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Abstract

We develop a silicon (Si) nanodisk array on a gold (Au) mirror structure as a platform for a
Si-based narrow band photodetector operating in the sub-bandgap wavelength range. Numerical
simulations reveal that the structure possesses the Fabry-Pérot bound states in the continuum
(BIC) arising from the destructive interference between the toroidal dipole (TD) resonance of
the nanodisk array and the mirror dipole. At the critical coupling conditions, narrow band
perfect absorption is achieved even if the extinction coefficient of Si nanodisks is very small.
We produce the designed structure by a nanosphere lithography and studied the reflectance and
photocurrent spectra as a function of the distance between a Si nanodisk array and a Au mirror.
We demonstrated that the photocurrent can be enhanced in the sub-bandgap wavelength range
at the critical coupling condition, and the enhancement factor is modulated by the Si nanodisk

array - mirror distance.

Keywords: toroidal dipole, Mie resonance, photodetector, dielectric nanodisk, perfect

absorption

Introduction

Near infrared (NIR) radiation beyond 1400 nm in wavelength has high eye safety and
minimum propagation loss in fog, and is suitable for free space optical telecommunication and
LiDARs.! Photodetectors used in that wavelength range are photodiodes of narrow band gap
semiconductors such as Ge, InGaAs, and InSb. As a low-cost and CMOS compatible alternative
of these devices, several new types of silicon (Si)-based photodetectors operating beyond 1400
nm have been proposed.>* A well-studied device is a Schottky junction between Si and metal
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nanostructures having the localized surface plasmon resonances (LSPRs) in the NIR range.*”’
NIR radiation excites LSPRs of metal nanostructures, which decay into hot electrons having
the energy large enough to overcome the Schottky barrier and generate photocurrent.® Another
widely studied approach to extend the operation wavelength range of Si-based photodetectors
is utilizing the defect mediated sub-bandgap absorption of poly-crystalline Si.”>”'? In order to
increase sub-bandgap absorption of poly-crystalline Si,'*'* defect states are actively controlled
by impurity doping.!!12!15:16 For example, defect formation by high concentration (10'7-10%
cm™) Ar doping strongly enhances the absorption at 1.31 um, and a photodetector with the
detectivity of 10'" cmHz"%/W is reported.'?

The defect-engineering approach can be combined with optical resonances to further enhance
the detectivity and to achieve narrow-band photodetection.”!%!""!? Different types of optical
resonators have been proposed for the enhancement of Si sub-bandgap absorption. For example,
a micrometer size Si sphere with the whispering gallery mode enhances the photoresponsivity
around 1500 nm.!® In a Si photodetector using waveguide modes, responsivity of 0.8 A/W is
achieved at 1550 nm.’ In previous work, we demonstrated that toroidal dipole (TD) resonances
in a thin Si nanodisk hexagonal array enhance the sub-bandgap absorption and the
photoresponsivity in a narrow spectral range.?° Furthermore, numerical simulations indicated
that the TD resonances can induce bound states in the continuum (BICs) via coupling with a
Fabry Pérot cavity and perfect absorption is achieved in a very small extinction coefficient
wavelength range.?!

In this work, we implement the Fabry-Pérot BIC induced by the TD resonance to a real device
and demonstrate the applicability for narrow band photocurrent enhancement in a Si sub-
bandgap wavelength range. The device is composed of a hexagonal array of Si nanodisks
having the TD resonance and a gold (Au) mirror separated by a silicon dioxide (SiO2) spacer.
First, we perform numerical simulations to clarify structural parameters and conditions to
achieve perfect absorption in a wide extinction coefficient range (10*-102) and discuss the
condition to maximize absorptance in the Si region for the photocurrent enhancement. We then
fabricate the designed structure with a varying SiO> spacer thickness, and study the reflectance

and photocurrent spectra as a function of the spacer thickness.

Results and Discussion
Figure 1(a) shows schematic illustration of the structure studied in this work. A Si thin film
with a hexagonal array of thin Si nanodisks on the surface is formed on a Au mirror via a SiO»

spacer. Figure 1(b) shows the calculated reflectance, transmittance, and absorptance spectra
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under normal incidence from the nanodisk side for the structure without a Au mirror. The period
(P), diameter (D), and height (H) of the Si nanodisks are 750 nm, 700 nm, and 100 nm,
respectively. The thickness of the Si thin film (7)) is 40 nm. The refractive index of Si is fixed
to 3.5 because of the small dispersion in the sub-bandgap range.!* The extinction coefficient
(ks;) is assumed to be 10, We will study the effect of the extinction coefficient on the spectra
later. Despite the very small extinction coefficient, a clear absorption peak is observed at 1480.3
nm, although the peak absorptance is relatively small (0.13). Figure 1(c) shows the plan- and
cross-sectional views of the electric field distribution at 1480.3 nm. The field distributions
confirm excitation of a TD resonance and strong electric field confinement in the Si region.?>?3
Note that the TD resonance wavelength can be controlled in a wide wavelength range by the
structural parameters (D, H, T, e‘[c.).zo’23

From the temporal coupled mode theory (TCMT), the absorptance of a N-port resonant system

under excitation through port 1 is described as,

N
2y41; ;
A T abs Fraa = ) 2, (1)
j=1

B (w— (‘)0)2 + (Frad + Fabs)z ’

where \/7] is the coupling strength between the resonant cavity and far field radiation via a j-th

radiating port, /s and [« are the absorption and radiation loss rates of the cavity,
respectively.?*’ In the structure in Figure 1(b), we have two ports (N = 2). In this case, the
maximum absorptance at the critical coupling condition (I yua =1 urs =1 is y1/2I", and the value
is smaller than 50%. On the other hand, if the second port is closed, the absorptance can reach
100% at the critical coupling condition. The second port can be closed by placing a mirror
below the metasurface as schematically shown in the inset in Figure 1(d). In this configuration,
the TD resonance in each nanodisk interferes with its image dipole in the Au mirror as
schematically shown in the right image in Figure 1(a). The interference suppresses or promotes
the radiation loss rate of the TD resonance (I}.44) following the I;.,4 = I(1 — cos ) relation,
where [, is the radiation loss rate of the TD resonance without the mirror and i is the
propagating phase shift (Note 1 in Supporting Information for details in TCMT).?#?° When the
radiation loss is perfectly suppressed, the toroidal mode turns into a BIC. This is the Fabry Pérot
BIC, and is conceptually different from TD-based symmetry protected BICs reported
previously.?*3! In the structure in Figure 1(d), ¥, and concequently I}.,4, can be controlled by
the Si0; spacer thickness. The independent control of I}.,4 without affecting the resonance
wavelength of the TD is an advantage of the Fabry Pérot BICs. Figure 1(f) shows the contour

plot of the absorptance spectra for different spacer thicknesses. The narrow absorptance peak



around 1480 nm is the TD resonance and the broad bands appearing around S = 450 nm and
950 nm are the Fabry-Pérot modes (Figure S2 in Supporting Information for the electric field
distribution). The peak absorptance and linewidth of the TD resonance depend on the spacer
thickness, and at § = 340 nm and 840 nm, the peak disappears. These are the Fabry-Perot
BICs,?!?%3273% where the incident light doesn’t interact with the TD mode and is reflected by
the Au mirror. By slightly detuning the spacer thickness from the BIC conditions, the
absorptance peaks reappear. At the critical coupling conditions (S = 400, 700, 920, and 1200
nm), the absorptance becomes maximum. Figure 1(d) shows the reflectance and absorptance
spectra for § = 700 nm. The peak absorptance reaches >0.99 and the quality factor (Q-factor)
of the resonance is 880. The electric field distribution in the Figure 1(e) indicates that the field
is concentrated in the Si region. The maximum field enhancement factor in the Si region is 2.8
times larger than that of the structure without the mirror (Figure 1(c)).

In Figure 1(a-f), the extinction coefficient of Si is assumed to be 10, Since the extinction
coefficient of amorphous or polycrystalline Si in the sub-bandgap wavelength range strongly

143538 we calculated the absorption

depends on the deposition process and the parameters,
spectra for different extinction coefficient values. Figure 1(g) shows the results for xg; = 102
The overall feature is similar to that of Figure 1(f). For example, the spacer thicknesses
satisfying the BIC conditions (indicated by circles) are almost independent of kg;. On the other
hand, the absorption bands are broadened, and the spacer thicknesses satisfying the critical

coupling conditions (indicated by horizontal arrows) are significantly changed.
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Figure 1. (a) (Left) Schematic of a Si nanodisk array on a Au mirror structure. Definition of
the structural parameters are shown. (Right) Illustration representing the concept of
interference between TDs in a Si nanodisk array and their image dipoles in a Au mirror. (b)
Reflectance (black), transmittance (blue), and absorptance (red) spectra of a Si nanodisk
hexagonal array in case without a bottom mirror (P =750 nm, D = 700 nm, H = 100 nm, and
T = 40 nm). (c) Electric field distribution of the structure in (b) at the absorption peak
wavelength (1480.3 nm) in x-y (left) and x-z (right) planes. Black arrows are the electric field
vectors, and white dashed lines are the outline of the structure. (d) Reflectance (black) and
absorptance (red) spectra of a Si nanodisk hexagonal array on a Au mirror structure (P =750
nm, D =700 nm, H =100 nm, 7= 40 nm, and S = 700 nm). (e) Electric field distribution of
the structure in (d) at the absorption peak wavelength (1479.8 nm) in x-y (left) and x-z (right)
planes. (f, g) Contour plots of absorptance spectra of a Si nanodisk array on a Au mirror
structure (P = 750 nm, D = 700 nm, H = 100 nm, and 7 = 40 nm). The spacer thickness ()
is changed from 200 to 1200 nm. The refractive index is 3.5, and the extinction coefficient is
(f) 10 and (g) 102, Fabry-Pérot BICs are designated by white circles, and the critical

coupling conditions are designated by white arrows.



In Figure 2(a-c), the relation between the kg; value and the peak absorptance is shown for
different spacer thicknesses. The extinction coefficient is changed from 10 to 107!, Figure 2(a)
shows the data for §= 800 nm. The peak absorptance depends strongly on kg; and is the largest
at very small kg; (10™). This is because the radiation loss rate is very small at S = 800 nm, and
thus the critical coupling condition is satisfied at very small kg;. In the figure, in addition to the
total absorptance (black), those of Si (red) and Au (blue) are separately shown. Although the
total absorptance is 100 %, that in Si is ~60 % and the rest is absorbed in Au. Therefore, at most,
only 60 % of absorbed photons contribute to the photocurrent even under the critical coupling
condition.

If the radiation loss rate is increased by further detuning the spacer thickness from the BIC
condition, the extinction coefficient satisfying the critical coupling condition increases. Figure
2(b) shows the results for = 700 nm. In this case, the critical coupling condition is satisfied at
Kg; = 1073, and 90 % of incident photons are absorbed by Si. Further decrease of S to 540 nm
increases the optimum kg; to 10 (Figure 2(c)). In this situation, incident photons are almost
solely absorbed by the Si layer. Note that, at high kg;, absorptance by the Fabry Pérot modes
becomes nonnegligible. Figure 2(d) shows absorptance by a Fabry Pérot mode (1380 nm for §
=910 nm) as a function of kg;. The absorptance starts to increase above kg; = ~1072.

Figure 2(e) shows the absorptance in Si and Au at the critical coupling conditions as a function
of kg;. In the top panel, spacer thicknesses satisfying the critical coupling conditions in S =500
— 1000 nm range are shown, and in the middle panel, the Q-factor is shown. The bottom panel
is the absorptance in Si and Au. We can see the trade-off between the absorptance in Si and the
Q-factor. If a high Q-factor is not required, a relatively large kg; (e.g., 10?) is optimum for
maximizing the photocurrent in a Si nanodisk layer. On the other hand, if a very high Q-factor
is required, the photocurrent enhancement factor is partially sacrificed because of the absorption
by Au. The increase of Au absorption at smaller kg; is due to increased light transmittance in
the Si layer. This trade-off can be avoided if we adopt a loss-less Bragg reflector instead of the
Au mirror. In Supporting Information (Figure S3), we show simulation results for a Si nanodisk
array on a Si/SiO2 Bragg reflector. Absorptance of the top Si nanodisk layer reaches over 98 %
at kg;= 107,

In Figure 2, we focused on critical coupling conditions near the 2" BIC. We performed similar
calculations for critical coupling conditions near the 1% BIC condition, i.e., S < 400 nm. The
results are shown in Supporting Information (Figure S4). Near the 1% BIC condition, especially
below the 1% BIC condition (S < 340 nm), Au absorption becomes very large. Therefore, critical

coupling conditions near the 2" BIC is more preferable for the photocurrent enhancement.
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Figure 2 (a-c) Absorptance (black) as a function of kg; at the TD resonance wavelengths for
different S; (a) S = 800 nm, (b) § = 700 nm, and (c¢) S = 540 nm. The other structural
parameters are fixed (P = 750 nm, D = 700 nm, H = 100 nm, and 7 = 40 nm). Absorptances
in Si (red) and Au (blue) regions are also shown. (d) Total absorptance and absorptance in Si
(red) and Au (blue) regions due to the Fabry Pérot resonance at 1380 nm for S =910 nm as
a function of kg;. (e) (Top) Spacer thickness satisfying the critical coupling conditions in S
=500 - 1000 nm range as a function of kg;. (Middle) Quality factor of the TD resonance.
(Bottom) Absorptance in Si (red) and Au (blue) regions at the critical coupling conditions.

The open squares (0) represent the critical coupling conditions above the BIC condition (S =



840 nm), while the closed squares (m) represent those below the BIC condition. The spacer

thicknesses are shown in the figure.

Fabrication of Si nanodisk array on mirror structure and the photocurrent spectrum

Figure 3(a) shows the procedure for the fabrication of a Si nanodisk array on a mirror structure.
A Au thin film (100 nm in thickness) with thin titanium (Ti) adhesion layers (5 nm in thickness)
on both sides was deposited on a SiO; substrate 1.3 X 2.5 cm in size by vacuum evaporation
(SVC-700T, Sanyu Electron). Then, a SiO» spacer layer with the thickness gradient (700 — 1200
nm) along the longer direction of the substrate was deposited by RF magnetron sputtering (SPF-
210H, ANELVA) by intentionally offsetting the substrate from the center.3* On the SiO- spacer,
an a-Si film 140 nm in thickness was deposited by the same sputtering apparatus. On the a-Si
film, a Si nanodisk array was fabricated by the following procedure.?®** A hexagonal array of
polystyrene (PS) beads (750 nm in diameter) was formed at air/water interface and was
transferred onto the a-Si film. The PS beads were then etched by oxygen plasma (L-201D,
ANELVA) until the diameter is reduced to ~700 nm. The a-Si film was then etched by Ar" ion
milling by using the PS bead hexagonal array as an etching mask until the disk height becomes
~100 nm, i.e., the thickness of the remaining film is ~40 nm (atomic force microscopy (AFM)
image in Figure S5 in Supporting Information). Finally, the PS beads were removed by Toluene.
Figure 3(b) and (c) show the plan- and cross-sectional scanning electron microscope (SEM)
images, respectively, of the nanodisk array. Finally, aluminum (Al) electrodes were deposited
for the photocurrent measurements as schematically shown in the plan view illustration in
Figure 3(a). The distance between the electrodes is 300 pm.

Figure 3(d) shows the reflectance measurement setup. A custom-built inverted optical
microscope was used. The metasurface was illuminated from the normal to the surface by a
Kohler illumination system with a 10-fold objective lens (N.A. = 0.3). The reflected light is
collected by the same objective lens and transferred to the monochromator (Kymera 328i,
Andor) and detected by a cooled InGaAs diode array (iDus, Andor). The detected area is 20 X
50 um?. Reflectance spectra are measured every 700 um along the longer direction, i.e., the
direction of the spacer thickness gradient, of a sample. Figure 3(e) shows the photocurrent
measurement setup. The metasurface was illuminated by a supercontinuum laser (SuperK EVO,
NKT Photonics) monochronized by an acousto-optic tunable filter (AOTF) (SuperK SELECT
IR, NKT Photonics) through a 2-fold objective lens (N.A. = 0.055). The diameter of the laser

spot is about 150 um (Figure S6 in Supporting Information). Photocurrent was measured by a
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lock-in amplifier (SR830, Stanford Research System). The bias voltage was 0.2 V (Keithley
236). Note that within the width of an electrode, the spacer thickness changes slightly because
of the gradient of the thickness. However, the thickness change from one side of an electrode

to the other side is about 5 nm, and it does not affect the optical response significantly.
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Figure 3. (a) Schematic of the fabrication procedure of a Si nanodisk array on a Au mirror
structure. The SiO: spacer has a thickness gradient along the long side of a sample. (b) Plan
and (c) cross-sectional SEM images of a fabricated structure. (d) Reflectance spectrum
measurement setup. (e) Photocurrent spectrum measurement setup. Reflectance and

photocurrent spectra are measured every 700 um along the long side of the substrate by



moving a sample stage, and thus the spacer thickness dependences are measured in one

sample.

Figure 4 (a) and (b) shows the contour plot of measured and calculated (n = 3.5 and kg; = 4
X 107?) reflectance spectra. The spacer thickness is changed from 700 to 1200 nm. The
measured and calculated spectra show overall agreement. The reflectance dips indicated by
white dashed lines are the Fabry Pérot resonances. The spacer thickness independent dip around
1450 nm is the TD resonance, while that around 1040 nm is the MD resonance (see the electric
field distribution at 1040 nm in Figure S8 in Supporting Information). At S = 770 and 1175 nm,
the reflectance dip almost disappears. These are the Fabry-Pérot BICs. On the other hand, at S
= 923 nm, the reflectance decreases to 0.05 at 1434 nm, suggesting that the critical coupling
condition is almost satisfied.

Figure 4(c) (black squares) shows the Q-factor of the reflectance dip obtained by fitting the
experimental reflectance spectra with a Lorentz function as a function of S. The Q-factors
obtained from the calculated reflectance spectra for three different extinction coefficients (kg;
=1X1073, 1X102,4X107?) are also shown. The experimentally obtained Q-factor is close to
that obtained by calculations when kg; is 4 X 1072, It is important to note that in the calculation,
the scattering loss is not considered and it is included in kg;. Therefore, kg; = 4 X 10 does not
mean that the extinction coefficient of the a-Si used in this work is 4 X 102, In order to obtain
information on the scattering loss arising from structural imperfection, we measure the diffuse
reflectance spectra. Figure 4(d) shows the total (diffuse + specular) reflectance spectrum
measured using an integrating sphere for a large area (1 X1 c¢cm) sample with fixed spacer
thickness (S = 650 nm, P =750, D =700, H =100, 7= 20 nm, and TD resonance wavelength
= 1200 nm) under 8° incidence together with the specular reflectance under 5° incidence. The
diffuse reflectance spectrum is obtained by subtracting the specular reflectance spectrum from
the total reflectance one. The diffuse reflectance is ~0.17 at the resonance. Therefore, although
a part of the reflectance dip is due to the scattering loss, it arises mainly from absorption. Later,
we will estimate from the photocurrent spectra that kg; of the a-Si used in this work is of the
order of 102,

In Figure 4(a) and (b), the measured and calculated spectra show overall agreement. However,
if we directly compare the measured and calculated reflectance spectra at a specific spacer
thickness, there are small discrepancies, especially in the TD and MD resonance wavelengths

(see Figure S7 in Supporting Information). In order to study the origin of the discrepancy, we
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calculated the reflectance spectra for structures with slightly different parameters (Figure S7 in

Supporting Information). We found that slight deviation of the structural parameters including

the refractive index of Si strongly modifies the resonance wavelengths. Therefore, the

discrepancy may arise from slight deviation of the fabricated structure from the designed one.
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from calculated reflectance spectra for kg; = 1 X 107 (blue), 1 X 107 (green), and 4 X 10
(red) are also shown. (d) Reflectance spectra of a Si nanodisk array on a Au mirror structure.
The structural parameters are P = 750, D = 700, H = 100, 7 =20 nm, and S = 650 nm. (red)
Total reflectance spectrum measured by using an integrating sphere with the incident angle
of 8°. (black) Specular reflectance spectrum measured with the incident angle of 5°. (blue)
Diffuse reflectance spectrum obtained by subtracting the specular reflectance from the total

reflectance.

Figure 5(a-j) shows the photocurrent (responsivity) spectra (black) for different spacer
thicknesses (S = 1162 nm - 849 nm) together with corresponding reflectance spectra (red). The
reflectance dip around 1450 nm is due to the TD resonance. At the TD resonance, the
photocurrent is enhanced, and the enhancement factor has a clear correlation with the depth of
the reflectance dip. At S = 1162 nm (Figure 5(a)), the reflectance dip and the photocurrent peak
almost disappear due to the Fabry-Pérot BIC. Reducing the spacer thickness from the BIC
condition deepens the reflectance dip and increases the photocurrent. The photocurrent reaches
the maximum at § = 995 nm. Further reducing the spacer thickness decreases the photocurrent.
Therefore, the Si nanodisk hexagonal array on a mirror structure enhances the photocurrent in
a narrow spectral range in the sub-bandgap wavelength range if the spacer thickness is tuned to
satisfy the critical coupling condition. Note that slight broadening of the photocurrent spectra
compared to the reflectance spectra is mainly due to the bandwidth (~20 nm) of the AOTF used
to monochromatize white light from a supercontinuum laser.

In Figure 5, in addition to the photocurrent peak due to the TD resonance, that due to the
Fabry-Pérot resonance appears. At S = 1027 nm (Figure 5(f)), the intensity is comparable to
that of the TD resonance. As we discussed in Figure 2, absorption of Si by the Fabry-Pérot
resonance has different kg; dependence from that of the TD resonance, and thus we can roughly
estimate the value of kg; from the intensity ratio. We roughly estimate the extinction coefficient
of the fabricated a-Si to be of the order of 102. This value is similar to that estimated from the

Q-factor of the reflectance dip in Figure 4(c).
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We proposed a Si nanodisk hexagonal array on a Au mirror structure as a platform for a Si-
based narrow band photodetector operating in the sub-bandgap wavelength range. The structure
possesses Fabry-Pérot BICs arising from the interference between the TD resonance of a
nanodisk array and the mirror dipole. In the structure, the radiation loss can be precisely
controlled by detuning the BIC condition by changing the spacer thickness, and thus the critical
coupling condition can be achieved in a wide extinction coefficient range of the nanodisk array.
We have studied the relation between the absorptance and the extinction coefficient, and found
that, although a perfect absorption can be achieved even in a very small extinction coefficient
range, e.g., ~10, substantial amount of photons are absorbed by a Au mirror and do not
contribute to the photocurrent in the small extinction coefficient range. Therefore, a relatively
larger extinction coefficient, e.g., ~107%, is necessary to achieve over 90% absorptance in the Si
nanodisk array. We produced the designed structure by a nanosphere lithography and studied
the reflectance and photocurrent spectra as a function of the spacer thickness. We demonstrated
that the photocurrent can be enhanced in the sub-bandgap wavelength range at the critical
coupling condition, and the enhancement factor can be modulated by the spacer thickness.

Within this work, the responsivity value was not very large. This may be improved by properly
engineering the band structure of the Si region in addition to the improvement of the device
structure and the fabrication process. In particular, it is important to develop an amorphous Si
layer having relatively large extinction coefficient in the sub-bandgap wavelength range and
relatively long carrier lifetime. This has been achieved by engineering the band structure by Ar
doping'!. Application of the TD-based Fabry-Pérot BIC strategy to the defect-engineered

amorphous Si may result in a high-responsivity narrow-band NIR photodetector.
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