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METHOD OF FORMING AN ARRAY OF HIGH ASPECT RATIO
SEMICONDUCTOR NANOSTRUCTURES

RELATED APPLICATIONS

[0001] The present patent document claims the benefit of the filing date
under 35 U.S.C. §119(e) of U.S. Provisional Patent Application Serial No.
61/253,700, filed October 21, 2009, and which is hereby incorporated by
reference in its entirety.

[0002] U.S. Patent Application Serial No. 12/122,967, which was filed on
May 19, 2008, U.S. Patent Application Serial No. 11/376,908, which was
filed on March 16, 2006, International Patent Application No.
PCT/US2007/064132, which was filed on March 16, 2007, and
International Patent Application No. PCT/US2009/055590, which was filed
on September 1, 2009, are hereby incorporated by reference in their

entirety.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0003] The invention described herein is based at least in part upon
work supported by the National Science Foundation under NSF Award
#0749028 (CMMI) for The Center for Nanoscale Chemical-Electrical-

Mechanical Manufacturing Systems. The U.S. government may have

rights in this invention.

BACKGROUND

[0004] High aspect ratio 3D semiconductor nanostructures, such as
silicon nanowires, may have a profound effect on the design and
performance of many types of devices, including batteries, solar cells,
detectors and thermoelectric systems. To produce silicon nanowires, either
a bottom-up growth method based on a metal catalyzed vapor liquid solid
(VLS) mechanism or a top-down method based on lithography and etching
are typically used. The VLS method generates nanowires with smooth

sidewalls, and nanowire diameter and orientation may in principle be
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controlled by epitaxial growth on appropriate substrates. However,
uniformity and scalability remain as challenges for the bottom-up growth
paradigm.

[0005] Silight emission was first discovered by Canham in 1990 and
emission in the entire visible as well as ultraviolet (UV) light range is of
interest for various applications. Traditionally, blue and UV light emission
from silicon has been obtained through the sonication of porous silicon and
immersion in H,O, for several hours to generate small discrete
nanoparticles. It is desirable to have a method that can produce tunable
light emission/absorption over a broad range of the electromagnetic

spectrum — from IR to UV — in a manufacturable fashion.

BRIEF SUMMARY

[0006] A new method for forming arrays of high aspect ratio
semiconductor nanostructures with controlled size, morphology and
orientation is set forth herein. The nanostructures show promise for use in
applications such as solar cells, thermoelectric materials, and Li batteries.
[0007] The method entails positioning a surface of a stamp comprising a
solid electrolyte in opposition to a conductive film disposed on a
semiconductor substrate. The surface of the stamp includes a pattern of
relief features in contact with the conductive film so as to define a film-
stamp interface. The relief features have at least one lateral dimension of
about 1 micron or less in size. A flux of metal ions is generated across the
film-stamp interface, and a pattern of recessed features, which is
complementary to the pattern of relief features on the surface of the stamp,
is created in the conductive film. The recessed features extend through an
entire thickness of the conductive film to expose the underlying
semiconductor substrate and define a conductive pattern on the substrate.
The stamp is removed, and material immediately below the conductive
pattern is selectively removed from the semiconductor substrate. Features

are formed in the semiconductor substrate having a length-to-width aspect
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ratio of at least about 5:1, and thus an array of high aspect ratio

semiconductor nanostructures is created.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figures 1A-1E are schematics showing steps in the S4-MacEtch

process and exemplary resulting semiconductor nanostructures;

[0009] Figures 2A-2L are scanning electron microscope (SEM) images
of actual three-dimensional silicon nanostructures produced using S4 and
MacEtch. Figures 2A, 2D, 2G, and 2J are silver patterns generated by the
electrochemical stamping process S4, and Figures 2B-2C, 2E-2F, 2H-2I,
and 2K-2L show the corresponding silicon structures obtained from the
MacEtch process at two different magnifications;

[0010] Figures 3A-3C are the MacEtch results for S4 generated Ag
patterns under different MacEtch etching concentrations for p- (100) silicon
wafers;

[0011] Figures 4A-4C are the MacEtch results for S4 generated Ag
patterns under different MacEtch etching concentrations for n- (110) (4A-
4C) silicon wafers;

[0012] Figure 5 shows the MacEtch reaction mechanism for a silver
pattern;

[0013] Figure 6 shows cathodoluminescence (CL) spectra taken from
two sets of nanowire arrays as-etched;

[0014] Figures 7A-7F show SEM and monochromatic CL images at
different wavelengths from two arrays of silicon nanostructures;

[0015] Figures 8A-8B are SEM images of silicon nanostructures of
different morphology;

[0016] Figure 9 shows CL spectra obtained from the silicon
nanostructures of Figs. 8A and 8B produced with different etchant
concentrations;

[0017] Figure 10 shows CL spectra obtained from silicon nanostructures

produced with different etching times;
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[0018] Figures 11A-11B are two sets of CL spectra taken from the same
sample following two cycles of Ag deposition and removal from the silicon
nanowires;

[0019] Figure 12 is a SEM image of silicon nanostructures produced by
S4 and MacEtch with the Ag removed; and

[0020] Figure 13 shows AFM images of a Si wafer etched in (a) 6:1:6
and (c) 2:1:2 49% HF:30% H,0,:EtOH for 1.5 minutes, and SEM images
(b) and (d) of the tilted surfaces; and

[0021] Figure 14 is a plot of the surface roughness of the Si wafer of
Figure 13 measured by an RMS height difference as a function of molar

ratio.

DETAILED DESCRIPTION

[0022] The inventors have developed a hybrid method for forming three-
dimensional (3D), high aspect ratio semiconductor nanostructures with
lateral dimensions in the range of about 10-1000 nm. The hybrid method
combines a non-lithographic metal patterning technique with an open-
circuit metal-assisted chemical etching process. The first key element of
the method is an electrochemical stamping process, “S4,” that allows high
throughput patterning of conductive materials with nanoscale two-
dimensional patterns of arbitrary shapes. The second key element of the
method is a simple and rapid metal-assisted chemical etching process
(“MacEtch”) for producing nanostructured semiconductors, where selective
removal of the semiconductor is assisted by a metal catalyst under a wet
etching environment without an external bias.

[0023] The inventors believe the hybrid technology provides a viable
path for wafer scale manufacturing of 3D functional semiconductor
nanostructures with extremely high aspect ratios. Arrays of 3D
semiconductor nanostructures of various geometries, including linear and
curved, discrete and interconnected can be readily formed, and tunable

red-green-blue emissions from silicon nanowires may be obtained. The
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structure and optical properties of the semiconductor nanostructures may
be tuned by controlling various parameters, including the etching solution
concentration, etching time, semiconductor wafer crystal orientation, and
metal catalyst type, as described further below.

[0024] An overview of the hybrid S4-MacEtch fabrication method is
provided in reference to Figures 1A-11. The S4 part of the process
employs a stamp made of solid electrolyte such as Ag,S or Nafion, which
includes mobile metal ions. First, the solid electrolyte surface 100 is cast,
molded or (ion) milled with a desired pattern of relief features 105a to
produce a stamp 105, as shown schematically in Figures 1A and 1B. The
relief features 105a of the stamp 105 are then brought into contact with a
metallic film 110 deposited on a semiconductor substrate 115 (as depicted
in Figures 1C and 1D) to form a film-stamp interface 120, as indicated in
Figure 1E. Upon applying a suitable electrical bias (typically, less than
about 1V) between the stamp 105 and the metal film 110, solid-state
anodic dissolution takes place and produces a current associated with ion
flux across the film-stamp interface 120. Current flow in the solid
electrolyte is accompanied by mass transport, that is, the motion of
dissolved ions. As the dissolution progresses, metal ions from the metallic
film 110 continuously dissolve into the stamp 105 at the interface 120, so
that the metallic film 110 is patterned to have a profile 110a which is
complementary to that of the stamp 105. Using this process, pattern
transfer, as shown schematically in Figure 1F, may be accomplished
directly by electrochemical means without the use of liquid reactants or
solvents.

[0025] The next key element of the process, MacEtch, relies on the
inventors’ recognition that any metallic pattern that can be formed on a
semiconductor surface may be transferred into the semiconductor body
when exposed to a solution that contains an oxidant (e.g., hydrogen
peroxide (H202) or nitric acid (HNO3) and hydrofluoric acid (HF). Using this
technique, high aspect ratio semiconductor nanostructures may be formed,
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as shown schematically in Figures 1G-11. Material removal occurs directly
underneath the metal 110 due to a rapid catalytic etching reaction at the
metal-semiconductor interface 125. The metal 110 acts as a local cathode
and a catalyst to promote the reduction of the oxidants and generate free
holes (h") at the metal-semiconductor interface 125. The metal 110 travels
downward as the semiconductor 115 is removed beneath it, maintaining a
metal-semiconductor junction 125 and enabling continuous etching under
the catalyst metal 110. By controlling the process conditions, materials,
and metallic pattern, the structure, size and orientation of the resulting
nanostructures 130 may be controlled. Figure 1G depicts an exemplary
array of vertically oriented nanowires 130a; Figure 1H shows an exemplary
array of slanted nanowires 130; and Figure 1| depicts an exemplary array
of slanted and porous nanowires 130.

[0026] Figures 2A-2L are scanning electron microscope (SEM) images
of actual three-dimensional silicon nanostructures produced using S4 and
MacEtch. Figures 2A, 2D, 2G, and 2J are silver patterns generated by the
electrochemical stamping process and Figures 2B-2C, 2E-2F, 2H-2I, and
2K-2L show corresponding silicon structures at two different magnifications
(higher magnification in column of images on far right) produced by
carrying out the MacEtch process for 1 minute. More specifically, Figures
2A-2C show the conversion of metallic Ag dots on a Si surface to vias in
silicon; Figures 2D-2F show the conversion of closely packed arrays of 1
um x 1 ym Ag squares on a silicon surface to silicon grids; Figures 2G-2|
show the conversion of concentric Ag rings to multi-layer annular silicon
shells; and Figures 2J-2L show the conversion of Ag grid patterns on a
silicon surface to silicon nanowire arrays. The structures shown in these
images demonstrate that the combined S4-MacEtch fabrication method
may offer a parallel, low-cost, scalable, efficient and versatile approach for
patterning three-dimensional semiconductor nanostructures in any desired
spatial arrangement, including both linear and curvilinear patterns and high
aspect ratios. The hybrid method has been demonstrated over a 600 ym-
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diameter area, and MacEtch shows consistency across a 1 cm x 1 cm
wafer (e.g., 6-8 Qcm p-type Si).

[0027] Various aspects of the hybrid method are now described in
detail, again in reference to Figures 1A-11.

[0028] Figure 1A is a schematic of a solid electrolyte 100, such as Ag.S.
The solid electrolyte is a solid state ionic conductor having an ionic
conductivity selected from the range of about 0.001 S/cm to about 500
S/cm. For example, the solid electrolyte may include Ag.S, Cu.S, Agl,
RbAgls, AgsSI, AgCuS, AgCuSe, or BrsCu+6l;Cly3. It may be
advantageous for the solid state ionic conductor to include a metal
corresponding to that of the conductive film deposited on the
semiconductor. For example, Ag.S may be selected as the solid
electrolyte when a silver film is deposited on the semiconductor; similarly,
CuzS may be selected as the solid electrolyte if a copper film is deposited
on the semiconductor. The use of a combination of elementally matched
metal film and ionic conductor may be beneficial because cations
generated from the metal generally exhibit good transport properties and
conductance through the matched solid state ionic conductor in the
presence of an electric field. However, a combination of a metal film and
solid state electrolyte that do not include a matched metal (“substitutional
stamping”) may also be suitable for the electrochemical patterning
process. For example, a copper film may be patterned by a Ag,S stamp.
Another exemplary substitutional stamping embodiment is patterning of
metal by a polymer electrolyte.

[0029] A pattern of relief features 105a is created on a surface of the
stamp 105, as shown in Figure 1B, where the relief features may have at
least one lateral dimension (e.g., width, length, diameter) of about 1 micron
or less in size. In some cases, the lateral dimension may be about 500 nm
or less in size, or about 100 nm or less in size. For example, the lateral

dimension may lie in one or more of the following size ranges: from about
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10 nm to about 1 micron, from about 50 nm to about 500 nm, or from about
100 nm to about 300 nm. In addition, the relief features 105a may be
spaced apart a distance of about 1 micron or less. The distance between
adjacent relief features 105a may also be about 500 nm or less, or about
100 nm or less. For example, the distance may lie in one or more of the
following size ranges: from about 10 nm to about 1 micron, from about 50
nm to about 500 nm, or from about 100 nm to about 300 nm. The relief
features 105a may protrude from the surface of the stamp 105 a distance
of between about a few nanometers (e.g., 10 nm) and 1 micron. The
pattern of relief features 105a may form a periodic array, or the relief
features 105a may be randomly arranged. The relief features 105a may
be discrete protruding features, as shown in Figure 1B, or they may be part
of a continuous network of protruding features, as would be the case if the
discrete relief features 105a of Figure 1B were recessed into the surface
so as to form a complementary pattern to that shown (the complementary
pattern being a continuous network of protrusions). The patterned stamp
105 may be fabricated by focused ion beam (FIB) processing, e-beam
lithography or another technique. Also, a mold may be created and used
repeatedly to fabricate a large number of stamps.

[0030] A metallic or other conductive film 110 is formed on a
semiconductor substrate 115 by a suitable deposition technique, such as
evaporation, sputtering or chemical vapor deposition, as shown
schematically in Figures 1C and 1D. For example, a silver film 110 may be
sputter deposited onto a (100) silicon substrate 115. Typically, the
conductive film is deposited to a thickness of between about 1 nm and 100
nm. The conductive film 110 may include a metal such as Ag, Au, Co, Cr,
Cu, Fe, Hf, Ir, Mn, Mo, Pd, Pt, Rb, Re, Rh, Ta, Ti, V, W, Zn, and/or Zr. In
particular, Schottky metals are preferable for the conductive film. Silicon or
other semiconductors may be used for the substrate. For example, the
semiconductor substrate115 may include Si, Ge, GaAs, InAs, or another

semiconductor.
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[0031] The patterned stamp 105 is positioned in opposition to the
conductive film 110 on the semiconductor surface 115 such that the relief
features 105a of the stamp 105 are in contact with the conductive film 110.
The schematic of Figure 1E shows a portion of the relief features 105a of
the stamp 105 in contact with the conductive film 110. The points of
contact between the relief features 105a and the conductive film 110
define a film-stamp interface 120. An electrical bias may be applied
between the stamp 105 and the metal film 110 to generate a flux of metal
ions across the film-stamp interface 120. An electrode may be in contact
with an outer surface of the stamp 105. Typically, the applied electrical
bias is about 1V or less.

[0032] Due to the flux of metal ions, a pattern of recessed features 110a
that is complementary to the pattern of relief features 105a on the surface
of the stamp 105 is formed in the conductive film 110. With continued
application of the electrical bias, the recessed features 110a may extend
entirely through the thickness of the conductive film 110 to expose the
underlying semiconductor substrate 115, as shown schematically in Figure
1F. Accordingly, a conductive pattern 135 may be formed on the
semiconductor substrate having dimensions determined by the pattern on
the surface of the stamp.

[0033] Once the desired conductive pattern 135 is obtained on the
semiconductor substrate, the applied electrical bias may be removed to
halt the flux of metal ions, and the solid electrolyte stamp 105 may be
removed from the substrate. Using the MacEtch process as described
below, the conductive pattern 135 may serve as a chemical drill to carve
out three-dimensional semiconductor nanostructures 130 from the
underlying semiconductor substrate 115.

[0034] The conductive pattern 135 and the semiconductor substrate 115
are immersed in an etchant solution, and, using the conductive pattern 135
as a catalyst, semiconductor material is selectively removed from the

semiconductor substrate 115. The immersion preferably takes place
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without an external bias. The material removal proceeds from immediately
below the conductive pattern 135 in a depth direction (although not
necessarily a perpendicular direction with respect to the substrate surface)
and features 130 are formed in the semiconductor substrate 115. In the
case of single-crystal semiconductor substrates, the material removal may
proceed along along a crystallographic direction of the substrate, such as
the <111>, <110> or <100> direction. Depending on the orientation of the
substrate, material removal may proceed in a direction perpendicular to the
surface of the substrate or at an oblique angle with respect to the surface
of the substrate. The direction of material removal may be referred to as
an “etching direction.”

[0035] The features (nanostructures) 130 formed in the substrate 115
may have at least one of (a) a lateral dimension of about 1 micron or less
in size and (b) a spacing therebetween of about 1 micron or less.
Preferably the lateral dimension is about 500 nm or less in size and the
spacing is about 500 nm or less. For example, the nanostructures 130
may have a lateral dimension that lies in one or more of the following
ranges: from about 10 nm to about 1 micron, from about 50 nm to about
500 nm, or from about 100 nm to about 300 nm. Similarly, the spacing
between adjacent nanostructures 130 may lie in one or more of the
following ranges: from about 10 nm to about 1 micron, from about 50 nm to
about 500 nm, or from about 100 nm to about 300 nm.

[0036] The nanostructures 130 also may have a length-to-width aspect
ratio of at least about 5:1 and thus may be referred to as high aspect ratio
features. The length-to-width aspect ratio may also be at least about 10:1,
at least about 20:1, at least about 50:1, or at least about 100:1. The width
(lateral dimension) of the features may be a diameter in the case of
semiconductor nanostructures 130 with a substantially circular cross-
section (e.g., nanowires).

[0037] The features 130 may be arranged in an ordered array

comprising periodicity in one or two dimensions. Alternatively, the features
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130 may have an aperiodic arrangement. The lateral size, spacing, and
arrangement of the features 130 is strongly influenced by the metal pattern
135 formed on the semiconductor surface 115 prior to carrying out the
MacEtch process.

[0038] As discussed in greater detail in reference to specific examples
below, the concentration of the MacEtch etchant solution may have a
strong influence on the etching direction and the morphology of the
resulting semiconductor nanostructures. Generally, the etchant solution
comprises hydrofluoric acid (HF) and an oxidant in a concentration ratio in
the range of from about 0.67:1 to about 3:1. For example, the
concentration ratio may lie in the range of from about 1:1 to about 2.5:1.
The concentration ratio may also lie in the range of from about 1.5:1 to
about 2:1. Generally speaking, lower concentrations of HF lead to
substantially solid nanostructures, whereas higher concentrations of HF
lead to nanostructures with increased porosity and/or surface roughness.
Typically, the oxidant employed in the MacEtch process is hydrogen
peroxide (H203), nitric acid (HNO3), AGQNO3, KMNnQg4, or Na,S,0s.

[0039] An advantage of the method is that the nanostructures 130
formed in the semiconductor substrate 115 may be highly aligned with
each other, with the spacing between adjacent features varying by only a
small amount along the length of the features 130. The features 130 may
be substantially linear along the length, or they may be curvilinear. In the
case of linear features, they may be aligned substantially perpendicular to
the surface of the substrate, or they may be disposed at an oblique angle
with respect to the surface.

[0040] The time duration of the material removal (etching) influences the
length of the nanostructures 130 formed in the semiconductor substrate
115. Typical etch times are from several seconds to several minutes. For
example, the time duration of material removal may be from about 10
seconds to about 10 minutes. Generally, the time duration is from about
30 seconds to about 5 minutes, from about 30 seconds to about 3 minutes,
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or from about 1 minute to about 3 minutes. Nanowires of lengths (depths)
of up to tens of microns (e.g., 80-90 microns) have been demonstrated to
date using using the S4-MacEtch process, and the fabrication of nanowires
of up to hundreds of microns long is feasible with the method. Besides
length, the time duration of the MacEtch process may also influence the
morphology of the nanostructures. As described further below in examples
of the formation of silicon nanowires by Ag-assisted MacEtch, sidewalls of
the nanowires may become rougher with increasing etching time.

[0041] Semiconductor removal can be achieved through MacEtch with
varied etch rate and geometry regardless of the semiconductor doping
type and level. The depth of the etched features may be controlled by
etching time, as noted above. The generated holes (h") follow two different
routes — they are either consumed right away by reacting with the
semiconductor (e.g., silicon) in immediate proximity (resulting in the
removal of the semiconductor directly in contact with the metal), or they
diffuse out before the reaction (resulting in a porous region off the metal).
Thus, the final semiconductor nanostructure generated can be controlled
by the type of metal (Ag, Au, Pt, Ti, etc.) employed for the pattern, the
metal feature size and spacing, the etchant concentration
(H202/(HF+H>05)), substrate doping type and level, and crystal orientation.
EXAMPLES

[0042] In the following examples, S4 is combined with MacEtch to
fabricate large area silicon nanowire arrays and other high aspect ratio
nanostructures with controlled morphological and optical properties. The
focus is S4 patterning of silver nanoscale metallic patterns on silicon
wafers and subsequent metal-assisted chemical etching in a HF and H,O,
solution. Through spatially resolved optical spectroscopy and imaging
using cathodoluminescence (CL), emission in the red, green and blue color
range resulting from Si nanowire structures is demonstrated. The
emission may be tuned by varying the etching solution concentration,
etching time, and crystal orientation. Furthermore, through the removal of
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the silver pattern and re-deposition of a silver film on the silicon nanowires,
a plasmonic enhancement of the blue emission is verified. The advantages
of the S4 and MacEtch combination and the unique features of the
nanostructures produced using this technique, as well as potential
applications in areas including energy storage and conversion, are also
described.

[0043] Stamps for S4 are written in Ag,S using a FEI Dual Beam FIB.
30 nm of Ag is evaporated using a CHA evaporator on a clean piece of Si
wafer. For p-type silicon, the resistivity is from 4-6 Qcm. N-type samples
are done on an SOI wafer with a device layer resistivity of from 1-10 Qcm
and a thickness of about 2 microns; the thickness of the device layer is
significantly greater than the etch depth.

[0044] Asillustrated in Figures1E and 1D, the inverse of the Ag,S
pattern is stamped into the Ag as the stamp is contacted to the Ag-coated
Si sample and a voltage is applied. After stamping, samples are etched in
solutions containing various amounts of H,O,, HF and EtOH for a period of
30 seconds to 3 min. The Ag is then removed using first a 7.5 minute etch
of H,O2/NH4OH followed with a 5 minute concentrated HNOs etch. After
Ag removal, 12 nm of Ag is redeposited to study the plasmonic effect.
Resulting nanostructures are characterized using a Hitachi S4800
scanning electron microscope (SEM) for morphology, and
cathodoluminescence spectroscopy and imaging in a JEOL 7000F SEM
for spatially resolved optical characterization at various stages, including
directly after etching, after Ag removal and after Ag redeposition.

[0045] Itis known that metallic Ag can be etched by a HF solution;
however, in the case of MacEtch, it appears that the Ag pattern remains on
the silicon, presumably because dissolved Ag+ is reduced by Si when
directly in contact and keep it from being dissolved. To test this
hypothesis, a 5 nm Cr adhesion layer is deposited between the silicon and
the Ag layer. This results in the Ag layer’'s being completely etched away,
and the etching of silicon stops at that point since Cr does not act as a
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catalyst for the reduction of H,O,. This confirms the intimate contact
relationship between metal and the semiconductor necessary in MacEtch.
The continuous local oxidation and subsequent reduction of Ag is the
mechanism for the injection of holes into Si, which is balanced by H>O,.
The reduction of Ag appears to be important for generating roughened,
solid nanostructures, as discussed further below. This is in contrast to
MacEtch using Au or Pt, where the metal acts primarily or entirely as a
catalyst and may not participate in the reaction.

Effect of MacEtch Concentration: [HF]: [H»O,] on Nanowire Direction and
Porosity

[0046] The ratio of HF to H,O, in the MacEtch solution affects both the

etching direction and wire morphology. Shown in Figures 3A-3C and 4A-

4C are the MacEtch results for S4 generated Ag patterns under different
MacEtch etching concentrations for p- (100) silicon (3A-3C) and n- (110)
(4A-4C) silicon wafers, respectively. For the (100) p- Si wafer, vertical
nanowires are formed at low HF/H,O, ratios while tilted nanowires are
generated when the HF ratio is increased by 25%. (The vertical direction
is understood to be substantially perpendicular to the surface of the silicon
wafer, whereas a tilted direction is understood to lie at an oblique angle
with respect to the surface of the silicon wafer.) The tilting direction is
presumably <111>. In addition to the difference in directions, a variation in
the morphology of the nanowires is also evident. The nanowires in Figure
3B are solid, while those in Figure 3C appear to be porous.

[0047] For the (110) n- Si wafer, a low HF concentration leads to solid,
vertically oriented, smooth nanowires, where edge roughness is a result of
the shape of the stamp only (Fig. 4B). In contrast, extremely rough and
porous silicon rods (Fig. 4C) are formed at an increased HF concentration.
Table | summarizes the dependence of nanowire orientation and
morphology on substrate crystal orientation and etching conditions, as well

as the process window.
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Table |. Dependence of Nanowire Orientation and Porosity on Etching

Conditions
Concentration | <0.67:1 | 0.67:1 1:1to 1.5:1 2:1to | 2.51 >3:1
(volume to1:1 1.5:1 to 2:1 2.5:1 to 3:1
HF:HZOZ)
(100) No Porous | Vertical | Slanted | Slanted | Porous No
Pattern | Vertical Slanted | Pattern
(110) No Porous | Slanted | Vertical | Slanted | Porous No
Pattern | Slanted Slanted | Pattern
(111) No Porous | Slanted | Slanted | Vertical | Porous No
Pattern | Slanted Vertical | Pattern
[0048] The underlined table entries represent results that are observed

here, the italicized table entries represent what has been experimentally

observed but is not depicted, and the remaining two entries represent what

has been demonstrated in the literature (Zhang et al., Journal of Physical

Chemistry C, 2008, 112 (12) 4444-4450).

[0049]

The variation in morphology and orientations of nanowires

produced can be explained through the MacEtch reaction mechanism,

which is depicted in Figure 5. At low [HF]/[H20;] ratio, i.e., high relative

concentrations of H,O,, silicon is readily oxidized, and a plethora of holes

is available. Therefore, it is most likely that the etching will occur in the

lowest packing density crystal direction, [100], as there are fewer atoms to

remove. As the number of holes, h*, becomes more limited as the H>O5

concentration decreases, the removal of Si* will become quicker due to a

higher relative concentration of HF, leaving less time for diffusion and

resulting in etching in a more densely packed direction. While the

geometry and size may also affect the etching conditions, they are not

expected to change the etching directions, but rather the size of each

window, or they may shift the overall concentration ratio needed to achieve

certain etching directions.
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[0050] Itis also possible to change the porosity and orientation using
doping concentration. The inventors believe it is possible to get a solid to
porous transition similar to that previously observed by changing the
doping concentration to a less resistive substrate while keeping the etching
solution and geometry constant. Whether increasing the doping
concentration or decreasing the relative concentration of HF:H,0,, the
essential change is the amount of carriers injected, which regulates both
the porosity and the etching direction.

Effect of Nanowire Structures on Emission Wavelength and Intensity

[0051] In general, strong visible emissions from red to blue are
observed at room temperature from various S4/MacEtch-produced
nanostructures. However, the overall emission intensity and relative
intensity in each wavelength range vary depending on the structures
produced using different etching times and patterns.

[0052] Shown in Figure 6 are cathodoluminescence (CL) spectra taken
from two sets of nanowire arrays as-etched (i.e., the Ag metallic pattern
remains in the body of the silicon substrate). The CL spectra show strong
emission in the UV region near 350 nm, a strong peak in the red at 648
nm, and a relatively weak broad band in between (400 — 600 nm). Using
monochromatic CL images taken at each wavelength window (Figures 7A-
7F), it is possible to unambiguously identify that the emission at 350 nm
originates from the Ag pattern between wires (Figure 7B and 7E), while the
emission in the blue (Figure 7C and 7F), green and red (not shown) comes
from the silicon nanowires themselves. This indicates that silicon nanowire
arrays produced by S4-patterned Ag catalyzed MacEtch are capable of
emitting in the full visible wavelength range. Surprisingly, the two sets of
nanowires with diameters at 100 nm and 500 nm, oriented vertically (100)
and slanted (111), respectively, show amazingly similar emission
wavelength and intensity. It is, however, not completely unexpected
considering that the diameter range studied here (100 - 1000 nm) is well
above the quantum confinement Bohr's radius (5 nm), and the visible



WO 2011/049804 PCT/US2010/052581
-17 -

emission observed here could result from surface features that are similar
for both sets of nanowires rather than from the size of the nanowires.
[0053] 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. Figures 9 and 10 show
examples of the tunability and correlation of the emission peak position
with the nanowire morphology.

[0054] Shown in Figure 9 is the etchant concentration effect of emission
properties for nanowires produced from a p- Si (100) wafer. For MacEtch
under 3.75:1:3.75 [HF]:[H20,]:[EtOH] conditions, the dominant CL peak is
~ 630 nm (red color) with a broad band that covers between 400 - 600 nm,
while reducing the [HF] concentration by 20% to 3:1:3 [HF]:[H20.]:[EtOH],
increased the blue emission ~ 480 nm by more than 3 times. By correlating
with the SEM structures shown in Figures 8A and 8B, the red emission is
attributed to smooth but porous nanowires, while the solid nanowires with
seemingly small-scale roughness contribute to the blue emission. While
blue color emission has been reported in porous silicon generated by both
traditional anodic etching and large area non-patterned Ag-catalyzed
MackEtch, long etching times of 45 and 15 minutes, respectively, were
required to produce weak blue emission. In contrast, the S4+MacEtch-
produced nanowire arrays reported here resulted only from 3 mins of
etching with predominantly blue emission.

[0055] Shown in Figure 10 is the etching time effect of emission
properties for nanowires produced from a p- Si (100) wafer under 3:1:3
[HF]:[H202]:[EtOH]. Even though the 3 mins of MacEtch resulted in the
strong blue emission peak (top trace), for a short etching time of 30 s
(bottom trace), the dominant emission is red and the overall intensity is
weaker. Careful examination of the morphology of the nanowire sidewalls
indicates that the sidewalls become rougher with increasing etching time,

presumably due to residual silver on the nanowire sidewalls.
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[0056] Roughness induced enhancement of blue emission may be
unique to Ag out of all the MacEtch metal catalysts. While not completely
understood, it is hypothesized that Ag actually participates in the half
reactions (Figure 5). Even though there is no net consumption of Ag, some
Ag particles could reside on the nanowire sidewalls randomly and MacEtch
continues locally increasing the sidewall roughness over time. In contrast,
samples etched using more inert metals as the catalyst, such as Au or Pt,
have not been observed to emit blue wavelengths. The inventors have
observed that the red emission may increase with etching time also when
n- (111) silicon wafers are used. Overall, etching conditions and silicon
surfaces determine the structure of the nanowires, which in turn affects the
optical properties. This provides unique tunability of visible light emission
from an elemental indirect band gap semiconductor like silicon and
unprecedented control of its optical properties through nanofabrication.

Effect of Ag-Induced Plasmonic Effect on Nanowire Emission Properties

[0057] Another unique feature about the Ag-silicon structures produced
by S4 and MacEtch is the plasmonic and photonic coupling effect due to
the presence of Ag nanoparticles, which may enhance the nanowire
emission.

[0058] Shown in Figures 11A-11B are two sets of CL spectra taken from
the same sample following two cycles of Ag deposition and removal from
the silicon nanowires. Figure 11A shows the blue emission enhancement
with the presence of Ag directly from the S4-patterned Ag after MacEtch
(top trace), relative to the same structure with the Ag removed (bottom
trace). Figure 11B shows the strong blue emission again (top trace) after
the intentional redeposition (evaporation) of an Ag metal film of 12 nm thick
nominally (resulting in discrete Ag nanoparticles of ~ 50 nm or less in size),
and the decrease of the blue emission after the removal of the Ag again
(bottom trace). The presence and the absence of Ag can be viewed from
SEM images, as well as CL images, as local bright spots indicate that a
strong selectivity in the emission occurs. The inventors believe that this
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experiment unequivocally confirms a strong enhancement of the blue
emission due to the presence of Ag. It has been observed that Ag films of
approximately 10 nm strongly enhance emission for InGaN/GaN QWs at
470nm. For smaller particles a red shift is observed in plasmonic
resonance, which is observed by a lack of plasmon emission at 350 nm.
By tailoring the Ag particle size, distribution and pattern, it might be
possible to selectively enhance the emission of certain wavelengths and
quench other wavelengths of light to provide a strongly tunable light
emitting or absorbing source in the entire visible range.

Influence of Etchant Concentration on Surface Roughness of Silicon

Surfaces

[0059] In addition to fabrication of periodic nanostructures, the MacEtch
process can also be used to produce semiconductor surfaces with different
degrees of roughness quantitatively by adjusting the etchant concentration.
Shown in Figure 14 is the AFM measured surface rms as a function of
molar ratio of HF to H>O, for MacEtch Si (100) surface coated with an
unpatterned Ag film 5 nm thick for 1.5 mins, along with representative
corresponding SEM and AFM images (Figure 13). As can be seenin
Figure 14, the surface roughness as measured by a rms height difference
ranges from about 50 nm to about 80 nm depending on the molar ratio of
HF to H,O.. These results support the idea that the surface roughness of
semiconductor nanostructures produced by S4-MacEtch may be controlled
to a desired value by variation of the process conditions.

[0060] By combining electrochemical stamping and metal-assisted
chemical etching, the inventors have developed a simple, high-throughput
method of generating many different 3D patterns in semiconductors. The
process of S4- MacEtch is a versatile technology that may generate
patterns with a desired crystal orientation and optical properties. The
ability to control the position, patterned crystal orientation and porosity
makes S4 stamping and MacEtch a good candidate for fabricating large

array of nanowires for various applications that may benefit from precise
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control of nanostructure arrays, such as solar cells, thermoelectric
materials and Li batteries.

[0061] Although the present invention has been described in
considerable detail with reference to certain embodiments thereof, other
embodiments are possible without departing from the present invention.
The spirit and scope of the appended claims should not be limited,
therefore, to the description of the preferred embodiments contained
herein. All embodiments that come within the meaning of the claims, either
literally or by equivalence, are intended to be embraced therein.

[0062] Furthermore, the advantages described above are not
necessarily the only advantages of the invention, and it is not necessarily
expected that all of the described advantages will be achieved with every

embodiment of the invention.
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1. A method of forming an array of high aspect ratio
semiconductor nanostructures, the method comprising:

positioning a surface of a stamp comprising a solid electrolyte in
opposition to a conductive film disposed on a semiconductor substrate, the
surface of the stamp including a pattern of relief features in contact with
the conductive film so as to define a film-stamp interface, and the relief
features having at least one lateral dimension of about 1 micron or less in
size;

generating a flux of metal ions across the film-stamp interface;

creating a pattern of recessed features in the conductive film
complementary to the pattern of relief features on the surface of the stamp,
the recessed features extending through an entire thickness of the
conductive film to expose the underlying semiconductor substrate and
define a conductive pattern on the semiconductor substrate;

removing the stamp;

selectively removing material immediately below the conductive
pattern from the semiconductor substrate;

forming features in the semiconductor substrate having a length-to-
width aspect ratio of at least about 5:1, thereby forming an array of high

aspect ratio semiconductor nanostructures.

2. The method of claim 1, wherein generating the flux of metal
ions across the film-stamp interface comprises applying an electrical bias
of about 1V or less between the stamp and the conductive film.

3. The method of claim 1, wherein selectively removing the
material comprises immersing the conductive pattern and the

semiconductor substrate in an etchant solution.
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4. The method of claim 3, wherein the immersion in the etchant

solution occurs without an external electrical bias.

5. The method of claim 3, wherein the etchant solution

comprises hydrofluoric acid and an oxidant.

6. The method of claim 5, wherein a concentration ratio of the
hydrofluoric acid to the oxidant in the etchant solution lies in the range of
from about 0.67:1 to about 3:1.

7. The method of claim 6, wherein the concentration ratio lies in

the range of from about 1:1 to about 2.5:1.
8. The method of claim 5, wherein the oxidant is H>O».

9. The method of claim 1, wherein the selective removal of
material occurs substantially along a crystallographic direction of the

semiconductor substrate.

10. The method of claim 9, wherein the crystallographic direction

is substantially perpendicular to a surface of the semiconductor substrate.

11. The method of claim 9, wherein the crystallographic direction

is at an oblique angle with respect to a surface of the substrate.

12. The method of claim 1, wherein the selective removal of
material is carried out for a time duration of from about 10 seconds to

about 10 minutes.

13. The method of claim 12, wherein the time duration is from

about 30 seconds to about 3 minutes.

14. The method of claim 1, wherein the features formed in the

semiconductor substrate include pores.
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15. The method of claim 1, wherein the features formed in the

semiconductor substrate have a surface roughness.

16. The method of claim 15, wherein the surface roughness as
measured by a RMS height difference ranges from about 50 nm to about
80 nm.

17. The method of claim 1, wherein the conductive pattern

comprises silver.
18. The method of claim 1, wherein the stamp comprises Ag.S.

19. The method of claim 1, wherein the array of high aspect ratio

semiconductor nanostructures is an ordered array of silicon nanowires.

20. The method of claim 1, wherein the semiconductor

nanostructures exhibit visible light emission.
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FIG. 5

Cathode reaction (at metal): Anode reaction (at Si):

2Ag + 2HF - 2AgF +H, Ag*+ Si + 4HF — Ag + SiF, + 4H+
H,O, + 2H™—2H,0+2h" Si + 4h" + 4HF — SiF, + 4H"
2H"+2e"—H,* SiF, + 2HF — H_SiF;

Overall reaction:
Si + H,0, + 6HF — 2H,0 + H,SiF; + H, 1
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