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Performance enhancement of fullerene based solar 

cells upon NIR laser irradiation 

Hardeep Singh Gill,a, b Sammaiah Thota,b Lian Li,c Akshay Kokil, b Ravi 
Mosurkal,c and Jayant Kumar a,b*   

Photovoltaic performance enhancement of fullerene based solar cells was achieved upon 

exposure to near-infrared (NIR) laser pulses. The solar cells were fabricated with poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) under 

ambient condition. The cells were then post-treated with NIR femto-second laser pulses at 

800 nm for different intervals of time. An enhancement of 50% in power conversion 

efficiency was achieved for the devices with 15 minutes of NIR laser irradiation compared 

to that of the control device. The enhancement in power conversion efficiency is attributed 

to the formation of covalent linkage between P3HT and PCBM as suggested by Matrix-

assisted laser desorption/ionization time of flight mass spectroscopic analysis on a blend of a 

thiophene oligomer and PCBM before and after NIR laser exposure. 

 

 

1. Introduction 

Over the last two decades there has been worldwide 
initiative for the development of new renewable and 
sustainable energy sources using organic materials.1-3 
Organic materials based solar cells (OSCs) have been 
actively investigated as a possible alternative to inorganic 
solar cells. Bulk heterojunction (BHJ) structure, 
constitute of an interpenetrating network of a fullerene 
acceptor, such as [6,6]-phenyl-C61 butyric acid methyl 
ester (PCBM) and a conjugated donor polymer, poly(3-
hexylthiophene-2,5-diyl) (P3HT), as the photoactive 
layer, has been demonstrated to be the model OSC 
architecture.3-6 Power conversion efficiency (PCE) up to 
5% has been reported in solar cells fabricated from the 
blend of P3HT and PCBM.7 The performance of the BHJ 
solar cell depends critically upon the morphology of the 
active layer. An optimized P3HT:PCBM OSC should 
consist of appropriate sized P3HT and PCBM phase-
segregated nano-domains providing pathways for 
efficient charge carrier generation, transport and 
collection. However, the nanometer sized domains are 
metastable and degrade gradually under normal operating 
conditions, leading to severe degradation to the device 
performance.8-11 
 To address this problem, several PCBM-P3HT 
intramolecular hybrid polymers were designed and 
synthesized.12-18All those approaches have helped to 
optimize the morphology of the active layer and to 

reduce the PCBM aggregation, resulting in better 
stability of the OSCs.14-17 It was previously reported that 
pristine fullerenes, such as C60 and C70, and their 
derivatives (PCBM and PC70BM), can undergo 
photochemical transformation upon irradiation.18-21 The 
fullerene monomers can be dimerized or oligomerized 
due to the formation of intermolecular C-C bonds 
between fullerenes via a ‘2+2’ photochemical 
cycloaddition.21 Recently, Li and co-workers reported the 
impact of photo-induced oligomerization of PCBM on 
the performance of the OSC.22 Similar enhancement of 
the morphological stability following irradiation in the 
solar cells made with P3HT:PCBM and MDMO-
PPV:PCBM, and PCDTBT:PC70BM has been reported.23 

The oligomerization of PCBM has been linked to the 
improved stability, but no explanation has been provided 
for the enhancement in efficiency. Moreover, due to 
strong visible light absorption of the polymers used, the 
low power visible radiation may not fully penetrate the 
active layer, thus the oligomerization of the fullerene 
monomers in the entire film would be difficult to 
achieve. Alternatively, high power laser pulses in the 
near-infrared (NIR) region could penetrate the entire 
active layer of the OSCs and would lead to better 
photochemical transformation of the fullerene molecules 
due to two-photon absorption,24 resulting in enhanced 
stability.  
 In this work, we report on the PCE enhancement of 
the P3HT:PCBM solar cells and the possibility of the 
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covalent linkage between PCBM and P3HT upon the 
NIR laser irradiation. Raman analysis of the exposed 
samples revealed that the NIR laser irradiation was able 
to oligomerize the PCBM monomers. Exposure of the 
OSCs to the NIR laser pulses greatly stabilized the 
morphology in the active layer. An enhancement of 50% 
in PCE was achieved for the devices with 15 minutes of 
NIR laser irradiation compared to that of the control 
device. In addition, improvement in the photovoltaic 
stability was also observed.  Matrix-assisted laser 
desorption/ionization time-of-flight mass spectroscopic 
(MALDI-TOF MS) analysis on a blend of a thiophene 
oligomer and PCBM before and after NIR laser exposure 
suggested the formation of ‘2+2’ photochemical 
cycloaddition between thiophene oligomer and PCBM. 

2. Experimental  

Materials and device fabrication  

P3HT and PCBM were acquired from Sigma Aldrich and 
were first dissolved in 1,2-dichlorobenzene separately, and 
sonicated for 1 h. The two solutions were then mixed 
together. The concentration of mixed solution was about 20 
mg/ml with a P3HT:PCBM weight ratio of 1:0.8. Indium-tin-
oxide (ITO) coated glass substrates (10 Ω/Ω, purchased from 
Thin Film Devices) were patterned by chemical wet etching 
method using zinc dust and dilute HCl. The patterned 
substrates were cleaned in an ultrasonic bath with detergent, 
water, acetone and isopropanol, and dried in an oven. The 
substrates were further treated by oxygen plasma prior to 
casting the electron blocking PEDOT:PSS layer. The electron 
blocking layer about 40 nm thick was spin-coated at 2500 
rpm from a heated (80 °C) and filtered (through a 0.45 µm 
membrane) PEDOT:PSS solution (Baytron P VP Al 4083) 
onto the cleaned ITO substrate. The PEDOT:PSS film was 
then dried at 120 ºC for 1 h. The mixed P3HT:PCBM solution 
was spin-coated at 800 rpm on the PEDOT:PSS covered ITO 
slides. The P3HT:PCBM films (~150 nm) were annealed at 
120 ºC for 10 min under inert atmosphere immediately. An 
aluminium (Al) layer (120 nm) was thermally deposited onto 
the active layer through shadow mask in vacuum (about 10-6 
mbar). The active area of the solar cells was 0.06 cm2 defined 
by a shadow mask. Film thickness was determined with a 
Dektak profilometer.  

Spectroscopic and XRD Experiments  

Raman measurements were carried out using a Bruker 
Senterra Raman microscope. The Raman spectra were 
measured using a green laser (532 nm, 2 mW). The laser 
beam diameter on the sample surface is about 1 µm.  The 
spectral resolution of the spectrometer is about 3 cm-1. All the 
Raman spectra were obtained with a data acquisition time of 5 
s. The Raman spectra were background corrected using the 
Opus 6.5 software. Perkin-Elmer Lambda 9 
spectrophotometer was used to measure the UV-Vis 

absorption spectra, and photoluminescence (PL) spectra were 
recorded using a Perkin-Elmer LS 55 luminescence 
spectrometer. For the PL experiment, the excitation 
wavelength was set at 530 nm. The spectral bandwidths for 
the excitation and emission were adjusted to 5 nm and 10 nm, 
respectively. Gated photomultiplier tube was used to collect 
the PL signal. Current-voltage (J-V) characteristics of the 
solar cells were measured under AM 1.5G solar illumination 
(100 mW/cm2) with a Keithley 2400 source meter. Incident 
photon-to-current efficiency (IPCE) spectrum of the solar 
cells was measured using a CVI Digikrom 240 
monochromator in conjunction with a water-cooled 150W Xe 
lamp (Model A-1010B, Photon Technology International, 
Inc.). Intensity of the incident illuminations was measured 
with a Newport 835 optical power meter. The photocurrent 
was collected by a Keithley 197 digital multimeter. X-ray 
diffraction (XRD) patterns were collected on a Scintag PAD 
X diffractometer in a Θ- 2Θ geometry with a water cooled Ge 
detector and a Cu Kα X-ray source (λ = 1.54 Å). 

Femtosecond laser Setup 

A Quantronix mode-locked Ti:Sapphire laser operated at 800 
nm with 100 femtosecond pulse width and 1 kHz repetition 
rate was used to irradiate the samples. The laser beam was 
expanded by a concave lens to completely illuminate the 
sample. The intensity of the laser beam was controlled to be 
about 15 mW/cm2 using a neutral density filter. 

MALDI-TOF MS Measurements 

 
MALDI-TOF MS data were acquired using a WATERS 
Micromass spectrometer. The instrument is equipped with a 
337 nm pulsed nitrogen laser. TOF data from 20-50 
individual laser pulses exposure were recorded and averaged 
on a transient digitizer, after which averaged spectra were 
automatically converted into mass by MassLynx data 
processing software. A thiophene oligomer, α-sexithiophene 
(molecular weight of 494.00 amu, purchased from Sigma-
Aldrich), PCBM and a mixture of both materials were 
deposited on the MALDI target plates. 

3. Results and discussion 

The NIR laser exposed PCBM films in nitrogen environment 
along with unexposed films were characterized by Raman 
spectroscopy. For the pristine PCBM, the Raman peak of the 
Ag (2) “pentagonal pinch” mode at 1465 cm-1 is very 
sensitive to the presence of the oligomerized phases. 25 Thus, 
the peak position of the Ag (2) mode can be used to 
distinguish the PCBM oligomers from the pristine monomeric 
PCBM. The PCBM oligomers exhibit a characteristic Raman 
peak at 1460 cm-1. Fig. 1 shows the Raman spectra of the 
pristine and the irradiated PCBM films. Upon the NIR laser 
irradiation, the Raman peak at 1465 cm-1 corresponding to the 
pristine PCBM monomer was down-shifted to 1460 cm-1. 
This clearly indicated that the PCBM monomers were 
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oligomerized through covalent bonding with the neighbouring 
monomers. The PCBM oligomerization seems to have no 
significant impact on the photophysical properties of the 
PCBM and the P3HT:PCBM samples. No clear change of the 
absorption spectra of the laser exposed PCBM and 
P3HT:PCBM films in the nitrogen atmosphere was observed 
as compared to those of the non-irradiated samples (Fig. S1 
and S2 in ESI†). XRD patterns of the thermally annealed (130 
ºC, 1 h) laser exposed and the annealed control P3HT:PCBM  
samples were recorded and compared. As depicted in Fig. 2, 
both samples show very sharp and intense (100) reflection 
peak at 2 Θ = 5.4°, corresponding to the chain-chain 
interlayer distance.26 Two weak (200) and (300) reflection 
peaks at 2 Θ = 10.7° and 15.9° were also detected, suggesting 
that the thiophene polymer in the blend film exhibit a well-
organized intra-plane structure.26 The (100) peak intensity of 
the laser exposed sample did not show any major change as 
compared to that of the control sample, indicating that laser 
irradiation  does not disturb or change the crystallization of 
P3HT. These findings were also consistent with the results 
reported by Cheng et al.27, where the authors have shown that 
the incorporation of polymerizable n-type materials does not 
appreciably affect the P3HT crystallinity of the blend. 

The change in the PL characteristics of the sample is 
capable of probing the intermolecular electron transfer 
dynamics between donor and acceptor. The PL measurements 
of a P3HT film, the thermally annealed (130 ºC, 1 h) and un-
annealed P3HT:PCBM samples, the NIR laser irradiated (5 
and 15 minutes) and thermally treated P3HT:PCBM films 
were performed. Fig. 3 displays the PL spectra of the P3HT 
film, the annealed and un-annealed P3HT:PCBM films, and 
the irradiated and annealed P3HT:PCBM films. It is well-
known that the PL from P3HT can be quenched by PCBM 
due to intermolecular electron transfer. The PL from P3HT in 
the un-annealed P3HT:PCBM film was significantly 
diminished due to quenching process. However, a strong PL 
signal for the annealed P3HT:PCBM film was measured. This 
is consistent with the observation of the formation of large 
PCBM aggregates (Fig. S3 and Fig. S4 in ESI†) in the film 
upon thermal treatment. The significant morphological 
changes result in less efficient charge transfer leading to weak 
quenching.28,29 Weaker fluorescence was measured for the 
NIR laser and thermally treated P3HT:PCBM samples as 
compared to that from the annealed film.  These results 
indicate that the NIR laser exposed films reduced the 
diffusion of PCBM molecules away from the polymer chains, 
resulting in lower PL intensities. 

Enhancement in the photovoltaic performance of the 
BHJ-OSCs has been reported upon limited thermal 
annealing.30 However; the thermal treatment can also reduce 
the interfacial surfaces between the polymer donor and the 
fullerene acceptor. This would also lead to inefficient charge 
separation and lower current output.31 It is a great challenge 
to freeze the BHJ into optimized nano-phases architecture. To 
investigate the effect of NIR laser irradiation on the 
performance, solar cells were fabricated on ITO (as anode) 

coated glass substrates with P3HT:PCBM as active layer, 
poly (3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS
) as the electron blocking layer and Al as the cathode. The 
cells were exposed to the NIR femtosecond laser beam with 
an intensity of 15 mW cm-2 for different intervals of time in 
nitrogen atmosphere. The irradiated cells were then subject to 
thermal annealing at 120 ºC for 10 min along with the control 
cells. The J-V curves of all the devices were measured as 
shown in Fig. 4. The key photovoltaic characteristics are 
summarized in Table 1. The control cell yielded a PCE of 
1.97% with a short-circuit current density (Jsc) of 6.97 
mA/cm2, an open-circuit voltage (Voc) of 0.58 V, and a fill-
factor (FF) of 0.48, respectively.  As shown in Fig. 4, the NIR 
laser exposed solar cells exhibited significant improvement in 
the conversion efficiencies as compared to that of the control 
one. The device exposed to NIR-laser pulses for 15 min 
yielded a PCE of 2.90%. 50% enhancement in photovoltaic 
performance as compared to that of the control cell was 
achieved. The increase in PCE was mainly ascribed to the 
increase in Jsc plus some improvement in FF. This drastic 
performance increase for the device with NIR light treatment 
is noteworthy, and has not been observed for the 
P3HT:PCBM solar cells. The IPCE spectra of the irradiated 
OSCs and the control device were measured. As shown in 
Fig. S5 (ESI†), the NIR laser treated OSCs exhibited 
enhanced external quantum efficiencies as compared to that 
of the control cell. This result suggested that the 
morphologies of the irradiated devices were better than that of 
the control cell and were able to offer favourable charge 
separation and transport. The NIR laser induced 
oligomerization of PCBM molecules prevented the monomers 
being diffused away from the P3HT matrix. It is noted that 
the sample temperature under the NIR laser exposure was 
measured to be about 35 ºC. This is significantly lower than 
the required annealing temperature, indicating that no thermal 
annealing occurred to the sample during irradiation.  

The enhancement in the PCE for the NIR laser pulses 
treated devices was quite significant and the oligomerization 
of the PCBM molecules in the active layer could not be the 
only contributor. The NIR radiation could have induced a 
photochemical transformation causing a direct linkage 
between PCBM and P3HT and the molecular weight of P3HT 
would have increased. The direct linkage would offer more 
efficient way for charge separation.  However, due to higher 
molecular weight of P3HT as compared to that of PCBM and 
the polydispersity of the polymer, it will be very difficult to 
notice any molecular weight change of the polymer by any 
mass spectrometer. The MALDI-TOF experiments were thus 
performed with a thiophene oligomer, α-sexithiophene, 
PCBM, and a mixture of α-sexithiophene and PCBM 
(1:1wt%) before and after exposure to the NIR laser pulses 
for 15 min in a nitrogen atmosphere to detect changes in 
molecular weights of the compounds. Formation of new 
chemical bonds between PCBM and α-sexithiophene after the 
laser exposure would lead to an increase of the molecular 
weight of the thiophene oligomer and should be reflected by 
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the emergence of new MALDI peaks corresponding to the 
molecular weights of the oligomer plus the weight(s) of 
PCBM monomer(s).  The PCBM oligomer peak should be 
also be noticeable in the mass spectra.  

Fig. S6 ((a) and (b)) in ESI† shows the MALDI-TOF 
mass spectra of the NIR laser exposed and pristine α-
sexithiophene samples.  The detection of molecular ion (M+) 
peak at m/z 494.07 for both the pristine and NIR exposed α-
sexithiophene samples revealed that the NIR laser irradiation 
did not cause any change to the thiophene oligomer. An M+ 
peak at m/z 910 was observed for an unexposed PCBM 
sample as shown in the mass spectrum in Fig. S7(a) (ESI†). 
In addition, two fragmented mass ion peaks at m/z 720 (910-
190) and 823 (910-87) were detected in the mass spectrum. 
The peak assignments of these fragments and parent 
structures are shown in Table S1 (ESI†). These peaks 
correspond to the mass of C60, and the mass of PCBM with 
the loss of methyl ester group and two CH2 groups from the 
side chain, respectively. The mass spectrum of the NIR laser 
irradiated PCBM sample (Fig. S7(b) in ESI†) showed an 
additional peak at m/z 1440 (M+-380). This peak can be 
attributed to the major fragmentation peak of the dimerized 
PCBM occurred at the conjunction of the C60 cage and 
phenyl-butyric acid methyl ester side chain. The mass 
spectrum of an unexposed blend α-sexithiophene:PCBM 
sample is depicted in Fig. 5 (a). The molecular ion (M+) peaks 
of α-sexithiophene and PCBM were detected at m/z 494.07 
and 910.1, 823, and 720, respectively. Fig. 5 (b) displays the 
mass spectrum of the NIR laser irradiated α-sexithiophene, 
PCBM mixed sample.  Three additional peaks at m/z 1316.40, 
1646.70 and 1805.73 were observed. The M+ peak with 
maximum peak intensity at m/z 1316.40 (1404-88) as shown 
in Table 2 can be ascribed to the fragmentation of the two –
CH2 groups and methyl ester group (-CO2CH3) from the side 
chain of (2+2) cycloadduct between PCBM and α-
sexithiophene (M+-[(CH2)2 + (-CO2CH3)], 1404-88). The 
peaks at m/z 1646.70 and 1805.73 (Table 2) correspond to the 
fragmentation peaks of the dimerized PCBM resulting from 
the loss of two methyl ester groups and four CH2 groups 
(1820-174), and a CH3 group (1820-15), respectively.  

The NIR laser irradiated photovoltaic devices also 
exhibited improved stability as compared to the control 
sample under ambient condition in the dark. It should be 
noted that no encapsulation was applied to all the solar cells. 
The key photovoltaic parameters for the 15 min NIR laser 
exposed cells and the control device were monitored with 
time up to 500 h. Fig. 6 displays their normalized Jsc, Voc, FF 
and PCE as functions of time.  After 500 h test, only 8% of 
the initial PCE value remained for the control cell. The 
observed decrease in the PCE mainly came from deterioration 
of both Jsc and FF, while the Voc only dropped about 40%. 
However, dramatic improvement in stability for the NIR laser 
treated devices was measured and less than 30% of the 
original efficiency was lost. The stability evaluations for the 
fabricated cells with and without the NIR laser irradiation 
were also carried out to the fabricated organic solar cells at 80 

ºC in dark. The key photovoltaic parameters of the fabricated 
devices as a function of time are shown in Fig. S8 (ESI†). 
Significant differences between the amount of performance 
degradation in the laser irradiated cells and the reference cells 
were observed. For the exposed samples, 88% of Jsc, 89% of 
FF and 95% of Voc were retained after heat treatment at 80 ºC 
for 200 h. The PCE of the exposed samples dropped to 
1.15%, maintaining about 74% of its initial value. The control 
cells stopped working completely after 96 h heat treatment. 
These results clearly indicate that the NIR laser treatment can 
effectively improve the long term stability of the photovoltaic 
devices.  

4. Conclusions 

In summary, the P3HT:PCBM BHJ solar cells exhibited 
enhanced photovoltaic performance and stability when 
exposed to 100 femtosecond NIR laser irradiation. The 
improvement is attributed to the photochemical 
transformations in the active layer. The NIR light 
exposure leads to oligomerization of PCBM which then 
imparts better film morphological stability under thermal 
annealing. Covalent linkage between PCBM and 
thiophene polymer upon the laser irradiation could 
explain the enhancement of Jsc and PCE due to improved 
charge separation.   
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Figures and Tables 

 

Fig. 1 Raman spectra of (a) a pristine PCBM film and (b) a PCBM film after NIR laser irradiation for 15 

minutes. The dash lines were fitted with two Lorentzian functions with peak positions at 1460 cm
-1

 for 

oligomerized PCBM  and at 1465 cm
-1

 for pristine PCBM, respectively. 

Fig. 2 XRD patterns of a P3HT:PCBM film annealed at 130 ºC for 1 h and a P3HT:PCBM film after 15 

min exposure to NIR laser and annealed at 130 ºC for 1 h. 
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Fig. 3 PL spectra of (a) a P3HT film, (b) a P3HT:PCBM film annealed at 130 ºC for 1 h, (c) a 

P3HT:PCBM film after 5 min exposure to NIR laser and annealed at 130 ºC for 1 h, (d) a P3HT:PCBM 

film after 15 min exposure to NIR laser and annealed at 130 ºC for 1 h, and (e) a non-exposed and un-

annealed P3HT:PCBM film.  

 

Fig. 4 J-V characteristics of the BHJ-OSCs without (filled squares) and with 5 min (filled circles), 10 min 

(filled triangles), and 15 min (filled inverted triangles) exposure to NIR laser pulses. 
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Fig. 5 MALDI-TOF spectra of the (a) α-sexithiophene:PCBM blend sample and(b) α-sexithiophene:PCBM blend 

sample after exposure to NIR laser irradiation. 
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Tables 

 

Table 1. OSC performance  characteristics.  

Sample Jsc 
(mA/cm

2
) 

 

Voc 
(V) 

 

FF 
(%) 

 

Eff. 
(%) 

 

Rseries 
(ohm/cm

2
) 

 

Rshunt 
(ohm/cm

2
) 

 

Control 6.9±0.07 0.586±0.03 48.3±0.03 1.97±.01  25.3±0.8 382±8 

5 minutes 8.37±0.04 0.596±0.02 53.4±0.02 2.68±.01  25.2±0.8 532±9 

10 minutes 8.49±0.04 0.601±0.02 54.1±0.02 2.79±0.2  21.9±0.9 510±9 

15 minutes 8.68±0.05 0.606±0.02 54.8±0.02 2.90±0.1  19.3±0.8 490±9 

The photovoltaic parameters were the average of four devices in the same batch. Short-circuit current 

density, open-circuit voltage, fill factor, power conversion efficiency, series and shunt resistance were 

derived from the J-V curves in Fig. 4. 

 

Fig. 6. Stability evaluation of the 15 min NIR laser exposed solar cell as compared to the 

control cell under ambient condition. 
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Table 2. Structural assignment of peaks observed in MALDI-TOF mass spectra. 

 

 

 

 

Chemical 

structures of 

Possible 

Chemical 

fragments 

O

OCH3

S
**
6  

CH2

S
**
6  

 

O

H
3
C
O

O

O

Theoretical 

(m/z) 
1404 1316 1646 1805 

Observed 

MALDI-TOF 

(m/z) 

1404 1316.448 1646.702 1805.731 
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