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THE BIGGER PICTURE Crystalline silicon nanowires (c-SiNWs) are expected to be next-generation photo-
detectors enabling filter-free and highly integrated multispectral photodetection. In this study, we present
the fabrication of a c-SiNW photodetector with an EQE of 77.4% and remarkable wavelength selectivity by
employing a field-induced junction and an optical blocking layer on c-SiNWSs. This is a significant achieve-
ment in the photodetector research field, as the EQE is dramatically increased compared with those in pre-
viously reported studies (<30%). In the longer term, this research could lead to the development of high-
sensitivity and high-selectivity UV and NIR photodetectors with diameter-controllable c-SiNWs, which
will have a significant and broad implication on optoelectronic research and various industry fields.

SUMMARY

Crystalline silicon nanowires (c-SiNWs) have unique optical characteristics that enable tuning of their spec-
tral response. However, real-world applications of c-SiNWs as multispectral photodetectors are still
hampered by their low selectivity and low quantum efficiency (<30%). The primary obstacles include the
broad-spectrum light absorption of the bottom crystalline silicon (c-Si) substrate underneath the c-SiNWs
and the difficulties in forming appropriate p-n junctions on c-SiNWSs. In this study, an optical blocking layer
was applied to block light absorption in the bottom c-Si substrate, and atomic-layer deposition-based Al,O3
was employed to form a dopant-free p-n junction on diameter-controlled c-SiNWs. Consequently, the
maximum external quantum efficiency (EQE) of the fabricated photodetector is 77.4% with remarkable wave-
length selectivity. This work removes major stumbling blocks for the use of c-SiNWs as selective light spec-

tral band-pass photodetectors.

INTRODUCTION

Crystalline silicon nanowires (c-SiNWs) have attracted much
attention for use in solar cells, nanoelectronics, and photodetec-
tors owing to their unique optical and electrical characteristics,
which are not observed in their bulk form.™ In particular, c-
SiNWs exhibit diameter-dependent, wavelength-selective wa-
veguide modes and attendant light absorption. The spectral
response can be easily tuned in the full range of the visible spec-
trum by controlling the diameter of the wire.® Despite the supe-
rior ability to tune their spectral response, low selectivity and
low quantum efficiency (<30%) are significant limitations for c-
SiNWSs in photodetector applications. First, the bottom crystal-
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line silicon (c-Si) substrate that supports the c-SiINW absorbs
light and generates carriers in a broad wavelength range, deter-
ring the desired spectral selectivity of the c-SiNW-based photo-
detector.® A bottom c-Si substrate is necessary for carrier trans-
port, extraction, and handling of the sample during device
fabrication. Previous work that aimed to solve this problem
stacked a c-SiNW (doped p*/i/n*) photodetector on a planar
(doped n*/i/p*) photodetector, followed by the application of
an external bias.'° Applying a negative voltage to the top contact
causes the nanowire and planar photodetectors to be under re-
verse and forward biases, respectively. Therefore, the final
photocurrent only originates from light absorption in the c-
SiNWs. However, external power must be applied to operate
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the device continuously. For practical applications, it is neces-
sary to generate a photocurrent that originates from light absorp-
tion in c-SiNWs without an external bias. Second, it is chal-
lenging to form appropriate p-n junctions on the c-SiNWs.
Conventional thermal doping or ion implantation results in severe
Auger recombination and numerous lattice defects in c-
SiINWs'"'?; consequently, the external quantum efficiency
(EQE) of the photodetector decreases significantly. Therefore,
an alternative approach is required to form a p-n junction on c-
SiNWs for a high EQE.

This study suggests a novel strategy for blocking the electrical
response from the bottom substrate by fundamentally preventing
the light absorption by the substrate. We observed that the bot-
tom substrate absorption is primarily caused by photons entering
the substrate in the spaces between c-SiNWs. To prevent the
incident light from reaching the substrate, an optical blocking
layer was employed on the spaces between the c-SiNWs.
Through finite-difference time-domain (FDTD) simulation, we
establish that the optical blocking layer successfully blocks the
incident light, which can be absorbed by the bottom substrate.
Finally, a photodetector device was fabricated by coating anega-
tively charged Al,Oj3 layer via atomic layer deposition (ALD) to
form a dopant-free p-n junction. The negatively charged Al,O3
layer on n-type c-Si has been extensively studied as an alterna-
tive for the conventional thermal doping process.'®>™'° Here, we
prove that ALD-based Al,O3 is a promising candidate for forming
p-n junctions on wavelength-selective c-SiNWs by demon-
strating a high EQE of 77.4%. To the best of our knowledge,
this is the highest value among those previously reported for c-
SiNW-based multispectral photodiodes at zero bias (Table S1).
Moreover, the selectivity of the photodetector with an optical
blocking layer is dramatically improved compared with that of
the device without an optical blocking layer. In other words, the
fabricated photodetector with an optical blocking layer success-
fully removed the confounding substrate contribution.

RESULTS

Optimization of physical dimension of c-SiNW arrays

To maximize the wire absorption for a high EQE, we examined the
wire absorption trend by varying the physical dimensions (wire
length and pitch) of c-SiNWs via FDTD simulation. Figure 1A
shows the schematic of the c-SiNW array used in the FDTD simu-
lation. We applied 10 nm Al,O3 onto the c-SiNW surface to form a
field-induced p-n junction, which will be discussed later. As a
simulation result, the wire absorption and the substrate absorp-
tion of c-SiINW were separately obtained. As expected, the reflec-
tion dips were systematically shifted over the full range of the
visible spectrum when the diameter of the c-SiNW was adjusted
from 90 to 140 nm (Figures 1B and 1C).® The wire length was var-
ied from 1 to 5 um by fixing the wire pitch at 1 um and the wire
diameter at 90 nm (Figures 1D and 1E). As the wire length in-
creases, the wire absorption is enhanced, indicating that
increasing the wire length is an effective strategy to improve the
wire absorption. However, there is a practical limit to increasing
the wire length because it is challenging to experimentally in-
crease the aspect ratio of the c-SiNW while maintaining the cylin-
drical shape of the wire, which has a nanometer-scale diameter.
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As the etching time increases, it becomes progressively difficult
for the etching gas or solution to consistently penetrate to the
deep wire spacing; consequently, the c-SiNW array has a tapered
shape, which results in a broad spectrum.16 In other words,
considering the fabrication of c-SiNWs, it is necessary to find
another approach to maximize wire absorption with an achiev-
able wire length. The remaining parameter that can be consid-
ered is the wire pitch. Considering the feasibility of cylindrical
wire fabrication, the wire length was fixed at 2 um (aspect
ratio = 1:20). The wire pitch was adjusted from 1 um to
300 nm, while the wire diameter was fixed at 90 nm (Figures 1F
and 1G). As the wire pitch decreases, wire absorption is signifi-
cantly enhanced. This is because the number of wires that can
absorb incident light per unit area increases as the wire pitch de-
creases. However, as the pitch decreases below 700 nm, the light
absorption on the short-wavelength region increases signifi-
cantly. This can be explained by the evanescent mode coupling
between neighboring wires.® However, there is no change in
the wire absorption in the long-wavelength region, over
570 nm, where c-SiNWs with a diameter of 90 nm do not absorb.
Notably, the absorption spectrum gets significantly broader as
the wire pitch decreases below 400 nm. Therefore, the optimal
range of the wire pitch can be considered between 500 and
700 nm in terms of the maximum absorption peak and the selec-
tivity. In this work, the optimized wire pitch was chosen to be
700 nm (Figure S1).

FDTD simulation of optical blocking layer

An optical blocking layer was designed to utilize the bottom c-Si
substrate while preventing substrate absorption. Figure 2A illus-
trates the schematics of the optical blocking layer that formed on
the c-Si substrate and between c-SiNW spaces. This is because
the time-dependent video of light propagation on c-SiNWs con-
firms that the photons passing between c-SiNW spaces are ab-
sorbed by the bottom c-Si substrate (Video S1). As an optical
blocking layer, we applied Al metal, which is commonly used in
optical mirrors in the visible wavelength region. Figures 2B and
2C depict the simulated total absorption spectra (i.e., the sum
of the wire absorption and substrate absorption) of c-SiNWs
without and with Al metal, respectively. The wire diameters
were varied from 90 to 130 nm, and the length and pitch of the
wires are 2 um and 700 nm, respectively. Compared with c-
SiNWSs without Al metal, the selectivity for total absorption with
Al metal is significantly improved. Moreover, we calculated the
full width at half maximum (FWHM), which is the difference be-
tween the two independent variables when the dependent vari-
able is equal to half of its maximum value. Without Al metal,
the FWHM cannot be obtained because of the broad absorption
of the bottom c-Si substrate (Figure 2D). For Al metal, the calcu-
lated FWHM values are 74, 98, and 83 nm for wire diameters of
90, 110, and 130 nm, respectively (Figure 2E). The results indi-
cate that the selectivity of the absorption spectra greatly
improved after the application of an optical blocking layer. This
can be explained by the significant reduction in the substrate ab-
sorption by the optical blocking layer, as shown in Figures 2F and
2G. The substrate absorption was dramatically reduced after the
application of Al metal. The average absorption of the c-Si sub-
strate decreased from 60.8% to 6.3% when Al metal was used.
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Figure 1. Optimization of physical dimension of c-SiNW array
(A) Schematic showing the c-SiNW array used in the FDTD simulation.
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Diameter: 90 nm Length: 2 ym

(B-G) Simulated wire and substrate absorption spectra according to different wire diameters (B and C), lengths (D and E), and pitches (F and G), respectively.

Therefore, Al metal effectively blocked 89.6% of the incident light
absorbed by the bottom substrate.

Comparison between Al metal and perfect reflector as
an optical blocking layer

A residual substrate absorption of 10.4% exists when an Al metal
blocking layer was used. An additional FDTD simulation was con-
ducted to gain a comprehensive understanding of the optical phe-
nomenon that occurs when the optical blocking layer is used. We
compared the blocking ability of Al metal with an ideal perfect
reflector. As a perfect reflector, a perfect electric conductor
(PEC) was employed as the optical blocking layer. In FDTD simula-

tions, the PEC is an ideal material exhibiting infinite electrical con-
ductivity. Since the electric field inside the conductor is consistently
zero, electromagnetic energy does not pass through the PEC.
Consequently, the PEC reflects all the energy of the incident
light."”'® The refractive index n and k values of the PEC used in
this study are provided in Figure S2. Figure 2H shows the total ab-
sorption separated into wire and bottom substrate absorption
when the PEC was used as the optical blocking layer. The PEC
layer significantly reduced the substrate absorption in a broad
wavelength region from 450 to 900 nm, demonstrating a 94.8%
reduction in the total integrated photons absorbed by the sub-
strate. Even when a perfect reflector (PEC layer) was used, a
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substrate absorption of 5.2% was observed. The light guided into
the c-SiNW is not completely absorbed by the c-SiNW and eva-
nesces the bottom c-Si substrate. This can be observed in the
time-dependent video of light propagation on c-SiNWs with the
PEC layer (Video S2). Since only light guided into the c-SiNW can
reach the bottom substrate, the wavelength range of substrate ab-
sorption did not exceed 700 nm, which is outside the wavelength
range of the wire absorption.

In contrast, Al metal (89.6%) exhibited a relatively lower light-
blocking ability than the ideal PEC layer (94.8%). Additionally,
the wavelength range of substrate absorption exceeded
700 nm, which is outside the wavelength range of wire absorp-
tion. To further investigate this unique optical behavior of Al
metal, 2D electric field intensity plots in the vertical cross-section
of c-SiNWs with Al metal were obtained. Figures 21 and 2J illus-
trates the 2D electric field intensity profiles at different wave-
lengths (450 and 555 nm). In the case of the 450-nm-wavelength
light, an electric field close to zero was observed in the bottom
substrate with both the PEC layer and Al metal. Most of the light
outside the c-SiINW was reflected, and the light propagating in-
side the c-SiINW was primarily absorbed through the wire. At a
wavelength of 555 nm, substrate absorption occurred in both
the Almetal and PEC layers. As shown in the electric field intensity
profile, the light passing through the c-SiNW reached the bottom
substrate and was absorbed by the bottom substrate. However,
at a wavelength of 620 nm (Figure 2K), surface plasmon reso-
nance (indicated by yellow arrows) was observed when Al metal
was used. Consequently, the electric field intensity at the bottom
substrate was further enhanced compared with that of the PEC
layer. At a wavelength of 735 nm (Figure 2L), the surface plasmon
resonance was observed only when Al metal was employed.
Consequently, the PEC layer (0.5%) exhibits smaller substrate
absorption compared with the Al metal (7.2%) at a wavelength
of 735 nm. Even though Al metal (89.6%) exhibits a relatively
lower blocking ability than the perfect reflector (94.8%), the
wire absorption and selectivity could be dramatically improved
by using an Al blocking layer. Therefore, Al metal is a good candi-
date for the realization of an optical blocking layer.

Fabrication process of optical blocking layer

As designed in the optical simulation, it is crucial to experimen-
tally form Al metal only between the c-SiNW spaces, not on
the top or sidewalls of the wires. In Figure 3A, schematics of
the fabrication process of the vertical c-SiNW arrays with an Al
metal layer are shown. First, Al metal dot patterns were formed
on a c-Si substrate via e-beam lithography and subsequent ther-
mal evaporation processes. Subsequently, Al metal dots were
used as an etch mask for fabricating vertical c-SiNW arrays via
a deep reactive ion etching (DRIE) method. Following the depo-
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sition of ALD-Al,O3 on the surface of the vertical c-SiNW arrays,
an Al metal film was formed on the sample via thermal evapora-
tion to form the optical blocking layer. Although the thermal
evaporation process is highly directional compared with other
chemical vapor deposition methods, such as ALD and plasma-
enhanced chemical vapor deposition (PECVD), Al metal is inev-
itably coated on the flat top or sidewalls of c-SiNWs.'® A photo-
resist (PR) layer was used to selectively remove the Al metal
deposited on the top or sidewalls of c-SiNWs. The thickness of
the PR layer coated onto c-SiNWSs was controlled by the oxygen
plasma etching time, and the remaining PR acted as a protection
layer from the Al etchant. The top and sidewalls of c-SiNWs,
except for the bottom part, were selectively exposed to air.
Following oxygen plasma etching, the Al metal on the top and
sidewalls of c-SiNW was selectively removed by an Al etchant.
Finally, the PR layer was removed by plasma etching.
Scanning electron microscope (SEM) measurements were
performed to confirm that Al metal remained only between c-
SiINW spaces. Figure 3B shows a SEM image of the fabricated
c-SiNW array with Al metal as the optical blocking layer. The
measured wire diameter, pitch, and length were 90 nm,
700 nm, and 2 um, respectively. SEM images for other wire diam-
eters (110 and 130 nm) are shown in Figure S3. Moreover, we ob-
tained high-magnification SEM images of the top and bottom of
the c-SiNW, respectively (Figures 3C and 3D). Consequently,
we confirmed that Al metal was successfully formed only be-
tween the c-SiNW spaces and not on the top or sidewalls of the
wires, as designed in the optical simulation. High-magnification
SEM images of the top and bottom of c-SiNW before and after
the Al etching process are also provided in Figure S4. In this
study, a high-quality 10-nm-thick Al,O3 layer was coated onto
the c-SiNW via ALD for field-induced junctions and surface
passivation, which are discussed in Figure 4. A high-resolution
transmission electron microscope (TEM) image of the interface
between the ¢c-SiNW wall and the ALD-based Al,O; was ob-
tained. In addition, energy-dispersive X-ray spectroscopy (EDS)
revealed that the Al,O3 layer uniformly covered the surface of
the c-SINW (Figure S5). The crystal structures of c-SiNWs and
Al,O3 were examined using fast Fourier transform (FFT) images
(Figure 3E). The clear FFT image displayed in the inset of Figure 3E
shows the highly crystalline nature of the c-SiNW. In the case of
Al,O3, the amorphous nature is more dominant than the crystal-
line nature compared with c-SiNWs. ALD-AI,O3 is known to
exhibit strong crystallinity after post-annealing over 800°C.2°

Characterization of c-SiNW-based photodetector with
optical blocking layer

c-SiNW-based photodetector devices were fabricated by forming
a p-n junction and metal electrodes. It is known that thermal

Figure 2. FDTD simulation of c-SiNW array with an optical blocking layer
(A) Schematic of an optical blocking layer (Al metal) formed on the c-Si substrate and between c-SiNW spaces.
(B and C) The simulated total absorption (B) without and (C) with an optical blocking layer (Al metal) for different wire diameters. Notably, the total absorption is the

sum of the wire absorption and substrate absorption.

(D and E) The full width half maximum (D) without and (E) with an optical blocking layer for different wire diameters.
(F-H) Simulated total and wire absorption (F) without optical blocking layer, (G) with Al metal, and (H) with a perfect electric conductor.
(I-L) The square of the electric field profile when the PEC layer and Al metal are applied to the c-SiNW at different wavelengths: (I) 450 nm, (J) 555 nm, (K) 620 nm,

and (L) 735 nm, respectively.
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doping of c-SiNW is not appropriate for high-EQE photodetectors
because the c-SiNWs are fully depleted with a high doping con-
centration (>10%° cm~3), which causes severe Auger recombina-
tion, resulting in degradation of the EQE.**** In other words,
most photogenerated carriers in c-SiNWs are easily recombined
before being collected by the metal electrode. This problem has
been successfully addressed by field-induced p-n junctions using
a conformal ALD-based Al,O; layer on n-type c-Si."*'° The nega-
tively charged ALD-based Al,O3 layer has been extensively inves-
tigated to replace the conventional thermal doping process. The
negatively charged ALD-AI,O3 layer pushed electrons back to
the n-type c-Si base and generated a p* inversion layer. A sche-
matic of the fabricated c-SiINW photodetector based on the
field-induced p-n junction method is shown in Figure 4A. We de-
signed the same photodiode structure as implemented in our pre-
vious work. '®?® In previous work, a field-induced p-n junction was
demonstrated as a promising candidate for c-Si solar cells with
microscale structures. Here, we confirm that the field-induced
p-n junction is feasible to be applied to c-Si photodetectors with
nanoscale structures. As discussed in the previous section, a
high-quality ALD-Al,O3 film was formed on the SINW surface.
We employed MoO,/Al and LiF/Al electrodes for hole and electron
contacts, respectively. Since ALD-AI,Os is a good insulator, the
metal electrode cannot make Ohmic contact between the metal
and p* inversion layer at the surface of c-Si if it is directly formed
onto ALD-Al,O3.°” We selectively etched the Al,O; layer in the re-
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ALO, 10 m Figure 3. Fabrication process and electron

J microscope images of c-SiNW arrays with
ALD-AI;,O3; and optical blocking layer

(A) Fabrication process for applying Al metal (optical

blocking layer) to the c-Si substrate and between c-

SiNW spaces.

(B) Scanning electron microscope (SEM) image that

shows the fabricated c-SiNW with Al metal as an

l optical blocking layer.

(C and D) High-magnification SEM images for (C) top

and (D) bottom of the c-SiNW.

(E) High-resolution transmission electron micro-

scope images (TEM) at the interface between the c-

SINW wall and ALD-based Al,Os. Insets show the

fast Fourier transform (FFT) images of c-Si and ALD-

based Al;,Os.

5.ALD

6. Al deposition

gion where metal electrodes were to be
formed and deposited molybdenum oxide
(MoOQ,), which induces a p* inversion layer
and has high conductivity for holes.?® LiF is
known to lower the contact resistance of
n-Si/Al, resulting in Ohmic behavior without
a doping process.”®

We measured the current density-voltage
(J-V) characteristics of the devices with and
without ALD-Al,O3 under dark and illumi-
nated conditions with a light intensity of
100 mW/cm? (Figure S6). The J-V curves
of the device with ALD-Al,O3 clearly ex-
hibited diode characteristics. The diode
characteristics could also be observed in
devices without ALD-AI,O5 owing to the high hole-conductivity
and electron-blocking abilities of the MoO,/Al electrode. Howev-
er, the photogenerated current of the device without Al,O3 (1.81
mA/cm?) at zero bias is significantly lower than that of the device
with Al,Oj3 (8.02 mA/cm?). This difference explains that most pho-
togenerated carriers are lost due to bulk and front surface recom-
bination because there is no p-n junction to separate the photo-
generated carriers, which is consistent with our previous
photovoltaics work.'® The measured dark current of the device
without Al,O3 (3.94 x 10~° A/cm?) is also higher than that of the
device with Al,O3 (1.61 x 10~° A/cm?) at zero bias. In other words,
ALD-AI,O3 induces a p-n junction on c-SiNWs, which results in
efficient carrier separation. The measured dark current is higher
than that of commercial devices due to a large contribution of
bulk recombination induced by a 375-um-thick c-Si substrate.
The c-SiNW-based photodetectors were fabricated via conven-
tional thermal doping and field-induced junction methods.
Compared to the simulated absorption spectra (Figure 4B), the
thermal doping device (Figure 4C) exhibits significantly lower
EQEs, regardless of the wire diameter, owing to the severe Auger
recombination. In contrast, in the case of the field-induced p-n
junction device (Figure 4D), the measured EQE exhibits a highly
similar trend to the simulated absorption spectra. Furthermore,
the EQE peaks of the field-induced p-n junction devices are
75.8%, 77.4%, and 77.2%, respectively, owing to the superior
capability of the dopant-free p-n junction fabricated using
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Figure 4. Characterization of c-SiNW-based
photodetectors with field-induced p-n junc-
tion and optical blocking layer

Negative (A) Schematic of the structure of the fabricated c-
charges SiNW photodetector using ALD-based Al,O3.
(B) Simulated absorption spectra of the c-SiNW for
different diameters.
Optical (C and D) The measured EQE spectra of the c-SiNW

blocking layer photodetectors fabricated via (C) thermal doping
method and (D) field-induced junction method.
(E) Comparison of the EQE in this study with those of

p-type previously reported c-SiNW photodetectors.” %1~

inversion layer
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Wavelength (nm)

ALD-AI,O3. To the best of our knowledge, this is the highest value
among those of previously reported c-SiNW-based multispectral
photodiodes (Figure 4E; Table S1). Moreover, we compared the
measured EQE and simulated absorption before and after
applying Al metal as the optical blocking layer, as shown in Fig-
ure S7. Asdemonstrated in the simulation (Figure 2), the selectivity
of the photodetector with Al metal is dramatically improved when
compared with the EQE spectrum without an optical blocking
layer. Therefore, the proposed photodetector with Al metal (opti-
cal blocking layer) successfully removed the confounding sub-
strate contribution, as demonstrated by the simulation results.
Furthermore, we fabricated photodetectors for different wire
pitches from 500 to 700 nm to further increase the EQE (Fig-
ure S8). When the wire pitch was decreased from 700 to
500 nm, only the overall EQE increased; however, the spectrum
became broader. This can be explained by the SEM images in
Figure S1. The c-SiNWs with 500 and 600 nm pitches exhibited
atapered shape compared with those with wider pitches. During
DRIE, the wire shape changes extremely sensitively to the gas

Wavelength (nm)

length ranges but also to ultraviolet and
near-infrared wavelength regions by con-
trolling the wire diameter. Moreover, the
fabrication process of the device is
compatible with the current complementary metal-oxide-semi-
conductor fabrication process. In other words, our photodetec-
tors have great potential in various research and industrial fields
using optoelectronic platforms such as smartphones, automo-
biles, drones, and robots.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Prof. Kwanyong Seo (kseo@unist.ac.kr).
Materials availability

This study did not generate new materials.

Data and code availability

The raw data are available from the lead contact (kseo@unist.ac.kr) upon
reasonable request.

FDTD simulation

The FDTD simulations were performed using the Lumerical FDTD software
package. c-SiNW arrays were developed using a 3D rectangular simulation
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region with periodic boundary conditions along the x and y axes. To construct
a square lattice of the c-SiINW array, a single c-SiNW was located at the center
(top view) of the square simulation region. The bottom c-Si substrate was
placed beneath the c-SiNW, and infinite boundary conditions, rendered as
PML, were applied along the z axis. The lattice of the array was adjusted ac-
cording to the x and y span. The Palik material data provided by Lumerical
were used to model the material as Si. Simulations were performed in the
wavelength range of 450-900 nm using a plane-wave light source. The wire ab-
sorption was obtained using an advanced power absorption monitor in FDTD.
The bottom c-Si substrate absorption was calculated using a 2D z-normal
monitor at the interface between c-SiNW array and substrate.

Fabrication of c-SiNW array

c-SiNW array on an n-type Czochralski (CZ) Si(100) wafer (resistivity: 1—3 Q cm)
was successively cleaned with acetone and isopropyl alcohol (IPA). Two
different e-beam resists (495 PMMA A2 and 950 PMMA A2, MicroChem)
were used for the e-beam lithography process. On the cleaned substrate,
495 PMMA A2 was coated first at the speed of 4,000 rpm for 60 s and then an-
nealed the substrate at 180°C for 10 min. Upon cooling for 10 min at room tem-
perature, 950 PMMA A2 was coated under the same spin-coating and anneal-
ing conditions. E-beam lithography (nB3, NanoBeam) was conducted at a dose
of 11.7 C/m? with a beam current of 0.7 nA to produce disk array patterns. Typi-
cally, each array comprises an area of 100 x 100 um. The patterns for the
photodetector devices had an area of 200 x 200 um. The diameter of the disks
ranged from 150 to 180 nm in steps of 20 nm. The exposed e-beam resist was
developed in a 1:3 MIBK:IPA solution for 90 s and then rinsed in IPA for 30 s. An
etching mask of 50-nm-thick Al was deposited using a thermal evaporator, and
the lift-off process was performed using an acetone solution for 6 h. The vertical
c-SiNW arrays were fabricated in the DRIE with a source power of 1,200 W, a
stage power of 12 W, and a chamber pressure of 7.5 mTorr at 20°C. We used
55 scem SFg and 130 sccm C4Fg gas. Following etching, the deposited Al metal
mask was removed using a mixture of sulfuric acid and hydrogen peroxide
(H2S04:H,0, = 3:1). The diameter of the fabricated c-SiNW arrays was reduced
by dry oxidation and wet etching processes. We ramped the furnace tempera-
ture up to 1,100°C while 125 sccm N, gas flowed continuously. Once the tem-
perature reached 1,100°C, only 500 sccm O, gas flowed for 60 min at the same
temperature. Subsequent buffered oxide etchant (BOE; HF:NH4F = 7:1) treat-
ment removed the oxide layer approximately 30 nm in size uniformly. The final
target diameters ranged from 90 to 130 nm in steps of 20 nm.

Fabrication of c-SiNW photodetector with optical blocking layer

We deposited 10 nm Al,O3 onto the SiNW arrays using ALD (Lucida D200,
NCD), followed by annealing under 500 sccm Ar at 500°C for 30 min. Subse-
quently, 10 nm Al,O3 was grown at 200°C using 86 cycles of trimethylaluminum
(TMA) and deionized (DI) water pulses. The ALD cycle contained the following
processing sequence: 0.2 s TMA pulse, 15 s N, purge, 0.2 s DI water pulse,
and 15 s N purge. During the Al,O3 deposition, the N, gas flow rate was main-
tained at 50 sccm. Al (50 nm) was deposited via thermal evaporation. A DPR-
i1549 PR was spin coated onto the c-SiNW array at 2,000 rpm for 30 s. The sam-
ple was baked at 105°C for 4 min, and the PR thickness was 3.6 um as
confirmed by SEM measurements. Oxygen plasma etching (V15-G, Plasma
Finish) was conducted at a plasma power of 500 W and a 60 mL/min O, flow
rate for 400 s at a base pressure of 50 Pa. Subsequently, the Al films on the
flat top and sidewalls were selectively etched using AZ 300 MIF (developer).
Finally, an oxygen plasma etching treatment was conducted to remove the re-
maining PR. Patterns for the metal electrode were lithographically defined on
the front of the samples using DPR-i1549 PR. To fabricate the electrodes, the
substrates were dipped in BOE solution, and 10/200 nm MoO,/Al films were
thermally evaporated on their front surfaces. Similar to the previous instance,
lift off was performed by immersion in acetone solution to remove the undesired
metal. Finally, 1/200 nm LiF/Al electrodes were deposited on the rear of the
substrates.

Characterization of photodetector

The EQE spectra of the fabricated photodetectors were measured using IQE-
200B (Newport). The beam size was 1 x 1 mm. The area of the fabricated
photodetector was 200 x 200 pm, which is one-quarter of the beam size. Cali-
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bration was performed using an NREL-calibrated solar cell (PV Measurements)
with an Al mask (aperture size: 200 x 200 um). Moreover, we rechecked the
fabricated c-Si solar cells. The active areas of the fabricated solar cells were
200 x 200 pmand 1 x 1 cm. The active areas were defined using Al metal elec-
trodes. We compared the EQE spectra of the fabricated solar cells with
different active areas.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
device.2023.100018.
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