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Silicon nanomembrane-based near infrared
phototransistor with positive and negative
photodetectionsf

Ruobing Pan,? Qinglei Guo,® Jun Cao,® Gaoshan Huang, 2 Yang Wang,®
Yuzhou Qin,? Ziao Tian,% Zhenghua An,® Zengfeng Di¢ and Yongfeng Mei (& *2

Surface plasmon polariton induces hot carrier injection that enables near infrared photodetection in Si
nanomembranes and is of great significance for Si photonics integrated circuits. In this study, near infrared
photodiode and phototransistor based on Si nanomembranes are designed and demonstrated, where the
channel carrier concentration can be tuned through a gate modulation to implement both positive and
negative photodetections. Through patterning a nanogroove array, Si nanomembrane-based photo-
detector exhibits high performance in near infrared range with an lon/lof ratio of 102, and a responsivity of
7 mA W™, under 1550 nm laser irradiation. Moreover, the photodetection ability, determined by /lo¢/lon
can be further enhanced to ~6 x 102 when the photodetector is modulated to work at the negative
photodetection mode. Our study may provide a practical approach with fundamental guidelines and
designs for fabricating high-performance Si-based infrared photodetection, which promotes the develop-

rsc.li/nanoscale ment of Si photonics.

Introduction

Recent advances in Si photonics lay the foundation for highly
dense integration of various functional devices on a chip,
such as lasers, waveguides, photomodulators, and photo-
detectors, which offer enormous opportunities in future wire-
less, remote radio frontend and detection.'™ Driven by the
tendency of the telecom and/or optical communications, a
near infrared (NIR) photodetector is considered as one of the
mostly demanded components of photonic integrated chip.
Conventional semiconductors with a small band gap, such as
germanium or III-V alloy,*® have been utilized to fabricate
NIR photodetectors. However, the susceptible surface property
of germanium’ and the incompatibility with the CMOS
technology of I1I-V® materials would become obstacles for the
further development of NIR photodetectors. Si is naturally
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compatible with CMOS technology, and also possesses stable
physical properties.*? "> Although its intrinsic band gap (1.12
eV) makes Si “transparent” to the NIR waveband, realizing the
NIR photodetection in Si will surely give significant potentials
for Si photonics.

In order to achieve the NIR photodetection in Si, various
approaches have been demonstrated, including the combi-
nation with graphene, transition metal dichalcogenides,"® and
surface states."*™'® Among these, designs and principles based
on surface plasmon polariton (SPP) are considered as a practi-
cal way due to their compatible CMOS fabrication process and
controllable and attainable superior performances of NIR
photodetectors.'” By introducing various nanostructures with
sub-wavelength sizes, such as nanohole array,'® grating,"* and
nanogroove,'® the incident NIR light can be localized within
these nanostructures and resonate strongly with matter to
generate hot carrier injections, resulting in an exceptional NIR
photoresponse in Si. Previous studies about SPP induced NIR
photodetection in Si are mainly focused on obtaining a lower
power consumption, polarization-insensitive detection,"® or
stable performances.”® However, moderate optoelectronic per-
formances, including photodetection ability (determined by
the I, and I¢) and responsivity, are still the main issues that
should be addressed.*"**

In this article, we demonstrate a SPP induced high-perform-
ance Si-based NIR phototransistor, in which both the positive
and negative photodetections were realized via the gate modu-
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lation. The phototransistors could break through the limit-
ation of lower carrier injection efficiency of a two-terminal
detection device. Large detection window and high responsiv-
ity were achieved in this work. While with a floating gate, the
Ion/Ioge ratio and responsivity of two-terminal devices are
obtained in the order of 10> and 7 mA W', respectively.
Moreover, the generation of hot hole injection and transpor-
tation mechanism were deeply investigated through theoretical
predictions and calculations. On the other hand, under gate
bias modulation, a deep insight investigation concerning the
hot hole injection was carried out. The presented results and
demonstrations in this work may provide guidelines and fun-
damentals in designing and fabricating high-performance Si
based NIR photodetectors, which offer numerous opportu-
nities for the development of Si photonics.

Results and discussion

Fabrication of Si based NIR photodetectors begins with defin-
ing nanostructures in Si. As shown in Fig. 1a, a cleaned silicon
on insulator (SOI, resistivity: 10 Q cm) with a p-type, 200 nm-
thick top Si nanomembrane is patterned into nanogroove
structures. The detailed fabrication process can be found in
the Experimental section. For each unit of nanogroove array,
the area is defined as 85 pm x 100 pm. Then, 2 nm Ti and
15 nm Au are deposited by magnetron sputtering to get
smooth and compact absorption objects. A previous study
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Fig. 1 Fabrication and structures of nanogroove-structured Si nano-
membrane. (a) Schematic of the microfabrication process using EBL,
RIE, and magnetron sputtering. (b) SEM image of the device and
enlarged images of a nanogroove. (c) TEM image of the cross section of
a nanogroove. (d) Element mapping for the evaporated stack of
materials (Au 15 nm and Ti 2 nm).
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demonstrated that the thickness of a metal film for SPP
should be no larger than the hot carrier propagation distance
in order to reach high photoresponsivity and high hot carrier
collection efficiency.”® The propagation distances of hot car-
riers in metal (6,,) and dielectric (64) layers can be related as
per the following eqn (1) and (2),**

1 |eq+ &'m 1/2
0d=—|—7— 1
L ) (1)
o — [0t ] 2)
miko E/mz

where k, is the wave vector in vacuum, ¢4 is the dielectric con-
stant of dielectric layer, and &'y, is the real part of metal dielec-
tric constant. To extend the photoresponse spectrum of Si into
the NIR region, the momentum of hot holes should be much
larger than the Schottky barrier height, and be lower than the
Si band gap.>**® Therefore, Ti, which is capable of enhancing
the adhesion between Au and Si, is chosen to form a low
barrier height Schottky contact with the p-type Si to ensure
efficient hot carrier injections.>®*” According to the following
equation,?®

T2 2
kxk—OkO = %tan k()h (3)

where, %, a, and d denote the depth, width and constant of
period of the designed nanogroove, respectively, whereas k, is
the wave vector of SPP, and k, is the incident wave vector in
vacuum; we design the nanogroove with the width a changing
from 325 to 470 nm, as shown in Fig. S1.1 For all nanogrooves
with different widths, the depth /# and period constant d are
kept as 180 nm and 500 nm, respectively. The surface mor-
phology of the NIR photodetector is characterized by scanning
electron microscopy (SEM). As shown in Fig. 1(b), the nano-
groove array has a sub-wavelength size of period constant,
which will be beneficial for localizing the incident optical
wave. Fig. 1(c) shows the cross-sectional view of the device by
transmission electron microscopy (TEM), and the element
mapping results shown in Fig. 1(d) clearly illustrate the metal
layers (Ti and Au) for SPP and the functional layer (Si) for
photodetection.

For a photodetection device, the absorption spectrum plays
a vital role in its optoelectronic performances. In this spirit,
nanogroove size-dependent absorption of a Si based NIR
photodetector is evaluated by the Fourier transform infrared
spectrometer (FTIR). The absorption 4 is defined asA=1 — R
— T, where R and T are reflection and transmission, respect-
ively. Detailed results of the reflection and transmission
spectra are shown in Fig. S2(a) and S2(b). As shown in
Fig. 2(a), absorption spectra obtained from the device with the
nanogroove width varying from 325 to 470 nm contain two
groups of peaks. The peaks around 1100 nm are attributed to
thin film interference arising from multiple reflections
between top Si and buried oxide of SOL.>**>° Another group
of absorption peaks located within 1480-1800 nm are gener-
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Fig. 2 Optical properties of Si nanomembranes with various nano-
grooves. (a) Experimental results of the absorption spectra of Si nano-
membranes with different nanogroove widths. (b) Simulated results of
the absorption spectra of Si nanomembranes with different nano-
grooves. The peak around 1500 nm exhibits a red shift as the width of
nanogroove increases. (c) Light absorption spectra of a typical Si nano-
membrane with a nanogroove width of 403 nm under illumination with
different polarization angles. (d) The intensity of the absorption peak
(1530 nm) as a function of the polarization angle.

ated from the SPP resonance by artificial nanogrooves.
Moreover, as the width of the nanogroove decreases, a redshift
of the peak is found. These experimental observations are
further verified by numerical analysis. As shown in Fig. 2(b),
the simulated results of the absorption spectra, obtained by
FEM software (finite element methods), are in good agreement
with the experiments. Furthermore, typical F-P resonance
enhances the near field localization,'® as demonstrated in the
inset of Fig. 2(b), indicating a successful SPP resonance
induced by nanogroove structures.

Further demonstration of the existence of SPP resonance is
revealed by the polarization dependence of the absorption
spectra. Taking the device with the 404 nm width nanogroove
as an example, the absorption spectra under illumination with
different polarization angles are measured. As shown in
Fig. 2(c), the intensity of the intrinsic absorption peak (around
1100 nm) has no significant variation under different rotation
angles. For the absorption peak around 1530 nm, however, the
peak intensity gradually decreases to zero as the polarization
angle reduces from 90° to 0°. The statistical details about the
peak intensity varying with the polarization angle are illus-
trated in Fig. 2(d). From these presented results, one can
speculate that only transverse magnetic mode (TM mode)
propagation exists, which confirms that the sub-bandgap
absorption is generated from the SPP resonance but not the
interference.*’

With the capability of NIR absorption in the nanogroove
structured Si nanomembranes, their corresponding photo-
detectors are fabricated and characterized. A counterpart of
photodetector based on the Si nanomembrane without any
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Fig. 3 Electrical characterization of SPP induced Si based NIR photo-
diode. (a) /-V characteristics of a smooth Si nanomembrane based
photodiode under dark and 1550 nm irradiation. (b) /-V characteristics
of a Si nanomembrane based photodiode with nanogroove structures
under dark and 1550 nm irradiation. (c) Photocurrent extracted from (a)
and (b) as a function of laser power density. (d) Experimental results of
the Ion/lof ratio (black) and light absorption (blue) varying with the nano-
groove width. AFM images of the nanogroove with different widths are
shown in the inset.

pattern is measured for comparison. As shown in Fig. 3(a),
under the 1550 nm laser irradiation with different power den-
sities, photocurrents obtained from the Si nanomembrane
based photodetector exhibit no significant change due to its
poor sub-band gap absorption. In contrast, photocurrents
obtained from the photodetector, fabricated with nanogroove
patterned Si nanomembranes (nanogroove width: 435 nm),
increase distinctly as the power density of the 1550 nm laser
increases, as displayed in Fig. 3(b). We attribute this excep-
tional NIR response to the hot hole injection induced by SPP
resonance. I/l ratios as a function of the power density
measured from the photodetectors with smooth Si nanomem-
brane and with nanogroove-structured Si nanomembrane are
summarized in Fig. 3(c). The bias voltage is set as —2 V, and
the power density of the 1550 nm laser is gradually tuned from
4 to 168 mW cm™>. It should be noted that for the nanogroove-
structured Si nanomembrane-based photodetector, the ratio of
photocurrent to dark current can reach about two orders of
magnitude and the responsivity is 7 mA W~'. Other photo-
detectors with different widths of nanogroove are character-
ized, and the detailed I~V curves with/without light illumina-
tion are shown in Fig. S3.1 Fig. 3(d) displays the I,,/I,s ratio
and the light absorption (at 1550 nm) varying with the nano-
groove width. When the width of the nanogroove is 435 nm,
the I,,/I ¢ ratio reaches the maximum value, which is consist-
ent with the light absorption results. Moreover, the hollow
square represents 325 nm groove width, which exhibits a high
absorption at 1550 nm, but the on/off ratio for this photode-
tection device is small. Its high absorption intensity at
1550 nm can be mainly attributed to the interference rather
than the SPP, which cannot contribute to the light-generated
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carrier injection for photocurrent enhancement. The corres-
ponding response rate and the detailed performance compari-
son are shown in ESL ¥

The ability of a photo detector to sense light in a wide
range offers promising opportunities for its further appli-
cations. Therefore, optoelectronic responses of the Si nano-
membrane based NIR photodetectors to the broadband spec-
trum from 770 to 1450 nm is investigated, as shown in
Fig. 4(a) and (b). After the Si nanomembranes are patterned
with nanogroove structures, drastic enhancements in both
photocurrent and responsivity are observed, especially for the
device with a nanogroove width of 435 nm. At the sub-bandgap
photon energy wavelength region (1100-1400 nm), the
enhancement is generated from the inter-band excitation and
hot carrier injection.

It is known that the transistor with a gate terminal has the
ability of modulating the current passing through the channel,
thus exhibiting characteristics similar to those of an amplifier.
Motivated by this, we fabricated phototransistors on Si nano-

50

—
()
~

Nanogrooves Width

=470 nm
< 40 —435nm
S — 404 nm
‘qc‘J 30 —355nm
= —325nm
= o
3 20 SiNM
°
<
o

10

O 'l 'l 'l 'l
800 1000 1200 1400

Wavelength (nm)

(b) 0.12 - Nanogrooves Width

. % —470nm —355nm

2 0104 —435nm ——325nm

< T ——404nm —«<SiNM

> ’

@ 0.06 0.010f"

8 0.04k o

g 0-005 73507400 §

% 9.02
0.005 d

800 7000 7200 1400

Wavelength (nm)

Fig. 4 Optoelectronic performances of Si nanomembrane based
photodiode without/with nanogrooves. (a) Photocurrent spectra
obtained from all types of photodiodes. (b) Responsivity spectra
obtained from all types of photodiodes. The responsivity locating with
1300-1450 nm is magnified at the top-right, indicating an apparent NIR
response.
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membranes with nanogroove structures, and the performance
was characterized. A typical transfer curve is presented in
Fig. 5(a); the on-state current is about 10~ A as depicted in
the transfer curve in both semi-log and linear scale. The drain
voltage (Vps) is kept as 2 V, and the on/off ratio reaches about
10*. With contact optimization, the maximal on/off ratio can
reach up to 10° (see Fig. S51). The effective channel mobility is
calculated to be about 380 ecm? V™' s7'. Detailed calculation
method can be found in ESL} Fig. 5(b) presents the output
curves of the phototransistor at various gate bias voltages from
+10 to +2 V.

Once irradiated by a 1550 nm laser, the phototransistor
exhibits a drastic negative photoconductance. As shown in
Fig. 5(c), a decrease in the photocurrent, which is regarded as
negative photoconductance,® is obtained from the phototran-
sistor with a zero gate voltage (red line) compared with that
obtained from the phototransistor with a floating gate (black
line). This relative decrease in the photocurrent is magnified
under gate bias modulation. Fig. 5(d) shows the transfer curve
of the phototransistor measured with different illumination
power densities. Under the 1550 nm illumination, with the
power density varying from 26 to 86 mW cm™>, the on-state
current decreased by more than two orders of magnitude com-
pared to that obtained from dark condition. As the incident
light power increases, the on-state current reduces to about
107% A, and the photodetection ability (herein defined as I/
I,,) reaches up to 6 x 10, suggesting a good signal to noise
ratio of the Si based NIR phototransistors induced by SPP.
Once the illuminated light is turned off, the on-state current
(labelled as “light off” in Fig. 5(d)) recovers to its initial state
(labelled as “dark”). Considering that the utilized p-type Si
nanomembrane offers an n-type channel at the switch-on
status, the hot hole injection induced by SPP resonance during
the NIR light illumination consumes the electrons existing in
the channel, resulting in a decrease in the carrier concen-
tration of the channel and leading to a decreased on-state
current. For the reverse cut-off current, however, a slight
increase with the increase in the illumination power density is
found, as shown in Fig. 5(e). It is known that the reverse cut-
off current is determined by the hole transportation under a
negative gate bias. Hence, the increase in the reverse cut-off
current, though having no direct impact on the performance
of the phototransistor, results from the hot hole injection
induced by SPP.

In addition to the photocurrent, the threshold voltage also
indicates a light illumination-dependent behaviour, as shown
in Fig. 5(f). The threshold voltage, extracted from the Vg-Ipg
curve, exhibits a gradual decrease as the illumination power
density increases. A previous study demonstrated that the
threshold voltage of phototransistor was closely related to the
carrier concentration.?” These observations further prove the
ability of the SPP resonance in tuning the carrier concentration
of Si nanomembranes. Other transfer characteristics of Si
based phototransistors with different nanogroove widths are
also measured under dark as well as illumination conditions,
and the results are shown in Fig. S6.}
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Fig. 5 Optoelectronic properties of Si nanomembrane based phototransistors with nanogroove structures. (a) Transfer curve of the phototransistor
in both semi-logarithmic and linear coordinate under dark at a Vps of 2 V. (b) Output curves for the phototransistor. (c) /-V characteristics of the
device without a gate (i.e., floating gate) and with a gate (gate voltage = 0 V) under a 1550 nm light illumination. (d) Transfer characteristics with gate

voltage sweeping from —10 to 10 V under various power densities. (e)
voltage depicted by the tangent line (dotted line) of transfer curves.

In order to deeply understand the mechanism of the nega-
tive photo conductance of the SPP induced Si based NIR
phototransistors, band alignments under different bias and
illumination conditions are analysed. Fig. 6(a) shows the sche-
matic cross-section of the Si based NIR phototransistors. The
Si substrate also serves as the back gate. Fig. 6(b) shows the
band structures of Ti (electrodes) and Si (channel), respect-
ively. All the parameters related to the band gaps and work
functions of the materials are extracted from a previous
report.*® The Schottky barrier height between Ti and Si is
much lower than the band gap of Si, providing the possibility
of hot hole injection across the barrier into the valence band.
For gold, the generated hot holes are more energetic (~2 eV)
than hot electrons. As a result, only hot hole injection is con-
sidered at the p-type Si/Au interface.>** The hot hole gene-
ration and migration of p-Si/Au induced by SPP are illustrated
in Fig. 6(c). Firstly, the incident wave is localized by the subwa-
velength structure, and a surface transverse wave with a high
o, (angular frequency of surface plasmon polariton) will be
generated. Free electrons existing at the metal surface will res-
onate with this localized surface wave. Therefore, the energy of
the electromagnetic field is effectively transferred to the free
electrons, resulting in the generation of the hot electron-hole
pairs. Finally, all the holes have sufficient energy to inject into
the semiconductor, i.e., Si. The electrons get motion energy to
implement the radiative decay.®® Hence, under a floating gate
(i.e., without a gate bias), the photocurrent will be enhanced
because of the increase in the hole concentration in the p-type
Si nanomembrane.

16848 | Nanoscale, 2019, 11, 16844-16851

Magnified cut-off current region under negative gate bias. (f) Threshold

For a transistor with a p-type channel, the working principle
can be described as follows. When the applied back gate
voltage is positive (Vi > 0), more and more electrons will be
driven and accumulate at the interface of the p-type Si/SiO,.
Therefore, the Fermi level will decrease, leading to a good con-
ductance between the source and the drain. If V5 > 0, the con-
duction channel will be inversed into an n-type with an elec-
tron dominated conduction, as shown in Fig. 6(d). As a nega-
tive bias (Vg < 0) is applied at the back gate, holes would be
driven to the interface of Si/SiO,, resulting in an enhanced
Fermi level as shown in Fig. 6(e). The negative cut-off region
relies on the leakage current with hole as the dominant con-
duction. On the basis of n-channel electron conduction, hot
hole injection induced by SPP resonance will affect the carrier
concentration and cause the recombination, as shown in
Fig. 6(f).>°® On the one hand, the carrier concentration
under a positive gate voltage would decrease due to the hot
hole injection and recombination, leading to a decreased on-
state current, as demonstrated in Fig. 5(d). On the other hand,
the carrier concentration under a negative gate voltage would
increase due to the hot hole injection, inducing an increased
cut-off current, as shown in Fig. 6(g). The reduced threshold
can be estimated by the equation, AVyy, = (AN, X €)/C;, where
C; is the capacitance per unit area of the dielectric layer, AV
is the shift of the threshold voltage, ANy, is the reduced hole
concentration, and e is the elementary charge.>**° Hence, the
threshold voltage gradually decreases with the reduced hole
concentration, which is in agreement with the results dis-
played in Fig. 5(f). The detailed explanation and threshold

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The mechanism of p-type Si nanomembrane based phototran-
sistors with nanogroove decorated channel and SPP induced hot hole
injection. (a) The schematic structure of the phototransistor. (b)
Schematic diagram of the energy band structures of Ti and p-type Si. (c)
Schematic illustration of the hot carrier loss and injection processes
induced by SPP. (d) Schematic energy band alignment and carrier con-
centration of Si/SiO; interface under Vgu.e > 0. (€) Schematic energy
band alignment and carrier concentration of Si/SiO, interface under
Vgate < 0. (f) Energy band and carrier recombination between Ti/Au and
Si nanomembranes under Vg, > 0. (g) Energy band and carrier recom-
bination between Ti/Au and Si nanomembranes under Vgate < 0.

voltage shift with increasing incident light power are shown in
ESI.1 Consequently, SPP induced Si NIR photodetectors with a
transistor structure exhibit distinct photoresponse compared
with that of a photodiode, which can be theoretically designed
and practically applied for high-performance photodetections.

Conclusions

In summary, we demonstrate the infrared photodetection
with Si nanomembranes by introducing subwavelength nano-
groove structure, which induces the SPP resonance between
the incident light and Si, extending the light absorption to
the infrared range. Due to the hot hole injection, the I/l
reaches about 100 when the photodetector is set with a float-
ing gate. On the other hand, if the phototransistor works at
the on-state by gate modulation, the electrons of n-type
channel are consumed by the hot hole injection, resulting in
a negative photo conductance with the photodetection ability

This journal is © The Royal Society of Chemistry 2019
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(defined as Ig/l,,) of 6 x 10°. Qualitative analysis and theore-
tical modelling about the mechanism of SPP resonance and
hot hole injection help in understanding and designing Si-
based NIR photodetectors, which offers guidelines for NIR
photodetection using a chip as well as other SPP-related
optoelectronics.

Experimental

Fabrication of Si nanomembrane based device with
nanogrooves

The fabrication process of Si nanomembrane based NIR
photodetectors begins with defining nanostructures in Si
materials. A cleaned Si on insulator (SOI, resistivity: 10 Q cm)
with a p-type, 200 nm-thick top Si nanomembrane, the native
oxide layer of which is removed by 5% HF solution, is pat-
terned into nanogroove structures. The PMMA (polymethyl
methacrylate) is spin coated on the cleaned SOI at an initial
rate of 600 rpm for 6 s and a stable rate of 2000 rpm for 50 s.
The thickness of the formed PMMA layer is about 1 pm.
Then, EBL (electron beam lithography) is performed on the
sample to define the etching window. For each unit of nano-
groove array, the area is defined as 85 pm x 100 pm. After pat-
terning the sample by RIE (35 sccm SFs, 18 sccm CHFs;,
30 mT chamber pressure, and 50 W power for 120 s), 2 nm Ti
and 15 nm Au are deposited by magnetron sputtering to get
smooth and compact absorption objects. Similar photolitho-
graphy, RIE, and metal deposition process define the bottom
electrode of the device. In the present work, we designed the
nanogroove with the width a changing from 325 to 470 nm.
For all the nanogrooves with different widths, the depth 2
and period constant d were kept as 180 and 500 nm,
respectively.

Morphology characterizations

Surface morphologies of the samples were obtained by atomic
force microscopy (AFM, Dimension ICON), SEM (Zeiss Sigma
300, with an operating voltage of 5 kV), and TEM
(JEM-ARMB300F, with an operating voltage of 100 kV).

Optical characterization

Optical characteristics are carried out by the Fourier transform
infrared spectrometer.

Electrical characterizations

Electrical properties of devices are carried out by a semi-
conductor parameter analyzer (Keithley 4200) at a sweeping
voltage of +2 V under dark and light conditions. A 1550 nm
laser with intensity varying in the range of 4 to 168 mW cm™>
was used for the photoelectrical measurements. The spectral
response of the photodetector was measured by using a series
of super-continuum source in the range of 770-1450 nm (YSL
Photonics SC-PRO). All the measurements were done after the
exposure of the device to the atmosphere under ambient
conditions.
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FEM simulation

The absorption of nanogroove structured Si nanomembranes
under a normal incident plane light source is simulated by
using a finite element method. All the geometries and dimen-
sions used in the simulation are in agreement with the experi-
mental data. The periodic boundary conditions are utilized in
the perpendicular detection of source incident direction. The
distribution of the near-field electric field intensity is obtained
through the established monitor.
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