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ABSTRACT A SiO, nanoscale island array was fabricated on
a Si substrate by using anodic porous alumina as a mask.
Transmission electron microscopy observation and the atomic
force microscopy pattern show that the arrangement of SiO»
islands has a quasi-hexagonal symmetry. Ge ions with a dose
of 1x 10'7 cm=2 were subsequently implanted into the SiO,
island array to form Ge-related light-emitting centers. The
photoluminescence (PL) spectra of as-implanted and annealed
samples show three PL bands at 370, 400 and 415 nm. Their
intensities reach maximums in the sample with an annealing
temperature of 700 °C. Spectral analysis suggests that the 370
and 415 nm PL bands arise from = Ge—Ge = and = Ge—Si de-
fect centers, while the 400 nm PL is related to GeO color centers
in the SiO, islands. The existence of these PL bands indicates
the formation of a Si-based nanoscale light source array.

PACS 78.55.Mb;, 42.72.Bj; 68.65.+g

Since a Si-based light source plays an important role in Si-
based optoelectronic integration, much research has focused
on Si-based light-emitting materials in recent years. How-
ever, in most nanostructured materials with light emission,
the distribution of nanocrystallites is spatially disordered, and
thus their light emissions should be a kind of microscale
light source, not a nanoscale one. Recently, many methods
such as electron beam lithography [1] and ion beam lithog-
raphy [2] have been employed to fabricate the distribution-
ordered nanostructures of crystallites. These methods have
many advantages, but they require huge and expensive fab-
rication systems. Instead of these methods, anodic alumina,
as a natural lithography method, is a relatively simple and
inexpensive technique for fabricating the ordered nanostruc-
tures by using self-organization [3]. Anodic alumina has at-
tracted considerable research interest because of its ordered
honeycomb structure. Some ordered metal and semiconduc-
tor nanostructures have been achieved using anodic alumina
as amask [4—6]. Thus, anodic alumina is useful as a mask for
fabricating ideal Si-based nanostructures.
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In this paper, anodic alumina is directly formed on a Si
substrate as a mask for fabricating various nanostructures.
The formed anodic alumina membrane contacts with silicon
substrates and has a packed array of columnar hexagonal
cells with central, cylindrical, uniformly sized holes, which is
similar to the conventional anodic alumina membranes. Such
structural characteristics are beneficial to the formation of an
ordered nanostructure. By using this kind of anodic alumina
mask, we achieved a Si-based SiO, nanoscale island array,
and further obtain a kind of Si-based nanoscale light source
through Ge™"-implantation into the SiO; islands. Photolumi-
nescence (PL) measurements of as-implanted and the an-
nealed samples show three luminescent bands peaking at 370,
400 and 415 nm. The appearance of these PL bands indicates
the formation of a Si-based nanoscale light source, which will
have important applications in Si-based nano-optoelectronic
integration.

A p-type, 0.5 © cm, (100)-oriented silicon wafer was used
as the substrate. After cleaning and removing the native ox-
idation layer, high-purity Al (99.99%) film with a thick-
ness of 400 nm was deposited on the pretreated Si wafer by
electron-beam evaporation. The vacuum chamber was main-
tained under a pressure of 2.5 x 107%Pa. The accelerating
voltage of the electron beam is held essentially constant near
10kV, and the electron gun current is 0.5 A. The deposited
Al film has a good and clear surface, and thus can directly be
used to carry out anodization. Subsequently, the Al/Si film
was anodized in 15 wt. % dilute sulfuric acid electrolyte under
a constant dc voltage of 20 V at 5 °C. Figure 1 shows a typical
current density-etching time (i—f) curve in the process of an-
odization. Obviously, the curve in the A-B range is from the
anodization of the Al film, similar to that of a conventional
bulk Al [7], and that in the B-C range is from anodization of
the Si substrate. The BC curve can be used to control the for-
mation of both the anodic porous alumina and SiO, nanoscale
island array. At point B, the anodization on the Al film has run
to the Al/Si layer interface, and will start to thin the alumina
barrier layer; in the meantime, it will oxidize the Si substrate
to form a SiO, nanoscale island array, while the preformed
anodic porous alumina serves as a mask. Cross-sectional and
planar transmission electron microscope (TEM) observations
(JEOL JEM-2000EX operated at 160kV) were carried out
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FIGURE 1 Current density vs. time transient curve for anodization of the

Al/Si film at dc 20 V in 15 wt. % H,SO4 solution

on the Si-based anodic alumina mask. Figure 2 shows the
corresponding cross-section TEM image. It can be seen that
the parallel, straight and uniform alumina nanochannels with
a mean diameter of about 14 nm have been fabricated on the
Si substrate. At the bottom of each channel there is always an
island. These islands construct an island layer. Fourier trans-
form infrared spectrum shows that this island layer mainly
consists of Si0,. Since the SiO; only exists at the bottom of
each channel, we may obtain a SiO, island array by removing
the anodic alumina membrane.

After the sample was dipped in a 5 wt. % phosphoric acid
solution at 30 °C for several hours, the anodic alumina mem-
brane was automatically separated from the substrate. The
microstructures of the separated anodic alumina mask and
the substrate surface were characterized by means of TEM
observation and an atomic force microscope (AFM) image,
respectively. Figure 3a shows the planar TEM image of the
anodic alumina mask. We can see from this image that the
uniformly distributed and locally ordered nanoholes construct
a nanohole array. The mean diameter of these nanoholes is

anodic alumipa

-
r-

Si substrate

FIGURE 2 Cross-sectional TEM image of the Si-based anodic porous alu-
mina

FIGURE 3 aPlanar TEM image of anodic alumina mask; b AFM image of
the SiO; nanoscale island array

about 15 nm, consistent with the value from Fig. 2. Figure 3b
displays the AFM image of the SiO, nanoscale island ar-
ray. The arrangement of the SiO, islands is in good agree-
ment with that of the alumina nanoholes in Fig. 3a. There-
fore, we believe that the regularity of the SiO, nanoscale
islands is closely related to the anodic alumina mask. Be-
cause of the expansion effect in the process of oxidizing the
Si, the mean diameter of the SiO, nanoscale islands is about
20 nm in Fig. 3b, which is larger than that of the correspond-
ing nanoholes. In addition, as the anodization time increases,
the diameter and thickness of the SiO, nanoscale islands in-
creases. Since the thickness of the Al film is only 0.5 pm, the
regularity of the anodic alumina nanoholes still needs improv-
ing to obtain a perfect SiO; island array.

After the SiO; nanoscale island array is formed, if a metal
layer is deposited on the SiO; islands by the anodic alumina
mask, a nanoscale MOS structure can be achieved. Further-
more, we have known that some Ge-related defects are ef-
ficient violet-emitting centers (e.g. 396 nm). If Ge ions are
implanted into the SiO; islands to form these Ge-related de-
fects, a nanoscale light source could be obtained.

As an example, here we explore the light-emitting prop-
erty of this nanostructure. Along the vertical channels of
the anodic alumina mask, Ge ions were implanted into the
Si0, nanoscale island array at an energy of 200 keV and with
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a dose of 1 x 107 cm™2, and then the mask was removed by
a dipping treatment. Afterwards, the sample was annealed
in N, ambient at 700, 800 and 1000 °C for 30 min. The PL
measurements were performed at room temperature using
a FluoroMax-2 photospectrometer. Figure 4 shows the PL
spectra of the as-implanted and annealed SiO, nanoscale is-
land arrays using an excitation wavelength of 248 nm (5 eV).
The PL spectrum of the as-implanted sample exhibits three lu-
minescent bands at 370, 400 and 415 nm. For the samples with
a different annealing temperature (7,), the positions of these
PL peaks remains unchanged, but their intensities change
with increasing 7,, reaching maximums in the sample with
T, =700 °C. In the samples with T, higher than 700 °C, the
PL intensity dramatically decreases. It can be seen from Fig. 4
that the PL signal is weak, and the PL signal-to-noise ratio is
relatively low in comparison to the PL from a Ge™-implanted
SiO; film grown by thermal oxidation. In a Ge™-implanted
SiO; nanoscale island array, light-emission bodies only exist
in an individual nanoscale island, while light-emission bod-
ies of Ge*-implanted SiO, film pervade the entire microscale
film region. From the point of view of statistics, when equi-
area samples are excited under the same excitation condi-
tion, the luminescence intensities of the Ge™-implanted SiO,
nanoscale island array are obviously lower than those of the
Ge'-implanted SiO; film. So the PL signal-to-noise ratio of
the former is very low. Since no PL was observed for the sam-
ples without Ge*-implantation, we may infer that these PL
bands originate from the SiO, nanoscale island array with
Ge " -implantation.

Ge'-implantation into the SiO, nanoscale island ar-
ray will lead to the formation of Ge-related defect centers.
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FIGURE 4 PL spectra of as-implanted and annealed SiO; nanoscale island
array, taken under an excitation wavelength of 248 nm

Hosono et al. [8] have proposed that two types of oxygen-
deficient (GODC) defect centers, Ge neutral oxygen vacancy
center (GeNOV) and GeO color center, can be formed in Ge*-
implanted SiO; film. The neutral oxygen vacancy (NOV) is
a result of Si-Si bond formation after removing one oxy-
gen atom, which can be extended to Si—Ge and Ge-Ge
bond formation in the case of Ge*-implanted SiO,. This re-
sults in three different types of oxygen vacancies, which are
denoted as = Si—Si=, = Ge—Si = and = Ge—Ge = cen-
ters, respectively. We deduce that the 370 nm and 415 nm
PL bands are closely related to the implantation-induced
GeNOV centers, which may be explained as 7} — Sy tran-
sition in the GeNOV centers. Since the SiO, becomes non-
stoichiometric after Ge™-implantation, the Si atom has the
possibility of combining with another Si atom, which would
form a Si—Si bond (= Si—Si =) in the SiO; islands. Fur-
ther, we believe that one (or both) Si atoms in the = Si—Si =
center might be substituted by a Ge atom, which forms
a = Ge—Si= (or = Ge—Ge =) center. From the molecu-
lar spectroscopy [9], we know that when Ge ions substi-
tute Si ions in the = Si—Si = center, the 7T} — S; transi-
tion energy will increase, and thus a blueshift of the PL
peak from the ordered = Ge—Si= or = Ge—Ge = center
can be expected compared with the 460nm PL from the
= Si—Si = center. Therefore, we tentatively interpret the
370nm and 415nm PL bands as due to the = Ge—Ge =
and = Ge—Si = defect centers in the Ge*-implanted SiO,
islands.

It is known that the 400 nm PL band from Ge-doped
glasses is mostly related to optical transition in the GeO color
center [10, 11]. The center is a Ge atom in the Ge2t valence
state bonded only to two oxygen atoms, instead of four as
in the normal structure. As for the 400 nm (3.1 eV) PL band
in Fig. 4, we may also attribute it to 7; — Sy transition in the
GeO center. When Ge ions are implanted into the SiO; is-
lands, many Si—O bonds are destroyed and a great number of
Ge, Si and O ions are produced. At low T,, Ge—O (includ-
ing GeO, Ge,03 and Ge0;,), Ge-Ge, Si—Si and Ge-Si bonds
can be formed. Therefore, the PL peaks related to these bonds
can appear with large intensities. At higher T7,, these bonds
will also be annealed out, forming larger Ge clusters or Ge
nanocrystals [12], and the Si oxide gradually becomes stoi-
chiometric SiO,. As aresult, the observed PL band intensities
decrease again.

In summary, we have directly fabricated an anodic alu-
mina mask on a Si substrate. By controlling the anodization
time, a SiO; nanoscale island array is formed at the bottom
of the anodic alumina nanoholes. Ge ions were subsequently
implanted into the SiO, nanoscale islands by the mask. The
PL spectra of the as-implanted and annealed island array
exhibit three PL bands at 370, 400 and 415 nm. We tenta-
tively interpret the 370 and 415 nm PL bands as due to the
= Ge—Ge = and = Ge—Si = defect center, while the 400 nm
PL is related to GeO color centers in the SiO, islands. The ex-
istence of these PL bands indicates the formation of a Si-based
nanoscale light source array.
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