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A novel technique is demonstrated for the fabrication of silicon nanopillar arrays with high aspect ratios. Our
technique leverages on an "antenna effect” present on a chromium (Cr) hard mask during ion-coupled
plasma (ICP) etching. Randomly distributed sharp tips around the Cr edge act as antennas that attract
etchant ions, which in turn enhance the etching of the Cr edge. This antenna effect leads to a smaller Cr
mask size and thus a smaller nanopillar diameter. With optimized SFg and CHFs gas flow during ICP
etching, we could achieve nanopillar arrays with sub-30 nm diameter, over 20 aspect ratio, and steep
sidewall without collapse. The proposed technique may help break the limit of traditional nanopillar array
fabrication, and be applied in many areas, such as Surface-Enhanced Raman Scattering (SERS). A series
of SERS simulations performed on nanopillar arrays fabricated by this technique show an obvious Raman
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ecelve ctober spectrum intensity enhancement. This enhancement becomes more obvious when the diameter of the
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nanopillar becomes smaller and the aspect ratio becomes higher, which may be explained by a high light
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Introduction

A nanopillar array has many unique advantages, such as
nanometer dimensions with specific optical properties and
a large surface-to-volume ratio due to its three-dimensional
geometry.'” It could enhance the Raman spectrum intensity,
allowing Surface-Enhanced Raman Scattering (SERS) to reach
ultra-sensitive detection.>** Moreover, a subwavelength nano-
pillar could achieve high light absorption.”® Therefore, a lot of
interesting applications of nanopillar arrays have been
researched, such as biomaterials,® GaN sensors,* solar cells,”***
photodetectors,® and so on. Among the various nanopillar
arrays, silicon nanopillars have been widely investigated
because silicon is an important material in optical and opto-
electronic devices, moreover, they can be fabricated with exist-
ing silicon processing methods and with low cost.*?

There are many techniques to fabricate nanopillar arrays,
such as photolithography with etching,’”® nanoimprinting
lithography (NIL),"** anodic aluminum oxide (AAO)
patterning,'®'” self-assembled particles,' laser direct writing®
and so on. These methods have fabricated the nanopillar arrays
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to the higher density of the surface state.

with high aspect ratio, large area, or low fabrication cost.
However, these methods could not realize nanopillar arrays
with multiple accurate diameters and height, as well as flexible
patterns combination.® Furthermore, with the continuous
scaling down in the diameter and increase in the aspect ratio of
the nanopillar, these methods could no longer satisfy the
requirements of sub-30 nm diameter nanopillar fabrication in
the future.”

In this work, we report a novel technique for nanopillar
fabrication with a diameter less than 30 nm, an aspect ratio
greater than 20, and the fabrication area is not limited. More-
over, nanopillars with multiple diameters could be fabricated at
the same time. In our technique, after a pattern is written by
electron-beam lithography (EBL), a chromium (Cr) film is
deposited to serve as a hard mask during ion-coupled plasma
(ICP) etching. An antenna effect occurring at the edge of the Cr
results in a smaller hard mask, hence nanopillars with a smaller
diameter can be formed subsequently. Since our technique is
independent of the substrate material, it could also be applied
to other semiconductor materials thus offering promising
applications in many areas. In addition, SERS simulations
based on the nanopillar arrays fabricated in this article are
given to reveal the origin of the Raman spectrum intensity
enhancement.

Experiment

In this work, a p-doped silicon wafer was used as the substrate
for the demonstration. Samples of dimension 2.5 cm by 2.5 cm
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were cut from the wafer and used in the process optimization
work. The fabrication process started with a standard cleaning
procedure involving SC1 (H,O, : NH,OH : H,0 = 1: 1:5), SC2
(H,0, : HCl : H,0 =1 : 1 : 5), and buffered oxide etchant (BOE,
HF : NH,F = 1:7) for metal and organic impurity removal.
Then, the sample was rinsed in deionized water, dried by N, gas
and baked at 180 °C for 10 min for surface dehydration. The
sample was subsequently coated with a layer of EBL resist,
polymethyl methacrylate (PMMA, purchased from Allresist
Company) and baked at 150 °C for 3 min. The resist thickness
was 130 nm, measured by a spectroscopic ellipsometer (UVISEL,
HORIBA). The sample was then transferred into an EBL system
chamber (nB5, NanoBeam). After electron-beam exposure with
an 80 kv acceleration voltage and a 1 nA beam current, the
sample was developed in IPA : MIBK = 3 : 1 for 2 min and dried
using N, gas. Afterward, a Cr film of 40 nm thickness was
deposited on the substrate by electron-beam evaporation. A
liftoff process was then carried out by dipping the sample in
acetone for 5 min to form the Cr hard mask. After the sample
was cleaned using deionized water and dried by N, gas, it was
etched in an ICP system using SFs and CHF; gas. Two different
etching recipes were used: recipe 1-70 sccm CHF3, 10 sccm SFq
and 300 s etching time; recipe 2-65 sccm CHF3, 13 scem SFg and
200 s etching time. Recipe 2 was ran twice, resulting in a total
etch time of 400 s. The bias power, ICP power and pressure were
50 W, 150 W and 5 mTorr, respectively. In the samples used for
the S2 and S3 mask designs (see later discussion), the bottom
was coated with heat conduction oil to reduce the temperature
increase during etching. This serves as a comparison with non-
coated samples to check the effect of temperature increase on
the etching process. Finally, all the samples were investigated in
a scanning electron microscope (SEM, ZEISS) with a tilt angle of
45°.

Results and discussion

Fig. 1(a) shows an example of an EBL mask design (S1) used in
our study. The array of red squares is meant to be exposed
during the EBL process. Each square has a dimension of 50 nm
and a pitch of 500 nm in both x and y directions. After liftoff, the
diameter of each quasi-circular Cr mask is around 73 nm, as
measured by SEM (Fig. 1(b)). It can be seen from the SEM image
that the edge of the Cr mask is not smooth but has some
protrusions. After ICP etch with recipe 1, the diameter of the
nanopillars is around 25 nm and the etched depth is around
702 nm. The nanopillars have steep sidewalls and a high aspect
ratio of about 28, as shown in Fig. 1(c). It may be deduced that
the size of the Cr mask was decreased during ICP etching, since
the nanopillars have a smaller diameter than the initial mask.

Similar to S1, nanopillars having a diameter smaller than the
Cr masks were obtained using another mask design S2 with
50 nm squares and 200 nm pitch (Fig. 1(d)). After liftoff, the Cr
mask size is around 73 nm. After etching with recipe 2, the
nanopillar diameter is around 50 nm, which is about 50%
smaller than the mask size. The nanopillars likewise have very
steep sidewall and tall height (925 nm); the aspect ratio is
around 18. Another mask design S3 (Fig. 1(g)) also yielded
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Fig.1 The etching results for three EBL mask designs (S1-S3); each is
an array of squares of a particular dimension and pitch (equal in both x
and y directions). (a)—(c) present, respectively the S1 mask design
(50 nm squares and 500 nm pitch), SEM of the Cr masks after liftoff and
nanopillar arrays of diameter ~25 nm and height ~702 nm after ICP
etch. (d)-(f) present the S2 mask design (50 nm squares and 200 nm
pitch), Cr mask SEM and etched nanopillars, respectively. (g) shows the
S3 mask design (30 nm squares and 200 nm pitch) and (h) and (i) show
the respective Cr mask SEM and etched nanopillars. All figures have
a scale bars of 200 nm and “cs” means actual dimension after
considering the 45 tilted view.

similar results (Fig. 1(h) and (i)). After liftoff, the Cr mask size is
around 60 nm, as shown in Fig. 1(h). After ICP etch using recipe
2, the diameter of the nanopillar is around 45 nm and the
etched depth is around 820 nm, giving an aspect ratio of about
18 (Fig. 1(i)). It is noticed that the Cr was almost etched away
during ICP etching, resulting in needle-like nanopillars. The
results for S1-S3 are summarized in Table 1.

The difference between the Cr mask size after liftoff and the
diameter of the resultant nanopillars after etching may be
explained by the reduction in mask size caused by edge
roughness. Fig. 2(a) provides a schematic illustration. In the
depicted Cr mask, the curvature R; at location 1 is larger than
the curvature R, at another location 2, i.e. the mask edge at
location 1 is sharper than that at location 2. The relationship
between curvature R and metal charge density p may be
expressed as follows:

p_ R

- = 1)

p R

Since R; > R,, p; > p,, the corresponding electric field at
location 1 is higher than that at location 2 (Fig. 2(b)). Conse-
quently, more plasma ions (i.e. CHF,', SF5') are attracted to
location 1 than location 2, resulting in a higher etch rate at the
former. As the etching progresses, a smoother and smaller Cr
mask is thus achieved (Fig. 2(c)). Since more substrate area is
exposed to the plasma etch, this results in nanopillars with
a smaller diameter than the original Cr mask.

The estimated etch rate of the Cr mask is given in Table 1.
For the S1 mask design, the width of the Cr mask is decreased
from 73.01 nm to 24.73 nm within 300 s. The estimated average
etch rate is 0.16 nm s~ . As for the S2 mask design, the width of
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Table 1 Comparison of the Cr mask size, nanopillar diameter, aspect ratio for mask design S1-S3 and etching rate of Cr mask and silicon

substrate

Designed mask

After liftoff After etching Etching rate

Diameter Height Silicon (nm

Mask design Etching recipe Width (nm) Pitch (nm) Cr size (nm) (nm) (nm) Aspect ratio Cr (nm s~ ") s™1)

S1 Recipe 1: 70 scem CHF3, 10 sccm SFg,  50.00 500.00 73.01 24.73 701.50 28.37 0.16 2.34
300 s

S2 Recipe 2: 65 sccm CHF3, 13 sccm SFg,  50.00 200.00 73.46 50.69 925.70 18.26 0.06 2.31

S3 400 s (ran twice with 200 s each; heat  30.00 200.00 57.53 45.17 819.50 18.14 0.14 2.05

conductor oil used)

5 _—

(@) During tching (©) Aferciching

Fig. 2 A schematic depiction of the antenna effect caused by sharp
edges on a Cr mask during ICP etching. (a) More positive ions are
attracted to the sharper edge at location 1 (antenna effect), enhancing
the etching of the mask at this location. (b) A schematic diagram
showing equipotential contour lines around the Cr mask, with a closer
line spacing or higher electric field at the sharper edge. (c) Due to the
antenna effect, a smaller Cr mask with a smoother edge is obtained.

the Cr mask is decreased from 73.46 nm to 50.69 nm within
400 s, giving an estimated average etch rate of 0.06 nm s~ . With
the same etching recipe 2, the Cr mask in S3 design was
completely etched away in the same period. In addition to the
40 nm Cr thickness, two other thicknesses, namely 100 nm and
30 nm were also studied. For the 100 nm Cr thickness,
“shrinkage” of the Cr mask is not obvious, so the diameter of
the nanopillar is not decreased. As for the much thinner 30 nm
Cr thickness, the Cr masks were etched away quickly, resulting
in needle-like nanopillars. These observations suggest that
besides the etch recipe, the Cr mask etching rate is increased as
the size and thickness of the Cr mask are decreased. Moreover,
the lower silicon rate of S3 is because the top of the nanopillar
might be etched after the Cr mask was completely etched away,
giving a lower pillar height.

Because the size of the Cr mask is gradually decreasing
during etching, the nanopillar formation should be affected
accordingly. With more area exposed to the ions as the mask
size decreases, the top of the nanopillar should be narrower
than the bottom, i.e. an inclined sidewall would be expected.
However, the nanopillars achieved in our work all have steep
sidewalls. This may be ascribed to the much larger substrate
etch rate (more than 10 times that of the Cr mask etch rate),
accomplished by etch recipe optimization.

In silicon etching, it is known that SF is the main etchant
while CHF; is for sidewall protection. A higher SF, flow rate

This journal is © The Royal Society of Chemistry 2020

would yield a greater etch depth whereas a higher CHF; flow
rate would give a more vertical sidewall. In our work, we studied
two recipes. As shown in Table 1, the SF¢ flow rate for recipe 1 is
10 sccm, lower than the 13 sccm of recipe 2. Even though recipe
2 has a higher SFq flow rate and was ran twice, resulting in
a total etch time of 400 s (longer than the 300 s for recipe 1) and
a larger etch depth of 925 nm (versus 702 nm for recipe 1), the Cr
mask size reduction (from 73.46 nm to 50.69 nm or a change of
22.77 nm) is visibly lesser than that of recipe 1 (from 73.01 nm
to 24.73 nm or a change of 48.28 nm). The much lower Cr-mask
etch rate of sample S2, compared to in sample S1, may be
ascribed to the smaller temperature increase of the former
during etching, since the bottom of the sample was coated with
heat conduction oil.

In the case of sample S3, the Cr mask was completely
removed during etching (¢f Fig. 1(i)), resulting in needle-like
nanopillars, and the estimated Cr-mask etch rate is compa-
rable to that of sample S1 (albeit could be slightly under-
estimated since the Cr mask might have been completely etched
away before the end of the 2™ run of recipe 2). The higher Cr-
mask etch rate of S3 than S2 may be caused by the smaller Cr
mask size.

These observations indicate that besides varying the ratio of
SF¢ and CHF;, controlling the temperature during etching and
thus the rate of Cr mask size-reduction provides an additional
means for achieving uniform nanopillars with high aspect ratio.
The Cr mask size reduction during etching is a crucial consid-
eration and a lack of precise control may yield nanopillars with
a deformed top after complete removal of the mask by the
etching process.

In order to investigate the SERS performance of the Si
nanopillar arrays fabricated by this technique, the simulation of
electric field enhancement is demonstrated below. The finite-
difference time-domain (FDTD) method was adopted for the
simulation and MATLAB was used to process the data. The
FDTD simulation was carried out on an array of nine nano-
pillars and was based on a normal model with perfectly
matching layer (PML) boundary condition along the plane
perpendicular to the z direction and periodic boundary condi-
tion on the sidewall. The incident polarized light was applied
along the x direction, with its intensity E, kept constant. The
simulation model is schematically depicted in the inset of
Fig. 3(a). The Si substrate is shown as the light blue region while

RSC Adv, 2020, 10, 45037-45041 | 45039
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Fig. 3 Simulated electric field enhancement in the fabricated nano-
pillar arrays. (a) Electric field enhancement strengths of three different
nanopillar arrays (modeled after samples S1-S3). The inset is a sche-
matic diagram of the simulated 3 x 3 nanopillar arrays; the red arrow
refers to the direction of light polarization. (b) Electric field in the
vertical and horizontal sections of a nanopillar (modeled after sample
S1) at 266 nm wavelength. (c and d) Electric field enhancement
(@266 nm wavelength) in nanopillar arrays with 200 nm and 500 nm
pitches, respectively as a function of nanopillar diameter and height.

the nanopillars are denoted by the dark blue regions. The
translucent area refers to the incident light and the red arrow
indicates the light polarization direction parallel to the x axis.

Generally, the electric field enhancement strength Iggrs is
proportional to (E/Ey)*.* In Fig. 3(a), the (E/E,)* parameter of
nanopillars having diameter and height similar to those ach-
ieved experimentally for samples S1-S3 are shown as a function
of wavelengths. As can be seen, the nanopillars perform better
in the short wavelength regime. The simulated sample S1,
whose nanopillars have the smallest diameter and the largest
aspect ratio, exhibits a relatively smooth curve. Fig. 3(b) pres-
ents the electric field in the vertical and horizontal sections of
a nanopillar in the simulated sample S1 at a wavelength of
266 nm. This wavelength is chosen because it is widely used
and the fabricated nanopillars perform better at this wave-
length, as observed from Fig. 3(a). The enhancement happens
near the nanopillar and along the direction of light polariza-
tion, due to the stimulation of the fundamental HE;; mode.? As
observed from Fig. 3(b), the hotspot is more than one along the
nanopillar.”® It is because the lightning-rod effect between the
neighboring nanopillar and the localized surface plasmon
resonance field intensity increased significantly.”*** Fig. 3(c)
and (d) show the (E/E,)* parameter for nanopillar arrays with
a pitch of 200 nm and 500 nm, respectively. Various nanopillar
diameters (24.73 nm, 45.17 nm, 50.69 nm) and heights (700 nm,
800 nm, 900 nm), similar to those obtained experimentally for
samples S1-S3 are examined. As can be seen, the electric field
enhancement increases significantly when the diameter of the
nanopillars is decreased.

As we know, the enhancement mechanism of the silicon
nanopillar is complex.>™ Because it is related with the wave-
length of light, light absorption ratio, the lightning-rod effect,
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the high aspect ratio of nanopillar, and the propagation of
energy along the nanowires.®*>*® In this article, after the
nanopillar is etched by the ICP, the surface of the sub-
wavelength nanopillar is rough and has some sharp edges along
the nanopillar. Therefore, surface states, such as dangling
bonds and defects, could induce states into the bandgap and
improve the surface conductivity, thus more free electrons are
generated and involve into the surface plasmon resonance.*
Moreover, ordered nanopillar array with high aspect ratio could
achieve high absorption, so the plasmon resonance could be
enhanced accordingly.”® In addition, surfaces with sharp
curvatures could concentrate electromagnetic field further,
known as lightning-rod effect.”® Based on this effect, the plas-
mon resonance and the hotspot density is increased, thus the
electric field is enhanced.”®* Therefore, SERS signal is
enhanced significantly for the nanopillar with a smaller diam-
eter and a high aspect ratio.
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