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� New approach to efficiently enhancing 
the organic solar cell efficiency. 
� Combination of plasmonic and F€orster 

Resonance Energy Transfer (FRET) 
effect. 
� First demonstration of plasmonic effect 

in multicomponent organic solar cell 
devices. 
� Optical and electrical demonstrations of 

the energy relay between light active 
components. 
� Positive correlation of increased number 

of free carriers and photovoltaic 
efficiency.  
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A B S T R A C T   

Here, we combine two strategies i.e., F€orster resonance energy transfer and plasmonic effect, to enhance the 
photovoltaic performance in organic solar cells by introducing gold nanoparticles and squaraine in a binary 
mixture of poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester. In this configuration, the F€orster 
resonance energy transfer between poly(3-hexylthiophene) and squaraine reduces the electrical loss arising from 
the exciton recombination in poly(3-hexylthiophene), while gold nanoparticles enable an efficient charge carrier 
generation in poly(3-hexylthiophene):squaraine mixture as optically confirmed by photoluminescence mea-
surement and transient absorption spectroscopy. The multicomponent organic solar cells demonstrate an 
enhancement of ~36% in power conversion efficiency over the reference device.   
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1. Introduction 

Diverse approaches have been employed to date to achieve high 
power conversion efficiency (PCE) in organic solar cell (OSC) devices 
and they can be summarized as follows [1–4]: 1) a new polymer design 
with tunable highest occupied molecular orbital and lowest unoccupied 
molecular orbital (HOMO-LUMO) levels to increase the value of open 
circuit voltage (VOC); 2) work function engineering of transport layers to 
improve the charge transfer at the interfaces, followed by an increase in 
the values of short circuit current (JSC) and fill factor (FF); 3) the 
development of low-band gap polymers which extends the absorption 
window of solar spectrum to near infrared (NIR) region; and 4) the 
incorporation of multiple organic semiconductors in an active layer to 
realize the panchromatic sensitization as an approach for a higher value 
of JSC. 

Along with the aforementioned strategies, researchers have devel-
oped clever ways to manipulate light in photovoltaic devices by 
embedding plasmonic nanostructures in an active layer of OSCs [5–8]. 
The coupling between incident photons and the collectively oscillating 
electrons in colloidal plasmonic nanoparticles (NPs) generated highly 
energetic local electric field on the surface, acting as a light concentrator 
in the solar cell device. This near-field was sufficient to change the ab-
sorption and emission properties of organic sensitizers when they come 
close [9–15]. In addition, this plasmonic energy was efficiently trans-
ferred to the organic sensitizers within the decay length of the near-field 
in the presence of spectral overlap between plasmonic NPs and organic 
sensitizers. It significantly enhanced the number of charge carriers 
generated in OSC devices [5,16]. 

The reduction of recombination loss which resulted from a large 
binding energy of excitons in organic semiconductors has been also 
considered to ultimately achieve a high PCE [1,17]. Taylor et al. have 
reported that squaraine (SQ) molecules incorporated in conventional 
poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT: 
PCBM) binary bulk heterojunction solar cells generated extra excitons 
via F€orster resonance energy transfer (FRET) [18]. Since FRET is a 
mechanism of a non-radiative energy transport between a pair of donor 
and acceptor fluorophores placed in close proximity within ~10 nm and 
the FRET efficiency is primarily governed by the spectral overlap 

between donor and acceptor materials [19], the excitation of SQ by the 
emission from P3HT resulted in the improvement in PCE by up to ~38% 
over the reference device due to the increase in JSC and FF values. 

Herein, we boost the light utilization in OSCs by combining the FRET 
and plasmonic effect. To this end, SQ and Au NPs were simultaneously 
incorporated into the binary mixture of P3HT:PCBM layer as depicted in 
Fig. 1a. In this scheme (Fig. 1b), SQ dyes generate extra charge carriers 
in the device via FRET and plasmonic nanostructures enhance the 
photoconversion into free charge carriers in P3HT:SQ via multiple 
plasmonic effect including near-field enhancement, plasmon resonant 
energy transfer and plasmonic hot carrier injection. It led to an 
enhancement of ~36% in PCE of a multicomponent OSC device over the 
reference device. 

2. Experimental section 

2.1. Synthesis of Au NPs 

Au NPs were synthesized as follows [20]. First, Au precursor solution 
was prepared by dissolving 50 mg of HAuCl4 in the mixture of 1 mL 
toluene and 1.2 mL oleylamine (OA). When the mixture solution of 
49 mL toluene and 2.9 mL OA started boiling, the Au precursor was 
injected to the solution and it remained for 2 h at the same temperature 
with a vigorous stirring. After cooling down, 15 mL of Au NP solution 
was mixed with 30 mL of methanol. The precipitated Au NPs were 
washed with methanol three times by centrifugation and then dried 
completely before use. Finally, Au NPs were redispersed into 1 mL of 
anhydrous 1,2-dichlorobenzene (DCB). 

2.2. Preparation of binary, ternary or quaternary active materials 

For binary active material (P3HT:PCBM), 15 mg of P3HT and 15 mg 
of PCBM were mixed in 1 mL of DCB for 3 h at 70 �C. For ternary mixture 
(P3HT:PCBM:SQ), 2 mg of SQ was separately stirred vigorously in 1 mL 
of DCB at least for 6 h and the solutions of SQ and P3HT:PCBM were 
mixed inside the N2 gas purged glove box with a ratio of 10:90 (w/w). 
For quaternary system (P3HT:PCBM:SQ:Au), 2 μL of Au NP dispersion in 
DCB was added to P3HT:PCBM:SQ solution in the glove box. In order to 

Fig. 1. (a) Schematic illustration of an OSC device with a blend film of P3HT:PCBM with additional SQ molecules and Au NPs. TEM image of Au NPs is presented on 
the left side. (b) Working mechanism of plasmonic FRET OSCs. (c) Chemical structures of P3HT, PCBM and SQ. (d) Cross-sectional SEM image of a plasmonic FRET 
OSC device. 
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obtain the same film thicknesses, we adjusted the solution concentration 
of all the active materials to be equal to quaternary solution by adding a 
portion of DCB to binary or ternary mixtures. 

2.3. Preparation of active material thin films for optical measurement 

Since PCBM rapidly accepts charge carriers from P3HT and reduces 
the photoluminescence (PL) intensity as well as transient absorption 
spectroscopy (TAS) signals of P3HT, it was excluded from the samples 
for optical measurement. Thus, solutions of neat P3HT, P3HT:Au, P3HT: 
SQ and P3HT:SQ:Au were prepared and spin-coated on glass or quartz 
substrates. The mixing protocols for P3HT, P3HT:SQ and P3HT:SQ:Au 
were same with that described in 2.2. but without PCBM. For P3HT:Au 
case, 2 μL of Au NP dispersion in DCB was added to P3HT solution and 
stirred for 2 h before spin-coating. 

2.4. OSC fabrication 

Indium tin oxide (ITO) substrates were sequentially cleaned in 
acetone and isopropanol in a sonication bath, and then with the fume of 
boiling isopropanol. ZnO sol-gel solution was prepared by mixing 0.1 g 
of zinc acetate, 10 mL of 2-methoxyethanol and 0.28 mL of ethanol-
amine. The mixture was stirred for 24 h. After the oxygen plasma 
treatment, 200 μL of ZnO sol-gel solution was dropped onto 2.5 cm ⅹ 
2.5 cm patterned ITO substrate and then spin-coated at 2400 rpm for 
60s, followed by thermal annealing at 150 �C for 1 h. Binary, ternary and 
quaternary solutions of active material were spin-coated at 500 rpm for 
5s and at 900 rpm for 5s in N2 purged glove box onto the ZnO coated ITO 
substrates. After that, the active layers were naturally dried and thermal- 
annealed on a hot plate at 150 �C for 20 min. Finally, MoO3 and Ag 
layers were thermally evaporated. The active cell area of the OSC de-
vices was 0.06 cm2. 

2.5. Instruments and characterization 

Tapping mode atomic force microscopy (AFM) images were obtained 
by Veeco D3100. Scanning electron microscope (SEM) and transmission 
electron microscopy (TEM) measurements were performed using JEOL 
JSM-6700F and JEOL JSM-2100-F, respectively. Absorption and emis-
sion properties of active materials were investigated by Cary 5000, 
Varian, Inc. and LS55, PerkinElmer, respectively. Femtosecond pump- 
probe TAS system was composed of a transient absorption spectrom-
eter (Ultrafast Systems, Helios) and a regenerative amplified Ti:sapphire 
laser (Spectra-Physics, Solstice). More details on TAS measurement can 
be found in our previous reports [21,22]. The wavelength and intensity 
of the pump laser were 400 nm and 0.2 W, respectively. The transient 
absorption spectra were recorded at RT as a function of time from ~5 to 

100 ps. The current density-voltage (J–V) profiles were measured under 
AM 1.5G illumination at 100 mW/cm2 using Keithley 2400 solar cell I–V 
measurement system. 

3. Results and discussion 

3.1. Major components in OSC devices 

In this study, Au nanospheres with a size of 8.41 � 2.15 nm were 
synthesized in toluene and redispersed in DCB (TEM image in Fig. 1a). 
The molecular structures of P3HT, PCBM and SQ are displayed in Fig. 1c. 
The device configuration was confirmed by cross-sectional SEM image in 
Fig. 1d. The thickness of ZnO, active material and MoO3/Ag layers was 
approximately ~40 nm, ~300 nm and ~200 nm, respectively. 

3.2. Optical properties of active materials in OSC devices 

The optical properties of Au NPs, P3HT and SQ were characterized 
by UV–Vis spectrometer and Fig. 2a shows that Au NP dispersion in DCB 
exhibited a localized surface plasmon resonance (LSPR) band with the 
maximum peak at 533 nm (pink line), which is well matched with the 
absorption band of P3HT (black line). This implies that Au NPs would 
efficiently modulate the optical properties of P3HT. 

Steady-state PL spectra in Fig. 2b was obtained under the excitation 
wavelength of 525 nm to monitor the change in the emission properties 
of P3HT and neat P3HT film exhibited PL peaks over 600–800 nm as 
shown in Fig. 2b (black line). In our case, the absorption band of SQ at 
640 nm (blue line in Fig. 2a) is well matched with the emission band of 
P3HT and the excitation of SQ by the recombination loss caused by 
P3HT via FRET is highly expected. Indeed, large decrease in PL intensity 
was observed for P3HT:SQ films (Fig. 2b, blue line) presumably due to 
FRET from P3HT to SQ [18]. PL measurement also reveals that the 
incorporation of Au NPs in P3HT film significantly increased the PL 
intensity of P3HT by up to 55.8% (Fig. 2b, green line) and the PL in-
tensity was also enhanced by up to 19% when Au NPs were embedded 
into a FRET pair, i.e., P3HT:SQ blend (Fig. 2, pink line). It indicates that 
plasmonic effect appeared not only in neat P3HT film but also in P3HT: 
SQ blend system. It has been reported that the dipole-dipole coupling 
between Au NPs and P3HT gives the same effect with the photoexcita-
tion in the high power regime and creates more charge carriers useful for 
the enhancement of photocurrent [9–14]. Thus, the enhancement of PL 
intensity after the incorporation of Au NPs can be understood by the 
increased number of charge carriers in active layers [13,23,24]. 

3.3. Monitoring of the photo-induced charge carriers in P3HT by TAS 

Femtosecond pump-probe TAS measurement was conducted to 

Fig. 2. (a) Normalized absorption spectra of P3HT thin film, Au NPs and SQ. (b) PL spectra of thin layers of P3HT, P3HT:Au, P3HT:SQ and P3HT:SQ:Au.  
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specifically monitor the formation of photo-induced charge carriers in 
P3HT. Pump wavelength was fixed at 400 nm and the intensity of pump 
laser was set at 0.2 W to avoid the direct formation of polarons (P) from 
hot-excitons [21,22]. TAS data for all samples are summarized in the 
Supplementary Information (Fig. S1-4 and Table S1-4). 

The optical density (ΔOD) for singlet excitons (S), polaron pairs (PP) 
and polarons (P) from TA spectra were extracted on the basis of a curve- 
fitting analysis. The decay times for S and PP were obtained from 
Equation (1), 

ΔOD ¼
Xn

i¼1
Ai exp

�

�
t
τi

�

(1)  

where Ai and τi are pre-exponential factor and time constant for the ith 
decay process, and n is the number of decays involved. Similarly, the rise 
time for P was obtained from Equation (2), 

ΔOD¼
Xn

i¼1

�

� Ai exp
�

�
t
τi

��

þ b (2)  

where b is an asymptotic ΔOD value at 50 ps. The average decay or rise 
time (τave) was given by Equation (3), 

τave ¼
Xn

i¼1
Aiτi (3) 

The details on analyses are also described in the Supplementary 
Information. 

We found that Au NPs in the P3HT and P3HT:SQ layer rarely affected 
the initial ΔOD value at the time of 0 as well as the decay of S 
(τave(S)P3HT and τave(S)P3HT:AuNP: 17 and 15 ps, respectively) as shown in 
the time dependence of ΔOD for S of Fig. 3a. Although our result indi-
cated that the inclusion of Au NPs in P3HT and P3HT:SQ did not 
contribute to the increase in the number density of S at 1100 nm, 
Figs. S1a–4a and Figs. S1c–4c show that ΔOD for PP at 650 nm was 
apparently increased in the presence of Au NPs as confirmed with TAS 
by other groups as well [25,26]. In addition, ΔOD for P at 1000 nm was 
remarkably increased by incorporating Au NPs in P3HT and P3HT:SQ 
(Fig. 3b) and the magnitude of P at the time of 0 was much higher in 
P3HT and P3HT:SQ with Au NPs than those without Au NPs 
(Figs. S1b–4b). This points out that Au NPs in P3HT and P3HT:SQ acted 
as a promoter to generate free charge carriers rather than being traps to 
facilitate the recombination [25,27]. 

Although plasmon resonant energy transfer would be the dominant 
factor to affect the yield of S, PP and P rather than plasmonic hot carrier 
injection in our case when considering the unfavorable geometry of Au 
NPs [28], it can be plausible to take into account of the contribution of 
plasmonic hot carriers to interpret the unexpected increase in P in P3HT 
or P3HT:SQ. Plasmonic hot carriers such as hot electrons and holes are 
created by the plasmon excitation and they can be transferred to an 

adjacent medium such as metal oxides, organic molecules and P3HT 
within 100 fs time scale [28–33]. In most cases, hot electrons with a 
higher energy above the height of Schottky barrier are moved from 
metal to the conduction band of semiconductors at the interface. How-
ever, Xiang et al. found that hot electrons were directly transferred from 
the Fermi level of Au to the LUMO of P3HT and separated into free 
charge carriers within ~150 fs when P3HT solution was spin-coated on 
Au substrate [30]. Strein et al. also confirmed that the transfer of hot 
holes from PbS to P3HT increased the photoinduced absorption (PIA) 
signal which corresponds to P at the sub-ps time scale [33]. In addition, 
Reineck et al. demonstrated that plasmonic hot carriers were transferred 
by tunnelling from Au NPs to TiO2 across SiO2 with a thickness of 
2–4 nm and it apparently contributed to the photocurrent in 
dye-sensitized solar cells [34]. The Au@SiO2@TiO2 system in the pre-
vious study is quite similar to our P3HT:Au or P3HT:SQ:Au, which are 
spaced by OA with the length of alkyl chains of ~2 nm [35,36] between 
Au NPs and polymers. All the above findings from TAS results in Fig. 3b 
led us to conclude that hot electron injection from Au NPs to P3HT or 
P3HT:SQ as well as plasmon resonant energy transfer between the light 
active components resulted in the remarkable increase in P. 

Fig. 3a also reveals that the initial ΔOD value at the time of 0 was 
insensitive to the addition of SQ into P3HT. This implies that the initial S 
concentration of P3HT right after the excitation process was not asso-
ciated with the inclusion of SQ. However, the S decay was accelerated by 
SQ and the τave(S)P3HT:SQ value was decreased from 17 to 8 ps, which is 
most likely that the energy transfer from P3HT to SQ via FRET is related 
to the event. Although Au NPs were present in P3HT:SQ, the S decay was 
slightly decreased (5.6 ps), indicating that Au NP does not apparently 
impact on FRET from P3HT to SQ, unlike the situations observed in 
previous studies [37,38]. However, τ(P) became smaller when Au NPs or 
SQ were added into the system as shown in Fig. 3b. The smallest value 
was obtained in the presence of both Au NPs and SQ in P3HT. These 
results make it clear that the formation of photo-induced charge carriers 
in P3HT is synergistically enhanced by the combination of FRET and 
plasmonic effect. 

3.4. Solar cell performances 

As shown in Fig. 4, J-V profiles were obtained from OSC devices 
including a thin layer of P3HT:PCBM, P3HT:PCBM:SQ or P3HT:PCBM: 
SQ:Au as an active layer and the observed photovoltaic parameters are 
summarized in the inset table in Fig. 4. Compared with a typical P3HT: 
PCBM binary case, an OSC device with ternary blend system (P3HT: 
PCBM:SQ) exhibited a higher PCE value by 12.6% due to the enhance-
ment of JSC. Surprisingly, the introduction of Au NPs into P3HT:PCBM: 
SQ resulted in a significant enhancement in JSC and FF values. As a 
result, the PCE value of quaternary OSC device exhibited the maximum 
enhancement of 20.7 and 36% compared with ternary and binary OSC 
devices, respectively. This clearly demonstrates that the optical gain in 

Fig. 3. Time dependence of ΔOD for (a) S and (b) P in P3HT, P3HT:Au, P3HT:SQ and P3HT:SQ:Au. Symbols and solid lines denote experimental data and the fitting 
results, respectively. 
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P3HT by plasmonic effect contributed to the number of charge carriers 
converted into PCE of OSC devices. 

Other than FRET effect, broadband absorption due to the inclusion of 
two different organic sensitizers might be one possible explanation for 
the enhancement of PCE in ternary system [2,18]. In this study, we 
incorporated both P3HT and SQ in one device. Thus, the absorption 
range of the ternary OSC device was extended to ~700 nm. That resulted 
in a better photon harvesting in the OSC device, leading to an 
improvement of JSC value [2,18]. In addition, based on the LUMO levels 
of P3HT, SQ and PCBM which correspond to approximately 3, 3.5 and 
4 eV, a better electron transfer from P3HT to PCBM could be achieved 
after the incorporation of SQ, generating a cascade type of energy band 
alignment [2,18]. This also can contribute to higher JSC and FF values. 
VOC value is defined as an energy gap between HOMO and LUMO levels 
of organic sensitizers and fullerene derivatives, respectively. The HOMO 
level of SQ is located in between that of P3HT and PCBM [18,39]. It 
accounts for a slight increase in VOC of FRET OSC device over the 
reference value. Fig. S5 shows the AFM images of P3HT, P3HT:SQ and 
P3HT:SQ:Au films. The values of root-mean-square (RMS) roughness 
were obtained from the height images and they are summarized in 
Table S5. Neat P3HT film exhibited the highest RMS value and it was 
decreased after the incorporation of SQ into P3HT but a bit increased by 
Au NPs. It is well known that smoother film is advantageous for the 
charge transfer at the interface between the active layer and electrodes 
[40]. The alteration in the surface morphology can be another factor to 
enhance the PCE of ternary and quaternary OSCs over the reference 
device. 

The enhancement of PCE by up to ~36% in plasmonic FRET OSC 
device is quite noticeable when we consider that the improvement of 
PCE values by plasmonic effect in conventional binary OSC devices has 
been limited to a level of ~20% [5]. This observation again confirms 
that our approach to combining FRET and plasmonic effect in one device 
has a positive impact on solar cell performance. 

4. Conclusion 

Our approach to improving the PCE by exploiting both plasmonic 
and FRET effect demonstrated its feasibility in OSCs. As confirmed by 
PL, TAS and photovoltaic performances, FRET occurred in between 
P3HT and SQ and Au NPs boosted the number of free charge carriers in 
FRET OSC device. Further improvement in PCE may be achievable by 
incorporating plasmonic nanostructures with different composition, 
shape and size because such parameters can tune the optical properties 
of plasmonic nanostructures and manipulate the solar-to-electrical 

conversion efficiency of OSC devices. 
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