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Existing types of solar cells may be divided into two distinct classes: conventional solar cells, such as silicon
p—n junctions, and excitonic solar cells, XSCs. Most organic-based solar cells, including dye-sensitized solar
cells, DSSCs, fall into the category of XSCs. In these cells, excitons are generated upon light absorption, and
if not created directly at the heterointerface as in DSSCs, they must diffuse to it in order to photogenerate
charge carriers. The distinguishing characteristic of XSCs is that charge carriers are generated and
simultaneouslyseparated across a heterointerface. In contrast, photogeneration of free elboteopairs

occurs throughout the bulk semiconductor in conventional cells, and carrier separation upon their arrival at
the junction is a subsequent process. This apparently minor mechanistic distinction results in fundamental
differences in photovoltaic behavior. For example, the open circuit photovoltade conventional cells is

limited to less than the magnitude of the band bendighowever,V,. in XSCs is commonly greater than

@y Early work on solid-state excitonic solar cells is described as are excitonic processes in general and the
use of carrier-selective (energy-selective) contacts to enhdpc&hen studies of DSSCs, which provide a
particularly simple example of XSCs, are described. A general theoretical description applicable to all solar
cells is employed to quantify the differences between conventional and excitonic cells. The key difference is
the dominant importance, in XSCs, of the photoinduced chemical potential energy grégignihich was

created by the interfacial exciton dissociation process. Numerical simulations demonstrate the difference in
photoconversion mechanism caused solely by changing the spatial distribution of the photogenerated carriers.
Finally, the similarities and differences are explored between the three major types of XSCs: organic

semiconductor cells with planar interfaces, bulk heterojunction cells, and DSSCs.

I. Introduction produced in inorganic semiconductors, such as silfcdhAn
exciton in an organic semiconductor (usually a Frenkel exci-

junction cell, were invented in the 1950s and first commercial- tor_l)ll 'S sometimes conydgred o be a bou_nd electfule
ized in the 1960s for use in the space progfasince then, pair. However, because of its electroneutrahty gnd the strong
there have been rapid advances in the efficiency and reliability Pinding between the electron and the hole, it is often better
of these cells, along with substantial decreases in cost. Thecharacterized as a mobile excited sté&talthough the distinc-
nascent photovoltaic industry has been growing rapidly as ation between the photogeneration of excitons in organic
result of these advances. Nevertheless, the price of solar powesemiconductors and of free electreinole pairs in inorganic
is still greater than the price of power from the electrical grid semiconductors was made early on, the consequences of this
in industrialized nations, partly because the costs of the pollution distinction are just beginning to be fully appreciatédt® This
generated by conventional power sources are not included inpaper examines the fundamental changes in photoconversion
their prices. mechanism caused by this difference. With minimal oversim-
There is an increasing amount of research devoted to piification, | believe it is possible to separate existing solar cells
potentially less expensjve types of solar cells such as t.hose_ base¢hto two distinct categories on the basis of their charge-
on organic dyeise and pigmertts; these have been studied since  ganeration mechanisms: conventional solar cells and excitonic
tr:ce rl]ate 19508, aI_belt atfa fa|rly_low| level qntll_reclsntly. One h solar cells. The latter category, XSCs, consists of cells in which
of the great promises of organic electronics is that, once t eIight absorption results in the production of a transiently

physical requirements for a certain application are clearly . . . . -
understood, synthetic chemists can produce compounds havindocal'zed (T(xcn.ed rs]tatehthaF ca}nnr(])t the'rmalrll)./ ?]'S,SOC'at? (bmtﬂng
these characteristics. For the moment, however, the primary€"€rgy> K1) in the chemical phase in which it was formed.

challenge is still to understand the physical requirements. A Examples of XSCs include molecular semiconductor solar
fundamental difference between organic solar cells and con- Cells;®~* conducting polymer solar ceffs;**?" dye-sensitized
ventional solar cells was recognized almost immediately: light solar cells (DSSCs)?!>2%31 and probably also the proposed,
absorption results in the formation of excitons in organic but not yet realized, quantum dot solar céfin all these cases,
materials rather than the free electrdmle pairs directly charge generation via interfacial exciton dissociation results in

Conventional solar cells, epitomized by the silicorp
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a photoconversion mechanism that is fundamentally different
from that in conventional solar cells.

Section Il of this paper describes some of the early work on
excitonic processes in organic semiconductors and solar cells.
When electrically symmetrical cells designed to measure the
photoconductivity of some new organic semiconductors pro-
duced instead a stable and reproducible photovoltaic effect, it
became clear that organic materials could generate a photovol-
taic effect by mechanisms that are not available to conventional
inorganic semiconductof8.Section Il further characterizes the
asymmetric interfacial exciton dissociation process and shows
that it can overwhelm the influence of an internal electric field, —
driving photocurrent in the opposite direction from that expected gz
by the “conventional” mechanism. The strength of this effect 110 ciectrodes
can b.e enhanced thr.ough the use of Carrler-selectlye (I'.e"Figure 1. The current densityvoltage,J—V, curve (right) of a 2.5
potential energy-selective) contacts that permit exciton dissocia- um thick symmetrical (ITO/Porphyrin/ITO) cell (shown at bottom left)

tion to occur only in one polarity. The formation, transport, and  containing a capillary-filled liquid crystal porphyrin, ZnOOEP, (top
dissociation of excitons are described in section IV. Section V left) under~1 sun illumination. Turning the cell around and illuminating

provides a brief description of dye-sensitized solar esilis through the other electrode gave identical results. (Data from ref 13.)
some respects the simplest of the XSCs. The sometimes-

overlooked force derived from the interfacial excited state inorganic semiconductor-n junction, namely, thagVoc < @y
dissociation process is most clearly evident in DSSCs because(Whereq is the electronic charge), because the junction field
complicating processes, such as exciton transport, play no role,would be necessary tgeneratecharge carriers via exciton
and because the competing force of the internal electric field is dissociation. Recent studies, however, show that the whole
practically eliminated by the electrolyte solution that permeates Notion of an organic pn junction is problematic, partly because
the nanoporous device. A conceptual and theoretical descriptionof the high diffusion coefficients of the “dopants”, and that a
of photoconversion processes that is appropriate for both true organic p-n junction may not yet have been realiz8d*
conventional and excitonic solar cells is developed in section Furthermore, excitons in the average organic semiconductor are
VI. It quantifies the essential difference between the two classes SO strongly bound that they are practically unaffected by internal
of cells and delineates the complementary roles of the two electric fieldsi42-44

fundamental forces in solar cells: the gradients of the electrical ~ The first photovoltaic effect in an organic crystal sandwiched
and chemical potential energi&%J and Vu, respectively. The between two identical electrodes was reported by Kallman and
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numerical simulations of section VII demonstrate the major
differences in photovoltaic (PV) behavior for two cell types that
differ only in the spatial location of the photogenerated charge
carriers. Finally, the relationships between the three existing
types of XSCs-organic semiconductor cells with planar inter-
faces, bulk heterojunction cells, and DSS€se discussed in
section VIII. Their differences show the breadth of behavior
encompassed by the XSC concept, while their similarities
highlight the fundamental distinctions between XSCs and
conventional PV cells.

Il. Recognizing the Significance of the Interfacial Exciton
Dissociation Process

The mechanism by which silicon—m junction solar cells
function is so well-knowh33 that it is sometimes mistaken for
the only possible photoconversion mechanism. One of its
distinguishing features is that the open circuit photovoltdge
cannot exceed the magnitude of the “built-in” electrical potential
energy difference across the cell at equilibriddg;, also known
as the “band bending?.3334 Natural photosynthes#s, 3’
however, does not employ a4 junction nor is the free energy

Pope in 1959. They used 5um thick single crystals of
anthracene to separate two solutions of NaCl. Upon illumination,
a photovoltage of 200 mV was generated between the two
solutions, the illuminated side charging negative. They were
not able to propose a detailed mechanism to account for the
photovoltage but concluded that charge transfer across the
illuminated interface must occur by a different mechanism than
charge transfer across the dark interface. Seven years later,
Geacintov, Pope, and Kallman reported studies of single-crystal
tetracene sandwiched between two chambers of distilled #ater.
They again observed a PV effect and concluded that the majority
of the photocurrent was caused by exciton diffusion to the
illuminated tetracene/water interface followed by electron
injection into the water. A small percentage of the photocurrent
originated from photogeneration of carriers in the bulk tetracene
(photoconductivity). Unfortunately, these pioneering studies
went almost unnoticed.

Two decades later we wished to study the photoconductivity
of our newly synthesized liquid crystal (LC) porphyrins, such
as zinc octakis(octyloxyethyl)porphyrin, ZnOOEP (structure
shown in Figure 1¥% We prepared electrically symmetrical cells
consisting of two ITO (indiurr-tin oxide) electrodes separated

stored in its intermediates and products limited to some internal by 2—5 um spacers. ZnOOEP in its isotropic liquid phase was
electrical potential difference. Realistically, therefore, we should capillary-filled between the electrodes and then cooled through
not expect solar cells made from organic semiconductors (somethe LC phase into the solid state at room temperature. This
of which are similar to the molecules employed in photosyn- resulted in a highly oriented, polycrystalline film of LC
thesis) to necessarily function by the same mechanism as siliconporphyrin. Since the empty cell was symmetrical, and it was
p—n junctions. Nevertheless, this is often assumed, albeit with filled with an isotropic liquid, the final device could not contain
a mechanism modified by the exciton formation, diffusion, and a macroscopic internal electric fiel@§ = 0). Nevertheless,
dissociation processes. illumination resulted in a stable and reproducible photovoltaic
In early studies, excitons were often assumed to dissociateeffectl® The PV effect was surprisingly strong (Figure 1)
in the electric field at the organic *pn junction”. This considering the 25 um thickness of the organic film: for
mechanism would then lead to behavior similar to that of an example Vo = 330 mV andls.= 0.3 mA/cn? at approximately
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1 sun illumination intensity (75 mW/cth The illuminated
electrode always charged negative; if the cell was turned around,
the newly illuminated electrode (which was positive as the dark
electrode) would charge negative in less than a minute. Cells
could be illuminated for weeks, passing thousands of electrons
per porphyrin, without any change. It was obvious that this
behavior could not be explained by the conventional model of
solar cell$® nor was it caused by a Dember efféat’

We explained these results by a kinetic model. There were
two photoproducecaisymmetries in these cells which were, in
the dark, completely symmetrical: (1) Light was incident on
only one side of these optically thick cells, thus producing
excitons primarily near this electrode (if both electrodes were
illuminated simultaneously, the PV effect disappeared and only
photoconductivity was observed). (2) We assumed that the
exciton dissociation process at the porphyrin/ITO interface was

hv
<

V vs SCE

ZnOOEP

PVP-Os(bpy),Cl PVP-Ru(bpy),Cl

kinetically asymmetric: that is, exciton dissociation by electron
injection into the ITO electrode, leaving a hole behind in the
porphyrin, was kinetically more facile than the opposite dis-
sociation process of hole injection into the ITO. No further

Figure 2. The use of carrier-selective contacts to improve the
photovoltage. If the exciton energy and bandedge potentials are known,
contacts can be devised that will pass primarily electrons or primarily
holes. The lower two gaps drawn in the redox polymer films indicate
the film oxidation potentials; the upper ones indicate their reduction

assumptions were necessary to explain the results: the simplé,gtentials. In this case, the use of selective contacts incraaséom
fact that electrons were preferentially injected into the il- 0.3to 1.0 v, without any band bending in the equilibrium cell. SEE
luminated ITO electrode, and holes into the porphyrin, neces- standard calomel electrode.
sarily resulted in a photovoltaic effect. We were aware, of
course, that the photoseparation of charge carriers in a cell thatectify the exciton dissociation process. (Such carrier-selective,
initially contained no electric field would generate an electric OF energy-selective, contacts were recently proposed to be a
field due to the Coulomb attraction between the carriers. This Necessary requirement for realizing high-efficiency “hot-carrier”
photogenerated electric field would oppose further charge solar cells?>0%) We first experimented with thin films of redox
separation. Therefore, the measuvggl(0.25-0.35 V) indicated polymers on ITO electrodé3Given the excited-state potentials
the strength of this asymmetric interfacial exciton dissociation Of our LC porphyrin and the redox potentials of the polymers,
process: it just sufficed to drive charge carriers up an opposing We reasoned that a thin film of poly(vinylpyridine) complexed
electric potential difference equal .. As in the work of  to Ru(ll)-bis(bipyridine)-Cl (PVP-Ru(bpyLl)*? covering the
Geacintov et a5 it was clear from photocurrent action spectra illuminated ITO electrode should function as an electron-
measurements that a small fraction of the absorbed photonsSelective contact (Figure 2). Excitons could not dissociate via
directly generated carriers in the bulk. Thus, the PV effect, hole injection into the electrode because excited ZnOOEP cannot
although driven by asymmetric interfacial exciton dissociation, 0xidize PVP-Ru(bpyCl (Figure 2). Experimentally, this film
was modified by the photoconductivity resulting from the bulk increased/octo ~0.6 V compared to-0.3 V without the carrier-
generation of carriers, presumably at trap sifes. selective contact. Likewise, we reasoned that a thin film of poly-
A year later, the nanoporous dye-sensitized solar cell, DSSC, (Vinylpyridine) complexed to Os(1l)-bis(bipyridine)-Cl (PVP-
developed by Giel and co-workers, was announcedt Os(bpy}CI)>*>* should function as a moderately selective
achieved an efficiency~7%) far higher than other noncon- ~ contact for holes, although it could also pass some electrons
ventional solar cells and immediately attracted great interest. (Figure 2). This film on the illuminated electrode invertégt
The correct theoretical description of DSSCs was not apparentt© ~ —0.1 V. Both of these polymers were electrically neutral
at the time, but is now becoming well accepfe@?349There as deposited and impedance measurements over the frequency
were some similarities between DSSCs and our solid-state LC "ang€ 10 mHz1 kHz showed no measurable band bending in
porphyrin cells: both appeared to be driven by the interfacial the dark:Using a combination of the two polymers, PVP-Ru-
dissociation of excited states which resulted in the generation (PPY2Cl on the illuminated electrode and PVP-Os(b@f)on
of electrons in one chemical phase and holes in the other. Butthe dark electrode (Figure 2), resultedVig, = 1.0 V.52 These

there were also substantial differences that at first obscured the€XPeriments demonstrated that it was possible to achieve
similarities. photovoltages as high asl V without any equilibrium band

bending in a solid-state organic semiconductor film. In other
words, the asymmetric dissociation of excitons at an interface
by itselfwas capable of producing a powerful photovoltaic effect
even when it resulted in an internal electric field tbaposed
Having proposed a mechanism to explain the photovoltaic further charge separation.

effect in symmetrical organic PV cells, we tested some of its  Cells based on another molecular semiconductor, perylene
predictions. It was the kinetic asymmetry of the interfacial bis(phenethylimide), PPEI (Figure 3), were designed to probe
exciton dissociation process that gave rise to the PV effect in the relative importance of the exciton dissociation process
our model. That is, all else being equal, the more rapidly compared to the average internal electric figig/qd (d = cell
electrons were injected across the interface relative to holes (orthicknessf® These devices resembled, more closely than our
vice versa) the greater the photovoltage should be. In our original LC porphyrin cells, the typical organic PV cells of the tid$e”
configuration (Figure 1), excitons could dissociate by either The organic semiconductor film was much thinne200 nm)
electron injection or hole injection into the illuminated ITO than that in the LC porphyrin cells, and the organic layer was
electrode; electron injection was simply faster. Therefore, we sandwiched between two electrodes of different work functions.
sought carrier-selective contacts that would more completely The internal electric field across the PPEI film was varied by

Ill. Carrier-Selective Contacts and the Interfacial Exciton
Dissociation Process
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Figure 4. Energy level diagram for an excitonic heterojunction solar
Figure 3. Current density-voltage curves for four cells of configu-  C€ll- Excitons created by light absorption in organic semiconductors 1

ration ITO/X/PPEI (200 nm)/M, where X is either nothing (cells aand @nd 2 do not possess enough energy to dissociate in the bulk (except
¢) or a~25 nm thick film of the hole-selective contact, TPD (cells b &t trap sites), but the band offset at the interface between OSC1 and

and d). The metal counter electrode, M, is either Ag or In. The OSC2 provides an exothermic pathway for dissociation of excitons in
qualitative energy level diagrams of the four types of cells before POth phases, producing electrons in OSC1 and holes in OSC2. The
equilibration are shown. The structure of PPEI is shown. lllumination Pand offset must be greater than the exciton binding energy for
was 8 mWi/crh at 500 nm. Data from ref 55. dissociation to occur.

using either Ag or In as back contacts while ITO served as the controlled entirely by@yi, but that the force resulting from
transparent front contact. The work function of Ag is slightly interfacial exciton dissociation must be taken into accéfint.

more positive (further from vacuum) than that of 13%vhile The XSCs discussed so far consisted of only a single organic
that of In is more negative®. A selective exciton dissociating  semiconductor film for simplicity. However, the typical solid-
interface for the PPEI was formed withN'-diphenyIN,N'-di- state organic solar cell consists of a bilayer of two organic
(o-tolyl)benzidine, TPD, a well-known hole conductdit the semiconductor$®1” Further studies of PPEI films, now con-

PPEI/TPD interface, excitons in the PPEI can dissociate only tacted by the photoactive hole-conductor titanyl phthalocyanine,
via hole injection into the TPD leaving an electron in the PPEI. TiOPcY instead of the transparent TPD, showed greatly
Cells were constructed in four combinations using either Ag or enhanced photocurreris. These devices were energetically
In as the back contact and with or without a thin film of TPD similar to the device shown in Figure 4. Note that such cells
deposited between the ITO and the PPEI film. Thus, in cells are not p-n junctions in any normal sens&they are better
with TPD, @y, would either enhance (with In contacts) or oppose described as excitonic heterojunctions. Among other differences,
(with Ag contacts) the force generated by interfacial exciton XSCs are majority carrier devices in which the primary
dissociation. processes of carrier generation, separation, and recombination
Without the TPD films, the photovoltages were of the polarity occur at the heterointerfaéé!®5 while conventional pn
expected from the work functions of the electrodes but the junction solar cells are minority carrier devices in which these
photocurrents were quite low (presumably due to inefficient processes occur primarily in the bulk of the semiconductors.
exciton dissociation). The presence of the electroneutral, but The PPEI/TIOPc devices further demonstrated a characteristic
hole-selective, TPD films shifted the photovoltag®.45 V common to many (but not all) excitonic solar cells: the dark
positive in both cases. The application of the TPD film inverted currents had no quantitative, or even qualitative, relation to the
the PV effect in the case of Ag electrodes; that is, the photocurrentd®1858 This is another fundamental distinction
asymmetric dissociation of excitons at the TPD/PPEI interface between XSCs and conventional solar cells. It occurs primarily
overwhelmed the influence of the internal electric field. This because the dark current in XSCs is usually governed by a
also demonstrated that the exciton dissociation process was nomechanism different from the photocurrent: the dark current
greatly affected by the field: excitons dissociated efficiently in is limited by carrier injection from the electrodes into the
the polarity opposed to the field. We can conclude that the photoactive films, while the photocurrent derives from interfacial
exciton binding energy was far greater than the internal electric exciton dissociation. These two processes are distinct and occur
potential drop across the “diameter” of the exciterlL-2 nm) at different interfaces. In the typical molecular organic semi-
and that, therefore, exciton dissociation was driven by the bandconductor with few electroactive impurities (low “dopant”
offset at the TPD/PPEI interface (see Figure 4), not by the bulk concentration), the dark current can be orders of magnitude
electric field!?38 These experiments demonstrated again that lower than the photocurrent under forward bias, andJh¥
the interfacial dissociation of excitons creates a powerful force curves can have much different shapes in the dark and in the
affecting the behavior of organic PV cells. This force is light.1218 Nevertheless, a qualitative interpretation of the dark
sometimes overlooked, although XSCs cannot be properly current is still valid: the lower the dark current, the higher the
understood without it. The more or less common assumptions possible photovoltag®.In high-surface-area solar cells, there
that qVoc < @i and that exciton dissociation is driven by the is an additional reason for the lack of quantitative cor-
electric field at the “p-n junction” are clearly incorrect for XSCs  respondence between the dark currents and photocurrents: There
in some, probably most, cases. Recently, results were obtainedare many possible current pathways through cells made up of
also in conducting polymer solar cells showing tNat is not interpenetrating bicontinuous phases, and the relative resistance
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of these various pathways can change dramatically uponcondition on the reactiondiffusion equation). Therefore, these
illumination. Thus, dark currents can follow a very different studies provided, at best, a lower limitltg,. In fact, Kenkre et
pathway through the device than photocurréhtSFor similar al. concluded that most previous measurements had been limited
reasons, the cell capacitance (proportional toettt@e surface by S not byLex as assumed, and thus the actual valuelsqpf
area) can change by orders of magnitude upon illumin&fion. were still unknown. Many current studies suffer from the same
problem. Only afterS is independently determined to be
IV. Exciton Generation, Transport, and Dissociation extremely fast $ >10° cm/s for interfacial quenching) can
reliable values fotex be measured. We studied exciton transport
in evaporated polycrystalline films of PP&.Ten different
guenching surfaces were investigated. Quenching at oxide
Ssemiconductors, such as ITO, Sn@r TiO,, was uniformly
slow (S~ 10° cm/s); most excitons were reflected from these
surfaces. The fastest quencher discovered was poly(3-methylth-
iophene) wheré& ~ 10° cm/s. Using this quencher, a value of
Lex ~ 1.8 um was measure®f. However, if we had employed
only SnQ, and assumed that it was an efficient quencher (as
has been done before), we would have concluded lthats
.07 um. It is clearly important to know if an XSC is limited
ecause most excitons are not reaching the heterointerface (low
Lex) Or because they are being reflected from the interface
without being quenched (lows). This information is not
available yet for most organic semiconductord.dfis actually
shorter than the optical absorption lengtl,1then the only

In addition to the processes of carrier transport and recom-
bination that are so important in conventional solar cells, exciton
transport, recombination, and dissociation are crucial processe
in XSCs. In this sense, XSCs are more complicated than
conventional solar cells. Some of the characteristics of excitonic
solar cells were described in sections Il and IlI; here the focus
is on the excitons themselves. The energetic relationships of a
typical bilayer XSC are shown in Figure'3The optical band
gap is the energy onset of the optical absorption in the organic
semiconductor. This is less than the energy required to produce
a free electron and hole (the electrical band gap) because ofb
the low dielectric constant that is typical of organic materials
and because of the weak intermolecular electronic interactions
(small Bohr radius of carriers}. These two effects result in
the self-trapping of the incipient charge carrier in the Coulomb
Feld of its conjugate carrier, producmg a singlet exciton upon way all excitons can reach the interface in an optically thick
ight absorption. We do not treat triplet or charge transfer . :

. e T . . cell is to structure the interface (see below).
excitons explicitely, but they are similar to singlets in the context i
of XSCs. The difference between the electrical and optical band ~ Kraabel et al. showed thatgis a very fast quencher<Q.2
gaps is the singlet exciton binding energy. The thermodynamic PS) of excitons in amorphous films of the conducting polymer
requirement for an exciton to dissociate at an interface is that POly(2-methoxy-5-ethylhexyloxy-phenylene vinylene), MEH-
the band offset must be greater than the exciton binding energyPPV*® With this quencher, but unfortunately in a different PPV
(Figure 4). Excitons can also dissociate at electronic trap sitesderivative, Haugeneder et al. measuted ~ 14 nm in the
in the bulk leading to one free carrier and one trapped carrier, Polymer film5 The relatively low value oty in a number of
but this process usually results in photoconductivity rather than conducting polymers is generally accepted. However, there are
in a PV effect (as described earlier in work by Geacintov et Still very few unambiguous studies that measure taiandS
al®5 and by u$?). However, it should be recognized that this N the same conducting polymer. ThelO0-fold difference
bulk-generation process occurs to a greater or lesser degree ietween the values df, in PPEI and in PPV derivatives can
all solid-state XSCs, and it modifies their behavior compared Pe rationalized by the highly ordered structure of the PPEI films
to a “pure” interfacial exciton dissociation mechanism. and by the existence of a high density of intra-band gap

The kinetic factors controlling the probability of exciton ~(quenching) states in the amorphous PPV film. A clear
dissociation at interfaces (or trap sites) are not well understood.Understanding of the factors that effdck and (especiallys
It is not known, for example, why organic/organic interfaces N organic semiconductors is still lacking.
are often much more efficient for exciton dissociation than  The thermodynamic limits to the solar conversion efficiency
organic/inorganic interfacé8. Moreover, there is a tradeoff  of a device like that shown in Figure 4 are apparently the same
between rapid exciton motion and efficient quenching. The as those of an inorganic heterojunction devidee effective
interfacial electron transfer (quenching) rate must compete with band gap is the difference between the conduction band of the
the residence time of the exciton at the interface; thus, rapid electron conductor (OSC1) and the valence band of the hole
exciton transport, while otherwise beneficial, can require conductor (OSC2). However, the efficiency that can be realisti-
ultrafast quenching at the interface for efficient carrier produc- cally achieved from such a device is not yet known. The most
tion8® There is another factor that affects the interfacial advanced of the current XSCs, the dye-sensitized solar cell, is
residence time: the exciton energy at the interface can be greaten very different design from that shown in Figure 4. The DSSC
than or less than that in the bulk depending on the lower or also offers a particularly simple system in which to study some
higher, respectively, polarizability of the contacting ph&lsié. XSC properties because, in it, both exciton transport and internal
the polarizability is higher, it tends to trap the exciton near the electric fields are negligible.
interface and thus promote dissociation; if the polarizability is
Iower., the exciton will tend to be.reflected. from th_e interface v/ siudies of Dye-Sensitized Solar Cells
back into the bulk. Interface adhesion (“wetting”), or its absence,
can play a role similar to the polarizability. The sensitization of wide band gap semiconductors by

Measurement of the exciton transport length remains an adsorbed monolayers of dye molecules began in the late 1960s
important area of research in XS€%sA seminal paper by  with the work of GerischéP and Memming® A conceptual
Kenkre, Parris, and Schmidt in 198%ritically evaluated the and practical breakthrough occurred in the late 1980s when
Lex measurements of the previous few decades and pointed ouiGrézel and co-workers started using high-surface-area semi-
that most of these studies made a crucial, but unsupported,conductors for dye-sensitized solar céffg?4%67A sintered film
assumption: they implicitly assumed that the quenching rate of ~15 nm nanocrystalline TiPparticles, with an effective
of excitons S within some distance of the quencher was surface area-1000 times higher than the geometrical area of
effectively infinite (this was usually expressed as a boundary the electrode, enabled a monolayer of sensitizing dye to absorb
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~99% of the incident sunlight at its absorption maximum. A 850
concentrated redox electrolyte solution that permeated thg TiO > Experimental * ]
film allowed the transfer of holes from the oxidized dye to the a2s LSS s AT .
solution and ultimately to the counter electrode. The use of high- - R S o= R RECTLE S — o]
surface-area (nanoporous) substrates was quickly recognized as ~ Or Junction model]
a major advance in dye-sensitization, but it had consequences T prediction]
beyond just increasing the amount of light a monolayer could 425 1 N

absorb, and these were recognized more slowly. For example, r

effective sensitization of glanar semiconductor electrode R T —— I s00
required band bending in the semiconductor in order to separate 8,=0 . -0 omV

the injected e!ectron from its .conjugate hole (or |m§ge Figure 5. The open circuit photovoltage plotted vs the difference
charge”)?®%° Without band bending, the Coulomb attraction petween the work function of the substrate in a VacuZihyacand
between the two charge carriers led to rapid recombination. the solution redox potenti@cqox The work function of the substrate
However, the nanosized semiconductor particles used in DSSCsn the solution@sy, is difficult to measure directly but is related to
were too small and too lightly doped to support band bending. Dsubvac The four types of substrates are, from left to right, ITO, &nO
The key to efficient charge separation in DSSCs was SomethingAu’ and Pt; the filled diamonds are for 0.5 M Lil solution, the open

. o . ; - circles are for 0.05 M ferrocene in 0.1 M LiCiGolution, and the
new: (1) the kinetically ultraslow interfacial recombination filled triangles are for 0.05 M hydroguinone in 0.1 M LiCJ®olution.

rate¢**8and (2) the ability of electrolyte ions to almost surround  The theoretical line (solid) shows the behavior predicted by the junction
each nanoparticle, thus neutralizing the electrostatic field model. (Data from ref 48.)

between the photoinjected electron and the Aoé.°
20

The concentrated electrolyte solution permeating the nan- Eoo T r i
oporous semiconductor film in a DSSC plays several important . E P _ A N 5
roles. The most obvious is that it carries the photoproduced hole r : Ltyp-m DSSC ]
to the counter electrode, thus completing the electrical circuit ;
in the cell. Also, as just mentioned, it neutralizes tla@oscopic e
photogenerated electric fields resulting from the dye photoin- _ nanoparticles
jection process that would otherwise drive recombination. 7
Finally, the electrolyte also eliminates intermalacroscopic
electric fields in DSSCs, both in the dark and under illumination.
Therefore, DSSCs are, in essence, electric-field-free solar
cells#15597(The solid state XSCs discussed in sections Il and - - - ——r
Il were field-free only at equilibrium, but there was no means . -0. -0. -0. 0.2
of neutralizing the photoproduced Coulomb attraction between v
separated electrons and holes under illumination.) The only Figure 6. J—V curves of typical DSSCs compared to DSSCs with a
locations where an electric field can exist in a DSSC is in the 300 nm film of nanoporous doped Spidterposed between the doped

. . . . . SnG substrate and the nanoporous Tilm. Data are the average of
,Nl nm thick electrochemlcql dquble layer at the solution/solid two cells of each type. They show that the putative electrical junction
interfaces, or at the-15 nm thick interface between the F-doped 4t the TiQ/doped Sn@ interface plays no observable role in the

SnG substrate and the solution side of the first contacting photoconversion process of DSSEs.

particle of the TiQ film. 1548.72 As mentioned, DSSCs are in some ways the conceptually
There has been a recent discussion about how DSSCssimplest of the XSCs. Therefore they can provide the most
function. Several groupd ™ postulated that the PV effect in  gefinitive tests of some hypotheses: for example, the hypothesis
DSSCs was driven b, as it is in conventional solar cells.  thatV,. is not controlled bydyi. The results shown in Figure 5
The best-defined of these models predicted that the electricalseem unambiguous. However, to further confirm this hypothesis
potential difference (junction potential) between the F-8nO which is of critical importance in understanding XSCs, we
substrate and the redox potential of solution, falling across the moved the putative junction between the doped Sa@ the
first contacting particle of the Tigfilm, set an upper limitto  redox solution out into the solution. Here it was surrounded by
the photovoltage in DSSCSIf true, DSSCs would be subject  electrolyte ions that eliminated any influence of an electric field
to the same limitation as conventional solar celigloc < By at this “junction”. This was accomplished by interposing a film
We refer to this model as the “junction model”. Given our made from doped nanocrystalline SnQAlfa) between the
experience with other XSCs, we were skeptical of this model substrate and the nanocrystalline Tifdm.78 In this structure
since it neglected the driving force generated by asymmetric (Figure 6), the only possible location for an unscreened junction
interfacial exciton dissociation. We attempted to clarify field, aside from the Helmholz layers, is between the doped
and make more expli¢t the common understanding of SnQ substrate and the doped Sn@noparticles. In an electrical
DSS(C3830:314958.71.7%hat, in one way or another, accepted junction between two such similar materiaB, is expected to
interfacial exciton dissociation as a driving force. We ultimately be <100 meV. Nevertheless, under illumination, these cells were
called this the “interface modet® To distinguish between the  practically identical to cells made without the nanocrystalline
junction and interface models, we tested the dependen¢g.of  doped Sn@film (Figure 6): Vo was~0.65 V andJsc was~17
on the difference £@;) between the work functions of the  mA/cn? in both types of cells. From this and from the previous
substrate electrode and the redox solution: the junction modelexperiments, we conclude thimternal electric fields play no
predicted a linear dependence, while the interface model obsewable role in DSSCsANd it is worth noting that, so far,
predicted little or no dependence @¥,: on @,. The experi- DSSCs are the most efficient of the existing organic-based
mental results were unambiguou¥,: was practically inde- “alternative” solar cells. Clearly, the conventional model of solar
pendent of@y; for four different substrates in three different cells fails to accurately describe DSSCs, as it failed for the solid-
redox solutions (Figure 5948 state organic semiconductor cells described earlier. The con-

TiDy nanoparticles

J, mA/en
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Figure 7. Anillustration of the fundamental difference in charge carrier-generation mechanisms in convenjiandlitaexcitonic (b) solar cells.

In conventional solar cells (a), electrons and holes are photogenerated together wherever light is absorbed. Therefore, the photoinduced chemical
potential energy gradierWun, (represented by arrows) drives both carrier types in the same direction (although it has a greater influence on
minority carriers). In the excitonic cell (b), electrons are photogenerated in one phase while holes are generated in the other via intediacial excit
dissociation (the phase boundary is denoted by the vertical dashed line). Carrier generation is simultaneous to, and identical with, ctiaier separa
across the interface in XSC cellSun, therefore drives electrons and holesoippositedirections.

ventional model must overlook some fundamental aspect of 4. The spatial gradient of a potential energy is a force; thus,
XSCs. We suggest that it neglects the driving force created by VE is the fundamental force that drives the charge carrier fluxes
interfacial exciton dissociation. through solar cells and other electrical devices (ignoring
Although there are no “substantial” electric fields in DSSCs, magnetic fields, temperature or pressure gradients, etc.). The
this assertion must be defined carefully. As mentioned in section general kinetic expresssion for the one-dimensional current
II, in general, if there is no electric field in a solar cell at density of electrong,(x) through a device is
equilibrium, there must be a photogenerated electric field under
illumination that opposes further charge separation. A great J.(¥) = n(¥)pe, VU(X) + KT, VN(X) 1)
virtue of the DSSC is that it confines this photogenerated field
to such a small volume at the solid/solution interface (a Debye Wheren(x) is the concentration of electrons, is the electron
length of ~1 nm) that it presents only an insignificant barrier Mobility (ot to be confused with the chemical potential energy
to carrier transpor® This is not the case for nonelectrolyte- #), andk and T are Boltzmann's constant and the absolute
containing XSCs. temperature, respectively. An exactly analogous equation de-
A|th0ugh the “exciton” in DSSCs does not have to move scribes the flux of holes. Equation 1is valid both at equilibrium
anywhere, since it is created directly at the interface, | include and away from it, both in the dark and in the light.
DSSCs in the general category of XSCs because they are The quasi (i.e., nonequilibrium) Fermi level for electrons in
mechanistically similar to the other XSCs and quite distinct from & semiconductor is defined as
conventional solar cells. Neither exciton transport nor the
presence or absence of internal electric fields is the characteristic B = Ees(X) + KTIn{n(x)/Nc} (2)
that truly distinguishes conventional from excitonic solar cells.
Rather, the distinguishing characteristic is the photogeneration
of electrons on one side of a heterointerface in XSCs, already
separated from the holes photogenerated on the other side.

whereEg(X) is the electrical potential energy of the conduction
band edgeE.y(X) = U(X) + constant, and\. is the density of
electronic states at the bottom of the conduction band. Taking
the gradient of eq 2 and substituting it into eq 1 provides the

VI. Theoretical Description of Conventional and simplest expression for the electron current:

Excitonic Solar Cells 3.(4) = n(X)u, VE(¥) 3)
There turns out to be a simple but fundamental distinction
between XSCs and conventional solar cells, and it is describedThus, wheneveVEg, = 0 (VEr, = 0), an electron (hole) current
in equations here and shown pictorially in Figure 7. Conven- will flow through the device.
tional cells, by definition, function according to a photocon- Equation 3 shows that the flux of electrodsis related to
version mechanism which is epitomized by silicoarpjunction the (photo)electrochemical forcEEg, by a proportionality
solar cells. This mechanism, or its heterojunction analogue, is factor, nu,. Equation 3 and the related equation for holes can
often applied incorrectly to describe XSCs. Here, in the spirit be employed as a simple and powerful description of solar cells.
of nonequilibrium thermodynamicd$we review the generalized  They show thaany photoprocess that generates a nonzero value
forces that drive a flux of electrons through a solar cell. We of VEg, and/or VEg, will result in a photovoltaic effect. This
avoid any device-specific assumptions in order to make this can be accomplished in several different ways, only one of
treatment valid for all types of solar cells. For simplicity, we which is employed in conventional-m junctions. However,
treat only a one-dimensional geometry. This can also qualita- eq 3 does not yet reveal the major difference between the
tively describe the nanostructured cetl3SSCs and bulk photoconversion mechanisms of conventional and excitonic PV
heterojunctions-but a quantitative treatment of them would cells. For this, it is necessary to bred8iEg, into its quasi-
require consideration of all three dimensions. thermodynamic componentU and Vu. Equation 1 can be
Gibbs’® defined the electrochemical potential enekggs the separated into two independent electron fluxes, each driven by
sum of the electrical and chemical potential energies U + one of the two force&’U and Vu.
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Jn due to the electrical potential energy gradient is
3, = NG, YU(x) (4a)
Jn due to the chemical potential energy gradient is
J,(¥) = n(X)u KTN(X)Vn(x)

or

Jn() = n(X)u, Viu(x) (4b)
Again, these equations are equally valid in the light and in the
dark. It follows that eq 3 can be expressed as
3,09 = n()u{ VU(X) + Vau()} (5)

While n(x) andu, influence the magnitude of the electron flux,
VU(X) + Vu(x) controls its direction. We employ the symbols
VU, and Vup, to denote the two fundamental forces in a solar
cell under illumination.

Equation 5 shows that the electrical potential energy gradient
VU and the chemical potential energy gradi€ptareequivalent

forces. This equivalence is sometimes overlooked because of

the predominant importance &fU in conventional PV cells
that results primarily from two factors: (1) the photogeneration
of carriers throughout the bulk and (2) their high mobilities that
allow them to quickly “equilibrate” their spatial distributions
regardless of their point of origin. Both of these factors minimize
the influence ofvun,. However, in XSCs, almost all carriers
are photogenerated in a narrow region near the interface, leadin
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both forces are small at equilibrium andcrease under
illumination—another fundamental difference with conventional
cells.

The maximum photovoltage obtainable in any solar cell at a
given light intensityl can be derived from eq 3. SincéEg,
and VEr, are the driving forces for the fluxes of electrons and
holes, respectively, net current flow must stop when these
gradients either simultaneously become zero (the ideal cell) or
when the electron flux exactly cancels the hole flux (nonideal
cell). The maximum photovoltage in an ideal PV cell is thus
given by the maximum splitting between the quasi Fermi levels
anywhere in the cell at open circuit, since an applied potential
difference greater than this will cause the photocurrent to reverse
its direction!?

quc,ma)(I) = (EFn - EFp)max (6)

The photovoltage in a real solar c#f(1) is usually less than
Vocma{l) because of recombination processes, mass transfer
limitations, etc. Under the assumption of ohmic contacts, that
is, assuming there is no voltage drop across the semiconductor/
contact interfaces, the photovoltage in a real cell is

()

wherex = 0 andx = d correspond to the negative and positive
contacts, respectively, of the solar ceW, is usually a
logarithmic function of light intensity because of the logarithmic
dependence dEg, on n, see eq 2.

In general, the photovoltage of a solar cell is a function of

quc(I) = Ean=O - Epr=d

gboth the built-in electricaland the photoinduced chemical

to a photoinduced carrier concentration gradient (proportional Potential energy differences across the cell. The common

to Vun,) that is much higher and qualitatively distinct from that
in conventional PV cells (Figure 7). This effect, coupled with

assumption thay,; alone sets the upper limit to the photovoltage
(asl — )17:3334%s clearly not true. However, is approximately

the spatial separation of the two carrier types across the interfaceiTUe for a specific photoconversion mechanisiime mechanism

upon photogeneration (Figures 4 and 7b), constitute a powerfu
photovoltaic driving force. This is further enhanced by the
generally low equilibrium charge carrier density makivigy,
often the dominant driving force in XSCs. For examplé)
can be~0 in the bulk and a highly efficient solar cell can be
made based wholly oWup,. This is how DSSCs function. In
solid-state organic PV cells without mobile electrolyte, bGth
and Vu must be taken into account.

Vu plays a role in the current flow of all electronic devices,
but its importance declines as the equilibrium carrier concentra-

tion increases. In metals, for example, the carrier concentration

is so high that no significant concentration gradients can be

achieved; therefore, the second term in eq 1 can be neglected

In highly doped semiconductors, significant values/af,, are
usually achieved only in the minority carrier density. However,
Vuny i more important in organic materials where the equilib-
rium carrier density is very low. Of coursé€j, still plays a
role in XSCs. For photoconversion to be efficie@; must
either promote current flow in the same directionvas,,, as it

does in most solid state XSCs, or it must be strongly screened,

as it is in DSSCs.

In all solar cells at equilibriunU(x) = —Vu(x) for all x for
both electrons and holes. This follows directly from the law of
microscopic reversibility and the thermodynamic requirement
that VE(x) = VU(X) + Vu(x) = 0 at equilibrium. The chemical

jgoverning conventional solar cells: When both electrons and

holes are photogenerated together in the same semiconductor
phase (Figure 7a), and thus have the same spatial distribution,
V um(x) drives them both in the same direction (although it
may be a small force). To separate electrons from holes then
requires the only other available forcéyy,. Therefore, in this
case @y (=/VU dx at equilibrium) sets the upper limit &V,
because @ is required for charge separation. (We ignore small
effects such as Dember potentials for simplicik$/*f

Excitonic solar cells are fundamentally different. The charge
carrier pairs are already separated across an interface upon
photogeneration, creating a lar§an, (Figure 7b) which tends
to separate them further. An internal electric field is not required
for charge separation and th@; doesnot set the upper limit
to Voe. We showed above that substantial PV effects can be
achieved in both solid-state organic PV cells and in DSSCs
under conditions wher&y,; ~ 0. Numerical simulations of
DSSC4° also have shown that,. can be nearly independent
of @i, while simulations of organic PV cells showed thét
is commonly greater tha@;.1?

VII. Simulations of Conventional and Excitonic Solar

Cells

There are numerous differences between conventional semi-
conductors, such as silicon, and organic semiconductors, such

and electrical potential energy gradients are always counter-as perylene diimides, or conducting polymers. To name just a
poised at equilibrium. In a conventional solar cell, they are both few, there are major differences in bandwidths, Madelung

large at equilibrium andecreaseinder illumination, eventually ~ constants, carrier mobilities, defect densities, dielectric constants,
approaching zero as the bands flatten. In many XSCs (e.g., thepurities, doping levels, etc. All of these factors play an important

symmetrical cells described in sections Il and Il and in DSSCs), role in thequantitatve differences between conventional and
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of the“n-type” semiconductor and the valence band edge at the
potential of the p-type” semiconductol? Light absorption in
this layer thus naturally leads to electron transfer to the left,
and hole transfer to the right (Figure 8a) as well as to
recombination in the excitonic layer. This is a reasonable, but
not perfect, approximation to the effect of the interfacial
dissociation of exciton¥
The excitonic layer was also included in the conventional
PV device, but in this case, the light absorption coefficient was
6.5E 0y set constant throughout the cell. When illuminated, the light is
0 002 O tsition, e "8 0.1 incident on the left-hand side. All carrier mobilities are set to
’ 0.1 cn?/V s. The only difference between the conventional and
excitonic PV cells in our comparison is that the absorption
coefficient isa. = 10° cm™! everywhere throughout the 101

xcitonic layer

E

=EENIFNSNEEEN] RETE (NN N AR

0.015———F———FT——F 71—
Etgicitom S nm thick conventional PV cell, whilee = 10’ cm™! in the 1
0.01- - ] nm thick “excitonic layer” of the XSC andx = 0 cnt?!
r PN . ] elsewhere. The amount of light absorbed is thus practically the
r conjventional - . . . o
“z 0.005- ] same |n.both c_ells;. only its spatial distribution and, therefo_re,
2 - dark current 1 the spatial distribution of photogenerated charge carriers differ
< oE . between the simulated cells.
- . ] The simulation shows that major differences in PV behavior
-0.005F , Ve 7 occur in otherwise identical devices that difeerly in the spatial
F_ ] distribution of photogenerated carriers (Figure 8b). The con-
R e S SRS L ventional cell is much less efficient than the XSC. There are at
-1.5 -1 -0.5 0 0.5 least two reasons for this: (1) recombination throughout the
v bulk is more efficient than recombination only at the interface

Figure 8. (a) Band diagram of the simulated solar cells (conventional  (excitonic layer), given the same rate constants for recombina-

and excitonic) at equilibrium. In the conventional cell, the exponential tion 12 (2) As depicted in Figure 7, the XSC has the photoge-
. e o 1 - . )

absorption coefficient isx = 10° cm™? throughout the cell; in the nerated forc¥un, operating in concert witiy,; separating the

excitonic cell, light is absorbed only within 1 nm of the interface (the . = . -
“excitonic layer”) witha. = 107 cm L. (b) The calculated—V curves two carriers and driving them toward their respective electrodes,

under 50 mW/crhillumination (31.6 mW/criiis absorbed) at = 2.1 while in the conventional cellVun, opposesdy. Thus, the
eV. The only difference between the conventional and excitonic cells conventional cell produce¥,. = 0.83 V while the XSC
is the spatial_ di_stribL_Jtion of the phot_ogenerated charge carriers. The producesVee. = 1.00 V. (Both of these are greater th@g =
dark current is identical for both devices. 0.64 eV because the band offset at the heterojunction also serves
o . . ) to rectify the photocurrentj The relative short circuit photo-

excitonic solar cells. Yet, it is the theme of this article that there ,rents (11.1 mA/civersus 13.7 mA/cA) and fill factors
is one unique factor that accounts for thealitative differences (34% vs 59%) strongly favor the XSC. Overall, the simulated
between them: the spatial distribution of the photogenerated x5c has a conversion efficiency more than 2.5-fold higher than
charge carriers (see Figure 7). To demonstrate the significanceihe conventional cell. Having two driving forces working in
of this seemingly small difference, we performed numerical oncert (XSCs) is naturally better than having the two forces
simulations to compare two heterojunction solar cells in which oppose one another (conventional cells), all else being equal.
every parameter was identical except the location of the This is not meant to suggest that XSCs are inherently more
photogenerated charge carriers. efficient than conventional solar cells; most of the quantitative

New results from a simulation similar to those reported ifferences mentioned earlier still favor conventional cells.
beforé? are shown in Figure 8. This simulation involves a Nevertheless, it is clear that there are essential qualitative
somewhat more realistic solar cell than treated before. It gitferences between the two general classes of solar cells, and
incorporates band bendin@ = 0.64 V) resulting from the  gen further understanding and development, XSCs might
assumed doping densities @f = n, = 10'>cm® on the left-  gyentyally displace conventional solar cells by virtue of being
and right-hand sides, respectively, of the device and ohmic cpeaper and having comparable efficiencies.
contacts to each side. The band gaps, band offsets, and doping
densities are loosely based on a peryle_ne diimide/m_etallo- VIII. Comparing the Three Existing Types of XSCs:
phthalocyanine cell (left- and right-hand sides, respectively). Organic PV Cells with Planar Interfaces, Bulk

We employed the freeware simulation program SimWindows Heterojunction Cells, and DSSCs '
(http:/iwww-ocs.colorado.edu/SimWindows/simwin. ht#31§0 1t '
numerically solves the coupled differential equations for each  Excitonic solar cells often work best when the organic film
carrier type (transport, continuity, and Poisson’s) that describe is quite thin. Several factors contribute to this including the high
optoelectronic phenomena in semiconductor devices. By design,electrical resistance of most organic semiconductors, their low
it equates light absorption with charge carrier generation. To carrier mobilities, limited exciton transport lengths, and dis-
adapt it to compare conventional to excitonic PV cells, we made sociation rates, etc. Also, the equilibrium electric field, if there
the following assumption for the XSC3light absorption occurs  is one, caused by electrical contacts with different work
only in a 1 nmthick “excitonic layer” at the heterojunction  functions, is naturally higher for thinner films. Dye-sensitized
between the two organic semiconductors (Figure 8a). In other solar cells embody a “thin film” XSC cell taken to its logical
words, we neglect exciton transport and assume that all excitonsextreme: the organic film is just a single monolayer adsorbed
are created and dissociate in the excitonic layer. We set theto a substrate such as Ti®® Grazel's key idea was to make
conduction band edge of the “excitonic layer” at the potential the substrate so highly structured that even this ultrathin organic
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film would be optically thick. In DSSCs, both the required nanostructured interface. Electrical contacts are made from two
exciton and charge carrier transport lengths through the organicmaterials with different work functions, e.g., ITO and Al, and
film are effectively zero, thus eliminating two of the major the associated built-in field helps drive electrons to the Al
limitations of organic materials. Of course, other limitations contact and holes to the ITO contact. As in DSSCs, it is
appear in such a deviéé put at present, the DSSC is still the  primarily by virtue of the large (and still poorly understood)
most efficient XSC {10%). asymmetry between the rapid interfacial exciton dissociation
With the success of the DSSC, several groups startedrate and the very slow interfacial recombination rate that a
structuring the interfaces of other types of XSCs leading to Substantial PV effect is achievé#ilUnderstanding the factors

marked improvements in some polymer-based solar &l523 that control the interfacial recombination rates is an important
The highest solar conversion efficiency achieved so far in topic for future studie? Although much remains to be learned
polymer cells with a structured interface is about 2 3%hile about bulk heterojunction cells, it is safe to say that, plays

about 0.7% has been achieved with a planar interface (and@ role in them very similar to its role in DSSCs, but modified
different polymers$481 So far, little work has been reported Py the presence of both bulk and nanoscopic electric fields.
on structuring the interface of molecular semiconductor cells, ThereforeVocin bulk heterojunction cells is a function of both

although a similar effect has been achieved with a light trapping @bi and Vun,, as well as being strongly dependent on the
device and a 10 nm thick organic bilayer, resulting in an interfacial recombination rate. Some of the advantages and

efficiency of 2.4%t9 disadvantages of t_he two _different types of interfac_e structating _
substrate structuring, as in the DSSC, or structuring the organic

Both D Ik h ' i lIs h highly > ) ; : .
oth DSSCs and bulk heterojunction cells have a highly film, as in the bulk heterojunctienwere discussed elsewhéfe.

convoluted internal geometry that promotes exciton dissociation,
leading to efficient charge generation and separation. The sam
physical principles that apply to planar junctions apply also to
them, of course. However, it is more difficult to visualize, and There are fundamental differences in photoconversion mech-
to calculate, the forces when the interface is nanostructured inanism between conventional inorganic solar cells and the
three dimensions. Although charge carrier generation occurs primarily organic-based excitonic solar cells. The distinguishing
throughout the “bulk” in these cells, it occurs via interfacial characteristic of XSCs is that charge carrier generation and
exciton dissociation resulting in electrons in one phase and holesseparation are simultaneous and occur through exciton dissocia-
in the other. Therefore, the cells behave as XSCs rather than agion at a heterointerface. Electrons are photogenerated on one
conventional PV cell? To be efficient, solid-state XSCs side of the interface and holes on the other. This contrasts to
without mobile electrolyte, whether nanostructured or not, the spatially and temporally distinct processes of carrier genera-
require a built-in potential to overcome the photogenerated tion in the bulk and subsequent separation in conventional solar
Coulomb field between separated electrons and holes that wouldcells. The carrier-generation/separation mechanism in XSCs
otherwise drive recombination. leads to a powerful chemical potential energy gradién, that

The only location where substantial recombination can occur drives the PV effect, even in the absence of, or in opposition
in an XSC is at the exciton-dissociating heterointerface, since t0, @ built-in electrical potential energy differené,. The
this is the only location where substantial numbers of electrons fficiency-limiting factors in XSCs are therefore distinct from
and holes coexist. Bulk recombination, the major recombination those in conventional cells. While the maximum photovoltage
process in conventional cells, can usually be neglected in XSCsachievable in conventional solar cells is limited to less @gn
because the bulk density of minority carriers is insignificgnt. it is éxperimentally observed to be often substantially greater
Therefore, all else being equal, the greater the surface area ofhan@hi in well-designed XSCs. Numerical simulations show
an XSC, the faster the interfacial recombination rate. That is, that when two solar cells diffeonly in the spatial distribution
there is a tradeoff between enhancing exciton dissociation by Of their photogenerated charge carriers, the excitonic cell is
increasing interfacial surface area and enhancing recombinationSubstantially more efficient than the conventional cell. XSCs
The DSSC lies at one extreme, having the highest surface ared® majority carrier devices where the primary processes of
of any XSC and thereby requiring the slowest interfacial Carrier generation, separation, and recombination occur at the
recombination reactions, compared to the photoinjection and heterointerface, while conventional solar cells are primarily
transport processes. The required ultraslow interfacial recom- Minority carrier devices where these processes occur in the bulk
bination can be achieved only with a few redox couples, most Sémiconductors. Given further understanding and the synthesis
commonly [/1,588283The reduction of4 is very slow (self- of improved materials, XSCs may ultimately displace the more
exchange rate of 102 M1 s~ 184 on TiO, and Sn@Q surface® expensive conventional solar cells.
unless catalyzed (by Pt, for example). Thus, using th& |
couple and applying catalyst only to the counter electrode, while Acknowledgment. | thank my co-workers and collaborators,

the photovoltaic process occurs on the working electrode, created@ny Of whose names appear on our joint publications, and
the conditions necessary for efficient photoconversion in a the U.S. Department of Energy, Office of Science, Division of
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ax. Summary

Bulk heterojunction cells have a nanostructured morphology
similar to DSSCs but are usualy100-fold thinner {100 nm
versus~10 um for a DSSC), since the light absorber is also
the hole conductor. They also lack mobile electrolyte and, phoﬁgoﬁiﬁrgggﬁﬂg g-y 'EJOUBel:ggh '}-C;gg%?gfgggg'sl\l%fvvs\?c"?& Egg%-
theref_org, electric fields mugt_be taken into account in their (2) Yu, G.. Gao, J.. Hummelen, J. C.. Wudl, F.. I—ieeger, /sdence
description. In the most efficient cells to date, an electron 1995 270
conducting nanoparticulate phase (e.g., derivatizgtt 6 CdTe e (33 galllj ‘IJVI J. l}g gVa(I:shHCI. A G;(efnﬂ'ham’l'“gg%é gﬂé\rjsgfgbg. A,

H H : H riena, R. H.; Morattl, 5. C.; Rolmes, A. ature .
quantum rod®) is _dlspersed at a concentration sybstantlally (4) Hagfeldt, A.: GFizel. M. Acc. Chem. Re€000 33, 269-277.
above its perCOIatlon threshold in a hole conductlng polymer (5) O’'Regan, B.; Gitzel, M. Nature 1991, 353 737—740.

phase. Excitons generated in either phase dissociate at the (6) Kallman, H.; Pope, MJ. Chem. Phys1959 30, 585.
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