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Singlet fission sensitized photovoltaics have the potential to surpass the Shockley-Queisser limit

for a single-junction structure. We investigate the dynamics of triplet excitons resulting from

singlet fission in pentacene and their ionization at a C60 heterojunction. We model the generation

and diffusion of excitons to predict the spectral response. We find the triplet diffusion length in

polycrystalline pentacene to be 40 nm. Poly(3-hexylthiophene) between the electrode and

pentacene works both to confine triplet excitons and also to transfer photogenerated singlet

excitons into pentacene with 30% efficiency. The lower bound for the singlet fission quantum

efficiency in pentacene is 180 6 15%. VC 2013 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4824420]

Fission of photogenerated singlet excitons to pairs of

spin-triplet excitons in organic semiconductors such as penta-

cene provides a promising route to overcome the Shockley-

Queisser limit1 in photovoltaics.2 With an appropriate elec-

tron donor/acceptor heterojunction, both triplet excitons can

be ionized and therefore used for power conversion. If the

second material at the heterojunction is of lower bandgap so

that it can harvest low-energy photons,3,4 this then allows a

theoretical power conversion efficiency of up to 44%.5

Singlet fission can be a very rapid process6 in materials with

a triplet energy less than half the singlet energy, and therefore

has the potential to be efficient, although it is generally diffi-

cult to quantify triplet yields directly. The long lifetime and

associated long diffusion range of triplet excitons allow more

straightforward device design as compared to other carrier

multiplication processes such as multiple exciton generation.7

Transient optical absorption (TA) measurements indicate

that singlet excitons in pentacene efficiently undergo fission

within 80 fs, outcompeting alternative decay mechanisms.6,8

High hole mobility9 and strong absorption make pentacene an

attractive material for singlet fission sensitized solar cells.

Using pentacene and the fullerene C60 as the acceptor,

Congreve et al.10 recently demonstrated a solar cell with exter-

nal quantum efficiencies (EQE) exceeding 100%, unambigu-

ously demonstrating efficient singlet exciton fission. A thin

layer of poly(3-hexylthiophene) (P3HT) was used in those

cells at the hole-collecting indium-tin oxide (ITO) electrode,

considerably increasing the photocurrent from pentacene over

devices made with ITO alone. We have investigated these de-

vice structures and find that the P3HT layer can act as an effec-

tive antenna similar to work by Reusswig et al.,11 transferring

singlet excitons to the pentacene layer with 30% efficiency,

and we establish the triplet exciton diffusion range in the pen-

tacene film, noting that previous estimations of the exciton dif-

fusion length in pentacene did not take singlet exciton fission

into account.12,13

The structure of the pentacene/C60 donor-acceptor bilayer

solar cells studied here is illustrated in Figure 1(a). Following

Congreve et al., some of our cells contain a 4 nm thin P3HT

layer.10 Details of device fabrication and measurement can be

found in Section S1 of the Supplementary Information.14 We

calculate the intensity profile of the optical field within the

multilayer system using the transfer matrix formalism15,16 to

estimate the exciton generation profile. This allows the model-

ing of the EQE assuming 1D diffusion of excitons in penta-

cene and C60. A fit to the measured EQE for various cell

designs (various pentacene and C60 layer thicknesses, with

and without the P3HT layer) allows calculation of the triplet

exciton diffusion length LPc and the exciton dissociation effi-

ciency. Moreover, we investigate previous assumptions about

the origin of the substantial increase in EQE contribution

from pentacene upon the insertion of a P3HT layer.10 We at-

tribute this increase to reflection of triplet excitons at the

P3HT/pentacene interface, and also to transfer of the singlet

excitons photogenerated in the P3HT into the pentacene layer.

We do not observe a change in hole extraction efficiency from

the active layers, in contrast to previous assumptions.10

To model the exciton dynamics, we solve the one-

dimensional diffusion equation (see Supplementary

FIG. 1. (a) Device schematic of the solar cells utilizing a pentacene/C60

donor-acceptor junction, aluminum (Al) and ITO electrodes, and a 10 nm

thin BCP layer. In some cells, a 4 nm thin P3HT exciton blocking layer was

introduced between ITO and the pentacene. (b) In pentacene, the singlet

exciton (S1) undergoes fission to form two triplet excitons (T1), which can

be dissociated at the interface with the C60. The efficiency factors for charge

injection (gPent and gC60) and exciton transfer (fP3HT) used in the model are

indicated.
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Information Section S214) in pentacene and C60. The diffu-

sion of singlet excitons in pentacene can be neglected since

fission happens on a timescale three orders of magnitude

faster than exciton diffusion processes.8 For both materials,

we use an exciton-extracting pentacene/C60 interface as one

boundary condition. We introduce an empirical factor gPent

for the efficiency of dissociation of pentacene excitons at the

interface with C60 (see also Figure 1(b)). Excitons not disso-

ciated are assumed to decay at the interface. Analogously,

we define gC60 as the efficiency for dissociation of excitons

generated in C60.

We assume a singlet-to-triplet fission efficiency of 200%

in pentacene. If the actual value is lower, it will be incorpo-

rated in a lower gPent in the EQE fit. If there is no P3HT inter-

layer and pentacene directly contacts ITO, we assume this

interface to be exciton absorbing due to a high density of

low-energy electronic states available in the metallic ITO.

This assumption is validated by the EQE fit below. Where

P3HT is present in our solar cells, we define fP3HT as the effi-

ciency of excitons generated in P3HT being transferred into

pentacene. These transferred singlet excitons are expected to

undergo fission in pentacene. We do not perform diffusion

modeling in P3HT since the layer is only 4 nm thick, on the

order of the exciton delocalization length.17 Noting that the

triplet energy in P3HT is 0.6 eV higher than in pentacene,18,19

we test the assumption that triplet excitons within the penta-

cene layer are reflected off the P3HT/pentacene interface due

to the lack of (metallic) quenching states. We use the previ-

ously measured value of the diffusion length in C60 of 40

nm.20 The bathocuproine (BCP) layer was ignored in the

model since AFM images showed that it crystallized in scat-

tered pyramidal structures and covered less than 15% of the

C60 surface.

Apart from the three efficiency parameters, the diffusion

length in pentacene is the only free fitting parameter. The effi-

ciency parameters scale the EQE contribution of a material

according to its absorption. Since the absorption spectra of

pentacene and C60 have little overlap, gPent and gC60 can be

fitted independently. In contrast, a change in the diffusion

length shifts the EQE at a wavelength k depending on the

exciton generation profile at k. Comparing the solar cells with

and without a P3HT layer, we can determine fP3HT and dem-

onstrate that P3HT acts as a triplet exciton blocking layer.

The EQE contributions from each of the active materials

in a P3HT(4 nm)/pentacene(20 nm)/C60(30 nm) cell are illus-

trated in Figure 2(a). Fitting the result of the modeling to the

measured EQE, we find that LPc has to be larger than 35 nm

to account for the observed enhancement of EQE when the

P3HT exciton blocking layer is present, keeping gPent con-

stant (see Figure 2(b)). This confirms that there is triplet

reflection at the pentacene/P3HT interface and the best fit to

six cell designs yields LPc ¼ 40 6 5 nm. IV curves for two

devices and the full set of EQE data and fits can be found in

Section S3 of the Supplementary Information.14 Since penta-

cene films have a roughness of up to 3.5 nm r.m.s. (for 50 nm

layer thickness), we correct the lower error boundary so that

LPc ¼ 40þ5
�9 nm. In TA measurements, the triplet lifetime in

polycrystalline films of pentacene was determined to be

s¼ 5 ns.8 Combined with our value for LPc, L2
Pc ¼ Ds yields

a diffusion constant D ¼ 3� 10�3 cm2/s, which is similar to

values measured for tetracene.21 Our diffusion length is

smaller than values previously reported by Kippelen et al. in

Refs. 12 and 13 since they had not considered singlet exciton

fission.

The influence of exciton transfer from P3HT into penta-

cene (fP3HT) on the modeled EQE is illustrated in Figure 2(c).

The fit yields fP3HT ¼ 0.3 6 0.1; presumably this efficiency

is limited by singlet exciton quenching at the P3HT/ITO

interface as higher values for fP3HT have been reported with

a poly-(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) interlayer between P3HT and ITO.10 As in

Ref. 11, the use of an antenna material can extend the

FIG. 2. (a) Measured (�) and modeled (solid line) EQE of a P3HT/pentacene

(20 nm)/C60 (30 nm) cell showing the EQE contribution from the active mate-

rials and the absorbed light fraction by the electrode. (b) EQE of solar cells

made from 50 nm pentacene and 30 nm C60 with (�) and without (�) 4 nm

P3HT interlayer. The solid lines show the fit to the data. (c) The effect of

gP3HT on the fit to a P3HT(4 nm)/pentacene(20 nm)/C60 (30 nm) cell for

fP3HT ¼ (0.0, 0.2, 0.3, 0.4, and 1.0).
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photocurrent generated via singlet fission by donating exci-

tons into pentacene. The criteria for an antenna material to

donate excitons are: a singlet exciton energy slightly above

the singlet exciton energy of pentacene (1.83 eV, Ref. 7) to

allow for energy transfer; a triplet exciton energy higher than

the triplet exciton energy in pentacene (0.85 eV, Refs. 18 and

22) to avoid triplet transfer; and the highest occupied molecu-

lar orbital (HOMO) energy level around 5 eV so as to allow

hole extraction across the antenna material. We find that the

photocurrent contribution from light absorbed in the C60

layer does not change upon insertion of the P3HT layer. This

indicates that the introduction of the P3HT layer does not

change the ease of hole extraction as the same fraction of the

holes from excitons generated in C60 and dissociated at the

pentacene/C60 interface is extracted from pentacene. (see

Figure S10 of the Supplementary Information14)

We find that the measured JSC increases linearly with the

intensity up to at least 1 sun illumination intensity and that

the EQE is almost unchanged when measured with a white-

light background (see Section S4 of the Supplementary

Information14), indicating that bimolecular processes like

triplet-triplet annihilation, triplet-charge annihilation, and

interfacial recombination do not limit the cell performance in

the relevant intensity regime. We therefore neglect bimolecu-

lar effects in the diffusion equation in our EQE model.

Our results for the EQE are consistent with the results of

Congreve et al.10 when the difference in the distribution of

the optical field is taken into account, as explained in detail

in Section S5 of the Supplementary Information.14 Our

model is able to fit the measured EQE with the exception of

the lowest-energy pentacene absorption peak (1.86 eV). We

note that the ratio of the height of this peak to that of the sec-

ond peak (1.95 eV) decreases with pentacene thickness. We

find a ratio of about 1.1 for the 50 nm pentacene in agree-

ment with previous studies13,23 and about 1.3 for the 20 nm

pentacene, while the 15 nm pentacene layer studied by

Congreve et al.10 exhibits a ratio of 1.55 (see also Figure S7

of the Supplementary Information14). This trend may be due

to a lower fission quantum efficiency compared to the higher-

energy excitonic states or a less efficient extraction of the

fission-generated triplets from lower-energy photons. Due to

the distribution of the optical field, low-energy photons are

preferentially absorbed closer to the interface between penta-

cene and ITO and at this interface, the pentacene can stack

such that transport is favored in horizontal direction rather

than the preferential vertical direction.24 In addition, the exci-

tons generated in regions with different stacking directions

may have varying dissociation efficiencies as the charge trans-

fer state energy of the pentacene/C60 molecular couple is mini-

mized for the configuration, where the short molecular axis of

pentacene is interfaced with C60.25 Furthermore, because the

pentacene crystal diameter in our films (250 6 100 nm,

obtained with atomic force microscopy) is comparable to the

wavelength of incident light, we may need to consider two

separated polarization phases each with its own optical con-

stants and generation profiles. Ellipsometry measurements on

pentacene single crystals described in Ref. 26 reveal that the

peak at 1.86 eV is mostly excited by a photon polarization par-

allel to a crystallographic axis a that lies almost in plane with

the substrate. The higher-energy peaks are predominantly

excited by photon polarizations parallel to a crystallographic

axis b almost perpendicular (95�) to a. Compared to the gener-

ation profiles obtained from polarization-averaged optical con-

stants as used in the rest of our work, b-polarized photons

generate more high-energy excitons close to the interface to

C60 (see Figure S8 of the Supplementary Information14).

Therefore, optical anisotropy of pentacene crystals can quali-

tatively explain the deviation of the peak at 1.86 eV.

For cells with P3HT and thin (20 nm) pentacene, we

obtain gC60 ¼ 0:45 6 0:02 and gPent ¼ 0:90 6 0:02. We

assumed that every photon that is absorbed in pentacene gen-

erates two excitons. This implies that our measurement for

gPent poses a lower bound for the singlet exciton fission effi-

ciency in pentacene of at least 180 6 15%. gPent and gC60

decrease with increasing layer thickness (see Supplementary

Information Table I14). Since gPent describes the dissociation

efficiency of pentacene excitons into charges at the

pentacene/C60 interface, losses of excitons at interfacial trap

sites provide a possible reason for the dependence of gPent on

layer thickness. The pentacene surface structure changes

with layer thickness. Also, Ruiz et al. showed that the orien-

tation of the long axis of pentacene molecules in monolayers

is approximately out of the substrate plane for layer thick-

ness of up to 19 nm.24 Density functional theory calculations

suggest that the charge transfer state in a pentacene/C60 mo-

lecular couple has its minimum energy for exactly this

“head-to-tail” orientation.25 Therefore, lower gPent for 30

and 50 nm thick layers might be partially due to a change in

the interfacial molecular orientation of pentacene.

We obtain the overall internal quantum efficiency (IQE)

from the active materials by dividing the measured EQE by

the absorbed light fraction in all three active materials. We

also computed the IQE from pentacene by accounting for the

modeled EQE contributions from C60 and P3HT (see Section

S8 of the Supplementary Information14). The result of this

calculation is shown in Figure 3. Both the overall IQE and

the pentacene contribution to the IQE exceed 100%. In par-

ticular, the IQE for the second Davydov peak (�2 eV) of

pentacene reaches 175%. Considering the uncertainties in

our model and in the layer thicknesses, we estimate this IQE

to be 175 6 15%, consistent with complete singlet exciton

fission. The dips in the pentacene IQE around 2.1 eV and

2.3 eV can be qualitatively understood as some of the light

will have been absorbed into the pentacene-pentacene

FIG. 3. Measured EQE and modeled absorption in pentacene in a

P3HT/pentacene (20 nm)/C60 (30 nm) cell. Accounting for the modeled EQE

contributions of P3HT and C60 yields the IQE in pentacene. IQE values

approaching 200% are a strong indication of efficient singlet exciton fission.
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charge-transfer (S0 ! CT) states27 in this energy regime.

These CT states do not undergo fission.8

Our studies of the triplet exciton dynamics in pentacene

provide valuable insight for the design of singlet fission sen-

sitized solar cells with efficiencies beyond the Shockley-

Queisser limit. The lower bound for the singlet exciton fis-

sion quantum efficiency is 180 6 15%. The diffusion length

in pentacene was determined to be 40þ5
�9 nm. Our fit revealed

that excitons are injected from P3HT into pentacene with an

absorption-to-injection efficiency of 30 6 10%. Therefore, a

thin pentacene layer could be used as a fission sensitizer11 to

split excitons from another highly absorbing material, decou-

pling absorption from fission. Internal quantum efficiencies

approaching 200% for thin pentacene layers make pentacene

a promising candidate for efficient singlet fission sensitized

solar cells.
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