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Well-aligned and closely-packed silicon nanopillar (SNP) arrays are fabricated by using a simple method with

magnetron sputtering of Si on a porous anodic alumina (PAA) template at room temperature. The SNPs are formed

by selective growth on the top of the PAA pore walls. The growth mechanism analysis indicates that the structure of

the SNPs can be modulated by the pore spacing of the PAA and the sputtering process and is independent of the wall

width of the PAA. Moreover, nanocrystals are identified by using transmission electron microscopy in the as-deposited

SNP samples, which are related to the heat isolation structure of the SNPs. The Raman focus depth profile reveals a

high crystallization ratio on the surface.
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1. Introduction

Semiconductor nanostructures have shown unique
electrical, optical and mechanical properties result-
ing from their quantum dimensions, which offers us
new approaches to realizing new functions in elec-

[1-8] For example, Si-based

tronic and optical devices.
nanostructures may challenge the nature of the in-
direct bandgap via the quantum confinement effect
and thus become potential candidates for efficient light
emitting devices.l®# Semiconductor nanopillar arrays
have been used in solar cells to improve the light
absorption and the carrier collection efficiency.!®-
However, the fabrication of semiconductor nanopillar
and nanowire arrays usually suffers from technologi-
cal limitations, such as high temperature, complicated
fabrication procedures!®) and unfavourable structural
properties. (6]

Here we report a novel method for fabricating Si
nanopillar (SNP) arrays, utilizing the porous anodic
alumina (PAA) on a substrate as the template and
the Si selective deposition by the magnetron sputter-
ing. We prepare SNP arrays with a high order. The
method is tolerant of irregularity of the template, has
a large filling factor and has controllable structural pa-
rameters. The SNP-PAA structure can be prepared
on any substrate, such as Al, Si and quartz. More-
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over, the microstructure investigations reveal that the
Si nanocrystals are formed in the SNPs during the
deposition process using the magnetron sputtering at
room temperature.

2. Experimental method

The fabrication method is very simple, consisting
of the two steps illustrated in Fig. 1. First, an ul-
trathin (100-300 nm) PAA membrane was obtained.
The preparation of the PAA membrane was carried
out with a two-step anodization (4wt.% oxalic acid
solution, 40 W, 20 °C) of an Al foil or an Al film (2-
um thick) evaporated on a substrate (Si or quartz).
The employment of the two-step anodization was to
reduce the thickness of the membrane and to improve
the regularity of the pores to a certain extent.['?) Sec-
ond, an Si film was deposited on the PAA membrane
by using the radio frequency (RF) magnetron sputter-
ing (125 W, 2-4 h) with an Si target in the atmosphere
of Ar (3 mTorr) at room temperature. The growth
rate was 0.26 A/s. The chamber base pressure was
less than 4x107° Pa before the deposition. During
the deposition, the substrate was rotated at 10 rpm
to guarantee a good film uniformity across the surface.
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Fig. 1. Schematic diagram of the fabrication process.

3. Results and discussion

Figure 2 shows the scanning electron microscopy
(SEM) images of the SNP arrays. Here, two kinds
of samples were prepared. One sample was based on
the PAA anodized from an Al foil and had the SNPs—
PAA-AIl structure. The other sample was based on
the PAA anodized from the Al evaporated on an Si
substrate and had the SNPs—-PAA-Si structure. Fig-
ures 2(a) and 2(b) show the oblique angle images of
the SNPs—PAA—AI structure. It can be seen that the
Si sputtered particles are not deposited into the PAA
pores, since the sputtering in the 10~! Pa range of
pressure does not tend to produce conformal coatings

on the substrate with nanoscale high-aspect ratio fea-

tures. Instead, a nanopillar structure with a height
of 95 nm and a diameter of about 80 nm is produced
on the top of the PAA pore walls. The fissures be-
tween the SNP arrays are attributed to the bend of
the elastic Al foil substrate. Figures 2(c) and 2(d)
show the cross-sectional and the top view images of
the SNPs—PA A-Si structure. Similar nanopillars each
with a height of 325 nm and a diameter of 84.3 nm
are shown. In both the two structures, the SNPs are
arranged hexagonally, well-aligned and closely-packed
with a large filling factor of more than 90%. It should
be noticed that even some of the PAA walls are not
perfectly arranged as shown in Fig. 2(c), the SNPs on
the top of them also possess an uniform configuration

and arrangement.

54800 15.0kV 4.0mm x70.0k SE(U) 500nm

Fig. 2. (a) and (b) SEM images of SNPs—PAA—Al structure , (c) cross-sectional and (d) top view SEM images

of SNPs—PAA-Si structure.
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Fig. 3. SEM cross-sectional images of SNPs with sputtering power of 125 W at room temperature and sputtering times
of (a) 30 min, (b) 60 min and (c) (d) (e) 120 min. The pore wall widths of PAA templates are 40 nm in (a), (b) and
(c), 20 nm in (d) and 10 nm in (e). The corresponding top view images are shown in the inserts. (f) Evolution of SNP

dimeter as a function of PAA wall depth.

In order to obtain more information about the
nanopillar growth and the structural properties, the
configurations of the SNPs at different growing stages
were obtained using the SEM and are shown in
Figs. 3(a)-3(c). The images were obtained after sput-
tering for 30 min, 60 min and 120 min at 125 W. It
is shown in Fig. 3(a) that the surface on the top of
the PAA is flat (see the cross-sectional view) and the
material distribution is continuous (see the top view),
although there are already some islands appearing on
nodes of the PAA pore walls. Then in Fig. 3(b), obvi-

ous undulations in the cross-sectional view and bounds
between the pillars in the top view can be identified.
With the pillars growing, the bounds become more
evident as shown in Fig. 3(c). From Figs. 3(a)-3(c),
it can be deduced that the Si particles sputtered are
first deposited entirely on the top of the PAA walls.
Afterwards, the Si growth at the skeleton nodes has
an advantage, which may be due to the predominant
nucleation at the nodes. The nanopillars grow lon-
gitudinally and horizontally at the same time, which
means that the diameters and the heights of the SNPs
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can be controlled by the sputtering process. The PAA-
structure-dependent SNP configurations are shown in
Figs. 3(c)-3(e), which were obtained after the same
The PAA templates shown in
Figs. 3(c)-3(e) have the same pore spacing but differ-

sputtering process.

ent wall widths. With the nanopillars growing, the di-
ameters of the nanopillars shown in Figs. 3(c)-3(e) be-
come approximately uniform (79.4-81.6 nm) as shown
in Fig. 3(f). Apparently the structural parameters of
the SNPs are determined only by the sputtering pro-
cess and the pore spacing of the PAA.

The crystallinity of the SNP was studied by using
the high resolution transmission electron microscopy
(HRTEM). The image is shown Fig. 4(a), in which
more than one nanocrystal can be identified, although
most of the pillars are amorphous Si. The diameters
of the nanocrystals approximately range from 2 nm
to 5 nm. The composition of the nanocrystals was
qualitatively confirmed by the energy-dispersive X-ray
spectroscopy (EDX). The highly pure Si can be iden-
tified (Fig. 4(b)). By the former experiences, the for-
mation of the crystalline Si by sputtering requires spe-
cific conditions,[''=13] such as a high substrate tem-
perature (> 450 °C),I"! a high sputtering power,?l
and thermal treatments after the sputtering,3! so it
is remarkable for us to find the crystalline Si after
the sputtering at room temperature without any ther-
mal treatment. The crystallization is considered to be
caused by the peculiar structure of the SNPs, which
leads to the rise of the local temperature resulted from
the energy conversion of the sputtered particles. Dif-
ferent from the case of the bulk material, the nanome-
ter dimensions of the SNPs strongly restrict the heat
diffusion, making them good heat isolation structures
with a low thermal conduction. The thermal conduc-
tion (G) of the nanopillars can be derived as

A

where k is the thermal conductivity coefficient of the
material, A is the area of the thermal conduction
and L is the length of the thermal conduction. For
example, the diameter and the length of the SNP
shown in Fig. 2(c) are 84 nm and 325 nm, respec-
tively and k of Siis 1.40 W/cm-K, so G of the SNP
is 1.70x107% W/K, which is several orders of mag-
nitude smaller than that of the bulk Si.
as the nanopillars grow, the value of A/L becomes

Moreover,

even smaller and the thermal conduction on the sur-
face becomes even lower. Consequently, the distinctly

low thermal conduction leads to the high heat energy
collection at the sample surface, which induces the
crystallization.
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Fig. 4. (a) HRTEM cross-sectional image of the SNP,

which is obtained in the region showed in the insert. The
white circles show the nanocrystals. (b) EDX results of
the SNP.

Further, the optical investigation of the SNPs us-
ing the micro-Raman spectroscopy was carried out.
Figure 5 shows a set of Raman spectra of the SNPs—
PAA-AI structure. The Raman spectra from top to
down in Fig. 5 correspond to the increasing focus
depth, that is, from surface to inner material, in other
words, opposite to the growth direction. The expo-
nentially reduced spectrum intensities are generated
from the enhanced absorption of the upper material.
In the growth direction, the evolvement of the Raman
characteristic peak from the a-Si to the crystalline Si is
shown clearly, i.e., the a-Si peak at 480 cm ™! becomes
weakened and subsequently vanishes, at the same time
the crystalline Si peak shows up and becomes en-
hanced. The Raman spectrum at the surface indicates
a high crystallization ratio. The evolution shows that
at the beginning of the growth, the silicon is amor-
phous, as the SNPs grow, the nanocrystals form and
become denser. The evolution is consistent with our
analysis that as the SNPs grow, the reduction of the
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thermal conduction leads to the collection of the heat
energy and hence facilitates the crystallization pro-
cess. Similar results of Raman spectra were obtained
from samples on Si and SiOg substrates (SNPs-PAA-
Si and SNPs—PAA-SiO4 structures), which excluded
the influence of the substrate on the Raman spectra.
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Fig. 5. Raman spectra obtained by varying focus depth.
The spectra from top to down correspond to the increasing
focus depth.

It is also noticed that the crystalline Si peak ini-
tially at about 520 cm~! shifts toward the lower en-
ergy as the focus depth reduces. The determinant of
the red shift is considered to be the rising tempera-
ture in the observation area caused by the laser irra-
diation and the heat isolation structure of the SNPs.
The upper focus means the more laser power reach-
ing. We confirm the above analysis by examining the
laser power dependence of the Raman spectra, which
is shown in Fig. 6(a). With the incident laser power
increasing from 3 mW to 20 mW, the crystalline Si
peak shifts from 516 cm ™' to 498 cm ™!, which means
a red shift of 18 cm™!. Similar analyses are made af-
ter Si has been sputtered onto the plane substrate and
shown in the insert. A comparison shows that the typ-
ical a-Si Raman peak is revealed with a corresponding
red shift of 7 cm™'. Evidently, the red shift for the
nanopillars is larger than that for the a-Si because of
the heat isolation structure of the nanopillars, which
also validates the material discreteness.

In order to exclude the laser heating effect, the
laser power is further reduced to obtain the results
shown in Fig. 6(b). With the laser heating effect weak-
ened, the crystalline Si peak shifts back to 520.4 cm ™1,
which is consistent with TO and LO phonon peaks
of the bulk crystalline Si. This is not in agreement
with the TEM observation result, since the quantum
size of the nanocrystals will cause a red shift of the

Si crystalline Raman peak to deviate from 520 cm™!.

However, besides the laser heating and the quantum
size, there are still other factors that can cause the
frequency shift, e.g., the compressive strain can in-
duce a blue shift of the Si crystalline Raman peak.
A similar obvious compressive strain has been found
in the samples grown on a sapphire at a high growth
temperature.'¥ The strain here may be due to a sim-
ilar reason, i.e., the thermal mismatch between the
alumina template and the Si nanopillar. The smaller
thermal expasion coefficient of the SNP induces a
residual compressive strain during the cooling stage
after the sputtering.
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Fig. 6. (a) Raman spectrum evolution with the decreas-
ing laser power, the case of a-Si sputtered at plane sub-
strate is shown in the insert for comparison. (b) Raman
spectrum evolution with the laser power further decreas-

ing.
4. Conclusion

A new method for fabricating SNP arrays on the
PAA at room temperature and their fancy configu-
rations and characteristics are reported. The SNPs
are concluded to form from the induced growth of the
sputtered Si on the top of the PAA skeleton nodes.
The structural properties are determined by the pore

116103-5



Chin. Phys. B Vol. 20, No. 11 (2011) 116103

spacing of the PAA and the sputtering condition.
Moreover, nanocrystalline characteristics are identi-
fied in the SNPs through the TEM observation. The
poor thermal conduction of the SNP structure is con-
sidered to be the main reason for the crystallization,
which is then confirmed by Raman spectrum inves-
tigations. The Raman focus depth profile reveals an
obvious red shift trend of the crystalline Si peak as the
SNPs grow, which is attributed to the heat collection
of the SNPs from the laser irradiation. Those proper-
ties and the fabricating process make the SNP arrays
prepared be a competent candidate for realizing novel
optoelectronic devices, such as efficient Si based light
emitting devices and solar cells.
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