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(57) ABSTRACT

A method for forming a silicon substrate having a multiple
silicon nanostructures includes the steps of: providing a sili-
con substrate; forming an oxidization layer on the silicon
substrate; immersing the silicon substrate in a fluoride solu-
tion including metal ions, thereby depositing a plurality of
metal nanostructures on the silicon substrate; and immersing
the silicon substrate in an etching solution to etch the silicon
under the metal nanostructures, the unetched silicon forming
the silicon nanostructures.
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1
SILICON SUBSTRATE HAVING
NANOSTRUCTURES AND METHOD FOR
PRODUCING THE SAME AND APPLICATION
THEREOF

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to semiconductor substrates,
and more particularly, relates to silicon substrates having
nanostructures.

2. Description of Related Art

Anti-reflection layers are typically employed above silicon
layers of optoelectronics, such as solar cells, detectors, and
photodiodes, to maximize the amount of light absorbed in the
silicon layers. Increasingly greater amounts of light absorbed
of course tend to promote more efficient optoelectronics. As
evidenced by the reflective index of silicon being a relatively
high 3.5 to 4, the reflectivity of silicon layers is more than
30%; therefore, anti-reflection layers can be highly beneficial
for retarding large amounts of light from being reflected back
from the silicon surface. In particular implementations, anti-
reflection layers typically employ anti-reflection films or
various nanostructures textured on silicon surfaces to reduce
the light reflected off the silicon surface.

The various nanostructures, such as nanowires, nanoholes,
nanocolumns, nanoneedles, and the like, reduce reflection
losses by increasing the light path whereby the light strikes
the silicon multiple times, and by decreasing the reflective
index whereby more light is confined within the silicon. How-
ever, nanostructures having too large of a surface area can
cause the carrier recombination to be increased, thus lowering
the efficiency of the optoelectronics.

Therefore, a demand exists in the prior art for silicon sub-
strates having nanostructures that maximize the amount of
light absorbed in the silicon layer while not lowering the
efficiency of the optoelectronics. Another demand is for the
nanostructures to provide excellent anti-reflection perfor-
mance over a wide wavelength range, preferably, in the sub-
stantially whole wavelength range comprising the wave-
lengths of ultraviolet, infrared, and visible light.

Accordingly, it would be advantageous to provide silicon
substrates having nanostructures, and forming methods and
applications thereof, that can satisfy the above demands and
resolve the problems of the prior art.

SUMMARY OF THE INVENTION

An object of the present invention is to provide silicon
substrates having silicon nanostructures, and their forming
methods and applications. With regard to the object the nano-
structures can provide excellent anti-reflection performance
over a wide wavelength range, preferably, in the substantially
whole wavelength range comprising the wavelengths of ultra-
violet, infrared, and visible light. In further regard to the
object the nanostructure surface areas will not be increased
dramatically, and the efficiency of the optoelectronic having
the silicon nanostructures will not be decreased.

According to the object, one embodiment of the present
invention provides a method for forming a silicon substrate
having a plurality of silicon nanostructures comprising the
steps of: providing a silicon substrate; forming an oxidization
layer on the silicon substrate; immersing the silicon substrate
in a fluoride solution comprising metal ions, whereby the
oxidation layer is etched by the fluoride solution, then (e.g.,
followed by) exposing a clean surface on the silicon substrate
with unoccupied sites and occupied sites of Si—H, whereby
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metal ions are reduced and deposited on the unoccupied sites
of the silicon substrate to form metal nanostructures; and
immersing the silicon substrate in an etching solution to etch
the silicon under the metal nanostructures, the unetched sili-
con forming the silicon nanostructures.

According to the object, one embodiment of the present
invention provides a silicon substrate comprising a plurality
of silicon nanostructures, wherein the density of the silicon
nanostructures is greater than or equal to 20 pieces per square
micrometer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A to FIG. 1H show a method for forming a silicon
substrate having a plurality of silicon nanostructures accord-
ing to one embodiment of the present invention.

FIG. 2 shows reflectance plots of some silicon substrates
having nanostructures textured by the method of the present
invention.

FIG. 3 shows reflectance plots of some silicon substrates
having nanostructures textured by a comparative method.

FIG. 4A shows a distribution of metal nanostructures pro-
duced by the above-mentioned comparative method.

FIG. 4B shows silicon nanostructures prepared with the
metal nanostructures of FIG. 4A.

FIG. 5A shows a distribution of metal nanostructures pro-
duced by one of the embodiments shown in FIG. 1.

FIG. 5B shows silicon nanostructures prepared with the
metal nanostructures of FIG. 5A.

FIG. 6A and FIG. 6B elucidate, respectively, nanostruc-
tures produced by the comparative method and by the method
of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Reference will now be made in detail to specific embodi-
ments of the invention. Examples of these embodiments are
illustrated in the accompanying drawings. While the inven-
tion will be described in conjunction with these specific
embodiments, it will be understood that it is not intended to
limit the invention to these embodiments. On the contrary, it
is intended to cover alternatives, modifications, and equiva-
lents as may be included within the spirit and scope of the
invention as defined by the appended claims. In the following
description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention.
The present invention may be practiced without some or all of
these specific details. In other instances, well-known compo-
nents and process operations are not described in detail in
order not to obscure unnecessarily the present invention.
While the drawings are illustrated in detail, it is appreciated
that the quantity of the disclosed components may be greater
or less than that disclosed, except for instances expressly
restricting the amount of the components.

FIG. 1A to FIG. 1H show a method for forming a silicon
substrate having a plurality of silicon nanostructures accord-
ing to one embodiment of the present invention. Referring to
FIG. 1A, a silicon substrate 10 is provided. The silicon sub-
strate 10 may be n-type or p-type of single-crystalline, poly-
crystalline, or amorphous silicon-based substrate, and may be
cleaned by one or more solvents or water before other steps
are performed. In this exemplary embodiment, the silicon
substrate 10 is n-type with a resistivity between 1 and 10
ohm-cm. Referring to FIG. 1B, an oxidization layer 11 with a
thickness of about 1 nm to 1 um is formed on the silicon
substrate 10 by proper or suitable methods. For example, the
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silicon substrate 10 may be cleaned using a Buffer Oxidation
Etchant (BOE) and then immersed in a strong oxidation solu-
tion to form the oxidization layer 11. In this exemplary
embodiment, sulfuric acid (H,SO,) and hydrogen peroxide
(H,0,) are employed as the strong oxidation solution to form
the oxidization layer 11 on the silicon substrate 10, and then
de-ionized water is used to clean the oxidization layer 11.
Note that in another embodiment the silicon substrate 10 may
be exposed to air for several hours resulting in the oxidization
layer 11 being naturally formed, and other embodiments of
the present invention may employ thermal oxidation, plasma
evaporation, sputtering, and spin coating methods to form the
oxidization layer 11 except for the above-mentioned chemi-
cal oxidation and native oxidation methods.

The oxidization layer 11 may comprise one or more of
silicon oxide, silicon dioxide, silicon nitride, silicon oxyni-
tride, and the like that can be etched by a fluoride solution, as
will be discussed below. Referring to FIG. 1C, the silicon
substrate 10 is immersed in a fluoride solution comprising
metal ions, which may comprise ions of one or more of gold
(Au), silver (Ag), copper (Cu), platinum (Pt), iron (Fe), or
combination thereof having various valence charges. In this
embodiment, the fluoride solution comprises hydrofluoric
acid (HF) and silver nitrate (AgNO,). Accordingly, the fluo-
rine ions of hydrofluoric acid will etch the oxidization layer
11.

Referring to FIG. 1D, after the oxidization layer 11 is
etched, Si—H bonds will be formed on some locations of the
silicon substrate, and metal ions will be deposited on loca-
tions unoccupied by the Si—H bonds. Referring to FIG. 1E,
the metal ions (such as silver ions) will be reduced and depos-
ited in silicon surface regions unoccupied by the Si—H bonds
and form metal nanoparticles 12. Turning to FIG. 1F, the
deposition and accumulation of additional metal ions on the
metal nanoparticles 12 as a continual reduction forms silver
nanoislands and/or nanomeshes 13. In this context of the
present invention, “metal nanostructures” refers to structures
formed by the deposited metals with one or more of particle
shapes, island shapes, mesh shapes, and the like.

With reference to FIG. 1G, after the metal nanostructures
12/13 are formed on the surface of'the silicon substrate 10, the
silicon substrate 10 is immersed in an etching solution. The
etching solution may be the same as or different from the
fluoride solution. In this exemplary embodiment, the etching
solution is the same as the fluoride solution, which comprises
hydrofluoric acid (HF) and silver nitrate (AgNO,). In another
embodiment of the present invention, the etching solution
may comprise hydrogen peroxide (H,O,) and hydrofluoric
acid (HF) or any etchant to which the Si—H bonds are sub-
stantially resistant and that is capable of etching the silicon
with a fast rate. Accordingly, the silicon surface occupied by
the Si—H bonds is protected and not etched; in contrast, the
silicon surface occupied by the metal nanostructures 12/13 is
not protected by the Si—H bonds and is etched. Referring to
FIG. 1H, the metal nanostructures 12 are removed resulting in
the remaining (unetched) silicon forming (e.g., constituting)
silicon nanostructures 14 of the silicon substrate 10. The
morphology of the silicon nanostructures 14 may comprise
one or more of nanowires, nanosheets, nanoribbons, and
nanoholes.

The forming mechanism of the silicon nanostructures 14 is
a galvanic displacement reaction characterizable by the metal
ions proceeding the cathodic process and the silicon proceed-
ing the anodic process. Because the reduction of metal ions
and the oxidation of Si atoms occur simultaneously at the
silicon surface, the distribution and morphology of the metal
nanostructures 12/13, such as Ag nanoparticles, greatly affect
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the morphology of etched nanostructures 14 of the silicon
substrate 10. The density and uniformity of the nanostruc-
tures 14 depend on the distribution pattern of the metal nan-
otructures 12/13 on the silicon substrate 10. Furthermore, the
density and the size of the silicon nanostructures 14 are also
closely related to the immersing time and temperature in the
fluoride solution and the etching solution. If a lower etching
temperature is used, a lower etching rate of the oxidization
layer 11 and the silicon nanostructures 14 will be obtained.
Additionally, varying the deposition parameters of the oxi-
dization layer may also affect the density and size of the
silicon nanostructures 14. In the processes of the present
invention, the depositing time and temperature of the metal
nanostructures 12/13 are respectively controlled at about 1
second to 10 minutes and 20° C. to 100° C. In addition, the
etching temperature for forming the nanostructures of the
silicon substrate may also be controlled at about 20° C. to
100° C., with etching times of the silicon nanostructures
depending on the needed length and thickness dimensions of
the silicon nanostructures 14. Thus, the etching times may be
determined by one or more of a needed length dimension and
a needed thickness dimension of the silicon nanostructures.

FIG. 2 shows reflectance plots for four silicon substrates
each having nanostructures textured by the method of the
present invention in which the etching solution comprises
hydroftuoric acid (HF) and hydrogen peroxide (H,O,) and
the etching times are controlled at 2, 3, 4, and 5 minutes
respectively, and further shows as a comparative result the
reflectance of a general silicon substrate, i.e., a silicon sub-
strate without textured nanostructures (denoted by “Si”).
After etching of the silicon substrates by the etching solution
for2, 3,4, and 5 minutes, a scanning electron microscope can
be used to show that the prepared nanostructures of the silicon
substrate have average lengths of about 0.285 pm, 0.308 um,
0.549 pm, and 0.87 um respectively. The scanning electron
microscope also shows that the prepared silicon nanostruc-
tures substantially have nanowire shapes. As shown in FIG. 2,
each of the four prepared nanowires has areflectance less than
10% over the wide wavelength range from 300 to 1100 nm.
Particularly, the sample with a length of about 0.549 um has
areflectance less than 1% over a wide wavelength range from
300 to 972 nm, and the sample with a length of about 0.87 pm
has a reflectance less than 1% over a wide wavelength range
from 300 to 8822 nm. Compared with the unetched, untex-
tured silicon substrate, the nanostructures help to signifi-
cantly decrease the silicon reflectance.

FIG. 3 shows reflectance plots for four silicon substrates
each having a plurality of silicon nanostructures textured by a
comparative method in which each silicon substrate is
cleaned by acetone, methanol, an aqueous solution contain-
ing sulfuric acid (H,SO,) and hydrogen peroxide (H,0O,),
buffer oxidation etchant (BOE), and de-ionized water in
sequence, followed by each being immediately immersed in a
fluoride acid solution comprising hydrofluoric acid (HF) and
silver nitrate (AgNO;) for 2, 5,7, and 10 minutes respectively.
The reflectance of a general silicon substrate (denoted by
“Si”) is also shown for comparison. Scanning electron micro-
scope imaging shows that the prepared nanowires corre-
sponding to the 2, 5, 7, and 10 minute etches have average
lengths of about 0.29 um, 0.763 pm, 1.161 um, and 1.812 pm
respectively. As shown in FIG. 3, only the sample that was
etched for 10 minutes has a reflectance less than 1% over the
wide wavelength range from 300 to 1100 nm; however, this
sample has a length dimension of about 1.812 pm that will
significantly increase the surface area, causing the carrier
recombination rate to be increased, and thus decreasing the
efficiency of the optoelectronic.
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The comparative method provides silicon substrates with
reflectances that cannot be less than 1% over a wide wave-
length range. As mentioned before, the distribution of the
metal nanostructures will determine the density and size of
the silicon nanostructures. FIG. 4A shows a distribution of the
metal nanostructures produced by the above-mentioned com-
parative method, and FIG. 4B shows silicon nanostructures
prepared with the metal nanostructures of FIG. 4A. FIG. 5A
shows a distribution of metal nanostructures produced by one
of the embodiments shown in FIG. 1, and FIG. 5B shows
silicon nanostructures prepared with the metal nanostructures
of FIG. 5A. It can be recognized that the metal nanostructures
produced by the comparative method have a larger volume
than that of the present invention, and because the silicon
surface occupied by the metal nanostructures will be etched,
the remaining silicon will form sparse silicon nanostructures.
In contrast, the method of the present invention can produce
dense silicon nanostructures due to the smaller volume and
denser distribution of the metal nanostructures. According to
embodiments of the present invention, the density of the
silicon nanostructures is greater than or equal to 20 pieces per
square of micrometer (20 pieces/um?). Accordingly, the
method of the present invention produces silicon nanostruc-
tures with a greater density that can increase the light path and
confine more light within the silicon.

In addition, the present invention has a shorter etching time
than that of the comparative method and provides a better
anti-reflection effect over a substantially whole wavelength
range. For the sake of comparison, FIG. 6 A and FIG. 6B show
prepared silicon nanostructures of the comparative method
and the present invention respectively, with FIG. 6 A showing
the silicon nanostructures produced by the comparative
method and FIG. 6B showing the silicon nanostructures pro-
duced by the method of the present invention. For achieving
a satisfactory anti-reflection effect, the comparative method
employs a longer etching time than that of the present inven-
tion; however, the longer etching time causes the thickness H
of the nanostructures to be too deep and thus results in the
carrier recombination rate being increased. In addition, as
shown in FIG. 6A, when an electrode is deposited on the
nanostructures for forming an optoelectronic, the sparsely
distributed silicon nanostructures may cause the electrode 15
to be discontinuous. In contrast, as shown in FIG. 6B, silicon
nanostructures provided by the present invention can over-
come the above deficiencies, and when an electrode 15 is
deposited on the nanostructures for forming an optoelec-
tronic, the ensuing structure may result in a continuous elec-
trode 15.

Accordingly, one embodiment of the present invention
provides a silicon substrate having nanostructures, wherein
the density of the silicon nanostructures is greater than or
equal to 20 pieces per square of micrometer. In one example,
the silicon nanostructures are shaped as nanowires with an
average length of about 0.5 pm to 0.9 um. This silicon sub-
strate can be produced by the method described in reference
to FIGS. 1A to 1H, and features of the silicon substrate and
the silicon nanostructures may be the same as or correspond
to those in the description of FIGS. 1A to 1H, further details
of which are omitted.

In addition, the silicon substrate having nanostructures
may be applied to an optoelectronic, such as a solar cell,
detector, photodiode, and the like. When the silicon substrate
having nanostructures is applied to an optoelectronic, a first
electrode is arranged above the silicon substrate, a second
electrode is arranged below the silicon substrate, and one or
more semiconductor layers may be arranged between the
second electrode and the silicon substrate.
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Although specific embodiments have been illustrated and
described, it will be appreciated by those skilled in the art that
various modifications may be made without departing from
the scope of the present invention, which is intended to be
limited solely by the appended claims.

What is claimed is:

1. A method for forming a silicon substrate having a plu-
rality of silicon nanostructures, comprising the steps of:

providing a silicon substrate;

forming an oxidization layer on said silicon substrate;

immersing said silicon substrate in a fluoride solution com-

prising metal ions, whereby said oxidation layer is
etched by said fluoride solution, followed by exposing a
clean surface on said silicon substrate with unoccupied
sites and occupied sites of Si—H, whereby metal ions
are reduced and deposited on the unoccupied sites of
said silicon substrate to form metal nanostructures; and
immersing said silicon substrate in an etching solution to
etch the silicon under said metal nanostructures, the
unetched silicon forming said silicon nanostructures.

2. The method as recited in claim 1, wherein said silicon
substrate comprises a single-crystalline, poly-crystalline, or
amorphous silicon-based substrate.

3. The method as recited in claim 1, wherein said oxidiza-
tion layer comprises one or more of silicon oxide, silicon
dioxide, silicon nitride, and silicon oxynitride that can be
etched by said fluoride solution.

4. The method as recited in claim 1, wherein said oxidiza-
tion layer is formed by a chemical oxidation method.

5. The method as recited in claim 1, wherein said oxidiza-
tion layer is formed by a thermal oxidation, plasma evapora-
tion, sputtering, spin coating, or native oxidation method.

6. The method as recited in claim 1, wherein said oxidiza-
tion layer has a thickness of about 1 nm to 1 um.

7. The method as recited in claim 1, wherein the metal ions
comprise ions of gold (Au), silver (Ag), copper (Cu), plati-
num (Pt), iron (Fe), or a combination thereof having various
valence charges.

8. The method as recited in claim 1, wherein said etching
solution is the same as said fluoride solution.

9. The method as recited in claim 8, wherein said etching
solution comprises hydrofluoric acid (HF) and silver nitrate
(AgNO;).

10. The method as recited in claim 1, wherein said etching
solution differs from said fluoride solution.

11. The method as recited in claim 10, wherein said fluo-
ride solution comprises hydrofluoric acid (HF) and silver
nitrate (AgNO;) and said etching solution comprises hydro-
gen peroxide (H,O,) and hydrofluoric acid (HF).

12. The method as recited in claim 1, wherein the deposit-
ing temperature of said metal nanostructures is controlled at
about 20° C. to 100° C.

13. The method as recited in claim 1, wherein the deposit-
ing time of said metal nanostructures is controlled at about 1
second to 10 minutes.

14. The method as recited in claim 1, wherein said metal
nanostructures comprise one or more of nanoparticles,
nanoislands, and nanomeshes.

15. The method as recited in claim 1, wherein the etching
temperature for forming said silicon nanostructures is con-
trolled at about 20° C. to 100° C.

16. The method as recited in claim 1, wherein the etching
temperature for forming said silicon nanostructures is deter-
mined by one or more of a needed length dimension and a
needed thickness dimension of the silicon nanostructures.
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17. The method as recited in claim 1, wherein the morphol- 19. The method as recited in claim 1, wherein the silicon
ogy of said silicon nanostructures comprises one or more of substrate having the plurality of silicon nanostructures is used
nanowires, nanosheets, nanoribbons, and nanoholes. in an optoelectronics comprising one or more of the following
18. The method as recited in claim 1, wherein the density of items: a solar cell, a detector, and a photodiode.
said silicon nanostructures is greater than or equal to 20 5

pieces per square micrometer. I T S Y



