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ABSTRACT: Intensely pulsed white light (IPWL) treatment
was tested as an ultrafast, large-area processable optical
technique for the control of the nanostructure of a polymeric
bulk-heterojunction photoactive layer to improve the efficien-
cies of polymer solar cells. Only 2 s of IPWL irradiation of a
polymer:fullerene photoactive layer under ambient conditions
was found to enhance significantly the power conversion
efficiencies of the tested polymer solar cells to values
approaching that of typical devices treated with thermal
annealing. Consecutive white-light pulses from the xenon lamp
induce the self-organization of the polymeric donor into an
ordered structure and result in the optimized phase segregation of the polymeric donor and the fullerene acceptor in the
photoactive layer, which enhances the light absorption and hole mobility and results in efficient photocurrent generation. The
effects of varying the pulse conditions on device performance, including the irradiation fluence, pulse duration time, and number
of pulses, were systematically investigated. Finally, it was successfully demonstrated that the IPWL treatment produces flexible
polymer solar cells. The proposed IPWL process is suitable for the efficient industrial roll-to-roll production of polymer solar
cells.
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1. INTRODUCTION

Polymer solar cells (PSCs) are light in weight and have low
fabrication costs, high mechanical flexibility, and fast roll-to-roll
(R2R) coating, and as a result have attracted attention as a
promising renewable energy source.1−7 Extensive efforts over
the past decade have been devoted to improving their low
efficiencies; a significant breakthrough was the introduction of
the bulk-heterojunction (BHJ) structure, which consist of a
blend of a polymeric electron donor (D) and a fullerene
electron acceptor (A).8 BHJ structures implement an ingenious
solution to the limitations of PSCs (e.g., their large exciton
binding energies9 and small exciton diffusion lengths (5−10
nm)).10,11 In a BHJ structure, the D−A interface area where
excitons dissociate is much larger than in inorganic bilayer cells,
and the photogenerated charge carriers travel to the electrodes
through a bicontinuous interpenetrated network of D−A.
However, many research groups have demonstrated that the
power conversion efficiencies (PCEs) of BHJ-based PSCs are
directly dictated by the nanostructure and morphology of their
BHJ photoactive layers.12,13

To date, thermal annealing and solvent annealing (including
slow solvent-drying methods) have been widely used as post-

treatments to control the nanostructure of BHJ photoactive
layers.14−18 For example, in the case of PSCs based on poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), it is well-known that annealing the
P3HT:PCBM photoactive layer is a key step to control the
D−A phase-separation morphology and to improve the light
absorption and charge-carrier mobility in the layer by inducing
the self-organization of the polymeric electron donor. This
approach is also beneficial for other photoactive materials, such
as poly{2,6-(4,4-bis[2-ethylhexyl]-4H-cyclopenta[2,1-b;3,4-b0]-
d i t h i o p h e n e ) - a l t - 4 , 7 - ( 2 , 1 , 3 - b e n z o t h i a d i a z o l e ) }
(PCPDTTBT)19 and poly(9,9′-dioctylfluorene-co-bithiophene)
(F8T2)20 thin films, for which thermal annealing leads to
improved device performance by enhancing the polymer-chain
stacking and the D−A phase-separation morphology.19,20

Although such post-treatment methods are conventionally
implemented in laboratory research, they are time-consuming,
and the use of thermal ovens or solvent vapors is obviously
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problematic for the R2R production of PSCs. Although the
PCEs are still low for practical energy needs, state-of-the-art
PSCs have been closer to fast production using R2R methods.
(Comprehensive review articles on R2R-based fabrication of
PSCs are available.6,7) Recently, optical techniques such as
microwave irradiation and pulsed-laser annealing have success-
fully been used as post-treatment methods for PSCs.21−24

These optical approaches offer rapid, clean, and scalable
methods for improving the efficiency of PSCs fabricated in
industrial R2R production.
In this study, we tested a split-second large-area process

using intensely pulsed white light (IPWL) for the control of the
nanostructure of a BHJ thin film. The proposed IPWL
treatment has substantial advantages: (i) short processing
times on the order of milliseconds, (ii) surface-selectivity that
does not damage flexible substrates, and (iii) no requirement
for an inert-gas atmosphere.25−36 IPWL basically consists of a
xenon flash light like that of a camera flash. Recently, IPWL
irradiation has been successfully demonstrated as a photoactive
sintering process in printable nanoink sintering,25−32 in the
fabrication of Cu(In1−xGax)Se2 (CIGS) thin films,33,34 and in
the nanogranulation of carbon nanotubes (CNTs) with metal-
alloy nanoparticles.35 For conjugated polymers, Huang et al.
reported that under flash irradiation polyaniline nanofibres melt
to form a smooth and continuous film from an originally
random network of nanofibers.37 Krebs group also reported
that irradiation of highly intensive visible light38 or xenon flash
lamp36 were explored as a method for selectively heating and
transforming thermocleavable conjugated polymers such as
poly[3-(2-methy lhex-2-y l)oxycarbonlyd i th iophene]
(P3MHOCT) or copolymers based on dithienylthiazolo[5,4-
d]thiazole (DTZ) and silolodithiophene (SDT), which was
used as a photoactive layer for large-area PSC modules. These
studies have primarily focused on photothermal induced
chemical reactions in the materials.
Here, we report our testing of IPWL irradiation as an optical-

annealing method by which the nanostructure of the
P3HT:PCBM photoactive layer is reconstructed to improve
the device performance in a short period. An IPWL irradiation
of P3HT:PCBM blend films of only 2.2 s was found to enhance
significantly the PCEs of the devices and to produce efficiencies
close to those of typical devices treated with thermal annealing.
Our film-characterization results show that the performance
enhancement resulting from the IPWL treatment arises from
the self-organization of P3HT into an ordered structure and the
phase segregation of P3HT and PCBM. The optimum pulse
conditions were investigated by varying the irradiation fluence,
pulse duration time, and number of pulses. The proposed
IPWL process was successfully applied to flexible PSCs, which
suggests that this process could be used in the R2R production
of flexible PSCs.

2. EXPERIMENTAL SECTION
2.1. Device Fabrication. An ITO-patterned glass substrate was

cleaned by performing sonication with acetone and isopropyl alcohol.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PE-
DOT:PSS) (Baytron P) was spin-coated onto the ITO glass substrate.
After drying the PEDOT:PSS film at 100 °C for 30 min in a nitrogen-
filled glovebox, the active layer of the P3HT (Reike Metal Inc.) and
PCBM (Nano-C) blend film (1:0.83 weight ratio) was deposited by
spin-coating from a blend solution in chlorobenzene at 2000 rpm for
40 s. The device was irradiated with IPWL through the ITO glass
placed underneath the xenon flash lamp at a distance of 2 mm under
ambient conditions. The active layer of the reference device was

annealed at 150 °C for 10 min by using a hot plate under ambient
conditions. Finally, LiF/Al electrodes with thicknesses of 0.6 nm/100
nm were thermally deposited through a shadow mask at a system
pressure of ∼10−6 Torr. The active area of the device was 4 mm2. The
flexible solar cell was constructed on a 2.5 × 2.5 cm2 ITO/PET
substrate using the same procedure as the glass substrate, and the
active area of the unit device was 3 × 6 mm2.

2.2. Intensely Pulsed White Light System. A homemade IPWL
system was equipped with a xenon flash lamp (PerkinElmer QXF,
UK), power supply, capacitors, and water-cooling system. The lamp
head was chilled with water to maintain stable operation, and the
position of the lamp was adjusted with a z-axis translation stage. The
xenon flash lamp emitted a broad spectrum in the range of 400 to
1000 nm. The IPWL system was designed to provide up to 99 pulses
on the millisecond scale with a minimum pulse duration of 0.1 ms.
The energy of the light (irradiation fluence) was characterized by using
a NOVA II laser power meter (OPHIR) and was varied by changing
the number of pulses, pulse duration time, free temporal period, and
voltage.

2.3. Characterization. The electrical properties of the devices
were determined using a Keithley 2400 source-measure unit under
ambient conditions. The photocurrent was obtained under illumina-
tion from a Thermal Oriel solar simulator (AM 1.5G, 100 mA/cm2).
We calibrated the light intensity using carefully calibrated silicon
photovoltaic (PV) solar cells. The UV−vis absorption spectra of
pristine, thermally treated, and IPWL-treated thin films were obtained
with an Optizen 3220 UV−vis spectrometer. To investigate the
molecular orientation of P3HT, X-ray diffraction (XRD) measure-
ments were performed by using the 3D beamline at the Pohang
Accelerator Laboratory, Korea. The wavelength of the X-ray source
and the grazing incidence angle were 1.54 Å and 0.18°, respectively.
Bright-field transmission electron microscopy (TEM) was performed
under slightly defocusing conditions with a Technai F20 TEM
operating at 200 kV. The P3HT:PCBM blend thin films were spin-
coated onto PEDOT:PSS-coated ITO glass, immersed in deionized
water, floated on the water surface, and then transferred to 200 mesh
copper TEM grids. The changes in the chemical functional groups of
P3HT exposed to pulsed white-light irradiation were investigated by
analyzing the absorption spectrum obtained with a Fourier transform
infrared spectrometer (FT-IR, Bruker IFS 66 V) using p-polarized light
with an incidence angle of 80° under vacuum conditions. The surface
morphologies of the P3HT:PCBM thin films were analyzed using
atomic force microscopy (AFM) (XE-100) in noncontact mode.

3. RESULTS AND DISCUSSION

A schematic illustration of the IPWL treatment of a
P3HT:PCBM film is shown in Figure 1a. The xenon flash
lamp emits a broad spectrum of visible light in the range from
400 nm to 1 μm that covers the absorption of the
P3HT:PCBM thin film (Figure 1b). IPWL is produced by
using a pulse controller and a supercapacitor: the pulse
controller triggers the supercapacitor, which delivers electrical
current to the lamp within milliseconds. The consecutive light
pulses are incident from the glass side. During IPWL
irradiation, high-intensity light energy is delivered onto the
sample within a few tens of milliseconds, which instantly
increases the temperature of the sample because of the
photothermal effect.36−41 (Our detailed discussion of a possible
mechanism of heat generation during IPWL treatment is
presented later.) The fluence of the irradiation can be
controlled by varying several properties of the pulse, such as
the applied voltage, number of pulses, pulse duration time, and
free temporal period (Figure 1c).

In Figure 2, the current density−voltage (J−V) character-
istics of an IPWL-treated P3HT:PCBM BHJ solar cell are
compared to those of a typical P3HT:PCBM device treated
with a thermal-annealing process. The average photovoltaic
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performance parameters of the tested devices are summarized
in Table 1. The thermal annealing of P3HT:PCBM at 150 °C
for 10 min was found to improve the PCE of the device from
1.26 to 3.48%, which is close to commonly reported

performances for P3HT:PCBM-based devices. Interestingly,
the IPWL-treated device also exhibits an improved PCE of
3.27% with open circuit voltage (Voc) = 0.62 V, short circuit
current (Jsc) = −9.25 mA/cm2, and fill factor (FF) = 0.57,
which are close to the values for the typical device treated with
thermal annealing. It should be noted that the total IPWL
irradiation time was 2.2 s for a substrate area of 2.5 × 2.5 cm2,
which is short compared to the processing times of established
post-treatment methods: thermal annealing (>5 min),15 solvent
annealing (>50 s),18 microwave treatment (>90 s),21 and
pulsed-laser annealing (>4 s for device areas of 3 × 5 mm2).24 A
video of the IPWL process is provided (Video S1, Supporting
Information). As a comparison, thermal treatment for 5 s
resulted in almost no improvement in device performance, as
shown in Figure 2. Considering that the nanostructure of the
P3HT:PCBM BHJ layer is the main factor determining device
performance, this result suggests that the nanostructure of the
P3HT:PCBM photoactive layer is reconstructed by a short
period of IPWL irradiation.
The temperature of the substrate during the sequential

deposition of the layers was directly monitored with a digital
thermometer through a thermocouple attached to the substrate
during the IPWL treatment. As shown in Figure 3a, as the
irradiation fluence increases, the temperatures of the glass,
ITO/glass, and PEDOT:PSS on ITO/glass layers increase
gradually such that the substrates exhibited almost similar
surface temperatures at each fluence. However, after the
deposition of the P3HT:PCBM active layer, the temperature of
the device dramatically increases. This result implies that
photothermal conversion plays an important role in heat
generation in the P3HT:PCBM layer during IPWL irradiation.
In fact, 2.2 s IPWL irradiation with 50 pulses and a fluence of
35 J/cm2 is sufficient to increase the device temperature to 108
°C, which is above the glass-transition temperature (Tg) of the
P3HT:PCBM active layer (80 °C for 55:45 wt % of
P3HT:PCBM).42 The Tg determines the lower limit of the
operating window for thermal annealing that is usually used to
optimize BHJ morphologies. In contrast, thermal annealing
using a hot plate needs at least 10 s to increase the temperature
of the device to 100 °C, as shown in Figure 3b. In the
photothermal effect, heat is generated by the absorption of
light. In previous literature, photothermal conversion is
observed for nanostructured materials such as single-walled
carbon nanotubes (SWNTs), silicon nanowires, graphene
nanosheets, and conjugated polymer, especially when they are
exposed to a strong, pulsed-light source such as a camera
flash.36−41 The heat generated by flash irradiation can result in
temperatures sufficiently high to ignite and reconstruct SWNTs
and burn silicon nanowires, which require temperatures above
∼1500 °C. In this work, photothermal conversion in the
P3HT:PCBM active layer can generate heat directly inside the
P3HT:PCBM active layer. Additionally, because the conjugated
polymer materials such as polyaniline have a low thermal
conductivity,43,44 the heat from photothermal conversion could

Figure 1. (a) Schematic of IPWL treatment for P3HT:PCBM blend
films. (b) Spectra distribution of xenon flash lamp and P3HT:PCBM
blend film. (c) Schematic for the pulse parameters of IPWL.

Figure 2. Current density−voltage (J−V) characteristics of polymer
solar cells with pristine, thermal annealing at 150 °C for 5 s or 10 min,
and IPWL treatment for 2 s.

Table 1. Device Performance under Various Annealing-Treatment Conditions

condition Voc (V) Jsc (mA/cm2) FF PCE (%)

pristine 0.76 ± 0.01 −4.74 ± 0.44 0.35 ± 0.02 1.26 ± 0.1
IPWL treatment (ambient conditions, 2 s) 0.62 ± 0.01 −9.25 ± 0.3 0.57 ± 0.01 3.27 ± 0.1
thermal treatment (ambient conditions, 150 °C for 5 s) 0.72 ± 0.01 −5.52 ± 0.41 0.38 ± 0.01 1.50 ± 0.1
thermal treatment (ambient conditions, 150 °C for 10 min) 0.61 ± 0.01 −9.86 ± 0.19 0.58 ± 0.02 3.48 ± 0.06
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accumulate within the photoactive layer. By contrast, thermal
annealing-based heat transfer requires sufficient time to transfer
the heat from the hot plate to the P3HT:PCBM active layer
passing through the glass, ITO, and PEDOT/PSS layers. Thus,
the generation of heat by IPWL irradiation might be much
faster than that achieved with thermal-annealing methods based
on heat transfer.
Even though the heat-generation mechanism of flash

irradiation is unclear, we believe that the absorption of light
by P3HT:PCBM produces a temperature increase through
nonradiative energy dissipation. The absorbance of the
P3HT:PCBM thin films is 55.7% at wavelengths in the range
of 350−800 nm, so P3HT:PCBM blend films can absorb nearly
14.4 J/cm2 under IPWL exposure at a fluence of 35 J/cm2. The
melting energy of P3HT:PCBM (55:45 wt %) blend films can
be calculated from the melting enthalpy determined with
differential scanning calorimetry (DSC) (9.9 J/g for
P3HT:PCBM = 55:45 wt % blend films (100 nm) with 10%
crystallinity45) and was found to be approximately 1.27 × 10−4

J/cm2. The photothermal conversion efficiency of
P3HT:PCBM blend films is unknown, but if we assume that
only 0.01% of the photoenergy absorbed from the incident

beam is converted into heat, then more heat than is required for
the melting of the P3HT:PCBM film is provided by the
photothermal conversion of IPWL irradiation. In addition,
previous reports on the relaxation dynamics of polymer
crystallization indicate that polymer chains can crystallize on
the time scale of milliseconds.46,47 Yamamoto reported that
polymer molecules crystallize into a neat chain folded lamella
within several nanoseconds39 and that the crystallinity initially
increases by up to around 10% within 10 ns at any
temperature.47 Sasaki et al. also reported that the relaxation
time required by polymer liquid crystals for a phase transition
from nematic to isotropic is in the range of 10−100 ms.48

Furthermore, it is known that PCBM and P3HT are highly
miscible and that PCBM can penetrate into the P3HT layer
through the P3HT amorphous region and form a BHJ structure
within a few seconds of annealing.49 These previous reports
support the claim that the total process time of an IPWL
treatment is sufficient to induce phase transitions in
P3HT:PCBM blend films.
Figure 4a shows the UV−vis spectra of a pristine

P3HT:PCBM blend film, of blend films after IPWL treatment
under various fluence conditions, and of a blend film after

Figure 3. (a) Temperature of the substrates during the IPWL irradiation for various fluence conditions. (b) Temperature of the substrates during
thermal annealing using a hot plate.

Figure 4. (a) UV−vis absorption and (b) out-of-plane-mode grazing incidence X-ray diffraction spectra of pristine and thermal-treated as well as
various conditions of IPWL treatment. (c) Bright-field TEM image of P3HT:PCBM blend films under different annealing treatment conditions.
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thermal treatment at 150 °C for 5 s. Thermal treatment at 150
°C for 5 s produces a similar spectrum to that of the pristine
film. After IPWL treatment, absorption shoulders appear at 550
and 600 nm, which indicates that interchain ordering of P3HT
has occurred, resulting in the formation of an extended
conjugated system.50 To investigate the changes in the chain
orientation and crystallinity of the P3HT:PCBM blend films
resulting from IPWL treatment under various fluence
conditions, out-of-plane X-ray diffraction (XRD) was per-
formed. Figure 4b shows that the intensity of the (100) peak,
originating from the edge-on ordering of P3HT chains,
increases with increases in the IPWL fluence. Because the
hole mobility in P3HT is proportional to the crystallinity,
which is related to the degree of π−π P3HT-interchain
stacking, this result implies that IPWL treatment improves the
hole mobility of P3HT:PCBM films. We investigated the effects
of the IPWL treatment on the morphology of the
P3HT:PCBM blend films using atomic force microscopy
(AFM). After IPWL treatment, the surface morphology of
P3HT:PCBM film turned rough compared to the pristine film,
and the RMS roughness of the P3HT:PCBM thin films
increases from 0.58 to 1.1 nm (see Supporting Information
Figure S4). In the previous literature, the surface morphology
of P3HT:PCBM photoactive layers roughened with nanophase
separation of P3HT:PCBM after thermal or solvent anneal-
ing.51 To show tangible proof for the morphological develop-
ment of the P3HT:PCBM thin films, transmission electron
microscopy (TEM) analysis was performed for the pristine,
thermally treated, and IPWL-treated P3HT:PCBM blend thin
films, as shown in Figure 4c. The pristine film has a smooth,
homogeneous morphology, whereas distinct rodlike P3HT
crystals are present in the thermally and IPWL-treated films. In
bright-field TEM imaging, P3HT crystals appear bright and
PCBM regions appear dark because the density of P3HT
crystals (1.10 g/cm3) is lower than that of PCBM (1.50 g/
cm3).52,53 On the basis of these results, we conclude that IPWL
irradiation induces both the self-organization of P3HT into an
ordered structure and the optimized phase segregation of
P3HT and PCBM, which both enhance light absorption and
hole mobility as well as efficient photocurrent generation.
Figure 5a shows the J−V characteristics of photovoltaic

devices annealed with IPWL under various fluence conditions.
The statistical data for the performances of these devices are
presented in Figure 5b. Below a threshold fluence of 15 J/cm2,
almost no change in Jsc and PCE is observed. Above this
threshold, Jsc and PCE increase with increasing fluence until the
maximum value is reached, after which Jsc and PCE start to
decrease. For the optimum IPWL treatment fluence of 35 J/
cm2, Jsc, Voc, FF, and PCE reach −8.31 mA/cm2, 0.62 V, 0.58,
and 3.0%, respectively. The decrease in Voc can be explained by
the change in the oxidation potential of the P3HT phase; an
increase in the crystallinity of P3HT results in a lower oxidation
potential.54,55 Above 35 J/cm2, the photovoltaic performance
deteriorates. After irradiation at fluences of 50 and 60 J/cm2,
the devices exhibit low PCEs of 2.32 and 1.49% and low Jsc
values of −6.45 and −5.22 mA/cm2, respectively. These
reductions in performance are due to the photodegradation and
oxidation of P3HT. As shown in Figure 4a, the light absorbed
by the P3HT:PCBM blend film treated with IPWL at 60 J/cm2

is lower than those treated with weaker fluences. This decreased
light absorption is due to a reduced conjugation length and
disruption, which is related to photobleaching of the polymer.56

Supporting Information Figure S2 shows photographs of a

pristine P3HT:PCBM blend film and blend films after IPWL
treatment under various fluence conditions. The color of the
P3HT:PCBM blend film treated with a IPWL fluence of 35 J/
cm2 has become deep violet in the IPWL treatment region,
which is related to the appearance of the absorption shoulders
at 550 and 600 nm. After treatment with a fluence of 60 J/cm2,
the P3HT:PCBM blend film has faded. The changes in the
functional groups of a P3HT film after IPWL treatment were
directly investigated using infrared spectroscopy (IR). After
IPWL irradiation at a fluence of 60 J/cm2, signals characteristic
of carbonyl groups (CO, 1731 cm−1) and thiocarbonyl
groups (CS, 1107 cm−1) appeared (see Supporting
Information Figure S3), which means that P3HT undergoes
degradation and oxidation during IPWL treatment with a
strong fluence.57,58

We varied the pulse parameters to investigate the effects of
pulse control on the IPWL treatment of the P3HT:PCBM
blends. The pulse duration time was varied from 0.5 to 7 ms
while maintaining a fixed total fluence to examine the effects of
varying the irradiation time. For pulse duration times up to 1
ms, the photovoltaic performance increases. However, further
increases in the pulse duration times above 1 ms reduce Jsc and
PCE. This suggests that short pulses are preferred to prevent

Figure 5. (a) J−V characteristics and (b) Jsc and PCE variation of the
devices annealed with IPWL under various fluence conditions. (c) J−V
characteristics of polymer solar cells on the flexible substrate for
pristine and IPWL treatment.
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degradation of the P3HT:PCBM blend films. We also varied
the free temporal period from 5 to 40 ms while maintaining a
fixed total fluence and pulse duration time to investigate the
optimum time scale for self-organization of P3HT:PCBM blend
films (see Supporting Information Figure S4). For a free
temporal period up to 20 ms (total process time = 2.2 s), Jsc
and PCE increase with increase of free temporal period; above
20 ms, the photovoltaic performance is saturated. This means
that an IPWL treatment of 2.2 s is sufficient to induce the self-
organization of the P3HT:PCBM blend film and to enhance
the performance of the device.
Figure 5c shows the J−V characteristics of PSCs constructed

on a flexible substrate in either pristine condition or after IPWL
treatment. The pristine device exhibits poor performance: Jsc =
−3.19 mA/cm2, Voc = 0.71 V, FF = 0.36, and PCE = 0.81%. In
contrast, the IPWL-treated device exhibits enhanced perform-
ance: Jsc = −6.86 mA/cm2, Voc = 0.57 V, FF = 0.53, and PCE =
2.06%; these values are comparable to those reported for a
P3HT:PCBM solar cell based on a flexible substrate.59 This
demonstrates that the proposed IPWL treatment is substan-
tially compatible with the R2R production of flexible
PSCs.34−36

4. CONCLUSIONS
We have demonstrated that IPWL treatment can be used as an
alternative to thermal treatments to control nanostructure of a
BHJ-based photoactive layer. By performing IPWL treatment
for 2.2 s on P3HT:PCBM blend films, the PCEs of the devices
are improved to values close to those of devices after a typical
thermal treatment. Pulsed-light irradiation with an optimized
fluence can provide sufficient energy and temperature increase
to induce the required phase transition in P3HT:PCBM blend
films. Furthermore, we confirmed that the crystallinity and
light-absorption properties of P3HT:PCBM blend films are
effectively controlled by pulse management. We believe that
this technique can offer a split-second, large area, and cost-
effective optical method for the highly productive R2R
manufacture of PSCs.
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