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ABSTRACT

A structure composed of a hexagonal array of Si nanodisks having toroidal dipole resonances and a reflecting mirror separated by a SiO,
spacer is proposed as a platform that exhibits narrow-band perfect absorption in the Si sub-bandgap wavelength range for a CMOS compat-
ible Si based photodetector operating below the bandgap range. The numerical simulation reveals that the structure possesses Fabry-Pérot
bound states in the continuum at proper spacer thicknesses due to the interference between the toroidal dipole and its image dipole. By
slightly detuning the spacer thickness to meet the critical coupling condition, narrow-band perfect absorption appears despite assumption
of a very small extinction coefficient (5x 107*). The wavelength of the perfect absorption is controlled in a wide range by the structural
parameters of a Si nanodisk hexagonal array and is insensitive to the fluctuation of the extinction coefficient and the choice of a metallic
mirror. In the structure, over 90% of incident power can be absorbed in the Si region. This suggests that the structure can be used as a
narrow-band photodetector operating in the Si sub-bandgap wavelength range. We also evaluate the sensing performance of the proposed
structure as an intensity based refractive index sensor operating in the near-infrared range.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146896

I. INTRODUCTION

Near-infrared light beyond 1400nm has high eye safety
because it is strongly absorbed in the outer layer of the eye, such as
cornea, vitreous, and lens, and cannot reach more sensitive
retina."”” Since conventional silicon (Si) photodetectors are trans-
parent in this range, narrow-bandgap semiconductors, such as

Another approach to detect below-bandgap photons is utiliz-
ing defect-mediated light absorption.'””"” Since defect-mediated
sub-bandgap absorption of Si is very weak, i.e., the extinction coef-
ficient (x) is ~107> or less,'"'” absorption enhancement by optical
resonances is crucial for the practical usage. For example, narrow-
band photodetection around 1500 nm is achieved by using Mie res-
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InGaAs, SiGe, and Ge, are usually used as a monolithic device or
are integrated in Si-based devices.” Recently, a new concept that
uses near-infrared absorption by localized surface plasmon reso-
nances of noble metal nanostructures and hot electron injection at
a metal/Si Schottky junction has been proposed as a new Si-based
photodetector operating below the bandgap,”” and the perfor-
mance of this type of device has been improving rapidly.”” A
drawback of the device is the requirement of a noble metal that is
not compatible with conventional CMOS processes.

onances (whispering gallery mode) of a micron-meter size Si
sphere.'” In our previous work, we used toroidal dipole (TD) reso-
nances supported by a hexagonal array of Si nanodisks for the sub-
bandgap absorption enhancement. The TD mode destructively
interferes with the Cartesian electric dipole (ED) mode and forms
a nonradiating anapole state, which enhances light absorption,”"15
photocatalytic activity,'® and nonlinear optical effects.'”'® We
experimentally demonstrated narrow-band photocurrent enhance-
ment around 1550 nm by the TD resonances in a Si nanodisk
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hexagonal array.'* An advantage of this approach, ie., enhance-
ment of defect-mediated sub-bandgap absorption by optical reso-
nances to detect sub-bandgap photons, is the unnecessity of noble
metals and a simple structure. A drawback is the inefficient
photon-to-electron conversion efficiency that arises from the fact
that several photons are required to excite an electron to the con-
duction band. Therefore, to make this type of device practically
useful, very strong absorption enhancement is necessary.

Absorptance of a system consisting of an optical resonator
supporting a single resonant mode is described by the temporal
coupled mode theory (TCMT) as'” ™"

_4 ré
- m(e—a) + (y + 67

1)

where m is the number of free-space ports in the system, w, is the
resonant frequency, and y and ¢ are radiation and absorption loss
rates, respectively. The absorptance becomes maximum at the criti-
cal coupling condition where the radiation and absorption losses
are equal (y =6). If a metasurface supports a single resonant mode
and has two radiating ports (m =2), the theoretical limit of the
absorptance is 50%. To overcome this theoretical limit, several
strategies have been proposed. One of them is using two degenerate
resonant modes with opposite symmetry (degenerate critical
coupling).”>**™** For example, perfect absorption (A=1) is
achieved in Si metasurfaces with degenerate electric dipole (ED)
and magnetic dipole (MD) modes.””** Another approach is intro-
ducing a reflecting mirror below a resonator to suppress the trans-
mission, i.e., to close one of the radiating ports (m = 1).22 In both
approaches, an important aspect to achieve perfect absorption is
precise tuning of the balance between the radiation and absorption
losses. In order to achieve the critical coupling condition in a
low-loss sub-bandgap range, the radiation loss of a resonator
should be very small.

Precise control of a radiation loss of a resonator can be
achieved by using optical bound states in the continuum (BICs).
BIC is an electromagnetic state with zero radiation loss located
inside the light cone.”””” Although BIC has infinite quality factors
and cannot be coupled from the far-field, a slight deviation from a
BIC condition results in so-called quasi-BIC, which has a finite
quality factor (radiation loss). The quasi-BIC has been used for the
enhancement of light absorption,”* nonlinear optical effects,”*™*’
photocatalytic activity,”' bio-sensing,””"” and lasers.”**”

In this work, we combine TD resonances of a Si nanodisk hex-
agonal array and BIC and propose a structure having narrow-band
perfect absorption (PA) below the bandgap. The proposed structure
is composed of a Si nanodisk hexagonal array and a reflecting
mirror separated by a SiO, spacer of hundreds of nanometers to
lum in thickness. We demonstrate from numerical simulations
that the structure has Fabry-Pérot BIC (FP-BIC) at proper
nanodisk-mirror distances.””*****” By detuning the distance from
the BIC conditions, the radiation loss can be tuned to match the
material loss, and it results in narrow-band perfect absorption. We
show that more than 90% of incident power can be absorbed by a
Si at the critical coupling conditions. Finally, we investigate the
potential of the structure as a photocurrent detection type refractive
index sensing device.

ARTICLE scitation.org/journalljap

Il. RESULTS AND DISCUSSION

Figure 1(a) shows the schematic illustration of a Si nanodisk
hexagonal array formed on a Si thin film,'>*® and Fig. 1(b) shows
the calculated transmittance (T), reflectance (R), and absorptance
(A=1-T=R) spectra under normal incidence. The structural
parameters [diameter (D) and height (h) of a nanodisk, array pitch
(P), and Si film thickness (f)] are shown in Fig. 1(a). For the calcu-
lations, we fixed the refractive index of Si (1) to 3.5 because of the
small dispersion below the bandgap. The extinction coefficient (k)
is assumed to be 5 x 107, which is the smallest value reported for
poly-Si around 1500 nm.'*'" Despite the very small extinction coef-
ficient, a clear absorption peak appears at 1571.4 nm. The electric
field distributions (|E|/|E,|) in the xy (z=h/2) and yz (x=0) planes
at the peak wavelength are shown in Fig. 1(c). We can see the sym-
metric current loops characteristic of the TD resonance in the xy
plane.**>*" The electric field is tightly confined in the Si nanodisk
region, and the confinement leads to strong absorption enhance-
ment. In this structure, the maximum absorptance is ~3%. This
value can be increased by optimizing the structural parameters' >
but cannot exceed 50% because of the existence of the two radiating
ports (m=2) [Fig. 1(a)].

To overcome this limitation, we propose a structure that
has a mirror below the nanodisk array as schematically shown in
Fig. 2(a). The mirror closes the radiating port 2, and thus, the
maximum absorptance can reach unity. This structure can be
modeled by the image dipole method [Fig. 2(b)],"*"" in which the
mirror works as a mirror dipole for a toroidal dipole in a Si nano-
disk. The structure in Fig. 2(a) is, thus, regarded as two resonators
separated by twice the spacer thickness (S), and their interference
determines the optical response. Figure 2(c) shows a schematic
illustration of a near- and far-field coupled resonator system, { is
the near-field coupling constant, and y is the propagating phase
shift between the two resonators. In the absence of an external
driving source, the oscillation amplitudes of the two resonators (a;,
a,) are described by the TCMT as™®

d a; _ |, @0 ; 1 e v a;

E(“2) - {l< ¢ o) T\ew 1 @) @

In a time harmonic field (a; =A™ and a steady-state,
Eq. (2) becomes

ig =y

i A\ (0
i(w—wo)—yo](Az>_(0)' 3)

The eigenvalues and eigenvectors are, thus,

i(® — ) 7o
i§ —yoe

o4=wy + (§+ ysiny) + iy (1 + cosy) (4)

(%)= (4) <5>

respectively. When the phase shift y is equal to an integer multiple
of 2, the imaginary part disappears at @_ and the mode cannot

and
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FIG. 1. (a) (left) Schematic illustration of a Si nanodisk hexagonal array formed on a Si thin film. The wavevector (k) of incident light is normal to the surface. (Right) Top
and side views of the structure and definition of the structural parameters. (b) Calculated transmittance (black), reflectance (blue), and absorptance (red) spectra of a Si
nanodisk hexagonal array with P=750nm, D=700nm, h=50nm, and {=100nm. (c) Electric field distributions (|E/|Eo|) in xy (z=h/2) and yz (x=0) planes at
1571.4 nm. Electric field vectors are also shown by white arrows.
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FIG. 2. (a) Schematic illustration of a silicon nanodisk hexagonal array on a mirror structure. (b) Image dipole model to calculate the optical response of the structure in
(a) when TD resonance is excited in a Si nanodisk. (c) Schematic illustration of near and far-field coupling of two resonators. wq and y, are the resonant frequency and
the radiation loss rate of individual resonators. £ and w are the near-field coupling strength and the propagating phase shift, respectively.
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exchange energy with free space. This is the FP-BICs. In the
structure in Fig. 2(a), the phase shift can be tuned by the spacer
thickness (S). Detuning the phase shift from the FP-BIC conditions
allows us to control the degree of the energy exchange with free
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space, i.e., the radiation loss rate y, to meet the material loss & to

realize perfect absorption.

We now calculate the absorptance spectra of the structure in
Fig. 2(a) by systematically changing the phase shift y by the spacer
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FIG. 3. (a) Contour plot of absorptance as functions of wavelength and spacer thickness. Other structural parameters are P=750nm, D=700nm, h=50nm, and
t=100 nm. (b) Quality factor (black) and peak absorptance (red) as a function of spacer thickness (vertical axis) at the TD resonance around 1570 nm. (c) Reflectance
(broken black curve) and absorptance (solid red curve) spectra when the spacer thickness is 940 nm [indicated by a white arrow in Fig. 2(a)]. (d) and (e) Electric field (d)
and absorbed power (e) distributions in the yz (x=0) plane at 1573.7 nm. (f) Peak absorptance as a function of spacer thickness calculated for different values of extinc-
tion coefficient (x=5x107*, 1x 10~ and 5 x 10~>) and a fixed refractive index (n =3.5).
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thickness S. First, we assume a lossless perfect electric conductor
(PEC) as a mirror and later consider a real material, such as alumi-
num (Al) and gold (Au). Figure 3(a) shows the contour plot of the
absorptance as functions of the wavelength and the spacer thickness.
Other structural parameters are the same as those in Fig. 1(a). The
incident light is normal to the surface. We can see an absorption peak
around 1570 nm due to the TD resonance for S> 250, while for
§ <250 nm, the near-field coupling shifts the resonance to a shorter
wavelength (see Fig. S1 in the supplementary material). The absorp-
tance is periodically modified by S, and at S =200, 760, and 1280 nm,
it is very close to zero. This is the FP-BIC; i.e., the resonators cannot
exchange energy with free space and the incident light is nearly 100%
reflected (R~ 1). In Fig. 3(b), the quality factor obtained by fitting the
absorption peaks with a Lorentz function is plotted as a function of
spacer thickness. It takes the maximum value of 3500-4000 at the BIC
conditions. This value is close to that estimated from the material loss
(n/2x =3500) for n=3.5 and Kk =5x 107%"

If we detune (e.g., increase) the spacer thickness from the
FP-BIC conditions, the radiation loss rate y has a finite value, and
if ¥ reaches the critical coupling condition (6 =), the absorptance
becomes the maximum. A further increase of the spacer thickness
results in the overcoupling condition (§<y) and the absorptance
decreases. In Fig. 3(b), the value of the peak absorptance is plotted
as a function of the spacer thickness. At the critical coupling condi-
tion (§=20, 60, 400, 620, 940, 1160, and 1480 nm), the peak
absorptance reaches nearly unity. Figure 3(c) shows the reflectance
and absorptance spectra at =940 nm. The absorptance is over
0.99 at the resonance, and the Q factor is 1692. Figures 3(d)
and 3(e) shows the electric field and the absorbed power distribu-
tion in the yz-plane, respectively. The electric field is concentrated
on the Si region and the maximum enhancement factor reaches
>40, which is threefold larger than that of the structure without the
mirror [Fig. 1(c)].

Up to now, we assume the extinction coefficient of Si to be
5x 107" Since the extinction coefficient of poly-Si depends on the
deposition methods and conditions,'”"" we investigate the effect of
the excitation coefficient value on the absorption property. In
Fig. S2 of the supplementary material, we show the data similar to
Fig. 3(a) obtained for k¥ =5 X 1074 1% 1073, and 5 x 107>, The data
indicate that the extinction coefficient does not strongly affect the
BIC condition (S=760nm), while the condition of the perfect
absorption depends on the extinction coefficient. Figure 3(f) shows
the peak absorptance as a function of the spacer thickness for three
different values of the extinction coefficient. We can see that mate-
rials with larger losses require a larger deviation from the BIC con-
dition to satisfy the critical coupling condition. By properly
controlling the spacer thickness, perfect absorption is achieved in
the wide extinction coefficient range (x =5 x 107*-5x 107>). Note
that the resonance wavelength is very insensitive to the extinction
coefficient (see Fig. S2 in the supplementary material), and thus, a
small fluctuation of the extinction coefficient from a designed value
does not strongly affect the resonance wavelength, although it
slightly decreases the absorptance value.

The resonance wavelength of the proposed structure can be
controlled by the structural parameters of the nanodisk array.
Figure 4(a) shows contour plots of absorptance as functions of
the wavelength and the spacer thickness when the thickness of a Si
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FIG. 4. (a) Contour plots of absorptance as functions of wavelength and spacer
thickness. From left to right, the Si thin film thickness (t) is increased from 60 to
100 nm. Other structural parameters are P=750nm, D=700nm, and
h=50nm. (b) Absorptance spectra at the critical coupling conditions indicated
by white arrows in Fig. 4(a).

film below a nanodisk array (f) is changed from 60 to 100 nm. The
TD resonance wavelength changes from ~1420 to ~1570 nm for
t=60-100 nm. This shift is due to increased confinement volume
of the electric field. In Fig. 4(a), the BIC and perfect absorption
conditions are shown by circles and arrows, respectively. The
optimum spacer thickness for BIC decreases with increasing t.
Figure 4(b) shows the absorption spectra at the spacer thicknesses
designated by arrows in Fig. 4(a). Narrow-band perfect absorption
is achieved in the 1420-1570 nm range. It is worth noting that the
absorption spectra are independent of the polarization direction of
incident light due to the C4 symmetry of the structure (Fig. S3 in
the supplementary material).

We now replace the PEC mirror with an Al one. Figure 5(a)
shows a contour plot of the absorptance as functions of the wave-
length and the spacer thickness calculated assuming an Al mirror.
The resonance wavelength of the TD mode is around 1570 nm,
which is very close to the case of the PEC mirror [Fig. 3(a)].
Furthermore, BIC appears at almost the same spacer thicknesses,
e.g., S=180, 750, and 1280 nm. One of the differences between a
PEC and an Al mirror is the spectral shape when the wavelengths
of the Fabry-Pérot interferences and the TD resonances are over-
lapped (S= 500 and 1040 nm). In an Al mirror, the peak has a
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FIG. 5. (a) Contour plot of absorptance as functions of wavelength and spacer thickness for a Si nanodisk hexagonal array on an Al mirror structure. Other structural
parameters are P =750 nm, D=700 nm, h="50 nm, and {=100. (b) Quality factor of an absorptance peak as a function of spacer thickness calculated from the data in (a)
(red). The quality factor calculated for a PEC mirror is also shown (black). (c) Calculated absorptance spectra for an Al mirror (red solid curve) (S =920 nm) and for a PEC
mirror (black broken curve) (S =940 nm). (d) Electric field and (e) absorbed power distributions in the yz (x = 0) plane at 1573.4 nm.

Fano-type highly asymmetric shape (see Fig. $4 in the supplemen-
tary material), while in a PEC mirror, it is well-fitted by the
Lorentzian function. We fitted the asymmetric peak with a general-
ized Fano function™ to extract the quality factor. Figure 5(b) shows
the quality factor of the absorption peak as a function of the spacer
thickness. The quality factor decreases slightly by replacing a PEC
mirror with an Al mirror at the BIC conditions, while the differ-
ence is very small at the perfect absorption conditions. The degra-
dation of the quality factor is due to absorption by an Al mirror
(Fig. S5 in the supplementary material). Figure 5(c) compares the
absorptance spectra at the critical coupling conditions between a
PEC mirror (§=940nm) and an Al mirror (§=920nm). High
quality factor perfect absorption is achieved by using a lossy Al
mirror. Figures 5(d) and 5(e) show the electric field and absorbed
power distributions at the peak wavelength in Fig. 5(c). The electric
field is tightly confined in the Si region. 93% of incident power is
absorbed in the Si region, and 7% is absorbed by the Al mirror.

Therefore, large photocurrent enhancement is expected in a Si
nanodisk array with an Al mirror. Similar results are obtained
when we use an Au mirror (Fig. S6 in the supplementary material).
On the other hand, if we use a crystalline Si mirror, perfect absorp-

tion cannot be achieved due to the leakage of the field to the 3

bottom (Fig. S6 in the supplementary material).

A possible application of the narrow-band photodetection by
a Si nanodisk array on a mirror structure is a spectrometer-free,
current-detection-type refractive index sensor operating in the
second near-infrared biological window.”™*® The capability to
detect the absorption peak shift directly as a photocurrent change
makes the device much simpler than that using an external pho-
todetector and a spectrometerfL7 To estimate the sensitivity, we
calculate the absorptance for different background refractive
indices (n=1.30-1.40) [Fig. 6(a)]. The absorption peak redshifts
with increasing the refractive index, while the absorptance is kept
at ~1. Figure 6(b) shows the peak wavelength and the absorptance
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as a function of the refractive index. The sensitivity S, = A1/An
estimated from Fig. 6(b) is 53.4 nm/RIU, and the figure of merit
defined by the sensitivity divided by the full width at half
maximum (FWHM) of the peak (FoM =S/FWHM) is 63.1/RIU.
Figure 6(c) shows the absorptance at 1586.3 nm (peak wavelength
for n=1.3) as a function of the refractive index of an environ-
ment. Because of the narrow absorption band and the large range
of the absorptance change, the value is very sensitive to the
refractive index change. The intensity refractive index sensitivity
defined by S;=AA/An*>* is 73.2/RIU in the range of n=1.303-
1.308.

1ll. CONCLUSION

We design a structure composed of a Si nanodisk hexagonal
array having TD resonances and a mirror separated by a SiO,
spacer. The structure has FP-BICs arising from the interference
between a TD and a mirror dipole. We show that by detuning the
BIC conditions by controlling the spacer thickness, the critical cou-
pling condition is achieved and narrow-band perfect absorption
appears in the region where the extinction coefficient of Si is very
small. The wavelength of the perfect absorption is controlled by the
structural parameters of a Si nanodisk hexagonal array and is
insensitive to the variation of the extinction coefficient and the
choice of a metallic mirror. In the structure, over 90% of incident
power can be absorbed in the Si region. This suggests that this
structure can be used as a narrow-band photodetector operating in
the Si sub-bandgap wavelength range.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details on the numeri-
cal simulation method, absorptance spectra of a Si nanodisk array
on PEC in the thin spacer thickness range, absorptance spectra of a
Si nanodisk array on PEC with a different extinction coefficient of
Si, absorptance spectra of a Si nanodisk array on PEC under differ-
ent polarization of incident light, fitting of an absorption spectrum
with a generalized Fano function, an electric field and an absorbed
power distribution of a Si nanodisk array on Al without the spacer,
and absorptance spectra of a Si nanodisk array on Au and Si
mirrors.
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