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Photoconductivity of C 60  as an Origin of Bias-Dependent 
Photocurrent in Organic Photovoltaics
 The bulk-ionized photoconductivity of C 60  is reported as an origin of the 
bias-dependent linear change of the photocurrent in copper phthalocyanine 
(CuPc)/C 60  planar heterojunction solar cells, based on the observation of the 
variation of the bias-dependent photocurrent on excitation wavelengths and 
the thickness-dependent photocurrent of the C 60  layer. A theoretical model, 
which is a combination of the Braun-Onsager model for the dissociation of 
excitons at the donor/acceptor interface and the Onsager model for the bulk 
ionization of excitons in the C 60  layer, describes the bias-dependent photo-
current in the devices very well. The bulk-ionized photoconductivity of C 60  
must generally contribute to the photocurrent in organic photovoltaics, since 
fullerene and fullerene derivatives are widely used in these devices. 
  1. Introduction 

 Bias-dependent photocurrents are an issue in organic photo-
voltaics (OPV) since they are related to the short-circuit cur-
rent and the fi ll factor of the cell. Photocurrent generation in 
organic photovoltaics has been explained by the exciton disso-
ciation at the donor/acceptor (D/A) interface. Since the binding 
energies of the excitons in organic molecules are a few tenths 
of an electron volt, due to their low dielectric constants and the 
localized electronic state, the offset of the LUMO or HOMO 
levels between the donor and the acceptor must be larger than 
the exciton binding energy in order to form geminate polaron 
pairs at the D/A interface. The geminate polaron pairs formed 
at the junctions also require the energy or electric fi eld to be 
dissociated to free polarons to overcome the Coulomb attraction 
between the positive and negative polarons. This nature results 
in a dependence of the photocurrent on the applied voltage, [  1–8  ]  
which cannot be explained properly by the Shockley diode 
model. [  9  ]  Instead, the Onsager-Braun model, [  10  ]  which describes 
the dissociation rate of the geminate pair at the D/A interface, 
has been successfully applied to describe the photocurrent–
voltage relationship of bulk-heterojunction-type organic solar 
cells (OSCs). [  1  ,  5  ,  7,8  ]  
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 Recently, a very interesting bias-
dependent photocurrent was reported in 
planar heterojunction (PHJ) OSCs where 
the photocurrent changes linearly with the 
applied bias, even for large negative bias 
as well as for small positive bias, without 
a detailed explanation of the mecha-
nism. [  11–13  ]  Interestingly enough, the 
external quantum effi ciency of the device 
showed that the bias dependence was 
observed only in the absorption region of 
C 60 . [  11  ]  The authors attributed the origin 
of the phenomenon to photomultiplica-
tion [  11,12  ]  without any concrete evidence. 
The bias-dependent photocurrent is gen-
erally observed in PHJ OSCs adopting 
fullerene or fullerene derivatives as the acceptor. This behavior 
is also reported in poorly formed bulk heterojunction solar 
cells. These observations cannot be explained by the processes 
of charge separation at the D/A interface and charge transport 
in the device. 

 The photoactive materials, typically metal phthalocyanines 
and fullerenes, used in OSCs are known to have photoconduc-
tive properties. Even though several groups have reported the 
effects of photoconductivity of materials in PHJ OSCs, [  14–16  ]  
photoconductivity has not attracted much attention so far due to 
its low photogeneration yield. However, the photoconductivity 
cannot be negligible for fullerene or fullerene derivatives, which 
are frequently used as acceptor materials in OSCs. Fullerene 
is known to possess high photoconductivity due to the forma-
tion of intermolecular charge transfer excitons. [  16  ]  Moreover, 
fullerene can absorb light under 500 nm, so that the photocur-
rent generated from this layer has the potential to comprise 
a signifi cant portion of the total photocurrent. Unfortunately, 
there is no report, to our best knowledge, on the effect of the 
photoconductivity of fullerene on the photocurrent in OSCs .

 In this paper, we report the photoconductivity of fullerene as 
an origin of the bias-dependent photocurrent in copper phthalo-
cyanine (CuPc)/C 60 -based PHJ OSCs, based on the the varia-
tion of the short circuit current density ( J  sc ) with the thickness 
of the C 60  layer, which is compared with optical modeling and 
the Onsager model of the photoconductivity. In addition to that, 
we demonstrate that the photoconductivity of C 60  contributes 
signifi cantly to the total  J  sc  in CuPc/C 60  solar cells and results 
in a linear dependence of photocurrent ( J  ph ) on the applied bias. 
To our best knowledge, this is the fi rst report of the bulk prop-
erty of the constituent materials as an origin of the photocur-
rent affecting the performance of OSCs. Moreover, the fi nding 
may be generally applied to most organic solar cells, since most 
organic solar cells use fullerene or its derivatives as the acceptor.  
m 3089wileyonlinelibrary.com
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    Figure  1 .     a) Current–voltage characteristics of an ITO/CuPc (20 nm)/
C 60  (40 nm)/BCP (8 nm)/Al (100 nm) device under dark (solid line) and 
AM1.5G (black square) conditions, under the illumination of the 442 nm 
laser (blue circle) and 633 nm laser (red triangle). b) IPCE spectra of the 
device with applying bias. Dot lines represent the absorption of CuPc 
and C 60 .  
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  2. Results and Discussion 

 The  J–V  characteristics of the ITO/CuPc (20 nm)/C 60  (40 nm)/
BCP (8 nm)/Al device are shown in  Figure    1  a. The device 
exhibits a power conversion effi ciency (PCE) of 1.3% with a  J  sc  
of 4.4 mA cm  − 2 , an open-circuit voltage ( V  oc ) of 0.48 V and a 
fi ll factor ( FF ) of 0.62 under the illumination of AM1.5G solar 
simulated light. The performance of the device is consistent with 
previous reports. [  17–19  ]  It is interesting to note that the photocur-
rent of the device is linearly proportional to the applied voltage 
in the reverse-bias and in the low forward-bias regions. The 
variation of the photocurrent is also refl ected in the incident 
photon-to-electron conversion effi ciencies (IPCEs) of the device 
measured at different applied biases, as shown in Figure  1 b. 
The IPCEs combined with the absorption spectra of the CuPc 
and C 60  layers clearly show that the photocurrent of this device 
originates from two parts: one from the CuPc donor layer due to 
wavelengths from 550 to 800 nm, and the other from the C 60  
acceptor layer due to wavelengths from 300 to 550 nm. The 
090 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
contribution of each layer to the  J  sc  of the device is nearly the 
same, with 43% (1.8 mA cm  − 2 ) from the C 60  layer and 57% 
(2.37 mA cm  − 2 ) from the CuPc layer at the short-ciruit condi-
tion. It is very interesting to note that the IPCE changes with the 
applied bias only in the wavelength range corresponding to the 
absorption of C 60 , which is consistent with the previous report. [  11  ]   

 Such characteristics are also manifested in the  J–V  curves 
of the device under the illumination of He/Cd laser (442 nm) 
and HeNe laser (633 nm) light, as shown in Figure  1 a, to 
excite the C 60  and CuPc layers selectively. The laser intensities 
were adjusted by neutral density fi lters to get current densities 
matching those of the short-circuit condition under the solar 
simulated light ( J  sc  of 1.79 and 1.87 mA cm  − 2  by the illumina-
tion of the 442 and 633 nm laser lights, respectively). The vari-
ation of the photocurrent in the reverse bias and in the small 
forward bias is signifi cant only when the C 60  layer is excited 
by the 442 nm laser, as expected. There is little change in the 
current at negative bias under the illumination of the 633 nm 
laser. We can conclude from the results that the bias depend-
ence of the photocurrent originates from the charges generated 
from the absorption in the C 60  layer. Selective illumination of 
the C 60  layer in the device resulted in smaller  V  oc  and  FF  results 
compared to the selective illumination of the CuPc layer. 

 The bias-dependent change of the photocurrent implies a 
change in the specifi c parallel resistance under illumination, 
 R  p,light . Under the illumination of the solar simulator,  R  p,light  
is reduced to 1060  Ω  cm 2 , while the parallel resistance in the 
dark,  R  p , is 35 000  Ω  cm 2 . The reduction of  R  p  under illumina-
tion signifi es the enhancement of the conductivity of the device, 
which has been interpreted as the increase of charge carriers 
due to the photovoltaic effect of the device, i.e., charge genera-
tion from the exciton dissociation at the D/A interface. [  14,15  ,      20,21  ]  
In such a case,  R  p,light  can be described by

 
R−1

p, light = R−1
p + R−1

p,DA′  

where  R−1
p,DA′    represents the contribution to the device shunt 

from the charge generation by exciton dissociation at the D/A 
interface. One obvious outcome of this consideration is that 
the  R  p,light  value must be the same under the selective illumina-
tion of the donor or acceptor layer as long as the photocurrent 
of the device is the same, because equal numbers of electrons 
and holes are generated by the dissociation of the excitons at 
the D/A interface no matter where the excitons are formed. 
In contrast to this expectation, however, the selective illumi-
nation of the CuPc and C 60  layers resulted in signifi cantly dif-
ferent  R  p,light  values of 4500 and 1300  Ω  cm 2 , respectively. The 
selective illumination of the C 60  layer gives rise to a much 
lower  R  p,light  value than the selective illumination of the CuPc 
layer, implying that there is another process to produce charge-
carriers in the device, which turns out to be charge generation 
in the bulk of the layers, especially the C 60  layer. 

 Evidence of the contribution of the bulk photoconductivity 
of the C 60  layer to the photocurrent can be obtained from the 
dependence of the photocurrent on the thickness of the C 60  
layer. For this purpose, devices with different thicknesses 
of the C 60  layer were fabricated, while the thicknesses of the 
CuPc (20 nm) and BCP (8 nm) layers were kept constant. By 
adjusting the thickness of C 60  layer, the exciton distribution 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3089–3094
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    Figure  2 .     a) The change of  J  sc  with varying thicknesses of the C 60  layer 
under AM1.5G illumination. Squares represent the experimental results 
and the solid line is the result of the calculation by optical simulation. 
b) The  J  sc  values under selective excitation of the CuPc (red circle) and C 60  
(blue square) layers by 633 and 442 nm laser light, respectively. Simula-
tion results are represented by solid lines.  
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inside the layers could be varied. This results in a change in  J  sc  
due to a fi nite exciton diffusion length of each material if all the 
currents originated from the dissociation of polaron pairs at the 
D/A interface. 

 The change of  J  sc  with varying C 60  thickness under the illu-
mination of the AM1.5 solar simulated light is displayed in the 
 Figure    2  a, where the theoretical  J  sc  values are compared with 
the experimental data. The theoretical  J  sc  values were calcu-
lated using the transfer-matrix method under the assumption 
that the charges were generated only at the D/A interface. In 
addition, it is assumed that all excitons diffused to the D/A 
interface converted to charges, which were collected to the 
electrodes without any loss. The diffusion lengths of the exci-
tons generated in the CuPc and C 60  layers were set to be 7 and 
12 nm, respectively. The detailed procedure to calculate  J  sc  can 
be found in the references. [  18  ]  We assumed that the change 
of  J  sc  in Figure  2  originated mostly from the variation of the 
exciton distribution inside the layer, and that the effects of 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3089–3094
the imbalance of the charge-transport property [  22  ]  would not 
appear signifi cantly within the thickness range within which 
we adjusted. This assumption is supported by the experimental 
data, showing only a small variation of  V  oc , from 0.475 to 0.49 V, 
and of  FF , from 0.61 to 0.63, between the devices with different 
thicknesses. The calculation results suggest that the maximum 
 J  sc  can be obtained when the thickness of the C 60  layer is 
around 45 nm. However, the experimental data revealed that  J  sc  
increases continuously up to 55 nm. The discrepancy between 
the theoretical results and the experimental results gradually 
increased as the thickness of the C 60  layer increased.  

 This discrepancy can be further understood by analyzing 
the variation of  J  sc  with the thickness of the C 60  layer under 
selective illumination, which is displayed in the Figure  2 b. The 
power of the He/Cd (442 nm) and HeNe (633 nm) lasers are 
19 and 22 mW cm  − 2 , respectively. When the CuPc layer was 
excited by the 633 nm laser light, the  J  sc  value followed the 
same trends as the theoretical prediction with increasing thick-
ness of the C 60  layer. In contrast, the selective illumination of 
the C 60  layer by the 442 nm laser light resulted in a signifi cant 
deviation between the experimental results and the theoretical 
prediction. Optical calculations predicted that the  J  sc  value 
would be maximized at a C 60  layer thickness of 35 nm, but 
the experimental results showed a continuous increase in the 
value of  J  sc  up to 60 nm. Due to the fi nite diffusion length of the 
excitons, only the excitons near the interface could contribute to 
the charge generation. Therefore, the theoretical calculation 
indicates that the integrated intensity of the 442 nm laser light 
in the C 60  layer within the exciton diffusion length of the C 60  
layer becomes a maximum when the thickness of the C 60  layer 
is 35 nm. Any further increase in the thickness of the C 60  layer 
would reduce the integrated intensity due to the interference 
effect of the incoming and refl ected light from the cathode, 
resulting in a reduction of the photocurrent. The higher photo-
current obtained from the experiments compared to the theo-
retical prediction clearly indicates that there is another source 
or sources generating charges apart from the dissociation of 
excitons at the D/A interface. A possible source of the photo-
current generation could be bulk charge generation inside the 
C 60  layer. C 60  molecules are well known to have high photocon-
ductivity and photocharge generation characteristics due to the 
easy formation of intermolecular charge-transfer (CT) excitons 
above 2.5 eV. [  16  ,  23–26  ]  

 To confi rm the bulk charge generation inside the C 60  layer, 
a device without the donor layer (ITO/C 60 (60 nm)/BCP(8 nm)/
Al) was fabricated.  Figure    3   shows the  J–V  characteristics of the 
device under dark and AM1.5 G conditions. Under the AM1.5G 
condition, the device shows photovoltaic properties with a  J  sc  
of 0.4 mA cm  − 2 , a  V  oc  of 0.47 V and a  FF  of 0.33, which leads 
to a PCE of 0.06%. In addition, the current changes linearly 
with an applied negative bias, which was also observed in the 
CuPc/C 60 -based device under the selective excitation of the C 60  
layer. The device shows diode characteristics in the dark (inset 
of Figure  3 ), indicating the existence of a built-in potential in 
the C 60  layer or a Schottky contact at the ITO/C 60  interface. An 
electro-absorption experiment confi rmed the existence of the 
built-in potential in the C 60  layer indeed (not shown). Since the 
photocurrent was obtained without any donor/acceptor inter-
face, we attribute the photocurrent in Figure  3  to the charge 
3091wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

30

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

    Figure  3 .      J – V  characteristics of the ITO/C 60  (60 nm)/BCP (8 nm)/Al 
(100 nm) device under dark (solid line) and AM1.5G (square) conditions. 
The inset displays a semi-log scale of  J – V  curves with the absolute value 
of the current density.  
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generation in the bulk of the C 60  layer by the bulk ionization 
process. The Schottky contact or the built-in potential in the 
C 60  layer induces the bulk ionization and collection of electrons 
and holes by the internal electric fi eld, which contributes to the 
photocurrent. The linear dependence of the photocurrent with 
the applied negative bias in Figure  3  cannot be explained if the 
exciton dissociation takes place at the ITO/C 60  junction because 
the exciton diffusion length is not infl uenced by the applied 
bias. Zhang et al. have also reported the photocurrent from an 
organic Schottky junction device with the structure ITO/MoO 3 /
C 60 /Bphene/Al. [  13  ,  27  ]   

 Based on this observation, we can now calculate the photo-
current including the charge generation by the dissociation of 
geminate electron–hole pairs formed at the D/A interface by 
the diffusion of excitons and the charge generation in the bulk 
of the C 60  layer by photoionization. The dissociation current 
at the D/A interface can be formulated by the Braun-Onsager 
model, [  1  ,  7  ,  10  ]  where the current density can be evaluated by the 
combination of the exciton fl ux to the interface and the disso-
ciation yield,  P ( F  I , T ), as

 
Jph,interface(V ) = q D

dn(x)

dx

∣
∣
∣
∣

x=interface

P (FI, T )
  

(1)
   

where  q  and  D  are the unit charge and the diffusivity of exci-
tons, respectively. The symbol  n ( x ) represents the exciton den-
sity as a function of position. The exciton fl ux can be obtained 
from optical modeling.  P ( F  I , T ) is calculated using the dissocia-
tion rate,  k  d , and the recombination rate of polaron pairs,  k  f , as 

P(FI, T ) = kd

/
(kf + kd)

  

where  k  d  is a function of the interfacial electric fi eld.  F  I , and 
 k  d  were calculated following the literature. [  7  ,  16  ,  28  ]  The model 
has been successfully applied to describe the behavior of  J  ph  in 
OSCs and in a bulk heterojunction solar cell. [  7  ,  28  ]  
92 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 The charge generation induced from the photoconductivity 
has been widely investigated so far. Most of the models are 
based on the Onsager theory of geminate recombination and 
use its analytic form to interpret the fi eld-dependent bulk ioni-
zation. [  16  ,  29  ]  In the case of OSCs, usually a low-level electric fi eld, 
lower than 10 5  V cm  − 1 , is applied to characterize the device per-
formance. At a low level of the electric fi eld, the bulk-ionization 
yield can be described by a simple expression as follows:

 
�(F ) =

[

1 + rc

2kT
F

]

exp (−rc/r0)
  

(2)
   

where  k  is the Boltzman constant and  F  is the applied electric 
fi eld. The symbol  r  c  stands for the Coulumbic capture radius, 
with  r  c    =  q 2 /4 π  ε   r   ε   0  kT , and  r  0  is the thermalization distance. The 
photocurrent generated by bulk ionization can then be rep-
resented as  J  ph    =  qG Φ  ( F ) with the exciton generation rate,  G . 
 Equation 2  reveals the linear dependence of the photocurrent 
yield on the applied bias. Then, the photocurrent of the device 
can be expressed with a combination of  Equation 1  and 2, as

 

Jph(V )

= q D
dn(x)

dx

∣
∣
∣
∣

x= interface

P(F , T ) + q
�(F , T )

τ

∫ d

0
n(x) dx

  

(3)

    

 The second term in  Equation 3  representing the current gen-
eration from the bulk ionization reveals that the linear depend-
ence of  J  ph  mainly originates from the bulk charge generation, 
because the  J  ph  coming from the fi rst term will be saturated 
under a suffi ciently large negative bias. In our case, the photo-
conductivity of CuPc is expected to be negligible so that only 
the fi rst term of  Equation 3  will be of signifi cance when exciting 
the CuPc layer. On the other hand, the excitons formed in the 
C 60  layer can produce charges by both the exciton dissociations 
at the D/A interface and also those originating from the bulk 
ionization. From that, the integration of the second term of 
 Equation 3  would be the exciton density distributed only in the 
C 60  layer. In addition, the electric fi eld,  F , should be the local-
ized electric fi eld in the C 60  layer. Without consideration of the 
band bending, the  F  value in the C 60  layer was simply given by 
 F   =  ( V  bi,C60   – V )/ d , where  V  bi,C60  is the built-in voltage in the C 60  
layer and  d  is the thickness of the C 60  layer. The exciton density 
in the C 60  layer was obtained from optical calculations.   

 Figure 4  a shows the calculated  J  ph – V  characteristics origi-
nating from the dissociation of excitons at the D/A interface, 
the bulk ionization in the C 60  layer, and the summation of both 
processes; these are compared with the experimental data.  J  ph  
is obtained by subtracting the dark current from the current 
under illumination. The parameters used to fi t the  J  ph – V  curves 
are summarized in  Table    1  . The combined model fi ts the exper-
imental result very well. It is observed that the contribution 
of the photoconductivity to the device photocurrent cannot be 
neglible. At the short-circuit condition, the photocurrent from 
the C 60  layer bulk is about 0.7 mA cm  − 2  while the total  J  sc  of 
the device is 4.36 mA cm  − 2 . One can notice that the  J  ph  gener-
ated by the interface dissociation already saturates at the short-
circuit condition. This behavior confi rms that the linear change 
of  J  ph  in relation to the applied bias mainly originates from the 
charge generation by the bulk ionization processes in the C 60  
layer, which also results in the spectral change of the IPCE with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3089–3094
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    Figure  4 .      J  ph – V  curves of the ITO/CuPc (20 nm)/C 60  (40 nm)/BCP (8 nm)/Al (100 nm) device 
under the illumination of: a) AM I.5G solar simulated light, and, b,c) 442 nm laser light with 
the intensities of 5 and 380 mW cm  − 2 , respectively. Experimental results are represented by 
squares. The calculated  J  ph  values are from bulk ionization in the C 60  layer (dashed line), dis-
sociation at the D/A interface (dashed dot line), and our model (solid line). d) The variation of 
the photocurrent generated by bulk ionization in the C 60  layer at 0 bias (square) and the bulk 
ionization yield (circle) with the thickness of the C 60  layer under the illumination of AM I.5G 
solar simulated light.  
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the applied bias, shown in Figure  1 . For concrete support of 
the suggested model, the photocurrents measured at different 
intensities of 442 nm laser light are displayed in Figure  4 b and 
c. The same parameters, in Table  1 , were used for the model 
fi tting. The matching between the model and the experimental 
data are again excellent.    

Figure  4 d displays the thickness dependence of the bulk 
charge generation in the C 60  layer. The current from the bulk 
of the C 60  layer gradually increases as the thickness of the C 60  
layer increases. Even though the integrated number of excitons 
within the diffusion length from the D/A interface in the C 60  
layer shows a maximum at around 35 nm, the total number 
of excitons generated in the C 60  layer increases continuously as 
the thickness of the C 60  layer increases, leading to an enhanced 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

   Table  1.     Parameters used in the  J  ph  calculations. 

Parameter Value

Polaron pair recombination rate,  k  f 5.0  ×  10 5  s  − 1 

Exciton lifetime,   τ  (0) 0.7 ns

 <   μ   > 0.001 V cm  − 1 

Polaron pair separation distance 1.6 nm [  28  ] 

 V  bi 0.45 V

Thermalization distance,  r  0 3.0–3.1 nm

 <   ε   > 3.4 [  28  ] 

  ε   of C60 4.5 [  16  ] 

Adv. Funct. Mater. 2012, 22, 3089–3094
contribution of the bulk charge generation to 
the photocurrent with increasing thickness 
of the C 60  layer. The bulk-ionization yield was 
calculated from the bulk-ionization current 
divided by the total number of excitons gen-
erated within the C 60  layer. It is around 4% 
for a 30 nm thickness of C 60  layer. However, 
it reaches about 14% when the C 60  layer is 
thicker than 40 nm.   

 3. Conclusions 

 We have demonstrated that the linear 
dependence of the photocurrent in CuPc/
C 60 -based PHJ OPVs under reverse-bias and 
small forward-bias conditions originates 
from the bulk-ionized photoconductivity of 
C 60 . This argument is supported by the dif-
ferent behavior of the bias dependence of 
the photocurrent and the different depend-
ence of the photoconductivity on the thick-
nesses of the CuPc and C 60  layers when the 
CuPc or the C 60  layer was selectively excited. 
The bulk-ionized photocurrent in the C 60  
layer contributes a signifi cant portion of the 
total photocurrent generated in the OPVs. A 
theoretical model was successfully developed 
to describe the photocurrent–voltage charac-
teristics of the device by including not only 
the charge generation from the exciton dissociation at the D/A 
interface, but also the photo-ionization of the excitons in the 
C 60  layer coming from the easy formation of intermolecular 
CT excitons in C 60 . The bulk-ionized photoconductivity of C 60  
must generally contribute to the photocurrent in organic photo-
voltaics, since fullerene and fullerene derivatives are widely 
used in such devices.   

 4. Experimental Section 
 The devices have the structure ITO/copper phthalocyanine (CuPc)/C 60 /
bathocuproine (BCP)/Al. CuPc and BCP were purchased from Lumtec, 
and C 60  from SES Research. All the layers of the OPV devices were 
successively deposited on UV–O 3 -treated ITO glass substrate by thermal 
evaporation under high vacuum conditions (around 10  − 7  torr) without 
breaking the vacuum, followed by encapsulation with a glass can in an 
N 2  environment before the test. The thickness of the CuPc and C 60  layers 
were varied systematically, while the thickness of the BCP layer was kept 
constant at 8 nm. The Al cathode had a thickness of 100 nm. The active 
area of each device was 0.04 cm 2 . 

 The photovoltaic properties of the devices were measured under the 
illumination of a solar simulator (Oriel, 69911; Newport, Stratford, CT, 
USA) calibrated to the AM1.5G condition with a National Renewable 
Energy Laboratory-certifi ed reference Si-solar cell covered with a KG-5 
fi lter. A He/Cd laser (442 nm) and a HeNe laser (633 nm) were also 
used as excitation sources; these lasers selectively excite the CuPc 
and C 60  layers, respectively. The intensities of the laser light sources 
were modulated by neutral density fi lters. Spectral response and 
IPCE were measured with a 1000 W Xe lamp (Oriel) combined with a 
calibrated monochromator (Acton research, SP150). The intensity of the 
monochromatic light was calibrated with a Si-photodiode (Newport). 
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