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Abstract: A new type of optical microscopy based on hyper-
bolic polariton-coupled emission (HPCE) is demonstrated.
By employing hyperbolic metamaterials as the substrate, we
show a nearly 6-fold increase in fluorescence intensity in the
HPCE microscope compared to total internal reflection flu-
orescence (TIRF) on glass substrates. Moreover, we achieve
precise, time-dependent control of the fluorescence inten-
sity by modulating the incidence angle with a galvo scan-
ner. This tunability offers extensive potential for applica-
tions in super-resolution fluorescence microscopy and high-
sensitivity sensing, enabling real-time fluorescence inten-
sity adjustment.

Keywords: hyperbolic polariton-coupled emission; optical
imaging; directional fluorescence

1 Introduction

Total internal reflection fluorescence (TIRF) microscopy has
become a central tool in bioimaging for studying processes
near the cell-substrate interface. By introducing light at
an angle exceeding the critical angle, TIRF generates an
evanescent field that selectively excites fluorophores within
a thin layer (approximately 100-200 nm) near the inter-
face, significantly reducing background noise and thereby
improving the signal clarity [1], [2]. This selective excitation
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ability enables an exceptional signal-to-noise ratio, making
TIRF invaluable for studying cellular events such as vesicle
fusion, membrane trafficking, and other surface-proximal
dynamics. However, the achievable fluorescence enhance-
ment is inherently limited due to the use of a glass substrate,
which may restrict sensitivity in detecting subtle molecular
events and weak fluorescent signals [3]-[6].

Recent advances in engineered optical materials have
positioned hyperbolic metamaterials (HMMSs) as an innova-
tive alternative substrate for enhancing fluorescence-based
techniques. Owing to their hyperbolic dispersion, HMMs
support high-momentum (high-k) states that enhance
light-matter interactions at the nanoscale [7]-[9]. In peri-
odic multilayer HMMs, strong coupling between surface
plasmon polaritons in adjacent metal layers gives rise to
bulk propagating high-k waves; these waves are physically
understood as hyperbolic polaritons [10]. Prior theoreti-
cal and experimental studies have demonstrated that such
hyperbolic polaritons in HMMs can be leveraged to achieve
superior optical field confinement and signal enhancement
[11]-[15]. This property allows for substantial fluorescence
signal amplification compared to conventional glass sub-
strates. Furthermore, HMMs facilitate precise control of
the fluorescence signal by enabling dynamic modulation
of the incidence angle, a feature that can be seamlessly
integrated with conventional TIRF setups at their back
focal plane, ensuring accurate adjustment of the incidence
angle.

In this study, we demonstrated an optical microscope
based on hyperbolic polariton-coupled emission (HPCE) by
utilizing HMMs as the substrate — in place of traditional
glass — with a TIRF microscope. Real-time modulation of
the fluorescence intensity was achieved by adjusting the
incidence angle using a galvo scanner. Fluorescence inten-
sity was enhanced up to nearly 6-fold compared to that
obtained with a glass-based TIRF. These findings highlight
HPCE as a powerful tool for bioimaging, which provides
enhanced sensitivity and temporal modulation of fluores-
cence. This work not only expands the potential applications
of TIRF-based techniques but also offers new capabilities
for high-resolution imaging and molecular detection where
controlled fluorescence tuning is essential [16]-[18].

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/nanoph-2024-0617
mailto:zhaowei@ucsd.edu
https://orcid.org/0000-0002-5732-8109
mailto:yeonuilee@cbnu.ac.kr
https://orcid.org/0000-0001-8857-1251
mailto:shilong.li@zju.edu.cn
https://orcid.org/0000-0002-6044-4733

1214 = S, Lietal.: Hyperbolic polariton-coupled emission optical microscopy

1.1 Experimental setup

The HPCE microscope is designed to leverage the unique
dispersion of HMMs to tailor the fluorescence properties of
a fluorophore. The HMMs used in the HPCE microscope are
composed of a multilayer structure consisting of three pairs
of alternating 10-nm silver (Ag) and 4-nm silicon dioxide
(8i0,) layers (similar to the configuration described in pre-
vious research [9]), which facilitates high spatial frequency
wave propagation with enhanced light—matter interaction.

As shown in Figure 1a, the HPCE microscope is in an
inverted microscope configuration with an HMM substrate
positioned under the sample. The sample is illuminated off-
centered at the back focal plane (BFP) to control the inci-
dence angle 6,,, which allows for precise control of the exci-
tation conditions — crucial for achieving time-dependent
modulation of fluorescence intensity. The results for the
fluorescence intensity as a function of 6., are depicted
in Figure 1b. It shows that, by modulating 6, through a
galvo scanner, one can dynamically adjust the excitation
conditions, achieving a maximum enhancement in fluores-
cence intensity at the HPCE angle Oypcp. Such tunability
offers significant advantages in applications requiring time-
resolved intensity modulation. Moreover, this tunability is
wavelength-dependent due to the dispersive nature of the
HMM substrate, which enables selective excitation of fluo-
rescence at different angles, providing additional degrees
of freedom for modulating the fluorescence intensity. In
Figure 1c, back focal plane (BFP) images captured at differ-
ent incidence angles, i.e., c1 (37/8 radian), c2 (77/32 radian),
and c3 (0 radian), demonstrate the optimal angle c2 with
the highest fluorescence intensity. The corresponding flu-
orescence images (Figure 1d) at the image plane (IP) show
enhanced fluorescence intensity under the optimal excita-
tion condition (i.e., c2), illustrating the effectiveness of HPCE
in improving signal sensitivity and contrast.

2 Experimental results

2.1 Comparison of TIRF and HPCE

The time-dependent modulation of the incidence angle used
in the experiment is shown in Figure 2a. The angle sweeps
between 0 and 37/8 radians and is adjusted to enhance
fluorescence emission. Figure 2b shows the resultant emis-
sion intensity variation under TIRF using glass. Even though
TIRF gives rise to enhanced emission intensity at the total
internal reflection angle of the air/glass interface, the emis-
sion intensity remains relatively low and lacks distinct
peaks due to the limited enhancement capability of TIRF
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Figure 1: Experimental setup and imaging results of hyperbolic polari-
ton-coupled emission (HPCE). (a) Schematic of the setup. The fluoro-
phores, i.e., green emission fluorescent beads and red emission
quantum dots, positioned on an HMM substrate (at the image plane, IP),
are illuminated by a blue excitation laser (4., = 488 nm) off-centered at
the back focal plane (BFP) to control the incidence angle (6,).

The emission intensity is maximized at the specific incidence angle

0 = 0pce for the HPCE wavelength Ap¢¢. (b) Wavelength-dependent
angular emission profiles. The 6,,,¢; values at the green and red
wavelengths differ, as shown by the peaks in their respective intensity
distributions, highlighting the role of hyperbolic dispersion of the HMM
substrate in controlling the 8. (c) BFP images captured at different
incidence angles c1, c2, and ¢3, demonstrating the optimal angle c2 with
the highest fluorescence intensity. (d) Corresponding fluorescence
images at the IP. These images also show enhanced fluorescence
intensity under the optimal excitation condition (i.e., c2), illustrating

the effectiveness of HPCE in improving signal sensitivity and contrast.

when using glass. On the other hand, the fluorescence emis-
sion for HPCE on an HMM substrate (Figure 2c) exhibits
strong and clear intensity peaks for both green and red
wavelengths at specific incidence angles, demonstrating the
emission engineering ability of the HPCE.

The BFP and IP images of both green fluorescent beads
and red quantum dots under TIRF using glass (Figure 2d)
and HPCE using HMM (Figure 2e) are shown. For TIRF on
glass, the fluorescence emission is weak and lacks clear
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Figure 2: Comparison of fluorescence emission for red quantum dots
(605 nm) and green fluorescent beads (515 nm) under TIRF using glass
and HPCE using HMM. (a-c) Incidence angle modulation over time (a)
and the resultant emission intensity variations for TIRF on glass (b) and
HPCE on HMM (c), respectively. (d, e) Corresponding BFP and IP images
for TIRF on glass (d) and HPCE on HMM, respectively.
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angular control, resulting in lower signal intensity and con-
trast in the IP images. In contrast, for HPCE on HMM, BFP
images of both green fluorescent beads and red quantum
dots display distinct ring patterns, indicating strong, angle-
selective enhancement of these fluorophores. Moreover, the
corresponding IP images exhibit significantly increased flu-
orescence intensity for both the green and red fluorophores,
confirming that HPCE on HMM provides superior signal
enhancement and contrast compared with TIRF on glass.

2.2 Analysis of HPCE physical origin

The physical origin of HPCE is the excitation of hyper-
bolic polaritons supported by the HMMs used, which has
been confirmed through precise measurement of the angle-
dependent emission and the attenuated total internal reflec-
tion (ATR) as shown in Figure 3. In the angle-dependent
emission experiments, peaks in emission intensity are
expected to be observed at the optimal angles for hyperbolic

S. Li et al.: Hyperbolic polariton-coupled emission optical microscopy = 1215

@7
P 1.0 1 1
: HPCE =-o- 515nm
T on HMM -©- 605 nm
c
[ ]
< 05 TIRF - 515nm
g on glass - 605 nm
@
2 0 POQDOROO0
€ o
L
Time (s)
(b) 3 1.0
)
2
2
Q 05 1
£ Glass - 515nm §
3 - 605 nm
[ S ]
g Orree T
]
K 30 40 50

Angle (degree)

Figure 3: Analysis of the physical origin behind the HPCE microscope.
(a) Angle-dependent emission results. Emission intensity modulation is
achieved by varying the incidence angle over time for both the green
(515 nm) and red (605 nm) wavelengths under two conditions, i.e.,
HPCE using an HMM substrate and TIRF using a glass substrate.

(b) Corresponding attenuated total internal reflection (ATR) results.
Reflection dips reach their minimum at the resonance angles where
hyperbolic polariton excitation occurs, aligning with the peaks observed
in HPCE emission intensity.

polariton excitation within the HMMs when strong coupling
between the incident light and the hyperbolic polaritons
takes place. To find out such conditions, the incidence angle
was systematically varied from 30° to 55° in 1° steps, while
the corresponding emission intensity was monitored. The
results for both the green (515 nm) and red (605 nm) wave-
lengths under the two conditions, i.e., HPCE using an HMM
substrate and TIRF using a glass substrate, are summarized
in Figure 3a. The HPCE on HMM shows a significant increase
in emission intensity for both wavelengths, with a distinct
time-dependent modulation. This modulation is attributed
to angle sweeps across optimal incidence angles, which
align with the hyperbolic polariton excitation in the HMM,
resulting in enhanced fluorescence emission. In contrast,
TIRF on glass displays lower and more stable intensity mod-
ulation, indicating limited enhancement due to the lack of
hyperbolic polariton excitation.

The attenuated total internal reflection (ATR) exper-
iments [19], [20] were conducted to analyze how light
interacts with the HMM substrate across this range of
incidence angles (Figure 3b). The ATR results reveal the
angle-dependent excitation characteristics of the hyperbolic
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polaritons, providing insight into the resonance conditions
that enhance HPCE. As the incidence angle is swept from
30° to 55°, the HMM substrate exhibits pronounced dips in
reflected intensity around specific angles for each wave-
length. The reflection dips observed in the ATR experiment
align with the emission intensity peaks, confirming the role
of hyperbolic polariton excitation in achieving enhanced
fluorescence in HPCE. In contrast, the ATR experiment with
the glass substrate shows no significant changes in reflected
intensity, underscoring the lack of angle-dependent cou-
pling effects.

2.3 Simulations of optical field
enhancement in HPCE

To have a better understanding of the enhanced fluores-
cence in the HPCE microscope, numerical simulations were
carried out based on the finite difference time domain
(FDTD) method. Figure 4 summarizes the simulation results
of the excitation field enhancement using both the glass
and HMM substrates at wavelengths of 488 nm, 515 nm, and
605 nm for each substrate, respectively. In these simula-
tions, the excitation field is modeled as an obliquely inci-
dent plane wave from the glass side. The HMM substrate
used in the HPCE microscope is a multilayer structure con-
sisting of three pairs of alternating 10-nm silver (Ag) and
4-nm silicon dioxide (SiO,) layers. The intrinsic dielectric
permittivity values of Ag and SiO,, as reported in the Palik
database [21], were used for each material. As shown in
Figure 4a—c, the field intensity, |E|?, is localized near the
glass—air interface with a limited intensity peak around
the critical angle, exhibiting the typical optical response of
TIRF. The excitation field decays rapidly beyond the pene-
tration depth, limiting the enhancement effect achievable
on the glass substrate. Figure 4d-f shows the excitation
field intensity using the HMM substrate. The incident plane
wave excites surface plasmon polaritons at the interfaces
of individual metal layers, which subsequently couple to
form bulk hyperbolic polaritons. A significantly large field
enhancement across a broad range of incidence angles is
observed, owing to the hyperbolic dispersion of the HMM.
This extended angular range, combined with the higher
field intensity near the HMM surface, enables a more robust
excitation field that is not limited to the critical angle region,
as observed in TIRF. Although the radiative decay rate
enhancement is not included in these simulations, the exci-
tation field enhancement alone suggests that HPCE using
an HMM substrate can achieve over six times the fluo-
rescence emission enhancement compared to conventional
TIRF using the glass substrate. This result indicates that
the HMM structure, by enhancing the excitation field, also
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Figure 4: Analysis of the optical field enhancement in the HPCE
microscope. (a-f) FDTD simulation results showing field enhancement
using both the glass (a-c) and HMM (d-f) substrates at wavelengths of
488 nm, 515 nm, and 605 nm, respectively, for each substrate.

significantly improves the emission efficiency, which is con-
sistent with experimental measurements (Figure 3a). These
FDTD simulations confirm that the excitation field enhance-
ment on HMMs is significantly greater than that on glass,
even without accounting for radiative decay rate enhance-
ments, such that HMM-based substrates inherently boost
fluorescence signal through excitation field amplification.
It is worth noting that the contribution of radiative decay
rate enhancement is minimal in nonpatterned HMM sub-
strates compared to nonradiative effects [22]; additionally,
radiative decay rate enhancement does not depend on the
incidence angle, which is crucial for HPCE-induced emission
enhancement.

2.4 Optimization of HPCE enhancement

Hyperbolic polariton excitation in HMMs leads to signif-
icant field enhancement at the HMM surface, which in
turn results in HPCE enhancement. Figure 5 shows the
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Figure 5: Calculated hyperbolic polariton dispersion for HMMs with
varying material parameters. (a) Hyperbolic polariton dispersion with a
fill fraction p = 0.25 and refractive index of the dielectric layer n = 1.54.
(b) Dispersion for p = 0.29 and n = 1.54, which are the parameters used
in our experiment. (c) Dispersion for p = 0.33 and n = 1.54. (d) Effect of
increasing the dielectric refractive index to n = 2.0 for p = 0.29,
demonstrating how material parameters influence the hyperbolic
polariton excitation conditions across wavelength and incidence angle.

calculated hyperbolic polariton dispersion of HMMs com-
posed of three pairs of alternating metal (Ag) and dielec-
tric layers. The hyperbolic polariton modes are calcu-
lated through the transfer matrix method. The wavelength-
dependent nature of hyperbolic dispersion is influenced by
the material properties of the HMM, including the thick-
ness of the metal and dielectric layers, the fill fraction p =
to/ (tn + td) of the metal, where ¢, and t; are the thick-
nesses of the metal and dielectric films, and the refractive
index n of the dielectric material. HPCE occurs when the
momentum of the excitation beam matches the momen-
tum of the hyperbolic polariton dispersion. This match-
ing condition depends on the hyperbolic dispersion, which
varies with wavelength and is directly affected by the optical
properties of the metal and dielectric layers. As a result,
the optimal incidence angle for HPCE varies depending
on the fluorescence wavelengths of the sample. By tuning
the material parameters — such as layer thicknesses and
refractive indices — and adjusting the incidence angle of
the excitation beam, HPCE can be optimized for specific flu-
orescence wavelengths to achieve maximum fluorescence
enhancement. The choice of materials and their structural
parameters plays a critical role in determining the hyper-
bolic dispersion and the conditions for optimal HPCE. This
enables the customization of fluorescence enhancement for
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imaging applications by aligning the HPCE conditions with
the spectral properties of the fluorescent sample.

3 Conclusion and discussion

In conclusion, we have demonstrated an HPCE microscope
using an HMM substrate with a significant fluorescence
enhancement compared to the conventional TIRF micro-
scope on glass. The nearly 6-fold improvement in emis-
sion intensity underscores the effectiveness of the HMM
in enhancing excitation fields. The angle-dependent control
over fluorescence intensity enabled by the hyperbolic dis-
persion of the HMM allows for selective and tunable exci-
tation, which is beneficial for high-sensitivity fluorescence
imaging applications. Such dynamic modulation capability
is promising for advanced applications requiring high sen-
sitivity and controlled fluorescence emission including live-
cell imaging, biomolecular detection, and nanoscale opti-
cal sensing [23]-[25]. In addition, the hyperbolic disper-
sion of the HMM substrate enables high-momentum optical
modes that amplify the excitation field near the surface,
facilitating stronger light-matter interactions. This disper-
sion characteristic allows for efficient coupling at specific
incidence angles, where hyperbolic polariton excitation
occurs, thereby maximizing fluorescence emission. Addi-
tional work is needed to explore the influence of different
HMM designs and materials on the HPCE performance. For
instance, varying the thickness or materials in the HMM
layers could provide insights into optimizing fluorescence
for specific applications (Figure 5). The anisotropic nature
of HMMs plays a crucial role in the angular dependence
of emission observed in our study. Hyperbolic dispersion
in HMMs enables the coupling of fluorescence emission
into high-momentum modes (hyperbolic polaritons), which
are not accessible in isotropic materials such as glass. This
angular dependence arises because the hyperbolic polari-
ton modes depend on the direction of the emission rela-
tive to the optical axis and the momentum-matching con-
dition. As a result, the emission intensity exhibits a strong
dependence on both the emission angle and the excitation
beam incidence angle under HPCE conditions, and thisis not
observed in conventional TIRF on glass substrates.

While the anisotropic nature of HMMSs inherently influ-
ences the angular dependence of emission through hyper-
bolic dispersion, deviations from theoretical predictions
may arise due to surface roughness, material defects, and
fabrication inaccuracies. For example, surface roughness
or defects can scatter the hyperbolic polariton modes.
This scattering reduces the efficiency of polariton coupling
and thus results in lower fluorescence enhancement than
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predicted by the theoretical model. Additionally, defects
may introduce nonuniformities in the excitation field, fur-
ther affecting the observed angular dependence. Small vari-
ations in layer thicknesses during fabrication can shift
the hyperbolic polariton dispersion, which alters the opti-
mal incidence angles for HPCE and causes discrepancies
between the model and experimental results.

The ability to dynamically modulate fluorescence
intensity by adjusting the incidence angle with a galvo
scanner provides a novel tool for applications that
require temporal control of emission. The integration of
HMM substrates with fluorescence microscopy enhances
fluorescence intensity and enables tunable emission.
For example, it could be particularly valuable in super-
resolution microscopy, such as structured illumination
microscopy (SIM) and single-molecule localization
microscopy (SMLM), which rely on signal reconstruction.
Combining HPCE with SIM allows the high-momentum
hyperbolic polaritons to serve as structured illumination,
enabling reconstructed image resolutions to improve by
more than an order of magnitude [9], [26]. Additionally,
the HPCE effect provides improved sectioning capabilities,
leading to images with higher contrast and sharpness. In
SMLM, HPCE can enhance the signal-to-noise ratio (SNR),
which is critical for enhancing localization precision. The
increased SNR makes it easier to achieve subdiffraction
resolution, as the precision of molecule localization depends
heavily on fluorescence signal strength. Integrating
HPCE with other imaging modalities, such as confocal
or multiphoton microscopy, could further extend its
applicability. By combining the techniques with HMM-based
substrates, it may be possible to achieve new levels of
sensitivity and specificity in fluorescence imaging.

A key advantage of HPCE lies in its ability to extend the
photobleaching lifetime of fluorophores through hyperbolic
polariton excitation [22], [27]. This addresses one of the pri-
mary challenges in fluorescence microscopy — photodam-
age and rapid photobleaching — making HPCE an effective
strategy for overcoming these limitations in high-intensity
imaging applications.
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