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ABSTRACT

This presentation aims to review the recent progress and future aspects of organic
solar cells. Different device structures will be proposed for efficient light harvesting and
their advancements will be discussed. First, this presentation presents interfacial layers
used in organic photovoltaic devices to improve their power conversion efficiencies and
long term stability. The second part of the presentation focuses on positive effects of
shape controlled Au and Ag nanoparticles in organic P3HT/PC7;,BM, PCDTBT/PC7,BM,
Si-PCPDTBT/PC70BM bulk hetero junction—based photovoltaic devices. The use of an
optimized shapes and concentration of Au and Ag nanomaterials in the bulk-hetero
junction film increases Jsc, FF, and the IPCE. In the third part of the presentation, | will
present several nanostructured interfaces that are located between an electrode and a
photoactive layer to efficiently extract charge carriers from the active layer.
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1. INTRODUCTION

Donor-acceptor bulk heterojunction (BHJ) photovoltaic cells with large surface areas
can be fabricated by roll-to-roll manufacturing methods.[1-5] Owing to the relatively low
mobility of BHJ materials, there is competition between the sweep-out time of the
generated charge carriers by the built-in potential and recombination of the carriers
within the BHJ active layer.[6-7] It is need to increase the absorption at the BHJ without
the film thickness increasing. Metal nanoparticles (Au and Ag) exhibit localized surface
plasmon resonances (LSPR) property that couple highly related to the incident light.
Additionally, quite large metallic nanoparticles from ~ 30 nm to ~ 80 nm can efficiently
scatter and reflect the light and, therefore enhancing the optical pathway within the BHJ
layer. Until now, most researchers adapted the metal nanoparticles at the interface of
the anode and the active layer or embedded them to the poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) buffer layer.[8] While
direct mixing of metal nanoparticles in an BHJ layer would be positive because, it will
bring about decrease the cell resistivity and affect the improved light absorption.

2. PROPOSED DEVICE STRUCTURE, RESULTS AND DISCUSSION
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Fig. 1 Photovoltaic materials structures (donors: PCDTBT, Si-PCPDTBT, P3HT;
acceptor: PC7oBM); a schematic of solar cells; and SEM image of truncated octahedral
Au NPs (~ 70 nm) and Ag NPs (~ 40 nm).['"- 12 © 2011 Wiley-VCH.
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Fig. 1. shows the PCDTBT, Si-PCPDTBT, P3HT, and PC;,BM molecular structures,
sequential cell structures, and the SEM image of synthesized truncated octahedral Au
NPs (~ 70 nm) and Ag NPs (~ 40 nm). The shape and size of the NPs is closely related
to the concentration of the solution mixture, the solvent, reaction time, and the
temperature.[9]

Here, we suggest that the Au NPs and Ag NPs can act as an effective “optical reflector”
for solar light when they embedded in BHJ active layer. The multiple reflections can
cause the incident light to go through the active layer several times.[10-12]
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Fig. 2 J-V curves of cells with BHJ (plain) or BHJ with 5 wt% Au NPs depending on
materials a) P3HT/PC7zBM BHJ (ca. 220 nm), b) PCDTBT/PC7,BM BHJ (ca. 120 nm),
c) Si-PCPDTBT/PC70BM BHJ (ca. 150 nm). d) J-V curves of devices with the plain
PCDTBT/PC7BM BHJ and the BHJ with 40nm Ag NPs from a ratio of 1 wt%.!""""? ©
2011 Wiley-VCH.

Fig. 2. (a)—-(d) shows the photocurrent—voltage (J-V) curves of polymer solar cells
with the optimized ratio of 5 wt% of Au NPs and 1 wt% of Ag NPs depending on the
different donor-acceptor materials. The P3HT/PC7,BM BHJ device with Au NPs exhibits
a power conversion efficiency (PCE) of 4.36% (Voc=0.63 V, short-circuit current:
Jsc=11.18 mA/cm?, fill factor: FF=0.61). The PCDTBT/PC7,BM cell with 5 wt% of Au
NPs has a PCE of 6.45% (Voc=0.89 V, Jsc=11.16 mA/cm? and FF=0.65); the Si-
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PCPDTBT/PCoBM cell has a PCE of 4.54% (Voc= 0.57 V, Jsc=13.13 mA/cm?, and
FF=0.61). In case of Fig. 2(d), the Ag NPs embedded solar cells showed improved
PCE of 7.1% with critically enhanced Jsc of 11.16 mA/cm?, and FF of 0.69 with reduced
series resistance of 1.37 Q cm?.
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Fig. 3 a) Diffuse reflectance spectra of the solar cells with P3HT/PC7,BM BHJ (black)
and a 5 wt% Au NPs embedded P3HT/PC;oBM BHJ (red). b) UV visible spectra of the
PCDTBT/PC7,BM plain BHJ and the BHJ with 40 nm-sized NPs (1 wt%). The inset
figures reveals the light trapping and scattering.l"'"'? © 2011 Wiley-VCH.

Fig. 3(a) shows diffuse reflectance spectra of the polymer solar cells with and without
Au NPs in P3HT/PC7oBM BHJ active layer. The lower reflectivity of the BHJ embedded
Au NPs indicates much higher absorption of the incident light (at around 300 nm to 800
nm). A BHJ with Ag NPs has also higher absorption property because it can scatter the
incident light. The light scattering resembles the absorption shown in Fig. 3(b). Thus,
the PCDTBT/PC7,BM BHJ with 40 nm NPs (1 wt%) have larger optical absorbance
than the BHJ without Ag NPs.

Fig. 4(a) shows the UPS results for plain P3HT/PC70BM and P3HT/PC7,BM with Au
NPs, using reference substrate of ITO (black). Analysis of the secondary electron cutoff
region in Fig. 4(a) and (b) (14-18 eV) will bring about extract the shift in the vacuum
energy level (Evac); the shift of E s is an analysis for the magnitude of the interfacial
dipole (A).[13-17] The HOMO energy (Exomo) can be decided by low binding energy
region through 0 to 3 eV. The hole injection barrier ([},) is different energy between the
Ernomo and zero binding energy relative to the ITO work function from Fig. 4(b), [h
=0.45 eV for P3HT/PC7oBM. Therefore, the embedding of Au NPs can decrease [}, up
to 0.1 eV. The smaller [}, can induce a hole transfer efficiently from the HOMO of P3HT
to the ITO; cascade hole extraction can also decrease the possibility of hole/electron
charge carrier recombination, which can result to improved Voc. Moreover, the series
resistances decrease from 1.86 Qcm? (without Au) to 1.49 Qcm? (with Au) for
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PCDTBT/PC7BM and from 2.54 Qcm? (without Au) to 2.18 Qcm? (with Au) for Si-
PCPDTBT/PC7oBM.
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Fig. 4 a) UPS spectra; b) Energy band diagrams of P3HT/PCBM (blue), P3HT/PCBM
with Au NPs (red curve), and an ITO (black curve). (Evac : vacuum level, Eg : Fermi level,
A: interfacial dipole, [, : hole-injection barrier); ¢c) SEM image of high resolution images
of the BHJ with Ag NPs; d) EQE enhancement spectra of the devices from BHJ with 40
nm-sized NPs. The inset figure shows measured EQE of the BHJ with and without Ag
NPs. "2 © 2011 Wiley-VCH.

SEM image of Fig. 4(c) showed that the distributed Ag NPs are located on the top of
the BHJ active layer and it also reveals well mixed between Ag NPs and BHJ.
Furthermore, to analyze the reason for the enhanced Js , the incident photon-to-current
efficiency (IPCE) spectra of the BHJ with and without 40 nm Ag NPs in the BHJ (1 wt%)
was measured. The inset figure showed the BHJ embedded Ag NPs can reach to 75%
at 450 nm. Moreover, EQE enhancement is observed from 350 nm to 550 nm for the
BHJ blended with Ag NPs. The EQE improvements can be caused by the effect of Ag
NPs in the BHJ devices.
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CONCLUSION

In conclusion, we have demonstrated several positive effects of metal nanoparticles
(NPs) of Au NPs and Ag NPs in polymer solar cells based on P3HT/PC;,BM,
PCDTBT/PC7BM, Si-PCPDTBT/PC7,oBM BHJ. The Au NPs and Ag NPs were
synthesized by simple method of solution chemistry with well controlled size and shape.
The use of NPs with an optimized concentration of the BHJ increases the Jsc, the FF,
and the IPCE. These enhancement results from a combination of increased light
absorption and the light scattering of Au and Ag metal NPs in the BHJ. Furthermore,
the improved charge transport characteristics can reduce the cell series resistance.
Finally, embedding of Au NPs for P3HT/PC7,BM, the PCE increased from 3.54% to
4.36%; for PCDTBT/PC7;oBM, the PCE increased from 5.77% to 6.45%, and for Si-
PCPDTBT/PC70BM, the PCE increased from 3.92% to 4.54%. The PCDTBT/PC;,BM
BHJ solar cells with Ag NPs also increased the PCE from 6.3% to 7.1%.
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