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Fabrication of single- or double-row aligned self-assembled quantum dots
by utilizing SiO ,-patterned vicinal (001) GaAs substrates

Hyo Jin Kim,® Junichi Motohisa, and Takashi Fukui
Research Center for Integrated Quantum Electronics, Hokkaido University, North 13 West 8,
Sapporo 060-8628, Japan

(Received 14 June 2002; accepted 8 November 002

We investigated the formation of JgGayAs self-assembled quantum dgqSAQDS grown on
SiO,-patterned 1°, 2°, and 5°-0f001) GaAs substrates by selective area metalorganic vapor phase
epitaxy technique. The SiOpatterns were filled with various stripe opening windows along the
misorientation direction of the substrates. During the growth of the GaAs buffer layer on the
opening regions, the steps on t®1) top facet was affected by the widths of tt@01) top facet

and the misorientation angles of the substrates. Single- or double-row aliggiBinAs SAQDs
having definite interval were successfully fabricated on(6td) top facet with optimized top width

and periodicity of step bunching. These results indicate that the selective growth technique of
SAQDs by utilizing SiQ-patterned vicinal substrates is promising for nanoelectronic device
applications such as single-electron memory devices.2002 American Institute of Physics.
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Self-assembled quantum dd&AQDS via the Stranski— the interval or position of multiple SAQDs, which are also
Krastanow growth mode have been demonstrated to be dénportant for quantum electronic device.
fect free and to have high density with three-dimensional  These two methods for selective growth of SAQDs have
guantum confined nature of the electronic spectra. Eveadvantages and disadvantages which complement each other
though they produce these properties for the realization ofis discussed, nevertheless it has not yet been reported about
quantum functional electron devicEs they are randomly their combination, that is, the selective growth of SAQDs on
distributed with fluctuations in their size as well as position,patterned vicinal substrates. This letter reports the fabrication
when SAQDs are formed on a planar substrate. This randon®f single- or double-row aligned §aGa, As SAQDs on the
ness is undesirable particularly for electronic device applicat001) top facet by utilizing Si@-patterned vicinal(001)
tions. Thus, there has been a considerable effort to manipaAs substrates. The dependence of the surface morpholo-
late the position, size, and density of SAQDs using variouglies of Iy gGa As SAQDs on the width of th¢001) top
approaches. facet[ W(po1y] and the misorientation angles of the substrate
Recently,in situ fabrication of self-aligned QDs on vici- Were investigated by scanning electron microscoBiM)
nal (001) GaAs substrate has been studieliThe average @and atomic force microscopyAFM) measurements.
size of QDs perpendicular to the step lines on vicinal sub- ~ Starting materials used in this study were 1°, 2°, and
strates was limited by the atomic terrace width, which was>*-0ff (001 GaAs with and without patterned SiCas a
given by the period of step bunching formed during themask._ The dwecuo_n _of misorientation angles| is10] ar_ld_
growth of GaA< The control of the size and interval of InAs the thickness °2f Si®is 20 nm. The whole patterns within
SAQDs on vicinal(001) GaAs substrate was successfully 1900x 1900um= consisted of 25 kinds of pattern regions.

manipulated by using these properfiddiowever, they have Each pattern was filled with stripe windowwire region

inherent difficulties for the precise control of the size and thealong [110] direction in 800 nm periodicity within 100

position of SAQDs along the step lines and additional fine” 10(.)'““m ' .25 kmdshpfhpatterns .h?jvf dlff?)eorgr;t ;vcl)%th of
lithography is still required in order to use SAQDs locally opening reglonWO) which were varied from 0 nm.
for quantum electronic devices. The selective area was patterned by electron beam lithogra-

On the other hand, several groups have devoted mucfnhy and wet ch_emlcal etching technique, andz‘EIDtsple of
. . . e pattern definition was totally removed by photolithogra-
effort to selective area growth technique using the patterneJI

. : and wet chemical etching.
planar substrates because appropriate patterning of the ma%ﬁy g

" The growth of GaAs buffer layer and S
layer and the control of the growth conditions enable us tOSAQDs vvgere performed by Iow-press)lljre meta%ﬁggfvapor
realize their control without another fabrication damé&de.

" d th b | of phase epitaxyMOVPE) working at 76 Torr. Purified hydro-
We have reported the number contro 0 InAs SAQDs Ongen (H,) was used as a carrier gas. The source materials
exact(001) GaAs substrates by employing nanometer—scalqjsed were trimethylgalliun{TMG) for GaAs buffer layer,

patterned Sil\ layers as a mask for the selective growth trimethylindium (TMI) and triethylgallium (TEG) for

8 .
area® However, the selective growth of SAQDs on patternedSAQDS’ and 20% arsine (AsMin H,. The partial pressures
exact(001) GaAs substrate have difficulties for the control of of AsH, and TMG for GaAs buffer layer were maintained at
2.5x10°% and 7.3<10 ® atm, respectively. The partial
dElectronic mail: hjkim@rcige.hokudai.ac.jp pressure of Askl, TEG, and TMI for I Gay,As SAQDs
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FIG. 1. SEM images of [5Ga, ,As SAQDs grown on Si@patterned 1°-  FIG. 2. SEM images of §xGa, ,As SAQDs grown on Si@patterned 2°-
off (001 GaAs substrate, when the widths of opening regidiis)(were(a) off (001 GaAs substrate, when the widths of opening regidiig)(were(a)
560 and(b) 620 nm.(c) AFM image of InpgGa,As SAQDs grown on 547 and(b) 560 nm.(c) AFM image of In¢Ga,,As SAQDs grown on
unpatterned 1°-0ff001) GaAs substrate. unpatterned 2°-0ff001) GaAs substrate.

were 2.5¢10°°, 5.0x10 7, and 9.x 10 7 atm, respec- tively. The correspondiniV(goy) in Figs. 2a) and 2b) were
tively. The growth temperature for the GaAs angdBa, ,As 43 and 52 nm, respectivelgl; in Fig. 2b) and the interval of
SAQDs were 700 and 500 °C, and the corresponding nomistep lines in Fig. &) have the same width of 52 nrd, in
nal thickness were 200 nm and 3.2 ML, respectively. Fig. 2(2) was narrower than that in Fig(t9. Therefore, the
Figures 1a) and Xb) show SEM images of jGa, ,As  relation between the formation of SAQDs aWd,,) was
SAQDs and GaAs buffer layers grown on Sifatterned similar to that on Si@-patterned 1°-0ff(001) GaAs sub-
1°-off (001) GaAs substrate wittW, of 560 and 620 nm, strate. HoweverW o,y having definited, for 2°-off (001)
respectively. During the growth of the GaAs buffer layer onGaAs substratéin Fig. 2(b)] was narrower than that for 1°-
opening region of Si@patterned vicinal001) GaAs sub- off GaAs substratgin Fig. 1(b)].
strates, the formations of GaAs buffer layers have been Figure 3 shows the experimental resultsdpgias a func-
changed to mesa-structure which consist@J1 top facet, tion of Wooy). The filled triangles and open circles represent
{113 A facets surrounding the the top region, afidJA  the experimental results fak, of Iny §Ga, ,As SAQDs grown
facets on side walls. As the growth of GaAs buffer layeron SiQ,-patterned 1°-off aﬂd 2°-0ff001) GaAs substrates,
proceeds on opening regions, the widths of (081 top  respectively. The enhancet] was caused by the enhanced
facet[Wooy)] were directly proportional tdV, and the cor-  wq,,, so that it saturated to the same width as interval of
responding Wio;) were 80 and 153 nm, respectively. step lines on unpatterned vicinal substrates. We found that
Ino 4G 2As SAQDs were not formed ofillJA andi113A  |arge fluctuation ird, value occured up to a certain value of
facet, and grew selectively o©01) top facet. As shown in \y ., after whichd, value saturated. This fluctuation region
Figs. 1@ and 1b), the formations of IgsGayAs SAQDS  ofq for 1°-off substraté~150 nn (1) is wider than that for
were changed byVgoy). The number of SAQDS perpen- o it sypstratd~50 nm (11) as shown in Fig. 3. For quan-

dicular to .the[110] misorientation direction Of‘iOOD P titative understanding, we fit the experimental results in the
facet was increased by the enhan®égy;). The interval of following equation:

SAQDs along thg 110] misorientation direction ori0021)
top facet (¢) was not clear in Fig. &), whereas it was

clearly distinguished in Fig. (b). Also, the averagel, as a 80

function of Wggy (d;) in Fig. 1(a) was narrower than in Fig. Unpatterned

1(b). Figure Ic) shows an AFM image of kuGa-As op ToffGaAs N A A a4 ]
SAQDs grown on unpatterned 1°-0f001) GaAs substrate 6oL ]
with the same growth conditions of GaAs buffer layer and o

SAQDs. SAQDs were formed on step lines transformed by =~ so} - oo soat, Sl diealis e Ltk i
bunching effect of GaAs buffer layer due to the surface mi- E a Unpatterned
gration length of Ga adatoms along {HELO] misorientation _ 40 2-off GaAs |
direction of the substratel().”'° The interval of step lines =

was 67 nm and it was in accordance wihin Fig. 1(b). or T
Therefore, it can be confirmed thiat on the(001) top facet 20l |
in Fig. 1(b) is in accordance with that in Fig(d), whereas & A A 1%off Sub.
L, on the(001) top facet in Fig. 18 is smaller than that in 10k ‘(H)‘| O 2°off Sub.
Fig. 1(c). There is no clear explanation about the reason yet, }‘—' @

but we believe this may be caused by the dissimilar inter- 0 L L L L L
facet migration of Ga adatoms on different facets, when 0 >0 10010 200 2%
W 001 is changed? W 4y, (0m)

Figures Za), 2(b), and 2c) show SEM images of
InO.BG%.ZAS SAQDS and GaAs buffer |ayers grown on FIG. 3. The experimental results for the interval SAQDs along the misori-

A L o_ . entation direction of substrate @801 top facet @,) as a function of the
SIO, pattemed 2 Oﬁ(OOl) GQAS substrate WItNVO of 547 width of (00 top facet W qo1)). The solid line and dashed line represent
and 560 nm, and an AFM image of JgGa As SAQDs e fitting curves of average, (d,) for 1°-off and 2°-off (001) GaAs sub-
grown on unpatterned 2°-0f001) GaAs substrate, respec- strates, respectively.
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FIG. 4. SEM images of l§Ga As SAQDs grown on Si@patterned 5°-
off (001 GaAs substrate, when the widths of opening regidiis)(were(a)
628 and(b) 650 nm, respectively.

+dmax-

dmin_ dmax

1+exd (Woy— V_V(001))/,3]

whereama& Hmm, V_\l(om), and B represent maximurH”,
minimum d;,_the half width of maximum 4y in which
fluctuation ofd; occurs, and a proportional constant decided

d=

oY)
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aligned SAQDs in Fig. ®) have the samd; of 50 nm and
the fluctuation region fod, was not observed. Therefore,
single- or double-row aligned SAQDs having defirdfewas
successfully fabricated by utilizing Sjcpatterned 5°-off
(001) GaAs substrate and a reduction of the fluctuation re-
gion for large misorientation angle was confirmed.

In summary, the interval of jyGa, ,As SAQDs grown
on SiO-patterned vicinal GaAg001) substrates by SA—
MOVPE can be controlled bW g0y and the misorientation
angle of the substrate. In order to maintain defirdjeon
(001 top facet equal to the interval of step lines on unpat-
terned vicinal(001) GaAs substrate, it is effective to use
vicinal substrate having higher misorientation angles, single-
or double-row aligned SAQDs having definite were suc-
cessfully fabricated by utilizing 5°-0ff001) GaAs substrate.
These results suggest that the selective growth technique of
SAQDs by utilizing SiQ-patterned vicinal substrates is
promising for nanoelectronic device applications, such as
single-electron memory devices.

This work is partly financially supported by the Grant-

from the slope of the fitting curves, respectively. The valuesn-Aid for Scientific Research, supported by Ministry of

of dmin, dmax» Wio01), and g for the experimental results
were 11, 67, 75, and 27 nm for 1°-dfd01) GaAs substrate,
and 11, 52, 25, and 11 nm for 2°-off, respectively. The solid
and dashed lines in Fig. 3 represent the fitting curves fo
1°-off and 2°-off (001) GaAs substrates, respectively. Ac-
cording to the experimental resuli decided from the slope

Education, Culture, Sports, Science and Technology, Japan.
The authors would like to thank Dr. M. Akabori, J. Takeda,
and M. Inari for their technical assistance of MOVPE
growth.

of the fitting curves was related to the misorientation angles's. K. Jung, S. W. Hwang, B. H. Choi, S. I. Kim, J. H. Park, Yong Kim, E.

of the substrates. The value gfand the fluctuation region

for d; were reduced, as the misorientation of substrates wa

K. Kim, and S.-K. Min, Appl. Phys. Lett74, 714(1999.
éF. Heinrichsdorff, M. H. Mao, N. Kirstaedier, A. Krost, D. Bimberg, A. O.
Kosogov, and P. Werner, Appl. Phys. Léett, 22 (1997).

larger. There is no clear explanation yet about the relatiorer, Heitz, A. Kalburge, Q. Xie, M. Grundmann, P. Chen, A. Hoffmann, A.

between the misorientation angles of the substrate cand
but we also believe this to be caused by the dissimilar inter

facet migration of Ga adatoms on different facets, when thes

misorientation angles of the substrates are changed.
In order to reduce the fluctuation regions by which

are undesirable for electronic device applications, we applied,

the same growth condition to Sjépatterned 5°-off(001)
GaAs substrate. Figuresa} and 4b) show SEM images of
Ing §Ga&y ,As SAQDs grown on Si@patterned 5°-0ff(001)
GaAs substrate with, of 628, and 650 nm, respectively.
The correspondingVgo1) Were 19 and 46 nm, respectively.
Single-row aligned SAQDs in Fig. (4 and double-row

Downloaded 23 Jan 2006 to 133.87.26.100. Redistribution subject to AIP

Madhukar, and D. Bimberg, Phys. Rev.58, 9050(1998.
M. Kitamura, M. Nishioka, J. Oshinowo, and Y. Arakawa, Appl. Phys.
Lett. 66, 3663(1995.
B. D. Min, Y. Kim, E. K. Kim, S. K. Min, and M. J. Park, Phys. Rev.%,
11879(1998.
8H. J. Kim, Y. J. Park, Y. M. Park, E. K. Kim, and T. W. Kim, Appl. Phys.
Lett. 78, 3253(2002).
H. J. Kim, Y. J. Park, E. K. Kim, and T. W. Kim, J. Cryst. Grow#23
450 (2001).
8C. K. Hahn, J. Motohisa, and T. Fukui, Appl. Phys. L&, 514 (2000.
9T. Umeda, K. Kumakura, J. Mothohisa, and T. Fukui, Physi¢aiBster-
dam 2, 714(1998.
103, Ishizaki, K. Okuri, and T. Fukui, Jpn. J. Appl. Phys., Pag5] 1280
(1996.
1A, Konkar, A. Madhukar, and P. Chen, Appl. Phys. L&®, 220(1998.

license or copyright, see http://apl.aip.org/apl/copyright.jsp



