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C O N S P E C T U S

Thin-film blends or bilayers of donor- and acceptor-
type organic semiconductors form the core of het-

erojunction organic photovoltaic cells. Researchers
measure the quality of photovoltaic cells based on their
power conversion efficiency, the ratio of the electrical
power that can be generated versus the power of inci-
dent solar radiation. The efficiency of organic solar cells
has increased steadily in the last decade, currently
reaching up to 6%. Understanding and combating the
various loss mechanisms that occur in processes from
optical excitation to charge collection should lead to effi-
ciencies on the order of 10% in the near future.

In organic heterojunction solar cells, the generation
of photocurrent is a cascade of four steps: generation of excitons (electrically neutral bound electron-hole pairs) by pho-
ton absorption, diffusion of excitons to the heterojunction, dissociation of the excitons into free charge carriers, and trans-
port of these carriers to the contacts. In this Account, we review our recent contributions to the understanding of the
mechanisms that govern these steps. Starting from archetype donor-acceptor systems of planar small-molecule hetero-
junctions and solution-processed bulk heterojunctions, we outline our search for alternative materials and device architectures.

We show that non-planar phthalocynanines have appealing absorption characteristics but also have reduced charge car-
rier transport. As a result, the donor layer needs to be ultrathin, and all layers of the device have to be tuned to account
for optical interference effects. Using these optimization techniques, we illustrate cells with 3.1% efficiency for the non-
planar chloroboron subphthalocyanine donor. Molecules offering a better compromise between absorption and carrier mobil-
ity should allow for further improvements. We also propose a method for increasing the exciton diffusion length by converting
singlet excitons into long-lived triplets. By doping a polymer with a phosphorescent molecule, we demonstrate an increase
in the exciton diffusion length of a polymer from 4 to 9 nm. If researchers can identify suitable phosphorescent dopants,
this method could be employed with other materials.

The carrier transport from the junction to the contacts is markedly different for a bulk heterojunction cell than for pla-
nar junction cells. Unlike for bulk heterojunction cells, the open-circuit voltage of planar-junction cells is independent of the
contact work functions, as a consequence of the balance of drift and diffusion currents in these systems.

This understanding helps to guide the development of new materials (particularly donor materials) that can further boost
the efficiency of single-junction cells to 10%. With multijunction architectures, we expect that efficiencies of 12-16% could
be attained, at which point organic photovoltaic cells could become an important renewable energy source.

Introduction
In 1986, Tang demonstrated an organic solar cell1

with power conversion efficiency (ηP) equal to 1%,

1-2 orders of magnitude larger than that of other

organic-based devices at that time. The key inno-

vation was the introduction of an interface

between two organic semiconductors, called the

donor and the acceptor. Because excited states in
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organic molecules, or excitons, are characterized by large

binding energies, typically on the order of 0.2-1 eV, this

donor-acceptor (DA) interface proved essential to efficiently

dissociate excitons into free electrons and holes, which are

then transported on the acceptor and donor materials, respec-

tively, producing a photocurrent. This initial demonstration

spurred a rapidly expanding research effort, which has pro-

duced cells with ηP ≈ 5-6%2-4 and as high as 6.7%,5 with

10% expected in the near future.6-8 Efficiency gains have

come mainly from improvements in molecular design and

control of molecular ordering in the films.

Various material classes, including polymers and small mol-

ecules, are commonly used as either donor or acceptor.8-11

In this Account, we focus on all-organic small-molecule-based

and polymer/fullerene cells. The Account is structured by con-

sidering the various steps in the conversion of light into elec-

trical current for organic solar cells with DA interfaces, from

the absorption of light to the collection of carriers at the con-

tacts. Within each process, we highlight the role that new

materials and device architectures have played and will play

in improving efficiency.

From Photons to Photocurrent
In organic solar cells, a sequence of four steps converts inci-

dent solar illumination to photocurrent, These steps are out-

lined in Figure 1, where we show the energy diagram of an

organic solar cell with a DA interface. The donor material has

a smaller (with respect to the vacuum level) HOMO (highest

occupied molecular orbital) and LUMO (lowest unoccupied

molecular orbital) compared with the acceptor. As such, the

donor is the hole transporting material and ideally makes

ohmic contact with the anode, whereas the acceptor material

transports electrons and contacts the cathode.

The first process shown in Figure 1 is that of absorption, the

outcome of which is an exciton, which is able to diffuse within

the layer in which it was created. The absorption efficiency (ηA)

is largely controlled by the absorption spectra of the organic

molecular layers, as well as their thickness, but also by the

device architecture, as will be explained below. The second

process is that of exciton diffusion, and the efficiency (ηED) of

this process is determined mainly by the exciton diffusion

length (LD), as well as the morphology of the DA interface. The

process of exciton dissociation into free charges is character-

ized by an efficiency (ηCT, step 3) that is significant if energet-

ically favorable. The percentage of dissociated excitons that

are collected at the electrodes is the final process, termed the

charge collection efficiency (ηCC). This process is sensitive

mainly to the morphology and mobility of the active layers.

Then, the overall efficiency of converting incident photons to

current, or the external quantum efficiency (ηEQE), can be cal-

culated via ηEQE(λ, V) ) ηA(λ)ηEDηCT(V)ηCC(V). Here, λ is the wave-

length of incident light, and V is the voltage across the cell.

The molecular structures of some of the materials dis-

cussed in this Account are shown in Figure 2. Of these,

C60, 1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]-methanof-

ullerene (PCBM), and N,N′-ditridecylperylene-3,4,9,10-tetra-

carboxylic diimide (PTCDI-C13H27) are acceptor molecules,

while poly-3-hexylthiophene (P3HT), chloroboron subphtha-

locyanine (SubPc), chloroboron subnaphthalocyanine (SubNc),

copper phthalocyanine (CuPc), and poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) are

donor molecules. Also, P3HT, MDMO-PPV, and PCBM are solu-

tion processed, while the others are deposited in vacuum from

the vapor phase. There are two categories of device architec-

ture that we discuss in this Account, namely, the planar het-

erojunction (HJ) and the bulk HJ (BHJ). In the latter, the two

materials form an interpenetrating DA interface with a much

larger surface area than that of the planar HJ. In the sections

that follow, we discuss our recent progress in material selec-

tion and device architectures toward improvements in each of

the four processes that contribute to ηEQE.

Absorption
The strength and width of the absorption spectrum of a pho-

toactive layer determines to a large extent its potential for har-

vesting incident solar radiation. Unlike crystalline inorganic

semiconductors that absorb a continuous spectrum of pho-

tons with energy greater than their bandgap, organic semi-

conductors have well-defined electronic transitions that are

typically quite narrow. Furthermore, these optical transitions

tend to be very sensitive to their surroundings. For example,

FIGURE 1. Energy diagram of an organic solar cell with a
donor-acceptor interface. The four subsequent processes to
generate photocurrent are (1) absorption of an incident photon to
create an exciton, (2) diffusion of an exciton toward the
donor-acceptor interface, (3) charge transfer of an exciton into an
electron in the acceptor and hole in the donor, and (4) collection of
charges at the contacts.
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monomer absorption can be probed for molecules in the gas

phase or in a very dilute solution, and in this case the prob-

ability of photon-molecule interaction is determined by the

density of molecules and their oscillator strength. Upon tran-

sition to the solid state, intermolecular interactions are intro-

duced. These interactions, which are determined by the crystal

structure of the molecules and the tendency of a given mol-

ecule to aggregate, can have significant impact on their

absorption spectrum.

As an example, we show in Figure 3 the solution and thin-

film absorption spectra of CuPc and SubPc, two molecules that

have found use in organic solar cells.1,9,12-14 The molar

absorptivity (ε) spectra of the Q-bands of CuPc and SubPc in

solution show remarkably similar features, related to the dif-

ferent vibronic transitions of the first exciton absorption.15

Moreover, the absorption strengths have comparable ampli-

tudes, with peaks up to ε ) 3 × 104 M-1 cm-1. These spec-

tra, recorded for very dilute solutions, can be considered

as the monomeric absorption of these molecules. The absorp-

tion spectra of these same materials in the solid state, how-

ever, are quite dissimilar. In films as well as in poor solvents,

planar phthalocyanines such as CuPc form aggregates and

ultimately crystallize, as evidenced by the changes and broad-

ening of the Q-band absorption. The strongest peak within the

Q-band of the CuPc film is not the low-energy peak at λ )
690 nm, which is the contribution from the CuPc monomer,

but the peak at λ ) 620 nm, associated with dimer absorp-

tion and indicative of the formation of cofacial aggregates of

planar phthalocyanine molecules.16,17 In contrast, the spec-

trum of a thin film of SubPc resembles very closely that of

SubPc in solution. Here, each of the peaks within the Q-band

of SubPc is preserved in transferring from solution to the solid

state, albeit with a red shift of approximately 20 nm and

changes in the relative strengths of each transition. This

resemblance of the two spectra indicates weak intermolecu-

lar interactions between nonplanar SubPc molecules in the

film. Another noteworthy point is that the peak absorption

coefficient, R, of the nonplanar SubPc and SubNc is consider-

ably higher than that of CuPc. In fact, this trend is not com-

pletely uncommon, since other nonplanar phthalocya-

nines18-20 are also known to absorb strongly.

Morphological and electrical characteristics of films of CuPc

and SubPc corroborate the interpretation of the absorption

spectra. Films of CuPc are polycrystalline, with relatively rough

surface morphology and hole mobility on the order of 10-3

FIGURE 2. Molecular structures of some materials discussed in this Account: (a) C60, (b) PCBM, and (c) PTCDI-C13H27 are acceptors, whereas
(d) P3HT, (e) SubPc, (f) SubNc, (g) CuPc, and (h) MDMO-PPV are donors.

FIGURE 3. Molar absorptivities, ε, of CuPc and SubPc solutions (top)
and absorption coefficients, R, of CuPc, SubPc, and SubNc thin films
(bottom). For solution spectra, CuPc is in 1-methylnapthalene (8 ×
10-5 M) and SubPc is in toluene (2.3 × 10-5 M).
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to 10-4 cm2/(V s).21 For SubPc, film formation is very smooth

and amorphous13 and mobility is considerably lower, on the

order of 10-5 cm2/(V s). The amorphous structure and low

hole mobility are consistent with the minimal changes to the

absorption spectra between solution and film.

The wider absorption window of crystalline films compared

with amorphous films leads to the conclusion that the former

are excellent candidates for bulk heterojunction single-junc-

tion cells. Ideally, the absorption spectrum of such materials

should extend to ∼750-850 nm. In addition, the higher

charge carrier mobility expected for more crystalline films

allows cells to be thicker, which will be more forgiving for

large area devices. An example of a material where optimum

performance correlates with crystallinity and relatively thick

layers (200-300 nm) is the bulk heterojunction P3HT/

fullerene blends. It should be noted, however, that multijunc-

tion cells may be better served with more amorphous

materials that allow very smooth films that absorb strongly

over a limited spectral window.

Exciton Diffusion
The fraction of excitons that reach the DA interface is deter-

mined by the exciton diffusion length (LD) and the location at

which an exciton is created with respect to the nearest disso-

ciation center. In this section, we will highlight the roles that

device design and material selection play in the optimization

of ηED.

The fact that organic semiconductors possess large R as

well as low mobility puts significant constraints on the thick-

ness of layers used in organic solar cells. For example, layers

that are thicker than 200-300 nm do not absorb significantly

more light than a thinner film but exhibit a large series resis-

tance. Therefore, optimal film thicknesses are less than the

wavelength of incident light, producing optical interference

effects. Reflection and transmission at each material interface

creates a standing wave pattern, which depends on the com-

plex indices of refraction and thicknesses of the layers within

the structure. The transfer matrix method (TMM) can be used

to accurately calculate this optical interference pattern at any

incident wavelength and angle, and this corresponds directly

to the exciton generation rate throughout the layer struc-

ture.14,22,23 The percentage of excitons that reach a dissocia-

tion center is then calculated from the steady-state exciton

generation profile by solving the diffusion equation, with LD as

the critical parameter. Maximizing the photocurrent is then

possible for planar and BHJ cells by tuning the thicknesses of

the different layers to optimize the maxima and minima of the

optical field in the device. We have successfully applied this

optimization procedure to planar solar cells based on CuPc/

C60, SubPc/C60, and SubNc/C60 HJs, and the current density vs

voltage characteristics for these devices are shown in Figure

4. They have ηP equal to 1.6%, 3.1%, and 2.5%, respectively.

In performing the optical calculations, LD was estimated by

using the optical constants and fitting to the ηEQE spectra (data

not shown). Following this treatment, we obtain LD ≈ 9 nm for

both SubPc13 and SubNc,24 while LD ≈ 10 nm for CuPc.14

Despite its less desirable spectrum compared with CuPc (cf.

Figure 3), the current of optimized SubPc cells can be made

comparable to that of CuPc cells; SubNc has a larger short-

circuit current, (JSC), but its overall efficiency is limited by a

poor fill factor (FF) resulting from its low mobility.

As a guideline to obtain longer diffusion lengths for sin-

glet excitons, we remind that singlets migrate by a sequence

of Förster transfer processes. Therefore, for a long LD, the

material in solid film should possess a long exciton lifetime

and strong optical transitions (emission as well as absorption),

and the spectral overlap between emission and absorption

should be large, implying a small Stokes shift. Good molecu-

lar ordering is favorable because it reduces the energetic dis-

order, thereby reducing the Stokes shift in films.25 In some

materials, generated singlet excitons rapidly transfer to trip-

lets. One example of such a molecule is C60, which has a near-

unity intersystem crossing (ISC) yield of singlet to triplet

excitons.26 Triplets migrate by Dexter transfer, characterized

by a smaller diffusion coefficient than singlets. However, the

orders-of-magnitude longer triplet lifetime results in long trip-

let diffusion lengths, for example, LD ≈ 40 nm for the case of

C60.14 This raises the question whether triplets could also be

employed in donor materials as exciton vehicles with

increased LD.

Triplets are not generated directly by optical excitation of

fluorescent hosts. We recently explored the use of a process

FIGURE 4. Current density vs voltage characteristics of various
planar and bulk heterojunction devices under 1 sun (100 mW/cm2)
AM1.5D illumination.
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known as sensitized phosphorescence to efficiently convert

singlets into triplets in conventional fluorescent donor mate-

rials.27 A small percentage of a phosphorescent dopant can

efficiently capture initially generated singlet excitons on the

host and transform them into triplets, after which they cas-

cade further into the triplet level of the host. In this way, the

fluorescent host material is still used for light absorption as

well as for charge and exciton transport. We demonstrate this

effect in the phenyl-substituted PPV polymer Super Yellow

(SY), doped with the phosphorescent molecule platinum octa-

ethylporphyrin (PtOEP). The absorption and emission of the

neat SY film, as well as of films doped with 5% of PtOEP, are

shown in Figure 5a. The absorption features of PtOEP are

present, though weak, in the doped films at λ ) 385 and 535

nm. The SY emission at λ ) 540 nm is strongly quenched as

a result of the introduction of the dopant, suggesting the path-

way shown schematically in the inset to Figure 5a, where SY

singlets efficiently transfer to triplets on the guest. Further-

more, PtOEP phosphorescence at λ ) 650 nm is not present,

because the PtOEP triplet is rapidly quenched to the lower trip-

let state of SY (1.6 eV for SY compared with 1.9 eV for

PtOEP).28

As evidence of this mechanism in a device, we plot the ηEQE

spectra of doped and undoped devices consisting of a SY/C60

DA interface in Figure 5b, along with the TMM-calculated ηA

spectra of SY and C60. The SY contribution is centered at λ )
455 nm, whereas C60 produces the shoulder at λ ) 435 nm

and the tail extending to λ ) 650 nm. The ηEQE spectrum of

the device with a pure SY donor layer shows features of both

SY and C60, and the best fit yields LD ≈ 4 nm. The ηEQE spec-

trum of the SY:PtOEP(5%) device, however, shows an

enhancement of the SY signal of ∼40% compared with the

undoped SY device. In this case, LD increases to 9 nm due to

the longer lifetime of SY triplet excitons, and correspondingly

ηED also increases.

Instead of developing techniques to increase LD as

described above, the most-explored approach to-date is to

reduce the average distance between DA interfaces by form-

ing a BHJ. This approach has been successfully applied to solar

cells produced by both solution processing and thermal evap-

oration, with ηED approaching unity. We will not go into fur-

ther detail about this device architecture, because this topic

has been the subject of numerous reviews.8-11 The major dis-

advantages of the BHJ approach stem from the lack of direct

morphological control and the fact that the nanoscale mor-

phology is not thermodynamically stable. Furthermore, very

fine BHJ morphologies may cause nongeminate bulk recom-

bination of charge carriers. Therefore, as a general guideline,

donors with larger exciton diffusion lengths will allow coarser

BHJ morphologies and are preferred. The ideal BHJ is proba-

bly one that mimics an interdigitated structure composed of

distinct donor and acceptor lamellae, as can be achieved by

nanoimprint technology.29

Charge Transfer and Charge Collection
An exciton reaching a DA interface dissociates into a so-called

geminate pair, a Coulombically bound electron and hole. This

charge pair still experiences an appreciable binding energy (up

to 0.5 eV), and a subsequent dissociation step is required to

obtain free charge carriers from initial excitons, with a global

efficiency ηCT. In fact, the nature of the geminate pair state and

the conditions for efficient charge transfer are a matter of con-

FIGURE 5. (a) Absorption (top) and emission (bottom) of 15 nm
thick SY and SY:PtOEP(5%) films. The inset shows the sensitized
phosphorescence scheme for SY:PtOEP. Following photon
absorption in SY to excite a molecule from the ground state (S0) to
the first excited singlet state (S1,SY) there is singlet energy transfer
(set) to S1,PtOEP. Intersystem crossing (isc) then converts S1,PtOEP to
triplet excitons on T1,PtOEP. Finally, the lower energy T1,SY quenches
the PtOEP triplets. (b) Measured external quantum efficiency (ηEQE)
spectra for planar device structures with 15 nm thick donor layers
of pure SY (open black triangles) or SY:PtOEP(5%) (filled blue
squares) and 30 nm thick acceptor layers of C60. The solid lines
show the calculated ηEQE spectra, with colors corresponding to the
data points. The dashed lines show calculated absorption
efficiencies (ηA) of the SY (black) and C60 (green) layers.
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tinuing research.30,31 Because it is difficult to determine the

point at which the geminate pair is fully dissociated, we also

consider the last step in the photoconversion process, that of

ηCC, together in the same section. Whereas ηA and ηED influ-

ence only JSC, ηCT and ηCC also have important consequences

to the open-circuit voltage (VOC) and FF.7,32,33 The limiting

value of VOC for a DA pair that still allows complete exciton

dissociation into free carriers is given by the difference

between HOMO of the donor (HOMOD) and LUMO of the

acceptor (LUMOA) minus at least the binding energy of the

geminate pair at the DA interface.7 Estimations for that latter

term range from 0.3 to 0.8 eV, and this uncertainty is to a

large extent responsible for the large variety of estimations of

the ultimate efficiency of single-junction organic cells, rang-

ing from 8% to 15%.6-8,11 Furthermore, for identical material

systems, there are differences in VOC between planar HJ and

BHJ devices, as a result of the distribution of exciton dissoci-

ation centers in the layer structure.

In the case of a planar HJ, charges are only generated at a

single DA interface within the device structure. Consequently,

large gradients in carrier concentrations are present between

the DA interface and the collecting contacts, producing appre-

ciable diffusion currents, in addition to drift currents.34,35 Since

transport occurs through pure acceptor or donor layers, it can

be assumed that no charges of the opposite sign are present,

and thus recombination within the bulk is unlikely. Thus, ηCC

is determined by the carrier mobility as well as the charge dis-

tribution within that layer.32 Remarkably, the balance between

drift and diffusion currents at VOC means that VOC is indepen-

dent of the contact metal work function (φ), instead being

determined by HOMOD - LUMOA and by the concentrations

of free carriers at the DA interface. Schematic band diagrams

at VOC for low and high injection barriers at the contacts (∆φ)

are shown in Figure 6a and b, respectively. In both cases, the

photogenerated carrier density at the DA interface and the

HOMO and LUMO levels are equal. The balance of drift and

diffusion currents produces equal VOC. Nevertheless, the

steady-state carrier density is lower in the case of high ∆φ,

and this will cause both higher series resistance and lower FF.

In a BHJ, the photogenerated carrier profile is distributed

throughout the layer. In most operation regimes, diffusion cur-

rents in the blend are insignificant compared with drift by the

internal field, assumed here to be homogeneous in the bulk.

The VOC for BHJs therefore depends on the built-in field, which

in turn is determined by φ of anode and cathode.36 The result-

ing band diagrams37 (Figure 6c,d) are substantially different

from the ones for planar HJs. The first case (Figure 6c), with

small ∆φ or a high built-in field, leads to a maximum VOC that

is close to HOMOD - LUMOA. For high ∆φ (Figure 6d), how-

ever, the built-in field is very low and limits the maximum VOC.

Another challenge for the BHJ cell is achieving a high ηCC.

Hole and electron transport occurs, respectively, via the sep-

arate donor and acceptor molecular networks, but due to the

abundance of nearby DA interfaces, carrier recombination pro-

cesses are possible. A delicate optimization of the phase sep-

aration is needed to provide direct transport paths for the

carriers to the contacts. Unless LD can be made sufficiently

large, a trade-off exists between finely distributed DA inter-

faces for high ηED versus coarser phase separation for high ηCC.

In Figure 4, we provide examples of optimized blends of

MDMO-PPV/PCBM and P3HT/PCBM, which show simulta-

neously high JSC and FF and ηP of 1.5% and 4.1%, respec-

tively. For small molecule BHJs, there is a tendency to form

uniformly mixed blends without significant phase separation,

leading to devices with low mobilities, low ηCC, and high series

resistance.21 Some methods to successfully combat this prob-

lem are currently being investigated, such as thermal anneal-

ing38 or alternate deposition of ultrathin donor and acceptor

layers.39,40 Finally, as a material guideline for donor/fullerene

cells, we deduce that the hole mobility in the donor should be

at least as large as the electron mobility in the fullerene, that

is, on the order of 10-2 cm2/(V s), so as not to be the limiting

factor in charge transport and fill factor.

FIGURE 6. Schematic band diagrams and hole (p) and electron (n)
carrier densities at open-circuit voltage (VOC) conditions vs position
(x) within the device for (a, b) planar heterojunctions and (c, d) bulk
heterojunctions. The carrier injection barriers (∆φ) at the contacts
are either (a, c) small or (b, d) large.
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Conclusion
The complexity of the heterojunction organic solar cell stems

from the delicate balance that exists between the different

material properties and from the fact that many paths may be

followed corresponding to different optimization strategies. To

maximize the efficiency of donor/fullerene systems, particu-

larly for single-junction architectures, it is clear that favorable

donor properties are strong optical absorption over a broad

wavelength range extending to 750-850 nm, high hole

mobility of 10-2 cm2/(V s), and long LD. These properties allow

coarse BHJ cells with appreciable and manufacturable thick-

nesses. For multijunction cells, thin and smooth films absorb-

ing over a limited spectral window are preferred. We showed

that the relatively small LD typical of singlet excitons can be

strongly increased by adding small quantities of well-chosen

phosphorescent dopants. Finally, we conclude that the attain-

able VOC remains a large unknown in the ultimate efficiency

of organic solar cells, because no comprehensive model cur-

rently exists that can predict the difference between the VOC

and HOMOD - LUMOA. In contrast, an understanding is being

acquired for the role of the work function of the contact met-

als on VOC in planar and bulk heterojunction cells. Today’s best

BHJ cells are optimized in terms of ηED and ηCT. The other steps

in the conversion of photons to photocurrent still can be

improved, and it is clear that new materials have a key role

to play in that process.
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