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Abstract

By combining the atomic force microscope (AFM) local anodic oxidation and etching, a periodic array of

nanodimples of B40 nm in diameter and B3:5 nm in depth has been made on a Si surface. Ge atoms deposited onto
this patterned substrate by the MBE method nucleate preferentially in the dimples and form an array of nano Ge dots

of about 50 nm in diameter and 10 nm in height.
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1. Introduction

Growth in the Stranski–Krastanov (SK) mode
has been employed in the past to fabricate self-
organized Ge quantum dots on Si substrates. The
dots grown in such manner are in the form of
randomly positioned Ge islands consisting of a
variety of sizes and structures (huts, pyramids,
domes, etc.). The main goal of this study is to
realize Ge quantum dots whose positions and sizes
are controlled precisely. Such goal has been
achieved to a certain degree in the past. Research-
ers have successfully produced periodic arrays of
Ge quantum dots of approximately 100 nm in
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diameter on a variety of patterned Si substrates [1–
4]. However, it is preferred to obtain an array of
smaller diameter (o50 nm) quantum dots in order
to highlight the quantum phenomena arising from
the confinement of charges into small regions. A
selective growth of very small (diameter o20 nm)
Ge nano islands on a Si surface was reported by
placing windows by a scanning tunneling micro-
scope (STM) in an ultrathin SiO2 overlayer [5]. In
this case, the islands showed a variety of facets,
partly because they were grown on a flat Si
substrate [6]. Recently, Song et al. [7] reported
the size- and position-controlled growth of smooth
surfaced InGaAs quantum dots of the diameter
B20 nm on the atomic force microscope (AFM)
patterned GaAs substrates. An array of nanodim-
ples of about 20 nm in diameter and 1:2 nm in
depth was formed successfully by anodic oxidation
d.



ARTICLE IN PRESS

A. Hirai, K.M. Itoh / Physica E 23 (2004) 248–252 249
using AFM tips followed by etching. InGaAs
deposited on the surface nucleated preferentially in
the dimples to produce a regular array of constant
diameter InGaAs dots. Because InGaAs dots on a
flat GaAs surface self-assemble by the SK mechan-
ism, it is of great interest to apply the same AFM
patterning recipe on Si substrates and investigate
whether Ge quantum dots also nucleate preferen-
tially in the dimples. Growth of dots in dimples
rather than on a flat surface may be the key to
fabricate nanodots with smooth surfaces. Such
dots are expected to be useful for the investigation
of isotope effects in nanostructures [8].
The procedure to form nano-oxide dots by

AFM anodic oxidation and nanodimples by
subsequent HF etching on a Si substrate was
established more than 5 years ago [9,10]. To our
knowledge, nano SiO2 wires as narrow as 14 nm
have been made in the past on Si by the AFM
anodic oxidation method [11].
In this work, we show experimentally that Ge

nanodots of B50 nm in diameter indeed grow
preferentially into nanodimples prepared on Si
substrates by the AFM oxidation.
2. Experiments

Fig. 1 shows a schematic diagram of our
process. Nano SiO2 arrays were formed on a Si
ð1 0 0Þ surface by local anodic oxidation. An AFM
system employed in this study was SPI3800 built
by Seiko Instruments Inc. (SII). The AFM
Fig. 1. Schematic of the experimental procedure; (a) nano-oxidation, (

growth by MBE.
cantilever, Si3N4 with Au coating, was also made
by SII (SN-AF01-A). The tip was electrically
grounded and the positive bias was applied to
the substrate to decompose H2O in the air to H

þ þ
OH� to locally oxidize the Si surface with OH�:
Subsequent to the nano-oxide dot array forma-
tion, the nanodots were etched away with diluted
hydrofluoric acid. The wafer with nanodimples
was placed in the MBE chamber with a vacuum of
about 10�10 Torr: The wafer was annealed at
850�C for 15 min to clean the surface prior to the
MBE deposition of Ge. This low-temperature
surface cleaning recipe is basically the same as
the one developed by Ishizaka and Shiraki [12].
Finally, Ge atoms were deposited at the substrate
temperature of 650�C with the growth rate of
B0:1 monolayer=s:
3. Results and discussions

Fig. 2 shows the bias pulse sequences between
the tip and substrate for the nano SiO2 dot
formation: (a) DC bias for 2 s; (b) a sequence of
0:1 s bias pulse and 0:03 s interval for the total of
2 s; and (c) a sequence of 0:05 s bias pulse and
0:02 s interval for the total of 2 s: Fig. 3(a)–(c)
shows the height contour of the resulting dot
corresponding to the pulse sequences in Fig. 2(a)–
(c), respectively, for the bias �V ¼ 4 V: As
apparent in Fig. 3(a)–(c), the dot height with the
DC bias saturates at B0:5 nm (Fig. 2(a)) while
that with the shortest pulse sequence (Fig. 2(c))
b) nanodimple formation by etching, and (c) Ge dot preferential
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Fig. 2. Three bias pulse sequences; (a) DC bias for the total of 2 s; (b) 0:1 s pulses with 0:03 s intervals for the total of 2 s; and (c) 0:05 s
pulses with 0:02 s intervals for the total of 2 s:
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Fig. 3. Height contours of three dots formed with different pulse sequences. The dots of (a)–(c) were formed with the pulse sequences

(a)–(c) in Fig. 2, respectively.

Fig. 4. AFM images and corresponding height contours of (a) SiO2 nanodot arrays and (b) nanodimple arrays.
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leads to the height of B2:5 nm: Interestingly, the
dependence of the height contour on the pulse
sequence is very similar to that observed for the
AFM oxidation of GaAs [13]. Because the depth
of SiO2 dots into the substrate increases with the
height above the substrate, it is important to form
SiO2 as high as possible to realize an array of deep
dimples. Therefore, the short pulsing of the bias is
employed in this study.
Fig. 4 shows the AFM images and correspond-

ing height contours of arrays of (a) nano SiO2 dots
and (b) dimples after the SiO2 dots are etched
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Fig. 5. AFM height contours of nanodimples (a) before and (b)

after the 850�C; 15 min surface cleaning in a MBE chamber.

Fig. 6. An AFM image and corresponding height contour of

the Ge nanodot array.
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away. The height contour along the line indi-
cated in the AFM picture in Fig. 4(a) shows
successful formation of the periodic arrays of SiO2
dots of the diameter B45 nm and height B5 nm:
Each dot was formed with the bias of �V ¼ 4 V
with 0:04 s bias pulses for the total of 2 s: The
height contour along the line in Fig. 4(b)
shows successful formation of periodic arrays
of nanodimples of the diameter B40 nm and
depth B4 nm:
Fig. 5 shows the height contour of the nano-

dimples (a) before and (b) after the 850�C; 15 min
surface cleaning in our ultra-high vacuum MBE
chamber. Fortunately, the height contour hardly
changes after the thermal cleaning process. The
shape of the nanodimples are preserved perfectly.
Therefore, it is of great interest to see how the
deposited Ge atoms onto such a patterned surface
behave.
Fig. 6 shows the AFM image of an array of

nano Ge dots and their height contour along the
line in the image. In this case 6.2 monolayers of Ge
were deposited. Interestingly, the Ge dots form
preferentially in the dimples. For this particular
growth, the substrate temperature was maintained
for 30 s after the end of deposition. This short
annealing process seemed to be important for Ge
atoms to migrate into each dimple because our
several growth attempts without this short
annealing did not lead to formation of the dots
at the dimples. For example, the second dot from
the right in Fig. 6 is incomplete possibly because
the annealing of 30 s may have been too short for
a sufficient number of Ge atoms to reach the
dimple. The height contour in the figure also
indicates the formation of several structures
between the dots formed at dimples, possibly
smaller dots. Therefore, it is important in the
future to understand and optimize the relation
between the dimple size, position, Ge deposition
rate, substrate temperature, and post-deposition
annealing condition.
4. Summary

Ge quantum dots have been grown preferen-
tially in nanodimples formed by the anodic
oxidation of the Si surface by the AFM tip.
Considering the fact that the method was origin-
ally developed for the size and position control
of the InGaAs dots on GaAs [7] and now
proven useful for the case of Ge dots on Si, it
will be of great interest to apply the same method
for a wide variety of the SK-mode quantum dot
systems.
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