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ABSTRACT: Active photonic systems comprising arrays of active
metasurfaces—arrays of tunable resonators—offer dynamic wave-
front control at subwavelength scales. Transmissive metasurfaces
are an essential requirement in cascaded arrays of metasurfaces and
enable integration with chip-scale light sources and detectors.
However, most existing active phase control metasurface designs
are reflective due to fundamental limitations in single-resonance
transmissive architectures, which typically exhibit a transmission
null at resonance and restrict transmitted phase shifts to 0—180°.
We report an approach to overcome these constraints by
introducing additional diffraction ports in reflection while
maintaining a single transmission port. This configuration enables
continuous 0—360° phase tuning in transmission using a single
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resonance while avoiding the transmission zero. Moreover, we analytically demonstrate using temporal coupled-mode theory that
this approach supports a spectrally flat transmission amplitude across the entire phase range—an effect previously observed only in
multiresonant (Kerker-type) systems. Unlike those, our design allows dynamic phase control with a single resonance and a constant
transmission. To validate our theory, we present proof-of-concept active metasurfaces using lithium niobate as the tunable material.
Two designs are explored via full-wave simulations: one using high-Q germanium Mie resonators at 3 ym, achieving ~250° tunable
phase shift with constant transmission amplitude ~0.45; and another using silicon resonators at telecom wavelengths, demonstrating
~300° phase shift with amplitude ~0.4. Both approach the theoretical transmission bound of 0.5. Our approach enables compact,
dynamically tunable transmissive metasurfaces with near-ideal phase and amplitude characteristics, paving the way for integrated,

reconfigurable metasurfaces.

KEYWORDS: phase modulation, active metasurfaces, diffraction, transmission zero, Fano curve, phase-only control

Intensive research has advanced our understanding of
nanophotonic light—matter interactions, and we are entering
an era where nanophotonic principles are having an ever-
increasing impact in imaging and computation systems for
applications such as range-finding,"” image processing,’
augmented reality, and dynamic holography.” Despite this
progress, a number of outstanding challenges remain, one of
which is to achieve comprehensive control of wavefront
manipulation in space and time in active systems. Achieving
this requires delicate real-time control over how electro-
magnetic waves strongly interact with arrays of scatterers
through a tuning parameter that can be controlled on-demand,
which has led to intensive research in the properties of optical
metasurfaces.””'> Metasurfaces present a vast design space,
which has recently spurred remarkable advances in dynamic
wavefront shaping using various active modulation meth-
ods,"'™"> enabling active phase control of scattered
waves 1015=17

Dynamically controlling the phase of the scattered waves is
done by actively tailoring the scattering environment, which, in
turn, alters the wave interaction and therefore the scattered
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phase. In active metasurfaces, components that can be
modulated include the structural geometry and constitutive
parameters of the materials used, such as complex permittivity.
Because of physical limits to the magnitude of achievable real-
time changes that can be imparted to the metasurface,
researchers have opted to use photonic resonances to enhance
modulation owing to the rapid changes in scattered phase at
resonance with respect to the input frequency.'”'>'” Incident
light excites the resonance by oscillating charges and currents,
which emit waves of their own; the corresponding phase
difference is influenced by the frequency of the incident wave
relative to the resonance frequency and the resonant spectral
line width. The resonance frequency and the line width are in
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turn determined by the structural and material properties of
the metasurface.

One complication that comes with harnessing resonant
phenomena is that the amplitude and phase responses are
coupled to one another. Phase-only control, where the
amplitude remains constant while the phase is modulated, is
often preferred in wavefront engineering applications. Accord-
ing to the Huygens principle, every point on a wavefront acts
as a source of secondary wavelets that propagate forward.
Thus, to generate clean, constructively interfering wavefronts,
it is desirable to vary the phase without altering the amplitude.

An additional complexity arises from the fact that we are
working with transmissive-type metasurfaces. When a wave
scatters from a metasurface, it can be either reflected or
transmitted, depending on the design. Reflective and trans-
missive metasurfaces each have their respective advantages and
limitations; however, transmissive metasurfaces are particularly
well-suited for stacking and compact on-chip applications—
especially when monolithic integration with chip-scale light
sources like photonic crystal surface emitting lasers (PCSELs)
and vertical cavity surface emitting lasers (VCSELs) is
desired.”'®'” However, achieving active phase-only modu-
lation in transmission metasurfaces is more challenging
because of the presence of two ports, one for the incident
channel and one for the transmission channel, instead of
having only one port, as in reflective setups. If one is only
interested in reflection, breaking the vertical parity sglmmetry
allows the metasurface to attain a full 27 phase range.””*™** In
practice, this is done by inserting a reflecting mirror (usually
gold) underneath the metasurface, which breaks the vertical
parity symmetry and conveniently also cuts off the trans-
mission channel, boosting the reflection intensity. Then, to
attain phase-only control, it has been shown that overcoupling
the resonance can result in large reflection amplitudes that are
constant as the phase is varied."’

However, for transmissive metasurfaces, the presence of an
extra port complicates matters. It has been mathematically
shown that a lossless photonic system with two ports and a
single resonance is bound to have a frequency near the
resonance frequency at which the reflectance reaches unity,”
which equates to having zero transmittance. Alongside the
obvious concomitant drop in the transmission amplitude as the
phase is varied, this transmission zero also constrains the range
of the phase of the transmitted light to be 7 at best, heavily
restricting the performance of dynamic phase modulation in
transmissive metasurfaces. To circumvent this issue, research-
ers have used two overlapped resonances instead of one—by
engineering the two resonances to destructively interfere in the
reflection (incident) channel to form a Huygens metasur-
face.”**72* However, this method is limited in active tuning
schemes: a single active tuning parameter (such as the bias
voltage) separates the two resonances beyond a specified
tuning range, breaking the Kerker condition required to
maintain the high transmission amplitude. This necessitates a
secondary tuning parameter to maintain their overlap,”
complicating the metasurface control architecture.

It is also worth noting that Pancharatnam—Berry (PB) phase
(geometric-phase) metasurfaces’*™>” can provide high trans-
mission/reflection efficiencies and a full 0—2z phase range
through rotation of the meta-atoms. However, because this
phase mechanism fundamentally relies on the physical rotation
of anisotropic elements, PB metasurfaces are not suitable for
fully solid-state, real-time dynamic tuning,

Unidirectional guided resonances can also provide a full 0—
27 transmission phase variation in the spectral domain with
near-unity transmission efficiency.’*** However, because the
guided modes possess finite transverse momentum, these
systems require non-normal incidence or transmission ports,
which complicates their integration and stacking. Furthermore,
being collective and nonlocal in nature, these modes must
propagate across at least multiple unit cells for diffractive
effects to manifest, which limits the achievable spatial
resolution of the metasurface—particularly in applications
involving subwavelength wavefront engineering. Also, placing
these unidirectional guided resonant structures on a substrate
significantly reduces their transmission efficiency.”

Here, we aim to achieve dynamic phase-only modulation in
a transmission metasurface with a single resonance using a
single tuning parameter. The formalism of temporal coupled
mode theory (TCMT) is employed to geometrically illustrate
the phenomenon of zero transmission in a two-port system
with a single resonance in the complex transmission amplitude
space. Next, we demonstrate how using additional diffraction
ports can remove this restriction. Furthermore, by using the
diffraction ports, we show that it is possible to achieve uniform
transmission amplitude in the spectral domain while varying
the phase through the 0—27 range with a single resonance. We
support our claim with a proof-of-concept metasurface and
provide a general step-by-step methodology that can be used to
achieve transmissive phase-only control in broader metasurface
platforms. The analysis elucidates the role of each metasurface
geometric parameter in achieving phase-only control. We also
establish the theoretical upper bound for the transmission
amplitude and discuss our approach to achieving a value close
to the theoretical maximum.

Our proof-of-concept metasurface is composed of an array
of high-index dielectric pillars that support high-Q Mie
resonances. One of the high-Q resonances is then modulated
with an electro-optically tunable lithium niobate (LN) pedestal
slab, enabling dynamic control of the optical response under an
applied bias. We demonstrate that the designed metasurface
achieves a nearly constant complex transmission amplitude of
0.46, while the transmission phase varies continuously from 0°
to 360° across the spectral domain. By incorporating indium
tin oxide (ITO) electrodes into the design, we exploit the
Pockels effect to dynamically modulate the refractive index of
the LN. We provide two actively tunable configurations, one
using germanium (Ge) as the dielectric pillars and the other
using silicon (Si), to showcase the general applicability of our
approach. In the Ge configuration, the complex transmission
amplitude remains at approximately 0.45, while the trans-
mission phase tunability spans 0—250° at 4 & 3 ym. The Si
case has a complex transmission amplitude at around 0.4 and
exhibits a tunable phase range of 0—300° at telecommunica-
tion frequencies.

B RESULTS AND DISCUSSION

First, we use TCMT to understand the origin of the zero-
transmission dip observed in two-port systems. The zero-
transmission dip arises from Fano interference, where the
continuum radiation and the resonant emission destructively
interfere—a consequence of energy conservation and time-
reversal symmetry. Previous work demonstrated this using an
algebraic approach,” but here we adopt a geometric
perspective, which offers insight suited to phase-only
modulation. Using TCMT, for a general n-port system with
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Figure 1. Limitations of a two-port, single-resonance system, and the potential full 27 phase range in the transmission with a four-port system
utilizing diffraction, Figure 1. (a) In a two-port system with a single resonance, the complex transmission amplitude is bound to go through the
origin, preventing 27 phase variation in the spectral domain. Here, 1/n denotes the wavelength inside the substrate of refractive index #, as
illustrated in the upper-right inset. The numbered wavelengths correspond to 1 beginning of a resonance, or the “background” direct scattering
parameter tg; 2, the furthest point from the origin in the complex transmission amplitude space, corresponding to the peak in the Fano spectrum in
the transmission intensity; 3, the resonance wavelength; 4, the transmission zero; and 5, nearing the end of the resonance. Notice that with
dissipative losses 74 > 0, the transmission circle gets even smaller in radius, further decreasing the range of phase modulation. (b) In a four-port
system with additional diffraction ports, one can judiciously change the direct scattering parameter ¢4 such that the complex transmission circle can
be perfectly centered with a theoretical maximum of 0.5 for the radius. This allows for a phase-only 27 phase modulation, with the wavelengths 1—4
all having the same distance from the origin (radius), leading to a flat transmission intensity. For the illustration of complex reflection circles, see

the end of Supporting Information, Section 1.

a single resonance, the complex transmission amplitude is
given by

idd, iy 2i [fy1,
(w0 — w,) + iy d (0 — w,) + iy
(1)

The derivation and additional details regarding TCMT are
provided in Supporting Information, Section 1. The first
complex-valued term, t,, is the direct scattering parameter from
the incident channel to the transmission channel and
represents the portion of light that does not interact with the
resonance. The second term, t,(@), represents the portion of
radiation that is coupled to and then emitted by the resonance,

t=t 4+t =t +

where d,, = /2y e is the radiative coupling parameter for

the m th port (with port 1 being the incidence port and port 2
being the transmission port), @, is the resonance frequency,

and y = Efnzl Y, t s the total decay rate of the resonance,

defined as the sum of all radiative coupling (7,,) and dissipative
decay (y4) rates. The second equality, where we have taken 6,,,
= 0 comes from the following: since the port locations can be
chosen arbitrarily, we have used the convention of placing the
ports such that the radiative coupling values d; and d, are
positive real, without loss of generality (see Supporting
Information, Section 1).

Assuming the direct scattering parameter 4 is constant
throughout the vicinity of the resonance frequency, it can be
shown that the resonance term t,(w) draws a circle on the
complex transmission amplitude plane, with t;4 pointing to the
leftmost point on the circle (from the origin) and the
resonance frequency (@ = @,) corresponding to the rightmost

point (see Supporting Information, Section 1). This statement
itself is quite astonishing, as the argument of the resonant term
t.(w) only ranges from O to =z, which goes with the
commonplace intuition of either resonating with the driving
frequency or having a 7z phase lag relative to the driving
frequency in resonance phenomena. However, if we also take
into consideration the concomitant change in magnitude of
t.(w) as its phase evolves from 0 to 7, we can see that the tip of
the vector of t,(w) draws a circle in the complex amplitude
space (Supporting Information, Section 1). The nature of a full
circle then allows for the possibility of 0—27 phase variation in
the spectral domain depending on where the center of the
circle is with respect to the origin. The circle’s radius is given
by R = [yy, /v and its center vector by C = R + {, from eq 1.

To determine whether the circle revolves around the origin,
one can examine the sign of R — ICl (see Figure 1). If R > ICl,
then the complex transmission amplitude circle revolves
around the origin and, in principle, dynamic full 27 phase
modulation is achievable with a single control parameter. If R
< ICl, the winding number around the origin cannot be one,
and the circle does not permit complete 27 phase modulation.
In a two-port, single-resonance system, it can be shown that
from time-reversal symmetry, reciprocity, and energy con-
servation (Supporting Information, Section 1)
R — ICP* = —2R Relt,] — It =" 1t
= elty] — Ityl°= It <0
Y (2)

where the radiative coupling strengths y;’s are defined to be
positive. From this, we can note that when there are zero
dissipative losses (y4 = 0), R = ICl and the complex
transmission amplitude circle is bound to cross through the
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Figure 2. Phase of the transmitted light and its dependence on metasurface periodicity and diffraction, Figure 2. (a) A two-dimensional periodic
metasurface with germanium pillars (n = 4) on top of a silica substrate (n = 1.44). (b) The phase of the transmitted light obtained through full wave
simulations as the period in the x-direction P, is tuned. The inset shows the electric field profile of the Mie resonance in the y—z plane passing
through the center of the pillar. The inner white box delineates the outline of the pillar. Once the P, exceeds the threshold at which diffraction starts
to occur in the substrate (P, = A/ng, = 1388.9 nm) for 4 = 2000 nm, the phase of the transmitted light is allowed to span the full 360° range. The
dimensions for the pillar are height & = 999 nm base and width b = 1167.7 nm (square base area). The period in the y direction is fixed as P, =

1328.6 nm.

zero. When dissipative losses are introduced (y4 > 0), R shrinks
due to the increase in the total decay rate,y = Zl.n:l ¥, + vy with
the “anchor” point 4 keeping the leftmost point on the circle
fixed. This results in R < ICl (Figure 1a). The above underlines
the limitation of reciprocal two-port single-resonance systems
for active phase modulation—they are fundamentally incapa-
ble of providing 27z phase modulation with a single control
parameter. It should be noted that the derivation of the bound
R < ICl presented in Supporting Information, Section 1, is valid
for any combination of radiative and dissipative losses (y; and
74). Consequently, variations in ¢, arising from tuning the
metasurface geometry, which effectively modifies y; and y4, do
not affect the validity of the two-port constraint R < ICl.
This limitation can be overcome by increasing the number
of ports. The underlying idea is as follows: the reason for the
perfect cancellation in transmission is because Ity = It,(w)! at a
certain @ as the dynamic complex vector (@) sweeps through
a circle as a function of @ (#; assumed relatively constant).
Therefore, if we could decrease |t4| through adding more direct

scattering terms Zi |Oti|2 in the energy conservation equation
I + Ity + 2 la)* = 1 (compared to the two-port version

oflry* + It,* = 1), the perfect cancellation condition could be
evaded. More specifically, if we consider a lossless two-port
system with arg[t;] = 7, or equivalently, t; = —lt4, the
constraint of eq 2 enforces ty = —2R. By increasing the number
of ports, Ity can be decreased, resulting in R* — ICI* = It4|(2R —
lt4) > 0 from eq 2, meaning that the complex transmission
amplitude circle encircles the origin while still satisfying
reciprocity, time-reversal symmetry, and energy conservation.
We note that the resonance circle can be perfectly centered
(ie, C = 0) when It is reduced to t; = —R. If the complex
transmission amplitude circle is centered close enough to the
origin, then even the presence of moderate losses, which
reduces R still does not change the winding number of 1
around the origin, making this topologically protected. In this
work, we chose these additional ports to be diffraction
channels as schematically illustrated in Figure 1b.

The theoretical upper bound for the radius of the resonance
circle, R = m/y, is 0.5, as shown in Supporting
Information, Section 1. The condition of R = 0.5 can be
achieved by equalizing the radiative couplings of the resonance
to the incident and the transmission ports (¥, = 7,) and by
suppressing the dissipate losses (yq = 0) and the radiative
couplings to the additional diffraction ports (y;,, = 0).

Let us now illustrate with an example metasurface how the
introduction of diffraction channels in reflection leads to an
abrupt change in the transmission phase characteristics, i.e.,
transition from R = |Cl to R > ICl. This metasurface is
composed of an array of high-index Ge pillars (ng, = 4) on a
silica (ng,, = 1.44) substrate and is illuminated at normal
incidence by a linearly polarized plane wave originating from
within the substrate, as shown in Figure 2a. The pillars support
a higher-order Mie resonance, which, based on the field profile,
corresponds to a dotriacontapole mode—also known as the
32-pole in the multipole expansion. It is worth noting that this
mode has been previously studied, albeit in the context of
arrays of Si resonators.’® For additional field profiles, see
Supporting Information, Section 2.

Diffraction of the reflected light within the silica substrate is
introduced when the metasurface period in the x-direction, P,,
exceeds the threshold value Py = A/n, where A is the free-space
wavelength and n is the refractive index of silica. As shown in
Figure 2b, for subdiffraction periods (P, < P,), the phase of the
transmitted light exhibits an abrupt spectral variation, limited
to a range of 0—180°. Concurrently, a dip to zero in
transmittance occurs at the resonance. This behavior is
characteristic of the subdiffraction regime, where the condition
R = ICl holds. However, once diffraction in reflection is
introduced (P, > P;), the phase of the transmitted light
transitions to a smooth variation over the full range from 0 to
2m, as illustrated in Figure 2b. Thus, introducing diffraction in
reflection enables achieving the sought-after condition R > ICl
for the transmitted light. Although our study focuses on the
dotriacontapole resonance as an example, the described
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Figure 3. Progressive engineering of the complex transmission amplitude circle, Figure 3. (a) A periodic metasurface with pillars supporting three
resonances that are in close spectral proximity. The dimensions of the pillars are 1175.5 nm X 1175.5 nm X 1502.0 nm (square base). Due to the
subwavelength periodicity of P, = P, = 1387.1 nm compared to the wavelength range of 2149.1-2163.0 nm (in the substrate: A/ng,, = 1492.9—
1502.1 nm) and the corresponding diffractionless nature, the complex transmission amplitude is bound to cross the origin near the vicinity of each
of the resonance frequencies, resulting in three origin crossings (three resonances) that draw a ribbon-like shape on the complex plane. (b) To
isolate the resonance of choice, we lower the pillar height to its ideal value of ;4. = 1005.7 nm, separating the resonances from one another. The
wavelength range plotted is 1993.2—2007.9 nm. The complex transmission amplitude now draws a circle, allowing us to employ the single-
resonance TCMT model. The circle, however, still crosses the origin due to its diffractionless (two-port) nature (4/ny,, = 1384.2—1394.4 nm), but
at the vicinity of the resonance wavelength 4, = 2000.6 nm (4,/ng;, = 1389.3 nm), the periodicity of 1387.1 nm is still subwavelength. (c) To
expand from the two-port system, we increase the periods in both the x- and y-directions (P, = P, = 1831.8 nm) to be greater than the wavelength
in the substrate (wavelength range: 1962.1—1981.8 nm, A/ng, = 1362.6—1376.2 nm). This leads to diffraction within the substrate in both the -
and y-directions, making it a six-port system. The complex transmission circle now encircles the origin, leading to a full 2 phase revolution, and the
black arrow corresponds to the direct scattering parameter ty, with the angle defining its argument, arg[t;] = 6. The resonance wavelength is 1, =
1971.9 nm. (d) To tune arg[ty] = 6 to the required value of 7, we insert a pedestal structure made of LN. The x-directional width is set to be w =
1817.7 nm and the y-directional width is set to be equal to the period in the y-direction, P, = 1831.8 nm. The thickness of LN is t = 263.8 nm.
Tuning the w and P, allows us to tune to arg[ty] = & ~ 7. Notice that the presence of LN increases the quality factor, indicated by the color
encoding. The wavelength range is 1996.1—2001.3 nm, with the resonance wavelength being A = 1998.7 nm. (e) To achieve the second required
condition of t; = R, we change the x-directional period to P, = 1959.2 nm, tuning the effective index of the unit cell and the diffraction efficiencies,
influencing Itl. The wavelength range is 1995.5—2002 nm, with the resonance wavelength being 4, = 1998.7 nm. (f) To attain a high quality factor,
we make the LN depth thicker to ¢ = 339.6 nm, leading to the circle appearing discrete due to the same wavelength difference becoming further
placed apart. The wavelength range is 1999.1—2000.8 nm, with the resonance wavelength being 1, = 2000 nm. The color information also indicates
higher quality factor as the coloring range from red to blue (a fixed wavelength range around the resonance frequency) takes up almost the entire
circle, compared to the previous cases.

dynamics are general and do not depend on the specific nature
of the single resonance supported by the metasurface.

Note that for all the considered metasurface periods P,, the
metasurface remains nondiffractive in transmission. This is
because the threshold period for diffraction is smaller in the
substrate (P, = A/ny;,) than in air (P, = A) and the chosen
design satisfies Ay/ng, < P, < A, Consequently, diffraction
channels are open only on the substrate side, while the
transmission side remains free of diffraction. The illumination

from the substrate side is intentionally selected to facilitate
monolithic integration of the metasurface with on-chip light
sources, such as VCSELs or PCSELs.

We note that the moving of the center of the resonance
circle on the complex amplitude space so that the resonance
circle encircles the origin and thereby have a 27 phase
revolution, mathematically corresponds to having the branch
cut between a pole—zero pair cross through the real frequency
axis on the complex frequency space.”’ The equivalence is
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shown in Supporting Information, Section 3. Our work
therefore proposes a new method of achieving this crossing
of the branch cut without using the method of Huygens
metasurface with two resonances or explicit time-reversal
symmetry breaking.

It is important to note that merely opening the diffraction
ports does not ensure that the complex transmission amplitude
revolves around the origin. In other words, the presence of
additional ports (in our case, diffraction ports) is a necessary—
but not a sufficient—condition for achieving a 27 phase change
in transmission with single resonances, or equivalently R > ICl.

As briefly discussed above, the complex transmission circle
should be “centralized” to enable a phase-only spectral
response with constant amplitude. The centralization con-
dition can be written as C = R + tg = 0, which is equivalent to
two simultaneous conditions arg[ty] = 7 and ltgl = R. Here, we
propose a design guideline involving a pedestal structure
between the high-index Mie resonance pillars and the
substrate. Figure 3 illustrates a step-by-step process of our
methodology, pairing a specific metasurface setup with the
corresponding complex transmission amplitude obtained from
full-wave simulations. Figure 3a displays a two-dimensional
periodic lattice (in both the x- and y-directions) of Ge
rectangular pillars on a silica substrate without any diffraction
channels. The structure is illuminated from within the
substrate by a normally incident x-polarized wave. This
particular geometry hosts three resonances in the vicinity of
one another spectrally, and due to the transmission zero
phenomenon (no diffraction, two-port system), the complex
transmission amplitude passes the origin three times in
succession as the wavelength progresses, yielding a ribbon-
like curve.

To isolate a single resonance, we altered the pillar geometry.
Figure 3b shows the metasurface with reduced height for the
pillars so that the complex transmission amplitude draws a
circle corresponding to a single resonance. The convention
used for the radiative coupling parameters for both the
reflective port (d;) and the transmissive port (d,) assumes that
they are both positive real-valued. With such a convention, as
mentioned above, the leftmost point on the circle corresponds
to the direct scattering parameter f; (complex-valued) and the
rightmost point corresponds to the resonance wavelength.
Notice that because it is still a two-port system without
diffraction, the circle still possesses a zero near the resonance.

To allow for the encircling of the origin and thereby the 27
phase revolution, we open up the diffraction ports by
increasing the periodicity in both the x- and y-directions.
Figure 3¢ shows the results. It should be noted that because
diffraction is also allowed in the y-direction, we get a six-port
system (four diffraction ports, two from the x- and y-directions
each). By having the condition 4/ny,;, < P, = P, < 4, diffraction
is allowed into the substrate but not into the air on the
transmission side. This shifts the complex transmission circle
slightly closer to the origin, with the scattered phase spanning
the full 0—27 range as the wavelength evolves around the
resonance wavelength. The direct scattering parameter t4 is
depicted with a black arrow, with its argument denoted as
arg[t;] = 6. Despite enabling 27 phase variation, the circular
trajectory is not ideal, since it does not fulfill C = R + t5 = 0.

The arg[t,;] can be engineered by introducing a pedestal slab
between the dielectric pillar and the substrate. The material
used for the pedestal in our system is lithium niobate (LN),
chosen for its electro-optic tunability. Applying a bias across

the LN can modify its refractive index, which will shift the
resonance frequency of the resonance residing in the pillars
above and hence modulate the transmitted phase dynamically.
We chose the LN slab to be infinitely extended into the y-
direction for the sake of simplicity in the design. The width w
of the LN slab and the periodicity in the y-direction P, (which
also determines the y-directional length of the LN slab per unit
cell) can be tuned independently such that arg[t;] either
increases or decreases. This is because, in addition to the
effective index being altered due to the presence of the LN
slab, which affects the direct scattering parameter t; the
change in the surrounding refractive index distribution of the
Ge pillar modifies the complex radiative coupling parameters of
the resonance.”® Because our phase references are chosen such
that arg[d,] = arg[d,] = 0, changes in the radiative coupling
dynamics are reflected as compensated changes in arg[ty] (see
Supporting Information, Section 1). We chose w = 1817.7 nm
and P, = 1831.8 nm. Figure 3d shows the corresponding
complex transmission amplitude circle with arg[#;] ~ 7.

The coloring scheme in the circle plots (3b—3f) illustrates
the quality factor information, with a more spread-out rainbow
coloring around the resonance point (the point colored dark
red with a black outline) implying a higher quality factor (see
Supporting Information, Section 4). As well as achieving the
desired arg[t;] & 7, one can see that the addition of the LN
slab has increased the quality factor of the resonance. The
reason for the increase in the quality factor with the addition of
the LN is because having a higher-index material (than air or
substrate) around a periodic dielectric meta-atom (and
therefore have a lower index contrast between the pillar and
the environment) tends to decrease the radiative coupling.””**
This is opposed to the conventional wisdom that radiative
coupling decreases when the index contrast increases for a
localized resonator,” implying that in our system the periodic
array effect is the more significant of the two competing effects.

The circle is still yet to be centralized, as it is shifted to the
left from the center. This is because the magnitude of the
direct scattering parameter lfgl is too large compared to the
radius (It > R). To resolve this issue, we tune the period in
the «x-direction, P,. This has the effect of influencing Il
through two mechanisms: one is the change in the effective
index of the unit-cell (air to pillar/LN ratio of the unit cell),
which can affect the ltyl, and the other is the tuning of the
diffraction efficiencies @, which also indirectly affects Ity
through energy conservation. It can be seen from the transition
from Figure 3d,e that lfyl can be tuned through P, without
affecting arg[t,] significantly. This is because tuning P, does
not change the size and shape of the LN, which greatly
influences arg[t,]. Figure 3e shows a structure with a larger P,
= 1959.2 nm, and the corresponding transmission circle
satisfies C = R + t4 = 0, resulting in a centralized circle.

For our final step in the preparation for active phase-only
modulation, we increase the quality factor of the resonance
further, as this greatly helps in the sense that the resonance
frequency does not have to be tuned as much to cover the 27
phase range.'’ Further enhancement of the quality factor is
done through making the LN pedestal thicker for the reasons
discussed above. Figure 3f shows the final metasurface that has
a centralized complex transmission amplitude circle with a high
quality factor and has a radius that is almost 0.5, which is the
theoretical upper bound. Because the wavelength sampling rate
is fixed for Figure 3b—f, the circle is now discretized, as the
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Figure 4. Metasurface setup for dynamic phase modulation, Figure 4. (a) Our dynamic phase modulation metasurface configuration with ITO
electrodes for electro-optically modulating the LN refractive index. The pillars can either be Ge or Si, with the Ge results shown in (b,c), and the Si
results shown in (d,e). The dimensions for the Ge configuration are as follows. Ge pillar: 1800 nm X 1800 nm X 1540 nm (height), P,: 3000 nm,
P,: 2770 nm, LN width: 2680 nm, LN thickness: 520 nm, ITO width: 40 nm, and ITO thickness: 520 nm. The dimensions for the Si configuration
are as follows. Si pillar: 963 nm X 963 nm X 830 nm (height), P,: 1500 nm, P,: 1440 nm, LN width: 1220 nm, LN thickness: 260 nm, ITO width:
40 nm, and ITO thickness: 260 nm. (b) The spectral transmittance and phase for the Ge configuration, with the inset showing the electric field
profile in the x—z plane for the Mie resonance (dotriacontapole) in the pillar. (c) The transmittance and the phase shift with respect to the change
of the x-component of the LN refractive index for the Ge configuration. The operating wavelength is designed to be 3054.7 nm. (d) The spectral
transmittance and phase for the Si configuration. (e) The transmittance and phase shift with respect to the change of the x-component of the LN
refractive index for the Si metasurface. The operating wavelength is designed to be 1538.5 nm.

high quality factor results in the circle being swept across
rapidly.

Supporting Information, Section 4, shows the numerical
values of the radii R, as well as the direct transmission
scattering parameters t4 and the quality factors Q for the circles
shown in Figure 3. It can be seen that as the circle progresses
from Figure 3b—f, the circle radius R and the quality factor Q
keep increasing. We note that the tuning of only the radius of
the circle, given by R = m /v, was not shown because it was

difficult to isolate a geometric variable that only influenced R.
Nonetheless, due to the sufficient number of geometric
parameters of our metasurface configuration, we were able to
find multiple parameter sets that resulted in a centralized circle,
allowing us to select the parameter set that yielded the largest
radius R (see Supporting Information, Section S). So, our
methodology includes tuning both the t; and ¢, (through the
radiative losses in t,) in the complex transmission amplitude ¢ =
ty + t. through judiciously tuning the metasurface geometric
parameters.

It should also be worth noting that the steps from Figure
3d—f can be achieved with other materials with a refractive
index higher than the substrate and lower than the pillar, so it
is expected that using materials such as barium titanate (BTO)
with a higher electrooptic tunability will yield better dynamic
modulation performances. Additionally, this methodology
utilizing a pedestal is general in the sense that it can shape
the direct scattering parameter and tune the quality factor of
the resonance for other applications as well, such as creating a
critical coupling condition for the purpose of coherent perfect
absorption.

Finally, we demonstrate the dynamic phase modulation
capability of our metasurface. By introducing ITO electrodes
into the metasurface structure and bias-gating the ITO
electrodes with respect to each other (Figure 4a), the refractive
index of the LN slab can be electro-optically modulated
through the Pockels effect, leading to shifts in the resonance
frequency of the pillar and changes in the phase of the
transmitted light. To demonstrate the versatility of our
approach, we showcase dynamic transmissive phase-only
modulation using two different pillar materials: Ge (as in
Figure 3) and Si. The Ge metasurface is designed to operate in
the mid-IR (infrared) wavelength range, while the Si
metasurface operates in the near-IR telecommunication
frequencies. As shown in the spectral response of the designed
metasurfaces (Figure 4b,d), introducing lossy ITO electrodes
does not compromise the desired spectral characteristics—
namely, near-constant transmittance with a corresponding full
phase variation across the spectrum. This robustness is
attributed to our design strategy, wherein the electrodes are
positioned away from regions experiencing a significant field
enhancement.

The electro-optic modulation performance of the Ge and Si
metasurfaces are presented in Figure 4c,e, respectively. In our
simulations, we assume that the x-component of the LN
refractive index can be modulated by up to +0.006 under an
applied bias.*”*" The Ge metasurface achieves a phase shift of
250° while maintaining an almost constant transmittance of
20%. Note that this corresponds to a normalized complex
transmission amplitude of 0.45, which is remarkably close to
the established theoretical upper bound of 0.5 (Figure 4c). The
Si-based metasurface, as illustrated in Figure 4e, achieves a
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phase modulation range of approximately 300° while
maintaining a nearly constant transmittance of ~16%
(corresponding to a normalized complex transmission
amplitude of ~0.4).

It is also worth noting that there is an upper bound for the
resolution of the meta-atoms of the metasurface, as the period
must be larger than the diffraction threshold within the
substrate, P, > A/n. This enables subwavelength wavefront
control of the transmitted light, provided that the refractive
index on the transmission side is sufficiently low (e.g., air with
n=1).

Another important point is that in our simulations, the
substrate is treated as optically infinite, allowing diffracted
waves to freely propagate into the far field. In practice,
however, the substrate is of finite thickness, and without
properly engineered outcoupling mechanisms, the diffracted
light would remain confined within the substrate due to total
internal reflection. Because TCMT mandates that extending
the scattered phase beyond the O—rz range requires the
presence of additional far-field radiative channels, experimental
implementations must include controlled outcoupling to free
space at positions corresponding to the respective diffraction
angles. In cascaded systems where the noise from such
additional diffraction channels could be problematic, the
outcoupling structures can be designed to exhibit low
efficiency, ensuring that while the ports remain open (to
satisfy the 0—27 phase range condition), the amount of stray
optical power coupled out—and hence the potential noise in
cascaded systems—remains minimal.

B CONCLUSION

The interference between a resonance and the continuum in
systems with an incident port and an output transmission port
exhibits a transmission zero in the Fano spectrum. This
inherently prevents dynamical phase-only modulation with a
full 27 phase range in transmissive metasurfaces. We have
demonstrated that utilizing additional diffraction ports in
reflection effectively bestows additional degrees of freedom in
shaping the continuum mode and allows for a complete
spectral 0—27 phase range in transmission. This is mathemati-
cally equivalent to pushing the transmission zero upward in the
complex frequency space so that the real frequency axis crosses
the branch cut. Also, to allow for phase-only modulation with
constant amplitude, we have proposed a generally applicable,
step-by-step methodology using a pedestal structure that allows
for the tuning of the continuum mode, which can enable
dynamic transmissive phase modulation having 0—27 phase
range with uniform amplitude.

It is important to note that the additional ports used to
engineer the direct transmission scattering parameter do not
have to be diffraction channels. They can be orthogonal
polarization channels, guided surface waves, or any other
channel that radiates energy away. Because the TCMT
formalism allows lifting the R < ICl constraint by merely
adding more ports, we believe that it is possible to engineer the
ty and the radius of the complex transmission amplitude circle
by tuning geometric parameters of metasurfaces with addi-
tional ports other than diffraction ports. For example, if we are
to use circularly polarized light as incident input (left circular
polarization, for example) and have the cross-polarization
reflection and transmission as the additional port channels, lt,l
could be decreased as above by increasing cross-polarization
conversion efficiencies, and arg[f;] and the radius of the

transmission amplitude could be adjusted by tuning the
radiative losses of the metasurface. Also, the theoretical upper
bound of 0.5 in the transmission amplitude could be further
elevated by using materials or methods that allow non-
reciprocity. We look forward to future research that builds
upon our work and improves our performance. Lastly, this
methodology can be applied to other photonic applications
that require tuning of the continuum mode and quality factors,
such as coherent perfect absorbers. We hope that the contents
of this paper help pave the way for a wide range of photonic
applications that demand ultimate control over light.

B METHODS

Full wave optical simulations are performed using the finite difference
time domain method using commercial software (FDTD Lumerical).
In our optical simulations, a normally incident linear x-directionally
polarized plane wave illuminates the metasurface from within the
substrate (see Figures 2—4). When simulating an array of high-index
pillars, periodic boundary conditions are used in the x- and y-
directions, and a perfectly matched layer (PML) boundary condition
is used in the z-direction. In Figure 2, the mesh override region covers
the whole simulation area so that the mesh in the x-direction is 5 nm,
while the mesh in the z- and y-directions is set to 20 nm. An
additional geometry-based mesh of 20 X 20 X 20 nm overrides the
high-index pillar. In Figure 3, when performing full-wave simulations
in Lumerical, we used AutoMesh with mesh accuracy set to 3. In our
simulations, the minimal autoshutoff level was 107", In Figure 4, we
introduced geometry-based mesh override regions covering the ITO
electrodes such that the mesh in the x-direction was set to 8 nm, while
the mesh in the y- and z-directions was set to 20 nm. The geometrical
parameters of the metasurface are reported with a subnanometer
precision to represent our simulation setup accurately. However, for
achieving the target optical behavior, such precision is not needed (for
sensitivity analysis, see Supporting Information, Section 12).

In our optical simulation, the refractive index of Ge is set to ng, = 4,
the refractive index of Si is set to ng = 3.734, and the refractive index
of SiO2 is taken as 1.44. In Figures 2,3 and 4d,e, the ordinary
refractive index of the LNO is n, = n, = 2.21, while the extraordinary
refractive index is taken as n, = 2.12. In Figure 4b,c, the ordinary
refractive index of the LNO is n, = n, = 2.159, while the extraordinary

y
refractive index is taken as n, = 2.095.
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