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1. Super absorption with diabolic point degeneracies
(a) (b) |E|atDP

max

ectric dipole

Magnetic dipole

250
240

A 250 - - - 15 -
(c) 1 (e)
0.8 = 240} 2
10
| 0.6 2
g 230 E m——
0.4 S S 5
S 220
0.2
10 - : 0 210 -

230
220
2 0 - ‘ ‘
016 018 020 0.22 024 026 0.16 018 0.20 0.22 024 0.26 016 0.18 020 022 0.24 0.26
H (um) H (um) H (um)

£ (THz)
Re(f igen) (THZ)

Im(f oigen) (THZ)

Fig. S1. The system with diabolic point degeneracies. (a) Schematic of the metasurface. (b)
Eigenmodes of magnetic and electric dipole resonances at the DP. The color shows the electric
field distribution at the plane of y = 0. The arrow shows the direction of electric field. (c)
Absorption spectra at different disk’s thickness H. (d) Re(feigen) and () Im(feigen) of the two
modes at different disk’s thickness H.

One typical two-orthogonal-mode system is shown in Fig. S1(a), which consists of periodic
low-loss dielectric disks in uniform background. The orthogonality of magnetic and electric
dipole modes supported by the metasurface makes the eigenfrequencies degenerate at the
diabolic point (DP). At the DP, Re(feigen) of two modes are the same, whereas their associated
eigenvectors are orthogonal. Therefore, two distinct eigenmodes can be found at the DP [Fig.
S1(b)]. This condition is different from the EP degeneracies described in the main text [Fig.
2(c)]. The absorption spectra, Re(feigen) and Im(fejgen) of the two modes at different disk’s
thickness H are calculated [Figs. S1(c)-S1(e)]. In the simulation, the refractive index of the
cylinder is set to be n=4+ 0.1, other parameters are: D = 0.480um, and P, =P,
= 0.800um.



2. Absorption of two modes with the same symmetric properties

For the photonic system plotted in the main text [Fig. 1(a)], when the mirror-plane symmetry
about two ports is slightly disturbed (e.g. nanostructures with the low-index substrate and the
air superstrate), we approximately suppose the resonant modes decay either symmetrically or
anti-symmetrically into two ports, thus the two modes will have either the same or different

symmetric properties. For each mode, we take |y .| = |y}~e . The relationship between input and

output waves satisfies the following temporal coupled-mode equations [1]:
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where A=[41 A2]T is the resonance amplitude vector. Sy =[S1+ O]Tand S_=
[S1—  S2-]7 represent the incoming and outgoing waves respectively. D is the 2 X 2 coupling
matrix of the resonant modes with incoming or outgoing waves. C is the 2 X 2 scattering matrix
of the incoming and outgoing waves in the absence of the resonant modes, with:
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c=[1 o (83)
Because of the energy conservation, we have
tp = o|YLR B
ptp=2[pr P (s4)
Therefore, the elements of matrix D are obtained as
|[d11] = |d21] =/Y1R (85)
|d12| = [d22] =~Y2R (S6)
where dmn = |dy|e ) (mn = 1,2), Oy is phase factor, and
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When the two modes have the same symmetry properties (e.g. both M1 and M2 decay
symmetrically, the anti-symmetrical condition is similar), we have 611 = 021 and 812 = 0.
Therefore:

ﬁ = e—i(912—911)4 /Vl,RVZ,R (88)

Based on time reversal, we have CD* = — D, the coupled-mode equations can be expressed as
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When f = f1 = f2. The total absorption of the system is given by
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We finally have the absorption limit
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Therefore, when the two resonances have the same symmetry properties, the maximum
absorption cannot exceed 50%.



3. Absorption of two modes with different symmetric properties

When the two modes have different symmetric properties, e.g. M1 decays symmetrically while
M2 decays anti-symmetrically, we have 811 = 821 and 812 = 02 + m. Based on time-reversal
symmetry, we have CD* = — D. Therefore, 611 = 021 =1/2, 812 = m, and 622 = 0. The far-
field coupling coefficient is

B =—i(Wie 2 = yy,15) 13

due to the low index of substrate,

Since we have neglected the difference between |y;,| and |y}-e

we have f = 0. Two modes exchange energy with each other mainly through the near-field
coupling, and the coupled-mode equations are given by
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In the PT symmetry breaking regime, f1 = f>. At the resonant frequencies where f = f1 = f,
the reflection and transmission coefficients are given by

—ka + Y1,RY2,NR — V2,RV1,NR

(S16)
— K2 —[y1rR + Yi,Nr][V2R + V2,NR]

— k% + Y1,RV2R — Y1LNRV2ZNR
— k2 —[y1r + YiNr][V2R + V2NR]

Perfect absorption requires r =t =0, therefore both Eq. (S22) and Eq. (S23) should be
satisfied.

t= (S17)

Y1,RY2,NR — V2,RV1,NR = 2KA\V1,RY2R (S18)
Y1RY2,R — V1,NRVZNR = KZ (S19)
Eq. (S22) and Eq. (S23) can be re-expressed as
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This is the perfect absorption condition [Eq. (3) and Eq. (4)] mentioned in the main text. The
other condition: M1 decays anti-symmetrically and M2 decays symmetrically. We have 612 =
022, and 811 = 021 + . Similar to the analysis before, the coupled-mode equations are given
by
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Under the perfect absorption condition, both Eq. (S24) and Eq. (S25) should be satisfied
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Eq. (S24) and Eq. (S25) can be further re-expressed as
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4. Numerical simulation

The absorption spectra and the eigenfrequencies of the two modes are calculated using the
software COMSOL Multiphysics (5.3a). For each mode, the total decay rate Yot is equal to the
calculated Im(f' eigen). The radiative decay rate YR is calculated using the same geometry
parameters, except that Ge is supposed to be lossless in calculation. The non-radiative decay
rate YNR is determined by ¥NR = Ytot — ¥R. In the simulations, the Si and SiO2 are set to be

lossless dielectric with the respective refractive index ns; = 3.46 and nsjo2 = 1.45. The optical
constants of Ge are from [2].
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Fig. S2. Dependence of decay rates on Ge thickness hz. (a) Radiative and non-radiative
decay rates of M-QBIC mode at different h;. (b) Radiative and non-radiative decay rates of E-
QBIC mode at different hy. (c) Decay rates difference of the two modes at different h;.

The influence of hy on decay rates can be seen in Fig. S2. The non-radiative decay rates of both
modes increase with hy due to the increase of intrinsic absorption of Ge, while their radiative
decay rates hardly change with hy [Figs. S2(a), S2(b)]. The dependence of decay rates
difference on hy are plotted in Fig. S2(c), where the total decay rates difference reaches
maximum at hp = 0.060um. In the simulation, the following parameters are used: hq
= 0.330um, 6 = 9°,a = 0.075um, b = 0.225um, P,, = 0.740um, and P, = 0.620um,

(a) (b)
5 : 5 f . -
e d YM-QBICKR -4 'YE-QBICR ,’
4 -6 Vmaosicnr 4 =6 VEopicar S
N ~ ’
: : ,
— 3 ‘;’ 3 e
é 'é' /ﬁ
> 2 A 2 ‘
[+
g L & Y
A & 1¢--0-0-0-~b--0--0-0-9
- -0 --O--O--§~-"8 - -0 - -0 - 4 &
0 b=t =¥ 04te=
0 4 8 12 16 0 4 8 12 16
0(°) 0(%)

Fig. S3. Dependence of decay rates on the orientation angle 0. (a) Radiative and non-
radiative decay rates of M-QBIC mode at different 8. (b) Radiative and non-radiative decay
rates of M-QBIC mode at different 8.



The influence of 8 on decay rates can be seen in Fig. S3. For M-QBIC and E-QBIC, the
radiative decay rates increase with 8, while the non-radiative decay rates hardly change with 6.
In the simulation, the following parameters are used: hq = 0.330pum, hy = 0.040um,
a=0.075um, b = 0.225um, Py, = 0.740um, P, = 0.620um.

Table S1. The values of P, at different h; in Fig. 2(a) of the main text

ha (jum) P (um) ha (m) P (um)

0 0.733 0.038 0.713
0.010 0.726 0.040 0.713
0.015 0.723 0.045 0.712
0.020 0.721 0.050 0.712
0.025 0.718 0.060 0.713
0.030 0.716 0.070 0.716
0.035 0.714




5. Field distributions of eigenmodes
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Fig. S4. Eigenmode distributions in plane 1. (a) Schematic of the metasurface. (b) - (d)
Electric field distributions (|E|,Ex.Ey,E) at different Ge thicknesses: (b) hz = 60nm, (c) hy
= 38nm, and (d) h, = 10nm. The three thicknesses correspond to the three cases of Fig. 2(c)
in the main text.
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Fig. S5. Eigenmode distributions in plane 2. (a) Schematic of Plane 2. (b) - (d) Electric field
distributions (|E|,Ex.Ey,E7) at different Ge thicknesses: (b) hz = 60nm, (c) hy = 38nm, and
(d) hy = 10nm. The three thicknesses correspond to the three cases of Fig. 2(c) in the main
text.



6. Sample fabrication and spectra measurement

To fabricate the sample, a 145-nm-thick Si film, a 40-nm-thick Ge film, and a 145 nm-thick Si
film were sequentially deposited onto the SiO2 substrate using magnetron sputtering (Denton
DISCOVERY635). Thereafter, a 300-nm-thick negative resist (AR-N 7520) was spin coated
and baked for 1 min at 90 ° C. Then a 50 nm-thick conductive protective coating (ARPC
5090.02) was spin coated, and the sample was exposed with EBL (VOYAGER, 50kV). After
exposure, the sample was developed in AR 300-47 developer followed by rinsing in deionized
water. Finally, the sample was etched using inductively coupled plasma-reactive ion etching
(Oxford Plasmapro100 Cobra 180), and the residual resist is removed by AR 300-70.

The absorption 4 are characterized by measuring the reflection R and transmission 7, and then
using the equation 4=1-R-T. The reflection and transmission spectra are measured by the setup

shown in Fig. S6.
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Fig. S6. Sketch of the experimental setup. BS stands for the beam splitter. The source for
measurement is a super continuum laser (600nm — 1700nm), and the white light source is used
to help to focus and image, which is turned off during spectra measurement.
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