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ABSTRACT

The pursuit of sculpting materials at increasingly smaller and deeper scales remains a persistent subject in the field of micro- and
nanofabrication. Anisotropic deep-reactive ion etching of silicon at cryogenic temperatures (cryo-DRIE) was investigated for fabricating
arrays of vertically aligned Si nanowires (NWs) of a large range of dimensions from micrometers down to 30 nm in diameter, combined with
commonly used wafer-scale lithography techniques based on optical, electron-beam, nanoimprint, and nanosphere/colloidal masking. Large
selectivity of �100 to 120 and almost 700 was found with resists and chromium hard masks, respectively. This remarkable selectivity enables
the successful transfer of patterned geometries while preserving spatial resolution to a significant extent. Depending on the requirements by
applications, various shapes, profiles, and aspect ratios were achieved by varying process parameters synchronously or asynchronously. High
aspect ratios of up to 100 comparable to the best result by metal-assisted wet-chemical etching and sub-lm trenches by DRIE were obtained
with NW diameter of 200 nm, at an etch rate of �4 lm/min without being collapsed. At the same time, low surface roughness values were
maintained on the NW top, sidewall, and bottom surface of �0.3, �13, and �2 nm, respectively, as well as high pattern fidelity and integrity,
which were measured using angle-resolved Fourier microscopy, combined atomic force, and scanning electron microscopy on selected NWs.
This work establishes the foundation in the controllable development of Si nanoarchitectures, especially at sub-100 nm structures, for energy-
harvesting and storage, damage-free optoelectronics, quantum, photovoltaics, and biomedical devices.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166284

I. INTRODUCTION

In the last two decades, fabrication of high-aspect-ratio nanostruc-
tures has attracted great attention attributing to its spreading applica-
tions in various fields. Large-scale ordered arrays of vertically aligned Si
nanowires (VA-Si-NWs) of defined surface roughness represent a new

class of three-dimensional structures, exhibiting unique and superior
optical, electric, mechanical, thermal, and chemical properties,1 due to
their unique features, including high surface-to-volume ratio, high elec-
tron mobility, anti-reflection, chemical-/bio compatibility, and elasticity.
They have shown great promise and are actively studied for various
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applications, such as the next generation of energy harvesters (e.g., pho-
tovoltaics and thermoelectrics) and storage (e.g., lithium-ion batteries
(LIBs) and supercapacitors2), optical devices (sub-100-nm resolution
metasurfaces3), field-effect transistors,4 and chemical and biological
sensors.5

The Si-NW-produced Seebeck voltages are an order of magnitude
higher than bulk Si when stacked with it.6 Thermal conductivity of Si-
NWs can be further reduced by increasing their length, surface rough-
ness, or doping concentration, and decreasing their diameters.7 For the
Si-NWs used in photovoltaics (PV), the light-harvesting ability of Si-
NWs increases linearly with their lengths,8 while asymmetric pencil-
shaped arrays of Si-NWs keep the light-reflectance below 10%,9 which
is favorable for enhancing conversion efficiency. Moreover, black sili-
con, distinguished by its disordered structure encompassing elevated
features such as spikes, needles, and pyramids, as well as deeper ele-
ments like pores, holes, and craters, demonstrates favorable light
absorption characteristics.10,11 It effectively captures sunlight, particu-
larly within the near-mid-infrared wavelength range. Additionally, a
substantial increase in absorption on the surface-microstructured sili-
con through femtosecond laser irradiation in ambient air with sulfur
hexafluoride (SF6) gas has been observed across a broad wavelength
range, extending from 0.3 to 16lm.12 The extension of this spectral
range, reaching wavelengths up to 25lm, can be achieved through the
synergistic effects of morphology (high-aspect-ratio conical nanostruc-
tures) and volume doping.13 For enhanced charge storage in LIBs, ano-
des composed of well-ordered NW arrays are favored over randomly
arranged or disordered configurations.14 Correspondingly, photocath-
odes made of highly ordered Si-NW arrays (Si-NWAs), with opti-
mized structural parameters such as length, diameter, and pitch,
exhibit superior photoelectrochemical (PEC) performance, character-
ized by elevated saturated photocurrent densities and a lowered onset
potential for the hydrogen evolution reaction (HER).15 The light-
trapping ability of conventional nanostructured black silicon in PV
devices toward improved broadband absorption is achieved using
black silicon of combined ordered micropores and disordered nano-
pores.16 These ordered pores offer sufficient space for incorporating
functional materials while promoting an increased optical path length,
facilitated by the low roughness of the sidewalls. Additionally, the
unordered nanopores positioned at the top and at the base of the
nanostructure facilitate coupling between incident solar radiation and
the silicon substrate. In addition, highly doped high area-density Si-
NWs improve the device performance furtherly.17 In the water split-
ting process, Si-NWs act in PEC cathodes, where less coalesced, highly
dense and lengthier p-type Si-NWs have proven to be better for natural
water reduction.18 In addition, various diameters and inter-spaces are
required for bio and gas sensing applications.5 In summary, target val-
ues for NW diameter, height, and area density are in the ranges of ten
to hundred nanometers, tens of micrometers (or higher), and
>108 cm�2, respectively. For both phenomenological studies and the
accomplishment of practical applications of Si-NWs, fabrication of Si-
NWs with precise control of density, dimensions, and crystallographic
orientation will be of great value. Therefore, a universal technique
offering flexibility for the fabrication of various Si-NWs is required.

Depending on the employed fabrication methodologies, realiza-
tion of Si-NWs is generally categorized into bottom-up and top-down
techniques, by adding or removing correspondingly Si material. The
bottom-up approach by NW-growth using a metal catalyst has enabled

the routine fabrication of sophisticated 1D devices that is otherwise
not possible with conventional top-down approaches. This growth
method is most frequently described through the vapor–liquid–solid
(VLS) mechanism.19 Due to the concerns of diffusion of the catalyst,
which is related to the necessity of high temperatures during Si epitax-
ial processes, forming deep traps in the NWs, electronic and optical
devices suffer from reduced minority carrier lifetime.20,21 A further dif-
ficulty is the lack of orientation control, i.e., obtaining Si-NWs in the
h100i-axis orientation is often difficult, integration of VLS NWs into
complementary metal-oxide-semiconductor (CMOS) technology is
limited.22,23 Anodic aluminum oxide (AAO), which offers ordered
honeycomb arrays of nanopores, can serve as a template to grow epi-
taxial Si(100) NWs on a Si(100) substrate.24 Electroless deposited gold
within the HF-etched pores in the AAO film functions as the catalyst
for VLS Si-growth. In addition, complementary metal-oxide-semicon-
ductor (CMOS)-compatible heteroepitaxial growth of III/V semicon-
ductor NWs can be achieved through lithographically patterned holes
in a silicon nitride template.25 Alternatively, etched ion-track mem-
branes, glass, mica sheets, or zeolites can be used as substitutes for
AAO in catalyst-free electrochemical growth of metal, semiconductor,
or metal oxide NWs.26 Template-assisted electrochemical growth of
metal (Cu, Au, Ag, Ni, Pt) NWs for applications such as pressure sen-
sors27 or low-temperature die attach, achieved by pressing two surfaces
with NWs together at room temperature,28 have been reported. The
presence of copper oxide, influencing the elastic modulus of copper
nanowires, can be mitigated through treatment with forming gas
plasma or exposure to formic acid vapor.28

Currently, the most common way for fabricating ordered verti-
cally aligned Si-NWAs of high area density is the top-down method,
either using wet or dry etching methods.29,30 Top-down fabrication of
Si-NWs can generally be realized by area-selective removal of Si mate-
rials, using either plasma-based dry etching [i.e., the Bosch or pseudo-
Bosch process, and cryogenic deep-reactive ion etching (cryo-DRIE)]
or wet/gas-chemical etching [e.g., metal-assisted chemical etching
(MacEtch or MACE), etc.]. Using wet-MacEtch combined with nano-
sphere lithography [NSL, also known as colloidal lithography (CL)]31

or nanoimprint lithography (NIL), corresponding large-scale ordered
Si-NWAs can be realized with low cost or high structure fidelity and
purity, respectively.32 Nevertheless, regions of Si-NWAs having large
aspect ratio may collapse and suffer from structural failure. Here, the
liquid etchant is responsible for forces (van der Waals force, capillary
force) generating an agglomeration of adjacent NWs into bunches.33

Bunches of crystalline sub-5 nm Si-NWs of an extreme aspect ratio of
>10000 can be realized in a chemical vapor etching (CVE) process
using silicon tetrachloride (SiCl4), which however requires tempera-
tures of 1000 �C–1150 �C.34 Recently, a new method of gas-MacEtch
has been reported, wherein hydrofluoric acid (HF) is evaporated from
liquid solution and heated typically at temperatures higher than
40 �C.35 Liquid condensation on Si-NWs during the MacEtch process
is therefore prevented, realizing minimized stiction or deflection of Si-
NWs due to liquid drying with respect to the conventional wet-
MacEtch process. However, non-uniform height and bottom surface
are often observed on large scales. Dry etching is one of the preferred
pattern transfer methods because it allows extensive parameter
tunability, permitting optimization of the etched profile of high-
aspect-ratio nanostructures, e.g., sub-lm trenches in silicon.36 Unlike
wet-chemical etching, dry etching has the advantage of liquid-free
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processing, which mitigates issues such as stiction, and can be more
readily incorporated into fully automated processes.37 In addition,
since dry etching has the capability of transferring patterned geome-
tries without significantly losing spatial resolution, it offers a consider-
able competitive advantage in microelectronics industry.38 However,
the noble-metal catalyst, which is conventionally used in MacEtch,
causes deep-level defects in silicon and is thus not applied in both
front-end and back-end lines of the CMOS fabrication process.39

Other CMOS-compatible catalysts like titanium nitride (TiN), gra-
phene, and tungsten (W), etc., show much larger activity and excessive
hole-generation in the MacEtch process, which may lead to porous
NWs even at low aspect ratios.40 Instead, due to its reliability and ver-
satility, the inductively coupled plasma (ICP) reactor has been widely
used nowadays for mass production and low-cost anisotropic Si
etching.

High aspect ratio and anisotropic etching are commonly achieved
by the ICP-based Bosch process, which is a repetition of two etching
steps: first, a standard nearly isotropic etching is carried out using sul-
fur hexafluoride (SF6) gas and, second, deposition of a passivation layer
is performed by octafluorocyclobutane (C4F8) gas. The lateral etching
component limits the maximum achievable aspect ratio for recessed
nanostructures and leads to the well-known scalloping effect on the
etched sidewalls.41,42 Alternatively, a non-switching pseudo-Bosch rec-
ipe has been developed, where etching and passivation gases are intro-
duced to the reaction chamber at the same time, resulting in a
continuous sidewalls passivation instead of cyclical passivation. The
pseudo-Bosch recipe can eliminate the scalloping effect and realize
controllable etching profiles by tuning the gas ratio, while resulting in
lower etching rate and selectivity to mask materials, compared to the
standard Bosch process.41 To push the technological limits of fabricat-
ing VA-Si-NWAs further to smaller diameters and higher aspect
ratios, many attempts have been made using the Bosch and pseudo-
Bosch processes, including control in ion transport,43 addition of light
ions with low energy to decrease the charging effect,44 addition of
hydrogen (H2) during the passivation step,45 introduction of a periodic
O2 plasma cleaning step,41 and adjustment of process parameters dur-
ing etching and passivation.38

There has magnificent work been done using DRIE at room tem-
perature achieving Si-nanostructures of large aspect ratio46 and small
diameter47 reaching down to 10nm and below for individual nano-
sheets.48 In the latter case, high-quality hydrogen silsesquioxane
(HSQ) resist masks with sub-10nm resolution and aspect ratios up to
25:1 have been reproducibly generated, which were directly exposed
with electron-beam lithography (EBL). Nanotrenches of 250 nm with
exceedingly high aspect ratios up to 160:1 have been achieved using
the Bosch process with an aluminum layer of 500nm thickness as
mask.36 All the aforementioned studies are noteworthy; however, etch-
ing Si fins and trenches vs Si-NWs presents distinct challenges owing
to the well-known loading effect. The loading effect manifests as an
etching rate contingent upon the surface area of the substrate exposed
to chemical etching. Specifically, larger areas of substrate surface
undergoing etching experience a decreased etch rate compared to
smaller areas. This effect operates at both microscale levels (such as
individual features or dies) and macroscale levels (across the substrate),
arising from the depletion of reactants at the etched features.49

Mitigating loading effects involves adjusting the etch rate or augment-
ing the available reactants for etching. Etch loading can significantly

impact etch uniformity. Studies reveal that as the percentage of
exposed substrate surface increases from approximately 8% to nearly
100%, the etch rate diminishes by over 50%, and non-uniformity esca-
lates from 2% to 35%.50 Surface roughness of trench sidewalls in typi-
cal Bosch processes often exceeds 200 nm; however, for smaller
trenches (below 5lm), this roughness markedly decreases to levels
below 25nm.36 Consequently, while etching sub-micron trenches or
individual wires are relatively manageable, scaling up to large-scale or
wafer-scale Si-NWAs etching poses greater difficulty and challenge.

A versatile method for fabricating ordered Si-NWAs on large
scale is DRIE at cryogenic temperatures (cryo-DRIE), which can real-
ize high-aspect-ratio Si-NWAs of a large range of dimensions without
NW collapse and scalloped sidewalls. Similar to the pseudo-Bosch pro-
cess, cryo-DRIE is a non-switching, anisotropic etching process in an
inductive–coupled plasma (ICP) reactor, by systematic optimization of
etching temperature, power of ICP and radio frequency (RF) for bias,
gas-flow rates and concentrations of SF6 and O2, pressure in the reac-
tor, etc. (see Fig. 1). Detailed guidelines for optimizing cryo-DRIE of Si
microstructures have been given by de Boer et al.51 However, to obtain
high-quality manufacturing and push the etching limits of Si wires fur-
ther to yield ultra-high-aspect-ratio NWs, further investigation of
mask fabrication and etching mechanism must be accomplished,
wherein all process parameters have to be optimized. Furthermore, the
etching results of nanostructures are influenced not only by process
parameters but also other factors such as size, pitch, and shape of mask
opening;52 aspect ratio of the etched features; loaded patterns;53 and
mask materials.54 In this respect, our motivation is to develop a guide-
line for manufacturing high-quality Si-NWAs, inspecting the general
availability for etching Si material of different crystal orientations
and doping concentrations using various mask materials (resist and
metal). We adopted ultraviolet (UV) photolithography (PL), nano-
sphere lithography (NSL),55 soft UV nanoimprint lithography (NIL),56

and electron-beam lithography (EBL) to prepare masks of different
dimensions and layout designs, followed by cryo-DRIE to etch
Si-NWAs of various dimensions and profiles. The comprehensive
results of lm to sub-lm, especially sub-100-nm Si-NWAs, presented
in this work can be useful for a wide range of applications,
allowing for massive production using cryo-DRIE based on inexpen-
sive, versatile, reproducible, and industrially compatible process
possibilities.

Figure 2 illustrates the physicochemical mechanisms of aniso-
tropic Si etching using cryo-DRIE. The basic idea of fabricating
Si-NWAs using cryo-DRIE is to find a balance between surface passiv-
ation of the developing NW-sidewalls and etching of the bottom sur-
face in between the NWs, wherein SF6 and O2 are used as etchant and
passivation species, respectively. In the cryo-DRIE process, fluorine
radicals (F�) produced by the decomposition of SF6 in an ICP source,
diffuse to the Si wafer surface, where they react spontaneously with Si
atoms to form volatile SiF4, resulting in isotropic etching. At the same
time, a passivation layer of SiOxFy is formed, which is generated by the
reaction of oxygen radicals (O�) with F� and Si, slowing down further
etching of Si until it stops.51,57 Especially at cryogenic temperatures,
the deposition of SiOxFy is enhanced by reducing its chemical/radical
reactivity, which has been indicated by a measured lower volatility of
the silicon etching products (SiF4).

51 Accordingly, Dussart et al.58

found by in situ experimental characterization of cryo-DRIE that SiF4
can participate in forming the passivation layer and reinforce it.
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Simultaneously, ions like SF5
þ, also generated by the decomposition of

SF6 in the ICP source, can remove the SiOxFy passivation layer physi-
cally even at relatively low kinetic energies as they strike the surface.
This enables further chemical etching of Si in the unprotected bottom-
surface areas, which are much more exposed to the directional ion
bombardment than the NW-sidewall surfaces. Therefore, the sidewall
surfaces will stay covered by the passivation layer blocking chemical
etching, while the passivation layer formed on the bottom surface is
removed, and chemical etching can be proceeded. To establish an ideal

anisotropic etching, the processes of passivation-layer formation, its
removal from the bottom surfaces, and the simultaneously etching of
un-passivated Si surfaces, must be maintained in delicate balance.

Several universal recipes for etching Si-NWAs, developed
through systematic variations in cryo-DRIE process parameters, are
presented in Table I. The selection of lithography techniques and mask
materials, coupled with the desired Si-NWs features, such as height,
diameter, length, pitch, and roughness, have guided the optimization
of specific cryo-DRIE parameters, detailed in Sec. IIC. Herein,

FIG. 2. Schematic of the physicochemical mechanisms of ideal anisotropic Si etching using cryo-DRIE. SxFy
�, F�, and O� formed in the generated plasma are diffused to the Si

surface. The passivation-layer (SiOxFy) formation, the removal of bottom passivation layer, and Si etching by F� occur simultaneously under cryogenic temperature.
The anisotropic behavior of the process enables the mask materials to define the Si-NWA structures.

FIG. 1. Schematic processes of fabricating Si-NW arrays (Si-NWAs) using resist (a)–(c) or hard masks (a)–(c�) prepared by nanolithography (UV-photolithography (UV-PL),
UV-NIL, EBL) and liftoff followed by (c) and (c�) cryo-DRIE. Detailed descriptions of fabrication processes are available in Sec. IV. In the following, samples are classified by
their designed values of diameter (D), pitch (P), and height (H) of the respective VA-Si-NWA according to D(iameter)(@number, in nm)-P(itch)(@number, in nm)-H(eight)
(@number, in nm), e.g., D50-P500-H200 denotes a VA-Si-NWA of 50 nm diameter, 500 nm pitch, and 200 nm height.
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particular parameters have been deliberately chosen to attain desired
characteristics in Si-NWAs. For instance, the use of high inductively
coupled plasma (ICP) power is targeted for achieving elevated etch
rates, while a higher O2 ratio is favored for high-aspect-ratio (HAR)
Si-NWAs. Profile adjustments of different mask layouts aligned with
variations in diameters and pitches have been achieved by manipulat-
ing radio frequency (RF) power, gas ratios, and pressure settings.
Section IIC delves into the discussion and analysis of variations in pro-
cess parameters to showcase their influence on Si etching.

Metrology of the complex 3D geometry VA-Si-NWs requires
traceable-to-the-SI nanodimensional characterization including 3D
form (cylindrical, prismatic, and pyramidal) and sidewall roughness.
In a hybrid metrology approach, high-throughput optical measuring
methods based on imaging scatterometry, which work by capturing a
series of images of an illuminated sample at several wavelengths and
combined with advanced atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). Thus, the geometrical form and size
of the nanostructures was imaged locally (AFM and SEM) as well as
on wafer scale [i.e., scatterometry and Mueller matrix ellipsometry
(MME)]. Achieving ideal fabrication is integral to establishing and
optimizing the simulation and quantification of characterization sys-
tems. Conversely, an optimized characterization system facilitates a
deeper comprehension of reactions and propels fabrication methods
toward the optimal limit.

II. RESULTS AND DISCUSSION
A. Lithography methods/mask materials—undercut
and selectivity

Novel applications, like silicon-based Li ion batteries, require
HAR VA-Si-NWAs as anodes of large surface area for efficient charge
cycling and the ability for accommodating stress during lithiation.2 For
etching such HAR VA-Si-NWAs, mask erosion (selectivity of Si vs
mask) and lateral etching under the masks (undercut) are the main
challenges to be overcome, since mask erosion determines the vertical
aspect ratio of NWs and the lateral etching under the mask may result
in a dimensional deviation from the expected vertical-sidewall-NW
shape or even a falling-off of the masks from the not yet completely
etched NWs. Lateral etching right under the mask is fundamentally
induced by a low sticking efficiency of free radicals (F�) on the Si sur-
face, i.e., most fluorine radicals will be bounced back from the bottom
surface to attack the Si on the NWs sidewalls. The Si below the masks
is mainly affected, especially just after the etching has started, when the
passivation layer has not sufficiently formed, leading to strong initial
lateral under-mask etching.

During the process, lateral etching occurs, diminishing the preci-
sion of pattern transfer and imposing constraints on the maximum
attainable height of the NW. For estimating this value, we compare for
the different cryo-DRIE recipes the final diameter DNW of NWs after
etching to that of the initially fabricated resist nanopattern and deter-
mine a pattern-dimension-transfer-related “undercut” as the deviation
of DNW from the initial diameterDm0 of the mask disk (DIM),

DIM ¼ Dm0 � DNW

Dm0
� 100%: (1)

The maximum height Hmax of a NW, which can be obtained using an
optimized recipe, is attained with the falling-off of the mask.

1. PL—micropillars

For micropillar arrays, photoresist patterns of nominally 1lm in
diameter, 4lm in pitch, and �200 nm in thickness (Fig. S1) have been
fabricated by photolithography (PL) for etching Si-NWAs (Sec. IVA)
using the process parameters of recipe #PL-HAR (Table I). The
obtained Si-NWAs of �1060nm in diameter at the NW top,
�1220 nm in diameter at the NW bottom part, and 17.26 0.1lm in
height (sidewall angle: 90.27�). If we adhere to the conventional con-
cept of undercut, the samples do not exhibit a distinct undercut of the
Si-NWs under the resist. However, in comparison with the diameter
(approximately 1.2lm) of the originally patterned resist-disks-mask,
the resulting lateral dimensions of the Si-NWs have reduced to an
average of �1060 nm. This reduction is attributed to the progressive
etching of the resist polymer. Isotropic etching not only erodes the
mask disk vertically but also laterally, resulting in a decrease in the
diameter of the mask disks and, consequently, Si-NWs narrower than
the original disk diameters. As a result, the diameter of the fabricated
Si-NWs is observed to decrease with etching time. However, due to lat-
eral etching of the resist mask itself, an undercut between the resist
mask and Si-NW is not discernible by SEM. Nevertheless, there is a
diameter deviation of the obtained NWs from the initial resist nano-
discs. Hence, we posit that the DIM provides a more precise definition
of the mask-transfer process, using Eq. (1), and the above values we
find DIM¼ 13.1% for the etching recipe #PL-HAR.

2. NSL—self-organized nanopatterning

Smaller lateral dimensions than with PL can be realized using
nanosphere lithography (NSL) [or colloidal lithography (CL)] (Sec.
IVA, process see Fig. S2), where the diameter of the masking polysty-
rene nanoparticles (PS-NPs) can be controllably reduced by O2 plasma,

TABLE I. Process parameters of cryo-DRIE recipes using different masks optimized for etching Si-NW arrays (Si-NWAs) with specific features. PL: photolithography; EBL:
electron-beam lithography; NIL: nanoimprint lithography, HAR: high aspect ratio, MWAs: microwire arrays.

Recipe Features preference T (�C) p (Pa) SF6 (sccm) O2 (sccm) ICP (W) RF (W)

#Nano-Uniformity High uniformity/fidelity �95 1 60 6 150 10
#sub-100 nm-1 Low roughness, low mask undercut �95 1 120 15 140 8
#sub-100 nm-2 Low roughness, low mask undercut �95 1 120 14 150 8
#PL-HAR HAR MWAs, high etch rate �95 0.8 119 12 500 6
#NIL-HAR HAR NWAs �95 1 120 12 500 5
#EBL-HAR HAR NWAs �95 0.75 115 15 500 6
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as shown in Figs. 3(a1)–3(d1) and S2. This enables the advantage of
subsequently adjustable mask diameters for etching Si-NWs of corre-
sponding diameters. In addition, the PS-NP diameters are further
reduced during cryo-DRIE as in the case of resist masks, leading to a
diameter shrinkage, similar to Si-NWs obtained with PL as aforemen-
tioned (Table SI). In an ideal NSL process, wherein a uniform single PS-
NP layer has formed, the pitch of the Si-NWA will be nearly equal to
the diameter of the PS-NPs [Fig. 3(a1), inset]. PS-NPs of �500 and
�200nm in diameters have been investigated in our work, and their
diameters after O2 plasma etching of different times and diameters of
Si-NWs (recipe #sub-100nm-1, 20min, Table I) fabricated using cryo-
DRIE through masks of these nanoparticles are shown in Table SI. The
pitches between the PS-NPs and thus the areal density of the Si-NWA
remains unchanged. Due to the nature of these nanoparticles, which are
spin-coated onto the Si substrate in a spherical shape, the contact area
between the sphere and the Si surface is significantly smaller than the
diameter of the sphere itself. As a result, the Si surfaces surrounding the
contact area, as well as the areas underneath the PS-NPs, exhibit weak
sticking or may not adhere to the surface at all. These regions are not pro-
tected by either a masking sphere or a passivation layer. Consequently,
during the etching process, free fluorine radicals may rebound and cause
a more pronounced lateral etching effect compared to the use of PL
masks. This is attributed to the increased exposure of the Si surface to the
etching gases in the unprotected regions. On the contrary, PS-NPs under
longer-time O2 plasma etching are supposed to have smaller diameters
but larger contact areas, which have been promoted by the heating gener-
ated during O2 plasma treatment. In general, PS-NPs give thus more seri-
ous undercut than PL masks from DIM¼ 31%–44% (Table SI) using
recipe #sub-100nm-1. Furthermore, on larger areas, the 2D arrangement
of the PS-NPs and, accordingly, the Si-NWAmay be distorted by defects.
Moreover, prolonged etching periods result in the detachment of nano-
spheres from the top of formed Si-NWs, as depicted in Figs. S3, leading
to the cessation of uniform etching (Fig. S4, left). Prior to cryo-DRIE, sub-
jecting samples coated with nanospheres to an additional annealing

process at 105 �C for 2min enhances adhesion between the nanospheres
and the sample surface. Consequently, the subsequently etched Si-NWAs
exhibit reduced undercut, allowing the nanospheres to remain atop the
NWs even during extended etching durations. However, the annealing
process introduces new challenges; the removal of the nanospheres post-
etching becomes arduous (Fig. S4, right).

3. NIL—high-density, large-scale nanopatterning

Nanoimprint lithography [NIL (Sec. IVA)] resist is supposed to
have better sticking efficiency than PL resist, since the spin-coated film
of resist is additionally pressed during UV illumination by a stamper,
which can lead to less undercut during the subsequent etching. Dey
et al. performed an experimental investigation of metals and their
oxides as mask materials for Si etching using a non-switching pseudo-
Bosch process.59 For reasons that are still not well known, metal masks
have been observed to show the tendency of giving more lateral under-
cut etching than resist, silicon oxide, or silicon nitride masks. In the
present work, NIL-patterned imprint resist [UV Cur06, Fig. 4(a1)] and
Cr [negative NIL-mask, followed by a liftoff process, Fig. 4(b1)] of the
same layout (D800-P2400H�300) have been used as a mask for etch-
ing Si-NWAs by recipe #Nano-Uniformity [30min, Table I, Figs. 4
(a2) and 4(b2)] and #NIL-HAR [10min, Table I, Figs. 4(a3) and
4(b3)], respectively. The resulting diameters of resist and Cr masks are
determined by ImageJ60 to be �9106 10 nm and �7606 10nm with
thicknesses of �280–300 nm. After having been processed with recipe
#Nano-Uniformity (Table I), Si-NWAs of �3lm in height have been
realized using both masks. For the NWs obtained by the resist mask,
an undercut has not been observed, i.e., the top diameter of the NWs
has the same value as the resist nanodiscs, which is 9006 10nm. On
the contrary, notable etching of the Si-NWs under the Cr masks can
be seen, resulting in a rough surface of the NW top parts. When we
compare the Si-NWAs of Figs. 4(a3) and 4(b3), which both are
�24lm in height, i.e., an influence of mask materials on vertical etch
rate is not found, the differences of their undercuts are obvious, the

FIG. 3. Fabrication of ordered VA-Si-NWAs with different diameters using nanosphere lithography (NSL) and cryo-DRIE. (a1)–(d1), SEM top view of polystyrene nanoparticles
(PS-NPs, diameter¼�500 nm) with defined reduction of PS-NPs dimensions using O2 plasma, (a1) 2 min, (b1) 4 min, (c1) 6 min, and (d1) 8 min; insets are their corresponding
magnified top-views. The scale bars are 1 lm and 500 nm, respectively. (a2)–(d2), 30� titled SEM view of cryo-DRIE (recipe #sub-100 nm�1, 20 min) fabricated Si-NWAs using
corresponding PS-NPs masks (a1)–(d1), NW diameter DNW¼ 257 nm (a2), 225 nm (b2), 217 nm (c2), and 146 nm (d2), aspect ratios¼ 7 (a2), 7 (b2), 6 (c2), and 10 (d2), NW
area density¼�107 NWs/cm2. The scale bars are 500 nm.
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top-diameters of Si-NWs obtained by NIL-resists are �7806 30nm,
whereas those under Cr masks are �5006 30nm. We correspond-
ingly find DIM¼ (146 4) % and (346 4) % with UV Cur06 and Cr,
respectively. Among the plausible explanations for the observed ten-
dency of Cr for giving more lateral undercut etching than resist, a
mechanism termed as metal-assisted plasma etching (MapEtch),37

similar to MacEtch using a mixture of hydrofluoric acid (HF) and
hydrogen peroxide (H2O2), have been highlighted to explain this phe-
nomenon. In MapEtch, noble metals, such as Au and Ag lead to the
formation of fluoride in the plasma and draw electrons from the Si
underneath the metal (or inject holes as in MacEtch) to boost the etch-
ing there. Dey et al. reported that a base metal like Cr may at least
slightly enhance etching of silicon underneath the mask.59 Effects of
mask material conductivity on lateral undercut etching in Si-NWs fab-
rication using the pseudo-Bosch process have been investigated, for
etching Si-NWs of D200P500H5000 by masks of Cr (thickness:
35 nm) and Cr2O3 (thickness: 35nm). There, undercuts of 34 and
18nm have been, respectively, observed, corresponding to DIM values
of 34% and 18%, respectively.59

4. EBL—sub-30nm nanopatterning toward high-
resolution Si-NWAs

EBL has been employed to fabricate either high-resolution resist-
mask nanopatterns [HSQ, poly(methyl methacrylate) (PMMA), etc.]
or hard mask nanopatterns (SiO2, Cr, Cr2O3, Al, etc.) with an addi-
tional mask material deposition and subsequent liftoff process. HSQ
resist layer of 250 nm in thickness defines sub-10 nm nanolines/
nanostrips and acts as dry-etch mask to transfer strips into the Si sub-
strate to realize high-aspect-ratio sub-10 nm Si-nanofins.48 In our

work, taking advantage of the high resolution and layout-design flexi-
bility of EBL, Cr nanodiscs masks of diameters from 30 to 1500 nm,
pitches from 500 to 5000nm, and a thickness 30 nm have been fabri-
cated (Fig. S5, Table. SII) and used for etching Si-NWAs by recipe
#sub-100 nm-2 for 8min (Table I), realizing corresponding Si-NWAs
shown in Fig. S6 and Figs. 6(c)–6(f). To the best of our knowledge,
highly ordered Si-NWAs with diameters as small as 30nm (Fig. S6)
are reported for the first time. With a proper layout-design, Si-NWAs
of different diameters and pitches were etched simultaneously, and the
details are shown in the following process-parameter discussion.

In addition, to compare the undercut of a different etching tech-
nique, in our work, Si-NWAs of identical dimensions have been fabri-
cated by cryo-DRIE (recipe #sub-100 nm-2, 20min, Table I) using Cr
masks (30-nm-thick), where the undercut has been inspected to be
�7 nm [Fig. 5(b)], with a calculated value ofDIM� 7%. The improved
etching with less undercut using cryo-DRIE may be assigned to the
low reactivity of the radicals at cryogenic temperatures; therefore, Si
under mask has been less etched at the initial process state when the
passivation has not been formed yet. In addition, the larger Si etching
undercut of the Cr mask of 300nm thickness [Fig. 5(b2)] vs 30 nm
thickness [Fig. 5(b)] can be attributed to its larger thermal compression
during cooling down. The DIM values of the considered mask materi-
als (AZ5214 resist, UV Cur 06 resist, PS-NPs, and Cr) are summarized
in Table II. Masks of PS-NS show very large DIM values due to their
low sticking efficiency to the substrate surface, and both PL resist
(AZ5214E) and UV nanoimprint resist (UVCur06) have lower DIM
values than Cr masks.

FIG. 4. SEM graphs of a UV Cur 06 resist mask [(a1), 30� tilted view] and a Cr
mask [(b1), 45� tilted view], and corresponding Si-NWAs etched from them respec-
tively [(a2) and (a3) from resist masks, (b2) and (b3) from Cr masks, 30� tilted
view], by cryo-DRIE. Recipe #Nano-Uniformity of 30 min (Table I) was used for (a2)
and (b2), #NIL-HAR of 10 min (Table I) for (a3) and (b3). All scale bars are 1lm.

FIG. 5. SEM graphs of (a) Cr nanodisc masks with diameters from 30 nm to 70 nm,
inset is the magnified view of Cr masks D30-P500-H30 (top view), (b) Si-NWAs of
D200-P1000-H�1260, fabricated by cryo-DRIE (recipe #sub-100 nm-2, 20 min,
Table I), 30� titled, inset is its magnified view, (c) Si-NWAs of D40-P500-H�460, (d)
magnified views of D40-P500-H�460, (e) D50-P500-H�460, and (f) D70-P500-
H�460 cryo-DRIE (recipe #sub-100 nm-2, 8 min, Table I).
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Selectivity referring to the etching of materials (Si) to a mask layer
(resist or metal) is a further crucial figure of merit for etching high-
aspect-ratio Si-NWs. Generally, for fluorine-based DRIE, metal masks
have better selectivity over resist masks. Compared to the Bosch and
the pseudo-Bosch processes, the drawback of using resist masks for
cryo-DRIE is the limitation of resist thickness (<1.5lm) owing to
their cracking issue at cryogenic temperatures. Fortunately, the selec-
tivity of Si etching to photoresist is greatly improved at these tempera-
tures.38 As shown in Fig. 6, when the etching time was increased that
the Si has been etched to �20lm, the tops of the Si-NWs have been
attacked, too, indicating that the 200-nm-thick photoresist mask
(AZ5214E) has been completely etched away, resulting in an etching
selectivity of �100. However, in our previous work,62,63 when
AZ5214E resist is used for etching/releasing microcantilevers, Si of
�300lm in thickness, can be etched through using a 1-lm-thick resist
mask (selectivity> 300:1). We assign the reduced selectivity to lateral
etching, which is crucial to NWs due to their small lateral dimensions.
In addition, we observed that with NIL resist (UV Cur06), a thickness
of �200 nm is required for etching Si-NWs of 400-nm-diameter to a
height of �24lm, corresponding to a selectivity of �120 [Fig. 4(a3)].

Both are much higher than the value of �70 (resist AZ4562) reported
in Ref. 38, using the pseudo-Bosch process for the fabrication of Si-
NWs with diameters> 3lm.

Both resist masks exhibited better selectivity at cryogenic temper-
ature and are able to allow fabricating Si-NWs with higher aspect ratio
than using the pseudo-Bosch process. In the case of a hard mask, a Cr
layer of 30 nm in thickness has been employed. Here, the damage to
the mask is virtually invisible after fabricating Si-NWAs with a height
of�20lm (selectivity of Si:Cr> 667:1), revealing a much higher selec-
tivity vs resist masks. Despite the large difference in the lateral etching
rates (mask materials), the vertical etching rate is demonstrated to be
independent of the mask materials. In addition, collapse and contami-
nation, which are major challenges for liquid-phase fabrication techni-
ques (e.g., MacEtch) in manufacturing dense Si-NWAs of high aspect
ratio, have been avoided using cryo-DRIE. Selectivity values of typical
mask materials used in our work and in references are calculated and
summarized in Table II.

The systematic investigation of different lithography methods and
mask materials and layouts resulted in specific cryo-DRIE recipes for
yielding lowmask undercut and high selectivity of silicon etching vsmask.

FIG. 6. SEM graphs of Si-NWAs of different heights (H) fabricated using cryo-DRIE (recipe: #PL-HAR, process parameters, see Table I) with patterned nanodiscs of photoresist
AZ5214E (D �1200-P4000-H�200) as masks. The etching times t were (a) 3 min, (b) 5 min, and (c) 6 min. Inset of figure (c) is its partially magnified view, scale bar is 5 lm,
and H indicates the average heights of the Si-NWs.

TABLE II. Si-NWs fabricated using different masks, the deviation of NW from initial mask diameter (DIM), and selectivity of silicon vs mask etching using the Bosch, pseudo-
Bosch, and cryo-DRIE processes (recipes see Table I).

Process Recipe

Mask
DIM
(%)

Selectivity
(Si vs mask)

NW height
(lm)Material Thickness (nm) Diameter (nm)

Bosch 2012, Ref. 48 HSQ 150/250 >10a <5 <0.5

Pseudo-Bosch 2019, Ref. 61

AZ4562 � � � <10 70 1–50
ma-N 2403 790 >3000 6 2–4

HSQ 780–1850 >300 10 <6
Al 200 >200 100 >10

PS-NPs <1400 200 2 <2

Pseudo-Bosch 2020, Ref. 59
Cr �35 200 �34 100

1.5Cr2O3 200 �18

Cryo-DRIE, this work

#PL-HAR AZ5214E �200 1000 �13 �100 �20
#NIL-HAR UV Cur06 �300 �200–800 �14 �120 >24

#sub-100 nm-1 PS-NS �460 �460 �44 >10 >1.8
#sub-100 nm-2

Cr
�30 �200 �7

>667
>20

#EBL-HAR �30 30–1500 �50–1 1.5

aHSQ resist of nanolines/nanostrips have been fabricated as masks, and “Si-NWs” in this work are Si-nanofins/nanosheets.
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While lowest undercut was obtained with resist masks (PL and NIL),
best selectivity was found with Cr patterned using EBL. Thereby, cryo-
DRIE recipes using NIL and EBL are made available for micro pillars
and NWs of heights of more than 20lm. Using EBL highly ordered
NWs of 30 nm in diameter and 1lm in height were demonstrated.

B. Nanowire array profiles—uniformity and roughness

Due to its availability of offering uniform patterns of different
NW size and area density on wafer scale as well as low undercut and
high selectivity, NWs fabricated by cryo-DRIE (recipe #Nano-
Uniformity, 15min, Table I) of Si (h100i, 1–10X�cm), using resist
masks prepared by NIL [design dimensions: D� 400-P3200/4000-
H�600 and D�250-P500H�300 (Fig. 7)] are employed for investigat-
ing uniformity and roughness of nanowire arrays (Si-NWAs). They
have been characterized with respect to uniformity and fidelity of
resulting NW dimensions using atomic force microscopy (AFM),
scanning electron microscopy (SEM), angle-resolved Mueller matrix
polarimetry (ARMMP), and angle-resolved Fourier microscopy
(ARFM). AFM and SEM are predominately used with nanoscale fea-
tures on small-scale area, while optical scatterometry methods, that
can measure structures smaller than the used wavelength, can analyze
periodic nanostructures on large scale, as preferred for industrial pro-
cess metrology of large-scale, high-volume manufacturing.

1. Dimensional uniformity and fidelity of cryo-DRIE
combined with NIL

First, a synergistic approach is adopted by combining AFM and
SEM (Sec. IVC1) to obtain a comprehensive dimensional characteriza-
tion of the samples. AFM plays a crucial role in providing highly
resolved information pertaining to the sample’s height. However, it is
worth noting that due to the convolution effect arising from the inter-
action between the AFM tip and the surface, AFM is limited in its abil-
ity to accurately measure lateral dimensions. On the other hand, SEM
excels in offering detailed lateral resolution, providing valuable insights
into the sample’s structural features. However, SEM lacks quantitative
information along the Z-axis. By integrating the capabilities of both

techniques, the limitations of each method can be overcome, allowing
for a more complete understanding of the samples’ dimensional char-
acteristics. A set of ten SEM images was acquired for each sample with
11 NWs observable within the selected field (Fig. S7). The Mountains
LabV

R

software (Digital Surf, France, Sec. IVC1) was used to determine
the NW pitch of each sample. The calculation is based on fast Fourier
transformation. An example is given in Fig. 8, which shows an SEM
graph of a hexagonal arrangement of circles characterized by two vec-

tors~a and~b, oriented along the horizontal direction of the image and
rotated by 60� clockwise to~a, respectively. A mean pitch is calculated

together with a standard deviation by averaging ~aj j and ~b
�� �� over the

ten images. In addition, mean values and standard deviations of the

FIG. 7. Optical photograph (a) and 30� tilted-SEM graphs (b) of Si-NWAs (D�225-P500-H1600, for sample designation, see caption of Fig. 1) fabricated by cryo-DRIE (recipe
#Nano-Uniformity, 5 min, process parameters, see Table I) using NIL resist (UV-Cur06, D�2500-P500-H�300)-masked 2-inch Si wafer (h111i, 0.0005–0.001X�cm). Inset of
(b) is its partial-magnified view (30� tilted). Scale bars of figure (b) and its inset are 1lm and 100 nm, respectively.

FIG. 8. Example of determination of the NWs pitches with fast Fourier transforma-
tion (FFT) tool (Mountains LabVR , Digital Surf, instrumental details, see Sec. IV C 1),
using SEM graph of Si-NWAs (D�800-P3200-H�1600) fabricated by cryo-DRIE
(recipe #Nano-Uniformity, 15 min, Table I) with patterned nanodiscs of photoresist
AZ5214E (D�800-P3200-H�300) as masks. The lattice highlighted on the image
is a hexagonal arrangement of circles characterized by two vectors ~a and ~b, ori-
ented along the horizontal direction of the image and rotated by 60� clockwise to~a,
respectively. The scale bar is 2.5 lm.
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angle between the two vectors are determined. The results of four lay-
outs (NIL masks of D400/800-P3200/4000H300) are shown in Table
III, with less than 0.13% in pitch deviation and less than 0.9� from the
designed angle, indicating their wafer-scale uniformity and fidelity.

AFM (Sec. IVC4) images of an area of 25� 25lm2 were ran-
domly captured on sample D400-P3200-H1600, with an image resolu-
tion of 1024� 1024 pixels, corresponding to a pixel size of 24.4 nm.
These two images contain a total of approximately 140 NWs. Figure 9
illustrates an example AFM image along with a magnified inclined 3D
view. It is important to point out that the observed NWs appear trian-
gular in their profile shape due to a convolution effect between the
NW and the AFM tip. This effect is notable due to the similar sizes of
the NWs and the AFM tip. However, since the top surface area of the
NWs is expected to be flat and sufficiently large, convolution does not
affect the measurements there, such as NW top-surface roughness and
height. The height of the NWs is determined by analyzing the histo-
gram of heights measured within the imaged 140 Si-NWs. The histo-
gram exhibits two discernible peaks: the first peak corresponds to the
height of substrate surface, while the second peak represents the top
surface of the NWs (Fig. S8, green background and pink dots, respec-
tively). By subtracting the maximum positions of these two peaks, a
mean height of the NWs 16026 4.4 nm is obtained, which is consis-
tent with design and height measured by SEM (�1.6lm). The given
expanded uncertainty (coverage factor, k¼ 2) includes an uncertainty
that encompasses factors such as roughness, calibration, and repeat-
ability (peak-to-peak value) and is only �0.3% of the mean height of
the NWs, confirming the etching uniformity of cryo-DRIE.

Modern patterning techniques like NIL offer delivering of NWAs
on substrates of cm2 to m2 size at high throughput, which will require
corresponding metrology tools. SEM and AFM can properly visualize
form and dimensions of typically 10’s of NWs of a VA-NWA on field
of view (FOV) restricted to the lm range. Much larger FOV than SEM
and AFM of typically 100’s of lm to a few mm is provided by optical
scatterometry,64 effective medium approximation (EMA)-based Si-
NWs evaluations of visible-near-IR ellipsometric measurements are
fast and nondestructive method to determine both the thickness and
porosity of mesoporous Si thin films and dense Si-NWs.65 The typical
spot size of optical scatterometry/ellipsometry yielding global informa-
tion of an NWA is in the mm2 range. For measuring local features of
NWs, ellipsometry is combined with microscopy.66 Such imaging-
based scatterometry methods can reduce the time for measuring criti-
cal dimensions of nanoscale hourglass patterns on a 300mm wafer
from hundreds of days (with SEM or AFM) to several minutes.67

Angle-resolved Mueller matrix polarimetry (ARMMP) uses a micro-
scope objective of large numerical aperture,68 enabling optical in situ
characterization of Si-NWs at the initial growth stage of random Si-
NWs.69 Thereby, the light is focused on very small spots between 5lm
and few tens of lm in diameter and the light from a wide range of inci-
dence and azimuthal angles is collected at once. Thus, the formation of
domains with different 2D arrangement of Si-NWs can be detected,
which is typical to VA-Si-NWAs fabricated by NSL and MacEtch.68

Within the domains, i.e., on a short-range scale, the NWs were ordered
in hexagonal arrays as expected from the NSL mask pattern.
Moreover, the rather recently reported technique of spectral domain

TABLE III. Results for the pitch determination of samples (for sample designation, see caption of Fig. 1) fabricated by cryo-DRIE and NIL using SEM.

Sample name ~aj j/lm ~b
�� ��/lm Mean

�
~aj j; ~b
�� ���/lm Angle ~a;~b

� �
/�

D400-P3200-H1600 3.2666 0.002 3.1436 0.001 3.2046 0.001 59.226 0.05
D400-P4000-H1600 4.0806 0.005 3.9196 0.006 3.9996 0.005 59.126 0.05
D800-P3200-H1600 3.2586 0.001 3.1386 0.004 3.1986 0.002 59.226 0.05
D800-P4000-H1600 4.0886 0.001 3.9186 0.004 4.0036 0.003 59.116 0.05

FIG. 9. Left: Atomic force microscopy (AFM) image (top view, the scale bar is 5 lm) of Si-NWAs (D�400-P3200-H�1600, for sample designation see Fig. 1) fabricated by
cryo-DRIE (recipe #Nano-Uniformity, 15 min), using patterned nanodiscs of NIL resist (D400-P3200-H300). Right: a representative detail-magnified inclined 3D view of this iden-
tical sample. The color bar indicates the sample surface height.
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attenuated reflectometry is not only used to quantify the surface den-
sity, but also to assess the lateral gradients of non-homogeneous nano-
wire arrays (e.g., ZnO-NWs).70,71

In this study, angle-resolved Mueller matrix polarimetry
(ARMMP) measurements (Sec. IVC2) were performed on a periodic
nanowire array (Si-NWA) with a pitch of 500 nm (Fig. 7, D225-P500-
H350, for sample designation, see caption of Fig. 1) was taken at wave-
length of 550 nm using an objective numerical aperture of 0.9 as shown
in Fig. 10. The circles in Fig. 10 show all 16 elements of the Mueller
matrix (MM, color) as a function of sine of the angle of incident (AOI,
from the center to the outside) and the azimuthal angle. Due to the use
of an objective, the images are circular with the circle edge being the
numerical aperture of the objective. The pixels close to the circle center
correspond to normal incidence where clearly only specular light has
been collected. Regions with strong signal are shown in the matrix ele-
ment M34 in Fig. 10 (right) obtained from the specular beam mixed
with the diffraction orders, creating a distinct pattern in the left, right,
top and down part of the image. The configuration of the diffraction
orders is defined by the square periodicity of the Si-NWA (see Fig. 7),
which means that there are nine visible diffraction orders [�1, �1]
[0, �1] [1, �1] [�1,0] [0,0] [1,0] [�1,1] [0,1] [1,1]. The pattern
formed by these diffraction orders is a 3� 3 grid with equidistantly
distributed nine circles (shifted by wavelength to period ratio), each
overlapping with the central circle [0,0] and with the closest neighbors.
Higher orders than first are not observed in the measurement as the
period-to-wavelength ratio is higher than one. The more detailed
images in Fig. 10 (right) show complex patterns reflecting the optical
response from the overlapping diffraction orders of the periodic Si-
NWA. A rigorous optical model is required to calculate the depolariz-
ing character of the measured MMs quantitatively. Nevertheless, the
position of the diffraction orders and the (anti-)symmetry of the off-
diagonal MM elements already visible here confirm the high unifor-
mity and fidelity of the periodic symmetric square arrangement of the
fabricated NWs in the measured area of about 60� 60lm2. This result
is remarkable with respect to earlier ARMMP measurements with

VA-Si-NWAs by NSL and MacEtch, where ordered NWs were
observed in domains of much smaller scale (<5lm).68

Beyond such a qualitative evaluation, more quantitative informa-
tion about the dimensions of NWs in an array can be obtained by
combining fast in-line optical metrology tools with off-line SEM and/
or AFM measurements.54 In this context, angle-resolved Fourier
microscopy (ARFM) was done with Si-NWAs of 500 nm pitch fabri-
cated by EBL and cryo-DRIE in Fig. 11. Here, Fourier scattering–dif-
fraction efficiencies were obtained applying a smaller wavelength
(488 nm) than given by the period (500 nm) of the measured structure.
Therefore, the diffraction pattern is characteristic due to the large
number of diffraction orders included within the numerical aperture
(0.9) of the scatterometer. The calculated model scattering–diffraction
efficiencies gc in Fig. 11(b) (see Sec. IVC3) were generated for the
v2-plot with a minimum for the parameters of height of 205 nm and
diameter of 110nm in Fig. 11(c). The measured AFM height was
found to be 2046 2 nm.72 Small differences between the measured
and simulated images are observed, which we relate to not perfectly
uniform dimensions of the NWs across the field of view of approxi-
mately 0.25mm in diameter. The v2-plot reveals that the diameter can
be found with small uncertainty, whereas the height uncertainty is
much larger. This is confirmed by the estimated average uncertainties
calculated from the covariance matrix, which yield a height uncertainty
of 1.3 nm and a width uncertainty of 0.2 nm. We therefore believe that
the main contribution to the observed difference between simulated
and measured diffraction efficiencies is due to height variations of the
structure. A non-zero correlation coefficient between height and diam-
eter is found (�0.3), which means that a change in one parameter pc

will be partly counteracted by the other.

2. Characterization of roughness

To investigate the sidewall roughness of the NW, a nanomanipu-
lator, kindly provided by the company Kleindiek (Reutlingen,
Germany), was installed in a combined AFM-SEM (FusionScope

TM

)

FIG. 10. Left: Normalized measured Mueller matrix (MM) elements of Si-NWAs sample (D225-P500-H350, for sample designation see Fig. 1) fabricated by cryo-DRIE (recipe
#sub-100 nm-2, 8 min, process parameters see Table I) using nanodiscs of NIL resist (UV Cur06, D250-P500-H�300), with a scale from �1 to 1 for each matrix element.
Each square represents one of 16 MM elements. Right: The same measurement plotted with a scale of �0.25 to 0.25 to show more details in the off-diagonal matrix elements
(AOI: angle of incidence). The measured area amounts to about 60� 60 lm2.
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and was used to crack free-standing NWs at their base (Sec. IVB 5).
NWs (D1200-P1600-H� 20000, for sample designation, see Fig. 1)
have been fabricated by cryo-DRIE (recipe #NIL-HAR, 5min, Table I)
of Si (h100i, 1–10X�cm) and NIL masks [Fig. 5(a1)] have been used
in this experiment. The combination of AFM and SEM in one system
enables a user to easily find a cracked NW [see Fig. 12(a)], to precisely
navigate the AFM tip to a specific position on the NW, and finally to
perform high-resolution AFM measurements there. The red rectangle
in the SEM image of Fig. 12(a) indicates the position, where the AFM
measurement shown in Fig. 12(b) has been performed. To analyze the
sidewall roughness in more detail, a zoomed-in image of the sidewall is
displayed in Fig. 12(c) as well as an extracted height profile
[Fig. 12(d)]. The analysis of the studied NW revealed a sidewall rough-
ness of approximately 13nm (RMS value).

To study the properties of the NWs such as diameter, height,
pitch, and surface roughness, NWs (D40-1500P500-1500H290), pre-
pared by cryo-DRIE (recipe #sub-100nm-2, 7min, Table I) of Si
(h111i, 54–66X�cm) and EBL-Cr masks, have been investigated with
the FusionScope

TM

. To this end, the SEM function has been used to find

an arbitrary NW on the sample [see Fig. 13(a)], which has been selected
to perform high-resolution AFM measurements [Sec. IVC5]. Figure
13(c) displays a 3D representation of the topography of the selected
NW. The height profile extracted from the AFM image shown in
Fig. 13(d) reveals a NW height of approximately 290nm and a diame-
ter of approximately 1.5lm, which fits well to the targeted NW diame-
ter (15006 20nm). The NW-top-surface roughness and the bottom-
space-surface roughness have been analyzed from the zoomed-in AFM
images shown in Figs. 13(e) and 13(f), respectively. A NW top-surface
roughness of approximately 0.3 nm has been measured, indicating the
top of Si-NWs has been well protected from etching by the Cr mask.
The bottom-space-surface roughness of approximately 2 nm of the
etched Si at the bottom can be considered as smooth, too (see Table
IV). For comparison, top- and bottom-roughness levels of sample
D400P3200H1600 (Recipe #Nano-Uniformity, 15min) have been mea-
sured by AFM (Fig. S9), resulting in a measured roughness (RMS) val-
ues of 3.46 0.3 and 2.76 0.5 nm at the top surface of the NWs and
bottom surface in between (Tables SIII and IV), respectively. It has to
be noted that, here, roughness is measured by scanning over many

FIG. 11. (a) Measured Fourier scattering–diffraction efficiencies, (b) simulated diffraction efficiencies, and (c) v2-plot around the minimum in the diameter–height space. All
experiments have been performed with Si-NWAs of 500 nm pitch fabricated by EBL and cryo-DRIE (D�100P500H�200, recipe #sub-100 nm-2, 5 min) (for sample designation,
see Fig. 1) for an image size of 640� 480 pixels using unpolarized light at 488 nm. The field of view had a diameter of approximately 0.25 mm, i.e., it contains
�2.5� 105 NWs.

FIG. 12. (a) SEM top view of a NW sidewall (recipe #NIL-HAR, 5 min, Table I) (for sample designation see Fig. 1). The red rectangle indicates the measured area, in which the
AFM image shown in (b) has been recorded. (b) AFM topography of the NW sidewall. (c) Zoom-in image of the NW shown in (b) (indicated by the blue rectangle). (d)
Corresponding height profile along the red line in (c).
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NWs along bottom-sidewall-top surfaces. Therefore, the undercut
induced “roughness” has been measured (3.4 nm). Here, since its top
has been protected from etching by masks, its roughness is consistent
�0.3 nm confirmed by FusionScope

TM

.

Topography and surface roughness of NWAs were imaged both
on small scale containing about 10 NWs using SEM and AFM and on
large scale with up to �2.5� 105 NWs using optical scatterometry
(ARFM). A combination of AFM and ARFM in a hybrid metrology

FIG. 13. (a) SEM top view of a Si-NWAs (D1500-P5000-H290) (for sample designation see Fig. 1) fabricated by cryo-DRIE (recipe #sub-100 nm-2, 7 min, Table I), using nano-
discs of Cr (D1500-P5000-H30) prepared by EBL. The red rectangle defines an arbitrary area, where an AFM image (b) was subsequently recorded. In (c), a 3D representation
of the topography of one NW is depicted with blue arrows indicating the starting and ending point of an extracted height profile displayed in (d). The green and magenta rectan-
gle in (c) correspond to the areas, where the images (e) and (f) are recorded to investigate the bottom and NW-top-surface roughness.
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approach, which can yield diameter, pitch, and height at low uncer-
tainty, showed high uniformity and fidelity of cryo-DRIE-fabricated
Si-NWAs close to the mask design using NIL and EBL. Very low
roughness in the nm range or even below was found on top and at the
bottom of the NWs, and the sidewall roughness was�13 nm.

C. Process-parameter variation

To investigate and explain how process parameters affect profile,
morphology, and height (etch rate) of the obtained NWs, recipes
#Nano-Uniformity and #EBL-HAR (Table I) are used as benchmarks
for etching Si of various crystal orientations and doping concentrations
with masks of different layout designs. The impacts of process parame-
ters are checked by controlled variables and visualized by SEM graphs.
Since its availability of offering uniform patterns on wafer scale
[Fig. 7(a)] and good sticking efficiency as well as high selectivity, resist
masks prepared by NIL (D�400-P�3200/�4000-H�600) are
employed for investigating the effect of cryo-DRIE process parameters
to the morphology of etched Si-NWs. For these experiments, if not
specified, wafers of Si h100i (phosphorus-doped, 1–10X�cm, 4’’) are
applied.

1. Gas concentration and flow rates

A straight and smooth sidewall profile is generally expected and
required for high-aspect-ratio Si-NWAs, but a sloped sidewall angle
and a smooth sidewall topography are preferred for water/oil repelling
surfaces and through Si via (TSV) applications. For all desired mor-
phologies, profile control is critical, which is determined by the ratio of
etching and passivation. As mentioned above, in SF6/O2 gas mixtures,
the fluorine radicals are destined to etch the Si, whereas the oxygen
radicals are used to form the SiOxFy passivation layer to protect the Si-
NWs sidewalls from being etched, so as to achieve a good control of
the etching profile. Etching Si-NWs with vertical sidewall profile can
be realized at a SF6/O2 gas-flow ratio where etching and passivation
equilibrium is achieved.

Influences of gas concentration have been investigated by increas-
ing the percentage of O2 of the total gas flow from �2% to �14%, i.e.,

the O2 flow rate has been increased from 2 to 10 sccm, with the flow
rate of SF6 fixed at 60 sccm [Figs. 14(a)–14(c)] and varied from 80 to
120 sccm [Figs. 14(d) and 14(f)]. The other process parameters were
fixed (recipe #Nano-Uniformity, 10min, Table I). Theoretically, an
increased O2 concentration leads to a decrease in the etch rate and a
positive-tapered profile due to faster formation of the passivation layer,
which is confirmed by the results shown in Figs. 14(b), 14(c), 14(e),
and 14(f), whereas, for O2 concentration at�3% [Fig. 14(a)] and�2%
[Fig. 14(d)], only pyramidal nanostructures have been observed. This
is because of the collective effect of high etch rate and low passivation-
forming rate, inducing a formation of inverse cones rather than NWs,
which topple down and are subsequently etched from the sidewall. To
confirm this suspicion, a 30-nm-thick Cr mask has been used instead of
a resist mask to repeat the etching. After etching for 5min, toppled-
down Si-NWs with Cr disks on their tops can be observed [Fig. S10(a)],
and with increasing etching time, “lying-flat Si-NWs” have been etched
from their sides, leaving Cr-mask flakes and residual pyramid-shape
bases [Fig. S10(b)]. Based on this observation, we can conclude that as
the concentration of O2 increases, the etch rate reduces notably and the
tapered angle turns markedly from negative to positive.

In addition, changing gas-flow rates at fixed SF6:O2 ratio has been
investigated, by comparing Figs. 14(b)–14(e) (SF6:O2¼�91%:9%) and
Figs. 14(c)–14(f) (SF6:O2¼�86%:14%), respectively. The vertical etch
rate is measured to be independent of flow rates, resulting in �140 and
�73nm/min at SF6:O2 of �91%:9% and �86%:14%, respectively. On
the contrary, diameters of NWs fabricated at high gas-flow rate are mea-
sured to be smaller than those at lower rate, which are �530 [Fig. 14(e)]
to �660nm [Fig. 14(b)] and �620 [Fig. 14(f)] to �760nm [Fig. 14(c)],
indicating that the NWs have been more laterally etched at high gas-flow
rate. However, when the etch rate has been increased by using a higher
ICP power (recipe #NIL-HAR, Table I), we find that at too-low gas-flow
rate (SF6:O2¼ 30 sccm:2.8 sccm¼�91%:9%) black Si is created [Fig. S11
(a)]. Even at a similar gas-flow rate as used for recipe #Nano-Uniformity
(Table I), the NWs sidewalls are still rough, while increasing the gas-flow
rate to SF6:O2¼ 120 sccm:11 sccm brings about smooth etching [Fig. S11
(c)]. Therefore, for fabricating high-aspect-ratio Si-NWAs with high etch
rates, gas-flow rates higher than 100 sccm are preferred.

TABLE IV. Summary and comparison of fabricated of Si-NWAs artifacts. n.m.: not measured; n.a.: information is not available in references.

Material Recipe
Crystallographic

orientation
Etch

rate (lm/min)
Aspect
ratio

Diameter
(nm)

Top/bottom/sidewall
roughness (nm)

Height
(lm)

Cryo-DRIE

#EBL-HAR h111i �4 >100 >200 n.m./n.m./n.m. >20
#sub-100 nm-2 h111i 0.07 >30 >10 �0.3/�2/n.m. >0.35
#NIL-HAR h100i �4 >60 >400 3.46 0.3a/2.76 0.5/�13 >24

Cryo-DRIE & PEO #PL-HAR & 3�PEO h100i �4 �80 �230 n.m./n.m./n.m. 18

Bosch process

2023, Ref. 3 h100i n.a �2 > 230 n.a./>10/n.a. <0.5
2018, Ref. 42b n.a. n.a. >50 �1000 n.a./n.a./�5076 40. �50
2019, Ref. 46 n.a. 3–5 120 500 n.a/10/n.a. 60
2012, Ref. 48 h100i <0.36 �50 <10 n.a./smooth/n.a. < 0.5

SDRIE 2011, Ref. 47 n.a. 0.18 58 24 n.a./smooth/n.a. 1.39
Pseudo-Bosch 2019, Ref. 38 h100i 0.4–0.5 >50 >200 n.a./n.a./n.a. 10–14
Gas-MacEtch 2023, Ref. 35 h100i 0.3–0.5 200 200 n.a./1–5/ n.a. 43

aHere, the undercut has been included in the given value, POE: post-etching oxidization.
bThe process temperature of the Bosch process was approximately �19 �C (minimum allowed by their tool).
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The morphology of the obtained NWs is correlated with the
mask layout at fixed processing parameters, as we mentioned before.
Taking advantage of the high resolution and layout-design flexibility of
EBL, 30-nm-thick Cr-mask nanodiscs with different diameters and
pitches have been fabricated. As shown in Fig. 15, the etch rate of Si is
measured to be almost the same (�75 nm/min) for the different lay-
outs, resulting in Si-NWs with aspect ratios of �16 [Fig. 15(a)], �15
[Fig. 15(b)], and �7.5 [Fig. 15(c)], respectively. Furthermore, their
profile angles (angle of sidewall with respect to bottom surface) are
found to be close to the same value (�85.5� 6 0.4�) as well, i.e., this
observed uniformity indicates that an influence of the etching-loading
effect51 to the layout design is not visible, which is different to trench
etching.

For etching Si-NWs of high aspect ratio, precise control of gas con-
centrations at high flow rate is crucial; therefore, the relation between
NW morphology and layout design has been experimentally investi-
gated with Si-NWAs of various diameters and pitches using numerous
recipes for cryo-DRIE. Representative results are shown in Fig. 16,
wherein the vertical etch rate is approximated to be the same for differ-
ent patterns of Si-NWAs of �20lm in height (aspect ratio< 100). The
profile angle of the Si-NWs keeps constant, which is confirmed by

Fig. 16, as well as Figs. S9–S11, where the profile angles at the NWs’ bot-
tom part amount to �98.3� 6 0.4� [D300-P1000H20000, Fig. 16(a)],
�98.26 0.3� [D500-P1250-H20000, Fig. 16(c)], and �98.2� 6 0.4�

(D800-P2500H20000 to D1300-P2500-H20000, Figs. 16(f) to 16(j)].
Compared to the Si-NWs shown in Fig. 15, there are much larger
undercuts observed than for the Si-NWs shown in Fig. 16. This is attrib-
uted to the larger ICP power resulting in larger etch rate at the begin-
ning of etch, when the formed passivation layer is not thick enough to
protect the sidewall. Therefore, for the Si-NWs with diameters smaller
than 200nm, masks dropped from their tops and the Si-NWs have
been etched. These etching phenomena can be furtherly confirmed by
changing the gas concentrations as shown in Figs. S12 and S14, wherein
the profiles turn gradually from negative to positive as the O2 concentra-
tion increases from �10% (Fig. S12) to �11.5% (Fig. 16), 13.1% (Fig.
S13), and �14.6% (Fig. S14). Here, the cyro-DRIE recipe #EBL-HAR
(Table I, 5min) is used, with the total gas flux and other parameters
fixed.

In addition, for all samples, the Si-NWs located at the edges of an
array have either more negative (Fig. S12) or positive (Figs. S15 and
S16, depending on the recipes) profiles with respect to the Si-NWs
from inside an array. These irregular shapes are induced by a collective

FIG. 15. 30� tilted-SEM graphs of Si-NWAs fabricated by DRIE (#sub-100 nm-1, 20 min, process parameters; see Table I) using nanodiscs of Cr (30 nm in thickness) patterned
by EBL with different mask layouts as masks, on 1� 1 cm2 Si (h111i, 0.0005–0.001X�cm). (a) dNW� 90 nm, pitch� 500 nm, height� 1490 nm; (b) dNW� 100 nm,
pitch� 1000 nm, height� 1488 nm; (c) dNW� 200 nm, pitch� 1000 nm, height� 1500 nm. The Cr masks were removed after etching of the Si-NWAs. The scale bar is
500 nm for all samples.

FIG. 14. Cross-sectional SEM graphs of Si-NWAs etched at different gas-flow rates (given in sccm) by cryo-DRIE using patterned nanodiscs of NIL resist (D�400-P�3200-
H�600) as masks, with the other cryo-DRIE parameters fixed [(a)–(f): recipe #Nano-Uniformity, 10 min, Table I]. The figures on the right sides exhibit magnified views of single
NWs. Dashed red and blue lines in (a) and (d), respectively, indicate Si-NWs of negative-tapered profile before toppled-down (not to the real scale). The scale bars are
1000 nm (white) and 300 nm (black), respectively. The resist masks were removed after etching of Si-NWAs.
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effect of feature-size-dependent loading and aspect-ratio-dependent
etching (ARDE, also known as the etch lag in RIE). When the process
begins, the “macro-surface” around the Si-NWAs is etched indistin-
guishably from the interior of the Si-NWAs (Fig. 15), i.e., there are suf-
ficient radicals traveling among the NWs. As etching progresses, the
difference of generating NWs to trenches51 becomes notable, since
> 75% of the Si bulk have been etched to create Si-NWAs, which is
much more than that (<10%) involved for uniform trench etching.73

Therefore, the reactants are consumed faster during NW etching than
for trench etching, leading to lower etch rate and uniformity. For
example, the profile angle of NWs is more sensitive to small space
than the mask/space ratio, which means that passivation rate exceeds
etching rate. Either the fluorine radicals can only penetrate more diffi-
cult through the small gaps, or the SiF4 reaction product is released
less easily to the top surface. The Si-NWAs close to the macro-surface
are better accessible and therefore can be etched easier than the interior
region (Figs. S15 and S16). Similarly, with increasing Si-NWs’ height,
the reactants need to diffuse through the already etched structures in
order to support a constant etching rate at the bottom. Therefore,
again, passivation exceeds etching and the profile angles gradually turn
to more and more positive until the wires merge into each other at
their bases (Figs. 16 and S13). However, such irregular Si-NWs are
observed only among the outermost edges of the arrays when fabricat-
ing Si-NWAs of �100 aspect ratio, which is negligible on the wafer

scale. In a further experiment, as shown in Fig. S14, etching has been
interrupted and the sample has been brought back to room tempera-
ture and pressure before a second cycle of etching has been continued.
Here, it can be observed clearly that the second etching has started as
in the first run, both in lateral and vertical directions, leading to a two-
part frustum, the upper part of which has a smaller diameter than the
lower, due to a loss of its passivation layer during the process interrupt.
Different to the pseudo-Bosch process, wherein the passivation layer
on the surface of Si-NWs has to be removed after the fabrication of Si-
NWs, the SiOxFy passivation layer generated in cryo-DRIE evaporates
by itself during the warming-up of the chamber to room temperature.
No cleaning procedure is required after cryo-DRIE to end up with
NWs of very clean and smooth sidewall surface.

2. Temperature

Notable results are observed for experiments at different etching
temperatures T (Fig. 17). Higher etching temperature resulted in the
fabrication of higher bowling-shaped Si-NWAs with negatively
tapered profiles, using recipe #Nano-Uniformity (Table I). The etch
rate at �85 �C [Fig. 17(a)] exceeds that at �120 �C [Fig. 17(d)] by
more than fivefold, specifically 240nm/min compared to 45 nm/min.
Additionally, at higher temperatures, the etching undercut is more
pronounced than that observed in Si-NWAs obtained at lower

FIG. 16. 30� tilted-SEM graphs of Si-NWAs fabricated by cryo-DRIE (recipe #EBL-HAR, SF6:O2¼ 115 sccm:15 sccm¼�88.5%: 11.5%, 5 min, with other process parameters
fixed, see Table I) using nanodiscs of Cr (30 nm in thickness) of different diameters (D: 300–1300 nm) and pitches (P: 1000, 1250, and 2500 nm, Fig. S5 and Table S2) (a)
dm� 300 nm, pitch� 1000 nm; (b) dm� 400 nm, pitch� 500 nm; (c) dm� 500 nm, pitch� 1250 nm; (d) dm� 600 nm, pitch� 1250 nm; (e) dm� 700 nm, pitch� 1250 nm; (f)
dm� 800 nm, pitch� 2500 nm; (g) dm� 900 nm, pitch� 2500 nm; (h) dm� 1000 nm, pitch� 2500 nm; (i) dm� 1100 nm, pitch� 2500 nm; and (j) dm� 1300 nm,
pitch� 2500 nm, patterned by EBL as masks on 1� 1 cm2 Si (h111i, 0.0005–0.001X�cm). The scale bar is 1000 nm, and Cr disks have not been removed. For sample des-
ignation, see caption of Fig. 1, here NW height amounts to H¼ 20 lm.
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temperatures. Both the heightened etch rate and increased undercut
can be attributed to the enhanced reactivity of radicals at elevated tem-
peratures. For the achievement of Si-NWAs with precise morphology,
it is imperative to maintain the etching temperature within the range
of �105 �C to �95 �C [Fig. 17(c)]. Within this temperature range, the
sidewalls exhibit a notably smoother appearance. Furthermore, Si-
NWs etched at �95 �C with an ideal profile angle of 90.0� 6 0.05�

offer a superior opportunity for profile fine-tuning by adjusting other
etching parameters compared to those etched at �105 �C (profile
angle 93.7� 6 0.3�). Especially when etching large-scale or high-aspect-
ratio (HAR) Si-NWAs, a temperature of �95 �C is preferred over
�105 �C due to its higher etch rate. At �95 �C, the etch rate reaches
approximately 145nm/min, in contrast to around 90nm/min at
�105 �C, as illustrated in Fig. 17(c). To ensure that the temperature of
the sample surface during etching corresponds to the indicated elec-
trode temperature, good thermal contact between sample and the
stainless-steel holder is essential. In our experiments, thermal-
conductive grease (fomblin oil) has been applied between the backside
of the sample and the sample holder.

3. ICP power

ICP power determines the concentration of ion/radical density
available for isotropic chemical etching, as indicated in Figs. 18(a)–18(c).

Correspondingly, the vertical etch rate increases from �65 to
�270nm/min, when the ICP power is increased from 100 to 180W.
Increasing the ICP power furtherly to 500W with the other process
parameters fixed aggravates the surface roughness and leads finally to
an evolution of black Si, as shown in Fig. 18(d). Simultaneously, the
diameter of the Si-NWAs decreases from �600 to �500nm, revealing
enhanced lateral etching. If the ICP power is increased further from
300 to 700W, as we can observe in Fig. S17, the profile of the NWs
turns from positive-tapered to negative-tapered, evidencing a weakened
formation rate of the passivation layer compared to the fluorine-radi-
cal-dominated Si etching. This means that the F� concentration has
been enhanced over the O� concentration by increasing the power/ion
density.

4. RF power

The RF power parameter controls the ion energy, which is mani-
fested as the density of directional irradiation of the sample by ions
and dragged radicals. Therefore, the value of RF power determines the
removal of the SiOxFy passivation layer from bottom surface by
increasing the kinetic energy of the accelerated ions. For removal of
the SiOxFy passivation layer, same as for SiO2, an energy threshold
around 10–30 eV exists.74 Lowering the RF power too much weakens
the pursued ion bombardment to a degree, which may inhibit

FIG. 17. Cross-sectional SEM graphs showing the influence of etching temperature
T on the fabrication of Si-NWAs using cryo-DRIE (recipe #Nano-Uniformity, 10 min,
with the other process parameters fixed, process parameters; see Table I) and pat-
terned nanodiscs of NIL resist (D�400-P�3200-H�600) as masks, (a) tempera-
ture at �85 �C, (b) temperature at �95 �C, (c) temperature at �105 �C, and (d)
temperature at �120 �C. Magnified views of corresponding single NWs are dis-
played on the right. The scale bars (white/black) correspond to 1 lm/500 nm. The
resist masks were removed after etching of Si-NWAs.

FIG. 18. Cross-sectional SEM graphs showing the influence of ICP power on the
fabrication of Si-NWAs using cryo-DRIE (recipe #Nano-Uniformity, 10 min, with the
other process parameters fixed, process parameters; see Table I) and patterned
nanodiscs of NIL resist (D�400-P�3200-H�600) as masks, (a) ICP power at
100W, (b) ICP power at 150W, (c) ICP power at 180W, and (d) ICP power at
500W. Magnified views of corresponding single NWs are displayed on the right.
The scale bars (white/black) correspond to 1lm/500 nm. The resist masks were
removed after etching of the Si-NWAs.
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directional etching of the SiOxFy layer leading to a rough surface and
ending up with black-Si evolution. As it can be seen clearly in
Fig. 19(c), higher RF power leads to less undercut than lower RF power
[Figs. 19(a) and 19(b)], but more negatively profile, when using the
same mask material. At higher RF power levels, because of the
strengthened and more directional physical bombardment by the ions,
the vertical etching rate of Si increases, while the lateral etching rate of
Si underneath the masks is not appreciably affected. Meanwhile, higher
ion energy results in more re-deposition of ions and radicals onto the
NWs sidewalls, enhancing sidewall etching and forming a negative
sidewall profile. In addition, higher ion energy results in lateral shrink-
age of the mask discs due to more severe erosion, especially of resist
masks, forming bowling-pin-shaped NWs similar to those found at
increased etching temperatures.

5. Pressure

The helium pressure controls the heat transfer between the bot-
tom electrode and the wafer carrier of stainless steel to ensure a suffi-
ciently good thermal conductivity for efficient temperature transfer
from the LN2 cooling head to the silicon wafer and removal of the heat
induced on the wafer by the plasma process.58,75–78 As the chamber
pressure was reduced to 0.1Pa [Fig. 20(a)], a minor mask undercut is
observed at the start of the process followed by early removal of the
sidewall passivation layer causing lateral etching by fluorine radicals.
Consequently, the NW profiles have a negative sidewall angle. By
applying a higher process pressure of 2.0 Pa [Fig. 20(c)], the ion bom-
bardment has a larger ion angular distribution (IAD), which reduces
the ion-bombardment directionality.51 The Si etch rate increases with
pressure in the low-pressure region due to an increase in atomic

fluorine concentration. However, increasing pressure further results in
a decreased etch rate due to decreased ion energy and radical flux in a
high-pressure plasma. As a result, the fabrication of Si-NW is affected
by the emergence of black Si (Fig. S18). Finally, it has been recognized
that high-aspect-ratio etching of Si requires a sufficient (i.e., relatively
high) flux of the process gases. Otherwise, a decrease in etch rate due
to etch-species depletion was observed, which might lead to an over-
passivation of the Si bottom surface causing an immediate stop of the
etch process. Therefore, a maximum etch rate for fabricating HAR
Si-NWs of regular profile and smooth surface can be observed at a
pressure between 0.1 and 1Pa.

In addition, as observed in figures of all Si-NWs etched from Si
h100i and presented in this work, the cylindrical wire shape at the top
goes into a square/cubic-shaped pedestal, indicating the low etch rate of
the h111i planes. One rational explanation is the faster passivation rate
on Si h111i, since there is only a single dangling bond available from
the Si atoms of the surface, which has to be saturated. This facilitated
passivation of the crystal planes, which have higher densities is known
from oxidation rates, i.e., oxidation of Si h111i is faster than Si h100i.79
McFeely et al. explained the different etch rates from an etching mecha-
nism, in which at room temperature the silicon surface is covered by
many monolayer thick SiF2 films.80 On Si h100i, more SiF2 species tend
to evolve compared to Si h111i. SiF2 is considered to be the essential
intermediate etching species to form the SiF4 end product. For etching
of Si h111i via the SiF2 intermediate state, a Si–Si bond has to be bro-
ken, with an inherently higher activation energy and thus a lower etch-
ing rate on Si h111i than on Si h100i. This state seems to be similar to
the etching reactions of Si in wet HO-containing solutions.

In summary, the impact of individual cryo-DRIE parameters—
namely, (a) temperature, (b) ICP power, (c) RF power, and (d) chamber

FIG. 19. Cross-sectional SEM graphs showing the influence of RF power on the
fabrication of Si-NWAs using cryo-DRIE (recipe #Nano-Uniformity, 10 min, with the
other process parameters fixed, process parameters; see Table I) and patterned
nanodiscs of NIL resist (D�400-P�3200-H�600) as masks, (a) RF power at 5W,
(b) RF power at 10W, and (c) RF power at 25W. Magnified views of corresponding
single NWs are displayed on the right. The scale bars (white/black) correspond to
1lm/500 nm. The resist masks were removed after etching of the Si-NWAs.

FIG. 20. Cross-sectional SEM graphs showing the influence of pressure on the fab-
rication of Si-NWAs using cryo-DRIE (recipe #Nano-Uniformity, 10 min, with the
other process parameters fixed, process parameters; see Table I) and patterned
nanodiscs of NIL resist (D�400-P�3200-H�600) as masks, (a) chamber pressure
at 0.1 Pa, (b) chamber pressure at 1 Pa, and (c) chamber pressure at 2 Pa.
Magnified views of corresponding single NWs are displayed on the right. The scale
bars (white/black) correspond to 1lm/500 nm. The resist masks were removed
after etching of the Si-NWAs.
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pressure—on the geometry and morphology of Si-NWAs has been
illustrated in Fig. 21 (depicting etch rate and sidewall angle) and Fig.
S19 (depicting height, diameter, and aspect ratio). As demonstrated in
Sec. IIC 1, a gas flux exceeding 60 sccm provides sufficient radicals for
the etching reaction; therefore, etch rate will not be improved with
increased gas flux further. Elevated etch rates can be achieved by
enhancing ion density and ion activity, accomplished through increased
ICP power and RF power, as well as maintaining higher chamber reac-
tion temperatures or lower reaction pressures. For etching HAR Si-
NWAs with a high etch rate, the optimal process involves using high
ICP power (e.g., 500W). The profile angle of Si-NWAs, influencing
their macro physical properties and optical applications, is determined
by the passivation rate of the reaction. Elevated temperature and pres-
sure lead to increased passivation, resulting in positive profiles and ces-
sation of etching until the formation of black silicon. Additionally, since
RF power enhances physical etching, a low RF power is preferred dur-
ing the initial stages of etching to reduce undercut, particularly when
ion density is high. Excessively low RF power may lead to a positive
profile, forming a thick passivation layer and hindering the formation
of HAR Si-NWAs. To achieve extremely high-aspect-ratio (>100) Si-
NWAs, RF power can be adjusted higher after the formation of HAR

Si-NWs for a second cycle of etching, similar to the etching cycles in a
conventional process. The effect of cryo-DRIE process parameters on
topographical profiles exhibits dependencies that guide the optimiza-
tion of a set recipe based on specific design requirements (aspect ratio,
area density, diameter, surface roughness) and the characteristics of the
utilized lithography techniques (PL, NSL, NIL, EBL).

D. EBL—doping dependence

By etching and comparing heavily doped (�1019 cm3) and lightly
doped (�1012 cm3) Si wafers, it has been found that charge dissipation
into substrates plays a negligible role in plasma etching and the wafer
conductivity of Si is not important for mask undercut.38 Here, various
Si-NWAs are fabricated by etching different thick layers of intrinsic Si
materials, which have been epitaxially grown on boron-doped Si h100i
wafers with a dopant concentration of�2� 1019, phosphorus-doped Si
h100i wafers with a dopant concentration of �7� 1018 cm�3, arsenic-
doped Si h111i wafers with a dopant concentration of �4� 1019 cm�3

(see Ref. 81), as well as commercial four-inch wafers of phosphorus-
doped Si h100i with a dopant concentration of �5� 1015 cm�3

(SIEGERT WAFER, Germany), and boron-doped Si h111i wafers with

FIG. 21. Effect of the cryo-DRIE processing parameters on the etch rate and sidewall angle (sidewall inclination to the wafer bottom surface) of Si-NWAs, i.e. temperature (a),
ICP power (b), RF power (c), and chamber pressure (d). The Si-NWAs were fabricated using (recipe #Nano-Uniformity, 10 min, Table I) with changes in the parameter given in
each figure (a)–(d), using resists-nanodiscs (D�400-P�3200-H�600) patterned by NIL on Si h100i (phosphorus-doped, 1–10X�cm, 4’’).
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a dopant concentration of�8� 1013 cm�3. The diameters of fabricated
Si-NWAs range from 30 to 1500nm, cf. Figs. 22 and Fig. S5. An influ-
ence of the dopant type on cryo-DRIE has not been observed; however,
crystal orientation is crucial to NWmorphology, since Si h100i showed
a rougher bottom surface finish after etching compared to Si h111i. In
addition, although n-Si h100i and p-Si h100i have visually identical
morphology, the etch rate on n-Si h100i (�90nm/min) is higher than
on p-Si h100i (�78nm/min) and n-Si h111i (�76nm/min). This dem-
onstrates that etch rate is dependent on doping type and crystallo-
graphic orientation.

As we see from Fig. 23, the Si-NWs have cylindrical shape with
two sections of different diameters. The thicker upper cylinders
(�1250nm in height) are etched from a �1250-nm-thick epitaxial
layer of intrinsic Si while the thinner lower cylinders originate from the
highly doped n-Si h100i substrate. Since they have been etched at con-
stant cryo-DRIE parameters (recipe: #sub-100nm-2, 20min, Table I),

we can conclude that the lateral etch rate of highly doped n-Si h100i is
much higher than that of intrinsic Si. These results agree to a “charge
transfer mechanism” (see Ref. 82), in which electron transfer from Si to
physisorbed fluorine atoms is considered. The electron-transfer rate
determines the chemisorption rate of fluorine atoms on the Si surface,
which in turn controls the Si etch rate. Since highly phosphorous-
doped n-Si has negatively charged surface states acting as electron
donors, more electrons are offered. Exposed to neutral fluorine atoms,
n-type Si can therefore accelerate F chemisorption, whereafter etch
reactions will be notably promoted. Conversely, in p-type Si, positively
charged surface states are expected acting as electron acceptors. In this
case, for chemisorption of F, the electrons have to move from the fluo-
rine atom to the surface state, which is unlikely because of the strong
electronegativity of F.

To enhance the aspect ratio of the resulting Si-NWAs or further
reduce the diameter of the NWs beyond the limits of nanolithography

FIG. 22. 30� tilted-SEM graphs of Si-NWAs of different layouts (1) dm� 50 nm, pitch� 500 nm, (2) dm� 70 nm, pitch� 500 nm, and (3) dm� 90 nm, pitch� 500 nm, fabri-
cated by cryo-DRIE (recipe: #sub-100 nm-2, 6 min, Table I) using EBL-patterned nanodiscs of Cr (30 nm in thickness) as masks on 1� 1 cm2 Si with an intrinsic Si epitaxy layer
on (a) phosphorus-doped Si h100i with a dopant concentration of �7� 1018 cm�3, and (b) arsenic-doped Si h111i with a dopant concentration of �4� 1019 cm�3. Insets are
their corresponding magnified views (with Cr masks still on their top surfaces). The scale bars are 500 and 100 nm for the figures and their insets, respectively.

FIG. 23. (a) 30� tilted-SEM graphs of Si-NWAs fabricated by cryo-DRIE (recipe: #sub-100 nm-2, 20 min, Table I) using EBL-patterned nanodiscs of Cr (D400P1500H30) as
masks on 1� 1 cm2 Si with an intrinsic epitaxial layer on a phosphorus-doped Si h100i substrate with a dopant concentration of �7� 1018 cm�3, and its magnified view (b).
The Si-NWs are with Cr mask disks still on their tops. The scale bars are 500 nm.
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techniques, a post-etching oxidation (POE) and oxide-stripping pro-
cess can be employed [Fig. 24(a)]. In our investigation, Si-NWs
obtained through cryo-DRIE using a PL-mask undergo initial thermal
oxidation at 1100 �C.83,84 Subsequently, the formed Si oxide layer is
eliminated by immersing the Si-NWA sample in a diluted HF solution
(6%–7%). As depicted in Figs. 24(b)–24(e) and Fig. S20 in the supple-
mentary material (SI), the diameters of Si-NWs can be linearly reduced
from approximately 1060 nm to around 230nm over three cycles.
However, the thinning of NWs through POE/oxide-stripping is time-
intensive and limited to producing Si-NWAs with pitches larger than
the micrometer range. Additionally, achieving uniform oxidation/
oxide-etching necessitates precise experimental conditions, as devia-
tions can lead to deflection or collapse of Si-NWs (diameter�200 nm,
aspect ratio of �90, Fig. S21), similar to challenges encountered in the
wet-MacEtch process due to liquid drying.

The pattern collapses of vertically standing high-aspect-ratio
NWs due to stiction, which are well-known for wet-MacEtch, can be
circumvented using “dry” etching methods like gas-MacEtch, the
Bosch process, the pseudo-Bosch process, and the cryo-DRIE. These
techniques are therefore preferred for fabricating highly ordered Si-
NWs on large-scale areas. In the case of extremely high aspect ratios,
the reactant gases need to diffuse through the already etched NWs to
reach the bottom surface (or a catalyst at the bottom surface for the
gas-MacEtch). With continued etching, the process is becoming more
and more diffusion limited. In gas-MacEtch, however, the used catalyst
film patterns start to deform and to initiate a spiralizing catalyst
motion inside the Si substrate, as described in Ref. 35. Such an effect is
absent in plasma enhanced dry etching (cryo-DRIE and the pseudo-
Bosch), in which RF power can be tuned to proceed the etching toward
high-aspect-ratio NWs. As summarized in Table IV, cryo-DRIE
technique offers distinct advantages in the fabrication of Si-NWAs
compared to the conventional Bosch and pseudo-Bosch processes.
Cryo-DRIE enables the realization of Si-NWAs with greater heights
and aspect ratios. Furthermore, through optimization of etching rec-
ipes or the implementation of switching cryo-DRIE techniques, it
becomes feasible to fabricate Si-NWAs with heights equivalent to those

achieved by gas-MacEtch. Notably, cryo-DRIE exhibits unique advan-
tages in etching sub-100-nm diameter Si-NWAs, such as a high mask
dimension spatial transfer and low roughness surface, which are unat-
tainable using alternative techniques. This highlights the potential of
cryo-DRIE for fabricating and processing nanostructures and devices
of extremely small dimensions.

In addition to its technical advantages, cryo-DRIE offers notable
cleanliness compared to the pseudo-Bosch process and gas-MacEtch.
The latter two techniques require the subsequent removal of passiv-
ation layers or noble-metal catalyst layers, respectively, which pose
challenges for Si doping in electronics applications. The presence of
these layers necessitates additional steps for their removal, including
wet-chemical etching, which compromises the stiction-free processing
advantage offered by dry etching techniques thus far. Furthermore,
cryo-DRIE exhibits a higher throughput, allowing for a greater number
of wafers to be etched per hour. Its etch rate is comparable to the
Bosch and pseudo-Bosch processes, significantly higher than that of
gas-MacEtch. Moreover, cryo-DRIE eliminates the need for an addi-
tional passivation layer cleaning step. Overall, cryo-DRIE presents a
promising avenue for the fabrication of Si-NWAs, offering superior
control over dimensions, cleanliness, and throughput compared to
alternative techniques.

III. CONCLUSION

In this study, we have shown that anisotropic deep-reactive ion
etching of silicon at cryogenic temperatures (cryo-DRIE) has good
capability and potential for fabricating high-aspect-ratio sub-lm and
further sub-100-nm vertical arrays of silicon nanowires (Si-NWs).
Through our optimized etching process parameters, we have shown
that Si-NWs as small as �10 nm in diameter and large-scale silicon
nanowire arrays (Si-NWAs) as small as �30 nm in diameter can be
realized. Furthermore, for high-aspect-ratio Si-NWs by cryo-DRIE, we
achieved selectivity of �100: 1 with UV photoresist (AZ5214), of
> 120: 1 with UV nanoimprint resist and> 667:1 with a Cr hard
mask, which are much higher than those reported for the Bosch or
pseudo-Bosch process. In addition, cryo-DRIE enables us to

FIG. 24. Si-NWAs fabricated by cryo-DRIE (recipe #PL-HAR, t¼ 5min, Table I), with patterned nanodiscs of photoresist AZ5214E (D�1200-P4000-H�200) as masks, and
their diameter reduction using thermal oxidation and wet-chemical etching. (a) Schematic of the NWs oxidation (1) and oxide-etching (2) process. (b) Si-NWAs fabricated by
cryo-DRIE, (c), (d), and (e) showing SEM graphs of Si-NWAs after one, two and three cycles of oxidation and wet-chemical etching, respectively. The scale bars of (b)–(e) are
2lm.

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 021411 (2024); doi: 10.1063/5.0166284 11, 021411-21

VC Author(s) 2024

 26 N
ovem

ber 2024 12:04:21

pubs.aip.org/aip/are


manufacture Si-NWs of large heights of more than 20lm (aspect
ratio> 100) and low sidewall roughness (13nm) without scalloping,
with high etch rates of> 4lm/min, comparable to the Bosch process,
and much higher than those provided by pseudo-Bosch and gas-phase
metal-assisted chemical etching (gas-MacEtch), and smooth surface
finish (top roughness �0.3 nm, bottom-space roughness �2 nm). In
addition, compared to the Bosch process and pseudo-Bosch process,
the cryo-DRIE has less undercut; therefore, mask patterns can be better
transferred to nanostructures with less dimension deviation, which is
beneficial for fabricating nanodevices with precise high-resolution
demands. Additionally, ion irradiation at lower kinetic energy, given
by radio frequency (RF) power, can be used in the cryo-DRIE process,
which produces less damage to the nanostructures.

Furthermore, the number of etched wafers per hours can be
higher using cryo-DRIE, since it is a clean wafer-scale etching process.
Different to the Bosch process and pseudo-Bosch process, neither the
sample nor the reaction chamber has to be cleaned after cryo-DRIE to
remove the passivation layer. Compared to the gas-MacEtch, which
requires removing a noble-metal catalyst layer from the bottom
between the NWs, the masks for cryo-DRIE can be easily removed
from the top of Si-NWs by either dry- or wet-chemical etching.
Furthermore, cryo-DRIE offers much higher etch rates than gas-
MacEtch. Furthermore, cryo-DRIE presents a promising avenue for
the manufacturing of periodic nanoscale 3D Si architectures, exploiting
UV and EBL resists for patterning transfer without using hard masks,
which offer significant benefits for industrial production in emerging
fields such as next-generation photonics and electronics.

Comprehensive dimensional and topographical metrology of Si-
NWAs was done using different methods including high-resolution
imaging of individual NWs within a micrometer-scale field of view
using AFM and SEM and collective inspection of arrays on millimeter
scale using optical scatterometry (angle-resolved Mueller matrix polar-
imetry, angle-resolved Fourier microscopy). As prerequisite for metrol-
ogy during high-volume manufacturing of Si-NWAs at high
throughput, methods may be combined into a hybrid metrology,
where the strength of a specific method is used to compensate for the
weakness of another and vice versa. NW height accurately determined
with sub-nanometer resolution on few NWs can be used as an a-priori
known input parameter for optical scatterometry providing a sub-
nanometer uncertainty of diameter determined with>105 NWs over a
nearly millimeter-scale field of view. Imaging at varied magnification
for selecting a specific NW from an array was combined with traceable
roughness measurement on its top and sidewall surfaces using SEM
and AFM in one system.

IV. METHODS
A. Mask materials and fabrication techniques

Ideal NWs can be fabricated only under the premise of choosing
advisable patterning technologies for preparing appropriate lithogra-
phy masks, according to the corresponding etching techniques and
semiconductor substrates. For example, to Si-NWAs, masks of pat-
terned nanodisc arrays or nanohole arrays are required for dry etching
and MacEtch, respectively. Mask materials are generally categorized
into two types: soft masks and hard masks. Soft masks are usually
resist-structures patterned by a lithography process. As the mainstay of
micro- and nanoscale processing, a semiconductor lithography system
undertakes the fabrication of mask patterns. It is, therefore,

determinative and crucial to push dimensional limits of nanostructures
further before studying the effects of process parameters yielding
NWs.

Selection of mask materials for etching is a critical issue, which
may affect etch rate, mask undercutting, and surface quality of etched
NWs. In addition, the patterning and preparation of adopted masks
should be easy, and their resistance against etching must be sufficient.
The combination of a suitable mask material and an appropriate aniso-
tropic etching process is essential to fabricate Si-NWAs with expected
dimensions (diameters and heights, etc.) and morphology (profile and
smoothness of sidewalls, etc.). In cryo-DRIE, the major malady of pho-
toresist masks in addition to resolution limits is their vulnerability to
cracking due to thermal-expansion-mismatch stresses. Thin photore-
sists (<1.5lm) are reported to be free of cracking problems but may
limit the aspect ratio of NWs due to limited resistance against etch-
ing.54 Compared to resists or polymers, which have limited etching
resistance, hard masks are required for prolonged etching, which,
again, are known to be sturdy to cracking at cryogenic temperatures.
Aluminum has extremely high selectivity against Si in fluorine-based
plasmas during cryo-DRIE, but it initiates the formation of Si “grass”
on the bottom surface between the wires; therefore, its application as
mask material is limited mainly to through–wafer-vias (TSVs) etching
rather than employed for high-aspect-ratio nanostructures.85 Jansen
et al. reported that using SF6 plus a passivation gas (O2, CHF3, or
C4F8) at 0 �C to�120 �C, Cr masks will give more lateral etching than
SiO2 masks for both mixed-mode (i.e., non-switching) and pulsed-
mode (i.e., switching) etching.86

Photolithography (PL, also called optical lithography or UV
lithography) is a well-known and well-established technique for realiz-
ing micro- and nanopatterns on silicon. It uses UV light to transfer a
geometric pattern from a photomask to a photoresistive film on the
substrate, which is homogenously spin- or spray-coated over the entire
substrate. Due to its advantages such as a large number of optional
resist types and fast wafer-level processing, conventional PL has been
the mostly employed technique for processing Si materials.87–89 Both
masks of photoresist and metal can be fabricated by photolithography
(Fig. 1). When preparing photoresist-based patterns on a Si substrate
[Fig. 1(a)] for NWs etching, a mask with either a micro-/nanodisc
array (for positive resist exposure) or a micro-/nanohole array (for
negative resist exposure) is used, realizing patterns of micro-/nanodiscs
[Fig. 1(b)]) after developing, which works as mask for the subsequent
etching. On the contrary, for the fabrication of metal masks, prior to
the metal deposition, a “negative” pattern instead of the above-
mentioned mask layout [Fig. 1(b�1)] has to be prepared. Hereafter, a
metal (Cr, in our work) layer can be deposited forming circular
micro-/nanodiscs as hard masks after a liftoff process [Fig. 1(b�2)]. In
our experiments, both resist AZ5214 E (Microchemicals GmbH,
Germany) and a�300-nm-thick Cr layer have been fabricated accord-
ingly on Si wafers as etching masks. However, the traditional photoli-
thography is inherently limited by the wavelength of the used light
yielding a resolution typically not smaller than 400 nm.

Electron-beam lithography (known as e-beam lithography, EBL)
can realize nanopatterns down to�2nm by exposing a polymeric thin
resist film under a highly focused electron beam.90 Generally, the EBL
process contains steps similar to those applied during PL. Although
low throughput is limiting the application of EBL in high-volume pro-
duction of semiconductor devices, it has the primary advantage of
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being a mask-less (direct-write) process. It generates defect-free and
geometrically flexible nanopatterns, making it attractive for prototyp-
ing and specialized processing. The positive resist poly(methyl methac-
rylate) (PMMA, P 672.03 AR-P 672, Allresist GmbH, Germany),
which is soluble after electron exposure due to chain breakage of long
into smaller polymers, has been used in our research for creating nano-
holes [Fig. 1(b�1)] as small as �30nm in diameter for Cr liftoff.91 For
this work, a field-emission scanning electron microscope (FE-SEM,
Supra 40, Carl Zeiss AG, Germany) was used. This FE-SEM is
equipped with an e-beam writer (Raith, type EBPG 5200, 100KeV,
Raith GmbH, Germany) and can provide accurate exposure nominally
down to �10nm. Cr with a thickness of 30 nm and diameters varying
from 30nm to 1500nm have been fabricated as masks for etching
experiments in this study.

Nanosphere lithography (NSL) or colloidal lithography (CL) has
been extensively investigated in combination with MacEtch for fabri-
cating Si-NWAs, due to its simplicity, low cost, and high throughput
for constructing uniform nanopatterns compared to conventional
nanolithography methods.92–96 In an NSL process, periodic arrays of
self-assembled closed-packed mono/bilayer nanospheres [e.g., polysty-
rene (PS), SiO2, and others] serve as masks. Polystyrene nanoparticles
(PS-NPs) of �200 and �500nm in diameters have been employed as
etching masks in our work (Fig. S2). The order and uniformity of PS-
NPs’ deposition areas have been promoted by PL mesh arrays.55

UV-based nanoimprint lithography (UV-NIL) enables a feasible
cost-efficient process with high throughput, in which a transparent
mold was pressed against photo-curable resist at room temperature.
For the fabrication of Si-NWs, in this report, a flexible mold was
employed instead of the conventional hard mold; therefore, fabrication
errors such as imprecision due to non-planar and rough surface can be
compensated by a conformal contact between the flexible mold and
the Si substrate.56,97–102 Nanopatterned resists of UV Cur06
(Microresist technology GmbH, Germany) with lateral sizes ranging
from 400nm to 2lm with sequential increase in the pitch value from
800nm to 4lm, and with a fixed lateral size of 200nm and pitch of
500nm have been utilized for etching Si-NWAs, details about the fab-
rication parameters and steps can be found elsewhere.56,103 Details on
masks of various sizes and different materials that have been fabricated
and used in this work, including mask parameters and fabrication
techniques, have been summarized as Table V.

B. Si substrates and cryo-DRIE processing recipes

In a cryo-DRIE system, ICP and RF power are set individually to
control ions/radicals flux and ion energy independently, with quite
high power supplied to the ICP source to create a high-density plasma
and a high density of etching species. For a defined kinetic energy of

the ions, the sample is biased by an RF power. The sample is placed on
a substrate holder situated in the lower part of the reactor, on a chuck,
which is cooled with liquid nitrogen. Its temperature is measured and
regulated by a proportional-integral-derivative (PID) controlled heat-
ing element, which allows the wafer temperature to be set to a desired
value. Helium is injected between the substrate and the chuck to
increase thermal conductivity and facilitate the dissipation of heat gen-
erated from both the plasma and the chemical reactions. Therefore, to
achieve “perfect Si-NWAs,” how do these aforementioned parameters
(ICP power, RF power, temperature, pressure, etc.) influence the cryo-
DRIE process, especially in the nanoscales, has to be experimentally
characterized and understood, and subsequently optimized according
to the designed mask layouts.

Experiments have been carried out in two cryo-DRIE systems
(ICP-RIE plasma etcher SI 500, SENTECH, Germany, and PlasmaPro
100 RIE, Oxford Instruments, UK) by processing standard 2- to 4-inch
silicon wafers of different orientations (h100i and h111i). In addition,
layers of intrinsic Si of different thicknesses, which have been epitaxi-
ally grown on highly B-doped and P-doped h100i substrates with dop-
ant concentrations of 8� 1019 and 7� 1018 cm�3, respectively, have
been etched as well. Because the etching process parameters were
found to be compatible across the two ICP-RIE plasma etchers, we will
not label the etching instruments distinctly in the description of the
etching configuration in the paper. Prior to the cryo-DRIE process, all
the samples/wafers have been immersed into 6% HF solution for 10–
30 s to remove their native oxide layer.

C. Characterization of Si nanowires

1. Scanning electron microscopy for pitch measurement

Scanning electron microscopy (SEM) observation of uniformity and
fidelity for the pitch and diameter was carried out on TESCAN MIRA’s
third-generation SEM (TESCAN ORSAY HOLDING, a.s. Czech
Republic) at TU Braunschweig, Germany and an Ultra Plus (Zeiss) at the
Laboratoire National de m�etrologie et d’Essais (LNE), Trappes, France.
The latter is a Field Emission Gun (FEG) SEM equipped with a GEMINI
column. The instrument was calibrated with P900H60 standard.104 The
main influencing parameters were set to 3–5kV for the voltage (EHT)
and 3.5–8mm for the working distance (WD).

2. Angle-resolved Mueller matrix polarimeter (ARMMP)

In comparison with SEM and atomic force microscopy (AFM)
techniques, optical metrology provides faster information about aver-
age feature dimensions at larger areas.105 In the realm of critical
dimensional characterization, spectral ellipsometry is widely employed

TABLE V. Masks adopted in this report for cryo-DRIE and their corresponding geometrical parameters. PS-NPs: Polystyrene nanoparticles.

Mask Fabrication technique Diameter (nm) Pitch (nm) Thickness (nm)

Resist, AZ5214E UV-PL 1000 2400/4000 200/300
Cr UV-NIL/PL 400/800 2400/3200 300
PS-NPs NSL 200/500 �200/500 �200/500
Resist, UV Cur 06 UV-NIL 250/400/800 500/2400/3200/4000 300/600
Cr EBL 30–1500 500–5000 30
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to accurately determine the heights and diameters of periodic nano-
wire arrays (Si-NWAs). Although these techniques are commonly uti-
lized, they primarily provide information on structure symmetry and
surface orientations when the plane of incidence aligns with the princi-
pal directions of the silicon wafer. However, to gain insights into struc-
ture asymmetry and surface inclinations, it is advantageous to deviate
from the standard configuration and rotate the plane of incidence.
Traditionally, this involves rotating the sample and collecting data at
multiple azimuthal angles, a laborious and infrequently used process.
Alternatively, a rapid solution involves employing experimental setups
featuring high numerical aperture microscope objectives to capture the
Fourier plane image in a single acquisition. This innovative approach
facilitates data collection for all incidence and azimuthal angles simul-
taneously, offering additional information crucial for determining the
geometry of non-vertical walls.

In addition to other optical techniques, the Mueller matrix (MM)
ellipsometry (Sec. IVC2) can further obtain information about structure
symmetry, which is directly related to the symmetry in the off-diagonal
MM components. In the case of Fourier-space measurements of MM
using objectives with high numerical aperture, the mixing of specular
and diffracted light from periodic structures leads to an inevitable depo-
larization of the MMs in pixels where multiple orders overlap. This can
be further analyzed as overlapping of diffraction orders in the case of
non-coherent light sources, which leads directly to the sum of MMs cor-
responding to each separate diffraction order. While the analysis of such
situation is more complex, it enables to access the information in multi-
ple diffraction orders at the same time, thus allowing for a higher sensi-
tivity to the structure parameters if all the data can be fully exploited
(note that for another diffraction orders to appear, grating period has to
be larger than the half of the wavelength of the probing light).

In order to further exploit a maximum of the available informa-
tion, we have used an angle-resolved Mueller matrix polarimeter
(ARMMP) to acquire complete MMs.106 The setup operates thanks to
eigenvalue calibration developed for a situation without explicit knowl-
edge of the polarization properties of all components. Following this,
calibration process enables to characterize all linear optical effects using
the two calibration matrices A and W.107 The setup is calibrated for
every pixel taken by a CCD camera separately or in blocks of pixels.

3. Angle-resolved Fourier microscope (ARFM)

Angle-resolved Fourier microscopy (ARFM) measures the first
element of the Mueller matrix (MM) that is not measured by angle-
resolved MM ellipsometry. The setup collects data for all incidence
and azimuthal angles simultaneously providing immediately the
Fourier-space symmetry of periodic structures. We have done dimen-
sional parameter retrieval from measured scatterometry efficiencies
based on a recently developed hybrid metrology approach.72,108 As a
result, angle-resolved Fourier microscopy showed a very high sensitiv-
ity to the diameter of periodically ordered vertical NWs, while sensitiv-
ity to their height is low. Hybrid metrology using height data
measured beforehand by AFM as a-priori input for angle-resolved
Fourier microscopy is therefore essential for obtaining dimensional
parameters of vertical Si-NWAs on large scale with low uncertainties.

Hybrid metrology is used to determine the dimensional parame-
ters and their uncertainties of 2D periodic NWs by measuring the
same periodic structure using ARFM and AFM and applying a v2-
regression method with regularization that finds the best solution

based on the input from the two instruments.72 We have measured a
square-patterned periodic with cylindrical shapes silicon NWs with a
500 nm pitch in the x and y directions, using ARFM and AFM. The
v2-regression method contains two parts, the first part includes the
scatterometry contribution, while the second part is a Tikhonov regu-
larization part108 used for including the height measured in advance
using AFM. ARFM is an inverse technique that requires a rigorous
Maxwell’s solver to find the dimensions of a periodic structure.109 The
inverse problem we consider is the task of calculating from a set of
measurements of the dimensional parameters that produced those
results. The approach used here is based on setting up a regression
problem in the following sense: given a vector y of the measurement
data space Rn (y2Rn), a rigorous coupled-wave analysis (RCWA)
model function, fRCWA, maps a dimensional parameter p, which we
want to determine, to the measurement space Rm (p2Rm, fRCWA:
Rm!Rn). fRCWA transforms the parameter p into calculated model
scattering–diffraction efficiencies (gc), resulting in an approximation
to the measured data y. If additional knowledge about the measure-
ment errors is available, e.g., if the variances r2i of each of the measured
values yi are known, one can give them a corresponding weight in the
regression procedure. Then, the hybrid v2 function based on the input
from ARFM and AFM is written as72

v2 pcð Þ ¼ 1
2

h� hcð Þ2
rAFMð Þ2 þ 1

N

XN

i¼1

g� gc i; pcð Þð Þ2
rg ið Þ� �2

 !
: (2)

Here, the superscript c indicates calculated parameters, pc is a short-
hand notation for all the calculated geometrical parameters in the
mathematical model, rAFM is the uncertainty of NW height h mea-
sured by AFM, and rg(i) is the uncertainty of the ith pixel (i¼ 1. …,
N, N¼ 121�121), measured by ARFM. The above equation is used to
find best agreement of a library of pre-calculated Fourier scattering–
diffraction efficiency images with the experiment. Then, we can esti-
mate the corresponding uncertainties u(p), from the diagonal elements
of the covariance matrix (R) using

R ¼ JTUJ
� ��1

; (3)

where U is a diagonal matrix containing all the squared measurements
uncertainties and J is the Jacobian of gc and hc. For uncertainty analysis,
we assume perfect microscope objective, lenses, and light alignment.

4. Roughness and height measurements of Si nanowires
by atomic force microscopy (AFM)

Roughness and height of Si-NWs have been determined with
LNE’s commercial atomic force microscope (AFM), which is a Bruker
Dimension 3100 with nanoman-V controller. It has been calibrated with
a standard in the same range as the expected height values. Thus, the
AFM was calibrated with a step height SHS B1000 standard provided by
PTB. Its reference value was evaluated using LNE’s metrological AFM.110

5. Roughness measurement of Si Nanowires
by FusionScope

TM

Roughness measurements of sidewalls, top, and bottom-space sur-
face of Si-NWs have been performed with a FusionScope

TM

(Quantum
Design, San Diego, USA), an AFM, and an SEM combined in one
system.111 All AFM and SEMmeasurements in the FusionScope

TM

have

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 021411 (2024); doi: 10.1063/5.0166284 11, 021411-24

VC Author(s) 2024

 26 N
ovem

ber 2024 12:04:21

pubs.aip.org/aip/are


been performed under high vacuum conditions. SEM imaging has been
performed with a beam accelerating voltage of 5 kV. Diamond tips
glued on self-sensing cantilevers (AMG Technology Ltd., Botevgrad,
Bulgaria) with piezo-resistive readout have been utilized. The resonance
frequency of the cantilever ranges between 450 and 550 kHz and the
spring constant between 12 and 330N/m. All AFM measurements
have been performed in the amplitude-modulation mode. For visualiza-
tion, AFM data have been post-processed using the Gwyddion software
(V2.60). Plane subtraction, three-point leveling, and line-by-line sub-
traction have been used.

SUPPLEMENTARY MATERIAL

See the supplementary material for the fabrication of colloidal
mask, layout of masks fabricated by e-beam lithography, discussion of
Si-NWs fabrication, influence of loading effects and aspect-ratio-
dependent etching, and characterization of Si-NWAs.
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