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 Abstract—The patterning of silicon and silicon oxide nanocones 
onto the surfaces of devices introduces interesting phenomena 
such as anti-reflection and super-transmissivity. While silicon 
nanocone formation is well-documented, current techniques to 
fabricate silicon oxide nanocones either involve complex 
fabrication procedures, non-deterministic placement, or poor 
uniformity. Here, we introduce a single-mask dry etching 
procedure for the fabrication of sharp silicon oxide nanocones 
with smooth sidewalls and deterministic distribution using 
electron beam lithography. Silicon oxide films deposited using 
plasma-enhanced chemical vapor deposition are etched using a 
thin alumina hard mask of selectivity > 88, enabling high aspect 
ratio nanocones with smooth sidewalls and arbitrary distribution 
across the target substrate. We further introduce a novel multi-
step dry etching technique to achieve ultra-sharp amorphous 
silicon oxide nanocones with tip diameters of ~10 nm. The 
processes presented in this work may have applications in the 
fabrication of amorphous nanocone arrays onto arbitrary 
substrates or as nanoscale probes. 
 
Index Terms—angled sidewalls, dry etch, nanocones, silica, 
silicon oxide, single-mask 

 

I. INTRODUCTION 
HE advancement of nanofabrication has enabled 
complex technologies that utilize nanostructures (NSs) 
for subwavelength optics and nanoscale local probes. 

While optical devices such as waveguides and photonic 
crystals typically require smooth and vertical sidewalls for 
performance optimization and reduced sidewall scattering, 
many arising technologies have introduced variation of the NS 
morphology as an additional degree of freedom for tuning 
device functionality. Of significant importance are nanocones, 
which rely on the ability to fabricate NSs with tapered 
sidewalls. When patterned into arrays, subwavelength 
nanocones behave as a material with gradient refractive index, 
progressively bending incident light into the substrate onto 
which the nanocones are patterned [1], [2]. Recently, silicon 
(Si) and silica nanocones have attracted tremendous interest 
for applications in anti-reflection and anti-fogging coatings 
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[3]–[8], drug-delivery systems [9], superhydrophobic surfaces 
[10], and surfaces for optical absorption enhancement [11], 
[12]. Si nanocones in particular have been thoroughly 
investigated due to the maturity of Si nanofabrication 
processing and the direct application of anti-reflecting 
nanocones to solar cells. Si NS morphology is strongly 
dependent on the method of fabrication. For example, while 
anisotropic wet chemical etching in potassium hydroxide 
produces Si pyramids with sidewall angles of 54.7°, metal-
assisted chemical etching has been widely adopted in the 
fabrication of black Si and a wide variety of other Si NSs [13], 
[14]. In addition to wet etching techniques, inductively-
coupled plasma (ICP) reactive ion etching (RIE) incorporating 
fluorinated compounds enables both isotropic and anisotropic 
dry etching to achieve a variety of Si NS morphologies. While 
the well-known Bosch process utilizes alternating steps of 
fluorocarbon film passivation followed by isotropic dry 
etching for high-aspect-ratio vertical Si structures, isotropic 
dry etching in ICP followed by an oxidative sharpening 
process enables the formation of sharp silicon probes for 
atomic force microscopy [15]–[17].  The extension of ICP RIE 
to the cryogenic regime [18] has enabled the fabrication of Si 
NSs with smooth profiles and tunable sidewall angle while 
avoiding sidewall scalloping introduced by the Bosch process 
[19], [20]. More sophisticated combinations of dry etching 
followed by oxidative sharpening techniques have 
successfully produced Si nanocones, nanopillars, and 
nanopencils with high aspect ratios and sharp tips, extending 
the control over the Si NS morphology even further [21]–[24].  

While Si nanocone fabrication is well understood, silica 
nanocone formation is limited by current fabrication 
techniques. Silica nanocones exhibit remarkable physical and 
optical properties that enable broadband super-transmissivity 
[25], [26], super-hydrophobicity [10], [27], ultra-low diffuse 
reflectance and anti-fogging [28], and templates for hot 
electron photodetection [29]. With the exception of [25], these 
investigations utilize nanosphere lithography or techniques 
resulting in random distribution of silica nanocones. While 
these methods are superior for high-throughput manufacturing, 
they limit the tunability of the nanostructured surface. 
Although hybrid Si/SiO2 NSs can be fabricated by thermal 
oxidation of Si [30], [31], the oxide growth on sidewalls alters 
the morphology of NSs and high temperatures place 
limitations on process integration. Many RIE etching 
processes have been developed to achieve tapered silica 
sidewalls by varying  temperature and etching gases [32]–[35], 
these studies employed photolithography-defined masks and 
applicability of these processes to the fabrication of NSs was 
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Fig. 1. Fabrication procedure of SiOx nanocones. (a) The 1-μm-thick PECVD SiOx film is deposited on a Si substrate and a 
bilayer resist is spun on top. (b)  The resist is then exposed using electron beam lithography followed by development of the 
resist. (c) Deposition of alumina hard-mask using electron beam evaporation. (d) Following liftoff of the hard-mask material, 
samples are placed into an ICP chamber and etched in a dual-gas mixture of CHF3 and C4F8. (e) The resulting SiOx nanocones. 
Cross-sectional scanning electron microscope image of the SiOx sidewall profiles for a (f) vertical and (g) nanocone etch. From 
left to right, the in-plane widths of the alumina hard masks used to form the structures are 300, 200, 100, 80, and 60 nm. Both 
scale bars are 500 nm.   

 
not explored. Furthermore, to the best of our knowledge, all 
previous investigations of silica nanostructures have been 
fabricated using thermally-grown SiO2 or fused silica wafers, 
limiting process integration to specific substrate materials. 

In this paper, we report a single-mask dry etching process 
for sharp plasma-enhanced chemical vapor deposited silicon 
oxide nanocones (pSONs).  Plasma-enhanced chemical vapor 
deposition (PECVD) enables the fabrication of silicon oxide 
(SiOx) nanocones onto unconventional substrates beyond 
fused silica and thermally-oxidized silicon. The dual-gas 
CHF3 + C4F8 procedure yields smooth and repeatable pSONs 
with tip diameters approaching the resolution limits of 
conventional electron beam lithography (EBL) systems. We 
further extend our investigation to an all-dry multi-step ICP 
etching process for ultra-sharp pSONs with tip diameters of 
~10 nm. The pSONs presented in this work may have 
applications as subwavelength optical elements or nanoscale 
probes across a variety of disciplines. 

II. RESULTS 
The pSON fabrication sequence is summarized in Figs. 1(a)-

(e). 1 μm thick silicon oxide films were deposited at 300°C 
onto pre-cleaned Si substrates using PECVD (Plasma-Therm 
Versaline). We utilize a bilayer resist procedure for improved 
liftoff performance of the hard-mask. Liftoff resist (LOR3A, 
Kayaku Advanced Materials, Inc.) and positive-tone electron 
beam resist (AR-P 6200.04, Allresist) were spun onto the 
sample and subsequently exposed using electron beam 
lithography (EBL, Raith EBPG5200ES) to write structures 
between 50-300 nm in width. Patterns consisting of 3mm-long 
lines of various widths were written for formation of pSON 

wedges and cross-sectional scanning electron microscopy 
(SEM). Circular patterns were defined for pSON formation. 
Following development of the resists, samples were placed 
into an oxygen plasma asher (Branson/IPC 3000) to remove 
resist residuals.  A 40-nm-thick alumina hard-mask was then 
deposited using electron-beam evaporation (PVD Products), 
followed by liftoff of excess alumina.   

Anisotropic dry-etching of the SiOx films was performed in 
a fluorine-based ICP (F-ICP) system (F-ICP,  Plasma-Therm 

Apex SLR) with the carrier wafer held at 20°C. Prior to 
placing samples in the chamber, the F-ICP chamber was 

cleaned in oxygen plasma for 10 minutes. Samples were then 
placed in the chamber and etching gases were allowed to flow 

through the chamber for 5 minutes prior to sparking the 
plasma to ensure flushing of contaminant gases. We first 

present cross-sectional SEM images comparing the profiles of 
vertical and tapered etches in Figs. 1(f) and (g), respectively. 
In both cases, the total etch time was 4 minutes.  From left to 

right, the in-plane widths of the deposited alumina hard-masks 
are 300, 200, 100, 80, and 60 nm. The vertical sidewall 

profiles in Fig. 1(f) were achieved by flowing CHF3 and O2 at 
rates of 45 and 5 sccm, respectively, while holding a chamber 
pressure of 8 mTorr. The RF power was set to 30W while the 
ICP power was set to 600W. The vertical etching process has 
an etch rate of ~1.98 nm/s and results in nanostructures with 
relatively vertical sidewalls but slight undercutting near the 

base of the etch. To achieve a tapered etch as in Fig. 1(g), we 
replace O2 with C4F8 and set the flow rates of CHF3 and C4F8 

to 30 and 40 sccm, respectively. The RF power was set to 
30W, the ICP power to 300W, and the chamber pressure to 8 
mTorr. The power density within the ICP chamber during the 
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Fig. 2. PECVD SiOx nanocones fabricated using fluorine-based inductively coupled plasma etching. (a) Cross-sectional scanning 
electron microscope (SEM) image of the nanocone profile. The piece of debris in the lower right corner of the image is a result 
of cleaving the sample. Scale bar, 500 nm. (b) A photoresist-covered nanocone tip showcasing the remaining alumina hard-mask 
after 16 minutes of etching. The slanted white line near the top of the figure is the photoresist/air boundary. Scale bar, 100 nm. 
(c) Zoomed-out SEM image of structure in (b) demonstrating the etch-stop behavior at intersections between neighboring 
sidewalls. The width of alumina mask from left to right is 60, 80, 100, 200, and 300 nm. Scale bar, 500 nm. Cross-sectional SEM 
images of pSONs etched from (d) 1 μm (e) 2 μm and (f) 3 μm thick SiOx films. The scale bars of (d), (e), (f) are 200, 500, and 
1000 nm, respectively. (g) Nanocones located at the four corners of square of width 1 μm. The sidewall and baseline of the etch 
are smooth. Scale bar, 500 nm. (h) Complex design of patterned nanocones showcasing repeatability of nanocone morphology. 
Scale bar, 500 nm. 
 
tapered etch is ~1.6W/cm2 and the substrate-induced bias 
voltage is ~97V. Compared to the vertical etch, the tapered 
etch is significantly slower at a rate of ~0.95 nm/s and results 
in pSON wedges with linear sidewalls of angle ~70 degrees. 

 
III. DISCUSSION 

All fabricated samples underwent SEM imaging to confirm 
the uniformity of patterned pSON distributions, which was 
determined to be excellent, limited mainly by the capabilities of 
the EBL system and the optimization of exposure recipes. Fig. 
2(a) shows an up-close cross-sectional SEM image of a pSON 
wedge formed after increasing the tapered etch time to 16 
minutes. Using SEM, we measure an SiOx etch depth of roughly 
880 nm giving an etch rate of 0.92 nm/s, in excellent agreement 
with the etch rate measured after a 4 minute etch. This indicates 
that the etch depth scales linearly with time and pSONs of 
arbitrary height can be fabricated provided the etch selectivity is 
sufficient. A second sample was fabricated using identical etching 
conditions, covered with photoresist, and imaged at a lower 
accelerating voltage to improve contrast between the alumina 
hard mask and pSON wedge. Fig. 2(b) shows the sharp rounded 
tip prior to removal of the hard mask. As can be seen in Figs. 2(b) 
and (c), there does not appear to be any undercutting of the 
alumina hard-mask, indicating that much sharper pSONs may be 
achievable by decreasing the in-plane width of the hard-mask 
even further. We use SEM to roughly measure the remaining 
thickness of the alumina hard-mask following the etch and find 

that greater than 30 nm remains, which gives a selectivity of  >88. 
The low etch rate of alumina in ICP RIE involving passivating 
fluorocarbons is well known [36], [37] and, together with the 
absence of undercut observed, may enable extremely sharp 
pSONs with very high aspect ratio, limited only by resolution 
limits of EBL. However, the slow etch rate of the presented 
pSON etch process, along with stability of high aspect ratio 
masks, may affect the limitations of such structures.  

An expanded view of Fig. 2(b) is shown in Fig. 2(c) and shows 
the result of etching closely-spaced patterns of varying widths. 
The widths of the defined hard-masks from left to right are 60, 
80, 100, 200, and 300 nm. We measure all sidewall angles α 
throughout the structure (e.g. α1 and α2 in Fig. 2(c) are the two 
sidewall angles measured for the left-most wedge structure) and 
find that variation in sidewall angle across the pattern is less than 
3 degrees. The spacing-dependent etch depth between 
neighboring structures, also known as RIE lag, may be due to 
insufficient recycling of reactive species or trapping of 
passivating fluorocarbon film within the trenches. We note that, 
because the plane where two neighboring sidewalls intersect 
behaves as an etch-stop, the bottoms of the trenches are extremely 
sharp. Closely-spaced pSONs may therefore  be employed as 
nano-imprint lithography stamps resulting in very sharp structures 
of varying height dependent on the spatial variation of structures 
within the stamp.  

Multiple SiOx films were prepared to investigate the depth-
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Fig. 3. (a) Tilted cross-sectional SEM image of closely spaced  
nanostructures emphasizing sidewall rippling. Scale bar, 500 
nm. (b) Tilted SEM image of a truncated pSON wedge. Sidewall 
rippling correlates with local fluctuations in the SiOx thickness. 
The ends of the pSON wedge are terminated with one-half of a 
pSON with smooth sidewalls. Scale bar, 1μm. 

 
dependent etching rates and sidewall angle dependence on the 
aspect ratio of fabricated pSON wedges. SiOx films of thickness 
1, 2, and 3 μm were considered and the resulting pSON wedges 
are shown in the cross-sectional SEM images in Figs. 2(d)-(f), 
respectively. The sidewall angles of the resulting nanostructures 
were measured to be ~70 degrees, indicating that the sidewall 
angle is independent of etching depth. The  pSONs in Fig. 2(g) 
are the result of etching SiOx with circular alumina masks placed 
at the four corners of a square and demonstrate both smooth 
sidewalls and etch baseline relative to the closely-spaced pSON 
wedges. pSONs patterned with variation in the pSON density and 
sidewall overlap are shown in Fig. 2(h), revealing that our 
fabrication process provides a method for fabricating repeatable 
high-quality pSONs with highly deterministic placement.  

While fabricated pSONs exhibit smooth sidewalls, we observe 
undesirable rippling along the sidewalls of etched pSON wedges. 
Fig. 3(a) is a tilted cross-sectional SEM image showcasing this 
rippling behavior both within the trenches and along the outer-
most sidewalls of the pattern. To elucidate the origin of sidewall 
rippling, we fabricated truncated pSON wedges using the tapered 
etch procedure and display the result in the tilted SEM image of 
Figure 3(b). The truncated pSON wedge exhibits rippling along 
the sidewalls while the truncated end of the forms one-half of a 
nanocone with smooth sidewalls. The rippling along the sidewalls 
originates from local fluctuations in the SiOx film thickness, 
leading to local protrusions and depressions for regions that are 
slightly thicker and thinner, respectively. Optimization of the 
PECVD deposition conditions to decrease surface roughness may 
mitigate the sidewall rippling effect.   

Lastly, we present a novel all-dry etch process to fabricate 

ultra-sharp pSONs with tip diameters of ~10nm. This proof-of-
concept process is achieved by utilizing four F-ICP etching steps 
without removing the sample from the chamber. After repeating 
the deposition and lithography process as described in Figs. 1(a)-
(c), we first run the tapered etch process for 4 minutes. Without 
cleaning the chamber with O2 plasma and after purging all gases, 
we then run the vertical etch process as described for Fig. 1(f) for 
2 minutes. We then repeat this two-step etch a second time and 
present a cross-sectional SEM image of the final structure in Fig. 
4(a). The in-plane widths of the defined hard-masks are the same 
as described for Fig. 2(c) and the resulting sidewall profile can be 
described by two separate regions. The top-half of the etched 
pSON wedges are nearly vertical with a slight undercut toward 
the middle of the wedge, while the bottom half has a tapered 
edge. As the width of the hard-mask decreases, the middle of the 
pSON wedges experience more significant “necking” until a full 
undercut occurs at the center of the structures defined by a 60-
nm-wide alumina hard mask. The remaining bottom half of the 
structure is an ultra-sharp pSON wedge of height ~500 nm, half 
the height of the original SiOx film. While only the 60 nm hard- 
mask experiences a full undercut, the same etch process produces 
ultra-sharp pSONs from both the 80- and 100-nm-wide hard-
masks, as shown by the arrays on the left- and right-side of Fig. 
4(b), respectively. Although not shown, pSONs from the 60-nm-
wide hard-masks are destroyed because they are formed at some 
point during the ongoing etching process and are “blunted” by the 
continuation of etching. Fig. 4(c) is a zoomed-in image of the 
pSON apex and depicts a smooth sidewall terminated by an ultra-
sharp tip of ~10 nm. This necking and fracture process is similar 
to that described in the fabrication of silicon AFM probes [7], [8] 
without the requirement of a wet etching process for final 
formation. To the best of our knowledge, this is the first 
demonstration of ultra-sharp nanostructures fabricated using 
amorphous materials. We anticipate that further experimentation 
of combining etching steps will enable precise control over the 
morphology of pSON sidewalls. 

V. CONCLUSION 
In summary, we describe a novel single-mask all-dry 

etching procedure to fabricate sharp SiOx nanocones that may 
have applications in optical systems or as nanoscale probes. 
Our process involves a dual CHF3 and C4F8 gas mixture and 
utilizes an electron-beam evaporated alumina hard mask with 
selectivity >88, enabling sharp and high-aspect-ratio 
nanocones with smooth sidewalls and arbitrary distribution 
defined by electron beam lithography. Our PECVD-SiOx 
nanocones facilitate the fabrication of transparent dielectric   
nanocone distributions onto unconventional films and 
substrates when fused silica and thermally-oxidized silicon are 
unavailable. We further describe a novel process to achieve 
ultra-sharp amorphous nanocones by alternating dry-etching 
recipes without removing the sample from the ICP chamber 
and achieve nanocone apex diameters of ~10 nm or less. The 
formation of ultra-sharp nanocones involves a full undercut of 
nanopillars at mid-height, resulting in nanocones of height 
equal to roughly half of the initially-deposited film.  

While the PECVD deposition temperature of SiOx films 
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Fig. 4. (a) Cross-sectional SEM image following multi-step ICP 
etching for 60, 80, 100, 200, and 300 nm wide alumina hard-
masks. Scale bar, 500 nm. (b) Tilted SEM image of ultra-sharp 
nanocone arrays (Scale bar, 500nm) and (c) a zoomed-in image 
of the nanocone tip of radius ~10 nm. Scale bar, 20 nm. 
 
reported in this work is 300°C, we anticipate that our process 
may be extended to low-temperature PECVD grown SiOx 
films for nanocone formation on polymer-based and flexible 
substrates, which may have applications in functionalized 
needle arrays for drug delivery or flexible optical devices. 

Furthermore, because our process only involves a single 
mask, the described nanocone fabrication procedure may be 
extended to nanosphere lithography to enable high throughput 
manufacturing. Finally, it would be interesting to investigate 
the extension of our ultra-sharp nanocone fabrication process 
to photolithography techniques. Because the undercutting 
process results in nanocone tips of diameter much smaller than 
the initial mask size, optimization of the undercutting process 
may enable sharp nanostructure fabrication by undercutting of 
masks defined using photolithography.  
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