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a)

We report here efficient air-stabfen heterojunction organic solar cells with a structure consisting

of an n-type insoluble perylene pigment penetrated bp-type-conjugated polymer, where the
interfacial area for photocurrent generation increases. The solar cells are easily produced by
infiltrating a soluble-conjugated polymer intentionally into an opening among insoluble
microcrystalline perylene layer under a saturated chloroform vapor. This approach can be regarded
as an alternative convenient way to achieve bulk heterojunction solar cells. The cell performance is
further enhanced by inserting an additional layer between the electrode and the photoactive layer to
confine exciton in the photoactive layer. The overall attempt to improve the cell performance, so far,
results in maximum quantum efficiency up to 45% under illumination of 485-nm monochromatic
light and power conversion efficiency up to 1.9% under a simulated solar (Ag¥iiL.5) with a

100 mW cm? intensity. The approach is promising to achieve practical efficiency because tuning
the opening size can further widen the photoactive are20@ American Institute of Physics

[DOI: 10.1063/1.1804245

I. INTRODUCTION and an electron-accepting solublegyCderivative, [6,6]-
phenyl C61-butyric acid methyl es)e(PCBM).S’9 The power

Current progress for organic solar c&lfs from the - 7. ) ) .
brog g conversion efficiencies under simulated solar lighi11.5)

standpoint of increasing power conversion efficiency is o L )
mainly attributed to the bulk heterojunction structure, which80 MW cm llumination for MDMO-PPV:PCBM blended

enables an efficient charge separation due to the increasgaII an?fo[ P|3HtTh:. PCBM bIend_ed CE” were 3'30/(;. and 3.5%, d
photoactive interface area pfn junction. The bulk hetero- respectively. In this case, a microphase separation occurre

junction is typically attained by blendinggatype conjugated in the blended solid, creating the bulk heterojunction. While

polymer and am-type conjugated polym%or a soluble G Peumansgt gl. prepared bulk. heterojunction by annealing

derivative®® resulting in up to 3.5% power conversion gells consisting of a codepo;ﬂegﬂtype copper phthalocya-

efficiencﬁ However, the corrosive top electrode, such as Ca'nlne_and a_”?'type perylenge p|gmer_1t, _yleldlng a power con-
ersion efficiency of 1.5%° The main issue for the previous

Al, and LiF, adopted in these cells brings a rapid decrease O\tﬁulk heterojunction cells arises from their corrosive top elec
the power conversion efficiency in atmospheric condition. . . )
P y P trode such as caAl,® and LiF? Due to the requirement of

Endeavor to increase the power conversion efficiency o o corosive top electrode. these cells must be prepared in
organic solar cells has been continued for more than decadg% . lve top o us prep :
n inert atmosphere or in a vacuum. Despite the elaborate

though a practical level of efficiency has not been attained® I tion. th Il verf dlv d ft
yet!®*7 Achievement of a few percent of conversion effi- €€ Preparation, the cell pertormance rapidly decreases atter

ciency is reported from several research groupsexposmg it to air. To prevent the breakdown of the cell, it is

recent|y2—5,8,9,18,19-|-he keyword for such achievement is necessary to seal the cell. Such sealing is difficult to be per-
“bulk heterojunction,” namely widely spared photoactive fect for maintaining the long life of the cell and causes a

p-n heterojunction interface that enhances the site of the phos_ignificant costup canceling cost advantage of arganic solar

tocharge generation and separation throughout the bulk. Thcéells. It should be also noted that photocurrent which is origi-

bulk p-n heterojunction can be formed by blending Solublenated _from th_e photocorrosion of the corrosive electrode is
conjugated polyme%,mixing a low-molecular-weight or- sometimes mistaken as the energy-converted photo.cﬁPre.nt.
ganic compound into a conjugated polymer mafrkor an- We rep_ort here a fabn_catlon method for bulk heterOJuncnon
nealing vacuum-deposited organic compoujr'?dEor ex- cells with a noncorrosive Au top electrode having a remark-

ample, Sariciftciet al. reported the solar cells based on theable stability in air without sealing.
blend of an electron-donating conjugated polymer such as

poly[2-methoxy-5¢3,7-dimethyloctyloxy] - p-phenylene vi- Il. EXPERIMENT

nyleng (MDMO-PPV) or poly(3-hexylthiopheng (P3HT) We use here a  perylene pigment,
(bisbenzimidazi®,1-a:1,2’-b’Jantherd2,1,9-def;6,5,10

dElectronic mail: kazuhiko_murata@shokubai.co.jp -d’e’'f’]diisoquinoline-6,11-dione (PV), which is well
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(@ was gradually spun with linearly increasing the rotation
—fpuont- speed from 0 to 2000 rpm for 40 sec still under a saturated

@3:8:8:&0 é chloroform atmosphere. Such chloroform treatment allows
po oM the PPV to have enough time to penetrate into the PV layer.

PV

PEDOT:PSS Hence, whether the PPV penetrated into the PV layer or not
simply depends on the evaporation time of the PPV chloro-

Q form solution. The PEDOT:PSS aqueous solution with a
. N concentration of 1.3 wt% was spin coated at 8000 rpm on
the PPV solid film and dried at 100 °C for 5 min under the

MEH-PPV PPAV-HH-PPV vacuum of 3< 107° Torr. Finally, a Au electrode of 25-nm
(b) film thickness was prepared on the PEDOT:PSS solid film
by a vacuum deposition at610°° Torr. The geometric area
Mo In PV  MEH-PPV PEDOT Au of the solar cell was restricted to 0.04 €m
The current-voltage curve of the solar cell was measured
4.4 3.0 under the illumination of a simulated solar ligtAM1.5)
with 100 mW cm?, obtained by a Kansai Kagakukikai
— S XES-5025° The photocurrent action spectra were measured
48 50 48 under the illumination of a standardized &5V cm 2 mono-
E chromatic light. In each measurement, the cells have been
exposed to air and the illumination was carried out from the

ITO side.

FIG. 1. Chemical structures, abbreviations, and the ionization potentials of The thickness of the organic then films and their surface
the metal electrodes and the organic thin films. Chemical structures and

abbreviations of the organic thin films in the solar c¢s The ionization morphology were measureq by a Digital Instrum.ent Nano-

potentials of the metal electrodes and the organic thin films are measured 5gcope Il a atomic force microscogdFM). The thickness

a Riken Keiki AC-2 photoelectron spectroscopy in @. of the organic thin films was approximately 35 nm for the
PV and 40 nm for the MEH-PPV and PPAV-HH-PPV. The

known as an n-type semiconductd®?® whereas poly absorption spectra of the organic films formed on a slide
[2-methoxy-5-  (2'-ethylhexyloxy-1,4-phenylenevinylere glass were recorded on a Shimadzu UV-3100 UV-visible

(MEH-PPV) and (poly(phenylimino-1,4-phenylene-1,2- spectrometer. The fluorescence spectra of the MEH-PPV sol-

ethenylene- 2,5-dihexyloxy-1,4-phenylene-1,2-ethenylenei-ds on the Au and PEDOT:PSS/Au films formed on a slide
1,4-phenyleng (PPAV-HH-PP\j, both known as p-type glass were recorded on a Jasco FP-777 fluorescence spectro-

semiconductor&? The chemical structures of their com- Photometer. The transmission electron microscepgM)

pounds were shown in Fig(d. The PV and the PPAV-HH- Mmage of the cross section of tigen heterojunction layer

PPV were synthesized and purified by literature metf6ds. Was measured by a Hitachi HF-2000 FE-TEM. As the TEM

The MEH-PPV purchased from the American Dye Source Samples, PV, MEH-PPV, and Au layers were prepared on the

Inc. and the polgethylenedioxy thiophenedoped with poly- polyethylene terephthalatPET) film using the same methodl
(styrenesulfonic acidPEDOT:PS$ purchased from Aldrich 88 the solar ceII.s were prepared. Then, the multilayered film
were used without further purification. The molecular weightWas crosscut with an interval of 100 nm. Namely, the TEM
of the conjugated polymers was measured by a gel permdMage was measured for the cross section .of the film with a
ation chromatographyGPQO equipped with a Shodex KF- thickness of 100 nm. The ionization potentials of the metal
804L columns at 40 °C. The eluent was chloroform and the&El€ctrodes and of the organic thin films were measured by a
standard sample was polystyrenes. Riken Keiki AC-2 photoelectron spectroscopy in air._ _

The indium tin oxidgITO)/ In/PV/conjugated polymer/ For the measurement of the electrical conductivity for

PEDOT/ Au sandwich-type cells were fabricated as follows.coniugated polymers, the Au/conjugated polymer/ Au
The In layer of 5-nm thickness was prepared onto a preSurface-type cell was employéd.The interdigitated Au
cleaned ITO electrode by a vacuum deposition at selectrode, 0.15-mm wide and 207.7-mm long, was deposited

X 10°5 Torr. The ITO electrodesheet resistance: @/C7) ~ ©On an algmina substrat(_e. The organic solid film of about
was purchased from Merck Display Technologies Ltd. The?0-nMm thickness was spin coated on the Au electrode.

PV was vacuum deposited a3L0™® Torr on the In layer. In

the case of a standard cell preparation without the penetra-

tion treatment, about 0.4 wt% chloroform solution of MEH- ||| RESULTS AND DISCUSSION

PPV or PPAV-HH-PPV was spin coated on the insoluble PV

solid film with a spin speed of 2000 rpm for 15 sec. Because  The typical optimized cell structure in this work is the
chloroform rapidly evaporates in this case, a flat PPV layeiTO/ In/PV/MEH-PPV or PPAV-HH-PPV PEDOT:PSS/Au.
was formed before penetrating into the PV layer. While inThe In, PV, and Au are vacuum deposited, whereas the
the case of the PPV penetration treatment, about 0.15 wt% ofEH-PPV, PPAV-HH-PPV, and PEDOT: PSS are fabricated
PPV chloroform solution was first dropped on the insolubleby spin coating. The energy level of each material before
PV solid film, placed on a spin table, and left for 10 seccontact, measured by the photoelectron spectroscopy, is illus-
under a saturated chloroform atmosphere. Then, the tableated in Fig. 1b), indicating a suitable arrangement for
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Height PEDOT:PSS. The reason that the increased photocurrent-
40nm generation area does not lead to an increase of the photocur-
rent in the ITO/PV/IMEH-PPV/ Au cells is explained as fol-
. lows. The penetrated MEH-PPV reaches to the ITO electrode
I where an ohmic contact is created, resulting in the back elec-
i tron transfer of the photoproduced charge carriers from the
ITO to the MEH-PPV, as shown in the energy diagram of

100nm 100nm Fig. l(b)
FIG. 2. AFM images of the solid film surface of R¥) and MEH-PPV(b). By inserting a low-work-functional In layer with a thick-
ness of 5 nm into the ITO/PV interface in both nontreated
i and penetration-treated PV/MEH-PPV cells, the short-circuit
trgnsportmg the separated electrons ""r_‘d holes. The_cel_lfﬁ-uotocurrentsl, the open-circuit photovoltage .y, the fill
without In or PEDOT:PSS are also studied for compariso actor FF, and consequently, the power conversion efficiency

purpose. . 7 increase from 0.40% to 0.78% in the nontreated cell and
Figure 2 shows the surface images of the vacuum:

0 o . .
deposited PV solid filnia) and of the spin-coated MEH-PPV from 0.34% to 0.85% in the penetration-treated cell. This

solid film (b) by an AFM. The PV surface has a small open- effect of In is accounted for assisting the o_hmlc contact be-
; . : . tween the ITO electrode and thetype semiconductor PV
ing formed by microcrystalline PV particles of less than

20 nm. On the other hand. the MEH-PPV surface is amorVith decreasing interfacial electrical resistaficnd for pre-

phous and very smooth. From the AFM image, we thought 0%/ention of the back electron transfer from the ITO electrode
a fabrication way to increase tlgen heterojunction area, that to the MEH'PPV' ) ) )
is by penetrating PPV derivatives intentionally into the open- According to thg further insertion of PEPOT: PSS. with a
ing of the deposited insoluble PV layer by designing how tothickness of 50 nm into the MEH-PPV/ Au interface, in both
cast the soluble PPV derivatives, i.e., spin coated under aPntreated and penetration-treated ITO/ In/PV/MEH-PPV/
atmosphere of chloroform solvent. Au cells, the s values of the cells improve from 0.78% to
The cell performances for both penetration-treated an®-98% in the nontreated cell and from 0.85% to 1.55% in the
nontreated PPV derivative/ Pin heterojunction cells with ~Penetration-treated  cell. To explain the effect of
and without insertion of the additional electrode, In andPEDOT:PSS on the increase of the photocurrent and effi-
PEDOT:PSS, are summarized in Table I. In fact, simpleciency, the photocurrent action spectra for the ITO/
two-layer cells of the ITO/PV/MEH-PPV/ Au or ITO/PPAV- In/PV/penetration-treated MEH-PPV/ Au cells with) and
HH-PPV/ Au produced by the nontreated simple spin coatingvithout (A) PEDOT: PSS layer are shown in Fig. 3 with the
act as thep-n heterojunction solar cells with the energy con- UV-visible (UV-VIS) spectra of the PV and MEH-PPV. In
version efficiencyy of 0.40% and 0.33%, respectively, under the ITO/ In/PV/penetration-treated MEH-PPV/ Au cell, the
illumination of a simulated solar lighttAM1.5) with ~ action spectrum follows only the absorption spectrum of the
100 mW cm?. All the cells given with the treatment of PPV PV solid film, but does not reflect the absorption of the
penetration show a larger photocurrent, thus larger poweMEH-PPV film. While, the photocurrent action spectrum for
conversion efficiency than the corresponding nontreated celithe ITO/ In/PV/penetration-treated MEH-PPV/
except the simple cell without insertion of the In or PEDOT:PSS/Au cell approximately follows the sum of the

TABLE |. Performance of PV/conjugated polymern heterojunction cells under a simulated solar light
(AM1.5) with 100 mW cm? illumination.

Conjugated Penetration

polymers d(n)® (nm) d(PEDOT° (nm) treatmerft Js¢ (MA cm® Vol (V) FF' 5 (%)

MEH-PPV 0 0 No 2.44 0.56 0.29 0.40
0 0 Yes 2.41 0.52 0.27 0.34
5 0 No 2.84 0.65 0.42 0.78
5 0 Yes 3.19 0.66 0.40 0.85
5 50 No 3.22 0.62 0.49 0.98
5 50 Yes 5.03 0.61 0.51 1.55

PPAV-HH-PPV 0 0 No 2.47 0.48 0.28 0.33
5 50 No 4.15 0.64 0.50 1.34
5 50 Yes 6.13 0.62 0.50 1.90

*Thickness of vacuum-deposited indium layer.

PThickness of spin-coated PEDOT : PSS layer.

“Yes means the soluble PPV derivatives are intentionally penetrated into the opening of the vacuum-deposited
PV layer. No indicates no penetration of the PPV derivatives is performed.

dShort-circuit photocurrent.

°Open-circuit photovoltage.

'Fill factor.

IPower conversion efficiency.
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surface roughness of ca. 20 nm for the PV according to the
AFM is not visible here is explained as follows. If we can
ideally observe the cross-section image without viewing the
inside perpendicular to the cross section, the surface rough-
ness of PV should be visible by TEM. To see the TEM image
of the cross section, the sample needs to be crosscut as thin
as possible, where the attainable minimum thickness is ca.
100 nm, which is much larger than the roughness of the PV
Wavelength (nm) layer.

Therefore, the TEM image of the 100 nm-thick sample
FIG. 3. Photocurrent action spectra of the PV/MEH-REW heterojunction g the syperimposed view of the cross-section images within
solar cells under an illumination of a normalized 28/ cnm™2 monochro- .
matic light. O represents the ITO/ In/PV/penetration-treated MEH-PPV/ @ depth of 100 nm; hence, the roughness of the PV layers are
PEDOT/ Au cell andA represents the ITO/ In/PV/penetration-treated MEH- superimposed and disappeared apparently. On the other
PPV/ Au cell. The inset shows the absorption spectra of the PV andhgnd, the PV/penetration-treated MEH-PPV interface pro-
MEH-PPV. duced by spin coating in a saturated chloroform vaag.

4(b)] is wavy and the boundary is unclear. Because the crys-
absorption spectra of the PV and MEH-PPV solids. Besidesal cross stripes of 1.4-nm width are observed in both PV
it is experimentally proven that the fluorescence of the spintayers regardless of the PPV penetration, as shown in the
coated MEH-PPYV film on Au was completely quenched andenlarged images, the PV keeps the crystal structure as it was
was only slightly quenched when the PEDOT layer was in-without dissolution. Further, the thickness of the MEH-PPV
serted between the MEH-PPV and the Au. Hence, the phadn the nontreated cell appears to be about twice of that in the
togenerated excitons that originated from the MEH-PPVpenetration-treated cell, despite that the thickness is intended
solid effectively contribute to the photocurrent generation inpy adjusting the experimental conditions and the VIS-
the cell with PEDOT: PSS due to the exciton confinement byabsorption of both the PV/MEH-PPV films shows the same
PEDOT:PSS. The results suggest that a diffusion length ohtensity. The apparent reduction of the MEH-PPV thickness
MEH-PPV excitons is larger than 50 nm, the thickness of theafter penetration is much more than can be accounted for by
MEH-PPV. This conclusion is not consistent with the previ-the penetration of the MEH-PPV into the PV. Due to the
ous resuItS, where the exciton diffusion |engthS of PPV ar%enetration, the top surface of the MEH-PPV |ayer turns to
estimated as 7+1 nitRef. 28) and 12+3 nnf’ If the effect  pe rougher, affected by the rough interface between the
of the exciton quenching by other layers can be eliminatedyEH-PPV and the PV. As a result of that, the interface be-
the diffusion length of PPV in the previously reported cellStyween the Au and the MEH-PPV has some roughness. When
may increase, like in our case. the rough Au/MEH-PPV interface is viewed by the TEM, it

To prove the penetration of the PPV polymer into the PVooks as if only the dark Au layer is superimposed. This
layer, the TEM images for the cross section of the PET/PVineans that the actual Au layer is thinner and the actual
(nontreated or penetration-treatddEH-PPV/ Au are taken MEH-PPV is thicker than as observed by the TEM. The ap-
and shown in Fig. @& and 4b). The PV/nontreated MEH-  parently thicker Au layer in Fig. @) than in Fig. 4a) sup-
PPV mterfacg, produqed by spin coating under an ambler}gorts it. The facts mentioned previously directly proved that
atmosphergFig. 4@)], is very smooth. The reason why the he MEH-PPV infiltrated into the small opening formed by
microcrystalline PV particles, creating large charge-
separation area. The models of the cross section of the cells
produced by the nonpenetrati¢s) and the penetratiogd) of
the MEH-PPV, are shown in Fig. 4. As illustrated in the

(5
Au electrode
PEDOT layer

MEH-PPV layer . ) A
figure, the photogenerated excitons smoothly migrate to the
Sl PV iever large charge-separation area through the connected PV par-
[ nayer |

17O elactiods ticles and through the penetrated MEH-PPV solid; further
photoproduced carriers with opposite charges are quickly
transported from the-n heterojunction interface to the cath-
ode and anode, respectively. As a result of that, the MEH-
PPV-penetrated cells therefore remarkably increased the pho-
tocurrent compared to the nonpenetrated cells. When the
PPAV-HH-PPV is used instead of the MEH-PPV in the PPV-
penetrated p-n heterojunction solar cell, the ITO/
In/PV/PPAV-HH-PP\(penetrated PEDOT:PSS/Au cell
FIG. 4. TEM images of the cross section of the PET/PV/MEH-PPV/Au shows a highy value of 1.9% under illumination of a simu-
sandwich-type four-layer sheets produced by rt@nand penetratioiib) lated solar light(tAM1.5) with 100 mW cm?, see Table I.
treated MEH-PPV. The amount of MEH-PPV in the PV/MEH-PPV film was This high value was derived from the high.Jalue of

kept constant for the both cells, confirmed by the absorption spectra of th 52 _ _ e
PV/MEH-PPV film. The inset shows the 16 times expansion images for the%'l3 mA cm*. The photocurrent voltag(e] V) characteris

selected areas. Model of the cross section of the solar cells produced by ndlfS and an incident photon to current conversion efficiency
(c) and penetratioigel) treated MEH-PPV. (IPCE) spectrum for the ITO/ In/PVIPPAV-HH-PPV

d
PEDOT layer

MEH-PPV layer

PV layer
ITO electrode
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“'5‘4 layer(PV) to the bottom electrode andpatype semiconduct-
< @ / ing layer (PPV derivatives to the top electrode are still
%0 ' maintained in our cells, as shown in Fig. 4, the photocurrent
4 / is purely generated at th@n heterojunction without the aid
5 of the built-in potential by the two electrodes. In fact, even in
38 a PV/MEH-PPV cell sandwiched by the IT@.8 eV) and
05 0.0 05 1.0 Au(4.8 e\) with the same work function, the photocurrent is
Bles on Au (V) generated, as shown in Table I. The advantage that we can
4 [epavtnppv use the noncorrosive top electrode leads to the air-stable
s §°2 cells. Preliminarily, an experiment to check the durability of
£50 0 our cells shows that an ITO/ In/PV/penetration-treated MEH-
§25 30 waveiongth omy % PPV/ PEDOT:PSS/Au cell indicated no degradation of the

cell performance after keeping the nonsealed cell for 60 days
in air atmosphere. The cell also shows no decrease of the cell

400 w 650 () 900 performance for 1 h under an illumination of a simulated

nm - - —
avelend solar light (AM1.5) with 100 mW cm? even though the

FIG. 5. Photocurrent-voltage characterigicunder illumination of asimu- ~ MEH-PPV itself rapidly decompose and fades under the sun.
lated solar lightAM1.5) with 100 mW cn, and photocurrent action spec- The results indicate that when each photoactive layer is en-
tra (b) under illumination of a normalized 18W cm? monochromatic light ergetically well arranged and the electrons are transferred
for the ITO/ In/PV/penetration-treated PPAV-HH-PPV/ PEDOT:PSS/Au thi id ti leading to the d dati fth I
p-n heterojunction solar cells. The inset shows the absorption spectra of themnootnly, Sidae reactions lea |n_g 0 e_ egra _a_'on otthe C_e
PV and PPAV-HH-PPV. components hardly occur. This fact is promising to attain
practically durable organic solar cells. The devolution of the

(penetratedd PEDOT: PSS/Au cell are shown in Fig. 5. The photocurrent with longer illumination time is being studied.
IPCE indicates 45% under illumination of the monochro-

matic light of 485 nm. This high value is attributed to the IV. CONCLUSIONS

confinement of the excitons from the PPAV-HH-PPV, as ex- Organic solar cells withp-n bulk heterojunction, where

plained before, but is not from an improvement of the elecppv polymers are penetrated into nanoporous PV, were pro-
tric conductivities, because it is measured that MEH-PPVy,~qq by spin-coating the soluble PPV onto insoluble PV

9 o1y :
(5 10_118 cm _i is more conducting than PPAV-HH-PPV' ., ¢onsisting of microcrystalline particles under a saturated
(3x107°" S cnT). A GPC measurement showed that the o0 torm vapor. Further ITO and Au electrodes were

weight-average molecular weight was 634 000 for MEH-qified with In and PEDOT: PSS, respectively, leading to a
PPV and 26 400 for PPAV-HH-PPV, respectively. Conse-,1e smooth electron transport and a utilization of the wide
quently, the viscosity of the PPAV-HH-PPV chloroform so- 546 of ahsorption by exciton confinement. Thus, the pho-
lution was much lower than that for the MEH-PPV. We g taic properties of the solar cells produced by the com-
assume that the PPAV-HH-PPV solution with lower viscosityin~+on of those methods have been remarkably improved.

penetrated easily into the nanoporous PV solid. Aﬁer qll, thEWe believe that this penetration cell is promising to give a
contact area of the PV and the PPAV-HH-PPV, which is thgq,,_cost and highly efficient organic solar cell in the near

photocurrent-generation site, seems to become larger th3fy re pecause the investigation for this kind of cell just

that of the PV and the MEH-PPV, affording a hidl value  g4a e thus, a variety of further improvement is possible, for
for the P_V/PPAV—HH—PPV cell. H(_)weve_r, we do no_t think example, adjusting the porosity of: the PV, etc.

that the increased photocurrent is attributed to this factor

only, _becat_Jse b_y changing polymers, many more parameteﬁCKNOWLEDGMENTS

than just viscosity change.
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