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a b s t r a c t

Organic photovoltaic (PV) cells composed of a perylene derivative, N,N′-di(pentan-3-yl)-perylene-
3,4:9,10-bis(dicarboximide), PTCDI, acting as an acceptor and a �-conjugated polymer poly{1-phenyl-
2-[4-(trimethylsilyl)phenyl]acetylene}, PDPA, acting as a donor of photogenerated free electrons are
presented. Two types of starting double-layer samples were prepared: samples I composed of a spin-cast
PDPA thin film bottom layer and a PTCDI upper layer deposited by the vacuum sublimation, and samples II
composed of a spin-cast mixed PDPA/PTCDI layer and a vacuum-sublimation deposited PTCDI upper layer.
The samples were treated with toluene vapors to induce changes in the morphology of heterojunctions
due to recrystallization of PTCDI, which have been monitored by the optical absorption spectra and AFM
images, and the influence of the morphology changes on photovoltaic characteristics of the samples has
been studied. A short-time (2–5 min) toluene-vapor treatment positively influences the PV efficiency of
system I due to a formation of larger PTCDI crystals, which improves the collection efficiency of the upper
layer. However, a longer-time treatment of a system I results in a decrease in its PV efficiency owing to
a significant decrease in the PDPA–PTCDI interfacial area accompanying further growth of PTCDI crys-
tals, which lowers the photogeneration efficiency of the system. A combination of molecularly dissolved

(in PDPA) and crystalline PTCDI in the system II has been proved to provide better PV efficiency due to
a combination of improved free charge carrier photogeneration in the composite bottom layer and the
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. Introduction

The architecture of organic PV devices based on a heterojunc-
ion formed on the boundaries between donor and acceptor phases
tems from two basic types of organization of the active compo-
ents. The concept of heterojunction was first introduced using
ilayer structures [1] with donor and acceptor molecules in lay-
rs stacked together with a planar interface. The advantage of such
tructure is a spatially uninterrupted pathway for the photogen-
rated charge carriers to the respective electrodes [2] but it has
relatively small active interface area limiting the overall energy

onversion efficiency [3]. Later, it was shown that the bulk hetero-

unction [4–6], where donors and acceptors are intimately mixed
n a bulk of the device, gives better efficiency than the bilayer
tructures due to an increased interfacial area where the exci-
on dissociation can occur. A diffuse bilayer heterojunction device
n which the advantages of both bilayer and bulk heterojunction
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arriers of the upper layer.
© 2008 Elsevier B.V. All rights reserved.

rchitectures are combined, is conceptually in-between these two
pproaches.

For the bulk heterojunction devices it has been shown that
he optimal nanoscale phase separation of donor and accep-
or components in a bicontinuous (interpenetrating) network is
ritical for their performance [7,8]. The scale of the phase sep-
ration should correspond to the diffusion length of excitons
ca 10 nm for �-conjugated polymers) and, simultaneously, the
ransport of photogenerated free charge carriers to a proper
lectrode should be optimized. The best performance has been
chieved with polymer/fullerene blends [9–12], the heterojunc-
ion morphology of which depends on conditions of the active
ayer preparation such as a solvent used, solution concentra-
ion, temperature and rate of solvent evaporation, etc. Moreover,
he morphology of blends composed of poly(3-hexylthiophene)
nd fullerene derivatives is being modified by a post-processing
reatment, such as thermal annealing, which improves the PV

fficiency due to a better separation of phases. To obtain func-
ional interface in the diffuse bilayer heterojunction devices, many
ifferent strategies can be employed such as lamination of thin
olymer films upon pressure and increased temperature appli-
ation [6], spin-coating of a top layer from the solvent swelling

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:podhajec@imc.cas.cz
dx.doi.org/10.1016/j.synthmet.2008.05.006
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ig. 1. Chemical structures of active components: poly{1-phenyl-2-[4-(trimethyl-
ilyl)phenyl]acetylene} (PDPA) and N,N′-di(pent-3-yl)-perylene-3,4:9,10-bis
dicarboximide) (PTCDI).

he bottom layer [13] or by thermal annealing of a bilayer device
14].

Recently, we studied electronic properties of an oligomeric end-
unctionalized poly(diphenylacetylene) [15,16]. The introduction of
enzoyl or fluorene-9,9-diyl end groups to poly(diphenylacetylene)
olecules resulted in a substantial increase in the photogeneration

fficiency for holes. However, the power conversion efficiency of PV
ells prepared from these materials was too low owing to limitation
f the optical absorption to the blue spectral region. Compared with
olymers of monosubstituted acetylenes, which often undergo
utoxidative degradation [17–21], poly(diphenylacetylene)s show
xcellent thermal and photochemical stability in air even in the
V spectral region [22–25]. Perylene diimides have been success-

ully applied to prepare photoconductive polymer composites of
easonable photovoltaic performance [26–29]. A property conve-
ient for the use of these materials in PV devices is their ability
o form crystals characterized by high exciton diffusion ranges in
he order of micrometers [30,31] which is several orders of magni-
ude above the values usual for semiconducting polymers and other
on-crystalline materials applied in the organic photovoltaics.

One possible way to improve the morphology of a polymer/low-
W compound blend is an exposure of the active layer to

olvent vapor, the technique investigated namely in connection
ith reticulate doping [32,33]. In a previous article [34], we

eported on morphological changes taking place during the solvent
apor treatment of the composite consisting of poly{1-phenyl-2-
-(trimethylsilyl)phenylacetylene} (PDPA), which acts as a donor
pon photoexcitation, and a perylene derivative: N,N′-di(pent-
-yl)-perylene-3,4:9,10-bis(dicarboximide) (PTCDI) acting as an
cceptor of photogenerated electrons (Fig. 1). We also found that
he recrystallization of PTCDI occurring during the toluene-vapor
reatment improves the PV efficiency of single layer devices based
n these materials. In the present paper we report on double-layer
evices composed of the same starting materials but possessing dif-
erent architectures, one with bilayer heterojunction and another
ne with both bulk and bilayer heterojunctions, and on the effect
f the solvent vapor treatment on their photovoltaic properties.

. Experimental

.1. Materials

N,N′-di(pent-3-yl)-perylene-3,4:9,10-bis(dicarboximide),
TCDI, was purchased from SynTec (Germany). PEDOT:PSS,
oly[3,4-(ethylenedioxy)thiophene]:poly(styrenesulfonate)
Baytron P) was purchased from Bayer (Germany). Indium tin oxide-

oated glass was purchased from Merck (Germany). �-Conjugated
olymer: poly{1-phenyl-2-[4-(trimethylsilyl)phenyl]acetylene},
DPA, was prepared by the polymerization of corresponding
cetylene monomer induced with TaCl5-based catalyst according
o the procedure described earlier [22–25]. The polymer was
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ellow and its molecular-weight characteristics were determined
sing a size-exclusion chromatography device equipped with
multi-angle light scattering detector (MALS). Measurements
ere evaluated in two ways: (i) using the absolute method
ased on the MALS data: Mn = 520 × 103; Mw = 1035 × 103, and
ii) using the calibration curve method based on polystyrene (PS)
tandards: Mn = 635 × 103; Mw = 1690 × 103 (Mn and Mw are the
umber-average and weight-average polymer molecular weights,
espectively). As can be seen, the absolute molecular weight
alues obtained using MALS data are somewhat lower than those
btained on the basis of PS standards, which proves an increased
igidity of double-substituted PDPA chains compared with that of
S chains.

.2. Samples preparation

Two types of starting samples were prepared: (I) double-layer
amples composed of PDPA layer (thickness 70 nm, prepared by
he spin-casting from toluene) and an upper PTCDI layer (thick-
ess 38 nm) deposited by the vacuum sublimation on the PDPA
ottom layer and (II) double-layer samples composed of mixed
DPA/PTCDI layer (22 wt% of PTCDI, thickness 90 nm, prepared by
he spin-casting from toluene) and an upper PTCDI layer (thickness
8 nm) deposited by the vacuum sublimation on the bottom layer.
ndium tin oxide (ITO) glass coated with a PEDOT:PSS layer (thick-
ess 30 nm, prepared by the spin-casting and dried in a vacuum at
10 ◦C for 1 h) was used as a substrate for both structures. The vapor-
reatment of starting samples was done by exposing the samples
o saturated toluene vapor at room temperature for various time
eriods. After a chosen exposition time, the sample was dried in a
acuum oven at 40 ◦C for 2 h to evaporate residual toluene. Sam-
les for electrical measurements were finally coated with a top Al
lectrode prepared by the vacuum deposition technique.

.3. Sample characterization

AFM measurements were performed using a scanning probe
icroscope NT-MDT NTEGRA Prima equipped with a Nanosensors

ilicon cantilever (typical spring constant 40 N m−1); the tapping
ode under ambient conditions was applied. UV/vis spectra of

hin films cast on glass substrates were obtained using a spec-
rophotometer PerkinElmer Lambda 950. The spectra were not
orrected for the reflected and scattered light, which explains
he mutual shift of the baselines for individual absorption curves.
yclic voltammograms of PDPA thin films drop-cast on a Pt elec-
rode were obtained using a potentiostat AMEL Instruments 7050
Italy), saturated calomel reference electrode and 0.1 M solution of
etrabutylammonium hexafluorophosphate in acetonitrile. The fer-
ocene/ferrocenium redox system was used as a standard, assuming
hat the HOMO level of ferrocene is 4.8 eV below the vacuum level.
OMO energy of PDPA (EHOMO) was determined from the onset of
xidation peak (Eon = 0.4 V vs. ferrocene) as EHOMO = −(eEon + 4.8).
hotovoltaic measurements were made under steady-state con-
itions, using a xenon lamp (XBO 75) and a Jobin Yvon H25
onochromator as the light source, in a serial connection of the

ample with a stabilized power supply Keithley 230 and an elec-
rometer Keithley 617. The light intensity was measured in a
eference beam derived by a beamsplitter using a calibrated pho-
odiode EG&G HUV-1100B. The dark current was allowed to relax

or 120 s for each wavelength as well as for each value of the volt-
ge applied, and the photocurrent was recorded at a given time
eriod after the optical shutter was opened. The photocurrent spec-
ra are presented as a difference between currents measured under
llumination and in the dark.
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Fig. 2. Optical absorption spectra: (a) curve (1) PTCDI in toluene solution, (2) PTCDI
thin film on a glass substrate after 18 h solvent vapor treatment, (3) PDPA thin film,
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substrate were observed after 18 h treatment.
nd (4) film of untreated PDPA/PTCDI mixture (22 wt% of PTCDI, layer thickness
0 nm); (b) system I: curve (1) untreated, and (2) 15 min treatment with toluene
apor; (c) system II: curve (1) untreated, curve (2) 2 min treatment, curve (3) 15 min
reatment.

. Results and discussion

Optical absorption spectroscopy represents a convenient tool to
ollow the crystallization of PTCDI. In Fig. 2a, a spectrum of PTCDI in
oluene solution (curve 1) and a spectrum of PTCDI deposited on a
lass substrate are shown (curve 2). PTCDI in solution shows three
istinct bands located at 525, 489 and 458 nm, which, according to
he literature [35,36], can be ascribed to the vibronic progression
f the S0–S1 transition in a single isolated PTCDI molecule.

Optical spectra of a PTCDI thin film deposited on a glass sub-
trate and subjected to toluene vapor treatment do not show the
ands characteristic of single PTCDI molecules but new, red shifted
road bands centered at 505, 554 and 594 nm (Fig. 2a, curve 2).
hese absorption bands should be attributed to transitions in PTCDI
olecules packed in the crystal structure. Crystallization of discotic

romatic molecules is known to induce splitting of exciton energy
evels giving rise to new bands in the absorption spectra [35,37].
nergies of these new states are given by the mutual orientation of
ransition dipole moments of chromophores aligned in the crystal
attice. If the dipoles are aligned linearly, so-called J-aggregates are
ormed and a bathochromic shift of the absorption band is observed
n the absorption spectrum. If the molecular arrangement results in
he coplanar orientation of transition dipoles of chromophores, so-
alled H-aggregates are formed and a hypsochromic shift occurs in
he spectrum. Because molecular packing in real crystals is almost
ever ideally linear or coplanar, it mostly includes both these fea-
ures displayed with various intensities depending on the incline
ngle of parallelly arranged transition dipoles; the critical angle

eing ca. 57◦. Consistently, the new broad bands at 594 and 554 nm
bserved in our vapor-treated samples should be ascribed to PTCDI
olecules packed in crystals as J-aggregates with incline angle

bove 57◦ (see similar results for other perylene carboxydiimides

m
F
o

etals 158 (2008) 775–781 777

35,37]). The band around 505 nm and the shoulder around 470 nm
n solvent treated PTCDI film can be ascribed to H-aggregates.

Optical absorption spectrum of PDPA thin film (Fig. 2a, curve
) shows a broad absorption band with maximum at 424 nm and
shoulder at 378 nm corresponding to S0–S1 transitions in the

onjugated polymer chains. Spectrum of the untreated (as pre-
ared) PDPA/PTCDI composite film containing 22 wt% of PTCDI
Fig. 2a, curve 4) can be characterized as a simple superposition of
bsorption bands of the parent-compounds, the PTCDI bands being
roadened owing to the solid-state environment. This observation
learly indicates that PTCDI is molecularly dispersed in the PDPA
atrix. This layer served as a base layer for the type II devices.
Changes taking place in the course of the solvent-vapor treat-

ent in double layer systems based on a spin-cast PDPA layer with
acuum deposited thin film of PTCDI (type I device) are shown in
igs. 2–4. Such double layer system does not show marked changes
n the optical absorption spectra upon toluene vapor treatment
compare curve 1 and curve 2 in Fig. 2b) except for an increased
xtinction at short wavelength region. However, the AFM images
nd corresponding profiles (Figs. 3a, b and 4a) clearly show a growth
f PTCDI crystals. The increased extinction at shorter wavelengths
an be ascribed to the more pronounced light scattering on big-
er crystals grown during the treatment. The peak roughness of
ntreated system does not exceed several nanometers, which cor-
esponds to the observations of other authors that films of PTCDI
erivatives prepared by chemical vapor deposition on an amor-
hous substrate are amorphous or polycrystalline [35,37]. Degree
f crystalinity of such films depends on the deposition conditions
nd on the structure of substituents [36,38]. In the present case,
he deposition was carried out slowly (deposition rate 0.1 nm/s)
esulting in polycrystalline structure of the PTCDI layer.

The systems of type II, PDPA + PTCDI/PTCDI, undergo more pro-
ounced evolution upon toluene vapor treatment. The spectrum
aken before the vapor treatment shown in Fig. 2c, curve 1 displays
ontributions of PDPA, molecularly dissolved PTCDI and crystalline
TCDI (shoulder at 590 nm). It corresponds to the superposition of
he bottom layer composed of PTCDI molecularly dissolved in PDPA
curve 4 in Fig. 2a) and the upper PTCDI crystalline layer. After only
min treatment in toluene vapors, crystallization of PTCDI inside

he bottom layer occurs as evidenced by the decrease in peaks at
25 and 489 nm attributed to the molecularly dissolved fraction
f PTCDI and simultaneous increase in the peak at 594 nm (curve
in Fig. 2c). After 15 min of treatment, the peaks at 525 nm and

89 nm disappear and all PTCDI is in its crystalline form (curve 3).
he progressive growth of crystals, which can be followed by AFM
Fig. 3c and d), causes changes in the peak roughness (defined as
he height of the highest peak in the roughness profile over the
valuation length) from several nm to ca. 150 nm (Fig. 4b, curve 4).

The morphological changes in the PTCDI layer can be explained
y a solvent uptake by the PDPA polymer due to its swelling capa-
ility given by exceptionally high gas permeability and fractional
ree volume together with its good solubility [39]. This unusual
roperty of the PDPA stems from the rigidity of the polymer main
hain together with the presence of voluminous trimethylsilyl side-
roups. In our experiment with crystal balance monitor we found
hat 100 nm thick polymer layer can accept as much as 50 wt%
f toluene. After 18 h of toluene vapor treatment, large elongated
rystals of PTCDI are formed on the polymer surface, with length
xceeding 2 �m (Fig. 3f). On the other hand, only small changes in
orphology of PTCDI layer of similar thickness deposited on a glass
The crystallization can be further influenced by the presence of
olecularly dispersed PTCDI in the bottom polymer layer (compare

ig. 3b and d). Our previous experiments have shown that 15 min
f toluene vapor treatment of 120 nm thick PDPA layer containing
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ig. 3. AFM images on fused silica substrates of (a) system I as prepared, (b) system
5 min treatment, (e) mixed layer PTCDI/PDPA (31 wt% of PDPA, layer thickness 120

1 wt% of molecularly dispersed PTCDI leads to a formation of irreg-
lar crystals with the size in 150 nm scale (Fig. 3e). When the mixed

ayer is combined with deposited top layer of PTCDI the perylene
olecules yield, similarly to system I, the elongated shape crystals

ut their formation is faster.
The energy diagram for our devices is shown in Fig. 5;

OMO–LUMO energy levels of PDPA were obtained from cyclic
oltammetry and UV/vis spectroscopy measurements, values for

TCDI in both in crystalline and amorphous form were taken from
he literature [27,29]. As can be seen from mutual positions of
OMO and LUMO energy levels, a photoexcitation of both mate-

ials forming the heterojunction can lead to the formation of free
harge carriers: upon photoexcitation of PDPA, the electron trans-

(
t
t
f
a

er 15 min exposition to solvent vapor, (c) system II as prepared, (d) system II after
f) double layer PDPA (120 nm)/PTCDI (50 nm) after 18 h of solvent vapor treatment.

er from the PDPA LUMO level to the LUMO level of PTCDI is feasible
nd, vice versa, upon photoexcitation of PTCDI, the electron trans-
er from the PDPA HOMO level to the vacant HOMO level of PTCDI
s possible, too. Both kinds of electron transitions result in a for-

ation of free electron–hole pairs in the system. ITO layer, being
he illuminated electrode, acquires a positive charge in all systems
nder study.

The spectra of short circuit photocurrent, Isc, expressed as IPCE

incident photon-to-electron conversion efficiency) for devices of
ype I in various treatment times are given in Fig. 6. The IPCE spec-
rum of the untreated sample of system I shows the contribution
rom the polymer (424 and 378 nm) and both crystalline (shoulder
t 570 nm) and amorphous phase (525 and 490 nm) of the top PTCDI
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Fig. 4. Profiles derived from the AFM images—(a) system I: curve (1) untreated, (2)
after 2 min treatment, (3) after 5 min, and (4) after 15 min treatment with toluene
vapor; (b) system II: curve (1) untreated, (2) after 2 min treatment, (3) after 5 min,
and (4) after 15 min treatment with toluene vapor.
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larger ones, the increase in �e can be explained mainly by more
effective electron transport in larger PTCDI crystals resulting in
an improved collection efficiency of the photogenerated electrons.
It is known from the literature that PTCDI is very good electron-
ig. 5. HOMO and LUMO levels of active components with respect to the work
unctions of electrodes.

ayer. This mixed spectrum is surprising because it follows from the
bsorption spectra that the top layer is composed mostly from the
rystalline phase. After the insertion of the sample in the toluene
apors, the IPCE spectrum in the green-red region is changed and
orresponds to the fully crystalline PTCDI layer. Simultaneously, a
arked increase in IPCE efficiency was observed for short treat-
ent times 2 and 5 min. At longer treatment times (shown for

5 min treatment in Fig. 6a) a decrease in efficiency was observed,
evertheless the IPCE spectrum maintains the crystalline phase
eatures.
The effect of vapor treatment on the volt–ampere (V–A) charac-

eristics of the system I is shown in Fig. 7a. The power conversion
fficiency values as determined from V–A characteristics (Table 1)

able 1
ower conversion efficiencies, � [%], of photovoltaic devices based on PDPA and
TCDI obtained at various treatment times

0 min 2 min 5 min 15 min

0.008 0.026 0.022 0.010
I 0.053 0.038 0.036 0.011

llumination: 10 mW cm−2.

F
l
u
1

ig. 6. Incident photon-to-electron conversion efficiency (IPCE) of (a) system I and
b) system II. Open circles: untreated sample, squares: 2 min treatment, triangles:
min treatment, full circles: 15 min treatment with toluene vapor.

how an increase of �e at intermediate treatment times between 2
nd 5 min. Because the AFM and optical absorption measurements
roved the growth of PTCDI crystals on account of a decrease of
morphous PTCDI and recrystallization of small crystals into the
ig. 7. Photocurrent–voltage characteristics of prepared PV devices under white
ight illumination (10 mW/cm2) for (a) system I and (b) system II. Open circles:
ntreated sample, squares: 2 min treatment, triangles: 5 min treatment, full circles:
5 min treatment with toluene vapor.
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ransporting material with charge carrier mobility approaching
.2 cm2 V−1 s−1 [40]. This value was obtained from the transient
icrowave measurement that reflects the short-range mobility

nside the crystal domains. On the other hand it is known from the
ime-of-flight measurements that the long-range electron trans-
ort is affected by deep trapping and/or recombination at the grain
oundaries [41]. Hence, we can expect that an increase in the size
f crystal domains would lead to an improved electron transport.
esides that, the photogeneration in J-aggregates should extend
he IPCE spectrum to the red region and so further contribute to
he increased overall power conversion efficiency, � (Fig. 6a). As
an be seen, a longer-time (15 min) vapor treatment of a sample I
urns the efficiency back to almost original value found before the
reatment. It can be explained by increased roughness of the PTCDI
pper layer, which lowers the interphase area for the charge carrier
hotogeneration. As a result, a decrease in � is observed though the
lectron transport is improved in this system.

The system II was designed and prepared in such a way that
t contained the same total amount of PTCDI in the whole double
ayer structure as the system I, which means that the upper layer of
ystem II was thinner on expense of PTCDI molecularly dispersed
n the bottom layer. The total thickness (108 nm) was the same for
oth systems. The redistribution of PTCDI substantially changed
he photoelectrical behavior of the system II compared to that the
ystem I. Values of � for untreated (as prepared) samples of type
I are several times higher than those observed for the untreated
ystem I. Moreover, the photocurrent spectrum of sample II clearly
hows spectral features of molecularly dispersed PTCDI. Unlike the
ase of system I, the toluene-vapor treatment decreases the overall
fficiency of the system II. The IPCE spectra progressively change
ithin first 5 min of the treatment: the spectrum acquires the fea-

ures typical of crystalline PTCDI and becomes similar to that of the
ystem I treated for the same period of time. During further treat-
ent the system II behaves similarly to the system I. The power

onversion efficiencies (Table 1) obtained from V–A characteristics
Fig. 7) confirm the high efficiency derived from IPCE spectra and
ollow the decreasing trend during the vapor treatment.

In our previous experiments [34] we investigated devices based
n PDPA/PTCDI mixture containing 31 wt% of PTCDI molecularly
issolved in the polymer matrix. The device that was not subjected
o the solvent treatment showed very low PV energy conversion
fficiency (3 × 10−5%) despite its good charge carrier photogenera-
ion ability. The IPCE values measured 2 s after the beginning of
he illumination reached 6%, but the IPCE decreased about one
rder of magnitude during further illumination within the time
ange of several tens of seconds. This relaxation of the photocur-
ent negatively influencing the PV efficiency was explained by the
evelopment of the space charge due to the insufficient drain of
hotogenerated free electrons from a site of photogeneration owing
o the absence of percolation in that system. Taking those results
nto account we cannot explain the here-observed increased con-
ersion efficiency in system II by a simple superposition of the
ffects of bulk and bilayer heterojunction in one device. Obvi-
usly, the higher IPCE values could be partially explained by a
igher optical extinction of isolated molecules compared to the
ggregates and, hence, by a higher amount of absorbed photons.
evertheless, when recalculating the incident photon-to-electron
onversion efficiency per absorbed photons, we still obtain higher
alues for system II than expected from a simple superposition of
ffects.
One possible explanation of the observed increase in IPCE of
ntreated system II that should be discussed is the fact that a
hinner upper layer of PTCDI (18 nm vs. 38 nm in system II and I,
espectively) can allow for a better collection of charges photo-
enerated in the crystalline top PTCDI layer in the vicinity of the
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nterface with the bottom polymer layer. But there are some bottle-
ecks of such explanation: (i) the feature of IPCE spectrum shows
hat the charges are preferably generated in the bottom polymer
hase with molecularly dispersed PTCDI and (ii) if the transport of
harges is somehow limited by a polycrystalline structure of the
op layer it should be improved upon short toluene-vapor treat-

ent due to recrystallization and not decreased as it was observed
n our experiment.

It seems to be clear that molecularly dispersed PTCDI molecules
ontribute to the overall power conversion efficiency. The only
xplanation could be the synergy effect of dispersed PTCDI
olecules in the bottom layer with the PTCDI in a crystalline form

eposited on the top. On the basis of these considerations, the
hole PV process in the device II that was not subjected to sol-

ent treatment can be described as follows. The energy absorption
ccurring in both PDPA and PTCDI is followed by generation of the
harges that is efficient mainly at the PDPA/molecularly dissolved
TCDI interface. The holes are transported by PDPA and collected
n ITO electrode, the PTCDI facilitates the electron collection by the
pposite Al electrode. More detailed mechanism cannot be pro-
osed yet. A decrease in the PV efficiency of the system II upon

onger-time solvent treatment probably results from a decrease in
i) the content of molecularly dissolved PTCDI and (ii) in the contact
rea between the phases similarly as in the device I.

Considering the absolute value of PV efficiency of the as pre-
ared system II under illumination of 10 mW cm−2, � = 0.05% and
he fill factor, FF = 0.3 we obtain values similar to those reported
or devices based on poly(3-hexylthiophene)/perylene derivative,
ut lower than the best reported one with � = 0.18% shown in [27].

n these devices, the PTCDI occurs exclusively in the crystals with
imensions of hundreds of nanometers due to its relatively high
oncentration. All systems under investigation have similar Uoc

bout 0.95 V which is relatively high, compared to similar devices
ased on poly(3-hexylthiophene)/perylene derivative giving typi-
ally Uoc of 0.3 V [29] or a substituted hexabenzocoronene/PTCDI
ith 0.7 V [28]. If we consider that Uoc is given by the difference as a
ifference between HOMO level of the polymer and LUMO level of J-
ggregates of PTCDI (lowest energy level for electron transport) we
btain Uoc value to be 1.2 V, slightly higher than the result obtained
n our experiments. The fill factor of our best device FF = 0.3 is
easonable compared to devices using perylene based acceptors
28,29] despite a high serial resistance seen from the tangent of
urrent vs. voltage curve at I = 0 A.

. Conclusions

The polymer PDPA showed strong ability to facilitate crystalliza-
ion of planar perylene type molecules. In the studied double-layer
ystem the PTCDI molecules crystallized into long hair-like crystals
hat are favorable for electron transport. Nevertheless the obtained
esults point to the existence of application limits of the solvent-
apor-treatment method in tuning the performance of a bilayer PV
evice composed of a hole-conducting conjugated polymer such as
DPA and electron-conducting low-molecular-weight compound
uch as perylene derivative PTCDI. In particular, a solvent-vapor-
nduced increase in a continuity of the acceptor phase, which
mproves the collection efficiency of electrons, is achieved on
ccount of a decrease in the PDPA–PTCDI interphase area, which
nevitably lowers the efficiency of charge carriers photogeneration.

s a result, a maximum occurs on the dependence of PV efficiency
f the bilayer device on the time of solvent-vapor treatment.

Compared to the solvent-vapor-treatment method, significantly
igher increase in the PV efficiency can be achieved via a construc-
ion of a device in which both bulk and bilayer heterojunctions are
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resent. This can be easily achieved using a polymer phase con-
aining molecularly dissolved PTCDI in the construction of bilayer
evice. Such device shows better PV efficiency due to the effective
ombination of free charge carrier photogeneration and its collec-
ion and transport to electrodes.
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