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Polarization-Controlled Strong Light—Matter Interaction

With Templated Molecular Aggregates

Roland Schdifer,* Philipp Weitkamp, Otgonbayar Erdene-Ochir, Klaus Meerholz,

and Klas Lindfors*

Strong light-matter interaction is demonstrated for a layer of templated
merocyanine molecules in a planar microcavity. Using a single layer of
graphene nanoribbons as a templating layer, an aligned layer of aggregated
molecules is obtained. The molecular layer displays anisotropic optical
properties resembling those of a biaxial crystal. The anisotropic excitonic
component in the cavity results in strongly polarization-dependent
light-matter interaction and in increased Rabi-energies. The increased
light-matter interaction is possibly due to reduced molecular disorder in the
templated molecular layer. This conclusion is supported by an analysis based
on a multi-oscillator model. Photoluminescence microspectroscopy is further

used to demonstrate that the light-matter coupling is spatially homogeneous.

This study introduces molecular templating to strong light-matter studies.
The reduced disorder of the system as a consequence of templating is highly

energy can take place.'! Further, the sys-
tem must be described using hybrid light-
matter states, polaritons.[**! Polaritonic sys-
tems based on organic materials have been
explored in a variety of applications and ef-
fects such as transistors,[?! lasing,®! polari-
ton condensates,[*® light-emitting organic
diodes with angle-independent emission,”!
enhanced charge transport® and exciton
propagation,’l and optical filtering.[*) Key
to these developments is maximizing the
strength of the light-matter interaction.

The organic systems used in strong light-
matter coupling studies are typically amor-
phous and disordered. The disorder can
be static, e.g., positional or orientational,

beneficial for engineering light-matter interaction.

1. Introduction

Light-matter interaction of organic materials in planar mi-
crocavities has been the topic of intense research in re-
cent years.['"1% Organic semiconductors offer large oscillator
strengths and materials with transition wavelengths from the ul-
traviolet to the near-infrared. Among organic materials, Frenkel
excitons in J-aggregated molecules show intense and narrowband
absorption!'"13] making such materials highly interesting for
studies of light-matter interaction and even reaching the strong-
coupling regime.!!! In the strong-coupling regime, the energy ex-
change rate between light and the excitonic component must ex-
ceed all other loss mechanisms so that a periodic exchange of
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or dynamic resulting from interaction be-

tween excitations and vibrational modes.

Dynamic disorder results in spectral broad-

ening counteracting the formation of spec-

trally sharp transitions in for example
J-aggregated systems. Orientational disorder further makes it im-
possible to use the polarization of light as a control-parameter
in engineering light-matter coupling. Disorder has more subtle
consequences for the energy level structure of the coupled sys-
tem. The excitonic system is commonly represented as an en-
semble of N two-level systems. Coupling this to the near-resonant
cavity mode results in an upper (UP) and lower (LP) polariton,
which are the bright states of the system, and N — 1 dark excita-
tions. In the presence of disorder, this picture is changed, and the
previously dark states become optically allowed.['>"'7] They are
thus often termed “gray states”. Beyond linewidth broadening or
isotropic optical response, disorder has been predicted to affect
the dynamics!’®] and coherencel?] of the polaritonic system.
On the other hand, strong light-matter coupling has also been
shown in theoretical studies to enhance the coherence length of
disordered J-aggregated systems.[?!] For controlled studies and
applications it would be desirable to control and maximize the
order of the organic semiconductor.

One approach for ordered organic semiconductors is the use
of single crystalline materials. This has been successfully done in
several studies.[*?2) Obtaining single crystals of the molecules
of interest is in most cases not trivial, and integrating the crys-
talline material into device structures is complicated and in
many cases not compatible with fabrication processes. Alter-
native approaches for reducing disorder have therefore been
studied. On single crystalline metal surfaces organic semicon-
ductors are known to form highly ordered thin films, whose
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crystal structure often deviates from the bulk structure.?*?’1 This
high interaction-energy driven effect has been observed for the
merocyanine dye 2-[5-(5-dibutylamino-thiophen-2-yl-methylene)-
4-tert-butyl-5 H-thiazol-2-ylidene]-malononitrile (from hereon re-
ferred to as HB238(2%)) on a Ag(100) surface, resulting in the
formation of a chiral tetramer driven by a high Ag-S interac-
tion strength.[?%1 The periodicity of single-layered 2D materials
such as graphene or hexagonal boron nitride has been used to
replace single crystalline metal templates. The growth of organic
crystalline layers on those materials is often governed by the for-
mation of needle networks following the six- or three-fold sym-
metry of the underlying template.l3-32] Reduced symmetry films
showing one preferential direction of crystal growth have been
reported for solution-based techniques like shear force crystalli-
sations which have been shown to result in optically anisotropic
organic thin films.>*-3¢] Further uniaxial aligned thin films for
cavity applications were realized using liquid crystalline poly-
mer films on a sulfuric dye photoalignment layer.’”] Also self-
assembly of molecules®®! and liquid crystalline phases(*°! have
been used to obtain anisotropic excitonic systems for strong light-
matter studies.

Here, we use an aligned layer of seven-atom wide armchair-
edge graphene nanoribbons (7-AGNRs) as a template to align
and order an organic semiconductor in a microcavity. Bottom-
up grown graphene nanoribbons are an atomically precise mate-
rial of reduced dimensionality.[**’] The properties of the ribbons
and thus the templating can be engineered through the choice of
the precursor molecule used for the growth of the material. The
presence of the templating layer results in strongly anisotropic
optical properties of the organic excitonic component whose in-
fluence on light-matter coupling we characterize in detail. The
use of GNRs for templating is potentially a broadly applicable ap-
proach to influence the structure of organic semiconductors and
not restricted to specific molecules.

2. Results and Discussion

2.1. Templated Thin Films

We explore light-matter interaction of ordered thin films of an or-
ganic semiconductor in a microcavity. The concept of the study
is illustrated in Figure 1a. We use 7-AGNRs!*6#7] to template the
growth of thin films of the merocyanine dye HB238 (chemical
structure shown as inset in Figure 1b). The optical and electrical
properties of HB238 and similar merocyanines have been stud-
ied earlier.1284-2] HB238 forms molecular aggregates that show
both a blue-shifted H-like and a red-shifted J-like optical transi-
tion with a photon energy difference of ~0.86 eV relative to the
monomer. From hereon these transitions will be referred to as
H- and J-transition, respectively. We previously reported on the
optical properties of these aggregates in spin-coated thin films.
In these films the transition dipole moment (TDM) of the J-
transition is aligned along the substrate plane, while the TDM of
the H-transition is along the substrate normal.[***?] The forma-
tion of the aggregates and the alignment of the dipole moments
is illustrated schematically in Figure la. As a consequence, the J-
transition can be excited with both s- and p-polarized light, while
the H-transition can only be excited with p-polarized light and
a non-zero angles of incidence (AOI). Due to oblique angle ag-
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gregation the TDM of the J- and H-transitions are perpendicu-
lar to each other.’’*?] The spectroscopic properties of the thin
films can be understood within the theoretical framework devel-
oped by Kashal®3**l and Davydov.>>*®! Molecular materials with
two or more translationally non-equivalent molecules within a
primitive unit cell result in Davydov splitting with a red- (lower
Davydov component, J-transition) and blue-shifted (upper Davy-
dov component, H-transition) component. The TDMs of the two
transitions are orthogonal to each other. We have earlier studied
and demonstrated how the two transitions in HB238 thin films
can be controllably coupled to different modes of a microcavity
to obtain a four polariton system.!]

Aligned 7-AGNRs can be used as a template to prepare films
of HB238 via thermal physical vapor deposition (PVD) to induce
uniaxial growth of the molecular aggregates. For this, aligned
7-AGNRs are grown on a Au(788) crystal and transferred onto
the bottom half of a microcavity using a previously published
protocol.*757] Full details of the sample fabrication are given in
the Experimental Section. The transfer process maintains the
alignment and quality of the nanoribbons. The alignment of the
templating layer gets transferred to the molecules, so that HB238
molecules deposited by physical vapor deposition on the surface
are oriented along the ribbons. As a result, a material with prop-
erties resembling those of a biaxial crystal is formed. Here, the
TDM of the J-transition is aligned along the 7-AGNRs and that
of the H-transition along the surface normal (see Figure 1la).
We have recently shown that depositing HB238 thin films on
crystalline substrates results in spectrally narrower optical transi-
tions, significantly enlarged crystalline domains, and is expected
to increase charge mobility.l’?) These improvements in the ma-
terial properties are attributed to reduced disorder. We expect
that similar changes may be obtained also from templating us-
ing graphene nanoribbons.

The anisotropic structure of the templated thin film leads to
an optical response that is dependent on the sample orientation
and polarization of light. In Figure 1b the polarization-resolved
extinction of a templated HB238 film is shown for normally in-
cident light. Due to the normal incidence, only the red-shifted
J-transition at approximately 1.65 eV photon energy is visible.
The absorbance is maximized or minimized, if the polarization
is parallel or perpendicular to the 7-AGNRs, respectively, demon-
strating the successful alignment of the molecules. To quantify
the alignment, we extract the extinction integrated over the J-
transition for light polarized along and orthogonal to the ribbons.
The ratio of these is approximately 5. In our earlier study we char-
acterized the anisotropy of graphene nanoribbons using polar-
ized Raman spectroscopy.[*’! The ratio of the Raman signals for
light polarized along and orthogonal to the ribbons was 9.5. We
thus conclude that the alignment of the 7-AGNRs is well trans-
ferred to the organic layer. Using density functional theory we
have shown earlier, that the J-transition is polarized along one
crystal axis (axis b), while the H-transition is aligned along an-
other crystal axis (axis a) orthogonal to the J-transition dipole
moment.’?] The crystal structure of HB238 has been published
in Ref. [58] (CCDC: 2073461). In the Supporting Information,
we show 20-XRD data (Figure S1, Supporting Information) and
observe good agreement with simulated powder pattern of the
single crystal. In Ref. [52] XRD data for thin films on different
substrates, including highly oriented pyrolytic graphene, which
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Figure 1. Molecular alignment due to templating with graphene nanoribbons. a) A layer of templated HB238 molecules (molecules illustrated with black
ellipses in the layer) is placed in a microcavity to achieve strong light-matter coupling between the cavity mode and the ordered molecular layer. The
oriented transition dipole moments of the - and H-transitions are schematically illustrated. The angle ¢ is between the orientation of the AGNRs and
the normal of the plane of incidence. b) Polarization-resolved extinction spectra of a templated HB238 layer for normally incident light. The orientation
of the polarizer with respect to the nominal direction of the graphene nanoribbons is indicated in the figure in 10° steps. The inset shows the chemical
structure of HB238. c) Angle of incidence and polarization-resolved extinction spectra. The solid lines correspond to 45° AOI and the dashed lines to
normal incidence. d) Atomic force micrograph of the HB238 surface. e) Polarization-resolved photoluminescence micrographs of HB238 films (left,
polarization orthogonal to the AGNRs; right, polarization along the AGNRs).
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is graphene-like, is analyzed and it is concluded that in all the con-
sidered cases HB238 forms the in Ref. [58] reported crystal struc-
ture for polymorph P3. Figure 1c displays polarization-resolved
extinction spectra for different angles of incidence (sample orien-
tation ¢ = 0, see Figure 1a). We observe the proposed alignment
of the TDMs: The H-transition is only visible for p-polarized light
and at non-normal incidence. The J-transition is visible indepen-
dent of the angle of incidence. Due to the alignment of the sam-
ple (angle ¢ = 0), for p-polarized light the J-transition is observed
only weakly due to the in-plane alignment of the molecules. The
molecular alignment is further illustrated by the atomic force mi-
crograph shown in Figure 1d. Clearly aligned linear structures
are visible in the sample topography.

To gain further insight into the templating we perform laser-
scanning confocal photoluminescence microscopy of the tem-
plated films. Figure 1e shows polarization-resolved fluorescence
micrographs (see details of the microscopy in the Experimental
Section). The excitation wavelength here was 405 nm and the
emission with wavelengths longer than the excitation was col-
lected. Based on the photoluminescence spectrum, Figure S4
(Supporting Information), the emission originates almost purely
from the J-transition. We observe that for the polarization along
the direction of the ribbons the micrograph shows a highly homo-
geneous emission with only minor variations. In contrast, for the
orthogonal direction the variation in emission intensity is larger.
The base intensity is lower than for the orthogonal polarization
direction but there are brighter hotspots in the image. We at-
tribute these to localized crystallites, which may either not be well
oriented or in which the aggregation state is different from the
overall structure of the films. However, fluorescence spectra col-
lected at different locations show very similar spectra, suggesting
that the aggregation state is homogeneous throughout the films
(see the Figure S4, Supporting Information). Crystallites can be
observed in atomic force microscopy micrographs (see Figure 1d)
suggesting that these are the origin of the hotspots. We conclude
that the templated thin films have optical properties of a biaxial
crystal with well oriented TDMs of the J- and H-transitions.

2.2. Strongly Coupled Templated Thin Films

We now turn to the optical properties of the biaxial templated
thin film in a planar microcavity. The cavity stack is shown in
Figure 2a together with the optically relevant modes. Full de-
tails on the cavity fabrication is given in the Experimental Sec-
tion and material parameters are shown in the Supporting Infor-
mation. The cavities obtained in this way typically have quality
factors of approximately 90 and 60 for the mode coupled to the J-
and H-transition, respectively, as determined for similar samples
without HB238. We measure the angle-resolved reflection spec-
tra of the samples for different sample orientation (angle ¢ in
Figure 1a) and polarization of the incident light. For the case ¢ =
0 where the orientation of the 7-AGNRs is orthogonal to plane of
incidence we observe strong-light matter interaction for the J- or
H-transition depending on the polarization of the incident light
as shown in Figure 2b. For p-polarized incident light we observe
a clear anti-crossing around the H-transition at approximately
2.53 eV. This is in agreement with our earlier studies in which we
showed that the TDM of the H-transition is along the substrate
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normal (see Figure 1c).°! The in-plane anisotropy due to the 7-
AGNRs does not appear to disturb this, and strong light-matter
coupling is observed when the incident light has an electric field
component along the surface normal. For the J-transition, there
is a weak interaction visible in Figure 2b. However, the condi-
tions for strong light-matter interaction are not fulfilled. The ob-
tained Rabi-energy has a similar magnitude as the spectral width
of the transition. For s-polarized incident light the interaction
with the H-transition is absent and instead an avoided crossing
around the J-transition is observed. In comparison to our previ-
ous report,I°!! the fact that the coupling to the J-transition is ab-
sent for p-polarized incident light demonstrates that the TDM of
the J-transition is now oriented along the 7-AGNRs, a direction
along which the electric field of the incident light has no com-
ponent. This polarization-switching of the coupling is due to the
biaxial nature of the film resulting from the templating with the
ribbons. If the sample is rotated so that ¢ = z/2 the coupling to
both transitions is absent for s-polarized light while it is visible for
both transitions for p-polarized light. This agrees excellently with
the schematic of the orientation of the TDMs shown in Figure 1a.
Simulated reflection spectra reproduce the measurement well,
see Figure S6 (Supporting Information).

We fit the extracted positions of the minima in the reflection
spectra using a coupled oscillator model (see details in the Exper-
imental Section).>*%%] The fitted dispersion curves are shown
with black dashed lines in Figure 2. The agreement of the fit to
the data is excellent. From the fitted model we extract for the data
in Figure 2b Rabi-energies of 299 meV for the J-polariton for s-
polarized light and 190 meV for the H-polariton for p-polarized
light. For p-polarized light the Rabi-energy for the J-polariton
is only 26 meV and the system does not fulfill the conditions
of strong-coupling. For the case shown in Figure 2c the Rabi-
energies are slightly smaller and correspond to 263 and 189 meV
for the J- and H-polaritons for p-polarized light, respectively. The
Rabi-energy for the J-polariton for s-polarized light is 51 meV
which is comparable to the spectral width of the transition and
the system is not in the strong-coupling regime in this case. Com-
paring the Rabi-energies to the values for an almost identical sys-
tem without templating studied earlier by us,l>!] we observe a sig-
nificant increase as a consequence of the templating.

We have so far considered only the high symmetry cases where
the polarization of the incident light is along or orthogonal to the
nanoribbons and thus to the aligned TDM of the J-transition. The
angle-resolved reflectivity spectrum for the case ¢ = = /4 is shown
in Figure 2d. We now observe polarization mixing of the polari-
tons involving the J-transition and all polariton branches are visi-
ble for both p- and s-polarized light. The spectral features for the
transitions involving the H-transition remain unchanged. This
observation is similar to previous studies on and theoretical pre-
dictions for strong-light matter interaction involving single crys-
talline organic materials.[2261-63]

2.3. Probing Molecular Order Inside Microcavity
The data visualized in Figure 2 clearly demonstrates the orienta-
tional ordering of the excitonic component in our cavity and its

influence on light-matter interaction. This allows selectively ad-
dressing different polariton bands using the polarization of light,
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Figure 2. Angle-resolved reflectivity spectra of templated HB238 in a microcavity. a) Cavity stack and optically relevant modes (red lines). The photon
energies of the second (mode number m = 2) and third (m = 3) modes are near resonant with the |- and H-transitions, respectively. Due to the alignment
of the TDMs, the ] (H)-transition can be excited only with the in-plane (out-of-plane) electric field component. The blue lines depict the cavity modes that
do not couple to HB238. b) Ribbons aligned parallel to electric field of s-polarized light (¢ = 0). c) Ribbons aligned parallel to electric field of p-polarized
light (¢p = 7/2). d) Angle-resolved reflectivity spectra with 45° ribbon orientation (¢ = z/4), showing polarization splitting of the polaritons. The fits to
a coupled oscillator model are shown in black dashed lines. The spectral positions of the |- and H-transitions are shown with white dotted lines. The

colorbar in panel ¢) is valid for panels (b-d).

angle of incidence, and orientation of sample. To probe the qual-
ity of the ordering, we next apply photoluminescence microspec-
troscopy (see details in the Experimental Section). If we orient
the sample such that the angle ¢ is equal to 7 /4, all polariton
branches involving the J-transition are excited by both p- and s-
polarized light (see Figure 2c). This is also translated to the photo-
luminescence signal as shown in Figure 3c. Similar observations
have been reported by Kéna-Cohen et al.l??! for an anthracene
single crystal. We observe that both lower polariton branches are
bright independent of the polarization of the collected light. Sur-
prisingly, different from reflection spectra (Figure 2), the p- and
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s-polarized emission are of almost equal brightness for the pho-
toluminescence.

The dependence of the photoluminescence spectrum on the
polarization of light and the orientation of the sample (angle
¢) can be used to gain further insight into the quality of the
orientational order of the excitonic component. For this pur-
pose, we first perform laser scanning photoluminescence mi-
croscopy of the sample. Figure 3a shows typical photolumines-
cence micrographs of the cavity for emitted light polarized or-
thogonal to (left panel) and along (right panel) the graphene
nanoribbons. We observe that as expected the emission is much
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Figure 3. Polarization- and angle-resolved photoluminesence microscopy. a) Polarization-resolved photoluminescence micrographs of the aligned mi-
crocavity. The left (right) micrograph is for emission polarized orthogonal to (along) the graphene nanoribbons. b) Normalized emission spectra for
light emitted along the sample normal. The numbers correspond to the locations shown in panel a at which the spectra were collected. The polarization
of the emitted light is filtered parallel to the ribbons. c) Angle-resolved emission spectra of templated HB238 in a microcavity. The ribbons are aligned

45° to the plane of incidence.

stronger for light polarized along the ribbons compared to the
orthogonal case. However, the strength of the signal is not
completely homogeneous but shows localized maxima. We as-
sume that these originate from the crystallites in the templated
HB238 thin film (see Figure 1d,e). For the emission from the
cavity the inhomogeneities appear to be less significant than
for the bare film (see Figure le). We speculate that this might
be due to the coupling to the delocalized optical modes of
the cavity.

Next, we collect emission spectra at the locations num-
bered in Figure 3a. From the angle-resolved emission spectrum,
Figure 3c, we conclude that for the orientation of the sample
equal to ¢ = #/4, the emission from the two lowest polaritons
(J-transition) is approximately equal at normal incidence. As a
matter of fact, only for the high-symmetry directions ¢ = 0 or ¢
= 7r/2 we observe only one polariton branch, see Figure S5 (Sup-
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porting Information). We can thus use the ratio of the emission
from the two lower polariton branches of the J-transition as a
measure for the quality of the alignment of the ribbons and its
influence on the light-matter interaction. This has been theoret-
ically investigated for crystalline materials.%’] We align the sam-
ple such that ¢ = 7 /2 and measure s-polarized spectra, so that the
electric field is in the plane of the TDM. We record angle-resolved
spectra at selected positions on the sample (see Figure 3a). The
data for normally directed emission is shown in Figure 3D, ex-
tracted from back-focal plane measurements (see details in the
Experimental Section). The spectra shown here have been nor-
malized. The main conclusion from the data is that we observe
almost identical emission spectra with only minor variations. The
emission is dominated by the lowest polariton close to 1.36 eV
photon energy. For two spectra a minor component of the other
polariton is visible. We can thus conclude that the alignment of
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the excitonic component of our system is homogeneous and ac-
curate and better than the intensity variations seen in Figures le
and 3a. In contrast, in a region without the template the ratio be-
tween the two lowest polaritons varies strongly (see Figure S9,
Supporting Information).

2.4. Influence of Excitonic States on the Polariton Bands

The presence of the graphene nanoribbons results in alignment
of the HB238, which is the excitonic component in our cavity. Our
spectroscopic data clearly demonstrate anisotropic optical proper-
ties, which resemble those of single crystalline materials. We next
turn to analyzing the polariton states of our system to see how
they are influenced by the templating layer. We apply the formal-
ism recently introduced by George et al.' The key ingredient
of this approach is accounting for inhomogeneous broadening
of the (partially) disordered molecular system in the microcavity.
We briefly review the formalism of Ref. [16]. We represent the ex-
citonic component as a set of Lorentzian oscillators. We fit N os-
cillators with equally spaced peak energies E; = E; + (i — 1)D and
identical spectral width I" to the experimentally measured extinc-
tion spectra. Here, E, is a constant photon energy representing
the edge of of the considered spectral band, D is the energy spac-
ing between the oscillators, and the index i = 1, 2, ...N numbers
the oscillators. We fit the measured extinction at photon energy
E with the expression

J r/z
A 1
;‘ +(T/2) .

Here, the amplitudes A;, the loss I" (equal for all oscillators), the
photon energy E,, and a constant offset for the extinction are used
as fitting parameters. Figure 4a,b show the measured extinction
spectra for non-templated (spincast) and templated HB238 thin
films together with the fit result, respectively. The non-templated
microcavity is almost identical to the templated device with po-
tentially small differences due to fabrication errors. Full details
for non-templated microcavities with HB238 can be found in Ref.
[51]. We observe that we can well describe the measured data with
the multi-oscillator model and that the fit results are clearly dif-
ferent for the two cases. Here, N = 70 oscillators were used. We
remark that this choice is not critical and the conclusions are not
changed, if this parameter is varied. The oblique-angle aggrega-
tion of HB238 results in bright J- and H-transitions, which are the
bottom and top of the energy band of the material.[* The states
between these are for an ideal aggregate dark. Due to disorder,
however, the dark states couple to light. The spectra shown in
Figure 4a,b show that for the templated film many more oscilla-
tors couple to light than for the non-templated one. This suggests
that the templated material has more defects (aggregates with
a lower number of coherently coupled molecules) or uncoupled
monomers than the amorphous one. This is unexpected consid-
ering the strongly polarization-dependent response of the tem-
plated thin film and our earlier observation of increase in crystal
domain size on ordered surfaces.l*?]
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The Lorentzian oscillators are included in a matrix Hamilto-

nian commonly used to model strongly-coupled systems.[16:3960]

The Hamiltonian H takes the form

EPhoton (0) - lrc hQ1 hgz cee hQN

nQ, E,—il 0 .. 0
H= nQ, 0 E-il... 0 2)

hQy 0 0 ..Ey—il
with

hem sin® 9 =
E 0) = 1— 3
Photon( ) chaVity L< ngawty ) ( )

where Epy 00 (0) is the cavity photon energy at angle of incidence
0, and h and # are the Planck and reduced Planck constant, re-
spectively, c is the speed of light in vacuum, m is the cavity mode
number, 7, is the effective refractive index of the cavity, and
L is the cavity length. In Equation (2), the E; are the spectral po-
sitions of the Lorentzian oscillators. The light-matter coupling
constants 7€, are proportional to the square root of the ampli-
tudes of the Lorentzians, \/KL We remark that the constants A;
describe the absorption, while the light-matter coupling depends
on amplitude of the oscillators. This results in the square-root de-
pendence. We have used one common proportionality constant
between the 7Q; and /A, for all oscillators. We diagonalize the
Hamiltonian Equation (2) to obtain the energy levels of the polari-
tons and the Hopfield coefficients. From the Hopfield coefficient
describing the photon fraction of the polaritons, we obtain the
reflection spectrum. The measured and fitted angle-resolved re-
flection spectra are shown in Figure 4c—f. For the fitting we vary
the proportionality constant between the coupling constant AQ;
and the amplitudes \/XL , the proportionality constant relating the
photon fraction of a given polariton to the reflectivity, and the ef-
fective refractive index of the cavity n,,. Using just these pa-
rameters we obtain a good agreement between the model and
experimental data. The main differences are small discrepancies
in the linewidths of the polaritons and the visibility of the up-
per polariton for the templated film. The fit results in a ng,
of approximately 1.6, which is consistent with the fit results in
Figure 2.

The multi-oscillator model gives us access to the contribution
of the individual oscillators to the observed polariton bands. In
Figure 4g,h we display the fitted reflection spectrum at 30° angle
of incidence (AOI) together with the contributions of the individ-
ual polaritons to the observed response. The situation is very dif-
ferent for the non-templated and templated devices. For the non-
templated case, several polaritons contribute to the signal with
comparable amplitudes. In contrast, for the templated cavity only
a few polaritons contribute to the reflectivity dips. This is surpris-
ing in light of the spectrum of oscillators representing the exci-
tonic component, Figure 4a, b. Our interpretation of this result is
that in the case of the templated film, one oscillator is dominantly
responsible for the light-matter interaction. The other oscillators
required to explain the extinction spectrum (Figure 4b) originate
from uncoupled monomers or defects. The templating thus ap-
pears to divide the material into two ensembles: an ordered com-
ponent driven by the graphene nanoribbons and monomers or
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Figure 4. Multi-oscillator analysis of reflection spectra. a,b) Fit to extinction spectra. The blue solid line shows the measured extinction spectrum, and

the red dashed line is the fitted model. The contributions of the individual Lorentzian oscillators are shown with black solid lines. The data for the

non-templated and templated devices are shown in a and b, respectively. c,d) Measured reflection spectra for the non-templated and templated devices,
respectively. The corresponding fits are shown in (e) and (f). g,h) The fitted reflection spectra at 30° angle of incidence are shown with blue solid line.
The contributions of the individual polaritons are shown with green solid lines. The data for the non-templated and templated devices are shown in (g)
and (h), respectively.
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defects in the film. It thus appears that the order is increased by
strongly coupling the aligned film to a microcavity mode. This
is in agreement with a previous theoretical study by Spano,!?!]
where coupling a J-aggregate to a microcavity mode increased the
coherence length.

3. Conclusion

We have studied the light-matter interaction of a layer of HB238
merocyanine molecules templated with graphene nanoribbons.
The templating results in a global alignment of the transition
dipole moments of the J- and H-transitions of the aggregated thin
film. The H-transition’s transition dipole moment lies along the
substrate normal while that of the J-transition is directed along
the graphene nanoribbons. The anisotropic optical properties of
the templated layer resemble those of a crystalline material. Our
spectroscopic study demonstrates strong light-matter interaction
of the templated merocyanine. The templating results in strongly
polarization-dependent properties. We are able to address differ-
ent polaritons using the polarization of light, the angle of inci-
dence, and the orientation of the sample. The Rabi-energies ex-
tracted from the angle-resolved reflection spectra are significantly
higher than those observed in earlier studies on similar systems
with an spincast (non-templated) molecular layer. We attribute
this to better alignment of the transition dipole moments with
the electric field and possibly increased oscillator strength due to
reduced disorder.

Using a multi-oscillator model, we conclude that templating
significantly modifies the energy level structure of the organic
semiconductor. For the templated microcavity, light-matter in-
teraction is dominated by one polariton. Our data suggests that
templating with graphene nanoribbons results in two ensem-
bles of the excitonic component: One with increased order and
a second much less ordered one containing defects or uncou-
pled monomers.

Using materials of reduced dimensionality could become a
general and efficient way to order organic molecules. This has
great potential for organic optoelectronics. The most immedi-
ate consequence of templating is anisotropic optical properties,
which allows using the polarization of light in engineering light-
matter interaction. This is particularly interesting for optical
metasurfaces!® %l and in general optical nanostructures in which
the intensity and polarization distributions can be engineered in
detail. Combining such structures with templated organic layers
has potential for novel and improved devices. The improved or-
der in the templated layer also seems to result in modified en-
ergy level structure. Fully harvesting this is an exciting direction
to pursue. In particular, the coherence and dynamics of the ex-
citations in the material may be very different from the disor-
dered counterpart.

4. Experimental Section

Microcavities: The microcavities were fabricated by thermal high vac-
uum physical vapor deposition (PVD) of 150 nm of silver (99.99%
purity) on glass substrates followed by 120 nm of silicon monox-
ide (99.99% purity). Next, a thin film of N,N’-bis(4-(6-((3-ethyloxetan-
3-yl)methoxy))-hexylphenyl)-N,N’-diphenyl-4,4’-diamine (OTPD)I®] was
spincast at 1000 rpm and an acceleration of 4000 rpms™' from a toluene
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solution containing 2 mgml~! OTPD and 0.5 wt.% 4-octyloxydiphenyl-
iodonium-hexafluoroantimonate (OPPI) under inert conditions in a glove-
box, which yielded an approximately 17 nm thin film. The OTPD layer
reduced the surface roughness of the sample. The OTPD film was then
crosslinked by exposing the sample with ultra-violet light (365 nm) and
subsequent annealing at 110 °C for one minute.[®8] The templating layer
of graphene nanoribbons was transferred onto the OTPD layer and HB238
was subsequently deposited by thermal PVD. Details of this are given be-
low. Afterwards 5 nm of silicon monoxide were evaporated, followed by a
spincasting layer of polyvinyl alcohol (Mowiol 56-98, Sigma—Aldrich) with
an approximate thickness of 315 nm. The microcavity was closed by a
30 nm silver mirror deposited by PVD.

7-AGNR Synthesis and Transfer and HB238 Deposition: Aligned 7-
AGNRs were synthesised on Au(788) single crystals using a well-
established synthesis route.[8%70] First 16 A of 10,10"-dibromo-9,9'-
bianthryl (DBBA) were deposited onto the clean Au(788) surface under
UHV conditions. Heating to 200 and 400 °C resulted in 7-AGNRs. The
GNR film was covered with a poly(methyl methacrylate) (PMMA) support
layer and was subsequently delaminated from the gold surface using the
bubble transfer technique.l”'! After three washing steps, the GNR/PMMA
film was placed on the target substrate (OTPD). After 24 h of drying, the
PMMA layer was removed in a boiling acetone bath.

The HB238 was evaporated onto the GNR/OTPD substrate using a rate
of 0.03 As™" and a substrate temperature of 72 °C under high vacuum
conditions (pressure approximately 1077 mbar). The alignment of HB238
was investigated by atomic force microscopy using an MFP-3D Infinity
AFM (Oxford Instruments Asylum Research). The measurements were
performed in alternating contact mode using AC200TS tips (Olympus).
The raw data were analyzed using Gwyddion.

Reference  Sample  Fabrication: For the transmission spectra
(Figure 1b,c) and photoluminescence micrographs (Figure le) a ref-
erence sample without microcavity was fabricated: OTPD was spincast on
a quartz substrate and treated as described above. Graphene nanoribbons
were transferred on the sample followed by evaporation of HB238. The
fabrication of the templated layer for the reference sample was identical
to that of the microcavities.

Absorbance Spectra: A Lambda 1050 spectrometer (PerkinElmer) with
a three-detector module was used to measure absorbance spectra. The
sample was rotated to record spectra at 45° AOI.

Angle-Resolved Reflectivity and Photoluminescence Measurements: The
measurements were performed as in the earlier work Ref. [51]. Briefly, light
reflected or emitted from the sample was collected by a microscope lens
(MPlanApo N, Olympus, numerical aperture 0.95). Two more lenses were
positioned in a 4f-layout to image the back-focal plane of the objective on
the spectrometer entrance slit (IsoPlaneSCT 320, Princeton Instruments).
The spectrometer was equipped with a deep-cooled charged coupled de-
vice (Pixis, Princeton Instruments). Light from a halogen lamp was fo-
cused on the sample or on a silver mirror as reference for reflectivity mea-
surements. Photoluminescence was measured with a focused laser beam
with 405 nm wavelength (Chameleon Ultra Il with Chameleon Compact
OPO-Vis, Coherent). The excitation was blocked from the collected light
with a dielectric filter. To equally excite all linear polarized states, circularly
polarized light was used for the excitation for all photoluminescence mea-
surements. The reflected or emitted light was filtered with a broadband
linear polarizer (UBBO1A, Moxtek) to analyze the polarization state.

Fluorescence Microspectroscopy:  For the polarization-resolved photolu-
minescence micrographs in Figure Te, the same setup and conditions as
for the angle-resolved reflectivity and photoluminescence measurements
was used. The emitted light passed through long-pass filter and the same
polarizer as above, and was focused on a single-photon counting mod-
ule (Micro Photon Devices Srl.). The sample was scanned or positioned
using a nanopositioning stage to acquire micrographs or spectra at se-
lected locations. Photoluminescence spectra were recorded by the same
spectrometer as above.

For the polarization-resolved photoluminescence micrographs in
Figure 3a the polarizer was removed and a second identical single-
photon counting module was added. Two polarization components of
the emitted light were collected simultaneously using the detectors and a
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polarizing beam splitter. The spectra in Figure 3b were recorded using the
4f configuration (details above) to obtain angle-resolved spectra. In the
data analysis, the emission at 0° AOI was extracted.

Data Analysis and Simulations:  Reflectivity minima were identified with
a peak finding function (Matlab, MathWorks). A two coupled oscillator
model was used to globally fit all dispersive curves for both s- and p-
polarized light with the trust-region-reflective algorithm (Matlab, Math-
Works). Details on the fitting procedure and shared parameters fitting are
given in Ref. [51].

Finite element method (COMSOL Multiphysics with Wave Optics mod-
ule in the frequency domain, COMSOL Multiphysics GmbH) was em-
ployed to simulate the reflectivity spectra. A 2D geometry was used
with the complex refractive index for all materials (silver,”?! silicon
monoxide,®'l OTPD, HB238, polyvinyl alcohol). For OTPD, HB238, and
polyvinyl alcohol material parameters determined using spectroscopic el-
lipsometry were used. Periodic Floquet boundary conditions were imple-
mented along the substrate surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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