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ABSTRACT 

 

This dissertation describes the study of organic thin-film solar cells in pursuit of 

affordable, renewable, and environmentally-friendly energy sources. Particular emphasis 

is given to the molecular ordering found in liquid crystalline or polycrystalline films as a 

way to leverage the efficiencies of these types of cells. Maximum efficiencies estimated 

based on excitonic character of organic solar cells show power conversion efficiencies 

larger than 10% are possible in principle. However, their performance is often limited 

due to small exciton diffusion lengths and poor transport properties which may be 

attributed to the amorphous nature of most organic semiconductors.  

              Discotic liquid crystal (DLC) copper phthalocyanine was investigated as an 

easily processible building block for solar cells in which ordered molecular arrangements 

are enabled by a self-organization in its mesophases. An increase in photocurrent and a 

reduction in series resistance have been observed in a cell which underwent an annealing 

process. X-ray diffraction (XRD) and atomic force microscopy (AFM) measurements 

suggest that structural and morphological changes induced after the annealing process are 

related to these improvements.  

              In an alternative approach, p-type pentacene thin films prepared by physical 

vapor deposition were incorporated into heterojunction solar cells with C60 as n-type 

layers. Power conversion efficiencies of 2.7 % under broadband illumination (350-900 

nm) with a peak external quantum efficiency of 58 % have been achieved with the broad 
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spectral coverage across the visible spectrum. Analysis using an exciton diffusion model 

shows this efficient carrier generation is mainly due to the large exciton diffusion length 

of pentacene films. Joint XRD and AFM studies reveal that the highly crystalline nature 

of pentacene films can account for the observed large exciton diffusion length. In 

addition, the electrical characteristics are studied as a function of light intensity using the 

equivalent circuit model used for inorganic pn-junction solar cells. Dependences of 

equivalent-circuit parameters on light intensity are further investigated using a modified 

equivalent circuit model, and their effects on the overall photovoltaic performance are 

discussed.  
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Chapter 1  Introduction 

1.1   Motivation for photovoltaic (PV) energy 

Continuous growth in global population and economic development has led to an 

enormous increase in demands for the reliable energy sources. It is evident that fossil fuel, 

which dominates current energy markets as shown in Fig. 1, cannot provide an ultimate 

solution to such demands due to its limited quantity. Moreover, technologies using fossil 

fuel result in emission of gases which cause not only air pollution but also green-house 

effect leading to the global warming [1]. Nuclear power which holds the second largest 

share in electricity generation suffers from the safety concerns and the problems 

associated with the waste disposal. Therefore, it is highly desired to have energy sources 

that are renewable and environmentally friendly. Photovoltaic (PV) energy generation, 

which directly converts the energy of light from the sun into electricity, has been 

perceived as a promising candidate because it is pollution-free, produces no green-house 

gases, and, furthermore, utilizes the solar energy which is a virtually unlimited and 

equitable resource. However, there are challenges to overcome before the photovoltaic 

technologies share the significant portion in the main stream energy market [2]. In the 

following sections, existing photovoltaic technologies will be briefly reviewed with 
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remarks on challenges associated with each technology, and the motivation to use organic 

materials for photovoltaic applications will be discussed. 

1.2   Brief overview of existing photovoltaic technologies 

Since Chapin, Fuller, and Pearson developed the first solar cell using a diffused silicon 

(Si) pn- junction in 1954 [4], silicon has dominated as the active material for photovoltaic 

technologies. Virtually all of the commercial PV modules that are currently produced for 

terrestrial market is based on single-crystalline, poly-crystalline, or amorphous silicon [5]. 

 

FIG.  1:  Share of each fuel source for electricity generation in U.S. (2000). Figure taken 
from “Reliable, affordable, and environmentally sound energy for America’s future,” the 
2001 report of the National Energy Policy Development (NEPD) group [3]. 

Table 1. U.S. photovoltaic cell and module shipments by type, 2002.* 

Classification Shipments( peak kW ) Percentage of Total 
  Crystalline   
    Single-Crystalline Si   74,717   67 
    Poly-Crystalline Si (Cast/Ribbon)   29,406   26 
  Subtotal 104,123   93 
  Thin-Film Si    7,396    7 
  Concentrator Si       571  (< 0.5 ) 
  Total 112,090 100 
* Source:  “Renewable Energy Annual 2002” by Energy Information Administration (EIA), U.S. 
Department of Energy [5].  



 20

(See Table 1.)  In comparison to the first Si cell that showed around 6 % efficiency, the 

current confirmed highest efficiency of single-crystalline Si solar cell is about 25 % 

under the standard AM 1.5G condition [6].   

As the single-crystalline silicon is expensive to produce, however, continuous 

efforts are being made to improve the performances of poly-crystalline or thin-film Si 

solar cells.  Ca. 20% efficiency has been reported in the light-trapping ‘honeycomb’ 

textured multicrystalline Si cells [7],  but a-Si solar cells exhibit only about 10 % 

efficiencies with a poor light stability [8].   Other notable technologies include solar cells 

using III-V compound semiconductors such as GaAs and InP, or other compound 

semiconductors such as CdTe and CuInGaSe2(CIGS). The confirmed highest efficiencies 

of single cells and modules made with such materials are summarized in Table 2 [6]. A 

comparison of various PV technologies especially in terms of emerging thin-film 

platforms can also be found in the review by Shah et al. [8]. 

III-V semiconductors have direct bandgap in contrast to Si, and therefore their 

absorption coefficients are much larger that that of Si. However, due to the high cost 

involved in high-quality growth of such materials, they are of particular interest for space 

application or for concentrator cells which can have smaller device areas. Power 

conversion efficiencies as high as 34.7 % have been demonstrated in GaInP/GaAs/Ge 

(three-cell stack) with a 333-sun concentration [6,9].  Another technology being widely 

investigated is based on polycrystalline thin film of CuInGaSe2 (CIGS) or CuInSe (CIS) 

which is a p-type semiconductor with strong optical absorption. The efficiency of CIGS- 
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based solar cell has reached around 18 % [10]. In addition to its thin-film form factor, 

CIGS-type material has the advantage that its bandgap can be tuned by partial 

substitution of Ga for In or S for Se, which may be of help for optimization process. 

However, this type of cell usually utilizes heterojunction between CIGS (p-type) and 

cadmium sulfide (CdS, n-type). Due to the environmental issues associated with 

Table 2. Confirmed highest efficiencies of single cells and  module measured under 
global AM 1.5 spectrum (100mW/cm2) at 25ºC.a 
 

Classification VOC 
(V) 

JSC 
(mA/cm2) 

FF 
(%) 

η 
(%) 

Test 
date 

Fabrication  

Cell/Submodule       

 Si (crystalline) 0.706 42.2 82.8 24.7 3/1999 UNSW PERL 

 Si (multicrystalline) 0.664 37.7 80.9 20.3 5/2004 FhG-ISE 

 Si (nanocrystalline) 0.539 24.4 76.6 10.1 12/1997 Kaneka 

GsAs (crystalline) 1.022 28.2 87.1 25.1 3/1990 Kopin 
CIGS (CuInGaSe2, thin-
film)  0.669 35.7 77.0 18.4 2/2001 NREL 

CdTe (poly, thin-film) 0.845 25.9 75.5 16.5 9/2001 NREL 
GaInP/GaAs/Ge 
(tandem) 2.622 14.4 85.0 32.0 1/2003 Spectrolab 

Dye-sensitized TiO2 cell 0.726 15.8 71.2 8.2 7/2001 ECN 

Module b       

Si (crystalline) 5.6 3.93 80.3 22.7 3/1996 UNSW/Gochermann 

Si (multicrystalline)  14.6 1.36  78.6 15.3 10/1994 Sandia/HEM 

Si (poly, thin-film)  25.0 0.318  68.0 8.2 7/2002 Pacific Solar 

CIGSS (CuInGaSSe)  13.4 2.16  68.9 13.4 8/2002 Showa Shell 
 

a adapted from M.A.Green et al., “Solar cell efficiency tables (Version 24),” Prog. Photovolt: Res. 
Appl. 12, 365 (2004). According to the guideline mentioned therein, the above measurements must be 
done in the recognized test center such as NREL or Sandia Lab for independent confirmation. In 
addition, the areas of the confirmed cells must be larger than 1 cm2, and those of the modules must be 
larger than 800 cm2 .  
b short-circuit current ISC(A) is given for modules, instead of JSC. 
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cadmium, the effort is being made to realize Cd-free CIGS solar cells [11]. Unlike a-Si 

solar cells, CIGS-based cells have been proved to show excellent light-stability. However, 

it appears that there are instabilities owing to a hot and humid environment [12]. The 

complexity associated with the stoichiometry of participating elements as well as scarcity 

of indium is also of concerns.  

 

1.3   Realization of photovoltaic energy as an affordable energy source 

The cost of the electricity delivered to a regular household in US is often less than $0.10 

per kWh, which would be the ultimate goal to achieve for PV to be competitive in the 

mainstream electricity market. Estimation of the cost for PV to generate the electricity 

requires several different aspects to be taken into account [13,14]:  

i) cost of PV module expressed in $/WP (peakWatt) or $/m2 

ii) area related balance of system (BOS) cost  

iii) power related BOS cost 

iv) lifetime of the module 

v) indirect cost (e.g. O&M, loan pay-off ) 

Among them, the cost of PV module to generate a certain amount of power is the most 

important factor and is directly related to the efficiency of PV cells and cost incurred 

during the manufacturing, which typically includes cost related to solar cell materials and 

substrate, encapsulation, frames and inter-connects, production overhead such as 

equipment depreciation, labor, and so on. If the production cost can be given in $/m2 
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when all these factors are considered, it can be easily translated into $/WP by the 

following formula: 

     
PIη η

= =
× ×

2 2

P 2

$ $
m m$PV module cost( )W W1000

m
 

   

 ( Eq. 1.1 ) 

in which η is the module efficiency, IP, the peak intensity under the full sun insolation, 

which is typically 1,000 W/m2. So, if the module with 15 % efficiency is produced at 

$750/m2, the cost of this module would be $5/WP, which is within a range of current 

market prices for PV module based on crystalline Si technologies [15,16].   

Balance of system costs (BOS) are included in consideration of cost of land, 

batteries, power conditioning, etc. and can typically be around $100~$200/m2. The last 

factor is related to indirect cost such as amortization of loan, etc. When all these factors 

are included, the cost of PV generated electricity can be compared with that of electricity 

delivered by conventional utility companies by the following equation: 

     2

2
Solar

annualized cost per unit area$
kWh annual energy production in kWh per unit area 

( module& BOScost $/m )

kWh/m /day days
Y

U

α

η

=

  × =
 × ×  365

 

   

( Eq. 1.2 ) 

in which USolar is the average daily insolation, and αY is the annualization factor taking 

into account the annuity relation for writing off investment capital and defined by: 

     int
-N

int- ( )  Y OM

r
r

r
α = +

+1 1
 

   

( Eq. 1.3 ) 

where rOM is the ratio of the annual cost of operation and maintenance (O&M) to the 

module and BOS cost, rint the interest rate, and N, the lifetime of the module [16].  
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Figure 2 (a) and (b) summarizes the relation of module price, efficiency, and 

lifetime to the overall cost of electricity generation by a PV system in $/kWh. Figure 2 

(a) demonstrates that 20~30 cents/kWh can be achieved in a PV system based on 10%-

efficiency module if the module price is within a range between $250 /m2 and $400 /m2 

with the BOS cost of $100 /m2, rint = 8 %, and rOM = 2 %, when the lifetime is 30 years.  

USolar = 5 kWh/m2 was assumed for the calculation, and this value can represent the 

average daily solar radiation of the many locations in the U.S. It is interesting to note that 

the similar range can be achieved even in 5 %-module if the module cost can be reduced 

to $70 /m2 ~ $150 /m2. If the module cost becomes far less than the BOS cost, the net 

cost approaches the minimum value which is essentially determined by the BOS cost and 

the module efficiency. These minimum values are 12, 6, and 3 cents/kWh for 5, 10, and 

20%-efficiency module, respectively.  

Figure 2 (b) shows the range of acceptable lifetime for PV modules with different 

efficiencies to be competitive when the module cost is $50 /m2. It is well demonstrated 

that 20-30 cents/kWh can be achieved when such low-price module can exhibit 5-10 % 

efficiency with the lifetime larger than ~ 10 years. Although 20-30 cents/kWh is yet 

significantly larger than the price range of the conventional electricity, it may still be 

acceptable when one takes into account the additional cost to be paid for the 

environmental damage being caused by fossil fuels [16]. Eventually, when the low-cost 

module with the efficiency and lifetime larger than 10% and 15 years, respectively, is 

available, it will be able to provide the energy that is as affordable as the conventional 

electricity. 
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FIG.  2: Estimated cost of electricity generated by PV modules with efficiencies of 5, 10, 
and 20 % as a function of (a) module cost and (b) lifetime.  
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1.4   Motivation for organic solar cells     

Organic molecules and conjugated polymers have recently attracted a great amount of 

interest as semiconducting materials [17], and have been successfully applied to light-

emitting devices [18-20] field-effect transistors [21,22] and photovoltaic cells [23]. 

Among the applications, display devices using organic light-emitting diode (OLED) have 

already been commercialized.  Because organic materials can be processed at low 

temperature, they can be fabricated into thin films onto various substrates such as plastic 

films. That property can potentially lead to a new generation of organic electronic devices 

that are light-weight, foldable, flexible and moldable. See Fig. 3 (a) for an example. 

Feasibility of flexible organic devices have already been demonstrated for several 

 

(a)  

 

(b)  

 

FIG. 3: (a) Picture of an organic solar cell fabricated by physical vapor deposition on 
PET substrate, and (b) conceptual view of roll-to-roll processing.     
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applications [24-26]. 

Furthermore, when roll-to-roll compatible fabrication techniques such as printing 

are used to process these films from solution, organic devices can potentially be 

fabricated in large volume at low cost, which would be a very important benefit for solar 

cells as practical realization of solar cells is especially sensitive to the cost effectiveness 

[28]. 

 

1.4.1   Current state-of-the-art 

The organic or polymeric solar cells are usually comprised of organic photoactive 

materials sandwiched between two electrodes one of which is usually transparent. Based 

on the main consituents and configuration, these solar cells may be classified as follows:  

i) organic small molecular-weight multilayer thin films  

ii) interpenetrating polymer-blend bulk heterojunctions 

iii) organic/inorganic hybrids 

           Photovoltaic conversion in both organic thin-film multilayer and polymer-blend 

devices relies on heterojunctions formed between electron-rich donor and electron-

deficient acceptor materials. The hybrid devices, in which one or more of the active 

layers is replaced by inorganic materials, can be further divided into the dye-sensitized 

electrochemical cells and those relying on heterojunctions directly formed between 

organic and inorganic materials. Examples of hybrid electrochemical cells are dye-

sensitized nano-crystalline solar cells in which the electron is transferred to a high-

surface-area TiO2 film from the organic dye molecules attached to it while the dye is  
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Table 3. Performance of selected organic solar cells based on small molecules and 
polymers. 
 

Classification (structure) VOC 
(V) 

JSC 
(mA 
/cm2) 

FF 
(%) 

η 
(%) 

Area 
(cm2) 

Testing 
conditions 
[spectrum 

( mW/cm2)] 

Reference (Mon/Year)a 

Small-molecule-based cells        

Al/Merocyanine/Al2O3-Ag 1.20 1.8 25 0.70 1.0 Sunlight (78) Exxon (4/1978) [28] 
ITO/CuPc/PTCBI/Ag 0.45 2.3 65 0.95 0.1 AM2 (75) Kodak (1/1986) [29] 
 ITO/CuPc/PTCBI/BCP/Ag 0.48 4.2 55 1.1 0.0079 AM1.5 (100) Princeton (5/2000) [30] 
ITO/PEDOT:PSS/CuPc/C60/BCP/A
l 

0.58 18.8 52 3.6 0.0079 AM1.5G 
(150) 

Princeton (7/2001) [31] 

ITO/HBC-Ph12:Perylene/Al  0.69 0.034 40 1.95 - 490nm (0.47) U. Camb. (8/2001) [32] 
ITO/CuPc/PTCBI/Ag/CuPc/PTCBI
/Ag 

0.85 8.8 33 2.5 0.0079 AM1.5(~100) Princeton (3/2002) [33] 

ITO/CuPc/CuPc:C60/C60/BCP/Al 0.47 5.6 54 1.4 0.16 AM1.5 (100) Imperial C. (2/2004) 
[34] 

ITO/PEDOT:PSS/p-MeO-
TPD/ZnPc: C60/Me-PTCDI/n- C60 
/LiF/Al 

0.50  8.3  45   1.9 0.02-
0.03 

AM1.5 (100) U. Dresden  (2004) [35] 

ITO/p-MeO-TPD/ZnPc: C60/n-
C60/Au/p- MeO-TPD/  ZnPc: C60/ 
n-C60/Al 

0.85 6.6 53 2.4 0.02-
0.03 

AM1.5 (125) U. Dresden  (3/2004) 
[36] 

ITO/ CuPc/C60/BCP/Ag 0.52 16.5 61 3.8 0.0075 AM1.5G 
(140) 

Princeton (4/2004) [37] 

ITO/CuPc:C60/C60/BCP/Ag 0.50 15.4  46 3.5 0.0079 AM1.5G 
(100) 

Princeton (5/2004) [38] 

Polymer-based cellsb         

ITO/MEH-PPV:CN-PPV/Al 0.60 0.002 25 0.2 - 550nm (0.15) U. Camb. (8/1995) [39]  
ITO/MEH-PPV:PCBM/Ca 0.82 2 25 2c 0.1 430nm (20) UCSB (12/1995) [40] 
Au/PEDOT:PSS/POPT:MEH-CN-
PPV/MEH-CN-PPV:POPT/Ca 

1.3 0.003
8 

33 4.8 0.025 480nmd 
(0.034) 

U. Camb. (9/1998) [41] 

ITO/PEDOT:PSS/MDMO-
PPV:PCBM/LiF/Al 

0.82 5.25 61 2.5  0.1 AM1.5 (106e) Linz (2/2001) [42] 

ITO/PEDOT:PSS/P3HT:PCBM/Li
F/Al 

0.58 8.7 55 2.8 0.04 AM1.5 (100) Siemens (11/2002) [43] 

ITO/PEDOT:PSS/P3HT:PCBM/Li
F/Al 

0.55 8.5 60 3.5 0.05-
0.08 

AM1.5 (80) Linz (1/2003) [44] 

ITO/PEDOT:PSS/MDMO-
PPV:[70]PCBM/LiF/Al 

0.77 7.6 51 3.0 0.1 AM1.5 (100) ECN( /2003) [45] 

ITO/PFDTBT:PCBM/LiF/Al 1.04 4.66 46 2.2 1.0 AM1.5G(100) Chalmers (6/2003) [46] 
ITO/PEDOT:PSS/MEH-
PPV:PCBM/LiF/Al 

0.87 8.4f 40 2.9 - AM1.5 (100) U. d’Angers (3/2004) 
[47] 

ITO/PPV/BBL/Al 1.10 2.15 50 1.5 0.2 AM1.5 (80) U.Washington 
(10/2004) [48] 

 

a Based on published month and year.  
b Include both polymer/polymer-based and polymer/small-molecule-based cells. 
c Corrected for conventional definition of FF. 
d Estimation of 1.9% for AM1.5 (77 mW/cm2) was provided considering the spectral response. 
e Effective intensity in consideration of spectral match factor m = 0.753. Actual intensity was 80 mW/cm2. 
f Reported EQE values are relatively small compared to this high photocurrent. 
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regenerated by the electrolyte. Examples of other types are cells based on heterojunctions 

of TiO2/conjugated polymer or CdSe nanocrystals/conjugated polymer. At this stage, the 

conversion efficiencies of these organic-based solar cells do not compete with those of 

crystalline silicon. (See Tables 3 and 4.) Exception to this is the nanocrystalline TiO2 

dye-sensitized cell in which 10% conversion efficiencies were demonstrated. 

Unfortunately, the liquid nature of the electrolyte that is used to regenerate the dye may 

Table 4. Performance of selected organic/inorganic hybrid solar cells made by 
various technologies. 

 
Classification (structure) VOC 

(V) 
JSC 

(mA 
/cm2) 

FF 
(%) 

η 
(%) 

Area 
(cm2) 

Testing 
conditions 
[spectrum 

( mW/cm2)] 

Reference 
(Mon/Year) 

Dye-sensitized electrochemical cells        
FTO/nano-TiO2/dye/electrolyte /FTO 0.680 11.5 68 7.1 0.5 AM1.5 (75) EPFL 

(10/1991) [49] 
FTO/nano-TiO2/dye/electrolyte /FTO 0.720 18.2 73 10 0.31 AM1.5 (96) EPFL   

(1993) [50] 
FTO/nano-TiO2/dye/spiro-MeOTAD/Au 0.342  0.32  62 0.74  - AM1.5 (9.4) EPFL 

(10/1998) [51] 
FTO/nano-ZnO/dye/CuSCN/graphite/Al 0.550 4.5 57 1.5 - AM1.5 (96) EPFL  

(9/2000) [52] 
FTO/nano-TiO2/dye/electrolyte/FTO 0.720 20.5 72 10.4 0.186 AM1.5G 

(100) 
EPFL   
(2/2001) [53] 

FTO/nano-TiO2/dye/spiro-MeOTAD/Au 0.910 4.7 60 2.56 1.07 AM1.5 (100) EPFL   
(9/2001) [54] 

FTO/ nano-TiO2/dye/gel-electrolyte/FTO 0.670 12.8 67 5.9 0.25  AM1.5 (100) Osaka  U.  
(11/2001) [55] 

FTO/ nano-TiO2/dye/solid-electrolyte 
/FTO 

0.570 9.5 62 3.3 0.126 AM1.5 (100) KIST  
(10/2004) [56] 

FTO/nano-TiO2/dye/spiro-MeOTAD/Au 0.752 8.3 64 4.0 - AM1.5 (100) EPFL   
(1/2005) [57] 

Inorganic/organic heterojunction cells        
ITO/nano-TiO2/MEH-PPV/Au 1.1 0.4 40 0.18 0.03 White(100) UCSC  

(9/2001) [58] 
ITO/PEDOT:PSS/P3HT:nano-CdSe/Al 0.7 5.7 40 1.7 0.03 AM 1.5G 

 (96) 
UCBerk. 
(3/2002) [59] 

ITO/PEDOT:PSS/MDMO-
PPV:nanorod-CdSe(tetrapod)/Al 

0.650 7.3 35 1.8 - AM 1.5G 
 (93) 

U. Camb. 
 (6/2003) [60] 

FTO/TiO2-P3HT/P3HT/Ag 0.720 1.4 51 1.5 0.05 514 nm (33) Stanford 
(10/2003)[61] 

ITO/PEDOT:PSS/MDMO-PPV:nano-
ZnO/Al 

0.814 2.4 59 1.6 0.1 400-900 nm 
(71a) 

Eindhoven 
U.(6/2004) [62] 

 

a Effective intensity in consideration of both the spectral mismatch of a light source and JSC –vs.– intensity relation. 
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limit the long-term stability of such cells as the liquid electrolyte has the tendency to 

evaporate. Solid state versions of these electrochemical cells have conversion efficiencies 

of a few percents [63,64], values that are comparable to those of solid-state organic and 

hybrid organic/inorganic cell geometries.     

    

1.4.2 The aim and organization of this study 

This study is ultimately aimed at realizing photovoltaic cells with sizable efficiencies 

based on organic materials.  A character specific to organic solar cell is its excitonic 

nature which requires a relatively large energy for dissociation of excitons into free 

carriers due to a strong binding energy (on the order of ~0.5 eV) [65,66]. Numerous 

examples presented in Table 3 have demonstrated that dissociation can be achieved with 

good efficiency at junctions of donor and acceptor materials with energy offsets larger 

than the exciton binding energy. This tends to confer a special importance to the exciton 

diffusion length in organic solar cells, because the only photons absorbed within a 

distance of the exciton diffusion length from the junction can be efficiently harvested.    

Another challenge is to optimize the product of both the photogenerated current and the 

open-circuit voltage, while maintaining a large fill factor. For example, efforts to harvest 

more low-energy photons by using small energy gap material are often accompanied with 

smaller open-circuit voltages. It is also noted that the fill factor is strongly influenced by 

device parameters such as the series and shunt resistances, the reverse saturation current, 

and the diode ideality factor. In particular, the series resistance due to intrinsic 

resistivities and contact resistances is known to be a critical limiting factor for cells with 
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high photocurrents.  Limited transport properties found in mostly amorphous or 

microcrystalline organic materials tend to make the optimization of these parameters a 

challenging task.  In this dissertation, focus is given to the ordered molecular 

arrangements that can be offered by organic liquid crystalline or polycrystalline thin films, 

as ways to improve the exciton/ carrier transport properties and therefore conversion 

efficiencies. Modeling of the various aspects found in organic solar cells will be carried 

out to help understand the physics behind their operation and to enlighten the routes to 

further optimize the cell performance in a systematical way. This dissertation will be 

organized as follows: 

i) Outline of the operating principles of organic photovoltaic (OPV) cells 

ii) Estimation of the maximum efficiencies of OPVs 

iii) Introduction of the equivalent circuit model for PV cells as a tool for 

modeling the cell characteristics, and discuss the effects of equivalent circuit 

parameters to the cell performance 

iv) Analysis of the photocurrent generation process in the thin-film OPVs using 

the exciton diffusion model along with the calculation of the electric field 

distribution inside the thin multilayer structures. 

Then, we will describe our experimental studies that were carried out in two types of 

cells: 

v) solution-processible discotic liquid crystalline (DLC) materials, and 

vi) vacuum-deposited multilayer of pentacene/ C60, 
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along with the description and modeling of their photovoltaic properties, and the 

discussion on optimization process for each system. Finally, we will conclude this 

manuscript with a summary and outlook. 

 

 

  

 

 



 33

Chapter 2 Theoretical aspects of organic solar cells 

2.1   Principle of operation 

2.1.1 Overview of PV cell operation 

As illustrated in Fig. 4, absorption of photons in organic materials can convert the photon 

energy to the electricity when excitons generated upon absorption are separated into free 

carriers and when these carriers can be transported to electrodes and collected.   While  

 

 

 

FIG. 4:   Processes involved in operation of organic photovoltaic cells 
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these steps are similar to the case of inorganic solar cells in general, excitons in OPVs are 

relatively tightly bound with a binding energy on the order of several hundred meV 

[65,66], and so they are not likely to be separated by the thermal energy kBT at room 

temperature (~26 meV), which is in contrast to the case of inorganic semiconductors. 

This tends to make the charge transfer at the interface between electron donor and 

acceptor materials a dominant mechanism for carrier generation over the charge 

separation happening inside the bulk region, unless one applies an electric bias that is 

strong enough to break apart the excitons.  Another major difference may be found in the 

carrier transport mechanism in organic materials which is often characterized by a 

hopping process. In the following sections, the origin of the semiconducting properties in 

organic materials will be first described with focus on their relationship to the 

optoelectronic properties, and then the phenomena occurring at the interfaces between 

organic/organic or organic/metal will be briefly summarized in the context of 

photovoltaic energy conversion.  

 

2.1.2 Properties of conjugated π−electron systems 

Carbon(C, atomic number 6) is a unique atom that can form a large number of 

compounds with other atoms in a variety of molecular structures. Relatively small size (in 

comparison to higher-period element like Si), capability to form four bonds as a Group 

IV element, and medium electronegativity enabling bonding with both electropositive 

and electronegative atoms may explain its versatility [67]. When carbon forms covalent 

bonding with another atom such as carbon, hydrogen, oxygen, nitrogen, and so on, 
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molecular orbitals describing the wavefunction of electrons in the molecule are 

constructed by the so-called hybridization. For example, when one carbon and four 

hydrogen atoms are bonded together to form methane (CH4), atomic orbitals for electrons 

in carbon, (2s, 2px, 2py, 2pz),* are linearly superposed to form four new hybrid orbitals 

(called sp3 orbitals), each of which then pairs with an atomic orbital of each hydrogen. 

Other hybrid orbitals made up of 2s and 2p orbitals are sp1 and sp2.  In sp1 hybrid orbitals, 

only one 2p orbital and one 2s orbital participate in hybridization to form two 

independent hybrid orbitals while the other two 2p orbitals remain unchanged. Likewise, 

in sp2 hybrid orbitals, two 2p orbitals and one 2s orbital are involved in hybridization to 

form three hybrid orbitals, leaving one 2p orbital unchanged. Figure 5 (b) illustrates how 

these hybrid orbitals can explain the 3D structure of polyatomic molecules using the 

example of ethylene.  

Note, in the case of ethylene, there are two different bonds between the two 

carbon atoms. Such a bond is referred to a ‘double bond’ as it consists of a σ-bond, which 

represents the bonding formed between the two sp2 hybrid orbitals, and a π-bond, which 

is the bonding formed between two pz orbitals from each carbon. In contrast to σ-bonding 

where the sp2 orbitals from each carbon have a large overlap which tends to make strong 

                                                 

* The wavefunction for 2pi orbital (i=x, or y) is a linear superposition of ψ211 and ψ21-1 , and that of 2pz is 

represented by ψ210 where ψ211 is a wavefunction ψnlm of hydrogen-like atom in an eigenstate represented 

by quantum nubers (n,l,m). |ψ(2pζ)|2 has a functional form of ζ2exp(-r/a0) in which ζ = x, y, or z, r = 

(x2+y2+z2)1/2, and a0, Bohr radius. Electron density in 2s and 2pz states are illustrated in Fig.5. 
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bonding, the overlap between pz orbitals in π-bonding are relatively small, and therefore 

the bonding in this case is weaker than that of the σ-bond. As a result, electrons in π-

bonds, also called π-electrons, tend to be more delocalized in space than electrons in σ-

bondings. In fact, as will be discussed in the next sections, the delocalized nature of these 

π-electrons is at the heart of the optoelectronic properties of many organic materials. 

           The molecular systems in which double (one σ, one π) or triple (one σ, two π’s) 

bonds alternate with single bonds (one σ) are called ‘conjugated π−electron systems’. See 

Fig. 6 for examples. In such system, overlaps can spread over the system and can allow 

π-electrons to be delocalized over the entire molecule or polymer chain. Most of the 

      
   (a)  

 
   (b) 

 

FIG. 5: (a) Calculated electron density of 2s and 2pz states in hydrogen-like atom 
(vertical axis is along the z-axis) and (b) illustration of molecular orbital in ethylene 
(C2H4). 
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materials used for organic semiconductors are based on a conjugated system although 

functional groups can sometimes be attached to it in order to modify the processibility 

and other physical properties.  

It is worth while noting that energy splitting occurs depending on the 

configuration of the signs in the two pz orbitals in the example of ethylene. This is also 

termed as ‘bonding’ and ‘antibonding’. ‘Bonding’ refers to the situation where both pz 

orbitals have the same sign configuration leading to larger electron density in between, 

and ‘antibonding’ refers to the situation where adjacent pz orbitals have opposite signs 

such that there is a node in the wavefunction at the midpoint between the two units, 

resulting in less electron density in between. Since the energy level related to σ-bonding 

is lower (or more negative) than that of π−bonding due to its relatively large bonding 

strength, the highest occupied molecular orbital (HOMO) and the next higher energy 

level, or the lowest unoccupied molecular orbital (LUMO) are determined by the 

interaction between participating π−electrons. Note that the repulsive nature of 

antibonding makes the energy level of the total system higher, as can be seen in the 

 

FIG. 6: Example of conjugated molecules and polymers: (a) polyacetylene, (b) 
anthracene, and (c) C60. 
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examples of ethylene and butadiene shown in Fig. 7. Another interesting point is that the 

energy gap (EG) between HOMO and LUMO levels decreases as the conjugation length 

increases, as demonstrated in Fig. 7 (c). When EG of the organic small molecules or the 

conjugated polymers is within a range of approximately 1-4 eV, they can absorb photons 

in UV-NIR spectral region via π-π* transitions, making them especially attractive for 

optoelectronic applications.  

 

2.1.3 Intermolecular or interchain interaction  

 In actual devices, the organic molecules or conjugated polymers are often employed in a 

solid-state form such as a film or as a bulk material which can be amorphous, 

polycrystalline, or monocrystalline. In this case, intermolecular or interchain interactions 

become important in determining their electronic structures, and therefore additional 

parameters such as packing geometry and degree of crystallinity can influence their 

optical and electronic properties. This is well illustrated in the differences in absorption 

spectra observed between spin-coated films of copper phthalocyanine derivatives and the 

same molecules solubilized in choloroform. (See Fig. 8.) While the absorption peaks are 

narrow in solution in which distances between molecules are large, those in films, in 

which molecules are closely packed, are wide, and moreover, there are additional peaks, 

either blue-shifted or red-shifted, which are not observed in solution. These shifted peaks 

are often regarded as indications of different packing geometries. For example, blue-

shifted peaks indicate existence of cofacial arrangement while red-shifted peaks indicate 

edge-to-edge arrangements [68]. In addition to these changes in electronic states, 
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FIG. 7: Energy diagrams for π-electrons in (a) ethylene (C2H4) and (b) butadiene (C4H6). 
The numbers next to energy levels indicate the respective number of nodes in net 
electronic wave functions. (c) Evolution of HOMO-LUMO gap vs. increasing number of 
C=C double bonds in a series of polyenes (CnHn+2). These values were estimated from the 
wavelengths (shown in parenthesis in unit of nm) where the absorption peaks are 
observed in the respective molecules [67].  
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the intermolecular or interchain phenomena strongly affect other properties such as 

carrier transport, charge transfer, and energy transfer. In the following sections, these 

phenomena will be briefly reviewed from the perspective of organic solar cells.  

 

A. Charge transfer and energy transfer 

When an electron donor (D) molecule is in an excited state at the hetero-interface with an 

electron acceptor (A) molecule or vice versa, either charge transfer or energy transfer 
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FIG. 8: Evolution of UV/VIS absorption spectra of soluble copper phthalocyanine 
derivatives, 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethylsulfanyl) phthalocyaninato 
copper(II). Solid film vs. solution of two different concentrations in chloroform. The 
solid film was obtained by spin coating.  Values are normalized so that they are same at 
the peak wavelength of the spectra of solution. 
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reactions can occur between them. Figures 9 and 10 provide examples of donor and 

acceptor materials being used in organic solar cells. In the case of energy transfer, it is the 

excited state that is transferred, while it is the charge separated from the exciton that is 

transferred in the case of charge transfer. These reactions may be expressed as: 

                     (Charge transfer)           D* + A → D+ + A- 

                     (Energy transfer)           D* + A → D + A* 

Energy transfer is considered to be enabled either by resonant dipole-dipole interaction 

(Föster-type, long-range) or by quantum-mechanical exchange interaction (Dexter-type, 

short-range) [69]. It is also noted that charge transport and exciton diffusion are special 

cases of charge transfer and energy transfer, respectively, between identical donor or 

acceptor molecules.  

As mentioned earlier, charge transfer plays a central role in organic photovoltaic 

or photoconductive devices by providing routes to generate free carriers. Note that 

relatively large binding energies of excitons in organic materials make it hard to achieve 

high photo-generation efficiencies in devices made of only single homogeneous layer 

[70].* Photovoltaic cells fabricated by Tang demonstrated the importance of creating 

interfaces between donor and acceptor layers as a means to separate the charges from the 

excitons and therefore to achieve high photocurrents in organic system [23]. 

                                                 

* Excitons in organic materials have larger binding energies because an electron and a hole in each exciton 

are localized within a molecule (Frenkel-type exciton) or in its close proximity (charge-transfer exciton) 

[70]. 
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FIG. 9: Electron donors used in organic solar cells: (a) metallo-phthalocyanine (MPc, e.g. 
M= Cu or Zn), (b) poly(para-phenylenevinylene) (PPV) derivatives; MEH-PPV (left) and 
MDMO-PPV (right), (c) poly(alkylthiophene); P3HT, and (d) polyfluorene(PF) 
derivative; PFDTBT.     
 
 
 

 
 
FIG. 10: Electron acceptors used in organic solar cells: (a) fullerene; C60 (left) and PCBM 
(right), and (b) perylene tetracarboxylic diimide (PTCDI) derivatives; PTCDI-EP 
(ethylpropyl)  (left) and PTCDI-BI (benziimidazole) (right). 
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Photoinduced charge transfer at a time scale τCT on the order of 10-12 sec or less 

was experimentally observed by time-resolved photoluminescence and photo-induced 

absorption measurements in poly[2-methoxy,5-(2’-ethyl-hexyloxy)-p-phenylene 

vinylene] (MEH-PPV) and C60 composite [71,72]. Note that the quantum yield for charge 

transfer (ηCT) is given by: 

     η
−

=
+

CT
CT

CT non CT

k
k k

   
 

( Eq. 2.1 ) 
 

where kCT (~ 1/τCT) is the charge transfer rate and the rate for all other competing 

reactions such  as radiative recombination is given by knon-CT . Therefore, considering the 

time scales of other competing reactions which are on the order of 10-9 sec, such ultrafast 

reaction can translate into ηCT values of nearly unity.  However, one should note that not 

all pairs of donor and acceptor layers lead to efficient photo-induced charge 

separation/transfer reaction even when the energy configuration looks favorable, as was 

discussed by Halls et al. in a comparison experiment between DMOS-PPV/CN-PPV pair 

and MEH-PPV/CN-PPV pair [73]. In that study, it turned out that charge transfer was 

dominant in MEH-PPV/CN-PPV while energy transfer was dominant in DMOS-

PPV/CN-PPV, the latter of which was not trivial from the configuration of HOMO and 

LUMO levels of each polymer.  To determine which reaction is more likely to occur at 

the donor/acceptor interface, the energy of the total system should be considered between 

an initial state and each of final states. Estimation of such energy can be challenging as it 

should include the effect of geometrical distortion due to local change in charge 
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distribution (polaronic effect), as well as the values of the Coulombic interacton of 

excitons, the ionization potential (IP) and the electron affinity (EA) of each material. In 

order for electrons to be transferred to an acceptor by photoexcitation of donors, the 

following condition should be met:  

      − > + ( ) ( ) ( )L L b polU D U A E D E    

 

( Eq. 2.2 ) 
 

in which UL(D) [UL(A)] is the LUMO level of the donor [acceptor] measured upward 

from a given origin in energy, and Eb(D) is the ‘intrachain’ binding energy of the donor 

and Epol is the energy to be paid for, if any, due to geometrical distortion effect when 

going from the intrachain exciton to the charge separated state. The estimated net value 

for the right-hand side of Eq. 2.2 was approximately 0.35 eV in the example of MEH-

PPV/CN-PPV interface. From the practical perspectives in photovoltaic applications, the 

above equation means that the sufficient energy offset between LUMO’s [HOMO’s] of 

donor and acceptor is needed in order to ensure efficient electron [hole] transfer at the 

interface although exact values of binding energy and other energy penalty will depend 

on each individual donor/acceptor system. 

B. Charge/exciton transport  

Charge/ exciton transport, in particular, plays a major role in several fundamental 

processes that govern the operation of a solar cell. High charge mobility will, for instance, 

influence the carrier collection efficiency by facilitating the movement of carriers toward 

the electrode before they recombine [74]. More directly, it will decrease the series 
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resistance owing to bulk resistivity of the organic materials. As it will be described later 

in more details, these benefits will have significant influence on maintaing the high 

efficiencies in photovoltaic devices [4].  In addition, importance of large exciton 

diffusion lengths in achieving high photocurrent cannot be overemphasized, especially in 

multilayer-type organic solar cells in which the device thickness and thus photon 

absorption can often be limited by short exciton diffusion lengths.  

The understanding of the transport properties in organic materials is a challenging 

task because they depend strongly on the nature of the molecular building block, on the 

coupling to thermal vibration, and on the degree of ordering that can vary from 

essentially amorphous to crystalline.  Furthermore, the electrical properties of organic 

materials will be influenced, if not dominated, by the presence of impurities and 

structural defects. Charge mobility in organic solids can be measured by various 

techniques such as time-of-flight [75], space-charge-limited current measurement [76], 

transconductance of organic field effect transistors [77 ], and pulse radiolysis time-

resolved microwave conductivity technique (PR-TRMC) [78,79]. It is generally orders of 

magnitude lower than that in inorganic semiconductors and is generally much lower in 

amorphous materials, such as conjugated polymers or molecular glasses in which charge 

carriers are localized onto single chains or on single molecules. In contrast, in high-

quality single crystals, the relative positions of molecular units are well controlled over 

macroscopic distances. As a result, carriers can be delocalized to a greater degree and 

may be described by band-type models especially at low temperature where interaction 

with thermal vibration or phonons can be negligible. However, at an elevated temperature 
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or in amorphous materials, transport of carriers is believed to operate by a thermally 

activated hopping mechanism [80].  Many recent transport studies in doped polymers and 

molecular glasses have been analyzed using the so-called disorder formalism developed 

by Bässler, Borsenberger, and co-workers [75,81,82]. In the disorder formalism, it is 

assumed that transport occurs as carriers ‘hop’ through a manifold of localized states with 

superimposed energetic and positional disorder. The distributions of hopping site 

energies and distances are Gaussian and characterized by their widths, σ and Σ, 

respectively. In this framework, the mobility is given by:  

            

      
2 1

2 2 2
00

ˆ2 ˆexp exp ( )
3

C Eσµ µ σ
    = − − Σ    

     
 

 
( Eq. 2.3 ) 

 

where µ00 is the disorder-free mobility (cm2/Vs), E is the applied electric field (in V/cm), 

T is the temperature, C is an empirical constant with a value of  2.9 × 10-4 (cm/V)1/2, Σ  is 

the width of the positional disorder distribution, ˆ / Bk Tσ σ=  where σ is the width of the 

energetical disorder distribution, and kB is the Boltzmann constant. Units for charge 

mobility are cm2/Vs. According to the disorder formalism, the charge mobility increases 

with temperature and in most cases also with applied field in the high-field limit. Exciton 

transport in most of the practical temperature range is often viewed in terms of 

macroscopic diffusion processes in which excitons migrates in ‘random-walk’ fashion 

under interaction with thermal vibration. Diffusion constant D, exciton lifetime τ, and 

exciton diffusion length L = (Dτ)1/2 are important parameters characterizing diffusion 

processes. Diffusion constant is a counterpart of mobility in drift-type transport. It 



 47

quantifies the diffusion current produced per unit concentration gradient. In solar cells, 

the exciton diffusion length, which takes into account both D and τ, is often used, as it is 

more directly related to the cell performance. Exciton diffusion length can be determined 

by photoluminescence quenching experiment or from an external quantum efficiency 

measurement. The reported exciton diffusion lengths in organic materials have been 

surveyed by Peumans et al., and are typically on the order of 10 nm or less [83]. 

In the hopping regime, the electronic coupling between adjacent molecular units 

along the transport direction is important, and the transition rate kif associated with such 

processes can be quantified by the following equation [80]:  

     
π ρ=
h

22
if if FCWDk V    

 

( Eq. 2.4 ) 

 

where Vif is the electronic coupling matrix element that is defined as <ϕi|V| ϕf> for the 

perturbation operator V, and ρFCWD is so-called Franck-Condon-weighted density of states 

and is given at high temperature regime by: 

     ( ) ( )ρ λ λ
π

 = − ∆ + 
201

exp / 4
4FCWD B

B

G k T
k T

   

 

( Eq. 2.5 ) 
 

in which ∆G0 is a change in Gibbs free energy during the reaction, and λ is the 

reorganization energy induced by the transfer reaction. Note that the above equations can 

be used in general for charge transfer or energy transfer. Charge transport can be 

regarded as a ‘charge transfer’ between an ionized molecule and the same but neutral 
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molecule. Likewise, exciton diffusion is regarded as an ‘energy transfer’ between one 

excited molecule and the same molecule in its ground state. In these cases, ∆G0 can be set 

to zero, and the hopping induced transport is governed by the electronic coupling and the 

reorganization energy. It is then evident from Eqs. 2.4 and 2.5 that the electronic coupling 

should be as large as possible in addition to small reorganization energy, in order to 

achieve efficient carrier/exciton transport. In view of these requirements, the use of 

highly crystalline material or self-assembling materials such as columnar discotic liquid 

crystals may be considered as an approach that can provide the ordering required to 

increase the electronic coupling between adjacent molecules relative to that in an 

amorphous material.  

       In summary, the steps involved in operation of organic solar cells were briefly 

reviewed. It was discussed that delocalized nature of π-electrons gives rise to interesting 

optoelectronic properties in conjugated polymers or molecules which constitute most of 

the organic optoelectronic devices. Among the physical processes involved in the 

operation of organic devices, charge/exciton transport, charge transfer, and energy 

transfer were briefly described. It was emphasized that charge/exciton transport can be 

improved by having ordered structures which can lead to a larger electronic coupling 

between adjacent molecules or polymers. It was also stressed that sufficient energy 

offsets at the donor/acceptor interface need to be furnished as a means to ‘stabilize’ the 

charge separated state in order to achieve efficient photocarrier generation in solar cells 

made of organic materials which tend to have relatively large exciton binding energy. 
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2.2   Equivalent circuit model for photovoltaic cells 

2.2.1 Key parameters of photovoltaic cells 

The power conversion efficiency η of a photovoltaic cell is given by the ratio of the 

maximum electric power extractable from the cell to the optical power PL incident to it. 

This relation may be expressed by an equation that employs the parameters that can be 

readily measured from the current density-voltage (J-V) characteristics such as the one 

shown in Fig. 11: 

      η =
/

SC OC

L

J V
FF

P A
   ( Eq. 2.6 ) 

in which JSC is the short-circuit current density [≡ J(V=0)], VOC the open-circuit voltage 

[≡ V(J=0)], FF the fill factor, and A  the cell area. Fill factor is defined by:  

      = m m

SC OC

J V
FF

J V
   ( Eq. 2.7 ) 

where Jm = J(Vm), and Vm is the voltage at which the product |J(V)V| is maximized in the 

photovoltaic region, i.e., 0 < V < VOC. It is noted that J(V)V < 0 in that region, indicating 

the power can be delivered to an external load. It is now clear that one needs to maximize 

the product of |JSC| and VOC while maintaining a large FF in order to achieve highly 

efficient photovoltaic cells. 

 

2.2.2 Equivalent circuit of solar cells: overview 

Photovoltaic cells based on different technologies are likely to have specific electrical 

characteristics.  The characteristics of PV cells based on inorganic pn-junctions can be 
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described  using a set of fundamental equations such as those governing the electron/hole 

densities under the (quasi-) equilibrium conditions, but it is often challenging in non-

conventional PV cells to achieve integration of all the microscopic parameters that lead to 

the definitive macroscopic J-V characteristics.   

            While an understanding at the fundamental level should be continually pursued, it 

may also be useful to have a simple model that can analyze and parameterize the 

electrical characteristics, as long as those parameters can be linked to physical quantities 

at a certain level.  Equivalent circuits can model the electrical characteristics of solar cells 

based on various technologies by the combination of diode, a current source, and 

resistors. When properly used, it can not only parameterize a given PV characteristic but 
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FIG. 11: The characteristics of the ideal photovoltaic cell under illumination and in dark.  
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can also predict behaviors under various operating conditons.  Due to these versatile 

capabilities, as well as its relatively simple nature, the equivalent circuit model or its 

variation have been widely used in inorganic solar cells [4,84] and have also been applied 

to both organic [37,85-89] and organic/inorganic hybrid solar cells [90]. Figure 12 shows 

the typical configuration of the equivalent circuit of a solar cell. The circuit is comprised 

of a diode, a dc current source, a shunt resistance (RP) and a series resistance (RS). The 

current density of the dc current source corresponds to the photocurrent density Jph.  The 

diode is characterized by its reverse saturation current density JS and ideality factor n. RP 

takes into account loss of carriers via the leakage paths that may be created, for example, 

through pinholes in the film. On the other hand, RS is attributed to the bulk resistivity of 

the semiconducting materials, the contact resistance between the semiconductors and the 

adjacent electrodes, and the resistance associated with probe lines and interconnections. 

 

 

 

FIG. 12: Equivalent circuit of solar cells: Jph is the photocurrent density, (JS, n), the 
reverse saturation current density and the diode ideality factor of the diode, RS, series 
resistance, and RP, shunt (parallel) resistance. 
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Analysis of the equivalent circuit given in Fig. 12 shows that the following 

relations are fulfilled between these circuit parameters: 

ph diode PJ J J J= − + +  ( Eq. 2.8 ) 

diode SV V JR A= −  ( Eq. 2.9 ) 

P diode
P

P P

V V
J

R A R A
= =  ( Eq. 2.10 ) 

in which A is the device area, and Jdiode [JP] and Vdiode [VP] are the current density and 

voltage across the diode [RP], respectively. Using the diode equation given by:  

   = −  
   
exp 1

/
diode

diode S
B

V
J J

nk T e
   ( Eq. 2.11 ) 

It can be then easily shown that  the current-voltage characteristic is described by: 

1
exp( ) 1 ( )

1 /
S

S ph
S P B P

V JR A V
J J J

R R nk T e R A

   −  = − − −   +     
 ( Eq. 2.12 ) 

where kB is the Boltzmann constant, T the temperature in Kelvin, and e the electronic 

charge [84]. This equation usually needs to be solved numerically since V and J are non-

separable unless RS is sufficiently small. Another option is to introduce a new set of 

variables (V’, J’) that are linearly related to (V, J) like the following: 

SV V JR A′ = −  ( Eq. 2.13 ) 

1 S

P P

R V
J J

R R A

 ′ = + −   
 ( Eq. 2.14 ) 
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It can be proved that J ′ is then simply expressed as a function of V′ that is identical to that 

of the ideal solar cell, i.e., the diode connected to the current source in parallel. Once (V′, 

J ′) is known, (V, J) can be easily obtained by the linear conversion using the inverse 

relation of Eqs. 2.13 and 2.14. Regardless of the method for its calculation, solutions of 

Eq. 2.12 over various conditions can describe the effect of these equivalent circuit 

parameters on PV performance in an illustrative way. (See Fig. 13.) 

2.2.3 Equations for key photovoltaic parameters  

Equations for JSC  and VOC are derived easily from Eq. 2.12: 

ln 1 1phB OC
OC

S ph P

Jk T V
V n

e J J R A

     = + −       
 ( Eq. 2.15 ) 

1
exp( ) 1

1 / /
SC S

SC ph S
S P B

J R A
J J J

R R nk T e

     = − − −    +    
 ( Eq. 2.16 ) 

It is noted that too small RP and large RS can decrease the open-circuit voltage and short-

circuit current density, respectively.  

Another quantity of interest is the device fill factor FF which was described in 

section 2.2.1. Although there is no closed-form equation for FF like the one that can be 

found for JSC or VOC, the fill factor can be numerically obtained by finding the condition 

in which the derivative of the J-V product becomes zero in 0 < V < VOC. Shockley and 

Queisser [91] showed that the ideal fill factor FF0 of a solar cell described by Eq. 2.12 in 

which RS = 0 and RP → ∞, can be expressed as a monotonically increasing function of the 

normalized open-circuit voltage vOC  (See Fig. 14), in which vOC is defined by: 
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FIG.  13: Effect of series (RS) and shunt (RP) resistance on PV performance. 
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   Green showed the following semi-empirical expressions are good approximations to 

numerically calculated values of FF for vOC >10:  

0

ln( 0.72)
, ( 1/ 0)

1
oc oc

S P
oc

v v
FF r r

v
− +

= = =
+

 ( Eq. 2.18 ) 

( ) 2
0 1 1.1 0.19 , (0 0.4, 1/ 0)S S S S PFF FF r r r r= − + ≤ ≤ =  ( Eq. 2.19 ) 

( )0.7
1 , (0 1/ 0.4)OC S

SP S S P
OC P

v FF
FF FF r r

v r

 +  = − ≤ + ≤    
 ( Eq. 2.20 ) 

in which rS and rP are normalized series and shunt resistances defined by RS/RCH and 

RP/RCH, respectively, in which RCH, the characteristic resistance, is defined as VOC /(|JSC| 

A) [92,93].  When both rS and 1/rP are larger than zero, the fill factor FFSP can be 

calculated by substituting FFS into Eq. 2.20 after obtaining FFS from Eq. 2.19 assuming 

1/rP = 0. According to Ref. 93 , this method gives reasonably close approximations to 

numerically calculated results for rS + 1/rP ≤ 0.4 and vOC > 10, and its accuracy gets even 

better if one or both values of rS and 1/rP are small. Note that FF of the case where rS  = 0 

but 1/ rP ≠ 0, or FFP,  can also be described by  Eq. 2.20 with FFS  = FF0, as long as 1/ rP  

≤ 0.4. 

The above expressions yield good approximations which are close enough in most 

cases for vOC > 10, but it may be beneficial to have more general expressions that are also 

/
OC

OC
B

V
v

nk T e
=  ( Eq. 2.17 ) 
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applicable over a range of smaller values of vOC, especially for cells with relatively large 

n.  Therefore, based on the procedure of Green [92] to numerically calculate FF under 

various conditions, the following modified equation has been obtained for each case: 

(0)( , ; , ) 1 exp , 0, , or
j

oc
j OC j j j j j

j

v
FF v a b a FF j S SP

b
ρ ρ

     = + − =       
 ( Eq. 2.21 ) 

in which (0)
jFF  is the expression given in Eqs. 2.18 - 2.20 with the subscript j = 0, S, or 

SP corresponding to the same situation specified therein, (aj,bj) is a set of coefficients for 

each case, and ρ0  =  1, ρS  =  rS, and ρSP = 1/rP. It is emphasized that no assumption is 
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FIG. 14: Fill factor of an ideal photovoltaic cell (RS = 1/RP = 0), FF0, as a function of 
normalized open-circuit voltage vOC [= VOC/(nkBT/e)] . 
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imposed on JSC or VOC in the method presented in Ref. 92 for numerical calculation of FF. 

In fact, it correctly accounts for possible reduction in the magnitude of JSC or VOC due to 

resistances. With (aj,bj) summarized in Table 5, these semi-empirical expressions can be 

used as good approximations to numerically calculated values for vOC ≥ 1. (See Fig. 15.) 

The validity of FFSP obtained by Eq. 2.21 was checked for vOC ≥ 1 and for several sets of 

(rS, rP) fulfilling rS +1/rP ≤ 0.4. It turned out that the relative error with respect to the 

numerically calculated values was mostly less than ±1 % if one or both of rS and 1/rP are 

much less than 0.1, and that it was still within a few percents in the other cases. Therefore, 

Eq. 2.21 provides the approximation that is similar to Eqs. 2.18 - 2.20 but with the 

extended range of vOC down to 1. 

 
 
 

Table 5.  Modified semi-empirical equations for fill factors of solar cells described 
by the equivalent circuit. 
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In summary, the equations for JSC, VOC, and FF were presented in terms of 

equivalent circuit parameters. In particular, the modified semi-empirical equation for FF 

was proposed as a function of normalized open-circuit voltage with an extended range for 

various set of normalized resistances. The influence of equivalent circuit parameters, {RS, 

RP, (JS,n)}, on these key PV parameters can therefore be described quantitatively. It is 

stressed that the use of normalized terms generalizes the situation that could otherwise be 

more complex. In the following sections, the effect of the individual equivalent circuit 

parameters on the electrical characteristics will be discussed with selected examples. 

2.2.4 Case study I:  effect of series resistance 

 Series resistance is often perceived as one of the barriers in achieving high efficiencies 

especially in a cell comprised of materials with low conductivities like most of the 

organic materials. As can be seen in the equations shown in the previous section, the 

presence of RS degrades both FF and JSC. However, the trend of its relative effect on each 

parameter is different depending on the range of RS. See Fig. 16 for an example, which 

shows a clear distinction around RSA = 100 Ωcm2.* For small RS, reduction of FF is more 

appreciable than that of JSC. As RS increases, however, FF saturates at 0.25 and shows no  

further decrease. On the other hand, |JSC| decreases at a much slower pace with RS at the 

beginning, but it continues to decrease, and eventually depletes the photocurrent almost  

                                                 

* This “crossover” point is different case by case. In general, (JphRSA/VOC) can be used to predict it. In this 

example, this value is on the order of unity. 
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FIG. 15: Calculated fill factor (symbol) as a function of normalized open-circuit 
voltage (vOC) for a various normalized (a) series resistance (rS) and (b) shunt 
resistance (rP). Lines are obtained from the empirical equations given in Eq. 2.21. 
Inset: close-up view of FF0 for vOC<10. Dashed line represents the values obtained 
using the unmodified empirical equation, i.e., Eq. 2.18.  
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completely upon further increase of RS. In efficient photovoltaic cells, series resistance RS 

will mainly affect FF, but in some cases, it can also lead to a significant reduction of |JSC|, 

especially when working with organic materials that are quite resistive. Another 

important thing to note is that a given value of RS can have different impact depending on 

the magnitude of Jph (≈ |JSC(RSA ≈ 0)|). For example, it can be easily seen in Eq. 2.19 that 

its effect on fill factor becomes more pronounced in a cell with high |JSC| because 
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FIG. 16: Effect of series resistance (RS) on FF, |JSC|, and η. Values are normalized to 
those obtained for RS = 0. This calculation was done for a hypothetical cell with Jph = 5 
mA/cm2, JS = 3 nA/cm2, and n = 1.5 at T = 300 K.  RP = ∞ was assumed. In the absence 
of RS, this cell has |JSC| = 5 mA/cm2, FF = 0.758, VOC = 556 mV, and η = 2.11 % for 
illumination of 100 mW/cm2. 
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normalized series resistance rS is proportional to |JSC|. Figure 17 shows the effect of RS on 

power conversion efficiencies η for various values of Jph.  

In summary, the effects of RS on FF and |JSC| have been discussed. While the 

increase of RS decreases the efficiency by reducing both FF and |JSC|, decrease in 

efficiency is first dominated by that of FF and then later by that of |JSC| as RS increases. It 

was also demonstrated that its effect is more significant in a cell with a large photocurrent. 

Since the high efficiency is directly related to the large photocurrent, it is emphasized that 

keeping RS as low as possible is an important engineering parameter to keep in mind and 

is one of the necessary conditions to meet in order to achieve highly efficient 

photovoltaic cells. 
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FIG. 17:  Efficiency as a function of RS for different photocurrent densities (Jph).  
Calculation was done for the same cell as used in Fig. 16 except for  Jph. 
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2.2.5 Case study II:  effect of shunt resistance 

 

 In the previous sections, we discussed leakage paths such as pinholes can exist in the 

actual devices and that these can be modeled by a finite value of a shunt resistor RP that is 

connected to a diode in parallel. In an ideal case, RP is regarded infinite. Since the organic 

photovoltaic cells are fabricated as thin films in most cases, they are often subject to 

small shunt resistance. From the equations in section 2.2.3, it can be seen that finite RP 

can have undesirable influence on all the three PV parameters: FF, VOC, and |JSC|. Among 

them, FF and VOC can be reduced by the presence of small RP by itself, while |JSC| is 

influenced in conjunction with the existence of nonzero RS via the pre-factor (1+ RS/ RP)-1 

in Eq. 2.16.    

Figure 18 (a) illustrates the effects of RP on electrical characteristics. As the 

inverse of RP increases, FF decreases first, while VOC remains virtually unchanged, and 

then after a certain point, the decrease of VOC dominantly drives down the power 

efficiency of the cell. A different trend, however, is found in the relative effect vs. the 

photocurrent. [See Fig. 18 (b)]. Shunt resistance is more influential in cells with smaller 

photocurrent than in those with larger photocurrent. This is because V/RPA and Jph are the 

two competing terms in Eq. 2.12.   

Figure 19 shows that the shunt resistance can also decrease the short-circuit 

current density.  In this example, RSA was fixed at 10 Ωcm2 and RPA was varied from 1 

MΩcm2 to 10 Ωcm2. The cell parameters are the same as those used in Fig. 16. Although 

an RSA value of 10 Ωcm2 for this cell was not large enough to result in any noticeable 
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FIG. 18: (a) Effect of shunt resistance (RP) on FF, |VOC|, and η. Values are normalized to 
those obtained for RP = ∞. This calculation was done for a hypothetical cell with Jph = 5 
mA/cm2, JS = 3 nA/cm2, and n = 1.5 at T = 300 K.  RS = 0 was imposed. Therefore, there 
is no change in |JSC|. When RP = ∞, this cell has FF = 0.758, VOC = 556 mV, and η = 
2.11 % for illumination of 100 mW/cm2. (b) Efficiency as a function of 1/RP for different 
photocurrent densities (Jph).  Calculation was done for the same cell as used in Fig. 18 
except for Jph. 
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changes in | JSC| when RPA is sufficiently large, it is clearly demonstrated that decrease in 

RPA and therefore increase in (RS/RP) can lead to a significant reduction of |JSC|. Figure 19 

shows that |JSC| normalized to Jph follows the curve of the pre-factor (1+ RS/ RP)-1 almost 

exactly.  

In practical applications, actual devices made of organic materials are often 

subject to both relatively large RS and small RP. As shown above, such situation, in 

particular when RPA is comparable to (or even less than) RSA, PV performance can be 

significantly affected, resulting in reduction of |JSC| as well as VOC and FF. In that case, 

the true potential of |JSC| in a PV cell under study may not be fully explored. In the early 
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FIG.  19: Effect of RP on short-circuit current density. The cell with the same parameters 
as in Fig. 18 (b) except RSA is fixed at 10 Ωcm2. The line represents 1/(1+RS/RP). Inset: J-
V curves shown for each selected RPA value. ( A: 1M Ωcm2, B: 200 Ωcm2, and C: 40 
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developmental stage, therefore, it would be wise to first make sure PV cells can 

consistently exhibit shunt resistance values that are sufficiently large, in order to make a 

sound evaluation of the light-harvesting capability of the cells under investigation. 

  

2.2.6 Case study III:  effect of diode parameters: JS and n 

 

In the previous sections, the effects of equivalent resistances has been discussed, while 

the diode parameters were either assumed as arbitrary numbers within a reasonable range 

or included in other variables such as the normalized open-circuit voltage. As shown in 

the literature, good fits to the experimental data can be found in organic solar cells using 

the same equivalent circuit. It appears reasonable to assume a diode-like behavior for the 

electrical characteristics of such devices, although the microscopic physics behind such 

behavior is not yet clear and can vary among the different types of cells. The possible 

mechanisms may include Schottky-barrier type contact between organic and metal layer 

[89], Fowler-Nordheim tunneling at the hetero interface [ 94 ], and Shockley-Hall 

recombination [37], as was also proposed for PV or organic light emitting diodes by other 

authors.  

In actual cells, it is likely that there are more than one mechanisms leading to a 

resultant net diode behavior. And even for a given mechanism, the value of JS can vary 

depending on parameters that can be influenced by fabrication details, such as surface 

quality, carrier diffusion lifetime, and so on. In case of inorganic pn-junction solar cells, 

J-V curves of two diodes with n = 1 and n = 2 are believed to be superimposed [4]. It is 
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apparent that the addition of any diode will cancel out the photocurrent at a lower voltage 

and thus will reduce VOC in comparison to the value in its absence. It is also noted that 

such an additional diode is often accompanied with JS values that are orders of magnitude 

higher than that of the other one. In that case, it can also have an undesirable effect on FF. 

This is illustrated in Fig. 20. In this example, the cell having only the diode ‘A’ for which 

JS = 1 nA/cm2 and n = 1.0 shows FF of 0.770 and VOC of 400 mV when Jph = 5 mA/cm2. 

On the other hand, if the diode ‘B’ with JS = 1 µA/cm2 and n = 2.0 is added in parallel, 

the resultant cell exhibits FF of 0.711 and VOC of 388 mV. In the cell having only the 

diode ‘B’, VOC is 441 mV, but a significant drop of FF to 0.662 makes overall efficiency 

smaller than that of the cell only with the diode ‘A’. Of course, if one compares two cells 

each of which is comprised of a single diode with the same JS but with different n’s, the 

one with a larger n will be more efficient as it will have a larger VOC with the same level 

of FF, as can be seen from Eqs. 2.15 and 2.18. Note that the ideal FF is a function of the 

normalized open-circuit voltage vOC, which is a function of (Jph/JS) only.  

In summary, the diode parameters (JS, n), which govern the rectifying behavior of 

devices, heavily impact VOC and FF. It was shown that addition of a diode with large JS is 

especially undesirable as it decreases both VOC and FF. It is concluded that the 

engineering goal should therefore be toward minimizing the value of JS without sacrifice 

of the photocurrent. In fact, the surface passivation scheme leading to less surface 

recombination current (and therefore smaller JS) was one of the key steps in achieving a 

high efficiency in Si solar cells [95]. 
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FIG. 20: Characteristics of cells with two diodes: (a) in dark, and (b) under illumination 
with assumed Jph of 5 mA/cm2. No resistance effect was considered. In (b), (FF, VOC, η) 
= (0.711, 388 mV, 1.38 %) for the cell with both diodes (solid line), (0.770, 400 mV, 
1.54 %) for the cell with the diode ‘A’ only (dashed line), and (0.662, 441 mV, 1.46 %) 
for the cell with the diode ‘B’ only (dash-dot line). 
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2.2.7 Extraction of equivalent circuit parameters 

 

The expressions given in the previous sections are useful not only in understanding the 

influence of the equivalent circuit parameters but also in analyzing the experimental data.  

The equivalent-circuit parameters extracted from the analysis provide valuable 

information on the quantitative relation of each parameter to PV performance and 

eventually offer guidelines to further improve its performance. If specific physical effects 

related to circuit parameters can be identified and can be controlled during the fabrication, 

the device can be optimized so that its efficiency may be maximized.  

When the equivalent circuit model is used to fit experimental J-V curves, however, 

it is important to maintain only a minimal number of fitting parameters in order to obtain 

more meaningful analysis. Note from Eqs. 2.15 - 2.21 that the five parameters JS, n, Jph, 

RS, and RP are linked to one another by the three constraints for VOC, JSC, and FF, all of 

which can be experimentally determined. Therefore, the independent parameters can be 

reduced to only two parameters. If RS and RP are given, for example, vOC and thereby n 

[ = eVOC/(vOC kBT) ] can be determined from the equation for FF.*† Then, JS and Jph can be 

determined from Eqs. 2.15 and 2.16. Therefore, one can fit the experimental J-V 

characteristics using only RS and RP as independent fitting parameters. The method 

                                                 

* Ideality factor n in dark can also be determined by the slope ln(J) vs. V/VT in forward characteristics at a 

voltage range where effects of RS and RP are ignorable.  

† FF should not be too small in order to make sure 1-to-1 correspondence between FF and vOC.  In other 

words, if FF <~ 0.3, it is not recommended to use this method.  
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utilizing FF works well because of the relatively high sensitivity of FF to the equivalent 

circuit parameters. Moreover, rough estimation to RS and RP can be easily obtained by the 

inverse slopes in forward and reverse characteristics of the J-V curve within a reasonable 

range* using the following relation: 

 
1

( )T
S S OC

dJ nV
R A R A V V

dV J

−  +  
 ( Eq. 2.22 ) 

1

( , and )P S T ph S T

dJ
R A R A V nV J R A nV

dV

−  + −  
 ( Eq. 2.23 ) 

 

in which VT is the thermal voltage defined by kBT/e. This provides a more sound approach 

by giving seed values that are already close to the actual RS and RP when one carries out 

the fitting process. It should be noted that Eq. 2.22 assumes the current flowing through 

RP is much smaller than the diode current (minus the photocurrent if any) at the voltage 

used for estimation. This can be achieved if one uses the range of voltages that are larger 

than the voltage where rectification begins to be observed. One should note that Eq. 2.23 

assumes that the effect of RS is small such that the effect of RS from the exponential term 

                                                 

* If the voltage range is too wide, nonlinear effects that cannot be explained by the given equivalent circuit 

can occur. For example, space-charge-limited current can be found in the forward characteristics [90].  
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in Eq. 2.12 does not override or intermix with that of RP. These conditions may be 

fulfilled in most cells showing reasonable rectifying behavior.*  

In fact, once RS and RP are determined from the forward and reverse 

characteristics using Eqs. 2.22 and 2.23, n and JS can be calculated even without fitting 

procedures as described above. The parameters obtained in this way are accurate enough 

in many practical cases. However, as one can easily see in Eq. 2.22, the method using 

RSA from the inverse slope of the forward characteristic slightly overestimate RSA and 

therefore can lead to an estimation that is not self-consistent. The consistent result can be 

achieved by obtaining (JS, n) fulfilling Eqs. 2.15 and 2.21 while varying (RS, RP) as fitting 

parameters around their estimates (RS
(est), RP

(est)) until the criteria such as the least-

squared-error condition is satisfied. Figure 21 shows that the experimental J-V 

characteristics of a device based on a heterojunction of copper phthalocyanine (CuPc) 

and C60 layers can be tightly fitted by the equivalent circuit model using the procedure 

described above [96].†   

In this section, a method for extracting the equivalent circuit parameters was 

discussed. Since the current density can change drastically as the voltage increases from 

the reverse-bias region to the forward-bias region, simple conventional approach can 

often lead to unsatisfactory or inconsistent results. It was shown that these inconsistencies  

                                                 

* If J-V curve looks like a straight line all the way from reverse to forward characteristics, however, it can 

be hard to tell the effect of RS from that of RP. 

† In case of ‘dark’ characteristics, the conventional approach was used . 
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can be avoided by minimizing the number of fitting parameters using the constraints 

given by the experimental values. In the case of inorganic pn-junction cells, JS and n are 

usually determined by using the graph of VOC plotted as a function of Jph. However, this 

method can be applied only when these diode parameters remain relatively unchanged as 

the illumination level increases. However, it appears that these parameters including the 

resistance values can vary as a function of light intensity in organic devices, as was 

discussed by other authors [85,87] and can be observed in Fig. 21. The method proposed 

in this section does not require (JS , n) to be constant over varying illumination levels, and 
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FIG. 21: Electrical characteristics of a PV cell in a configuration of ITO/CuPc/C60/BCP 
/Al. Shapes are for experimental data, and solid lines are for fitting curves obtained by 
the equivalent circuit model using the method described in this section. JS = 0.49 µA/cm2, 
n = 1.9, RSA = 0.80 Ωcm2 and RPA = 11 kΩcm2 in dark, and JS = 1.46 µA/cm2, n = 2.1, 
RSA = 0.73 Ωcm2 and RPA = 1.7 kΩcm2 under illumination. FF of this device was 0.61. 
See Ref. 96 for details on the experimental conditions. 
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therefore can be applied at each light intensity, as long as J-V curves are not in RS- or RP-

limited regime in which FF is saturated to ~0.25.  Correct account of equivalent circuit 

parameters obtained in this way can not only allow one to assess the effect of these 

individual parameters on the key PV properties of a given cell but also can lay down a set 

of basic information that may be used to understand its operation mechanism at a deeper 

level. Its benefit will be maximized when identification of such physical origins can be 

used toward optimizing the cell parameters to help improve its performance. 

 

2.3   Estimation of maximum efficiency of a single junction OPV 

2.3.1 Overview 

In Chapter 1, the state-of-the-art PV cells based on conventional inorganic, organic, and 

hybrid platforms were presented. While the efficiencies of organic or hybrid solar cells 

are still much smaller than those of inorganic solar cells, the natural questions we face at 

this stage are: (i) what efficiency can eventually be obtained in these new types of solar 

cells, (ii) what limits their efficiencies and their potentials, and then (iii) what would be a 

practical goal to set. In fact, quite a few studies have been devoted to the estimation of 

the theoretical limit of power conversion efficiency in inorganic solar cells since their 

emergence [91,97-101]. The simplest approach is to use the ideal equivalent circuit 

model described in the previous section along with empirical material paramers [84,97-

99].  In this scheme, the maximum photocurrent is obtained by the overlap integral of the 

spectral distribution of the standardized sunlight with the absorption spectra which is 



 73

dictated by the energy gap EG of a given semiconductor used for p-n junction. Then, 

empirical parameters are plugged into the equation determining the diode reverse 

saturation current JS. Within a reasonable range, JS is minimized in order to maximize the 

open-circuit voltage. Note that JS and therefore VOC is also a function of EG in inorganic 

semiconductors. Estimation of maximum VOC further allows maximum FF to be 

estimated with the help of Eq. 2.18.  More fundamental approaches relying on first 

principles have essentially similar procedures, but they differ in a way to estimate the 

minimum of JS. Shockley and Queisser employed the principle of ‘detailed balance’ to 

estimate the efficiency limit of p-n junction solar cells by obtaining a lower limit to the 

recombination under the assumption that the sun and the cell are black bodies held at 

6000 K and 300 K, respectively [91]. With the radiative recombination assumed as only 

mechanism for the recombination of electron-hole pairs generated in p-n junction solar 

cells, they found the detailed balance limit of the efficiency to be 30 % (AM0) for 

material with an energy gap of 1.1 eV. This was slightly higher than the limit found by 

the semi-empirical approach, but shows a similar trend as a function of EG. Henry 

extended the similar approach to the case of multiple energy-gap cells [101]. He 

demonstrated that an ideal 36-energy-gap solar cell can reach 72 % of efficiency at 

concentration level of 1000, and compared it with the maximum thermodynamic 

efficiency limit for solar energy conversion of 93 % obtained by Press [100].  

On the other hand, relatively few attempts have been made to analyze the 

theoretical efficiency or its limit that may be specific to solar cells based on organic 

materials [102,103]. It is the purpose of this section (i) to estimate the maximum power 
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conversion efficiency of an ideal PV cell that uses organic electron donor and acceptor 

materials, and (ii) to discuss some of the limitations often found in currently known 

organic PV cells in order to eventually find a strategic way to utilize their potential as 

much as possible.  

 

2.3.2 Framework for the analysis 

It is noted again that the creation of excitons with large binding energies makes organic 

solar cells unique with respect to inorganic p-n junction solar cells [104]. As was 

discussed in 2.1.3A, strongly bound excitons found in organic conjugated materials 

require energetical routes that favor charge separation in order to be dissociated 

efficiently into free-carriers. As seen in Table 3, hetero-interfaces between electron donor 

and acceptor materials were shown to be efficient platforms to provide such energy for 

exciton dissociations, provided that they are properly chosen. In the following, we will 

assume that:  

(i) Cells are comprised of electron donor and acceptor materials, and they 

constitute photoactive layers. Other passive layers may be included but 

photovoltaic properties are solely determined by these materials and the 

interface between them.  

(ii) The (optical) energy gaps of donor and acceptor layers are given as EG
(D) 

and EG
(A) respectively. There is an energy offset ∆EH between the HOMO 

levels of the donor and the acceptor. Likewise, an energy offset ∆EL exists 

between the LUMO levels. ( See Fig. 22. ) It is assumed that these energy 
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offsets are large enough to provide energy to dissociate excitons generated 

in both layers. All the carriers are assumed to be generated in this way. 

(iii) Quantum efficiency of exciton dissociation is unity as long as the above 

energetical condition is met.   

(iv) Once carriers are generated, they are collected by the electrodes with the 

unity efficiency. The work functions of metals used for anode and cathode 

are given so that carrier collection is energetically favored.  

(v) All the incident photons with the energy Eph = hc/λ larger than EG<, or the 

smaller of EG
(D) and EG

(A), are absorbed and contribute to the generation of 

carriers. Therefore, all the incoming photons with wavelength λ < λc are 

harvested in which λc, the cut-off wavelength, is defined by hc/EG<. 

 

In the following section, the upper limit of the efficiency of organic 

donor/acceptor photovoltaic under solar illumination will be estimated based on the 

assumptions listed above. It is noted that photovoltaic cells containing organic materials 

can have various configurations that are not necessarily identical to the one described 

here. However, adaptation of the following analysis to a given individual system may be 

done easily as long as the physics behind its operation is not too different from the one 

described here.  
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FIG. 22: Schematic diagram of energy level configuration in organic photovoltaic cells 
based on a donor-acceptor heterojunction. W+ (W-): work function of metal or conductive 
oxide used as anode (cathode). Note W+ -W- = eVbi where Vbi is the built-in field.  EG

(D) 
( EG

(A) ) : energy gap of donor (acceptor) material defined by the difference between 
HOMO and LUMO of donor (acceptor). ∆EL (∆EH): Energy offset in LUMO (HOMO) 
level between donor and acceptor. ∆EHL: Difference between the HOMO of donor 
(HOMOD) and the LUMO of acceptor (LUMOA). When W+ and W- matche to HOMOD 
and  LUMOA, respectively, the difference in work functions, that is,  eVbi  becomes equal 
to ∆EHL. 
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2.3.3 Estimation of efficiency limit as a function of cut-off wavelength 

 

When all the photons with λ < λc are harvested, the upper limit for the magnitude of 

short-circuit current density, SCJ , can be simply calculated by the following :  

λ
λ λ λ= ∫0

( ) ( )
C

SC C phJ eN d  ( Eq. 2.24 ) 

 

in which Nph(λ) is the number of photons in the sunlight per second per unit area in the 

wavelength range of (λ, λ+dλ).  Note that Nph(λ) can be different depending on the 

various conditions such as turbidity of the atmosphere, relative location on earth, and so 

on. Commonly used standard solar spectra are AM 0* for space applications, and AM 1.5 

Global (G)† for terrestrial applications.   The result for AM 1.5 G normalized at 100 

mW/cm2 is presented in Fig. 23. It indicates approximately a total photocurrent of 70 

mA/cm2 is available from the sunlight at this condition. Contribution from each spectral 

range to this total current is summarized at Table 6. 

                                                 

* AM n stands for ‘air mass n’ in which n is the ratio of any path length through the atmosphere to its 

minimum. Therefore, n=0 for outside the atmosphere, and n=1/cosθ, otherwise. θ is the zenith angle. 

† ‘Global’ spectrum includes ‘diffuse’ component as well as ‘direct’ component. AM 1.5 G spectrum is 

defined as the standardized spectral irradiance distribution of the sunlight incident on the flat surface tilted 

at 37° with the sun at a zenith angle of 48.19°. (ASTM E892-82). 
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While the calculation of ( )SC CJ λ  is straightforward, more attention has to be paid 

to the mechanism determining the open-circuit voltage (VOC) to estimate its upper limit 

OCV .  Open circuit voltage in a given cell can be, in principle, determined by considering 

the bias at which the drift current is canceled out by the diffusion current. Recent studies 

tried to explain the origin of VOC by the built-in field provided by the difference of the 

work functions of electrodes [105,106], the photo-induced difference between the quasi- 
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FIG. 23: The photocurrent density Jph available in a device harvesting all the photons 
with the wavelength from 0 to λC under illumination of AM 1.5 G (100 mW/cm2). Also 
presented is the spectral photon flux in this illumination condition.  
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Fermi levels of donor and acceptor at a biased voltage where drift and diffusion current 

cancel each other [107,108], or difference between HOMO of the donor (≡ UH
(D) ) and 

LUMO of the acceptor (≡ UL
(A) ) [109]. Some experimental/theoretical results indicate 

VOC is likely to be affected by more than one factor mentioned above [108]. For example, 

VOC of ~ 0.7 V was reported by Friend and his coworkers in a polymer bilayer device in 

which ITO and gold (Au) were used as an anode and a cathode, respectively. Note that 

the built-in field is in an opposite direction to that of the usual configuration where the 

work function of the cathode is smaller than that of the anode. Although VOC of 1.5 V 

measured in the device made of the same polymeric layers but with calcium (Ca) cathode 

suggests there is a correlation between VOC and built-in field, the VOC of 0.7 V from the 

device in configuration of ITO/donor/acceptor/Au cannot be explained if one considers 

only the built-in field as its origin. These observations, which could appear to contradict 

with the strong correlation of VOC with the built-in field in some systems, may indicate 

 
 

Table 6.  Maximum available photocurrent density (Jph) vs. spectral range under AM 
1.5 G (100 mW/cm2) condition. 

 

λ range (nm) 
 

Available Jph (mA/cm2) 
(in this range)     (accumulated) 

Percentage w.r.t. 
Jph(λC = 4 µm) 

Percentage 
(accumulated) 

300-500        6.7 6.7 9.6 9.6 

500-700       4.1 20.8 20.0 29.7 

700-900      13.1 33.9 18.6 48.3 

900-1100       9.6 43.5 13.7 62.0 

1100-1300       7.4 50.9 10.5 72.4 

1300-2000    10.4 61.2 14.7 87.2 

2000-4000      9.0 70.2 12.8 100.0 
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that both built-in field and light-induced effect are in fact competing mechanisms 

determining VOC, and that the relative contribution from each origin can be different 

among individual systems depending on various factors. 

Determination of actual VOC in a given cell can become further complicated by 

dark injection and carrier recombination [103] which can also be quite different among 

different systems. However, it may be reasonable to take the difference between the 

HOMO of donor and the LUMO of acceptor, or |( UH
(D) - UL

(A))| ≡ ∆UHL, as a upper limit 

for the eVOC,  regardless of the mechanisms mentioned. Note that the work function of a 

cathode [anode] should be aligned with the LUMO [HOMO] of the acceptor [donor] to 

ensure both barrier-less carrier collection and maximum built-in field. Even in the case 

where the photo-induced effects are dominant, it seems reasonable to take the LUMO of 

the acceptor and the HOMO of the donor as the upper and lower limits for quasi-Fermi 

levels in the corresponding layers, respectively. ∆UHL can then serve as an estimation for 

OCeV in this case as well. 

It is useful to observe in Fig. 22 that ∆UHL and can be related to the smaller of the 

energy gaps of the donor (EG
(D)) and acceptor (EG

(A)) and therefore to the cut-off 

wavelength by:  

 

λ <

∆ = − ∆ ∆

= − ∆

( ) ( )min( , ) min( , )D A
HL G G L H

C

U E E E E

hc
E

 ( Eq. 2.25 ) 
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where min(x,y) is the function that returns the smaller of x and y, ∆E< = min(∆EL, ∆EH), h 

the Planck constant, and c the speed of light. It is also noted that the condition for 

efficient dissociation of excitons [condition (ii) in 2.3.2] demands ∆E< should be larger 

than the binding energy EB of the excitons that are created in a corresponding layer as 

described in Eq. 2.2.* Therefore,  

 

λ
 

∆ < − ≡ ∆ = 
 

HL B HL OC
C

hc
U E U eV  ( Eq. 2.26 ) 

 

Then, including Eq. 2.21 which expresses FF as a function of VOC/(nkBT/e) with n=1 in 

an ideal case,  the upper limit for the power conversion efficiency, η , can then be 

expressed as a function of λc by: 
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 ( Eq. 2.27 ) 

 

in which   

( )
1

/OC b
oc C T

T Cn

V Ehc V
nV e e

λ
λ

=

 
= = − 

 
v  ( Eq. 2.28 ) 

 

                                                 

* It is assumed that EB in this section already takes into account the polaronic effect in addition to Coulomb- 

ic binding energy.  And it is also assumed that excitons created in both layers have the same binding energy. 
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and γ = + −( ) 1 1.07 exp( )OC OCv v , the correction factor for FF described in Table 5. γ ≈1 

for OCv ~ 10 or larger.   

Figure 24 clearly shows there is an optimum condition in which the conversion 

efficiency is maximized. This is because an attempt to increase photocurrent by 

harvesting longer wavelength using a low band gap material can reduce the available 

open-circuit voltage and FF if the gap is too low. The optimized maximum efficiency is 

estimated to be 25.5% for a cell in a configuration with ∆E< = EB ≡ 0.5 eV when λc = 889 
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FIG. 24: Upper limit for power conversion efficiency as a function of cut-off wavelength 
under illumination of AM 1.5 G ( 100 mW/cm2 ).  EB = 0.5 eV is assumed and taken as 
∆E<. Peak efficiency of 25.5 % is found at λC = 889 nm which corresponds to EG< of 1.39 
eV.   
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nm ( EG< = 1.39eV ). With λc in between 620 nm ( EG< = 2 eV ) and 1190 nm ( EG< = 

1.04 eV ),  however, estimated η is still above ~20 %. It should be noted that this 

calculation is dependent on the chosen value of EB or actual ∆E<. The larger value of EB 

or ∆E<  is expected to reduce the overall efficiency at a given λc and ‘blue-shift’ the 

optimum EG< as it decreases VOC and therefore FF.   

2.3.4 Discussion: efficiency-limiting factors 

In practical cases, the efficiencies of solar cells containing organic or polymeric materials 

are limited for various reasons. As one can see in Tables 2, 3, and 4, JSC in organic solar 

cells is usually much smaller than those of inorganic solar cells, although some class of 

organic solar cells can demonstrate an impressive VOC that can be almost twice as large as 

that of typical Si cell. Limitation in JSC arises from several factors. First of all, narrow 

absorption bandwidths are typical of organic materials, and so the harvesting of the 

sunlight at its full potential as a simple function of the minimum energy gap is hardly 

achieved. In many cases, there are ‘windows’ of spectral ranges that are transparent or 

less absorbing even though the  pair of donor and acceptor is chosen in a way that they 

have complementary absorption spectra. In addition, the relatively short exciton diffusion 

length of organic materials can limit the thickness of the photoactive layer which in turn 

results in limited light harvesting at each wavelength. It is because large portion of the 

photons absorbed in layers that are thicker than exciton diffusion lengths are likely to be 

wasted, especially in multilayer geometry. The thickness of each photoactive layer is 

therefore maintained within the order of the diffusion length in most cases.  Note that 
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only about 63% of incoming photons of a given wavelength λ will be absorbed in the 100 

nm-thick layer with an extinction coefficient α (λ) of 105 cm-1 in a single pass. The 

typical range of exciton diffusion lengths in organic materials is hardly larger than a few 

tens of nm [83].  Although the problems associated with short exciton diffusion lengths 

can be lessened in bulk heterojunction devices, other problems such as limited charge 

collection and transport properties in these heterogeneous mixtures again make it unlikely 

to achieve efficient devices that are significantly thicker than 100 nm. Open-circuit 

voltage can also be compromised by an increase in effective ‘dark’ current due to 

recombination in various routes. The increased dark current will also decrease the fill 

factor from its ideal value together with the nonzero series resistances and the finite shunt 

resistances.  

  Table 7 demonstrates how these deviations from ideal behaviors can quickly add up and 

result in a significant drop in overall power conversion efficiencies. Although 

hypothetical and even challenging, the assumed values for cell B appear to represent 

reasonably achievable cell parameters that one can compare with values already 

published [37,85,89]. From this example, one can note that innovative cell designs such 

as multiple-junction cells may be imperative, as well as an improvement in material 

properties, and quality control in fabrication, in order to achieve 10%-efficiency goal 

from organic materials. 
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2.4   Modeling the generation of photocurrent in multilayer thin film OPV 

2.4.1 Overview 

Generation of photocarriers in organic photovoltaic cells involves creation of excitons by 

absorption of photons and subsequent dissociation of these excitons into free carriers. It 

should be noted that not all excitons that are created can contribute to generation of 

carriers. In order to maximize the performance of the cell, therefore, it is important to 

understand and quantify the microscopic process that leads to generation of photocurrent. 

The efforts to model the generation of photocurrent in organic solar cells or 

 
 
 
Table 7. Performance of ‘ideal-’ vs. ‘realistic-’ photovoltaic cells with a cut-off 
wavelength of 700 nm under AM 1.5G (100 mW/cm2). 
 

 Cell A (ideal)* Cell B (realistic)† Ratio (B/A) 

   EG<    (eV) 1.77 1.77 1 
   ∆E<   (eV) 0.50 1.00 2 
   RSA  (Ωcm2) 0.0 2.0 NA 
   RPA  (Ωcm2)                               ∞  1000 NA 
   n 1.0 2.0 2 
   VOC (V), available 1.27 0.771 0.61 
   VOC (V), actual 1.27 0.617 0.49 
   Jph (mA/cm2) 20.8 12.5 0.60 
   vOC 49.1 11.9‡ 0.24 
   FF0 0.902 0.726 0.81 
   FFS 0.902 0.694 0.77 
   FFSP 0.902 0.669 0.74 
   Efficiency (%) 23.9 5.2 0.22 

* Cell A is assumed to satisfy all the conditions used for analysis presented in section 2.3.2. 
†Cell B is assumed to have a flat external quantum efficiency of 60 %  in the λ−range of 300-700 
nm. In addition, eVOC of Cell B is assumed to be 80 % of ∆EHL. 
‡ JS corresponding to this with n = 2 is 84 nA/cm2. 
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photoconductors had been made by several authors [83,110-117]. Most of the early 

studies were focused on devices based on metal/semiconductor/metal configuration 

assuming Beer’s law for the light distribution [110-113]. A comparative review on those 

models was done in details by Harrison et al. [114] One dimensional exciton diffusion 

model was applied to merocyanine-based organic solar cells by Ghosh and Feng [112], 

and was later extended to describe bi-layer devices by Wagner et al. [115] It was 

recognized that the light reflected from the metallic electrode may not be ignored, 

especially at a wavelength at which absorption is small. The effect of the multiple 

reflections was then taken into account by Desormeaux et al. using incoherent addition of 

light intensities [113]. The recent studies, which are also based on the exciton diffusion 

model, included a comprehensive treatment of the interference effect using coherent 

superposition of counter-propagating fields in multi-layer organic devices in which the 

thicknesses of participating layers are often smaller than or comparable to the wavelength 

of the incident light source and/or the penetrating depth [83,116,117].  These studies have 

demonstrated the significance of the interference effect in finding optimal conditions in 

thin-film organic solar cells [83].  

For a given differential equation, boundary conditions eventually specify a unique 

solution. In the previous studies, it was often assumed that steady-state density of 

excitons p(z) is zero at the organic/metal, organic/ITO, or donor/acceptor (if any) 

interface, which implies that these interfaces are perfect sinks for excitons whether they 

are recombined or dissociated at those interfaces. However, it should be noted that this 

condition can oversimplify the problem in some cases, as was demonstrated by Gregg 
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and his coworkers [118]. They employed the notion of exciton-quenching velocity S to 

quantify how effectively excitons are quenched at a given interface, and discussed its 

significance by showing that the exciton diffusion length of the organic film would be 

underestimated if S → ∞ were used instead of the finite value at the organic/SnO2 

interface.* Note that S is similar to the surface recombination velocity used in description 

of inorganic photoconductors [119] or solar cells [4,84].  

In this section, the photocurrent generation process in thin-film multi-layer 

organic solar cells will be analyzed based on a one-dimensional exciton diffusion model 

that incorporates both the optical interference and interfacial exciton-quenching effects. 

A bi-layer solar cell based on donor/ acceptor heterojunctions will be considered as a 

model system in which free carriers are assumed to be generated only when excitons 

reach donor/acceptor junction with energy offsets that are high enough.  

 

2.4.2 Theory 

A. Optical field distribution in thin-film multilayer solar cells 

Consider a planar wave with wavelength λ incident at normal angle on the m-layers of 

thin films in which each layer is labeled by index j, as shown in Fig. 25.† The 0-th and  

                                                 

* Infinite exciton-quenching velocity at an interface means p(z) = 0 at the boundary. 

† Formalism given in this section is based on the work by Pettersson et al. [116] 
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 (m+1)-th layers are ambient media. The complex index and thickness of each layer are 

given by = +ˆj j jn n ik  and dj, respectively. The total thickness of all the layers is 

assumed to be smaller than the coherence length of the light source.   

At the interface between j- and (j+1)-th layers, the relation between the adjacent 

electric fields can be described by: 

 

 
FIG. 25: Transfer matrix formalism used for calculation of electric field distribution in 
organic solar cells: (a) schematic diagram of multilayer structure. (b) illustration for 
partial transfer matrix method used to calculate the field distribution inside j-th layer. 
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in which tj, j+1 and rj, j+1 are the complex Fresnel coefficients defined by: 
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Phase change and attenuation caused by propagation through j-th layer are described by: 
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 ( Eq. 2.32 ) 

 

where ĵq  is the complex wave number given by: 

π
λ

=
ˆ2

ˆ j
j

n
q  ( Eq. 2.33 ) 

 

The net transfer matrix S which relates E0 and Em+1 is then given by: 
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Note that the Fresnel reflection coefficient r and transmission coefficient t can be related 

to matrix elements of S by: 
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Then, the reflectance R, transmittance T, and absorption A of the total system are given 

by:  

+= = = − +* * 1

0

, , 1 ( )mn
R rr T tt A R T

n
 ( Eq. 2.36 ) 

 

In order to obtain the information on the field inside the j-th layer, the partial transfer 

matrices for j-th layer ( )L
jS and ( )R

jS are first defined as follows: 
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That is, ( )L
jS is the transfer matrix of the partial system consisting of 1st to (j-1)-th layers, 

and likewise, ( )R
jS  is the transfer matrix of the partial system consisting of (j+1)-th to m-

th layers.  [See Fig. 25 (b).]  It is easily observed that S can be related to these matrices 

by: 

− −

− −
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 + +
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 + + 
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 ( Eq. 2.39 ) 

 

Using Eqs. 2.32 and 2.35, and the relation between  ( +( )j jE d , −( )j jE d ) and ( +
+1mE , −

+1mE ) 

with −
+1mE set at zero, the field at the leftmost side within j-th layer is related to +
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Upon substitution of S11 from Eq. 2.39 into Eq. 2.40, the transmission coefficients for the 

j-th layer can be expressed by:  
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Now, the field inside the j-th layer at a distance zj away from its left-side interface, Ej(zj), 

can be obtained by: 
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The squared field strength is then given by: 
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 ( Eq. 2.43 ) 

 

in which αj = 4πkj/λ, and ( )δ=( ) ( ) ( )expR R R
j j jr r i .  Note that the first and second terms in 

fj(zj) represent the contribution from the propagating and counter-propagating field, 

respectively, and that the last term refers to the interference effect.    
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Under continuous illumination of monochromatic light, the exciton generation rate G(z) 

is obtained by the time average of dissipated energy per unit time per unit volume divided 

by the energy of each photon, assuming the number of thermally generated excitons are 

ignorable. From this, it is shown that G(z) is proportional to the square of the electric 

field strength |E(z)|2 by: 

   
λ

αε
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2
02

1

hc
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G =  ( Eq. 2.44 ) 

where α is the absorption coefficient, n, the refractive index, and ε0 is the permittivity of 

free space.  By combining Eqs. 2.43 and 2.44,  Gj(zj) or the exciton generation rate in the 

j-th layer can be expressed by: 
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( Eq. 2.45 ) 

in which N0 is the number of photons incident per unit area per second. Until now, the 

thickness over all the layers was assumed within a coherent length of the light source. 

However, actual devices are usually constructed on top of a thick substrate such as glass 

which is not necessarily of optical quality. Modification can be made by incoherent 

addition of the substrate effect. It can be easily shown by considering multiple reflections 

that the modified transmittance T' and reflectance R' are expressed as: 
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in which TG and RG are the transmittance and reflectance at the air-substrate interface 

[83,120].  That is, 
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assuming non-absorbing substrate with the refractive index of nG. 

In summary, the optical field in a given layer in a thin-film multilayer structure 

was expressed as a function of optical constants (n,k) and thicknesses of the participating 

layers using the transfer matrix formalism. The intensity distribution and therefore the 

exciton generation rate in a given layer was shown to consist of three distinct 

contributions: propagating and counter-propagating beam, and the interference between 

them. Modification due to thick and transparent substrate was also included.    

B.  One-dimensional diffusion model for excitons: formulation  

Microscopic mechanism related to exciton migration in a given medium can be explained 

in terms of the energy transfer, or transfer of excited states, as discussed in 2.1.3A. The 

rate at which excitons are transferred can vary depending on material parameters such as 

degree of ordering, distance between adjacent units, and so on. As briefly described 

earlier, movement of excitons can be described by macroscopic diffusion process the 
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effectiveness of which is characterized by a diffusion constant D [116]. For a given 

concentration gradient, diffusion current density JEXC is defined by:  

∂
= −

∂EXC

p
J D

z
 ( Eq. 2.49 ) 

in which p(z,t) represents the density of excitons. The dynamics of excitons is described 

by the continuity equation in consideration of its finite lifetime τ  and the generation rate 

G(z,t) : 

τ
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p p
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t
p p
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 ( Eq. 2.50 ) 

The term often used is the diffusion length L, which is a characteristic length to which a 

large portion of excitons can migrate before they recombine. Both the diffusion constant 

and lifetime of excitons are directly related to L by:  

( )τ= 1/2L D  ( Eq. 2.51 ) 

Steady-state (∂p/∂t=0) version of  Eq. 2.50 can then be expressed by: 

022
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⋅

−+
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∂

L
pDG

z
pD  ( Eq. 2.52 ) 

  When G = 0 with the boundary condition of p(z=0)=p0 and p(z→∞) = 0, for example,  

the steady-state solution is given by: 
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The physical meaning of the diffusion length is then well illustrated. When an arbitrary 

function of G(z) is given, the solution to Eq. 2.52 can be expressed as: 
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in which a and b are constants that can be determined by boundary conditions [121]. 

Using Eqs. 2.45 and 2.54 for j-th layer may be expressed as: 
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In the following section, boundary conditions relevant for excitons at interfaces will be 

introduced to finally obtain the steady-state distribution of excitons. 

C. Steady-state distribution of excitons with boundary conditions specified 

by interfacial exciton-quenching velocity 

Excitons near hetero-interfaces can undergo various processes such as recombination, 

charge-transfer and energy-transfer.  The signature of exciton quenching can be detected 

by quenching of photoluminescence in presence of such hetero-interface, for example 

[118,122]. It was also shown that confinement of excitons within a given layer is possible 

when it is favored by the energy levels of the adjacent layers [123]. As briefly mentioned 

in the previous section, these various situations may be generalized by the boundary 

condition using the interfacial exciton-quenching velocity, ζ, as follows: 

0

0( )
z z

p
D p z

z
ζ

=

∂
=

∂
 ( Eq. 2.58 ) 

In inorganic semiconductors, the same equation is used to describe the recombination of 

(minority) carriers at the surfaces, for example, due to surface defects of crystalline 

structure at air/semiconductor or capture of carriers at semiconductor/metal interfaces [4, 

124].* In case of organic semiconductors, it is usually organic/metal, organic/transparent 

                                                 

* Capital letter S is often used for the surface recombination velocity. Here ζ is used instead in order to 

avoid confusion with transfer matrix S. 
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conductive oxide (TCO), and organic/organic interface that could matter, as devices are 

usually constructed such that organic materials are sandwiched between two electrodes.  

ζ = ∞ corresponds to the case where all the excitons are completely quenched at the 

boundary [p(zi) = 0]. On the other hand, ζ = 0 corresponds to the case where the excitons 

are preserved [p'(zi) = 0] [83]. In actual case, ζ is expected to be in between these 

extremes. Suppose ζ = ζ 0 at one end (z = 0) and ζ = ζ d at the other end (z = dj) in j-th 

layer. Then, using Eqs. 2.45, 2.54, and 2.58, the constants aj and bj are expressed by: 

 

2 /( ) ( )
0 0

0 2 /
0 0

2 /( ) ( )
0 0

0 2 /
0 0

(1 )(1 ) (1 )(1 )

(1 )(1 ) (1 )(1 )

(1 )(1 ) (1 )(1 )

(1 )(1 ) (1 )(1 )

j j

j j

j j

j j

d L
d j d j

j j j d L
d d

d L
d j d j

j j j d L
d d

h e h
a T N

e

h e h
b T N

e

ξ ξ ξ ξ
α

ξ ξ ξ ξ

ξ ξ ξ ξ
α

ξ ξ ξ ξ

−− +

−

−− +

−

+ − + + +
=

+ − − − +

− − + − +
=

+ − − − +

 ( Eq. 2.59 ) 

                       

where  
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and, 
 
( ) ( )

( )j j jh h d
± ±

≡  
( Eq. 2.61 ) 

 

Note that the effect of interfaces are introduced by the term ξ which is the ratio 

between the surface property (ζ) and the bulk property (L/τ). In other words, the effect of 

surface recombination in devices having the same ζ can be different if their bulk 
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excitonic properties are different. For example, for L = 10 nm and τ = 1 nsec, ξ is 1 for ζ 

= 1,000 cm/sec, while ξ would be just 0.01 if L were 1 µm. This suggests that ζ that is 

considered small in inorganic devices may still be regarded significant in organic devices, 

which are often subject to short diffusion length, and therefore small L/τ.  

In summary, Eqs. 2.55 and 2.59 provide the complete and fully analytical solution 

for steady-state distribution of excitons under generalized boundary conditions. Once 

optical data and thicknesses of each layer are identified, Fresnel coefficients for j-th layer, 

or a layer of interest, can be obtained by calculating the partial transfer matrices as 

described in 2.4.2A. When these coefficients are plugged into Eqs. 2.55, 2.57 and 2.59 

subsequently, the net distribution can be fully described by the material parameters and 

interfacial boundary conditions.   

D. External quantum efficiency of multilayer organic solar cells 

  External quantum efficiency ηEQE is the metric that indicates how efficiently given solar 

cells can light-harvest at a given wavelength.  It is defined by the ratio of the number of 

carriers generated to that of incident photons: 

0

/

/( / )
ph

EQE

J e

I hc
η

λ
=  ( Eq. 2.62 ) 

in which I0 is the intensity of incident light. When excitons dissociated at the 

donor/acceptor interface are the only source of photocarriers, photocurrent Jph(λ) at a 

given wavelength can be obtained by:  
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 η η ′= =∑ , ( DorA)ph CS CC i ii
J e D p i  

 

 
( Eq. 2.63 ) 

 
in which i refers to either the donor (D) or acceptor (A) layer, ip′  is the derivative of pi(z) 

at the donor/ acceptor interface, and ηCS and ηCC are quantum efficiencies associated with 

charge separation and collection, respectively. Assuming ηCS = ηCC =1, ηEQE can be 

expressed by the terms obtained in the previous section:  

( )
( ) ( )

0

( ) / ( ) /

0 0

1

in which

/( ), /( )

D D D D

EQE D D A A

d L d LD D
D D D D

D

A A
A A

A

j j j j j j j j

D p D p
N

T
a h e b h e

L
T

a b
L

a a T N b b T N

η

α

α

α α

− + −

′ ′= +

= − − +

+ −

≡ ≡

%%

%%

%%

 
( Eq. 2.64 ) 

From a practical point of view, the external quantum efficiency given by the 

above equation provide a valuable information by allowing one to extract the exciton 

diffusion lengths from the experimental ηEQE  data with knowledge of optical constants of 

participating layers in a given PV cell. Furthermore, once diffusion lengths are identified 

by this or other independent methods, the above equation can be used to optimize the cell 

parameters such as the thicknesses of individual layers in order to maximize ηEQE , as far 

as the photocurrent is concerned. In the following sections, case studies on the effect of 

thin-film multilayer structures and boundary conditions to the external quantum 

efficiency of organic solar cells will be presented.  
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2.4.3 Case study  

A. Single layer in Beer’s law regime 

Consider a layer in which the intensity drops exponentially according to Beer’s law along 

the symmetry axis (z-direction). This would be the case when the layer is optically thick 

enough to absorb a significant portion of incoming photons before they reach to the 

electrode in the other end or whenever the reflection from the back surface can be 

ignored. Figure 26 shows the effect of diffusion length L and absorption coefficient α on 

the steady-state exciton distribution p(z). The thickness of the layer d was fixed with α  = 

1/d in Fig. 26 (a), and with L = d in Fig. 26 (b). The front interface was assumed non-

quenching interface and the back interface was assumed completely quenching.  It is 

easily observed that the overall value of D p(z) increases as L increases for fixed α. 

Likewise, D p(z) increases in overall as α increases for fixed L. This can be understood 

because the larger α means more generation of excitons and because the smaller L for a 

given diffusion coefficient D means shorter lifetime and therefore more losses of excitons.  

Note from these graphs that |D p'| obtained at the back interface shows also the same 

trend. Recall that |D p'| is directly related to the photocurrent by Eq. 2.63 if the back 

interface is the site for exciton dissociation. Figure 27 shows |D p'| will eventually be 

saturated as L further increases to become much larger than the layer thickness. This is 

the limit where almost all the absorbed photons are harvested. 



 102

It is interesting to note that |D p'| values with higher absorption coefficients can be 

smaller than those with lower absorption coefficients when L is small. This is the case 

where a significant number of photons are absorbed in the front portion due to a large α 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

z/d

L/d = 0.25

L/d = 0.5

L/d = 1

 

 

D
p(

z)
 (n

or
m

al
iz

ed
)

L/d = 2

(b)

  α d = 1  

 
D

p(
z)

 (n
or

m
al

iz
ed

)

αd = 0.25

αd = 0.5

αd = 1

 

 

  L/d = 1  

αd = 2

(a)

 

FIG. 26:  Exciton diffusion in a single layer following simple Beer’s law for intensity 
distribution: steady-state exciton distribution vs. (a) L/d and (b) αd. The values are 
normalized to D p(z = 0; L = 2d) for (a) and D p(z = 0; α = 2/d) for (b), respectively. 
Layer thickness d was fixed for both calculations.  It was assumed that αd = 1 for (a) and 
that L/d = 1 for (b). 
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but cannot get into the back end because of the small diffusion length.  

Figure 28 illustrates the effect of the interfacial quenching velocity at one end (z = 

0), ζ0, on the exciton distribution p(z) and its diffusion current, or |Dp'| at the other end (z 

= d). For fixed bulk parameter L and τ, it is observed that ζ0 which is comparable to or 

larger than the bulk recombination L/τ can limit the device performance by reducing the 

number of excitons that could eventually reach the other end otherwise.  
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FIG. 27: Derivative of exciton distribution as a function of L/d at the back interface (z = 
d) in a single layer following Beer’s law for intensity distribution with αd = 0.5, 1, and 2.  
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FIG. 28: Effect of surface recombination: (a) steady-state distribution of excitons vs ratio 
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From the results described above, one may then expect that the layer thickness 

will play an important role in device performance depending on relative magnitudes of L 

and the skin depth 1/α and also depending on the degree of interfacial exciton quenching.  

In Fig. 29, the trend of |Dp'(d)| was shown as a function of d in multiple of L for the cases 

where 1/α = L and where 1/α = 0.1 L. In each case, the ratio ξ was also varied from 0 to 

100 in order to see the effect of interfacial exciton quenching. First of all, it is clearly 

observed, in particular for the case of 1/α = L, that there is an optimum thickness at 
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FIG. 29: Effect of thickness to |Dp'(d)| diffusion current vs ξ  for low (α = 0.1/L) and 
high absorption (α = 1/L). The arrows indicate the direction for increasing values of ξ.   
ξ  = −∞ was used at z = d.  L and α were fixed with d varied from 0.1 L to 10 L. Data 
were normalized to 1 at the peak for the case where α = 1/L,  ξ = 0. 
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which |Dp'(d)| is maximized. That is, the light harvesting can be improved up to d on the 

order of L when d is increased, but in a device with d that is much larger than L and (1/α), 

the front part of the layer can simply act as an inactive ‘filter’ that can severely limit the 

number of excitons that reach the other end. It is anticipated that this kind of filter effect 

is not as severe if α is low.  

Also note that the relative effect of interfacial quenching is larger when d is less 

than a few L. This is because it is more likely that the boundary condition at one end 

‘communicates’ with the values at the other end when thickness is smaller or comparable 

to the diffusion length. This in fact demonstrates the reduction of interfacial exciton 

quenching can potentially be a significant factor in improving the light harvesting, as the 

optimum condition for device thickness is also on the order of L.  

 

B. Multilayer thin-film device with highly reflecting back electrode 

Field / exciton distribution and quantum efficiencies 

Now, let’s consider a thin-film multilayer configuration which is typically employed in 

organic solar cells based on donor-acceptor heterojunctions. The geometry that is already 

known, such as that of CuPc/C60 cell, will be taken as a model system in order to 

compare the results with those already published [31,83]. The detailed sample geometry 

and optical constants used for this study is given in Table 8.  

Figure 30 shows the squared electric field distribution inside the device along the 

symmetry axis, and the corresponding G(z) and Dp(z) at λ = 620nm. For this calculation, 
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the boundary condition of ζ = 0 at the PEDOT:PSS/CuPc and C60/BCP interface, and ζ = 

±∞ at the CuPc/C60 interface was imposed. L(CuPc) = 10 nm and L(C60) = 40 nm was 

used [83].   

It can be easily observed there is a significant contribution from the interference 

term, that is, cosine-term in Eq. 2.43.  This is expected because the thickness of CuPc 

(dCuPc = 15 nm), the major absorber in this wavelength, is much smaller than its skin 

depth, which is estimated to be 1/α = λ/(4πk) = 67 nm. Note the discontinuity in G(z) at 

the donor/acceptor interface due to difference in absorption coefficient between CuPc and 

C60. That is, CuPc layer is responsible for the photocurrent at this wavelength. External 

quantum efficiency ηEQE of 36 % was calculated in this configuration. Absorption at each 

layer is estimated to be 6.6 % (PEDOT:PSS), 53.2 % (CuPc), 5.3 % (C60), and 11.6 % 

(Al). The other portion of incoming photons (~23 %) is reflected back. From these values, 

it can be estimated that ~ 62 % of the photons absorbed in CuPc and C60 layer are being  

 

Table 8.  Configuration of a multilayer solar cell used for the case study.* 

Layer glass ITO PEDOT:PSS CuPc C60 BCP Al Air 

n 1.49 1.83 1.45 1.73 2.10 1.7 1.30 1 
k 0 0 0.05 0.74 0.04 0 7.48 0 
d (nm)  160 32 15 35 16 300  
 
* Optical constants used in this study were borrowed from literatures but may be different from actual 
values sample-to-sample or depending on growth condition, etc., although deviation, if any, should not 
be too large. 
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FIG. 30: (a) Calculated squared electric field strength inside the multilayer device, (b) 
G(z), and (c) steady-stage exciton distribution. z = 0 for glass/ITO interface. L(CuPc) =10 
nm and L(C60) = 40 nm was assumed. Imposed boundary condition was ξ |PEDOT/CuPc = ξ 
|C60/BCP = 0, ξ |CuPc/C60 = -∞ (in CuPc layer) and ξ |CuPc/C60 = ∞ (in C60 layer). λ = 620 nm. 
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harvested. This quantity, defined by the ratio of the number of carriers generated to that 

of photons absorbed in the photoactive layer, is called ‘exciton-to-charge generation 

efficiency’ ηECG [125], and is one of the target parameters that need to be maximized in a 

cell with a given set of materials.  

 

Effect of acceptor layer thickness : illustration of interference effect 

In the following example, the thickness of the C60 layer is varied while everything else is 

kept constant. Note that the contribution to the photocurrent from excitons generated in 

the C60 layer is relatively small (~12% of the total current in the previous example) due to 

a limited absorption of C60 at this wavelength. Therefore, a significant change in external 

quantum efficiency, if any, would illustrate the influence of interference effects.    

Figure 31 (a) does show that the external quantum efficiency can vary 

significantly as dC60 varies, even though the thickness of the major absorber layer (CuPc) 

remains unchanged.  It also shows that the trend roughly follows that of the total 

absorption, A(CuPc) + A(C60), or mainly  A(CuPc). Presented in Fig. 31 (b) are the 

corresponding squared field strength profiles for selected thicknesses. One can note that 

the peak before the CuPc layers found for dC60 = 20 nm shifts toward the donor/acceptor 

junction as the thickness is increased to dC60 = 40 nm, which results in a greater 

absorption in the CuPc layer. As dC60 further increases to 80 nm, however, the peak 

moves towards the cathode, resulting in a smaller field strength in the CuPc layer leading 

to a smaller absorption and ηEQE. It can be expected that the peaks and valleys in EQE 

will alternate periodically when the thickness of C60 is changed by ∆ dC60 ~ λ/(4n). With  
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n~2.1 for the C60 layer, this corresponds to ∆ dC60 of 74 nm for λ =  620 nm.  Such 

phenomena were observed experimentally by Stübinger and Brütting [117].  

In pracitce, this interference effect can open up a novel way for optimization of 

thin-film solar cells. In addition to the thickness variation of photoactive materials, even 

an inactive layer may be inserted to modulate the field distribution in a way that 

maximizes the absorption in the active layers, as long as the additional layer does not 

compromise the overall collection efficiency and transport properties. For example, 

bathocuproine (BCP) or titanium dioxide (TiO2) layer may be utilized in a certain degree* 

for such purpose as well as for exciton blocking layer or additional charge transfer site 

[31, 126].  

 

Effect of donor layer thickness and interfacial exciton quenching 

This time, let’s consider the case where the thickness of CuPc is varied. It is also assumed 

that the interfacial exciton quenching velocity at the PEDOT:PSS/ CuPc interface may be 

arbitrary. †  The interfacial quenching of excitons near the organic and transparent- 

conductive-oxide (TCO) interface is known to exist although it is not as efficient as at the 

metal/organic interface [118,122]. For example, Friend and his coworkers showed that 

                                                 

* The flexibility and effectiveness of this method will eventually depend on the critical thickness up to 

which carrier transport and collection properties are not altered. For example, BCP layer thicker than ~ 

20nm was shown to rapidly decrease the photocurrent [31].   

† Although the PEDOT:PSS/CuPc interface is used in this example, the result and trend obtained here may 

be applicable to the ITO/organic interface in the devices without PEDOT:PSS layer. 
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the photoluminescence owing to excitons created in a PPV-derivative layer decreases by 

12 % when the 20-nm-thick polymer layer is interfaced with ITO [122], and Gregg 

estimated ζ to be approximately 6,000 cm/sec at the interface between an SnO2:F type 

TCO and a perylene bis(phenethylimide) film [118].  

When the thickness of CuPc layer is varied while all the other parameters remain 

unchanged, one observes that the trend of EQE vs. dCuPc is similar to the case of single 

layer following Beer’s law. [ See Fig. 32 (a). ] That is, EQE peaks near dCuPc ~ L(CuPc) 

and then decays as the thickness becomes larger than the diffusion length. Lack of 

periodic behavior of EQE(dCuPc) can be understood because the interference term is likely 

to be less visible due to high absorption through the CuPc layer.  

Figure 32 (b) demonstrates EQE can decrease as the interfacial exciton quenching 

velocity increases with the thickness and bulk recombination properties L and τ fixed.     

Similar to the result presented in section 2.4.3 A, this effect starts to become critical when 

ξ  becomes approximately unity, that is, when ζ becomes equal to ~ L/τ . Again, the 

effect of interfacial properties is shown to be more significant in devices with a layer that 

is thinner or comparable to the diffusion length. [ Fig. 32 (a) ]  In the thicker region, EQE 

is limited by the optical filter effect and the limited diffusion length, and becomes less 

sensitive to the property related to the interface of PEDOT:PSS and ITO. It is also 

interesting to note that the optimum value for dCuPc shifts toward larger values as ξ  

increases. This is due to the fact that the effective thickness, up to which the EQE-

reducing effect due to interfacial quenching is significant, becomes slightly larger as ξ  

increases.   
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FIG. 32: External quantum efficiency as a function of ζ/(L/τ)  of CuPc layer at the 
interface with PEDOT:PSS. Cell configuration used is shown in Table 8. Exciton 
diffusion length of 10nm and 40nm were used for CuPc and C60, respectively. 
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Optimization 

From the previous studies, it is noted that optimization is hardly determined only by a 

single parameter. While the rule of thumb is to set the layer thickness at a value of the 

order of the corresponding exciton diffusion length, fine tuning based on optical 

properties of individual layers must be done to include all the effects due to interference, 

interfacial quenching, and so on. Moreover, such an optimization has to consider a broad 

spectral range. That is, one must maximize the total photocurrent Jph given by: 

   
 

0
( ) ( )ph EQE phJ e N dη λ λ λ

∞
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( Eq. 2.65 ) 

 

in which Nph(λ) is the spectral number density of photons per unit area per unit second for  

a given solar spectrum such as AM 1.5G.  Approximate but simpler way may be to 

maximize the weighted average EQE value defined for the two absorption peaks located 

at λm1 and λm2 owing to the donor and acceptor layer, respectively, by:*  
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( Eq. 2.66 ) 

 

Using the optical constants of the layers at λ = 445 nm (See Table 9) for the absorption 

peak of C60 and λ = 620 nm for CuPc, optimal layer thickness of dCuPc = 12nm and dC60 = 

39 nm was found. [See Fig. 33 (a).] This result is well matched to the optimized cell 
                                                 

* λm1 and λm2 are assumed to be within the boundary of spectral range of Nph(λ). 
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geometry that has been reported by Forrest and his coworkers [31,37]. Small difference 

can come from different optical constants used for calculation as well as actual diffusion 

lengths that may vary.  

           At the optimal condition found, ηEQE = 38.0 % with ACuPc = 46.9 % and AC60 = 

6.8 % for λ = 620 nm, and ηEQE = 63.6 % with ACuPc = 3.2 % and AC60 = 78.8 % for λ= 

445 nm were obtained.  Note that fairly high EQE can be obtained at λ = 445 nm due to 

relatively large exciton diffusion length of C60 along with the field distribution that favors 

large absorption in C60 layer [See Fig. 33 (b)].  

 

Summary 

Photocurrent generation process happening in organic solar cells has been analyzed using 

the exciton diffusion model. In order to take into account the effect due to thin-film 

multilayer construction often found in organic solar cells, the optical field, which 

determines the steady-state exciton distribution, was calculated using the transfer matrix 

formalism. The interfacial exciton quenching velocity was introduced in imposing 

boundary conditions for diffusion equation, in order to explain excitons being quenched  

Table 9.  Optical constant and thickness of each layer at λ = 445 nm used for optimization study.  

Layer glass ITO PEDOT:PSS CuPc C60 BCP Al Air 

n 1.49 1.98 1.54 1.91 2.20 1.7 0.61 1 
k 0 0 0.02 0.06 0.33 0 5.41 0 
d (nm)  160 32 variable variable 16 300  
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FIG. 33: Optimization of cells based on CuPc and C60: (a) contour plot of ( )p

EQEη  defined 
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field distribution at λ = 445 nm in the optimized condition. 
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 at the organic/metal, organic/organic, or organic/conductive oxide interface. It was 

shown that the efficiency of photocurrent generation is a combined function of  

(i)  bulk material properties: (n, k) , L, and τ,   

(ii) interfacial properties: interfacial quenching velocity ζ,  and 

(iii) device configuration: thickness of each layer . 

 

From this study, the following conclusions can be made: 

(i) Active layers should possess as large exciton diffusion length as 

possible in order to achieve high external quantum efficiency. 

(ii) Optimum thickness of a donor or acceptor layer is usually of the order 

of the exciton diffusion length, but it may vary depending on the 

optical field distribution. Full analysis thus needs to be done for 

optimization. 

(iii) Interference effects can have a significant influence on the 

photocurrent generation. And therefore, the thicknesses of the layers 

have to be optimized to allow large absorption in an active layer of 

concern, and thereby high external quantum efficiency. 

(iv) Interfacial quenching of excitons, in the vicinity of interfaces which do 

not contribute to the carrier generation, can have a negative effect on 

external quantum efficiency, in particular when the interfacial 

quenching velocity ζ is comparable to or larger than the bulk 

recombination velocity L/τ, and when the layer thickness is on the 
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order of the corresponding diffusion length or less. It is therefore 

recommended that those surfaces may be passivated as long as it can 

be done without compromising the carrier collection and overall 

transport properties of the device. 

 

In short, the method described in this section is not only useful in predicting the 

external or internal quantum efficiency of a given device configuration, but also can be 

used to estimate the exciton diffusion length from the experimental data and eventually 

provide means to optimize the device structure.  
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Chapter 3 Solar cells based on discotic liquid crystals 

3.1   Overview 

In this chapter, organic PV cells based on materials that self-assemble into mesophases 

are introduced. The motivation to use self-assembling materials is to fabricate 

semiconducting films from solution with controlled ordering leading to improved 

electronic coupling and transport properties. Such self-assembly is found in liquid 

crystals, a class of materials that has been extensively studied for their unique optical 

properties as well as their applications to the display industry. Pioneering work by Haarer 

have demonstrated that columnar discotic liquid crystals can have mobilities on the order 

of 1 cm2/Vsec, which is much larger than those of most amorphous organic materials and 

is comparable to that of a-Si.  As discussed earlier, large mobility is a prerequisite for 

high efficiency PV cells as it can help maintain the cell series resistance low. 

Furthermore, exciton diffusion process is also expected to be more efficient in such 

ordered structure with intermolecular spacing typically on the order of a few Å. Solution-

processibility often found in such material is another advantage because it can eventually 

lead to low-cost solar cells. In addition to the high transport properties and processibility, 

the materials should satisfy the basic requirements such as the broad spectral coverage 

with strong absorption in order to be used for PV application. The strategic approach may 
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be to modify, through molecular design, the molecules widely used for PV to have self-

assembling mesophase as well as solubility.  As a first step in this direction, self-

assembled hole transport material based on copper phthalocyanine (CuPc) have been 

developed.   

This chapter will be organized as follows: the basic properties of liquid crystals 

necessary to understand the semiconducting properties of these materials are first 

presented and the transport properties of various liquid crystal materials are reviewed. 

Then, the characterization of basic physical properties of self-assembled CuPc and the 

performance of solar cells containing this material will be presented with emphasis on 

thermal annealing processes.   

    

3.2   Fundamentals of liquid crystals 

Liquid crystals, also referred to as mesophases, are a phase of matter that is between a 

liquid and a crystalline solid [127]. They have the ability to flow like a liquid while 

retaining some of  the molecular order and associated optical properties of a solid crystal. 

Liquid crystalline materials are classified by considering the mechanism for mesophase 

formation, shapes of molecules, and their respective symmetry. Mesophases that result 

from the concentration of a material in a suitable solvent are referred to as lyotropic, 

while those formed as a function of temperature are called thermotropic.  The latter are 

the focus of most research and development for optical and electronic applications.  

Thermotropic mesophases only exist over well-defined temperature ranges.  Above a 
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temperature commonly referred to as the clearing point, the material becomes an 

isotropic fluid.  At low temperature, the material forms a solid. Between these 

temperatures the material can form different liquid crystalline phases with increasing 

symmetry as the temperature is decreasing. Within thermotropic materials, liquid-crystal-

forming molecules, also called mesogens, are classified as calamitic or discotic according 

to whether they are rod-shaped or disc-shaped, respectively. For calamitic materials the 

three most common mesophases formed are the nematic, cholesteric, and smectic.  The 

nematic mesophase (labeled N) is by far the most common; these are the materials used 

for making twisted nematic and super-twisted nematic liquid-crystal displays. 

Discotic materials generally fall in one of two distinct phases, the discotic nematic 

phase or the columnar phase. [see Fig. 34 (c) and (d).]  The discotic nematic phase [Fig. 

34 (c)] is similar to the calamitic nematic phase where the disc shaped molecules all tend 

to lie within the same plane but their distribution in one plane relative to one another is 

random.  In the columnar phase [Fig. 34 (d)],* molecules exhibit a higher degree of order, 

arranging themselves into columns which can then be arranged within a two dimensional 

lattice. It is this columnar phase which is of particular interest for organic photovoltaics 

as charge mobilities along the direction of the columns of these materials can potentially 

be high due to large electronic coupling between adjacent molecules inside the columns.  

                                                 

* Shown in the figure is the hexagonal columnar phase. Other two-dimensional arrangements such as 

rectangular columnar phase are also possible. 
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 The liquid crystals usually used in typical display applications are required to be good 

insulators. It was not until the nineties that liquid crystals started to be recognized as 

potential photoconductors. In the following section, the properties of photoconducting 

liquid crystals that were developed in recent years will be briefly reviewed with an 

emphasis on discotic liquid crystals [128,129].        

3.3   Transport properties of liquid crystalline materials 

 Early investigations of the transport properties of calamitic nematic liquid crystals 

provided evidence for the migration of photogenerated ions and ionic impurities under 

the influence of an applied field. This mass transport usually led to low mobility values. 

Ionic transport was considered a nuisance and efforts were geared towards minimizing 

this conduction to make liquid crystals compatible with active-matrix display 

technologies. Electronic charge transport in liquid crystals was first reported in 1994 by 

 

 

 
 
 
FIG. 34: Schematic representations of the order in different phases of liquid crystals: (a) 
nematic, (b) smectic, (c) discotic nematic, and (d) discotic columnar. 
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Haarer and his coworkers in discotic liquic crystals [130], and was followed by a report 

of electronic mobility in calamitic smectic liquid crystals by Hanna et al.[131] Since 

those seminal works, various new photoconducting liquid crystals have been developed 

both for electron and hole transport [128].  Below we discuss the hole, electron, and 

ambipolar transport properties of selected examples of calamitic and discotic liquid 

crystals.        

             In Haarer’s seminal work, the transport properties of 2,3,6,7,10,11-

hexahexylthiotriphenylene (HTT6) (see Fig. 35.) molecules were investigated [130]. 

These disk-like molecules form discotic columnar phases. When the material is cooled 

down from the isotropic phase (93 ºC) the liquid crystal forms a columnar hexagonal 

phase [see Fig. 34 (d)] in which hole mobilities in the range 10-3 – 10-2 cm2/Vs were 

measured using time-of-flight (TOF) experiments. When the material is cooled further 

(70 ºC), the molecules in adjacent columns become coupled and form a helical 

superstructure referred to as an H phase. In this highly ordered phase, hole mobility 

values of 0.1 cm2/Vs were found at temperatures between 40 and 70 ºC.  Below 40 ºC, 

the transition from the H phase to the polycrystalline K phase takes place and the 

transport of charges becomes very dispersive. Transport in discotic liquid crystals was 

investigated by van de Craats and Warman in a series of derivatives that differ in the 

nature of their central core, in the type of side chains, and in the element that couples the 

peripheral chain to the core [132]. Mobilities were measured using the pulse-radiolysis 

time-resolved microwave conductivity technique (PR-TRMC) in numerous compounds 

with triphenylene, porphyrin, coronene mono-imide, azocarboxyldiimido-perylene, 
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phthalocyanine, and hexabenzocoronene cores. In phthalocyanine and triphenylene 

compounds, the nature and the length of the side chains was found to influence the phase-

transition temperatures between crystalline, hexagonal columnar, and isotropic phases, 

but had little influence on the magnitude of the charge mobility. 

Compounds in which the central core was coupled to the alkyl chains via an 

oxygen atom generally exhibited lower mobility than those where the alkyl group was 

 

 

FIG. 35: Examples of molecules that can form discotic liquid crystalline phases.  (a) 
HTT6 with triphenylene core; (b) mixtures of PTP9 and HAT11; (c) perylene derivative. 
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attached directly or via a sulfur or paraphenylene group. This study, conducted on a large 

number of compounds, showed that the maximum value of the mobility had a tendency to 

increase with core size. The following empirical formula was established: 

 

          [ ] /Vscm/83exp3 2ni −=Σµ  ( Eq. 3.1 ) 

where n is the number of second-row elements (C, O, and N) contained in the central core, 

and Σµi is the sum of intra-columnar electron and hole mobilities. In the hexagonal 

columnar phase mobility values between 0.4 and 0.002 cm2/Vs were deduced from the 

PR-TRMC experiments, the largest values being found for the compounds with the 

hexabenzocoronene core. These studies suggest that the extent of cofacial contact 

between the disk-like mesogens controls the transport of charge along the column axis.  

Brédas and coworkers have argued that the proximity and precise location of adjacent π-

conjugated molecules can exert significant control over the charge mobility in these 

materials [133,134].  According to this, it is expected that discotic liquid crystalline 

materials which maximize the π-π overlap between adjacent mesogens, achievable by 

perfect cofacial columnar aggregation, will provide the highest charge mobilities along 

the aggregate column axis. It was recently shown for phthalocyanine materials possessing 

side chains which can be polymerized, that dark and photo conductivities significantly 

increase after polymerization, which is also known to lead to an enhancement in the π-π 

cofacial interactions of these materials [135,136].  
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           Recent studies have shown that mixing discotic mesogens with complementary 

large-core aromatic compounds can lead to materials with increased order, and 

consequently higher carrier mobility, compared to single component systems [137,138]. 

A 209-fold increase in hole mobility was found in a mesophase formed from mixtures 

(1:1) of 2,3,6,7,10,11-hexakis-(undecyloxy)-triphenylene (HAT11) with 2,3,6,7,10,11-

hexakis-(4-n-nonylphenyl)-triphenylene (PTP9), which is not a mesogen, compared to 

that in the pure HAT11 mesophase (See Fig. 35 for chemical structures). A discotic 

mesophase is formed at temperatures between 60 and 170ºC. Below 60ºC the mixture 

forms a glassy phase is which a hole mobility of 1.6 × 10-2 cm2/Vs was measured by TOF 

experiments at 40ºC. Temperature-dependent studies of the mobility in these mixtures 

showed that the mobility is almost independent of temperature in the range 30 - 170ºC 

where the material is found in the glassy phase or in a mesophase [139]. 

           Electron transport was measured in N-alkyl-substituted perylene diimides that 

form highly ordered liquid-crystalline phases that are both smectic and columnar discotic 

in nature [140]. Using the PR-TRMC technique, mobility values of 0.1 cm2/Vs and 0.2 

cm2/Vs were measured in the liquid crystalline and the crystalline phases, respectively, of 

the perylene diimide compound shown in Fig. 35 (c). Due to the high structural ordering 

in these materials, the mobility values measured in the LC phase and in the crystalline 

phase differ only by a factor of two. This small difference can be attributed to the 

technique that is used to measure mobility, providing trap-free values associated with 

well-organized domains within the material. Note the difference compared with TOF 

experiments in which large differences in mobility are generally observed between 
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liquid-crystalline and crystalline phases, and in which mobilities are often higher in the 

liquid-crystalline phases. Furthermore, these materials form LC phases only at high 

temperature (> 180 ºC).  

Another building block widely used for electron transport is the oxadiazole 

molecule. A range of discoid species with benzene or triazine cores and three 

(trialkoxyaryl)oxadiazole arms have recently been developed [141]. Molecule 1,3,5-

tris{5-[3,4,5-tris(octyloxy)phenyl]-1,3,4-oxadiazol-2-yl}benzene (DLCOR), shown in 

Fig. 36, exhibits a discotic liquid-crystalline mesophase in a wide temperature range 

between 38 ˚C and ca. 210 ˚C. The optical texture observed above 38 ˚C, is typical of a 

discotic columnar. The similarities between the optical textures observed at temperature 

above and below the phase change indicate that the columnar structure of the mesophase 

is retained in the low-temperature phase (presumably a solid). The electron mobility of a 

sample cooled to room temperature (ca. 20 ˚C) from above the isotropic melting point, 

was measured in air by the conventional TOF method. Electron mobility was measured at 

room temperature in air and was found to vary from 10–3 to 10–4 cm2V-1s-1, decreasing 

with increasing electric field.    

Since Hanna and coworker’s pioneering work [131], efficient carrier transport in 

calamitic materials has been observed usually in smectic phases. It is consistent with the 

idea that a higher degree of order in molecular arrangement is important for carrier 

transport. In some cases, an alignment layer was employed to further promote molecular 

ordering [142]. The mobility of a calamitic liquid-crystalline oxadiazole, hexyloxyphenyl 

hexyloxybiphenyl-oxadiazole (HOBP-OXD) was shown in TOF experiments to jump 
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from a value of 10-4 cm2/Vs to 8 × 10-4 cm2/Vs when the material underwent a phase 

transition from a smectic A phase to a highly ordered smectic SX phase at 70 ºC, upon 

cooling, with the help of a homogeneous alignment layer. The mobility was nearly 

temperature independent within the smectic SX phase and dropped when the temperature 

reached 41 ºC, which is the smectic to crystalline phase-transition temperature. At room 

temperature, where the material is in a polycrystalline phase, transport was dominated by  

traps at grain boundaries, and transit times could not be determined. 

            Ambipolar carrier transport properties were observed in some calamitic liquid 

crystals such as 2-(4-octylphenyl)–6-n-butoxynaphthalene [143] and dialkylterthiophene 

derivatives (8-TTP-8) [144].  Transition of electron and hole carrier mobility from of the 

order of  10–4 cm2/Vs to  10–2 cm2/Vs were found when molecules underwent a specific 
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FIG. 36: Structure of the oxadiazole derivative DLCOR which forms a discotic 
mesophase (left) and photograph (right) showing the optical texture of  an DLCOR 
sample taken at 35 ºC using during the warming of the sample. ( Source: Zhang et al. 
[141] ) 
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smectic subphase to another, demonstrating even a subtle change in molecular 

arrangement can make a significant  difference in their transport properties.  

In the examples of liquid crystals described above, the highly ordered liquid 

crystal phases in which high charge mobility is observed are often obtained at elevated 

temperatures. For device applications such as solar cells, high mobility is required at 

room temperature, and over a wide operating temperature range. One approach to this 

problem is to develop mesogens that incorporate cross-linkable groups. This way, 

materials can be processed at an elevated temperature to reach an optimum self-

assembled structure that can be “frozen-in” by cross-linking the material. While the idea 

is straightforward, its realization with the preservation or improvement of transport 

properties may be challenging.   Radiation from an argon ion laser at 300 nm was found 

to photo-polymerize and cross-link the diene end-groups of the calamitic liquid crystals 

based on a penta-1,4-dien-3-yl derivative with photo-polymerizable diene end-groups. 

However, mobility could not be measured in cross-linked samples although room-

temperature mobility on the order of 10–5 cm2/Vs was able to be measured before 

polymerization [145].         

   

3.4   Liquid-crystal-based photovoltaic cells 

3.4.1 Overview 

Motivated by the possibility of improvement in transport properties and exciton diffusion 

length, discotic liquid crystals that can self-assemble into columnar stacks are envisioned 
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as a promising candidate for active materials of solar cells based on organic materials. 

Petritsch et al. reported the solar cells made of octakis(alkylthio)-substituted metal-free 

phthalocyanine (HPc) which shows liquid crystalline phase between 20°C and 292 °C 

[146,147]. A spin-coated HPc layer was heated at a temperature above its clearing point 

and then slowly cooled down passing its liquid crystalline phase. Then a perylene 

derivative (Per) and aluminum electrode were deposited in sequence by vacuum physical 

vapor deposition on top of the HPc layer. In this work, however, overall devices 

efficiencies were relatively low, and moreover, a device which had undergone the heat 

treatment exhibited a poorer performance than the cell which had not. It was pointed out 

by the authors that heating-induced de-wetting of HPc layer which tends to lead to the 

formation of droplets was one possible reason for such degradation. In fact, the electrical 

characteristic was typical and ressembled that of a cell limited by very low shunt 

resistance.   

Later, large-core hexabenzocoronene (HBC) molecules that form discotic liquid-

crystalline phases were combined with perylene dyes to form photovoltaic cells by Friend 

and his coworkers [148,149]. HBC was chosen because of the large core leading to a 

higher mobility [132] and its solubility. It was also stated that HBC shown in Fig. 37 can 

form ordered structure in a certain degree by spin-coating without further heat treatment 

[149].   Mixtures of the donor-like HBC molecules and the acceptor-like perylene dye 

were spin-coated and produced thin films with vertically segregated domains with a large 

interfacial surface area.  
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When sandwiched between ITO and Al electrodes, blends of 40:60 HBC-perylene 

formed photodiodes with an external quantum efficiency ηEQE of 34 % at 490 nm. The 

action spectra of the external quantum efficiency showed that efficient exciton 

dissociation takes place from either component with an efficiency for light absorbed by 

the perylene dye somewhat higher than that by HBC. However, the photovoltaic 

performance of these devices under standard solar illumination conditions was limited by 

their small absorption in the red part of the spectrum, HBC absorbing mainly in the blue, 

and the perylene dye in the green-yellow. The largest limitation of this system was the 

 

 

 
 

FIG. 37: Structures of (a) HBC and (b) the soluble perylene dye used in the solar cells in 
Ref. 148. 
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saturation of the photocurrent at light intensities higher than 1 mW/cm2. 

 

3.4.2 Photovoltaic properties of discotic liquid crystalline copper 

phthalocyanines (DL-CuPc) 

A. Overview 

Although hexabenzocoronene-based solar cells had demonstrated the concept of using 

soluble self-organized discotic liquid crystalline (DLC) materials for low-cost solar cells 

[148], the full potential of DLC materials for active layers in PV applications had not 

been realized yet. In an effort to realize the stable, light-harvesting, yet easily processible 

building blocks, self-assembling hole transport materials based on discotic liquid 

crystalline copper phthalocyanine (DL-CuPc), 2,3,9,10,16,17,23,24-octakis(2-

benzyloxyethylsulfanyl) phthalocyaninato copper(II) (DL-CuPc),  have recently been 

developed. (See Fig. 38.) Since the alkoxy-substituted phthalocyanines (Pc) were first 

introduced as discotic liquid crystalline Pc materials by Simon and coworkers [150], this 

class of materials has attracted a lot of attention as one-dimensional photoconductors. 

The core of this molecule, copper phthalocyanine (CuPc), had been successfully used as a 

hole-transport material in vacuum-deposited small-molecule PV cells, as stated in earlier 

chapters [29-31,37,38]. Most of all, the popularity of CuPc or its derivatives as materials 

for PV applications mainly stems from the relatively strong absorption of photons in low 

energy region down to ~1.5 eV ( ~ 800 nm) and its good thermal/light stability. It is also 
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noted that DLC based on CuPc also satisfies the ‘large-core rule’ for design of high-

mobility mesogen introduced by van de Craats and Warman [132].    

While the core provides most of the optoelectronic properties such as high 

extinction coefficient similar to that of its parent molecule CuPc, the peripheral group of 

the molten aliphatic tails enables the mesogenic properties and solubilities [150]. 

Sulfur(S), instead of oxygen(O) in alkoxy-substituted Pc, as a linking agent between the 

core and these chains was shown to improve the mobility, which was explained to be due 

to the larger size of sulfur atom that tends to reduce the rotational and translational degree 

of freedom of the core molecules [151]. The mobility values higher than ~0.1 cm2/Vsec 

 

N
S

S

O

O NN

S S

O O

NN

SS

OO

N

N

N
S

S

O

O

Cu

 

 
 
FIG. 38: Molecular structure of 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethylsulfanyl) 
phthalocyanato copper(II) (DL-CuPc). 
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have been measured by PR-TRMC techniques in similar alkylthio-substituted Pc’s 

[132,151]. However, implementation of these liquid crystalline materials into actual 

devices are not trivial and may be challenging, as was shown in the early trials by 

Petritsch et al. [146]  It is therefore anticipated that strategic approaches based on 

understanding of the characteristic behavior of this class of materials would be important.  

In the following, the characterization of basic properties of DL-CuPc and its application 

to photovoltaic cells will be described. 

B. Characterization of DL-CuPc 

According to differential scanning calorimetry (DSC) data, DL-CuPc exhibits a discotic 

liquid crystalline phase transition temperature of TLC/S = 134 °C (DLC to solid), and the 

LC phase is stable up to ~320 °C.     DL-CuPc is soluble in common organic solvents, 

and therefore thin solid-state film can be processed from solutions. Quality solid films of 

a few tens of nanometers have been obtained by spin-coating from solution in chloroform 

of various concentrations. For example, RMS roughness as low as 1.2 nm was obtained 

in films spun on microscope slide glass. (See Fig. 39.)  

Thermal annealing of these films allows for the molecules to self-organize into 

liquid crystalline mesophases, as can be seen in X-ray diffraction data presented in Fig. 

40. These transitions, however, appears to be accompanied by changes in morphology in 

such way that roughness is increased as shown in Fig. 39. This can have a positive effect 

on photocurrent generation as it can increase effective interfacial area, as long as this 

morphological change is kept modest to retain the integrity of pinhole-free thin films. 
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FIG. 39: Atomic force microscopy (AFM) image of DL-CuPc spun on PEDOT:PSS-
coated ITO substrates : (left) as-spun film, and  (right) film annealed at 144°C for 2 
hours. RMS roughness for the left figure was measured to be 1.2 nm, while that of the 
right image was 2.3 nm. OLED grade PEDOT:PSS from Bayer AG was used as received. 
(AFM images taken by C. Carter.) 
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FIG. 40: X-ray diffraction data of DL-CuPc films with or without thermal annealing.  The 
same samples as above were used. (X-ray data taken by W. Xia.) 
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 As the solution phase of DL-CuPc evolves into the solid-state phase, it was 

observed that the absorption bandwidth broadens with new peaks that are blue- or red-

shifted with respect to the original peak observed in solution. (See Fig. 8.) This suggests 

that there are different phases with different types or degrees of intermolecular interaction 

in solid-state films where molecules are closely packed. Especially, the blue-shifted peak 

suggests cofacial interactions between molecules in a spin-coated film, according to 

Kasha’s rule [68,152]. Cofacial arrangement among the core molecules is important as it 

tends to result in large π−π overlap leading to improvement in transport properties.   

C. Photovoltaic cells containing DL-CuPc. 

It was shown in the previous section that spin-coated thin film of DL-CuPc can be self-

organized into ordered structure by the thermal annealing process which involves its 

liquid-crystalline phase. It was also shown that this annealing process can lead to a 

‘textured’ film morphology that may be beneficial to carrier generation by increase of the 

effective interfacial area.  In order to test the photovoltaic properties of these materials, 

thin films of DL-CuPc were incorporated into a bilayer geometry whenh the electron 

transport layer was C60. Relatively high power conversion efficiencies had been 

demonstrated by Peumans et al. in bilayer devices based on CuPc and C60 [31].  

             Devices with structure ITO/PEDOT:PSS (30 nm)/DL-CuPc (20 nm)/C60 (30 nm)/ 

BCP (10 nm)/Al were fabricated. (See Fig. 41.) First, an aqueous solution of 

PEDOT:PSS filtered with a PVDF syringe filter was spun on ITO substrate at 3500 rpm 

for 60 seconds to make an approximately 30nm-thick film. PEDOT:PSS was received 

from Bayer AG and used as received except for dilution in DI water by 80/20 volume 
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ratio. ITO had undergone O2-plasma treatment right before deposition of PEDOT:PSS. 

After drying PEDOT:PSS film at 150 °C for 30 min in the oven, thin films of DL-CuPc 

were deposited on top of the PEDOT:PSS-coated ITO glass by spin-coating from a 8 

mg/ml solution in chloroform. Right after deposition, the samples were dried at 110 °C 

for 30 min in the oven. Then, one sample was annealed at T = 180 °C ( = TLC/S +45°C ) 

for 2 hrs, cooled down to 110 °C ( = TLC/S - 25°C ) at 0.1 °C /min, and then cooled down 

to room temperature at 2 °C /min. 

 

 

 

FIG. 41: Schematic device structure of DL-CuPc/C60 heterojunction solar cell (left) and 
the photo (right, up) of a typical finished solar cell with five individual devices fabricated 
on an 1"×1" substrate. Device area is ~ 0.1 cm2 and defined by the overlap area of Al and 
ITO not covered by the insulator layer, i.e., SiOx in this figure. It is also possible to 
pattern ITO by etching instead of using insulating layers. Molecular structure of 
bathocuproine (BCP) is also shown. (right, down). 
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             Annealing was done in an ambient air on an INSTEC hot stage which has a built-

in enclosure helping to minimize temperature difference between the top and bottom of 

substrates and has a greater temperature and ramping stability than most hot plates. After 

this annealing process, the sample was then loaded into a deposition system (SPECTROS, 

by Kurt J. Lesker) along with a control sample which had not undergone the annealing 

process. Then, C60, BCP, and Al were deposited by vacuum sublimation without breaking 

the vacuum. C60 was obtained from MER corp. and BCP from Aldrich. All materials 

were used as received without further purification.  

Figure 42 shows the electrical J-V characteristics of these devices in the dark and 

under the illumination of a broadband light (IL = 46 mW/cm2) from a Xe lamp (Oriel, 150 

W) with AM 1.5 Direct (D) correction filter. The device in which the layer of DL-CuPc 

was annealed exhibited a short-circuit current density (JSC), fill factor (FF), and VOC of 

0.40 mA/cm2, 0.39, and 216 mV, respectively. The power conversion efficiency (η) is 

then calculated to be 0.073 %. No correction has been made to account for spectral 

mismatch of the lamp with the true AM 1.5 D spectrum. Under the same conditions, a 

device with a non-annealed DL-CuPc layer had JSC = 0.13 mA/cm2, FF = 0.32, Voc = 312 

mV, and η = 0.027 %. Series resistances RS of these cells were estimated to be 7.0 Ωcm2 

(without annealing) and 1.7 Ωcm2 (with annealing), respectively, by using the equivalent 

circuit approach described in section 2.2.7. Note that the inverse slope of forward 

characteristics approximately represents RS. [Fig. 42 (b)]  Reduction in the series 

resistance of devices with annealed films may be attributed to improved transport 

properties associated with a high degree of ordering of the DL-CuPc molecules following 
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the annealing process, as contact resistances are unlikely to change significantly by such 

annealing process. Reasonable fits to the equivalent circuit model were obtained for -1.5 

V < V < 2.0 V with the parameters summarized in Table 10. |JSC| ≈ JL was assumed in this 

calculation. 

It is interesting to note the fill factors were mainly degraded by RP rather than RS 

in both cases. In fact, it is the low photocurrent that makes the effect of RP more 

pronounced than that of RS. Note that normalized resistances rs and 1/rp were 3.1×10-3 

(2.9×10-3) and 0.41 (0.81), respectively, for the device with annealed (as-spun) DL-CuPc 

layer. Shunt resistance around 1 kΩcm2 would not have such large impact if the 

photocurrent were at least a few mA/cm2. The ideal fill factors estimated under 

assumption of RS = 1/RP = 0 are 0.51 and 0.56 for the devices with annealed and as-spun 

layer, respectively. Considering the fact the normalized series resistances are too small to 

influence the fill factors, all the reductions appear to come from the shunt resistance 

whatever the actual physical origin may be. From this, it can be further inferred that the 

significant increase in short-circuit current is likely due to a morphological change and/or 

an improved exciton diffusion length. 

Nonetheless, the improved transport property is still important because its effect 

will become dominant when cells are optimized to have a larger photocurrent. In addition, 

the carrier mobility and exciton diffusion length are expected to be positively correlated 

as both are dependent on the intermolecular interaction represented by the electronic 

coupling matrix introduced in section 2.1.3. 
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FIG. 42:  (a) Electrical J-V characteristics of annealed and as-spun devices with structure 
ITO/PEDOT:PSS (30 nm)/DL-CuPc (20 nm)/C60 (30 nm)/BCP (10 nm)/Al, under 46 
mW/cm2 (150 W Xe lamp with AM 1.5 D filters) (b) estimation of series resistance Rs via 
forward characteristics under illumination in a wide range of V.  
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AFM image of the film made in the same annealing condition supports the idea 

that the increased surface area caused by annealing process is one of the reasons that led 

to the higher photocurrent in the device with annealed layer. ( See Fig. 43. )    

 
 

Table 10. Photovoltaic parameters of cells based on a DL-CuPc/C60 heterojunction. 
 

Sample JSC  
(mA/cm2) 

VOC 
(V) 

FF 
 

η 
(%) 

JS  

(µA/cm2) 
n 
 

RSA  
(Ωcm2) 

RPA  
(Ωcm2) 

  Annealed 0.40  0.216 0.39 0.073 3.7 2.0 1.7 1,300 

  As-Spun 0.13 0.312 0.32 0.027 0.1 2.3 7.0 3,018 

 

 

      

 

 

 
FIG. 43: Three dimensional AFM image of DL-CuPc layer after the same annealing 
process used for device fabrication in this section. DL-CuPc layer was also prepared in 
the same condition as device fabrication, that is, spin-coating from 8 mg/ml solution in 
chloroform on PEDOT:PSS-coated ITO at 4000 rpm for 30 sec. Vertical axis in 150 
nm/div. 
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3.4.3 Discussion 

The idea of using discotic liquid crystals as a supramolecular building block for organic 

PV cells with improved performance and processibility was demonstrated with DL-CuPc. 

DL-CuPc was chosen because of its good optoelectronic properties inherited from the 

core molecule CuPc and because of the capability of self-organization into columnar 

structures as well as its adequate solubility. 

Both AFM and X-ray measurements revealed the annealing process involving its 

liquid crystalline phase can be an effective tool to control the ordering in molecular 

arrangement and the film morphology on a nano- or micron-scale. A significant 

improvement was observed in the current both at short-circuit ( V = 0 ) and at forward 

bias ( V >> VOC )  in a solar cell containing the annealed DL-CuPc layer with respect to 

the cell with the as-spun layer. The latter was attributed to the improved transport 

properties. It was discussed that the increase in short-circuit current could be linked to the 

improved exciton diffusion length and morphological change upon annealing process. In 

particular, the textured surface is expected to result in a high surface area and thus create 

‘interpenetrated’ networks where efficient separation of excitons is promoted while 

transport paths are still preserved. However, the image shown in Fig. 43 indicates this 

morphological change can also accompany increase in open area which may lead to a 

direct contact between donor and cathode and between acceptor and anode, resulting in 

reduction of equivalent shunt resistance RP.  At a present current level, RP is regarded as 
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one of the major limiting factors because it significantly reduces VOC and FF.* Therefore, 

an optimal annealing condition needs to be found where sufficient textured surface is 

produced yet creation of leakage paths is kept small so that its effect on VOC and FF can 

be insignificant. Another challenge is to control the orientation of molecules in such way 

that the axis of the column is vertical to the substrate so that it can be in parallel with the 

net direction of carrier transport in typical organic PV configurations. X-ray data suggest 

that this is not the case at this stage. For example, small angle peaks found at 2θ = 4.89 ° 

(Fig. 40) correspond to a d-spacing of 18.1 Å. If molecules were arranged in vertical 

stacks, one would have observed d-spacing of a few Å, which is a typical intermolecular 

spacing inside the column. These problems may be approached by surface treatment 

controlling the degree of hydrophobic/ hydrophilic properties, for example. 

 

3.5   Summary                         

In the quest for organic solar cells with high efficiency, the development of new materials 

with optimized optical, electrical, and structural properties plays a central role. Materials 

with highly ordered structure are regarded important because large charge mobility and 

exciton diffusion length can be achieved in such materials due to the large electronic 

coupling between adjacent molecular units. Order with various levels of symmetry can be 

achieved in liquid crystals and carrier transport has been demonstrated and studied in 

                                                 

* When cells are further improved, the effect of RS is likely to become more and more important.   
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these materials during the last decade. Of particular interest are discotic columnar 

mesophases that can self-organize from solution into columnar stacks along which one-

dimensional hole, electron, or ambipolar transport can take place. In this work, it was 

demonstrated that discotic mesophase can be used to improve the photovoltaic properties 

of organic solar cells which were based on solution-processed CuPc derivative and C60.  

Despite these advances, numerous challenges remain before these materials can 

be used at their full potential in solar cells. One hurdle is to control and tailor the 

orientation of molecules with respect to a substrate, another may be to “freeze-in” the 

optimized molecular order obtained by self-assembly at a particular temperature by using 

cross-linking such that this order can be preserved at room temperature and over a wide 

operational temperature range of the solar cell. Such approach has recently been 

demonstrated in polymerizable phthalocyanine derivatives [135]. During this process, 

high charge mobility should be preserved. Surface energies of electrodes and substrates 

can be controlled by using self-assembled monolayers with varying hydrophobic or 

hydrophilic properties, in order to have control over molecular orientation [153]. When 

these challenges are overcome by continuous development of optimized materials and 

processing techniques, the potential of discotic liquid crystals may be fully realized.  
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Chapter 4 Solar cells based on polycrystalline pentacene thin films 

4.1         Introduction 

From the previous chapters, we have learned that the ordered structure in molecular 

solids is one of the key aspects in achieving highly efficient organic solar cells, because 

of its potential to improve both carrier mobilities and exciton diffusion properties by 

allowing larger intermolecular electronic couplings. High mobilities and long exciton 

diffusion lengths have been shown to have positive impacts on the performance of solar 

cells by reduction of equivalent series resistance and by improving light-harvesting 

capabilities, respectively. Such ordering in condensed molecular solids may be found in 

organic single crystals in which molecules are often held in an ordered fashion by Van 

der Waals type weak intermolecular interactions [154].  Hole mobility values on the order 

of > 10 cm2/Vsec have been demonstrated in pentacene [155] and rubrene [156,157] 

single crystals. However, such organic crystals may not be suitable, although not 

impossible, for practical device applications, in particular, for solar cells which are 

essentially ‘large area’ devices. Some amorphous materials that can be easily processed 

from solutions or by physical vapor deposition are shown to exhibit electronic properties 

that are compatible with organic light emitting diodes (OLED) [158], which are majority-
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carrier devices that are based on carriers injected from the electrodes. However, organic 

solar cells, which need to extract the carriers from the organic materials to the electrodes, 

usually demand higher quality of materials in terms of ordering as well as purity. Bulk 

heterojunction type cells are inherently less dependent on such properties, but it was 

demonstrated that a delicate balance of intermixing and stratification between donor and 

acceptor materials as well as morphology in nanometric scale are important in the 

optimization of such cells [42].  

     Alternative systems in between high quality single crystals and easily processible 

amorphous materials may be found in liquid crystalline materials or polycrystalline thin 

film of organic molecules. In particular, the polycrystalline thin films of organic 

molecules, usually prepared by physical vapor deposition in vacuum, are compatible with 

various substrates including plastics and can be extended to large-area fabrication. Thin 

films of pentacene, a polyacene with five aromatic rings, have been successfully 

demonstrated as transport layers in organic field-effect transistors (OFET) with mobilities 

often as high as > 1 cm2/Vsec [77,159,160], and have often been used as a model system 

in understanding the various aspects of organic materials such as growth mechanism 

[161-165] or relationships of structure [166] and interfacial interactions [160,167] to 

device performance. However, its use in organic solar cells or photodiodes was relatively 

rare, and their efficiencies were low [168,169]. In this chapter, thin films of pentacene 

molecules are investigated as a new platform for efficient organic solar cells based on 

polycrystalline materials.  Fundamental properties of pentacene are briefly reviewed, and 

the photovoltaic performance of solar cells based on pentacene/ C60 heterojunctions is 



 147

presented.  Origins of efficient photocurrent generation and efficiency-limiting 

mechanisms are discussed based on modeling tools introduced in Chapter 2. Then, 

structural ordering and morphology of pentacene thin films deposited on ITO substrates 

are investigated in order to gain a deeper insight into pentacene-based solar cells at a 

microscopic level. Finally, routes to optimization and further improvement are discussed. 

4.2   Optical and electronic properties of pentacene 

A series of linear polyacenes (C4N+2H2N+4, Fig. 44), molecules containing N-aromatic 

rings, have been used as model compounds in numerous studies highlighting the optical 

and electronic properties of oriented organic solids such as single crystals and 

polycrystalline films [80,170]. Among them, pentacene (N = 5, C22H14, MW = 278.36) 

has recently attracted a great amount of interest as a semiconductor in organic field effect 

 

 

 

 
 
FIG. 44: A series of polyacenes (C4N+2H2N+4); (a) naphthalene (N = 2,  C10H8),  (b) 
anthracene   (N = 3,  C14H10), (c) tetracene (N = 4,  C18H12), and (d) pentacene (N = 5, 
C22H14). Molecular axes L and M are defined next to anthracene. 
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transistors [22], and thus many theoretical and experimental studies have been dedicated 

to understand the various aspects of pentacene thin-films or monocrystals particularly in 

an effort to find a way to improve carrier mobilities.   

Pentacene is known to form triclinic crystals (a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90°) that are 

slightly deviated from monoclinic types found in naphthalene and anthracene, with two 

atoms per each unit cell. (See Fig. 45.) The crystalline structure characterized by 

Campbell et al. is summarized in Table 11 [171]. The corresponding d-spacing in (001)-

direction for triclinic crystal [172] is given by:  
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From the parameters given in Table 11, d001, or the perpendicular distance between 

adjacent planes in the set (001) is calculated to be 14.5 Å with unit cell volume of 692 Å3. 

Pentacene is known to show polymorphism, and crystalline structures with d-spacing of 

14.1 Å, 15.0 Å, and 15.4 Å have also been reported [173]. Note that the two molecules in 

a unit cell are not equivalent in terms of their orientations. This inequivalence is known to 

cause two branches in excited states of the crystal often termed as Davydov splitting or 

Davydov doublet [170]. The vibronic-electronic structure of molecular solids can be 

easily accessed from UV/VIS absorption spectra. 
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FIG. 45: (a) Unit cell of triclinic crystal system and definition of cell parameters. (b) 
Herringbone-like arrangement of pentacene molecules shown in ab-plane. Note that 
molecule 1 and 2 are inequivalent in terms of their orientations. The image in (b) is 
borrowed from Ref 80. 
 
 
 

 

Table 11. Crystallographic data of pentacene single crystal [171]. 
 

  

        Unit cell parameters : 

a = 7.90 Å, b = 6.06 Å, c = 16.01 Å 

α = 101.9°, β = 112.6°, γ = 85.8°  

 

Orientation* Molecule 1 Molecule 2 

χL,  ϕL,  ωL   ( ° ) 

χM,  ϕM,  ωM ( ° ) 

χN,  ϕN,  ωN  ( ° ) 

104.4 , 106.4,   22.1 

  67.9,    30.7,   69.8 

  26.6,  115.7,   83.8 

104.3,  104.0,   20.3 

118.5,    29.2,   84.0 

  32.4,    65.0,   70.7 

∗ χj ,  ϕj ,  ωj are the angles between molecular axes j = L, M or planar normal j = N and a, 
b, and c axes, respectively. 
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The absorption spectrum of a pentacene thin film deposited on a glass substrate is 

presented in Fig. 46. Peaks are observed at hc/λ = 1.87, 1.96, 2.13, 2.27 eV. Silinsh 

pointed out these peaks are related to S1 excited state with its (intramolecular) vibrational 

modes [170]. (See Fig. 47.) In particular, the peaks at 1.87 and 1.96 eV were assigned to 

the Davydov splitting of the zero vibronic level of the S0→S1 transition [170]. Sebastian, 

Weiser, and Bässler linked the absorption peaks at 2.12 and 2.27 eV (T = 77 K) to the 

charge-transfer excitons using the electroabsorption (EA) studies, based on the shapes of 

the signal around those photon energies which resemble the second derivatives of the 

absorption peaks [174]. In contrast, the EA signal at ~1.85 eV was similar to the first 

derivative of the absorption peak at that photon energy, which was interpreted to be 

related to Frenkel-type exciton. The larger dipole moment expected for CT excitons 

compared to Frenkel-type excitons was explained to be responsible for such specific 

pattern of the EA signal. They also showed there are slight changes in the location of 

peaks and bandwidth of pentacene absorption spectra as a function of temperature. The 

peaks were slightly shifted toward a lower energy and become narrower and higher as 

temperature varies from 300 K to 77 K. The physical origin of this effect is not yet 

clearly identified. The electronic structures of the molecular crystals are determined by 

those of individual molecules and environmental factors/collective interactions, and 

regarded to be influenced by various factors such as polaronic effects, electron-phonon 

interactions, and crystalline polymorphs [170,175-177].  
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FIG. 46: UV/VIS absorption spectrum of pentacene film on glass deposited by physical 
vapor deposition. Thickness of the sample is approximately 50 nm. 
 
 
 

 
 
FIG. 47: Energy diagram of excited states of pentacene crystal (left), and illustration of 
electronic-vibronic states in organic molecules and the related optical transition (right).  
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          The measured ionization potential (IP) of isolated or gas-phase pentacene molecule 

is 6.59 eV [176]. On the other hand, IP values measured in pentacene solids are around ~ 

5 eV [175, 178]. This difference was attributed mainly to the electronic polarization effect 

[175]. Energy gap of the solid-state pentacene appears to show a variation from 1.9 eV to 

2.4 eV depending on authors and the way it is determined or calculated [170, 173, 174, 

179,180]. EG being set at the approximate median value 2.1 eV, the electron affinity is 

then estimated to be ~2.9 ± 0.3 eV. It is noted that the location of LUMO level is high 

enough to be used together with typical electron acceptors such as perylenes or fullerenes 

in donor/acceptor junctions for exciton dissociation. 

 

4.3   Photovoltaic properties of solar cells based on pentacene/C60 

heterojunctions 

4.3.1 Overview 

Demonstration of the large hole mobility in OFET and light-absorbing properties in 

visible spectrum allow pentacene to be regarded as a viable candidate for active material 

in organic solar cells. If high-crystallinity thin films of high purity can be obtained on 

common substrates for solar cells, in particular, the molecular-level ordering in such 

crystalline morphology and low impurity-driven recombination are expected to play an 

essential role in improving the performance of solar cells by increasing exciton diffusion 

length as well as carrier mobility as discussed previously. It was demonstrated by 

Jurchescu et al. that purification of pentacene can lead to great improvement of hole 



 153

mobility in pentacene single crystals [155]. PV devices, or photodetectors, fabricated with 

pentacene previously were often based on junction between metal or heavily-doped 

inorganic semiconductor and pentacene, rather than organic donor/acceptor junction, and 

PV devices exhibited very low efficiencies [168,169,181 ,182 ]. Heterojunction with 

electron acceptors is desired as it promotes the dissociations of excitons, and often allows 

broader coverage of the solar spectrum by compensating the region where absorption by 

the pentacene film is limited.  In the previous section, we discussed the energy levels of 

pentacene in its solid-state form is well compatible with those of C60, which is popularly 

used for acceptor materials in organic solar cells.  In the following sections, the 

photovoltaic properties of devices based on heterojunctions of pentacene and C60 will be 

presented. 

4.3.2 Fabrication and characterization 

All the organic materials used were purified once under vacuum by thermal gradient 

sublimation in which three distinctive zones were held at different temperatures in a way 

pure and homogeneous materials are condensed at a specific zone when the source 

materials are heated and evaporated from the first zone [183]. Organic layers and an Al 

electrode were sequentially deposited in vacuum through shadow masks onto ITO 

substrates. The typical vacuum was 10-7 Torr during the deposition of the organic 

materials. ITO (15 Ω/sq.) was purchased from Colorado Concept Coatings and used as 

received without further treatment except for solution cleaning and drying. Cleaning of 

ITO substrates was done by a series of ultrasonifications in the order of soapy water, 

deionized water, and ethanol. After each cleaning step, stream of nitrogen gas was blown 
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on the substrates. Parts of ITO were etched to define several devices with area (A) of 

approximately 0.1 cm2. The device geometry is equivalent to the one shown in the 

photograph presented in Fig. 41. The deposition system was directly connected to an N2-

filled glove box, inside which all the photovoltaic properties were measured without 

exposure of the devices to ambient air. For the broadband measurement, the filtered 

output from a 175 W Xenon lamp (CVI, model ASB-XE-175EX) was used as a light 

source (350–900 nm). The spectrum of the light source was measured using a CCD-based 

spectrometer (Ocean Optics, USB 2000). For monochromatic measurement, the 

monochromator (1200 grooves/mm, 0.125mm slits) was coupled to the same light source. 

Relevant order-sorting filters were used in order to avoid the effect of higher-order output 

of the light with a smaller wavelength. Intensity of the incident light (IL) was measured 

with a calibrated Si photodiode in both cases. Current-voltage characteristics were 

measured with a Keithley 2400 source-meter in a four-wire connection scheme to avoid 

the effect of the voltage drop due to the resistances associated with the probe lines and 

the electrical connection. 

4.3.3 Electrical characteristics of pentacene/C60 PV cells 

Electrical characteristic of a device (A = 0.13±0.01 cm2) with a geometry of 

ITO/Pentacene (45nm)/C60 (50nm)/BCP (10nm)/Al is presented in Fig. 48. Under the 

illumination of the broad-band light (IL = 100±2 mW/cm2), short-circuit current density 

(JSC) is 15±1.3 mA/cm2, open-circuit voltage (VOC) is 363±2.5 mV, a fill factor (FF) is 
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 0.50±0.01, and therefore power conversion efficiency η = FF JSCVOC / IL is 2.7±0.4 %.  

The inset of Fig. 48 shows the forward- and reverse-bias characteristics, from 

which cell series resistance (RS) and shunt resistance (RP) are estimated to be 2.2±0.2 

Ωcm2 and  40±3 kΩcm2 in dark, and to be 2.1±0.2 Ωcm2 and  310±30 Ωcm2  under   

illumination. The significant reduction of RP under illumination can be due to the 

photoconductive effect and/or the field-dependent carrier generation and will be 

discussed more in section 4.3.5.  

 

 

 

-0.4 -0.2 0.0 0.2 0.4
-20

0

20

40

60

Light

-2 -1 0 1 2

1µ

1m

1

 

 

J 
(A

/c
m

2 )
V (Volts)

 

J 
(m

A/
cm

2 )

V (Volts)

Dark

 

 
FIG. 48: Current density (J) – voltage (V) characteristics of a device with a geometry of 
ITO/Pentacene(45 nm)/C60(50 nm)/BCP(10 nm)/Al under illumination of the broadband 
light (100 mW/cm2, 350-900 nm, closed circle)  and in the dark (open circle). Inset: full-
range curves in semi-logarithmic scale under illumination (solid line) and in dark (dashed 
line). 
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4.3.4 Analysis of photocurrent spectra 

In order to explain the origin of the large photocurrent and estimate the performance 

under the standard AM 1.5G spectrum, external quantum efficiency (EQE), or the ratio of 

the number of charges generated to that of the incident photons, has been obtained as a 

function of wavelength (λ) [Fig. 49 (a)]. Note that efficient light-harvesting occurs 

throughout the visible spectrum. The peak EQE of 58 ± 4 % is observed at λ = 670 ± 3 

nm (1.85 eV), with the other peaks located at λ = 625 (1.98 eV), 580 (2.14 eV), 545 (2.28 

eV), and 440 nm (2.82 eV). The first four peaks from the low photon energy well agree 

with the characteristic peaks found in the absorption spectrum of the pentacene film (Fig. 

46), while the one at 2.82 eV can be attributed to that of C60 absorption.  

           As described in section 2.4.2, multilayer interference effect was taken into account 

when calculating E(z) and G(z). Equations 2.55 and 2.63 were then used to obtain p(z) 

and Jph. Boundary conditions of p(z) = 0 at the donor/ acceptor interface and p′(z) = 0 at 

the ITO/pentacene and C60/BCP interfaces were imposed.  Quantum efficiencies 

associated with the collection and dissociation were assumed equal to unity. Optical 

constants, (n, k), for each participating organic material, ITO and Al were taken from the 

literature [83,116,184]. In the case of BCP, n was estimated from the transmission data 

with the assumption of k = 0 at λ = 670 nm.* 

 

                                                 

* Since BCP is a wide-gap material (EG~3.5eV), this assumption may be justified. 
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FIG. 49: (a) External quantum efficiency (EQE) vs. the wavelength (λ) of the incident 
light. (b) Calculated distribution of the squared electric field strength, |E|2, at λ = 670 
nm normalized by that of the incident light, |E0|2. Vertical lines indicate the location of 
each interface. The distance, z, is measured from the glass/ITO interface. (c) 
Calculated EQE as a function of pentacene diffusion length (LP) at λ = 670 nm. LC60 = 
40 nm was assumed. Inset: (n, k) values used for the calculation in (b) and (c). 
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The calculated field distribution at λ = 670 nm indicates that |E(z)|2 is enhanced in 

the vicinity of the junction by the presence of interference effect in a current geometry. 

[See Fig. 49 (b).] Upon comparison of the experimental data with the calculated results 

for EQE as a function of the exciton diffusion length of pentacene (LP) at λ = 670 nm 

[Fig. 49 (c)], LP is estimated to be 65±16 nm, which can be regarded fairly high 

compared to other organic molecules that are currently used for organic solar cells.  The 

diffusion length for C60 (LC60) used for this calculation was 40 nm which is the value 

reported by Peumans et al. [83], but choice of  LC60 had little effect on EQE at λ = 670 

nm because absorption by C60 film is low at this wavelength. The error range in this 

estimation was obtained in consideration of the limited accuracies of the available optical 

constants for each layer. It is also advised that estimation for exciton diffusion length can 

yield different results depending on the model describing generation of photocurrent, 

boundary conditions, and other related assumptions.  Exciton diffusion lengths of organic 

materials that were measured in various ways are summarized in Ref. 83 . 

     Absorption profile calculated at λ = 670 nm for each layer indicates 65 % of the 

incident photons are absorbed in the pentacene layer and the others are either reflected 

(18 %) or absorbed in the Al (12 %), ITO (3 %), and C60 (2 %) layers.  The quantum 

efficiency of exciton-to-charge generation ηECG, or EQE divided by the absorption in the 

active layers [125], is therefore 87 %. If either of ηCS and ηCC were smaller than one, 

higher LP would be needed to match the experimental result. However, ηECG that is fairly 

close to unity suggests approximation of ηCS  = ηCC  ≈ 1 may be regarded valid and that 

the pentacene/C60 junction serves as the site for efficient charge separation. In short, the 
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above analysis shows the highly efficient photocurrent generation in this pentacene/C60 

solar cell is originated mainly from (i) the large exciton diffusion length of pentacene 

layer and from (ii) efficient dissociation of excitions at the pentacene/C60 junction.  

From the overlap integral of EQE(λ) with the distribution of photon flux under 

the standard AM 1.5G illumination, we project JSC to be 8.2 ± 0.7 mA/cm2  under 1 sun 

(100 mW/cm2). Then, η is projected to be around 1.5 % under such conditions using the 

typical parameters at a similar level of JSC. Currently, the most limiting factor appears to 

be the relatively low VOC. The values reported in PV cells based on copper 

phthalocyanine (CuPc) and C60 is around 500 mV at 1 sun level [37], and those based on 

poly(p-phenylenevinylene) (PPV) derivatives and methanofullerene (PCBM) show VOC 

over 800 mV for similar conditions [42]. When the energy difference between the highest 

occupied molecular orbital (HOMO) of donor and the lowest unoccupied molecular 

orbital (LUMO) of acceptor is assumed to correlate with VOC as discussed in section 2.3, 

this difference may be attributed partly to the smaller ionization potential of pentacene 

compared with CuPc and PPV-derivatives.    

4.3.5 Light-intensity dependence of equivalent circuit parameters 

A. Extraction of circuit parameters as a function of light intensity 

I-V measurement as a function of varying light intensity is one of the basic 

characterization methods for PV  devices and could offer a deeper insight into the 

understanding of operation of a given solar cells. In fact, several research groups 

addressed such issues in various platforms for organic solar cells [37,85,87,88,185]. 
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Figure 50 shows the electrical characteristics of the same device presented in the previous 

section under illumination of the broadband light (350-900 nm) with IL varied between 0 

and 100 mW/cm2. Figure 51 summarizes the dependence of the photovoltaic parameters 

vs. intensity IL. |JSC| shows good linearity with respect to IL with the power fit of 

0.151(A/W) IL
0.998 [dashed line in Fig. 51 (a)]. VOC increases slightly with IL while FF 

decreases, which makes η stay relatively constant. However, it is noted that the increase 

of VOC is slower than the logarithmic dependence that could be expected for ideal pn-

junction cells. 

In order to parameterize the current-voltage characteristics of these cells at a 

given intensity, the equivalent circuit model described in section 2.2 was employed. 

Fitting to the model was done based on discussion given therein. First, estimations for RS 

[≡ RS
(est)] and RP [≡ RP

(est)] were made from the inverse slopes of the forward and reverse 

characteristics, respectively. Jph = |JSC| was assumed for simplicity. According to Eq. 2.16, 

this is a good approximation as long as |JSC|RSA is not significantly larger than n(kBT/e) 

within the range of the illumination level of interest. With RS varied as a fitting parameter 

and RP fixed at RP
(est), (JS, n) fulfilling the equations for VOC [Eq. 2.15] and FF [Eq. 2.21] 

for each set of (RS, RP) to find the set of parameters minimizing the sum of the squared 

errors (SSE) defined by: 

( )( ) ( )( ){ } { }
2 2

SSE log log ( ) ( )Fit Fit
V

J V J V J V J V = − + −  ∑  ( Eq. 4.2 )
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FIG. 50: (a) J-V characteristic of ITO/pentacene(45 nm)/C60(50 nm)/BCP(10 nm)/Al 
under illumination of the broadband light (350-900 nm) at varying light intensities IL 
(closed shapes) and in dark (open circles). (b) Semi-logarithmic J-V curves at IL = 100 
mW/cm2 (Inset : in dark). Solid lines in (a) and (b) are fitting curves for each case 
obtained by the simple equivalent circuit model. Fitting parameters are summarized in 
Table 12.  
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over the range of -1.5V < V < 1.5V. JFit(V) is the current density generated by the model. 

The SSE defined in this way was taken from Ref. 85, and was found to be useful because 

the logarithmic terms can help avoid overweighing the forward-bias region which can 

sometimes lead to unsatisfactory fitting results which overlook the photovoltaic and 

reverse-bias regions.* Our method was not very sensitive to the choice of SSE for data 

obtained under illumination because the parameters are determined in such a way that FF 

and VOC are matched to the experimental results. However, this SSE was used in 

particular for fitting the data measured in dark. RP may also be set as a fitting parameter, 

but fixed value of RP = RP 
(est) resulted in sufficiently adequate fit over the entire voltage 

range used.  The fitting curves for dark and for each illumination level are represented by 

the solid lines in Fig. 50 (a) and the parameters extracted from the best fitting results are 

summarized in Table 12.  

Semi-logarithmic curves shown for dark and IL = 100 mW/cm2 in Fig. 50 (b) 

demonstrate these fits are in good agreement with experimental data throughout the 

voltage range used. These tight fits obtained at various light intensities suggest this 

simple equivalent circuit model is appropriate for a given light intensity.  It is advised 

that acceptable fit may also be obtained for a range of {JS, n, RS} depending on the 

accuracy in experimental data. For examples, at IL = 100 mW/cm2, {JS = 54m 16 µA/cm2,  

                                                 

* Another method that can be used in dark characteristics for determination of (JS, n)  is to estimate them 

from the slope and Y-cut of ln(J) – V/VT curve after “turn-on” voltage within a voltage region where the 

effect of RS and RP may be ignorable. See Ref. 185 for examples applied for polymer bulk heterojunciton 

cells. 
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FIG. 51: Trends of photovoltaic parameters vs. IL. Solid lines are guides to the eye. 
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Table 12. Photovoltaic parameters vs. light intensity (IL) and fitting results using the 
equivalent circuit shown in Fig. 12 (T = 300 K). 

 

IL 
(mW/cm2) 

JSC  
(mA/cm2) 

VOC 
(V) 

FF 
 

η 
(%) 

JS  

(µA/cm2) 
n 
 

RSA  
(Ωcm2) 

RPA  
(Ωcm2) 

Dark      2.3 1.8 2.15 40,100 

27 4.2 0.328 0.54 2.72 12 2.2 2.19  1,176 

43 6.4 0.344 0.53 2.68 20 2.3 2.09 780 

63 9.5 0.356 0.52 2.78 29 2.4 2.08 515 

84 12.6 0.361 0.51 2.77 42 2.5 2.04 408 

100 15.0 0.363 0.50 2.71 54 2.5 2.04 328 
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n = 2.5m 0.15, RSA = 2.04 ± 0.04 Ωcm2} can produce a J-V curve that satisfies FF = 0.50 

± 0.01 without change in VOC when Jph and RP are set at the same values shown in Table 

12. 

     With the knowledge of the diode parameters, their influence on the electrical 

characteristics can be studied. For instance, at IL = 63 mW/cm2, this device yields an 

experimental fill factor of FF = 0.52 and experimental open-circuit voltage of VOC = 356 

mV. With an ideality factor of n = 2.4 extracted from the fitting procedures a value of vOC 

= 5.73 at T = 300 K can be calculated, yielding a value of FF0 = 0.576 using the 

empirical equation for ideal fill factor (RS = 1/RP = 0) presented in Eq. 2.21. The same 

VOC with n = 1 (n = 1.5) would result in FF0 of 0.75 (0.68). Since RCHA of this device is 

calculated to be 37.5 Ωcm2 from the experimental values of JSC and VOC, rS and rP have 

values of 0.0555 and 13.7, respectively. Using the equation for FFS in Eq. 2.21, one can 

evaluate that the effect of RS results in FFS = 0.544, which corresponds to a reduction by 

5.6 % from the ideal fill factor FF0. If we also include the effect of RP, the resultant fill 

factor FFSP is then calculated to be 0.52, which corresponds to a reduction by 4.4 % from 

the FFS.  

 

B. Extended equivalent circuit for simulation of the light-intensity 

dependence 
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While the simple equivalent circuit shown in section 2.2 provides quantitative 

information on the relative effect of each resistance on the device fill factor at each 

illumination level, it was not possible to fit our experimental data over a range of 

different IL without a significant change in the diode parameters (JS, n) and in shunt 

resistance RP, which is in contrast to an ideal pn-junction solar cell. Similar phenomena 

were also reported in polymer blend bulk heterojunction solar cells [85,88], and in small 

molecular-weight multilayer cells [37,87]. Note in Fig. 52 (a) and (b) that n varies when 

the cell is under illumination or in the dark and that JS and 1/RP increase with intensity IL 

while RS remains relatively unchanged. It is seen that (1/RP -1/RP0 )A-1 can be well fitted 

by γ IL in which RP0 is the shunt resistance measured in dark and γ = 0.030 Ω-1W-1. In 
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addition, the dependence of VOC on IL was different from the typical logarithmic relation 

observed in typical inorganic pn-junction cells [84], that is, Eq. 2.15 in which n and JS are 

substituted with n0 and JS0 which are the ideality factor and reverse saturation current 

density obtained in the dark, respectively.  

In order to take into account this unconventional light dependence, we propose to 

modify the equivalent circuit and to incorporate an additional shunt resistance (RPL) and a 

second diode, as shown in Fig. 53.  In this modified circuit, the value of RPL, and the 

reverse saturation current density JSL and ideality factor nL of the second diode may be 

regarded functions of light intensity in general. The current-voltage characteristic for 

such circuit is then given by: 

      
0

0 0

exp( ) 1
/

exp( ) 1
/

S
B P

SL ph
L B PL

V V
J J

n k T e R A

V V
J J

n k T e R A

 ′ ′ = − +   
 ′ ′ + − − +   

 ( Eq. 4.3 ) 

where V′ ≡ V-JRSA, and RP0 is the shunt resistance determined in the dark. The double-

diode model was introduced previously to account for the recombination current in the 

dark characteristics of inorganic solar cells [4], but no light-dependence was usually 

assumed. The added shunt resistance may describe various bulk photoconductive effects 

[37,85,90].  In a similar way described in the previous section,  the experimental J-V 

curves were fitted to Eq. 4.3 at each illumination level with  RS set as a fitting parameter 

and  with the net shunt resistance RP  = (1/ RP0 + 1/ RPL)-1  fixed at the same value 

tabulated in Table 12. 
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 A set of JSL and nL matching experimental VOC and FF was numerically 

calculated for each set of (RS, RP) during the fitting process.*   n0 of 1.8 and JS0 of 2.3 

µA/cm2 were used as specified for dark condition. (See Table 12.)  Figure 54 shows that 

fitting with the modified equivalent circuit also resulted in tight fits to experimental data. 

As summarized in Table 13, best fitting results were obtained with nL = 3.1±0.3 and RSA 

= 2.2±0.1 Ωcm2 in the range of illumination intensities studied.  Figure 54 (b) shows that 

JSL increases with IL similar to the trend of JS shown in the single-diode equivalent circuit 

model.   When the dependence of JSL on IL is assumed linear, the linear fits for Jph, JSL 

and 1/RPL result in the final electrical characteristic which is expressed as a function 

                                                 

* Since Eq. 2.21 is good for equivalent circuit model with a single diode, FF was calculated by finding the 

condition maximizing the product of V and J(V) in 0 < V < VOC. 

 

 

 
FIG. 53: Modified equivalent circuit containing the additional shunt resistance (RL) 
and diode (JSL, nL) the parameters of which may be dependent on light intensity. 
Parameters with the subscript ‘0’ indicate those obtained in the dark. Components 
with the intensity-dependent parameters are enclosed by the dashed line. 
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FIG.  54 (a) Best fitting result using the modified equivalent circuit model. Open 
circles: experimental data at IL = 100mW/cm2. Solid line: fitting curve. Inset: wide-
range plot in semi-logarithmic scale.  Hypothetical J-V curves are presented to 
illustrate the effect of series resistance RS, additional shunt resistance RPL, and the 
additional diode (JSL, nL) on the electrical characteristics; Dashed line: case where 
there is no additional diode, and RS=0 and RP=RP0. Dash-dotted line: no additional 
diode, and RP=RP0 but RSA ≠ 0. Dotted line: no additional diode but RP = (RP0

-1+ 
RPL

-1) -1
 and RSA ≠ 0. In all cases, RP0A = 40,100 Ωcm2, and RSA = 2.14 Ωcm2, unless 

specified as zero. For details on fitting results, refer to Table 13. (b) JSL and nL vs. IL 
obtained by the fitting process using the modified equivalent circuit.  Dashed line is 
the result of linear fit for JSL, that is, JSL = [7.5×10-4 (A/W)] IL. Solid lines are guides 
to the eye. 
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of IL as follows: 

   
0

0 0

exp( ) 1 exp( ) 1
/ /S L

B P L B

V V V
J J I V

n k T e R A n k T e
α β γ
   ′ ′ ′    ′= − + + − − +           

 
 

( Eq. 4.4 ) 

in which V′ = V - JRSA, RP0A = 40,100 Ωcm2, α = 7.5×10-4 A/W, β = 0.15 A/W, and γ = 

0.030 Ω-1W-1 where JSL(IL) ≡ α IL, Jph(IL) ≡ β IL, and [RPL(IL)A]-1≡ γ IL. RSA and nL were 

fixed at 2.2 Ωcm2 and 3.1, respectively, as their variations were relatively small. 

     As shown in Fig. 55, the experimental photovoltaic parameters as a function of IL 

are in very good agreement with the model prediction given by Eq. 4.4.   In addition, one 

can use this model to gain insight into the relative effects of the different equivalent 

circuit parameters. In other words, one can simulate hypothetical cell photovoltaic 

parameters in different ideal situations. Figure 55 describes how the FF, VOC, and η are 

influenced when RS, RPL, and JSL are sequentially added to the ideal cell in which all of 

 
 

Table 13. Fitting results using the modified equivalent circuit. 
 

JS0  = 2.3µA/cm2,  n0 = 1.8,   RP0A = 40,100 Ωcm2 

IL 
(mW/cm2) 

JSL  

(µA/cm2) 
nL 
 

RSA  
(Ωcm2) 

RPLA * 
(Ωcm2) 

27 22 3.2  2.30  1,210 

43 42 3.4 2.22 795 

63 54 3.2 2.20 522 

84 61 3.0  2.14 412 

100 68 2.9  2.14 331 
 

* RPL was calculated from RPL = (1/RP - 1/RP0)-1 in which RP is the net shunt resistance tabulated 
in Table 12. 
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these components are absent. It can be easily noted that RS and JSL are the major factors 

limiting cell efficiencies at high intensities. These effects may also be well illustrated by 

observing changes in simulated J-V characteristics upon addition of these parameters. For 

example, dashed line in Fig. 54 (a) shows a simulated J-V characteristic at IL = 100 

mW/cm2 of a cell in which the effects of the dependence of the circuit parameters (RP, JS) 

on the light intensity have been eliminated, and in which RS = 0. Under such conditions, 

one would observe an open-circuit voltage VOC of 407 mV, a fill factor FF of 0.67, and a 

power conversion efficiency η of 4.1 % at IL = 100 mW/cm2. If one maintains only the 

effects of the series resistance, the efficiency η reduces to 3.7 %, due to decrease in FF. 

If the effects from both RPL and RS are included but the dependence of the reverse 

saturation current on light intensity is ignored, η reduces to 3.4 %.  These values of 

efficiency have to be compared with the efficiency of η  of 2.7 % that is measured at IL = 

100 mW/cm2 in our devices. This analysis shows that the effective increase of the reverse 

saturation current density with illumination intensity results in decrease of both VOC and 

FF, which accounts for half of the total reduction in efficiency from a maximum ideal 

value of 4.1% to the measured value of 2.7%. Possible explanations for the origin of the 

dependence of the circuit parameters on light intensity may include the field-dependent 

recombination of photogenerated carriers, as was suggested by Schilinsky et al. in bulk 

heterojunction cells [85].   
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FIG. 55: Simulated photovoltaic parameters as a function of light intensity IL:  (a) FF, (b) 
VOC, and (c) efficiency. In all cases, open circles are experimental data, and lines are 
calculated values using Eq. 4.4 with α, γ, and RS as specified in the bottom part of the 
figure. Unless specified as zero, α ≡ JSL(IL)/IL = 7.5×10-4 A/W,  γ ≡  [RPL(IL)]-1/IL = 0.030 
Ω-1W-1, β ≡ Jph(IL)/IL = 0.15 A/W, and RSA = 2.2 Ωcm2 were used. JS0, n0, and RP0A are 
2.3 µA/cm2, 1.8, and 40,100 Ωcm2, respectively. 
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In Fig. 55, one can also note that the effect of RPL on FF and efficiency is more 

significant than that of RS in low light intensities but it stays almost constant upon 

increase in IL even though the net RP continues to decrease. This is due to the fact that 

normalized shunt resistance rP remains relatively unchanged because the decrease in RP 

with IL is compensated with increase in |JSC|. On the other hand, the effects of RS and JSL 

become more significant as IL increases, indicating they are among the most important 

parameters that need to be controlled in order to ultimately achieve highly efficient solar 

energy conversion in this type of cells. 

In summary, the equivalent circuit parameters in pentacene/C60 solar cells were 

studied at various light intensities with the modified equivalent circuit that incorporates 

the additional diode and shunt resistance which may depend on light intensity. With this 

approach, we were able to discuss their relative influence on power conversion efficiency 

and other photovoltaic parameters as a function of light intensity. The light-intensity 

dependence of the equivalent circuit parameters was shown to be partly responsible for a 

reduction of the overall performance of the solar cells. This study suggests that the 

efficiency of these cells can be further improved if these various effects can be directly 

connected to physical processes taking place, and if these physical processes can be 

controlled during cell design and fabrication. 
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4.4   Discussion 

From the previous sections, it was shown that the efficient photocurrent generation in 

pentacene/C60 solar cell originates partly from the large exciton diffusion length (L) in the 

pentacene film. A simple figure of merit related to the diffusion length would be the 

product of absorption coefficient and diffusion length, αL. At λ = 670 nm, αL is 

estimated to be approximately 0.5 for pentacene from the analysis given in the previous 

section. Roughly speaking, the quantity ηA ≡ (1-e-2αL) corresponds to the external 

quantum efficiency for the device in a double-pass Beer’s law regime with thickness d = 

~ L assuming the unity transmission through the substrate window.* For αL of 0.5 [1.0], 

ηA is about 0.63 [0.87]. Another popular hole-transporting material CuPc has been 

reported to have L on the order of 10-20 nm with α = (4πk/λ) of ~ 0.016 nm-1 at λ = 620 

nm, which yields αL in the range of 0.16 – 0.32. This corresponds to ηA = 0.27 – 0.47. 

That is, even though the peak absorption coefficient of pentacene is smaller than that of 

CuPc, its significantly larger excition diffusion length allows higher external quantum 

efficiencies to be achieved.  

A possible reason for the large exciton diffusion length may be found in highly 

crystalline nature of pentacene films. However, the crystallinity of the pentacene films 

has been known to vary depending on the deposition conditions such as substrate 

temperature and deposition rate and on the substrates through their roughness and surface 
                                                 

*  Rigorous estimation should include interference effects owing to thin-film multilayer structures, as 

described in sections 2.4 and 4.3.  
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energy (or the degree of hydrophilic nature at the surface) [165, 167,186]. Therefore, it is 

important to characterize the degree of crystallinity of the pentacene film deposited on 

the common substrate for solar cells in order to gain a clear microscopic view of the 

pentacene-based devices. In such an effort, X-ray diffraction (XRD) and AFM studies 

have been conducted on the pentacene films deposited on the ITO glass with the same 

deposition condition used in device fabrication. (Fig. 56) The film grown on ITO 

substrate shows a surprisingly good crystallinity with domain sizes ranging from several 

hundred nm to slightly less than 1 µm. Domain sizes as well as XRD intensity are larger 

than those obtained on SiO2 substrate and show clear distinction from those deposited on 

slide glass which consist of much smaller domains. It is also noted that domains are fairly 

closely packed so that the direct penetration of acceptor molecules to the ITO electrode 

may be avoided. 

The d-value of 15.3 Å calculated for ITO sample from its first peak in the XRD 

result is consistent with that of so-called “thin-film” phase that is often found in 

polycrystalline thin-film deposited by physical vapor deposition [187]. A series of peaks 

next to the major peaks are associated with the crystalline morphology with d = 14.3 Å 

which has been identified as “bulk phase,” because this phase is typically found in 

pentacene bulk single crystals [187,188]. According to the literatures, the thin film phase 

is a metastable phase that is kinetically favored at the initial growth stage possibly due to 

interfacial interaction. On the other hand, the bulk phase is a thermodynamically stable 

phase which sets in only after a certain critical thickness [187,188]. Such critical 

thickness was shown to decrease as the substrate temperature increases and deposition  
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rate decreases [188]. The ratio of intensity of bulk-phase peak to that of thin-film phase 

peak is 0.14 for ITO and 0.20 for SiO2, from the respective first set of peaks. 

Considering this relatively small ratio and the critical thickness for pentacene films 

(on SiO2 substrate) that was estimated to be around 100 nm at room temperature by 

Bouchoms et al. [188], pentacene layer used for the devices is expected to consist mostly 
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FIG. 56: X-ray diffraction results and AFM images (3µm by 3µm) of pentacene films (~ 
100 nm thick) deposited on various substrates: ITO, thermally grown SiO2 on Si-wafer, 
and microscope slide glass. This work was done in collaboration with Z. An (X-ray) and 
R. Szoszkiewicz (AFM). 
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of the thin-film phase.  The long axis of pentacene molecule in the thin-film phase is 

expected to be oriented at an angle of 17° with respect to the surface normal assuming 

also a triclinic unit cell [187].  

The widths of diffraction peaks are inversely related to the size of crystallites by 

the so-called Scherrer relation: 

001

2 cos 1
s

l
θδθ

δ
λ

= ≈  ( Eq. 4.5 ) 

in which 001l  is the mean dimension of the structural entity in a direction perpendicular to 

the (001)-plane, θ the diffraction angle in radian, and δθ the FWHM [189]. This may be 

understood using a Fourier transform argument. This simple relation can be further 

refined by including the broadening effect due to a disorder of the second kind which 

describes the fluctuations in the lattice translation vector following Gaussian distribution 

without long range correlations among defects. In such case, 001l  is now given by the 

following relation as discussed by Dimitrakopoulos et al. [187],  

4 4
4

2 2
001 001

2 cos 1m m
m

g
s m

l d
θ δθ π

δ
λ

= ≈ +  ( Eq. 4.6 ) 

in which 001d  is the mean distance between adjacent (001)-planes, g the mean fluctuation 

in 001d , and m the diffraction order. From the linear regression of ( msδ )2 versus m4 data, 

001 63nml ≈ with g of approximately 1% is estimated. (See Fig. 57.) Note that this value 
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is comparable to the layer thickness (~100 nm) used for this study. Moreover, this 

estimation may be considered as a lower limit because the effect of the instrumental 

broadening is not included [187]. The large crystallite dimension which is larger than or 

comparable to exciton diffusion length in a direction normal to the substrate could be 

regarded important, because the actual exciton diffusion could otherwise be interrupted at 

the crystallite boundary.  

            In summary, the polycrystalline nature of the pentacene film deposited on ITO 

substrates was identified by XRD and AFM, and it was revealed that its crystallinity was 

even superior to that of the film grown in the same condition on SiO2 which is commonly 
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used for dielectric layer for pentacene-based OFET. This supports the idea that the long 

exciton diffusion length of the pentacene layer observed in pentacene/C60 solar cell 

results from such high degree of ordering. 
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Chapter 5 Summary and outlook 

A current mode of energy generation that is heavily dependent on fossil fuels poses to a 

human race a threat associated with environmental problems such as global warming and 

air pollution, and that related to energy security resulting from the limited quantity in 

comparison to ever growing energy demands. Photovoltaic (PV) energy generation which 

directly converts the energy from the sunlight into the electricity can offer a secure and 

environmentally benign solution to such problems. In order to realize affordable PV 

technologies in the highly cost-sensitive energy market, however, module efficiency and 

lifetime of more than 10 % and 10 years with low fabrication cost are highly desired.  

In comparison to current wafer technologies, conjugated polymer or organic small 

molecular-weight semiconductor materials have a potential to provide inexpensive low-

temperature fabrication routes in which devices may be fabricated in a large scale on 

various substrates with unique form factors and mechanical flexibility. However, the 

power conversion efficiencies of the solar cells based on such organic materials are yet 

far from the practical goal. In this work, various aspects of organic solar cells were 

studied in an effort to improve their efficiencies as well as to gain a better understanding 

on their operation mechanisms.   

First, the role of delocalized π-electrons and their interactions in conjugated 

organic systems was briefly reviewed as a molecular-level origin of optical and electrical 
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properties, with emphasis on the importance of molecular ordering in solids for 

improving exciton/ carrier transport properties. Excitonic nature of the organic materials 

and its implication to energetics that can lead to efficient exciton dissociation were 

discussed.  

Based on the framework of excitonic solar cells, theoretical power conversion 

efficiency that can be achieved in donor/acceptor heterojunction organic solar cells were 

estimated as a function of the smaller energy gap of the active materials. Equivalent 

circuit model typically used for inorganic pn-junction solar cells was borrowed and used 

to understand the influence of various equivalent circuit parameters such as series and 

shunt resistances on the performance of the cells. Organic solar cells are often fabricated 

from materials with low intrinsic conductivities, and thin-film fabrication could cause 

relatively high leakage. In particular, the effects of these equivalent circuit parameters on 

fill factors were studied, and modified empirical equations were provided that have a 

wide range of applicability in organic solar cells.  Efficiency that can be practically 

achieved was also discussed using the equivalent circuit model. Then, the exciton 

diffusion model was employed in consideration of optical field distribution inside thin-

film multilayer structures in an effort to model the photocarrier generation process and to 

further use it for optimization of the device structures. Analytic solutions were provided 

also with incorporation of generalized boundary conditions characterized by interfacial 

exciton quenching velocities. Influence of exciton diffusion length was studied in details 

in various situations that can be met in actual organic solar cells.  
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Self-assembling discotic liquid crystalline (DLC) materials were investigated as 

potential semiconducting media for organic solar cells.  Transport of carriers in DLC 

materials were reviewed, and then octasubstituted copper phthalocyanines (DL-CuPc) 

that exhibit discotic mesophases were incorporated into organic solar cells as a donor and 

paired with C60 as an acceptor. Cells that had undergone the annealing process showed a 

significant improvement in cell efficiencies over the cells that had not. Using the 

equivalent circuit model, the series resistance was shown to decrease after annealing 

process, suggesting the improved transport properties possibly due to the molecular 

arrangement induced in the liquid crystalline phase during the annealing process. Further 

analysis shows the reduction of series resistance cannot be the only reason for increase of 

short circuit current and fill factor. AFM study of the DL-CuPc layer revealed the 

annealing process changes film morphology to a textured surface with typically 

submicron features. The increase in interfacial area is believed to be linked to the 

increase in photocurrent. This morphological change, however, appears to cause side-

effects such as decrease in open circuit voltage by creating pinholes in the film that can 

cause leakage paths due to direct contact of acceptor layer to the ITO electrode. 

Therefore, further optimization will require us to find the annealing condition that can 

allow the morphological change that leads to improvement in exciton dissociation 

probability but with minimization of the unwanted side effect. 

While the liquid crystalline approach has been demonstrated as the method to 

obtain easily processible semiconductors that posess also a certain degree of molecular 

orders for organic solar cells, the overall power conversion efficiencies in these devices 
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was still low. As an alternative, the polycrystalline thin pentacene films prepared by 

physical vapor deposition in vacuum was investigated.  First, its optoelectronic properties 

have been briefly reviewed from the point of view of solar cells. Then photovoltaic 

properties of solar cells based on heterojunctions of pentacene and C60 fabricated on ITO 

substrate were studied under both monochromatic and broadband illumination. 2.7 % 

conversion efficiency under broadband illumination (350-900 nm) of 100 mW/cm2 was 

achieved mainly due to a high photocurrent and good device fill factor. Photocurrent 

spectra show efficient light harvesting throughout the visible spectrum with a peak 

external quantum efficiency of 58 % at λ = 670 nm at which most of the incoming 

photons are absorbed in the pentacene layer. From the comparison between the 

experimental external quantum efficiency and the one predicted by exciton diffusion 

model, the large exciton diffusion length of pentacene film was shown to largely account 

for the efficient photocurrent generation.   

It turned out from joint X-ray and AFM study that pentacene films deposited on 

ITO substrate possess a highly polycrystalline nature with relatively large domain sizes, 

which could be identified as a microscopic origin for the large exciton diffusion length of 

pentacene films deposited on ITO. Average crystallite size in a direction perpendicular to 

the substrate was estimated to be comparable to the layer thickness (~100 nm) used for 

our study.  The capability of growing crystallites that are comparable to the intrinsic 

diffusion length will be important, because the actual exciton diffusion could otherwise 

be interrupted at the crystallite boundary.  
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In addition, electrical characteristics were studied under illumination as a function 

of light intensity.  Equivalent circuit parameters extracted at each intensity revealed a 

significant decrease in shunt resistance and increase in diode reverse saturation current 

density upon increase of the light intensity. In order to model this non-conventional light 

intensity dependence, we proposed a modified equivalent circuit incorporating an 

additional diode and shunt resistance. From this, the relative effect of these parameters to 

photovoltaic performance could be analyzed as a function of the light intensity. This 

modeling study suggested the light-intensity-dependent parameters are partly responsible 

for a decrease in efficiency by reducing both fill factor and open-circuit voltage. 

Therefore, further improvement in this type of organic solar cells will require the 

identification of the physical origins for these intensity-dependent circuit parameters and 

will require one to design or find ways to passivate the related processes, along with the 

further optimization of device structures for even higher photocurrent generation. 

In short, the photovoltaic properties of organic solar cells have been studied by 

both theoretical modeling and experiments. It was demonstrated that the approach based 

on the improvement in molecular ordering can lead to an enhancement in the 

performance of these types of cells. The true potentials of organic solar cells could be 

fully realized when the physics behind the operation of this type of cells is further 

understood, and when the approaches based on these understanding are strategically 

aimed toward its optimization also with design of novel architectures like multi-junction 

cells. Furthermore, when these cells can be fabricated into large-area modules with 

dependable lifetime, their social and economic impact are expected to be substantial.  
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