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ABSTRACT

A hexagonal array of low-aspect-ratio silicon nanodisks is formed on a silicon thin film and the
optical absorption and photocurrent properties are studied. Numerical simulations reveal that the
nanodisk array possesses the toroidal dipole modes that tightly confine incoming light in a silicon
region below the nanodisks. The field confinement brings about narrow-band absorption when the
extinction coefficient (k) is very small, e.g., k =102~107. This suggests that defect-related sub-
band gap absorption of silicon can be enhanced by utilizing the modes. Transmittance spectra of
fabricated devices reveal that narrow dips assigned to the toroidal dipole resonances appear in the

sub-band gap region. At the resonance wavelengths, the photocurrent is substantially enhanced;



the enhancement factor reaches 30-fold. The observed narrow-band photodetection can be used as

a current-detection-type refractive index sensor operating in the near infrared range.

Introduction

Near infrared (NIR) light often defined in the wavelength range of 800 — 2500 nm is transparent
in many materials and has been widely used in optical telecommunication', face recognition’®,
autonomous driving, gas sensing’, bio imaging®'°, etc. Conventional silicon (Si) photodetectors
have sensitivity up to ~1100 nm, and longer wavelength ranges are covered by narrow band gap
semiconductors such as InGaAs, InP, and Ge. Photodetectors of these narrow band gap
semiconductors have been monolithically integrated on a Si device either by a transfer process or
direct crystal growth on Si. The integration extends the operation range of Si-based photodetection
devices to 1700 nm or to even longer wavelengths.

Recently, new technologies to extend the detection range of Si-based photodetection devices
below the band gap have been emerging. The most extensively studied one is utilizing internal
photoemission at a Schottky junction between Si and a noble metal nanoantenna!'"'*. Incoming
light is absorbed by the excitation of localized surface plasmon resonances (LSPRs) in a noble
metal nanoantenna. Decaying of surface plasmons to hot electrons having energies larger than the
Schottky barrier height, and injection of the hot electrons to Si generates photocurrent. Since the
resonance wavelength of LSPRs can be controlled in a wide range by the aspect ratio of a
nanoantenna'®, the devices can detect photons up to 1600 nm without using narrow band gap
semiconductors!'!. Similar devices using noble metal nanogratings and surface plasmon polaritons
are also developed.'>'*A problem of the Schottky junction approach is the limited choice of noble

metal. A metal nanoantenna has to have the LSPR in the NIR range and has to make a good



Schottky contact with Si. Practically, Au is a sole choice to satisfy these criteria. However, Au is
not a preferable material for a conventional CMOS process.

Another approach to extend the detection range of Si-based devices is utilizing defect-mediated
light absorption'®2!. Introduction of defects in crystalline Si forms defect-related states in the band
gap that can be used for light absorption in the sub-band gap wavelength range. However, since
absorption by defect-related states is very small, it should be enhanced by optical resonances of a
photonic structure to achieve reasonable sensitivity of light detection. Several different approaches
are proposed to enhance light absorption of Si and similar high-refractive index dielectric
materials??. For example, narrow-band enhancement of photocurrent is observed below the band
gap by utilizing Mie resonances (whispering gallery modes) of a few pm-size Si sphere as a
nanoantenna.'’ According to the coupled mode theory, the absorptance of a single mode resonator
is limited to 50% (critical coupling)®*-*. Theoretically, near-unity absorption can be achieved if
two modes such as electric dipole (ED) and magnetic dipole (MD) modes degenerate?>**?°, In
arrays of amorphous Si nanoparticles, the absorptance as large as 0.83 is achieved by properly
controlling the overlap of the ED and MD Mie resonances®. Degenerate critical coupling is also
studied in the case of electric and magnetic quadrupole modes in a Si nanodisk array®’. Another
interesting approach for absorption enhancement is utilizing an anapole state, which is realized by
destructive interference between cartesian ED and toroidal dipole (TD) modes®®%. In the anapole
state, suppression of far field radiation results in field confinement in a nanostructure, which

3031 " nonlinear optical responses®? 4, Raman

induces strong enhancement of light absorption
scattering®, photothermal effect*®, stimulated emission (lasing)*’, photocatalytic effects®®, and

photoelectrode performance™.



In this work, we exploit TD modes of Si nanodisks for the photocurrent enhancement in a Si
metasurface in the sub-band gap wavelength range. In a previous work®!, we showed that a
hexagonal array of low-aspect-ratio Si nanodisks exhibits sharp absorption peaks due to the
toroidal dipole resonances. Because of the narrow-band absorption enhancement in a transparent
range of Si, the metasurface is potentially useful for wavelength-selective photodetection in the
sub-band gap wavelength range. In order to utilize the narrow-band absorption enhancement for
the photocurrent enhancement, we produce a low-aspect-ratio Si nanodisk hexagonal array on a
thin Si film that acts as a conductive layer for photocurrent detection. We first demonstrate by
numerical simulations that nanodisks strongly confine the electric field of incident light in a Si
thin film beneath them, and that the field confinement results in the narrow-band absorption
enhancement. Simulations assuming different values of extinction coefficient reveal that, because
of the non-radiating nature of the mode, the absorptance has the maximum at a very low extinction
coefficient range, e.g., ~107. This suggests notable photocurrent enhancement in the sub-band gap
wavelength range. We experimentally demonstrate that formation of a Si nanodisk hexagonal array
on a Si thin film enhances the photocurrent at most 30-fold at the wavelength of the absorption
enhancement peaks, and that the peak wavelengths can be controlled by the Si thin film thickness.
We also show that the produced device is potentially useful as a current-detection-type refractive

index sensor because of the narrow photocurrent peaks.

Results and discussion

Numerical Simulations

We first calculate optical responses of Si nanodisk hexagonal arrays schematically shown in

Figure la by finite-difference time domain (FDTD) simulation. The substrate is silica and a



hexagonal array of Si nanodisks is formed on a flat Si thin film that acts as a conductive layer for
the detection of photocurrent. The diameter (D) and height (%) of nanodisks are 700 and 50 nm,
respectively, and the pitch (P) is 750 nm. The thickness of a Si film (¢) is 110 nm. We calculate
the transmittance (7)) and the reflectance (R) under normal incidence and obtain the absorptance
(4 =1-T-R) in the wavelength range from 1000 nm to 1800 nm. Since the dispersion of the
refractive index of Si is very small in the wavelength range, we use fixed values for the refractive
index (n =3.5) and the extinction coefficient (x =107). Figure 1b shows the calculated
transmittance and absorptance spectra. The reflectance spectrum is shown in the Supporting
Information (Figure S1). In the transmittance spectrum, three sharp dips are seen around 1602,
1137, and 1050 nm. At the 1602 and 1050 nm dips, strong absorption peaks appear, despite the
very small extinction coefficient (k =10). On the other hand, at the 1137 nm transmittance dip,
the absorption peak is very small. This suggests that the origin of the 1137 nm transmittance dip

is different from others.

Figure lc-e shows the electric field distributions (|E|/|Eg|), where |Eg| is the electric field
intensity of incident light, at z = 0 (xy-plane), x = 0 (yz-plane), and y = 0 (zx-plane) at 1602, 1137
and 1050 nm, respectively. Si regions are surrounded by thick broken lines. At 1602 nm (Figure
Ic), we can see symmetric current loops characteristic of the TD mode. The strong absorption at
the wavelength is thus due to the sub-radiant TD resonance®'. We refer the peak from a
conventional nomenclature to the TEi10 mode, where the subscripts denote the number of nodes
across azimuth, radial, and z directions. At this resonance, the electric field is strongly confined in
the Si region below a Si nanodisk, despite the small disk height compared to the Si film thickness
(h/t =0.46). This strong confinement of the electric field in the Si region brings about the strong

light absorption. The maximum enhancement factor of the electric field reaches 10.3. The



absorption peak at 1050 nm is assigned to the radial higher-order TD mode.***° From the field
distribution in Figure le, we refer the high-order TD mode to the TEi20 mode. The field is more

tightly confined than the TE110 mode, and the enhancement factor reaches 17.3.

The origin of the transmittance dip at 1137 nm is different from the others. This is a Rayleigh
anomaly arising from the formation of the periodic structure.**> The electric field is enhanced
mainly in the region between Si nanodisks (Figure 1d). As a result, the absorption enhancement is
marginal, despite the deep transmittance dip (Figure 1b). The mode is assigned to the TM110 mode

from the magnetic field distribution (Figure S2 in the Supporting Information).

The resonance wavelengths of these modes can be controlled by the structural parameters of
nanodisks, i.e., P, D and 4 3!, and by the thickness of a Si film (#). In particular, it is very sensitive
to a Si film thickness. Figure 1f shows the contour plot of the absorptance spectra of Si nanodisk
arrays formed on different thickness Si films. The structure of the nanodisk array is the same as
that shown in Figure 1a. We can see that the resonance modes show significant red-shift with
increasing the Si film thickness. The sensitiveness of the resonance wavelength on the Si film
thickness arises from the fact that the electric field is predominantly distributed in the region of a

Si film below the nanodisks due to the very small nanodisk height.
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Figure 1. (a) (left) Schematic illustration of a Si nanodisk hexagonal array formed on a Si thin
film. The directions of wavevector (k), electric field (£) and magnetic field (H) of incident light
are also shown. (right) top and side views of Si nanodisk hexagonal array and the definition of
structural parameters. (b) Calculated transmittance (black curve) and absorptance (red curve)
spectra of Si nanodisk hexagonal array with P =750 nm, D =700 nm, 2 =50 nm, and = 110 nm.
(c-e) Electric field distributions in xy (z =0), yz (x =0) and xz (y =0) planes at 1602 nm (TE110) (c),
1137 nm (TMi10) (d) and 1050 nm (TE120) (e). Dash lines surround Si regions. (f) Counter plot of
absorptance spectra. The vertical axis is Si film thickness (t). Other structural parameters are fixed;

P =750 nm, D =700 nm, and 4 =50 nm.

In the experiments described later, we use poly-Si films produced by annealing sputter-deposited
amorphous Si for the preparation of nanodisk arrays. The poly-Si films are defective and there is

defect-related weak absorption below the band gap. Typically, the extinction coefficient of



intrinsic poly-Si in the NIR range is ~102. 202143 Although it is better to use the extinction
coefficient value determined by ellipsometry for numerical simulations, it is too low for the
accurate measurement for thin films. Therefore, we simulate absorptance spectra by changing the
extinction coefficient in a wide range (10" — 10*). Figure 2a shows the results. The peak
wavelengths are not affected because of the fixed n, while the intensity and the width of the modes
change depending on k. Figure 2b and ¢ shows the peak absorptance and the full-width half
maximum (FWHM) of each mode as a function of k obtained after subtracting the broad
background absorption (Figure S3 in the Supporting Information). Interestingly, the absorptance
does not increase monotonously with k, but has the maximum at a certain k. The extinction
coefficient at the maximum absorptance for the TMi10 mode is relatively large (k =3.0 x107?),
while those of the TEii0 and TEi20 modes are very small, i.e., 1.5 X 102 and 4.0 x 107,
respectively. These behaviors can be explained by the coupled mode theory, in which the
maximum absorptance is achieved when the material loss is equal to the radiation loss**. The
radiation loss of the TM110 mode is relatively large as can be seen in the large FWHM at the low
extinction coefficient range (e.g., k = 1.0 X10™#) in Figure 2c. The large radiation loss results in
the absorptance maximum at relatively large k (=3.0 xX102). On the other hand, the radiation loss
of the TE110 and TE120 modes is very small as can be seen in the extremely small FWHMs at the
low extinction coefficient range in Figure 2c. This brings the absorptance maximum to the very
small extinction coefficient range (k = 1.5 X 10 and 4.0 X 1073, respectively). In the Supporting
Information, we quantitatively estimate the extinction coefficient at the maximum absorptance by
the coupled mode theory and obtained good agreement with the values estimated from Figure 2b.
Figure 2b and c indicates that very narrow absorption bands can be realized in the almost

transparent wavelength range of Si by utilizing the TD resonances (TE110 and TEi20 modes).



The relation between the peak absorptance and the extinction coefficient depends strongly on
the structural parameter of the metasurface. As an example, we show the data when the Si film
thickness (7) is 170 nm in the Supporting Information (Figure S5); other parameters are the same
as those in Figure 2. In that case, the absorptance peak of the TEi120 mode shifts to very small
extinction coefficient range (kg : ~2.0 X 107#), while that of the TEi110 mode is not strongly
affected (g, ~2.0 X 107%). The maximum absorptance of the TE110 mode increases from 0.15
in Figure 2b (¢ =110 nm) to 0.33, while the FWHM at the absorptance maxima is kept small.
Therefore, the developed structure can be tuned to make the absorptance the largest for a desired

extinction coefficient.
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Figure 2. (a) Calculated absorptance spectra of Si nanodisk hexagonal arrays with P =750 nm, D
=700 nm, 4 =50 nm and ¢ =110 nm. The extinction coefficient is changed from 10" — 10, while
the refractive index is fixed to 3.5. (b) Absorptance values at the maximum of absorptance peaks
as a function of extinction coefficients. (c) FWHM of absorptance peaks as a function of extinction

coefficient.



Photoresponse of Si nanodisk hexagonal array
We employ nanosphere lithography to fabricate hexagonal arrays of Si nanodisks over a large
area’!. Details of the preparation procedure are described in the Method section. Figure 3a shows
a scanning electron microscope (SEM) image of a produced Si hexagonal array. In this work, we
fixed the pitch, diameter and height of Si nanodisks (P =710 nm, D =550 nm and /# = 30 nm) and
changed only the thickness of a Si film (¢ =20, 50, 70, 100 and 150 nm). The disk height (%) is
estimated from the AFM image (Figure S6 in the Supporting information). On a nanodisk array,
aluminum (Al) stripe electrodes are formed for the photocurrent measurement. Schematic
illustrations of the photocurrent measurement setup and the energy band diagram are shown in
Figure 3b. The distance between the electrodes is 200 um. Figure 3c-g shows the transmittance
and photocurrent (responsivity) spectra of the devices with ¢ =20, 50, 70, 100 and 150 nm,
respectively. The photocurrent spectra of flat Si thin films with the thickness of # + /4 (= ¢t + 30 nm)
are also shown in each spectrum. We can see transmittance dips predicted by the simulations (TE110,
TMi1o, and TE120 modes), although the width is larger than the simulations (see Figure S7 in the
Supporting Information for the comparison of calculated and experimental transmittance spectra).
The broadening is mainly due to partial disorder of the periodic structure, which is difficult to
avoid in the nanosphere lithography process. The important fact is that, although broadened, clear
transmittance dips appear in the sub-band gap wavelength range and the wavelength is well
controlled by the Si film thickness.

In Figure 3c-g, at the wavelength of transmittance dips, we can clearly see photocurrent peaks.
In the Supporting Information (Figure S7), we compare a measured responsivity spectrum with a
calculated absorptance spectrum. Although the responsivity peaks are broader than the calculated

absorptance peaks, the peak wavelengths agree very well. This indicates that the photocurrent
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peaks arise from the absorption enhancement by the resonant modes and resultant increase of
photogenerated carriers. The photocurrent is roughly proportional to the excitation power (Figure
S8 in the Supporting Information). Figure 3h-1 shows photocurrent enhancement factor spectra
obtained by dividing photocurrent of a Si nanodisk hexagonal array with that of a flat Si film in
Figure 3c-g, respectively. We can more clearly see photocurrent enhancement by the resonant
modes. In the sub-band gap range of Si, the enhancement factor reaches ~30 (1300 nm in Figure
3k). Even at longer wavelengths, e.g., 1575 nm in Figure 31, substantial photocurrent enhancement
(~6) is observed. The FWHM of the peaks are around 30~60 nm, which is narrower than that
reported in Si-based photodetectors using LSPRs of metal nanostructures'>!'%. The photocurrent
spectra are independent of the polarization of incident light because of the symmetric structure

(Figure S9 in the supporting Information).
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Figure 3. (a) SEM image of Si nanodisk hexagonal array (P =710 nm, D =550 nm, # =30 nm and
t =150 nm). (b) Schematic illustration of the sample structure and the photocurrent measurement
setup. Al electrodes are formed on a Si thin film on which a hexagonal array of Si nanodisks is
formed. The substrate is silica. The DC current is measured by a source measure unit. The Si
nanodisk hexagonal array is illuminated by monochromatized NIR light. In the image, schematic
illustration of the energy band structure is also shown. Ec and E\ represent the conduction and
valence band edges of Si, respectively. (c-g) Transmittance (gray line) and photocurrent
(responsivity) (red) spectra of samples with different Si film thicknesses (#); (¢) 20 nm, (d) 50 nm,

(e) 70 nm, (f) 100 nm and (g) 150 nm. Other structural parameters are fixed (P =710 nm, D =550
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nm and ~ =30 nm). Black broken curves are responsivity of flat Si films with the thicknesses of ¢
+ h (=t + 30 nm). (h-1) Photocurrent enhancement factor spectra obtained by dividing photocurrent

of a Si nanodisk hexagonal array with that of a flat Si film in (c-g), respectively.

The narrow polarization-independent photocurrent peaks of the nanodisk arrays can be used for
a current-detection type refractive index sensor operating in the NIR range. In contrast to
conventional dielectric-metasurface-based refractive index sensors that monitor the intensity of

the transmitted or reflected light by external NIR photodetectors 448

, our device does not require
the NIR photodetector. This may reduce the size and cost of the system, and potentially improve
the sensitivity, especially in the wavelength where a conventional Si photodetector cannot be used.
In order to simulate the effect of refractive index change, we place a thin dielectric layer (30 nm
in thickness) with the refractive index of 1.0 (vacuum) to 1.6 on top of a Si nanodisk array and
calculate the absorptance spectra. The structural parameters are P =710 nm, D =550 nm, # =30 nm,
and 7 =100 nm. The refractive index of Si is set to 3.1. Figure 4a shows the calculated absorption
spectra around the TE110 mode. The peak shifts to longer wavelength with increasing the refractive
index. The sensitivity defined by 44/4n is approximately 29.6 nm/RIU. The peak absorptance
and the FWHM change only slightly. The slight decrease of the FWHM, i.e., from 2.6 to 2.1 nm,
is due to the decrease of the radiation loss caused by the reduced refractive index contrast between
the substrate and the surrounding medium.

In order to experimentally prove detection of a refractive index change by the photocurrent, we
deposit a 30 nm thick polystyrene film (n =~1.59) on top of the device in Figure 3f by spin coating

and measured the transmittance and photocurrent spectra. Figure 4b shows the results around the

TE110 mode. Both the transmittance dip and the photocurrent peak shift to longer wavelength by
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the polystyrene deposition. The photocurrent peak shifts 13 nm, which is close to the expected
value (17.8 nm). Therefore, the TD resonances of a Si nanodisk array can be used as a current-

detection type refractive index sensor.
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Figure 4. (a) Calculated absorption spectra of Si nanodisk hexagonal arrays (P =710 nm, D =550
nm, 4 =30 nm, and ¢ =100 nm, n =3.1, k =1073). A thin dielectric layer (30 nm in thickness) with
the refractive index of 1.0 (vacuum) to 1.6 is placed on the top. (b) Measured transmittance (broken
curves) and photocurrent spectra (solid curves) of a Si nanodisk hexagonal array with (red curves)

and without a 30 nm thick polystyrene film (black curves).

Conclusion
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The hexagonal array of Si nanodisks formed on a Si thin film possesses TD resonances that
enhance light absorption in the sub-band gap wavelength region where the extinction coefficient
is very small. We have demonstrated that the narrow-band absorption enhancement by the TD
resonances can be utilized to enhance the photocurrent of a Si thin film in the sub-band gap
wavelength range. We showed that the resonance wavelength can be controlled in a wide
wavelength range and the photocurrent is at maximum ~30-fold enhanced at 1300 nm. We also
showed that the photocurrent peaks shift depending on the refractive index of surrounding medium,
and thus the device can be used as a current-detection type refractive index sensor operating in the

sub-band gap wavelength range of Si.

Methods

Numerical Simulation: The FDTD simulations of a hexagonal array of Si nanodisks were carried
out using a commercial software (Lumerical, Ansys). Since we focus our attention mainly on the
long wavelength range below the bulk Si band gap, fixed values of the refractive index (3.1 - 3.5)
and the extinction coefficients (10! — 10*) were used for the simulations. The refractive index of
a SiO2 substrate was set to 1.46, and the thickness is assumed to be infinite. The periodic boundary
conditions were used for the x- and y-directions and the perfectly matched layer (PML) boundary
was used for the z-direction. The structure was illuminated by a plane wave polarized along the x-
axis in Figure 1a from the normal to the surface. Transmission and reflection spectra were obtained
by 2D power monitors.

Fabrication of silicon nanodisk hexagonal arrays: The fabrication procedure is shown in our
previous paper’!. Amorphous Si films 50 - 180 nm in thickness were deposited on a SiO2 substrate

750 um in thickness by an rf-sputtering apparatus (ANELV A: SPF-210H). The Ar flow rate, the

15



total pressure, and the sputtering power were 20 sccm, 20 mTorr and 100 W, respectively. A
monolayer of polystyrene beads (PSBs) (Polysciences Inc.) with the diameter of 750 nm was
deposited on a Si film as an etching mask. The diameter of PSBs, i.e., the mask size, was controlled
by oxygen plasma RIE (ANELVA: L-201D). The PSB mask pattern was transferred to a Si film
by Ar" etching. The PSB mask was then removed by N,N-Dimethylformamide (FUJIFILM Wako).
Finally, Si ND arrays were annealed at 800°C in a N2 atmosphere for an hour for the crystallization.
The refractive index of Si films measured after the crystallization annealing was 3.1 - 3.5 at 1000
nm.

Al electrodes for photocurrent measurements (10 mm in length, 400 um in width and 150 nm in
thickness) were deposited by vacuum deposition after removing the native oxide by hydrofluoric
acid etching. After the deposition, the samples were sintered at 600°C for 10 min in a N2
atmosphere.

Transmittance and photocurrent measurements: Transmittance spectra of nanodisk arrays were
measured by a double-beam spectrophotometer (Shimadzu, UV-3101PC). The incident light was
randomly polarized. For the photocurrent measurements, a nanodisk array was illuminated from
the normal through an objective lens (N.A. =0.055). The light source was a supercontinuum laser
(NKT Photonics, SuperK EVO) monochronized by an acousto-optic tunable filter (NKT Photonics,
SuperK SELECT NIR 1 for 800 to 1100 nm and SUPERK SELECT IR for 1100 to 1700 nm).
Current was measured with a source measurement unit (Keithley 236) under the applied bias of

100 V. Photocurrent measurements were carried out in vacuum.
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