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One of the major technology bottlenecks of polymer photovoltaic cells is the low photoinduced
current, due to the low carrier mobility and short exciton migration distance. In this letter we
demonstrated that the electric current for polymer PV cells can be significantly enhanced by adding
a small amount of ionic solid electrolyte. Heterojunction polymer photovoltaic devices, consisting
of poly[2-methoxy-5-(2-ethyl-hexyoxy-1,4-phenylene vinylede (MEH-PPV) Cgq and/or
methanofulleren§6,6]-phenyl C61-butyric acid methyl esigPCBM) as the active materials, were
fabricated. It has been found that the power efficiency of the organic was enhanced by blending
ionic solid electrolyte, such as polyethylene oxide into the active layer. It is believed that the
optimized polymer morphology, the improved electrical conductivity, andrtiséu photodoping of
MEH-PPV contribute to this enhancement of photovoltaic efficiency2@4 American Institute of
Physics. [DOI: 10.1063/1.1710712

Since the discovery of photoinduced charge transfer bea transparent anodéndium—tin—oxide(ITO)] and a metal
tween organic donors and acceptors, great effort has beaathode. The active material is an admixture of pply
devoted to explore these materials for photovoltaicmethoxy-5-(2-ethyl-hexyloxy-1,4-phenylene vinylere
applications:~3 Plastic photovoltaic devices are now consid- (MEH-PPV, ap-type polyme}, and G (an n-type electron
ered as promising and renewable energy source as the alt@eceptoy or methanofullerenéphenyl C61-butyric acid me-
native of the inorganic counterpaftspr example, silicon thyl estej (PCBM). The chemical structures of the materials
photovoltaic cell It is anticipated that plastic solar cells used in this work are shown in Fig. 1. The ITO glass sub-
have the advantage of mechanical flexibility, lightweight andstrates were cleaned by ultrasonic cleaner with the sequential
lower fabrication cost for larger area deviceldowever, the —treatments using detergent, deionized water, acetone, and iso-
efficiency of current organic solar cells is still low for prac- propanol, respectively. The cleaned ITO surface was then
tical application. The performance of polymer solar cells ismodified by spin coating of 80 nm PEDOT:P&Saytron® P
limited by several factors, such as the short exciton migraVP Al 4083). A MEH-PPV and G, (or PCBM) premixing
tion length, wide band gap of conjugated polymers, and lowsolution was then spin coated from 1,2-dichlorobenzene on
carrier mobility. For example, typical exciton diffusion the prepared substrates. The cathodes of devices, consisting
length is in the range of 5 nm, which is far shorter than theof 500 A of Ca and 1000 A of Al, were thermally deposited
device thickness~50 nm) > The wide energy band gap of on the top of fims at~10 ° Torr. The active area of the
the polymers also misses the infrared portion of sunlightdevice is 0.12 crh The current-voltagel V) curves were
Finally, the charge carrier mobility of organic materials is obtained by a Keithley 2400 source-measure unit. The pho-
low, and as a result, the poor conductivity of organic thintocurrent was measured under illumination by a solar simu-
films significantly cuts down the power efficiency. In the lator [Thermo-Oriel 150 W solar simulatdAM1.5G)]. All
letter, we will present a way to improve the power efficiencydevices were fabricated and tested in a nitrogen environment.
of polymer solar cells by adding a very small amount of Other experimental details could be found in Ref. 7.
polymer electrolyte to the active polymer layer. It has been  More than 24 polymer PV cells have been fabricated and
found in our laboratory that the power efficiency of organictested, and the results are very reproducible with tygiea
photovoltaic devices was enhanced by blending ionic soli¢curves shown in Fig. 2. Figure 2 shows theV character of
electrolyte, such as polyethylene oxidREO and LICRSO;  the device with MEH-PPV and & (MEH-PPV:.Gy=3:1
into the active layer. The proposed mechanism of this obser-
vation is also discussed.

The highest power conversion efficiency of polymer
photovoltaic devices reported so far is based on the hetero
geneougp-n junction® The bulk heterojunction not only pro-
vides high surface contacts for charge separation, but also a

. . - . \
interpenetrating network for efficient charge separation and\g A
transporf The polymer photovoltaic device in this study Hsco
consists of a layer of polymer thin film sandwiched between

PCBM Ceo MEH-PPV
dElectronic mail: yangy@ucla.edu FIG. 1. Chemical structure of the materials used in this study.
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FIG. 2. 1-V curves of PV devices. The photoactive layers con&ist
MEH-PPV:Gy=3:1, (b) MEH-PPV:Gy:PEO:LICRS0;=3:1:0.25:0.05.
A 100 mW/cnf AM 1.5 G solar simulating light was illuminated from de-
vice anodes.

FIG. 3. 1=V curves of PV devices. The photoactive layers consist
MEH-PPV:PCMB=1:4 (solid line) or MEH-PPV:PCMB:PEO:LICESO;
=1:4:0.08:0.02dashed ling A 100 mW/cnt AM 1.5 G solar simulating
light was illuminated from device anodes.

weight ratio as the active layer under 100 mW/&AM1.5G  result of better electron transportation and collection effi-
illumination. The open circuit voltage(,) and short circuit ciencies due to the much higher amount gf, @oieties in
current () were 0.88 V and 3.7 mA/ct respectively. The the active layer. The resulting power conversion efficiency is
fill factor (FF), which is defined as (§so/(Vilm), was — 2.2%. When PEO and LiGSO; were added into this active
0.26 (V,, andl , are the voltage and the current density at thelayer, where the weight ratio of the active polymer layer is
maximum power output, respectiv@ijhe power conver- MEH-PPVZPCBMZPEOZUCESQZ12420.0820.02, it can be
sion efficiency was calculated as 0.8%. When PEO an@learly seen that the increased to 6.8 mA/cf(Fig. 3. As
LICF;SO; were added into this active layer, where the@ result, the output power conversion efficiency was im-
weight ratio of the active polymer layer is MEH-PPV: Proved to 2.5%.

Ceo: PEO:LICRS0;=3:1:0.25:0.05, it can be clearly seen Figure 4 shows the photocurrent response of the device
that thel .. increased to 4.7 mA/ct(Fig. 2). Meanwhile, the under short circuit condition. The photocurrent was rather
FF increased to 0.38. Although thé,. decreased to 0.75 V, stable under the illumination. Hence, it is likely the elec-
the resulting power efficiency increased to 1.3%. Howeverlronic current, not the ionic current, is the dominant current
when more polymer electrolyte was added, it was found tha®f our PV device. It is known that the motions of ions are
the performance decreased. This is probably due to the sefpuch slower_than electrons in organic thin filfhi$ the ionic

ous phase separation between MEH-PPV and polymer ele€urrent contributes to the photocurrent, the response of the
trolyte, which has been suggested as the main reason whidotocurrent should be slow and the current should decrease

causes the deterioration of polymer devites. and reach equilibrium overtime.

The dcl-V measurementFig. 2) was examined both
from +2 to —2V and from—2 to +2 V. Both scans show 10 — . 1 — {
the samd —V characteristics, and no apparent hysteresis was light on light on
observed. In the past, it has been reported that the low mo . ‘L Y -
bility of the ions in polymer thin film results in significant ~__ A
|-V hysteresi§.0ur | -V scans rule out the contribution of <éi o1 | light off 4
the movement of ions to the photocurrent, hence the contri-=
bution of ionic current to our PV device is insignificant. S

When G, was replaced with PCBM as the electron ac- £ %' | i
ceptors, similar enhancement of device performance was ob§
served. PCBM has much higher solubility in common or- @ 0001 ~ 7
ganic solvent than that ofgg. When a much higher amount -
of PCBM respective to MEH-PPV was used, it is much  0.0001 - .
easier to establish electron conduction channel in the organic ||
thin films2 Consequently, the PCMB photovoltaic cells usu- 108 T L L | L
ally have higher efficiency than PV device using purg.C 0 2 4 6 8 10
Figure 3 shows thé-V curve of the device with MEH-PPV Time (min)

and PCBM (MEH-PPV:PCBM 1:4 weight ratig as the ac-
tive |ayer_ TheVOC andl are 0.87 V and 5.7 mA/ct re- FIG. 4. Photocurrent responses of the PV device consisting a photoactive

. . . . olymer layer with polymer blended with electrolytéhe weight
spectively. The FF is 0.44. Compared with the device baseBatio of each component in the polymer blend is MEH-PPV:
on G, the higher FF implies less internal power loss as sPCMB:PEO:LICRSO,=1:4:0.08:0.02).
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film morphology of Fig. %b) is indeed smoother or have less
polymer aggregates. We suspected that the nanosize mor-
phology manipulation, caused by the additive, optimizes the
device performance.

Alternatively, the improvement of the device perfor-
mance is probably also due to thesitu photodoping of the
polymer® When a photo induces a charge transfer between
MEH-PPV and Gy, because of the high concentration of
free ions in the active layers, the “photo-oxidized” MEH-
PPV will probably be doped by these ions. The doped poly-
mer usually has much higher conductivity. Consequently, the
increased thin film conductivity diminishes the power loss
due to the decreased shunt resistance from the internal cir-
cuit. However, when much higher gg moieties (PCBM)
were used as the photoactive layer in the devices, because
majority charge carriers can go through the conducting chan-
nel established by PCBM, the improvement of conductivity
due to the doped MEH-PPV is not as significant as thg C
device. The power efficiency enhancement of the devices
based on PCMBFig. 3 is thus not as apparent as that based

Data type Height ’ Data tyre Phase
(a) 2 range 10.000 nm Z range 20.00 °

on G (Fig. 2.
5 - S B In conclusion, it has been shown that the power effi-
o 1.00 w0 1.00 pm ciency of organic photovoltaic devices was enhanced by
ata e ei Data e Phase . . . . .
©  Fraed™ 000" Trnse” 30007 blending ionic solid electrolyte, such as polyethylene oxide

FIG. 5. AFM images of the photoactive layer of the photovoltaic devices.and LICF?’SQ’ c_:omplexes into the active layer. Itis bel.leVEd
The films consist of(@ MEH-PPV:Go=3:1; (b) MEH-PPV:G,:PEO:  that the optimized polymer morphology and/or tiesitu
LICF3S0;=3:1:0.25:0.05. The left panels are height mode image; whilephotodoping of MEH-PPV contribute to this enhancement.
the right panels are phase images. Nanosize domains were found in the thiphis enhancement of photocurretdand subsequently the
film consists the polymer electrolyte. power conversion efficiengydoes not sacrifice the device
open-circuit voltage, therefore, we believe this method pro-
The improvement of the device performance is alsoyiges an ideal approach to enhance the short-circuit current
probably due to one or more of the three mechanisms: thgs polymer photovoltaic cells. The AFM image shows some
improvement of morphology, the enhancement of materiagjectrolytes still do not fully dissolve and suggests that this
conductivity, and due to theifi situ photodoping” of the  gevice still has room for improvement, when a better elec-
polymer? It is known that the performance of polymer pho- trolyte system is adopted.
tovoltaic devices strongly depends on the thin-film morphol-
ogy of the active layet®’ The morphologies of the The authors are indebted to the financial support from
MEH-PPV:G, films were investigated by atomic force mi- the Air Force Office of Scientific Resear(AFOSR, Grant
croscopy(AFM). Figure 4a) shows both the AFM height No. F49620-03-1-0101; Program manager Dr. Charleg Lee
and phase images of the film consisting of the mixture ofand the Office of Naval Resear@®NR, N00014-01-1-0136,
MEH-PPV and G,. The film surface shows some polymer Program manager Dr. Paul Armist¢ad
aggregates which are evident by the dark and bright regions1 o o _
of the phase image of Fig.(&, and the root-mean-square ?‘-1754- (fg‘grg'“c" L. Smilowitz, A. J. Heeger, and F. Wudl, Scier58
(rms) roughness is 0.53 nm. On the other hand, the MSeg, Yu, J. G;':lo, J. C. Hummelen, F. Wudl, and A. J. Heeger, Sciibe
roughness of the film consisting of MEH-PP V44 and PEO 1789(1995.
and Li ion complexes is 0.64 nm, similar to that of the film, >C.J. Brabec, N. S. Sariciftci, and J. C. Hummelen, Adv. Funct. Mater.

: : ) 15 (2001).
which Only contains MEH-PPV andeg:' However, from the 4W. D. Johnston, JrSolar Voltaic CellsMarcel Dekker, New York, 1980

AFM image[Fig. 5b)], some small different phase regions, sp peumans and S. R. Forrest, Appl. Phys. (241,126 (2001.
which have the diameter up to 65 nm were observed. It iS®s. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and

suspected these dark regions are the salts that are not fully)- C. Hummelen, Appl. Phys. Le8, 841 (2001.
dissolved in the polymer film. Despite these “giant” regions 3 S Y- Shi, and Y. Yang, Adv. Funct, Matetl, 420(2003).
. L. . Y. Yang and Q. Pei, J. Appl. Phy81, 3294(1997.
of undlssolyed salts, the rms value is S|mllar to the one with-eq_ pei v, vang, G. Yu, C. Zhang, and A. J. Heeger, J. Am. Chem. Soc.
out the solid electrolyte. This observation suggests that the 118 3922(1996.
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