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Abstract In this work, we present plasma etching alone
as a directed assembly method to both create the nanodot
pattern on an etched polymeric (PMMA) film and transfer
it to a silicon substrate for the fabrication of silicon
nanopillars or cone-like nanostructuring. By using a shield
to control sputtering from inside the plasma reactor, the
size and shape of the resulting nanodots can be better
controlled by varying plasma parameters as the bias power.
The effect of the shield on inhibitor deposition on the
etched surfaces was investigated by time-of-flight second-
ary ion mass spectroscopy (ToF-SIMS) measurements.
The fabrication of quasi-ordered PMMA nanodots of a
diameter of 25 nm and period of 54 nm is demonstrated.
Pattern transfer to the silicon substrate using the same
plasma reactor was performed in two ways: (a) a mixed
fluorine-fluorocarbon-oxygen nanoscale etch plasma pro-
cess was employed to fabricate silicon nanopillars with a
diameter of 25 nm and an aspect ratio of 5.6, which show
the same periodicity as the nanodot pattern, and (b) high
etch rate cryogenic plasma process was used for pattern
transfer. The result is the nanostructuring of Si by high
aspect ratio nanotip or nanocone-like features that show
excellent antireflective properties.

Keywords plasma, nanoassembly, etching, nanodots,
nanopillars, nanofabrication

1 Introduction

Etching roughness is usually considered as an unwanted
issue in plasma processing. However, there are cases,
where plasma induced roughness is beneficial and may
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result in the fabrication of ordered nanofeatures (dots,
pillars, wires) [1], which is essential in many technological
fields, due to a wide variety of potential applications.
Plasma etching is mainly used to transfer patterns under the
necessary requirement of having an initial etching mask on
the substrate. These nanopatterns can be fabricated either
by lithographic techniques such as optical lithography [2],
extreme ultra-violet lithography [3], e-beam lithography
[4], and nanoimprint lithography [5,6], or by self-assembly
techniques such as colloidal particle self-assembly (also
known as colloidal or nanosphere lithography) [7-9] and
block copolymer [10,11]. It is evident that the nanopattern-
ing step requires the use of specialized materials (photo-
polymers, block copolymers or colloidal spheres), or
lithography processes with inaccessible equipment costs,
or relatively complex processes that cannot be easily
applied to large surfaces.

Using plasma etching alone as a self-assembly method
to fabricate a nanopattern on a non-specialized, inexpen-
sive and commercial polymer, and then transfer it to a
subsequent layer in the same plasma reactor, the overall
fabrication cost and time would be significantly decreased
in a simplified nanofabrication process. There are several
works demonstrated plasma as a process to assemble
nanodots, nanotips or nanopillars without the use of
lithography, based on the formation and random deposition
of etch inhibitors on the surface during the etching process
[12-16]. Alternative non-lithographic directed assembly
nanofabrication processes also include ion-beam nanopat-
terning [17—19] that makes use of high energy ion beams to
nanostructure hard substrates such as Si, InP.

Recently, we demonstrated plasma etching as a low-cost
non-lithographic process, to direct the assembly of sub-
50nm periodic dots on polymeric surfaces or films, such as
PMMA [20,21]. These first efforts of plasma directed
nanoassembly in the subtractive (etching) mode have
limited process window as discussed by Kontziampasis et
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al. [22], as application of bias voltage leads to loss of
periodicity and growth of grass-like nanostructures. In
addition, the nanodots are of low height, limiting their
ability for pattern transfer to other substrates. Here, we
establish subtractive plasma nanoassembly as a robust
method for nanodot formation, demonstrating a large
process window and a threefold increase of the nanodot
height allowing facile pattern transfer to silicon or other
substrates.

2 Experimental

Poly(methyl methacrylate) (PMMA, M, = 120 k)
dissolved in propylene glycol methyl ether acetate solution
was used to fabricate thin polymeric films on silicon wafers
by spin coating. Different film thicknesses range from 300
to 1600 nm were used by varying the solution concentra-
tion and spin coating speed. After spin coating, PMMA
films were baked at 150°C for 90 min on a hotplate.

Plasma etching experiments were performed in a helicon
antenna type, high density plasma tool (MET system,
Adixen working in inductive mode). Oxygen gas at
pressure of 0.75 Pa was used to etch the PMMA samples.
Source power was 1900 W, while bias power from 0 to
250 W was tested. The O, flow was 100 sccm and the
electrode temperature was 55°C. Samples of PMMA film
on silicon were glued on a 4-inch silicon wafer acting as a
carrier wafer to transfer the samples into the reactor
chamber. Helium backside pressure enhances the thermal
contact between the substrate and the electrode and assures
thermal uniformity.

Si plasma etching was employed to transfer the pattern
of the nanodots to silicon. Two different plasma processes
were tested using the same plasma reactor. First, a mixed
fluorine-fluorocarbon-oxygen nanoscale etch plasma pro-
cess was used. It is a room temperature anisotropic process
which forms a polymeric passivation layer. The source
power is 1800 W and the bias generator power 65 W (this
corresponds to —60—70 V bias voltage). The gas flows were
35, 85 and 30 sccm for SF4, C4Fs, and O,, respectively, at
a pressure of 1.8 Pa. In addition, the cryogenic Si etching
process is used under the following plasma conditions:
source power 1000 W, bias power 35 W (corresponds to -
55 V bias voltage), and gas mixture of 200 sccm of SF¢ and
50 sccm of O, at a pressure of 1.33 Pa. The temperature
was kept at —105°C. In the case of silicon etching, samples
were glued with thermal paste on Si carrier wafer covered
with a thick SU-8 film.

The morphology of the plasma etched surfaces was
characterized by scanning electron microscopy on a JSM
7401F instrument from Jeol. Top-down scanning electron
microscopy (SEM) image analysis have been performed
using the nanoTOPO-SEM™ software by Nanometrisis.
From the image analysis we can extract the mean width
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and period (mean distance) of the nanodots, and also the
nearest neighbor index (NNI). The NNI indicates the
spatial distribution of the dots: regularly dispersed
(ordered), randomly dispersed, or clustered. It is defined

as NNI =2D+/N/A , where D is the average distance
between each point and each nearest neighbor, N is the
number of studied points, and 4 is the size of the studied
area. NNI measures the spatial distribution from 0
(clustered pattern) to 1 (randomly dispersed pattern) to
2.15 (regularly dispersed/uniform pattern). The height of
the nanostructures is measured from tilted SEM images.
Also, atomic force microscope (AFM) measurements were
done on a CP-II instrument from Veeco. Measurements
were performed in tapping mode, with the use of PPP-
NCHR-50 tips (tip radius < 7 nm).

Plasma etched PMMA surfaces were analyzed using a
ToF-SIMS 5 (ION-TOF GmbH) instrument. Each sample
was scanned over an area of 200 x 200 um in four different
non-overlapping spots. Primary ion beam (30 keV Bi;*)
was used with dose density lower than 10'? ions/cm? to
ensure static mode conditions. The intensities of the
selected peaks from each spectrum were normalized to the
total counts. Normalization was carried out separately for
positive and negative ions.

The reflectance (total, specular and diffuse) of the
nanostructured silicon surfaces was measured using a
ThetaMetrisis FR-Reflection kit which includes an
Ocean Optics ISP-50-GT Integrating Sphere coupled to
an Ocean Optics QE65000-ABS UV-NIR Spectrometer. A
high-reflectivity ~specular reflectance standard from
Ocean Optics calibrated to a NIST master was used as a
reference. Solar-weighted reflectance, Ry, was calculated
over the wavelength range between 280 and 950 nm with a
resolution of 1 nm. It is defined as: Ry = Z;p(1;) * F(4;),
where p(2;) is the reflectance measured experimentally and
F(%) is the weight factor of each wavelength
(Z;F(4) =1) taken from the ASTM G173-03(2012)
standard (Standard tables for reference solar spectral
irradiances: direct mormal and hemispherical on 37° tilted
surface, ASTM International) and normalized in the range
280-950 nm.

3 Results and discussion
3.1 Polymeric nanodots fabrication

Plasma etching has been demonstrated as a non-litho-
graphic, fast, and low-cost process, to direct the assembly
of sub-50 nm periodic dots on polymeric surfaces or films,
such as PMMA [20,22]. To get ordered nanodots, no
external bias power must be applied to the electrode;
otherwise, random nanotexturing of the polymeric surface
and growth of grass-like structures occurs [1]. The
mechanism behind this spontaneous nanodot formation
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has been proven to be the combined result of fast etching of
the polymer and simultaneous deposition of sputtered
material from the plasma reactor chamber [23,24]. In the
plasma reactor (a schematic of the plasma reactor can be
found elsewhere [1]), there are two main sources of
sputtering: (a) the first is the reactor upper alumina tube (or
dome) surrounded by the half-nagoya type antenna, around
which sputtering occurs when plasma is on to accelerate
ions towards the upper tube walls, and cannot be prevented
by the reactor without any electrostatic shield; and (b) the
second is the electrode and its clamping ring, also made
from alumina. Under plasma conditions with only the
antenna being powered and having a high potential but
without bias voltage applied on the electrode (P, =0 W),
the sputtered upper tube at the position of the antenna is the
main source of inhibitors. The incident ion energy on the
electrode surface is equal to the plasma potential
(10-20 V), which is too low to cause sputtering from the
electrode. On the contrary, when bias power is applied to
the electrode, incident ions are of high energy (Vy;as > 100
V), and the electrode becomes also a main source of
inhibitors. To avoid such sputtering from the electrode/
clamping ring, one can either increase the size of the
sample surface to cover all the electrode, or reduce the
electrode surface to the size of the largest sample (in both
cases eliminating the clamping ring), or shield parts of the
electrode surface/clamping ring from ions. Here, we follow
the approach of shielding parts of the electrode/clamping
ring using a custom made ground shield above it as
described elsewhere [25].

ToF-SIMS was employed to study the surface composi-
tion of the etched PMMA samples, and determine the
amount of sputtered inhibitors, in our case Al. PMMA
samples were etched in O, plasma for 5 min under various
bias power conditions (0, 50, 150, and 250 W) and
different clamping ring condition, with or without the
shield placed. Table 1 presents the bias voltage and etch
rate for PMMA films under different bias power and
electrode shielding conditions. The etch rates were
determined by ellipsometry measurements after etching
for 1 min. Under these conditions, no significant roughness
was developed. However, even if we continue the
measurement for longer time, the thickness versus time
curve remains linear. We see that the shield causes
significant increase in the bias voltage. The shielded
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clamping ring is now grounded, so plasma ions seem to
focus on the sample area. This increase in the energy of the
incident ions results also in the increase of the etch rate.

Figures 1(a—c) show the normalized intensity of
aluminum (Al") and aluminum oxides (AlO-, AlO,),
that were detected on the plasma-etched PMMA surfaces
for different bias power, with or without the clamping ring
shield. The untreated surface shows totally absence of Al,
and little amount of Al and its oxides is present even for
0 W bias power, which can be attributed to the sputtering
from the upper tube of the reactor that is not shielded. For
the unshielded electrode, the amount of Al*, AIO™ and
AlO, increases dramatically with the increase of the bias
power. On the contrary, for the shielded electrode only a
minimal increase is observed, even though the bias voltage
(incident ion energy) is much higher as shown in Table 1.
For the maximum bias power of 250 W, the amount of Al"
is one order of magnitude lower compared to the
unshielded case. Therefore, we can deduce that the shield
cuts off completely the sputtering of inhibitors from the
electrode’s clamping ring, leaving only the inhibitors that
come from the alumina upper tube. We also see that
sputtering from the electrode prevails sputtering from the
upper tube for an unshielded chamber.

The morphology of the plasma-etched surfaces was
characterized by SEM. The AFM image of Fig. 2(a) shows
the result of oxygen plasma etching of PMMA thin films
for 2 min with 0 W bias power and no shield. Etching of
the PMMA film has stopped before the nanodots reach the
substrate, so the Si surface is not exposed. The height of
these nanodots is ~15-20 nm as can be seen in the AFM
line scan in the inset. The SEM image of Fig. 2(b) shows
the result of etching for 2 min by applying 136 V bias
voltage (corresponds to 250 W bias power) with the
clamping ring being unshielded. The result is the formation
of random texturing due to the large amount of etch
inhibitors sputtered from the unshielded ring. The height of
this roughness is on the order of 1 um. In Fig. 2(c) we
present the result after 2 min oxygen plasma etching of
PMMA by applying 130 V voltage bias, but with the
clamping ring being shielded. Under these bias and shield
conditions, well-defined and uniform nanodots form, and
are similar with the nanodots obtained in the absence of
bias power and the shield (Fig. 2(a)) but are taller in height.
We also see that the significant Al inhibitor flow reduction

Table 1 Bias voltage and PMMA etch rate in O, plasma as a function of the bias power for unshielded and shielded electrodes

Bias voltage /V
Bias power /W

PMMA etch rate /(um-min ")

Unshielded Shielded Unshielded Shielded
0 10 8 0.37 0.44
50 22 133 0.90 1.30
150 88 262 1.07 2.00
250 136 348 1.57 2.50
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Fig. 1 ToF-SIMS measurements showing the amount (normalized peak intensity of the mass spectrum) of (a) aluminum (AlM), (b),
AlO ™, and (c) AlO, , on PMMA surfaces etched in O, plasma for 5 min, under different bias power conditions, with or without the

clamping ring shield

caused by the shield implies significant roughness
reduction. Sputtering of inhibitors from the upper tube of
the chamber is responsible for the nanodot formation of
Fig. 2(c) because the shield prevents sputtering from the
electrode. At the same time, the application of bias voltage
of 130 V (corresponds to power 50 W) increases the etch

rate of PMMA and etch selectivity to the hard inhibitors,
making the nanodots taller. This is very important, as our
goal is to use these nanodots as an etching mask to transfer
the pattern to a subsequent silicon wafer.

Figure 3 shows top-down SEM images of plasma-etched
PMMA films under different bias power (Py;,s) conditions
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Fig. 2 (a) AFM image of PMMA surface (2 um x 2 um, 512 x 512 points) after 2 min O, plasma treatment using 0 W bias power and
without the shield (inset: AFM line scan of the nanodots profile, and the nanodot height is ~15-20 nm; SEM images (tilted 45°) of PMMA
surfaces etched in O, plasma for 2 min); (b) under 136 V bias voltage (250 W bias power) without the shield; (c) under 130 V bias voltage
(50 W bias power) with the shield placed on the clamping ring of the electrode, and the nanodot height is ~47 nm. Notice the large process
window for bias and the large height of the nanodots. Plasma conditions: antenna power 1900 W, O, flow 100 sccm at pressure of 0.75 Pa

and temperature 15°C

and under different etching time conditions, to see the
effect to the width, period and order of the nanodots. In all
cases the clamping ring of the electrode remains shielded.
These SEM images were analyzed using the nanoTOPO-
SEM™ software from Nanometrisis [26].

As shown in Fig. 4, the mean width of the nanodots
slightly increases with increasing time. For the case of 60 s,
the mean width is identical (~25 nm) for the bias power of
50 and 100 W, and increases to ~29.5 nm at 150 W. The
period of the nanodots increases when increasing the bias
power and is 54 nm for Py = 50 W, 63 nm for
Ppias = 100 W, and 93.5 nm for Py;,s = 150 W. The period is
not affected by the time for Py, = 50 W, as it remains
constant at 54 nm at 60, 90 and 120 s of etching. The height
of the nanodots increases from 47 to 78 nm for Py;,s equal
to 50 and 100 W, respectively, and then decreases to 61 nm
at the Py, of 150 W. The nanostructures seem to melt and
bend due to the significant increase of the bias voltage,
which also increases the surface temperature. Concerning

the arrangement of the nanodots, for the Py;,s of 50 W the
NNI takes values higher than 1.50 and it does not depend
on the etching time. So the nanodots show a degree of
periodicity and are quasi-order. Better order is achieved at
the etching time of 30 s when bias power is 50 W, and NNI
= 1.58. As the bias power increases, NNI decreases and
therefore order is lost.

Figures 4(d) shows the circularly averaged Fourier
Transform versus bias power, for the PMMA nanodots
shown in Figs. 3(a—c). A steeper peak is an indication of
better periodicity. Thus, we conclude that optimal
organization is achieved for Py, = 50 W. To summarize,
we found that the mechanism behind the formation of
ordered and quasi-ordered polymeric nanodots after O,
treatment is the co-deposition of inhibitors due to
sputtering from the upper alumina tube of the reactor
chamber. On the other hand, the formation of high
roughness on the surfaces is due to sputtering of inhibitors
from the electrode clamping ring. The use of a shield on the
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Fig. 3 Top-down SEM images of plasma-etched PMMA films under different bias power (Py;,s) conditions and under different etching
time conditions. The shield is applied on the electrode in all cases. Plasma conditions are (a) Ppias = 50 W, £ = 60 s, (b) Ppias = 100 W,

t=60 S, (C) Pbias

electrode helps to control and diminish sputtering from this
ring. Therefore, bias power can be used to control the size,
in terms of mean width and height, of the resulting
nanodots.

3.2 Pattern transfer for Si nanopillar fabrication

The nanodots are formed on thin PMMA films and oxygen
plasma etching stops when they reach the subsequent
silicon layer. In this case, the nanodots can serve as an
etching mask pattern, and subsequently we can transfer this
pattern to Si using the same plasma reactor to fabricate
silicon nanopillars. The exact time when the nanodots
reach the silicon layer is controlled by in situ or ex situ
spectroscopic ellipsometry, by which we monitor the
remaining PMMA film thickness, and the etch rate. As
there might be some variability in the etch rate of PMMA,
monitoring of the etch rate is crucial. To take into account
the presence of the nanodots on the surface, we use the
Effective Medium Approximation in our model when
fitting the W, A signals of the ellipsometry measurement.
The nanodot layer can be approached as the mixed
PMMA/air material layer, which is on the top of a
PMMA layer. Details about the use of spectroscopic
ellipsometry in our etcher for monitoring of the film
thickness versus etching time and surface roughness

150 W, =60 s, (d) Ppias = SO W, £=30's, (€) Ppias = S0 W, £=90's, and (f) Pyjae = 50 W, =120 s

characterization can be found in our previous works
[20,27]. Pattern transfer to the silicon substrate was
performed in two ways using the same plasma reactor.
First, a mixed fluorine-fluorocarbon-oxygen nanoscale
etch plasma process was used. It is a room temperature
anisotropic process which forms a polymeric passivation
layer (CO,F,). Etching and passivation of the sidewalls
take place simultaneously. The etch rate of silicon is
240 nm/min, the etch rate of PMMA is 110 nm/min,
resulting in an etch selectivity to PMMA of 2.4 (Ssi.pmma)-
It is a mild process in terms of etch rate and selectivity,
compared to other high etch rate DRIE processes such as
the cryogenic process or the Bosch (gas alternating)
process. However, the low selectivity can be beneficial as
the process will etch fast any residual PMMA layer (few
nanometers) among the nanodots, to expose the Si surface
to the plasma, and start Si etching without changing the
shape of the nanodots. For the pattern transfer experiments,
we started from 1.7 pm PMMA film on Si. PMMA was
etched in O, plasma for 75 s in order for the nanodots to
reach the substrate. Plasma conditions were: Power
1900 W, bias power 50 W (133 V), 100 sccm O, at 0.75 Pa.
Figures 5(a—b) show SEM images (tilted at 45° and top-
down, respectively) of Si nanopillars etched by the room
temperature mixed fluorine-fluorocarbon-oxygen plasma
process for 45 s, using as a mask for the PMMA nanodots.
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Fig. 4 (a) Mean width of the PMMA nanodots versus etching time and bias power, (b) period and height of the nanodots versus bias
power, (c) NNI of the nanodots versus etching time and bias power, and (d) circularly averaged Fourier Transform versus the bias power.
All values extracted by the SEM image analysis shown in Fig. 3 using the nanoTOPO-SEM™ software from Nanometrisis

SEM images were analyzed by the nanoTOPO-SEM™
software. The mean diameter of the Si nanopillars is
25.445.0 nm, the period is 62 nm and the height is 140 nm
leading to an aspect ratio (AR, meaning the ratio of the
mean diameter to the height of the pillars) of 5.6. This is
the maximum AR that can be achieved using the mixed
process as at the etching time of 45 s, the nanodot mask
pattern is etched completely. The NNI of the Si nanopillars
is 1.60, almost equal to the NNI of the nanodots, revealing
that the same pattern is preserved after the pattern transfer.
In Fig. 5(c), the circularly average Fourier Transform of the
nanostructures before and after the pattern transfer is
presented. Both patterns show a characteristic peak, and as
a consequence the same order remains after the pattern
transfer to Si.

In addition, the cryogenic Si etching process is used for
the pattern transfer. It is a clean anisotropic process that
makes use of a SF¢/O, gas mixture at cryogenic
temperature (7 < —100°C) [28-30]. The etch rate of silicon

for the cryogenic process is 2 pm/min, and the etch rate of
PMMA is 44 nm/min, resulting in an etch selectivity of Si
to PMMA that is Sgippmva = 45. The same PMMA
nanodot pattern described for the room-temperature
process was also used for the pattern transfer experiments
with the cryogenic process. We note that in all pattern
transfer experiments a reference sample was also used
which consist of a bare Si surface that also has some lines
patterned on it by optical lithography. The role of the
reference sample is to identify if the cryogenic etching
operates in anisotropic mode, which means that there is no
formation of “black silicon” [31,32] on the bare areas due
to overpassivation, and the etched lines show vertical
sidewalls. Also, from the reference sample we extract the
etch rate of silicon.

Figures 6(a) and 6(b) show SEM images of the silicon
nanostructured surface after cryogenic etching for 25 and
85 s, respectively. The height of these structures varies
from a few tens of nanometers at 25 s, to reach a height of
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Fig. 5 (a) Tilted at 45° and (b) top-down SEM images of silicon nanopillars as a result of plasma etching (room-temperature mixed
process) using as a mask for the PMMA nanodots; (c) Circularly average Fourier Transform of the PMMA nanodots before pattern transfer
(red line) and the Si nanopillars resulting after pattern transfer (black line), obtained by SEM image analysis using the nano-TOPO-SEM™
software. The observed peak indicates the order of the nanostructures

~3.5 um at 120 s of etching. Due to the high etch rate of the
cryogenic process, combined with the much higher
selectivity over the PMMA mask compared to the room-
temperature mixed process, the result of the pattern transfer
is the formation of high aspect ratio nanotip or nanocone-
like structures which are not ordered, but show extremely
low reflectance, as it can be identified by naked eyes from
its characteristic black color. Figure 6(c) shows a SEM
image of the reference sample surface, where bare Si is
etched for 85 s. We see that there is no nanostructuring on
the surface (absence of “black silicon” formation) meaning
that nanostructuring showed in Fig. 6(b) is only due to
pattern transfer from the PMMA nanodots.

Figure 6(d) presents the weighted total, specular and
diffuse reflectance of the nanostructured silicon surfaces as
a function of the pattern transfer cryogenic etching time
(25, 40, 60, 85, and 120 s). The corresponding reflectance
of the untreated polished silicon wafer are also shown. We
observe that reflectance (both specular and diffuse)
decreases when etching time, and thus the height of the
nanostructuring, increases. Total weighted reflectance is

17.08% for the 25 s of etching and decreases to below 5%
for etching times longer than 60 s. The minimum total
reflectance is 2.26% for 120 s; specular weighted
reflectance decreases to 0.88%. Light diffusion is strong
and surpasses the specular reflectance for etching times
higher than 60 s. The use of the PMMA nanodots pattern
gives full control on the formation of the Si nanocone or
nanotips-like structures. The height of the nanostructures
can be easily tuned by varying the etching time. This gives
also a control on the optical properties, as the optical
response in terms of reflectance of the surfaces can be
tuned at will, for their use in possible applications.

4 Conclusions

In this paper, we have demonstrated the fabrication of
quasi-ordered, well-defined PMMA nanodots with a
diameter of 25 nm using the non-lithographic process of
plasma nanoassembly. These nanodots are ideal to serve as
etching mask to transfer the pattern to the subsequent
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Fig. 6 (a—b) SEM images (tilted 70°) of silicon surfaces after cryogenic plasma etching for 25 s and 85 s, respectively, having the
PMMA nanodots as etching mask; (¢) SEM images (tilted 70°) of silicon surface after 85 s of cryogenic plasma etching an o bare surface
without nanopattering (reference sample); (d) Weighted reflectance (total, specular and diffuse) of nanostructured Si surfaces by the
cryogenic plasma process (etching time from 25 to 120 s) having as mask pattern the plasma directed assembly PMMA nanodots. The
weighted reflectance of a polished silicon wafer (z = 0 s) is also plotted as a reference

silicon wafer. By using a custom made shield on the
clamping ring of the electrode, sputtering of etch inhibitors
from inside the plasma reactor can be controlled. ToF-
SIMS measurements confirmed the elimination of sput-
tered alumina inhibitors on the surface of the etched
samples. As a result, the size and shape of the nanodots can
be controlled by varying bias power or etching time. By
using these nanodots as etching mask and a mixed fluorine-
fluorocarbon-oxygen nanoscale etch process, we have also
demonstrated the fabrication of quasi-ordered silicon
nanopillars with a diameter of 25 nm and an aspect ratio
of 5.6. Moreover, using the cryogenic plasma process, we
have successfully fabricated high aspect ratio Si nanotip or
nanocone-like features that exhibit adjustable antireflective
properties with a minimum total weighted reflectance of
2.26% and a specular weighed reflectance of 0.88%.
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