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Epsilon-near-zero (ENZ) optical material has been employed in a number of novel linear and nonlinear optical applications, owing to
the vanishing polarization upon an incident optical wave. In a uniaxial medium possessing hyperbolic energy-momentum dispersion
of optical wave, ENZ can take place at ordinary and extraordinary permittivities. Organic thin films presenting a lamellar structure
have been reported to exhibit a transverse negative hyperbolic dispersion with ENZ at ordinary permittivity. Here, organic thin film
with ENZ at extraordinary permittivity is demonstrated. Newly synthesized polymethine dye (i.e., squaraine indolenine triethyleneg-
lycol molecule) self-organizes to form a layered structure in a pristine film, and both transverse negative and positive hyperbolic dis-
persions are observed at visible wavelengths. Analysis of tens nanometer-thick pristine film showed that both ENZ and epsilon-near
pole (ENP) occur at longitudinal as well as transverse component of dielectric permittivity. Optical characterization of squaraine
pristine film is presented, and the importance of transverse positive hyperbolic dispersion in such monolithic thin film is discussed.
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1 Introduction

Epsilon-near-zero (ENZ) takes place when the real part of dielectric permittivity crosses the zero-point
in the spectrum of dielectric permittivity.[1, 2, 3] Owing to the dielectric permittivity being near zero,
there are a variety of important linear optical applications such as directive emissions,[4] electric field en-
hancement in ENZ mode,[5] perfect absorption,[6] and a deep direct writing lithography,[7] to name a
few. Furthermore, the nonlinear optical processes, both quadratic and cubic, have been found to be en-
hanced in ENZ spectral range.[8, 9, 10, 11, 12, 13, 14]

When isotropic bulk metal is modelled as free electron gas, Drude permittivity exhibits isotropic ENZ
corresponding to the frequency of longitudinal plasma oscillation.[15] Note that ENZ frequency is the
same as plasma frequency w, in the absence of collision, while introduction of collision causes ENZ to
appear below w,.[16] Moreover, ENZ frequency of silver (3.7 eV, 327 nm) is significantly red-shifted from
wp (9.1 eV, 136 nm), which is attributed to bound electrons in atomic layers adjacent to the metal surface.[17]
In deeply subwavelength-thick metal slab, the signature of ENZ permittivity is manifested as plasma res-
onance absorption at ENZ wavelength for non-normal incident p-polarized light, called Ferrell-Berreman
mode.[18, 19, 20]

ENZ occurring in inorganic films of transparent conducting oxide[21] such as indium tin oxide[12] and
Al-doped ZnO[13] and organic film of HTS-Squaraine[14] is also isotropic, where enhanced cubic nonlin-
earity is observed at ENZ wavelength.

ENZ property can be optically anisotropic, and distinct from isotropic ENZ, it has been noted that the
presence of symmetry in anisotropic ENZ can be utilized in various optical architectures such as a loss
enhanced transmission and collimation,[22] the almost perfect bending waveguides,[23], arbitrary control
of energy flux,[24] and the support of quasi-confined ENZ mode.[25] Therefore, it is necessary to explore
the structural and optical properties of novel anisotropic ENZ materials.

Hyperbolic metamaterial (HMM) is a highly anisotropic uniaxial ENZ medium possessing hyperbolic
energy-momentum dispersion with the relation ¢, - ¢) < 0, where L (perpendicular and longitudinal) and
| (parallel and transverse) are defined with respect to the film surface with Z being surface normal. In
HMM there always exists a spectral region of dielectric permittivity crossing the zero-point.[26, 27, 28|.
Examples of HMM are thin film multilayer composed of alternating layers of metal and dielectric and
metallic nanowires in a dielectric host.[29, 30] Natural hyperbolic dispersion is reported in tetradymites
of layered structure made of atomic monolayer,[31] and hyperbolic dispersion with anisotropic epsilon-
near-pole takes place naturally in Bi-chalcogenides due to the layered structure and extreme structural
anisotropy.|32]

Regarding organic thin film, an organic monolithic QQT(CN), molecular film showed a transverse nega-
tive hyperbolic dispersion possessing a transverse ENZ.[33] Recently, regioregular poly (3-alkylthiophenes)
(rr-P3AT) organic film is reported to show a similar transverse negative hyperbolic dispersion possessing
a transverse epsilon-near-pole (ENP).[34] That is, QQT(CN), and rr-P3AT films possess ENZ and ENP,
respectively, at the parallel component of dielectric constant, i.e., €. Hyperbolic dispersion of the above
two organic thin films is attributed to a spontaneously aligned lamellar alternating-sublayers structure,
similar to polaritons in layered two-dimensional materials and hyperbolic dispersion arising from anisotropic
excitons in two-dimensional perovskites.[35, 36]

In this work, we report the demonstration of organic thin film possessing both transverse and longitu-
dinal ENZs. A new squaraine dye, squaraine indolenine triethyleneglycol, is designed to induce oriented
anisotropic organization of molecules in a pristine thin film. Squaraine molecules belong to the polyme-
thine family, known to form organic ENZ film.[14] Thin films of newly synthesized dye are prepared in a
few tens nanometer thickness and the characteristics of optical properties are assessed.

We have identified that anisotropic thin film of oriented squaraine dye exhibits longitudinal ENZ prop-
erty, which is evidenced by experiments such as grazing incidence wide angle X-ray scattering (GIWAXS),
spectroscopic ellipsometry (SE), attenuated total reflection (ATR) as well as linear optical properties of
reflection, transmission, and absorption. Related to ENZ and ENP properties, it is found that squaraine
pristine film possesses a hyperbolic dispersion with transverse negative at 570nm - 645nm (¢j < 0 and
€, > 0) and transverse positive at 645nm -700nm (e > 0 and €; < 0).
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Those data are compared to finite difference time domain (FDTD) simulation and found to be consis-
tent with the characteristics of longitudinal ENZ property. In particular, associated with transverse pos-
itive hyperbolic dispersion, a longitudinal ENZ is observed in squaraine pristine film, which is important
in high-resolution imaging application.[37] This is attributed to the characteristic lamellar order of aro-
matic cores of squaraine dye in successive molecular sublayers in spin-coated molecular film. Also both
transverse negative and positive hyperbolic dispersions exhibit ENPs, giving rise to a high refractive in-
dex n =~ 3.7 near 700nm.

2 Design of material and characterization of structure

2.1 Design of material

The molecular structure of squaraine dye possessing short ethylenglycol chain as pendant arm is dis-
played in Fig. 1. Diethylene glycol chains were chosen in order to observe whether the oxygen atoms
could interact in a specific way with fused silica substrate in the squaraine pristine thin film. The alky-
lation of the 2,3,3-trimethylindolenine was performed in the presence of the tosyl diethylene glycol chain
in toluene at 100°C. This indole intermediate was then condensed onto squaric acid following protocol
described in Ref.[38] to give the symmetric squaraine derivative (Fig. 1). The photophysical characteri-
zation of the dye in dichloromethane solution was performed and the dye showed the characteristic sharp
and intense transition of polymethines dyes at 637nm with a full-width-at-half-maximum (FWHM) of
644cm~!. Fluorescence spectra by exciting at 610nm, show a typical narrow (FWHM of 690cm™!) emis-
sion at 637nm with small Stokes Shift (5nm, i.e., 689cm™~!) characteristic of polymethine dye. See Figure
S6 in Supporting Information.

2.2 Grazing incidence wide angle X-ray scattering

The organization of squaraine dye in pristine film was investigated by GIWAXS, and 2D pattern is shown
in Fig. 2 (a). Molecules were found to self-organize into nanocrystalline domains with spontaneously
aligned lamellar structure. This organization obviously results from the nanosegregation of the diethy-
lene glycol substituents and the aromatic cores into alternating sublayers as illustrated in Fig. 2 (b). Suc-
cessive molecular layers are shifted to each other, leading to an effective lamellar periodicity of two or
more layers of thickness 12.2A. Ratio with calculated molecular volume gives a layer area per molecule

of 68A2 complying with sublayers of compactly arranged, edge-on oriented aromatic cores, and other-
wise of interdigitated and loosely packed diethylene glycol chains. The morphology consists in a mosaic
of crystallites of 10-20 nm lateral size (as determined from Scherrer equation with shape factor K=0.9),
oriented with lamellae parallel to film plane and tiled without preferential in-plane orientation.

3 Characterization of optical properties

3.1 Spectroscopic ellipsometry

Dielectric permittivity spectrum was obtained from SE measurement. According to GIWAXS data and
schematic representation in Fig. 2, squaraine backbone in pristine film is standing up with short axis
vertical (2) and long axis horizontal (z-y plane), resulting in two-dimensional structure corresponding

to an optical uniaxial symmetry with extra-ordinary component ¢, = ¢, and ordinary component ¢, =
€y = €. SE data were fitted by adopting uniaxial anisotropic dielectric permittivity. For details of mea-
surement and modelling, see Experimental Section. Fig. 3 shows dielectric permittivity spectrum with
film thickness of 41.5nm, agreeing with 44nm measured by Dektak profiler within 5%.

According to Fig. 3, squaraine pristine film is optically isotropic from UV up to 570nm. It shows a trans-
verse negative hyperbolic dispersion in the spectral region of 570nm - 645nm (e < 0 in red solid curve,
€, > 0 in blue solid curve) and a transverse positive hyperbolic dispersion in the spectral region of 645nm
- 700nm (¢ > 0 in red solid curve, ¢, < 0 in blue solid curve). Extraordinary component (¢, ) has ENZ
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3.2 Attenuated total internal reflection measurement

at 645nm and ENP at 700nm, while ordinary component (¢) has ENZ at 570nm and ENP at 645nm.
Accordingly, ENZ and ENP are anisotropic. Interestingly, ENZ at longitudinal component and ENP at
transverse component falls at the identical wavelength of 645nm.

In contrast to QQT(CN), and rr-P3AT organic natural hyperbolic films possessing only transverse neg-
ative dispersion,[33, 34] squaraine pristine film shows both transverse negative and positive hyperbolic
dispersions, leading to a presence of ENP at ¢ and €, which allows versatile design for photonics de-
vice applications. Furthermore, differently from metal-dielectric multilayered structures and metal wire
arrays where spectral regions of transverse positive and negative hyperbolic dispersions are widely sepa-
rated, spectral regions of transverse positive and negative dispersions cross at one wavelength of 645nm
in squaraine pristine film. From the application point of view, this dual-band hyperbolic dispersion of
organic films is essential for broadband wide-angle manipulation of light propagation. This can be at-
tributed to the characteristic lamellar orders of aromatic cores of squaraine molecule in successive molec-
ular sublayers in spin-coated pristine film.

3.2 Attenuated total internal reflection measurement

Surface polariton wave is electromagnetic mode propagating at an interface of two optical media with
positive and negative permittivities, providing light confinement at subwavelength scale. Similar to sur-
face plasmon polariton (SPP) wave taking place at an interface of air and metallic film, in an organic
thin film possessing a spectral region of negative real part of dielectric permittivity a surface exciton
polariton (SEP) wave can be excited along an interface of air and organic film.[33, 39, 40| In the latter
case, the energy-momentum dispersion relation of p-polarized optical wave in glass prism matches with
that of SEP, resulting in an ATR resonance.

As discussed above, squaraine pristine films present an oriented layered structure, and at first sight SEP
seems to be readily excited at spectral ranges of ¢) < 1 and ¢, < —1 in Fig. 3. However, at an interface
of air and hyperbolic dispersion medium, the relation between air permittivity (eq.; = 1) and €, or ¢ of
hyperbolic dispersion (€, - ¢ < 0) for surface polariton excitation is quite different from that between
air permittivity (€., = 1) and isotropic negative permittivity €;5, < 0. For an analysis of surface polari-
ton wavevector 3 in terms of €, and ¢, see Supporting Information, where features of ATR resonance

at an interface of air and uniaxial hyperbolic dispersion medium are detailed, in particular, Eq. (40) in
Supporting Information.

In order to identify properties of hyperbolic dispersion as well as ENZ, SEP wave excitation is examined
at the interface of air and squaraine pristine film spin-coated on fused silica substrate. Fig. 4 shows ATR
spectra in the spectral range of 570nm< A < 645nm (transverse negative dispersion). In Supporting In-
formation, it is noted that there always exists SEP, regardless of the magnitude of the positive longitudi-
nal permittivity €, as far as ¢) < 0. We observe that ATR resonances are identified with quality-factor
@ depending on the magnitude of negative dielectric permittivity in Fig. 3.

ATR resonance at 650nm has a lower () than ATR resonance at 640nm (Fig. 4 and Fig. 5), which falls
on transverse positive and ATR is not excited based on the analysis of surface wave propagating vector
3 (see Supporting Information). It is noted that a real value of § exists only when ¢ > 1.

Fig. 5 shows ATR spectra in the spectral range of 645nm< A < 700nm (transverse positive dispersion),
where SEP is excited. A clear ATR resonance is observed at 650nm. It is to be noted that beyond 660nm,
the SEP resonance is broadened owing to a large value of imaginary part of ¢, as the wavelength in-
creases further.

At the interface between air and an optically anisotropic film, the relation ¢ < —1 of Eq. (43) in Sup-
porting Information does not hold for surface polariton excitation. For example, when photon energy-
momentum dispersion in the anisotropic film is transverse negative hyperbolic (¢f < 0 and e, > 0), a
real value of surface polariton wavevector § exists even for —1 < ¢ < 0.

By use of Fresnel relation for a uniaxial anisotropic symmetry,[28, 41] we calculated ATR resonance of
squaraine pristine film at both transverse negative and positive spectral regions, which is shown in Fig. 6.
We find that ATR resonance curves show similar features in Fig. 6, Fig. 4, and Fig. 5.
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3.3 Linear optical properties

3.3 Linear optical properties

Fig. 7 shows the measured (black curve) and FDTD simulated (red curve) linear optical spectra of re-
flection, transmission, and absorption of squaraine pristine film, where FDTD simulation is carried out
by using the uniaxial dielectric permittivities obtained from SE measurement of Fig. 3. We also plotted
the measurement of linear optical spectra (blue curve) of the film prepared with dye diluted in PMMA
matrix, in which the orientational distribution of dye is isotropic. We find that the pristine film has ab-
sorption spectrum broadened owing to an aggregation of squaraine dye molecules in pristine film.
Spectrum of the imaginary part of ordinary refractive index (dashed pink curve) in Fig. 8 is mainly re-
sponsible for the linear absorption spectrum for a normal incidence light (2-direction propagating), and
the absorption spectrum of UV-Vis measurement in Fig. 7 follows the same feature as the imaginary
part of ordinary refractive index (dashed pink curve) in Fig. 8 (c). Here, it is to be noticed that the tran-
sition dipole moment of the squaraine is mainly oriented along the long axis of the squaraine backbone
with a slight component of this transition dipole moment (induced by the presence of the indolenine)
along the short axis (see Figure S7 in Supporting Information). It is interesting to notice that the ab-
sorption in & (in x-y plane, parallel to the film surface) presents a random organization resulting in a
broad spectrum (Fig. 8). In contrast, the absorption in the &, (along Z direction, perpendicular to the
film surface) is well structured with a shoulder at high energy corresponding to an H-like aggregate and
a stronger transition at low energy corresponding to a J-like aggregate.[42] These spectra show that there
is a sub-organization resulting in a J-like aggregation (with slipped stacks) that can be seen following
the z-axis (perpendicular plane). This observation can be correlated with the GIWAXS to some extent.
It is possible to imagine from Fig. 2 (b) that the formation of nanocrystalline domains in the z-y plane
results in random projection of the transition dipole moment on a beam size level. However, while this
transition dipole moment being slightly tilted compared to the x-y plane, the z component is similar.
See Figure S7 in Supporting Information.

4 Discussion

Self-organization of polymethine dyes of squaraine molecule into a layered structure in a pristine film
leads to a hyperbolic energy-momentum dispersion of light. Differently from other hyperbolic organic
monolithic molecular films, there exists spectral ranges of longitudinal ENZ associated with transverse
positive hyperbolic dispersion. Both J-like (centered near 700nm) and H-like (centered near 650nm) ag-
gregates are present, both of which can be found commonly in polymethine dyes. Importantly, slight
tilting of transition dipole moment toward surface normal of film plane gives rise to the presence of lon-
gitudinal ENZ, namely, in €, associated with J-like aggregate. Narrow J-like band absorption centered
near 700 nm leads to a strong dispersion of refractive index, the maximum reaching n ~ 3.7.

ENZ and ENP in squaraine pristine film are in a strong contrast to those in hyperbolic metamaterials of
multilayered structure and wire media. Differently from HMM where ENZ and ENP appear in separate
components of dielectric permittivity,[43, 44, 45] both ENZ and ENP takes place at longitudinal as well
as transverse component of dielectric permittivity.

Natural hyperbolic dispersion with anisotropic ENZ and ENP in squaraine pristine film is similar to that
in Bi-chalcogenides, where Gaussian-like dielectric response of inter-band transition is responsible for
ENP and anisotropic ENP is attributed to direction-dependent energy-momentum dispersion relation in
inherent structural anisotropy.[32]

The presence of longitudinal ENZ and a high refractive index at near IR spectral region makes squaraine
pristine film an important optical material for applications such as high-resolution imaging and optoelec-
tronics device employing high refractive index films. The optical dispersion of the synthesized squaraine
film exhibits a dual-band hyperbolic dispersion in which both one-sheeted hyperboloid and two-sheeted
hyperboloid can exist as the equifrequency surfaces. Therefore, the organic ENZ films can be utilized to
manipulate electromagnetic wave propagation in the broadband spectral range.
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5 Conclusion

In this work, we introduced a new squaraine dye (i.e., squaraine indolenine triethyleneglycol molecule)
exhibiting a promising ENZ property in thin film configuration. Self-organizing in a lamellar structure,
the squaraine molecules orient spontaneously perpendicular to the substrate during the film formation
leading to pristine films with a strong anisotropy and an uniaxial optical symmetry. Remarkably, it is
the report of a longitudinal ENZ using organic dye, which is evidenced by GIWAXS, SE, and ATR mea-
surements.

Experimental Section

1. Materials and General Techniques

All reagents were purchased from Sigma Aldrich, Acros organics or TCI and were used as supplied with-
out prior purification. Solvent were purchased from Sigma Aldrich or Acros organics as dry or extra dry
and stocked under nitrogen atmosphere. For air and moisture sensitive reactions, glasses were dry in
oven, and cool down under argon atmosphere. Purifications were done on silica gel flash chromatography
(silica gel 60, 230-400 mesh) with the corresponding eluent. TLC were performed on aluminium plates
(silica gel 60 Fos4) from Merck, using an UV lamp (A = 254 nm, 315 nm) to visualize the compounds.
'H and BC-NMR spectra were recorded on Bruker Ultrashield 300 at respectively 300MHz and 75MHz.
Proton and carbon chemical shifts are reported in ppm (0) relative to the signal of the residual protic
solvent of CDCI3 (4 7.27 and 77.00 ppm for 1H- and 13C, respectively. Coupling constants (J) are re-
ported in Hertz (Hz), and the following abbreviations are used for signal multiplicities: singlet (s), dou-
blet (d), triplet (t) and multiplet (m).

2. GIWAXS

The characterization of the structural and morphology properties of the spin-coated squaraine thin films
was performed by 2D grazing incidence X-ray diffraction experiments at PLS-IT 9A U-SWAXS beam-
line of Pohang Accelerator Laboratory in Korea. The thin films were studied on silicon substrates and
the X-rays coming from the in-vacuum Undulator (IVU) were monochromated using Si(111) double crys-
tals and focused on a detector consisting of a 2D CCD detector (Rayonix SX165). The distance between
sample and detector was around 225 mm and the beam energy was about 11.06 keV (1.121A).

3. ATR and Optical Characterization

ATR measurement and analytical calculation are performed in the same manner as described in Sup-
porting Information of Ref.[14]. Linear optical measurements of transmission and reflection are performed
with spectrophotometer (Hitachi U-2900). Absorption spectra is obtained from the relation A =1— R —
T'. Photoluminescence spectra measurement is performed with fluorometer (Horiba Fluoromax-4).

4. Variable angle spectroscopic ellipsometry

Variable angle spectroscopic ellipsometry measurement was performed in the reflection mode at three
different incidence angle over the spectral range from 381 to 893nm using a J. A. Woollam Co., Inc. alpha-
step SE. Squaraine films were prepared by spin-coating on top of silicon and fused silica substrate. The
CompleteEASE® program, which is analysis software, was used for modelling the VASE data. Three re-
flection data, measured at 65°, 70°, and 75°, are obtained for films on silicon and fused silica substrate.
The optical parameters were extracted using an (air-film-substrate) model, with squaraine film being
uniaxial with the optic axis oriented perpendicular to the plane of the film. Both the in-plane and out-
plane optical constants were described using Kramers-Kronig consistent parametric functional models for
which several complex Gaussian oscillators and Lorentz were used. Mean-square-error (MSE) is 3.046 for
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fitting of squaraine film. See Supporting Information for detailed analysis of modeling and fitting proce-
dure.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Molecular structure of squaraine molecule synthesized
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Figure 2: a) Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) pattern of squaraine dye pristine film that dis-
plays a morphology of crystalline lamellae oriented parallel to substrate; as indicated by the lamellar orders lying on the
film normal (blue labels). Note that the complete indexation of pattern and the details of the in-plane arrangement would
need additional measurements. b) Schematic representation of the spontaneous orientation on the substrate of the lamellar

arrangement formed by nanosegregated sublayers of diethylene glycol substituents (in gray) and squaraine aromatic cores
(in black).
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Figure 3: Dispersion of dielectric permittivity obtained from SE measurement is plotted. Blue solid (dashed) curve is real
(imaginary) part €} (¢! ) and ENP is at 700nm where anomalous dispersion crosses zero and ENZ is at 645 nm where
normal dispersion crosses zero. Red solid (dashed) curve is real (imaginary) part eﬁ% (eﬁ ) and ENP is at 645nm where
anomalous dispersion crosses zero.
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Figure 4: ATR spectra for 570nm
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right panel is FDTD simulation.
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Figure 5: ATR spectra for wavelength 645nm < A < 700mnm. The left panel is ATR experimental measurement, while the
right panel is FDTD simulation.
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Figure 6: Calculations of ATR spectra from 30° to 60° are plotted in the spectral range of (a) 570nm < A < 645nm and
(b) 645nm < A < 700nm.
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Figure 7: Linear spectra of (a) reflection, (b) transmission, and (c¢) absorption are plotted. Black, red, and blue curves in
each panel correspond to squaraine pristine film, FDTD simulation, and PMMA diluted film, respectively.
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Figure 8: Dispersion of refractive index calculated from dielectric spectrum of Fig. 3 Blue solid (dashed) curve is real
(imaginary) part n; (k1). Red solid (dashed) curve is real (imaginary) part n) (k).
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