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We demonstrate that ultra-thin porous alumina membrane (PAM) is suitable for controlling of both size
and site of Ge nanodots on Si substrates. Ge nanodots are grown on Si substrates with PAM as a template
at different temperatures with molecular beam epitaxy (MBE) method. Ordered Ge nanodot arrays with
uniform size and high density are obtained at 400 and 500 °C. Spatial frequency spectrums transformed
from scanning electron microscopy images through fast Fourier transform are utilized to analyze surface
morphologies of Ge nanodots. The long-range well-ordered Ge nanodot arrays form a duplication of PAM
at 400 °C while the hexagonal packed Ge nanodot arrays are complementary with PAM at 500 °C.
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In recent decades, Si-based Ge quantum dots (QDs)
are highly expected in various electronic and optoelec-
tronic applications such as infrared photodetectors!!,
single-electron devices!?, light emitting diode or laser[],
nonlinear optical devices!¥, and quantum computers!®
due to their optoelectronic potential. In order to well
realize all these applications and optimize their perfor-
mances, the characteristics of Ge QDs, including size
distribution, spatial site, shape, and density, should be
successfully controlled by existing growth techniques.
However, Ge QDs obtained by conventional Stranski-
Krastanov (S-K) mode have always large size and site
distributions that may contribute a negative impact to
device performances. For the purpose of achievement
of ordered uniform Ge QDs and their quantum effects,
considerable attention has turned towards growing con-
trollable Ge QDs using well-patterned Si substrates.
A lot of patterning techniques such as electron beam
lithography!®l, focused ion beam (FIB)["), extreme ul-
traviolet interference lithography (EUV-IL)!®!, and holo-

graphic lithography!®) have been widely used. But all of
these techniques are complex in progress and expensive
as well. A kind of porous alumina membrane (PAM)
with densely hexagonal packed and straight nanopores,
acting as a nano-patterned template without lithography,
can be a cost-effective alternative approach to formation
of well-ordered Ge QD arrays with high density, uniform
size, and hexagonal spatial distribution.

In this letter, large areas of aligned arrays of Ge nan-
odots with uniform size distribution are grown on Si
substrates with PAM by molecular beam epitaxy (MBE)
method. Our results shows that the diffusion of Ge
adatoms is restricted by PAM at 400 and 500 °C result-
ing in long-range ordered nano-structures.

An ultra-thin free-standing PAM that would be trans-
ferred to Si substrate later was fabricated through a
typical two-step electrochemical procedure with high-
purity (99.999%) aluminum foils. After two-step an-
odization, removing unanodized aluminum in a mixture
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of CuSO4/HCI and dissolving barrier layer in 5 wt.-%
H3PO41%, the free-standing PAM remained to be at-
tached to Si substrate via van der Waals force. The
PAM we used was obtained with average pore diam-
eter of 80 nm, average interpore distance around 100
nm, thickness of 200 nm, and pore density as high as
10'% em=2. To protect the PAM, there was no chemical
treatment after PAM transferred to Si substrate, while
the Si substrate was chemically cleaned with standard
root cause analysis (RCA) process before. During the
deposition in the MBE process, Ge nanodots were grown
at different substrate temperatures of 400, 500, and
600 °C. The flux rate was about 0.005 nm/min and the
final coverage of Ge was 20 nm. After growth, the surface
morphologies of deposited Ge nanodots were observed by
a scanning electron microscopy (SEM) (Zeiss Ultra-55).

Figure 1 shows the SEM image of the sample grown at
600 °C. In Fig. 1, the PAM attached to the Si substrate
cannot withstand such a high temperature, resulting in
fracture. Consequently, deposited Ge accumulates to
nanodots with random spatial sites and broad size dis-
tribution due to PAM losing its limitation. Obviously,
PAM does not work at 600 °C.

To protect PAM from high temperature, a medium
temperature sample is prepared at 500 °C, which is
shown in Fig. 2(a) after removing PAM with a NaOH

Fig. 1. SEM image of the Ge nanodots grown at 600 °C.
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Fig. 2. (a) SEM image of the Ge nanodots after removing
PAM at 500 °C and its FFT spatial frequency spectrum (in-
set); (b) spatial frequency spectrum after filtering (inset) and
its regenerated image through inverse FFT; (c) size distribu-
tion of Ge nanodots grown at 500 °C with changes in diame-
ter.
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Fig. 3. (a) SEM image of Ge nanodots grown at 400 °C; (b)
FFT spatial frequency spectrum of a large area and a small
area (inset) of Ge nanodots grown at 400 °C; (c) FFT spatial
frequency spectrum of a large area and a small area (inset) of
PAM; (d) size distribution of Ge nanodots grown at 400 °C
with changes in diameter.

solution. Despite the disorder of Ge nanodots appeared
in a small area, an indistinct hexagonal netlike struc-
ture looms in a large range, just like a copy of PAM, is
confirmed by the frequency spectrum after fast Fourier
transform (FFT) shown in the inset of Fig. 2(a). After
filtering noise frequency in the two orthogonal directions
and part of high-frequency resulting from some neglected
tiny particles, the spatial frequency spectrum of the Ge
nanodot structures is revealed in the inset of Fig. 2(b).
Next the spectrum is turned to another plan-view micro-
graph of the medium temperature sample shown in Fig.
2(b). Although many breaks retained there, a mostly
complete honeycomb-like structure reappears clearly. It
is much more strongly turned out that the morphology
of Ge nanodots in a large area seems like a duplication
of PAM. The main purpose of introduction of PAM is
to limit the diffusion of Ge adatoms and restrict the nu-

cleate sites of Ge nanodots. However, at growth tem-
perature of 500 °C that PAM fully remains, considerable
amount of Ge adatoms are still able to migrate to the bor-
ders of separated areas in the bottom of pores of PAM
respectively, so that the surface energy may keep lowest.
Ge adatoms in the edge areas always have much more
close neighbors than any other positions, because sur-
face energy makes adatoms migrate to somewhere they
have the most neighbors around them!*!. But, there are
not all Ge adatoms moving to the borders as the growth
temperature is not so high that the migration lengths of
all Ge adatoms are large enough. Figure 2(c) shows the
statistic size distribution of Ge nanodots of the medium
temperature sample. The z axis is diameter of Ge nan-
odots and the y axis stands for normalized percentage.
Instead of a bimodal distribution found in conventional
S-K growth mode, only a single peak around 10 nm ap-
pears in the figure. It results from the coalescence of Ge
nanodots from different pore cells blocked by PAM, so
that there are no relatively big Ge nanodots. Obviously,
the density of Ge nanodots here is several times of the
one of the pores of PAM.

The surface morphology of the low temperature sample
grown at 400 °C is shown in Fig. 3(a). As the growth
temperature decreases, the diffusion of Ge adatoms is
further limited. Tending to stay fixed or migrate in a
quite small range rather than nucleating in the borders,
Ge adatoms assemble into only one nanodot per PAM
pore, just emerged in Fig. 3(a). Following with the same
transform treatment about spatial frequency spectrum as
the medium temperature sample, the spatial frequency
spectrum of a large area of the low temperature sample
is shown in Fig. 3(b), while the one of a small area is
revealed in the inset of Fig. 3(b). As a comparison, the
spatial frequency spectrums of large and small areas of
PAM template are also shown in Fig. 3(c) and the in-
set of Fig. 3(c), respectively. Orthogonal lines in Figs.
3(b) and (c) stand for some noise resulting from irregular
nanostructures, signal boost and process of SEM capture.
For the large area spectrum of PAM, there are clearly
three rings. The brightest one is the 1st stripe of FFT
containing main information of spatial distribution of Ge
nanodots with low-frequency, which may dominate the
pattern of Ge nanodots arrays. There are six symmetri-
cal brighter arcs composed of the the 1st stripe because
of the hexagonal packed pores of PAM. It is confirmed by
the small area spectrum, where all stripes are hexagons.
For the low temperature sample, whose FFT patterns
are not so bright as those of PAM, two FFT stripes still
appear. Similar with the spatial frequency spectrums of
PAM, the 1st ring indicates ordered distribution of Ge
nanodots, and the one in the inset proves the hexagonal
shape as well. So, passing through the PAM, Ge accumu-
lates to nanodots in the bottom of the PAM pores. What
is more, long-range ordered, hexagonal packed, and tri-
angular pyramid Ge nanodots with almost uniform size
are obviously complementary to PAM. The reason of tri-
angular pyramid shape of Ge nanodots is attributed to
shadowing effect due to the introduction of PAM. The
shadowing effect is composed of two main reasons: the
aspect ratio of PAM and the angle between evaporator
of our MBE system and vertical direction. The aspect
ratio of PAM we used is about 1:3. Additionally, there
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is an angle around 15° between the evaporator and ver-
tical direction. As a consequence, the equivalent aspect
ratio may be 1:6 here, leading to triangular shape of Ge
nanodots(!2l. Also, the statistic size distribution of Ge
nanodots of the low temperature sample is plotted in
Fig. 3(d). A single main peak around 50 nm in diame-
ter is found, much bigger than the mean diameter of Ge
nanodots of the medium temperature sample. The de-
posited Ge dispersing to forming numerous nanodots in
the edges of separated cells for the medium temperature
sample, now coalesces into only a huge nanodot in every
cell. The density of Ge nanodots reaching 10*° cm=2 is
equal to the one of PAM pores.

As mentioned above, PAM confines diffusion of Ge
adatoms by separated straight pores resulting in the
migration length losing its dependence on temperature.
Generally, the higher the growth temperature is, the
larger the migration length of Ge adatoms is. However,
because of PAM, the migration length is never larger than
diameter of pores of PAM despite of growth temperature
increasing, while PAM is not broken. Only in the situa-
tion where the temperature is lower than the one corre-
sponding migration length is smaller than the diameter of
PAM pores, the migration length will vary with changes
in temperature. So, it becomes easier to find the optimal
growth temperature here. Confinement of diffusion also
leads to other two advantages. Firstly, sites of Ge nan-
odots are restricted in the narrow areas in the bottom of
nanopores, forming long-range ordered arrays no matter
where Ge nanodots nucleate, in the borders or not. On
the other hand, there is certainly a narrow size distribu-
tion of Ge nanodots owing to similar deposited amount
of Ge from different nanopores.

In conclusion, we investigate the surface morphologies
of Ge nanodots grown at different temperatures of 400,
500 and 600 °C by MBE method. The diffusion of Ge
is limited by PAM at 400 and 500 °C, that PAM is not
broken. As a consequence, long-range ordered spatial dis-

tributions of Ge nanodots are observed, confirmed, and
analyzed by comparison among different FF'T spatial fre-
quency spectrums. Uniform Ge nanodots with narrow
size distributions and high densities are found in samples
at 400 and 500 °C.
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