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ABSTRACT: Silicon Germanium (SixGei-x or SiGe) is an important ssmiconductor material
for the fabrication of nanowire-based gate-all-around transistors in the next-generation logic
and memory devices. During the fabrication process, SiGe can either be used as a sacrificial
layer to form suspended horizontal Si nanowires or, because of its higher carrier mobility,
SiGe can also be used as a possible channel material that replaces Si in both horizontal and
vertical nanowires. In both cases, there is a pressing need to understand and develop
nanoscale etching processes that enable controlled and selective removal of SiGe with respect
to Si. Here, we developed and tested solution-based selective etching processes for SiGe in
composite (SiNx/Sio.7sGeo.25/Si) vertical nanowires. The etching solutions were formed by
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mixing acetic acid (CH3COOH), hydrogen peroxide (H202), and hydrofluoric acid (HF).
Here, the two chemicals (H202 and CH3COOH) react to form highly oxidizing peracetic acid
(PAA or CH3CO3;H). The hydrofluoric acid serves both as a catalyst for PAA formation and
as an etchant for oxidized SiGe. Our study shows that an increase in either of the oxidizer
concentrations increases the etch rate, and the fastest etch rate of SiGe is associated with the
highest PAA concentration. Moreover, using in situ liquid phase TEM imaging, we tested the
stability of nanowires during wet etching and identified that SiGe/Si interface to be the
weakest plane; we found that once the diameter of the 160-nm-tall Sio.7zsGeo2s nanowire
reaches ~15 nm during the etching, the nanowire breaks at or very close to this interface.
Our study provides an important insight into the details of the wet etching of SiGe and some
of the associated failure modes that are becoming extremely relevant for the fabrication
processes as the size of the transistors shrink with every new device-generation.

KEYWORDS: chemical etching, silicon germanium, nanowire, nanofabrication, in situ TEM.
Introduction

The continued demand for power-efficient and high-performance microelectronics components is
the key driver for miniaturization of transistors and an increase in their density on a chip.! The
performance of these nanoscale transistors depends on their architecture and materials properties.?
For example, for sub-5-nm node technology, the gate-all-around field-effect transistors (GAAFET)
are expected to replace the current FINFET architectures because of better electrostatic
performance.> GAAFETs can be both vertical and lateral.* Vertical GAAFETs are very
challenging to integrate into current CMOS fabrication process flows, but this architecture can
potentially enable the fabrication of transistors at very high densities needed to keep up with the
scaling trend set by Moore’s law.® Lateral GAAFETSs, on the other hand, can be achieved by using
the current process flows.® The fabrication of lateral GAAFETs employs SiGe/Si heterostructures,
where strain induced by sacrificial SiGe layer, increases the carrier mobility of Si nanowires,®”’
thus improving the overall device performance.®!* At present, Si is still the best choice for a
channel material compared to other semiconductors with higher mobility such as Ge and I11-V
materials. The reason for this is because, for very narrow Ge and IlI-V nanowires, there is a
significant loss in their carrier mobility causing them to lose advantage over the Si.*?** For vertical
GAAFETS, this issue of mobility loss can be offset since the gate length is defined in a vertical
direction, which allows opting for longer gate lengths, thus relaxing the requirement on nanowire
diameter, making it feasible to take the advantage of materials with higher mobility.*?

Fabrication of both vertical and lateral nanowires requires precise control over SiGe etching. In
the case of lateral GAAFETSs, where SiGe is used as a sacrificial layer,® the SiGe has to be fully
removed while preserving the Si. For vertical GAAFETS, precisely controlled etching of SiGe is
essential to minimize the variation in device dimensions because the etching defines the size
uniformity and the surface roughness of the nanowires.®® Traditionally, dry plasma etching has
been the most common way to remove the material when forming vertical nanostructures.
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However, dry etching processes have several drawbacks. First, during dry plasma etching, the
damage caused by ions can penetrate up to 20-nm-deep into the semiconductor surface that is being
etched.517 Second, dry plasma etching results in non-uniform etching across the wafer.!8 Third,
the etch rate is aspect ratio dependent.'® Fourth, the etch selectivity for SiGe with respect to Si is
generally low.?>?2 Combining dry etching methods with wet chemical etching can potentially
overcome all these issues.?® For example, during the solution based wet etching, etchant molecules
react only with the surface atoms, and therefore, do not damage the underlying material.?®
Moreover, wet etching can be tuned to have high selectivity for different materials.”® Hence
developing well-controlled isotropic etching processes for SiGe that have high selectivity with
respect to Si is essential for the reliable fabrication of next-generation transistors. Here, the aim of
our study is to explore selective wet chemical etching of SiGe towards Si using SiNx/SiGe/Si test
nanostructures and provide a detailed insight that can be used for the development of a broad range
of nanofabrication processes.

Results and Discussion

Common solutions for selective etching of crystalline SiGe (c-SiGe) with respect to c-Si are
HNO3:HF:H,0 (ref. 242%) and H20,:HF:H20.2"-28 The etch selectivity of these solutions stems from
faster oxidation of the Ge compared to the Si in the presence of strong HNO3 and H20; oxidizers.?*
26 Furthermore, the substitution of water in the H.O,:HF:H,0O mixture as the diluent by acetic acid
(CH3sCOOH) increases the etch rate, selectivity, and etch uniformity of SiGe.?® In these peroxide—
acid-based mixtures,® the high reactivity of the solution with SiGe is due to the acid-catalyzed
formation of another oxidizing agent: peracetic acid (PAA or CH;CO3H).3 Here, PAA is a product
of the reaction between acetic acid and hydrogen peroxide:

CH;COOH + H,0, 2 CH;CO5H + H,0 (Eq. 1)

This reaction is catalyzed by strong acids such as HF or H2S04.2? In the case of SiGe, HF also
etches Si and Ge oxides.®** Despite being the most common etchant for SiGe, very little is known
about the details of the etch chemistry of HF:H202:CH3COOH:H.0 and the etchant parameters
that determine the etch rates.?% 2% 35-3% Moreover, earlier studies of etch chemistries for SiGe and
Si focused on bulk structures?: 2% 336, 3839 gnd the details of etching for sub-100-nm SiGe
nanostructures, which is essential for transistor fabrication, are largely unexplored. Moreover, the
presence of two oxidizing agents (H202. and PAA) in these solutions further complicates the
identification of the underlying etch mechanisms, and it is unclear how the two oxidizing agents
will work in tandem during the etching. The early study by Carns et al.*® showed that the etch rate
of SiGe depends on the constituents of an etching solution and their concentrations, Ge content,
dopant type, temperature, and stirring conditions. However, the results of SiGe etching using
various initial mix ratios are difficult to compare because final equilibrium concentrations of
constituents in the solution differ from the initial concentrations before the mixing. Hence, the
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relation between the oxidation and dissolution processes in these mixtures is not properly
established, and the parameter space (i.e., the etch rates at different equilibrium concentrations of
the chemicals in an etching solution) has not been thoroughly explored.

The final equilibrium concentrations of all the etchant constituents after the reaction can be
obtained from the equilibrium constants established in earlier studies on the formation kinetics of
PAA 3L 442 According to a study by Dulneva et al.,*! the chemical equilibrium constant (Keq) Of
the reaction should remain constant across the different catalyst concentrations (Keg =2.10at T =
20 °C). Later, in more comprehensive studies, Zhao et al.®! and Jankovic et al.*? came up with
empirical formulas for Keq(T) from which we estimate Keq at T = 25 °C to be ~2.84.

C
® & 6 & 0 o o o
® © © & ¢ 0o o o
® © O 0 o © o o
e © & & o o o o
® © 6 & o o o o
® © © & & 0 o o
® ©¢ ¢ 0 ¢ & o o
® 6 0 0 6 0 o0 o
200 NM

Figure 1. Overview of Sio.7sGeo.2s (SiGe) composite nanowires. (A) Schematic of the test chip used for TEM imaging
of the etched nanowires. (B) Side-view SEM image showing the array of composite SiN«/SiGe/Si nanowires on a SiO;
film. (C) Top-down TEM image of an 8x8 array of the composite nanowires. (D) TEM image of the isolated nanowire,
and the corresponding high-resolution images of (E) a-SiNx/c-SiGe and (F) c-SiGe/c-Si (lower panel) interfaces. Note
that there are no visible defects at c-SiGe/c-Si interface.

Here, we study the wet chemical etching of 50-nm-diameter SiGe nanowires, by fabricating arrays
of composite nanowire on 145-nm-thick SiO, membranes as shown in (Figure 1A-C) (see
Experimental Section for fabrication details). The composite nanowires consist of three vertically



stacked layers of 30-nm-tall c-Si at the base, 160-nm-tall c-Sio.75Geo 25 in the middle, and 30-nm-
tall amorphous SiNx (a-SiNx) hard mask at the top (for simplicity, we will refer to them as Si, SiGe,
and SiNy, respectively) (Figure 1D-F). To study the etching of SiGe, we use etching solutions
comprising different volume ratios of HF:H,O02:CH3COOH:H0, and we calculate the final
equilibrium concentrations of the constituents using the chemical equilibrium reaction constant
obtained by Jankovic et al.*? (Supporting Information Section 1). We chose the HF concentrations
to be < 1% (v/v) because, at high HF concentrations, the solution is aggressive towards SiO> and
Si (i.e., might form pits on strained Si surface®’ and starts to etch the SiO-). These drawbacks make
PAA solutions with high HF concentration undesirable for nanoscale etching in industrial
fabrication, where precise etch control, and uniform and damage-free surfaces are required.
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Figure 2. Etching of SiGe with a peracetic (CH;COzH) solution. (A) Side-view TEM images of the nanowires on
a SiO, membrane (upper panels) and top-down view of the erect nanowires (lower panels) after etching with the
solution-10 (HF:H»0,:CH3;COOH:H,0 = 1:23.9:108.7:72.4) for 1, 2, and 3 min. Note that these are volume ratios of
the undiluted stock solutions (Experimental Section) used for preparing the etching solution. (B) Left: Distribution of
the diameters of the SiGe fragment of the composite nanowires at different etching times. Each distribution has been
fitted with a Gaussian function (black line). Right: The average nanowire diameter versus etching time. The error bar
corresponds to a mean half-width of the Gaussian fits shown in the left panel. (C) Etch rates for solution-1
(HF:H202:CH3COOH:H,0 = 1:95:110:0) (blue circles) and solution-17 (HF:H,02:CH3COOH:H,0 = 5:47.1:187.9:0)
(orange circles) as a function of their aging times. The blue and orange curves represent the respective fits to an

exponential plateau function: Etch rate = A (1 —exp(— t/T)). From the fits, we find that the etch rates for solution-

1 and solution-17 stabilize after the characteristic aging time () of 190 hours and 90 hours, respectively. (D) Etch
rates of SiGe as a function of the calculated PAA and H,O, equilibrium concentrations for fixed 0.27% (w/v) (left)



and 1.15% (wi/v) (right) HF concentrations. The area under the black curve identifies all achievable dilutions of etching
solutions. (E) Etch rate of Si as a function of PAA and H20> concentration at 0.22% (v/v) (circle) and 0.93% (v/v)
(square) HF. The details about the solutions numbered in the panels (D-E) are given in Supporting Information Section
1.

We explored the wet etching characteristics of sixteen solutions with 0.27% (w/v) HF and thirteen
solutions with 1.15% (w/v) HF concentrations containing different equilibrium concentrations of
H20,, CH3COOH, and PAA (see Supporting Information Section 1 for details of the solutions).
The SiGe etch rates in the solutions were measured by quenching the etching reaction of nanowires
at three to four different time-points and by imaging them with TEM to measure their diameters
as a function of the etch time (Figure 2A-B) (Supporting Information Section 2 describes the
methods for extracting the etch rates). The etchant selectively removes SiGe as seen by a negligible
change in the diameter of the Si bases (Figure 2A). To ensure the robustness of the etch rate
measurements of SiGe, we measured the diameter of more than hundred nanowires for each time
point of each etch solution. Figure 2B shows the distribution of nanowire diameters before the
etching and after 1, 2, and 3 min of etching with the solution-10 (HF:H202:CH3COOH:H20 =
1:23.9:108.7:72.4, Note that the ratios of the constituents of the etchant are the volume ratio of
their undiluted stock solutions given in the Experimental Section). For this solution, a linear fit to
the average diameters versus time gives an etch rate of 5.0 £ 0.7 nm/min. It should be noted that
the formation of PAA is not an instant reaction, and the solution equilibrates with aging. We
investigated the effect of aging on the etch rates of SiGe in the solution-1
(HF:H202:CH3COOH:H,O = 1:95:110:0) and solution-17 (HF:H202:CH3COOH:H,O =
5:47.1:187.9:0), which have the highest PAA concentration for a given HF concentration of 0.27%
(w/v) and 1.15% (wi/v) (Figure 2C), respectively. We found the aging times needed for the etch
rates to plateau to a stable value to be ~190 hours (solution-1) and ~90 hours (solution-17). These
aging times needed for the reactants and products to equilibrate at < 1% (v/v) HF concentrations
are consistent with the earlier studies at much higher HF concentrations.® Figure 2D summarizes
our etch rate measurements derived from analyzing 9530 nanowires for the solutions at different
equilibrium concentrations of the etchant constituents. Here, the etching solutions with HF
concentrations of 0.27% (w/v) and 1.15% (w/v) were aged for >360 hours and >110 hours,
respectively (Supporting Information Section 1). Black curves in Figure 2D represent the solutions
that form from undiluted stock solutions of HF, H20, and CH3COOH (i.e., when no H-O is added)
(Supporting Information Section 3). The solutions under the curve (i.e., gray regions in Figure 2D)
are obtained for the etchants diluted with H2O (see Supporting Information Section 1 for the details
of solutions).

Our analysis in Figure 2D reveals that for fixed HF and H>O> concentrations, the SiGe etch rate
increases with increasing PAA concentration. Likewise, for fixed HF and PAA concentrations, the
etch rate increases with increasing H202 concentration. For 0.27% (w/v) HF, we found that the
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solutions 2, 5, 6, 9, and 12 on the black curve (Figure 2D: left) have similar etch rates, although
the etch rates for similar PAA and H>O> concentrations on the curve for 1.15% (w/v) HF increase
with PAA concentration (Figure 2D: right). This comparison suggests that at 0.27% (w/v) HF
concentration, the etch rates are not limited by the oxidation rate but by the dissolution rate of the
oxidized SiGe. Furthermore, from Figure 2D, we also conclude that the etch rate is more sensitive
to PAA concentration than to the concentration of H.Oz. For the solutions with 1.15% (w/v) HF,
there is enough etchant in the solution, so unlike 0.27% (w/v) HF solutions, the etch Kinetics is not
dissolution limited. For example, a 2.4-fold increase in the PAA concentration from the solution-
23 to the solution-17 caused a 2.9-fold increase in the etch rate of SiGe (Figure 2D: right). On the
other hand, a 3.3-fold increase in H20O2 concentration from solution-23 to solution-25 resulted in
2.2% higher etch rate. Furthermore, we found that the etch rates for both HF concentrations peak
at the same PAA concentration of ~2.2 M.

Next, to test the etch selectivity of SiGe against Si, we also measured the etch rates for Si nanowires
(Supporting Information Section 2) for the solutions with both HF concentrations (0.27 and 1.15%
(w/v)). Figure 2E displays the low etch rates for Si in the solutions with different etchant and
oxidizer concentrations. Similar to SiGe, the etch rate increases with increasing PAA and H20:
concentrations. However, it is important to note that unlike SiGe etching, where the etch rate
depends strongly on the PAA concentration, for Si etching, the effect of both PAA and H20 on
the etch rate is virtually identical. The maximum Si etch rate is achieved for the solution-22
(HF:H202:CH3COOH:H>O = 1:160:40:0), where the both oxidizers have relatively high
concentrations ([H202] =5.65 M, [PAA] = 1.5 M). Moreover, changing the HF concentration does
not significantly alter the Si etch rate. For example, the two solutions located at the PAA
concentration peaks, solution-1 (HF:H202:CH3COOH:H,O = 1:95:110:0) and solution-17
(HF:H202:CH3COOH:H20 =5:47.1:187.9:0), have similar Si etch rates despite a more than the 4-
fold increase in the HF concentration of the latter solution. Here, the etch selectivities for SiGe
over Si are ~30:1 for the solution-1 (HF:H202:CH3COOH:H>0 = 1:95:110:0) and ~50:1 for the
solution-17 (HF:H202:CH3COOH:H20 = 5:47.1:187.9:0). These observations imply that the etch
rate of Si is oxidation-limited.
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Figure 3. Breaking of vertical composite nanostructures during drying. (A) Schematic illustration and top-down
TEM images of nanowire arrays after etching with solution-7 (HF:H202:CH3COOH:H,0 = 1:71:75:59) for 20 s, 60 s,
100 s, and 120 s, followed by rinsing and drying of the nanowires. (B) The fraction of broken nanowires as a function
of their diameter. The black curve represents an error function fit to the data. The critical diameter obtained from the
fit is 19.2 nm. Here, the diameters of 574 nanowires were measured. (C) Distribution of the length of all the broken
nanowires at t > 100 s. The black curve is the Gaussian fit, from which we find the length of SiGe fragment to be L =
120 £18 nm.

As the diameter of vertical nanowires shrink during the etching, they become fragile and prone to
mechanical damage.***> The ability of the nanostructures to withstand various solution-based
processes is essential for high-yield fabrication. Therefore, it is important to understand when and
how the damage occurs during the entire etching process, which, in our case, consists of etching,
two-step rinsing (i.e., rinsing in water followed by rinsing in isopropanol alcohol (IPA)), and
drying under ambient conditions. Here, we found that the narrow SiGe nanowires (i.e., nanowires
that were etched the longest) were mostly broken after the drying (Figure 3A: t = 120 s). Figure
3B-C summarizes these results by showing the fraction of the broken nanowires as a function of
their diameter. The critical diameter (i.e., diameter at which 50% of the nanowires are broken) is
~19.2 nm (meaning that the critical aspect ratio for these nanowires is 8.2). From the images of
the nanowires, it is clear that the Si base of the composite nanowire remained intact and attached
to the SiO> membrane at all times. The length of the broken nanowires found lying on the SiO-
membrane surface is L = 120 = 18 nm as opposed to their full length of 160 nm, suggesting that
the nanowires do not necessarily break at their SiGe/Si interface. Moreover, the dark contrast in
the form of small circles within the larger Si base with lighter gray contrast corresponds to the
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remaining narrow SiGe fragment on the base (Figure 3A: t = 120 s). Here, the damage was caused
by post-etch drying where the capillary forces exerted by IPA broke the nanowires.
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Figure 4. Visualizing the etching of SiGe with in situ liquid phase TEM. (A) In situ TEM image series showing
the real-time etching of the nanowires in the solution-16 (HF:H.0,:CH3COOH:H,0 = 1:200:3:0) (Supporting Video
1). (B) Schematic showing in situ liquid phase TEM imaging platform and the evolution of the nanowires during the
etching. (C) Diameters of individual nanowires as a function of time are plotted in gray. The thick black curve
represents the average of all the diameter curves. The red line is a weighted average of all individual linear fits. The
etch rate of SiGe in this etching solution is 1.7 £ 0.2 nm/min.

Next, to investigate if the nanowires break during the etching step and if so then how, we directly
monitored the etching process in real-time using in situ liquid phase TEM imaging.*® Since
capillary forces are only present during drying phase of the process, we expect the nanowires to
remain intact in the solution during the etching even when their diameter is less than 19.2 nm (i.e.,
critical diameter for capillary damage). For in situ TEM etching observation, 1 pL of solution-16
(HF:H202:CH3COOH:H20 = 1:200:3:0) was loaded into the pocket of a liquid cell, which was
then sealed and inserted into TEM for imaging with low electron flux of < 10 e”/(A?s) at a rate of
10 frames per second (Figure 4A-B).*® Typically, there are a few minutes of delay between the
loading of the solution into the liquid cell and the onset of imaging. Because of this delay, the
nanowires were already partially etched once the imaging started (i.e., note that the nanowires are
thinner at t = to in Figure 4A compared to t = 0 s in Figure 3A). Here, all the nanowires were erect



at the early stages of the etching (t < to + 30.5 s), albeit they appear slightly bent because of the
curved SiO; membrane due to bulging.*” Att=to + 73.0 s, the nanowires start to bend significantly
and eventually break when their diameters are < 15 nm in contrast to the post-etch drying critical
diameter of ~19.2 nm (Figure 3B). Again, note that the etching of Si bases is negligible because
of selective SiGe etching (Figure 4A). As mentioned earlier, for this case, we can exclude the
effect of the surface tension forces because here the nanowires are fully submerged inside the
solution during the etching.

To identify how the nanowires break during the etching, we examined the fallen nanowires in the
in situ movies and found the length of their fallen SiGe fragment to be ~150 nm. This length is
very close to the original length of the SiGe fragment of the composite nanowire suggesting that
nanowires are breaking at the SiGe/Si interface. Moreover, small circular dark contrast spots in
the middle of the intact Si bases that are associated with the remnant SiGe fragments observed in
ex situ studies (Figure 3A: t = 120 s), are absent when the nanowires fall and break during the in
situ etching studies (Figure 4A:t =to + 110.4 s). Here it must be noted that similar to the ex situ
etched nanowires (Figure 3A: t = 120 s), the SiGe portion of the nanowires in Figure 4A appears
tapered towards the SiGe/Si interface, albeit slightly more pronounced here than in the ex situ case.
Similar, tapering is also present in the original un-etched nanowires (Figure 1B). Therefore, it is
possible that breaking at the interfaces could be due to the gradual shrinking and complete etching
of the interface before the rest of the nanowire. However, we emphasize that strain at the interface
does not result in faster interfacial etch rates*®; hence we do not expect strain at SiGe/Si interface
to induce faster local interfacial etch rates.

Another possible reason for nanowire breaking is the interfacial (SiGe/Si) stress. Note that the
interfacial stress induced by a lattice mismatch between Si and SiGe is expected to be more
significant for smaller nanostructures,***° and may cause the nanowires to break at the SiGe/Si
interface once the nanowire diameter is sufficiently small due to the etching. Recall that a
significant fraction of thin nanowires also breaks during the drying phase, but they rarely break at
SiGe/Si interface (Figure 3A), which implies that structural integrity at the interface is
compromised only when the nanowires are substantially thin. Therefore, nanowire breaking
associated with interfacial stress at their SiGe/Si interface might eventually present a challenge for
the fabrication of nanoscale high-aspect-ratio vertical heterostructures.

Conclusions

In conclusion, our results establish effective chemistries for selective wet etching of vertical SiGe
nanostructures, which is based on the oxidation by PAA/H20- and dissolution of the oxide by HF.
By systematically varying the concentration of the constituents in these etching solutions and
measuring the corresponding etch rates of SiGe and Si, we provide mechanistic insight into the
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etching process. Moreover, our observations show how nanowires break during the etching and
identify the possible damage modes that are encountered during wet processes used in the
fabrication of nanoscale structures. These insights are fundamental to improving current or
devising new processes needed for the nanofabrication of next-generation microelectronics
components. More broadly, our approach to observing critical processes relevant to semiconductor
fabrication provides a valuable metrology platform for process development.

Experimental Section

Materials: Etching solutions were prepared from the following stock solutions: H2O2 (30%,
Dickson Chemical, Singapore), CH3sCOOH (100%, Cat. No. VWRC20104.323, VWR
International LLC, Radnor, PA, USA), and HF (48%, Cat. No. 695068-500 mL, Sigma-Aldrich
Co. LLC, St. Louis, MO, USA), and de-ionized water (H-0O). The details of all the etching solutions
used in our study are presented in the Supporting Section 1.

Fabrication of devices: The device chips with composite SiNx/ Sio.75Geo.25/Si nanowires on top
of a SiO2, membrane were fabricated from a 300-mm SOI (Silicon-on-Insulator) wafer with an 88-
nm-thick c-Si layer on top of a 145-nm-thick buried oxide (BOX) layer. First, the c-Si layer was
thinned down to ~30 nm by partial oxidation of the Si layer, followed by etching the oxidized Si
layer in HF. After the thinning, we deposited a 160-nm-thick epitaxial layer of c-Sio.75Geg.25. Then,
a 30-nm-thick LPCVD amorphous SiNy film was deposited on both sides of the wafer, followed
by deposition of a multilayer hardmask on top of the front-side SiNx film. Next, using deep
ultraviolet (DUV) immersion lithography, we printed 90-nm pitch nanodots in photoresist through
double line exposures.>**2 The resist pattern was then transferred into the underlying hardmask for
the subsequent multistep plasma etching of the SiNx/Sio.7sGeo2s/Si multilayer. A soft-landing step
with high selectivity of Si over SiO2 was used to ensure straight nanowire profiles and to avoid
any underetching of the nanowires at the SiO/Si interface. The height of the patterned nanowires
was defined by the thickness of the SiNx/Sio.7sGeo.25/Si stack, which was approximately 220 nm
(Figure 1D). After the fabrication nanowires had slight tapering; their diameter at SiNx/Si and
SiGe/Si interfaces were 51 + 2 nm and 48 + 2 nm, respectively.

After the nanowire fabrication process, backside etching was performed to define individual chips
and remove the bulk Si and release the free-standing SiO2 (BOX) membrane with the vertical
composite nanowires (Figure 1A-C). This last step of fabrication and the assembly of the liquid
cells for in situ liquid phase TEM imaging are described in more detail in the supporting
information of our earlier work.*®
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Imaging: TEM images both for ex situ and in situ etching experiments were acquired with a JEOL
2010FEG TEM (JEOL Ltd. Akishima, Tokyo, Japan) operated at 200 kV and equipped with a
OneView CMOS camera (Gatan, Inc., Pleasanton, CA, USA). For in situ liquid phase TEM studies,
we used our custom-built TEM holder designed for static liquid cells.*® In situ TEM images were
recorded at a rate of 10 frames per second with the electron flux of < 10 e”/(A?-s). Details of the
image analysis used for this work are described in the Supporting Information Section 2.

Associated Content
The supporting information is available free of charge on ACS Publications website.

Supplementary text and figures discussing the details of etching solutions and image analysis.
(PDF)

Supporting Video: In situ TEM movie showing the selective etching of SiGe of thin composite
nanowires in the etching solution-16 (HF:H202:CH3COOH:H20 = 1:200:3:0). (AVI)
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