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ABSTRACT: Conventional photolithography, due to its scal-
ability, robustness, and straightforward processes, has been
widely applied to micro- and nanostructure manufacturing in
electronics, optics, and biology. However, optical diffraction
limits the ultimate resolution of conventional photolithography,
which hinders its potential in nanoscale patterning for broader
applications. Here, we introduce a derivative of conventional
photolithography for nanoscale patterning called dual-layer
photolithography (DLPL), which is based on the controlled
exposure and development of overlapping positive and negative
photoresists. In a typical experiment, substrates are sequentially coated by two layers of photoresists (both positive and
negative). Then, we purposefully control the exposure time to generate slightly larger features in the positive photoresist than
those in the negative photoresist. After development, their overlapping areas become the final features, which outline the
original features. We demonstrate line widths down to 300 nm here, which can be readily improved with more precise control.
By adjusting the lithography parameters and material deposition, the feature sizes, shapes (e.g., rings, numbers, letters), line
widths (300−900 nm), and materials (e.g., SiO2, Cr, and Ag) of these features can be independently controlled. Combined
with anisotropic etching, more complex three-dimensional nanostructures can be fabricated as well, as we demonstrate here
with Si. We further fabricate photodetectors as an example application to show that these nanostructures fabricated by DLPL
can be used to promote light-trapping MAPbI3 perovskite films to achieve good photoelectric properties. This strategy is not
limited to ultraviolet photolithography and may also be incorporated into other energetic beam-based lithographic
approaches, including deep and extreme ultraviolet photolithographies and electron beam lithography, to enhance their
resolution.
KEYWORDS: photolithography, nanopatterning, nanofabrication, photodetector, nanoring

Nanolithography is a critical step in the fabrication
processes of miniaturized electronic1−5 and opti-
cal6−9 devices. Conventional photolithography, using

ultraviolet (UV) light to transfer features from photomasks to
substrates, has been widely applied to micro- and nano-
electronics manufacturing due to its high throughput and high
pattern fidelity. However, its feature resolution is limited by
light diffraction and processing parameters. With recent
advances in nanoscience and nanotechnology, nanometer-
scale resolution is increasingly needed for emerging applica-
tions.10,11 For example, microfluidic chips with submicron
structures have been developed for advanced biomedical
applications (e.g., bioanalysis, cell regulation, drug deliv-
ery).12−14 Additionally, submicron- and nanoscale structures
can be integrated into optic and electric devices (e.g.,
optoelectronic circuits, displays, plasmonic sensors) for
improved performance, sensitivity, and efficiency.15−17

To overcome the resolution limit in conventional photo-
lithography, advanced lithography techniques have been

developed with advanced light sources with smaller wave-
lengths, including deep UV (DUV) and extreme UV (EUV)
photolithography,18,19 electron-beam lithography (EBL),20−22

and focused ion beam lithography (FIB).23−25 Although these
advanced techniques have been widely used in nanoelectronics,
high equipment costs (DUV, EUV) or time-consuming serial
writing processes (EBL, FIB) have greatly limited their
availability and practicality for laboratories in universities,
research institutions, and startups,26 while the development of
low-cost and high-throughput nanolithography approaches
remains a challenge.
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To address this challenge, various unconventional litho-
graphic approaches and strategies have been developed, such
as nanoimprint lithography,27−29 soft lithography,30−32 nano-
sphere lithography,33,34 molecular ruler lithography,35 and edge
spreading lithography.36,37 For example, large-area metal
nanoring arrays can be fabricated via a strategy that combines
colloidal lithography and nanoscale electrodeposition.38 More-
over, by using the monolayers of self-assembled polymeric
nanospheres as templates, multiple-patterning nanosphere
lithography can be used to fabricate wafer-scale periodic
hierarchical nanostructures.39 Although these lithographic
methods reach high resolution with relatively low cost, the
pattern quality and fidelity are strongly affected by the quality
of the self-assembled templates and/or the quality of the
stamps.
Meanwhile, efforts also have been made to push the

resolution of conventional photolithography down to the
nanometer scale through the optimization of the lithography
parameters and processes. For example, immersion photo-
lithography,40 double-patterning photolithography,41,42 and
beam-pen lithography43 have been developed to “overcome”
the resolution limit. Specifically, double-patterning lithography
can generate patterns with sizes several times smaller than the
original features in photomasks through a subtraction process
between two sequential patterns. However, its reproducibility
relies on the alignment between the photomask and the
patterns produced by each photolithographic step. Such
processes require high-cost equipment for mask alignment.
As a result, double patterning photolithography is limited due
to the trade-off between increasing yield and decreasing
alignment error.
In this work, we describe and demonstrate an alternative

method to double-patterning photolithography, namely, dual-
layer photolithography (DLPL). Without a mask alignment
process or using high-refractive-index media, we realized
tunable submicron patterning at high throughput and low
cost. It is based on the controlled exposure and development of
overlapping positive and negative photoresists to create hollow
“outline-like” patterns. Note that, instead of creating undercuts

to facilitate the lift-off process as in other reported bilayer resist
strategies,44−47 DLPL is used here to scale down the feature
size. The size, line width, material, and shape of the features
can all be independently controlled in DLPL. Combined with
anisotropic etching of Si, complex three-dimensional (3D)
structures can and have been produced.48,49 We demonstrate
the fabrication of photodetectors as an example application to
show that nanostructures fabricated by DLPL can be used to
promote light trapping in MAPbI3 perovskite films to achieve
good photoconductive properties.50−52

RESULTS AND DISCUSSION

A typical process of dual-layer photolithography for fabricating
SiO2 nanorings is illustrated in Figure 1. First, one layer of
positive photoresist (in yellow) and one layer of negative
photoresist (in green) were sequentially spin-coated with
controlled thicknesses and soft-baked on piranha-cleaned Si
substrates (piranha solution is a mixture of 3:1 sulfuric acid
and 30% hydrogen peroxide. Warning: piranha solution reacts
strongly with organic compounds and should be handled with
caution; do not store in closed containers). A single controlled
UV exposure was applied using a photomask patterned with 5
μm hole arrays (Figure 1a). With the same amount of UV
exposure, photoresponsivity variation resulted in slightly larger
features on the positive photoresist than on the negative
photoresist (Figure 1b). After removing the unexposed
negative photoresist, circle-shaped features (in blue) were
patterned on top of the positive photoresist layer (Figure 1c).
The remaining negative photoresist hampered the complete
removal of exposed positive photoresist (in orange) under-
neath, resulting in a dual-layer structure surrounded by hollow
nanorings (Figure 1d). Next, a thin film of SiO2 (∼30 nm) was
deposited on the substrate via magnetron sputtering, resulting
in the exposed Si nanoring arrays covered by SiO2 film (Figure
1e). As the remaining SiO2 thin film on top was lifted off with
the photoresist removal, SiO2 nanoring arrays were fabricated
on Si substrates (Figure 1f).
To obtain the necessary photolithography parameters

suitable for DLPL, which were not listed in the datasheet,

Figure 1. Fabrication schematics of SiO2 nanorings by single-step dual-layer photolithography (DLPL). Top, overall process; bottom, cross-
sectional view. (a) One-time UV exposure on dual-layer photoresists. (b) Postbaking after removing photomask. (c) First development of
negative photoresist layer. (d) Second development of positive photoresist. (e) Deposition of SiO2 thin film via magnetron sputtering. (f)
Removal of dual-layer photoresists and generation of SiO2 nanorings. PR: photoresist.
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we studied the relationship between exposure time (t) and
feature size (d) of each photoresist via designed single-layer
photolithography (SLPL) using a Cr photomask with 5 μm
hole arrays. While exposure time was varied, other
experimental parameters (e.g., UV light intensity, soft-baking
time, development time) were held fixed. Theoretically, the
feature sizes should increase with the added exposure time or
exposure energy.53 As a result, features generated by both
photoresists shared similar size-increasing patterns (see Figure
2a,b). Overall, as the exposure time increased from 18 to 38 s,
the feature size of the positive photoresist increased by 1.8 μm
(3.9−5.7 μm), whereas the feature size of the negative
photoresist increased by 0.7 μm (4.2−4.9 μm) (detailed
measurements are provided in Table S1 of the Supporting
Information). The higher feature size increase rate indicated a
higher photoresponsivity of the positive photoresist than that
of the negative photoresist.
To understand the dynamic changes in feature size, a series

of SLPL experiments were conducted in parallel with the

exposure times set at 18, 22, 26, 30, 34, and 38 s (see Figure
2c; note the corresponding exposure energies shown). Note
that for each condition, more than 10 samples were prepared
and measured, which showed good reproducibility in feature
sizes. The feature sizes of both photoresists with the same
amount of exposure (d+PR and d−PR) were provided in pairs.
The size differences (Δ = d+PR − d−PR) were calculated to
estimate the theoretical width (w) of hollow nanorings
generated by DLPL under the same conditions. With 18 s of
exposure, the features on the positive photoresist were smaller
than those on the negative photoresist (Δ = −0.3 μm). Due to
the higher responsivity of the positive photoresist, the size
difference narrowed as the applied exposure time or exposure
energy increased. At ∼21 s, the feature sizes of both
photoresists were equal. At longer times (>21 s), the features
on the positive photoresist became larger than those on the
negative photoresist (Δ > 0 μm). We thus predicted that a flip
of the size difference would result in the formation of hollow
nanorings in DLPL and that the theoretical ring width would

Figure 2. Systematic study of the pattern size dependence on the exposure time (or exposure energy) in dual-layer photolithography
(DLPL). Scanning electron microscopy (SEM) images of single-layer photolithography for (a) positive photoresist and (b) negative
photoresist with exposure times of 18, 26, and 34 s. Scale bar: 5 μm. (c) Histogram of the size changes of features on positive and negative
photoresists in the single-layer photolithography (SLPL) as the exposure time or corresponding exposure energy increased. (d) SEM top and
side view images of the dual-layer structure after the development in DLPL with 30 s of exposure and the photomask feature sizes of 5 and
10 μm. Scale bar: 10 μm. PR: photoresist.
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increase with increasing time (t = 21−26 s). However, this
increase stopped as the exposure time rose from 26 to 30 s, and
the size difference remained relatively constant (Δ = 0.4 μm).
Within this range, the minimal size change (∼0.1 μm) of both
features made the size independent of the exposure time;
varying the exposure time only resulted in subtle changes in
the size difference. As the exposure time was increased further
(t > 30 s), the size difference increased and reached 0.8 μm (t
= 38 s), which indicated that both photoresists experienced
overexposure within the time range 30−38 s.
On the basis of the results of SLPL experiments, an optimal

exposure time for DLPL was determined. In DLPL, since
energy loss takes place when UV light penetrates the overlying
negative photoresist,53 the exposure energy received by the
positive photoresist underneath is smaller compared to that of
SLPL. As a result, the features generated by a positive
photoresist in DLPL are equivalent to those generated with
lower intensities or shorter exposure times in SLPL. Therefore,
the widths of hollow nanorings obtained from DLPL are
smaller than the corresponding estimates from SLPL. Although
22 s exposures produced the smallest size differences (Δ = 0.1
μm) in SLPL, hollow nanorings with widths of 0.1 μm were
less likely to be realized in DLPL. According to the measured
histogram (Figure 2c), both features demonstrated size
uniformity as the exposure time increased from 26 to 30 s.
Therefore, to minimize the size variations between SLPL and
DLPL, a 30 s exposure was applied to the following DLPL
experiments.
After development, the remaining photoresists formed a

dual-layer 3D “cake” structure (Figure 2d). The negative
photoresist layer had a thickness of ∼2.7 μm, whereas the
positive photoresist layer had a thickness of ∼0.5 μm. As
shown in Figure 2d, dual-layer structures in different sizes (5
and 10 μm) were generated using the photomasks with the
corresponding feature sizes. In the top view images, the central
circles corresponded to the negative photoresist, while the
outer rings corresponded to the hollow nanorings. The
removal of the dual-layer structure was confirmed by the
topographic differences shown in the side view images. The
bright spots at each side of the “cake” structure were lower
than the positive photoresist layer, which indicated that the Si
surface was exposed.
We tested the versatility of DLPL by modifying the

photolithography parameters and the material deposition

processes. The graphic changes were visualized by depositing
SiO2 or metals into the hollow “outline-like” patterns (e.g.,
nanorings). Since the size of the hollow features depends
strongly on the original features on the photomask, different
feature sizes (i.e., 10 and 5 μm) could be realized using
different photomasks (Figure 3a,b). In addition to feature size,
the line widths of the hollow patterns could be independently
controlled. On the basis of the results from SLPL, the
theoretical width was proportional to the exposure time in the
overexposure region (t ≥ 30 s). As a result, SiO2 nanorings
with different widths (i.e., 300 and 800 nm) were fabricated
with different exposure times (i.e., 30 and 38 s, respectively)
(Figure 3b,c).
Furthermore, combined with material deposition, DLPL was

used to fabricate nanostructures of different materials. Besides
SiO2 nanorings, Cr nanorings were fabricated via thermal
evaporation (Figure 3d). Ag nanorings were fabricated
similarly with predeposited Cr film (∼5 nm) as an adhesive
layer (Figure 3e). As shown, the nanorings fabricated with
different materials were consistent in shape and size, which
could be further applied as etching masks for reactive ion
etching54,55 and metal-assisted chemical etching.56,57 Notably,
the widths of both Cr and Ag nanorings appeared larger than
those of SiO2 nanorings. We attribute these differences to the
effects of diffusion in the thermal evaporation of metals, as
compared to the magnetron sputtering of SiO2.
To reduce the effects of diffusion, we changed the order of

deposition to fabricated hollow nanorings via a modified DLPL
procedure. In this modified fabrication scheme, a Cr film (∼30
nm) was thermally deposited on the Si substrate before
photoresists were coated. After the development processes, the
exposed Cr surface inside the hollow nanorings was wet-etched
(etchant: 15 wt % diammonium cerium(IV) nitrate and 10 wt
% hydrochloric acid in deionized water). After the removal of
the photoresists, hollow nanorings were patterned on the Cr
layer (Figure S1). The ring width was independently
controlled by adjusting the etching time. This modified
procedure provided a strategy to pattern hollow features on
the surface of other materials besides Si, which could be further
explored to assist in the further fabrication of complex
structures.
Not limited to nanorings, the shapes of hollow features

generated by DLPL were also tunable by using photomasks
patterned with various features. To demonstrate the versatility

Figure 3. Scanning electron microscopy images of the nanopatterns fabricated by dual-layer photolithography with independent control of
pattern parameters (i.e., size, line width, material, and shape): (a) SiO2 nanorings with inner diameter of 10 μm and width of 900 nm; (b)
SiO2 nanorings with inner diameter of 4.8 μm and width of 800 nm; (c) SiO2 nanorings with inner diameter of 4.7 μm and width of 300 nm;
(d) Cr nanorings; (e) Ag nanorings; (f) metal patterns in number-shaped outlines with a line width of ∼10 μm; (g) metal patterns in letter-
shaped outlines with a line width of ∼10 μm. Original AutoCAD photomask designs of number and letter patterns are provided in (f) and
(g).
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of feature styles, photomasks patterned with numbers and
letters with line widths of ∼10 μm were used. As a result,
submicrometer metal patterns in the shapes of numbers and
letter outlines were fabricated with line widths of ∼1 μm
(Figure 3f,g). This scaling down (1:10) of various features
demonstrated the effectiveness of DLPL in improving feature
resolution with good pattern fidelity. Combined with the
results shown above, we have achieved independent control of
the feature size, line width, material, and shape in DLPL,
indicating the adaptability and versatility of this nanopatterning
method.
After 5 μm SiO2 nanorings were fabricated via DLPL, we

demonstrated its application potential as an etching mask to
assist Si nanofabrication. Since SiO2 is etched much more
slowly than Si under specific etching conditions (30 wt %
KOH, 70 °C), the functionality of SiO2 nanorings was
investigated via KOH anisotropic etching of Si(100) substrates
(Figure 4). As illustrated in Figure 4a, the etching process
started on the surface of Si(100), which is also the {100} plane,
and the {111} planes were revealed on the edge of the area
protected by the SiO2 nanoring (in violet). The lower atomic
lattice density and more dangling bonds of {100} planes
compared to {111} planes led to higher etching rates along the
[100] direction in Si(100).58 Subsequently, the {100} plane
was etched down faster than the {111} plane as the etching
time increased (Figure 4b). Once the anisotropic etching
reached completion, the {100} plane became a point where the
four {111} planes intersected (Figure 4c), resulting in an
inverted pyramid inscribed in the SiO2 nanoring.

59

When the substrate was immersed into the KOH etching
solution, the etching processes took place both inside and
outside the SiO2 nanoring. Although the {100} plane was the
primary etching plane, other planes were also etched in the
anisotropic etching process. As a result, the morphology of
fabricated 3D nanostructures had a dynamic transition as the
etching time increased. As shown in the SEM images, this
time-driven transition was analyzed in four stages with etching
durations of 2, 3, 5, and 7 min (Figure 4d−g)
At stage one (t = 2 min), since the etching rate varied on

each plane, the shape of the inside mask window changed from
circles to octagons. Meanwhile, the outside mask windows
maintained the circle shape (Figure 4d). The planes with
higher etching rates were removed, while the remaining planes
defined the boundary of the mask window. The Si{100} planes
were etched down to generate 3D nanostructures, resulting in
isolated spaces inside the SiO2 nanorings.
At stage two (t = 3 min), four sides on the octagon mask

window were reduced while the other four were extended
(Figure 4e). The decreased size of the {100} planes effectively
resulted in the growth of the 3D nanostructure and the
increased sizes of the exposed {111} planes. After removing
the SiO2 nanoring, the protected Si was smaller in width that at
the previous stage, which indicated the growth of the undercut
regions as the {111} planes were further etched.
At stage three (t = 5 min), as the four shorter sides of the

octagon mask disappeared, the longer sides formed a square-
shaped mask. Since the inside Si{100} plane was etched down
to a point, the {111} planes became the principal etching
planes. Inverted pyramids were formed with measured sizes of

Figure 4. (a−c) Time-driven KOH anisotropic etching process of Si(100) substrates with a dual-layer-photolithography-fabricated SiO2
nanoring as the etching mask. Scanning electron microscopy images of morphologic transition of Si complex 3D nanostructures with etching
times of (d) 2, (e) 3, (f) 5, and (g) 7 min. Top view of a single Si complex 3D nanostructure, and 45° tilt view of complex 3D nanostructure
arrays.
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∼3 μm (Figure 4f). The presence of the undercut indicated
that the inverted pyramid circumscribed the initial circle shape
inside the mask window. After removing the SiO2 nanoring, a
connection at each corner of the inverted pyramid was
observed. From the 45° tilt view, the inverted pyramid had a
specific loading capacity isolated from the outside space due to
the mask window defined (Figure S2). While anisotropic
etching inside the SiO2 nanoring reached completion, the
outside etching process continued due to a larger {100} plane.
As the {111} planes grew larger on the outside sidewall, the
outside mask window started to transit from a polygon to an
octagon. Notably, the diagonals of the mask windows on both
sides were perfectly aligned. Therefore, we anticipated that,
with further etching, the connection of the top triangles would
break, resulting in the loss of isolation.
At stage four (t = 7 min), the {111} planes on the outside

sidewalls became the principal etching planes, which merged to
form upright pyramid structures (Figure 4g). As expected, the
{111} planes of both upright and inverted pyramids were
further etched, resulting in valley-shaped openings along the
diagonals. While the etching process of the inside {100} plane
was terminated, the outside {111} planes continued, resulting
in greater depths of the inverted pyramids. On the basis of the
morphological transition of the etched nanostructures, we
expect that the openings along the diagonals would grow larger
as the etching time increased. Finally, the single Si complex
nanostructure would break into four smaller nanopyramids
with identical shapes and sizes. As a result, the isolated space
inside the inverted pyramid no longer existed.
As shown in the top-view SEM images (Figure S3a,b), wafer-

scale 3D Si complex structures at stage one (t = 2 min) and
stage three (t = 5 min) were fabricated with excellent
consistency and uniformity in shape and morphology. After 7
min of KOH etching, the SiO2 nanoring on the top of the Si
complex structure maintained the primary structure as
fabricated by DLPL (Figure S4). Most SiO2 nanorings were

not removed even though the Si undercut was significant. The
fabrication of a series of Si 3D nanostructures via KOH
anisotropic etching demonstrated the potential of DLPL-
fabricated SiO2 nanorings in nanofabrication applications. We
expect that DLPL could be used to fabricate more
sophisticated patterns and structures.
It has been reported that the light trapping or scattering

features of Si nanostructures can enhance the photoelectric
performance of perovskite-based devices due to increased light
absorption.60 Therefore, Si complex nanostructures fabricated
by 2 min KOH etching were applied to fabricate MAPbI3-
based photodetectors. The fabrication process of the MAPbI3-
based photodetectors is illustrated in Figure 5a. Before the
coating process, SiO2 (∼300 nm) was deposited on the Si
nanostructures for insulation (Figure 5b). As shown in Figure
5c, the uniform and flat MAPbI3 film filled the isolated space
inside the nanostructures. The side view confirmed that the
perovskite film, with a measured thickness of 1330 ± 40 nm,
fully covered the Si nanostructures, which had a measured
depth of 1290 ± 50 nm. Next, copper (∼200 nm) was
deposited with a shadow mask to fabricate interdigitated
electrodes (Figure S5). The photoresponse of the MAPbI3-
based photodetectors was investigated with illumination from a
Xe lamp (10 mW/cm2), for which the on/off was manually
controlled (experimental details are provided in the Materials
and Methods section). The periodic pattern, flat curve at top
and bottom, and sharp transition times for each on/off
illumination cycle from the photoresponse graph (Figure 5d)
demonstrated the high stability and reproducibility of the
devices. On the basis of photocurrent measurements, the
device also showed 2.5 orders of magnitude increase in the
photocurrent (∼36 μA) compared to the dark current (∼75
nA), indicating the reliable performance of the fabricated
photodetectors. In addition, a MAPbI3 thin film was coated on
the Si complex nanostructures fabricated with 7 min KOH
etching (Figure S6). Due to the longer anisotropic etching of

Figure 5. (a) Schematics of the MAPbI3 film coating and interdigital electrode fabrication processes for the 2 min KOH-etched Si/SiO2 3D
complex nanostructures. (b) Scanning electron microscopy (SEM) image of the 2 min KOH-etched Si complex 3D nanostructures coated
with SiO2 for isolation. (c) Top view and side view SEM images of the MAPbI3 film coated on the Si/SiO2 substrate. (d) Time-resolved light
response curve of MAPbI3-based photodetector on the 2 min KOH-etched Si/SiO2 nanostructure under a Xe lamp (10 mW/cm2).
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{100} planes, the thickness of the MAPbI3 thin film was
smaller than the depth of the Si nanostructures. Since the
inside space was no longer isolated, the MAPbI3 thin film was
connected on both sides. According to the reported improve-
ment of photocurrent performance with the light-trapping
structures, photodetectors fabricated with these types of
nanostructures should exhibit improved performance.

CONCLUSIONS AND PROSPECTS
Our results demonstrate that DLPL is a convenient and
straightforward method for nanoscale patterning with high
throughput and adjustable parameters. The DLPL strategy
provides a versatile and practical extension of photolithography
to achieve submicron patterning at low cost with high
reproducibility. This technique can be integrated into nano-
scale device manufacturing for optoelectronics, nanoplas-
monics, and biotechnologies, with functions that require 3D
nanostructures. Furthermore, with upcoming more systematic
and throughout elaborations of DLPL, the resolution could be
further improved with different photoresist pairs, resulting in
greater capabilities in nanoscale patterning and fabrication.
Note that 300 nm is not the lower limit of DLPL; with more
precise control of the lithography parameters (exposure,
development, photoresist), we anticipate that much smaller
features can be realized. Not limited to conventional UV
photolithography, this strategy can also be incorporated into
other lithographic approaches including DUV, EUV, and EBL
to further enhance their resolution.

MATERIALS AND METHODS
Materials. Positive photoresist BCI 3511 was purchased from

Suzhou Research Materials Microtech Co., Ltd. Negative photoresist
9i was purchased from Suntific Materials (Weifang, China), Ltd.
Methylammonium lead iodide (MAPbI3) was purchased from Xi’an
Polymer Light Technology Corp. Anhydrous potassium hydroxide
(KOH) and dimethyl sulfoxide (DMSO) were purchased from
Sinopharm Chemical Reagent Co., Ltd. γ-Butyrolactone (GBL) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Magnetron sputtering material SiO2 (99.99%) and evaporation
materials, including chromium (99.99%), silver (99.99%), and copper
(99.99%), were purchased from ZhongNuo Advanced Material
(Beijing, China) Technology Co., Ltd.
Characterization. The morphologies of the dual-layer photo-

lithography (DLPL)-fabricated nanorings, KOH-etched 3D Si
structures, and surface-coated MAPbI3 thin film were measured by
scanning electron microscopy (SEM, JEOL JSM-6060LA). The
photoresponsivity of the MAPbI3-based photodetectors was measured
using a source meter (Keithley 2602B) on a probe-station.
Fabrication of SiO2 Nanorings. The SiO2 nanorings were

fabricated with DLPL. First, positive photoresist BCI 3511 was spin-
coated on Si substrates at 2500 rpm followed by a 40 s soft bake.
Second, negative photoresist 9i was spin-coated on the positive
photoresist layer at 4000 rpm followed by a 60 s soft bake. With a
mercury−xenon lamp (3500 mW/cm2, 365 nm, Hamamatsu
Corporation, JP), the dual-layer photoresists were exposed a single
time for 30 s, followed by 45 s postbaking. The dual-layer photoresists
were developed for 10 and 5 s in a top-down manner, and hollow
nanorings were generated. Next, a SiO2 film was deposited on the
substrates via a DM300 magnetron sputtering System (Hefei Jusheng
Vacuum Technology Inc.) at 1 nm/min. The remaining photoresists
were removed by mild sonication in acetone, while the SiO2 film on
top of the photoresist was lifted off. As a result, SiO2 nanorings were
fabricated on the Si substrate.
Fabrication of Chromium (Cr) or Silver (Ag) Nanorings. The

fabrication procedure followed the same fabrication scheme as SiO2
nanorings by dual-layer photolithography except the SiO2 deposition

was changed to metal deposition via a DM500 thermal evaporator
(Hefei Jusheng Vacuum Technology Inc.). Both Cr and Ag films were
deposited at a rate of ∼0.5 Å/s.

Fabrication of Complex Si Nanostructures. The complex Si
nanostructures were fabricated by anisotropic etching with SiO2
nanorings as the etching mask and 30 wt % KOH solution as the
etchant. The substrate was etched at 70 °C with moderate stirring to
remove the bubbles on the surface. The addition of isopropyl alcohol
mediates the surface roughness of Si in wet etching. The morphology
changes of the complex Si nanostructures were monitored via
scanning electron microscopy (Figure 4d−g) and divided into four
etching stages: 2, 3, 5, and 7 min.

Fabrication of MAPbI3-Based Photodetectors. The substrates
with desired Si complex nanostructures were deposited with ∼300 nm
SiO2 at a rate of 1 Å/s via thermal evaporation. The perovskite
precursor solution (1 M) was prepared by dissolving MAPbI3 powder
in a mixture of GBL and DMSO with a ratio of 7:3 and stirred for 2 h
at 60 °C to ensure that the perovskite powder was fully dissolved. The
mixture was filtered to remove any insoluble impurities. Then, 50 μL
of the precursor solution was spin-coated on the SiO2/Si substrate
with a spin speed of 2500 rpm in the glovebox under an Ar flow. The
substrate was annealed at 100 °C for 10 min to form the MAPbI3 film.
Finally, the copper film was deposited on the MAPbI3 film at a rate of
0.5 Å/s with a shadow mask to fabricate the copper electrode.
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