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Au, Pt, or Ag particles with particle sizes of ca. 1 pum were used as catalysts for boring pores in p-type
Si(100) wafers by wet etching in aqueous solutions containing hydrofluoric acid and hydrogen
peroxide. Boring speed was fastest when Pt particles were used as the catalyst. However, the sidewalls
of the pores and the surface of the wafer were covered with a nanoporous silicon layer of ca. 500 nm in
thickness, and the pore showed a tapered structure. When micrometre-sized Ag particles were used, no
deep pores were formed because the particles were unstable in the solution. In contrast to Pt and Ag
particles, Au particles bored straight pores under some conditions. However, the morphology of pores
depended on the shape of the Au particles. Spherical Au particles formed straight pores, whereas
non-spherical Au particles formed pores with spiral sidewalls. When Au particles formed aggregates
consisting of a small number of particles (<10 particles), crooked pores tended to be formed. In
contrast, when the aggregates were composed of a larger number of particles, straight pores were
formed and the boring speed was faster than the pores formed with isolated Au particles.

Introduction

Deep straight pores formed in silicon (Si) have attracted atten-
tion for their applications in various fields such as membranes,'*
trench capacitors,® and through-wafer interconnects.** Dry
etching combined with photolithography has been commonly
used for the fabrication of deep pores or trenches in Si.”®
However, a major problem of this method is that it involves
complicated processes for forming deep pores in Si, especially
for making pores as deep as several tens of micrometres. Fabrica-
tion of pores in Si by this method is therefore costly, and the
method is limited to small-scale production. Wet anisotropic etch-
ingin alkaline solution is another approach for making poresin Si.
Although this method is attractive owing to its simplicity com-
pared to dry etching, the realizable structures for desired applica-
tions are limited. Anodic etching, a process by which Si wafers are
electrochemically anodized in solutions containing hydrofluoric
acid (HF), is another attractive method because it enables the
formation of deep pores.>! However, the complexity of pretreat-
ment that is required for making the patterned structure impedes
the application of this method to mass production.
Metal-assisted etching has been studied as a novel method for
production of a porous structure in Si. In this method, thin metal
films or particles loaded on Si wafers are used as catalysts for
etching of Si in aqueous solutions containing HF and oxidants
such as H,0,,>'"7'¢ Fe(NO3);,"” K>Cr,0;'*® and O,' without
the need for external electrical power. Because of the simplicity
of this method compared to the common techniques described
above, the method is promising for application to mass produc-
tion if efficient control of the geometrical structure is achieved.
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We previously reported that cylindrical pores of several tens of
nanometres in diameters were formed in Si preferentially in the
<100> direction by wet etching in an aqueous solution contain-
ing HF and H,0, using Ag particles as catalysts."* The Ag
particles were loaded on the Si surface before the etching. During
the etching, the Ag particles sank into the bulk of Si and formed
pores.'*'® When Pt particles with granular surfaces were used
instead of the Ag particles, helical pores were formed.'* Zhu
et al.'™>"" reported the formation of straight Si nanowire arrays
perpendicular to the Si wafer by a method similar to ours using
densely deposited Ag particles as catalysts and H,O, or
Fe(NOs)3 as oxidant.

In order to apply the pores to through-wafer interconnects, the
pore diameter should be larger than 1 um.*® Hence, our research
interest has been focused on the fabrication of pores with
diameters larger than 1 um by applying the metal-assisted
etching technique. Here, we report the usefulness of micro-
metre-sized metal particles as catalysts for the fabrication of
such large pores. We also report the effects of shapes, states of
aggregation, and kind of metal particles used as the catalysts
on the morphology of the pores formed.

Experimental

The Si wafer used in the present study was p-type Si(100) (boron-
doped, 7-13 Qcm). The wafer was 625 um in thickness, and one
of the faces was mirror-polished. The wafer was cut into 20 x 20
mm? pieces and used as test samples. Two kinds of micrometre-
sized Au particles were used: spherical Au particles purchased
from Tokuriki Chemical Research and non-spherical particles
obtained from Aldrich. Pt and Ag microspheres were obtained
from Ishifuku Metal Industry and Mitsui Mining & Smelting,
respectively. Laboratory-grade ultra-pure water (UPW) with a
resistivity of 18.2 MQcm was prepared using a Milli-Q pure water

This journal is © The Royal Society of Chemistry 2008

J. Mater. Chem., 2008, 18, 1015-1020 | 1015


mailto:matsu@chem.es.osaka-u.ac.jp
mailto:matsu@chem.es.osaka-u.ac.jp
http://www.rsc.org/materials
http://dx.doi.org/10.1039/B715639A
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM018009

Downloaded by Chengdu Library of Chinese Academy of Science on 12 October 2012

Published on 21 January 2008 on http://pubs.rsc.org | doi:10.1039/B715639A

View Online

system (YAMATO-Millipore). Other chemicals were used as
received.

Before the pore formation, the Si sample was cleaned by
immersing it in a sulfuric acid-hydrogen peroxide mixture
(97% H,>S04-30% Hy0,, 4 : 1 v/v) for 10 min, in 1% HF for
1 min, and in UPW for 10 min for rinsing. Then it was again
immersed in a sulfuric acid-hydrogen peroxide mixture for
10 min, rinsed with UPW for 10 min, and dried by air blowing.
The surface of the sample was hydrophilic. On the mirror-
polished face of the sample, the dispersion of metal particles
suspended in water or isopropyl alcohol was placed dropwise
and spin-cast with a Mikasa 1H-D7 spincoater at a speed of
3000 rpm. Then the Si sample loaded with the metal particles
was immersed in an aqueous solution containing HF and
H,O, for etching for certain periods. After the etching treatment,
the Si sample was rinsed successively with UPW for 10 sec,
ethanol for 3 min, and pentane for 3 min, and dried in air. Mor-
phologies of the metal particles and pores formed in Si samples
were observed using a Hitachi S-5000 scanning electron micro-
scope (SEM). Cross-sectional views of samples were obtained
for the surfaces exposed by mechanically cleaving the sample.
Pores were preferentially formed in the <100> direction,* espe-
cially when spherical particles were used as the catalyst. When
a sample with pores that developed in the <100> direction at
a high density was cleaved mechanically, the sample tended to
be cleaved along the pores. However, the observation of cleaved
pores was rather difficult when the density of the pores was low
or the pores were crooked. In such samples, cross sections of the
pores could be observed.

Results and discussion

Pore formation using spherical and non-spherical Au particles as
catalysts

Fig. la shows a typical SEM image of spherical Au particles
loaded on a Si(100) surface by the spin-coating method. The
Au particles had diameters of about 0.5-1.5 um. They were
randomly distributed: there were isolated particles and aggre-
gated particles. Other metal particles employed here also showed
similar distributions when loaded on Si surfaces. When a Si
sample loaded with Au particles was immersed in an aqueous
solution containing HF (2.6 mol dm—) and H,O, (8.1 mol dm™?)
for 1 h, Au particles disappeared completely, and micrometre-
sized pores were generated, as shown in Fig. 1b. The density of
pores formed was almost equivalent to that of Au particles
loaded, while the sizes of these pores were larger than that of
Au particles. Corresponding cross-sectional SEM images
revealed the presence of the Au particles at the bottoms of pores,
shown in Fig. 2. Hence, like the formation of deep nanoholes
with Ag nanoparticles,'*'® micrometre-sized pores were found
to be formed with Au particles, which sank into the Si as the
pores were formed. It is noted that, when a Si(111) wafer was
employed, the deep pores were oriented at about 55° from the
surface (data not shown), indicating that the pores grew
preferentially in the <100> direction. This result is also in agree-
ment with the pores formed by Ag nanoparticles.'*'¢

Previous studies have shown that the pore formation is initi-
ated by the reduction of H,O»,, as represented by eqn (1).'41¢

Fig. 1 SEM images of (a) a Si(100) surface loaded with spherical Au
particles and (b) the surface after immersion in an aqueous solution
containing 2.6 mol dm~* HF and 8.1 mol dm~— H,O, for 1 h.

H,0, + 2H* = 2H,0 + 2h* (1)

Owing to the low catalytic ability of the Si surface for the reac-
tion, the etching of Si is slow in a HF-H,O, solution. However,
the reaction is catalyzed by Au, Pt or Ag particles. Since these
metal particles donate electrons to H,O, and accept electrons
from Si, positive holes are generated in Si. The positive holes
injected into Si induce oxidative dissolution of Si in a solution
containing HF, which is represented by eqn (2).

Si + 4h* + 6HF = SiF¢* + 6H* 2)

Since the oxidative dissolution occurs preferentially near the
metal-Si interface, micrometre-sized pores are formed. As typi-
cally shown in Fig. 2a, the pores formed with the isolated Au
particles were mostly linear and oriented in the <100> direction.
The preferential boring in the <100> direction is attributed to
the chemical instability of the (100) face. It has been reported
that the oxidative dissolution of Si in HF solution, either caused
by chemical oxidation or electrochemical oxidation, is accompa-
nied by the formation of a nanoporous Si layer on the surface.!
The formation of the nanoporous Si layer is enhanced under the
condition in which a large number of positive holes are injected
into Si. Such nanoporous Si layers were observed in our samples
in the magnified SEM images of pore sidewalls and top surfaces
of samples after the treatment. The thickness was about 100 nm.

In contrast to the pores formed with isolated Au particles,
those formed with Au deposits consisting of a few Au particles
were often crooked, as seen in Fig. 2b. A probable explanation
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Fig. 2 Cross-sectional SEM images of the pores bored in a Si(100)
sample with (a) a single spherical Au particle, (b) an aggregate composed
of two Au particles, and (c) an aggregate composed of a large number of
Au particles after etching in an aqueous solution containing 2.6 mol dm—3
HF and 8.1 mol dm— H,0, for 1 h. Insets show their corresponding
enlarged images of the bottom parts of pores.

for the results is that the irregular geometry of the Au-Si inter-
face on the deposit induced different local etching rates on the
deposit, resulting in the deviation of the pore growth direction
from the <100> direction. However, when the deposit consisted
of a larger number of Au particles, especially more than 10
particles, the pores again grew in the <100> direction, as shown
in Fig. 2c. In this case, the local difference in the etching rate at
the Si-Au interface was probably averaged and, as a result,
straight pores were formed. This result is similar to the growth
of Si nanowires using densely deposited nano-sized Ag parti-
cles.’' Our finding indicates that such an averaging effect
occurs even with deposits consisting of only 10 or more particles.

As seen in Fig. 2a and 2c, the straight pore formed with aggre-
gated Au particles is almost twice as deep as that formed with an
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Fig. 3 Depth of pores formed with isolated Au particles (O) and Au
aggregates consisting of more than 10 particles (@) vs. etching time.
Each point shows the average for about 10 pores and the bar represents
the standard deviation.

isolated Au particle, both being formed by a 1 h treatment. Fig. 3
shows the depths of pores generated with isolated Au particles
and Au aggregates consisting of more than 10 particles as a func-
tion of the treatment time. The faster boring speed for the aggre-
gated Au particles is attributable to the larger surface area of the
3-dimensionally aggregated structure of the Au particles. This
structure allows the reduction of H,O, in a larger amount per
unit area of the cross section of the pore and an increase in the
number of positive holes injected into Si. The efficient diffusion
of HF, H,0, and SiFg*~ in the large pores bored by them may
also contribute to the rapid growth of pores. The relatively
slow boring speed in the initial period, as seen in Fig. 3, suggests
that the Au particles deposited on the Si surface by spin-casting
do not make good physical contact with Si. In addition, when the
particles are deposited on Si with a flat surface, the contact area
must be small. However, after the particles start sinking into Si,
the contact area between Au and Si increases, leading to the
increased boring speed.

Another feature of the pores seen in Fig. 2 is that the widths
are larger at the upper part of the pores. This phenomenon
suggests that part of the positive holes diffused from the bottom
of the pores, where Au particles existed, to the sidewalls of the Si
sample and formed nanoporous Si layers. Since the nanoporous
Si gradually dissolves into the HF solution,?*?2 Si is etched more
at places where the surface is in contact with the HF solution for
a longer time. This results in the formation of pores with conical
shapes, as shown in Fig. 2a. The widening of the pores is there-
fore related to the ability of positive-hole injection from the
catalytic particles: this increases in the order of Ag, Au and Pt
(see below).

The pore bored with the Au particle can penetrate through
a 625 um-thick wafer after treatment for 18 h, as shown in
Fig. 4a. These through-wafer pores were seen as bright spots
under an optical microscope by illuminating the sample from
the rear side. When the Au particles reached the back surface,
they shifted to some extent along the plane, and started to
move back toward the front surface (Fig. 4b). Since the backward
movement may pose a problem for its application to through-
wafer interconnects, we are now studying a method to prevent
the backward movement of the particles. Interestingly, aggregates
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Fig. 4 (a) Cross-sectional SEM images of a Si(100) sample loaded with
spherical Au particles after etching in an aqueous solution containing 2.6
mol dm~* HF and 8.1 mol dm~ H,O, for 18 h, and (b) a cross-sectional
SEM image of the bottom part of the sample shown in panel (a).

Fig.5 (a) SEM image of a non-spherical Au particle loaded on a Si(100)
surface. (b) Cross-sectional SEM image of a non-spherical Au-loaded
Si(100) sample after etching in an aqueous solution containing 2.6 mol
dm— HF and 8.1 mol dm—* H,O,; for 1 h. (c) Enlarged image of the
bottom part of the pore shown in panel (b).

made of a very large number of particles did not move along the
plane and stayed at the place where they reached (data not
shown).

So far, we have explained the results obtained with spherical
Au particles. When we used non-spherical Au particles, ie.,
the particle distorted from a sphere (Fig. 5a), the pores formed
showed different morphologies. Fig. 5b shows a representative
cross-sectional SEM image of the pore formed with the non-
spherical Au particles. A pore grew perpendicularly to the
sample surface to a depth of about 33 pum in 1 h. The depth
was nearly the same as that of the pore generated with a spherical
Au particle of nearly the same size. A significant difference
between these pores is that the sidewall of the pore generated
with a non-spherical Au particle was somewhat spiraled and
had many parallel stripes, as shown in Fig. 5c. This structure sug-
gests that the Au particle rotated as it sank into Si. The irregular
surface morphology of the Au particle is likely to induce spatial
variation in the supply of positive holes to Si, leading to the
different etching rate on a particle. This provides the driving
force to rotate the Au particle. This phenomenon is similar to

the process by which helical pores were formed with irregularly
shaped Pt nanoparticles,’ in which Pt rotated around axes as
they sank into Si. It should be noted that when the non-spherical
Au particles formed an aggregate consisting of more than 10
particles, the pore became straight, as were the pores formed
by an aggregate of spherical Au particles.

Pore formation using spherical Pt or Ag particles as catalysts

In addition to the Au particles, we used Pt and Ag particles as
catalysts. Their morphologies were similar to the spherical Au
particles shown in the preceding section. When we used Pt parti-
cles, straight pores with diameters of several micrometres were
easily obtained, as shown in Fig. 6. The Pt particles showed
much stronger catalytic activity for making the pores, and, hence,
we lowered the concentration of H,O; in the etching solution to
0.18 mol dm—3, but we increased the concentration of HF from
2.6 mol dm to 5.3 mol dm* because the oxidation rate was
increased. The pores formed after 1 h treatment using Pt particles
were still about 1.4 times deeper than those formed after 1 h treat-
ment using Au particles in the etching solution containing 8.1 mol
dm~* H,0; and 2.6 mol dm* HF. Another feature of the pores
made with Pt particles is that the upper part of the pores is broad-
ened remarkably, forming conical-shaped pores. In addition, the
SEM images show that a thick nano-porous Si layer (ca. 500 nm)
was formed over the sidewalls of the conical shaped pores and the
sample surface. All of these results indicate that Pt particles have
strong catalytic activity for the injection of positive holes into Si
because Pt has stronger catalytic activity for the reduction of
H,0,.2* The enhanced supply of positive holes into Si leads to
the increased boring speed, broadening of the pore width, and
growth of the nanoporous Si layer, as discussed above. Hence,
the fast etching of Si using Pt as a catalyst is attributed to the
effective formation of positive holes at the Pt-solution interface.
The ease of transport of positive holes across the Pt-Si interface
may also contribute to the strong catalytic activity.

When spherical Ag particles of about 0.5-1.5 um in diameter
were used as the catalyst, very few deep pores were bored, but
pits of several um in depth were formed, as shown in Fig. 7a.
The treatment was carried out under the same conditions as
those used for the treatment with Pt particles in an aqueous

Fig. 6 Cross-sectional SEM image of a Si(100) sample loaded with
spherical Pt particles after etching in an aqueous solution containing
5.3 mol dm~ HF and 0.18 mol dm~3 H,O, for 1 h. Inset shows a corres-
ponding enlarged image of the bottom part of the pore.
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Fig.7 (a) Surface and cross-sectional SEM image of a Si(100) sample loaded with spherical Ag particles after etching in an aqueous solution containing
5.3 mol dm~— HF and 0.18 mol dm~3 H,O, for 20 min. (b) Enlarged image of one of the pits shown in panel (a). Inset of panel (a) shows an SEM image of

an Ag particle before being used as the catalyst.

solution containing HF (5.3 mol dm~*) and H,O, (0.18 mol
dm~) for 20 min. The pH of the solution was about 0.3. A
magnified image of the pit (Fig. 7b) shows characteristic features
that were not seen when Au or Pt particles were used. These
features are as follows: (1) many particles of different sizes rang-
ing from ca. 1 pm, which is the size of the original particle, down
to ca. 0.05 um, exist at the bottom of the pit; (2) each of the
particles has an irregular and granular structure, in contrast to
the original Ag particle; (3) several nanometre-sized straight
pores of ca. 4 um in depth were formed, and (4) tiny particles
are seen at the bottom of the nanometre-sized pores. These
results suggest that the micrometre-sized Ag particles have
weak catalytic activity to bore Si in marked contrast to those
of the nanometre-sized Ag particles, which are effective for
pore formation.'* The nanometre-sized pores are attributed to
those formed by nanometre-sized Ag particles that were
re-deposited from Ag ions, which had been dissolved from the
micrometre-sized Ag particles.

The uniqueness of the properties of micrometre-sized Ag
particles as a catalyst for boring pores in Si is correlated with
its electrochemical properties. Since Ag has a relatively negative
redox potential (Ag*/Ag’, 0.80 V vs. NHE) compared to those of
Pt (Pt**/Pt° 1.19 V vs. NHE) and Au (Au**/Au’, 1.50 V vs.
NHE), Ag particles are easily oxidized and dissolved into the
solution containing H,O,, which has a redox potential of 1.72
V vs. NHE in a solution at pH 0.3. However, when they are in
contact with Si, the dissolution of Ag particles can be suppressed
by the supply of electrons from Si (or supply of positive holes
from Ag to Si) through the Si—Ag interface, resulting in oxidative
dissolution of Si instead of Ag. This process takes place easily,
since the flat band potential of p-type Si is located at about
0.38 V vs. NHE,* which is more negative than the redox poten-
tial of silver. This leads to boring of cylindrical nanoholes by Ag
nanoparticles.'*'¢ However, in the case of micrometre-sized Ag
particles, the lowered ratio of the Ag-Si contact area to the
surface area of an Ag particle leads to undersupply of electrons
from Si to Ag particles. As a result, the electrochemical potential
(or the Fermi level) of Ag particles shifts to a level that is suffi-
ciently positive to dissolve Ag into the solution. The Ag* ions
in the solution can be reduced and re-deposited as tiny particles
on Si surfaces concomitantly with the oxidative dissolution of Si

in HF-containing solution because Si is more likely to be
oxidized than Ag.?5?® Hence, the tiny particles seen in Fig. 6
are attributed to Ag particles that were re-deposited from Ag*
ions, which had been dissolved from the micrometre-sized Ag
particles. Since nanometre-sized Ag particles are good catalysts
for making pores in Si, the tiny pores formed from the bottom
of the pits are attributed to those formed by the re-deposited
Ag particles. These Ag particles are deposited near the bottom
of the pits because the deposition occurs preferentially in the
region where the concentration of Ag* ions is high.

Conclusion

We have studied the usefulness of micrometre-sized metal parti-
cles as catalysts for the fabrication of micrometre-sized pores in
Si(100) wafers by wet etching. The formation of pores includes
various elementary steps, e.g., reduction of H,O, on metal cata-
lysts, injection of electrons from Si to metal catalysts, and oxida-
tive dissolution of Si with positive holes and HF. The pore
formation and the morphologies of the pores are affected not
only by the kind of metal particles used as catalyst but also by
the size and shape of the particles. Among the catalysts used in
the present study, we found that spherical Au microspheres are
promising candidates for making straight pores with micro-
metre-sized diameters. They can be used as isolated particles or
in the state of relatively large aggregates (>10 particles).
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