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Summary

The status of organic solar cell research is reviewed. The field Is still in
the early stages of development, but conversion efficiencies in sunlight of
about 1% have been achieved. Special emphasis has been given to doping
effects, carrier photogeneration and recombination. Improved understanding
of the photovoltaic mechanism and the wide-ranging possibilities of mo-
lecular tailoring suggest that ultimate efficiencies of around 10% in Schottky
barrier devices should be within reach.

1. Iptrodu ction

Photovoltaic solar energy conversion can be achieved by a number of
different materials with different efficiencies but as yet no particular
material or combination is cheap enough to compete with large-scale fossil-
fuel-generated electricity. While intensive research and development are
being carried out to reduce the cost of conventional inorganic devices, there
is considerable interest in thin film devices which may offer an alternative
investment in the longer term. In this review the progress made in one area
of thin film research, namely organic solid state cells, is summarized.

Research on photovoltaic effects in organic cells began to a large extent

in the 1950s when several groups [1, 2] measured the photo-e.m.fs of

various organic semiconductors on inorganic substrates, Photovoltages up to
1 V were observed. These encouraging results, coupled with the possibilities
of tailoring the organic molecular structure to improve the photocurrent and
of producing low cost photocells, have led researchers to look afresh at solar
cells based on organic semiconductors. Remarkable progress has been macle
in recent years in improving the sunlight efficiency from about 107 3% in the
early 1970s to about 1% recently. It is generally accepted, however, that cell
efficiencies must be as high as possible and at least 5% to offset area-related

-costs arising from encapsulation materials, support structures etc. Therefore,

further improvements are necessary and the research to date has mainly
focused on obtaining a greater understanding of the mechanism of operation
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of these devices sa that their ulimate efficiency can be evaluated and
perhaps achieved in practice.

2. Device structures, components and sunlight conversion efficiencies

The early work [1, 2] suggested that a photovoltaic effect will be
observed if a sandwich cell consisting of a low work function metal, an
organic layer and a high work function metal (or conducting glass) 1is
illuminated. A typical cell is illustrated in Fig. 1. The organic material is
almost invariably p type in its dark electrical behaviour owing to the
presence of electron-trapping impurities; these in general have defied identifi-
cation, although O, is a strong suspect |1, 3].

The devices usually behave as metal-insulator—semiconductor (MIS)
structures because of the presence of a thin interfacial oxide layer which
grows on the low work function metal surface. A rectifying contact is
formed with the p-type organic layer and the forward diode characteristic is
usually similar to that of the minority carrier tunnel diode described by
Shewchun and coworkers [4, 5]. Detailed studies of the forward charac-
teristic have revealed much information about the concentration, the energy
distribution and the position of traps which exist in the forbidden gap of the

organic semiconductor, as well as the influence of these traps on the carrier .

mobility. The presence of the oxide layer usually also results in an improve-
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Fig. 1. A typical organic photovoltaic cell: 8, active area.
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ment in the open-circuit photovoltage, as is found in inorganic Schottky
parrier diodes [B].

The low work function metal has often been aluminium and sometimes
indium. Aluminium (work function, 4.2 eV} can be readily vacuum
deposited onto clean substrates in thin layers so that a substantial fraction of
the incident solar energy is transmitted. The conductivity of these thin layers
is high enough for resistance losses to be negligible for the current densities
and areas of the laboratory devices reported so far, In contrast, indium
(work function, 4.1 ¢V) has a fourfold higher resistivity and readily forms
oxides, Some difficulty has been experienced in obtaining thin transparent
layers of indium without significant resistance loss. Where indium has been
used as the barrier metal, the resistance loss has been overcome by evaporat-
ing an overiayer of aluminium {7] or by using very thick films with a
transparency of only a few per cent. Hsiao et al. [8] found that a critical
thickness, corresponding to a transmittance of 1%, was required to give a
sheet resistivity of 5 /0. In some cases a conducting glass (indium tin
oxide (ITO)}) substrate has been used as the back ohmic contact and illumina-
tion of the rectifying junction (or, as it is sometimes called, the depletion or
barrier or space charge layer) has been achieved through this contact. How-
ever, significant light absorption by the field-free bulk of the organic layer
can lead to reduced conversion efficiencies.

The inert substrate usually presents no problems and cells have heen
made on Pyrex, quartz, Mylar and polyester. The substrate should be

- thoroughly degreased and dust free. Additionaily, we have observed that a

rapid and reliable method of substrate (Pyrex) preparation is to preflame the
bare surface in a roaring gas flame for about 10 s, This process introduces a
high density of nucleation sites [9] and improves the uniformity of the
aluminium thin film, which in turn leads to reproducible electrical and
optical behaviour.

The back contact should be electrically non-blocking {ohmic), and gold,
silver and conducting (ITO) glass have proved to be suitable because of their
high work functions.

The organic material should be chosen or tailored to meet a number of
requirements and it is not difficult to understand why porphyrinic-type
molecular films have received intensive study.

{a} The compounds are easy to prepare and purify, and they have long
shelf lives.

(b) They are highly coloured; in particular, the phthalocyanines have
absorption coefficients greater than 10° em™' in the visible region over
relatively large wavelength ranges.

(c) Thin polycrystalline films are readily formed by vacuum sublima-
tion and are stable in air. The planar nature of the molecular ring appears to
confer a degree of self-orientation to the solid state structure,

(d) The semiconductor properties of these molecular solids are well
documented. For example, Fan and Faulkner [7] measured a rectification
ratio of 103 at 0.8 V for an indium-zinc phthalocyanine ( ZnPc) rectifier.
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(¢) The conductivity can be altered by suitable doping.

(f) The ground and excited states readily undergo redox reactions with
suitable reagents, not only via the m system of the organic ring, but also by «
change in the oxidation state of the metal complexed at the centre,

(g) The nratural photosynthetic system is based on chlorophyll, a
magnesium porphyrin,

Despite these properties, however, continuous evaporated thin films of
the porphyrins and phthalocyanines do not exhibit high solar conversion
efficiencies cven when they are doped, The merocyanine class of dyes
appears to have better carrier gencration and collection efficiencies, and solar
efficiencies of up to about 1% have been reported in recent years.

A notable exception to these MIS—Schottky barrier cells is a highly effi-
cient device made by workers at Kodak laboratories [10, 11]. In a series of
patents, they claim that a photoactive layer exists at the junction betwcen
copper phthalocyanine {CuPc} and various other photeconductors, The
devices appear to be similar in operation to p-n heterojunction cells in

“which the p layer is CuPc and the n layer is a pyrylium dye or perylene
derivative. Ohmic contacts are provided by ITO glass and indium respectively.

A survey of the progress made in organic solar cells is given in roughly
chronological order in Tables 1 and 2. The chemical formulae of the com-
pounds used are shown in Fig. 2. The rate of improvement in sunlight
conversion efficiency, roughly an order of magnitude per year, has been
brought about by an increased understanding of the mechanisms of junction

TABLE 2

Progress in organic solar cells?

FE

Date Cell s &, Voe Stability
(%) (%) V)

1977 Al/MgPe/An =103 0.5 1.0 0.25 Good in vacuum
0,, H;0 doped

1978 Al/CuPc/Au =103 a.5 0.8 0.34 Good in vacuum
0;, H,0 doped

1978 Al/CuPe/Au 0.01 3 0.6 0.34 Good in vacuum,
I, doped slow decay in air

1979 Al/merocyanine 5/Ag 0.01 1.2 085 0.28 Slow decay
air doped

1979 Al/merccyanine 9/Au 0.18 10 0.7 .39 Good in vacuum
1, doped

1980 Al/merocyanine 9/Au - 0.31 12 0.7 0.35 Good in vacuum
I, doped

1981 Al/merocyanine 3/ Au (.36 135 0.74 0.39 Good in vacuum

Cl, doped

2 Work carried out by Shell Research Ltd.
Source: refs. 33, 34, 35, 36.
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Fig. 2. Structure of organic materials used in the organic photovoltaic cells of Tables 1

and 2 and referred to in the text.
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formation, oxide effects, carrier photogeneration and the dependence of
photoactivity on molecular structure and device composition. However,
many guestions remain unanswered. In particular, the low guantum yield is
still the limiting factor. In contrast, photovoltages approaching their theoret-
ical values have been observed. Therefore, the remainder of this paper is
concerned with the current state of knowledge about organic cells and with
indications of some aspects that deserve greater attention.

3. Doping effects

The effects of molecular doping on the photoelectrical and dark elec-
trical behaviour of organic materials are well known, if not entirely under-
stood. Tt is surprising, therefore, that many studies of the photovoltaic
response in the lilerature have neglected the influence of atmospheric
exposure, in particular exposure to oxygen and water vapour. By making a
complete cell in vacuo, we have found |33, 341 that an exposure to ambient
air of only a few seconds is required to obtain a photoresponse and that,
before doping, the photoresponse is very small and in some cases barely
detectable. This behaviour is applicable to all the p-type organic materials
that we have studied, {.e. porphyrins {37], phthalocyanines, merocyanines
and cyanines. Dopants with greater electronegativity than oxygen, such as
halogens, NO, etc., result in an even greater enhancement of the photo-
voltaic response..

. 8.1, Photoconductivity cells

" There have been many studies, however, of the effect of dopants on the
dark conductivity and photoconductivity of surface and sandwich conduc-
tivity cells. The early results have been collected by Meier [3]. The main
conclusions are as follows. '

{a) Dopants with high electron affinity (e.g. chloranil, iodine, tetra-
cyanoquinodimethane (TCNQ@) and tetracyanoethylene) act as acceptors,
and dopants with low ionization energies (e.g. alkali metals) act as donors.
These acceptors and donors can increase the carrier concentration and hence
the dark conductivity, as in inorganic semiconductors,

{b) The addition of dopants reduces the thermal activation energy of
the dark conductivity.

{c) There are marked concentration effects. The dark conductivity
increases with the concentration of dopant up to a maximum value at high
doping levels; this is followed by a decrease in the dark conductivity where
the conductivity is dominated by direct coupling between dopant molecules
[38].

(d) At low concentrations of acceptor dopants the photoconductivity
of p-type organics can change by several orders of magnitude, whereas the
dark conductivity increases only slightly.

{e) The generation of neutral mobile excited siates (excitons) is of
central importance in the formation of charge carriers and in the transport
of excitation energy in the organic material.




In recent years, Wright and coworkers [39] have observed the mag-
nitude, rate and reversibility of changes in the surface semiconductivity of
single erystals of phthalocyanines, perylene, TCNQ and molecular complexes
as a function of the ambient gas. NO, + N,0, increases the surface conduc-
tivity of phthalocyanines by factors of up to 10, The reversibility of this
effect by heating in vacuo depended on the metal complexed in the phthalo-
cyanine, i.e. metal-free phthalocyanine, nickel phthalocyanine (NiFe), CuFc
and ZnPc are more reversible than cobalt phthalocyanine and manganese
phthalocyanine which in turn are more reversible than lead phthalocyanine.
Treatment with low pressures of NH; gave a rapid reversal ol the effect. The
surface conductivity of perylene was enhanced by a factor of 10% in BF ;.
These conductivity changes are interpreted in terms of the production of
ionized states after weak chemisorption involving donor—acceptor interac-
tions. The maximum conductivity enhancement was consistent with com-
plete surface coverage by adsorbed molecules, each surface site producing
one ionized state.

The surface photoconduction [40], however, was more sensitive than
the semiconduction to low concentrations of NO, and BF,. Photoconduc-
tion in phthalocyanines was enhanced, while that in perylene was inhibited.
The effects were much more difficult to reverse than the effects of the same
gases on semiconductivity. The action spectra are consistent with the con-

clusions of Popovic and Sharp [41] that carrier photogeneration is a bulk . }

phenomenon. Popovic and Sharp prepared sandwich cells of metal-free -
phthalocyanine and in a pulsed photoconductivity experiment showed that
quantum - efficiencies became larger as the light penetration depth was
increased by varying the excitation wavelength. The quantum efficiency also
increased -from 0.025% to 0.1% over a period from 5 to 12 weeks in air,
indicating that carriers were probably generated by exciton dissociation on
oxygen impurity centres. In contrast, in single crystals of metal-free (-
phthalocyanine, a quantum efficiency of only 1076 % at 400 °C in vacuo was
measured [42]. Under these conditions it is probable that the bulk oxygen
content is very low.

In metal-free phthalocyanine, it may not only be oxygen which is
responsible for increasing the carrier photogeneration. Menzel and Loutfy
[43] have shown that bulk doping of the X-polymorph of metal-free
phthalocyanine with metal phthalocyanines, which may be present as
impurities in the starting material, can increase the carrier photogeneration

and decrease the cell resistance. The photogeneration of carriers appears to -

be extrinsic, involving field-assisted exciplex (excited molecular complex)
dissociation. This interpretation followed from an observed quadratic field
dependence of fluorescence quenching.

Some insight into the mechanism of dopant adsorption and carrier
photogeneration has arisen from the surface photovoltage studies of
Dahlberg and Musser [44]. The dependence of the surface photovoltage of
NiPc and CuPec films onthe oxygen ambient was accounted for with a theoret-
ical model involving the transfer of charge from the phthalocyanine ring to
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adsorbed oxygen, resulting in the formation of Pc™-0," charge transfer
complexes. A bonding model has been proposed from symmetry arguments
in which the lowest unoccupied molecular orbital =¥ O, orbital has the
cortect e, symmeiry to accept elecironic charge from either the two e,
orbitals (d.., d,.) on the central metal ligand or the e, orbital (the first
excited state orhitai) of the phihalocyanine ring. The importance of the
metallic e, orbitals in the adsorption process is not fully understood, how-
aver, since an oxygen ambient affects the electrical characteristics of metal-
free phthalocyanine {45], but this compound is not catalytically active in
oxidalion reactions [46]. Other experiments [47] have revealed that the sur-
face monolayer is irreversibly bound to the NiPec, whereas subsequent layers
are reversibly adsorbed and can be removed by evacuation of the sample.
Similar effects were observed in the surface photovoltage of metal-free
phthalocyanine films with adsorbed o-chloranil [48].

The effect on the dark conductivity of the incorporation of iodine into
thin films of NiPc has heen studied by several workers. Orr and Dahlberg
[49] have found that permanently conductive (2 7! em™?!) films can be
prepared by heating sublimed films in an iodine ambient at 140 - 200 °C. An
additional absorption peak appears at 978 nm, indicating a possible charge
transfer transition, and the conductivity increase has been attributed to the
partial oxidatiecn of NiPe¢ and to the presence of chains of polyiodide
counter-ions. Similarly, the highly conducting behaviour of iodine-doped
polyacetylene is thought to arise from the presence of iodine as I,” and pos-
One-dimensional metallic-type conductivity in this material was
consistent with the observation of a finite density of states at the Fermi
level in a cis-rich polymer film [50]. In the model compound B-carotene,
iodine doping also resulted in a dark conductivity increase, and I;~ and I~
were detected [51]. '

Evidence for the enhancement of photoconductivity by iodine in thin
films of poly(vinyl chloride) (PVC) has come from the study by Bahri et al.
[52]. They suggest that the photosensitization may be interpreted in terms
of a charge transfer transition of the fellowing form:

DA L pra-

where PVC is a weak donor D and iodine is the acceptor A. The results were
consistent with the ohbservation of Hoegl [53] on the systematic doping of
polymers (see also ref. 3). In contrast [54], the dark bulk conductivity of
disordered polymers containing acceptor dopants, which form charge
transfer complexes, increases only slightly.

3.2. Photovoltaic cells

The influence of ambient air on the performance of phthalocyanine
photovoltaic cells has been studied by Fan and Faulkner [20]. A freshly
Prepared Al/metal-free phthalocyanine/Au or Al/ZnPc/Au cell, after brief
exposure to ambient air followed by storing and testing in vacuo, showed an
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initial transient photocurrent spike at the morent of illumination; this was
followed by a fall in photocurrent over a period of a few minutes to a steady
level. Over a period of 1 day to several days, the short-circuit photocurrent
dropped to almost one-half to one-third of the initial steady value. When the
cell was removed from the vacuum and stored in dry aijr, the photocurrent
first increased and then dropped again to a steady level which was one-third
to one-half of that reached in vacuo. The resulis appear to be consistent with
the idea that oxygen plays a dual role. First, oxygen is doping the phthalo-
cyanine film and improving the carrier photogeneration efficiency. Second,
an insulating layer of Al,O, gradually builds up at the aluminium-—phthalo-
cyanine interface in the presence of excess oxygen (dry air) and degrades the
cell performance by providing a barrier to the electron flow. We have
observed [33] similar effects in Al/CuPc/Au cells. In addition, we observed a
dark “battery” effect when the cell was exposed to excess air, consistent
with high surface coverage of the exposed portion of the sandwich cell by
oxygen and water vapour. Oxidation of the aluminium electrode occurs and
the electrons released in this reaction generate a dark current. The effect dis-
appears on re-evacuation as these weakly adsorbed surface layers are readily
removed. Also, if iodine vapour is used to dope the cell without releasing the
vacuum, ie. if the cell is fabricated, doped and tested without ever being
exposed to air, then the short-circuit photocurrent increases by several
orders of magnitude and the cell does not degrade over a period of several
days (the maximum test time).

Iodine doping has also been used to improve the conversion efficiency
of merocyanine solar cells. Some typical results from our laboratory are
given in Table 3. The dramatic effects of doping with oxygen, water and
especially iodine are apparent. We have also observed that doping with Cl, or
NO, instead of iodine results in a further slight increase in the quantum effi-
clency. Skotheim [27] has observed a fivefold increase in the mono-

TABLE 3
The Al/merocyanine/Au cell

S Q Et
: N merocyanine 5
| -\

-
Et
S
Treatment Voe I FF n
(V) (uA cm™?) (%)

{1) Before doping < 0.001 0.01 - <1078
(2) 0.5 atm O for 10 min 0.13 0.94 0.26 0.0027
(3) H;O vapour 0.85 ' 7 0.28 0.015
(4) New cell, [, doped 0.44 31 0.35 0.042
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chromatic guantum efficiency in n-TiO,;/merocyanine/Au cells when the
merocyanine layer is treated with iodine. The increase in the photoconduc-
tivity of the lodine-doped cell also led to improvemoents in the fill factor to
0.44.

Merritt and Hovel [16, 17] doped hydroxysquarylium cells with
bromine or 1l-phenyl-3-p-N,N-diethylaminostyryl-5-p-N, N-diethylamino-
phenyl-Az-pyrazoline. Fivefold improvements in the monochromatic conver-
sion efficiency were measured for both dopants.

Further studies are required to optimize the dopant type, concentration
and distribution, but it is clear from the above results that the doping of
p-type organic semiconductors with electron-accepting impurities is crucial
to the generation of significant photovoltaic effects. An assessment of the
data reveals that the effectiveness of dopants, applicable to merocyanines,
phthalocyanines, porphyrins and possibly other p-type organic semi-
conductors, is given roughly by the following order: Cl,, NO, (greatest
effect); I,, Bry; organic electron acceptors (e.g. chloranil and trinitro-
fluorenone}; H,O; O, (much greater effect than N, and argon); N,, argon
(no effect). An understanding of the carrier photogeneration mechanism and
of the role played by the dopant is still in its early stages, as will be revealed
in Section 4.

4, Charge carrier photogeneration

The mechanism of charge carrier photogeneration in organic materials
has been the subject of many studies. There exist a variety of photophysical
processes, involving single-photon or double-photon excitation, which can
lead to the generation of charge carriers in organic materials [1, 3, 53].
These are summarized helow and, where possible, the rate probability data
for crystalline anthracene (the most thoroughly investigated organic crystal)
are included.

4.1, Single-photon processes

4.1.1. Direct band-to-band excitation of electrons

For anthracene, the guantum yield of this process is about 10™% for
photons of energy 3.9 - 5 eV, the second electronic transition,

4.1.2. Thermal excitation of excitons to give conduction band electrons
- and vaelence band holes
This process has not been observed in anthracene, probably because of
the large energy differences (about 0.8 eV) between the vibrationally relaxed
first exciton level and the bottom of the conduction band.

4.1.3. Exciton dissociation by direct electron transfer to the barrier

metal

Baessler and coworkers [56 - 61] have studied the quenching of exci-
tons at metal surfaces by inserting fatty acid insulating layers between the
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metal and the organic material, thereby artificially inereasing the reaction
distance. They concluded that an exciton could undergo several reactions
with the metal contact.

(1) Charge transfer with the rate constant kcp which, depending on the
energetics of the barrier, can be either oxidative, i.e.

M*(8, or 1)) + metal > M" + {metal)”
or reductive, i.e.
M*(3, or T;) + metal > M~ + (metal)”

In these reactions, M* is the exciton in a singlet or triplet state. A functional
dependence of ker on distance was obtained empirically and theoretically:

[ X
ker = ket EXP(‘ f) (1)
Xy

where x is the insulating film thickness, x, is the critical film thickness and
kg o 18 equal to kep when x = 0.

(ii) The exciton can transfer energy to the metal electrons by resonance
interaction (dipole-dipole coupling), with rate constant kg4. This process is
thought to be a more significant decay process for singlet excitons than for
triplet excitons because of the dependence of kq4 on the third power of the
oscillator strength of the emitting dipole. k44 was found to vary with x as
kaa = Raa 0% > ) (2)

(iii) The exciton can be quenched by an exchange interaction, with rate
constant kg. This process is similar to exciton dissociation by charge transfer
(process (i)) and it is reasonable to expect that both kg and ker show similar
functional dependences on x. However, the exchange interaction is a three-
particle process and is much less effective than charge transfer.

(iv) The exciton can be guenched by radiationless transitions induced
by a paramagnetic metal electrode (rate constant ki)

Thus the efficiency of charge transfer ¢cp at a metal contact in the
absence of other carrier photogeneration mechanisms is given by

- For (3)
Rep + Rag + R + Rige

(PCT

4.1.4. Exciton dissociation at impurity (dopant} sites on the surface or

in the bulk
In addition to the quenching of excitons at metal surfaces, the disso-

ciation of excitons at impurity (dopant) sites both on the surface and in the
bulk of the material has been studied.

4.1.5. Optical detrapping of space charges
Funfschilling and Williams [62] and Arden et al. [63] have investigated
the optical detrapping of space charges.
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4.1.6. Photoelectric emission from the metal contact
Another photophysical process which invelves single-photon excitation
is photoclectric emission from the metal contact.

4.2, Double-photon processes

4.2.1. Excilon—exciton interactions

The collision of two excitons (singlet plus singlet or singlet plus triplet)
can result in charge formation if the total energy is greater than that of the
band gap of the semiconductor. For anthracene, the rate constants for these
processes are as follows:

sl+Sl->So+h++e"

§ +T,=>S;+h™+e

5X10712 ¢m? 57!

10712 em? g1

[64, 65]
[66]

4.2 2 Photoionization of excitons :
The absorption of a second photon by a singlet or triplet exciton can
result in carrier formation. For anthracene, the interaction cross sections ¢
are as follows:
S, +hy  0=10"1 ¢cm?

g=10"2%¢m?

[67, 68]
[69]

4.2.3. Double-guantum excitation
The interaction cross section for this process in anthracene is 1073 cm

s [70].

- All these processes should result in photocurrents that are quadratic in
light intensity. In unconcentrated sunlight (about 5 X10!? photons cm™?
s1), organic cells usually display sublinear light intensity dependences and
linear dependences at low light intensities. In contrast, the **best’” mero-
cyanine cells have linear dependences up to sunlight intensities. Therefore, it
seems probable that two-photon processes are not responsible for the charge
carrier production in organic cells. These empirical results are also consistent
with the predictions made on the basis of the low values of rate constants
and interaction cross sections.

If we take into account the single-photon processes, and in view of the
doping results, carrier photogeneration appears to be readily explained in
terms of exciton dissociation at dopant sites (Section 4.1.4). Photoelectric
emission from the metal contact can be ruled out, since in most cases photo-
voltaic action spectra follow closely the absorption spectra of the organic
materials and not the metal electrodes. Optical detrapping of space charge
can also be excluded hecause efficient cells (e.g. merocyanine-based cells)
can sustain photocurrents equivalent to many times the upper limit of the
expected trapped charge concentrations without decay. Alternatively, how-
ever, if the function of the dopant is to improve the dark conductivity, then
the remaining single-photon processes may still play an important role.
Explicitly, there are four possible mechanisms involving dopant species.
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(1) The dopant forms acceptor surface states at the barrier metal
oxide—organic interface; these aid carrier formation by accepting electrong
from the exciton, le.
M*(S, or T,) + (surface state} > M~ + (surface state)’

(2) The dopant increases the p-type conductivity and thereby improves

the rectification properties of the barrier metal-organic junction. This 1s
equivalent to increasing the built-in field at the interface by reducing the

barrier width, i.e.

kT
M + dopant == M" + (dopant)”

{3) The dopant forms charge transfer complexes with the organic mol-
ecules in the thin film and excited complexes dissociate in the built-in field,

ie.

hy or M* charge

(M*-+dopant) — (M"* - -dopant™)
ground state excited complex
complex

separation in field

or
hy or M* . _
M + dopant ——— (M- " -dopant™)

exciplex

As shown -above, excitation of the complex can be achieved by direct absorp-

- tion of photons or by energy transfer from uncomplexed excitons.

(4} The dopant forms charge trarisfer complexes with the organic mol-
ecules, which then accept electrons from migrating uncomplexed dye exci-
tons, i.e.

) " transf '
M* + (M- - -dopant) — > M* + (M- - - dopant)

As In process (3) the charge generation step must be followed by charge
separation in the field. Electrons and holes are assumed to hop from one site

to the next,
In order to differentiate between the four dopant mechanisms, we and

M’ + (dopant)” f‘

others have carried out experiments on surface effects, conductivity, and |
field dependence of fluorescence quenching and photocurrent enhancement. :

In our experiments, the carrier generation at dopant-induced surface states
was tested by exposing a thin (about 3 nm) aluminium oxide layer on about
10 nm aluminium to iodine vapour before evaporating the organic (mero-
cyanine) layer. After an ohmic gold contact had been evaporated onto the
back face of the merocyanine layer, a small photoresponse was observed, but
the power output increased over 60-fold on exposure of the whole cell to

iodine vapour. The result strongly suggests that iodine-activated surface |

states are not important in the generation of photovoltaic behaviour. The

initial small response was probably caused by back diffusion of iodine from
the oxide into the dye layer at the interface. Mechanism (2) was tested by

preparing cells of the type Aujorganic/Au or Al/organic/Al, where the
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organic layer is merocyanine, CuPe, or magnesium or zinc porphyrin. When
the organic layer was doped with iodine, using the same doping technique as
for photovoltaic cells, the dark conductivity was left unchanged. This impor-
tant result rules out mechanism (2).

Mechanisms (3) and (4) have been probed by noting that electric-field-
assisted exciplex dissociation {mechanism (3)) predicts, on the hasis of the
Stark effect [71], a quadratic field dependence at all field strengths, but that
mechanism (4) predicts a linear field dependence at low field strengths, on
the basis of the theory of geminate recombination {72]. Preliminary conclu-
sions on the basis of an observed linear field dependence of the photocurrent
at low field strengths indicate that mechanism (4) is the dominant process in
merocyanine cells [35]. Menzel and Popovic [ 73] observed that the fluores-
cence quenching of metal-free X-phthalocyanine in poly(vinyl acetate) is
directly proportional to the applied field up to 1.1 X10° V cm™!. Thus,
photogeneration cccurs from the excited singlet state and the results can be
interpreted in terms of mechanism (4). At higher fields [74], a quadratic
dependence fitted the results and the present authors suspect that exciplex
formation is followed by field-assisted exciplex dissociation into mobile
carriers. [t is interesting also that Yokoyama et al. {75 - 77] have observed
an almost quadratic field dependence of exciplex fluorescence quenching in
poly(N-vinyl carbazole) films doped with low concentrations of dimethyi-
terephthalate at field strengths above 5 X 10* V cm™!. All the results how-
ever can be explained in terms of mechanism (4), rather than mechanism (3).

. Exciplex (or excited complex) fluorescence quenching appears to be caused

by field-assisted thermal dissociation of the charge transfer state into free
carriers, i.e. :

X e transfer . - D" +A”
D* + A T8 (DY AT
field =0 0 * v + A

The applied field, therefore, decreases the yield of geminate recombination.
The acceptor A may be regarded as a charge transfer complex or an unbound
acceptor molecule. The mechanism is discussed in Section 5,

In general, electric-field-induced fluorescence quenching is proving to
be a useful technique for probing the mechanism of carrier photogeneration
in organic materials. An important feature of this technique is that the
quenching is not expected to be affected by charge trapping after carrier
separation, which makes the interpretation of photocurrent measurements
difficult. Additionally, the fluorescence quenching efficiency equals the
quantum yield of carrier generation for small zero-fieid generation efficien-
cies.

5. Carrier recombination

A number of different models have been used to explain carrier recom-
bination in low mobility materials. The most frequently investigated model
has been the Onsager theory of geminate recombination [72]). In this theory
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it is assumed that electron—hole pairs separate to an initial distance ry in the
primary photogeneration step. In selenium [78], ry is strongly wavelength
dependent since it is identified with the thermalization distance of a hot
electron—hole pair generated by light absorption. The photoexeited carrier
pair shows an excess of kinetic cnergy, given by hv - Mgt E.(r) where hv is
the photon energy, A, is the band gap (the threshold absorption energy), r
is the pair separation and E.(r} = e/dmeeyr is the Coulomb energy of the
pair. Thus the photogeneration efficiency will not approach unity unless ihe
carriers diffuse apart a distance greater than r, before they thermalize, where
r. is the distance al which E, = k7. Otherwise, geminate recombination is
more probable than the creation of a free carrier pair. Using the assumption
that the initial distribution of thermalized pairs is an isotropic é function,
the generation efficiency is given by

¢nm(r0x F, T} = ¢0¢vsc

4 ET (—4) ( eFrO)X
= — eXpPl— ex -
O oFrg ¥ P\ %r

« ©  AM = o (eFro)ll “

m§0 m! ngﬂ I=m+En+l CRT I )
where ¢, is the efficiency of the production of thermalized pairs per
absorbed photon, ¢, is the escape efficiency, A = e*ldmee kTry and F is the
field strength, )

The Onsager theory has been used with some success to describe the
photoactivity of organic semiconductors such as anthracene [79, 80],
naphthalene [81], poly(N-vinyl carbazole) [82], the poly(N-vinyl carbazole-
trinitrofluorenone} charge transfer complex [83] and poly(9,6-di(N-
carbazolyl)-2,4-hexadiyne) [84]. Thevalidity of applying the Onsager theory
is often checked by calculating the slope-to-intercept ratio er /2kT in a plot
of the carrier yield versus the electric field, using the low field approxima-
tion of eqn. (4). In anthracene it has been proposed that autoionization of
the excited state brings about the initial electron—hole separation (i.e. the
mechanism given in Section 4.1.1), and there is good agreement between the
experimentally measured slope-to-intercept ratio and the theory.

" However, the initial separation distance ry is treated as an adjustable
parameter and no detailed theory of the initial charge separation has been
developed. Also, the quantum efficiency of carrier generation in many
organic thin films is wavelength independent and the photoconductivity or
photovoltaic threshold coincides with the absorption threshold. These
observations indicate that rapid relaxation in the excited state occurs before
the carrier generation step. This presents a major difficulty in applying the
original Onsager theory, especially as the principal mode of carrier formation
in photovoltaic cells is thought to occur via exciton dissociation at dopant

" sites and not via autoionization. Noolandi and Hong [ 85] have attempted to
overcome these difficulties by developing a model in which carrier
generation proceeds in two steps after vibrational relaxation of the exciton.
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[n the first step, carricrs are separated to a nearest-neighbour distance
assumed to be equal to the average distance between molecules. This step is
expected to be field dependent. In the second step, frec electron—hole pairs
are created by diffusion and drift in the electric field. However, Popovic and
Menzel [86] found that both the original Onsager and the modified
Noolandi-Hong theories failed to reproduce their data obtained for field-
induced fluorescence guenching of dispersions of metal-free X- and -phthalo-
cyanine and 2-methoxy-5'-nitrophenylazo-2-naphthol-3-phenylcarboxamide
in a polymer. They prefer a model in which the rate constant B(F) for carrier
production is an exponential function of the applied electric fieid, i.e.

R(F) = ko exp(—eﬂ) (5)
RT
The carrier generation efficiency is then expressed as follows:
k(F)
vy ©)

where Tk is the sum of all the decay rate constants of the singlet state,
excluding carrier generation routes. Good experimental fits to a combination
of these two expressions led the present authors to suggest that the param-
eter @ is the jump distance of an electron in the primary photogeneration
step and that eaF is an energy change, i.e. a lowering of the activation energy
barrier to the electron jump, associated with the presence of the extérnal
electric field. This implies that the primary charge separation is the slow step

“in carrier production and that dissociation of the ion pair proceeds with unit

efficiency after the initial charge separation.

In a recent paper by Yokoyama et al. [77], however, the Onsager
theory predicted the temperature dependence and field-induced exciplex
fluorescence quenching of a poly(N-vinyl carbazole) film doped with di-
methylterephthalate, a weak electron acceptor. A thermalization distance
of 22 A gave the best fit. This distance was identified with the interionic
separation of the electron—hole pair via a non-relaxed exciplex state
produced from the interaction between a migrating singlet exciton and the

electron acceptor. Their complete scheme is given as follows:

D* + A = (D*--A)> (DA
donor acceptor encounter non-relaxed
exciton complex exciplex
thermalization
< ro —
. _ field-assisted . _
DY+ A — D¥e-- A
charge carriers dissociation ion pair

geminate recombination
(D*’A*)* =D+ A+ hy
relaxed
fluorescent
exciplex
state
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The temperature dependence was attributed to the thermal activation
required to dissociate the thermalized ion pair, rather than being associated
with the initial electron transfer step as in the Popovic and Menzel model.

The thermalization process from the non-relaxed exciplex state involves
an increase in the interionic separation to ry as the excess energy dissipates.
This may be envisaged as hole hopping from site to site in the ground-state
levels of D (carbazole}).

Additional support for the model came from experimental confirma-
tion of the prediction that the fluorescence quenching should increase with
the acceptor electron affinity. The model implied that mcreasing the elec-
tron affinity should lower the D" -+ A" ion pair potential energy curve
relative to that of the D*---A. Thus a greater excess of energy has to be
dissipated during thermalization, resulting in an increase in r, with acceptor
clectron affinity, as observed.

In organic solar cells there is an additional recombination mechanism
which manifests itself as a decrease in quantum yield with an increase in the
absorbed light intensity. The photocurrent at short circuit does not increase
proportionally with the light intensity but increases instead according to a
power law of the type I, « Iy’ where 7y ranges from 1 to 0.5. This depen-
dence, which has also been observed in some inorganic devices, has been
attributed to the presence of a high density of fraps in the film. In illumi-

nated p-type organic semiconductors the majority carrier (hole) lifetime 7, is .

determined by the density of photogenerated electrons n by

1 .
Tp= —
k.
and ' _ {7)
1
Tn ™
Byp

where k, is a rate constant for recombination. In the presence of a high
density of electron traps the steady staie concentration n of electrons in the
film increases and the hole lifetime is reduced. The increase in the recom-
bination rate of electrons is n/r,. In the steady state, and when recombina-
tion is a significant loss process, the recombination rate must equal the
generation rate I,. Therefore, Iy = n/7,. Since the number of photogenerated
electrons must equal the extra number of holes, then Iy = kon? orn o [%°,
The photocurrent is proportional to n, so I & I1%%, Reducing the rate of re-
combination depends on improving the photoconductivity by reducing the

density of electron traps and increasing the electron mobility. A significant :

advance in improving the sunlight conversion efficiency has been the
development of doped merocyanine films in which the photocurrents are
linear in light intensity up to solar illumination levels [22, 36].

Until the dynamics of carrier generation in organic materials is under-
stood and the generality of theoretical models is verified, it will be difficult
to predict exact upper limits for J;, and V.. in photovoltaic cells. Ideally, the

[Hotkﬁhlﬁib
tures and f
cient duta
photomlta
This mode
ment of t
cussed in tH

The q
diagram in
of the org

Light
absorpri

LIGHT EXERGY I
Fig. 3. Mecha




al activation
Ing associated
zel model.

state involves
gy dissipates.
» ground-state

ital confirma-
increase with
ising the elec-
energy curve
rgy has to be
with acceptor

m mechanism
ncrease in the
15 not increase
iccording to a
3. This depen-
ices, has been
ilm. In illumi-
} lifetime 7, is

(7

nee of a high
lectrons in the
in the recom-
en recombina-
st equal the
hotogenerated
n?orn o [0
' the rate of re-
y reducing the
. A significant
has been the
rtocurrents are

erials is under-
xill be difficult
ls. Ideally, the

57

models should also relate the efficiency to host and dopant molecular struc-
tures and the degree of film crystallinity., As we have seen, however, suffi-
cient data are now available on the behaviour of organic semiconductors and
photovoltaic cells to justify the formulation of a relatively simple model.
This model has given useful insight in providing guidelines for the improve-
ment of the photovoltaic efficiency by molecular engineering and is dis-
cussed in the following section.

6. Molecular structure and photovoltaic efficiency

The. photovoltaic behaviour can be explained by means of the box
diagram in F}g. d and the energy diagram in Fig. 4. During photoexcitation
of the organic layer, excitons are created. The excitons (singlet or triplet)

Light exciton

absorption creation
excicon | = | radiationless
diffusien decay
electron geminate
transfer to —e~— recombination
C.T. complex of carriers
electron/hole

separation in
built-in field

carrier recombination
transport to |-a—— 0f carriers
electrodes

electreon
transfer at
electrodes

LIGHT ENERGY INPUT = ELECTRIC POWER + HEAT

Fig. 3. Mechanism of photovoltaic behaviour,
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Fig. 4. Energy level diagram illustrating the photovoltaic effect in an iodine-doped mero-
cyanine cell (FFig. 2, 9).

diffuse by hopping until they decay unimolecularly or transfer an electron to
the lowest unoccupied molecular orbital of an organic compound-dopant
charge transfer complex. The electron on the complex and the hole in the
highest occupied- molecular orbital of the organic compound can either
undergo geminate recombination or dissociate in the built-in field region.
This field region forms naturally in the vicinity of the barrier metal-organic
interface by equalization of the chemical potentials, The photogenerated
electrons and holes constitute a negative and a positive space charge respec-
tively. The photocurrent is then limited by the drift of this space charge by

“electron hopping to the appropriate electrodes under the influence of the

built-in field.
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The guantum yield ¢, of electron flow {i.e. the number of electrons
flowing at short circuit per photon absorbed) can be written as

¢, = Pons®e (8)

where ¢, is the efficiency of electron transfer {o the electrode in the
presence of recombination. ¢, contains the term ¢, (see eqn. (4)) which
can be written as

feq| M- -dopant]
%07 L M- --dopant] + Tk

where k4 is the rate constant for electron transfer from an exciton Lo an
(M---dopant} complex site (i.e. the rate constant for the generation of
thermalized ion pairs in the Onsager model), Thus it follows that ¢, becomes
larger as the concentration of the (M- -dopant) complex increases. If [M---
dopant] becomes too large, however, then a substantial fraction of light will
be absorbed by the complex. This is physically equivalent to the formation
of excited complexes by mechanism (3} which is thought to be an inefficient
way of generating carriers, so the overall efficiency is expected to decrease.
it follows that there should be an optimum dopant concentration, but this
point will not be considered further here.

The stability of a donor—acceptor complex in the ground state depends
on its energy AE, of formation and to a first approximation is proportional
to exp({AEy /RT). From the simplified potential energy diagram of a complex

(9)

~ shown in Fig, 5, we see that AE = Wy — [, which implies that the stability

of -a series of complexes should increase as the ionization potential of the
donor is reduced, provided that W, remains at the same energy for a related
series of complexes. As the complexes hecome more stable, a greater amount
of dopant is trapped in the film. The problem then is to relate the ionization
potential to the molecular structure so that efficient compounds may be
prepared. This approach has been adopted and applied to the merocyanine
class of dyes.

A considerable amount of work has been carried out on the mero-
cyanines because of their photographic sensitizing properties [87], their
photochromic behaviour [88] and their interesting solvent effects [87] . The
merocyanines are neutral polymethine dyes in which an electron—donor
group is linked to an electron—acceptor group by an unsaturated poly-
methine bridge. From a resonance point of view their true structure can be
regarded as lying between a neutral form and a charge-separated form. It
follows that the effective strengths of the donor group and acceptor group
and the bridge length determine, amongst other properties, the ground and
excited state polarities, the oxidation and reduction potentials (and hence
the ionization potential and electron affinities respectively} and the wave-
length A, of maximum absorption of the first electronic transition. Only
the combination of a-strong donor group and a weak acceptor group will
result in a dye of low lonization potential, Therefore, we have carried out
{34, 36] a study of the relationship between the photovoltaic activity of
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iodine-doped merocyanines and the molecular structure by systematically
varying the donor and acceptor groups. The results are plotted in the form
log ¢, versus I, in Fig. 6, as suggested by the dependence of complex stabili-
ty (and hence concentration in our experimental conditions) on exp(AE/
&T) in Fig. 5. A reasonably good correlation was observed which has enabled
us to prepare solar cells with efficiencies approaching 1%, using the more
efficient dyes.

The effect of bridge length was investigated by comparing the response
of compounds 9 and 10 in Fig. 2. The complete absence of a photovoltaic
effect was recorded for the dye in which the donor group was directly
attached to the acceptor group [36]. The result was interpreted in terms of
the reduction in lifetime of the excited state caused by an out-of-plane
twisting of the donor and acceptor groups to relieve the steric strain. Mero-
cyanines of low I, which contain more than two carbon atoms in the bridge
tend to decompose when evaporated,
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A similar correlation between the oxidation potential and log¢, wus
observed by Fajer and coworkers |28, 89] in liquid-junction porphyrin
photovoltaic cells, Charge carrier formation in porphyrins is thought 1o
proceed via oxygen complexes {90].

Some interesting results have been published recently [91 - 947 on the
fiuorescence quenching of a porphyrin (donor} residue by chemically
attached quinone (acceptor) groups. For example, the fluorescence quantum
yield ¢p and lifetime 7, of meso-tetraphenylporphyrin are 0.13 ns and
15.7 ns respeciively in benzene solution. If a phenyl group is replaced by
quinone, ¢ drops by a factor of 19 and 7, by 6.3 [93]. The flucrescence
quenching is believed to occur by electron transfer from the porphyrin to
the quinone. In a series of elegant experiments, Bolton and coworkers [93]
have confirmed this by detecting the biradical (porphyrin)i~(quinone}- in
high vield under steady state conditions by electron paramagnetic resonance
(EPR) spectroscopy on 2 related compound. It is possible that intramo-
lecular donor—acceptor compounds of the type used by Bolton could show
large quantum yields in organic cells.

7. Theoretical aspects of photovoltaic energy conversion and photocurrent
modelling

The photovoltaic effect arises if two conditions are met. First, there
must be a mechanism for the production of charge carriers by the action of

light on an absorbing organic compound, as discussed. Secondly, the carriers
have to be separated by a built-in electric field and to be collected at
opposite electrodes. By analogy with ideal metal-semiconductor Schottky
diodes [96], the built-in field is assumed to arise by electron diffusion
during the equalization of the Fermi energies at the barrier metal-organic
semiconductor contact. By the depletion layer approximation, the field
F,(x) in the semiconductor depletion region is given by

a

Fix)= e (x —w) (10}
s<0

and the potential drop Vy,; across the depletion layer is given by

w eN ,w?
Vi = st(x) dx = & A
0 .

(11)
€s€q

where N, is the acceptor density responsible for the dark semiconductivity
of the organic material, € is the semiconductor permittivity, eq is the
vacuum permittivity, w is the width of the depletion region and x is
measured from the contact towards the semiconductor bulk. Table 4 shows
the depletion layer characteristics for some cells reported in the literature. In
general, w is less than 500 A because of the large number of defect sites
which act as ionizing centres. The depletion layer width has been determined

© TABLE 4
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Neplelion layer and dinde characteristics of some organic photovaltaic cells

Hofvieney

Vbl

to (ﬁ)

Cell




10308y Aqipenb apoi
“JUAIAND UOIJRIN]ES 3SI9AY 4
‘sourjipeded WO PAUULIRTEP ‘) feldads uo1loe Wod) pauluiajep ‘v

ny/padop [H “HIIV (¥)

nd logg¢,. was
on porphyrin
is thought (o

o1 11-0T X2 8H/e-nAydosoryd/) (€)
00T X L ny fausaensy /1y ()
9 0T = 20008 VSHN 40 Ny /eusdensy/ |y (1)
S4Y 10
10T = ny /eutugdsolw/ Q-1 (g)
g0l = D 0gE ny/auuedsosw/[y (g)
10T % (G- 3) 0 ‘0065 - 00F Ay /sutuelaonw/[y (1)
satuoo0ua
o101 - g 01 = v 092 nyfognd/v (6)
0101 = g10TX G 07008 3y /o4n)/Iv {8)
0T = D ‘006 - 008 gLV (L)
v '04¢
O X (P 1-9°0) 2°0%% - 00T By P dBW/Y (9)
w101 =~ Le T g 0T XGg ny/aguyzug (g)
10T = §'T g _0TX LLT nwy /o dty/ur (%)
s 01 = ny /g H/IV (8)
v ‘088

LT 6 0T%83'T 0T E D0ze  VSEN/wwAed ut dg*H-X/1V (8)
5 0T X g -2l 601X 8 ©,,0Ixe D°00g  VSAN/wwAod up agtH-x/ul (1)
soumurn ooy Iy

(g wo) (w2 v) (g_wa)
Ly qH e VN (y}m ik}
s[[82 do1ryoaojoyd druedio awos Jo sorysIIB)ORIEBYD apoIp puk taie| nonsrdag
¥ ATEVL
ELZEERS2ES 08 5 E°SERZEE3 0§ o ZEPEAET
Peso® S=RaE < S S oo B'RE &g =T w9 gR.8
nmt dmc.m[\l;aa H = 42 g — [ - hes.l.
SEEziRE R EsEg s SE88f28%, g 5e E
—c = SE=2E83z83 3 wheoggds g S oc8¥RL QY
+ o YmEodx T 3 2 ERfoefwmo ¥ TS LEE S
PO EA I EETE RO S 289 ygd - 3 -gS 8T
L 25 ., 2EZEE g & sF¥H_ 8888 2EES TN 8




74

experimentally by two methods, the capacitance method and the action
spectra method, In the capacitance method, w is ohtained {rom the value of
the differential capacitance at zero bias in a plot of 1/C? versus the applicd
voltage at low frequency. At high frequencies, i.e. greater than 100 Hz, the
capacitance becomes voltage independent for merocyanine cells [35]. A
similar observation has heen made on illuminated tetracene cells at
frequencies above about 1 Hz [101]. The results for tetracene were
explained in terms of a model in which the depletion layer is formed from a
high density of immobile trapped charge which can be mobilized by
illumination.

In the action spectra method, several researchers working with different
organic dyes have noticed a difference in the action spectrum obtained when
light is incident on the barrier side compared with the response obtained

" when light is incident on the ohmic contact side. For front illumination the

strongly absorbed light creates excited states in the depletion region. Under
these conditions, the absorption spectrum is usually well matched to the
action spectrum, For back illumination the organic material itself acts as a
filter of the strongly absorbed light in the field-free bulk region and only
weakly absorbed photons at the sides of the absorption peaks penetrate to
the depletion region and make a major contribution to the photocurrent. An
example of this behaviour is given in Fig. 7. The spectral response is then
some function of the reciprocal of the absorption coefficient. The depletion
layer width can thus be estimated provided that the exciton diffusion length
is known, but the value obtained will depend on the particular model used to
predict the photocurrent response.

Modelling the photovoltaic behaviour of organic cells usually begins by |

solving the diffusion equation of excitons in the steady state, i.e.
d? '

C ;
D — —ke + odg exp(—ox) =0 (12) -

dx?

where D is the one-dimensional diffusion coefficient of excitons, ¢ is the
concentration of excitons at a given plane at a distance x from the metal—
organic interface (where x = 0), k is the total annihilation rate constant for
excitons, ¢ is the absorption coetficient and 1, is the flux density of un-
reflected monochromatic photons entering the organic film.

A number of boundary conditions are possible, e.g. at x = 0, ¢ = 0 or
D(defdx) = sc(0), where s is the surface recombination velocity, at x = d
{where d is the thickness of the organic film),¢=0andatx =90, ¢=0. The
most realistic conditions appear to be ¢ = 0 at x = 0 and x = d because of the

rapid quenching of excitons by metals. The exciton distribution is then given -

by
_ I o exp(x/L) (_d _
c(x) k(1—a2L2)[eXp( oex) + exp(d/L)-—exp(—d/L)gexp E)
— exp(—ad % B exp{—x/L) (d) _
P ) exp(d/L) — exp(—d/L) exp L exp(~ od) ] (3)
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where L is the exciton diffusion length (L = (D/k)!/?).

Ghosh and Feng [22] have assumed that free carriers are generated
only if excitons reach the front electrode in aluminium—merocyanine cells.
The exciton cuirent J,; for front ilumination is then given by

Jy=—DX 14
Al axl, (14)
o if ( ) <1 15
= — — | €
a+1/L mexplT T (18)
. The photocurrent can be expressed as
' _ elygo
v T IL (16)
and the quantum yield based on the incident light is then given by
o, o
At (17)

where ¢ is the exciton dissociation efficiency for carrier generation.
However, if carrier generation is a bulk phenomenon in which carriers are
created at dopant sites of concentration N, as discussed previously, then a
different expression for the quantum yield ¢; is obtained. The generation
}'ate of carriers at x is kyNge(x)¢e.(x). In the Onsager model, k4 can be
dentified with the rate constant for the generation of thermalized ion pairs
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and 6. ix) with the efficiency of escape of the opposite charges from their
mutual coulombic attraction, On the assumption that only carriers that are
created in the depletion layer contribute to the photocurrent and that there
is no recombination, the photocurrent is given hy

w
Jph = ef k(ll\‘rd(fi)csc[x)c{x} dx [IO'J
0

The upper limit for the photocurrent is then determined by the fraction
of incident light that is absorbed in the depletion region and by the diffusion
length of excitons, on the assumption that ¢q;. = 1 for 0 < x < w. Substitug-
ing for ¢(x) and performing the integration, we obtain

efgkqNg
Jon = o573
R(I —a*L"}
R oL [{exp(w/L) — 1} {exp(—d/L) — exp(—ad)}]
exp(d/L) —exp(—d/L)

1 —exp(— aw}+

_ aL{{1 —exp(—w/L)}{exp(d/L) — exp(—ad)}] (19) .
exp{d/L) — exp(—d/L)
The quantum yield based on the incident light is then
J,
=2 (20)
ely ;

In eqn. (19), k is equal to kaNg + Xk and therefore k N4 /k is the efficiency

$o of exciton dissociation. In Fig. 8, ¢ /¢, versus w is plotted for different |
values of @ and L. It is apparent that for a typical depletion layer width of }

about 300 A the upper limit for ¢; /¢, is between 50% and 60% for strongly
absorbed light (o =

3 X10% em™'). If ¢y = 1, then ¢ = 60% is the upper

limit for the quantum yield (on the basis of the light incident on the organic !

film) at the peak absorption wavelength of the organic material. The average
upper limit of ¢; over the absorption spectrum will be considerably less than
60% because of the highly structured absorbances of organic compounds. By
extending this argument further, we can calculate the upper limit for the
short-circuit photocurrent J,, for a promisingly efficient merocyanine dye
(Fig. 2, 9) illuminated by air mass (AM) 1 sunlight.

‘\1 -
Joe(max) = [ Jon(A) AN

Ay

=6.6 mA cm™?

The parameter values used in this caleulation are w = 230 A, L = 0,
d = 500 A, the absorption spectrum given in ref. 36, the AM1 solar
spectrum given in ref. 102, A; = 390 nm and A, = 800 nm. The upper limit
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on ¢; averaged over this range of wavelengths was calculated to be 0.25. This
calculation highlights the large losses arising from poor matching of the
absorption and solar spectra and the short depletion length. In order to
increase J, (max), the absorber must be tailored to absorb strongly over the
entire visible spectrum up to about 900 nm. Alternatively, multilayers of
single absorbers may suffice, but interface recombination effects are highly
probable. Another approach is to increase w by identifying and reducing the
density N, of acceptor states, In order to offset the loss in electrical conduc-
tivity (0 = eup ~ euN,~ where N,~ is the density of negatively charged
acceptors), the charge mobility 4 must be increased by at least a propor-
tional amount. This may be achieved by improving the film crystallinity and
purity.

Yet another approach would be to prepare an organic p—n junction by
interfacing a p-type dye, such as a merocyanine, with an n-type dye, such as
a triphenylmethane. The light absorption property of the cell would be
substantially improved by such an arrangement. Kudo and Moriizumi [103]
recently demonstrated the feasibility of this approach by extending the
earlier work of Meier [3]. They prepared an ITO/malachite green/
merocyanine 5/Ag cell with a sunlight conversion efficiency of 0.05%.
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8, Sunlight conversion efficieney, 7,

The theoretical maximurm sunlight conversion efficiency of organic cells
is of considerable interest if practical devices are to be developed. The effi-
ciency of any optoelectronic converter is given by

(22)

Y

f ; ’,"'Emux y
n, = [Jv/af EN(E) dE) X 100%

The equation is more useful if it is expressed [104 - 108] as the product of a
number of dimensionless groups each of which refers to an energy dissipa-
tion process in the cell, i.e.

E max
E, f N(E) dE
E, eVoe Jo.le JV
ns = (1 —K) , (23)
Emax Eg Em ax JSC VOC
EN(E) dE

(1 wR)f N(E) dE
Eg

o

= reflection losses X light absorption efficiency X voltage factor X
X average quantum yield X fill factor

In this equation, R is the ratio of the reflected to the incident energies, E is 2

the threshold energy of absorption and N(E) is the flux density of incident
photons per unit energy interval. For a “perfect” device with an £, of 1.4eV
at room temperature the efficiency in AM 1 sunlight is

ne =1 X044 X0.7X1X1

=31%

The value of 0.7 for the voltage factor arises from constraints due to the
second law of thermodynamics (see for example refs. 107 - 109).

~ In practice, there are losses due to reflection, current collection and
resistance which limit 7, to about 23%. In a single-threshold absorbing
organic cell there are additional losses arising from the field-dependent
quantum efficiency and poor matching of the absorption and solar spectra.
Let us consider the merocyanine cell discussed previously. If we assign
“hest’’ estimates to each of the terms, the ultimate efficiency for this cell
with no reflection loss will be

1
ne~1%04X —— X0.25X0.6 ~ 4%
1.55

This should be compared with
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An analysis of the loss processes in an experimentally measured sunlight
efficiency for the cell Ai/merocyanine, Cl, doped/Au led to the following:

0.74
ns(measured] =06 x0.4 X 155 %0.08 X0.39=0.36%

In the calculation of the ultimate efficiency a fill factor of 0.6 has been
Optimisticaily assumed to be within reach, although in practice values be-
tween 0.3 and 0.44 are often measured. The development of better models
should quantify the fill factor more rigorously. In contrast, Tang ef al. [10,
11] have reported a fill factor of 0.6 in a CuPc/perylene cell,

The result strongly suggests that an organic cell based on a single-
threshold absorber with a typical depletion layer width of 230 A will not be
efficient enough for solar photovoltaic energy conversion on a large scale.
However, by broadening the absorption spectrum and extending the deple-
tion layer width to 500 A, an ultimate efficiency of about 1 X 0.44 X 0.7 X
0.7 Xx0.6 or 13% is obtained. The problems in achieving this efficiency in
practice are formidable but not entirely out of the question. For example,
Loutfy ef al. {31] recently measured a monochromatic quantum yield ¢
of 46% based on 600 nm light incident on an X-H,Pc in polymer film atlow
light level. This value is close to the upper limit of 63% at w = 300 A and
@ = 3.3X10° em™! in Fig. 8. In this cell it is interesting that the barrier
width is greater than in the equivalent evaporated X-H,Pc centinuous films.
If recombination, reflection and absorption losses can be overcome, then this

~cell will be highly efficient in sunlight.

9. Stability of organic cells

A major problem with organic devices is their instability, especially at
high light intensities; however, the mode of degradation and the time
evolution of photoresponse have received little attention. The published
data, summarized in Tables 1 and 2, suggest that the following processes
contribute to the photocurrent decay in organic cells: (a) the build-up of
oxide layers on the barrier metal surface; (b) photodegradation (UV and
visible) and thermal degradation of the dye.

In principle, process (a) can be minimized by encapsulation and similar-
ly process (b) may be reduced if molecular oxygen (singlet molecular oxygen
reactions with organic materials are extensively reported) is involved. How-
ever, it is possible that the degradation of the organic layer may proceed via
isomerization and other rearrangements [34, 88, 110, 111]. In this case,
introducing substituents that block the rearrangement, or just making the
photovoltaic steps more efficient at the expense of rearrangement, may
stabilize the organic material. A simple calculation reveals that in order to
meet the requirements for long-term stability (5 years) the quantum yield of
photodegradation processes should be less than 107 % on the assumption
that a 10% loss in photocurrent can be tolerated.




Future investigations will reveal whether or not organic cells will ment
the stringent efficiency and stability requirements necessary for practical
devices.

10. Summarizing remarks

The status of organic solar cells has been reviewed, The research is still
in its early stages, but efficiencies approaching 1% in sunlight have becn
reported. Their photoclectric and reectifying behaviour bear some resem-
blance to conventional Schottky barrier or MIS devices, but the ultimate
efficiency is constrained to lower values by the field-dependent gquantum
efficiency, short depletion widths, poor maiching of absorption spectra with
the solar spectrum and series resistance, Some of these problems can be over-
come, however, by molecular tailoring of the organic material, by reducing
the high density of trap sites and by molecular doping.

A review of doping effects in photoconductivity and photovoltaic cells
has emphasized that molecular doping is crucial for efficient carrier photo-
generation. The mechanism is thought to involve the formation of charge
transfer complexes at specific sites in the bulk of the organic film. Future
progress will depend on optimizing the type, concentration and distribution

" of dopant in the organic film.

Theoretical models of photovoltaic response are still in an early stage of
development. However, the resulis from photocurrent efficiencies and field-
dependent fluorescence guenching in photoconductivity cells should find
some application, especially Onsager’s theory of geminate recombination.
Once the validity of such models has been tested, it should be possible to
predict the limiting photocurrents, open-circuit voltages and fill factors and
hence the efficiencies of cells containing promising classes of organic com-
pounds such as the phthalocyanines and merocyanines. In this review, an
ultimate efficiency of only about 4% is predicted for a merocyanine cell in
which the barrier width is 23 nm. However, if the absorption spectrum is
broadened, e.g. by photosensitization or by molecular tfailoring, and the
barrier width is extended, then efficiencies of around 10% should he within

reach.
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