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1. Introduction 

Solar light is the most important source of regenerative 
energy (and also the source of waterpower, wind and 
biomass) and represents mankind's only inexhaustible ener- 
gy source. The annual energy input of solar irradiation on 
Earth (5 % UV, 43 % visible, 52 % IR) exceeds the world's 
yearly energy consumption by several thousand times. For 
the conversion of solar energy, fundamentally new develop- 
ments are important. One of today's most promising tools to 
make use of solar energy is its direct conversion into electri- 
cal energy in photovoltaic cells. 

An extended use of these solar cells depends on the price 
of the devices and therefore of the obtained energy. For 
inorganic solar cells (silicon) used in central Europe, the cost 
of electrical current obtained in this way decreased from 
3.17DM/kWh in 1981/82 to 1.91 DMjkWh in 1988. The 
costs assumed for the year 2010 are 0.36 DM/kWh, and for 
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Fig. 1. Power conversion efficiencies of solar cells. E: single crystalline silicon; 
P: polycrystalline silicon; A: amorphous silicon; 0: organic solar cell. In each 
case both the laboratory (left) and commercial status (right) are shown. 
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2020, 0.20 DM/kWh.*'"] Figure 1 shows the efficiency of 
photovoltaic solar cells under sunlight illumination. Today, 
photovoltaic devices consisting of molecular or polymeric 
organic compounds as active parts of solar cells exhibit pow- 
er conversion efficiencies of only up to 0.5%. However, re- 
markable progress has been made in the very short history of 
organic cells. In the early 1970s the efficiency was as low as 
10- %. Organic materials - in case the efficiency can be 
improved further -exhibit the advantages of cheapness, low 
processing costs (e.g. spin coating as employed for commer- 
cial ROM discs) and a nearly unlimited variability. 

This paper will give an overview of organic solar cells: cell 
structure and their fabrication, cell characteristics, and ab- 
sorption and conduction mechanisms. 

2. Comparison with Inorganic Semiconductor Cells 

In a photovoltaic device, a semiconductor is used as the 
light-harvesting unit. Light absorption results in photoexci- 
tation of electrons (and the accompanying generation of 
holes). In order to achieve charge separation an electrical 
field is necessary. This is provided by the contact junction to 
another material exhibiting a different work function (ion- 
ization energy). In the case of crystalline inorganic semicon- 
ductors these processes are described by energy-band mod- 
els.['bl The situation in molecular and polymeric organic 
semiconductors is much more complex due to the lack of a 
three-dimensional crystal lattice, different intramolecular 
and intermolecular interactions, local structural disorders, 
amorphous and crystalline regions, and chemical impurities. 
As a result, the energy-band structure of organic conductors, 
as calculated using e.g extended Hiickel methods, is much 
more complex than in inorganic crystalline or amorphous 
semiconductors. As one of the many consequences of this, 
light absorption often results in exciton formation. Excited 
electron and generated hole interact strongly and diffuse as 
uncharged particles until they dissociate e.g. in an electric 
field. Also, the charge-carrier mobilities are generally several 
orders of magnitude lower than in inorganic semiconduc- 
tors. 

Classical band model theories can however provide at 
least a qualitative understanding of the fundamental phe- 
nomena found in molecular organic materials. Therefore, 
typical Schottky and p/n-junction models, as developed for 
inorganic materials, are described briefly and later applied to 
organic materials. Nevertheless, one should keep in mind 
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Fig. 2. a) Schottky contact as formed between a metal A of low work function and a p-type semiconductor. The metal B here forms an ohmic contact. b) Classical 
pin junction. Both metals are chosen to form ohmic contacts. Up, = photovoltage. 

that this is only a very rough approximation of the solid- 
state properties of these materials and their junctions. 

According to the classical theories, on p-type and n-type 
doping of an intrinsic material new energy levels are intro- 
duced in the band gap close to the band edges. This changes 
the chemical potential of electrons in the material (the work 
function) as described by the fermi level. If a semiconductor 
is brought into contact with another material having a differ- 
ent work function the electrochemical potentials (fermi lev- 

els) equilibrate by building up space-charge layers at the 
interface. Due to its low charge-carrier density, this space- 
charge region is formed almost completely within the semi- 
conductor in contact to a metal electrode of dissimilar work 
function. Figure 2a shows the situation for a p-type semicon- 
ductor (with high work function) and a metal with a low 
work function (A1 4.2 eV, In 4.1 eV), under illumination. The 
majority carriers (holes) produced by light excitation move 
into the semiconductor and the corresponding electrons to- 
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wards the metal. The fermi levels shift due to this charging 
effect and a photovoltage is produced. However, the situa- 
tion, even in monocrystalline semiconductors, is usually fur- 
ther complicated due to so-called “metal-induced surface 
states” or interface layers formed by chemical reactions at 
the interface.‘’] For example, a device with A1 or In behaves 
as a metal-insulator-semiconductor (MIS) contact due to 
the formation of an interfacial oxide layer grown on the low 
work function material. At the contact of a p-type and n- 
type material, space-charge layers are formed on both sides 
of the interface as shown in Figure 2b. On illumination, 
charge carriers also flow in different directions (electrons to 
the n-side, holes to the p-side) and establish the photovoltage. 

Figure 3 shows a typical I-V curve for a diode contact in 
the dark (rectifying contact) and under illumination. The 
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Fig. 3. Schematic diagram of a current/voltage (I/v curve of a photodiode 
(pin or Schottky type) in the dark (a) and under illumination: Isc: short circuit 
current, VOc: open circuit voltage, MPP: maximum power point with 
Vmax x I,,, = maximum power output. The fill factor FF is given by the ratio: 
F F  = V,,, x I,,JVOc x Isc. The efficiency q is obtained by dividing the maxi- 
mum power output ( Vuc x Is x FF) by the incident light power. 

determination of the power-conversion efficiency is included 
in this figure. 

3. Cell Structure and Fabrication 

Photovoltaic devices employing molecular and polymeric 
organic semiconductors are usually described as being of 

Schottky- or p/n-type.L3 - 71 Little information is available on 
internal field type and “proton pump” cells.[71 Examples of 
the configuration of a Schottky cell and a p/n-cell are shown 
in Figure 4. 
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Fig. 4. Cell structure of an organic Schottky cell and p-n cell. 

It is difficult today to tailor organic materials for cells with 
good performance because only very few assumptions can be 
made on the basis of the insufficient theoretical understand- 
ing of materials and junctions. 

Some requirements are: 
0 The organic material should be p- or n-type in character 

in order to construct a junction. With respect to the p- or 
n-character, the efficiency of the cell should be improved 
by chemical doping with acceptor and donor atoms or 
molecules, respectively. In principle, this is also found 
with organic semiconductors. Typical examples of p-type 
organic conducting materials are phthalocyanines 1 (Pc), 
5,10,15,2O-tetraphenylporphyrins 2, merocyanine dyes 3, 
quinacridone pigments 4, and of n-type materials, 
perylene-3,4,9,10-tetracarboxylic acid diimide derivatives 
5 a, b, 5,10,15,20-tetra(4-pyridyl)porphyrin 6, and pyryli- 
um dyes 7. Some conducting polymers; like polyacetylene 
and polypyrrole, have also been u ~ e d . [ ~ s ~ %  7 3  Other ac- 
tive materials (structures not shown) include e.g. naph- 
thalocyanines (Nc, p-type) and naphthalene-I ,4,5,8-tetra- 
carboxylic acid diimide derivatives (n-type). Up to now, 
the highest efficiencies have been obtained with the com- 
pounds 1 and 5. 

In most cases, the conductivity can be increased in p-type 
materials by chemical “doping” with acceptor-like molecules 
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(dioxygen, halogens, o-chloranil, trinitrofluorenone, tetra- 
cyanochinodimethane), or in n-type materials by “doping” 
with donor-like molecules like ammonia or phenothiazine. 
In accordance with its general use in the literature, the term 
“doping” means a controlled treatment of thin layers of the 
materials mentioned with the additives, i.e. diffusion from 
the gas phase or in solution, or it means the co-deposition of 
the “dopant” in an evaporation or coating process. 
0 Efficient conversion of solar energy requires the com- 

pounds to absorb strongly in the visible region of the 
spectrum and therefore to be highly colored. The phthalo- 
cyanines have high absorption coefficients of - lo5 cm- ’ 
in this region over a relatively large range of wavelengths. 
Films a few tens-of-nm thick absorb 50-70% of the inci- 
dent visible light (e.g. 1 at - 620 nm, and 5 at - 590 nm). 

0 The colored materials should be stable under illumination 
in air and in the presence of moisture. Compounds 1 and 
5 are commercially used as dyes and exhibit excellent 
durability. 

0 In order to obtain high photovoltages (VJ widely sepa- 
rated Fermi levels are required. The position of the Fermi 
levels can be influenced by doping. 

0 Due to the relatively low electrical conductivity of the 
colored organic materials, thin-film preparation must be 
possible in order to reduce the bulk resistance. In general, 
the conductivity is enhanced by chemical “doping”. 

D. Wohrle, D. Meissner/Organic Solar Cells 

The materials can also exhibit photoconducting behav- 
i ~ r . [ ~ ]  Phthalocyanines and squarines are the most 
promising photoconductive materials for use as xero- 
graphic receptors (e.g. in laser printers).[’0] 

0 Rigid planar structures seem to favor high exciton mobil- 
ity[”* which may be necessary for large internal quan- 
tum yields and high short-circuit current densities which 
are due to dissociation and separation of an exciton in an 
electric field region. 
Commercial procedures for thin-film preparation can be 

used, the method used depending on the vapor pressure and 
solubility of the organic materials. The techniques mainly 
employed are (average film thickness in parenthesis) : vacu- 
um deposition at 10-5-10-9 torr ( - 10 nm-l pm), and spin 
coating involving thc deposition of pure materials from 
solution ( N 20 nm-200 nm). Small particles (grain size - 80 nm-0.1 pm obtained e.g. by ball milling) have also 
been coated in the presence of various polymers (weight ratio 
N 1:l) from dispersion in organic solvents (obtained film 
thickness 100 nm-5 pm).[13-”] Various other methods, 
such as Langmuir-Blodgett, plasma polymerization and 
chemical vapor deposition techniques can also be employed. 
Vapor deposition has the advantage of vacuum preparation, 
e.g. that oxygen trapping into p-conducting materials can be 
excluded. On the other side, spin coating is a low-cost tech- 
nique but the presence of dioxygen is difficult to avoid. 

While pyrex, quartz, Mylar or polyester are employed as 
inert substrates, glass is still the preferred material. For 
Schottky cells,131 the configurations {glass}/{Au, Ag or I T 0  
(conducting Indium Tin Oxide)}/{organic material}/{In or 
Al} have often been investigated. For p-type conducting or- 
ganic materials, the back contact {Au, Ag or ITO} should 
be electrically non-blocking (Ohmic), and should consist of 
materials with high work functions. I T 0  exhibits the great 
advantage of high ( > 80%) transmittance in the visible re- 
gion of the solar spectrum; thus illumination can be per- 
formed from the I T 0  side. Au and Ag which are vapor 
deposited onto the substrate material have the disadvantage 
of a low transmittance of visible light. A thin film of the low 
work-function metal {A1 or In] is obtained by vapor deposi- 
tion onto the photoactive organic dye. With p-type material, 
a Schottky type junction is realized at this contact.[’31 The 
disadvantage is low transmittance of these metal layers (e.g. 
for - 100 nm thickness of In only 1-2 % of the visible light 
is transmitted [141). Also, formation of an insulating oxide 
contact on long term use of these devices may occur.[31 
For p-n-type cells the configuration (glass)/{ITO:/{p-type)/ 
{n-type}/{Au or Ag} and the type {glass}/{ITO}/{n-type}/ 
{p-type}/{Au or Ag} have been described (Table I). 

A useful method for establishing the type of conductance 
of a new organic material is the investigation of change in 
dark conductivity, photoconductivity, and the behavior of 
contacts to metals (Schottky cells) caused by exposure to 0, 
and H, . For example, while an increase of conductivity in 
0,-containing atmospheres (reduced H, content) indicates a 
p-type conductivity, an n-type material is characterized by 
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the inverse behavior.[l6- ‘‘1 In general, a p-type material 
should also form a rectifying contact to aluminum (if the 
necessary care is taken as mentioned above), and an n-type 
material should do so with gold. Occasionally, as for inor- 
ganic materials, the determination of the Seebeck and Hall 
effects may also be helpful.[4, ’ 71 

However, as mentioned already the question of the origin 
of the p- or n-type character of organic material still remains 
open. Even though this is not at all understood, some predic- 
tions can be made on the basis of experience. For porphyrins 
substituted in the meso position it is found that some tetra- 
phenylporphyrins, 2, exhibit p-type, and some, tetra(4- 
pyridyl)porphyrins, 6, n-type behavior.” 71 In addition, the 
conduction type is controlled by the number of phenyl and 
pyridyl rings at the porphyrin, respectively. From this it was 
concluded that a high number of electron-attracting groups 
seems to favor n-type, and of electron-donating groups, p- 
type behavior.[”, 1 7 ,  Th’ is has been attributed to differ- 
ences in hole and electron mobilities, asymmetric trapping 
processes of holes, and other effects.“ 7 s  For a particular 
ligand, the conductance type can also depend on inserted 
metal ions.[17. 191 In the case of tetra(4-pyridyl)porphyrins, 6, 
the presence of a divalent metal, the electronegativity of 
which is smaller than that of the hydrogen atom (e.g. Zn, 
Mg), induces the conductance of the material to change from 
n-type to p-type, whereas a metal having larger electronega- 
tivity (e.g. Cu) produces no influence on the conductance 
type.[’71 On the other hand, phthalocyanines, 1, always 
exhibit p-type behavior, independent of the kind of metal ion 
inserted (Mg, Zn, Cu, also metal-free). In contrast, introduc- 
ing cyano groups at the annelated benzene rings changes the 
character to 

As found experimentally, “doping” seems to be a funda- 
mental prerequisite for the effective functioning of organic 
solar cells. Dioxygen, acting as electron acceptor, is an al- 
most unavoidable dopant for organic films of p-type charac- 
ter. Films of phthalocyanines always contain some molecu- 
lar oxygen even if prepared under “good” vacuum condi- 
tions. On subsequent 0, treatment these films change from 
lightly doped to conductive p-type material. 0, seems to 

is formed when the 0, is reversibly bound to the metal center 
in a weakly electronegative environment. In the second type, 
0, is irreversibly bound, and seems to exist in OH-like envi- 
ronments. ESR measurements indicate the presence of high 
concentrations of radical species (spin density ca. IOl7 ~ m - ~ )  
which are attributed[”] to PC@’. Investigations of the 
space-charge-limited current (SCLC) found when high elec- 
tric fields (> lo4 Vcm-’) are applied to thin layers using 
two ohmic contacts,[41 lead to trap densities of - 
10’’ ~ m - ~ .  In the intrinsic case for CuPc (heated under vac- 
uum and in the presence of H2), a thermal activation energy 
of charge carriers of 2.04 eV is found (using the SCLC tech- 
nique) which agrees well with the expected “band gap”.I41 
With O,, the activation energy is lowered to 1.62 eV. Thin 
films of n-type character have been obtained (from sub- 

exist in two types of defects in the material.[4. 2 2 ,  231 On e type 
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stances such as 5 and 6) with chemical “doping” using NH, 

Chemical “doping” using acceptor-type molecules with 
high electron affinity (e.g. o-chloranil, iodine and other halo- 
gens, or 2,4,7-trinitrofluorenone) and donor-type molecules 
with low ionization energies (e.g. alkali metals, phenothia- 
zines) have also been carried 5 9  7,  14, 17 ,  241 Various 
“dopants” used in very high concentrations (mole- %) have 
been added either to the solution employed for spin coating 
or as vapor (in the case of I,). These “dopants” reduce the 
electrical conductivity as well as the thermal activation ener- 
gy, and enhance the photocond~ctivity.[~, ’, 2 5 - 2 7 1  Another 
interesting technique uses ion implantation.r71 As an exam- 
ple, even sodium has been implanted into polyacetylene 
films. The depth profile of implanted sodium ions at 150 keV 
shows the highest ratio of Na/C at a depth of - 500 nm. 
However, the surface was carbonized to a depth of several 
tens of nm. 

or H,,[17. 181 

4. Cell Characteristics 

Care must be taken when comparing results reported in 
the literature because of the different experimental condi- 
tions (e.g. different light intensities and spectra) used for the 
characterization of the photovoltaic cells. However, some 
general trends can be seen (for Schottky-type cells compare 
also Table 1 in the recent review of Horowitz in this jour- 
nal‘j]). Table 1 here contains photovoltaic data on some 
p/n-type and some Schottky type cells (photovoltaic proper- 
ties of other cells, see e.g. references r 3  - 71). Especially under 
white-light illumination, p/n-type cells with an I,, of a few 
mA/cm2, V,, of around 500 mV, F F  of 0.3-0.5, and power 
conversion efficiencies of 0.1 -0.5 % represent today’s best 
results, whereas Schottky-type cells generally give lower effi- 
ciencies mainly based on lower short-circuit currents. (For 
definitions of Isc, V,, and FF compare Fig. 3). In addition, 
according to our own experiments, many of the Schottky- 
type cells are not stable over periods of several weeks, in 
contrast to p/n-type cells. Oxidation of A1 or In, respectively, 
reduces I,, drastically. Therefore, up to now, p/n-type cells 
have been thought the most promising although the efficien- 
cy needs to be enhanced. 

For the ({M}/{p-type}/{Al or In}) Schottky-type cells, 
only light absorbed near the aluminum or indium contact is 
efficient in producing charge carrier separation. Hence, the 
photocurrent spectrum is similar to the absorption spectrum 
when the cell is illuminated through the semitransparent A1 
or In electrode.[49 17] In contrast, illumination through the M 
side leads to a photocurrent inversely proportional to the 
absorption spectrum of the organic film (the photocurrent is 
smallest where the absorption is highest). If {Au}/{Pc}/{Al) 
cells are made from pure compounds entirely under vacuum, 
no rectification is observed in the dark. Although two metal- 
lic electrodes of different work functions (Au, Al) are used, 
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Table 1. Photovoltaic properties of some organic solar cells at room temperature: a, c: side, from which the cell was illuminated, thickness of organic layers: - 20-100 nm (No. 1-14,23), 1-5 pm (No. 15-17, 20). 50 pm (No. 21). 7 = efficiency. 

No. Cell configuration I,, [pA/cmz1 

1 *IT0/4a/V(O)Pc(l)/Au 2460 
2 -ITO/V(O)Pc(l)/4a/Au 17 
3 *IT0/4a/Ga(F)Nc [e]iAu 1200 
4 -ITO/Ga(F)Nc [e]/4a/Au 334 
5 =.ITO/NT [e]/H,TPP(Z)/Au (cells 1-5: white light, 100mW/cmz) 159 
6 -ITO/CuPc(l)/5 b/Ag (white light, 75 mW/cmz) 2300 
7 =>ITO/5a/H2Pc(l)/Au (white light, 76 mW/cmz) undoped 1570 
8 H,-doped 2570 
9 NH,-doped 1960 
10 -IT0/5a/AI(CI)Pc(l)/Ag (100 mW/cmz) 1640 
11 Au/ZnPc(l)/TPyP(6)/Ale (420 nm, 10 pW/cm2) - 
12 -ITO/CuPc(l)/7/In (white light 75 mW/cm2) 90 
13 -ITO/CdS/4/Au (white light, 71 mW/cmz) 127 

Ref. 

560 
220 
260 
190 
760 
450 
660 
550 
580 
390 - 1000 
550 
610 

0.31 
0.19 
0.30 
0.26 
0.22 
0.65 
0.22 
0.30 
0.23 
0.23 
0.25 

0.32 
- 

0.42 [a] 
7 x [a] 
0.10 [a] 
0.02 [a] 
0.03 [a] 
0.95 [a] 
0.41 [b] 
0.72 [b] 
0.44 [b] 
0.12 

0.29 [a] 
0.04 [a] 

-2.0 [c] 

27 
27 
27 
27 
27 
28 
18 
18 
18 
11 
29 
4 
31 

Schottky Type Cells: 

15 ITO/H,Pc(l)-polycarbonate/In e= (5.2 mW/cm2) 122 450 0.35 [d] 14 
16 Org. layer of No. 15 with 14% trinitrofluorenone 420 420 1.13 [d] 14 
17 ITO/H,Pc(l)-PVDF/Alc (617 nm, 10 pW/cm2) 640 500 0.24 0.78 [c, d] 15 

- 14 Au/H,Pc(l)/AI (sunlight) 800 0.3 <10-3 5 
- 
- 

- 18 A1/3, I, doped/Au (sunlight) 700 0.35 0.31 5 
19 A1/3, CI, doped/Au (sunlight) 740 0.39 0.36 5 

21 Cu/poly(p-phenylenesulfide)/Alt (400 nm, 12.3 pW/cm2) 0.002 0.5 0.28 0.21 [c] 7 
22 Au/polyacetylene/Alc (400 nm, 7 pW/cm2) 35 0.32 0.26 1.1 [c] 7 
23 Au/polyvinylidenefluoride/Al= (400 nm, 12.3 ~W/cm’) 0.23 0.8 0.31 0.05 [c] 7 

- 

20 ITO/&polycarbonate/Al- (550 nm, 0.2 mW(cm2) 1.58 1150 0.28 0.34 [c, d] 31 

[a] Overall power conversion efficiency. [b] Power conversion efficiency for the absorbed light. [c] Monochromatic efficiency. [d] Efficiency for light transmitted through 
the front metal contact. [el Nc: Naphthalocyanine (p-type), NT: naphthalene-l,4,5,8-tetracarboxylic acid diimide derivative (n-type). 

the I-V curves are almost symmetrical.r4x 301 If molecular 
oxygen is allowed to be trapped in the Pc layer, a strong 
rectifying effect is observed. Dark I-Vcurves show blocking 
behavior with positive bias applied to the aluminum. The 
ohmic behavior obtained in high vacuum changed to Schott- A I ( A / c r n * )  ,, 
ky-type between Pc and A1 upon oxygen exposure due to 

monomer unit of the polymer, a field strong enough to pro- 
mote electron-hole separation of an exciton and thereby 
increasing I,, . However, polyvinylidenefluoride itself also 

I either the chemical “doping” of Pc or the interface oxida- +0,6/ 

tion. 
Under illumination, a photovoltaic effect arises: electrons 

flow to the A1 and holes to {Pc}/{Au} as expected for a Pc 
layer with p-type character. Figure 5 gives one example of a 
Schottky device in the dark and under illumination. A recti- -5  
fying effect and the formation of a photoactive device are 
correlated with the presence of 0, .I3’] From the examples 
shown in Table 1 it can be seen that chemical “doping” with -C2j -0,4 

B other acceptors has the same effect. 
In addition, the performance of a Schottky-type device 

can be improved if the organic compounds are embedded in 
poIymers.[13 - l51 Polar polymers containing electron-attract- 
ing groups seem to enhance I,, and therefore also the efficien- 
cy, whereas the FF ( - 0.3) and, with some exceptions, V,, 
( - 500 mV), is not influenced dramati~ally.[’~I The efficien- 
cy of {ITO)/{H,Pc-polymer (40 %)}/{Al] devices decreases 
when polyvinylidenfluoride or -chloride (0.78 %) > poly- 
vinylfluoride (0.37 YO) > poly(N-vinylcarbazole) (0.01 5 YO) > 
polystyrene (0.004 %), (efficiencies normalized for only 
3 0 mW/cm2 monochromatic (617 nm) light intensity) are 

I [ m A l c m Z )  

used as the uolvmer. It was estimated bv the authors that Fig. 5. IIVcharacteristicof {ITO}/{5a}/{V(O)Pc}~{Au} (Table 1,No. 1). Mea- 
& +  

surements were conducted in air (100 mW/cmz, white light). a) Dark behavior. 
b) Behavior under illumination. Figures (a) and (b) employ different I and (i polyvinylidenefluoride~ for example, produces an 

field of about lo6 V/cm in the immediate neighborhood of a scales! 
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exhibits photovoltaic properties (Table 1, No. 23).  Further- 
more, in the phthalocyanine-polymer combination “dop- 
ing” enhances the efficiency (Table 1, No. 15, 16). 

There are also some examples of p/n-type cells shown in 
Table 1 in which the two layers are absorbing light at differ- 
ent wavelengths. In every case shown, the p-type layers con- 
tain 0,, whereas “doping” with H, or NH, was used to 
influence the n-type layer (No. 7-9). It is known for inor- 
ganic solar cells in general, that pin devices are preferable in 
comparison with Schottky devices. Their efficiencies are 
higher due to lower majority-carrier (loss) currents. Higher 
efficiencies have also been obtained for the organic pin cells. 
Their stability in air is also better. Further possibilities exist 
for combining organic materials of different absorbance and 
electrical properties. 

As mentioned above, if a conducting glass like I T 0  can be 
used, due to its high transmittance of light, illumination can 
be performed from the side covered with the glass. It can be 
seen from Table 1 (No. 1-4) that the sequence of the layers 
following the I T 0  is, however, very important: the geometry 
{ITO}/{n-type}/{p-type}/{Au} results in much higher effi- 
ciencies than the geometry {ITO}/{p-type}/{n-type}/{Au} . 
In the latter case this can be explained by the (here unfavor- 
able) formation of a rectifying junction between the n-type 
semiconductor and gold. Surprisingly, cell No. 6 exhibited 
good characteristics in the non-preferable geometry which 
may be due to the use of Ag instead of Au and another I T 0  
material. Figure 5 shows the Z/V characteristic of a p/n cell 
in the preferred geometry. 

Figure 6 shows the absorption and photocurrent spectra 
of a cell[271 with the sequence {1T0}/{5a}/{H2Pc}/{Au}. 
Back (ITO-) side illumination results in a spectrum deter- 
mined by the absorption spectrum of H,Pc, whereas in the 
case of front (Au-) side illumination the situation is the re- 
verse. The light is first absorbed in the upper layer (optical 
filtering effect).[’*, 291 Only residual light reaches the n-p 
junction which is then the active part for charge-carrier sep- 
aration. Thinner organic films are preferable. These results 
show that only light reaching the interface region enables 
charge-carrier generation and immediate separation. Also, 
due to the low electrical conductivity, the recombination of 
separated charge carriers can be reduced by rapid transport 
in opposite directions. Optimization of the layer thickness is 
important for all cells depending on their detailed construc- 
tion but has not yet been investigated thoroughly. 

One additional factor leading to the superiority of the 
sequence {ITO}/{n-type}/{p-type}/{Au or Ag} compared to 
(ITO)/{p-type}/{n-type}/{Au or Ag} may be based on the 
Forster radiationless energy-transfer mechanism.“ l1 This 
energy transfer occurs prior to holeeelectron separation and 
the subsequent charge-transfer mechanisms. It occurs only 
from the shorter-wavelength absorbing (here the n-type) to 
the longer-wavelength absorbing (the p-type) material (but 
not vice versa). Illumination from the {ITO} side allows 
transfer of excitons produced relatively far from the junction 
towards the contact only, if they are produced in the shorter- 

wavelength absorbing (n-type) material. Therefore, the ener- 
gy-transfer mechanism leads to additional charge produc- 
tion only in the first of the two cases mentioned above. For 
further discussions of this undirectional energy transfer 
see[”] and references cited therein. 
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Fig. 6. Comparison of absorption spectra of the single components and the 
photocurrent spectra of a p/n-type cell. a) Absorption spectra of ZnPc (1, ---) 
and 5 a  (-). b) Spectral dependence of the short circuit photocurrent normal- 
ized with respect to the light spectrum ( Isc) ;  cell type: {ITO)/{5a}/(ZnPc)/{Au) 
(layer thickness of organic compounds each about 260 nm, illumination inten- 
sity lower than 0.5 mW/cmz), - = illumination through {IT0}/{5a}; --- = 
illumination through (Au)/(ZnPc) . 

The absorption of incident light in each layer is of the 
order of 35- 70 % in the well-defined absorption bands I’ ’* 
(see Fig. 6a). Using a two-dye structure, the total cell ex- 
hibits an absorption of 50-80% between 400 and 800 nm. 
The Ag or Au (back) contacts (with a thickness of - 30 nm) 
are to a certain extent able to reflect unabsorbed photons for 
a second pass through the dyes. A tandem organic solar cell 
with the sequence (IT0}/{5a)/{H2Pc}/{Au (with < 3 nm 
thickness)}/{5a}/{H,Pc}/{Au} allows penetration of light 
into the second device[’*] due to an intermediate Au layer 
< 3 nm thick. V,, increases by a factor of almost two, the 
increase of I,, depends on the thickness of the intermediate 
Au-film. 

For Schottky-type cells it was found that the efficiencies 
decrease with increasing light-energy input.r4* 14, 15] V oc 

changes only slightly with higher light intensity but ZVc shows 
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a strong dependence. For I,, , a power-law dependence of the 
form IqC - 0” (0: incident photon flux, n varying from 0.3- 
0.8) was found. It is assumed that under stronger illumina- 
tion conditions the electric field within the space-charge re- 
gion may markedly decrease, resulting in a drop of the 
charge-carrier-generation efficiency.[4] In contrast, for pin- 
type cells, I,, is reported to show a quite linear dependence on 
the light intensity[”] up to about 100 mW/cm2. 

The investigation of the effect of temperature in the range 
of 260-350 K on the photovoltaic properties of Schottky- 
type cells shows an increase in the power conversion efficien- 
cy by 4-5% per degree Celsius.[’41 At 70°C, the usable 
power output of a cell was 2.5 times that at room tempera- 
ture. This corresponds to an increase of I,, with T. For pin- 
type cells we obtained an even larger increase of I,, for the 
No. 5 cell in Table 1. It can be assumed that with higher T a 
higher electrical conductivity leads to a better transport of 
separated charge carriers. 

5. Mechanisms in Organic Solar Cells 

At the present time, it is not possible to present a self- 
contained theoretical model which is able to explain all or 
even most of the experimental results mentioned above. 
With respect to intra- and intermolecular interactions and 
various local disorders, and the presence of impurities and 
chemical “dopants”, the energetical situation in organic and 
macromolecular solids is very complicated. Due to the fact 
that the bands of energy states, even in organic monocrys- 
tals, are very small, and that in addition, in most cases the 
layers investigated here are far from perfectly ordered, the 
energy situation may be much closer to that of amorphous 
semiconductors or to photoconductive insulators as, for ex- 
ample, described elsewhere.[271 

In addition, if the layers are “doped” with gases (oxygen, 
halogens, ammonia) or organic compounds, this should not 
be interpreted as in classical solid-state physics. In almost all 
cases the concentrations of chemicals added exceeds normal- 
ly employed doping concentrations to atoms or 
molecules per cm3) by several orders of magnitude. Here, 
“doping” concentrations of several percent by weight are 
very often used. This is the reason for the quotation marks 
used with the word doping throughout the text. However, 
the classical band model (see Section 2) of solid inorganic 
materials has proved to be very helpful in gaining a funda- 
mental understanding of what may occur in organic materi- 
als. Moreover, several solid-state measuring techniques have 
also yielded results which can be interpreted nicely on the 
basis of the band even if the apparent doping 
concentrations calculated are much lower than the concen- 
trations of the “doping” additives. Therefore, this type of 
theoretical model is used most of the time. However, in 
molecular organic solids, exciton and exiplex formation may 
also play an important role as described[291 for metal-free 2. 

Here, excitation is reported to iead to exciton formation and 
diffusion, until at an interface, an exiplex is formed which 
dissociates subsequently to form charge carriers ; in contrast, 
for the Zn complex of 2, photoionization generates charge 
carriers directly.[12, ”3 341 

In Schottky-type devices {Ml}/{organic material}/{M2}, 
(MI : metal of high work function; M2: metal of low work 
function) the situation is similar to that in inorganic materi- 
als: p-type materials form rectifying (Schottky-type) con- 
tacts to M2-type metals (with low work function, such as Al, 
In) and ohmic contacts to MI-type metals (with high work 
function, such as Au), whereas for n-type materials the situ- 
ation is the reverse. In {Ml}/{p-type}/{M2} cells, V,, in- 
creases when the work function of M2 is lowered.’43 301 Un- 
der illumination, V,, cannot exceed the difference of the work 
function @J of M2 and the organic material: V,, < I QMZ-@Jorg. I .  

For phthalocyanines heavily “doped” with O,, the Fermi 
level should be located near the valence band edge at - 5.0 
to - 5.2 eV with respect to the vacuum level.[41 In contact 
with Al(@ = 4.2 eV), V,, should be < 1.0 V. The position of 
the Fermi level also seems to depend on the amount of “dop- 
ing”.[221 In addition, very reasonable capacitance/voltage 
behavior (i.e. 1/C2 - U )  has been found, for example for an 
{In}/{H,Pc-polycarbonate)/(ITO} cell (No. 15 of Table 

or for (Ni}/{PbPc}/{Pb} and { C ~ ) / { P ~ P C } / { I T O } [ ~ ~ ~  
as expected for a classical Schottky-type contact (compare 
also [31). However, a comparison of the free charge-carrier 
concentration as obtained from these so-called Mott/ 
Schottky-measurements is not consistent with results of in- 
dependent measurements of impurity concentrations[31 and 
the apparent thickness of space-charge regions. In addition, 
the oxidation of the low-work-function metal needed for the 
p-type organic semiconductor always leads to stability prob- 
lems. The formation of an internal oxide layer between M2 
and the organic semiconductor may in principle both im- 
prove the cell behavior as in MIS cells or enhance the cell 
resistance, leading to a lower FF and also influencing I,, and 
V,, . Therefore, no clear predictions can be made for the use 
of such photovoltaic Schottky cells in ambient air. 

In p/n-type cells {MI}/{n-type}/{p-type)/{M2) the sepa- 
ration of the Fermi levels EF in p- and n-type materials, and 
the proper choice of the work function of the electrically 
conducting M1 and M2 layers, are important. The position 
of Fermi levels depends on the kind of chemical “doping” 
reagent and its concentration. In phthalocyanines, the slight- 
ly “doped” (or “intrinsic”) Pc changes after treatment with 
0, into a heavily doped p-type material. The Fermi level is 
moving closer towards the valence band edge.[22* 231 The en- 
ergy levels, especially for phthalocyanines, have been dis- 
cussed in the literature[4] whereas less data exist for n-type 
perylenetetracarboxylimides.[181 Taking into account these 
results, a rough energy diagram before contact can be drawn 
for chemically doped pin layers in contact to MI (low work 
function, contacting the n-type) and M2 (high work func- 
tion, contacting the p-type material), respectively. This is 
shown in Figure 7. 
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Fig. 7 .  Energy levels of a chemically doped pin cell with back and front side contact before equilibrium 

The thermal activation energy of phthalocyanines (p- 
type) in the dark was found to be about 2.0 eV. In 0, this 
activation energy is lowered to about 1.6 eV. Therefore, an 
energy level for P C @ ~ O ~ ~  is assumed to be located about 
0.4 eV below the conduction band edge.[41 In addition, for 

5 + NH, - hv 
NH, 5*.NH, - 

s* - s, 
AE 5e0NHfa -free charge carriers (2) 

the undoped material, the position of the singlet excited state 
MPc* is found to be located about 0.2 eV below the conduc- 
tion band edge. Therefore, after excitation, an additional 
activation energy (AE) of about 0.4 eV is'needed to generate 
new charge carriers. Equation 1 summarizes the results. 

hv 
Pc + 0, - Pc . 0, - Pc* . 0, - 

s o  - s, 
- 1  8eV 

AE 
P C @ ~ O : ~  free charge carriers (1) 

-0.4eV 

With NH, as dopant, the levels of 5Q0NHfo are not 
known, but are included as an example in Figure 7. The 
reactions are described as shown in Equation 2. 

These reaction schemes are simply a chemist's view of 
light-induced exciton formation within the organic materi- 
als, their diffusion towards the interface and their separation 
into charge carriers. The additional activation energy may be 
provided by the ambient temperature (i.e. 0.025 V at RT), 
via phonons (lattice vibrations), or the charges may be sepa- 
rated by the electric field of the space-charge region at the 
interface between the two materials of different work func- 
tions. From the contact region, holes flow through the p- 
type material to the M2 contact, and the electrons via the 
n-type solid to the M2 contact (for an energy diagram of this 
situation see Fig. 2). 

The width of a space+harge region formed with various 
contacts has been determined to be 10-50 nm.143 ''I Only 
excitons produced directly within this region, or at distances 
from this region shorter than their diffusion length (or within 
the range of energy transfer for the Forster transferr"l) are 
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able to reach this electric field and produce charge carriers. 
Photons absorbed further away in the bulk do not contribute 
to the photocurrent. 

6. Future Aspects 

For practical use, improvements in efficiencies by about a 
factor of ten must be obtained to generate commercial inter- 
est. Very low production costs for organic solar cells might 
then favor their application. Today’s research is mainly fo- 
cused on obtaining a greater understanding of the mecha- 
nism of operation of these devices in order to find a way to 
improve the performance of the organic cells. By studying 
the electrical and photoelectrical properties of organic mole- 
cules it is possible to influence Isc ,  V,, , FF and hence the cell 
efficiencies. 

Many attempts are being made to tailor the organic mole- 
cules for specific purposes. Widely separated Fermi levels of 
the two materials forming the active contact are necessary 
for high open-circuit voltages. Using organic molecules con- 
taining strong donating groups on one side of the contact 
and one with strong withdrawing groups on the other side, 
may be one way to shift the Fermi levels in the appropriate 
directions. For the p-type material, addition of acceptor-like 
compounds (“doping”) can shift the Fermi level closer to the 
valence band. For the n-type material, “doping” with strong 
electron donors leads to a shift towards the conduction 
band. 

The critical problem, however, is really that the short- 
circuit current I,, is found to be too small. It is reduced by 
several effects, one of which is the very high series resistance 
of all the less conducting organic materials. Type, concentra- 
tion and distribution of the chemical “dopants” in suitable 
organic materials can help to overcome some of these prob- 
lems, but a much better understanding of conduction mech- 
anisms within the organic conductors is necessary. 

The absorber - perhaps different absorbers in combina- 
tion -must be tailored to have higher absorption coefficients 
over the entire visible spectrum up to about 1000 nm. The 
optical filtering effect in the first layer of p-n devices needs to 
be lowered in order to improve charge-carrier generation 
close to the interface. Band- and energy levels must match at 
the interface of p/n type cells. Finally, losses due to reflec- 
tion, current collection and resistance must be minimized. 

Organic layers offer other possibilities. Only very recently, 
a photosynthesis-type of charge generation and separation 
was implemented using the Langmuir-Blodgett tech- 
n i q ~ e , [ ~ ~ ]  based on the molecular arrangement: {electron 
donor}/{ sensitizer}/{ electron acceptor}. 

In this device, unidirectional photocurrent was observed. 
After excitation, the electron is transferred from the sensitiz- 
er to the acceptor and at the same time it is replaced from the 
donor molecule on the opposite side of the device. However, 
whether sufficient photovoltages and current densities can 

be realized with this type of device is still an open question. 
Not even theoretical limits can so far be estimated. 

There is still much work to be done. However, a fascinat- 
ing field of research which encompasses organic, inorganic 
and solid-state chemistry, solid-state physics, quantum me- 
chanics and engineering has been opened up. In addition, it 
should be noted that research in this field is also extremely 
useful for other important applications of organic com- 
pounds such as photoconductive materials for laser print- 
ers,[”I chemical sensors, and electrochromic displays. 
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