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Singlet exciton fission splits one singlet exciton into two triplet excitons. Using a joint analysis of

photocurrent and fluorescence modulation under a magnetic field, we determine that the triplet

yield within optimized tetracene organic photovoltaic devices is 153% 6 5% for a tetracene film

thickness of 20 nm. The corresponding internal quantum efficiency is 127% 6 18%. These results

are used to prove the effectiveness of a simplified triplet yield measurement that relies only on the

magnetic field modulation of fluorescence. Despite its relatively slow rate of singlet fission, the

measured triplet yields confirm that tetracene is presently the best candidate for use with silicon

solar cells. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876600]

Exciton fission generates two excited states from one

absorbed photon.1 When paired in a solar cell with suitable

low energy gap materials, fission increases the power effi-

ciency by enhancing photocurrent in the visible spectrum.2,3

Tetracene, for example, absorbs blue and green photons; exci-

ton fission then generates two triplet excitons, each with

energy �1.25 eV.4 This energy match to the bandgap of sili-

con (1.1 eV) provides special motivation for studying

tetracene.2,5–9 It is the most efficient fission material yet iden-

tified that can partner with the predominant material of mod-

ern solar cells.

Energy conservation during exciton fission requires that

the initial exciton has approximately twice the energy of the

product states. In tetracene, the fission process is thought to

be slightly endothermic, resulting in a significant retardation

of the rate.4 Nevertheless, the yield of triplet excitons is

aided by spin conservation, which eliminates a thermaliza-

tion loss pathway.10 The initial exciton is a singlet with total

spin S¼ 0 and it cannot rapidly decay into one lower-energy

triplet exciton with total spin S¼ 1. Only the generation of

two triplets is allowed.11–14 Thus, singlet exciton fission in

neat films of tetracene competes only with the relatively

slow processes of singlet exciton fluorescence and non-

radiative decay to the ground state. Indeed, multiple studies

have shown or suggested a near unity efficiency for the fis-

sion process in neat films of tetracene.15,16

Singlet exciton fission in photovoltaic devices, however,

is complicated by the presence of additional important loss

pathways such as singlet exciton dissociation into charge;

see Fig. 1(a).10,17 Consequently, it is typically insufficient to

measure fission rates in neat thin films; practical applications

require measurements of the triplet yield in devices. A lower

limit is defined by the internal quantum efficiency (IQE)—

the ratio of charges generated in the cell to photons absorbed.

But determination of the IQE is especially challenging for

tetracene devices, since its optical absorption overlaps with

the usual acceptor material C60. Alternative approaches for

measuring triplet yield based on the temperature dependence

of fission in tetracene3 are also suspect given conflicting

reports of the temperature dependence of the fission rate,15,18

and the magnetic field effect in tetracene.19

In this work, we couple measurements of the internal

quantum efficiency in tetracene solar cells with analysis of

the magnetic field dependence of photocurrent generation

and tetracene fluorescence. When combined, these techni-

ques address the weaknesses of previous measurements of

triplet yield in tetracene.3 The approach is based on the de-

pendence of singlet fission rates on applied magnetic fields.

Spin conservation in the process jSi ! jTi þ jTi requires

that the intermediate triplet-pair jTTi is formed with net spin

of zero. In the absence of magnetic field splitting, there are

three triplet-pair states with partial singlet character. The

number of triplet pair states with partial singlet character

increases to six under a weak applied magnetic field, and

then decreases to two pairs under strong magnetic fields.20,21

Despite the varying redistribution of singlet character in the

jTTi states, the forward rate of jSi ! jTTi summed over all

jTTi states is unchanged by the redistribution of singlet char-

acter under the magnetic field.12,22 Only the reverse process

FIG. 1. Dynamics of singlet fission and the magnetic field effect in tetra-

cene. (a) A kinetic model including fluorescence as a possible singlet decay

channel. (b) Fluorescence from a tetracene crystal (square) and thin film

solar cells (triangle) as a function of magnetic field. The photocurrent from

solar cell with a 30-nm-thick tetracene layer exhibits the opposite sign to the

measured changes in fluorescence.
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is modulated because each possible jTTi ! jSi pathway

from the manifold of jTTi states competes with additional

processes such as diffusive separation or charge generation.

Thus, the reverse process is maximized at high magnetic

fields due to the substantial singlet character in the two tri-

plet pair states formed by fission. We summarize the dynam-

ics at high magnetic fields by combining the forward and

reverse processes into an effective singlet exciton fission rate

(kfis) that is reduced due to the enhancement of the reverse

process.12

Fig. 1(b) is a plot of fluorescence from a tetracene single

crystal as a function of magnetic field. It is compared to the

fluorescence and photocurrent from tetracene photovoltaic

cells under an applied magnetic field. The fluorescence

trends are identical in single crystals and thin films incorpo-

rated in solar cells, but both are opposite to the photocurrent

dependence. Fluorescence monitors the singlet exciton popu-

lation, which increases as fission is slowed under a magnetic

field. Conversely, the negative sign of the magnetic field

effect on photocurrent demonstrates that a significant portion

of charge formation originates in triplet excitons, which

decrease under the magnetic field due to a slower fission

rate.

The magnetic field effects in Fig. 1(b) can provide a

quantitative model of the yield of singlet exciton fission

when they are combined with a kinetic model as described

by Fig. 1(a).10 A photon is first absorbed by the fission mate-

rial, creating a singlet exciton. The singlet exciton dynamics

are modeled by three rates: the radiative decay rate, kR; the

rate of singlet exciton dissociation into charge, kS; and the

effective singlet exciton fission rate, kf is Bð Þ. It is notable

that charge generation occurs at donor-acceptor interfaces,

so kS can be tuned by adjusting the greatest exciton diffusion

distance, d.10 Very thick tetracene layers have negligible

singlet charge dissociation rates. Normalizing by the rate of

fission under zero applied magnetic field, kf is 0ð Þ ¼ k0
f is,

we define kf is Bð Þ ¼ vf is Bð Þ � k0
f is, kS dð Þ ¼ vS dð Þ � k0

f is, kR

¼ vR � k0
f is.

The magnetic field-induced modulation, dI B; dð Þ, of

photocurrent, I, as a function of magnetic field, B, and great-

est exciton diffusion distance, d, is

dI B; dð Þ ¼ I B; dð Þ � I 0; dð Þð Þ
I 0; dð Þ

¼
vf is Bð Þ � 1
� �

vS dð Þ þ 2vR

� �
vS dð Þ þ vf is Bð Þ þ vR

� �
vS dð Þ þ 2
� � :

Similarly, the magnetic field-induced modulation, dF B; dð Þ,
of fluorescence, F, is

dF B; dð Þ ¼ F B; dð Þ � F 0; dð Þð Þ
F 0; dð Þ ¼

1� vf is Bð Þ
� �

vS dð Þ þ vf is Bð Þ þ vR

� � :

For large magnetic fields B > 0:4T, the normalized fission

rate vf is converges to a constant value vm
f is. Under B > 0:4T,

both dI B; dð Þ and dF B; dð Þ have a limiting case for d ! 1
when vS ! 0

dI B > 0:4T; d !1ð Þ ¼
vm

f is � 1
� �� vR

vm
f is þ vR

� � ;

dF B > 0:4T; d !1ð Þ ¼
1� vm

f is

� �
vm

f is þ vR

� � :

The photocurrent change also has an additional minimum

value at a particular value of vS and d

dI B > 0:4T; dmaxð Þ ¼
vm

f is � 1
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� vRð Þ

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vm

f is � vR

� �q� �2
:

Any two of the three potential experimental measurements:

dI B > 0:4T; d !1ð Þ, dF B>0:4T;d!1ð Þ, or dI B>0:4T;ð
dmaxÞ allows us to solve for vm

f is and vR and then obtain

vS dð Þ by measuring dI B>0:4T;dð Þ or dF B>0:4T;dð Þ. But

both photocurrent modulation measurements are complicated

by additional photocurrent generation from C60 at overlap-

ping wavelengths, forcing us to also estimate the IQE of tet-

racene and C60. Thus, obtaining the triplet yield from the

magnetic field effect on photocurrent is hampered by the

same problem that obstructs direct measurements of the IQE

in tetracene. We can, however, correct a dI measurement at

a tetracene thickness for which we expect the IQE to be

most accurate, in this case dI B>0:4T;d!1ð Þ, and then rely

on the dF measurement to predict the yield at varying thick-

ness. Alternatively, we can find an approximate solution

from the dF measurement alone. We explore both

approaches below.

The solar cell structures used to generate photocurrent

and the energy levels of the constituent materials are shown

in Fig. 2(a).10,14 For comparison, we build devices from tet-

racene and pentacene using C60 in both cases as an acceptor

molecule. Fission is exothermic and significantly faster in

pentacene, allowing us to study the impact of the fission rate

on its yield in devices.10 To block exciton losses at the an-

ode, an exciton blocking layer is placed beneath the singlet

fission material.23 Based on the energy levels of the materi-

als, we selected m-MTDATA for tetracene and P3HT for

pentacene.10 Both blocking layers have triplet energies

greater than the fission material and highest occupied molec-

ular orbit (HOMO) levels appropriate for extracting holes

from the fission materials.

To accurately measure the IQE of tetracene, we first

measure the solar cell’s external quantum efficiency (EQE)

under different wavelengths of incident light. We also deter-

mine the optical n and k parameters of each of the materi-

als.24 In Jadhav et al.,3 it was shown that characterizing

the absorption of tetracene layer is difficult due to scattering.

Here, we determine the n and k parameters from

transmission-reflection spectra with additional aid from

absorption spectra25 (measured in integrating sphere that

includes scattered light). Using an optical transfer matrix

approach,26 we then estimate each layer’s absorption spectra,

fitting the overall EQE by separately adjusting the respective

IQEs of tetracene and C60. The quality of the optical fit is

assessed by comparing the measured photocurrent to the cal-

culated absorption as a function of wavelength in Fig. 2(b).

We find that the modeled photocurrent curve fits the

193901-2 Wu et al. Appl. Phys. Lett. 104, 193901 (2014)
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experimental EQE data within a root mean squared error of

11%. Notably, there is a stronger k¼ 520 nm shoulder in the

modeled curve.

Due to increasing photocurrent contributions from C60,

the IQE of thin tetracene layers is extremely sensitive to

small errors in n, k and uncorrected contributions from

scattered light. Devices with thick layers of tetracene have

lesser contributions from C60 to the photocurrent. Therefore,

in Figs. 3(a) and 3(b), we use dI B > 0:4T; d !1ð Þ
and dF B > 0:4T; d !1ð Þ to determine the normalized fis-

sion rate under a magnetic field, vm
f is, and radiative loss

rates, vR. For tetracene under strong magnetic fields of

�0.4 T, we find vm
f is ¼ 84:5% and vR ¼ 5:07%. From our

measurement of fluorescence modulation under a magnetic

field dF B > 0:4T; dð Þ, we then calculate the normalized

singlet loss rate vS dð Þ as a function of tetracene

thickness, which allows us to determine the triplet yield

(2v0
f is=ðvS þ v0

f is þ vRÞ). Recall that these values are normal-

ized by the zero field fission rate k0
f is¼�10 ns�1.6,11,16,27

We also test a dF-only-approach to estimating vS and tri-

plet yield. For most singlet fission materials, the radiative loss

rates, vR, are significantly smaller than vf is. Under this

assumption, we can simplify the magnetic field-induced

modulation of fluorescence to dF B; dð Þ ¼ ð1� vf is Bð ÞÞ=
ðvS dð Þ þ vf is Bð ÞÞ. Solving at dF B > 0:4T; d !1ð Þ we find

vm
f is ¼ 85:2%. We then calculate vS dð Þ and the triplet exciton

yield from dF B > 0:4T; dð Þ. In Fig. 3(c), we show that this

estimate of the triplet exciton yield agrees well with the full

model. The dF-only-approach requires a quenching interface,

but does not require a device structure engineered to extract

photocurrent or measurement of the IQE, while still producing

a good estimation of vm
f is, vS, and triplet exciton yield. The

accuracy of this approach could be further improved by

including the ratio of fluorescence and fission rates as

obtained from the photoluminescence transients in monomeric

solutions and thin films; see Fig. 3 of Burdett et al.16

The triplet exciton yield of tetracene is plotted together

with the triplet yield of pentacene in Fig. 3(c). The IQEs of

solar cells are also plotted for comparison in Fig. 3(d). The

data show similar trends as a function of fission material

thickness, but the overall photovoltaic performance is signifi-

cantly worse in tetracene with a peak IQE of 127% 6 18% as

compared to 160% 6 10% in pentacene. Tetracene exhibits a

relatively slow fission rate and hence it is less competitive

with singlet exciton dissociation for thin tetracene layers.

Consequently, the peak IQE in tetracene occurs for thicker

layers where triplet diffusion losses are already significant.

As demonstrated by the residual magnetic field modulation

of photocurrent from thick tetracene layers, there are also

losses due to fluorescence in tetracene, which is notably

stronger than pentacene but still weaker than other losses.

Subtracting from the maximum possible efficiency of 200%,

we estimate that 20% of the potential photocurrent in our

best device is lost due to singlet exciton dissociation (collect-

ing one charge per singlet exciton instead of two), 8% to flu-

orescence, and the remaining 45% due to triplet exciton

diffusion, yielding the final IQE value of 127% 6 18%.

As additional verification for the determination of triplet

yield, in Fig. 4, we compare our estimates of the singlet loss

rate to measurements. As expected, the average rate of the

extracted direct singlet exciton dissociation loss increases as

the tetracene layer thickness decreases. In our thinnest photo-

detector, we determine kS ¼ 0:8k0
f is, which is consistent with

the measured rate of kS � k0
f is � 8:3 ns�1 for a tetracene-C60

blended thin film featured in Fig. 5(a) of Yost et al.14

FIG. 2. (a) The energy diagram for the photovoltaic cell and photodetector

structures containing tetracene (Tc). The thickness of each layer is measured

in nanometers and energy levels are in eV. m-MTDATA is introduced as a

triplet exciton blocking layer to increase exciton dissociation at the donor/

acceptor interface. (b) Optical fitting of a photovoltaic cell with x¼ 25 nm.

The dashed blue and red curves are estimated tetracene and C60 contribu-

tions to the EQE. They are obtained by multiplying the absorption spectra of

each layer by its IQE. The simulated photocurrent is a black dashed line and

the measured EQE curve is a black solid line.

FIG. 3. (a) and (b) The tetracene fluorescence change dF and photocurrent

change dI under a magnetic field in both tetracene and pentacene. The tetra-

cene fluorescence changes are measured in the same device used to deter-

mine the photocurrent change. (c) Tetracene and pentacene triplet exciton

yields modeled from fluorescence and photocurrent changes, respectively.

The red squares represent the triplet exciton yield approximated by the dF-

only-approach. Orange triangles represent the full calculation based on both

dF and the photocurrent change dI as corrected by the IQE. (d) The IQEs of

thin layers of pentacene and tetracene reflect the changes in triplet yield, and

triplet diffusion losses in thick films. Pentacene data are from Ref. 10, and

tetracene IQE data are from Ref. 14.

FIG. 4. The normalized singlet dissociation rate, vS, as obtained from mod-

eling the fluorescence change with a function of the greatest distance to a

donor-acceptor interface. The vS of tetracene: C60 blend in Yost et al.14 was

included as a comparison and test of our method.
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In conclusion, we find that the slow rate of singlet exciton

fission in tetracene lowers its triplet yield within a 20 nm ra-

dius of a C60 interface. Pentacene exhibits faster exciton fission

and higher yields at similar distances, highlighting the impor-

tance of designing exothermic rather than endothermic fission

materials. Nevertheless, tetracene can yield internal quantum

efficiencies that exceed 100%. In optimized organic solar cells,

we find a peak triplet yield of 153% 6 5% with an IQE of

127% 6 18%. These results agree with prior work,3 although

we find here that thicker layers of tetracene are required to

optimally compete with singlet exciton dissociation. We have

also demonstrated that the exciton yield in tetracene can be

determined simply from the magnetic field modulation of fluo-

rescence without measuring photocurrent or IQE.
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