Localization lengthscales of triplet excitons in singlet fission materials
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We measure the dielectric confinement lengthscales of triplet excitons in organic semiconductors
by jointly measuring their microwave-domain electric and magnetic susceptibilities. We apply this
technique to characterize triplet excitons in two singlet fission materials with distinct solid-state
packing, and correlate the extracted localization lengthscales with the role of the excitonic environ-
ment. Using the magnetic susceptibility simultaneously determined through our experiments, we
compare the independently extracted dielectric and spin-spin localization lengthscales, highlighting
the role of local anisotropy on the properties of excitonic triplet states.
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I. INTRODUCTION

The triplet exciton, consisting of a tightly bound
electron-hole pair with a total spin of one, manifests itself
in many important processes relevant to carbon-based
semiconductors. For example, these states are generated
in the recombination of free electrons and holes in solar-
cells! or light-emitting diodes? which is often detrimen-
tal to optoelectronic functionality due to the inability
of triplet excitons to separate into extractable carriers
or radiatively recombine. The triplet exciton has there-
fore often been viewed as a loss pathway in organic de-
vices. More recently however, the potential to actively
utilize triplets in both photovoltaic, and light-emitting
devices has been realized.3® Particularly important for
solar cell applications has been the process of singlet fis-
sion which enables rapid conversion of a photogenerated
singlet exciton into two triplet excitons.?%:19-13 This pro-
vides a route to circumvent the traditional thermalization
loss limit which hinders energy harvesting,'* as well new
opportunities to explore and utilize optically generated
triplet excitons.'®18

While the importance of triplet excitonic states grows,
their optically dark nature often makes it challeng-
ing to elucidate their physical properties, in particular,
there are few techniques giving experimental access to
their degree of delocalization.!® One experimental ob-
servable which allows insight into the excitonic confine-
ment lengthscale is the dielectric polarizability volume
v = «a/dmey, where « is the polarizability per triplet,
and €y the vacuum permittivity. This parameter con-
tains important information on the electrostatic confine-
ment lengthscale of the triplet excitons, and acts as a
probe of their delocalization. For example for singlet ex-
citons in oligomers this quantity measures the volume
of the conjugated back-bone,?? while for wavefunctions
confined to nanocrystals or fullerenes it corresponds to
approximately the volume of these particles.?':2? The po-
larizability is therefore an important fundamental prop-
erty to access experimentally. However, in contrast to

optically bright singlet excitons where electroabsorption
measurements allow access to this quantity,?? for triplet
excitons, this property is much more challenging to mea-
sure since selection rules forbid direct excitation of triplet
excited states from the singlet ground state.

Unlike spin-zero singlet excitons however, the finite
spin carried by triplet excitons offers a distinct degree
of freedom to utilize in their characterization, and an
unambiguous signature of their presence. This is be-
cause the dipolar interaction between electron and hole
magnetic moments gives rise to an energy level splitting
between the three triplet spin sublevels, even at zero ex-
ternal magnetic field, governed by the zero-field split-
ting Hamiltonian H,;, = D(5% — S2/3) + E(S% — S2)
where D and E are the zero-field splitting parameters,
and S = (Sx, Sy, Sz) are the triplet spin operators ref-
erenced to the magnetic principal axes X,Y, Z.2* This
characteristic zero-field splitting means that triplet ex-
citons can be readily identified through magnetic reso-
nance, providing a direct way of observing these opti-
cally dark states.?° 28 In addition, this interaction pro-
vides an estimate of the excitonic spin-spin localization
lengthscale since the zero-field splitting parameters are
determined by the dipolar coupling between spins, and
hence act as a measure of their separation.?*

Here we implement a technique to extract the dielec-
tric localization lengthscales of triplet excitons by jointly
measuring their dielectric and spin-resonance suscepti-
bilities which we determine through their impact on the
resonance frequency of a microwave resonator. Using
two prototypical singlet fission materials, TIPS-tetracene
and TIPS-pentacene?® 32 (Fig. 1), which display very
different solid-state environments, we correlate the ob-
served localization lengthscales with the role of local
anisotropy, providing a way of dielectrically characteriz-
ing dark triplet exciton states. The magnetic susceptibil-
ity simultaneously determined in our experiments allows
us to compare our results to the spin interaction length-
scale estimated through the zero-field splitting, which
acts as an independent estimate of localization due to
the decoupled nature of electronic and spin degrees of
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FIG. 1. (Color online.) Experimental schematic for measur-
ing the localization lengthscales of triplet excitons. A singlet
fission material (TIPS-tetracene or TIPS-pentacene) is cou-
pled to a microwave resonator under optical excitation, gen-
erating triplet excitons which cause a shift in the cavity res-
onance frequency. Tracking this frequency shift as a function
of magnetic field allows extraction of their electric and mag-
netic susceptibilities and hence their dielectric and spin-spin
localization lengthscales.

freedom in organic semiconductors.

II. EXPERIMENTAL METHODS

As a direct way to measure the polarizability of triplet
excitons, we implemented the contactless technique out-
lined in Fig. 1 which we previously applied to mea-
sure the localization lengthscales of charges in poly-
mer:fullerene blends.??® Our experimental protocol uses
a high quality factor (Q ~ 10*) microwave resonator as a
sensitive means of directly measuring the triplet exciton
polarizability volume through the photoinduced shifts in
cavity resonance frequency. Under illumination, the gen-
eration of triplet excitons, whose charge density can be
displaced within their polarizability volume v causes a
net increase in the capacitance of the resonator. This
shifts the resonance frequency f to lower values in pro-
portion to the polarizability volume and total excitation
number N:34
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Here 6 fg is the frequency shift due to the increase in di-
electric polarizability from photogenerated triplets, and

Sk = 2.8mm? and Ag = 19.8 um are the resonator sur-
face area and the effective confinement length of the mi-
crowave electric field F;, determined by the geometry
of our cavity. To normalize by the total population N,
and hence extract the polarizability volume per triplet
exciton, we exploit the fact that triplet excitons carry a
spin of one and can therefore be counted through light-
induced electron spin resonance (LESR). By applying an
external magnetic field B in addition to the ac magnetic
field By provided by the resonator, our experiment al-
lows us to simultaneously measure the LESR signal from
triplet excitons through the shift in resonance frequency
as a function of magnetic field:

éfs _ NY

f Seap @

Here Y’ is the real part of the magnetic susceptibility per
triplet exciton, and Agp = 5.6 um the effective confine-
ment length of the microwave magnetic field By. (We
note that by tracking the resonance frequency shift, we
measure the real part of the magnetic susceptibility, in
contrast to typical ESR experiments where it is the imag-
inary part that is determined.) Taking the ratio of the
dielectric and magnetic frequency shifts determined as
described above allows us to extract the polarizability
volume per triplet

t=vin ®)

To measure these quantities experimentally, we spin-
coat a layer of singlet fission material onto a multimode
Nb resonator?® 37 which we mount in an optically accessi-
ble cryostat. This provides the static field B and a stable
bath temperature of T' = 2K, as well as allowing optical
illumination with a 532 nm laser. The use of this bifilar
resonator geometry is well-suited for organic films since
the small electromagnetic mode volume, combined with
the high quality factors offered with superconducting res-
onators, allows for sensitive probing of the thin active
layers typical of organic semiconductors. The change in
resonance frequency is measured through a microwave re-
flectometry circuit combined with a feedback loop which
allows tracking of the frequency shift as a function of
illumination and magnetic field. As an unambiguous sig-
nature of triplet excitons, and due to the fact that our
superconducting resonator is limited to operating at mag-
netic fields B < 50mT, we focus here predominantly on
the “half-field” transition in the LESR response,?* oc-
curring at a magnetic field By, ~ hf/2gup where g is
the electron g-factor, and pup the Bohr magneton (we
note that we did not observe a spin-1/2 LESR from free
charges in our neat films). Since this half-field transition
can only occur for spin-one species it therefore acts as a
direct way of identifying triplet excitons.
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FIG. 2. (Color online.) Photoinduced frequency shifts for
TIPS-tetracene at 1.96 GHz. (a) Light-induced ESR response
as a function of magnetic field, along with a fit to the real part
of the magnetic susceptibility x’. (b) Peak LESR signal as a
function of laser intensity. (c) Frequency shift at zero mag-
netic field, which is determined by the dielectric polarizability,
shown as a function of laser intensity.

III. RESULTS

Fig. 2(a) shows the magnetic field dependent fre-
quency shift §fp for TIPS-tetracene showing a clear
LESR response characteristic of spin-one triplet excitons.
The peak LESR response 6 f.s was found to be linear
with laser intensity [Fig. 2(b)] (in agreement with the ki-
netics found in our previous optically-detected magnetic
resonance (ODMR) experiments on the same material.®)
The dielectric frequency shift 6 fg [Fig. 2(c)], i.e. the fre-
quency shift under illumination at B = 0, also scales lin-
early with the laser intensity, indicating that the two fre-
quency shifts arise from the the same triplet excitons. To
extract the polarizability volume from Eq. 3 the only ad-
ditional parameter needed is the spin-one magnetic sus-
ceptibility x’. We determined this quantity by numeri-
cally solving the stochastic Liouville equation for triplet
excitons in the presence of microwave driving, averag-
ing over randomly oriented molecules to determine the
overall response of the film (see Appendix A for further
details). Our previous ODMR measurements on TIPS-
tetracene determined triplet zero-field splitting param-
eters of D/gup = 50mT and E ~ 0 which we fix in
our simulations, along with the known bath temperature
leaving only a line-broadening parameter which we fit to
the data. The resulting fit is shown in Fig. 2(a), showing
good agreement with the experimental spectrum. With
x' known, we can extract the triplet exciton polarizabil-
ity volume v which we find to be v = 15.8 A°. Rewriting
v = a® in terms of an isotropic dielectric localization
length a, we find @ = 2.5 A. We note that due to a dis-
tribution of molecular orientations within the film, the
measured polarizability is the average over the three ten-
sorial components o = ), a;;/3 where i = x,y,z are
the principal axes. In the case of maximal anisotropy,
where only one component contributes, the localization
length determined from this component will therefore be
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FIG. 3. (Color online.) Photoinduced frequency shifts for
TIPS-pentacene. (a) LESR response for two different res-
onator harmonics and corresponding fits to the magnetic sus-
ceptibility x’. (b) Peak LESR signal as a function of laser
intensity. (c) Dielectric frequency shift at zero magnetic field
as a function of laser intensity.

a' = 3Y/3a ~ 1.4a, which provides an upper bound for the
most delocalized lengthscale. The triplet zero-field spit-
ting parameters, which measure the strength of the spin
dipole-dipole interaction between electron and hole, and
hence their spin-spin localization length, provide an inde-
pendent measure of triplet exciton localization since the
orbital and spin degrees of freedom are effectively decou-
pled in organic materials. Using the value of D for TIPS-
tetracene, the spin-spin localization length is 74, = 3.8 A
which is reasonably close to the independently measured
dielectric localization length a. We note that these esti-
mates indicate a highy localized triplet state (Fig. 4 dis-
plays representative molecular and crystal lengthscales
for comparison), consistent with the weak intermolecular
coupling suggested by the TIPS-tetracene crystal packing
[Fig. 4(a)],® and other estimates of triplet localization
in organic semiconductors.!93%:40

To investigate the influence of molecular size and
packing on the polarizability and spin-spin localiza-
tion lengthscales we carried out experiments using the
molecule TIPS-pentacene®!#142 which has one more aro-
matic ring than TIPS-tetracene. Since, to our knowledge,
the zero-field spitting parameters of TIPS-pentacene
have not been determined, we measured the magnetic
susceptibility response at two different resonator harmon-
ics to provide a consistent determination of these quan-
tities [Fig. 3(a)], yielding D/gup = 41mT, E/gup =
6mT. As with TIPS-tetracene, we find 0 f.s and fg
scale approximately linearly with the laser intensity [Fig.
3(b) and (c)] but yield a larger polarizability volume of
v = 1100 A° corresponding to an isotropic dielectric lo-
calization lengthscale of a = 10.3 A. From the zero-field
splitting parameter D, we find ro; = 4.1 A.
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FIG. 4. (Color online.) (a)/(b) Molecular packing of the

two materials, typical molecular and crystal lengthscales
and summary of the measured isotropic dielectric confine-
ment lengthscales a, and spin confinement lengths rss. For
TIPS-tetracene (a) there are four rotationally inequivalent
molecules in the unit cell while for TIPS-pentacene (b),
each molecule is rotationally equivalent. (c) Scalings with
anisotropy: normalized polarisability volume v/vo and in-
verse zero-field splitting parameter Do/D (which represents
the normalized spin-spin interaction volume), as well as their
ratio, calculated within the model described in the main text
as a function of the anisotropy w/wz. (d) Imaginary and real
parts of the dielectric frequency shift used to determine the
Debye response times. The different points correspond to dif-
ferent light intensities.

IV. DISCUSSION

As expected based on an increase in molecular size
in going from TIPS-tetracene to TIPS-pentacene, both
spin-spin and dielectric localization lengthscales increase,
however the increase in the dielectric confinement length
is much more striking than for the spin-spin case. From
a simple perspective based on the modest increase in
molecular size, one might expect a relatively modest
increase in the polarizability volume between the two
molecules with four- and five-membered acene back-
bones. However, this neglects the role that anisotropy,
which can be influenced by both the molecular, and solid-
state properties, plays in determing these parameters.

To construct an intuitive picture for the influence of
anisotropy on the dielectric and spin-spin localization
lengthscales, we take an anisotropic harmonic potential

V(r) = gm(wis? + w oy? + w?z?) to represent the con-
fining environment, Where m is the effective mass and
Wy, Wy, w, are the oscillator frequencies. The polarizabil-
ity volume can be derived for this anisotropic environ-
ment by considering the displacement of charge caused
by an electric field which we average over random orienta-
tions to account for the distribution of m(z)lecular orienta-
tions within the film. This yields v = 12;7”%(0.)52—1—0.;;2—1—
w; ?), where e is the electronic charge. In the presence of
a strong anisotropy direction, for example w, < wy,w.,
the polarizability will therefore be dominated by the most
weakly confined direction i.e. v ~ w2, giving rise to an
enhancement of the extracted localization lengthscale, as
we observe between TIPS-tetracene and TIPS-pentacene.

The approximate scaling of the spin-spin interaction
lengthscale on the different anisotropic dimensions can
also be derived using this framework by considering the
expectation of the zero-field splitting Hamiltonian over
a suitable wavefunction. Written in a form which more

explicitly reflects the dipolar nature of this interaction,?*
and the associated interaction lengthscale, we have

~ §1 . §2 (§1 . I‘) (§2 . I‘)

Hzfs = ﬂ( 7,_3 - 3 TS >7 (4)

where 3 = £2(guph)?, 81 and 83 are the spin opera-
tors for the two electrons and r = ry — ra is the vector
between them with r = |r|. For triplet states with a sym-
metric spin wavefunction, the orbital wavefunction must
be antisymmetric, which in a two-state basis formed of
single-particle wavefunctions ¢,, ¢p, becomes

¢a(r1) ¢b(f1)
Pa(r2) op(r2)|’

1
V2
(We note that the exclusion principle enforced by this
Slater determinant removes any singular behavior in
the expectation value of the dipole-dipole interaction
associated with the limit » — 0.) To proceed an-
alytically, we take ¢, as the ground state wavefunc-
tion ¢q(r) = [[; ¢o(r;) where ¢o(r;) are the single par-
ticle harmonic oscillator ground-state wavefunctions in
the directions r; = x,y,2, and ¢, as a singly excited
state ¢p(r) = ¢1(rj) [[,4; do(ri) where ¢1(r;) is the first
excited harmonic oscillator wavefunction along the di-
rection r;. With these wavefunctions, the dependence
of the dipole-dipole interaction on the anisotropic con-
finement can be found by calculating the expectation
(Hss) = (P|H,rs|®). Unlike the polarizability volume,
we find that the zero-field splitting is no longer domi-
nated by only one confinement direction and exhibits a
weaker dependence on the anisotropy. For the uniaxial
case wy = w, = w with a single particle excitation along
z, l.e. ¢p(r) = do(z)Po(y)P1(2), we are able to obtain an
analytic expression for the D parameter (see Appendix
B).

The different scalings of the polarizability volume and
D-parameter in this model are shown in Fig. 4(c) which
plots the normalized values v/vg, Do/D, and their ratio

®(ry,r2) = (5)




vD/voDy as a function of the anisotropy w/w,, where
vg and Dy are the corresponding values for w,; = w, =
w, = w. Since v and BD~! represent polarizabilty, and
spin-spin interaction volumes respectively, this plot high-
lights the different scaling of these two parameters with
anisotropy. The stronger dependence of the polarizability
volume on anisotropy compared to the zero-field splitting
D is apparent, clearly reflected in the ratio vD/vyDy,
which for the same dependence on anisotropy should
be independent of w/w,, but grows strongly with this
anisotropy ratio. While our estimates will in general de-
pend on the precise exciton wavefunctions, they highlight
the different way that anisotropy is reflected in the po-
larizability and spin-spin lengthscales, borne out through
the values measured in the two different materials sys-
tems.

Turning to the physical origin of this anisotropy, we
note that this can have contributions from both the
intramolecular environment - for example the breaking
of molecuar symmetry by the TIPS groups in TIPS-
tetracene, but not in TIPS-pentacene - as well as con-
tributions from the intermolecular environment, where
the distinct crystal packing in the two materials sug-
gests itself as a contributing factor. For TIPS-tetracene,
the crystal packing*'#? [Fig. 4(a)] indicates a mod-
est m — 7 interaction due to the distinct orientations
of neighboring molecules (also pointed to by the simi-
larity between absorption spectra in solution and solid-
state). For TIPS-pentacene however, the face-to-face
stacking shown in Fig. 4(b) indicates a significantly
more anisotropic environment,*** and a greater influ-
ence of intermolecular interactions between neighbouring
molecules*?4* (also pointed to by the significant differ-
ence between solution and film absorption spectra.3!) We
note that anisotropy has been shown to play an impor-
tant role in triplet exciton diffusion in molecular semicon-
ductors, with the experimental characterization typically
relying on radiative triplet-triplet annihilation to track
energy migration.!%4%46 By using the polarizabilty, the
results presented here open up a different way of prob-
ing anisotropy without the requirement for an emissive
recombination channel.

Finally, in addition to estimating the dielectric local-
ization lengthscales, our experiments also allow us to es-
timate the characteristic dielectric relaxation time associ-
ated with the triplets 7p by comparing the real and imag-
inary parts of the dielectric susceptibility. This param-
eter, which reflects how fast the triplet excitons can re-
spond to the ac electric field E1, is accessible through our
experiments by comparing the frequency shift § fr and
the change in inverse quality factor of the resonator 6Q;31
at zero magnetic field, shown in Fig. 4(d) for different
laser intensities. Taking a Debye response (correspond-
ing to exponential relaxation) of a(w) = ap/(1 + wrp),
with w = 27 f, the dielectric relaxation time is given by

1 —1
_ 1 50Q% . s _
™ = LBl For both materials we find a similar re

sponse time of 7p = 3 — 4 ps, this relatively fast response
reflecting the localized nature of the excitonic triplet

states. Furthermore, with the known magnetic suscep-
tibility, and film thicknesses measured through atomic
force microscopy to be W ~ 500 nm for TIPS-tetracene
and W ~ 225 nm for TTPS-pentacene, Eq. 2 allows us
to estimate the triplet density n in our experiments. At
peak illumination, we find n = 3.3 x 10** m—2 for TIPS-
tetracene and n = 4.5 x 102 m~3 for TIPS-pentacene,
giving average triplet separations of n~/3 = 7nm and
13 nm. This corresponds to roughly one triplet per 300
molecules for TIPS-tetracene and one triplet per 2300
molecules for TIPS-pentacene, based on the molecular
density determined from the crystal unit cells (Fig. 4).

V. CONCLUSION

To summarize, we have implemented an experimental
technique to extract the dielectric localization lengthscale
of triplet excitons which we have applied to two model
singlet fission materials. Using this technique, we have
compared the dielectric localization lengthscale, which
characterizes the distance over which the excitonic charge
density is confined, to the independently estimated spin-
spin interaction lengthscale which characterizes the dis-
tance over which electron and hole interact through the
magnetic dipolar interaction. These results highlight the
localized nature of triplet excitons in organic semiconduc-
tor materials and the role of anisotropy in the local ex-
citonic environment. Our experiments demonstrate the
utility of dielectric and magnetic susceptibility measure-
ments to investigate the properties of excitonic triplet
states.
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Appendix A: Magnetic susceptibility

To calculate the magnetic susceptibilty x’ we solve the
equation of motion for the triplet exciton density matrix



p under microwave irradiation:

1

. (A1)

OtPnm = [HO + Hl (t), ﬁ]nm = Y(Prm — Prin)-

Here ﬁo = ﬁz +I:IZfS is the static spin Hamiltonian con-
sisting of the Zeeman interaction, H; = gupB - S where
B is the external magnetic field, and the zero-field split-
ting Hamiltonian H.;s. Hi(t) = g,uBBl(t)-S is the ac
spin Hamiltonian with microwave magnetic field By (t),
~ the decay term which acts as a line-broadening param-
eter, and p°? is the thermal equilibrium density matrix.
Working in the eigenbasis of the static Hamiltonian such
that Ho nm = MwnmOnm, where wy,, are the eigenvalues of
H,, the susceptibility is found by first performing a per-
turbative expansion of p in powers of H;(t) and solving
for the first-order contribution*”

1 _— _9KB

_ eq ed ) Z (8- By (w))nme™ ™" (A2)
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w

where we have introduced the Fourier decomposition of
B1(t) = > Bi(w)e ™" where w is the microwave fre-
quency. The susceptibility is found from the induced
magnetization m(w) = gupTr(pMS) = xMWB;(w)/ o,
which yields

) H0(9HB)’ N~ eq eqy (S M)mn(S - B)um
h Z( ) (Wnm — w) — iy

(A3)

nm

where 1 is the unit vector in the direction of the ac mag-
netic field By. This expression gives us the susceptibilty
for a single triplet with its zero-field splitting tensor at
a fixed orientation with respect the magnetic field. To
find the response of the film, we average over molecular
orientations to obtain the total susceptibility, whose real
part x’ determines the LESR frequency shift 0 fg.

Appendix B: Expectation of the zero-field splitting
Hamiltonian

To extract the D-parameter within the model pre-
sented in the main text, we rewrite the expectation of
the zero-field splitting Hamiltonian (Eq. 4) in terms of
relative, and centre-of-mass co-ordinates: r = r; —rs and
R = (1‘1 + I'Q)/2

(H.ps) = (Pr(R)|®R(R))(Dr (r)| H.ps(r)|@(r)), (BI)

where |®(ry,r2)) = |®Pr(R))|P,-(r)). This separates the
calculation into an integration over centre-of-mass co-
ordinates, and the expectation of H s, over relative co-
ordinates which can both be performed analytically. The
D-parameter is recovered by moving from the representa-
tion of H. s, in the two-electron basis, with spin operators
§; and §; (Eq. 4), to the representation in the triplet
basis, with spin operator S (H.;, = D(5? — §2/3) +
E(S? - SS)), which can be achieved by using the relation

§1,i800 = 3(57 — 182).
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