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Abstract: Infrared optical field compression provides an effective route to control mode dispersion and spatial dis-
tribution. In free space or homogeneous media, infrared propagating modes are diffraction-limited and difficult to
achieve deep-subwavelength field compression. Optical field compression requires dispersion control and struc-
ture geometry design. In recent years, advances in low-dimensional materials and micro-nano fabrication broaden
the physical implementation path of mode volume modulation. This review classifies infrared optical field into
two fundamental types based on axial symmetry, including out-of-plane compression and in-plane compression.
Out-of-plane compression forms normal (axial) compression states through interface dispersion and boundary con-
ditions. Representative mechanisms include surface plasmon polaritons (SPPs) , surface phonon polaritons
(SPhPs) , and waveguide modes. In-plane compression suppresses lateral propagation through disorder-induced
interference, defect states, or geometric compression. This review compares physical origins and characteristic
spatial scales of different mechanisms and summarizes research progress in infrared photodetection, surface-en-
hanced infrared absorption, and light-emission modulation. Further discussion examines the potential of hybrid in-
plane-out-of-plane compression for enhancing optical field compression and tailoring mode distribution, and out-
lines future research directions.
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Introduction

Infrared optical field compression is an important re-
search direction in photonics and quantum optics"">. It
describes the spatial confinement of electromagnetic
fields, typically accompanied by reduced mode volume
and subwavelength field enhancement. The mode volume

14

mode

finement, characterizing the effective spatial extent of an

serves as a fundamental quantitative metric of con-

optical mode and influencing the local density of optical
states (LDOS) , thereby governing light-matter interac-
tions*. In general, it can be expressed as

fs(r)|E(r)|2dV
max{a(r) |E(r) ’2}

V

mode
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where E(r)represents the electric field distribution and
&(r)is the dielectric permittivity. Reducing the mode vol-
ume concentrates optical energy into smaller spatial re-
gions, thereby enhancing the sub-wavelength electric
field intensity and strengthening light-matter interaction.
Photonic structures capable of compressing optical modes
into subwavelength volumes therefore provide effective
pathways for infrared photodetection®’, molecular sens-
ing”™*, nonlinear optics”’, and on-chip photonic integra-
tion'®. Infrared optical modes typically exhibit spatial
scales comparable to their free-space wavelengths. Their
wavevector distribution is constrained by the light cone
and diffraction relations, making it difficult for homoge-

neous media to support high-momentum bound states or
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achieve deep subwavelength field compression'®’. There-
fore, structure geometry design becomes a central chal-
lenge in infrared photonics. In recent years, various
physical platforms such as interfacial polaritons'”, pho-
tonic bandgap structures'"'’ , and disordered scattering
systems''” have been successively developed, achieving
the redistribution of modal wavevectors across different
axial symmetries. However, most studies classify optical
field compression mechanisms by material or structural
type. The systematic comparison based on different axial
symmelries remains lacking. From the perspective of axi-
al symmetry, infrared field compression can be classified
into out-of-plane and in-plane types.

Out-of-plane confined optical modes are governed
by interfacial dispersion or geometry along the axial direc-
tion. The mode exhibits exponential decay or forms con-
fined eigenmode distributions along the axial direction,
while remaining laterally propagating in-plane. Typical
mechanisms include interfacial polariton bound states
and waveguide cross-sectional confined modes"”. Their
axial compression length can typically be confined to the
subwavelength scale. In-plane compression corresponds
to lateral compression within the structural plane. Repre-
sentative mechanisms include Anderson localization
(AL) induced by disorder-driven multiple scattering"*',
defect state compression in photonic bandgaps™ , and
SPPs field compression arising from geometric compres-
sion'"”. The differences between the two mechanisms are
reflected in the wavevector structure, the in-plane and
out-of-plane compression lengths, and the effective
mode-volume distribution.

In this review, we compare the in-plane and out-of-
plane compression scales of plasmonic modes, phonon
polaritons, waveguide modes, AL, bandgap defect
states, and geometrically confined plasmons, as shown
in Fig. 1. This comparison clarifies the differences in
compression dimension, compression strength, and ap-
plicable regimes across distinct mechanisms. On this ba-
sis, coordinated design of axial and lateral compression
enables hybrid in-plane and out-of-plane compression.
Such hybrid compression further reduces mode volume
and tailors the spatial distribution of modes, offering sig-
nificant potential for nonlinear optical communication'”",
surface-enhanced infrared absorption (SEIRA) ", and
light-emission modulation'™. By analyzing the physical
origins and characteristic scales of mechanisms with dif-
ferent symmetries, this review provides a systematic
framework for infrared light field regulation, encompass-
ing in-plane, out-of-plane, and their hybrid compres-
sion.

1 Out-of-plane compression

Out-of-plane compression refers to electromagnetic
modes that are strongly confined along the direction per-
pendicular to the structural surface (axial direction, typi-
cally defined as the z direction in extensive previous re-
searches). This compression is governed either by the ge-
ometry along the axial direction or by the interplay be-
tween intrinsic material dispersion and interfacial condi-

tions. A common feature is that the electromagnetic field
exhibits pronounced exponential decay or decays asymp-
totically faster than a polynomial law of r* along the axial
direction. Typical out-of-plane compression mechanisms
include surface plasmon polaritons (SPPs) compression,
surface phonon polaritons (SPhPs) compression, and
waveguide-mode compression. Among these mecha-
nisms, SPPs provide extremely strong subwavelength
confinement but suffer from significant Ohmic loss.
SPhPs exhibit lower losses and higher quality factors in
the infrared, though their operation bandwidth is limited
by phonon resonances. Waveguide modes offer relatively
low-loss confinement and good integration compatibility,
but their compression strength is typically restricted by
diffraction and refractive index contrast. These mecha-
nisms therefore represent different routes for achieving
axial electromagnetic confinement.

1.1 Surface plasmon polaritons (SPPs)

A SPPs is one of the most representative mecha-
nisms for achieving out-of-plane infrared compression.
SPPs are formed by the coupling between the collective
oscillations of free electrons in metals (or metal-like ma-
terials) and electromagnetic waves. In the infrared spec-
tral range, SPPs exhibit subwavelength compression,
with fields decaying exponentially along the axial direc-
tion. The compression scale is determined by the com-
plex dielectric function and dispersion relation, exhibit-
ing as a mode characterized by in-plane propagation and
out-of-plane compression.

For an ideal planar interface, the dispersion relation
of SPPs can be written as""”

&€
k' — k m<d 2
SpPP 0 8"1 + 8(1 ” ( )

here, ¢,and & denote the complex dielectric permit-
tivities of the metal and the dielectric, respectively.
When Re(e, )<-&,, a bound interfacial mode can be
supported. Because | ksw| > k,, the mode lies outside the
free-space light cone. This leads to an imaginary axial
wavevector k_, resulting in exponential decay perpendicu-
lar to the interface and subwavelength compression. The
corresponding out-of-plane compression length is given by

1
oL = Im(kz) - 3

In the infrared regime, traditional SPPs exhibit long
in-plane propagation lengths on the order of L,~10*\o
with relatively weak axial compression (8.~ 0.1-1 A,)
2 The compression of the out-of-plane compression
length confines the electromagnetic energy within a sub-
wavelength region near the interface. This compression
enhances the sub-wavelength electric field intensity and
decreases the effective mode volume Vg, thereby increas-
ing the LDOS and strengthening light-matter interaction.

Because the resonance condition is governed by the
in-plane wavevector through the SPPs dispersion rela-
tion, geometric parameters directly modulate the spectral
position of the photo-response. Sobhani et al. employed
a periodic gold grating-silicon Schottky architecture to
control the plasmonic resonance through precise tuning of
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Fig. 1 Conceptual diagram of infrared field compression strategies: Including out-of-plane mechanisms (SPPs: &,&, < 0, opposite-
sign permittivities at metal-dielectric interfaces; SPhPs: Re(e) <-g,, negative permittivity in polar crystals enabling surface-bound
modes; waveguides: ¢ ]S =0andd,y ‘S = 0, boundary-defined confined eigenmodes). In-plane mechanisms include (Anderson localiza-
tion: kI < 1, disorder-induced multiple scattering suppressing propagation; defect states: @ within bandgap (Photonic Density of States
PDOS = 0) , localized modes via bandgap confinement; geometric localization: E, = Ar"P,(cos #), singular field enhancement near
sharp boundaries with v < 0). Connections between mechanisms indicate possible coupling pathways. Solid lines indicate physically cou-

pled mechanisms discussed in this work, while dashed lines denote potential couplings not covered here.

the grating period (Fig. 2a). The peak photo-response fined field distribution and achieved polarity-switchable

wavelength exhibited a linear dependence on the grating photo-response through structural control (Fig. 2c).
period, enabling narrowband spectral selectivity and de- SPPs compression has also been widely employed in light-
terministic wavelength tuning through structural de- emission modulation™?" | mnonlinear optical enhance-
sign”" In contrast, strongly confined SPPs platforms, ment™ , surface-enhanced spectroscopy ™’ and photoca-
such as graphene plasmons, metal-insulator-metal gap talysis”™". Further structural compression into nanocavi-
modes, and doped semiconductor plasmons, achieve ties, nanogaps, or metal-insulator-metal (MIM) configu-
deep subwavelength compression, reaching ~0. 1-1 A, in- rations enables simultaneous in-plane and out-of-plane
plane and ~0.01-0.1 A, out-of-plane compression>. compression. However, such strongly confined architec-
Fang et al. introduced metallic nanoantenna structures tures are intrinsically limited by metallic Ohmic loss.
between bilayer graphene to excite out-of-plane confined 1.2 Surface Phonon polaritons (SPhPs)

SPPs modes at the metal-graphene interface. This struc- Compared with SPPs, SPhPs provide another plat-
ture enhanced the near-infrared photoresponse and form for out-of-plane compression of infrared electromag-
achieved an internal quantum efficiency of up to 20% in netic fields. SPhPs originate from the coupling between
the visible to near-infrared spectral range'”. Beyond electromagnetic fields and lattice vibrations (optical pho-
near-field enhancement, SPPs can introduce polarization nons) in polar crystals. In the infrared regime, metallic
selectivity through geometric anisotropy. Wei et al. de- plasmons can provide strong field enhancement and re-
signed a T-shaped nanoantenna (Fig. 2b) and combined duced mode volume but are generally limited by Ohmic
it with a Seebeck coefficient gradient to generate direc- loss. In contrast, because the phonon damping rate is
tional photocurrent, enabling a zero-bias mid-infrared much smaller than the free-electron scattering rate, pho-
graphene polarization photodetector™’. Building on this non polariton modes exhibit stronger optical compres-
work, they further constructed a non-centrosymmetric sion, longer lifetimes, and lower loss. However, their
nanoantenna structure using Ti and Pd in 20217, By operation is restricted to the Reststrahlen band of polar

tuning the antenna orientation, they reconfigured the con- crystals, which limits the accessible spectral range and
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Fig. 2 SPPs structures with out-of-plane compression: (a) (i) Schematic of a gold grating patterned on an n-type silicon substrate.
(ii) Linear dependence of the responsivity peak wavelength on slit spacing under s-polarized Gaussian illumination (W = 250 nm, T =
200 nm). (iii) Identification of two resonant modes in the measured responsivity spectra’; (b) (i) Schematic of a T-shaped metasur-
face-mediated graphene photodetector (A =4 pum). (ii) Polar plot of the measured photocurrent 1,,, representing the scalar projection of

[ ,along the drain-source electrode direction. (iii) Measured frequency-dependent noise spectrum and the calculated noise-equivalent

power (NEP)™'; (¢) (i) Schematic of a nanoantenna-mediated semimetal photodetector. (ii) Polarization ratio as a function of the

nanoantenna orientation angles(6,, 6,). (iii) Measured gate-voltage-dependent photovoltage at polarization angles ¢ = 45and 135",

material platforms. The dielectric response of such me-
dia can be expressed as"

2 2
Wip;, — Wy,

(4)

.1+

e(w)=¢.,

w7y — @ — il ’

here, &, and I'; denote the high-frequency dielec-
tric constant and the intrinsic damping coefficient of the
material, respectively. The parameters w,, and @, cor-
respond to the longitudinal and transverse optical phonon
frequencies that bound the Reststrahlen (RS) band along
the principal direction j.

Typically, in the frequency range w,, < w < w,,,
the real part of the dielectric function satisfies
Re(g) < 0, known as the Reststrahlen band. At an inter-
face, the geometry requires continuity of the axial compo-
nent of the electric displacement field. A bound interfa-
cial mode can be supported at the interface if one medi-

um exhibits a negative dielectric response. The in-plane
wavevector satisfies &k, > k,, and the field decays expo-
nentially in the axial direction. The out-of-plane com-
pression length 8, is typically on the order of 0. 1-1 A,
Meanwhile, owing to the relatively low phonon damping,
the in-plane propagation length can reach L, ~ 10 -
100 A, (typically on the order of several tens of wave-
lengths ) "%,

Early studies of SPhPs mainly focused on uniaxial
crystals exhibiting out-of-plane hyperbolic dispersion.
Within the Reststrahlen band of these materials, the in-
plane and out-of-plane dielectric permittivities have oppo-
site symbols, which supports volume-confined hyperbolic
phonon polaritons, such as hBN"". As research pro-
gressed, the concept of hyperbolic dispersion is extended
from the out-of-plane direction to the in-plane direction.
In 2018, Ma et al. showed that natural a-MoO3 supports
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out-of-plane compression and exhibits pronounced in-
plane anisotropic dispersion’™. Infrared nano-imaging
(Fig. 3a) directly visualized the elliptic and hyperbolic
in-plane isofrequency contours of polaritons. The aniso-
tropic dispersion enables directionally confined polariton
propagation, leading to in-plane field compression and
energy compression along specific crystallographic direc-
tions. Moreover, the long lifetime of phonon polaritons
(~8 ps at room temperature) enables low-loss and long-
range propagation. Zhao et al. further employed molyb-
denum isotope enrichment to suppress incoherent scatter-
ing caused by the natural multi-isotope distribution of
Mo"**, increasing the polariton lifetime to 13. 9 ps with a
propagation length of 6.76 pm (Fig. 3b). Controlling
the atomic mass of Mo also provides an effective way to
tune the polariton frequency in a-MoOs3, offering a poten-
tial route toward ultra-low-loss polaritonic devices. Addi-
tionally, polar dielectric materials such as SiC support
low-loss SPhPs in the mid-infrared regime, providing a
representative platform for long-lived and highly confined
polaritonic modes ™.

Owing to their large in-plane momenta, SPhPs are
generally difficult to couple to directly from free-space
photons. Efficient excitation therefore often relies on mo-
mentum-matching schemes enabled by intense light
sources, near-field probes, or photonic structures,
which can limit practicality and overall coupling efficien-
cy. Guo et al. exploited nonequilibrium carriers driven
by a strong electrical bias, whose high-momentum near-
field radiation can simultaneously satisfy energy and mo-
mentum matching with hyperbolic phonon polaritons in
hBN". This mechanism enabled mid-infrared electrolu-
minescence of polaritons without external optical cou-
pling structures (Fig. 3c). The emission intensity can
be further tuned by the applied bias through modifying
the nonequilibrium carrier distribution and the tilted Fer-
mi surface in graphene. In a related thermal excitation,
Hutchins et al. showed that hot nonequilibrium electrons
at Au/hBN interface can excite volume-confined hyper-
bolic phonon polaritons in hBN via near-field radiation,
leading to ultrafast (picosecond-scale) interfacial heat
transport (Fig. 3d) " Coupling SPhPs with photonic
crystals, metasurfaces, or defect states can generate con-
fined polaritonic modes, enabling simultaneous in-plane
and out-of-plane compression ™',

1.3 Waveguides

In dielectric or metallic waveguides, guided modes
are supported when the propagation constant satisfies
Nguke <B < n,,ky, Under this condition, the electro-
magnetic field decays evanescently along the direction ax-
ial to the interface while propagating within the interface
plane. In infrared dielectric waveguides, the out-of-
plane compression length is typically on the order of
1 Ay. Such compression enables light to be concentrated
within a wavelength-scale cross section while maintaining
extended propagation along the interface, thereby allow-
ing precise control of modal distribution, interaction
length, and coupling to active materials. Consequently,
waveguide structures constitute a fundamental platform

for integrated infrared photonics and for engineering light-
matter interactions.

In the field of photodetection, early work introduced
a graphene onto a silicon optical waveguide on a silicon-
on-insulator (SOI) (Fig. 4a) to realize evanescent-field
coupling absorption. A responsivity of 0. 13 A W' was
achieved at 2. 75 wm, demonstrating the effectiveness of
waveguide-enhanced absorption™’. In the same year,
Gan et al. employed an asymmetric metal-doped gra-
phene junction to decouple the optical absorption path
from the carrier transport path (Fig. 4b), achieving a re-
sponse speed exceeding 20 GHz under zero bias™’. In
2020, Guo et al. designed an ultrathin wide-ridge sili-
con-graphene hybrid plasmonic waveguide. The modal
field distribution was optimized to enhance graphene ab-
sorption and suppress metal loss. The device achieved a
responsivity of 0. 4 A W' and a 3 dB bandwidth exceed-
ing 40 GHz at 1. 55 pm (Fig. 4c). This result demon-
strates the coexistence of high responsivity and high-
speed operation under low bias*"'. Flory et al. integrated
a vertical MoTe, -graphene heterojunction onto a silicon
waveguide, orienting the carrier transport path perpen-
dicular to the optical propagation direction (Fig. 4d).
This design increased the bandwidth of the TMDC photo-
detector to 24 GHz*".

In electro-optic modulation, dispersion engineering
and traveling-wave electrode design based on thin-film
lithium niobate enabled ultra-broadband high-speed mod-
ulation covering the O-U bands and extending to the 2
pwm band (Fig. 4e). The devices achieved a 3 dB band-
width of ~100 GHz in the O-S- C- L bands, and more
than 50 GHz at 2 wm, demonstrating continuous opera-
tion across multiple wavelength bands". In nonlinear
optics, the compression of modal area in waveguides in-
creases the effective nonlinear coefficient and enhances
the efficiency of third-order nonlinear interactions.
Kuyken et al. generated an octave-spanning mid-infrared
frequency comb covering 1500-3300 nm in a silicon
nanowire waveguide using 16 pJ pulse energy (Fig. 4f)
and verified its phase coherence*. In addition, semi-
conductor waveguide structures based on the free-carrier
response of two-dimensional materials'’ or longitudinal
bulk plasmon modes in heavily doped semiconductors in-
troduce strong electronic nonlinearity into guided-mode
systems*'. These platforms enhance the effective nonlin-
ear coefficient while maintaining propagation lengths on
the order of hundreds of micrometers, providing a physi-
cal foundation for high-performance and multifunctional
integrated infrared optoelectronic devices. Hu et al. inte-
grated photoconverting materials with dielectric wave-
guides, demonstrating on-chip optoelectronic logic gates
operating in the telecom band”. By exploiting the
strong optical confinement provided by the waveguide to-
gether with the built-in electric field in the photodetec-
tor, efficient compression of the optical field and high-ef-
ficiency extraction of the photoelectric signal were
achieved, enabling on-chip optoelectronic logic opera-
tions in the telecom band.
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Fig. 3 SPhPs with out-of-plane compression: (a) (i) Schematic of the s-SNOM experimental setup used to image the in-plane hyper-
bolic material a-MoOs. (ii)Near-field amplitude image S, of 0-MoOs flake and the corresponding elliptic and hyperbolic dispersion con-
tours (w, = 983 cm™, w, =893 cm™)™'; (b) (i) Near-field profiles of SPhPs extracted along the [ 100] direction. (ii) Real and imagi-

B4 (¢) (i) Schematic of PhP electroluminescence in

nary parts of the dielectric function for a-MoOs with different isotope enrichments
an hBN/graphene/hBN van der Waals heterostructure. (ii) Zener-Klein tunnelling and Fermi-surface tilting in graphene under a lateral
electric field. (iii) PhP electroluminescence spectra as a function of the source-drain bias voltage V., (7=83 K)®*; (d) (i) Schematic

of the pump - probe measurement mediated by hyperbolic phonon polaritons (Ayump = 520 nm, intensity > 0.3 GW m?). (ii) Measured

thermoreflectance signals for Au on Si and hBN substrates. (iii) Relative sensitivity of HPhP interfacial coupling™”’.

2 In-plane compression

In-plane compression refers to the lateral compres-
sion of electromagnetic energy within the structural
plane, perpendicular to axial direction and lying in the x-
y direction, as commonly defined in previous studies. Its
physical origin lies in restricting the propagation degrees
of freedom of electromagnetic waves in the plane, there-
by confining optical energy to confined regions. Typical
mechanisms for in-plane compression include disorder-
induced AL, bandgap-induced defect-state compression,
and geometry-induced compression. In these systems,
modes that axially propagate along an interface become
confined within a finite region, forming spatially con-
fined optical modes. Such confined modes typically ex-
hibit strong field enhancement and frequency selectivity,
enabling high-Q optical microcavities, low-threshold las-
ing, and high-density photonic integration.

2.1 Disorder—induced Anderson compression

AL was first proposed by Anderson in 1958 in elec-
tronic transport systems** , describing the transition of
electron wavefunctions from extended states to spatially
confined states in a disordered potential. Subsequent the-
oretical and experimental studies confirm that this mecha-
nism reflects a universal wave phenomenon and can be
extended to classical wave systems such as photons and
acoustic waves """, In optical systems, refractive-index
fluctuations or structural randomness can act as an effec-
tive disordered potential. During multiple random scat-
tering events, coherent interference occurs. At the loffe-
Regel condition kL ~ 1, in-plane propagating modes
evolve into exponentially decaying confined modes. The
key physical parameters describing this process are the
compression length & and the transport mean free path /.

In 2005, Bertolotti et al. observed Anderson-con-
fined modes in a one-dimensional disordered system
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Fig. 4 Waveguides with out-of-plane compression. a, (i) Schematic of a graphene-silicon heterostructure waveguide photodetector.
(ii) Current as a function of incident optical pump current and electric bias voltage (1 = 2.75 um)"”. b, (i) Schematic of a waveguide-
integrated graphene photodetector. (ii) Potential profile and simulated electric field in the graphene channel™’. ¢, (i) Structure of a sili-
con-graphene hybrid plasmonic waveguide photodetector. (ii) Electric-field distribution of the quasi-TEo mode (1 =2 um)™"’. d, Verti-

[42]

cal MoTez-graphene heterostructure photodetector . e, Broadband thin-film lithium niobate optical modulator for an extended full-spec-

trum optical communication system*’. f, Schematic of all-optical modulation in a Mach-Zehnder interferometer based on a highly non-

linear waveguide'*'.

(Fig. 5a). These modes appeared as narrow high-trans-
mission peaks in the transmission spectrum T. The aver-
aged logarithmic transmission  InT
with sample thickness, directly reflecting exponential
spatial attenuation with a compression length of approxi-
mately 15 pum">.
modes, known as necklace states, were observed in the
system, revealing the coexistence of compressed and ex-
tended modes in disordered media. In two-dimensional

decayed linearly

In addition, extended multi-resonant

photonic lattices, Schwartz et al. introduced controllable
disorder using an optical induction technique (Fig. 5h).
As the disorder strength increased, the output intensity
profile of the lattice evolved from a Gaussian distribution
characteristic of diffusion to an exponentially decaying
profile associated with compression behavior. This transi-
tion reveals the evolution of transport from ballistic trans-
port to diffusive transport and eventually to AL"Y. In
quasiperiodic photonic systems, transport behavior ex-

hibited a more complex response to disorder (Fig. 5c¢). ,
Moderate disorder enhanced wave-packet spreading with-
in certain band regions, while further increasing disorder
intensity leads to the occurrence of AL"". This behavior
arises from the interplay between critical states in qua-
siperiodic systems and disorder-induced scattering. Be-
yond fundamental studies of AL, optical AL has also
shown potential applications in random lasers”> ™ and
optical fiber transmission. Karbasi et al. demonstrated
image transport in polymer disordered fibers based on
transverse AL"". The fiber consists of randomly stacked
PMMA and PS strands with different refractive indices.
The transverse refractive-index fluctuations induce AL
and form stable confined transport channels within the fi-
ber core. As a result, transverse crosstalk is sup-
pressed, enabling low pixelation and high-contrast imag-
ing (Fig. 5d). The imaging performance is comparable
to that of commercial multicore imaging fibers, demon-



8 AN/ RS9 S g o XX

strating the potential of AL for optical information trans- tonic bandgap prevents the propagation of light within a
mission. Ng et al. further introduced AL into the field of specific frequency range inside the crystal. Perturbation
cavity optomechanics (Fig. Se). In an air-slot photonic of the perfect periodic photonic crystals, for example by
crystal waveguide, Anderson-localized modes induced by removing a dielectric rod or modifying an air hole, intro-
sidewall roughness exhibit a quality factor ) as high as duces discrete defect modes within the bandgap™ ™. The
2.8 x 10’ and a mode volume below the diffraction limit. frequencies of these defect modes lie inside the bandgap,
These modes couple to mechanical modes with a strength and the corresponding optical fields are strongly confined
exceeding 200 kHz, enabling self-sustained oscillations. around the defect region, forming a high-Q optical micro-
This system provides a new platform for exploring optome- cavity (Fig. 6a). The compression typically occurs on a
chanical effects in multiple-scattering systems ™. deeply subwavelength scale in the plane, with an in-
2.2 Bandgap—induced defect—state compression plane compression length on the order of ~0. 1 A, while
In periodic photonic erystals, the existence of a pho- the out-of-plane compression length remains on the order
a
(iy 1w
- 1850 FEPE e
E om0
S 1950
o0
5 2000
ke
% 2050
%
ol
1020 3 40 5 6
Depth (jm)
@iy (i) (2/)40 -
z=100mm)
-2 * % 180: eﬁ" [;um]
-3 % 160 - 300
E £ ol ‘
E 4 L
E % a% 140 i > . 260)
v.s 120 |-
t } i 5 220
-6-
1005 18 £ 5 s H H H
“M0 20 30 40 50 60 70 80 0 10 20 30 40 50 0 10 20 30 40 50 60
Sample thickness (um) Relative disorder level (%) Disorder strength [%]

o
<]
[

S 0

o 0 10 20 30 40 50 60
> Position (a)

2 Jimw

g odmW £

£

F

0 s
1534.15 1534.186
Wavelength (nm)

s TIPS LEARIR: (a) G)FES PR THSRIE /A0 (i) TC 7 1A Z rp s S BERE R B AR BO I8 O R ™5 (b) (D)7
0% . 15% F1 45% JCJ7 B 4500 T Ahbs i 5 407 1) S S0 25 2R (4 = 514 nm, FWHM = 10. 5 pm) . (i) A& S o i 4R 6P 3
W FERETC T B ARG R (o) GDALHBIEES 2 = 10 mm Ji5 (4R 457 Xt Hh o 8 S 4 2R © i) 9 A 45 ) PP P-4 06 JR 5 2 B T e
JERAEA DGR ™ (d) (D) TP B R T 0 fUBE (SEMD [EIR o (i) X R A& 3 AR 25 4L , I 5 FIGH-10-3508 BUGOGEF 47X L
(4 =405 nm)""; (e) L AEAR Sy BURAS 14 23 (8] 3 WE BGI 6 1 4 R AR 25 5L, LA BV L F) SLN T P ARAIE J) 24450

Fig. 5 Disorder-induced Anderson localization. (a) (i) Calculated intensity distribution inside the sample. (ii) Exponential decay of
transmission with sample thickness in a disordered system ®'; (b) (i) Experimentally measured output intensity distributions of the lat-
tice for 0%, 15%, and 45% disorder levels (1 = 514 nm, FWHM = 10. 5 um). (ii) Ensemble-averaged effective width measured at the
lattice output as a function of disorder level®'; (c) (i) Experimental results showing the ensemble-averaged output intensity after (z =
10 mm). (ii) Average beam width in a quasicrystal as a function of disorder strength™'; (d) (i) SEM image of the disordered fibres.
(ii) The corresponding transmitted image compared with a FIGH-10-350S imaging fiber (1 = 405 nm)""’; (e) Spatially resolved and far-
field spectrally resolved characterization of Anderson-localized cavity modes, together with the fundamental in-plane mechanical mode

of the SLN cavity"".
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of ~1 A,*. Defect modes are equivalent to discrete con-
fined energy levels introduced into the bandgap where
light propagation is otherwise forbidden, enabling the
trapping, compression, and selective radiation of pho-
tons at specific frequencies. Unlike Anderson compres-
sion, defect-state compression arising from a photonic
bandgap exhibits higher determinism and design flexibili-
ty. The spatial position, resonance frequency, and even
the modal field distribution can be precisely controlled
through geometric engineering of the defect structure.

Early studies mainly focused on point-defect cavi-
ties in two-dimensional photonic crystal slabs. Painter et
al. first constructed a defect cavity in a two-dimensional
photonic crystal by removing a single air hole and demon-
strated single-defect-mode lasing under optical pumping.
The cavity exhibited a small mode volume of approximate-
ly 0. 03 pm?, revealing the strong potential of photonic
crystal defect cavities for strong optical compression'™.
Subsequently, Akahane et al. introduced fine positional
modulation of the air holes around the defect cavity,
shaping the cavity-mode envelope into a Gaussian profile
and thereby suppressing the coupling of high-spatial-fre-
quency components in k-space to radiation modes. (Fig.
6b). The quality factor of the defect cavity in a silicon
two-dimensional photonic crystal slab increased from sev-
eral hundred to 45, 000, while maintaining a very small
mode volume (V=0.07 pm*)"”. Subsequent studies fur-
ther pushed the quality factor Q of photonic crystal defect
cavities to new levels. The Noda group introduced a het-
erostructure cavity in two-dimensional photonic crystals
by connecting regions with different lattice constants,
creating a cavity with smoother longitudinal compression
of the optical field (Fig. 6¢). This design increased the
Q factor to the million range®'. A higher Q/V ratio en-
ables stronger field enhancement and longer cavity-mode
lifetimes within a small mode volume, thereby signifi-
cantly strengthening the coupling between the cavity field
and emitters. By embedding emitters such as quantum
dots into photonic crystal defect cavities, researchers ob-
served an enhancement of the spontaneous emission rate
induced by the Purcell effect . In the strong-coupling
regime, vacuum Rabi splitting appears, indicating coher-
ent and reversible energy exchange between the exciton
and the cavity mode (Fig. 6d)'®".

In recent years, research on bandgap-confined de-
fect states has gradually extended beyond the convention-
al photonic bandgap framework, giving rise to several
new compression mechanisms. Sang Soon Noh and co-
workers proposed and experimentally demonstrated a
bandgap-center defect state protected by a topological in-
variant®’. This structure is based on a two-dimensional
photonic crystal with C¢ symmetry, in which a topological
phase transition is induced by tuning the intra-cell and
inter-cell coupling strengths. A zero-dimensional corner-
state defect mode emerges at the center of the bandgap
(Fig. 6e), providing a new route for the robust control of
defect-mode frequency and spatial compression. Zhu et
al. introduced a topological lattice defect into the cross-
section of a photonic crystal fiber, thereby realizing a

guided topological defect mode (Fig. 6f). Topological
photonic crystal fiber exhibits lower transmission loss un-
der bending conditions compared with conventional solid-
core photonic crystal fibers'®. In addition, Rong et al.
proposed a Berry-phase defect photonic crystal by embed-
ding anisotropic nanoantennas with continuously varying
orientations into a photonic crystal slab, thereby forming
a near-field Berry-phase defect mode'®. This mode en-
ables spatial control of the geometric phase of the emitted
polarization field. Thence, valley excitons in monolayer
WSe, or quantum dots can acquire spin-dependent phase
encoding. Based on this mechanism, a photon Rashba-
type dispersion splitting associated with the valley degree
of freedom was experimentally observed. This work high-
lights the potential of topological defect engineering for
controlling quantum light sources. Notably, recent stud-
ies show that optical mode volume compression can also
occur without a photonic bandgap. By introducing sym-
metry mismatch, compression can emerge through bound
states in the continuum (BICs). Vaidya et al. proposed
and experimentally demonstrated a point-defect BIC in a
two-dimensional photonic crystal' ™. The mode exhibits
exponential decay at the defect position, providing an ad-
ditional physical route for realizing optical compression.
Over the past two decades, defect cavities have
achieved significant performance improvements through
increasingly precise control of band structures and con-
fined optical fields, including boundary engineering and
heterostructure design. These advances have enabled the
development of core devices including ultra-compact la-
sers and efficient single-photon sources. In the future,
on-chip integration of high-performance defect cavities
with active gain media and emerging two-dimensional ma-
terials will play an important role, particularly for appli-
cations in quantum light sources, nonlinear optics, and
spin-related photonics.
2.3 Geometry—induced compression
Geometry-induced originates  from
strong surface charge accumulation at high-curvature geo-
metric features, such as tips, edges, and nanogaps. In
plasmonic structures with gradually varying geometry,
the process typically follows adiabatic compression. The
slow structural variation allows the structure to be approx-
imated locally as uniform regions with nearly parallel
boundaries. The mode therefore evolves gradually along
the structure, enabling adiabatic nanofocusing while sup-
pressing radiation loss". In metallic nanostructures
with characteristic dimensions much smaller than the in-
cident wavelength, geometric boundaries strongly con-
fine the collective oscillation of conduction electrons.
This compression compresses electromagnetic energy into
deep-subwavelength hot spots beyond the diffraction lim-
it. In such structures, the in-plane compression length
can reach the order of 10? A, while the out-of-plane de-
cay length is typically on the order of 1 A,. Typical mani-
festations include tip enhancement at sharp tips or edges
and gap plasmon hot spots in nanoscale gaps'®. The for-
mer mainly arises from geometric field concentration (the
lightning-rod effect) and typically exhibits broadband en-

compression
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Fig. 6 Bandgap-induced defect-state compression: (a) (i) Two isolated defects in a photonic crystal capture and emit photons, produc-
ing discrete high-Q resonant peaks in the spectrum (4, = 1. 566 um, 2;=1.545 um). (ii) Confined radiation image observed by an infra-
red camera, showing the spatial compression of the defect mode™ ; (b) Resonant spectra of cavities formed by different air-hole dis-
placements in a two-dimensional photonic crystal and their corresponding SEM images'®'; (c¢) (i) Electric-field distribution of a double-
heterostructure photonic crystal cavity. (ii) Electric-field distribution of a point-defect cavity formed by three missing air holes (a = 420
nm) """, d, Near-zero-detuning photoluminescence (PL) spectra showing double-peaked emission, indicating dot - nanocavity vacuum
Rabi splitting (7= 15-19. 5K, step 0. 5 K; P=0. 78 uW; integration time /= 60 s)'®'; (e) Comparison of diffracted output intensity dis-
tributions for (i) the trivial phase and (ii) the topological phase, where the topological phase exhibits corner-confined modes"*'; (f) Out-
put power difference between straight and bent fibers (R = 1 cm) for the topological photonic crystal fiber (TPCF) and the solid-core
photonic crystal fiber (SC-PCF). Inset: SEM image of SC-PCF'™,

hancement. The latter originates from gap plasmon reso- theoretically predicted this adiabatic nanofocusing ef-
nance and produces strong, spectrally narrow confined fect. As SPPs propagate toward the tip, both the group
field enhancement near specific wavelengths. velocity and phase velocity gradually decrease and ap-

Tapered structures represent a typical platform for proach zero, leading to energy accumulation at the apex

geometrically induced plasmon compression. Stockman and the formation of field enhancement. The key require-
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ment is that the geometric variation of the taper is suffi-
ciently smooth to satisfy the adiabatic condition'™*. Sub-
sequently, Verhagen et al. experimentally observed plas-
mon focusing in a tapered silver waveguide (Fig. 7a).
The near-field distribution was visualized via upconver-
sion luminescence from erbium ions, demonstrating the
capability of the tapered structure to spatially compressed
infrared plasmons'™®. Schnell et al. further extended this
concept to the mid-infrared regime, employing a tapered
two-wire transmission line to achieve extreme field com-
pression down to N150 ~60 nm (A = 9.3 pm)
(Fig. 7b)"™.

Furthermore, resonant coupling between tapered
structures and nanoscale gaps enables adiabatic nanofo-
cusing of energy into the gap region, yielding stronger
compression than isolated nanogaps. Choo et al. de-
signed a three-dimensionally tapered-gap waveguide
based on an MIM structure (Fig. 7¢). By simultaneous-
ly reducing the gap width and the metal waveguide
width, the structure compresses an incident 830 nm opti-
cal field into a region of approximately 14 X 80 nm’, pro-
ducing an intensity enhancement of about 400 times ™.
Zenin et al. further combined tapered nanofocusing with
a gap antenna, achieving extreme field enhancement of
approximately 12000 within the nanogap region, with the
confined field confined to a volume of about 30 X 30 X10
nm® (Fig. 7d). This configuration provides an ideal plat-
form for on-chip nonlinear optics”™. For integrated pho-
tonic applications, hybrid waveguide architectures offer
an effective route to combine strong compression with
low-loss propagation. Nielsen et al. realized a hybrid
plasmonic waveguide on a silicon-on-insulator platform.
Free-space light was efficiently coupled into a silicon
waveguide using a curved grating coupler. The guided
energy was adiabatically compressed by a tapered metal-
lic structure into a 20 nm nanogap, resulting in more
than 400-fold field enhancement and coupling efficien-
cies approaching 80% 7. By combining the low-loss
transport of silicon photonics with the deep-subwave-
length compression of plasmonics, this architecture pro-
vides a promising platform for on-chip optical intercon-
nects, electro-optic modulation, and nonlinear signal
processing. Furthermore, Nielsen et al. demonstrated ef-
ficient four-wave mixing driven by plasmonic nanofocus-
ing on this platform (Fig. 7e), confirming the significant
advantage of geometrically induced compression for en-
hancing nonlinear optical processes'”.

3 Hybrid
compression

in—plane and out-of-plane

Hybrid in-plane and out-of-plane compression refers
to the simultaneous compression of optical modes in both
the in-plane (lateral) and out-of-plane (axial) directions
within a photonic structure. Structurally, hybrid in-
plane-out-of-plane compression is realized by combining
an axially confined resonant unit with a laterally engi-
neered mode-shaping component. Out-of-plane compres-
sion is typically achieved through nanogaps, multilayer
interfaces, metal-dielectric-metal cavities, or guided-

mode boundary conditions, which concentrate electro-
magnetic fields along the normal direction. In contrast,
in-plane compression is introduced through cavity geome-
try design, photonic-crystal confinement, antenna cou-
pling, symmetry breaking, or disorder engineering,
which suppress lateral spreading and reshape the in-
plane mode distribution. Representative implementa-
tions include plasmonic nanogap cavities™, hybrid plas-
monic-photonic cavities ', disorder-modulated plasmon-
ic structures™ , geometry-confined plasmonic struc-
tures'"*’ , tapered-waveguide compression structures''®’ s
and polaritonic heterostructures based on van der Waals
materials”". Compared with single compression mecha-
nisms, hybrid in-plane-out-of-plane compression pre-
serves mode coupling and transport properties while en-
abling orders-of-magnitude enhancement of confined
fields and substantial reduction of the effective mode vol-
ume, thereby greatly strengthening light-matter interac-
tions. Owing to these advantages, this mechanism shows
significant potential for applications in nonlinear optical
communication, surface-enhanced infrared absorption
(SEIRA), and emission control.

In practical applications, the six basic compression
mechanisms exhibit distinct strengths and limitations.
Among the out-of-plane mechanisms, surface plasmon
polaritons (SPPs) provide strong field enhancement,
deep subwavelength compression, and good compatibili-
ty with integrated photonic platforms, but they usually
suffer from metallic loss and limited control over lateral
spreading. SPhPs generally offer lower loss and stronger
spectral selectivity than SPPs, and they can support high-
ly confined infrared modes, but their operating bands are
restricted by the material phonon resonances and their
material platforms are less general. Waveguide modes,
by contrast, are advantageous for low-loss transport, effi-
cient coupling, and large-scale integration, yet their
field compression is usually weaker than that of plasmon-
ic or phonon-polaritonic modes. Among the in-plane
mechanisms, disorder-induced Anderson compression is
effective for suppressing lateral transport and forming
strongly confined localized modes, but its modal proper-
ties are sensitive to disorder configuration and are there-
fore less deterministic in design and fabrication. Band-
gap-induced defect-state compression provides better
spectral selectivity and more controllable mode position-
ing, but it is often narrowband and sensitive to structural
perturbation.  Geometry-induced offers
strong field confinement and clear spatial control of hot-
spots, which is advantageous for local enhancement and
mode shaping, yet its active region is usually limited in
size and may be less suitable for applications requiring
large-area uniform enhancement.

The design of hybrid compression is governed by the
dominant physical quantity to be controlled, such as
field intensity, spatial confinement, spectral selectivity,
or modal transport. Different compression mechanisms
act on distinct physical degrees of freedom, and hybrid
compression arises from their coordinated integration
within a single structure. For applications requiring

compression
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Fig. 7 Geometry-induced compression: (a) (i) Principle of upconversion luminescence imaging in a tapered plasmonic waveguide
(4 =1.49 um). (ii) Spatially resolved photoluminescence distribution. (iii) Cross-sectional luminescence profiles along the tapered
waveguide axis*'; (b) (i) Topography of a tapered two-wire transmission line and experimental near-field image showing Re(E,). (ii)
Experiment comparing a tapered transmission line with an isolated taper. (iii) Line profile of the focal spot at the taper apex (1 =9.3
um)™'; (c) Schematic illustration of the three-dimensional MIM nanoplasmonic photon compressor ( TPPL confocal measurement; 830

nm, 120 fs pulses, 54 MHz, 210 mW)""'; (d), Nanofocusing effect in a tapered stripe waveguide'™'. e, Schematic of a hybrid silicon-

organic plasmonic gap waveguide''”'.
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strong local field enhancement, such as SEIRA and non-
linear optics, out-of-plane mechanisms provide the domi-
nant contribution and are combined with in-plane con-
finement to restrict lateral spreading. In this regime,
SPPs modes coupled with geometry-induced or disorder-
induced in-plane compression enable high field intensity
within a confined interaction region. Representative im-
plementations include nanogap plasmonic structures com-
bined with anisotropic in-plane geometries, which simul-
taneously enhance molecular signals and improve spatial
selectivity'”.  When spectral selectivity and low-loss
transport are prioritized, waveguide modes serve as the
primary component and are combined with bandgap-in-
duced defect-state compression. This configuration en-
ables simultaneous control of mode selection, field local-
ization, and propagation, and is particularly relevant for
infrared photodetection and integrated photonic sys-

tems . For emission control, strong light-matter interac-
tion must be achieved together with controlled radiation
properties. This is realized by combining strongly con-
fined plasmonic modes with photonic-crystal defect
modes, where the former provides large enhancement
and the latter governs spectral response and radiation
characteristics. For example, anisotropic gap-plasmon
polarization-selective
through dipole-selective coupling™ , while hybrid pho-
tonic-plasmonic cavities combine ultrasmall mode vol-
umes with spectral confinement, allowing simultaneous
control of emission enhancement and linewidth””".

nanocavities  enable emission

4 Applications of infrared Field com-
pression

Optical field compression confines electromagnetic
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modes within subwavelength volumes through spatial con-
straints. Its physical effects mainly manifest in three as-
pects. First, strong mode-volume compression concen-
trates electromagnetic fields within subwavelength re-
gions. This leads to pronounced field enhancement and
facilitates optical absorption, scattering, and nonlinear
responses. Second, the LDOS is modified, enabling
modulation of spontaneous emission rates, radiation effi-
ciency, and emission directivity. Third, structural geom-
etry determines the spatial distribution and spectral re-
sponse of optical modes, enabling selective enhancement
or suppression within specific spectral bands. These
physical effects provide the foundation for diverse appli-
cations of infrared optical mode volume compression, in-
cluding infrared detection, infrared spectroscopy and mo-
lecular sensing, as well as nanoscale characterization, as
shown in Fig. 8.

In infrared photodetection, the key advantage of op-
tical compression structures lies in overcoming the con-
ventional trade-offs among responsivity, bandwidth, and
dark current™. Hu et al. showed in their intriguing theo-
ry of dark-current mechanisms that the dark current in in-
frared photodetectors is closely related to the junction
configuration of the photoactive material and the thick-
ness of the absorber layer™. Optical compression struc-
tures compress the incident optical energy into a smaller
effective absorption volume, thereby enhancing light ab-
sorption and photoresponse and enabling efficient photo-
detection even with thinner absorber layers. By integrat-
ing waveguide-based compression structures with low-di-
mensional materials such as PdSe,™’, graphene“m , and
colloidal quantum dots™', significant progress has been
achieved in improving detection efficiency, extending
the operating spectral range, and enhancing spectral res-
olution. Additionally, the integration of two-dimensional
material heterostructures with optical compression struc-
tures has further enhanced infrared photodetection perfor-
mance. For example, GaSe/Si metasurface heterostruc-
tures enable tunable narrowband infrared up-conversion
detection in the telecommunication band™'. MoS,/WSe,
heterostructures integrated with plasmonic metasurfaces
achieve high-responsivity near-infrared detection around
1550 nm at room temperature *. Black phosphorus natu-
ral heterojunction photodetectors integrated with sub-
wavelength compression structures exhibit enhanced in-
frared detection performance™’. In recent years, SPPs
compression structures have further advanced infrared de-
tection, particularly in polarization-sensitive detection
and multidimensional imaging. Coupling plasmonic
metamaterial absorbers with tellurium nanoribbons en-
ables polarization detection with a polarization ratio up to
2.5 % 10" at room temperature. This structure also pro-
vides high sensitivity to polarization angle, significantly
improving polarization detection accuracy*. In addi-
tion, ferroelectric super-domains modulate confined opti-
cal fields to enable multichannel infrared imaging detec-
tor arrays, enhancing edge recognition capability and
multidimensional information sensing”’. The pioneering
theory of localized field modulation proposed by Hu et

al. opens new opportunities for the integration and func-
tional monolithic implementation of optical compression
structures with photoconversion devices, thereby en-
abling enhanced light-matter interaction and efficient
photoelectric conversion'”*. These advances indicate
that optical compression is driving infrared detection
from conventional intensity-based measurements toward
vectorial and multidimensional optical information sens-
n (89, 901‘

In infrared spectroscopy and molecular sensing, op-
tical compression structures significantly increase molec-
ular vibrational absorption cross-sections through strong
near-field enhancement, amplifying weak signals by sev-
eral orders of magnitude. Metallic nanoantennas,
through confined SPPs, generate highly confined hot
spots at tips or nanogaps, enabling sensitive detection of
molecular monolayers™*. In addition, Paggi et al. de-
signed an overcoupled resonant cavity that enables direct
enhancement of molecular fingerprint signals over a
broad spectral range of 5-10 pwm''. High-Q confined
modes based on metasurface Fano resonances further im-
prove spectral contrast and detection sensitivity ™.
These developments indicate that confined optical fields
are driving infrared molecular sensing toward higher sen-
sitivity and broader spectral coverage.

In emission and radiation, optical compression
structures enhance light emission by increasing the
LDOS. For example, defect photonic-crystal microcavi-
ties, characterized by high quality factors and ultrasmall
mode volumes, produce strong Purcell enhancement.
Compression significantly improves the radiation efficien-
cy of emitters such as quantum dots"**. In disordered
systems, AL creates spatially confined modes through
multiple scattering and coherent interference, enabling
high-Q random cavities and stable narrow-linewidth emis-
sion'”’. Furthermore, plasmonic nanocavities and opti-
cal antennas accelerate spontaneous emission through
subwavelength field compression* "',

In nanoscale characterization, strongly confined
structures generate subwavelength electromagnetic hot
spots using metallic tips or plasmonic probes, compress-
ing optical fields to tens-of-nanometer scales and thereby
enhancing near-field light-matter interactions. Based on
this principle, techniques such as scattering-type scan-
ning near-field optical microscopy (s-SNOM) and photo-
thermal-induced resonance (AFM-IR) overcome the dif-
fraction limit and enable nanoscale-resolution infrared
spectroscopic imaging. These methods have been widely
applied in polariton imaging®® and structural analysis of
single protein molecules.

5 Conclusion and Outlook

This review examines infrared optical compression
from the perspective of axial symmetry and systematically
summarizes the main mechanisms for realizing confined
infrared optical fields. Different compression mecha-
nisms are compared in terms of their compression scales
and field distribution characteristics. In general, they
compress electromagnetic fields into subwavelength re-
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Fig. 8 Applications of optical compression: (a) (i) Schematic illustration of orientation-controlled polarization dependence in plas-
monic nanostructures. (ii) Measured polarization-dependent photovoltages at different 0'"'; (b) (i) Schematic of an overcoupled resona-
tor for broadband surface-enhanced infrared absorption (SEIRA). (ii) Reflectivity spectra of a metasurface for SEIRA of PMMA under
critical-coupling and overcoupling conditions''; (c) (i) Schematic illustration of random lasing in a disordered photonic crystal wave-
guide formed by Anderson-localized modes. (ii) Photoluminescence spectra measured at excitation powers of 240 uW and 600 pW'*';

(d) (i) Schematic of scattering-type scanning near-field optical microscopy (s-SNOM). (ii) Experimental near-field image of phonon

polaritons. (iii) Line scans of the measured polariton fields along the solid white line"’.

gions, thereby enhancing sub-wavelength electric field
intensity and reducing the effective mode volume. Infra-
red optical compression has already shown considerable
potential in applications including infrared detection,
surface-enhanced absorption, nonlinear optics, and
emission control.

Building on these advances, future research on in-
frared optical compression is expected to evolve from opti-
mizing individual compression mechanisms toward the
synergistic design of multiple compression mecha-
nisms'"". For example, combining plasmonic and pho-
non-polaritonic modes within a single architecture may
enable multidimensional control of optical fields across a
broader spectral range through multi-mechanism cou-
phng[llz]_
materials, anisotropic two-dimensional crystals, and low-

With the development of emerging polaritonic

loss photonic structures, the material and structural plat-
forms supporting high-quality infrared confined modes
continue to expand. Meanwhile advances in heteroge-
neous integration and band engineering enable control of
the interfacial dielectric environment and electronic band
structure, providing opportunities for coordinated design
of compression scale, modal dispersion, and quality fac-
tor. In addition, external-field-driven modulation mecha-
nisms, including electrical, thermal, or phase-change
control, may offer opportunities for dynamically tuning
the spectral positions and spatial distributions of confined
modes. With the continued integration of advanced mate-
rials, structural design, and dispersion engineering, in-
frared optical compression structures are expected to en-
able stronger subwavelength field compression and im-
proved control of modal properties. These advances pro-
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Tab. 1 Comparison of Infrared Field Compression Mechanisms and Performance

Mechanism Advantages Typical application Key metric* Ref.
) R=~0.5A/W
Strong field enhancement Infrared photodetection [78]
A =0.8-1.55 pm
SPPs -
E ~10-10°
Subwavelength compression Molecular sensing [99]
A =6-13 pm
. - Q=157
Good integrability Emission manipulation [100]
A =3.96 um
R=~65A/W
Low loss Infrared photodetection [101]
A=6.7 pm
SPhPs
s ; Molecular sensi B [102]
Strong compression olecular sensing
A=~6.63 um
. . Q~101
High spectral selectivity Emission manipulation [103]
A=10.9 pm
R=~0.4 A/W
Low loss Infrared photodetection [41]
A=1.55um
Waveguides £ ~6.15
Long propagation length Molecular sensing [104]
108 A=7.7 pm
, , - Q ~10°-10*
High coupling efficiency Emission manipulation [105]
A=8.2um
R=~0.22 A/W
Infrared photodetection [106]
Disorder—induced compression A =1.55 pm
Strong in—plane localization Molecular sensing / /
Q ~10’-10*
Emission manipulation [2]
A =0.96 pm
R~0.12 A/W
High Q factor Infrared photodetection [107]
A=1.55pm
Bandgap—induced defect—state compression £ ~120
Controllable modes Molecular sensing [108]
A =0.78 um
. Q=~4.5x10*
Strong spectral selectivity Emission manipulation [60]
A=~1.58 um
R~11.5A/W
Infrared photodetection [109]
A =20 pm
Strong local enhancement
) E ~300
Geometry—induced compression Molecular sensing A~5.7 pm Lo1]
Deterministic hotspot control
g =10
Emission manipulation [72]
. . . A =1.42 um
High spatial selectivity
E~10>-10°
nanoscale characterization [110]
broadband

denotes responsivity,  denotes enhancement factor,

vide new physical platforms for studying strong light-mat-
ter interactions and may open broader opportunities in

infrared  photoelectric  detec-

[115, 116]
9’

quantum  photonics,

131 high-sensitivity sensing and on-chip

[117]

tion
photonic devices
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