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ABSTRACT

Silicon nanostructures with high aspect-ratio (AR) features have played an important role in many fields. In this study, we report the fabri-
cation of high AR silicon nanostructures using an inductively coupled plasma reactive ion etching (ICP-RIE) process by controlling the
voltage bias at the substrate. The results show that by reducing the radio frequency (RF) bias power to 10W, the etch selectivity of silicon to
photoresist can be enhanced up to 36 times. Using the photoresist as a mask, this process can fabricate 300 nm-period one-dimensional
(1D) grating structures with a height up to 807 nm, an improvement of 3.75-fold compared with structures fabricated by normal bias power.
Furthermore, the analysis of the etch rate shows that the etch rate decreases over time in 1D gratings but remains constant in 2D pillar
arrays, which can be attributed to the removal of the sidewall passivation. By including an O2 ICP-RIE step to remove the remaining
polymer mask, the highest AR of 2D pillar structures that can be achieved is 8.8. The optical characterization of the fabricated structures
demonstrates effective antireflection properties, where the measurements show that the reflectivity can be suppressed from 35% to 0.01%
near normal incidence and 35% to 2.4% at 65° incident angle. The demonstrated low-RF power ICP-RIE process can create high AR nano-
structures without the need for an inorganic mask and can find applications in integrated circuits, photonics, and functional nanostructures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002109

I. INTRODUCTION

Silicon has played an important role in many fields, such as
integrated circuits,1–5 microelectromechanical system,6–9 and
nanophotonics10–14 due to its superior characteristics. Silicon nano-
structures with high aspect-ratio (AR) features have a high surface
area to volume ratio and can lead to improved device performance
in biosensing,15–19 photovoltaics,20–22 and microfluidics.23 To create
high AR silicon nanostructures, several techniques have been intro-
duced in the past. The most renowned techniques are the Bosch
process or deep reactive ion etching24,25 and metal-assisted chemical
etching (MACE).26–29 In the Bosch process, sulfur hexafluoride (SF6)
is used for silicon etching, and octafluorocyclobutane (C4F8) helps
deposit a chemically inert passivation layer on the etched surface. By
alternating the two gasses in a cyclic process, silicon gratings with an
ultrahigh AR of 60 have been demonstrated.30 MACE is a wet
etching process using a noble or base metal as a catalyst to enhance
the dissolution of silicon near its surface, which has demonstrated

nanostructures with an ultrahigh AR up to over 20.29 Furthermore,
other techniques using a multilayer etching mask to etch sap-
phire31,41 might be able to provide inspiration for fabricating high
AR silicon nanostructures. However, those techniques generally
include many steps and are process intensive. For instance, the
Bosch process repeatedly switches between the standard plasma
etching and sidewall passivation to achieve high AR structures.32

MACE requires a metal mask that can diffuse into silicon and must
be completely removed after the process. An alternative approach is
RIE with an appropriate selection of etch chemistry, such as HBr
and Cl2, which is relatively simple and can achieve silicon structures
with a high AR of 7.33 However, these processes require the use of
hard masks such as silicon oxide to achieve such etch depth.

In this study, we present a simple one-step etching process
that can fabricate periodic silicon nanostructure with an AR of 9
using a polymer mask. This approach utilizes inductively coupled
plasma reactive ion etching (ICP-RIE) with low radio frequency
(RF) bias voltage to enhance the etching selectivity of silicon to
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photoresist (PR). It is known that in ICP-RIE that the etch mechanism
can be made to favor chemical etching as opposed to physical and ion-
assisted etching by reducing the bias voltage at the substrate,34 which
has been shown to improve etch selectivity and anisotropy. By limiting
the silicon etching to chemical etching and promoting sidewall passiv-
ation, the process allows deeper etch into the substrate without degrad-
ing the polymer masks. The etch rates, etch selectivity, and structure
profiles of the proposed process are studied using periodic 1D and 2D
photoresist nanostructure patterns. Using this process, 2D pillar array
with 300 nm period and 700 nm height has been fabricated, achieving
an AR of 8.8. The optical properties of the fabricated structures have
been characterized and demonstrate excellent antireflection properties.
The nanostructures fabricated by the proposed method have potential
values for various applications in functional nanostructures such as
antireflection35–39,42 and self-cleaning.40,43

II. EXPERIMENT

The process steps of the proposed fabrication technique are
illustrated in Fig. 1. Initially, a 100 nm antireflection coating (ARC,
i-con-7, Brewer Science) is spin-coated on the silicon substrate,
which is designed to minimize the amount of light reflected into the
PR to result in standing wave and sidewall waviness. A 200 nm PR
(PFI-88A2, Sumitomo) is then spin-coated on the ARC layer. The
PR is exposed using Lloyd’s mirror interference lithography44,45,48 to
form 1D or 2D patterns with a period of 300 nm in the PR layer, as
shown in Fig. 1(a). The spatial period Λ is controlled by the angle of
incidence of two laser beams, which is set by rotating the stage that
holds the mirror and chuck as determined by:

Λ ¼ λ

2 sinθ
, (1)

where λ is the wavelength of the laser and θ is half of the angle
between the two interfering beams as well as the rotating angle
of the stage holding the mirror and the chuck. A 325 nm HeCd
laser with transverse electric (TE) mode is used for this tech-
nique. The 1D grating patterns are obtained by a single expo-
sure, and the 2D periodic pillar arrays are obtained by two
orthogonal exposures. This technique can fabricate nanostruc-
tures on a large scale, which makes potential applications more
practical and feasible.

The patterned 1D or 2D PR structures are then transferred
to the underlying substrate using ICP-RIE (Oxford 100), as illus-
trated in Fig. 1(b). To transfer the PR pattern into ARC, O2 gas is
used for the etching process (130 s etch time, RF power 60W,
ICP power 0 W, pressure 13 mTorr, flow rate 25 SCCM). The
residual PR and ARC then form the polymer mask for the subse-
quent etch into the silicon substrate using HBr. The RF power
setting for the HBr ICP-RIE is varied to examine the effects of
the voltage bias, while other process conditions are kept constant
(ICP power 200W, pressure 8 mTorr, flow rate 30 SCCM). Due
to the tool limitation, the lowest RF power for the ICP-RIE
etcher is 10W. Therefore, six RF power settings, namely, 10, 15,
30, 60, 120, and 250W, are used to control the etch regime
during the HBr ICP-RIE. After completing the ICP-RIE process,
the remaining PR and ARC above the silicon nanostructures are
cleaned via wet or dry cleaning processes such as RCA Clean or
O2 ICP-RIE.

The effect of different RF powers on the silicon etch rate and
the etch selectivity will be studied, the latter is defined as

Etch selectivity ¼ Etch rate of silicon
Etch rate of the polymer mask (PRþ ARC)

:

(2)

FIG. 1. Fabrication processes of proposed technique. (a) The exposure and development. (b) Etching.
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III. RESULTS AND DISCUSSION

A. HBr ICP-RIE at low RF power

Before examining the influence caused by different RF powers,
1D gratings etched by the normal RF power, which is 250W, are
shown in Fig. 2. Figure 2(a) shows the cross-sectional scanning
electron micrograph (SEM) images of 1D gratings after pattern
transfer into the ARC layer using O2 ICP-RIE, resulting in a
polymer mask consisting of PR and ARC layers with around
215 nm thickness. Figures 2(b)–2(d) show the structures after 3, 5,
and 10 min of HBr ICP-RIE with an RF power of 250W, respec-
tively. All three gratings have a similar height, which is 215 nm,
and without any polymer left on the top of the structures. For the
process conditions in this experiment, the etch rate of silicon on
the etcher is around 80 nm/min and the etch selectivity of silicon
to the polymer mask is close to 1. At this etch rate, 3 min etch time
is sufficient to completely remove all the polymer mask. Additional
etching after 3 min would result in etching of bare silicon struc-
tures, resulting in the same etch rate on the top and bottom of the
gratings structures. As a result, the silicon gratings with 3, 5, and
10 min etch time in Figs. 2(b)–2(d) have a similar height and an
AR of around 1.8, which is calculated by using the middle waist of
the gratings as the width.

The effect of lower RF power on the structure profile can be
observed in the SEM images shown in Fig. 3. In these experiments,
the 1D gratings are etched using various RF power and etching
times, namely, 60W with 12 min, 30W with 24 min, 15W with
48 min, and 10W with 70 min for Figs. 3(a)–3(d), respectively.
Since reducing the RF power reduces the silicon etch rate, longer
etch times are used to achieve a similar etch depth. The measured
structure heights are around 415 nm for the 60W sample, 690 nm
for the 30W sample, and around 720 nm for both 15 and 10W
samples. For all cases, the polymer mask remains on the structures,
as indicated by white dashed lines in the figure. These results indi-
cate that reducing the RF power reduces the polymer etch rate,
which increases the etch selectivity of silicon to polymer. These
gratings also have slightly different profiles and can be categorized
into two groups: with and without V-shaped trenches at the
bottom of the gratings. Gratings that are etched at 60 and 30W
have a microtrenching effect at the edges of the valley, which

indicates the reflection and focusing of ions from the sidewall.46

On the other hand, the gratings that are etched at 15 and 10W
have a positive taper near the valley to yield the V-shaped profile,
as a result of less ion energy and the reaction favoring chemical
etching at low RF power. It is also interesting to note that the etch
maintains anisotropy, which can be attributed to the deposition of
carbon and bromine species on the sidewall during the HBr
ICP-RIE.47

To further study the etch selectivity under different voltage
biases, structures fabricated with RF power settings of 10, 15, 30,
60, 120, and 250W are examined. Since the structure profiles fabri-
cated using different RF powers can vary, the deepest point in the
grating at the end of the etch process is used for calculating the
etch rate and the etch selectivity. The etch selectivity is calculated
by Eq. (2), which is defined by the etch rate of silicon divided by
the etch rate of the polymer mask. The etch selectivity is plotted
versus the RF power setting, as illustrated in Fig. 4, and increases
exponentially as the RF power decreases. The lowest etch selectivity
is 1.04 at 250W, and the highest etch selectivity is 36.1 at 10W RF
power. The high selectivity is caused by the less energized ions
induced by the lower voltage bias at the substrate, which enables
the chemical etching to be dominant. This process is facilitated by
the separate ICP and RF modules in ICP-RIE, which can indepen-
dently control ion flux and energy. The ICP source generates a
high-density plasma, and the RF voltage bias at the substrate ener-
gizes ions. Higher ion energy leads to more significant ion bom-
bardments and physical sputtering. Therefore, reducing RF voltage
bias helps favor chemical etching versus ion-assisted etching. In
general, in physical sputtering, the dominant species are ions that
tend to attack everything; however, in chemical etching, the

FIG. 2. 1D gratings made by (a) O2 ICP-RIE with 130 s etch time. (b) 250 W
RF power HBr ICP-RIE with 3 min etch time. (c) 250 W RF power HBr ICP-RIE
with 5 min etch time. (d) 250 W RF power HBr ICP-RIE with 10 min etch time.

FIG. 3. Cross-sectional SEM images of grating structures etched using various
RF power and etch times in HBr ICP-RIE. The process conditions are (a) 60 W
with 12 min etch time, (b) 30 W with 24 min etch time, (c) 15 W with 48 min
etch time, and (d) 10 W with 70 min etch time. The white dash frames indicate
the location of the polymer mask in the structures.
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dominant species are radicals that favor reacting with target materi-
als. As a result, as the process tends to chemical etching by reduc-
ing the RF voltage bias, the etch selectivity increases and higher
nanostructures can be obtained when using the same thickness of
the mask.

One important observation is that a low RF power will also
lead to a low silicon etch rate, which leads to longer etch times.
The etch rate of silicon is also plotted versus the RF power in Fig. 4
and decreases significantly at a lower RF power. The highest etch
rate is 71.6 nm/min at 250W RF power, and the lowest one is
10.2 nm/min at 10W RF power. It is important to note that since
the silicon etch rates decrease at a lower RF power, the increase in
etch selectivity is solely due to the more dramatic decrease in the
polymer etch rate. This result indicates that to achieve nanostruc-
tures with the same height, etching at 10W requires roughly 7
times longer etch time when compared with etching at 250W RF
power. The converse is also true, which is that etching with 250W
RF power can be 7 times shorter but given the low selectivity, the
polymer mask needs to be 36 times thicker compared with per-
forming the etch using the 10W RF power. Such a thick polymer
mask is not feasible due to the collapse of high AR resist patterns,
which then requires the use of inorganic masks such as SiO2 to
improve selectivity.

The previous experiments indicate that the silicon etch selec-
tivity can be improved using low-RF power HBr ICP-RIE. To iden-
tify the limit of the etch depth and examine the evolution of the
structure profile, cross-sectional SEM images of gratings fabricated
using 15W RF power and 20–80 min etch times are shown in
Fig. 5. The corresponding heights of silicon gratings are 314, 589,
807, and 807 nm for 20, 40, 60, and 80 min etch times, respectively.
It can be noted that all gratings have polymer masks left even after
80 min of etching due to the low polymer etch rate. However, after
etching for 60 min, the gratings depth does not increase. The
average etch rate of each duration, namely, from 0 to 20 min, 20 to
40 min, 40 to 60 min, and 60 to 80 min, is calculated and shown in

Fig. 6. The data indicate that the etch rate decreases almost linearly
before 60 min from 15.7 to 13.8 to 10.9 nm/min and then abruptly
goes to 0 after 60 min. The reason for this phenomenon might be
due to the difficulty in removing the sidewall passivation in the
deep V-shaped trenches. In the low bias etching process, ions help
remove the sidewall passivation layer and allow the free radicals to
etch the silicon. However, once steep sidewall forms in the V-shape
profile, ions can reflect from the sidewalls instead of removing the
passivation layer. Although the reflected ions can be focused at the
bottom of the V-shape trench, they do not have enough energy to
etch into silicon due to the low RF power and the energy loss from
the reflection. Furthermore, the narrow and deep V-shape trenches
hinder sufficient radicals from flowing into the nanostructures. As
a result, the etch process slows and eventually stops. The measure-
ments of the angles of the V-shaped trenches further validate this
inference. In Fig. 5(a), the sidewalls transition from vertical to a
slight positive taper, but the V-shaped trench has not formed, so
the ions are able to remove the redeposition at the valley to enable
etching. Figures 5(b)–5(d) indicate that the V-shaped trenches
form after 40 min etching, and the angles of trenches are 25.6°,
21.6°, and 21.4°, respectively. That is, the sidewall angles decrease
at longer etch times, and the trenches become narrower. The for-
mation of the V-shaped trench at low angles makes the sidewall
deposition of polymer species difficult to remove. As a result, the
height of the gratings is limited by the formation of the V-trenches
even though polymer masks remain on the top of the gratings.

In addition to 1D gratings, we also examined the fabrication
of 2D pillar array using low-RF power HBr ICP-RIE, as shown in
Fig. 7. The pillar arrays have 300 nm period as patterned by inter-
ference lithography and are etched by 15W RF power with 50 and
80 min etch time, as shown in Figs. 8(a) and 8(b), respectively.
Here, the structures are cleaned by a standard RCA clean process

FIG. 4. Etch selectivity (line with triangle markers) of silicon over the polymer
mask and the etch rate (line with circle markers) of silicon at different RF power
settings. Each point represents a single experiment.

FIG. 5. Fabricated 1D gratings using 15 W RF power HBr ICP-RIE with (a) 20,
(b) 40, (c) 60, and (d) 80 min etch times. White double arrow lines indicate the
height of silicon gratings. All gratings have a residual polymer mask left on the
top of the structures.
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(5:1:1 solution of deionized water:NH4OH:H2O2) to remove the
remaining polymer mask. The heights of structures are 796 and
1278 nm for 50 and 80min etch time, respectively, which both result
in etch rates of around 15.9 nm/min. Compared with the etch rate
versus etch time of 1D gratings, the etch rate of 2D pillars is constant
for the etch times tested. This observation can be attributed to the
2D pillar arrays having less confined sidewalls at the bottom of the
base compared to the 1D trenches, allowing the ion-assisted removal
of the sidewall passivation layers and sufficient radicals to flow into
the bottom structure to continue the chemical reaction.

B. Application of fabricating nanostructures

High AR nanostructures can modify the physical properties of
the surface and bring benefits to many applications. One example
is high AR nanostructures with a tapered profile can lead to antire-
flection, which can be used to reduce substrate reflection by

FIG. 6. Average etch rates of silicon vs the etch time using 15 W RF power.

FIG. 7. 2D pillar arrays fabricated using 15 W RF power HBr ICP-RIE with
(a) 50 and (b) 80 min etch time. The height of silicon pillars is noted by the
white arrows. The polymer mask on the top of the pillar arrays is removed by a
standard RCA clean.

FIG. 8. SEM images of fabricated 2D silicon pillar arrays viewed at (a) 45 tilt
angle and (b) cross section. The structures are fabricated using 15 W RF power
HBr ICP-RIE with 48 min etch time and cleaned by O2 ICP-RIE for 7 min.

FIG. 9. Reflectivity at different incident angles of a planar silicon wafer and 2D
silicon pillar arrays by using a 633 nm laser. (a) Reflectivity in TE and TM direc-
tions of two samples, and (b) total reflectivity of two samples.
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suppressing Fresnel reflection via index matching.35–39,42 Using the
low-RF power HBr ICP-RIE process, a 2D pillar array with 300 nm
period and 700 nm height was fabricated, as shown in Fig. 8. The
structures are etched using 15W RF power HBr ICP-RIE for
48 min etch time and then cleaned by O2 ICP-RIE for 7 min (RF
power 200W, ICP power 1000W, pressure 13 mTorr, flow rate
40 SCCM) to remove residual polymer and redeposition. The struc-
ture AR is around 8.8 calculated by using the middle waist of the
pillar as the width.

The optical characterization is performed by the specular
reflectivity measurements at different incident angles using a
633 nm laser for transverse-magnetic (TM) direction and TE polar-
izations. The reflectivity of the 2D silicon pillar arrays at different
incident angles using a 633 nm laser is shown in Fig. 9(a). The TE
data indicate that the reflectivity can be reduced to 0.02% from
35% for a planar substrate at normal incidence. The antireflection
effects are maintained at a high incident angle of 65°, where the
reflectivity is 3.6% for the silicon nanostructures and 64% for the
planar silicon substrate. The TM reflectivity data for the planar
silicon show a dip at 75°, which is characteristic of Brewster’s angle
effect. Furthermore, the reflectivity of 2D silicon pillar arrays at dif-
ferent angles in both TE and TM directions is similar. The total
reflectivity for nonpolarized light is calculated by averaging TM
and TE reflections and plotted in Fig. 9(b). The results demonstrate
that the reflectivity is reduced for all values below 85° incident
angle. Furthermore, the reflectivity is well suppressed from 0.035 to
below 0.025 from 5° to 65° incident angles. The structures can
potentially operate for longer wavelengths given the high ARs,
which will be examined further in future work.

IV. SUMMARY AND CONCLUSIONS

The proposed approach demonstrates a single-step fabrication
process to obtain silicon nanostructures using low-power ICP-RIE
with an AR up to 9 while using a polymer mask. This technique is
enabled by controlling the RF power during HBr ICP-RIE of
silicon, which can favor chemical etching over ion-assisted etching.
The experimental results indicate that the silicon to polymer etch
selectivity can be as high as 36.1 at 10W RF power, an enhance-
ment of up to 36 times when compared with 250W RF power. The
etch rate decreases simultaneously at a lower RF power, which
requires the use of longer etch times. Also, the study of the etch
rate over time shows that the etch rate decreases when the etch
duration increases for 1D gratings, but the etch rate over time
remains constant for 2D pillar arrays. We have successfully demon-
strated the fabrication of 2D silicon pillar arrays with 300 nm
period and an AR of 8.8. The fabricated nanostructures demon-
strate excellent antireflection properties, with measurement reflec-
tivity for nonpolarized light suppressed to 0.01% at near normal
incidence and 2.4% at 65° incident angle. The proposed low-RF
power HBr ICP-RIE process is a facile method to create nanostruc-
tures with high AR and can find applications in nanostructured
surfaces, photonics, and other integrated devices.
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