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ABSTRACT: We report a general approach for the synthesis of Rationally- Hollow Etched
single-crystal silicon nanotubes, involving epitaxial deposition Controlled Growth chemical vapor Deposition (Nanostructures

of silicon shells on germanium nanowire templates followed by  (crystalline Ge template Negotubes )
removal of the germanium template by selective wet etching. By Y \\ / = \
exploiting advances in the synthesis of germanium nanowires, I l { \\\ / =)
we were able to rationally tune the nanotube internal diameters | .. cior taper. branches ( Nanocones )
(5—80 nm), wall thicknesses (3—12 nm), and taper angles (0— =X \V
9°) and additionally demonstrated branched silicon nanotube Epitxial i Shell \// \ \\// )
networks. Field effect transistors fabricated from p-type i I I BT Nt
nanotubes exhibited a strong gate effect, and fluid transport J

. Composition \/ k \/}'
experiments demonstrated that small molecules could be thickness, doping Control over{ Temperature ) = ) /K

———— 7"
\ J

Pressure

electrophoretically driven through the nanotubes. These results
demonstrate the suitability of silicon nanotubes for the design
of nanoelectrofluidic devices.
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ynthetic nanoscale tubes, channels, and pores have Inorganic nanotubes have been prepared previously by a
broad applications in energy storagel’2 and bioscience, variety of techniques, including sol—gel chemistr}f,13’32 electro-
with examples including intracellular electrophysiol- less deposition,'" catalyst-assisted chemical vapor deposition

37 nucleic acid ing,® path detection (includ- 18 .. ,
ogy, ' nucleic agl sequencing,  pa l%gen etection (inclu (CVD)"® inside porous alumina membranes, molecular beam
ing SARS-CoV-2”), and drug deliveryl.% II;Ionlayered inorganic epitaxy atop alumina membranes,'” electrochemical anodiza-
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tubes composed of meta oxides, undoped Si,
carbide,” and group III-V semiconductors®' ~>* have been
reported. Hollow single-crystal semiconductor nanostructures
could offer distinct applications including integrated sensing’*®
and fluid transport devices with electrolytic conductance
tunable through local electrostatic gating”®™>* or chemical
surface modification.”” They could also form stable bioelec-
tronic interfaces with the cellular cytosol, allowing for patch
clamp-like bioelectronic readouts.”® The bottom-up synthesis
of such nanostructures could offer rational control over design
parameters such as channel width (nanotube internal

tion of porous aluminum films,'® diffusion-limited vapor—
liquid—solid (VLS) growth,”* and in situ chemical conversion
of existing nanotubes.”’ Each of these approaches is either
intolerant of dopants or limits the structural diversity of tubes
to the shapes of available membranes or preexisting structures.
A more versatile method is to grow a nanowire template, the
size and shape of which are readily controlled. Tubes can then
be formed by uncatalyzed CVD,'”** atomic layer deposition,'*
or metalorganic vapor phase epitaxy”> of shells on the template
followed by wet etching of the template cores, or by vapor—

diameter), diffuser/nozzle opening angle (hollow nanocone solid reactions with the template followed by burn off of
taper angle), and junction geometry (nanotube branch

diameter and angle).31 At the same time, fine control over Received: November 27, 2023

wall diameter, single-crystallinity, and doping would impart Revised:  January 8, 2024

advantages similar to those demonstrated with electrically Accepted:  January 10, 2024

based nanowire sensors.” However, a synthetic route toward Published: January 16, 2024

hybrid structures with control over both the geometric and
electrical properties has not been demonstrated to date.
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Figure 1. Synthesis and transmission electron microscopy. (A) Nanotubes are produced by growing Ge nanowires (blue) and then coating
with Si shells (green). The nanostructures are removed from the substrate by sonication, and then, the Ge is etched in a heated H,0,
solution. (B) High resolution TEM image showing that an intrinsic Si shell forms uniformly and epitaxially on a Ge core. Scale bar is 10 nm.
(inset) Enlargement of interface region showing sharp epitaxy. Scale bar is 1 nm. (C) High resolution TEM of a nanotube demonstrates that
the etch process does not disturb the crystallinity of the Si wall. Scale bar is 10 nm. (inset) Two-dimensional Fourier transform of the image.
(D) After etching, Si tubes of uniform geometry remain. Scale bar is 50 nm. (inset) The open end of a typical nanotube exhibits a hollow

core and stable wall. Scale bar is 5§ nm.

unreacted core material.”” We used the first approach because
it allows greater versatility in the shell material.

RESULTS AND DISCUSSION

Silicon Nanotubes Are Single-Crystalline and Exhibit
Tunable Electrical Transport. We synthesized single-
crystalline Si nanotubes by uncatalyzed CVD on a Ge
nanowire template. We chose this method since the size,
shape, and geometry of the Ge template can be rationally
controlled, and since a nanoscale layer of Si can be deposited
epitaxially onto Ge.””* The Ge template was selectively
etched® by heated H,0, (65 °C), leaving the Si shell intact
(Figure 1A). Transmission electron microscopy (TEM) of the
unetched heterostructures showed that growth occurred along
the <100> (5%), <110> (33%), <111> (5%), and <112>
(57%) directions, as reported previously for Si.*° Images of the
core—shell wires confirm that the growth is epitaxial with a
clean interface between Ge and Si (Figure 1B). A 2D-Fourier
transform was performed locally on Ge and Si image regions,
showing that both are along the <112> direction (Figure S1).
The ratios of d spacings dg./ds; were 1.029 + 0.022, 1.035 +
0.005, and 1.034 + 0.002 for the 1/3{422}, {220}, and 2/
3{422} reflections, respectively (Figure S1). These are similar
to but systematically lower than the expected ratio of 1.040 for
bulk materials,”” suggesting that strain is present in the
structure. A high-resolution image of an etched nanotube
(Figure 1C) confirms that the crystallinity of the shell was
unaffected by the etch. A 2D Fourier transform of the image
(Figure 1C, inset) indicates that the growth direction of the
template was also along the <112> axis. These nanotubes were
highly uniform (Figure 1D) with open ends (Figure 1D, inset),
and few catalyst particles were found.

Whereas past studies have dealt with the sensing of
molecules and blologlcal species bound to semiconducting
nanowire devices,” these Si nanotubes might prove more
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sensitive because each analyte molecule passing through a tube
would lie within one Debye length of the sensing device.”®
Unlike intrinsic core/shell Ge/Si nanowires, which can
conduct ballistically,”® undoped Si shells alone are insulating.
We hypothesized that boron-doped single-crystal Si nanotubes
could function as p-channel field effect transistors (FETs), as
observed previously with Si-nanowire FETs.”** Figure 2 shows
the drain-source current (I) versus bias voltage (V) for a
typical nanotube device (grown with a Si/B feed ratio of
1500:1), with Ni source and drain contacts defined by electron
beam microscopy (Figure 2, lower inset). To measure the gate
response of these tubes, we measured Iy versus back gate
potential (V) at a constant drain-source bias (V4 = —1 V).
The representative device shown exhibited characteristic FET
behavior,*®* in which the current turned off around Ve=1V
(Figure 2, upper inset). Iy, vs V, was analyzed in the linear
region well-above threshold between —6.5 and —9 V and
yielded a transconductance —I3/V, = 119 nS. Because the
measurements were performed on doped Si nanotubes using a
relatively thick and low dielectric constant (50 nm SiO,) back-
gate geometry, the mobility was analyzed using a classical
cylinder and infinite plate model (see Methods). This analysis
yielded a hole mobility of s = 20.6 cm?/V's that is within the
range of values reported for SINW FETs.**

Size and Shape Can Be Rationally Controlled. An
advantage of our synthetic approach is that it enables
independent control over the internal diameter, wall thickness,
and doping. To measure the precision of the growth technique,
we grew and analyzed samples using a variety of catalyst sizes
and shell deposition times. Tubes grown using S, 20, and 80
nm catalyst particles (Figure 3A—C) were found to have
uniform internal diameters of 7.2 + 1.7, 19.2 + 2.5, and 75.6 +
4.3 nm, respectively. Shells deposited on 10 nm cores for 5, 20,
and SO min (Figure 3D—F) were found to have thicknesses of
34 +£0.5,5.1 + 0.3, and 12.3 & 0.9 nm, confirming that shell
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Figure 2. Electrical transport of p-type nanotubes. Single nanotube
transport measurements show typical p-channel FET behavior.
Curves were recorded at equally spaced gate voltages ranging from
Ve=4V (black) to Ve=—6V (yellow). (upper inset) Current (I;,)
vs gate voltage (V) for the same device recorded at a drain bias of
Vi = —1 V; note that the current can be completely turned off.
(lower inset) Scanning electron micrograph (SEM) of actual
device. The channel length is 2 gm.

thickness is a monotonic function of deposition time. The
growth rate slows with increased shell thickness, as expected
for depletion of available reactant gas at a growing interface.*’
This type of precise control over tube geometry might enable
size and conformation selection of passing molecules, a
desirable attribute for biotechnological applications like
nanopore DNA sequencing.41

Notably, our approach can also be readily extended to
produce a variety of other hollow nanostructures. Hollow
cones were templated from tapered Ge nanowires formed
through simultaneous catalyzed axial elongation and uncata-
lyzed radial growth (Figure 4A). Such radial growth is
promoted by vapor deposition at higher temperatures and
GeH, partial pressures than those used for nontapered cores
(see Methods). The cone angle increases with the core growth
temperature, a result of faster overcoating relative to axial
elongation. Cone taper angles at growth temperatures of 380
and 400 °C (Figure 4B,C) were, respectively, measured to be
3.2 + 0.7° and 8.6 + 2.2°, indicating that the angle could be
controlled by deposition temperature. At the higher temper-
ature, the growth substrate was also overcoated with Ge,
leading to cones connected by free-standing Si films (Figure
4C, inset) of up to several square millimeters in area. The size
scale of these devices is relevant for filtering applications,
including ion-rectified membranes which require asymmetri-
cally shaped pores.*” Structures with programmable tapers
could also lead to advances in bioelectronics studies,
analogously to mushroom-shaped electrodes which were
engulfed by cells for intracellular recordings.*

Si nanotubes could form functional elements in nanofluidic
circuits.** To explore the possibility of forming Si nanotube
junctions, we deposited Si shells on branched Ge templates,
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Figure 3. Nanotubes with rationally tuned size. Si nanotubes
having internal diameters of (A) 5, (B) 20, and (C) 80 nm were
synthesized using Au catalyst particles of the desired diameter.
Control of wall thickness was also demonstrated by CVD
deposition of the shell for (D) 5, (E) 20, and (F) 50 min. All
scale bars are 20 nm.

Figure 4. Hollow nanocones. (A) Scheme representing hollow Si
nanocone growth from tapered Ge template. (B,C) Nanocones
templated from highly tapered Ge cores grown at (B) 380 and (C)
400 °C. Scale bars are 200 nm. (B, inset) The base of a typical
cone, viewed at an oblique angle, is circular and open (scale bar,
200 nm). (C, inset) Nanocones grown at 400 °C are connected by
a solid Si film.
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similar to those reported previously with Si.***® Briefly,
untapered Ge wires were grown by the same process as
described earlier. The sample was removed from the furnace,
and Au catalyst particles were randomly deposited from
aqueous suspension on the wire surface. The chip was then
returned to the furnace for branch growth followed by
conformal deposition of the Si shell as described previously
(Figure SA). We found that the apertures between backbone

I Y

Figure S. Branched nanotubes. (A) Scheme representing branched
Si nanotube growth from a branched Ge nanowire template. (B, C)
The heterostructures were etched to yield branched Si nanotube
networks with open junctions. Examples of singly and doubly
branched nanotubes are shown. Scale bars are 20 nm.

and branch nanotubes were fully open (Figure SB). Using a
higher catalyst density resulted in multiple branches within the
proximity of each other (Figure SC). In fully open branched
structures, we found a distribution of angles (Figure S2)
between the branches and the backbones consistent with
previously reported branch angles of 35.3°, 54.7°, 70.5° and
90° for Si wires epitaxially grown from Si nanowire
backbones™ and (100), (110), and (111) Si wafers.”” In
addition to passive microfluidic integration, these branches
could be useful for actively controlling fluid delivery in well-
defined directions by selectively pinching off ionic flows with
local electrical gates.”**’

Silicon Nanotubes Enable Nanofluidic Transport. An
important property of nanoscale channels is that the charge
bilayer can span the channel rather than merely defining the
boundary layer, although the exact dynamics of such confined
ion flows are still under investigation.””** In a proof-of-
concept experiment, a Si nanotube was used to connect two
fluid reservoirs on a glass substrate (see Methods). The
reservoirs were separated by a 10-ym-wide, 25-um-tall polymer
barrier, while a pair of lithographically defined Au electrodes
imposed a DC field (Figure 6A,B). The reservoirs were filled
with water with one side containing 90 M Oregon Green 488
dye (2/,7'-difluorofluorescein). Confocal microscopy was used
to observe the fluorescence and hence the diffusion and
migration of the dye. Before applying a field, the tube appeared
dark (Figure 6C). Initially, the dye did not diffuse into the tube
because of repulsive forces between the negatively charged
molecule and the oxidized Si surface. Applying a field of 10
kV/cm across the tube drove the dye through the structure.
Fluorescence was observed clearly through the wall of the tube
(Figure 6D, Supporting Information Movie) as well as at the
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Figure 6. Nanofluidic transport. (A) Schematic of a single
nanotube device with fluid reservoirs on either end. (B) SEM of
a representative nanotube device taken at a 45° tilt. Scale bar: 20
pm. (C) Epifluorescence microscopy was used to study the
transport of dye between two reservoirs via tubes. Initially, the
tube did not contain dye. (D) When an electric field was applied,
the dye solution filled the tube and was transported to the other
(water-filled) reservoir. The dotted line shows the position of the
SUS8 barrier. (E) Image of the same tube, showing diffusion of dye
away from the open end. The dotted line shows the position of the
tube. Scale bar is 10 gm.

C

D

open end (Figure 6E) where the dye diffused into the water-
filled reservoir.

CONCLUSIONS

We demonstrated the rational synthesis of single-crystal Si
nanotubes, nanocones, and branched nanofluidic networks.
Owing to the flexibility of our Ge nanowire-templated
approach, we achieved these hollow nanostructures with
rationally controlled doping and geometry, including diameter
and wall thickness (nanotubes), taper angle (nanocones), and
branch density (networks). Our electrical and fluid transport
experiments demonstrate that integrated, Si-based nanofluidic
devices could be capable of simultaneously transporting,
processing, and sensing fluids on the subfemtoliter scale.
These functionalities could be useful in biological applications
such as nanomedicine, sequencing, and charge transport. In
particular, Si nanotubes might act as synthetic ion channels
that link extracellular electronics to the cytosol. Significantly,
1D nanostructures with dimensions similar to our tubes can
stably*® (and in some cases, spontaneously’”?) penetrate the
cell membrane, nanotubes can be functionalized or tapered*
to achieve ion selectivity, and nanotubes with chemical or
electrical detection capabilities”*® might be integrated with
other nanoscale elements’" to regulate cellular function.
Nanofluidics is an emerging field, with nascent studies
revealing surprising physical behaviors such as dielectric
anomalies, ionic Coulomb blockade, and Coulomb drag
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effects. If fully harnessed, nanofluidic physics could be
transformative for fields such as water remediation and
energy.** Our tunable nanotube networks could provide a
platform for studying the physics of nanoconfined fluids, while
hollow cone-shaped structures could provide “interconnects”
between nano- and microscale systems.

Realizing these nanofluidic systems will require refined
bottom-up assembly strategies. Examples of directed assembly
approaches achieved for nanowires include alignment within
microfluidic flows, electric fields, and blown films,>* assembly
into lithographically defined trenches,””** and nanocombing
techniques where anchored nanowires were drawn out onto a
distinct target substrate.”> The most recent approaches™ >
have enabled deterministic assembly and device integration at
the single-nanowire level, enabling large organized arrays of
functional transistors™ and electromechanical resonators.”*
These assembly methods have also been expanded to achieve
3D, hierarchically structured nanowire assemblies®® as well as a
nanocomputer finite-state machine.”” Further control over
hollow Si architectures might be achieved with synthetic DNA
templates, which can be encoded with spatial positioning
information to achieve complex, self-assembled structures such
as origami® or bricks.”” The programmable self-organization
of these DNA architectures has been leveraged to assemble
solid-state nanomaterials in 3D configurations with nanometer-
scale resolution.”’

Future iterations of nanotubes could be synthetically
encoded with additional functionalities such as p/n junctions
for electrical current rectification or photovoltaic current
production,”®" ultrathin dielectric layers to modulate trans-
conductance and enhance longevity in aqueous media,”* and
ultrasmall channel length FETs for low detection thresholds.*®
Nanotube-based devices might also be incorporated onto the
ever-expanding repertoire of flexible®>™® and injectable
scaffolds,”*° enabling (bio)probes far smaller than current
examples, where the lower size is limited by relatively large
microelectrode devices.”” The versatility and flexibility of our
approach will allow for hollow nanomaterials with a wide
variety of scientific and engineering applications.

METHODS

Silicon Nanotube Synthesis. Single-crystalline Ge nanowire
templates were grown by the vapor—liquid—solid (VLS) process®®
from gold nanocluster catalysts in an atmosphere of 2.3% GeH, and a
carrier gas of ultrapure H, at 300 Torr and 315 °C for a 1 min
nucleation step, followed by 450 Torr and 280 °C for ca. 30 min of
elongation. These conditions resulted in minimal overcoating of the
wire from the uncatalyzed GeH, decomposition at the nanowire
surface. Intrinsic Si shells were grown using SiH, reactant at 5 Torr
and 450 °C, yielding a radial growth rate of ca. 0.5 nm/min, by
uncatalyzed decomposition of the vapor on the Ge nanowire surface
without promoting VLS growth of Ge/Si axial heterostructures.®”
Alternatively, p-type Si shells (1500:1) were grown using SiH,
reactant (28%) and B,Hy (0.072%) dopant in ultrapure H, at 450
°C for 1 min while ramping pressure from 0 to ca. 20 Torr. A final
annealing step was performed at 600 °C (intrinsic) or 800 °C (p-
type) under vacuum for 2 h to fully crystallize the shell. Samples
grown without annealing typically exhibited amorphous or poly-
crystalline shells. The resulting heterostructures were removed from
the growth substrate by gentle sonication in 30% H,0,/H,0 solution.
The solution was heated to 65 °C for ca. 1 h and then purified by at
least two cycles of centrifugation at 14 krpm (10 min) and
resuspension in ethanol.

Electrical Transport Measurements. Nanotube-based transistor
devices were fabricated in a back-gate geometry.”® Devices were
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fabricated on a degenerately doped Si wafer, which served as the gate
electrode, with a 50 nm thermal oxide layer as the gate dielectric.
Purified nanotubes were dispersed on the Si/SiO, substrate and
located relative to a marker pattern, as determined by scanning
electron microscopy. Ni electrical contacts (65 nm) were defined by
electron beam lithography and deposited by thermal evaporation of
the metal, then annealed at 350 °C for 60 s.

Mobility Calculations. We calculated the hole mobility from the
transconductance

di, ( 1?
w=——=
dV, \ CV

where L is the length of the nanotube, Vg is the source/drain bias,
and C is the capacitance of the thermal oxide layer. Because the
measurements were performed on doped Si nanotubes using a
relatively thick and low dielectric constant (S0 nm SiO,) back-gate
geometry, and because the transconductance was measured at more
than 1 V beyond the threshold voltage, the mobility was analyzed
using a classical cylinder and infinite plate model

2ree,L
- cosh (h/r)

where € and h are the relative permittivity and thickness of the oxide
layer, respectively, and r is the outer radius of the nanotube.”"”*
Setting dIy,/dV, = =119 nS, L = 2 ym, Vg = —1V, € = 3.9, h = 50
nm, and r = 15 nm, we found C = 232 X 107° F and p =
20.6 cm?/V:s.

Silicon Nanocone Synthesis. Tapered Ge wires for conical shells
were grown using Au nanocluster catalysts, with 10% GeH, reactant
in H, carrier at 380—400 °C and 80 Torr. Growth occurred at a radial
rate of about 10 nm/min and an axial rate of about 1 ym/min.

Structural Characterization. A JEOL 2010 field-emission TEM
instrument was used for structure analyses. Nanostructures were
released from the growth substrate by gentle sonication into ethanol
and dispersed onto lacey carbon grids (Ted Pella). The high-
resolution images shown in Figures 1B,C and S1 were measured along
the [111] zone axis.

Nanofluidic Transport Measurements. Each reservoir meas-
ured 1 cm X 1 cm, and the wall separating the two chambers was 10
um wide. The electrodes were S mm apart (with a separating barrier
in the middle). Modeling the system as a series resistances, one can
assume that nearly the entire potential drop occurred across the fluid-
filled nanotube.

The substrates used were glass coverslips (Corning) upon which
Au electrodes had previously been fabricated. First, Ge/Si
heterostructure wires were deposited. The barriers were composed
of SU8-25 (Kayaku Advanced Materials, Newton, MA), which was
spin-coated (3000 rpm, 30 s) and exposed by photolithography. After
development, the entire chip was hardbaked (180 °C for 30 min) to
increase cross-linking of the polymer. Finally, the chips were
submerged in 30% H,0,/H,0 for ca. 12 h at room temperature.
Environmental Scanning Electron Microscopy (ESEM) with Energy-
Dispersive X-ray Spectroscopy (EDS) detection was used to confirm
that the Ge had been completely etched. The etched chip was
mounted on an inverted lens confocal microscope with an
epifluorescence capability. Oregon Green dye was excited using the
488 nm line of an argon ion laser, and fluorescence was observed
through a 500—550 nm band-pass filter.
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