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ABSTRACT: Anisotropic wet etching of crystalline silicon (c-Si) is a key chemical
process used in microelectronic device fabrication. Controlled fabrication of c-Si
nanostructures requires an understanding of how crystal planes evolve during silicon
etching. Here, by imaging KOH wet etching of c-Si nanowires, we show that it is possible
to switch the fast-etching direction (i.e., the etch anisotropy) between the Si {100} and
{110} crystal planes at will through mechanical agitation of the etchant. Based on
molecular dynamics simulations, we attribute this switching to the higher affinity of the
Si(OH)4 etch byproducts to the Si {110} planes. These surface-bound byproducts hinder
etchant access to the {110} surfaces under stationary etching conditions and thus reduce
the etch rate in ⟨110⟩ directions. Most importantly, by cycling through stirred and
stationary modes of etching, we can obtain isotropic etch profiles, fabricating high-quality,
round Si nanowires with sub-10 nm diameters. Our study provides an important insight
into the nanoscale wet etching of Si and demonstrates a new level of control for enabling
highly scalable, advanced nanoelectronic devices.
KEYWORDS: Si, Chemical Etching, Nanostructures, Nanowires, Nanofabrication, In situ TEM

■ INTRODUCTION
Modern microprocessors comprising billions of precisely
engineered Si transistors rely on advanced semiconductor
nanofabrication. To keep up with the demand for faster and
more efficient microprocessors, their performance is boosted
by continuously increasing the on-chip density of the
transistors.1 In previous and current generations of planar
and fin-shaped field-effect transistors (FinFETs), the increase
in density is typically achieved by reducing the lateral transistor
dimensions.2,3 While this approach to scaling worked very well
in the past, it is reaching its limit, with critical transistor
dimensions nearing only a few tens of atoms.4,5 To overcome
the limitations of this classical dimensional scaling, the
transistor architecture is being changed into stacked horizontal
and vertical gate-all-around field-effect transistors (GAA-
FETs),6,7 requiring new fabrication processes.8,9

Three-dimensional (3D) Si nanostructures, including
vertical nanowires, are produced by plasma-based dry reactive
ion etching.10 However, dry etching has a fundamental
limitation: the unavoidable damage to the surface caused by
energetic ions, which becomes a limiting factor on device
performance.11,12 In contrast to dry etching, wet chemical
etching does not cause a rough and structurally damaged
surface, as the surface atoms are removed through a direct
chemical reaction with the etchant. Furthermore, as an
industrial process, wet etching is advantageous as it can
process more wafers at once and etches more uniformly than
dry etching.13,14

The two most commonly used solutions for wet chemical
etching of c-Si are potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH). The key issue
with both of these alkaline solutions is that they etch Si
anisotropically: with nonidentical etch rates along different
crystallographic directions.15−18 While directionally different
etch rates are used to generate unique 3D structures, such as
trenches,19−21 surface texture,22,23 macropores,24 and canti-
levers,25−27 anisotropic etching prevents the fabrication of
circular vertical nanowires needed for future GAAFETs. Wet
etching of c-Si can be modified by adding metal impurities,28,29

alcohols,30−32 or by using acoustic,33 optical,34 or micro-
wave35,36 irradiation, but so far, no method is available for
controllable switching of the etch anisotropy.
Here, we demonstrate selective switching of the fast- and

slow-etching directions in Si to obtain nanoscale control over
the exact shape of the designed structures. Using an in situ
liquid-phase TEM platform, we visualize the dynamics of Si
wet etching with nanometer precision. Our simple method
switches the fast-etching directions between the Si {100} and
{110} crystal planes by controlling the diffusion of etch
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byproducts away from the surface through mechanical
agitation during the etching. Using this approach, we show
that we can produce sub-10 nm diameter monocrystalline
vertical Si nanowires with circular profiles instead of the usual
anisotropic square profiles. The new level of design control
that this method provides is expected to form an important
step in the realization of vertical GAAFETs.

■ RESULTS
Our experimental platform for testing the wet etching of c-Si
nanowires in alkaline solutions is shown in Figure 1. It consists

of a densely packed array of (001) cylindrical Si nanowires
fabricated on top of a free-standing 145-nm-thick SiO2 film
(Supporting Information Section 1). Figure 2 shows results
from in-f lask studies describing how the nanowires evolve
when etched in 1% (w/v) KOH solution at room temperature.

Under stationary etching conditions (i.e., while keeping the
nanowires still), the sidewalls of the Si nanowires quickly
evolve to be {100}-faceted, as shown in Figure 2B. These
square profiles are maintained all the way until the nanowires
are fully etched in the solution. In contrast to Figure 2B, Figure
2C shows the wet etching under the exact same conditions, but
now while “stirring,” meaning the chip with the Si nanowires
was continuously moved back and forth (and parallel to the
wafer plane) inside the solution, throughout the etching
process, as described in more detail in Supporting Information
Section 2. Here, at the initial stages of the etching, we observed
a roughening of the nanowire sidewalls (t = 5 s) into multiple
low- and high-index crystal planes. As etching progressed, Si
{110} facets started to develop, indicating that ⟨110⟩ is now
the fast etching direction. To quantitatively assess the
switching of the etch anisotropy, we measured the Si etch
rates along the ⟨100⟩ directions without stirring to be 1.0 ± 0.3
nm s−1, and in the ⟨110⟩ directions in the stirred case to be 5.4
± 0.5 nm s−1 (Figure 2D,E). These are unexpected
observations, and controllable rotation of the fast-etching
direction by 45°, to our best knowledge, has not been observed
before.
Si etching is well-studied for higher concentrations (10−

60% (w/v)) of KOH and elevated temperatures (70−90
°C).17,18,37,38 However, KOH etching at low concentrations
and low temperatures (i.e., similar to conditions used in our
study) has not been carefully examined in the past. While
stationary etching of Si is known to result in slower etch rates
compared to stirred etching,17,38 no switching of the etch
anisotropy has yet been reported. However, these studies used
a magnetic stirrer to agitate the KOH solution,17,38 which is
different from our case, where stirring is achieved by rocking
the sample in a preferred direction. When the sample is rocked
back and forth along the ⟨110⟩ direction (i.e., parallel to (001)
planes) in KOH solution, the etch directionality switches.
Furthermore, the square (and not rectangular) profile of the
nanowires observed after stirring indicates that the fluid flow
dynamics does not affect the etching of different facets.
In order to rule out the effects of any possible artifact such as

the formation of nanobubbles in the solution or only partial

Figure 1. Overview of c-Si nanowires test structure. (A) Schematic
illustration of a test chip used for etching studies. (B) Side-view SEM
(upper panel) and top-down TEM (lower panel) images showing a 7
× 7 array of equally spaced c-Si nanowires. The nanowires are 45 ± 5
nm in diameter with a center-to-center spacing of 180 nm. The
selected area electron diffraction in the inset of the lower panel shows
that the nanowires are monocrystalline, and all of them are oriented in
the [001] direction such that the array diagonal represents the [100]
direction.

Figure 2. Effect of stirring on the c-Si wet-etch anisotropy. (A) Schematic illustration of the nanowires etch profiles after stationary and stirred
etching. TEM images showing in-f lask (B) stationary and (C) stirred etching of c-Si nanowires in 1% (w/v) KOH solution at room temperature
obtained by quenching the etch reactions at different time points (see Figures S7 and S8 for detailed image series). These TEM images show that
the stationary etching process produces {100}-faceted nanowires, whereas the stirred etching produces the {110}-faceted nanowires. The average
width (D) of the nanowires along (D) ⟨100⟩ and (E) ⟨110⟩ directions as a function of time for stationary and stirred etching cases, respectively.
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wetting of the nanowire surfaces that may cause the observed
45°-rotation of fast etching direction, we imaged the etching of
these nanowires in real-time using our custom-designed in situ
liquid cell TEM platform (Supporting Information Sections 1
and 2). Since the electron beam can affect the etching during
TEM imaging,39−42 we reduced the electron flux to <25 e Å−2

s−1 to minimize these effects on the etching process, as
described in our earlier study.39 Similar to the in-f lask result in
Figure 2B, our in situ experiments show the development of
facets along the Si {100} planes (Figure 3A,B). More
importantly, throughout the etching, the nanowires remained
fully immersed in the etchant, and no bubbles were formed.
The only difference between the in situ (Figure 3A,B) and in-
f lask (Figure 2B) observations is that the in situ etch rate is
significantly lower. The average in situ etch rate for the Si
⟨100⟩ directions was 0.10 ± 0.02 nm s−1 and 0.21 ± 0.04 nm
s−1 for 1% and 4% (w/v) KOH concentrations, respectively
(Figure 3D). These slower in situ etch rates can be explained
by the quick depletion of hydroxyl ions (OH−) in the KOH
solutions as they react with the SiO2 support film (Figure
S9).17,39 The depletion of hydroxyl ions results from the
confined volume of the liquid cell, which slows the diffusion of
etchant molecules, effectively reducing the strength of the
etchant; hence the associated etch rates decrease. This is in
contrast to the in-f lask experiments, where the bulk amount of
KOH solution in a beaker prevents the depletion of the
hydroxyl ions near the etching surfaces. Nevertheless, despite

the difference in etch rates, the evolution of the stationary etch
profiles is similar for both the in situ and in-f lask observations.
Therefore, we safely rule out the formation of nanobubbles or
partial wetting to be the cause of the observed etch profiles.
To explain the observed switching of the etching directions,

we hypothesize that the key factor that controls the directional
etch rates is the reaction byproducts that form and accumulate
on the Si surface, which, in turn, block access to hydroxyl ions
responsible for the etching. During KOH etching of Si,
Si(OH)4 is the only primary reaction byproduct.

43,44 This fact
allows us to relatively simply extend the atomistic molecular
dynamics (MD) simulations that were earlier used to describe
the etching of amorphous Si nanopillars39 to c-Si nanowires
(Supporting Information Section 4). Our simulated system
shown in Figure 4 comprises uniformly distributed Si(OH)4
molecules on partially hydroxyl-terminated Si surfaces (Figures
4A−D). For both Si {100} and {110} planes, the simulations
show that when the surfaces in KOH solution are subjected to
an oscillatory movement that mimics the etching conditions
for the stirred case, etch byproducts are transported away from
the surface (Figures 4G,H). Conversely, when the surfaces are
stationary in the solution, removal of the byproducts via
diffusion is significantly slower (Figures 4E−F). In addition,
there is a marked difference between the rate at which
byproducts are removed from the two planes under the stirred
and stationary conditions (Figures 4J and S6C). In the stirred
case (with an oscillatory force of 21 pN), the removal rate of

Figure 3. Evolution of the facets during in situ etching of c-Si nanowires. A series of in situ TEM images showing real-time etching of c-Si nanowires
in (A) 1% and (B) 4% (w/v) KOH solutions at room temperature (SI Videos 1 and 2). (C) Schematic illustration of the nanowires in a liquid cell
during in situ TEM imaging, showing the formation of {100} facets. (D) Measured width (D) of individual nanowires along the Si ⟨100⟩ directions
as a function of time (red points) when etched in 1% (w/v) KOH solution. The solid black line and gray region show the average and one standard
deviation of these points, respectively. Supporting Information Section 3 describes the image processing used for extracting the widths of
nanowires.
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the byproducts from Si {110} is higher, whereas in the
stationary case (0 pN), the removal rate of the Si(OH)4
byproducts from Si {110} surface is lower. This is because the
byproduct binds stronger to this surface (7.1 kcal mol−1) than
to Si {100} surface (4.7 kcal mol−1), as obtained from our MD
simulations (Supporting Information Section 4).
Hence, we conclude that under stationary etching

conditions, access of the etchant to and removal of the etch
byproducts from {110} planes is hindered more than for the
{100} planes, which, in turn, can be held responsible for the
observed slower etch rates in the ⟨110⟩ directions. To test this
experimentally, we conducted wet etching in TMAH solution,
which is known to sterically shield the Si surface and inhibit
the formation of etch byproduct clusters.39,43 As expected, no
switching in etch anisotropy was observed when the nanowires
were etched in TMAH solution both under stirred and
stationary conditions (Figures S10−S12).
Combining these insights, we next demonstrate the

capability to etch c-Si nanowires into the nanowires with
circular cross sections, which is only achievable with full
control over anisotropic etching. It must be noted that for our
Si nanowires, the etchant will inadvertently etch the
nanostructures from the top, shortening them. To prevent

this, we used Si nanowires with a 30-nm-thick SiNx film cap
(Figure 5A) and verified that capping does not affect the
observed anisotropy both for stirred (Figure 5B) and
stationary (Figure 5C) etching processes, except that it creates
the expected shoulder at the top SiNx interface. Controlled
switching between stationary and stirred etching conditions
makes it now possible to switch the etching direction from the
{110} to the {100} planes, as shown in Figure 5A−C. Figure
5D shows the nanowire array obtained after 4 s of stirred
etching, followed by 5 s of stationary etching. The circular top-
down profiles reveal that the resulting nanowires are indeed
cylindrical.
So far, our discussion of etch rates was limited to ⟨110⟩ and

⟨100⟩ directions. To understand why instead of the expected
octagonal nanowires (schematic in Figure 5D), cylindrical
nanowires (TEM image in Figure 5D) were produced, we have
to account for the fact that etching occurs along all the crystal
directions, albeit at different rates, as summarized in Figure
S14. Moreover, the duration for both the stationary and stirred
etching used in our combined etching means that well-defined
nanoscale facets are dynamically evolving, favoring the overall
isotropic etch profile, which produces cylindrical nanowires.

Figure 4.Molecular dynamics simulations of etch byproducts on a Si surface. Atomic-scale view of (A) Si {100} and (B){110} planes showing how
Si(OH)4 interacts with these surfaces. Atomistic MD simulations showing the aggregation (t = 0 ns) of 936 Si(OH)4 molecules (blue) on (C) Si
{100} and (D) Si {110} planes (yellow) terminated with 5% OH− (red) and 95% H (white balls in (A) and (B)). Free OH− and K+ ions are shown
as small red and olive color balls, respectively. Water molecules and ions are not shown for clarity. Remaining Si(OH)4 molecules on stationary (E)
Si {100} and (F) {110} surfaces after 0.75 ns (i.e., no stirring force is applied, 0 pN). Si(OH)4 molecules on (G) Si {100} and (H) {110} surfaces
stirred with oscillatory force of 21 pN applied along ⟨100⟩ and ⟨110⟩ directions, respectively. (I) Schematic illustration of Si {100} (red) and {110}
(green) planes and their respective stir directions indicated with red and green arrows. (J) The number of Si(OH)4 molecules that remain on the Si
{100} and {110} surfaces as a function of time for stationary surfaces (0 pN) and the surface stirred with oscillatory forces of 14 and 21 pN.
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The uniform TEM contrast throughout the widths of the
etched nanowires indicates that their surfaces remain of good
monocrystalline quality. Hence our approach presents a unique
technique for fabricating very thin, monocrystalline Si
nanowires with circular cross sections. This meets the key
fabrication requirement for functional electron channels in the
next-generation vertical GAAFETs.45−47

■ CONCLUSIONS
This study provides a direct insight into the dynamics of wet
chemical etching of c-Si nanostructures. We show that it is
possible to controllably switch the fast-etching directions
between the ⟨100⟩ and ⟨110⟩ crystallographic orientations.
Moreover, by regulating the mechanical agitation of the Si
nanostructures during the etching, we demonstrate a simple
method to achieve an isotropic profile and fabricate cylindrical
nanowires, a critical step in the advancement of future-
generation nanowire-based Si transistor architectures. More
broadly, our in situ TEM approach to observing wet-etch
dynamics at the nanoscale lays the foundation for further
studies that will help to gain new insight into the dynamics of
chemical processes at the nanoscale.

■ MATERIALS AND METHODS
Materials. Etching solutions were prepared from the following

chemicals: KOH pellets (85% purity, Cat. No. 306568, Sigma-Aldrich
Co. LLC, St. Louis, U.S.A.), TMAH solution (25 wt %, Cat. No.
331635, VWR International LLC, Radnor, PA, U.S.A.), and HF
solution (48 wt %, Cat. No. 339261, Sigma-Aldrich Co. LLC, St.
Louis, U.S.A.). We used ACS-grade water (Cat. No. 320072, Sigma-
Aldrich Co. LLC, St. Louis, U.S.A.) to prepare all the solutions used
in this study.
Fabrication of Devices. Test samples of c-Si nanowires were

fabricated on 300 mm standard Si -on-insulator (SOI) wafers using
immersion lithography techniques (Figure S1A).48,49 The SOI wafer
consists of a 775-μm-thick Si handle wafer, a 145-nm-thick SiO2 film,
and a device layer of c-Si on top of the SiO2 film. SiNx layers (30 nm)
were deposited on both sides of the wafer, which served as a hard
mask during dry and wet etching. Different aspect-ratio nanowires
were fabricated using suitable device layer thicknesses (Figure S2).

Then, these 300 mm wafers were diced into smaller pieces
measuring 72 × 72 mm2, which were used for the fabrication of chips
with nanowires (Figure S1B). Central viewing windows and grooves
for cleaving individual chips were patterned on the backside SiNx layer
using a conventional photolithography process, followed by deep
reactive ion etching (DRIE) of the exposed SiNx. After the DRIE, the
exposed Si was etched from the backside of the wafer in a 30% (w/v)
KOH solution, releasing the SiO2 membrane. The SiO2 membrane
was thinned down from 145 to 45 nm by etching in 5 wt % TMAH.
The lateral dimensions of individual chips were 4 × 5 mm2 with
electron transparent SiO2 viewing membrane windows in the center
with the size of 30 × 70 μm2 (for TEM imaging). The front side of
the wafer with the nanowires was protected using a physical chuck
during the entire microfabrication process and was kept out of contact
with the photoresist, the KOH and TMAH solutions, and the rinse
liquids to avoid contamination and damage to the fragile Si nanowires.
The detailed steps of the fabrication process are described in
Supporting Information Section 1.
Imaging. All in-f lask etching experiments were done at room

temperature (22 °C) in a controlled manner using a custom-built
robotic arm (Figure S3), programmed to perform the etching in a
series of three automated steps: (i) etching, (ii) quenching, and (iii)
rinsing. After drying the rinsed samples, they were imaged using a
custom-built retainer for static liquid cells in a JEOL2010F TEM
(JEOL Ltd. Akishima, Tokyo, Japan) operating at 200 kV and
equipped with a OneView CMOS camera (Gatan, Inc., Pleasanton,
CA, U.S.A.).
For in situ liquid phase TEM studies, we assembled and loaded a

dry sample into a custom-built liquid-flow TEM holder (Figure S4),
which was then inserted into the TEM for imaging. Once the sample
was loaded and ready for imaging, KOH solution was flown at a rate
of 5−10 μL min−1. To minimize any adverse effect of the electron
beam on the sample during imaging, a low electron flux of <25 e Å−2

s−1 was used,39 and 2048 × 2048 pixels-size movies were recorded at a
rate of 5−10 frames per second. Details of the imaging and image
analysis used in this study are described in Supporting Information
Sections 2−3.
Atomistic MD simulations. The MD simulations were

performed with Nanoscale Molecular Dynamics (NAMD) software
package,50 using the Chemistry at Harvard Macromolecular
Mechanics (CHARMM) general force field.51 The systems were
simulated in an NPT ensemble at T = 300 K, using the Langevin
dynamics with a damping constant of γLang = 0.1 ps−1 and a time step

Figure 5. Achieving cylindrical nanowire profile via cycled etching. A series of TEM images (upper panels) and schematic illustration of expected
etch profiles (lower panels) showing how cycling between stationary and stirred etching in 2% (w/v) KOH solution can produce narrower
nanowires with a circular profile: (A) pristine nanowires, (B) nanowires after 10-s-long stirred etching, (C) nanowires after 10-s-long stationary
etching, and (D) nanowires after 4 s long stirred etching, followed by 5 s long stationary etching. Here, nanowires are capped with SiNx film to
prevent any etching from the top. The insets in the TEM images show a zoomed-in view of individual nanowires for each case.
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of 2 fs. The CHARMM general force field was implemented for the
bond, angle, and dihedral parameters of the ions and water molecules.
Si(OH)4 and Si parameters were taken from our earlier publication.

39

Nonbonding interactions between these molecules, such as a van der
Waals (vdW) attraction and a steric repulsion, were described by the
Lennard−Jones (LJ) potential (eq 1)

(1)

Here, ε is the minimum (negative) energy of this coupling, and rmin is
the distance where ULJ(r) has a local minimum. In NAMD, the LJ
potential has a typical cutoff distance of 1 nm (within the water). The
electrostatic interaction between ions and partially charged atoms has
a similar cutoff, but its long-range part (beyond the cutoff distance)
was calculated by the Particle Mesh Ewald (PME) method in the
presence of periodic boundary conditions.52 Further details describing
the parameters of the simulation can be found in Supporting
Information Section 4.
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