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This paper reports that the blend films of poly (2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-
PPV) and N,N’-bis(1-ethylpropyl)-3,4: 9,10-perylene bis (tetracarboxyl diimide) (EP-PDI) with the weight ratio of
1:2.5 have been prepared by spin-coating from chloroform (CF) and chlorobenzene (CB) solutions respectively. The
absorption spectra and the morphology of the blend films show that large crystal-like EP-PDI aggregates are formed
in film prepared from CB solution, which corresponds to a new absorption shoulder near 590 nm, while there is no
shoulder around 590nm in the UV—Vis absorption spectra of the blend film from CF solution. The electric-field
dependence spectra of the photocurrent generation quantum yield of the film from CB solution shows that at weak
electric field the EP-PDI aggregates act as more efficient sensitizers, but at strong electric field the quantum yields
become almost invariable over the entire spectral range no matter what the state of EP-PDI, monomer or aggregate.
At strong electric field, the photocurrent generation yields of both films from CF and CB solution saturate and their
yield spectra become spectrally similar, mentioning that at strong electric field the photoexcitons dissociate efficiently

and the free charges are collected by the electrodes almost completely.
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1. Introduction

In recent years m-conjugated polymers were
widely used for organic photovoltaic cells due to their
unique features such as tuning of electronic function-
ality, easy structural modifications, possibility of self-
assembling and mechanical flexibility.[!! But the un-
derstanding of photoinduced exciton dissociation in
m-conjugated polymers remains a challenging prob-
lem. In a pure single-component sample, the pho-
toexciton dissociation into pairs of charges needs to
cost no less than 0.5eV for a singlet excitation to
overcome the strong Coulombic binding energy.l?! It
is well known that photodissociation can be much
more efficient in two-component donor—acceptor sys-
tems, as evidenced by the photovoltaic response of
several systems.®~6 A notable example is conduct-
ing polymer: C60 blend system.®! Up to now, based
on this system much attentions have been paid to
the processing technique and device physics to ob-

tain photovoltaic cells with high efficiency.["8! Tt was
found that film processing conditions, such as thermal

1 annealing temperature,'% solvent

annealing time,
effect!) and applying electric field on the film,!*! af-
fect the photovoltaic properties strongly in conjugated
polymer: 1-(3-Methoxycarbonyl)-Propyl-1-1-Phenyl-
(6,6) C61 (PCBM) blends.
processing (poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
1,4-phenylenevinylene] (MDMO-PPV): PCBM) sol-
vent was changed from toluene to chlorobenzene (CB),

Especially when film-

the energy conversion efficiency of photovoltaic cells

was improved from 0.9% to 2.5%.!M1]

Perylene tetracarboxyldiimide (PDI) derivative
is another important electron-acceptor candidate be-
sides fullerenel®'213] due to its advantages such as
the low-lying energy level of the lowest unoccupied
orbital (about —5.8eV), large molar absorption co-
efficients, good electron accepting and transporting
properties, thermal stability and low cost. Recently

many works of polymer: PDI bulk-heterojunction
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photovoltaic devices using PDIs as the acceptor have
been finished,['*15] which mainly involve the investi-
gation of the material structure effect on the bulk-
heterojunction photovoltaic performance. This calls
for a profound investigation of the interplay among
the processing, absorption behaviour, morphology and
photocurrent generation in polymer: PDI blend sys-
tem.

The current work is to study the relation be-
tween the film structure and the photocurrent gener-
ation of the blend films composed of MEH-PPV as a
donor and EP-PDI as an acceptor (chemical structure
shown in Fig.1) by changing film-processing solvents
from chloroform (CF) to CB. The effects of solvent
on absorptions, morphologies and photocurrent gen-
erations of the blend films were investigated by UV—
visible absorption, atomic force microscopy (AFM)
and the photocurrent measurement. A shoulder ap-
pearing near 590nm in the absorption spectrum and
the AFM image gives an indication of the formation
of EP-PDI aggregates in the blend film from CB solu-
tion. The aggregates of EP-PDI act as more efficient
sensitizers for photocurrent generation at weak elec-
tric field. But at high voltage the strong electric field
makes the absorption photoexcitation dissociate and
the free charge carriers collect effectively by the elec-
trodes no matter what the state of EP-PDI.
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Fig.1. Chemical structure of materials, (a) MEH-PPV
and (b) EP-PDL.

2. Experimental

MEH-PPYV and EP-PDI were synthesized accord-
ing to Refs.[16,17]. The molecular weight M, of MEH-
PPV was 7.15 x 10° g/mol and a polydispersity of 5.6
determined by gel permeation chromatography. An-
alytical grade CF and CB were dried over CaHs and
distilled.

MEH-PPV: EP-PDI blend films (w/w, 1:2.5) were
spin-coated from CF and CB solutions respectively.
The active films for absorption, AFM and photovoltaic
cells were prepared in the same experimental condi-
tion. The thicknesses of films were measured on AM-
BIOS XP-2 profilmeter. The film prepared from CF is
about 100 nm while prepared from CB is about 80 nm.
The absorption measurement was finished by using
a Shimadzu UV-3100 Spectrometer. AFM measure-
ment was carried out on a Nanoscope IIla Dimension
3100.

Single-layer bulk-heterojunction photovoltaic de-
vices were fabricated by using indium tin oxide (ITO,
sheet resistance of 202/0)-coated glass substrates as
the transparent anodes which were cleaned by using
CF, acetone and iso-propanol sequently. The poly
(ethylene dioxythiophene): poly(tyrenesulfonic acid)
(PEDOT/PSS, Bayer PVP Al 4083) was spin-coated
on the ITO glass, and then the film was dried in a vac-
uum oven at 120 °C for 10 min. The active layers were
built by spin-coating. The photovoltaic devices were
completed by vapour depositing an Al layer as the
cathode through a mask at a pressure of 4 x 10~*Pa.
The effective area of the device was 2 x 2mm?2. The
photocurrent spectra response was measured under
illumination of monochromatic light from the xenon
lamp by using a monochromator (Jobin Yvon, TRIAX
320) and detected by computer-controlled Stanford
SR830 lock-in amplifier with Stanford SR540 chop-
per. Different voltage was applied by the computer-
controlled Keithley 2400 SourceMeter for the electric
field dependence of the photocurrent yield. A cal-
ibrated silicon photodiode (UDT Instruments) was
used as a standard for the determination of the pho-
tocurrent generation quantum yield. The photocur-
rent measurement was performed in the vacuum at
room temperature.

3. Result and discussion

3.1. Absorption

Figure 2 shows the absorption spectra of MEH-
PPV: EP-PDI (w/w, 1:2.5) blend films from CB and
CF solution, MEH-PPYV in the spin-coated film and
EP-PDI in three different states (in dilute solution,
dispersed in polystyrene (PS) (w/w, 1:2.5) film pre-
pared from CF solution and in cast film). Here the
optoelectric-inactive PS is used as a polymer matrix
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to observe the EP-PDI absorption in blend prepared
from CF.

—w—DBlend film from CF
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Fig.2. Absorption spectra of blend films MEH-PPV: EP-
PDI (w/w, 1:2.5) from CF and CB solutions, MEH-PPV
in spin-coated film, EP-PDI in three states (in dilute so-
lution, dispersed in PS: EP-PDI (w/w, 1:2.5) and in cast
film).

Comparing the absorption spectra of the dilute solu-
tion and cast film of EP-PDI, we find that the latter
is much broader and features a broad red shifted tail
while the absorption spectra of MEH-PPV in dilute
solution (not shown) and spin-coated film are almost
the same. The absorption spectrum of EP-PDI in di-
lute solution contains absorption peaks, which was as-
signed to the m — 7* electronic transition of PDIs. The
0—-0 transition band appears at 526 nm with vibronic
progression at 488 nm and 457 nm. In the absorption
spectra of EP-PDI dispersed in PS film there is an in-
crease in absorbance both above and below the © — 7*
0-0 transition relative to that of EP-PDI in dilute so-
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lution, which is a signature of aggregates with variable
conformation. Their character ranges between H-type
(i.e. parallel arrangement) and J-type (head to tail ar-
rangement of the dipoles).[ls] In the absorption spec-
tra of EP-PDI cast film, a shoulder at 590 nm develops
which could be attributed to the further aggregates.

In the absorption spectra of the blend films, the
absorption band of the blend film from CF would be
superposed of the two absorption bands of MEH-PPV
film and EP-PDI dispersed in PS film while the ab-
sorption of the blend film from CB is superposition
of MEH-PPYV film and EP-PDI cast film. This means
the strong aggregates of EP-PDI form when the blend
film is prepared from CB solution, which is confirmed
by the AFM measurement further.

3.2. Morphology

The AFM images (in Fig.3) show the morphologi-
cal changes in the blend films from CF to CB solutions.
The length scale is 5 ym. The change of colour covers
a difference in height of 100nm. The film from CF
whose root mean square (RMS) of height is 4.94nm
is smoother than that from CB with RMS 7.05nm. It
can be seen that in the film from CB many large EP-
PDI crystal-like domains grow, the largest one up to
dimensions of 1.3 ym x 0.1 yum. The reason could be
that CB has higher boiling point than that of CF. Dur-
ing the film-forming process from CB solution the pla-
nar EP-PDI molecules have more time to form crystal-
like aggregates due to the strong m—m interaction be-
tween the molecules. The large crystal-like aggregates
contribute to the absorption near 590 nm.
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Fig.3. 5um X 5um AFM images recorded in tapping mode of films of MEH-PPV: EP-PDI (w/w, 1:2.5) from

different film-forming solvents: (a) CF; (b) CB.
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3.3. Photocurrent generation

Figure 4 shows the normalized photocurrent
action spectra of device ITO/PEDOT/MEH-PPV:
EP-PDI (from CF)/Al (defined as device 1) and
ITO/PEDOT/MEH-PPV: EP-PDI (from CB)/Al
(defined as device 2) under short-circuit condition
and at high electric field. Comparing the photocur-
rent spectra of devices 1 and 2 under short-circuit
condition, we find that the spectra of device 2 are
much broader and a shoulder near 590 nm can be ob-
served obviously. The shoulder of the photocurrent
spectra near 590 nm are attributed to the aggregates
which was mentioned in the absorption and morphol-
ogy measurement. But at high electric field (about
2 x 10%V/cm), the shoulder vanishes and the normal-
ized photocurrent spectra of two devices look similar.

—O=—CF@under short circuit
—0O= CF@1.86X10° V/cm
—&— CB@under short circuit

— ®= CB@1.5X10%V/cm

Normalized photocurrent

T T T 1
300 400 500 600 700
Wavelength/nm

Fig.4. Normalized photocurrent spectra of device 1 under
short circuit condition (open circle) and 1.86 x 10% V/cm
(open rectangle) and those of device 2 under short circuit
condition (filled circle) and 1.5 x 10 V/cm (filled rectan-
gle).

In order to investigate the photocurrent gener-
ation process, sequent voltages from low (positive)
to high (negative) were applied on the devices. The
quantum yield of photocurrent generation (¢pn) (ab-
sorbance was considered) was calculated according to
the following equation:

1240 x Ly (A - cm~2) N
A(nm) x Py (pW - cm=2) x (1 — e—2:34)

¥ph =

Where Iy is the photocurrent (pA - cm_z), P, is the
incident light intensity (uW - cm™2), X is the wave-
length (nm) and A is absorbance of the active film.
The quantum yields of the devices at different
voltages are shown in Fig.5. The results demonstrate

that the photocurrent generation is strongly depen-
dent on the applied voltage, i.e., the applied electric
field (Voo — V)/d where d is the sample thickness and
Ve is the voltage of the open circuit. For the device
1, at low electric field the yield is low (slightly above
1073) and almost independent of wavelength within
the experimental accuracy. For the yield spectra of
device 2, a maximum develops at about 590 nm where
aggregates absorb at low electric field but at high elec-

tric field the maximum vanishes.
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Fig.5. The quantum yield spectra of device 1 (up) and 2
(down) at different applied voltage.

Figure 6 shows the quantum yield as a function
of electric field (data are extracted from Fig.5). Two
different wavelengths (500 nm and 590 nm) were cho-
sen to observe the field dependence of the quantum
yield. The two wavelengths correspond to two dif-
ferent states of acceptor. 500nm corresponds to the
absorption of the bulk of EP-PDI and 590 nm corre-
sponds to the absorption of the aggregates of EP-PDI
in the film from CB solvent. For the device 1, the yield
wpn (F') increases equivalently at 500nm and 590 nm
and level off at 0.53 and 0.4 at the electric field of
1.86 x 105V /cm. For the device 2, the yield ¢pn(F)
at 590 nm increases less strongly than that at 500 nm
and saturates to a similar value of 0.43 at the electric
field of 1.0 x 10°V/cm. In addition, comparing the
wpn (F) curve of devices 2 and 1 upon excitation both
at 500 nm and 590 nm, the yield of device 2 saturates
more easily at weak electric field.
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Fig.6. The quantum yield spectra of photocurrent gener-
ation of device 1 at 500 nm (open circle) and 590 nm (open
rectangle) and device 2 at 500 nm (filled circle) and 500 nm
(filled rectangle).

Combined with Fig.5 and Fig.6, the results
demonstrate that (i) photogeneration in a 1:2.5 MEH-
PPV: EP-PDI blend (both from CF and CB) is a
strongly field dependent process, (ii) within the spec-
tral range of S1+S0 transition of non-aggregate EP-
PDI the action spectrum for photogeneration is flat for
the device 1, (iii) for the device 2 at weak electric field
the EP-PDI aggregates which absorb near 590 nm act
as more efficient sensitizers of charge generation than
in other spectral region, but at strong electric field
the photocurrent generation spectra become flat, (iv)
from moderate electric field (10° V/cm), the yield of
device 2 (sublinear) increases less strongly than that
of device 1 (superlinear).

The photocurrent generation in organic donor:
acceptor photovoltaic system includes several pro-
First, excitons generate after absorption of
The
excitons diffuse in either of the domains towards the

cesses.
light, either by the donor or by the acceptor.

donor: acceptor interface where charge transfer will
occur. After dissociation, a geminate of electron—hole
pair which respectively comes from the donor and the
acceptor is formed. Due to the low dielectric con-
stants (e;) of the molecular materials and polymers
(er ranges typically from 2 to 4), these electron—hole
(e~h) or polaron pairs are strongly bound by Coulom-
bic interaction, with binding energies of typically sev-
eral tenths of an electron volt. In order to generate a
photocurrent, the bound e—h pairs must dissociate into
free charge carriers and subsequently move to the elec-

trodes before recombination processes take place.?!

The dissociation of e-h geminate pair is a crucial fac-
tor for photocurrent generation.

Classic Onsager theory mentioned that the dis-
sociation of e-h germinate pair is strongly depen-
dent on the electric field.?”) Furthermore, in terms
of Onsager-type geminate pair dissociation, the im-
proved ordering can increase the thermalization length
of an e-h pair and these geminate e-h pairs are

Concomitantly, the dissocia-
12]

more loosely bound.
tion yield of the e h pair increases. Im et all
have found that in the blend film (phenyl substi-
tuted copolymeric polyphenylenevinylene (Ph-PPV):
EP-PDI) with higher concentration of EP-PDI the e~
h geminate pairs are more loosely bound than those
in low concentration and the dissociation efficiency of
e—h geminate pair increases rapidly. For the device 2,
at low electric field the aggregates of EP-PDI induce
the e-h dissociation more efficiently than the bulk of
EP-PDI. In addition, the crystal-like domains supply
an ordered channel for electron transport which re-
duces the probability of recombination or trapping.
So at weak electric field the aggregates of acceptor act
as more efficient sensitizers of photocurrent genera-
tion. But at strong electric field where photocurrent
generation saturates regardless of the bulk state and
aggregates of EP-PDI, they saturate to a similar value
though they increase at a different speed. In the same
principle, Fig.6 shows that the photocurrent genera-
tion of device 2 whose active film from CB consists of
many small and large crystal-like clusters saturates at
weaker electric field than that of device 1.

4. Conclusions

The current study substantiates the notion that
the film-forming solvent and the morphology struc-
ture have a profound influence on the photocurrent
generation of a MEH-PPV:EP-PDI donor:acceptor
blend. Supported by absorption measurement and
AFM technique it is observed that EP-PDI aggregates
when the MEH-PPV: EP-PDI (w/w, 1:2.5) blend film
is processed from CB solvent. The electric field de-
pendence of photocurrent generation shows that the
e—h geminate pairs in EP-PDI aggregates are loosely
bound and at weak electric field the aggregates act as
a more efficient sensitizer but at strong electric field
the spectrum of photocurrent generation becomes flat
regardless of the states of EP-PDI.
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