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Fluorinated Zinc Phthalocyanine as Donor for Efficient 
Vacuum-Deposited Organic Solar Cells
Efficient single bulk heterojunction organic solar cells based on blends of a 
fluorinated zinc phthalocyanine as electron donor and fullerene C60 as elec-
tron acceptor are reported. In comparison to the commonly used absorber 
zinc phthalocyanine, the fluorination of the molecule to F4ZnPc leads to 
an increase in ionisation potential and subsequently to an improvement of 
about 170 mV in the open circuit voltage of organic solar cells, while the 
short circuit current density and fill factor remain nearly unchanged. Similar 
to ZnPc:C60-based devices, the device characteristics of F4ZnPc:C60 solar 
cells can be further enhanced by improving the blend layer morphology by 
substrate heating during deposition. F4ZnPc is an efficient donor material 
that can achieve a 4.6% power conversion efficiency in single heterojunction 
organic solar cells.
1. Introduction

In recent years, organic solar cells (OSCs) have emerged as 
promising solar cell technology: the potential to fabricate flex-
ible, lightweight devices with low material consumption and 
tunable absorption characteristics opens a pathway to cost-
efficient electricity generation. A better understanding of this 
field offers challenges for chemists, physicists, material scien-
tists, and theoreticians alike, providing opportunities for joint 
studies. Increasing research efforts have steadily improved 
power conversion efficiencies (η) since the first efficient bilayer 
photovoltaic device was reported by Tang.[1] For vacuum depos-
ited, small molecule-based OSCs, the highest reported effi-
ciencies for single heterojunction devices so far are about 5% 
with oligothiophene donors.[2,3] Tandem OSCs with naphthalo-
cyanine/phthalocyanine combinations have reached 5.2%,[4] 
phthalocyanine/oligothiophene devices have been shown to 
achieve 6.07%,[5] and could also be modified in such a way 
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that semitransparent devices with 4.9% 
efficiency and transparency in the visible 
range were combined.[6] With proprietary 
materials, certified power conversion effi-
ciencies of 8.3% have been achieved.[7] 
The latter is on par with efficiencies that 
have recently been shown for single het-
erojunction solution-processed polymer-
based OSCs.[7]

To make OSCs commercially viable, 
much research is focused on further 
improving the efficiency. Central to these 
efforts are donor and acceptor absorber 
materials, which serve for light absorption, 
exciton generation and transport, provide 
the interface for exciton separation, and 
have to efficiently transport the charges to 
the respective contacts. This requires adjusting the energy levels 
for better absorption of the solar spectrum, for reducing energy 
losses, and improving morphology and transport properties. The 
material class of phthalocyanines has been extensively used as 
electron donor in the field of small-molecule OSCs.[8] The usual 
structural variations are only on the central metal atom, but there 
are other options for modifications, e.g., halogenation. Perfluori-
nated phthalocyanines have been investigated by several groups 
as alternative acceptor molecule[9,10] or in recombination con-
tacts,[11] and zinc phthalocyanine (ZnPc) derivatives with phenyl 
or larger substituents have been considered recently.[12] In com-
bination with C60 as the electron acceptor, unsubstituted ZnPc 
exhibits good transport properties and absorption, high short 
circuit current densities jsc and fill factors FF, but is limited by 
a low open circuit voltage Voc. The optical gap of ZnPc is about 
1.6 eV. However, the difference between ionisation potential (IP) 
of ZnPc and electron affinity (EA) of C60 is about 1.1 eV,[13–16] 
and typical Voc is only around 0.5 ± 0.05 V.[17–22] Thus, at least 
65% of the energy of each photon is lost during energy conver-
sion. Hence, much research is devoted to shifting energy levels 
to change the absorption spectrum and/or to increase Voc, while 
at the same time retaining high charge separation efficiency and 
transport properties.[23–25]

In this paper, we present a fluorinated version of zinc phthalo-
cyanine, which shows nearly identical absorption and transport 
properties as ZnPc. OSC devices demonstrate that, even with 
thick blend layers, high efficiencies of over 4% are achieved. 
The devices greatly profit from substrate heating, which is dem-
onstrated in further experiments. Optimized heated F4ZnPc-
based OSC are compared in performance to non-modified 
ZnPc. We show that Voc is significantly improved by 30%, with a  
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Figure 1.  Chemical structure of the electron donor molecules zinc phthalocyanine (ZnPc), 
fluorinated zinc phthalocyanine (F4ZnPc), and the electron acceptor molecule C60 used in the 
photovoltaic active layers.
corresponding increase of η by 30%, if ZnPc is replaced by 
F4ZnPc in an otherwise identical stack in terms of jsc and FF.

2. Results and Discussion

2.1. Materials

Molecular energy levels can be modified by, e.g., substitution of 
hydrogen ligands by more or less electronegative species, such 
as fluorine or CH3, respectively. This does not necessarily influ-
ence the HOMO-LUMO (highest occupied molecular orbital–
lowest unoccupied molecular orbital) gap, as shown by Mayer 
et al.[26] Fluorine is known to be a strong acceptor and can be 
used to lower molecular energy levels. One example is tetracy-
anoquinodimethane (TCNQ) that can be used as p-dopant as 
tetrafluoro-TCNQ (F4-TCNQ).[27] Even C60 can be turned into 
an efficient p-dopant with sufficient fluorination.[28] Another 
example is the addition of 16 fluorine atoms to ZnPc or CuPc, 
which lowers the IP of the resulting perfluorinated derivatives 
by over 1.5 eV with respect to the unmodified molecule and 
leads to an n-type material.[10,29] Thus, perfluorination is too 
strong for use with ZnPc as electron donor and fewer F atoms 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

Figure 2.  UPS measurements of the HBEC and HIB of 12 nm F4ZnPc 
on Au (solid lines). For comparison, the corresponding curves of 15 nm 
ZnPc on Au are shown as dotted black lines.
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are required for the engineering of suitable 
energy levels. Figure 1 displays the chemical 
structure of a ZnPc containing only four F 
atoms, along with the structures of unsubsti-
tuted ZnPc and C60. The synthesis route is 
described elsewhere.[30]

Figure 2 shows ultraviolet photoelectron 
spectroscopy (UPS) measurements of the 
high binding energy cutoff (HBEC) and the 
hole injection barrier (HIB) of 15 nm ZnPc 
and 12 nm F4ZnPc on Au. The UV lamp pro-
vides photons with an energy hν = 21.22 eV. 
The IP is then calculated as,

IP = hν − (EHBEC − EHIB). 	 (1)
We measure a HBEC of 16.79 eV and a HIB of 1.03 eV for 
F4ZnPc, leading to IP = 5.46 eV. For the unsubstituted ZnPc, an 
IP of 5.07 eV is determined (HBEC = 17.32 eV; HIB = 1.17 eV), 
similar to values reported in the literature.[13,14,31] Semi-empirical 
calculations of the energy levels of F4ZnPc in the gas phase[32] 
yielded a HOMO of F4ZnPc which is is 0.22 eV deeper com-
pared to ZnPc, confirming our experimental results.[26] For the 
electron acceptor C60, the electron affinity (EA) is reported to be 
about 4 eV.[15,16,33] Defining the effective bandgap as

Eg,eff = IPdonor − EAacceptor 	 (2)

we find Eg,eff of 1.46 eV for F4ZnPc and 1.07 eV for ZnPc, 
respectively, based on our UPS measurements. Several studies 
document a linear proportionality of Voc and Eg,eff,[34,35] thus we 
expect that Voc for OSC with F4ZnPc as donor should exhibit Voc 
that are 0.22–0.39 eV higher than identical ZnPc-based devices.

Whereas the fluorination of the ZnPc has a significant effect 
on its IP, the changes in extinction coefficient, as shown in 
Figure 3, are small. The F4ZnPc:C60 is deposited with the sub-
strate being heated to 104  °C, but substrate heating does not 
cause a qualitative difference of the optical properties (data 
not shown). Thus, the optical gap of F4ZnPc appears rather 
unchanged.
heim Adv. Funct. Mater. 2012, 22, 405–414
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Table 1.  Summary of the current–voltage parameters, averaged for four 
F4ZnPc:C60 devices for each thickness tb of the bulk layer. The value of 
tHTL represents the HTL layer thickness. All efficiencies are corrected for 
spectral mismatch. The F4ZnPc devices were measured under (95 ± 1) 
mW cm−2 illumination.

tb  
[nm]

Voc  
[V]

jsc  
[mA cm−2]

FF  
[%]

η  
[%]

tHTL  
[nm]

25 0.73 6.6 ± 0.1 60 3.1 ± 0.1 50

45 0.73 9.2 ± 0.1 50 3.5 ± 0.1 40

55 0.73 10.1 ± 0.2 47 3.6 ± 0.1 40

65 0.73 10.6 ± 0.2 45 3.6 ± 0.1 35

75 0.73 10.8 ± 0.2 43 3.5 ± 0.1 30

85 0.73 10.7 ± 0.2 40 3.3 ± 0.1 30
Both ZnPc and F4ZnPc exhibit strong absorption in a broad 
part of the solar spectrum, with the main peak in the orange-
red starting at about 550 nm and extending to the dark red up 
to 800 nm. The extinction coefficient of ZnPc has main peaks 
in the red at 626 and 684 nm, with absorption coefficients of 
98 400 and 82 000 cm−1, respectively; F4ZnPc also shows the 
first peak slightly red-shifted at 632 nm (98 200 cm−1), but 
only exhibits a shoulder at 684 nm. The redshift of the first 
peak hints at higher structural order with stronger charge car-
rier delocalization. The transformation of the second peak of 
ZnPc to a shoulder of F4ZnPc is attributed to modified inter-
molecular interactions, which are caused by the F atoms.[36] 
Previous studies found spectra typical for the α phase; differ-
ences of ZnPc and F4ZnPc were attributed to different coupling 
of transition dipoles.[9] We have measured the hole mobility of 
F4ZnPc:C60 and ZnPc:C60 in BHJ with a 1:1 mixing ratio by 
volume on organic field effect transistors (OFET). Preliminary 
results show that the values are in the same order of magnitude 
with 1.4 × 10−5 and 8.3 × 10−5 cm2 V−1 s−1, respectively. The lower 
mobility of F4ZnPc:C60 may be attributed to a lower overlap of 
the π-electron system due to higher intermolecular distances.

2.2. OSC with F4ZnPc:C60 Bulk Heterojunctions

A series of devices with F4ZnPc as donor and C60 as acceptor in 
bulk heterojunctions (BHJ) is prepared. The BHJ thickness tb 
is varied in a wide range from 25–85 nm to evaluate the trans-
port properties of the bulk, the influences on FF and jsc, and to 
find the optimum device performance. All investigated devices 
are based on the p-i-n concept and prepared by vacuum deposi-
tion.[37,38] The corresponding stacks are illustrated in Figure 4. 
Indium tin oxide (ITO) serves as transparent electrode, but the 
layer structures are inverted: depositing 5 nm C60 doped with 
NDN1 directly onto the ITO leads to an ohmic contact and 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 405–414

Figure 4.  Solar cell device stack for the F4ZnPc:C60 devices that are pre-
pared on substrates at RT. Depending on the thickness of the F4ZnPc:C60 
layer, the thickness of the p-doped Di-NPB layer is varied for optical 
optimization.
allows for an efficient collection of electrons. The photovoltaic 
active layer is a combination of 10 nm pristine C60 and a BHJ 
consisting of F4ZnPc:C60 in a 1:1 mixing ratio (by volume). 
The BHJ has different thicknesses tb between 25–85 nm. For 
the hole transport layer (HTL), N,N′-diphenyl-N,N′-bis{4′-[N,N-
bis(naphth-1-yl)-amino]-biphenyl-4-yl}-benzidine (Di-NPB; IP = 
5.33 eV) doped with NDP9 is used, followed by a 1 nm NDP9 
layer and a reflective Al back contact for hole collection. All 
layers are deposited with the substrate held at room tempera-
ture (RT). The stacks are based on basic optical simulations, 
and the HTL thickness tHTL is varied between 30–50 nm such 
that the absorbing BHJ is in the optimum position of the optical 
field distribution of the OSC.

The measurement results and corresponding layer thick-
nesses are summarized in Table 1. Current–voltage curves in 
the dark and under illumination are depicted in Figure 5.

The j(V) curves of the OSC in the dark (Figure 5a) illus-
trate that the highest parallel resistances, lowest series resist-
ances, and highest currents are observed for thin blend 
layers (e.g., 25  nm). The series resistance then increases with 
increasing blend thickness up to 85 nm. Under reverse bias, 
the dependency of current density at –1.0 V on blend layer 
thickness is even more pronounced: the highest absolute 
current density of j ≈ 4 × 10−2 mA cm−2 is found for 25 nm 
F4ZnPc:C60; this is lower by one order of magnitude for 85 nm 
F4ZnPc:C60. We conclude from this that the main influence on 
parallel resistance stems from the bulk heterojunction and not 
from electrode contacts or charge carrier transport layers; pos-
sible reasons may be dead-ends or isolated donor or acceptor 
grains in the BHJ, which become more likely for thicker blends. 
Another factor may be the lower tHTL for high tb (e.g., 30 nm 
p-Di-NPB for 85 nm F4ZnPc, compared to 50 nm p-Di-NPB for 
25 nm F4ZnPc): the HTL acts as buffer layer to avoid direct con-
tact between blend and top electrode. If the blend layer is very 
thick, this may result in a rough surface that cannot completely 
be covered by a thin HTL.

Under illumination, Voc ≈ 0.5 ± 0.05 V is usually obtained 
for OSC with a blend of ZnPc and C60.[17–22] The corresponding 
OSCs with F4ZnPc show higher voltages of 0.73 V, originating 
from the difference in IP of the fluorinated material which is 
approximately 0.22–0.39 eV higher compared to non-fluorinated 
ZnPc. Voc is independent of tb and hence of jsc. This indicates 
407wileyonlinelibrary.combH & Co. KGaA, Weinheim



full


 paper




www.afm-journal.de
www.MaterialsViews.com

408 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

Figure 6.  Dependence of OSC parameters jsc, η, FF, and peak EQE on tb, w
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Figure 5.  Current–voltage characteristics of solar cells where F4ZnPc:C60 
of different thicknesses is deposited on an unheated substrate. The top 
graph (a) shows a log–lin plot of the dark j(V) curves and the bottom 
graph (b) the same devices under illumination. The blend thickness tb is 
varied with tb  = 25 nm (squares), 45 nm (circles), 55 nm (triangles), 65 nm 
(empty squares), 75 nm (empty circles), or 85 nm (empty triangles).
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that the quasi-Fermi level splitting is not decisively influenced 
by the differences in jsc, but that the energy level alignment is 
the dominating factor.

The high FF of 60% for tb = 25 nm is similar to the highest 
reported vlues for ZnPc in the literature, but drops to 40% for 
85 nm thick blend layers. Figure 6 illustrates the dependence 
of FF on tb and documents how the FF decreases for higher 
BHJ blend thicknesses tb. In forward bias, the electrical field in 
the donor:acceptor blend has a smaller intensity for increasing 
tb, which is disadvantageous for charge carrier collection effi-
ciency and hence increases recombination. Furthermore, high 
tb increases the probability of isolated clusters of donor or 
acceptor material that are not connected to transport layers or 
electrodes. Such dead-ends increase charge carrier recombina-
tion, which reduces FF. Also, for thick BHJ, separated charge 
carriers have to travel a longer distance from the location of dis-
sociation to the dedicated HTL or ETL. Imbalanced mobilities 
of donor and acceptor can hence be expected to become more 
important for higher tb and may negatively influence device 
performance.

Such explanations are supported by the fact that jsc peaks at 
tb = 75 nm, as is evident from Figure 6, and then slightly drops 
at tb = 85 nm. If the BHJ thickness is further increased, even 
more photons are absorbed. However, internal losses mount 
and decrease the number of charge carriers that can success-
fully be extracted.

The dependence of peak EQE (at 635 nm) on tb is illustrated 
in the right part of Figure 6. We see that EQE increases for 
devices with 25–65 nm with BHJ thickness, but then saturates 
at tb > 65 nm. A similar trend is seen in the overall EQE in 
Figure 7 (albeit less pronounced, due to the dependence of EQE 
on the optical field distribution): a clear increase in a broad 
spectral range is seen up to tb = 55 nm, but this saturates at 
60−65% in the red range (600–750 nm).

The EQE data document that under monochromatic illumi-
nation (relatively low charge carrier density), excellent photon 
harvesting is possible. However, the saturation of jsc and EQE 
with high tb is concomitant with a drop in FF due to limitations 
in charge carrier extraction. This leads to a maximum η and an 
optimal tb of 55–65 nm, as seen in Figure 6.
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 405–414
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Figure 7.  External quantum efficiency of F4ZnPc:C60-containing OSC, 
deposited with the substrate at RT, with blend thicknesses ranging from 
25–85 nm.

300 400 500 600 700 800 900
0.00

0.15

0.30

0.45

0.60

0.75

E
xt

er
na

lq
ua

nt
um

ef
fic

ie
nc

y

Wavelength / nm

Blend thickness:
25 nm 45 nm
55 nm 65 nm
75 nm 85 nm
In summary, despite a strong reduction in FF at very high 
BHJ thicknesses, all OSCs reach high photocurrents and accept-
able FF even at high tb, which leads to η > 3% for all devices and 
all tb. The best performance is achieved at tb = 55–65 nm with η =  
3.6%. This is beyond the efficiencies of of ZnPc-based OSCs, as 
they usually are reported with η < 3% in the literature, mostly 
due to a lower Voc. Hence, we conclude that F4ZnPc is an excel-
lent candidate to replace the commonly used CuPc or ZnPc.
Figure 8.  AFM micrographs of F4ZnPc:C60 (1:1 volume ratio), deposited on unheated (top) and 
heated (bottom) substrates. Two different scan sizes are used for each substrate temperature 
to better illustrate the effect of heating: 5 × 4 μm2 (left), and 1 × 0.8 μm2 (right). The scale bar 
of the unheated samples (7 nm) is much smaller compared to the 20 nm of the heated samples 
since the roughness increases significantly if the blend is deposited on a heated substrate.
2.3. Morphology

Previous studies showed that heating of the 
substrate during film deposition can have a sig-
nificant impact on layer morphology and per-
formance of ZnPc:C60-based solar cells.[39–41]  
Given the similar structure of F4ZnPc and 
ZnPc, we study the influence of substrate 
heating on morphology of F4ZnPc:C60 during 
BHJ deposition to investigate if similar 
effects are observed. We evaporate layers con-
sisting of 150 nm blend onto glass pre-coated 
with 20 nm C60, with the substrate either 
heated to tsub = 110 °C, or unheated during 
BHJ dposition. The fullerene sublayer is 
chosen to simulate realistic conditions for the 
absorber layer, because the solar cells consist 
of a nip-structure with C60 as sublayer below 
the BHJ (see Figure 4). The resulting AFM 
micrographs are depicted in Figure 8. The 
top row shows measurements of a sample 
where the mixed layer is deposited onto an 
unheated substrate; the sample in the bottom 
row is evaporated onto a substrate heated to 
110 °C, which had been found as optimal tsub 
for processing of solar cell samples in pre-
vious studies.[40]

The images of unheated layers do not show 
clear structures and are relatively smooth 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 405–414
with a root mean square roughness Rrms = 0.7 nm. Substrate 
heating increases Rrms to 2.7 nm and leads to visible grains. We 
attribute this to a partial phase separation of donor and acceptor, 
as has also been observed for ZnPc in the past.[39,40,42]

The AFM images are compared to scanning electron micro
scopy (SEM), with the results shown in Figure 9. Both methods 
lead to the same conclusion: heating of the substrate during 
deposition of the F4ZnPc:C60 BHJ dramatically changes surface 
layer morphology and roughness, towards more grainy features, 
as already observed for ZnPc:C60 blends.[41]

To investigate the potential presence of crystallinity in more 
detail, X-ray diffraction measurements (XRD) are carried out. 
Using XRD with Cu Kα radiation, a single peak at around 6.8° is 
found for 36 nm thick ZnPc films grown on ITO (see Figure 10a). 
This peak is attributed to the α-ZnPc with (010)-orientation.[43,44] 
In this triclinic crystal structure ZnPc stacks in parallel col-
umns.[43,44] For ITO, peaks are observed at 2θ = 21° and 30° 
which are attributed to the (211) and (222) orientation of the 
ITO body-centered cubic (bcc) crystal structure.[45]

Like ZnPc, intrinsic F4ZnPc forms a polycrystalline thin 
film with a single peak visible at 6.6° in XRD (see Figure 10a). 
The slightly shifted peak position is an indication of a different 
spacing of the molecules in the crystal or a change in the crystal 
structure. Effects of bulky side groups of phthalocyanines on the 
crystal structure have already been reported by Bruder et al.[12] 
For relatively small phenyl side groups, the same stacking was 
observed and only the intermolecular distance was changed.[12] 
This corresponds to studies of intrinsic ZnPc where crystallites 
are found by XRD[42] and wide-angle XRD.[41]

For 70 nm F4ZnPc:C60 blends (1:1 ratio), there are no peaks 
visible in the XRD diffractograms (see Figure 10b) that could 
409wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 9.  SEM micrographs of F4ZnPc:C60 (1:1 volume ratio), deposited on unheated (a) and 
heated to 104 °C (b) substrates. The white scale bars represent 1 μm.
be associated with organic materials. This indicates that these 
films are at least X-ray amorphous, which was also observed 
by Maennig et al.[46,47] using electron diffraction for ZnPc:C60 
blends that were deposited at room temperature. X-ray studies 
of similar F4ZnPc:C60 samples where the substrate was kept at 
110 °C during deposition revealed that, even then, the blend 
layers are X-ray amorphous and no crystal structure could be 
obtained (data not shown).

A systematic study of ZnPc:C60 BHJ-based OSC with sub-
strate temperature variations from RT to 80, 90, 100, 110, 
120, and 130 °C revealed that an optimum device perform-
ance is reached at 110 °C, mediated by an optimum in FF and 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

Figure 10.  XRD spectra of 36 nm thick ZnPc and F4ZnPc films (a) and 
70 nm thick F4ZnPc:C60 blends grown on ITO (b). In the neat films the 
peaks at 6.6° and 6.8° are attributed to F4ZnPc and ZnPc, respectively; in 
the blend layer, only ITO peaks are observed.
jsc.[40] A phase separation, with a possible 
formation of an interpenetrating network 
in the blend, was given as tentative expla-
nation. We expect comparable behaviour 
from F4ZnPc:C60 due to the similar molec-
ular structures. However, despite extensive 
studies, there is no completely clear picture 
regarding the structure formation of ZnPc-
containing films. On the one hand, intrinsic 
ZnPc and F4ZnPc layers exhibit crystalline 
features, as shown in this work and else-
where.[41,42,46] Substrate heating may in fact 
be a rather minor factor regarding the pres-
ence of crystallites both for ZnPc[42] and 
F4ZnPc (present study, data not shown). In 
contrast to that, studies of BHJ are inconclusive. Suemori and 
co-workers report on highly crystalline metal-free phthalocya-
nine at 80 °C substrate temperature, but did not present the 
corresponding XRD data.[39] Pfuetzner and co-workers found 
no indication for crystallites in BHJ by wide angle XRD, inde-
pendent of the substrate temperature.[41] Transmission elec-
tron micrographs (TEM) of BHJ on Cu grids at room temper-
ature exhibited amorphous features, and this was confirmed 
by absorption measurements.[41,46] The only potential hint 
at possible changes in layer structure were TEM of BHJ on 
Cu grid at 110 °C that were attributed to monoclinic ZnPc;[41] 
however, since the substrate is often a decisive parameter for 
layer growth, we consider this a rather special case.

Due to overwhelming evidence, we assume that we do not 
have major F4ZnPc crystallization in the BHJ of our devices, 
independent of the substrate temperature. All samples here and 
in the literature were X-ray amorphous. However, we have found 
qualitative morphological changes by AFM and SEM. To follow 
up on this, we choose Tsub ≈ 105 °C that has proven to be optimal 
for ZnPc:C60 in the literature[40] and test this parameter in OSC.

2.4. OSC with F4ZnPc:C60 Deposited on Heated Substrates

Our microscopical investigations confirm a significant impact 
of substrate heating on morphology of F4ZnPc:C60 blend layers, 
as was already observed for ZnPc:C60 layers.[40,42] In addition, 
the hole and electron mobilities of ZnPc and C60, respectively, 
were found to be positively influenced by heating.[41] Thus, we 
investigate whether solar cells using F4ZnPc:C60 BHJ reflect 
such findings, and if crucial device parameters can be as posi-
tively influenced as for ZnPc:C60 BHJ. A variation of blend layer 
thickness tb is ideal for this purpose since the heating effect is 
especially pronounced for thick blends.[40]

The layer stack is shown in Figure 11 and is similar to the 
one used for the unheated devices (see Figure 4). We compare 
samples with tb between 45 and 65 nm for which the substrate 
is kept at tsub = 104 °C during deposition of the mixed layer. To 
exclude optical effects obscuring the influence of heating, the 
hole transport layer thickness tHTL between absorber and reflec-
tive metal back contact is kept constant with a thickness of 
30 nm. As reference, an optimized device with ZnPc as donor 
is created in parallel for a direct comparison to devices with 
F4ZnPc as donor.
nheim Adv. Funct. Mater. 2012, 22, 405–414
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Table 2.  Summary of the OSC parameters, averaged for 8 ZnPc:C60 and 
15 F4ZnPc:C60 devices. The thickness of the bulk heterojunction is given 
in brackets. All efficiencies are corrected for spectral mismatch. The 
F4ZnPc devices were measured under 100 ± 1 mW cm−2.

Device  

(tb [nm])

Voc  

[V]

jsc  

[mA cm−2]

FF  

[%]
η  

[%]

ZnPc (55) 0.52 11.8 ± 0.2 54 3.3 ± 0.1

F4ZnPc (45) 0.68 10.0 ± 0.2 60 4.1 ± 0.1

F4ZnPc (55) 0.68 11.3 ± 0.2 57 4.4 ± 0.1

F4ZnPc (65) 0.69 12.1 ± 0.2 55 4.6 ± 0.1

Figure 12.  Current–voltage characteristics of a ZnPc:C60 based and 
several F4ZnPc:C60 based devices in the dark (a) and under illumination  
(b) at tsub = 104 °C.
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Figure 11.  Solar cell device stack for the ZnPc:C60 and F4ZnPc:C60 devices, 
tsub = 104 °C.
Figure 11 shows the stack structures for solar cells with 
either ZnPc or F4ZnPc as donor materials and C60 as acceptor. 
The corresponding j(V) curves in the dark and under simulated 
sun light are shown in Figure 12 and summarized in Table 2. 
EQE is presented in Figure 13.

The dark j(V) curves of all devices are shown in Figure 12a. 
All three solar cells with F4ZnPc exhibit very similar behaviour 
in forward bias, suggesting that the differences in tb do not 
strongly influence the series resistance. The current density in 
forward direction is higher for the ZnPc-containing device by 
more than an order of magnitude for V > 0.2 V. We attribute 
this to higher bulk recombination due to the smaller effective 
bandgap for OSC containing ZnPc:C60 instead of F4ZnPc:C60. 
Both BHJ-based OSC are clearly limited by bulk recombination 
because the doped transport layers effectively suppress recom-
bination at the electrodes.[48]

The reference ZnPc:C60 device exhibits a typical Voc = 0.52 V. 
Due to the higher IP of F4ZnPc, solar cells using F4ZnPc can 
achieve about 0.16 V higher Voc than devices using ZnPc. How-
ever, this is slightly less than the measured 0.2–0.4 eV difference 
in IP which might indicate differences in ground state interac-
tion with C60; such differences may influence Voc via the forma-
tion of dipoles or by changing the recombination dynamics at 
applied voltages close to Voc. The voltage of F4ZnPc-containing 
devices is higher by approximately 30%, which boosts the power 
conversion efficiency accordingly.

The data demonstrate that generally, higher blend layer 
thicknesses tb of F4ZnPc:C60 generate higher photocurrents, 
with jsc increasing from 10.0 (45 nm BHJ) to 12.1 mA cm−2 
(65 nm BHJ), as reflected in the EQE (see Figure 13). The EQE 
illustrates that the increase of photocurrent is mainly from 
500–800 nm, which corresponds to the Q-band of the phthalo-
cyanine. The small differences in the wavelength range from 
400–500 nm, where the fullerene C60 absorbs, are mainly attrib-
uted to minor shifts in the optical field distribution.

We attribute the increased jsc compared to the unheated 
devices to a change in morphology, leading to a partial demixing 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 405–414
of donor and acceptor and to a reduction of dead-ends. The 
interpenetrating network of donor and acceptor is hence well 
enough developed that even at high thicknesses, charge car-
riers can still be extracted. Compared to unheated devices, the 
OSC with tb = 65 nm exhibits a 15% increased photocurrent 
(unheated: 10.6 mA cm−2; heated: 12.1 mA cm−2). For the same 
absorber thickness, jsc is comparable to the reference ZnPc-
based device, i.e., the OSC feature the same efficient exciton 
separation and charge carrier transport characteristics.
411wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 13.  External quantum efficiency of heated F4ZnPc:C60-containing 
OSC. Blend thickness: Squares: 45 nm, circles: 55 nm, open circles: 65 nm.
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All samples exhibit high FF > 54% even at tb = 65 nm, resem-
bling the results from an OSC with a 60 nm thick ZnPc:C60 
blend, shown by Pfuetzner and co-workers, who obtained 57% 
FF with a heated substrate (110 °C) compared to 36% with an 
unheated device.[41] Fill factors above 55% are values that only 
the thinnest devices (tb = 25 nm) achieve without substrate 
heating. In connection with the high current densities, this 
gives evidence that the blend layers consist of well-formed net-
works with good charge carrier percolation pathways. Substrate 
heating is known to support the layer formation in a positive 
way and favor a phase separation of the donor and acceptor 
constituents,[41] and we believe this to significantly contribute to 
the high efficiencies.

The jsc and FF of F4ZnPc-based OSC are comparable to ZnPc-
based devices, with slightly lower photocurrents and higher FF 
if the donor is fluorinated. However, the strong increase of Voc 
by around 30% leads to a 30% gain in efficiency from η = 3.3% 
(ZnPc) to η = 4.4% (F4ZnPc) and opens a pathway for efficient 
single heterojunction OSC.

3. Conclusions

In summary, we show that fluorination of ZnPc to F4ZnPc leads 
to a shift of the electron affinity and ionization potential, but 
does not substantially influence the optical gap. Hence, we can 
fabricate OSC with almost identical short circuit densities, but 
significantly higher open circuit voltages. OSC with F4ZnPc:C60 
BHJ exhibit power conversion efficiencies of 3.1–3.6% even 
without substrate heating, which is on par or superior to the 
best ZnPc-based devices found in the literature.

Furthermore, substrate heating during film deposition can 
be used to influence the BHJ morphology. This is reflected in 
the device performance: jsc and FF are significantly increased, 
resulting in η = 4.6%. F4ZnPc is a promising material and 
yields highly efficient single heterojunction OSC with excel-
lent performance in the red spectral range, mainly owing to its 
positive susceptibility to heating and the very suitable energy 
levels.
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
4. Experimental Section
All devices are prepared in a multi-source vacuum chamber (K.J. Lesker, 
UK) on 15 × 15 cm2 glass wafers that contain a prestructured ITO-coating 
(Thin Film Devices Ltd, USA). The wafers are cleaned in a multi-step 
wet process using acetone and ethanol, followed by an ozone treatment. 
The organic and metallic layers are deposited by vacuum sublimation 
(base pressure ≤10−7 mbar) through shadow masks. Depending on 
the ITO-pattern of the wafer, up to 6 × 6 different substrates (2.5 cm × 
2.5 cm) can be prepared whereas each substrate consists of 4 identical 
solar cells. The solar cell area, defined by the overlap of ITO and metal 
contact, is 6.44 mm2.

During deposition a flexible shutter system allows for different 
device stacks on the same wafer. One wafer is always processed 
completely without breaking the vacuum. Thus, comparable preparation 
conditions for all samples on one wafer are ensured. Layers for 
which specific temperatures are given are deposited at that substrate 
temperature. After the deposition process, wafers are transferred from 
the vacuum system directly to an attached glovebox with nitrogen 
atmosphere where the devices are encapsulated using UV-curing 
epoxy (Nagase) and a cover glass, including a moisture getter sheet  
(Dynic Ltd., China).

Three times sublimated ZnPc is purchased from Creaphys GmbH 
(Germany). F4ZnPc is provided by BASF SE (Germany) and C60 bought 
from Bucky USA, all being purified three times by gradient vacuum 
sublimation (TGVS). Di-NPB is purchased from Sensient AG (Germany) 
and purified twice by TGVS.[19] The dopants NDP9 and NDN1 are 
purchased from Novaled AG (Germany) and used as received.

The samples for UV photoelectron spectroscopy (UPS) measurements 
are prepared in a multichamber UHV evaporation tool (Bestec, 
Germany) having a base pressure of 10−8 mbar. The UPS measurements 
are performed with a Phoibos 100 setup (Specs, Germany) at a base 
pressure of 10−10 mbar that is directly connected to the UHV evaporation 
tool. The setup is equipped with a helium discharge lamp with an 
excitation energy of 21.22 eV.

NDP9 and NDN1 are used because of better processability instead 
of the commonly used tetra-fluoro-tetracyano-quinodimethane (F4-
TCNQ) or WO3 to p-dope materials with high IP and acridine orange 
base (AOB) as n-dopant for C60. Their doping performance, however, is 
comparable.[49–51]

Calculations of device thin film optics are carried out using a simulation 
program based on the transfer matrix formalism. The optical constants 
of the organic materials are extracted from reflection and transmission 
measurements on pristine films with different known layer thicknesses 
and cross-checked with ellipsometry measurements. More details can be 
found elsewhere.[46,52,53] Optical constants of Al and ITO are taken from 
the commercially available ETFOS database, purchased from Fluxim AG 
(Switzerland). For the p-Di-NPB layers, n & k values with 5% p-doping are 
used, for n-C60 n & k values for pristine material is used. Due to the low 
doping concentration, the effect on the optical constants and the device 
optimisation due to differences in doping is minor.

Atomic force micrographs are recorded on a Nanoscope IIIa (Digital 
Instruments) in tapping mode. Scanning electron micrographs are 
recorded on a Zeiss GSM 982 Gemini. XRD measurements are performed 
in Bragg Brentano geometry using an XRD setup from Siemens (D5000) 
and Cu Kα radiation (40 kV/ 50 mA). All diffractograms are taken in steps 
of 0.4° from 3° to 40° (in 2θ) at a scanning speed of 5 s step−1.

The IV measurements are carried out using a sun simulator (16S-
150 V.3 by Solar Light Co., USA). The intensity is monitored by a Si diode 
that is calibrated using a certified reference diode from the Fraunhofer 
ISE CalLab, Germany.

To determine the external quantum efficiency and mismatch factor, 
a custom-made setup is used. The monochromatic beam (Oriel Xe 
Arc-Lamp Apex Illuminator combined with Cornerstone 260 1/4m 
monochromator, both Newport, USA) probing the device is chopped 
and the corresponding current response of the device measured via a 
lock-in amplifier 7265 DSP (Signal Recovery, UK). The EQE is measured 
without extra bias illumination.
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 405–414
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