
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of Materials Chemistry A RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Efficient solvent-assisted external treatment for 
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Sanggyu Yim*a 

We developed a novel solvent-assisted treatment (SAT) technique to modify the 

nanomorphology of the planar heterojunction (PHJ) bilayer active layers (ZnPc/C60) of organic 

photovoltaics (OPVs). The SAT technique uses organic solvent vapors under reduced 

pressures, which partially dissolves one component (the donor molecule, ZnPc, in this study) 

of PHJ layers prepared by vacuum deposition. Because of the partial mixing of the two layers, 

the PHJ layers develop a bulk heterojunction (BHJ)-like intermixed morphology. The 

performance of the resulting OPVs is considerably improved because of (i) the increased 

interfacial area of ZnPc/C60, (ii) the healing of the intrinsic micropores within the active layers, 

which originate from the deposition process, and (iii) enhanced light absorption due to the 

rearrangement of the ZnPc molecules. After the SAT, the power conversion efficiency (PCE) 

of the OPVs improved more than three-fold (2.58%), with an open-circuit voltage (VOC) of 0.61 

V, a short-circuit current (JSC) of 7.50 mA·cm-2, and a fill factor (FF) of 0.56, as compared to 

that of the as-prepared PHJ-OPVs (PCE = 0.83%, with VOC = 0.38 V, JSC = 5.3 mA·cm-2, and 

FF = 0.42). Our unique SAT technique provides an alternative route for controlling the 

nanomorphology of organic thin films by vacuum deposition, which may be very difficult to 

achieve using more conventional methods. 

 

Introduction 

Organic photovoltaic cells (OPV) have been extensively studied as 
promising candidates for next-generation solar cells because of their 
lower materials cost and applicability to flexible energy devices. 
Especially, active materials based on small molecules in OPV cells 
are attracting growing attention due to their high stability, easy 
purification, well-defined molecular structure and easy control of 
film growth.1-4 Development of organic semiconducting materials 
has continuously increased the power conversion efficiency (PCE) of 
OPVs, reaching as high as ~10% while still possessing the potential 
for further improvement by designing new chemical structures.5 In 
addition to materials development, manipulation of the interfacial 
nanomorphology within active layers, typically consisting of p-type 
and n-type semiconductors (also called donors and acceptors), is 
another crucial factor for optimizing the photon-to-electron 
conversion of OPVs.6,7 Controlled nanomorphology in a way that 
offers a large contact area between donors and acceptors and the 
continuity of each domain can facilitate separation of the charges 
from excitons and the transport of the resulting charges to the 
collecting electrodes. The short exciton diffusion length in organic 
semiconductors limits the efficiency of charge separation before 
recombination, thus underscoring the importance of the 
nanomorphology.8-10 Donor/acceptor (D/A) bulk heterojunction 
(BHJ)-structured active layers prepared by codeposition or 
homogeneous blending provide larger interface areas as compared to 

planar heterojunction (PHJ or bilayer structures) active layers, 
resulting in enhanced PCE.11 However, excessive D/A phase 
separation can cause charge-carrier traps at the cul-de-sacs, 
hampering further increases in the device performance. Thus, 
appropriate phase segregation is an important issue.12,13 In order to 
obtain preferential nanomorphology, interdigitated nanostructures of 
donors and acceptors have been proposed as offering enhanced 
interfaces for efficient exciton dissociation and charge transport 
simultaneously.14,15 Various strategies for independently controlling 
the D/A phases, including nanoimprinting,16-18 organic vapor phase 
deposition (OVPD),12,13 and glancing-angle deposition (GLAD),19-21 
have been applied to fabricating these interdigitated nanostructures. 
Among these techniques, solvent-assisted treatment (SAT) using 
liquid drops,22 vapor spray,23 and saturated vapors24 has recently 
attracted much attention as an emerging strategy because it provides 
a simple and fast process without the need for a sophisticated 
apparatus. Using this SAT method, nanopillars with diameters of 
35–50 nm, which correspond to the exciton diffusion lengths of 
organic semiconductors, including phthalocyanine (Pc) films,25-27 
were successfully fabricated. Deposition of subsequent acceptor 
materials onto these donor nanopillars could lead to the formation of 
interdigitated D/A nanostructures. However, the fabrication of D/A 
interdigitated structures by this method can often yield poor 
interfaces containing undesirable voids, resulting in lower cell 
performance.  
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In this study, a novel SAT method for manipulating the 
nanomorphology of small molecules in the active layers of OPVs 
prepared by a vacuum process was developed. Zinc phthalocyanine 
(ZnPc) and C60 were used as the p-type (donor) and n-type 
(acceptor) semiconductors, respectively. Organic solvent vapors 
were then introduced under controlled pressure in order to rearrange 
the D/A interfaces of the initially formed PHJ bilayer to yield 
intermixed BHJ-like layers. The evolution in the nanomorphology of 
the active layers and the performance enhancement of the 
corresponding OPVs are discussed. Use of this SAT method on the 
ZnPc/C60 PHJ bilayer cells provided improved D/A contact with a 
higher interfacial area. The cell performance was also dramatically 
improved, showing a more than three-fold increase in PCE, low 
series resistance, and high shunt resistance, with a significantly 
higher open-circuit voltage (VOC = 0.61 V) as compared to the 
untreated PHJ bilayer cells. 

 

Results and discussion 

The OPVs were fabricated by a conventional vacuum deposition 
method using ZnPc/C60 as the active materials. The active layers 
were prepared by four different routes, resulting in a i) conventional 
PHJ bilayer cell (Cell-A), ii) BHJ cell (Cell-B), iii) pre-SAT PHJ 
cell (Cell-C), and iv) post-SAT PHJ cell (Cell-D). A schematic 
illustration of the preparation procedure and structures for the four 
types of OPVs are shown in Figure 1. The current density–voltage 
(J–V) curves of these cells are shown in Figure 2, and the resulting 
cell characteristics are summarized in Table 1. The PCE of Cell-A, 
which contained an as-prepared PHJ bilayer as the active layer, was 
0.83%, with a VOC of 0.38 V, a short-circuit current density (JSC) of 

Figure 2 J–V characteristics of OPVs fabricated using various types of 

ZnPc/C60 layers measured at (a) AM 1.5G one sun illumination and (b) in 

the dark. 

Figure 1 Schematic illustration of the structure of OPVs and the fabrication process of ZnPc/C60 active layers used in this study: (a) pre-SAT PHJ cell (Cell-C), 

(b) conventional PHJ bilayer cell (Cell-A), and (c) post-SAT PHJ cell (Cell-D). The BHJ cell (Cell-B) was fabricated using a conventional codeposition method as 

described in the experimental section 
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5.3 mA·cm-2, and a fill factor (FF) of 0.42. The relatively small D/A 
interfacial area of the bilayer structure limited further enhancement 
of JSC and PCE. In the BHJ cell (Cell-B), in which the donors and 
acceptors were codeposited, the JSC was improved to 7.07 mA·cm-2, 
with a PCE of 1.45%. The enhanced interfacial area was responsible 
for the higher JSC values as compared to the PHJ bilayer cells (Cell-
A). However, additional optimization of the nanomorphology of the 
active layers such that charge carrier traps can be reduced needs to 
be addressed in order to further enhance other cell parameters such 
as FF and VOC.  

To obtain the desired interdigitated nanomorphology, which is 
known to result in efficient charge transport, we fabricated the active 
layers by depositing C60 on preformed ZnPc nanopillars.23 The 
average diameters of the nanopillars were 35–42 nm (Figure S2 in 
Supporting Information, SI). The deposition of C60 on this ZnPc 
nanopillar layer was expected to form an interdigitated D/A structure 
capable of enhancing the cell performance. However, the PCE of this 
nanopillar-based interdigitated bilayer cell (Cell-C) was only 
~0.02%. All other cell parameters, VOC (0.05 V), JSC (1.8 mA·cm-2), 
and FF (0.26), were also quite low. We attributed these results to the 
fact that D/A interdigitation was not effectively formed because 
complete filling of the nanoscale spaces beneath the donor 
nanopillars with impinging acceptor molecules is very difficult 21,28. 
Shadowing due to clogging of the pore entrances resulted in the 
formation of voids within the active layer, as clearly observed in the 
cross-sectional field-emission scanning electron microscopy (FE-
SEM) images in Figure 3a. Apparently, the voids (indicated by 
arrows in Figure 3a) led to a significant increase in the series 
resistance (RS) of the films, thus reducing the cell performance. In 

addition, the subsequent metal electrode (Al) deposition on top of 
the rough organic layer formed a very rough Al layer, which would 
cause resistive contact and irregular transport of charge carriers.  

In order to construct a nanomorphology with an enhanced, void-
free D/A interfacial area within the active layers, we applied the 
SAT after formation of the ZnPc/C60 bilayers (denoted as post-SAT, 
Cell-D). The changes in nanomorphology of organic active layers by 
similar SAT methods have been studied in polymer-based solar 
cells.29-31 Application of a liquid or vapors of good or marginal 
solvents on bilayer or BHJ polymer films could alter the 
nanomorphology of these layers. Lee et al. reported the nanoscale 
intermixing of polymeric donors and acceptors by the spin coating of 
an acceptor solution in which the solvent is orthogonal to the donor 
film.29 Our group also achieved a favorable nanomorphology by 
reorganization of polymer BHJ films using an appropriate amount of 
good solvent.31,32 These reports demonstrate the enhancement of cell 
performance by effectively manipulating the nanomorphology of 
active layers using various SAT methods.31,32 Motivated by these 
previous results, we attempted the reorganization of the 
nanomorphology of organic active layers using the SAT method. 
The SAT was performed in a separate solvent treatment chamber 
attached to the ultrahigh-vacuum (UHV) organic molecular beam 
deposition (OMBD) system (Figure S1). The chamber was saturated 
with acetone vapors introduced from an external liquid-containing 
cylinder. The pressure during the SAT was ~24 Torr (3.2 kPa). After 
the SAT, the sample was transferred back to the OMBD chamber 
and dried at 100°C for 1 h under ultrahigh vacuum, 2 × 10-8 Torr 
(2.67 µPa), to remove residual solvent before deposition of the Al 
electrode to form Cell-D. 

(a)

100 nm

(b)

ITO

post-SAT  ZnPc/ C60

Al

ITO

pre-SAT  ZnPc/ C60

Al

100 nm

Figure 3 FE-SEM images of ZnPc/C60 active layers (a) pre-SAT (Cell-C) and (b) post-SAT (Cell-D). The yellow arrows in (a) indicate voids within the active layer. 

Figure 4 Characteristics of OPVs containing ZnPc/C60 layers: (a) J–V characteristics. The numbers after the cell labels indicate the SAT duration in minutes. 

Cell-A has the as-deposited ZnPc/C60 layers (0 min of SAT). (b) VOC and JSC. (c) FF and PCE. The J–V curves were measured at AM 1.5G one sun illumination. 
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Table 1 Performance of OPVs containing various ZnPc/C60 layers 
 

Cell type 
V
OC

 

(V) 

J
SC

 

(mA·cm-2) 
FF 

PCE 
(%) 

Cell-A 0.375 5.29 0.419 0.83 

Cell-B 0.535 7.07 0.384 1.45 

Cell-C 0.050 1.76 0.256 0.02 

Cell-D 0.610 7.50 0.564 2.58 

 
The cross-sectional FE-SEM image of the active layers after the 

SAT showed well-stacked, planar layers with an absence of voids 
(Figure 3b). Although any recognizable difference was not observed 
as compared to the as-deposited bilayers (Figure S3), the 
performance of the resulting OPVs was significantly enhanced after 
the SAT. The PCE of Cell-D was 2.58% (VOC = 0.61 V, JSC = 7.50 
mA·cm-2, FF = 0.56), which is 3.1 times higher than that of Cell-A, 
as summarized in Table 1.  

The performance of Cell-D was also strongly influenced by the 
duration of the SAT. As shown in the J–V curves and the analyzed 
parameters of Cell-D for a range of SAT times (Figure 4a and Table 
2), the performance was improved after 30 min of SAT (Cell-D30), 
nearly optimized after 60 min of SAT (Cell-D60), and then 
decreased continuously as the SAT time increased (Cell-D90 and 
Cell-D120). Interestingly, the JSC values increased continuously with 
increasing SAT time, whereas the VOC values reached a maximum in 
Cell-D60. The effects of SAT on the active layers were further 
investigated using optical analysis techniques. Figure 5 (right panel) 
exhibits the photoluminescence (PL) results for Cell-D over a range 
of SAT times. Because the PL of organic semiconductors occurs 
when the electron–hole pairs are relaxed by irradiative 
recombination, the PL intensity of the active layers can reveal the 
exciton dissociation efficiency at a D/A interface.31 Also, because 
the PL of our active layers was quenched by the photo-induced 
charge transfer from ZnPc to C60, the degree of PL quenching can 
indicate the efficiency of the charge dissociation. The as-deposited 
layers (Cell-A) exhibited relatively high PL intensity, indicating 
inefficient exciton dissociation due to a reduced D/A interfacial area. 
After SAT, the PL intensity decreased significantly, and it was 

reduced almost completely after 120 min. The inset graph in the 
right panel of Figure 5 shows the variation of PL intensity as a 
function of SAT time at λ = 1082 nm, which is the maximum 
emission wavelength of ZnPc thin films.33 This result implies that 
the D/A contact areas increased as the duration of the SAT 
increased, which could induce improved charge separation. This 
result is consistent with the trend in the increase in the JSC values 
(Figure 4 and Table 2). We attributed the increased D/A contact area 
to the intermixing of ZnPc and C60. Because C60 is barely soluble in 
acetone, the soluble ZnPc is responsible for diffusion among the C60 
molecules, thus forming enlarged interfaces. The remixing of the 
active materials and the change of nanomorphology (or D/A contact 
area) were also confirmed by TEM-mapping for Zn atoms (Figure 
S4). Note that the performance of Cell-D drastically decreased after 
60 min of post-SAT, although the D/A interfacial area further 
increased. This is attributed to the fractional loss of domain 
continuity and the partial de-wetting of the thin active films by 
excessive SAT, as observed in our previous reports.34  

The SAT process also resulted in an alteration in the light-
absorption properties of the active layers. The left panel of Figure 5 
shows the electronic absorption (EA) spectra recorded for the active 
layers as a function of SAT duration. The EA spectrum of the as- 
deposited active layer exhibits characteristic α-phase ZnPc.35 This 
absorption band is known as the superposition of three Q-bands of 
Pc films,35 i.e., QS, QL, and QM sub-bands, which are attributed to H-
aggregates, J-aggregates, and medium transition aggregates, 
respectively. As shown in Figure 5 (left panel), a gradual change in 
the relative intensities of the sub-bands was observed as the SAT 
proceeded. The intensity of the QS band centered at 623 nm 
gradually decreased and that of the QL band centered at 747 nm 
increased. An especially large change was observed for Cell-D60 
and Cell-D120, indicating that the ZnPc molecules were 
considerably rearranged from an H-aggregate-dominant orientation 
to a mixture of H-aggregates and J-aggregates during the SAT, 
which can facilitate vectoral charge transport within active 
layers.14,36 The broadened absorption of ZnPc between 530 nm and 
850 nm post-SAT contributed to the enhanced light absorption in 
accordance with the enhanced JSC. The polymorphic evolution of 
phthalocyanines by solvent treatment has been recently observed.36-

38 In these reports, the phase transformation of phthalocyanine-based 
donors occurred upon solvent annealing, resulting in enhanced light 
absorption and vectoral charge transport. Our SAT method induced a 
similar phase evolution, which contributed to the improvement in 
cell performance. 

 
Table 2 Performance of OPVs containing ZnPc/C60 layers after SAT of 
various durations 
 

SAT duration 
V
OC

 

(V) 

J
SC

 

(mA·cm-2) 
FF 

PCE 
(%) 

Cell-A (0 min) 0.38 5.29 0.42 0.83 

Cell-D30 0.45 5.18 0.46 1.06 

Cell-D60 0.61 7.50 0.56 2.58 

Cell-D90 0.40 8.61 0.41 1.41 

Cell-D120 0.33 10.42 0.37 1.29 

 
In addition to the improvement in JSC, VOC and FF were also 
significantly enhanced by post-SAT (compare Cell-A and Cell-D). 
In particular, VOC of Cell-D (0.61 V) was higher than that of 
previously reported ZnPc/C60-based OPVs (0.29–0.58 V).39-44 These 
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Figure 5 The UV-vis spectra (left panel) and PL intensity (right panel) of 

ZnPc/C60 layers subjected to SAT of various durations. The inset of the 

right panel shows the change in the PL intensity of the ZnPc/C60 layers 

as a function of SAT duration. 
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results become more intriguing when the performance of Cell-B and 
Cell-D are compared. The JSC values of both cells are similar (7.07 
and 7.50 mA·cm-2 for Cell-B and Cell-D, respectively) because both 
cells have a D/A intermixed nanomorphology. However, Cell-D has 
significantly higher VOC and FF (0.61 V and 56.4%, respectively) as 
compared to Cell-B (0.54 V and 38.4%, respectively). VOC is related 
to the ratio of JSC and the reverse saturation current density, J0, based 
on the equivalent-circuit method 45, 46 as expressed in equation (1). 









≅

0

ln
J

J

e

kT
nV SC

OC                   (1) 

 

where k is the Boltzmann constant, T is the temperature, e is the 
elementary charge, and n is the ideality factor. Reverse 
saturation current density, J0, could be obtained by fitting the 
dark current J-V characteristics (Figure 2b) with a modified 
Schockley equation,46,47    
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where J is the dark current density and RS is the cell series 
resistance. The J0 values extracted were 3.5×10-5 mA·cm-2, 
2.3×10-5 mA·cm-2 and 1.1×10-5 mA·cm-2 for the Cell-A (as-
prepared), Cell-B (BHJ) and Cell-D (post-SAT), respectively. 
The VOC enhancement for the Cell-D can therefore be explained 
by the increased JSC/J0 values (reduced J0 with enhanced JSC), 
which implies the diode characteristics of the active layers were 
improved by the post-SAT. The FF is known to be closely to 
the shunt (RP) and series resistance (RS) of the active layers.48 
The RP and RS values were determined by the slopes of the 
characteristic J–V curves under irradiation at V = 0 and J = 0, 
respectively. Cell-D exhibited considerably higher Rp and lower 
Rs (2.8 and 0.013 kΩ·cm2, respectively) than Cell-A (0.21 and 
0.026 kΩ·cm2) and B (0.12 and 0.021 kΩ·cm2). 
 In order to further understand the origin of the superior VOC 
and FF of Cell-D, the effect of SAT on the surface morphology 
of the active films was investigated using tapping-mode atomic 
force microscopy (AFM). As shown in Figure S5 in SI, the 
surfaces of the as-prepared active layers were smoother post-
SAT. The root-mean-square roughness (Rrms) of the as-
deposited films (~5.6 nm) was reduced to less than half after 
SAT (~2.2 nm). These facts indicate that the as-deposited films 
may have limited smoothness with possible internal micropores 
because they are formed by the sequential accumulation of 
thermally evaporated molecules. The reduced VOC with higher 
J0 in Cell-A and Cell-B as compared to Cell-D may be 
attributed to the leakage current through these micropores based 
on the fact that the higher porosity could have introduced a new 
resistor (RP2) into the equivalent circuit, which reduced VOC by 
a factor of RP2/(RP2 + RS).49SAT can partially re-dissolve ZnPc 
in order to heal the micropores while smoothing the film 
surface. These effects can improve D/A contact, reduce the RS, 
enhance the interfacial contact between the active layer and the 
metal electrode, and prevent metal penetration through the 
micropores. The spectroscopic (PL and EA) and microscopic 
(FE-SEM and AFM)  analysis results imply that appropriate 
SAT of the pristine bilayers of ZnPc/C60 can be reorganized 
into void-free, smooth, dense layers by partial intermixing of 
ZnPc and C60 molecules. Based on the correlation between this 
nanomorphological information and JSC, the resulting 
intermixed heterojunction structure possesses a higher 

interfacial area with sufficient bicontinuity, which is favorable 
for charge collection as compared to the conventional PHJ 
structure.  

Conclusions 

In summary, we developed a novel SAT method that can 
effectively manipulate the nanomorphology of ZnPc/C60 active 
layers from PHJ to BHJ-like intermixed layers. The evolution 
of this active layer nanomorphology could enhance all the 
properties for photovoltaic cells. Upon SAT of the ZnPc/C60 
bilayer using acetone vapors, the ZnPc was re-dissolved and 
penetrated into the C60 layers while simultaneously healing the 
micropores within the active layers. Furthermore, the ZnPc 
molecules were also rearranged from H-aggregation-dominant 
to a mixture of H-and J-aggregation by post-SAT, which 
improved the light absorption properties. The 
nanomorphological alteration of the layers was dependent on 
the duration of the SAT. In terms of the benefits of the 
nanomorphological evolution, the post-SAT OPV (Cell-D) 
displayed cell performance (PCE = 2.58%) that was three times 
better than that of untreated bilayer cells (Cell-A, PCE = 
0.83%). These results are due to the enhanced ZnPc/C60 
interfacial area, reduced series resistance, and increased shunt 
resistance (reduced leakage current). Our unique SAT 
technique also suggests an alternative route to manipulating the 
nanomorphology of organic thin films by vacuum deposition, 
which may be very difficult to change otherwise. Applications 
of the SAT technique to various materials and organic thin-film 
electronic devices are underway in our laboratory.  
 

Experimental 

Cell fabrication: Four types of ZnPc/C60-based small-molecule 
OPV cells were fabricated (Figure 1). The active layers had a PHJ 
bilayer (Cell-A), BHJ layer (Cell-B), pre-SAT bilayer (Cell-C), and 
a post-SAT bilayer (Cell-D). For all the samples, well-cleaned 
indium–tin oxide (ITO)-coated glass substrates (sheet resistance = 
~10.2 Ω cm-2) were first subjected to UV-ozone cleaning for 10 min.  
A poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) solution (Clevios™ 4083, Sigma-Aldrich) was then 
spun on the cleaned ITO/glass substrates to form the hole-collecting 
(electron-blocking) buffer layers (thickness ~40 nm). The films were 
then dried at 100 °C for 12 h under vacuum. For Cell-A (PHJ 
bilayer), the active layers were grown in an ultrahigh-vacuum 
(UHV) organic molecular beam deposition (OMBD) chamber with a 
base pressure of ~2 × 10-8 Torr (2.67 µPa). Commercially available 
ZnPc powder (97%, Aldrich Chemical) was purified three times 
through temperature gradient sublimation. The purified ZnPc was 
then outgassed in the OMBD chamber for 15–20 h before growth 
and then sublimed from a miniature effusion cell onto the 
glass/ITO/PEDOT:PSS substrates held at room temperature (RT). 
The effusion cell temperature was 370 °C, corresponding to a growth 
rate of ~0.3 Å/s as determined using a quartz crystal microbalance 
(QCM) positioned near the substrate. The film thicknesses were also 
measured ex situ using a field-emission scanning electron 
microscope (FE-SEM) (JEOL JSM 740F) and atomic force 
microscope (AFM) (SII SPA 400). On the 350-Å-thick ZnPc layer, a 
400-Å-thick C60 layer was deposited at a growth rate of ~0.1 Å/s 
(cell temperature ~390 °C) followed by a 100-Å-thick bathocuproine 
(BCP) layer at a growth rate of ~1.0 Å/s (cell temperature ~175 °C). 
C60 (sublimation grade, 99.9%, Sigma-Aldrich) and BCP (98.0%, 
Tokyo Chemical Industry) were used as received. The top electrode 
(Al) was then formed to a thickness of 800 Å using a thermal 
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evaporation technique through a shadow mask, resulting in an active 
area of 2 × 2 mm. Cell-B (BHJ layer) was prepared by the 
codeposition of ZnPc:C60 (1:1, thickness = 410 Å) onto the 50-Å-
thick ZnPc layer previously deposited on the PEDOT:PSS/ITO.  
Additional C60 (200 Å) and BCP (100 Å) were deposited before the 
Al electrode (800 Å) deposition. For Cell-C (pre-SAT bilayer), the 
350-Å-thick ZnPc thin film grown on the glass/ITO/PEDOT:PSS 
substrate was transferred to an adjacent vacuum chamber equipped 
with a solvent-spray system.23 The substrate was then treated by 
solvent vapors for 30–120 min at RT to yield ZnPc nanopillars. The 
resulting films were transferred back to the OMBD chamber and 
dried at 100 °C for 1 h under ultrahigh vacuum. The 400-Å-thick 
C60, 100-Å-thick BCP, and 800-Å-thick Al layers were then 
subsequently deposited. For Cell-D (post-SAT bilayer), the as-
prepared PHJ active layer (the active layer of Cell-A) was 
transferred to the solvent-treating chamber. The chamber was 
saturated with acetone vapors obtained by the evaporation of the 
liquid contained in a cylinder attached to the chamber. The film was 
maintained under saturated acetone vapors for 30–120 min. The film 
was then transferred back to the OMBD chamber and dried at 100 
°C for 1 h under ultrahigh vacuum. A 50-Å-thick C60 layer was 
additionally deposited, followed by the deposition of 100-Å-thick 
BCP and 800-Å-thick Al layers. 

 
Characterization: The current density–voltage (J–V) 

characteristics of the OPV cells were measured under illumination of 
air mass 1.5G one sun conditions (ORIEL 91193 1000 W Xe lamp; 
intensity: 100 mW/cm2) with the aid of a potentiostat (CHI 608C, 
CH Instrument). The surface and cross sections of the cells and 
individual layers were investigated using focused ion beam-scanning 
electron microscopy (FIB-SEM) (Nova 200, FEI Company) and 
atomic force microscopy (AFM). Photoluminescence (PL) spectra 
were recorded using a fluorescence spectrophotometer (Fluorolog-3, 
Horiba Jobin Yvon) with 600 nm excitation. The electronic 
absorption of the films was recorded using an ultraviolet-visible 
(UV-vis) spectrophotometer (Scinco S-3100). 
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