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In this study, we construct Fabry-Perot cavities in which nanostructured, thin resonant metasurfaces act
as mirrors. We develop a temporal coupled-mode theory and provide an accurate description of the
resonances supported by these cavities, deriving analytically their transmission characteristics. The
presence of metasurface mirrors introduces a substantial group delay, causing the field concentration to
shift from the bulk of the cavity towards the regions close to the two metasurfaces. This shift is
accompanied by a significant increase in the quality factor of the resonances that is associated with the
emergence of singular points in frequency space. These singular points exist even when the cavity
separations are smaller than the cavity length of the fundamental mode in standard cavities, enabling meta-
mirror Fabry-Perot cavities to outperform traditional cavities by achieving much higher quality factors

despite displaying shorter cavity lengths.
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Traditional Fabry-Perot (FP) cavities [1-7] consist of
two parallel reflective surfaces, typically metallic or
dielectric, which do not support resonances. When the
distance between these mirrors matches the resonance
condition, the reflected light beams interfere coherently,
creating standing wave patterns within the cavity. On the
other hand, metasurfaces—quasi-two-dimensional nano-
scale metamaterials, have revolutionized flat-optics tech-
nology [8,9]. They have enabled the creation of ultrathin
planar optical devices [10—14]. Dielectric metasurfaces, in
particular, are attractive for semiconductor photonics as
they eliminate intrinsic losses associated with plasmonic
metasurfaces in the optical regime, thereby enhancing
efficiency [15-17]. These metasurfaces can be fabricated
using conventional photonic technologies and integrated
into photonic circuits [18,19]. Embedding a thin metasur-
face in a standard FP cavity with metallic mirrors can
reduce cavity thickness for color filtering [20]. Reflective
metasurfaces have been also integrated with hollow core
fibers to form FP cavities. In such systems, metasurfaces
serve merely as mirrors of high reflectivity [21] and,
consequently, the underlying physics follows that of
traditional FP cavities.

In this Letter, we demonstrate that replacing traditional
reflective mirrors in FP cavities with thin dielectric meta-
surfaces exhibiting dielectric resonances [22-24] introdu-
ces new functionalities. Unlike nonresonant mirrors, each
metasurface in these meta-mirror FP cavities supports a
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resonance characterized by a finesse coefficient F and a
quality factor Q,. Using a temporal coupled-mode formal-
ism, we analytically derive the transmission characteristics
of the meta-mirror FP system, presenting a unified theory
applicable to both resonating and nonresonating mirrors, as
well as short and long cavities. In meta-mirror FP cavities,
the electromagnetic field predominantly concentrates at the
thin metasurface regions rather than the bulk of the cavity,
relevant for practical applications. This shift in field
distribution is accompanied by a significant increase in
the quality factor of the resonances that is associated with
the emergence of singular points in frequency space. We
discover that resonant meta-mirrors provide an additional

mechanism to the overall quality factor, scaling as Q;\/F,
independent of the cavity length. We identify three cavity
length regimes based on resonance nature and quality
factor, marked by two fundamental characteristic lengths.
The first regime exhibits Fano resonances, while the second
and third show induced transparencies with Lorentzian
lineshapes. In the second regime, peak sharpness is
determined by the quality factor of a single metasurface.
In the third regime, the quality factor varies linearly with
cavity length, similar to traditional cavities.

Resonant dielectric metasurfaces are usually built up by
a periodic array of dielectric scatterers with a period a. We
start by examining a single layer of a resonant metasurface
exhibiting a transmission dip at an angular frequency w;.
As an example, we consider a silicon metasurface with
a =1 pm and a typical membrane thickness of 7 = 0.22a
embedded in silica, and whose unit cells are circular
nanodisks of radii r. Isolated transmission dips can be
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observed in the spectrum for r ranging from 0.15a
to 0.2a, which exhibit Lorentzian line shapes and are
attributed to isolated dielectric resonances [24]. Similar to
other resonant systems in photonics, this isolated resonance
can be characterized using a temporal coupled mode
formalism [25-29]. This formalism establishes relation-
ships between the electric field amplitude within the
metasurface A and the amplitudes of the electric fields
associated with the incoming [s;, s,] and outgoing [g,, ¢,]
waves [see Fig. 1(a)]. The rate of amplitude growth within
the metasurface is described by the equation (dA/dt) =
(jos —T)A + cys1 + ¢4, where T represents the decay
rate, and ¢, is the coupling coefficient accounting for the
coupling of incoming waves s; and s, from both sides of
the metasurface. The outgoing amplitudes are given by
q, = e/’s, + c,Aand g, = e/'s| + c,A, where y is a phase
factor. This phase factor accounts for the phase that an
incoming wave would acquire when passing through the
metasurface if the resonance would not be present as, in this
case, the metasurface would display a unitary transmissiv-
ity, |¢2|*> = |s1|>. As shown below, this phase factor is
critical in determining the transmission characteristics of the
bilayer system. Utilizing time reversal symmetry, and assum-
ing no intrinsic losses, it can be demonstrated that c,c, =
—eT and |c,|> =T (see Supplemental Material [30]
for details). The electric field transmission and reflection
coefficients can be then derived by applying Fourier trans-
forms to the aforementioned equations. For a single metasur-
face, these coefficients can be expressed as f(w)=
(q2/51)|s,=0 =1joe’ [ (jo+T)] and ro(w) = (q1/51)]5,—0 =
—[Ce’7/(js+T)], respectively. Here, § = @ — w,, where
w = 2rc/A is the angular frequency with ¢ and A being
the speed of light and the freespace wavelength, respectively.
The decay rate I (due to the coupling to the external radiation
modes) can be accurately estimated from the numerically
evaluated transmission spectrum of the metasurface and it is
given by I' = (w,/2Q;). In Fig. 1(b), we plot the trans-
mission spectrum of the silicon metasurface with » = 0.15a
as a function of normalized frequency, wa/2zc = a/A. As
we can see from this figure, there are two transmission dips at
normalized frequencies 0.677 and 0.687. The theoretical fit
for the first resonance is shown in dark yellow, whereas the fit
for the second resonance is shown in the inset. This figure
demonstrates the good agreement between the analytical
expressions derived from the temporal coupled mode for-
malism and three-dimensional (3D) finite-difference time-
domain (FDTD) calculations [31]. Notice that, as we are
interested on the spectral region between normalized
frequencies 0.665 and 0.685 (see below), from now on we
will use the fitting parameters associated with the first
resonance located at 0.677.

For a bilayer made of resonant metasurfaces separated by
a distance L, we can develop temporal coupled mode
equations by working with the electric field amplitudes in
the two metasurfaces, A; and A,. In isolation, these
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FIG. 1. (a) Schematics of a metasurface with incoming and
outgoing electric field amplitudes. (b) Transmission spectrum of
the metasurface with a square lattice of circular silicon nanodisks
(r =150 nm, h =220 nm, a = 1 pm), and is assumed to be
immersed in silica. In this figure the green solid line and yellow
dotted line represent a 3D FDTD calculation and the theoretical
fit (for the broader resonance), respectively. The inset shows
similar theoretical fit for the sharper resonance. (c) Schematics of
a meta-mirror Fabry-Perot cavity.

amplitudes evolve independently, as described earlier by
the equations of a single metasurface. However, when the
metasurfaces are brought together to form a FP cavity [as in
Fig. 1(c)], the electric field amplitudes couple and interfere
with each other. The temporal evolution of A; in the first
metasurface can be written as (dA;/dt) = (jo, —T)A; +
csS1 + ;85 + juA,. Here, u is the coupling coefficient that
accounts for the mode coupling between the resonant
modes of the two metasurfaces. The incoming electric
field on the right side of the first metasurface, denoted
as sy, can be expressed as s5 = e /*Ls,. Here, kL, with
k = (nw/c) and n being the refractive index of the medium
in which the system is inmersed, accounts for the phase
accumulated by the transmitted wave from the second
metasurface upon reaching the first metasurface, being s/
the transmitted amplitude in the second metasurface [see
Fig. 1(c) for details]. Based on the previous analysis of
single metasurfaces, we deduce that s, = e/’s, + c,A;.
Similarly, we can derive expressions for s| and s{. By
eliminating all the internal amplitiudes (s, 55, s/, and s%),
we obtain the following equations describing the dynamics
of the electric field amplitude in the bilayer metasurface
system:

dA .
d—l‘l = (](Us - F)Al + ¢Sy
+ ¢y [e_jkL (eijZ + CaA2)] + ]/"A2 (1)
dA .
d—l‘z = (]U)s - F)AQ + 582

+ ¢y [e_jkL (ejysl + CaAl)] + ]/"Al (2)
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Equations (1) and (2) can be solved in the Fourier
domain as

[Al} { jo4+T kT — jﬂ] -
= CY i
A, el — iy jo+T

1 e./(y_kL) Sl
o L

The outgoing electric field from the left of the bilayer
metasurface  is g = e/7sy + c,A; = e/F g, 4
elr—) e A, + c,A,. Similarly, the outgoing electric field
from the right of the bilayer metasurface is given by
qr = els! + c Ay = /) g oIk e AL+ c Ay TE
we assume that the incident wave amplitude is s, then
the power transmission coefficient, 7 = T(w, L), can be
derived using T = |g,/s, |2|52:0- The resulting expression
can be evaluated by substituting the expressions of A; and
A,, and defining a normalized coupling coefficient
v=[u(L)/V& +T?]. After some algebraic and trigono-
metric manipulations (see Supplemental Material [30]), it
can be shown that

_ {|ts|2_vG}2
Mol ==y~ ainrsnti—0)—op Y

Here G=uv—2|r,sin(y —kL), 6O, (w) = arg(t,)—
arg(6) +x/2, and the power reflection coefficient is
given by R=1—-T7. Note that 6; is a smooth and
continuous function of @ and that, setting » =0 in
Eq. (4), this formula replicates results obtained by the
scattering matrix method [32,33], which ignores evanescent
interaction between the mirrors and assumes plane-wave-
like propagation. Moreover, for v = 6, = 0, Eq. (4) recov-
ers the transmission equation of a Fabry-Perot etalon with
solid nonresonant mirrors.

In our study we consider FP cavities in which silicon
metasurfaces [as described in Figs. 1(a) and 1(b)] act as
mirrors. Figures 2(a) and 2(b) exhibit the transmission
spectrum as a function of L of the metamirror FP cavities,
near w;, = 0.677(2zc/a) [i.e., the first transmission dip
in Fig. 1(b)]. With a = 1.0 pm, this resonance frequency
translates to a resonant wavelength of 1.477 pm. In Fig. 2(a)
we render a 3D FDTD calculation, and in Fig. 2(b) we
evaluate the transmission spectra by means of Eq. (4). The
coupling coefficient u [Fig. 2(c)] and the phase, y = 0.6, are
both obtained by a numerical fitting method [34]. As seen in
Fig. 2(c), the coefficient x4 presents an exponential depend-
ence with the cavity length, implying that the coupling
between the two resonant modes is evanescent due to near-
field coupling. On the other hand, both Figs. 2(a) and 2(b)
present a very good agreement. Notice that the typical
transmission spectra with dielectric thin film mirrors exhibit
stripslike, periodic patterns of shallow ripples, and the depth
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FIG. 2. Transmission spectra of Fabry-Perot cavities with
dielectric resonant metasurface as mirrors. Spectra in (a) and
(b) represent 3D FDTD and analytical [Eq. (4)] calculations,
respectively. (c) Coupling coefficient [u(L)] that accounts for
the mode coupling. In (b), yellow and green lines represent
w, + u(L), and the circles represent singular points. (d) White
lines: Resonance lines obeying sin(kL — ;) = v. Dotted green
line: L = L.; Solid red line: locus of u>(L) = &% + I'2. Dots with
numbers: singular points and their order m [yellow: even m;
green: odd m].

of the ripple increases with the dielectric constant of the
mirror (see Fig. S3 of Supplemental Material [30] in which
we have plotted the transmission spectra of FP cavities with
silicon and dielectric film of averaged permittivity as
mirrors). However, the transmission spectra of meta-mirror
FP cavities significantly deviates from a striplike pattern. For
very long L, where v = 0, there is a conservation of trans-
lational symmetry along the direction of L variation. In this
scenario, a periodic pattern is observed in the transmission
spectrum. However, Figs. 2(a) and 2(b) show that meta-
mirror FP cavities exhibit periodic transmission lobes instead
of strips. Moreover, the variation in transmission near the
lobe region is very sharp, unlike the shallow ripplelike
variations seen in the equivalent standard FP cavities. On
the other hand, for shorter L in which v > 0, there is a clear
disruption of translational symmetry. Consequently, in
Figs. 2(a) and 2(b), we observe a nonperiodic transmission
pattern for short meta-mirror FP cavities. In Fig. 2(b), we
have also plotted the hypothetical lines (see Supplemental
Material [30]) @, — u(L) and wg + (L) [yellow and green
lines in Fig. 2(b)], which clearly indicate the splitting of lobes
for shorter cavities.

Physical insight on the numerical and semianalytical
results rendered in Figs. 2(a) and 2(b) is gained by
analyzing Eq. (4), looking for different mechanisms that
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lead to transmission maxima. As in the case of standard FP
cavities, the main resonant mechanism is associated with
the constructive interference between reflected light at each
mirror that leads to unity transmittance values, here with the
additional ingredient of the coupling between the two
metasurfaces, accounted for u. In the case of meta-mirror
FP cavities transmission resonances occurs when

sin(kL — 6;) = v. (5)

When there is no mode coupling between the two meta-
surfaces the above resonance condition simplifies to
2nL = (A/m){mx + 6,(®)}, with m being an integer. In
addition, if 6, =0, we obtain the standard resonance
condition of the usual Fabry-Perot cavity, 2nL = mA.
Notice that in the case of meta-mirror FP cavities, the
additional phase contribution 6, (w) from the metasurface
leads to a significant enhancement in the quality factor,
despite having shorter cavity lengths, as we show below.
Figure 2(d) renders the resonance lines [Eq. (5)] on the
(w, L) parameter space for the meta-mirror FP cavities
analyzed in Figs. 2(a) and 2(b). In general, for a trans-
mission resonance to occur we require sin(kL —0,) =
v < 1. Hence, (L) < &* + I'2. With § = 0, we can define
a characteristic length, L. such that wu(L,)=T=
(ws/2Qy). For the metasurface in Fig. 1(a), L.=1.73 pm.
In Fig. 2(d) we also show the boundary y?(L) = 6> + I'? and
the line L = L.

An interesting situation appears when sin(kL — 6,) = v
and |1,|> = vG, as both numerator and denominator in
Eq. (4) vanish simultaneously. This situation corresponds
to singular points in which transmission is also maximal,
occurring within the resonance lines [white lines in
Fig. 2(d)] at frequencies w,,, and lengths L,,, such that
L, = (¢/nw,,)(y + mr) (see Supplemental Material [30]).
The corresponding singular frequencies w,, = @, — u(L,,)
and w,, = o, + u(L,,) occur for even and odd integer
values of m, respectively. In the neighborhood of these
singular points, we expect ultrahigh quality factors as there
is no decay mechanism apart from the intrinsic decay. In
Figs. 2(b) and 2(d), we display the singular points of the
meta-mirror FP cavities. As we can see from Fig. 2(b),
transmission near the singular points changes rapidly. Note
also that in standard FP cavities, the fundamental mode has
m = 1 and the cavity length is L = (1/2n). In meta-mirror
FP cavities, a singular point exists even for m =0,
with the corresponding cavity separation being L,_, =
(4/2n)(7/x) < (2/2n).

By looking at Fig. 2(d), distinct regimes as a function of
L can be distinguished, depending on L being longer or
shorter than L.. For long cavities such that L > L, [i.e.,
v=0], the equation of the resonance line is
L = (¢/nw)[mz + 6,(w)]. With @ being a slowly varying
function compared to 6, (), the shape of L versus the w
curve follows very closely the shape of 6,(w) [see

resonance lines for m > 5 in Fig. 2(d)]. The resonance
frequencies (w,) for any given L and order m can be
calculated nonlinearly from the resonance line. In the
vicinity of @ = w,, we can linearize 0,(w) as O,(w) =
05 () + (0 — a)s)Tg(ws)’ where Tg(a)s) = [dO,(w)/
dol|,—, = —(20,/w,) is the group delay. Hence, near
the mth singular point, we can use the following linear
relationship,

2l = @%)H%u—m. (6)

Right at 1 =4,, we have the singular point. For the
transmission characteristics near resonance in the case
v =0, we can apply a small angle approximation (see
Supplemental Material [30]) to show

iy (@) |
@)+ 4lr (@) 2=z (0,)] [0 -,
(7)

Equation (7) has a Lorentzian line shape, with the quality
factor for resonant peaks given by

T(w,L)=

L
0= ﬁ[”f + Qs] — 01+ 0w (8)

Here, F = 4|ry(w,)|*/|t,(w,)|* is the coefficient of
finesse. F, being a huge number that traditionally measures
the sharpness of the interference fringes. In Eq. (8), the first
term Q; = (znL/1,)\/F represents the length-dependent
quality factor of the meta-mirror FP cavity, which is also
the total quality factor in standard FP cavities. However, the

second term, Q; = Q,V/F, is unique for meta mirrors and
it is length independent. This is an important result as it
shows that in meta-mirror FP cavities, there are two
mechanisms, Q; and Q,,, that feed the quality factor.
From the derivations, we can see that Q; results from the
length-dependent phase term, and Q,, originates from the
phase contribution of the metasurface. Thanks to this
additional term Q,,, cavity lengths to achieve the same
Q can be much shorter in metal-mirror FP cavities than in
traditional ones. In Sec. I and Fig, S1 of the Supplemental
Material [30], we provide a detailed discussion of the
quality factors for meta-mirror FP cavities and compare
them with those of traditional cavities. From Eq. (8), we
can also define a second characteristic length,
Ly = A,(Qs/nn) > L., which marks the shift in quality
factor domination from Q) to Q;. For the particular
metasurface utilized in our study, Ly = 51 pm. For very
long cavities such that L > L,,Q; dominates with
O~ Q;. Conversely, for shorter cavities, such that
L. <L <Ly, we have Qy > Q;, and hence Qy
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dominates with Q ~ Q,,. Therefore, even in the limit v = 0
in which the coupling between the metasurfaces is negli-
gible, a bilayer system creates an induced transparency
configuration [35,36], different to that observed in tradi-
tional FP cavities. Significantly, when L. < L < L, the
quality factor of the transmission peak is proportional to
Q,VF. Note also that, as @, = w,, t, = 0, and hence the
coefficient of finesse F' increases sharply. Quality factor of
single metasurface Q, can be engineered to achieve very
high values. In the literature, there are many reports with
single metasurface of quality factors ranging between
10>-10°. Thus, with an additional multiplication factor
'F, meta-mirror FP cavities can support resonant trans-
mission peaks presenting ultrahigh quality factors. In
Fig. S2 of the Supplemental Material [30], we further
illustrate how these quality factors can be tuned by altering
the geometrical parameters of the metasurface.

In the other regime of short cavities (L < L..), the earlier-
described resonance [associated with 6 in Eq. (5)] for
longer cavities is intertwined by the effect of the mode
coupling between the metasurfaces. Thus, meta-mirror FP
cavities in this regime exhibit different resonance and
transmission characteristics. First, the singularity points
deviate from w,, = w; to ®,, = w; = u(L,,). Thus, the
resonance line breaks and become discontinuous at
® = wy, giving rise to a significantly different shape when
compared to that for L > L, [see Fig. 2(d)]. A resonance-
free region in the (w, L) parameter space is created in the
neighborhood of w = w, when u> > 5 + 12, as Eq. (5)
cannot be fulfilled. Let @ = w, to be the solution sin(kL —
0,) = v[Eq.(5)]sowehave T(w,) = 1.If o = o, # @, is
the solution |¢,|> = vG(v, L) [i.e., vanishing numerator of
Eq. (4)], then we have T(w,)=0 (e, a dip). If
®, —w, > 0, then in the transmission spectrum a trans-
mission peak will be followed by a transmission dip.
Transmission toggles the other way around if
o, — o, < 0. When, o, and @, come close to each other,
this directional transmission switching occurs in a narrow
frequency region, resulting in a Fano resonance. As the
discrepancy between two frequencies shrinks, the sharp-
ness of the Fano resonance increases, and finally when
0, = w, = »,, we have a singularity.

Figure 3 renders the electric and magnetic field
densities in both short (L =12 pm < L.) and long
(L =43 pm > L) cavities. For the shorter cavity case
[L = 1.2 pm], the field pattern clearly shows a stronger
interaction. Nevertheless, in both cases, the electromagnetic
fields concentrate primarily on the metasurfaces region
rather than at the middle of the cavity. The significant group
delay exhibited by the metasurface leads to a notable shift
in the concentration of the electromagnetic field from the
centre of the FP cavity towards the metasurface region. As
shown earlier, this shift contributes to a remarkable
enhancement in the quality factor of the FP resonances.

L=1.20 ym L=433um

0.5

5
z (pm)

FIG. 3. Electric and magnetic field densities of FP meta-mirror
cavities for two representative cases.

In summary, we have presented the optical properties of
FP cavities with dielectric resonant metasurfaces as mir-
rors. By using a temporal couple mode formalism, we
derive the transmission characteristics supported by these
systems. There are three cavity length regimes based on the
nature and quality of the resonance. These regions are
marked by two characteristic cavity lengths (L, and L).
The first regime (L, > L) exhibits Fano resonances. The
second and third regimes display induced transparencies
with Lorentzian line shapes. The second regime’s
(L. < L < L) resonance sharpness is primarily governed
by the quality factor of the single metasurface, allowing for
sharp resonances even with shorter cavities. In contrast, the
third regime (L > L) is predominantly controlled by the
cavity length itself. Furthermore, in FP meta-mirror
cavities, resonances happen even for cavity separations
that are smaller than the cavity length of the fundamental
mode in traditional FP cavities.
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