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ABSTRACT 

The open circuit voltage (VOC) plays a crucial role in determining the efficiency of organic solar cells. Models of the VOC based 
on (i) the energy difference between the LUMO of the acceptor material and the HOMO of the donor material at the 
heterointerface and (ii) chemical potential gradient which depends on the carrier mobility in a bilayer cell, are inadequate to 
understand the exact origin of the VOC. In this review article, the VOC in various planar and non-planar metal 
phthalocyanine/C60 solar cells are analyzed. These results are compared in CuPc/C60 and SubPc/C60 solar cells as a 
representative case of the planar and non-planar metal phthalocyanine/C60 solar cells, respectively. Regardless of unfavorable 
characteristics of SubPc films, the VOC value of 0.92 to 0.98V in SubPc (13 nm)/C60 (33 – 32.5 nm) compared to 0.44 to 0.49V 
in CuPc (20 – 40 nm)/C60 (40 – 30 nm) solar cells was noticed. It is suggested that the structure, morphology,   and absorption 
properties of the evaporated film of the donor materials and the efficient separation of charges at the donor/acceptor interface in 
bilayer planar and non-planar metal phthalocyanine/C60 solar cells are also imperative in determining the VOC. Copyright © 
2011 VBRI press.  
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1. Introduction  

In recent years, new approaches for the development of 
sustainable and clean energy sources have acquired the center 
stage. The solar energy offers a great potential due to its 
unlimited and natural source of energy. Solar cells which 
absorb solar photon and convert them into electrical energy 
are composed of semiconducting materials with electrical 
contacts and protective layers. Polycrystalline Si is the most 
commonly used semiconductor, however others include 
single-crystal Si, the thin film materials-amorphous Si, CdTe, 

and CuIn(Ga)Se2 [1, 2]. The first inorganic solar cell based 
on Si and developed at Bell Laboratories in 1954 had an 

efficiency of 6% [3]. Over the years the efficiency has been 
improved to 24% for crystalline Si solar cells in the 

laboratory [4].  
Solar cells based on organic semiconducting materials 

have the potential to compete with more mature crystalline 
and thin film based Si photovoltaic technologies in the future, 
primarily due to the significantly reduced manufacturing costs 

and facile processing [5]. The roll-to-roll manufacturing 
process involving the low temperature of deposition or 
printing techniques is expected to reduce the cost and boost 
their commercial attractiveness. In addition, the favorable 
attributes of organic solar cells are flexibility, light weight, 
and not fragile which makes them particularly suitable for 
transportation and portable electronics applications. In the 
early 1960s, the conducting properties of many common dyes 
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such as methylene blue were discovered [6] and later these 
dyes among the first organic materials were used to 

demonstrate the photovoltaic effect [7]. In the 1980s, the first 
polymers solar cells based on dyes or polymers yielded 
limited power conversion efficiencies, typically below 0.1% 

[8]. In 1986, the first bilayer solar cell consisting of two 
conjugated small molecules organic layers was reported by 

Tang [9]. The power conversion efficiency of about 1% was 
achieved in this bilayer solar cell. Organic photovoltaics 
(OPV) based on the polymer and the small molecule materials 
with donor-acceptor active layer have become a highly 

popular research topic during the last 10 years [10 – 13].  
The two main categories of organic solar cells, the 

polymer bulk heterojuction and the small molecule 

heterojunction, are displayed in Fig. 1. The bulk 
heterojunction solar cell is composed of the phase 
separated blends of electron-donating semiconducting 
polymer and the electron withdrawing fullerene derivatives 

as active layers [10], while the small molecule 
heterojunction solar cells usually employ the metal 
phthalocynaines as a donor and the fullerene C60 as an 

acceptor [14].  
 

 
Fig. 1. Schematics of two main configurations of organic solar cells. 

 

 
 

Fig. 2. Energy levels of D-A heterojunction organic solar cell. 

 
A single donor-acceptor (DA) heterojunction organic 

thin film solar cell consists of two layers of semiconducting 
materials sandwiched between a transparent and reflecting 

electrode [9]. Fig. 2 shows the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) energy levels of the organic molecules. 
With the absorption of the solar photon by the organic 
semiconducting thin film, the localized Frenkel or charge 

transfer excitons are formed [15, 16]. These excitons travel 

to the DA interface via exciton diffusion (see Fig. 2). Once 
an exciton reaches the interface between donor and 
acceptor, it will (i) dissociate to a bound polaron pair (ii) 
generate free polarons (i.e. free electron in the acceptor and 
free hole in the donor) after overcoming the barrier of 
polaron pair binding energy, (iii) free electrons and holes 
charge carriers become mobile and transport in the LUMOA 
of the acceptor and the HOMOD of the donor materials, 
respectively. The dissociation of photogenerated excitons 
into free charges is often a critical process, limiting the 

overall efficiency of OPV devices [12].  
 

 
 
Fig. 3. Current-Voltage characteristic of a typical bilayer solar cell in the 
dark (dashed line) and in the light (solid line). 

 
The key factors in determining the performance of a 

solar cell are to measure the current density as a function of 
the voltage across the cell and determine the power 

conversion efficiency, , under the conditions of 
illumination equivalent to the sunlight. The current-voltage 

(I-V) characteristic of a typical solar cell is shown in Fig. 3. 

As depicted in Fig. 3, the I-V characteristic under the 
illumination conditions shifts downward by an amount of -
ISC when the applied voltage V = 0 (short circuit current) as 
compared with the dark current characteristic. This 
downward shift in the I-V characteristic causes the voltage 
V to have a nonzero value, VOC (open circuit voltage) when 
the current in the device is zero. The most important 
parameters to be extracted from the I-V characteristic are 
the short-circuit current (ISC), the open circuit voltage (VOC) 
and the fill factor, FF.  

The fill factor is given by the ratio of maximum power 

(yellow rectangle in Fig. 3) to the product of open circuit 
voltage and short circuit current (white rectangle). The FF 
accounts for all deviations from the ideality due to losses. 
The electrical power produced by the solar cell is:  

 

Pout = FF × JSC × VOC, ----------- (1) 
 

where JSC is a short circuit current density. A larger 
product, JSC × VOC at the maximum power point, implies the 
higher output power from the device. The power 
conversion efficiency is the ratio of the maximum output 
power, Pout to the incident radiant power, Pinc: 
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 = Pout/Pin = FF × JSC × VOC/Pinc. ----------- (2) 
 

Recently, Institute of Applied Photo-Physics, 
Technical University of Dresden and Heliatek GmbH, 
Dresden has achieved an efficiency of 7.7% over an active 
area of 1.1 cm² in polymer-fullerene bulk heterojunction 

solar cells as a part of a joint research project [17]. In order 
to adopt the organic solar cells for wide-spread 
applications, a power conversion efficiency of 10% is 
desirable. Dominating opinions support the prediction of 
commercializing a device with 10% level efficiency by 
2015. Although the commercialization is expected to be 
realized in the near future, the wide-spread acceptance of 
organic solar cells crucially depends on the efficiency of 
power conversion, sufficient lifetime, and cost.   

Indeed, the open circuit voltage is a critical factor in 
determining the efficiency of organic solar cells as 
displayed in equation (2) and is still an open issue. To date, 
no review report on the VOC studies in small molecule 
organic solar cells is available. Therefore, the present 
investigation is focused on the analysis of the VOC in small 
molecule planar and non-planar metal phthalocyanine/C60 
heterjunction solar cells deposited by the vacuum 
processing. It is proposed that the structure, morphology, 
and absorption properties of the evaporated film of the 
donor materials and the efficient separation of charges at 
the donor/acceptor interface in bilayer planar and non-
planar metal phthalocyanine/C60 solar cells are also crucial 
in determining the VOC value.  

 

2. Open-circuit voltage models  

The power conversion efficiency in organic solar cells 
could be improved by raising the value of VOC and 
increasing the short circuit current, ISC. It is argued that the 
VOC of the heterojunction cell is equal to the difference 
between the Fermi levels of the donor and acceptor organic 
materials. However, the exact origin and factor limiting its 
value are still debated. Earlier, the VOC was determined by 
considering the work function difference between the anode 

and cathode contact electrodes [18, 19]. However, Brabec 
et al. have shown that the VOC is independent of the choice 

of cathode [20]. Several recent reports on planer 

heterojunction [21 – 23] as well as bulk heterojunction [24 

– 26] solar cells have shown that the VOC is strongly 
dependent on the difference between the HOMO or 
Ionization potential of the donor and the LUMO or electron 
affinity of the acceptor materials. Some studies suggested 
that the VOC of organic solar cells varies linearly with the 

LUMO level of the acceptor material [20, 27] and HOMO 

of the donor material [23, 25, 28].  Recently, Li et al. have 
shown the enhancement of open circuit voltage due to the 

reduced dark current [29].  

Gregg and Hanna [16] argued that the separation of 
charge carriers across the DA interface gives rise to a 
powerful chemical potential gradient that promotes the 
photovoltaic effect. The chemical potential gradient is 
equivalent to the carrier density gradient and depends on 
the carrier mobility. Based on this idea, the open circuit 
voltage VOC is dependent on the charge carrier mobility.  

According to Chenyns Model [30], the analytical 
expression for the VOC of organic planar heterojunction solar 
cells depends on the (i) free charge carriers at the interface 
between donor and acceptor, (ii) injection barrier voltage at 
cathode and anode electrodes, and (iii) does not depend on 
the work function of the cathode. For a model of moving one 
electron and one hole from the donor and acceptor interface 
toward the electrodes, the VOC is: 

  
 VOC = EL

A
 – EH

D
 + (kT /q) ln (pi/ND) + (kT /q) ln ( ni/NA)  

+ low (Fc,D) + low (Fc,A)  ----------- (3)  
 

where EL
A
 – EH

D
 = HOMOD  – LUMOA = energy 

difference between the HOMO of the donor and LUMO of 
the acceptor materials, k = Boltzmann constant, T= 
Temperature in K, q is the electronic charge, pi = hole carrier  
concentration at the interface which depends on the incident 
light intensity, ni = electron carrier concentration at the 
interface, ND = effective density of states of the donor, NA = 

effective density of states of the acceptor, low (Fc,D) = 
effective reduction in the barrier on the donor contact side, 

and low (Fc,A) = effective reduction in the barrier on the 
acceptor contact side. The VOC is limited by the effective 
energy offsets between the HOMO of the donor and the 
LUMO of the acceptor and is always lower.   

Using Koopman’s theorem with the single particle 

energy, Riede et al. [31] arrived the open circuit voltage of 
optimized solar cells as:  

 

q VOC = EL
A
 – EH

D
 – (0.3 to 0.7) eV.   ----------- (4) 

 
Wurfel proposed the concept of quazi Fermi levels for 

holes and electrons in donor –acceptor materials to 
determine the VOC [32, 33]. These quazi Fermi levels pick 
up at the metal contacts to avoid losses. The VOC is 
determined by the difference of the quazi Fermi levels at 
the contacts.  

Using this concept of quazi Fermi levels, Hains et al. 
has obtained a simple and more realistic expression for VOC 

as [34] 
 

q VOC = EL
A
 – EH

D
 – 2kT ln(100) = EL

A
 – EH

D
 – 0.24 eV   

                                                                           ----------- (5) 
 

These results suggest that the VOC is dependent on 
the energy difference between the LUMO of the acceptor 
and the HOMO of the donor materials at the heterointerface 
in a bilayer cell and/or is controlled by a chemical potential 
gradient which depends on the carrier mobility.   

 

3. Metal phthalocyanines  

The synthesis of phthalocyanine was discovered by 

accident in 1907 [35]. Braun and Tcherniac, at the South 
Metropolitan Gas Company in London, while examining 
the properties of a cyanobenz amide which they made from 
the reaction of phthalamide and acetic anhydride, found a 
trace amount of a blue substance after heating o-
cyanobenzamide, cooling, dissolving in alcohol, and 
filtration. This substance undoubtedly was a 
phthalocyanine. Metal phthalocyanines have a wide range 
of applications as colorants for plastics, inks, fabrics, and 
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automobile paints due to their chemical and thermal 

stability, nonlinear optical behavior, high conductivity [36 

– 38], and economical and easy to be synthesized. In recent 
years, metal phthalocyanines have attracted much attention 
owing to applications in photovoltaics, electrophotography, 

and chemical sensors [39 – 48]. 
 
 

 
 
Fig. 4. The molecular structure of (a) planar metal phthalocyanine, (b) 

nonplanar phthalocyanine with AlCl or V=O, and (c) nonplanar 
phthalocyanines such as lead phthalocyanine (PbPc) top view (left) and 
side view (right). 

Phthalocyanines, classified as a p-type of 
semiconductor, with different electronic and optical 
properties can be synthesized by varying the centered metal 

atom in the phthalocynaine ring [49]. Fig. 4(a) show the 
molecular structure of the planar metal phthalocyanine such 
as CuPc or ZnPc, while the molecular structures of non-
planar metal phthalocyanines such as VOPc or AlClPc and 

SnPc or PbPc are depicted in Fig. 4(b) and (c), 
respectively. Earlier, it was shown that the issue of the 
planarity and/or non-planarity of the divalent metal 
phthalocyanines was strongly related to the size of the 
metal ion which can be accommodated in the cavity of the 
phthalocyaninato(2-) ring. It has been long accepted that 
the metal(II) phthalocyaninato(2-) complexes are planar if 
the ionic radius of metal is not greater than 0.8 Å. Tetra or 
tri-valent phthalocynanines (TiOPc or AlClPC) have the 
same phthalocyanine ring with different central metal atoms 
inside. The photochemical and photophysical properties of 
these phthalocyanines depend partly on the central metal 

atoms [50 – 53].  
The molecular structures of the evaporated planar and 

non-planar metal phthalocyanines are displayed in Fig. 5. 
The crystalline planar metal phthalocyanine has a 
herringbone type structure and molecules crystallize in the 
solid state as a close packed adlayer with a high molecular 

packing density due to the strong molecule-molecule 

interaction [54]. The planar molecules arrange with their 
planes parallel to the substrate surface. On the other hand, 
the non-planar metal phthalocyanines have a cone-shaped 

(or pyramid type) structures as seen in Fig. 5(b) and 
molecules show a unique orientation with the central atom 
looking “up” from the substrate surface or both possible 
orientations “up” and “down” present on the substrate 

surface [55]. The non-planar metal phthalocyanines lead to 
a loosely packed adlayer with a low molecular packing 
density due to a weak molecule-molecule interaction. As a 
result, a high quality film in planar phthalocyanines is 
formed, while the crystalline quality film of non-planar 
phthalocyanine is relatively poor due to an irregular 
arrangement of the deposited molecules on the glass 

substrates [56]. Depending on the nature of the central 
metal atom, metal phthalocyanines based solar cells exhibit 
markedly different device performance due to different 
optimal layer thickness, fluorescence spectra, diffusion 

length of photoelectrically generated exciton [57]. 
 
 

 
 
Fig. 5. Crystal structure of (a) planar metal phthalocyanine (Herringbone 

type) and (b) non-planar metal phthalocyanine (cone type). 

 

4. Analysis of open circuit voltage, VOC  

The VOC values in planar and non-planar metal 
phthalocyanine/C60 solar cells are compared for the one 
sun standard at room temperature. Although the VOC is 
very different for different devices and simply hard to 
compare as it depends on different contacts, and C60 and 
donor thicknesses, but the analyzed results give confident 
relative trends.  

 
4.1. Planar metal phthalocyanine/C60 solar cells  

The first organic solar cell with a metal phthalocyanine 
(MgPc) sandwiched between two glass electrodes was 

reported in 1958 with a photovoltage of 200 mV [58]. Later 
in 1964, the photovoltaic voltage was measured in copper 
phthalocyanines placed between two different metal 

electrodes [59]. In 1979, the first bi-layer OPV device 
consisting of the copper phthalocyanine and the perylene 
derivative with a photo conversion efficiency of 1% was 

demonstrated [60]. Subsequently, the planar metal  
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Fig. 6. HOMO and LUMO energy levels of Donor planar metal 
phthalocyanines and acceptor C60. 
 

phathalocyanine/C60 bilayer structure solar cells with high 
efficiency have been demonstrated by several researchers 

as illustrated in Table 1 [48, 61 – 64]. The HOMO and 
LUMO energies of planar metal phthalocynines and C60 

are displayed in Fig. 6. The obtained VOC,expt. values in 
these bilayer structures are much smaller than the HOMO-
LUMO gap of the donor metal phthalocynines as well as 
the (EL

A
 – EH

D
) energy gap. Not all the absorbed energy is 

converted in to the electrical energy. Table 1 also shows 
the estimated value of the VOC obtained using the equation 
(5). The experimentally measured value of (EL

A
 – EH

D
) 

energy difference was used to estimate the VOC.  The 
absolute values of the difference between the VOC,expt. and 

VOC,est. () are determined and listed in the Table 1. Results 
show that the (EL

A
 – EH

D
) energy difference and VOC,expt. 

values in CuPc/C60 configuration are in the range from 0.3 
to 0.7 eV and 0.44 to 0.49 V, respectively. In some metal 

phthalocyanine/C60 structures, the  value differs by the 

significant amount as depicted in Table 1. Since almost 
consistent results of VOC,expt. are noticed in CuPc/C60 

Table  1.Open circuit voltage VOC,expt  in various planar metal phthalocyanine/C60 solar cells with  one sun standard, AM 1.5G. 
 

Sl. 

No. 

Structure  EL
A
 – EH

D
 

diff. (eV) 

Expt. 

VOC,expt 

(V) 


*
 

(%) 

Ref. VOC,est. (V) 

using Eq.(5) 
 =VOC,est. 

-VOC,expt(V) 

1 CuPc/C60 0.70 0.45 4.2 

(4-12 sun) 
[61] 0.46 0.01 

2 CuPc(20)/C60(40) 0.30 0.44 1.02 [62]   

3 CuPc (40)/C60(40) 0.70 0.52 1.42 [57] 0.46 0.06 

4 CuPc/C60 0.70 0.45  [63] 0.46 0.01 

5 CuPc(40)/C60(30) 0.30 0.49 0.33 [48]   

6 CoPc(40)/C60(30) 0.43 0.39 0.17 [48] 0.19 0.20 

7 NiPc (20)/C60(40) 0.66 0.44 0.64 [57] 0.42 0.02 

8 NiPc(40)/C60(30) 0.18 0.40 0.21 [48]   

9. ZnPc (40)/C60(40) 0.78 0.55 1.77 [57] 0.54 0.01 

10 ZnPc(40)/C60(30) 0.25 0.52 0.33 [48]   

11 PEDOT:PSS/ZnPc(25)

/C60(25) 

0.60 0.44 3.6 [64] 0.36 0.08 

12. H2Pc(40)/C60(30) 0.36 0.51 0.34 [48] 0.12 0.39 

13 FePc(40)/C60(30) 0.28 0.13 0.14 [48] 0.04 0.08 

14 FePc (40)/C60(40) 0.50 0.16 0.07 [57] 0.26 0.10 

*power conversion efficiency   
 

 

Table 2. Open circuit voltage VOC,expt  in various non-planar metal phthalocyanine/C60 solar cells with one sun standard, AM 1.5G. 
 

Sl. 

No. 

Structure EL
A
 – EH

D
 

diff. (eV) 

(Expt.) 

VOC,expt 

(V) 


*
 

(%) 

Ref. VOC,est. (V) 

using Eq.(5) 
 =VOC,est. 

-VOC,expt(V) 

1 AlPcCl(20)/C60(40) 0.80 0.84 1.86 [62] 0.56 0.28 

2 AlPcCl(13)/C60(40) 0.90 0.64 1.00 [66] 0.66 0.02 

3 ClAlPc(20)/C60(40) 0.90 0.68 2.10 [67] 0.66 0.02 

4 SubPc(13)/C60(33) 1.10 0.92 3.00 [66] 0.86 0.06 

5 SubPc(13)/C60(32.5) 1.10 0.98 2.10 [68] 0.86 0.12 

6 PbPc(20)/C60(50) 0.70 0.46 1.95 [69 0.46 0.00 

7 TiOPc(20)/C60 (40)  1.40 0.59(I) 

0.57(II) 

2.60 

4.20 

[70] 1.16 0.57 

8 TiOPc/C60 1.10 0.62 1.60 [63] 0.86 0.24 

9 SnPc(10)/C60(40) 0.70 0.16 2.10 [29] 0.46 0.30 

*power conversion efficiency   
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configuration, these are used for comparison with the VOC 
values in non-planar solar cells. Furthermore, it is 
interesting to investigate whether other factors are also 
influencing the VOC value in bilayer solar cells.   

A very recent comparative study on the performances 
of CuPc based solar cells indicates the VOC value of 0.546V 
in CuPc/C60 solar cells (where EH

D
 – EA

L
 = 5.2 – 4.5 = 0.7 

eV) and 0.612V in CuPc/C70 solar cells (where EH
D
 – EA

L
 

= 5.2 – 5.0 = 0.2 eV) [65]. Actually, a low value of VOC is 
expected in CuPc/C70 solar cells due to the lower (EH

D
 – 

EA
L
) energy difference as compared to CuPc/C60 solar 

cells. To our surprise, a high value of VOC is reported in 
CuPc/C70 solar cells. It seems that electrons and holes 
charge carriers are efficiently separated at the DA interface 
in CuPc/C70 solar cells, regardless of (EH

D
 – EA

L
) energy 

difference. These results demonstrate that the VOC is not 
explicitly govern only by the (EH

D
 – EA

L
) energy difference. 

Therefore, it is evident from these results that (i) the higher 
value of VOC is exhibited with the higher (EL

A
 – EH

D
) 

energy difference, (ii) the VOC is lower than the (EL
A
 – EH

D
) 

energy difference, (iii) equation (5) is not sufficient to 
estimate the VOC, and (iv) other factors such as absorption 
properties and morphologies of donor film, charge 
separation at DA interface, are also influencing the VOC 

value. 
 

 
Fig. 7. HOMO and LUMO energy levels of Donor non-planar metal 

phthalocyanines and acceptor C60.  

 
4.2. Non-planar metal phthalocyanine/C60 solar cells 

Fig. 7 shows the HOMO and the LUMO energies of 
various donor non-planar metal phthalocynines and 
acceptor C60 materials. The experimental values of VOC 
and    (EL

A
 – EH

D
) energy difference and the estimated 

values of the VOC using equation (5) are presented in Table 

2 [29, 62, 63, 66 – 70]. As discussed earlier, (i) the large 
value of VOC,expt. is exhibited with the higher (EL

A
 – EH

D
) 

energy difference, (ii) the VOC,expt. is lower than the (EL
A
 – 

EH
D
) energy difference, and (iii) no specific relationship 

between the VOC the (EL
A
 – EH

D
) is noticed. Results on the 

VOC in non-planar metal phtalocyanine/C60 solar cell 
structures, presented here, confirm the earlier argument of 
VOC dependence on multiple factors as discussed in section 
4.1 for planar phthalocyane/C60 configuration. Since the 
VOC results are more consistent in SubPc/C60 
configuration, it is selected as a representative of the non-

planar metal phthalocyanine/C60 solar cell for the further 
analysis.  

 

5. Discussion 

The models as discussed in section 2 [16, 30, 31, 34] are 
inadequate to understand the exact origin of the VOC. 
Although no specific relation between the VOC and the (EL

A
 

– EH
D
) is noticed (see Fig. 8), the VOC,expt. observed in 

various planar and non-planar metal phthalocyanine/C60 
solar cells offers imperative fact to understand its 
association with the (EL

A
 – EH

D
) energy difference and 

other factors, if any. The values of the VOC in all 
configurations are small compared to the HOMO-LUMO 

donor-acceptor energy gap. Further, it is evident from Fig. 

8 that the VOC value is small in planar metal 
phthalocyanine/C60 compared to the non-planar metal 
phthalocyanine/C60 solar cells. By comparing the results in 
planar and non-planar solar cells, the 0.7 eV and 0.45 V 
values of (EA

L
 – EH

D
) and VOC in the CuPc/C60, while 1.1 

eV and 0.98 V in SubPc/C60 solar cells were noticed, 
respectively.  
 

 
 

Fig. 8. Variation of VOC,expt with the (EA
L – EH

D) energy diff. in various 
metal phthalocyanine/C60 bilayer solar cells. 

 
Indeed, the better value of VOC in SubPc/C60 as 

compared to CuPc/C60 solar cells is observed. These 
results may be explained as follows. The non-planar SubPc 
organic material is characterized by (i) the hole 

injection/collection barrier of 0.8 eV (HOMOD - ITO = (5.6 

– 4.8) eV), (ii) the short exciton diffusion length of ~ 8.0 

0.3 nm in amorphous film [71]. However, Gommans et al. 

reported the long exicton diffusion length of 28 nm [72], 

and (iii) the low molecular packing density [55] in SubPc 
films. It seems that the charge carrier mobility, exciton 
diffusion length, and packing density of donor organic 
materials thin films are definitely playing important roles in 
achieving the high performance of bilayer solar cells, 
including the VOC value. Earlier, Tsuzuki et al. reported 

that the solar cell fabricated using the crystalline -TiOPc 
film exhibits much higher conversion efficiency than the 

devices fabricated using amorphous TiOPc films [73]. Very 
recently, Cho et al. found that the SubPc film shows a 
significant disorder compared to the CuPc and ClAlPc 
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films [74]. The variation in (EA
L
 – EH

D
) energy difference 

with the orientation of ClAlPc molecules relative to the 
ITO substrate was also observed. Since the SubPc 
molecules on ITO substrate forms disordered film, a much 
thin layer of SubPC may be required to achieve the optimal 
performance of solar cells. Earlier, Gommans et al. had 
reported the molecular disorder of SubPc on ITO substrate 

on the basis of microscopy studies [75]. Really, the SubPc 
has inferior attributes as compared to the CuPc organic 
films. Regardless of unfavorable characteristics of SubPc 
films, the high value of the VOC (0.92 – 0.98 V) in 
SubPc(13 nm)/C60(33 – 32.5 nm) compared to the 0.44 – 
0.49V in CuPc (20 – 40 nm)/C60 (40 – 30 nm) solar cells 
was noticed. This difference may be attributed to the film 
morphologies of the planar and non-planar metal 
phthalocyanines and charge separation abilities at the DA 
interface, in addition to (EA

L
 – EH

D
) energy difference. 

 

6. Conclusion 

To date, two models of VOC based on (i) the energy 
difference between the LUMO of the acceptor-like material 
and the HOMO of the donor-like material at the 
heterointerface in a bilayer cell and (ii) the chemical 
potential gradient which depends on the carrier mobility, 
exist. The VOC does not reflect the total energy of the 
photons absorbed and that some energy must be lost during 
the power conversion process. The maximum value of VOC 
could be equal to the (EA

L
 – EH

D
) energy gap. However, a 

very recent study on the performances of CuPc/C60 and 
CuPc/C70 solar cells indicates that the VOC is not explicitly 
govern only by the (EH

D
 – EA

L
) energy difference. In 

conclusion, the results analyzed in this review article 
indicate that the VOC is also significantly dependent on the 
structure, morphology, strength and width of the absorption 
spectrum of the evaporated film of the donor materials and 
the efficient separation of charges at the donor/acceptor 
interface in bilayer planar and non-planar metal 
phthalocyanine/C60 solar cells.  
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8. Abbreviations  

VOC  open circuit voltage,  OPV  Organic photovoltaics, DA   

donor-acceptor,  HOMO  highest occupied molecular orbital, 

LUMO  lowest unoccupied molecular orbital,  LUMOA   LUMO 

of the acceptor material, HOMOD   HOMO of the donor material,  

ISC  short-circuit current, FF  fill factor, (EL
A – EH

D)   HOMO-
LUMO energy difference of donor and acceptor materials.  
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