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Giant Davydov splitting of the lower polariton branch in a polycrystalline tetracene microcavity
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We demonstrate strong exciton-photon coupling of Frenkel molecular excitons at room temperature in an
all-metal microcavity containing a thin film of crystalline tetracene, with micron scale domains. In contrast to
previous reports of strong coupling in organic microcavities containing localized excitonic states, here we
observe large Davydov splitting of the lowest excited state, indicating strong, intermolecular interactions. The
angle-resolved reflectivity of the microcavity is measured and understood in terms of the anisotropic dielectric
constant of tetracene single crystals. The anisotropy leads to the formation of additional normal modes, and a
giant splitting of the lower polariton branch is observed due to birefringence along both Davydov components.
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Organic semiconductors provide an interesting platform
for the study of elementary excitations due to the strong
interactions that may occur between electrons, holes, mo-
lecular vibrations, and the lattice. The tightly bound electron-
hole pair which occurs in an organic molecular crystal upon
optical excitation is called a Frenkel exciton.! The crystal
periodicity and resonant intermolecular Coulomb interaction
give rise to an excitonic band, and for crystals with more
than one molecule per unit cell, the excitonic band is split
into as many Davydov components as there are inequivalent
molecules in the unit cell.> When a material possessing a
strong excitonic resonance is placed inside a microcavity, it
can strongly couple to the cavity photon to form a new el-
ementary excitation called a cavity polariton.? This occurs if
the cavity photon and exciton dissipative widths are smaller
than the coupling strength. Up until the present, there have
been several observations of strong exciton-photon coupling
in microcavities containing highly disordered or amorphous
organic films of J-aggregates*® or low-molecular-weight
organics.”!? However, the largest fraction of excitations in
disordered films in microcavities are localized, or “incoher-
ent,” rather than polaritonic or “coherent” states.!!"!3 The
localization of these excitations occurs mostly as a result of
the disorder-induced inhomogeneous broadening of the
excitonic transition and the absence of intermolecular
interaction. Indeed, highly ordered or crystalline organic mi-
crocavities are of particular interest due to their potential for
exploitation of nonlinear processes such as parametric
amplification.!"'*!5> Here, we demonstrate strong exciton-
photon coupling in an all-metal microcavity containing a thin
film of polycrystalline tetracene. This study is a demonstra-
tion of strong exciton-photon coupling in a crystalline or-
ganic microcavity where the intermolecular interaction is
strong enough to exhibit a Davydov splitting up to room
temperature. Indeed, Davydov splitting can only exist in the
presence of an excitonic state that samples multiple mol-
ecules within a unit cell. In this case, the crystalline mor-
phology is crucial to observing the giant splitting of the
lower polariton branch due to birefringence along both
Davydov components of the lowest excited state of tetracene.
Indeed, our experimental results are consistent with previous
theoretical descriptions of the excitation spectrum of crystal-
line organic microcavities,'®!7 and confirm that the effects of
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anisotropy are reduced by the presence of the microcavity. In
general, the resulting polaritons are a coherent superposition
of both photon polarizations, both Davydov components, and
the three lowest vibronic bands of tetracene.

To our knowledge, there has only been one report of
strong coupling in a polycrystalline organic thin film.'® In
contrast to that work where no evidence for long range order
was noted, we report here on a microcavity containing a
tetracene film with crystalline domains several microns in
diameter, i.e., much longer than an optical wavelength. In
this case, the anisotropic dielectric function, whose origin
lies in optical interactions with the individual macroscopic
crystallites, must be employed to understand the observed
polariton dispersion. Since the probe spot diameter
(~1 mm) is much larger than the individual crystallites, the
observed reflectivity consists of an average of the reflectivity
of randomly oriented single crystal microcavities. The weak
dependence of the excitation spectrum on azimuthal angle
allows us to resolve the polariton dispersion. In addition,
previous theoretical work has shown that both photon polar-
izations participate in the formation of the polaritonic state in
anisotropic organic crystals, in contrast to inorganic quantum
wells where the s and p polarizations are decoupled.!®!”

The microcavity structure consisted of a thin film of tet-
racene sandwiched between two Ag mirrors. The use of an
all-metal cavity greatly increases the electric field intensity
within the cavity compared to dielectric Bragg reflectors.'”
However, this occurs at the cost of a lower cavity Q factor
(O ~26) due to loss at the metal mirrors. The bottom mirror
consists of an 80 nm thick Ag film, deposited by vacuum
thermal evaporation onto a Si (100) substrate. Tetracene film
thicknesses ranging between 115 and 180 nm were used for
the cavity material. The structure was capped by a 35 nm
thick Ag top mirror.

The source tetracene was purified twice by gradient sub-
limation prior to use. Films were deposited by thermal sub-
limation in a vacuum of 10~ Torr onto substrates consisting
of thermally evaporated Ag films on Si (100), SiO, on Si
(100), and quartz. In all cases, the substrates were held at
room temperature during deposition. Polarized optical micro-
graphs taken under white-light illumination are shown in
Figs. 1(a) and 1(b) for 115 nm tetracene films grown simul-
taneously on both Ag and SiO,. The polycrystalline nature of
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FIG. 1. (Color online) Optical micrographs of
a 115 nm thick tetracene film taken through
crossed polarizers are shown for tetracene simul-
taneously deposited on (a) 80 nm thick thermally
evaporated Ag and (b) SiO,. The scale bar corre-
sponds to 20 um. (c) CuKa Bragg-Brentano
x-ray diffraction data confirming the crystalline
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nature of the film. Multiple diffraction orders are
seen. Stacking occurs in the (001) direction, with
the ab planes lying parallel to the substrate. The
broad peak near ~21° is due to the quartz sub-
§ strate. (d) Absorbance of a 140 nm thick tet-
racene film sublimed onto a quartz substrate. The
two Davydov components and the three lowest
vibronic transitions are identified.
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the films is clearly visible on both substrates. The domain
size was found to vary significantly with growth rate
(0.2=5 A/s), and is typically on the order of 1—10 wm, with
slow deposition resulting in larger grains. X-ray diffraction
patterns taken in the Bragg-Brentano configuration [Fig.
1(c)] confirm the triclinic structure of the tetracene thin films
and previous reports that stacking on SiO, occurs in the
(001) direction with the ab plane lying parallel to the
substrate.?%2! Molecular stacking on Ag also occurs in the
(001) direction, and for films grown under identical condi-
tions, the grains are typically larger on Ag than on SiO, by
2-3 um. This is likely due to a slower nucleation rate for
tetracene on Ag as compared to SiO,. Prior to top mirror
deposition, the film roughness was measured to be 8 nm by
atomic force microscopy.

The absorption spectrum of a 140 nm thick tetracene film
deposited on a quartz substrate is shown in Fig. 1(d). The
tetracene p band®? is characterized by two strong absorption
resonances at Ey ,=2.467 eV and E_,=2.384 eV that are
polarized along a and b, respectively.”? The splitting of this
transition, called the Davydov splitting, occurs due
to the resonant Coulomb interaction between the two
molecules comprising the tetracene unit cell.> The 0-1
(Ey.;=2.610 eV) and 0-2 (E,,=2.801 eV) vibronic bands of
tetracene are of comparable strength to the 0-0 band, and
also possess different oscillator strengths along the a and b
directions. Although the crystalline domains are rotationally
isotropically oriented, a manifestation of the crystalline na-
ture of the films is directly observed in their absorption spec-
tra. Since the crystallites are transparent to light polarized
along a at energy E_g,, Which corresponds to the transition
with the strongest oscillator strength, the absorption of this
resonance is limited to 50% regardless of the film
thickness.?

Room temperature angle-resolved reflectivity for the cav-
ity containing a 160 nm thick tetracene layer is shown in Fig.
2(a) for s-polarized light. The positions of the uncoupled
resonances are indicated by dashed lines. The presence of
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two lower polariton (LP) branches separated by AE;p
=243 meV at 15°, and identified by the labels LP, and LP,,
are clearly visible at low energy. The two lower branches
follow the usual inverse cosine cavity photon dispersion’ at
low angle, 6. At 6~40°, the lowest energy branch (LP})
anticrosses around the E(_y;, resonance, while the LP, branch
anticrosses around the E| (, resonance. As shown below, the
local anisotropy must be considered to understand the split-
ting of the lower branch despite the random azimuthal orien-
tation of the crystallites on the scale of the probe spot diam-
eter.

Also note the presence of hybrid modes (HP) located be-
tween the E,, E,.;, and E_, vibronics. These modes are a
coherent superposition of the cavity photon and the three
strongest vibronic bands. The mixing of intramolecular vi-
bronics was previously observed for the two lowest vibronics
of 3,4,7,8 naphthalenetetracarboxylic dianhydride, and was
understood in terms of a coupled-mode formalism.'® At
higher incident angles (6>45°), the upper polariton (UP)
branch energy increases with angle. It acquires a broad,
three-peak structure as it crosses the weak E_3 vibronic, and
the birefringence causes the UP, and UP, components to
separate slightly. However, the birefringence is much smaller
at high energy than it is on the low energy side of the exci-
tonic resonances. This makes it difficult to distinguish be-
tween UP, and UP,,.

In addition to the splittings caused by the birefringence, a
polarization splitting occurs due to the different phase
change for s- and p-polarized light reflected from metal mir-
rors with finite loss. This is due to a splitting in the photon
component of the cavity. To simplify the discussion, we only
consider s-polarized reflectivity. We have reproduced the ex-
perimental results by calculating the reflectivity using a
transfer matrix scheme that consists in diagonalizing Berre-
man’s 4 X 4 matrix.>»? The dielectric tensor for a tetracene
crystallite, where the principal axis is at an angle ¢ with the
laboratory frame x axis, can be written as
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g,(w)cos? ¢+ g,(w)sin® ¢ cos ¢ sin e () —ep(w)] 0
g;/(w) =| cos ¢ sin Ple,(w) - g,(w)] g,(w)sin® ¢+ gy(w)cos> 0 |, (1)

0

where w is the frequency of the incident light, and ¢, and g,
are the single crystal dielectric constants along a and b, re-
spectively. Since reflectivity must be averaged over all azi-
muthal angles, we have taken the unit cell as cubic to sim-
plify calculations. The experimentally reported triclinic angle
() is 86.3°.2! Both dielectric constants were modeled as a
sum of three Lorentz oscillators representing the three lowest
energy vibronics, with the Ej, contribution assumed to be
isotropic. The uncoupled energies, linewidths, and oscillator
strengths were taken from single crystal values reported
previously.?®?” A simple pole of amplitude A=0.192 was in-
cluded at high energy (E,=5.72 eV) to account for « and B
band absorption. Since the dependence on &, is very weak
for s-polarized light, we assume a constant value of ¢,
=2.42.

Figure 2(b) shows the reflectivity spectra calculated for
the cavity containing the 160 nm thick tetracene film. All of
the significant features generated from our model are consis-
tent with observation. The experimentally determined upper
branch is much broader than in simulations due to the exclu-
sion of the higher energy vibronics from the assumed refrac-
tive index. The other principal source of experimental line
broadening occurs from assuming only a single cavity thick-
ness, while the grown film has a pronounced surface rough-
ness. Finally, the birefringence in the transparent region of
the spectrum (at £<<2.2 eV) needed to fit the lower branch
splitting is determined to be An~0.2 from simulations, in
agreement with previous reports.”®

Reflectivities were also calculated for cavity thicknesses
of 115, 140, 160, and 180 nm using the same dielectric ten-
sor elements. The approximate dispersions extracted from
contour plots of the simulated reflectivity are shown in Fig.
3. The superimposed black circles correspond to experimen-
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tally determined peak positions for cavities of the same
thicknesses. The simulation results are once again consistent
with experiment. The dispersions are approximate since the
distinction between the longitudinal and transverse compo-
nents of the in-plane wave vector (k) is lost after averaging.
Although the effects of anisotropy are reduced by the pres-
ence of the microcavity, the important spectral features are,
nevertheless, preserved by the averaging process. For kj<<k
(where k2=k§+k3+k§=kﬁ+kf), the dispersion of the branches
corresponding to the two Davydov components is nearly in-
dependent, which is consistent with previous theoretical
predictions.'®!” This is apparent in the distinct anticrossing
behavior of both lower branches. For these branches, the
azimuthal angle dependence of the dispersion is weak, and
on the order of kﬁ/ k*. Hence, averaging over angle only leads
to a small effective broadening of these branches.

In conclusion, we have demonstrated strong exciton-
photon coupling in a microcavity containing a polycrystal-
line film of tetracene. This study is a demonstration of strong
coupling in an organic microcavity containing crystalline do-
mains on the micron scale, thus significantly exceeding the
wavelength of the incident beam. The coherent nature of the
delocalized excitations in tetracene results in a Davydov
splitting, which can be observed up to room temperature.
This, in turn, leads to a giant birefringence-induced splitting
of the lower polariton branch. The reflectivity spectrum is
found to be an azimuthal angular average of the reflectivity
of tetracene single crystal microcavities. These results are
consistent with previous theoretical investigations of the ex-
citation spectrum of crystalline organic microcavities.'®!”
Due to the high degree of crystalline order and the presence
of significant intermolecular interaction, this type of struc-
ture is an important step toward the exploitation of nonlinear
optical processes in organic microcavities.!'
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FIG. 2. (a) The angle-dependent reflectivity spectrum of a microcavity containing a 160 nm thick tetracene film. The spectra are taken in
5¢° increments. The dotted lines indicate the energies of the bare resonances observed in the absence of a cavity. Positions of the two lower
polariton branches (LP), hybrid branches (HP), and upper branch (UP) are indicated. (b) Simulated reflectivity of the microcavity in (a) using
the anisotropic transfer matrix scheme described in text. The reflectivities are averaged over all possible azimuthal angles.
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FIG. 3. (Color) Contour plots are of the simu-
lated average s-polarized reflectivity of micro-
cavities containing tetracence thicknesses of (a)
115 nm, (b) 140 nm, (c¢) 160 nm, and (d) 180 nm.
The reflectivity is calculated using the procedure
in Fig. 2(b). Reflectivity values are specified by
the color bar. The black circles correspond to the
experimental peak positions extracted from the
reflectivity of cavities of the same thickness.
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