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ABSTRACT Semiconductor nanowires have potential applications in photovoltaics, batteries, and thermoelectrics. We report a top-
down fabrication method that involves the combination of superionic-solid-state-stamping (S4) patterning with metal-assisted-chemical-
etching (MacEtch), to produce silicon nanowire arrays with defined geometry and optical properties in a manufacturable fashion.
Strong light emission in the entire visible and near infrared wavelength range at room temperature, tunable by etching condition,
attributed to surface features, and enhanced by silver surface plasmon, is demonstrated.
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igh-aspect ratio semiconductor nanostructures have

started to have a profound effect on the design and

performance of many types of devices, including
batteries, solar cells, detectors and thermoelectric systems.
For example, it has been demonstrated recently that using
silicon (Si) nanowires as the anode in a lithium battery could
enhance the battery charge capacity and promote a longer
battery life." This is attributed to the large strain accom-
modation capacity of the nanoscale dimension thus resil-
ience to pulverization upon lithium insertion and extraction,
and efficient one-dimensional carrier transport along the
nanowires. For thermoelectric applications, a 100-fold re-
duction of thermal conductivity has been found in rough Si
nanowires leading to an enhanced figure-of-merit ZT of 0.6
at room temperature.”> Using Si nanowire arrays for solar
cell applications has also been demonstrated with promising
results, owing to the high antireflectivity hence better ab-
sorption efficiency.*””

To produce high-aspect ratio silicon nanowire arrays,
either a bottom-up growth method through metal-catalyzed
vapor—liquid—solid (VLS) mechanism® or a top-down method
through lithography and etching can be used.”"'° In the VLS
method, diameter and position can be controlled in principle
by catalyst and impressive uniformity and density have been
demonstrated. This bottom-up paradigm generates nano-
wires with smooth sidewalls with no active light-emitting
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properties and requires a growth chamber and growth
condition that ensures epitaxial growth towards desired
orientations on appropriate substrates.

Light emission from porous silicon structure due to
quantum confinement was first discovered by Canham in
1990 and emission in the entire visible as well as UV range
is of interest for various applications.'' Blue and UV Si
emission can be generated through sonication of porous
silicon and immersion in HF and H,O, for several hours to
generate small discrete nanoparticles.'? Highly controllable
photoluminescence has also been reported for Si-rich SiO,
layers that are formed using reactive ion sputtering.'>'*
Recent innovative techniques such as the cooling of laser
ablated Si in supercritical CO, and metal-assisted chemical
etching have also been applied to produce blue and other
visible emissions.'>'® Nanoparticles, dispersed via a col-
loidal solution and electroplated on appropriate substrates,
have found applications as the active layer of devices such
as UV detectors.'” It is desirable to have a method that can
produce tunable light emission/absorption in a broad range
of the spectrum from IR to UV in a manufacturable fashion.

Here we present a top-down scalable nanofabrication
method for production of three-dimensional (3D) silicon
structures that are versatile in geometry and properties. This
method combines two high-throughput parallel fabrication
techniques, superionic solid state stamping (S4)'®'? and
metal-assisted chemical etching (MacEtch).? It provides a
viable path for wafer scale manufacturing of 3D functional
semiconductor nanostructures with lateral resolutions as
small as 10 to 100 nm and extremely high aspect ratio that
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FIGURE 1. S4 and MacEtch Process flow. Schematic diagrams il-
lustrating the process of using stamps written from Ag,S (right) to
pattern deposited Ag film on silicon wafer (left) for superionic solid
state stamping (S4) of Ag patterns (middle), followed by MacEtch,
which yields solid silicon nanowires in vertical or slanted configu-
ration as well as porous and slanted nanowires (bottom row),
depending on etching conditions.

is limited mainly by etching time.?' ~> Red-green-blue emis-
sions from silicon nanowire arrays are produced and tunable
through the control of a variety of parameters including
MacEtch solution concentration, etching time, silicon wafer
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crystal orientation and doping, and metal catalyst type. The
capability of this method could potentially open new design
possibilities such as high efficiency all-silicon tandem solar
cell consisting of Si nanowires monolithically stacked to
absorb different parts of the solar spectrum.**2>

Figure 1 illustrates the process flow for the combined S4-
MacEctch fabrication method (see Methods for details). Figure
2 shows several different types of 3D silicon nanostructures
fabricated from two-dimensional Ag patterns generated
using S4 stamping followed by MacEtch. They include the
conversion of metallic Ag dots on Si surface to vias in silicon
(Figure 2a—c); closely packed arrays of 1 um x 1 um Ag
squares on silicon surface to silicon grids (Figure 2d—¥);
concentric Ag rings to multilayer annular silicon shells
(Figure 2g—1i); and Ag mesh pattern on silicon surface to
silicon nanowire array (Figure 2j—l). These results fully
demonstrate that S4-MacEtch can engrave the two-dimen-
sional metal pattern, whether it is linear or circular, discrete
or interconnected, to create 3D high aspect ratio silicon
nanostructures.

The essence of MacEtch is that nanoscale metallic pat-
terns formed on top of a semiconductor surface can be
transferred into the semiconductor body when exposed to
a solution that contains an oxidant (e.g., hydrogen peroxide
(H,0») or nitric acid (HNOs)) and hydrofluoric acid (HF).*%'°
The metal acts as a local cathode and a catalyst to promote
the reduction of the oxidants and generates free holes (h™)
at the metal—semiconductor interface. As a result, the

500nm
—

FIGURE 2. S4 and MacEtch generated three-dimensional Si nanostructures: Ag patterns generated by S4 (a,d,g,j); corresponding sets of Si
structures shown at two different magnifications after subsequent MacEtch for 3 min ((b,c), (e,f), (h,i)) and 6 min (k,]).
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FIGURE 3. Effect of etchant concentration on nanowire orientation,
morphology, and optical properties. SEM images of the S4 printed
Ag pattern on p-type Si (100) wafer (a) after MacEtch for 3 min in
3:1 (b) and 3.75:1 (c) HF/H,O, solution. Insets show higher magni-
fication images. (d) CL spectra taken from sample (b) and (c) as
indicated, where the solid vertical wires (b) show strong blue (~470
nm) emission, while porous slanted wires (c) show weaker total
emission with stronger emission in the red (~624 nm) than blue
wavelength.

material directly underneath the metal is preferentially
removed under controlled etching and appropriate selection
of metal. The metal travels downward as the semiconductor
is removed beneath it, maintaining a metal—semiconductor
junction and enabling continuous etching under the catalyst
metal.

Silicon etching can be achieved through MacEtch regard-
less of the doping type and level with varied etch rate and
geometry.*° The depth of the etched features is controlled
by etching time. The generated holes (h") follow two differ-
ent routes: they are either consumed right away by reacting
with the silicon in immediate proximity (resulting in the
removal of silicon directly in contact with the metal) or
diffuse out before reaction (resulting in porous region off the
metal). Thus the final silicon nanostructure generated can
be controlled by the type of metal (Ag, Au, Pt, etc.),*® the
metal feature size and spacing, the etchant concentration
(H,0,/(HF 4 H,0,)),?” substrate doping type, level,*®*2? and
crystal orientation.”

The ratio of HF to H,O, in the MacEtch solution affects
both the etching direction and wire morphology. Shown in

FIGURE 4. High-resolution TEM images with corresponding FFT
patterns along [110] zone axis, indicating the nanowire axial
directions as (111) and (100) for (a) and (b), respectively. These
silicon nanowires are formed by MacEtch of Si (100) wafer at
different etching conditions listed in Table I. The interface between
silicon and the amorphorous oxide layer is traced with dashed lines
for the (100) nanowire for visual clarity. See text for discussion of
nanoscale surface roughness.

Figure 3 are the MacEtch results for S4 generated Ag patterns
under different MacEtch etching concentrations for p-type
(100) silicon wafers with resistivity of 6—8 €-cm. Vertical
nanowires are formed at HF/H,O, ratios less than 3:1 while
slanted nanowires are generated when the HF ratio is
increased beyond 3:25:1. In all case, the volume of EtOH
equals to that of 49 % HF used and is not noted explicitly. In
addition to the difference in directions, the variation of
morphology of the nanowires is also evident. The vertical
nanowires in this case appear to be solid while the tilted ones
are porous (see high-magnification SEM images in the inset
of Figure 3). Table I summarizes the dependence of nano-
wire orientation and morphology on substrate crystal ori-
entation and etching condition, as well as the process
window. The vertical nanowires are defined as those ori-
ented along the surface normal, that is, vertical wires on
(100) surface are [100], on (110) surface are [110], and so
forth. While for the slanted nanowires, the slanting angles
relative to the wafer surface differ depending on the etching
condition. Note that (111} is 35.3° slanted from the (100)
surface, slanted by 54.7° from the (1 10) surface, and slanted
by 19.5° from the (111) surface. The orientations listed in
Table I are the best identification based on nanowire angles
estimated from SEM images. Figure 4 show two examples
of the nanowires with confirmed orientations by TEM se-
lected area electron diffraction patterns. The [111] and [100]
nanowires in Figure 4a,b are formed using etching condi-
tions corresponding to those in Table I row 1 column 5 and
column 3, respectively. The [100] nanowire imaged here is
the same as those in Figure 3b. It is evident that the [100]

TABLE I. Dependence of Si Nanowire Direction and Morphology on S4—Ag MacEtch Condition and Si Wafer Surface Orientation®

concentration (HF/H,O, volume ratio)

3:1—3.25:1 3.25:1—3.5:1 3.5:1—4:1 >>4:1

<<1:1 1.5:1—2:1 2.5:1—3:1
(100) Si wafer | no pattern porous vertical <100>2"2® vertical <100>"
(110) Si wafer no pattern  porous slanted <100> slanted <100>
(111) Si wafer | no pattern porous slanted <100> slanted <100>>°

7,29

slanted <110> slanted <111> porous slanted <111> no pattern
vertical <110> slanted <111> porous slanted <111> no pattern
slanted <110> vertical <111> porous vertical <111> no pattern

“ Non-italic fonts represent direct observations from this study and italic fonts represent projected properties. Consistent literature reports are

indicated wherever available.
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FIGURE 5. CL spatial correlation. CL spectra (a) taken from two sets of silicon pillars shown in SEM images (b) and (e); faux color CL images
taken at 350 nm ((c) and (f)), and at 470 nm ((d) and (g)), indicated by like-color arrows in (a), for the corresponding pillar structure. The scale

bars represent 2 um.

nanowire has an extremely rough interface between silicon
and the amorphorous layer, presumably silicon oxide. The
height variation on surface is as much as ~12 nm and lateral
undulating features are as small as ~1 nm. Nanowire
orientations and porosity produced by MacEtch in literature
reports are also consistent with Table I results and projected
properties where available.?”~2°

We attempt here to explain the nanowire orientation
based on the MacEtch mechanism.?*?? At low [HF]/[H,O,]
ratio, that is, high relative H,O, concentration, holes (h) are
readily generated at the cathode (Ag) to oxidize Si to Si*t,
but HF is not readily available to remove the silicon. There-
fore, it is conceivable that the etching would occur in the
least compact crystal direction, {100), where there are the
fewest surface atoms to remove. As the number of holes (h™)
becomes more limited at high [HF]/[H,O,] ratio, the removal
of Si** will become quicker due to a higher relative concen-
tration of HF leaving less time for hole diffusion resulting in
etching in a direction with more surface atoms such as (1 10)
and (111). As for the morphology (nonporous vs porous)
evolution with etching concentration, it seems that solid
nonporous wires can only be produced when the HF and
H,O, concentrations are somewhat balanced and beyond
that window on both sides of the concentration chart, porous
structures are generated. Porous nanowire structures form
because of hole (h") diffusion beyond the metal-semicon-
ductor interface. Our observations imply that both excess
hole (h™) generation (high H,O, concentration) and high rate
of Si** removal (high HF concentration) allow hole (h')
diffusion to areas that are between the patterned metal. For
different geometry, size, doping type and concentration, and
metal catalyst type, the etching parameter space for the
defined orientation and porosity may shift, but the trend
should remain the same. Recently, it was reported that a
change in nanowire porosity has been observed as a function
of silicon doping concentration while maintaining the
MacEtch concentration.”*® Whether increasing doping con-
centration or decreasing the relative concentration of HF/

v © 2010 American Chemical Society

15685

H,0,, the essential change is the amount of carriers (h™)
injected and consumed that regulates both the porosity and
etching direction.

In general, we have observed strong emissions in the
entire visible and near infrared range at room temperature
from various S4-MacEtch-produced silicon nanostructure
arrays. However, the overall emission intensity and relative
intensity in different wavelength range vary depending on
the structures produced using different etching concentra-
tion, etching time and patterns. Shown in Figure 5a are CL
spectra taken from two sets of nanowire arrays directly after
MacEtch (i.e., the Ag metallic pattern remains in the body
of silicon). The CL spectra indicate strong emission in the
UV region near 350 nm, a strong peak in the red at ~648
nm, and a broad band in other visible color range. Using
monochromatic CL images taken at each wavelength win-
dow (Figures 5c¢,d, and 5f,g) and comparing with the corre-
sponding SEM images (Figure 5b,e), we have unambiguously
identified that the emission at 350 nm originates from the
Ag pattern (bulk plasmon between wires (Figure 5¢,f), while
the emission in the blue ~470 nm (Figure 5d,g), green, and
red (not shown) comes from the silicon nanowires them-
selves. Surprisingly, the two sets of nanopillars with dia-
meters at 400 and 1000 nm show amazingly similar emis-
sion wavelength and intensity. It is however not completely
unexpected considering that the diameter range studied here
is well above the quantum confinement threshold (exciton
Bohr radius for silicon is 5 nm), and the visible emission
observed here most likely originates from surface features
produced as a result of S4-MacEtch.

Remarkably, the relative intensity in each color band as
well as the overall intensity can be tuned by varying etchant
concentration, etching time, silicon substrate properties
(orientation, doping concentration) as well as the type of
catalyst metal. As shown in Figure 3d, for MacEtch under
3.75:1 [HF]/[H202] condition for 3 min, the dominant CL
peak is ~624 nm (red color) with a broad band that covers
between 400—600 nm, while reducing the [HF] concentra-
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FIGURE 6. Surface plasmon enhancement. CL spectra (d) taken directly after MacEtch (SEM image (a) showing bright metallic tips at the top
of the nanowires), after Ag is removed (SEM in (b)), after intentional redeposition of 12 nm (nominal thickness) of Ag film (SEM (c) showing

grainy Ag nanoparticles), and after the removal of Ag again.

tion by 20% to 3:1 [HF]/[H202], increases the blue emission
~470 nm by more than 3 times. In addition to concentra-
tion, increasing etching time from ~30 s to >3 min has
shifted the emission from red to blue color (not shown),
consistent with previous reports on wavelength shift but on
a much faster time scale.'®'” Careful examination of the
morphology of the nanowire sidewalls and top surface
indicate that the surface becomes rougher with increasing
H,O, concentration or etching time. Solid nanowires with
nanometer scale rough surface features (Figure 4b) cor-
respond to dominantly blue emission, while milder height
undulation (Figure 4a) or porous type of nanowires (Figure
3c) emit in the red and near IR wavelength range. Red
emission has been reported from MacEtch produced porous
silicon nanowires.””*®

It is important to point out that MacEtch is normally
confined at the metal semiconductor interface level. Thus
the resulting silicon nanostructure should not experience
further etching while metal continues to sink in, which is the
argument for high-aspect ratio vertical wall features without
undercutting.'%>° However, it is known that metallic Ag can
be etched by HF and H,O, solutions. Yet in the case of
MacEtch, it appears that most of the Ag pattern remains on
silicon surface, presumably because etched silver in the form
of Ag" can be reduced by Si back to Ag when it is in direct
contact with silicon, preventing it from being fully dis-
solved.?? To test this hypothesis, a 5 nm Cr adhesion layer
was deposited between silicon surface and the Ag layer. This
resulted in the Ag layer being completely etched away with

v © 2010 American Chemical Society

1586

a smooth Cr film remaining on the surface. Silicon etching
stopped at that point since Cr does not act as a catalyst in
MacEtch, and Ag in solution did not cause silicon etching.
This confirms that the intimate contact relationship between
catalyst metal and the semiconductor is essential in MacEtch.
Even though there is no net consumption of Ag, some Ag
particles could reside on the nanowire sidewalls and top
surfaces randomly and MacEtch continues locally increasing
the sidewall roughness overtime. In contrast, samples etched
using inert metals as the catalyst, such as Au or Pt, have not
been seen to possess blue emissions.'*°

The Ag S4-MacEtch produced nanowire arrays reported
here resulted only from 3 min etching with dominantly blue
emission, which is much shorter in contrast to blue color
emission reported in porous silicon generated by both
traditional anodic etching and broad area Ag catalyzed
MacEtch (45 and 10 min required, respectively).'®>" Fur-
thermore, this is the first report on blue emission from
ordered silicon nanowire arrays. Overall, etching conditions
and silicon surfaces determine the structure of the nanowires
that in turn affect the optical properties. This provides unique
tunability of light emission from silicon, an elemental indi-
rect band gap semiconductor, with unprecedented control
of its optical properties through nanofabrication.

The other unique feature about Ag S4-MacEtch silicon
structures is the plasmonic coupling effect due to the pres-
ence of Ag nanoparticles, which could selectively enhance
certain wavelength range of the nanowire emission. Shown
in Figure 6d are CL spectra taken from the same sample

DOI: 10.1021/nI903841a | Nano Lett. 2010, 10, 1582--1588



undergone cycles of Ag deposition and removal after the
silicon nanowires are formed. The black-colored CL trace is
taken directly after MacEtch while residual Ag particles
remain on the tip and sidewalls of the nanowires. The cyan
color trace is after the removal of the Ag particles from the
nanowire sample by chemical etching. Clearly, the peak
intensity in the blue wavelength range shows a decrease by
a factor of ~1.7, while not much change is observed in the
red wavelength range. The presence and the absence of Ag
can be viewed from SEM images (Figure 6a,b) as well as CL
images as local bright spots. Next, we have intentionally
redeposited an Ag metal film of 12 nm nominal thickness
(resulting in discrete grainy Ag nanoparticles of ~50 nm or
less in size, as shown in the SEM image in Figure 6c¢), which
leads to a dramatic enhancement of the blue peak at 470
nm (blue color trace) by ~4 times. The blue wavelength
emission intensity has subsequently been returned to the
original level once the Ag is etched off (red color trace). This
series of experiments has unequivocally confirmed a strong
enhancement of the blue emission due to the presence of
Ag nanoparticles. We attribute such enhancement to Ag
surface plasmon resonance on silicon, and the roughness
of the silicon film is essential for light extraction. This is
consistent with a recent report where Ag film strongly
enhanced blue emission from InGaN/GaN quantum well
surface at ~410 nm.”* To the best of our knowledge, this
represents the first report on plasmon enhancement of light
emission from silicon nanowires. We foresee that by tailor-
ing the metal particle type, size, and pattern, it should be
possible to selectively enhance the emission of certain
wavelength quantitatively to provide a strongly tunable light
emitting or absorbing source in the entire visible range.

Conclusions. By combining S4 stamping and MacEctch,
we have introduced a simple, high-throughput method of
generating many different 3D patterns in Si in a manufactur-
ing fashion. Yet, the process is versatile and by controlling
the etching concentration, time, silicon surface orientation,
and doping properties, patterns with the desired crystal
orientation and optical properties can be produced. The
control of the crystal orientation can be used for changing
the reflectivity of silicon®® and the porosity can be used to
vary the dielectric constant, strain accommodation capacity,
as well as quantum-confined band structure. The unprec-
edented tunability of light emission in the entire visible
wavelength range through nanofabrication, from an indirect
bandgap elemental semiconductor with dimensions well
above the Bohr radius, could lead to many applications
including silicon nanowire based tandem solar cells. Further
plasmonic enhancement has outlined a possibility to locally
enhance absorption in selected wavelength range for better
detectors and photovoltaics.

Methods. MacEtch is a simple, fast, and effective forma-
tion method for nanostructured semiconductors, where
selective removal of the semiconductor is assisted by metal
catalyst under a wet etching environment without external
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bias.”"® The catalyst for MacEtch can be patterned by conven-
tional techniques such as electron beam lithography followed
by metal lift-off. Here we instead use a unique electrochemical
stamping process (S4) for high throughput patterning of arbi-
trarily shaped nanoscale metallic materials'®>* with feature
sizes down to the 15—20 nm range. Stamps for S4 were
written in Ag,S using a FEI Dual Beam FIB. 30 nm of Ag was
evaporated using a CHA evaporator on a clean piece of Si
wafer. The resistivity of the p-type and n-type silicon wafers
used is 6—8 and 1—10 Qcm, respectively.

As illustrated in Figure 1, the inverse of the Ag,S pattern
was stamped into the Ag as the stamp is contacted to the
Ag coated Si sample and a voltage is applied. Samples were
etched in solutions containing various amounts of H,O,, HF,
and EtOH for a period of 12 s to 6 min. When necessary,
the Ag was removed using first a 7.5 min etch of H,O,/
NH,OH followed with a 5 min concentrated HNO5 etch. After
Ag removal, 12 nm of Ag was redeposited to study the
plasmonic effect. Resulting nanostructures were character-
ized using a Hitachi S4800 SEM for morphology, and cathod-
oluminescence (CL) spectroscopy and imaging in a JEOL
7000F SEM for spatially resolved optical characterization at
various stages including as etched, after Ag removal and Ag
redeposition.

For TEM imaging, the nanowires were mechanically
broken off from the substrate using a diamond scribe when
the pattern containing desired nanowires was located using
a precision stage and CCD camera. The broken nanowires
were sonicated into solution and concentrated. A pipet was
used to disperse the suspension of nanowires onto a holey
carbon TEM grid. The JEOL LAB6 2010F and 201 0FEG TEMs
were used to acquire selected area diffraction (SAD) as well
as high-resolution TEM images from the samples.
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