities in
thermally annealed bilayer OPV devices are relatively higher
than that in the regular BHJ devices at the forward bias
conditions. Therefore, the enhanced long-lived photogenerated
charge density partially contributed to the increased device
eﬃciency in the thermally annealed bilayer OPVs, which is
most likely due to the morphology diﬀerence of the thermally
annealed bilayer and BHJ ﬁlms. It has been shown by T. Russel
et al. that the thermally annealed bilayer ﬁnally evolves into a
two-phase structure which involves a pure P3HT phase and a
mixture of P3HT and PCBM phase.12 The mixture phase was
recently believed to play a critical role in the charge
separation,22−24 which explains the enhanced long-lived
photogenerated charge density in the thermally annealed
bilayer OPVs.
The small increase in long-lived photogenerated free charge
densities cannot explain the signiﬁcant increase of JSC, and the
weak ﬁeld dependent long-lived photogenerated charge density
cannot explain the greatly increased FF as shown in Figure 2a.
The regular BHJs from blend solution generally contain dead

laser, with a shot-to-shot energy deviation of <3%, was
attenuated by neutral density ﬁlters so that the photocurrent
pulse height generated was comparable to the JSC. An upgraded
Keithley semiconductor parameter analyzer (4200-SCS) with
two synchronized voltage output channels was used to trigger
the nitrogen laser and provide charge collection bias,
respectively. The rising time of the trigger pulse and the
electrical bias pulse was 10 ns. The nitrogen laser provides a
simultaneous TTL pulse output with a full width at halfmaximum (fwhm) of 1 ns during the laser pulse output,
enabling an accurate identiﬁcation of the delay time between
the laser pulse and charge extraction pulse. A digital
oscilloscope with a bandwidth of 500 MHz was used to record
the voltage pulse over a 50 Ω resistance which was connected
in series with the device.

3. RESULTS AND DISCUSSION
The thicknesses of P3HT and PCBM layers were tuned to
optimize the thermally annealed bilayer device performance.
The ﬁrst step was to change the P3HT thickness with a
constant PCBM ﬁlm thickness of 20 nm. As shown in Figure
1a, as the P3HT thickness increased from 60 to 80 nm, all the
photovoltaic parameters showed a considerable enhancement.
Nevertheless, further increasing the thickness of P3HT ﬁlms,
e.g. to 100 or 140 nm, deteriorated the device performance.
The second step was to maintain the optimized P3HT ﬁlm
thickness at 80 nm and to vary the thickness of PCBM layer. It
was observed that variation of the PCBM thickness from 20 to
30 nm did not alter the device performance too much as shown
in Figure 1b, most likely because of the relatively small variation
of PCBM thickness by the spin-coating method. The optimized
thermally annealed bilayer OPVs showed average PCE of 4.6 ±
0.3%, average FF of 71 ± 2%, average VOC of 0.64 ± 0.01 V,
and average JSC of 10.1 ± 0.2 mA cm−2 based on 11 devices,
and the best device yielded a large VOC of 0.64 V, a JSC of 10.7
mA cm−2, a FF of 74%, and a high PCE of 5.1% under
illumination of simulated AM 1.5G (100 mW cm−2).
To compare the performance of the BHJ and the thermally
annealed bilayer devices, the optimized P3HT:PCBM BHJ
devices with a blending ratio of 1:1 were fabricated using the
previously established methods including solvent annealing15
and thermal annealing.16 The photocurrents of both types of
devices under illumination of simulated AM 1.5G (100 mW
cm−2) are shown in Figure 2a. The P3HT:PCBM BHJ device
produced a JSC of 9.7 mA cm−2, a VOC of 0.61 V, a FF of 68%,
and a PCE of around 4.0%, consistent with the previously
reported value.15 The eﬃciency of the thermally annealed
P3HT/PCBM bilayer devices was around 28% larger than that
of the BHJ counterparts. The EQE of these two types of devices
are shown in Figure 2b. The BHJ device had a maximum EQE
of about 62%, which is a typical value for P3HT:PCBM BHJ
devices.15 It is remarkable that the maximum EQE of the best
thermally annealed bilayer OPV devices reached 82% at 560
nm, which was much larger than that of the BHJ devices. The
average EQE curve was obtained based on 5 devices, and the
maximum EQE was about 71 ± 13%, which was still higher
than the BHJ devices as shown in Figure 2b. To our knowledge,
this EQE value is among the highest reported ones of all the
organic solar cells so far. The reﬂective absorption spectra were
measured by using the same device. The internal quantum
eﬃciency (IQE) was calculated by following the previous
reported method.17 We should note that our calculated IQE is
the minimum IQE of the devices since the measured reﬂective
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Figure 3. Impedance spectroscopy of thermally annealed bilayer (a) and BHJ (b) devices based on P3HT:PCBM; (c) Average charge carrier lifetime
as a function of applied bias and the inset of (c) shows the ﬁtting model of equivalent circuit; and (d) exponent β as a function of eﬀective applied
voltage Vo-Va in thermally annealed bilayer and BHJ devices.

simulated AM 1.5G with applied forward bias ranging from 0 to
0.7 V, and the results were shown in Figure 3a-b. The data was
ﬁtted with the equivalent circuit model (inset of Figure 3c) as
reported elsewhere.28
Why is the used equivalent circuit model appropriate for our
measured impedance data in P3HT/PCBM based devices?
First of all, since an organic solar cell is composed of a donor/
acceptor blend layer sandwiched between an anode and a
cathode, a parallel circuit of resistor (R) - capacitor (C) is
expected, where C represents a bulk capacitor (CBulk), and R
comes from two parts: one is bulk resistance (RBulk) from an
active layer itself such as P3HT/PCBM based active ﬁlm in our
devices, the other is recombination resistance (RRec) from the
recombination of photogenerated electrons and holes. Since
these photogenerated electrons and holes normally reside on
acceptors and donors, respectively, a chemical capacitor is
resulted in.29 In order to account for inhomogeneous
morphological distribution, the constant phase element
(CCPE) instead of a chemical capacitor is used in our ﬁtting
model. A parallel circuit of RRec and CCPE is used to account for
photogenerated electrons and holes in the active layer. Finally,
since the serial resistance from electrodes and electrode/active
layer-interface contact is commonly seen in organic solar cells, a
serial resistor (Rs) is serially connected with the whole R-C
circuit in our circuit model. Since the two parameters, RRec and
CCPE, are related to the bimolecular recombination of electrons
on acceptors and holes on donors in the active ﬁlms, τAve can be
determined according to the following equation:28,29

ends by the isolated donor or acceptor nanodomains which can
impede the ﬂow of charge carriers.22 The free charge carriers
generated or trapped in these isolated nanodomains are likely
lost as heat by recombination.25,26 Nevertheless, the BHJs from
thermally annealed bilayer ﬁlms structure are expected to have
less dead ends than the regular BHJ ﬁlms because the PCBM
connects well along its diﬀusion paths. It is thus hypothesized
that the thermally annealed bilayer devices would have weaker
charge recombination loss than in the BHJ devices.
The charge recombination was evaluated in both types of
devices with a variety of independent measurements.
Impedance spectroscopy was shown to be a powerful method
to characterize the average charge carrier lifetime (τAve) in BHJ
OPV devices.27−29 Generally, the impedance spectroscopy is
calculated by dividing an applied sinusoidal voltage by the
output sinusoidal current. In our measurement, the amplitude
of 10 meV of the applied sinusoidal voltage bias was utilized.
The impedance spectroscopy is frequency dependent, and its
imaginary part and real part is reactance and resistance,
respectively, as shown in Figure 3a-b. The impedance
spectroscopy characterization reveals essential information on
charge carrier transport and recombination in organic solar
cells. A few of the diﬀerent equivalent circuit models have been
proposed for diﬀerent research purposes, e.g., revealing the
trap-assisted recombination in organic solar cells,29 characterizing the bimolecular recombination at the donor/acceptor
interfaces,28 and revealing the charge carrier mobility in the
bulk active ﬁlms.27 The used circuit model in our manuscript
was referred from a good work by Leever et al.,28 which was
proposed to reveal the bimolecular recombination at the
donor/acceptor interfaces by characterizing the eﬀective charge
carrier lifetime diﬀerence in terms of morphological variation in
P3HT:PCBM ﬁlms. For the same purpose, we referred this
equivalent circuit model to characterize the charge carrier
lifetime in terms of morphology diﬀerences in our P3HT/
PCBM active ﬁlm based BHJ and thermally annealed bilayer
devices. The Cole−Cole plots in the BHJ and thermally
annealed bilayer devices were measured under illumination of

τAve = RRec·CCPE

(1)

Figure 3c shows that the τAve in the thermally annealed bilayer
devices is apparently longer than that in the BHJ devices at
various applied biases ranging from 0 to 0.7 V, which
demonstrates that the bimolecular recombination loss in
thermally annealed bilayer OPVs is much weaker than that in
the BHJ OPVs. In both types of devices, the τAve decreases with
bias from 0 to 0.7 V. This can be understood by the fact that
the τAve reduces with increasing charge carrier density which is
5199

dx.doi.org/10.1021/jp500547j | J. Phys. Chem. C 2014, 118, 5196−5202

The Journal of Physical Chemistry C

Article

Figure 4. (a) The obtained charge carrier density (n) as a function of VOC, (b) variation of carrier lifetime with charge density, and (c) the calculated
bimolecular recombination coeﬃcient as a function of carrier density in the BHJ and thermally annealed bilayer devices.

The charge lifetime was obtained from the TPV measurements
by ﬁtting the second-order charge decay kinetics by using eq 2,
where α equals 2. For the TPC measurement, a device was
connected in series with a 10 Ω resistor, over which the laserpulsed-induced charge decay dynamics was recorded with a
digital oscilloscope. By combining TPV and TPC, a diﬀerential
capacitance technique was used to analyze the steady-state
charge carrier density under illumination of various background
light intensities at open circuit condition.26,31,32 The obtained
charge carrier density as a function of VOC is plotted in Figure
4a, where the VOC was tuned through varying the background
illumination intensity. The charge density in thermally annealed
bilayer OPV is larger than in the regular BHJ OPV at any given
VOC, which could be due to the enhanced photogenerated
charge density as shown by TDCF measurement and/or
suppressed charge recombination. The carrier density dependent carrier lifetime is shown in Figure 4b, which is consistent
with our above-mentioned bias dependent lifetime data
obtained from impedance spectroscopy method (Figure 3c).
The higher charge density at larger bias voltage undoubtedly
leads to smaller carrier lifetime. The carrier lifetime in BHJs is
comparable to the reported value,31 while carrier lifetime in the
bilayer devices is signiﬁcantly longer than in the regular BHJ
devices at any given charge carrier concentrations. Since the
bimolecular recombination dominates at the VOC conditions in
the P3HT:PCBM material system, the total population of
charges decay dynamics is described as the following
bimolecular recombination kinetic equation26

caused by the stronger charge injection at larger forward bias
and less eﬃcient charge extraction with the reduced eﬀective
built-in electric ﬁeld.
Previous studies concluded that the bimolecular recombination is the dominating recombination loss mechanism at open
circuit condition in the P3HT:PCBM BHJ OPVs.25,26,29,30 In
order to qualify and quantify the bimolecular recombination
diﬀerence in the thermally annealed bilayer and the BHJ OPVs,
two independent measurements were conducted here: a light
intensity dependent steady-state photocurrent and transient
photovoltage/photocurrent characterization. For the light
intensity dependence study,29,30 the eﬀective photocurrents
(Jph) under light intensity (I) from 1 mW cm−2 to 100 mW
cm−2 were obtained from subtracting the measured photocurrents (J) under diﬀerent light intensity with the dark current
(Jd). The recombination parameter beta (β) is obtained by
ﬁtting Jph ≈ Iβ. It should be noted that a larger β conclusively
reﬂects less bimolecular recombination in the devices despite
the fact that it is still under debate on how to derive the
percentage of recombination type from the recombination
parameter β.29,30 Figure 3d shows the ﬁtting exponent β as a
function of eﬀective applied voltage (V0−V), where V0 is the
eﬀective VOC at Jph = 0 and V is the applied voltage bias. It is
clear that the thermally annealed bilayer OPVs have weaker
bimolecular recombination than the BHJ OPVs at applied bias
close to VOC.
In order to further quantify the bimolecular charge
recombination dynamics diﬀerence between the thermally
annealed bilayer OPVs and regular BHJ OPVs, the TPV/
TPC measurement has been conducted. For the TPV
measurement, the device was connected in series with a digital
oscilloscope whose input impedance was set to 1 MΩ to form
the open circuit condition for monitoring the charge decay
dynamics. A strong tunable background light continuously
illuminates the device to tune the total population of charge
density in the device, and a strongly attenuated UV laser pulse
was simultaneously used as a small perturbation in the device. It
is noted that the laser-pulse-induced ΔV should be smaller than
5% of the VOC generated by the background illumination. The
decay kinetics of small perturbation charges, which is generated
by the applied pulse laser, can be described with the following
equation26,31,32
dΔn
Δn
= −α
dt
τ

dn
= −kn2
dt

(3)

where n is the photogenerated charges, and k is the bimolecular
recombination coeﬃcient. The bimolecular recombination
coeﬃcient k at any given carrier concentration n can be
derived from eq 326,31

k=

1
τ(n) ·n

(4)

where τ(n) is the carrier lifetime at the given carrier
concentration. The calculated bimolecular recombination
coeﬃcient as a function of carrier concentration is shown in
Figure 4c. It is clear that the bimolecular recombination
coeﬃcient of the bilayer OPV device is around 350% smaller
than that of blend-solution-processed BHJ OPV device. The
much smaller bimolecular recombination coeﬃcient agrees with
the expectation that a better connected interpenetrating
P3HT:PCBM ﬁlm formed by a thermally annealed bilayer
ﬁlm should reduce the bimolecular charge recombination loss
by avoiding the formation of dead ends. In addition, it has been

(2)

where α is the recombination order, which means eq 2
describes ﬁrst-order recombination if α equals 1, whereas eq 2
describes second-order recombination if α equals 2; Δn is the
perturbation charge density; and τ is the charge carrier lifetime.
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in Operating Bulk Heterojunction Organic Photovoltaic Devices by
Impedance Spectroscopy. Adv. Energy Mater. 2012, 2, 120−128.
(29) Leong, W. L.; Cowan, S. R.; Heeger, A. J. Differential Resistance
Analysis of Charge Carrier Losses in Organic Bulk Heterojunction
Solar Cells: Observing the Transition from Bimolecular to Trap-

shown that a PCBM rich thin layer is close to the cathode side
and a P3HT rich layer is close to the anode side in the
thermally annealed bilayer ﬁlms.12 The charge recombination at
anode/PCBM and cathode/P3HT is thus reduced in the
thermally annealed bilayer OPVs, which should also contribute
to the increased charge carrier lifetime observed here.

4. CONCLUSIONS
In summary, the highest reported PCE of 5.1% for the
P3HT:PCBM system was demonstrated in the thermally
annealed bilayer OPVs which showed a high EQE of 82%, FF
of 74%, and IQE of around 90%. The bilayer structure has been
shown to yield superior device performance to the currently
popular BHJ structure most likely due to the better
bicontinuous donor/acceptor internal morphology, which
leads to strongly reduced bimolecular recombination.
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