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ABSTRACT: Materials with hyperbolic dispersion are the key to a variety of e )
photonic applications involving nanoimaging, hyper-lensing, and spontaneous "3—%&
emission engineering, due to the availability of high k modes. Here we demonstrate —
that spin-coated polycrystalline organic semiconducting films with a layered molecular
packing structure can exhibit a hyperbolic dispersion over a wide spectral range and
support the presence of surface excitonic polaritons. This was evidenced from 670 to
920 nm and is related to the negative real part of the dielectric permittivity of the
selected quinoidal organic semiconductor. In addition, the accessible high k modes
lead to changes in the spontaneous emission decay rate and photoluminescence
quantum yield of emitters placed nearby the organic monolithic (composed of only
one molecule and not necessitating an alternating multilayer structure) natural
hyperbolic material. This study opens a new route toward single-step solution
manufacturing of large-area, low-cost, and flexible organic photonic metadevices with

hyperbolic dispersion.
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Uniaxial anisotropic materials with in-plane and out-of- spatial modes of the HMMs strongly modify the local density
plane components of the real part of the permittivity of states (LDOS), resulting in an enhancement of the
possessing opposite signs are referred to as hyperbolic media. spontaneous emission rate of emitters placed nearby
Metallic nanowire arrays and metal—dielectric multilayers are HMMs.” Importantly, this effect can take place at any desired
two well-known examples of such hyperbolic metamaterials wavelength due to the tunable dispersion relation of HMMs
(HMMs)." These anisotropic structured materials show and the broadband singularity in the LDOS." These features
unusual light propagation and remarkable optical properties

including negative refraction and subwavelength imaging and Received: January 31, 2019

focusing.” In addition, the accessible high wave-vector (k) Published: May 13, 2019
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Figure 1. (a) Molecular structure and space-filling representation of QQT(CN)4 (insulating alkyl side chains are represented in gray). (b)
Schematic representation of the layered molecular packing structure in spin-coated polycrystalline QQT (CN)4 thin films. (c) x,y component and z
component of the real and imaginary parts of the complex permittivity of QQT(CN)4. (d, e) Isofrequency contour showing that the QQT(CN)4
film behaves as an elliptic and an hyperbolic medium at 600 and 800 nm, respectively. (f) x,y component and z component of the real and
imaginary parts of the complex permittivity of the Ag/Al,O; HMM (fill factor = 0.5).

make HMMSs potentially attractive for applications in
biosensing, optoelectronic, and light-emitting devices.” How-
ever, most HMM nanostructures used so far contain metallic
components and are fabricated by multiple-step processes. In
this context, an important challenge for the photonic industry
is the development of novel HMMs that can be prepared in
one single step using simple solution-processing methods.’
Hyperbolic dispersion has been observed in a variety of
natural materials including magnesium diboride, graphite,
hexagonal boron nitride, tetradymites, cuprates, ruthenates,
sapphire, bismuth, triglycine, perovskites, and calcite.” Notice-
ably, some of these natural hyperbolic materials such as
tetradymites and magnesium diboride exhibit a uniaxial optical
anisotropy, which is due to their layered structures made of
atomic monolayer sequences. Importantly, while the highest k
accessible in artificial metallic/dielectric HMMs is determined
by the Fourier transform of the minimum of the subwavelength
nanostructure size, the largest k in natural hyperbolic materials
is only limited by the atomic spacing.” Looking at the natural
hyperbolic materials for visible wavelengths, it is worth noting
that tetradymites have shown hyperbolic dispersion in the
visible and near-infrared spectral range (300 < 1 < 1180 nm).*
Nevertheless, they exhibit a relatively large imaginary part of
the permittivity (4 < Im(sx,y) < 78,0 <Im(e,) < 53), leading
to high optical losses. Noticeably, gallium telluride has also
shown hyperbolic dispersion in the ultraviolet and visible
spectral range (150 < A < 498 nm) and relatively large
imaginary part of the permittivity (0 < Im(eg,) €10, 0 <
Im(sy) < 40, 0 < Im(e,) < 18).° Note that the subscripts (x,
y) and z indicate here the in-plane and out-of-plane
components, respectively. In this context, while natural
hyperbolic materials clearly provide a promising alternative
to artificial metal—dielectric HMMs, further work is still
needed to unlock their full potential for photonic applications.
Following those requirements, a recent theoretical work using
first-principles calculations suggested that other layered
compounds such as transition metal dichalcogenides could
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be attractive for natural hyperbolic materials at optical
frequencies.”

In this article, we demonstrate that spin-coated organic thin
films based on the quinoidal oligothiophene derivative
(QQT(CN)4) (see its chemical structure in Figure 1a) exhibit
hyperbolic dispersion over a wide spectral range from 670 to
920 nm with real (=1 < Re(e,,) < 0, Re(e,) ~ 2.2) and
imaginary (0 < Im(g,,) < 5, 0 < Im(e,) < 0.5) parts of the
permittivity. The modification of the LDOS in the hyperbolic
spectral range is associated with the presence of surface
excitonic polaritons (SEPs) in the layered QQT(CN)4
molecular crystalline structure. In addition, the high k modes
accessible in this organic monolithic natural hyperbolic
material lead to substantial changes in the spontaneous
emission decay rate and photoluminescence quantum yield
(PLQY) of emitters located nearby the QQT(CN)4 films. To
the best of our knowledge, this is the first demonstration of
such a SEP effect on the photophysical properties of light-
emitting molecules. This study provides evidence that organic
monolithic natural hyperbolic materials can offer a promising
platform to tailor Purcell factors for any specific emitters.
Considering the advantages of organic materials in terms of
low cost and easy processing, mechanical flexibility, and
chemical tunability, this study opens new perspectives for the
molecular-scale design of natural hyperbolic materials and their
nanophotonic applications.

Quinoidal oligothiophene derivatives are a well-established
class of low-bandgap organic semiconductors for n-type and
ambipolar organic field-effect transistors.'"” Among them, the
QQT(CN)4 molecule used in this study is composed of a
quaterthiophene backbone terminated at both extremities by
dicyanomethylene groups."' Such a molecular architecture
allows the stabilization of the quinoidal form of the
quaterthiophene core with a highest occupied molecular
orbital (HOMO)—lowest unoccupied molecular orbital
(LUMO) bandgap as low as 0.9 eV in thin films."”* In
addition, QQT(CN)4 thin films are simply prepared by spin-
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coating from a chloroform solution and have been found to be
highly stable even in the presence of oxygen, making this
compound ideally suited for a broad range of experimental
studies and applications.' "

The structural properties of spin-coated polycrystalline
QQT(CN)4 thin films have been previously investigated by
two-dimensional (2D) grazing incident X-ray scattering
(GIXS) and atomic force microscopy (AFM). A schematic
representation of the molecular packing in the QQT(CN)4
layer is displayed in Figure 1b. The extensive X-ray and AFM
experiments carried out in QQT(CN)4 thin films'' ™"
demonstrated that (i) this compound self-assembles in a
triclinic P1 unit cell, (ii) the ¢* axis of the organic crystals is
preferentially oriented in the direction parallel to the substrate
normal, (iii) the molecules adopt an edge-on orientation with
the molecular lamellae aligning parallel to the substrate plane,
(iv) the insulating alkyl side chains of QQT(CN)4 molecules
are oriented in the direction perpendicular to the substrate and
self-organize in between each molecular layer of quinoidal
quaterthiophene backbones, and (v) the spin-coated QQT-
(CN)4 films are polycrystalline with an average size of the
crystallites in the range between 12 and 40 nm.'”"*" Such a
layered molecular packing with an interplanar d-spacing of 14.2
A was found to be well-adalpted for ambipolar charge transport
in transistor configuration. % As shown in previous works, the
HOMO and LUMO levels of QQT(CN)4, the suitable choice
of the electrode contact materials, and the influence of the
molecular packing on its HOMO and LUMO splittings play
indeed a key role on the ambipolar transport properties of the
QQT(CN)4 OFETs. The optimized morphology of QQT-
(CN)4 can lead to hole and electron field-effect mobilities as
high as 0.4 and 0.5 cm® V™' s7!, respectively.'* In addition, a
previous report has also examined singlet—singlet exciton
annihilation and singlet exciton diffusion processes taking place
in QQT(CN)4 thin films."** The 1D exciton diffusion model
used to describe the experimental results indicated that the
singlet excitons migrate in each molecular layer of the
QQT(CN)4 backbones preferentially along the 7— stacking
direction with a diffusion length of about 4 nm.

The spectral absorptance of a QQT(CN)4 film and its
transmission and reflection spectra are displayed in Figure SI.
The organic film shows an intense and broad absorption
spanning from the far red to the near-infrared region of the
spectrum. Such a broad absorption feature in the solid state has
been previously attributed to a strong aggregation of the
QQT(CN)4 backbones in each lamella."”'* This is confirmed
by the semiempirical Hartree—Fock-based Zerner’s intermedi-
ate neglect of differential overlap/spectroscopy (ZINDO/S)
calculations described in Figure S2, showing the important role
played by intermolecular interactions on the optical properties
of QQT(CN)4 films. The direction of the absorption
transition dipole of the QQT(CN)4 molecule was also
determined by quantum chemistry calculations and found to
be parallel to the long molecular axis. Considering the
structural anisotropy of the organic films and the direction of
the absorption transition dipole moment, QQT(CN)4 films
are expected to show a strong uniaxial optical anisotropy.

Variable angle spectroscopic ellipsometry (VASE) measure-
ments were carried out to determine the optical constants and
the dielectric permittivity of QQT(CN4) films. Details about
the method, experimental ellipsometry data, and their
modeling can be found in the Supporting Information
(experimental section and Figures S3—S6). Regarding the
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uniqueness of the fit of our ellipsometry data, it should be
emphasized that a multisample analysis was carried out, using a
combination of both Si/SiO, and fused silica substrates. Such a
procedure significantly improves the robustness of the data
analysis and was used to make sure that no other model could
fit the ellipsometry experimental data. The important insight
obtained from the results shown in Figure lc are (i) the
organic films present a strong uniaxial optical anisotropy with
an optical axis being oriented normal to the film plane, (ii)
nearly no out-of-plane absorption is observed, which is fully
consistent with the layered molecular packing structure and the
molecular orientation of QQT(CN)4 dyes in thin films, and
(iii) the real part of the in-plane permittivity is found to be
negative between 670 and 920 nm, while the real part of the
out-of-plane permittivity is positive in this spectral range. It
should also be mentioned that the morphology of the
QQT(CN)4 films and their optical properties are highly stable
over several months. In addition, the ellipsometry data were
found to be highly reproducible from sample to sample.

The dispersion relation for uniaxial anisotropic materials can
be described by

e k2 + e (kD + k) = (w/c)

x,y"z z

(1)
where ¢, , = £,=¢, is the in-plane complex permittivity and ¢ is
the out-of-plane complex permittivity. Based on the measured
complex permittivity dispersion shown in Figure Ilc, the
equifrequency contour in the wave vector plane gives an
ellipsoid shape at a wavelength of 600 nm due to both positive
values of Re(e,,) = Re(e,) = Re(e,) and Re(e,). In contrast,
due to the opposite signs of Re(e,,) and Re(e,), i.e, Re(e,,) <
0, Re(e,) > 0, between 670 and 920 nm, the equifrequency
contour shows an hyperboloid shape, indicating that QQT-
(CN)4 films undoubtedly exhibit a hyperbolic dispersion in
this spectral range. This implies that QQT(CN)4 films should
allow the propagation of waves with very large k (only limited
by the 142 A spacing between molecular layers). For
comparison, the complex refractive index and permittivity of
a 4 pair Ag (10 nm)/ALO; (10 nm) HMM and its
equifrequency contour are displayed in Figures S7 and S8. It
can also be seen from the results displayed in Figure 1c that 0.5
< Im(e,,) < 5 and 0.3 < Im(e,) < 0.1 in the hyperbolic
spectral region of QQT(CN)4. While such values of the
imaginary part of the permittivity should cause some optical
losses, it is interesting to note that they are significantly lower
than those reported in other natural hyperbolic materials for
visible wavelengths, i.e., tetradymites and gallium telluride.”*
The high k modes accessible in multilayer metal—dielectric
HMMs are essentially due to the presence of surface plasmon
polaritons (SPPs) at each of the metal—dielectric interfaces."®
Due to the multiple SPP branches in the dispersion
characteristics of such HMMs, significant enhancement of
the LDOS can then be achieved across a broad spectral region
(see Figure $9).>° The negative real part of the in-plane
complex dielectric function evidenced in QQT(CN)4 films
implies the creation of surface polaritonic species.'® SPPs'”
and surface phonon polaritons'® can be excluded to explain
this result because of the nonmetallic nature and the spectral
region of the hyperbolic dispersion of QQT(CN)4 films,
respectively. However, previous studies have reported the
existence of SEPs'” in organic single crystals such as those
made of polymerized diacetylene.”” In this context, the
attenuated total internal reflection (ATR) technique21 was
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Figure 2. (a—c) Measured reflectivity of a QQT(CN)4 neat film as a function of the incidence angle for p-polarized light. (d—f) Measured
reflectivity of a QQT(CN)4 neat film as a function of incidence angle for s-polarized light. (g) FDTD-calculated LDOS (normalized dissipated
power spectrum of dipoles located inside the natural molecular hyperbolic material) of a QQT(CN)4 film. Black curves indicate the light line in air

and glass.

employed to clarify if QQT(CN)4 films can support the
presence of SEPs. Details about our experimental setup are
provided in the Supporting Information. The ATR sample
consisted of a QQT(CN)4 film spin-coated on top of a fused
silica substrate, which was then assembled with a coupling
prism in the Kretschmann geometry. In this ATR experiment,
we measure the reflectivity as a function of the incident angle.
In fact, this technique involves the coupling of SEPs to the
evanescent electromagnetic field that is present upon total
internal reflection of a light beam at a surface in QQT(CN)4
films. Under the resonant conditions for which the in-plane
component of the photon wavevector in the prism matches
with the SEP wavevector at the QQT(CN)4 film surface, light
is coupled to SEPs and a sharp minimum can be seen in the
reflectivity from the prism interface. Figure 2a—f show the p-
polarized and s-polarized reflectivity of a QQT(CN)4 film as a
function of incidence angle and wavelength. The experimental
data are in good agreement with the theoretical results (Figure
S10) obtained by finite-difference time domain (FDTD)
simulations taking into account the Fresnel equations. While
both p- and s-polarization have been measured, a reflectivity
dip can be seen for wavelengths in the range between 700 and
900 nm only for the p-polarization. This dip lies in the same
spectral region as that of the hyperbolic dispersion and
demonstrates the existence of SEPs in the QQT(CN)4 films.
This study provides evidence of a negative real permittivity
supporting SEPs in organic thin films. Obviously, the lamellar
crystalline structure of the QQT(CN)4 films plays a crucial
role to obtain a strong optical anisotropy and to support a
collective coherent oscillation of excitons in each molecular
lamella. It is worth noting that the beam size for our ATR
measurements was around 400 pm in diameter, which is
several orders of magnitude larger than the average size of the
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crystallites in QQT(CN)4 films. It should also be mentioned
that the ATR response was the same for different locations of
the same QQT(CN)4 film. Because all the QQT(CN)4
crystallites in the spin-coated films exhibit a lamellar structure
with the lamellae parallel to the substrate plane, the fact that
the ATR measurements probe the response from a large
number of crystallites is not an issue for the present study.
Other aspects should be examined in further investigations
such as the role of the oscillator strength of the chromophore
and the biradicaloid nature®” of quinoidal oligothiophenes
such as QQT(CN)4 on the epsilon near zero (ENZ)
properties.

The hyperbolic dispersion and the existence of SEPs in
QQT(CN)4 films should have strong effects on the LDOS
and, as a consequence of Fermi’s golden rule, on the
spontaneous emission rate of emitting dipoles placed inside
or nearby the organic monolithic natural hyperbolic material.
In that context, we first calculated the LDOS by FDTD
simulations in a 60 nm thick QQT(CN)4 film. Figure 2g
shows the normalized dissipated power spectrum of dipoles
located inside the natural molecular hyperbolic material. The
result clearly indicates the presence of additional locally
available photon states in the 670 and 920 nm spectral range
where QQT(CN)4 films show a hyperbolic dispersion. This
enhancement of the LDOS arises from SEP excitations taking
place at each interface between quinoidal quaterthiophene-
based and insulating alkyl chain based lamellae. At those
interfaces, polariton light—matter interaction can be sustained
by collective oscillations of excitons in the quinoidal
quaterthiophene lamella, giving rise to an optical field
confinement at the interfaces. As a consequence of the
enhancement of the LDOS by the organic monolithic natural
hyperbolic material, tailoring the Purcell factor and the
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Figure 3. Schematic representation of blend films containing a polyvinylpyrrolidone (PVP) host doped with the Styryl9M dye on top of three
different types of substrates: (a) fused silica (FS), (b) 60 nm thick QQT(CN)4 films, (c) 80 nm thick dielectric—metal HMM:s containing 4 Ag/
ALOj; pairs. (d—f) Streak camera images, (g—i) PL decays, and (j—1) time-integrated PL spectra together with the emission spectra of the
monomeric (with short lifetime 7,) and dimeric species (with long lifetime 7,) of Styryl9M on top of FS, QQT(CN)4, and HMM substrates.

photophysical properties of a light-emitting dye located nearby
should be possible.

To characterize the influence of QQT(CN)4 hyperbolic
films on the photophysical properties of an emitting dye, we
prepared blend films containing a polyvinylpyrrolidone (PVP)
host doped with the Styryl9M light-emitting dye on top of
three different types of substrates: (1) fused silica (ES), (2) 80
nm thick dielectric—metal HMMSs containing 4 Ag/Al,O; pairs
(showing a transverse negative HD),23 and (3) organic
monolithic natural hyperbolic materials based on a 60 nm
thick QQT(CN)4 film (see the experimental section for the
sample preparation). To gain further insights, poly(vinyl
alcohol) (PVA) layers (spin-coated from water) with
thicknesses of 25 and 100 nm were also inserted between
the three types of substrates and the PVP blends. A schematic
representation of the different sample architectures is provided
in Figure 3a—c. Despite its rather low PLQY, the styryloM dye
was selected because its 680 to 850 nm emission lies in the 670
to 920 nm hyperbolic spectral range of the QQT(CN)4 thin
film and because of its solubility in ethanol. It is also important
to note that QQT(CN)4 is insoluble in water and ethanol,
allowing to spin-coat PVP and PVA films on top of the
QQT(CN)4 layers without any degradation.

Figure S11 displays the steady-state photoluminescence
(SSPL) spectra of Styryl9M on top of the QQT(CN)4
samples. It can be seen that the organic monolithic natural
hyperbolic material does not significantly affect the emission
spectrum. PLQY measurements were carried out in all samples
using an integration sphere, correcting for the light absorbed
by the metasurfaces (see Supporting Information), and their
values are summarized in Table S1. These data reveal a
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quenching of the emission of the dye when comparing the
values on QQT(CN)4 with the one on FS. For instance, in the
QQT(CN)4 sample without a spacing layer, PLQY is found to
be 5.3%, which is lower than the value of 9.3% measured on
the FS substrate. In other words, the spontaneous emission
near the QQT(CN)4 film is quenched due to more effective
nonradiative decay channels.

Streak camera images and representative spontaneous
emission decays of the FS samples are displayed in Figure
S12. Similar measurements were carried out in the QQT-
(CN)4 samples without and with spacers, and the results are
shown in Figure 3d,e,h and Figure S13 respectively. As shown
in Figure 3g—I, the photoluminescence decays exhibit an
emission wavelength dependence characterized by slower
dynamics at longer wavelengths. In addition, a sum of two
exponential decay functions was necessary to describe these
fluorescence decays. Here, it can be noted the presence of the
two fluorescence lifetimes are not due to the anisotropy of the
QQT(CN)4 that would result in different effects following x,y
and z axis because such an effect would result in spectra with
the same energies. Instead, such a behavior was observed in all
samples and is attributed to the presence of StyryloM
monomers and higher aggregates in the PVP blends.”* By
using the short-lived emission spectrum of the monomer
(monomer, M, 7,), the spectra of the monomeric and
aggregated species (dimer, D, 7,) can be straightforwardly
deconvoluted from the streak camera data. All the measured
spontaneous emission lifetimes are listed in Table SI.
Noticeably, the faster decays observed in QQT(CN)4 samples
are consistent with their lower PLQY values and the quenching
of the dye emission by the substrates with hyperbolic
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dispersion. As shown in Figure 3£, Figure S14, Figure 4, and
Table S1, similar effects on both PLQYs and PL decays were
observed in HMM samples.

To gain further insights, we then measured the Purcell factor
as well as the radiative and nonradiative decay rates in all
QQT(CN)4 samples. The radiative and nonradiative decay
rates, noted k¢ and k,,, respectively, were evaluated using the
equations k; = PLQY/7 and k,, = (k/PLQY) — k¢ The Purcell
factor™ corresponds to the ratio between the decay rate of the
emitter placed nearby the QQT(CN)4 substrates and its rate
on top of FS substrates. Since Forster energy transfer from the
monomer to the aggregates has been identified in similar
emitters dispersed into organic matrices,”** only kand k,, from
the lower energy emission are further discussed.”® Here, it can
be noted that we used a PVA spacer (with thicknesses of 25
and 100 nm) in order to exclude energy- and electron-transfer
processes between the Styryl9M and QQT(CN)4 layers as
quenching mechanism. Since the same effect on the photo-
physical properties of the light-emitting dye is observed with
and without the spacer, such quenching mechanisms can
therefore be excluded to explain our results. All the calculated
k¢ and k,, values are provided in Table S1, and a representative
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evolution of those parameters are plotted as a function of the
spacing distance in Figure S. Noticeably, the QQT(CN)4
samples display smaller k; and larger k,, than those measured
on FS. It can also be seen that k,, decreases while k; increases
as the spacing distance increases when comparing to the
sample on FS (see Figure Sc,d,gh). The observed behavior of
k. supports our claim regarding the substantial emission
quenching by the substrates with hyperbolic dispersion.
Interestingly, the results also indicate significant changes in
ky,>* which can be attributed to the high k states available in
media with hyperbolic dispersion. To evaluate and be able to
compare the performance of the QQT(CN)4 samples with
other systems in terms of spontaneous emission engineering,
the measured and calculated Purcell factors (Figure S15) are
also plotted as a function of the spacing distance. The Purcell
factor is measured to be around 1.3 and 1.4 on top of the
QQT(CN)4 and HMM substrates with no spacing layer. For a
100 nm spacing distance, this value decreases to 1.15 and 1.3
for the natural organic hyperbolic material and the HMM,
respectively, which can be explained by the hyperbolic
dispersion of the substrates and its nonlocal effect”” on the
photophysical properties of the emitter. In addition, it should
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be emphasized that the experimental values of the Purcell
factor are in excellent agreement with the calculated values
based on FDTD simulations. Such low Purcell factor can be
explained by the value of the real part of the dielectric constant,
which is less negative when compared with other HMMs. This
results in a low quality factor for the Purcell factor, even
though QQT(CN)4 has a low imaginary index. The fact that
experimental and calculated results obtained on top of a
conventional HMM and a QQT(CN)4 film show nearly the
same distance dependence and similar absolute values of the
Purcell factor undoubtedly provides evidence that hyperbolic
modes are involved in the changes of the LDOS and the
tailoring of the Purcell factor by the organic natural hyperbolic
material.

Previous studies'>”*° have shown that, when located in the
proximity of a multilayer HMM such as the ones used in the
present study, light-emitting dipoles release their energy
predominantly into three channels: radiative emission,
plasmonic modes, and other nonradiative decay channels. In
those systems, plasmonic modes usually dominate over the
other decay channels. Since HMMs provide a large plasmonic
density of states, this leads to an enhancement of the
spontaneous emission rate. However, a large part of the
emission in the near field goes into high k states and cannot
reach the far field. In other words, the nonradiative nature of
the dominating plasmonic modes in multilayer HMMs
generally leads to a lower PLQY in the far field. Therefore, a
variety of schemes'***" have been adopted to out-couple the
high k modes to the free space as a far field in order to extract
energy more effectively from these nonradiative modes. For
instance, Lu et al.** have shown that the spontaneous emission
rate of a light-emitting dye can be greatly enhanced by 76-fold
enhancement of the Purcell factor, and the emission intensity is
enhanced by 80-fold by nanostructuring multilayer HMMs,
when compared to HMMs without nanostructuring. Our
experimental results with multilayer HMMs are fully consistent
with what has been previously reported in the literature. As
shown in Figure 4 and Figure S as well as in Table S1, we
observed a decrease of PLQY for emitters placed nearby the
HMM. At the same time, the PL lifetimes are found to be
significantly shorter on top of the HMM compared to those
measured on top of fused silica. As shown in Figure S15, the
Purcell enhancement is observed in the case of HMM samples
driven by the local field enhancement resulting from the high k
modes that HMMs provide at the location of the light-emitting
dipoles. In other words, we observe the lifetime shortening
associated with the Purcell factor enhancement at the location
of light-emitting dipole by HMMSs, mainly from the high k
modes which cannot reach the far-field and consequently
resulting in a lower PLQY. As shown by the experimental
results in Figures 5 and S15 as well as in Table S1, the use of
QQT(CN)4 film substrates leads to lower PLQY and a
shortening of the PL lifetime of the light-emitting molecules
placed nearby. This is exactly the same behavior as that
observed when the emitters are located near a multilayer
HMM. We can see however that the changes in PLQY and PL
lifetimes are smaller in the case of QQT(CN)4 samples than
for the HMMs. This can be understood by the fact that,
compared to conventional multilayer HMM, the organic
hyperbolic material has a larger portion of low k modes
which can reach the far field and do not contribute to the PL
lifetime shortening. This latter statement is supported by the
calculations of the LDOS of the natural organic hyperbolic
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material in Figure 2 and the multilayer HMM in Figure S9.
Overall, this study demonstrates that the accessible high k
modes due to the presence of an organic natural hyperbolic
material lead to changes in the spontaneous emission decay
rate and PLQY of light-emitting molecules placed nearby.

These photophysical results demonstrate that the observed
changes in PLQYs, spontaneous emission decay rates, and
Purcell factors are due to the effects of HMM and QQT(CN)4
substrates on both radiative and nonradiative decay processes
when compared to FS. The effective nonradiative decay
processes in HMM samples are due to the efficient quenching
of the emission by SPPs and the larger number of accessible
high k modes. Regarding the QQT(CN)4 samples, quenching
of the emission of the dye is due to the hyperbolic dispersion
caused by SEPs. Since the effect is observed in samples
containing a PVA spacer, electron transfer and/or energy
transfer involving QQT(CN)4 as an acceptor can be excluded.
We therefore attribute the enhancement of the nonradiative
decay channels to the coupling of the radiative waves with the
SEP modes, which noticeably is also the first experimental
demonstration of the SEP effect on emitters. The comparison
of the photophysical properties in the samples used in this
study demonstrates that the organic monolithic natural
hyperbolic material, similarly to conventional metal—dielectric
multilayer HMMs, is able to control the spontaneous emission
decay rate of an emitter. These results show that natural
molecular hyperbolic materials represent a promising alter-
native for tailoring the Purcell factor of any emitter in the
visible and near-infrared region upon engineering the chemical
structure of the organic molecules. Therefore, natural
molecular hyperbolic materials are shown to be promising
systems for device applications requiring an effective emission
decay rate control. In addition, it should be emphasized that all
the QQT(CN)4 films for the ATR and photophysical
measurements were prepared in an ambient atmosphere by
spin-coating onto substrates with a size of 2 X 2 cm’.
Considering the fact that their optical and photophysical
properties were found to be the same for different locations of
the same QQT(CN)4 film, this supports the conclusion that
organic natural hyperbolic materials can be prepared onto a
large area by a simple and low-cost technique such as spin-
coating, making these systems particularly promising for a next
generation of photonic applications.

In conclusion, we demonstrate that organic monolithic
natural hyperbolic materials can provide an unprecedented
flexible platform for the control of the radiative emission over a
wide spectral range in the visible/NIR region. Similarly to
HMMs, the PLQY and spontaneous emission decay rate of an
emitter placed nearby the organic monolithic natural hyper-
bolic material are modified by changes in both radiative and
nonradiative decay rates. In the case of organic materials,
tailoring the Purcell factor is possible due to changes of the
LDOS associated with the presence of SEPs in the layered
molecular crystalline structure. These important results open a
new route toward a next generation of metal-free materials
with hyperbolic dispersion in the visible/NIR spectral range. It
should be emphasized that organic monolithic natural
hyperbolic materials present several remarkable advantages
compared to conventional artificial HMMs, including their
low-cost and simple processing, their compatibility with the
fabrication of lightweight and large-area photonic devices, and
their mechanical flexibility. More importantly, the possibility to
achieve a hyperbolic dispersion in organic semiconducting thin
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films implies that the optical properties of organic monolithic
natural hyperbolic materials can be modified by chemical
engineering. This provides a large number of exciting
opportunities in the near future to develop new molecular
systems with improved performances and tunable optical
properties.
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