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ABSTRACT

We present a systematic investigation of strong exciton-photon coupling in functionalized
pentacene (TIPS—Pn)-based films in all-metal cavities, depending on molecular concentration
and film morphology. The Rabi splittings of up to 270 meV are observed, with the highest
values achieved in pristine amorphous TIPS—Pn films. The exciton-photon interaction strength
for the lowest-energy (0-0) exciton scaled with the square root of the molecular density, which
was independent of whether the long-range molecular order was present in films. The molec-
ular populations in the disordered regions of the films coupled to the cavity most strongly in
all films, including pristine crystalline films. Such populations, with molecular configurations
favoring interaction with the cavity electromagnetic field, were not readily identifiable in optical
absorption spectra of bare (i.e. not coupled to the cavity) films, which highlights the capability
of polariton spectroscopy to reveal these molecular ensembles, which are “hidden” in polycrys-
talline films. The linear scaling of the exciton-photon interaction strength with the square root
of the oscillator strengths was observed in dilute TIPS-Pn:PMMA films but not in pristine
TIPS—Pn films, either amorphous or crystalline. In particular, in pristine films, the exciton-
photon interaction strength for the vibrational (0—m, m > 0 ) excitons was higher than expected
based on the oscillator strengths extracted from the optical spectra of bare films, which was
attributed to enhanced exciton delocalization facilitated by the 2D brickwork motif of TIPS—
Pn. Similar observations were made in functionalized anthradithiophene (diF TES-ADT) films
(also exhibiting a 2D brickwork packing motif), but not in TIPS—Tc films which suggests that
the underlying mechanisms rely on short-range intermolecular interactions determined by the
molecular packing motif and resulting nanomorphology.

1 Introduction

Organic (opto)electronic and photonic materials have attracted attention due to their low cost,
solution processability, and tunable properties. [1] A broad range of (opto)electronic and pho-
tonic applications, including organic light-emitting diodes (OLEDs), photovoltaics (OPVs), sen-
sors, photorefractive three-dimensional displays, lasers, has been demonstrated, and many of
them commercialized. [1,2] One of the areas that has experienced recent dramatic growth is
research into strong coupling between organic molecules and resonant structures, such as mi-
crocavities, [3,4] plasmonic nanostructures, [5] or hyperbolic metamaterials, [6] and associated
physics and applications of this phenomenon. The complexity of interactions involved in the
strong coupling and how they translate into properties of light-matter hybrid states (polaritons)
have inspired theoretical effort [7-10] and enabled experimental demonstrations of Bose-Einstein
Condensation and associated exciting phenomena including polaritonic lasing, [11-13] nonlinear
amplification, [14] and superfluidity. [15]



Additionally, it has been of considerable interest to understand how the strong coupling,
and resulting light-matter hybrid polariton states, may contribute to the performance of or-
ganic (opto)electronic devices. [16-20] For example, exciton polaritons in organic photodiodes
incorporated into microcavities enhanced the device responsivity by extending the photodiode
sensitivity to wavelengths beyond those achievable in the absence of strong coupling. [17] In
a planar OPV incorporated in a resonant cavity, strong coupling-modified optical absorption
enabled reduction in the losses. [20] In perylene diimide field-effect transistors on plasmonic
nanostructures, an order of magnitude enhancement in charge carrier mobility was observed
and attributed to an enhanced carrier delocalization promoted by hybrid states. [21] On the
other hand, charge carrier mobilities in organic transistors based on donor-acceptor copolymers
or phthalocyanines incorporated in resonant cavities were similar to those in control devices
without the cavity structures. [22,23] Therefore, more work is needed to understand the po-
lariton properties in organic semiconductors, their contribution to characteristics of organic
(opto)electronic devices, and underlying mechanisms that determine (opto)electronic proper-
ties.

Over the past decade, strong coupling has been demonstrated in a variety of organic ma-
terials, expanding the library of polaritonic materials well beyond traditional organic polari-
tonic systems involving J-aggregates dispersed in polymer films or gels. [24] This includes
materials that have been previously explored for (opto)electronic applications. Examples are
photorefractive glasses such as a dicyanomethylenedihydrofuran derivative (exhibiting ultra-
strong coupling with Rabi splitting of > 1 eV'), [25] OLED and OPV materials such as 4,4-
cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) [26] and phthalocyanines, [17]
and OFET materials such as derivatives of acenes (e.g. anthracene (Ac), tetracene (Tc), pen-
tacene (Pn)) [27-30,32] and of anthradithiophenes (ADTs). [31] In addition to their attractive
electronic properties, acenes and ADTs have served as model systems for photophysical stud-
ies on all levels, from single molecules incorporated in solids, [33-37] which began from seminal
demonstration of optical detection of single pentacene (Pn) molecules dispersed in a p-terphenyl
crystal, [33] to molecular crystals. [38-40,42] Many of these derivatives (including Tc, Pn, and
ADT) exhibit singlet fission (SF), a process of creating two triplet excitons upon excitation of
a singlet state, which has generated a considerable amount of attention due to its potential to
enhance the efficiency of organic solar cells. [41]

One representative benchmark electronic and SF material of this class is Pn functional-
ized with TIPS side groups (TIPS-Pn). [43] In FETs, TIPS-Pn exhibits hole mobilities of
> 1 em?/(Vs) and up to 11 em?/(V's), depending on the crystal polymorph and/or film crys-
tallinity and morphology. [1,44] These are among the highest mobilities in solution-processable
OFETs, which has motivated research into mechanisms responsible for its enhanced electronic
characteristics and into structure-property relationships over the past 20 years. [39,44-49] In
terms of photophysics, TIPS—-Pn films exhibit ultrafast (< 100 fs) SF, depending on film
morphology, [50,51,55] and this process in TIPS-Pn has been extensively studied from the
fundamental photophysics standpoint [52, 54, 56] and towards applications in SF-based photo-
voltaics. [53] Although photophysical and electronic properties of TIPS-Pn have been exten-
sively studied, exploration of properties of polaritons in TIPS—Pn is at its inception, [32,57]
and understanding of how the underlying photophysics of TIPS-Pn and specifics of its film
morphology determines these properties has not yet been developed. Such understanding, how-
ever, would be important for designing materials for next-generation organic electronic devices
utilizing properties of polaritons, which motivates our present study.

In this paper, we investigate strong coupling of excitons in TIPS-Pn-based films of varying
TIPS—Pn concentration and morphology, to cavity photons in all-metal microcavities. Inspired
by the capability of single molecule spectroscopy to reveal “hidden” molecular populations
in ensembles masked by ensemble averaging, [58] we demonstrate how polariton spectroscopy
identifies “hidden” populations that couple to the microcavity. Existence of these populations



is not readily observed with optical spectroscopy, yet they are important for polaritonic de-
vices. We observe preferential cavity-coupling of TTPS—Pn molecules in the amorphous over the
crystalline phase in heterogeneous (mixed-phase) films and in the defect-rich regions in the crys-
talline phase. We establish that the scaling of the exciton-photon interaction strength for the
vibrationless (0-0) exciton with the square root of the molecular density is independent of film
crystallinity and morphology. In contrast, the scaling of the interaction strength for the vibra-
tional excitons with the square root of the oscillator strengths depends on the molecular density
and breaks down for highly concentrated TIPS—Pn films, which we relate to nanomorphology
and associated with it degree of vibrational exciton delocalization.

2 Methods

2.1 Sample Preparation

The microcavities were fabricated using the following procedure: first, a 45 nm silver (Ag) layer
was deposited onto a glass (BK7) substrate via thermal evaporation, then a film was spin cast
to form the active layer with a thickness of ~100 —200 nm (to create resonant A\/2 cavities), and
finally another 45 nm Ag layer was evaporated on top of the film to finish the cavity. This top
Ag layer was masked to only cover a portion of the total substrate, allowing part of the active
layer of the same sample to be measured in both “coupled” (that is, contained in the cavity)
and “uncoupled” (that is, with no top mirror) states. Regions without (with) the top Ag layer
are referred to as “bare film” (“cavity”).

Various types of TIPS—Pn films were used as the active layer in the microcavities as schemat-
ically shown in Fig. 1, classified as “blends” and “pristine”. In the case of blends, TIPS—Pn
molecules were embedded in a polymer matrix of poly (methyl methacrylate) (PMMA) at several
TIPS—Pn concentrations. For this, TIPS—Pn and PMMA were dissolved in toluene at varying
relative concentrations to control the relative density of TIPS—Pn molecules in the resulting film
such that the average TIPS—Pn molecular spacing is between d = 1 nm and d = 2 nm. Calcu-
lations of relative concentrations and the resulting average molecular spacings can be found in
the SI. [31,63] For example, concentrations of 13 mM of TIPS-Pn with 40 mg/mL of PMMA
and 53 mM of TIPS—Pn with 20 mg/mL of PMMA were used to achieve an average TIPS-Pn
molecular spacing of d = 2 nm and d = 1 nm, respectively. Films were deposited at spin
casting speeds between 800 RPM and 3000 RPM. These films are referred to as F (gB), where
the superscript B indicates the film is a blend and the subscript denotes the average TIPS—Pn
molecular spacing in nanometers (e.g. FQ(B) and Fl(B) in Fig. 1). The absorbance of selected
bare films of these blends is shown in Fig. 2.



Mirror

Mirror

Mirror

A(P) Mirror

R ET

Mirror

Figure 1: Schematic representations of the morphology in four film types embedded in an
optical cavity. (a) Film F2(B) has TTPS—Pn embedded in a PMMA matrix with average molecular

spacing (d) of 2 nm. (b) Film F 1(3) has both amorphous phase TIPS-Pn and crystallites (ordered
aggregates) embedded in a PMMA matrix. The average molecular spacing (d) is 1 nm. (c)
Film F) is a polycrystalline film with the dominant orientation (001) (for I = 1,2, 3), with the
long c-axis of the crystal in the substrate normal direction which is represented on the left of
the cavity, with the minor population with (011) orientation schematically represented on the
right. (d) Film A(") is an annealed pristine film where TIPS-Pn molecules are in the amorphous
phase.

The “pristine” TIPS-Pn films contained only TIPS-Pn molecules (no PMMA) and were
deposited using a 50 mM solution of TIPS—Pn in toluene via spin casting. To improve the film
quality, the Ag surface was treated with a 30 mM solution of pentafluorobenzenethiol (PFBT)
in ethanol (as described in previous publications [31,65]). The pristine TIPS-Pn films obtained
using this deposition method are polycrystalline as confirmed by x-ray diffraction (XRD), and
they exhibit (001) (I = 1,2,3) and (011) orientations of TIPS-Pn (Fig. S1). [49] These films
are referred as F() where the superscript P indicates the film is pristine.

To force polycrystalline films into an amorphous state, thermal annealing was employed.
Details of this process can be found in the SI and Fig. S2. Briefly, after spin casting, films were
placed on a hot plate and held at 250 °C for 20 seconds, allowing the film to fully convert into
an amorphous phase as confirmed by the XRD (Fig. S1). These films are referred to as AP)
where the A indicates that the film has been annealed and is amorphous. The absorbance of
both the amorphous and crystalline pristine bare films is shown in Fig. 2.



2.2 Optical Characterization

The solution absorption spectrum was measured in a 30 uM solution of TIPS—Pn in toluene
placed in a 1 em fused silica cuvette using a tungsten lamp (Ocean Optics LS-1) and a fiber-
coupled spectrometer (Ocean Optics USB2000). The spectrum was fit using a vibronic progres-
sion model: [38]
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where A/hw is the reduced absorption, Ay is a normalization constant, S is the Huang-Rhys
factor, I', is a normalized Lorentzian lineshape with half width at half maximum (HWHM)
of o which incorporates ogg (the HWHM of the 0-0 peak) and Ao (a progressive broadening
term). [59] Finally, Fx is the 0-0 exciton energy and Ey is the vibrational energy quantum.
The fit and associated parameter values are given in Fig. S4 and Table 1.

The microcavities were characterized using angle resolved reflectance on a custom-built
optical assembly. White light from a fiber-coupled tungsten filament source (Ocean Optics
LS-1) was passed through a linear polarizer to select either s- or p-polarizations before being
focused onto the sample at angles of incidence ranging from 15° to 80° in steps of 5°. Reflected
light was then collected and analyzed with an Ocean Optics USB2000 spectrometer.

The absorbance for each bare film was measured using the reflectance of that film at low
angle of incidence (15°). In particular, the reduced absorption spectra were modeled as:
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where A,.q is the reduced absorption, hw is the incident photon energy, R. is the reflectance
corrected for the plasma frequency the silver substrate of the film, A; is the area of the i** re-
duced absorbance resonance, I',, is a normalized Lorentzian (Gaussian) lineshape with HWWM

(standard deviation) of o; and Eg?i) is the resonance (exciton) energy.

In the case of films FQ(B) and A in addition to the general model of Eq. (2), the data were
fit with the more specific vibronic progression (eq 1). Figures S5 and S8 show examples of the
fits; fit parameters are summarized in Table 1. To characterize the blends with contributions of
amorphous and crystalline phases to the optical absorption (e.g.F’ 1(? in Fig. S6), the absorption
spectrum was fit to determine the relative contribution of these phases to the overall absorption.
The amorphous phase contribution to the spectrum was modeled as a vibronic progression (eq 1)

with the Eg?o) energy fixed to 1.91 eV, and the crystalline phase contribution was modeled using
four Gaussian functions fixed at the center energies of the peaks obtained from analysis of the
Fl(B) spectrum. Fit parameters are included in Table S2.

The angle resolved reflectance of the cavities where modeled using the following equation to
extract the center energies of each feature:

R(hw,0) = BS(hw,0) + > Cn(0)Tg,(9) (hw — En(6)) (3)

where R is the reflectance at photon energy hw and angle of incidence 6, BS is a baseline
reflectance due to the silver substrate, and the resonances in the spectra are modeled with
either a Lorentzian or Gaussian lineshape (I') depending on the film morphology. C,(0) is the
area, G, (0) is the half-width at the half maximum for Lorentzian lineshapes and the standard
deviation for Gaussian lineshapes and F,,(f) is the center energy for the n'® resonance at angle
of incidence 6.

The photoluminescence (PL) spectra of the bare films were measured by exciting the samples
with a continuous wave 532 nm frequency-doubled Nd : YV Oy laser (Verdi-5, Coherent, Inc.)



and collecting the emitted light with an Ocean Optics USB2000-FLG spectrometer. [38] The
PL spectra of select films are shown in Fig. S10. The PL lifetimes were measured using a
532 mm pulsed excitation from a frequency doubled Nd:YAG laser (NE Fianium-1060), and
the emitted photons were collected using a PDM Series SPAD and a time-correlated single-
photon counting card (TimeHarp 200, Picoquant, Inc.). The measurements were limited by an
instrument response function to a resolution of 380 ps.

2.3 Numerical Analysis

The center energies of the cavity reflection resonances were modeled using a coupled oscillators
model for polaritons: [31]
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where Ep;,(6) is the cavity photon energy at angle of incidence 6, Eg?i) is the energy of the
ith exciton and Vj; is the corresponding interaction energy. The number of excitons included in

the matrix depends upon the film, see Table S6 for details. The cavity photon E,, is modeled

with: 1
. 2\ 2
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where Ej is the cavity photon energy at normal incidence and n.yy is the effective refractive
index. The Hamiltonian was numerically diagonalized at each angle of incidence to obtain the
polariton branch energies which were then compared to the center energies F,(#) in a nonlinear
least squares optimization to determine the interaction strengths Vy,,,. All fit parameters are
given in Tables 1 and S6.

Next, the exciton-photon interaction strength was considered to be in the following form: [60]

hQ2 Nohw
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where V' is the interaction energy, h{) is the Rabi splitting, u is the transition dipole moment
of the molecules coupled to the cavity, Ny is the number of coupled molecules inside the photon
mode volume Vi ode, hw is the photon energy and € is the dielectric constant of the cavity-filling
material. Of particular relevance here is that this predicts that V oc u oc /f where f is the
oscillator strength of molecule’s absorptive transition.

As a result, the interaction strengths 2Vp,, (Rabi splitting) for each film were modeled with

a linear fit: [31]
2Vom = A -/ fom/ foo + B (7)

h

where fo,, is the oscillator strength of the m*™® exciton, extracted from bare film fits. Although
eq 6 predicts that the interaction strength scales with the transition dipole moment (equivalently
the root of the oscillator strength), it has been shown [31] that this proportionality is not always
accurate for molecular aggregates, due to intermolecular effects not accounted for by eq 6. To
address this, the linear model (eq 7) is applied in two forms. For TIPS-Pn:PMMA films, B is
fixed at zero reducing the model to the expected proportionality. For pristine TIPS—Pn films,
A is fixed at zero reducing the model to a constant fit. Figure 6(a) shows these fits, and the
parameter values are given in Table S7.



Finally, the lowest-energy (0-0) exciton-photon interaction energies 2V were also fit using a
proportional model with the square root of the molecular density, estimated using the molecular
volume V. The SI provides a detailed description of how these volumes were calculated; briefly,
for TIPS-Pn:PMMA films, the average molecular spacing was used:

4 (d\°®
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whereas for pristine crystalline films the geometric mean of the lattice constants was used:
Vi) = Vabe (9)

with @ = 0.75650 nm, b = 0.77500 nm, ¢ = 1.6835 nm [49]. Finally for the pristine amorphous
films, the volume was calculated from the thickness contraction experienced by films during the
annealing process used for fabrication of amorphous films (V) = (0.75 & 0.15)Vp(p), see Sec.
2.1 and Figs. S2 and S3). So, the interaction energies 2Vp were fit according to:

1
2Voo =C - v (10)

with fit parameters given in Table S8.

3 Results

3.1 Optical properties of bare films

Figure 2 shows absorption spectra of various types of bare TIPS-Pn:PMMA and pristine TTPS—
Pn films used in our studies, schematically depicted in Fig. 1, as well as that of TIPS—Pn in dilute
toluene solution. The spectrum in dilute solution shows the characteristic vibronic progression
expected for non-interacting TIPS—Pn molecules (Fig. S4), with the 0-0 energy of 1.926 eV and
a Huang-Rhys (HR) factor of S = 0.74 due to coupling to a C-C stretching mode at 0.164 eV'.
The HWHM of the 0-0 peak ogp was only 25 meV though the progressive broadening Ao was
large (0.67) indicating that the exciton is coupled to a distribution of C-C stretching modes
centered on 0.164 eV (Table 1). [59]
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Figure 2: The reduced absorption (normalized to the 0-0 peak height) from four TIPS-Pn

films deposited onto a silver substrate: film F2(B) (dashed), film Fl(B) (dash-dotted), film F()
(diamonds), and film A() (triangles). The reduced absorption spectrum from TIPS-Pn in dilute
(30 uM) solution in toluene is also shown (solid) for comparison. The FQ(B) and A") films show
an amorphous phase response, with a 0-0 transition energy of ~1.9 eV, which is similar to that
of dilute solution. Both the F’ 1(B) and F®) films show a crystalline phase response, with a 0-0
transition energy of ~1.8 eV. The inset shows the molecular structure of TIPS—Pn.

The dilute TIPS-Pn:PMMA blend FQ(B) exhibited spectra similar to that of dilute solution,

which were also modeled with a vibronic progression (Fig. S5). The 0-0 energy in FQ(B) is at
1.916 eV (10 meV lower than in solution, due to differences in the dielectric environment), and
the vibronic progression shows coupling to a C-C stretching mode at 0.162 eV with the HR
factor of S = 0.72. The 0-0 HWHM oy is 36 meV (slightly larger than that in solution), but the
progressive broadening Ao is only 0.31, less than half of that in solution. This is indicative of
the PMMA environment imposing restrictions on the molecular vibrational degrees of freedom,
decreasing the width of the distribution of the C-C stretching modes that the exciton can
couple to (decreasing Ac) while also presenting a more inhomogeneous local environment for
the molecules (increasing ogp).
(B)

In contrast, spectra of the more concentrated TIPS-Pn:PMMA blend F;”’ featured a
~0.14 eV (~50 nm) red shift of the 0-0 energy (1.78 eV) and significant peak broadening,
features similar to those in pristine polycrystalline TIPS-Pn films F*) (Figs.2, S7, and S9).
These spectral changes are due to intermolecular interactions, and they are consistent with pre-
vious studies of TIPS—Pn films and single crystals. [48,55,56,61,62] For example, the 0-0 red
shifts of 45 — 70 nm in polycrystalline TIPS—Pn films have been previously observed depend-
ing on morphology, [48] and the large 0-0 solution-crystal red shifts in TIPS—Pn crystals were
attributed to efficient mixing of the Frenkel and charge transfer (CT) states. [62] Furthermore,
the GW/BSE calculations confirmed that the lowest-energy exciton in crystalline TIPS-Pn
possesses a CT character and is delocalized over ~3 nm in the a-b plane of the crystal. [56]
The development of this phase (which will be referred to as ”‘crystalline”’, as the emergence
of the low-energy 1.78 eV peak in the optical absorption spectra strongly correlates with the
emergence of crystalline structure detected by the XRD) in concentrated blends, with the pro-
nounced effects of TIPS—Pn intermolecular interactions on the optical absorption spectra, can



be seen in the spectra of blends FCEB) with 1 < d < 2. For example, in the optical spectrum of

a TIPS-Pn:PMMA film Fl(g) (Fig. S6), both the crystalline and amorphous (that is having the
optical absorption spectra similar to those of dilute blends and amorphous films A Fig. 2)
contributions could be identified, constituting 64% and 36%, respectively, of the total oscillator
strength. Similar concentration-dependent evolution of spectral features has also been observed
in films of anthradithiophene (ADT) derivatives such as a benchmark organic semiconductor
material diF TES-ADT, [38,63] blended with PMMA at various concentrations. The diF TES-
ADT exhibits similar to TIPS—Pn trends in polariton behavior, which will be discussed in Sec.
4 to highlight that the observations presented here for TIPS—Pn represent a general trend for a
particular class of functionalized acenes and ADTs.

The pristine TIPS-Pn amorphous films A(”) had absorption spectra with features consid-
erably more similar to those of dilute TIPS-Pn:PMMA blends (such as FQ(B)) than to those in
the polycrystalline films F(P), in agreement with previous work (Fig. S8). [48] In particular,
the 0-m peak energies in the Sp-S57 manifold were close to those in dilute blends and solutions.
However, the 0-m peak ratios and the peak widths were different from those in dilute blends
(Table 1) which suggests that intermolecular interactions are not negligible in these films [64]
even though the lowest-energy exciton does not show spectral signatures of Frenkel-CT mixing
and delocalization in these amorphous films A®).

The PL measurements reveal additional insights into the photophysics of films under study.
In particular, in TIPS—Pn:PMMA blends FQ(B) and Fl(g) , and in pristine amorphous films A,
the PL spectra were similar (Fig. S10), exhibiting the 0-0 energy close to that in dilute solutions
and a vibronic progression. However, the PL yield was considerably different, with the dilute
blend FQ(B) exhibiting about a factor of ~20 stronger PL than the amorphous pristine film A(")
under the same excitation conditions. Additionally, considerable shortening of the PL lifetimes
was observed as the TIPS-Pn concentration increased (Fig. S11 and Table S5), with the bi-
exponential dynamics in all films as compared to the monoexponential 13.8 ns decay in solution.
For example, in the amorphous pristine film A%, PL lifetimes of 0.6 ns and 3.0 ns were obtained,
as compared to 1.4 ns and 5.2 ns in the dilute TIPS-Pn:PMMA blend FQ(B), which indicates
higher availability of nonradiative decay pathways in pristine films. The PL yield dramatically
decreased with the appearance of the 1.78 eV exciton in the optical absorption spectra, and so
the PL in pristine crystalline films F") was more than two orders of magnitude weaker than
that in dilute blends FQ(B). The concentration-dependent evolution of PL properties is due to
a combination of enhanced exciton diffusion, enabling nonradiative decay pathways, and an
onset of singlet fission which is more efficient in more concentrated and, especially, crystalline
phases of TIPS—Pn. [55] Therefore, the PL emission in TIPS—Pn films largely originates from
molecules which are in configurations not conducive to singlet fission, either due to a large
spatial separation or due to unfavorable molecular orientations.

3.2 Optical properties of films in microcavities

Figures 3, 4 and 5 illustrate optical properties of films discussed above placed in microcavi-
ties. All films reveal formation of light-matter hybrid states (exciton polaritons), exhibiting
dispersive characteristics observed in the angle-dependent reflectance spectra (e.g. Fig. 3(a)
and Fig. 4(a)). The exciton-photon coupling strengths were obtained using a coupled oscillator
model as described in Section 2.3 and our previous publication. [31] The interaction strengths
for the lowest-energy exciton (referred to as ”‘0-0”") that couples to the cavity photon obtained
in all films are summarized in Tables 1 and S6, featuring the Rabi splitting values (720 = 2Vpo)
between 85 meV in the dilute TIPS-Pn:PMMA films FZ(B) and 253 meV in pristine amorphous
TIPS-Pn films A®) for s-polarized light. In each film, coupling of at least three transitions
(0 — m for m = 0,1,2) to the cavity photon was observed for s-polarized light (Fig. 3(b),
Fig. 4(b) and Fig. 5), whereas in p-polarization, coupling to only two exciton transitions could



System | EQ (bare) Ey S 000 Ao E¥(cav) 2Voo
solution | 1.93 eV  0.16 eV 0.72 25 meV  0.67 - -
FP | 192e¢V 016eV 074 36 meV 031 1.91e¢V 85 meV

FB | 179 eV - — TAmeV*  —  191eV 228 meV
AP) 193¢V 0.15eV 0.85 44meV 033 1.93eV 253 meV
F®) 1.77 eV'* — — 65 meV* - 1.73 eV 210 meV

Table 1: Exciton and polariton properties in bare films and cavities. The 0-0 exciton energies
((E® (bare))), vibrational energy (Ey), Huang-Rhys parameter (S), HWHM of the 0-0 line
(000), and line broadening (Ac) obtained from fits to the absorption spectra of bare films and
solution with a vibronic progression with Lorentzian lineshapes (Eq.(1)). *In FI(B) and FP),
data were fitted with a set of four Gaussian functions in Eq.(2); the 0-0 energy and a standard
deviation are included in the table for these films; full list of parameter values can be found in
Tables S3 and S4. Also included are the 0-0 exciton energy (Eg?(cav)) for the population that
couples to the cavity and interaction strengths (2Vpo) associated with the s-polarized polaritons
in representative cavities containing FQ(B), FI(B), FP) and AP) extracted from fits utilizing
equation 4. A full list of cavity parameter values are given in Table S6.

be resolved in most films. Interaction strengths for each transition for all cavities studied are
summarized in Table S6.

a) — A

Reflectance (shifted)

T T T T T T T T
18 19 2.0 2.1 2.2 2.3 2.4 2.5
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24b)

State Energy (eV)

184 mmm Amorphous

4 6 8 10 12 Red. Abs.
In-Plane k-vector: k (um=1)

Figure 3: (a) The reflectance from a cavity containing the film FZ(B) at angles of incidence
ranging from 20° to 80°. (b) A dispersion plot of the polariton energies extracted from the
reflectance. Dots show the experimentally extracted energies, the semi-dashed line shows the
photon energy, the dashed line shows the exciton energies for the “amorphous” phase and solid
black lines show fits according to the coupled oscillator model. On the right side of (b), the
reduced absorption from the corresponding bare film is included for comparison.
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The microcavity containing a dilute TIPS-Pn:PMMA film FZ(B) exhibited coupling strengths
for the 0—m (m = 0,1, 2) transitions of 85 meV, 62 meV, 16 meV (in the s-polarization, Table
S6) which scaled well with the square root of the oscillator strength, obtained from fits of the
corresponding bare film absorption spectrum with a vibronic progression (Fig. S5), predicted
by equation 6 (Fig. 6(a)). The more concentrated blends TIPS-Pn:PMMA Fl(g) and Fl(B)
reveal interesting behavior. Although the absorption spectrum in bare films of this type was
dominated in Fl(B) and Fl(g) by the spectral features of the crystalline phase (Figs. 2 and S6),
the coupling to the cavity occurred for exciton transitions corresponding to those of amorphous

phase rather than to those of crystalline phase (Fig. 4(b) and Fig. S12). Figure Fig. 4(b)
illustrates this preferential coupling for the FlB by showing absorption spectra of the bare

film FI(B) (dominated by those of the crystalline phase) and of bare film FZ(B) (dominated by
those of the amorphous phase), side by side with the dispersion characteristics of various polari-

ton branches in Fl(B) cavities. The obtained interaction strengths 2Vj,, (228 meV, 182 meV,
121 meV for 0-0, 0-1, and 0-2 transitions, respectively, in s-polarization) scale well with the
square root of oscillator strength fo,, (Fig. 6(a)) for the amorphous phase. Additionally, the

value of 2V = 228 meV for Fl(B) is about 2.7 times larger than 21y = 85 meV in FQ(B) (as
expected from the increased molecular density Ny in F 1(3) over FQ(B) and 2V < v/ Nyot scaling)
by a factor of 1/(2/1)% ~ 2.8 (Fig. 6(b)). This is interesting since the amorphous phase in the
concentrated TIPS—Pn:PMMA blend F; 1(B) was not readily apparent in the absorption spectra
of the corresponding bare films (Fig. 2).

In contrast to concentrated TIPS-Pn:PMMA blends such as F’ 1(3), in pristine films the cavity
photon coupled to the expected molecular transitions. In particular, in amorphous films A(®),
cavity coupling occurred from 0-m (m = 0, 1,2) excitons characteristic of the amorphous phase
(Fig. 5(b)), whereas polycrystalline films F(F) exhibited cavity coupling of 0-m (m = 0, 1,2, 3)
excitons of the crystalline phase (Fig. 5(a)), in spite of the similarity in the bare film optical
absorption properties for Fl(B) and F) (Fig. 2). (In the crystalline films, the notation ”‘0-
m”’ is used to differentiate between different peaks contributing to the absorption spectra in
the 1.8-2.4 eV energy region and easier comparison to other films. However, in contrast to
dilute blends and amorphous films, the 0-m transitions in crystalline films are not a simple
vibronic progression, due to a complicated mixture of various states of Frenkel and CT nature
contributing to each peak. [38,61,62]) The interaction strength 2Vpo for the amorphous films
A®) of 253 meV was higher than 210 meV for polycrystalline films F(P), as expected from
increased molecular density in amorphous films (Fig. 6(b), see Sec. 2.1 and Fig. S3). However,
an interesting observation common for amorphous A(”) and polycrystalline F(*) films is that
the coupling strength of the oscillators corresponding to 0-m transitions to the cavity does
not scale with the square root of the oscillator strength (extracted from fits to the absorption
spectra of bare films), which is in stark contrast to observations in TIPS-Pn:PMMA blends
Fl(B) and FZ(B) (Fig. 6(a)). This behavior has been previously observed in highly concentrated
diF TES-ADT:PMMA blends in similar cavities, [31] data for which are included for comparison

in Fig. 6(a), as discussed in the next section.

4 Discussion

The exciton-photon coupling in various film types (Fig. 1) reveals an interesting picture of
how the evolving film density and morphology modify the cavity-coupling characteristics in
TIPS—Pn-based films. In particular, there are two unexpected observations (Fig. 6):

1. In concentrated TIPS-Pn:PMMA blends (such asFl(B) or Fl(g)) with both the amorphous
and crystalline phases present, the amorphous phase exhibits the strong exciton-photon
coupling (Figs. 4 and S12), whereas the crystalline phase does not, even though the optical
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Figure 4: (a) The reflectance from a cavity containing the Fl(B) film at angles of incidence
ranging from 20° to 80°. (b) A dispersion plot of the polariton energies extracted from the
reflectance. Dots show the experimentally extracted state energy, the dashed-dotted line shows
the photon energy, the dashed line shows the exciton energies for amorphous phase and solid
black lines show fits according to the coupled oscillator model. Adjacent to (b) is the reduced
absorption from the corresponding film (solid line) which shows a crystalline phase response,
and the reduced absorption for a FQ(B) film with an amorphous phase response (dashed line)
shown for comparison. Notice that the photon is coupled to the amorphous phase in the cavity,
despite the absorption spectrum showing a predominately crystalline phase.
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Figure 5: A comparison of the s-polarized polariton dispersions in pristine TIPS—Pn cavities:
(a) crystalline film (F(P)) cavity with the adjacent reduced absorption of the bare film for com-
parison and (b) amorphous film (A(®)) cavity of comparable to (a) thickness with the adjacent
reduced absorption for the bare film shown. For both plots, dots show the experimentally ex-
tracted state energies, the dashed-dotted line shows the photon energy, the dashed lines show
the exciton energies, and the solid lines show the fits according to the coupled oscillator model.
Fit parameter values are given in Tables 1 and S6.
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absorption spectra are strongly dominated by those of the crystalline phase (Figs. 2 and
S6-S7).

2. The expected scaling of the interaction strength 2V, with the square root of the oscillator
strength fo, breaks down in pristine films, both polycrystalline F(*) and amorphous A,
even though it works well for TIPS-Pn:PMMA blends.

Next, we discuss the possible underlying mechanisms behind these observations.

4.1 Effect of morphology: preferential cavity coupling to amorphous phases

Figure 6(b) illustrates that the coupling between the cavity photon and the lowest-energy exciton
described by 2V scales as expected with the square root of the overall molecular density Ny
(2Voo o v/ Niot < /1/V, where V is the molecular volume, Sec. 2.3 and SI), in spite of differences
in the lowest-energy exciton properties in the crystalline and amorphous films seen from Fig. 2.

In order to understand this behavior, we follow Spano’s estimate in Ref. [7] that the Rabi
splitting in the lowest polariton branch of ~235 meV could be achieved by cavity-coupling of
No = 10% molecules (obtained using the cavity photon energy hw of 2 eV, transition dipole
moment p of 10 D, dielectric constant e of 3, and photon mode volume Vyoge of 1 (um)? in
eq 6), which translates into the molecular density N = Ny/Viode of 108em™3 . As the Rabi
splitting in this estimate is in the range of the interaction strengths 2V obtained in pristine
TIPS-Pn and diF TES-ADT films (2Vp = 220—340meV, Fig. 6(a)), we compare the estimated
N = 108em ™3 with the total molecular density Nyt of the order of 10%'em ™3 in our pristine
films (calculated as described in Sec. 2.3), Fig. 6(b). The comparison suggests that only a
small fraction (o = N/Nyo; = 1073) of all molecules couples to the cavity whereas the rest of
the molecules contributes to the reservoir of dark exciton states. [8,9] Since the 2Vpo coupling
energy scales as expected with the overall molecular density Ny (Fig. 6(b)), so that the 0-
0 exciton in more dilute films exhibits proportionally lower coupling strengths 2Vjg, a similar
fraction (o = 1073) of all molecules couples to the cavity in all films, regardless of the molecular
concentration.

In terms of existing models, for example using Spano’s approach in Refs. [7,8], the observed
scaling of 2V with the molecular density in Fig. 6(b) would be presented as 2Vpy o< v/Niot
where Niot = (1/a)(1/Vmode) X Nagg X Npr. Here Nyg4q is the number of resonantly coupled
aggregates and Ny is the number of molecules in the aggregate. [8] The data in Fig. 6(b) would
indicate that Ny, linearly increases with the increased molecular concentration, as it evolves

from blend F2(B) to pristine films F) and A®)| while Np; does not change (Fig. 7(a)).
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Figure 6: (a) A comparison of the interaction strengths (2Vp,,, m = 0,1,2,3) for s-polarized
polaritons in each cavity (FQ(B), FI(B), FP) and A® )> as plotted against the square root of
the oscillator strength (relative to the 0-0 exciton) for the associated exciton. For amorphous
films FQ(B) and A, the oscillator strength is taken as the Franck-Condon (FC) coefficient
(e=58™ /m! where the HR factor S, Table 1). ForFl(B), the oscillator strengths for FQ(B) are
used. The dashed lines for each set of data represent either a proportional fit or constant fit
to highlight the deviation from a proportional model. The “star” and “plus” markers show
comparable data for diF TES-ADT:PMMA blends for crystalline phase (in crystalline Ppgq
films with optical absorption spectra dominated by aggregates) and amorphous phase (in P 5
films with an average diF TES-ADT spacing of 1.5 nm, with contributions from both crystalline
and amorphous phases to the optical absorption spectra), respectively. [31] (b) A comparison of
the 0-0 interaction strength (2V{y) for s-polarized polaritons in each cavity type plotted against
the square root of the effective molecular density Ny = 1/V where V is the molecular volume.
The dotted line represents a proportional fit, based on equation 10. For F) the “molecular
density” is estimated from the average crystal axis length, and for A) from the estimated film
contraction induced by annealing (where horizontal error express bounds of this estimate), see
Sec. 2.3 and SI for details. Vertical error bars were estimated at 20 meV based of the coupled
oscillators fit. The “star”, “plus” and “x” markers show comparable data for 0-0 interaction
strength for diF TES-ADT:PMMA in crystalline phase of film P,4, (“star”) and amorphous
phases in films P; 5 (“plus”), and Py with d ranging between 2.5 nm and 6 nm (“x”). [31]
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Figure 7: (a) Schematics of how increase in molecular density Ny, changes the number of
aggregates coupled to the cavity N,z without affecting the delocalization Nj; (represented
by red circles), for the case of the lowest-energy (0-0) exciton (scenario of Fig. 6(b)). (b):
schematics of how the lowest-energy (0-0) and vibrational (0 —m, m = 1,2, ...) excitons interact
with the cavity photon at low (i) and high (ii) molecular density Ny (scenario of Fig. 6(a)).
At high molecular density, the interaction strength 2Vj,, increases with m due to an increased
exciton delocalization (increased Njs) of the vibrational excitons.

Although the optical absorption spectra and properties of the 0-0 exciton in particular
exhibit pronounced differences among films under study, depending on the molecular concen-
tration and morphology (Fig. 1 for TIPS-Pn and Fig. 1 of Ref. [31] for diF TES-ADT), the
preserved scaling of 2V with the square root of the overall molecular density Ny (Fig. 6(b))
suggests that a small population of molecules (a fraction « of the Ny, ) with similar properties,
such as molecular arrangements that maximize interactions with the cavity electric field, cou-
ples to the cavity in all films, regardless of the macroscopic film morphology and crystallinity.
We hypothesize that this population does not rely on long-range crystalline order, but draws
from the disordered regions, with properties dominated by those of molecules themselves and
nearest-neighbor interactions, instead.

In order to confirm the molecular origin of the cavity-coupled population, we calculated
the oscillator strengths for the Sp-S; transition for R—Pn and diFF R—-ADT molecules (where
R is a side group, see SI and Table S9) [38] using DFT. The square root of the ratio of the
DFT-calculated diFF R-ADT and TIPS-Pn oscillator strengths fg,_g, of 1.2340.02, obtained
without taking account any intermolecular interactions, is comparable to the ratio of the slopes
(1.440.1) of the proportional relationship (2Vho < v/Nyot) obtained from linear fits of the data
in Fig. 6(b) for dif TES-ADT and TIPS-Pn (239 + 9 and 166 & 8 meV/nm =3/ | Table S8).

These estimates are also consistent with our previous observations of 2V = (271 + 11)
meV (where the 2V{y value is the average over three cavities of various detunings for s-polarized
light) obtained in pristine amorphous films of TIPS-Tc¢ in similar all-metal cavities (e.g. Fig.
S14). [30] The R—Tc molecule has a DFT-calculated Sp-S oscillator strength fg,_s, in between
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those for R-Pn and diF R-ADT (Table S9), and the obtained coupling strength 2V of ~270
meV in pristine TIPS-Tc films fits as expected in between the 2Vyy coupling strengths for
pristine TIPS-Pn (~220-250 meV for F(P) and A()) and diF TES-ADT films (~320 meV in
Poyg) in Fig. 6(b).

The cavity-coupling disordered populations are the dominant type of population for dilute
TIPS—Pn:PMMA blends FQ(B) and amorphous films A®), but they represent a minor, “hidden”

population in the crystalline films F 1(3) and F(P) In particular, our procedure for deconvolution
of optical absorption spectra, which separates the contributions of the crystalline and amorphous
phases to the overall spectra (e.g. Fig. S6 and Table S2 for F' 1(?), did not detect the presence of

the amorphous phase in the concentrated TIPS—Pn:PMMA blend Fl(B) (Fig. S7 and Table S3).
Yet, the polariton properties indicate that this is the population which couples to the cavity
most efficiently in FI(B) (Fig. 4). Finally, in pristine crystalline films F’ (P) | the LP branch tends
to the exciton energy of 1.73 eV at large wave-vectors (Table 1 and Fig. 5(a)), which is 0.04 eV
lower than 1.77 eV for the 0-0 peak extracted from the fits of the absorption spectra from the
bare films (Table 1 and Fig. S9). This low-energy population could be due to that of defects in
the crystallites or at their edges, with short-range interactions close to those of the disordered
populations in amorphous films. Similar observations in diF TES-ADT:PMMA films of various
diF TES-ADT concentrations [31] suggest that such preferential cavity coupling to disordered
populations is not unique for TIPS—Pn and could be a general trend for a variety of acene and
ADT materials and beyond. [66]

Extending this logic towards cavity-coupling of single TIPS-Pn crystals with a (001) orien-
tation similar to that dominant in the polycrystalline films (Fig. S1), but having fewer defects
as compared to films, one would expect a lower 2Vjy coupling strength in crystals because of
their lower density of disordered molecular populations. Although this hypothesis remains to
be proven in single crystals of TIPS—Pn, our explorations of solution-grown diF TES-ADT
crystals in all-metal cavities, which exhibit the same brickwork packing motif and the (001) (1=
1-4) preferential orientation on the substrate as TIPS—Pn, [38,65] support this hypothesis (Fig.
S13). In particular, 2Vjy of 120 meV was observed in a diF TES-ADT crystal (Fig. S13), which
is lower than 320 meV in high-concentration polycrystalline diF TES-ADT:PMMA blends P44
in Fig. 6(a). [31] However, further investigation is necessary to understand the cavity coupling
in films versus single crystals depending on crystal orientations and crystal structure.

4.2 Effect of exciton properties: enhanced cavity coupling of delocalized
vibrational excitons

Figure 6(a) illustrates that the TIPS-Pn:PMMA cavities Fl(B) and FQ(B) follow the expected
scaling relationship of the coupling strengths Vp,, for the 0-m exciton transitions with the
square root of the 0-m oscillator strength (2Vh,,, & v/ fom), whereas the pristine cavities (both
amorphous A) and crystalline F(¥ )) do not. This encompasses two interesting observations:
(i) it is apparent from the optical absorption and PL spectra of bare films that the properties
of the excited states in the amorphous and crystalline phases are considerably different, yet the
scaling behavior of 2Vp,, with the oscillator strength is similar in A®) and F(). Moreover,
optical spectra of bare amorphous pristine films A are considerably more similar to those of
the dilute blends FQ(B) than to those of the pristine crystalline films F(*) (Fig. 2). It is curious,
then, that the 2V{,, scaling with fo,, in amorphous pristine films A®) is pronouncedly different
from that in the FQ(B) films. What the excited states in pristine films A) and F(P) do have in
common is a capacity for short-ranged intermolecular interactions of the neighboring molecules
with 7-7 overlap. For example, both the amorphous and crystalline phases exhibit singlet
fission [55] mediated by intermolecular interactions, though the process is more efficient in the
crystalline phase. (ii) When comparing the lowest-energy (0-0) exciton coupling strengths 2Vpg
for films of varying molecular density, TIPS—Pn films follow the scaling relationship (2Vpy o
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VNiot < y/1/V) up to and including the pristine films (see Figure 6(b) and Table S8). This
indicates that the interaction strength for the lowest-energy exciton in the pristine TIPS—Pn
films scales as expected, while the vibrational (0-m, m > 0) excitons have a higher than expected
interaction strengths (i.e. than what would be predicted by the 2Vj,,, « v/ fom, relationship).

What remains to be understood, then, is why the vibrational excitons in the pristine TIPS—
Pn cavities have a higher interaction strength than what is expected from the analysis of the
oscillator strengths in the optical absorption of bare films. Applying the Spano’s model used
above, [7,8] one possible explanation is that the full scaling relationship 2Vy,, o« /fomN is
still applicable, but that the value of N represents an effective number of coupled excitons per
mode volume which is larger for the higher-energy excitons (compensating for a lower oscillator
strength). In particular, if these excitons are delocalized over a larger number of molecules
than the lowest-energy (0-0) exciton, then higher number of molecules would be within the
photon’s mode volume, increasing the effective molecular density that couples to the cavity
photon. With the Ngg, and Njs notations introduced above, [8] the scenario for the data in
pristine TITPS—Pn films in Fig. 6(a) would be represented as 2Vj,,, o< v/ fom N where N = aN;y =
(1/Vmode) Nagg x Nar with the Nggq determined by the molecular density Nyo; (which is a constant
for a film with a given molecular concentration) and Ny, increasing with m for 0-m vibrational
excitons in pristine TIPS-Pn cavities due to enhanced exciton delocalization (Fig. 7(b)(ii)).
This delocalization could either arise directly from larger coherence lengths for the Frenkel
exciton states, or indirectly by mixing of the Frenkel excitons with CT states. [38,51,62] In either
case, an increased delocalization would require the short-ranged intermolecular interactions of
aggregates, and so the dilute TIPS-Pn:PMMA films (such as FQ(B) in Fig. 6(a)) would not
exhibit this effect (as schematically shown in Fig. 7(b)(i)) and follow the observed reduced
scaling relationship 2V, o« v/ fom -

4.3 Effect of local nanomorphology

The breaking of the scaling relationship for pristine TIPS—Pn films is made even more interesting
when TIPS—Pn is compared with other (thio)acene-containing cavity systems, in particular diF
TES-ADT and TIPS-Tc-based cavities used in our previous work. [30,31] In the case of diF
TES-ADT:PMMA films (discussed in our previous publication [31], c.f. the data included in
grey in Figure 6), cavities with mixed crystalline and amorphous phases (the Pj 5 film, similar

to the FI(B) film here), showed the expected 2Vp,, o v/ fom scaling relationship while coupling

only to the amorphous phase, exactly the scenario observed for the FI(B) TIPS-Pn:PMMA
film. The slope obtained from linear fits of the diFf TES-ADT:PMMA film (P; 5 in Fig. 6(a))
yielded 140 £ 10 meV. This is in between the slopes of 73 & 10 meV and 222 + 10 meV
for FZ(B) and Fl(B), as expected based on the molecular densities in these films and the DFT-
calculated oscillator strengths fg,_g, for the R-Pn and diF R-ADT molecules (Tables S7 and
S9). Furthermore, cavities containing highly concentrated crystalline diF TES-ADT:PMMA
films (P,44, similar to the F®) TIPS-Pn film here) exhibited a nearly constant 2Vj,, coupling
energy (320 + 8 meV, Table S7), [31] similar to F(¥) cavity (which exhibited a nearly constant
coupling energy of 210 + 7 meV', Table S7).

Interestingly, in contrast to pristine TIPS—Pn and highly-concentrated diF TES-ADT:PMMA
films, in pristine amorphous TIPS—Tc films the interaction strength 2Vj,, scaled well with the
square root of the oscillator strength (fon,) (Fig. S15)a behavior of dilute TIPS-Pn:PMMA
blends such as FQ(B). [30] This raises a question of what is the main origin of differences be-
tween the TIPS—T¢c films and TIPS—Pn and of similarity between TIPS—Pn and diF TES-ADT
films which leads to such drastic differences in the behavior of interaction strengths in TIPS—
Tc as compared to TIPS-Pn and diF TES-ADT. A distinguishing feature for TIPS—Tc as
compared to TIPS—Pn and diF TES-ADT is its molecular packing motif conducive to form-
ing m-stacked molecular pairs that are arranged in a herringbone geometry (one-dimensional
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sandwich-herringbone). [67] This is in contrast to TIPS-Pn and diF TES-ADT both of which
tend to form a more two-dimensional brickwork structure. [43] We hypothesize that differences
in local nanomorphology — driven by the differences in these molecular packing motifs — are
behind the differences in 2V}, scaling with the oscillator strength fo,, in Figs. 6(a) and S15. In
this case, even in the absence of the long-range order such as the case of TIPS—Pn amorphous
films A(") and TIPS-Tc amorphous films, the nanoaggregates that couple to the cavity retain
molecular packing features similar to those derived from the crystal structure of these materials.
For example, the TTPS—-Tc molecules would tend to form relatively isolated m — 7 stacked dimer
pairs (driven by 1D sandwich-herringbone packing tendency), whereas TIPS-Pn would tend to
have a larger number of nearest neighbors (driven by 2D brickwork packing tendency). Then,
the TIPS—Tc¢ would be expected to exhibit a more localized exciton behavior as compared to
TIPS-Pn which would limit the effect of vibrational exciton delocalization (thus, leading to the
scenario of Fig. 7(b)(i) as compared to Fig. 7(b)(ii)), discussed above for TIPS-Pn cavities,
on the coupling strengths in TIPS-Tc films and exhibit similar scaling with the fy,, oscilla-
tor strengths for both dilute blends and pristine films. Qualitatively similar observations of the
molecular-packing motif-induced differences in exciton delocalization have been previously made
in single crystals of diF TSBS-ADT (1D sandwich-herringbone, conducive to localization) versus
diF TES-ADT (2D brickwork, conducive to delocalization). [38] Such morphology-driven dif-
ferences in localization on the molecular level sampled by the cavity coupling of the vibrational
excitons translate into the differences in the interaction strength scaling with the ”apparent”
oscillator strengths (obtained from optical absorption spectra of bare films) highlighting the
ability of polariton spectroscopy to reveal not only hidden molecular populations but also their
nanoscale-level morphologies.

5 CONCLUSION

In summary, we established how strong exciton-photon coupling evolves in TIPS—Pn-based films
placed in all-metal cavities, depending on the molecular density and film morphology. The high-
est exciton-photon interaction strengths of up to ~270meV were observed in pristine amorphous
TIPS—Pn films, and the interaction strength for the lowest-energy (0-0) exciton scaled with the
square root of the molecular density, independent of whether the long-range molecular order was
present. The population most strongly coupled to the cavity was revealed to originate from the
disordered regions in all films, including pristine crystalline films, with molecular configurations
favorable for interacting with the cavity electric field. Such populations are not readily apparent
from optical absorption spectra of bare films, which illustrates the capacity of polariton spec-
troscopy for revealing these hidden ensembles in heterogeneous (mixed-phase) and crystalline
films. A break down of the scaling of the exciton-photon interaction strength with the square
root of the oscillator strengths for the vibrational excitons, obtained from optical absorption
spectra of bare films, was observed in pristine TIPS—Pn films. This observation was attributed to
enhanced exciton delocalization of vibrational excitons that relies on short-range intermolecular
interactions determined by the molecular packing motif, and in the case of TIPS—Pn, facilitated
by the 2D brickwork motif of TIPS—Pn. Similar observations were made for diFF TES-ADT films
which share the same 2D brickwork packing motif conducive to delocalization, while differing
from those in TIPS—Tc films hypothesized to favor a nanomorphology less conducive to delocal-
ization (such as 1D sandwich-herringbone motif observed in crystalline TIPS-Tc). Towards an
overarching goal of utilizing the highly coherent nature of polariton states in boosting the per-
formance of organic (opto)electronic devices based on benchmark organic semiconductors under
study, our findings have important implications. In particular, since both charge carrier trans-
port and singlet fission rely on the long-range molecular order for achieving best performance,
the preferential cavity photon coupling to the molecular population in disordered regions has
a potential to mitigate the negative impact of disorder on the device characteristics and relax
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the requirements of highly ordered systems and achieve enhanced electronic characteristics in
disordered strongly-coupled films.
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