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Light emitters in the vicinity of a hyperbolic metamaterial (HMM) show a range of quantum optical
phenomena from spontaneous decay-rate enhancement to strong coupling. In this study, we integrate a
monolayer molybdenum disulfide (MoS;) emitter in the near-field region of the HMM. The MoS; mono-
layer has 4 and B excitons, which emit in the red region of the visible spectrum. We find that the B excitons
couple to the HMM differently compared to A excitons. The fabricated HMM transforms to a hyperbolic
dispersive medium at 2.14 eV, from an elliptical dispersive medium. The selective coupling of B excitons
to the HMM modes is attributed to the inbuilt field gradient of the transition. The B exciton energy lies
close to the transition point of the HMM, relative to the 4 exciton. So, the HMM modes couple more to
the B excitons and the metamaterial functions as a selective coupler. The coupling strength calculations
show that coupling is 2.5 times stronger for B excitons relative to A excitons. High near field of HMM,
large magnitude, and the in-plane transition dipole moment of MoS, excitons, result in strong coupling
of B excitons and formation of hybrid light-matter states. The measured differential reflection and pho-
toluminescence spectra indicate the presence of hybrid light-matter states, i.e., exciton polaritons. Rabi
splitting of 143.5 meV + 14.4 meV at room temperature is observed. The low-temperature photolumines-
cence measurement shows mode anticrossing, which is a characteristic feature of hybrid states. Our results

show that the HMM works as an energy-selective coupler for multiexcitonic systems as MoS;.
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I. INTRODUCTION

The hyperbolic metamaterial (HMM) undergoes an opti-
cal topological transition (OTT) and the isofrequency sur-
face of HMM changes from an ellipsoid to a hyperboloid
at the transition point. The volume under the isofrequency
surface is the photonic density of states (PDOS). The
hyperbolic isofrequency surface is nonintegrable. As a
consequence of OTT, the PDOS of HMM diverges [1].
Due to diverging PDOS and the nature of propagating
hyperbolic modes [2], the HMM system has been studied
extensively for controlling light-matter interaction.

The evanescent modes with large wave vector propagat-
ing through the volume of HMM enable superresolution
imaging of subdiffraction size objects in far field [3,4].
HMM has been used to sense picomolar concentrations
of biomolecules [5,6]. The interface between HMM and
a photonic crystal as a Bragg mirror, can support optical
Tamm states [7]. The optical Tamm state wave vectors lie
within the light cone and can be directly excited by incident
light beam [8]. This has applications in broadband absorb-
ing materials, optical filters [9], and photovoltaic devices
[10].
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It has been demonstrated that a collection of emitters on
hyperbolic materials show strong coupling near the OTT
set-in point [11]. Modification of spontaneous emission
rate of dye molecules, [12] rare earth ions [13], and strong
coupling of semiconductor quantum dots [14] in the vicin-
ity of HMM is reported. The transition energy can be tuned
by changing the fabrication parameters.

Monolayer molybdenum disulphide (MoS;) is the light
emitter used for coupling with the HMM. MoS, belongs to
a class of layered van der Waals materials called transition-
metal dichalcogenides (TMDCs). These materials can be
exfoliated mechanically to the monolayer limit. The mono-
layer MoS, is a direct band-gap semiconductor [15]. It
has applications in light-emitting devices [16], optical val-
ley control devices [17], energy-storage systems [18], and
piezoelectric [19] devices. A monolayer MoS, system has
neutral excitons, charged excitons, localized excitons, and
dark excitons [20].

The orientation of transition dipole moment (TDM) of
emitters relative to the metal-dielectric interface of the
HMM determines the PDOS experienced by the emitters
[21] and the efficiency of coupling [22]. If the TDM is ori-
ented normal to metal-dielectric interface of the HMM, the
coupling is optimum to the plasmonic modes.

Due to the in-plane orientation [23] of TDM, the
monolayer MoS, excitons are well suited for coupling to
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silver-nanowire-based HMM. The maximum field of the
TDM is normal to the plane of the monolayer. So the PL
emission of the MoS, monolayer is ideal for driving the
longitudinal plasma oscillations in silver nanowires of the
HMM. The high TDM magnitude [24] of TMDC exci-
tons approximately 50 debye is also an additive factor for
optimal coupling.

Strong coupling [25] of emitters and HMM is observed,
when the coupling strength dominates the emitter sponta-
neous decay rate and HMM losses. Strong coupling results
in Rabi splitting in the frequency domain. The magni-
tude and orientation of the emitter TDM () determines
the energy decay rate into vacuum and HMM. The HMM
PDOS determines the field strength (£). The PDOS is high-
est near OTT set-in point and gradually decreases as the
exciton emission peak moves away from the transition
point. So both factors determine the coupling coefficient
g of a single emitter, given by [26]

UE
g=7" @)
We show that the MoS, B excitons are strongly coupled to
HMM and the Rabi splitting is 143.5 meV + 14.4 meV at
room temperature. A similar value of Rabi splitting (101
meV) is reported for WS; coupled metallic nanostructures
[27]. Rabi splitting of 58 meV at 77 K is reported for the
MoS; monolayer coupled plasmonic lattice system [28].
The lithographic processes used for fabricating nanoscale
plasmonic systems are expensive. Silver-nanowire-based
HMM used in this study is made through standard elec-
trochemical processes of the aluminum metal-finishing
industry [29], which is an inexpensive alternative. The fab-
ricated HMM is an industrially scalable coupler, which
can selectively strong couple MoS, excitons at room
temperature.

II. EXPERIMENTAL METHODS

The HMM is fabricated on a glass substrate for room-
temperature measurements. Exfoliated MoS; monolayer is
transferred onto the HMM with a 10-nm polymer spacer.
The Raman and white-light reflection spectra are collected
with a confocal microscope (Witec alpha 300). A 532-
nm laser diode is used for Raman-spectra measurement
and the spectra are collected with 100 x magnification and
0.9NA bright-field objective. The signal from the sam-
ple is relayed to a grating coupled Peltier cooled CCD.
For low-temperature photoluminescence measurement the
sample is fabricated on a silicon (with 300-nm oxide)
substrate. The sample is placed in a closed cycle cryo-
stat (Montana), which is capable of reaching until 6 K.
The cryostat is placed directly under a microscope system
(Horiba labram) for PL measurement in reflection mode.
The PL spectra are excited with a 532-nm frequency-
doubled Nd:YAG laser and are collected with a 50x

(a) - (b)
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FIG. 1. Characterization of fabricated hyperbolic metamate-
rial. (a) The SEM image of the region etched with a focused ion
beam (FIB). (b) The AFM image of 5 x 5 um? region of the
roughened side of the HMM with a 10-nm spacer. (c) The cross-

section SEM image of silver nanowires grown in an aluminum
oxide template.

magnification and 0.5-NA objective and relayed onto a
grating coupled Peltier cooled CCD.

II1. RESULTS AND DISCUSSION
A. HYPERBOLIC METAMATERIAL

The HMM is fabricated as per an earlier work from
our group [30], by growing silver nanowires in a porous
aluminum oxide film, through electrochemical deposi-
tion. (see S1 within the Supplemental Material) [31] The
HMM is characterised by scanning electron microscopy
(SEM) and atomic force microscopy (AFM), as shown in
Fig. 1. The metamaterial undergoes OTT and transforms
from a lossy dielectric medium to a hyperbolic dispersive
medium. The transition shown in Fig. 2(a), is calculated
according to effective-medium-theory (EMT) approxima-
tion [32] of the HMM, with silver metal filling fraction
0.15. The absorption coefficient of a system is directly
proportional to differential reflectivity (see S4 within the
Supplemental Material) [31]. The unpolarized white-light
differential reflection (DR) spectra of the HMM are mea-
sured and shown in Fig. 2(b). The OTT of the HMM is seen
as a smooth transition [33], which is attributed to losses in
the HMM.

The HMM DR spectra has a broad feature between 1.9
and 2.1 eV. To find out the critical point, where transition
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FIG. 2. (a) The calculated OTT of HMM. (b) The measured
DR spectra of HMM and the inlay shows the first-order deriva-
tive of DR spectra. (c) Schematic for HMM white-light reflec-
tion. (d) The calculated PDOS parameter (P) for the HMM. The
lines indicate the positions of 4 and B excitons.

occurs, the first-order derivative of measured DR is shown
in the inset of Fig. 2(b). The critical point is at 2.1003 eV +
0.8 meV, which is in good agreement with the calculated
EMT transition point 2.1378 eV. So the EMT description
of HMM is accurate. From a theoretical perspective, the
light free-space wavelength (in this paper A, > 500 nm) is
much larger than the period (133 nm) of the unit cell. So
the HMM should behave as an effective medium, which is
what we see in DR spectra. The monolayer MoS; has three
luminescent excitons [34,35] namely, 4 (about 1.8eV), B
(at 2.0 eV), and C (at 2.8 eV). The C exciton is not use-
ful for coupling, as it is in elliptical dispersive region of
HMM.

B. COUPLING STRENGTH CALCULATIONS

The selective strong coupling of B excitons to HMM can
be understood by considering the difference in PDOS at the
exciton positions and the relative oscillator strength of B
and A excitons. The PDOS parameter (P) of a lossy hyper-
bolic half space [36] is calculated from reported values of
refractive indices and extinction coefficients of silver and
alumina (see S10 within the Supplemental Material) [31].

2V exlex]
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The measured absorption data is incorporated in the PDOS
calculation as the loss factor (¢”). Here the Z axis is the
growth direction of nanowires and €, , €., are effective per-
mittivity values along X and Z axes. The calculated PDOS
is shown in Fig. 2(d). The PDOS is directly proportional
to the electric field (£) [37]. So the ratio of HMM electric

field at B (2.0222 eV) to 4 (1.8463 eV) exciton position is
given by

Py _Es _ 515 3)
Py E4
The oscillator strength (%) of an exciton [38] is directly
proportional to the absorption coefficient («). The rela-
tive oscillator strength of B to 4 excitons is extracted from
measured monolayer MoS, DR spectra.

2
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The exciton population (N) is directly proportional to the
PL intensity of MoS; excitons at room temperature (see
S5 within the Supplemental Material) [31]. The ratio turns
out as

N, I

2 _ 2 _ 088 ®)

Ny Iy
The coupling coefficient (g) for a population of N excitons
[39,40] is given by hg = v/NuE, where u is the exci-
tonic transition dipole moment and E is the HMM electric

field. The ratio of coupling coefficients is calculated by
combining Egs. (3), (4), and (5).
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The coupling at the B exciton is 2.5 times larger than
the coupling at the 4 exciton. So, the HMM can act as a
selective coupler for MoS; excitons.

C. COUPLED MoS,;-HMM SYSTEM

Bulk MoS, pieces are mechanically exfoliated using
scotch tape until the monolayer limit is reached. The
monolayer is transferred [41,42] onto the HMM, by dry
visco-elastic gel stamping (see S2 and S3 within the
Supplemental Material) [31].

The measured DR spectra for the HMM, monolayer
MoS, system on glass and monolayer MoS, on the HMM
are plotted in Fig. 3(b). The DR spectra of MoS; mono-
layer on glass has two peaks at 1.8463 eV £ 0.8 meV and
2.0222 eV £ 0.8 meV, corresponding to 4 and B excitons,
respectively. An extra peak at 1.9280 eV 0.8 meV is
observed between the positions of 4 and B excitons, in DR
spectra of the coupled monolayer MoS,-HMM system.

The measured PL spectra for monolayer MoS, on the
HMM and the monolayer MoS, system on silicon with
varying temperature are shown in Figs. 4(a) and 4(b),
respectively. The room-temperature (289-K) PL spectral
envelope of monolayer MoS; on the HMM is modified
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FIG. 3. (a) Configuration for coupling MoS, excitonic transi-
tion dipole moment to the HMM. (b) The DR spectra of HMM,
monolayer MoS;, and coupled monolayer MoS,-HMM system,
respectively.

and an extra peak (w_) appears at 1.8955 eV £ 7.2 meV.
So another peak is observed in both DR (absorption) and
PL (emission) spectra, which confirms strong coupling
[43]. Only three spectra at different temperatures are shown
for brevity (see S6 within the Supplemental Material) [31].

The MoS; monolayer Debye temperature [44] is 262 K,
which is close to room temperature. So the PL peak posi-
tion is sensitive to cooling, as PL is a band-edge emission
process. The MoS; 4 and B exciton PL peak positions blue
shift on cooling to cryogenic temperatures, [45] whereas
the plasmonic modes are temperature insensitive. Lower-
ing temperature can detune [46] the PL spectra and is used
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FIG. 4. (a) Measured temperature-dependent PL of mono-
layer MoS; coupled to HMM. (b) Temperature-dependent PL
of monolayer MoS, on silicon substrate.(c),(d) Evolution of PL
peak features of both monolayer MoS, on silicon and monolayer
MoS; coupled to the HMM with lowering temperature.

to visualize anticrossing [47] behavior of the MoS,-HMM
coupled system.

The losses are always significant in a plasmonic sys-
tem as HMM due to the scattering [48] of electrons by
phonons, electron-electron scattering, and direct scatter-
ing by surface plasmon polaritons (SPPs). When cooled
down to cryogenic temperatures, phonon-electron scatter-
ing reduces drastically, which results in longer [49] prop-
agation lengths of SPPs. Essentially a fraction of HMM
losses can be minimized, by cooling the system, which is
an added advantage of low-temperature PL. measurement.
So, temperature-dependent PL detuning measurement can
help to understand whether the 4 or B exciton is strongly
coupled to the HMM. Mode anticrossing is observed for
strongly coupled polariton modes [50,51]. While detuning,
one polariton mode moves towards the exciton line and the
other polariton mode moves away from the exciton line
[52,53].

We focus on PL features in the region from 1.8 to
2.1 eV in this paper, as the features related to 4 and
B excitons appear in it. The monolayer MoS, PL peak
position is strongly dependent [54] on the substrate and
dielectric environment. The refractive index of the HMM
also changes with temperature. To make sense of the
low-temperature PL data, two control measurements (see
S7 within the Supplemental Material) [31] are done, to
account for the temperature-dependent refractive index of
the environment. Rhodamine B dye molecule PL peak
position is independent [55] of temperature. So for control
measurements, Rhodamine B dye solution is drop casted
on to both the HMM and silicon with a spacer. Mono-
layer MoS, is transferred onto silicon with a spacer as a
reference sample for exciton peak blue shift.

The collected PL spectra, of all the samples are fitted
with Lorentzian function (see S8 within the Supplemen-
tal Material) [31] and the corresponding peak positions are
obtained. The MoS; PL peak shifts observed on the HMM
and silicon sample are corrected with respective control
samples with Rhodamine B dye. The measured tempera-
ture points range from 6 + 0.05 K to room temperature.
The B exciton peaks for MoS; on silicon are fitted with a
line. The corrected peak positions are shown in Figs. 4(c)
and 4(d). To visualize the evolution of peaks in Fig. 4(c),
the energies of the peaks adjacent to the B exciton are sub-
tracted with the MoS, B exciton energy and are shown in
Fig. 5. With lowering temperature, the subtracted upper
polariton branch [w+—wg] moves towards the B exciton
line and the subtracted lower polariton branch [w_—wg]
moves away from the B exciton line. The anticrossing of
modes, confirms that the B excitons of monolayer MoS;
are strongly coupled with HMM plasmonic modes and
form exciton plasmon polaritons. The 4 excitons peaks on
the HMM and on control silicon lie within the error bar of
14.4 meV (see S9 within the Supplemental Material) [31].
Anticrossing is not observed for 4 excitons. So they are not
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FIG. 5. Evolution of peaks with respect to the B exciton line
with lowering temperature.

strongly coupled with HMM modes. The B excitons are
selectively strong coupled to the HMM modes. The sepa-
ration between the upper and lower polariton branches is
considered as Rabi splitting. From Fig. 4(c), its value turns
out as 143.5 meV £ 14.4 meV at room temperature.

We show, due to the inbuilt field gradient of metamate-
rial, the nature of coupling is different for B and 4 excitons.
The B excitons are strongly coupled to metamaterial at
room temperature.

In principle, the OTT of HMM can be tuned to coin-
cide with 4 exciton of monolayer MoS,, by modifying the
silver-metal filling fraction to f = 0.12 (see S10 within
the Supplemental Material) [31]. At energies higher than
the OTT set-in point, the HMM behaves as a dielectric
medium. In this case only 4 excitons will interact directly
with HMM modes.

Apart from the coupling strength considerations, the
monolayer MoS, is a direct band-gap semiconductor. So,
the PL emission intensity linearly varies with the incident
laser beam power [56]. The intensity of polaritons will also
vary with incident laser power.

If the coupled MoS,-HMM system is excited by a laser
diode, then by changing the diode current, the incident
beam power can be changed. This in turn will change
the intensity of polaritons. So by coding a signal onto the
laser diode current source, the signal will be coded into the
laser beam, which in turn modulates the polariton intensity.
The coupled MoS,-HMM system is industrially scalable
and inexpensive, so it has potential for application as an
encoder in optical information systems.

IV. DISCUSSION

In order to incorporate Rabi splitting into the mode
information of the system, the plasmonic mode of HMM
and the B exciton of MoS; can be modeled as a pair of

coupled oscillators.

. 2
wi=w3—é(yB+K)i\/g§—(sz K> . (D

Under the coupled oscillator model [11,39], the upper and
lower polariton branches can be calculated from Eq. (7).
Here gp and yp are the coupling coefficient and vacuum
decay rate of B excitons. The HMM loss rate is repre-
sented by k. The physical quantities gg, ¥z, and x vary with
temperature.

The calculated polariton branches can be incorporated
into the response of the coupled system and the Rabi split-
ting in reflection spectra can be obtained using the coupled
oscillator model.

The main challenge to use this approach for the coupled
MoS,-HMM system, is to obtain an experimental estimate
of the HMM loss rate (x). The quality factor (Q) [57]
of a plasmonic mode central frequency (w) is given by
0 = w/k = w/Aw. From the white-light reflection spec-
tra (DR), the ratio between the mode central frequency (w)
to the line width (Aw) is considered as the quality factor.
From the DR spectra in Fig. 2(b), it can be seen that the
HMM has a set-in point at 2.14 eV (visible red region)
and extends beyond the near infrared region. So the quality
factor cannot be estimated from DR spectra.

The Rabi splitting (£2) is observed in spectra, the con-
dition for resolving splitting is 2 > hyg + hx /2. This
condition sets an upper limit for loss rate. At room temper-
ature, the Rabi splitting is 143.5 meV. So the upper limit
for the loss rate is (2§2/h) =4.36 x 10'* Hz, which corre-
sponds to a minimum of 2.3-fs decay time. So the detector
resolution to observe the losses in time domain has to be at
least 2.3 fs, which is beyond resolution of our instrumental
facilities (30 ps).

V. CONCLUSION

The coupled MoS,-HMM system is characterized with
differential reflection and temperature-dependent photolu-
minescence measurements. The mode anticrossing con-
firms that the B excitons of monolayer MoS; are strongly
coupled to HMM. At room temperature, the measured
Rabi splitting is 143.5 meV =+ 14.4 meV. We show that the
metamaterial functions as an energy-selective coupler for
MoS; A4 and B excitons. The relative coupling strength is
2.50 for B to A4 excitons.
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