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Abstract:

Graphene plasmonic structures can support enhanced and localized light-mater interactions
within extremely small mode volumes. However, the external quantum efficiency of the
resulting devices is fundamentally limited by material scattering and radiation loss. Here we
suppress such radiation loss channels by tailoring the structure to support a symmetry-
protected bound-state-in-the-continuum (BIC) system. With practical loss rates and doping
level in graphene, over 90% absorption near critical coupling is expected from numerical
simulation. Experimentally measured peak absorption of 68% is achieved in such a tailored
graphene photonic-plasmonic system, with maximum 50% contrast to the control sample
without graphene. Significant reduction of the plasmon absorption for a different spacer

thickness verifies the sensitivity of the system to the quasi-BIC condition.
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1. Introduction

Graphene plasmon polaritons are the hybrids of Dirac quasiparticles and infrared photons,
enabling strong light-matter interactions within tightly confined mode [1-4]. The local field
enhancement empowers graphene-based switches [5-10], photodetectors [11], molecular
sensors [11-17] and photocatalytic response [18-19]. The intrinsic quantum efficiencies of
those graphene plasmonic devices are limited by the mismatched plasmonic dissipation rate
and its coupling rate to the incident photonic mode [19-21]. The large plasmon dissipation
rate is attributed to hot carrier scattering, dielectric losses to the substrate’s phonons and
scattering from edge states or grain boundaries [1, 22]. To suppress the plasmonic dissipation
channels, direct etching [23-25] and atop metal grating [12, 14-15] are replaced by the
patterned semiconductor substrates [26], and the silicon oxide substrate is replaced by pristine
boron nitride to eliminate electron-phonon coupling [27-29]. However, the monolayer
graphene plasmon contribution to total absorption remains weak (<10%) [3, 15, 23, 28, 30-
31]. On contrast, near unity absorption by the graphene layer can be achieved near critical
coupling within photonic super-modes [32-35].

Without fine tuning, coupling the guided plasmonic mode to an out-of-plane photonic
resonance mode can improve graphene absorption to 25% [24]. At a bound-state-in-the-
continuum (BIC), the eigen state of a photonic-plasmonic hybrid mode can be decoupled from
the radiative continuum, since the radiative quality factor is not simply constrained by the
plasmonic mode scattering loss channels [36-39]. As the radiative quality factor of the local
photonic-plasmonic mode rapidly deviates from the BIC condition, a balance between the

radiation loss rate and the plasmonic loss rate can be reached, enabling critical coupling. A
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BIC-improved external quantum efficiency reduces the lasing threshold for both photonic and
plasmonic modes [40-41], and the power threshold for harmonic generation in two-
dimensional materials [42]. Plasmonic BICs have been theoretically explored in graphene [43-
44] and silver gratings [45], and experimentally demonstrated with large quality factors (~145)
in asymmetric gold plasmonic metasurface [46].

In this work, a graphene plasmon mode is defined by a micrometer-sized metal antenna array
on a flat transparent zinc selenide (ZnSe) substrate. The spacing between the graphene
plasmonic layer and the backside metal reflector determines the coupling between the in-plane
guided plasmonic mode and the out-of-plane photonic cavity mode, and thus determines the
features of the hybrid mode. To quantitatively evaluate the contribution of graphene,
comparison of identical designs with and without graphene can provide direct evidence. More
than 50% contrast in absorption spectra is observed experimentally in identical designs with
and without graphene, compared to numerical simulations resulting in 80% extinction ratio
contrast (excluding parasitic scattering loss). The additional layer of graphene leads to 10°
field enhancement in the plasmonic mode. The results provide direct evidence of BIC-
mediated plasmonic devices for efficient light interaction in single layer graphene. The BIC-
enabled photon-plasmon efficient coupling can be utilized for nonlinear optics, harmonic
generation, and optoelectronics in graphene plasmons.

2. Device fabrication and characterization

A uniform 100 nm gold layer is firstly deposited onto a silicon substrate through electron beam
(e-beam) evaporation, serving as a backside reflector. The spacer layer of ZnSe is then

thermally evaporated from a tantalum box with a perforated cover, with evaporation rate of 15
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angstrom per second. A bilayer ebeam resist is spin coated on the ZnSe on gold substrate to
improve the edge sharpness of the gold plasmonic structure. After development, 50 nm gold
is deposited onto the resist patterned substrate with a 10 nm chromium adhesive layer. The
evaporation rate was kept at 5.05 A/s for both layers. The chip is then placed in an NMP bath
for metal liftoff. Large-scale graphene grown through chemical vapor deposition (CVD) is
then transferred over the clean subwavelength metal arrays. The single layer nature of the
graphene is verified by the combination of atomic force microscope and micro-Raman
spectroscopy. A Bruker Optic Vertex 70 FTIR spectrometer and a Hyperion 2000 microscope
with a single-point ATR crystal are used to characterize the reflectance spectra of the device,
using a beam spot size of 40 um. The reflection spectra are collected using OPUS 6.0 software
averaging 128 scans per sweep. The reference background spectra are collected from the
ZnSe/gold/silicon thin film and subtracted from the measured spectra.

3. Results analysis

The device schematics is shown in Fig. 1(a). The plasmonic mode is defined by the top planar
gold nanorod array. ZnSe serves as the spacer material between the plasmon layer and backside
reflector. The nanorod length (L), width (7)), longitudinal periodicity (A), control the
plasmonic modes. The optical spacer thickness (D) controls the coupling between the out-of-
plane optical cavity mode and the in-plane plasmonic mode in the BIC system, yielding the
BIC condition. The spacer material (ZnSe) is transparent in the long wavelength range,
ensuring high quality factor optical cavity modes. Typical oxide dielectric materials are
avoided due to their absorption at the designed spectral range. After transferring a monolayer

graphene, distinguishable absorption spectra are shown in Fig. 1b. The addition of graphene
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shifts the absorption peak towards shorter wavelengths and enhances the peak absorption.
Maximum contrast near 90% and 60% are observed in numerical simulation and experiment,
respectively (Fig. 3). The inset of Fig. 1b shows the atomic force microscope image of the
graphene on gold plasmonic nanostructure, with ZnSe spacer. The optical simulation of the
three-dimensional structure shows strong optical field confinement in the graphene layer (Fig.
lc-d). The graphene layer manifests the in-plane optical field intensity, with over one order of
magnitude enhancement (solid curve in Fig. le), compared to the same design without
graphene (dashed curves in Fig. 1e). Without the back-side metal reflector, the weak reflection
on ZnSe and silicon substrate result in one order of magnitude smaller field confinement in
the top plasmonic layer (blue curves in Fig. le). Through the emergence of a BIC and
associated tuning to critically coupling in its proximity, the optical field enhancement in the
top graphene layer is more than 10°. The detailed plasmonic mode profile is plotted in Fig. 1c.
The Fermi-level dependent inter- and intra-band conductivity are considered in the 3D finite
difference in time domain (FDTD) simulation (Supplementary Material SM I).

The reflection spectra of the hybrid plasmonic-photonic structure can be obtained from a

Fabry-Perot-type approach [47]:

t%exp (i2k,D)
1-7r exp(i2k;D)

Ttotal =T (D
where k; is the wave vector component perpendicular to the plasmon surface. £ is the z
component effective wavevector in ZnSe. r and ¢ are the transmission and reflection

coefficients for the surface plasmon, respectively. Both complex transmission and reflection

coefficients are derived from temporal coupled mode theory [48]: t=

i(w—wp)+1/7g
i(w—wo)+(1/T9+1/7e)’

1/7¢
i(w—wg)+(1/T9+1/7e)’

—exp (ip) r = exp (ip) where o is the resonant



Accepted Manuscript
Version of record at: https://doi.org/10.1002/adom.202201193

angular frequency of the localized surface plasmon mode. ¢ is a plasmonic phase shift. In the
hybrid photonic-plasmonic system, the graphene and metal loss impact the Ohmic dissipation
rate (1/zp). The surface roughness of graphene, metal scattering and ZnSe nonuniformity
contributes to the coupling rate to radiation (//z.). Graphene only increases absorption ~2%
near the plasmonic resonance frequency while imposes large phase shifts on the complex
transmission () and reflection (») spectra, compared to the gold nanorods array. Based on the
experimentally fitted parameters, we simulated the spacer thickness dependent absorption
spectra (Fig. 2a). The BIC points are highlighted with dashed circles. The metal loss rate to
Ohmic dissipation (79 = 0.02 ps) strongly modifies the response in the system (Fig. 2b). By
keeping the rest of parameters the same, a reduced Ohmic loss rate brings the system closer to
an ideal BIC with zero full-width-half-maximum (FWHM) (blue doted curves in Fig. 2b, 7=
0.2 ps). However, the peak absorption also is reduced to minimal near the BIC (blue curve in
Fig. 2b). The metal loss reduces the quality factor near the BIC (black dotted curve in Fig. 2b),
but the system can now approach critical coupling near BIC (black curve in Fig. 2b), which
results in perfect absorption in the graphene plasmonic layer. We measured the absorption
spectra with the spacer thickness D of 1.4 um (closer to the critical coupling, Fig. 2c¢) and 2um
(away from the critical coupling, Fig. 2d). Different slot lengths samples are investigated and
compared considering fabrication variations. The slot length of 3.4 um results in the best
absorption near critical coupling.

As the conductivity dispersion in graphene plasmon depends on the chemical doping level, the
experimentally measured spectra with varying slot lengths (Fig. 3a) are comparable to the

three-dimensional FDTD simulation with graphene chemical potential Er set at 0.26eV (Fig.
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3b). The solid and dashed curves represent the absorption spectra for identical device designs
with and without graphene, respectively. The circles mark the hybrid modes near the
fundamental plasmonic mode for BIC, and the triangles mark the second order mode with
higher quality factors. Experimentally, the typical chemical potential Er of transferred
graphene layer is around 0.25e¢V [48-50], with scattering rate ~ 2.3x10'3 s7! [51]. The
graphene’s contribution to the total absorption (difference between the solid and dashed curve)
is weaker with Er = 0.12eV (Fig. 3¢), as the mode overlap to the graphene layer reduces with
the Fermi level modified complex refractive index spectra in graphene (Supplementary
Material I). It is noted that near the plasmonic wavelength (photon energy ~ 0.1eV), the
interband absorption is prohibited by Pauli blocking, and thus only intraband absorption
contributes to the plasmonic mode absorption.

Both modes shift to longer wavelength at increased slot length L, at the fixed lattice
constant 4 = 4.0 um (Supplementary Material IT). The maximum peak absorption is achieved
at L=3.8 um and chemical potential of 0.26 eV, which is typical for transferred graphene from
copper (Fig. 3b). Significant contrast to control sample without graphene is observed near the
fundamental plasmonic mode. A similar trend is observed in the measurements, where the
peak absorption in the graphene sample is significantly larger (Fig. 3a). The peak absorption
of the hybrid mode increases with the slot length and reaches a peak value near 68% at L =
3.0um and 3.5um (solid curves in Fig. 3a). Peak absorption near 53% is shown in the hybrid
mode without graphene at L = 3.0um and decreases with longer L. Compared to the FDTD
simulations, the reduced peak absorption in measurement might be attributed to parasitic loss

channels such as scattering or polymer residue absorption.
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The significant absorption enhancement enabled by the graphene monolayer disappears in the
hybrid system away from the BIC condition. We examined the hybrid system with half lattice
constant 4 = 2.0 pm and the same L/A ratio. The resonance frequency of those plasmonic
modes nearly doubled, and the photonic and plasmonic modes are decoupled (Fig. 4a).
Graphene transferring does not modify the resonance frequencies (dashed and solid curves in
Fig. 4a). No clear enhancement in peak absorption is observed for this different lattice constant
(Fig. 4b-c). The peak absorptions in a set of devices with 4 = 2.0 pm are consistently lower
than the 4 = 4.0 pum devices sets. Both sets of data in Fig. 4 had an optical spacer thickness of
1.4 pm.

4. Conclusions

With practical plasmonic loss rates and radiation loss rates, BIC-enhanced coupling coefficient
to the graphene plasmon enables approaching more conveniently the critical coupling
condition. Given the chemical potential of transferred CVD graphene, the lack of inter-band
transition results in weak absorption in graphene in the far-infrared range. However, the
reduction in radiation loss typical of BICs can compensate for this effect and enable critical
coupling through photonic engineering. Our numerical simulation predicts over 90%
absorption by leveraging the weak intra-band transitions in graphene, and our experiments
demonstrate large absorption contrast (50%) by adding a monolayer graphene. These
demonstrations set a device framework for free-space graphene switches and imagers
operating in mid- and far- infrared ranges.
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Figures:

Frequency (cm'!) z (um)

Figure 1. Graphene modified hybrid plasmon-photonic system. a Perspective view of the
device. b Measured extinction spectra and BIC model fitted spectra (solid and dashed curves)
for the given device design (D = 1.4 um, L =3 um, and 4 =4 um) with (red dots) and without
graphene (blue dots). ¢ Optical intensity profile in one primitive cell at plasmonic resonance
wavelength in XY plane and d XZ plane. e Optical intensity distribution along the z-direction
across the graphene layer. An order of magnitude higher field intensity is shown for the same
design on the graphene layer graphene (solid curves), compared to the control samples without
graphene (dashed curves). The effect of the back reflector is shown as the contrast between

blue and red curves.
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Figure 2. Bound states in the continuum mediated radiation loss and coupling to
graphene-metal plasmon polariton. a Simulated absorption spectra versus spacer thickness
D based on equation (1). The plasmonic mode frequency is 430 cm™'. The Ohmic loss lifetime
79=0.02 ps and the radiation coupling lifetime z. = 5 fs are obtained by fitting the experimental
results. The dashed circles mark the BIC states in the lossy system. b Photonic mode dependent
peak absorption and full width half maximum width (FWHM). With the same 7., and the metal
loss lifetime is set to be 2ps (more ideal case, blue curves) and 0.02ps (experimental value,
black curve). ¢ Measured extinction spectra for D = 1.4 um and d D = 2.0 um. The lattice
constant 4 = 4.0 um. The results for the rod length 2=2.5, 3.0 and 3.4 um are plotted in blue,

purple and red respectively in ¢ and d.
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Figure 3. Graphene Fermi-level dependent absorption contrast. a Measured extinction
spectrum with (solid curves) and without (dashed lines) graphene. b Full field numerical
simulation of the correspondent extinction spectra with the Fermi level of graphene set at
0.26eV and ¢ 0.12eV. The empty circles and triangles mark the first and second order

plasmonic mode. The spacer thickness is 1.4 um. Lattice constant is 4um. The rod length

increases from 2 um to 3.8 um.
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Figure 4. Lattice constant dependent resonance frequencies and peak absorption of the
hybrid mode with (solid lines) and without graphene (dashed lines). a Critical wavenumber
and b Extinction ratio as a function of rod length L for 4 =2.0 um (blue) and 4 =4.0 um (red).
as a function of rod length. The smaller periodicity reaches a maximum extinction ratio at L =
1.9 um and the larger periodicity reaches a maximum at L = 3.0 um. ¢ Extinction spectra as a

function of critical wavenumber.





