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This work proposes an approach for improving the performance of poly(3-hexylthiophene) (P3HT-) based organic photovoltaics
(OPVs). P3HT-based bulk heterojunction (BHJ) film can absorb the energy from 532 nm laser light and be transformed into
favorable morphology. A combination of traditional thermal annealing and laser annealing improved device performance, with
a slight increase in fill factor and a significant improvement in short-circuit current density. Better crystallization and a higher
degree of molecular order in the thermal/laser coannealed P3HT-based BHJ film were observed through X-ray diffraction and
Raman spectroscopy.

1. Introduction

Organic photovoltaics (OPVs) have attracted tremendous
interest recently for renewable energy applications due to
their low cost for large-area fabrication, light weight, and
compatible processing on flexible substrates [1, 2]. Recently,
poly(3-hexylthiophene) (P3HT) has been extensively studied
due to its promising physical properties, including a high
hole mobility of around 10−3 cm2/Vs, a wide light absorption
spectrum, and excellent environmental stability [3–6]. When
P3HT is blended with fullerene derivatives, such as [6,6]-
phenyl C

61

butyric acid methyl ester (PCBM) [1] and indene-
C
60

-bisadduct (ICBA) [7], to build a bulk heterojunction
(BHJ), it always plays a good role to mix with each fullerene
derivative, which can lead to a fill factor (FF) of 65∼72%.

BHJ should be a favorable structure for the light harvest-
ing layer of OPVs. However, their morphology is thus very
critical to OPV device performance. For P3HT-based BHJs,
the morphology can be tuned via treatments such as solvent-
vapor treatment [8–10], ultraviolet- (UV-) ozone exposure
[11], microwave treatment [12, 13], pulsed-laser treatment
[14], adding solvent additive [15–17], and thermal anneal-
ing treatment [18–21]. These methods efficiently change
the morphology of P3HT-based BHJs and improve device

performance. Thermal annealing treatment is most com-
monly applied to P3HT-based BHJs since it yields close-
packed crystalline structures and strong interchain interac-
tions [18–20].

Flexible substrates can be used for OPVs. However, long-
term thermal annealing is challengingwhen building a device
on a flexible substrate since the film may crack and become
damaged due to the bending of the substrate. A method
for transferring energy to the BHJ film and modifying its
morphologywithout creating toomuch heat is thus desirable.
Li et al. [21] applied a standard low-intensity fluorescent lamp
to PCDTBT:PC

60

BM blend film before thermal annealing
and improved device lifetime and performance. Using amore
exact wavelength of light that can be absorbed by thematerial
will make the energy transfer process more efficient. P3HT
has good absorption of light in the range of 500 to 560 nm.
Therefore, P3HT will absorb the energy of light in this range
shining on a P3HT-based BHJ film with sufficient power.
In this work, a 532 nm green laser was used to irradiate
P3HT:PCBM film at 50mW as an annealing process to
modify the film morphology. Thermal annealing only, laser
annealing only, and thermal/laser coannealing treatments are
compared.
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Figure 1: 𝐽-𝑉 characteristics of organic photovoltaic deviceswith (a) thermal annealing process and (b) laser annealing process under different
duration.

2. Experimental Details

2.1. Device Fabrication. Indium tin oxide (ITO)-coated glass
with a sheet resistance of 5 ohm/sq was utilized as the
substrate of the OPV device.The substrates were sequentially
cleaned in an ultrasonic bath with deionized water, acetone,
and isopropanol, respectively, and then baked at 100∘C for
at least 1 h in an oven. The clean substrates were treated by
O
2

plasma at 10W for 1min. Then, poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS), fromH. C.
Starck (CLEVIOS P VP AI4083), was spin-coated onto the
ITO substrate at 4000 rpm (∼35 nm) and then baked at 120∘C
for 15min on a hot plate. The P3HT:PCBM, at a weight
ratio of 1 : 1 and dissolved in 1,2-dichlorobenzene (DCB)
solution with a concentration of 2wt%, was spin-coated
onto PEDOT:PSS at 800 rpm for 30 s (∼200 nm). After the
deposition of the P3HT:PCBM layer, the film was thermally
annealed on a hot plate or irradiatedwith a 532 nm laser beam
(diameter: 0.7mm) at 50mW or annealed on a hot plate and
irradiated with a 532 nm laser beam simultaneously. After
the P3HT:PCBM film had been thermally or laser annealed,
LiF and Al were deposited at thicknesses of 1 and 100 nm,
respectively, under a 3 × 10−6 Torr vacuum in a thermal
evaporator. The device area was defined by a shadow mask
to be 0.3 × 0.3 cm2.

2.2. Device Measurement. The current density-voltage (𝐽-𝑉)
characteristics of the OPV devices were measured by a
Keithley 2400 source meter with an Oriel solar simulator
system equipped with a xenon lamp and an AM 1.5G spectral
filter. Additionally, the power conversion efficiency (PCE)
of the solar cells was calculated using a Newport 91150V
standard reference cell under a simulated light intensity of
100mW/cm2. The external quantum efficiency (EQE) was

measured using an EQE measurement system (QE-3000,
Titan Electro-Optics Co., Ltd.).

2.3. Film Characterization. The absorption spectrum was
characterized using a JASCO UV-670/FP-6600 ultraviolet-
visible (UV-vis) spectrophotometer. The X-ray diffraction
(XRD) patterns were recorded by a Rigaku D/MAX2500
rotating-anode X-ray generator. Raman spectra were mea-
sured with a Renishaw Raman system.

3. Results and Discussion

3.1. 𝐽-𝑉 Characteristics of OPV Devices. Figure 1(a) shows
the 𝐽-𝑉 characteristics of devices with P3HT:PCBM layer
thermally annealed at 130∘C for 0, 1, 5, and 10min. The
best device performance was obtained for the P3HT:PCBM
film annealed for 10min (more details can be found in our
previous work [22]), with improvement in the short-circuit
current density (𝐽sc) and FF. To compare laser annealing
with thermal annealing, the 𝐽-𝑉 characteristics of devices
subjected to 532-nm laser annealing at 50mW for 0, 1, 5,
and 10min are shown in Figure 1(b). Details of the 𝐽-𝑉
characteristics of devices treated with thermal annealing and
laser annealing for various durations are listed in Table 1. For
the P3HT:PCBMfilm laser annealed for 1min, the 𝐽sc value of
the device was nearly twice that obtained without annealing.
The 𝐽sc value further increased when the laser annealing time
was increased to 5min. However, a further increase to 10min
did not greatly affect device performance. The optimal laser
annealing time is thus 5min; however, the performance was
not comparable to the device annealed by heat.

The 𝐽-𝑉 characteristics of devices with P3HT:PCBM film
treated with thermal annealing and laser annealing simul-
taneously (thermal/laser coannealing) for various durations
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Table 1: The 𝑉oc, 𝐽sc, FF, and PCE of the devices without annealing treatment, with thermal annealing process, and with laser annealing
process under different duration.

Device
treatment

Treated time
(min) 𝑉oc (V)

𝐽sc
(mA/cm2) FF PCE

(%)
Nontreated — 0.61 3.11 0.49 0.93

Thermal
annealing

1 0.61 4.99 0.52 1.58
5 0.62 8.78 0.59 3.21
10 0.62 9.52 0.60 3.54

Laser annealing
1 0.61 5.55 0.52 1.76
5 0.61 7.38 0.52 2.34
10 0.61 7.20 0.52 2.28

Table 2: The 𝑉oc, 𝐽sc, FF, and PCE of the devices with thermal/laser coannealing process under different duration.

Device treatment Treated time (min) 𝑉oc (V) 𝐽sc (mA/cm2) FF PCE (%)
Nontreated — 0.61 3.11 0.49 0.93

Thermal and laser coannealing
1 0.61 6.83 0.53 2.21
5 0.62 11.22 0.59 4.10
10 0.62 10.55 0.60 3.92

are shown in Figure 2 and detailed in Table 2. Thermal/laser
coannealed P3HT:PCBM film obtained better performance
with the treating duration as 1, 5, and 10min The significant
enhancement in 𝐽sc dominated the improvement of the
device. A PCE of 4.10% was obtained with thermal/laser
coannealing for 5min.The PCE remained at around 4%, sug-
gesting little change in morphology, when the coannealing
time was further increased to 10min. As a result, the ther-
mal/laser coannealing process improved device performance
compared to that obtained with thermal annealing only.
Moreover, compared to the traditional thermal annealing
process, the thermal/laser coannealing process requires half
the time to obtain a given level of device performance.

3.2. Absorption and EQE Spectra. Figure 3(a) shows the
UV-vis absorption spectra of P3HT:PCBM films without
annealing treatment, treated with thermal annealing only
for 10min and treated with thermal/laser coannealing for
5min. There is a red shift for the films treated by thermal
annealing only and thermal/laser coannealing compared
to the unannealed film. The variation in the absorption
spectrum may be due to the demixing of PCBM from
P3HT, and thus an enhanced crystallinity of P3HT.Therefore,
the interchain interactions among P3HT became stronger,
leading to a longer conjugated length and a lower band gap
between 𝜋 and 𝜋∗ orbitals [23]. Moreover, since the number
of photons absorbed from the light corresponds to the current
produced from the light harvesting layer, the intensity of the
absorption spectrum could simply indicate the improvement
in the 𝐽sc value of the devices, as shown above. Figure 3(b)
shows the EQE of the devices with P3HT:PCBM films
without any treatment, treated with thermal annealing only
for 10min and treated with thermal/laser coannealing for
5min. A significant enhancement in EQE can be observed
after annealing treatment. The EQE of the film treated with
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Figure 2: 𝐽-𝑉 characteristics of organic photovoltaic devices with
thermal/laser coannealing process under different duration.

thermal/laser coannealing for 5min is higher than that of the
film treated with thermal annealing only for 10min which
matches the improvement on 𝐽sc of the devices as shown
above. Hence, after adding laser treatment under thermal
annealing process, the absorption ability of P3HT:PCBMfilm
was enhanced resulting in higher 𝐽sc of the device which
declared that more favorable morphology was derived.

3.3. XRD Analysis. To investigate the morphological differ-
ence between P3HT:PCBM films, XRD was used to estimate
the crystallinity of P3HT in the films. Figure 4 shows theXRD
patterns of P3HT:PCBM films without any treatment, treated
with thermal annealing only for 10min and treated with
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Figure 3: The (a) UV-vis absorption spectrum of P3HT:PCBM films and (b) the external quantum efficiency of the devices under different
annealing process.
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Figure 4: XRD spectra of P3HT:PCBM films under different
annealing process. The insets show the zoomed-in graph of XRD
spectra with the range from 2𝜃 = 4.5∘ to 2𝜃 = 6.5∘.

thermal/laser coannealing for 5min. Obvious diffraction
peaks appear at 2𝜃 = 5.58∘, 5.39∘, and 5.38∘ for each film.
These peaks originate from polymer crystallites of the (100)
orientation (backbone parallel and side-chains perpendicular
to the substrate) [24–26]. The corresponding lattice constant
𝑑 can be calculated using Bragg’s law as

𝑛𝜆 = 2𝑑 sin 𝜃, (1)

where 𝜆 (=0.154056 nm) is the wavelength of the incident
beam, 2𝜃 is the angle between the incident and scattered
X-ray wave vectors, and 𝑛 is the interference order. The
lattice constant 𝑑 of the films without any treatment, treated
with thermal annealing only for 10min and treated with
thermal/laser coannealing for 5min, was calculated as 1.58,
1.63, and 1.64 nm, respectively. A higher lattice constant cor-
responds to a larger grain boundary of crystallization, which
means that the grain boundary of crystal P3HT was similarly
enlarged with thermal annealing only and thermal/laser
coannealing. Moreover, the intensity of the peak is correlated
with the crystallinity of P3HT.Therefore, annealing with heat
and a laser simultaneously leads to better crystallinity of
P3HT than that obtained with heat only. Combining laser
and thermal annealing promotes the formation of crystalline
P3HT domains and enhances carrier transport due to more
resonance of 𝜋-electrons in the polymer chain [27–30]. Li
et al. [21] found that most of the contribution from light
annealing (through a fluorescent lamp) is related to the
formation of PCBMclusters in the BHJ layer. However, in this
work, the laser light was mainly absorbed by P3HT since its
wavelength matches the absorbance of P3HT but not PCBM.
Therefore, the crystallinity of P3HT chains dominates the
variation of the morphology of the BHJ film, as shown in the
XRD analysis.

3.4. AFM Phase Analysis. The morphological variation of
P3HT:PCBM films treated with various annealing processes
was analyzed using atomic force microscopy (AFM) phase
images, as shown in Figure 5. Figure 5(a) shows that there
is no obvious phase separation on the surface of the
P3HT:PCBM film without any annealing treatment. For the
P3HT:PCBM film treated with thermal annealing only for
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Figure 5: AFM phase images of P3HT:PCBM films (a) without annealing treatment, (b) with thermal annealing for 10min, and (c) with
laser/thermal coannealing for 5min.

10min (Figure 5(b)), significant phase separation with large
grain sizes can be observed, which indicates that thermal
annealing results in better crystallization of P3HT chains.
Moreover, the phase image of the film treated with ther-
mal/laser coannealing for 5min (Figure 5(c)) shows even
more phase separation and larger grain sizes, indicating
much better crystallization of P3HT chains. The AFM phase
analysis shows a great variation in the morphology of
P3HT:PCBM films treated with various annealing processes,
which supports the XRD analysis. These results confirm that
thermal annealing changes the morphology of P3HT:PCBM
film and improves device performance. Introducing laser
light into the annealing process makes the morphology of
P3HT:PCBM film more favorable and leads to better PCE.

3.5. Raman Analysis. Figure 6 shows the normalized Raman
spectra of P3HT:PCBM films without any treatment, treated
with thermal annealing only for 10min and treated with

thermal/laser coannealing for 5min under 514 nm resonant
excitation. The main in-plane ring skeleton modes at ∼
1445 cm−1 (symmetric C=C stretch mode) and ∼1381 cm−1
(C–C intraring stretch mode), the interring C–C stretch
mode at ∼1208 cm−1, the C–H bending mode with the C–
C interring stretch mode at ∼1180 cm−1, and the C–S–C
deformation mode at 728 cm−1 appear. Among these Raman
modes, this study focused on the two main in-plane ring
skeletonmodes at∼1445 and∼1381 cm−1, as they are supposed
to be sensitive to the 𝜋-electron delocalization (conjugation
length) of P3HT molecules [30, 31]. In Figure 6, compared
to the P3HT:PCBM film without any treatment, the Raman
peak of the C=C symmetric stretch mode shifted to a
lower wavenumber, from 1455 cm−1 to 1453 cm−1, for the
film treated with thermal annealing for 10min, and an even
lower wavenumber, from 1455 cm−1 to 1450 cm−1, and for the
film treated with thermal/laser coannealing for 5min. The
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Figure 6: Normalized Raman spectrum wave numbers (C=C
and C–C modes) of P3HT:PCBM films under different annealing
process. The inset shows the aromatic form and quinoid form of the
P3HT interchain.

decrease in the wavenumber of the peak position indicates
that the aromatic form of polymer rings transformed into the
quinoid form [31], as shown in the inset in Figure 6. With
more quinoid form polymer rings, more delocalized con-
jugated 𝜋-electrons were obtained, which enhanced charge
transfer. The full width at half maximum (FWHM) of this
C=C mode for the P3HT:PCBM film annealed by heat only
(35 cm−1) is smaller than that of the film without any treat-
ment (39 cm−1), reflecting the higher degree of molecular
order of the former. Moreover, the FWHM of the film
treated with thermal/laser coannealing (34 cm−1) was slightly
smaller than that of the film treated by thermal annealing
only, implying a better molecular order. A more favorable
morphology of P3HT:PCBM film was thus obtained with
thermal/laser coannealing, which led to better absorbance
and charge transfer of the BHJ and improved 𝐽sc of the device.

4. Conclusion

This study proposed an annealing method that combines
laser annealing and thermal annealing and applied it to
P3HT:PCBM films. P3HT:PCBM films treated with ther-
mal/laser coannealing had a more favorable morphology and
better carrier transport than those of the film treated with
thermal annealing only. The better carrier transport in the
BHJ layer led to higher 𝐽sc and FF values and improved
the device PCE. Since the devices are improved with less
heat, the process is suitable for fabricating devices on flexible
substrates.
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