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ABSTRACT: The patterning of semiconductors with nanometer-scale precision is a
cornerstone of modern technology. Top-down methods, ranging from photolithography to
focused-ion beam milling, are typically used to fabricate complex nanostructures. In this
Perspective, we discuss an alternative bottom-up method to encode similar high-resolution
morphology in semiconductor nanowires (NWs). This process, termed ENGRAVE for
“Encoded Nanowire GRowth and Appearance through VLS and Etching”, combines fast
modulation of nanowire composition during vapor—liquid—solid (VLS) growth with
composition-dependent wet-chemical etching. This method produces cylindrically symmetric
structures in which the diameter is modulated on a sub-10 nm axial length scale. The process
can produce patterns that range from periodic, centrosymmetric to nonperiodic, asymmetric
structures, including gratings, fractals, tapers, ratchets, sinusoids, nanogaps, and nanodots. We
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discuss the prospect for the ENGRAVE process to become a complementary method of
lithographic-like patterning that encodes unique morphologies and physical properties in semiconductors for a range of

technologies.

Lithographic tools that can pattern semiconductor materials
on length scales from micrometers to nanometers have
helped usher in the modern electronic age. The patterning of
silicon (Si), in particular, forms the basis for technologies ranging
from transistors in computers to motion sensors in smartphones.
Si is still a leading material for the development of new
technologies such as nanophotonics"” and optomechanics.”*
Continued progress with these technologies will require the
patterning of progressively higher-resolution and higher-fidelity
morphological features. Improvements to lithographic techni-
ques often require the trade-off of high cost (e.g., phase-shift and
immersion lithography) and/or low throughput (e.g, electron-
beam and focused ion-beam lithographies).”™” As a result,
bottom-up routes for “chemical nanofabrication” are an attractive
alternative to lithographic methods (Figure 1). Nonlithographic
methods of generating nanostructures, however, often result in
thermodynamically metastable morphologies such as spheres,
cubes, cylinders, and nanorods, and the ability to encode
arbitrary, high-resolution morphology is often elusive.*~"°

The nanowire (NW) geometry offers a platform for
nanometer-scale morphological control, and significant research
effort has been devoted toward controlling the morphology of
wires grown by the vapor—liquid—solid (VLS) mechanism." ~**
For example, the Gradecak research group at MIT modulated the
diameter of III-V NW catalysts by altering the catalyst
supersaturation, allowing an ~25% modulation of the NW
diameter (Figure 2A) during VLS growth.14 Because the
morphology change is fundamentally linked to the VLS growth
mechanism, the results could potentially be generalized to other
VLS-grown NW systems. The Filler group at Georgia Tech has
developed methods to modulate the surface chemistry of NWs
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during growth,13’l7 allowing control of vapor—solid sidewall

deposition. This method has created tear drop structures in Ge
NWs (Figure 2B) by modulating the flow of methyl-containing
precursors, which passivate the NW sidewall and prevent
deposition. The Lieber group at Harvard University used a
high-temperature deposition step following VLS growth to
induce the growth of a shell that exhibits Plateau—Raleigh
instability (Figure 2C)."> By altering the temperature and
pressures during this growth process, they created a wide variety
of periodic structures with control over both the period and
cross-sectional profile. The Tian group at the University of
Chicago has utilized rapid depressurization during Si NW growth
to induce Au deposition and diffusion along the NW axis, which
forms a Au silicide that acts as a mask for ex-situ wet-chemical
KOH etching.'' The etch reveals a sawtooth morphology in Si
NWs (Figure 2D), which were used as novel atomic force
microscopy (AFM) tips for interaction with soft matter. The
Samuelson group at Lund University has shown several methods
of control over the morphology of III-V NWs. With GaP—GaAs
NWs, they have produced gaps through an ex-situ wet-chemical
etch to selectively remove the GaAs segments (Figure 2E)."® For
InP NWs, they created long-range twinning super lattices that
remove the cylindrical cross section common to many NW
systems (Figure 2F).”> Beyond VLS-grown NWs, the Mirkin
group at Northwestern University developed a method termed
on-wire lithography (OWL) for creating nanometer-sized gaps in
metal NWs (Figure 2G).”* The NWs are grown via electro-

Received: November 2, 2015
Accepted: January 28, 2016
Published: January 28, 2016

DOI: 10.1021/acs jpclett.5b02444
J. Phys. Chem. Lett. 2016, 7, 685—692


pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.5b02444

The Journal of Physical Chemistry Letters

A Lithography (Top-Down) B ENGRAVE (Bottom-Up)

il

Figure 1. Comparison of top-down lithographic structures and bottom-up ENGRAVE NWs. (A) Top-down lithographic structures, including (1)
template-assisted selective epitaxy of stacked NWs, (2) one-dimensional Si photonic crystals, (3) plasmonic antennae, and (4) plasmonic bow-ties.
Image 1 reprinted with permission from ref 26. Copyright 2015 AIP Publishing LLC. Image 2 reprinted with permission from ref 6. Copyright 2009 AIP
Publishing LLC. Images 3 and 4 adapted by permission from ref S. Copyright 2011 Macmillan Publishers Ltd. (B) Complementary structures created via
bottom ENGRAVE NWs. Top 4 scale bars are 200 nm and bottom scale bar is 100 nm. Images adapted from ref 27. Copyright 2013 American Chemical
Society.

Figure 2. Methods for bottom-up control of NW morphology. (A) Diameter modulation of III—V VLS-grown NWs; scale bar, 100 nm. Images adapted
from ref 14. Copyright 2013 American Chemical Society. (B) Chemically controlled vapor—solid sidewall deposition on Ge NWs. Reprinted with
permission from ref 17. Copyright 2013, American Vacuum Society. (C) High-temperature shell deposition on Si NWs showing periodicity as a result of
Plateau—Raleigh instability; scale bars, 400 nm. Adapted with permission from ref 12. Copyright 2015 Macmillan Publishers Ltd. (D) Si NWs with Au
silicide that acts as an etch stop for aqueous KOH etching; scale bars, 200 nm. Reprinted with permission from ref 11. Copyright 2015 AAAS. (E) GaAs/
GaP NWs etched in aqueous KOH solution. Reprinted with permission from ref 18. Copyright 2010 American Vacuum Society. (F) Twinning super
lattice in InP NWs. Adapted with permission from ref 23. Copyright 2008 Macmillan Publishers Ltd. (G) Au NWs with gaps produced by on-wire
lithography (OWL). Reprinted with permission from ref 24. Copyright 2005 AAAS.

deposition into a porous substrate, and the deposited material template-assisted selective epitaxy’® (TASE), have also been
can be altered during growth. Following growth, the porous developed to create complex structures.

substrate is removed and the material is etched, leaving gaps less In this Perspective, we highlight our recent efforts to encode
than S nm in length. Other template-assisted growth morphologies with nanometer resolution in Si NWs, as

mechanisms, such as coaxial lithography”® (COAL) and illustrated in Figure 3, using the process we term ENGRAVE
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Figure 3. Gallery of ENGRAVE structures. The phosphine flow profile
used to encode each morphology is shown as the blue curve to the left of
each SEM image. All scale bars are 200 nm. Images adapted from ref 27.
Copyright 2013 American Chemical Society.

(Encoded Nanowire GRowth and Appearance through VLS and
Etching).”’~>° We outline the possibility of using NW
morphology as a route to encode specific physical properties,
including optical, electronic, biological, and thermal character-
istics. In addition, we discuss the prospect for this process to
become a complementary method for bottom-up yet litho-
graphic-like patterning of semiconductors for a range of
technological applications.

ENGRAVE can produce patterns
that range from periodic,
centrosymmetric to nonperiodic,
asymmetric structures, including
gratings, fractals, tapers, ratchets,
sinusoids, nanogaps, and nano-
dots.

ENGRAVE works through precise control of phosphorus (P)
dopant incorporation into VLS-grown Si NWs and through
dopant-dependent, wet-chemical etching of the NWs in aqueous
solution. The energy dispersive X-ray spectroscopy (EDS) image
in Figure 4A, collected by a Tecnai Osiris scanning transmission
electron microscopy (STEM) instrument, shows a Si NW
encoded with n-type and nominally intrinsic sections, corre-
sponding to areas of high and low P counts, respectively. The
corresponding SEM image (Figure 4A) shows the same encoded
section after a wet-chemical etch in aqueous KOH solution and
illustrates how areas with high P doping levels act as an etch stop.
The images also demonstrate that the P is confined to specific
locations within the NW with abrupt transitions when the P
concentration is changed. The incorporated P directly
corresponds to the time periods of phosphine (PH;) flow during
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Figure 4. Fundamentals of Si NW doping. (A) Upper panel: Schematic
of a Si NW with intrinsic (i) sections depicted in red and P-doped, n-
type (n) sections depicted in green along with a STEM EDS image of a
SiNW showing P counts in green and Si counts in red; scale bar, 200 nm.
Lower panel: Schematic and SEM image of Si NW after wet-chemical
KOH etching; scale bar, 200 nm. (B) Upper panel: PH, flow profile (in
units of standard cubic centimeters per minute, sccm) during VLS
growth of the NWs shown in panel A. Lower panel: Diameter profile
(black curve and left-hand axis) derived from the SEM image in panel A
and P signal (green curve and right-hand axis) derived from the EDS
image in panel A. All images adapted from ref 30. Copyright 2014
American Chemical Society.

synthesis, as illustrated by the PH; flow, P EDS signal, and
diameter profiles in Figure 4B.

To create precise sub-10 nm morphology, it is necessary to
fully understand and characterize the NW growth rate and to
optimize the abruptness of transitions from heavily doped n-type
regions to nominally intrinsic regions. By using ENGRAVE as an
analytical tool to probe the effects of various VLS growth
parameters (temperatures, partial pressures, and total pressure)
during synthesis by chemical vapor deposition (CVD), we have
found conditions that produce uniform, diameter-independent
growth rates™ and ~5 nm transitions between doped regions.*’
The growth rate of NWs is known to degend on wire diameter
because of the Gibbs—Thomson effect,”’ which increases the
vapor pressure of Si in the liquid catalyst of smaller diameter
wires. By constructing a model of NW growth including the
microscopic processes of Si incorporation, evaporation, and
crystallization (Figure SA), we found that the diameter
dependence of wire growth rates is consistent with a diameter-
dependent rate of Si evaporation from the liquid catalyst. We
identified growth conditions in which the rate of Si evaporation is
not a rate-limiting step for wire growth; as a result, the growth
rate is diameter-independent in this regime. This growth regime
is used for the ENGRAVE process to produce uniform features
across all diameters of NWs in a sample.
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Figure S. Diameter-independent growth rates and dopant transitions. (A) Illustration of the three key processes, incorporation, evaporation, and
crystallization, that are used to model Si NW growth by the VLS mechanism. (B) EDS (top), showing P counts in green, and SEM (bottom) image of a
NW grown under identical conditions after wet-chemical KOH etching; scale bars, SO nm. (C) SEM images of ENGRAVE NWs created by alternating
n-type/intrinsic sections for 6 s each. From top to bottom the NW diameters are (1) ~150 nm, (2) ~100 nm, and (3) ~50 nm; scale bars, 100 nm. (D)
Diameter profiles as a function of axial length for NWs 1—3 shown in panel C. (E) Upper panel: SEM image of a grating-encoded NW more than 50 ym
in axial length; scale bar, 5 ym. Lower panel: Higher-magnification SEM images of select sections of the NW in the upper panel; scale bars, 200 nm. All
images adapted from refs 27 and 30. Copyright 2013 and 2014 American Chemical Society.

It was generally believed that the abruptness of hetero-
structures in a VLS-grown NW would be limited by a phenomena
termed the “reservoir effect,” in which material is retained in the
liquid catalyst even after the gas—phase recursor for the material
is removed, broadening transitions.”**>** Using a kinetic model,
as illustrated in Figure SA, that includes P incorporation and
evaporation from the catalyst and crystallization in the NW, we
determined that the reservoir effect could by fully suppressed if
the rate of P evaporation exceeds the rate of P crystallization.”
We identified CVD growth parameters that satisfy this condition,
and, as shown in Figure 5B, dopant transitions less than ~5 nm in
width can be encoded. In addition, the dopants are uniformly
distributed throughout the cross section of the wire. In
combination with the diameter-independent growth rates,
abrupt morphology can be encoded in wires of arbitrary diameter
in a single growth, as illustrated in Figure SC,D. In addition, this
morphology can be encoded with fidelity over lengths greater
than 50 pm (Figure SE).

In combination with the
diameter-independent growth
rates, abrupt morphology can be
encoded in wires of arbitrary
diameter in a single growth, and
this morphology can be encoded
with fidelity over lengths greater
than 50 um.

Following VLS growth, ENGRAVE NWs are purely
cylindrical, and the encoded morphology is revealed using
aqueous solutions that selectively etch the wires based on the
encoded dopm level. Although there are many well-studied
etchants for Si,>* two of the most common are aqueous KOH and

688

buffered hydrofluoric acid (BHF). With increasing doping level,
the etch rate of Si is known to decrease for KOH whereas it is
known to increase for BHF. As shown in panels A and B of Figure
6 for KOH and BHF, respectively, the two etchants have
opposing etch rates versus doping level. The KOH etch, despite
having an etch rate that is dependent on Si crystal direction,”
produces a NW structure that is smooth and conformal with a
surface roughness of ~0.5 nm, as shown in the AFM image in
Figure 6C. We do not observe a crystallographic-dependent etch
rate, and we suspect that the absence of an anisotropic etch is due
to the cylindrical geometry of the NWs and the lack of well-
defined crystal facets on the wire surface. The BHF etch, which
has previously been demonstrated in similar modulation-doped
Si NWs by the Filler group,*® produces a slightly more abrupt
morphology with the trade-off of a rougher and more porous
surface. Although the porous structure can be desirable for some
applications,”” it can also be removed by performing multiple
BHF etch steps with a mild oxidation of the porous regions
between each step. Most importantly, the ability to quantify the
etch rate versus doping level, combined with the uniform NW
growth rates, allows the rational design of morphology in the NW
using either etchant, as outlined in Figure 6D. This process
involves (1) design of the NW structure, (2) determination of
phosphine flow rates based on the measured etch rate, (3)
growth of the NW using the calculated flow rates, and (4) a timed
wet-chemical etch to fully realize the designed morphology.
Using this strategy, we created bow-tie structures using both a
KOH etch (Figure 6E) and a BHF etch (Figure 6F). The flow
profiles for the two etchants are inverted (bottom panels of
Figure 6E,F) yet produce qualitatively similar morphologies.

As an additional method of morphological control, the
ENGRAVE NWs can be thermally oxidized. As shown by SEM
images and diameter profiles before and after thermal oxidation
(Figure 7A,B), the volumetric expansion of the NW caused by
the lattice expansion from Si to SiO, results in a broadening of
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Figure 6. ENGRAVE process. (A) Radial etch rate of Si NWs in KOH as a function of encoded P doping levels. Red curve represents the best fit to a
single-exponential function. Inset: SEM image of a NW with segments I, II, and III encoded with P doping levels of 1 X 10*° cm™, § X 10" cm™>, and
intrinsic, respectively, and etched for 25 s; scale bar, 200 nm. (B) Radial etch rate of Si NWs in BHF as a function of encoded P doping levels. Blue curve
represents the best fit to an error function. Inset: SEM image of a NW with segments I, II, and III encoded with P doping levels of 5 X 10° em™3, 2.5 X
10 cm ™3, and 1 X 10%° cm ™, respectively, and etched for 8 min; scale bar, 200 nm. (C) AFM map of a NW grating etched with KOH. (D) Schematic of
the sequential process for bottom-up synthesis of complex NW morphologies. (E) Upper panel: SEM image of a KOH-etched NW encoded with a bow-
tie; scale bar, 100 nm. Lower panel: NW diameter (black curve and left-hand axis) as a function of length for the bow-tie shown in upper panel and
measured phosphine flow rate (red curve and right-hand axis) in standard cubic centimeters per minute (sccm) as a function of time during CVD
growth. (F) Upper panel: SEM image of a BHF-etched NW encoded with a bow-tie; scale bar, 100 nm. Lower panel: NW diameter (black curve and left-
hand axis) as a function of length for the bow-tie shown in upper panel and measured phosphine flow rate (blue curve and right-hand axis) in sccm as a
function of time during CVD growth. Images in panels A, D, and E adapted from ref 27. Copyright 2013 American Chemical Society.
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Figure 7. Thermal oxidation of ENGRAVE structures. (A) SEM images of a single ENGRAVE NW before (top; I) and after (middle; II) thermal
oxidation and after removal of the thermal oxide (bottom; III); scale bars, 100 nm. (B) Diameter profiles derived from the SEM images in panel A before
(black; I) and after (red; II) thermal oxidation and after removal of the thermal oxide (green; III). (C) False-color TEM images of etched NWs after

thermal oxidation, in which the entire Si core (shaded red) retains its morphology (top) or the intrinsic segments are fully oxidized (bottom) leaving an
ellipsoidal Si nanodot (shaded red); scale bars, 50 nm.

the outer shape. However, the Si core retains its morphology, behind isolated Si segments, ellipsoidal dots, as shown by the
which can be verified by removing the thermal oxide using a BHF lower TEM image in Figure 7C. Oxidation of n-type doped Si is
etch (bottom panel in Figure 7A). Bright-field TEM imaging of a

also known to drive dopants to the Si/SiO, interface because of
NW with more extensive thermal oxidation (Figure 7C) shows

that the center of the NW corresponds to the crystalline Si core, electrostatic effects combined with the increased diffusion of

3841 o
which is surrounded by an oxide shell. It is also possible to dopants at elevated temperatures. Thus, thermal oxidation
completely oxidize the etched regions of the NWs, leaving can also be a route to remove dopants from the NWs, decoupling
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Figure 8. ENGRAVE technologies. Illustration of the broad set of technological applications that could be explored using morphology encoded through
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Figure 9. Demonstrated technologies enabled by the ENGRAVE process. (A) Dark-field microscopy image (left) and SEM image (middle and right) of
a Si NW with 100 nm (green) and 50 nm (red) diameter segments; scale bars, 2 ym (left and middle) and 100 nm (right). (B) Upper panel: SEM image
of a NW device encoded with a nonvolatile memory bit (dashed box) showing Ti/Pd Ohmic contacts on the far left and right; scale bar, 1 ym. Lower left:
SEM image of the encoded memory bit corresponding to the dashed white box in panel B; scale bar, 100 nm. Lower right: finite-element simulation of
the electric field magnitude across the NW at an applied bias of 8 V plotted in a logarithmic color scale for a nanorod segment S0 nm in length and 10 nm
in diameter. (C) Resistive switching behavior over 10 memory cycles. Dashed lines represent the set/reset pulses between current readings, which were
acquired five times at 1 V between each set or reset pulse. (D) Upper panel: Schematic illustration of Au deposition on a nanogap-encoded NW. Middle
panel: SEM image of nanogap-encoded Si NW with 50 nm Au, gap of ~30 nm, and segment length of ~775 nm; scale bars, 200 nm. Lower panel: Finite-
element optical simulations of the Si/Au nanogap structure above showing the scattered field (IE?) in the plane above the NW resulting from
illumination at normal incidence with a transverse-magnetic plane wave at 633 nm; scale bar, 200 nm. Images in panels B, C, and D adapted from ref 27.
Copyright 2013 American Chemical Society.

the connection between doping level, Fermi level, and
morphology.

With these techniques for creating NWs with complex
morphology, we can focus on the application of ENGRAVE to
specific technologies, as illustrated schematically in Figure 8.
Although this work is still in an early stage, we envision a broad
set of possible technological applications in areas including
energy, nanophotonics, nanoelectromechanical systems, field-
effect transistors, solid-state memory, and biological interfaces,"!
among others, where the ability to connect many complex,
independent, and even anisotropic structures could enable
applications not achievable through other fabrication methods.
For instance, the complex morphologies shown in Figure 3 could
be used for a variety of technologies: suspended segments can be
used as mechanical oscillators for nanoelectromechanical
systems,”” sawtooth segments can be used as electronic
ratchets,*’ periodic gratings as optical elements in nanophotonic
applications,”**> and nonperiodic gratings as a method to
control thermal diffusion and enable thermoelectrics.*® Several
applications of ENGRAVE NWs have already been demon-
strated, as shown in Figure 9. In the area of photonics, confining
and manipulating light on the nanoscale is a key goal,"”” and we

can precisely tune the properties of the NW to facilitate enhanced
control of light at subwavelength dimensions.”” The scattering of
the NWs is strongly correlated with diameter, as shown in optical
dark-field and SEM images in Figure 9A, where the smaller
diameter segments scatter primarily red light and the larger
diameters scatter primarily green light.

We envision a broad set of
possible technological applica-
tions in which the ability to
connect many complex, inde-
pendent, and even anisotropic
structures could enable applica-
tions not achievable through
other fabrication methods.

In addition to photonic applications, morphological changes
can lead to electronic device applications such as nonvolatile
memory.27 Nonvolatile memory is a promising form of memory
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because it allows for fast, two-terminal reads and writes without
need of a power supply to maintain the memory state.”’ To
create a nonvolatile memory bit, we etched and thermally
oxidized an ~50 nm long intrinsic region to a diameter of ~10
nm, as shown by the SEM image in Figure 9B. The geometry
concentrates the voltage drop (see simulation in Figure 9B),
which enhances the switching behavior. We fabricated Ohmic
metal contacts to the n-type sections adjacent to the bit to apply
voltage pulses and switch the resistivity. The bit can be repeatedly
switched and obtains “on/off” current ratios of over 2 orders of
magnitude (Figure 9C).

ENGRAVE NWs can also be used as a scaffold or template for
other materials. To demonstrate this concept, NWs were grown
with finely controlled n-type segments separated by a 50 nm gap
(Figure 9D). We evaporated Au onto the gapped structure to
create a plasmonic antenna. On the basis of simulations shown in
Figure 9D, we tuned the length of the n-type segments to
concentrate the electric field in the gap at a fixed wavelength, and
the predicted field enhancement was directly mapped using
surfaced enhanced Raman spectroscopy (SERS).”

Using materials beyond P-doped Si to produce ENGRAVE
structures would open the door to new applications. Boron (B)
doped Si, as well as germanium (Ge) doped Si and Si—Ge alloys,
have been shown to act as an etch stop in KOH.** In particular,
we expect that the ENGRAVE process can easily be extended to
B-doped Si NWs; however, a new set of growth conditions will be
needed to avoid deleterious vapor—solid deposition on the wire
surface*”*” and to achieve sufficiently high doping levels given
the relatively lower incorporation rate of B in VLS-grown Si
NWs.*"** The development of p-type ENGRAVE would allow
the creation of p—n junctions with complex morphology,
enabling new optoelectronic functionality. Beyond group IV
NWs, III-V NWs have also been shown to have various etch
rates depending on group V materials. For example, in a bromine
wet etch, GaAs has an etch rate that is about 50 times greater than
that of GaP, enabling morphological control."® Development of
the ENGRAVE process with III-V materials could enable the
design of photonic structures that take advantage of the direct
bandgap of many III-V material systems.

In this Perspective, we have presented a new bottom-up
method for controlling nanoscale morphology termed EN-
GRAVE. We have optimized both the growth and etching of
ENGRAVE NWs to produce a range of abrupt and structurally
varied NWs, and while ENGRAVE has been shown specifically in
Si NWs, this research and process can potentially be applied to
other NW systems. We presented a few simple examples of how
ENGRAVE can be used in applications, yet there still remains a
wealth of possible applications in which the structural control
enabled by ENGRAVE could be a powerful method to create
rationally designed structures. The high spatial resolution and
flexibility afforded by the ENGRAVE process make it an exciting
method to explore the connection between nanoscale morphol-
ogy, physical properties, and technological applications.
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