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Fabrication of (In,Ga)As quantum-dot chains on GaAs (100)
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Nanostructure evolution during the growth of multilayers of, J8a sAs/GaAs (100) by
molecular-beam epitaxy is investigated to control the formation of lines of quantum dots called
guantum-dot chains. It is found that the dot chains can be substantially increased in length by the
introduction of growth interruptions during the initial stages of growth of the GaAs spacer layer.
Quantum-dot chains that are longer thapr are obtained by adjusting theyl#Ga, sAs coverage

and growth interruptions. The growth procedure is also used to create a template to form InAs dots
into chains with a predictable dot density. The resulting dot chains offer the possibility to engineer
carrier interaction among dots for novel physical phenomena and potential device3004£
American Institute of Physics[DOI: 10.1063/1.1669064

By reducing the three dimensions of semiconductor In this letter, the effect of GaAs capping afid,GaAs
structures to the nanoscale, quantum d@Bs) can be fab- coverage on the formation of QD chains is investigated. It is
ricated and shown to possess unique optical and electronfound that by introducing growth interruptions during the
properties that can change the paradigm of electronic anuhitial stages of the growth of the GaAs spacer layer, the
optoelectronic devices. Among the approaches for the fabrifin,GaAs QD chains can be substantially lengthened. Long
cation of compound semiconductor QDs, strain-driven selfchains of QDs, over um along the[ 01— 1] direction, are
assembly has been demonstrated to be one of the best for thehieved for particulafin,GaAs coverage and growth inter-
generation of defect-free QDs. However, due to the stochasuptions.
tic nature of the nucleation of self-assembled growth, control  In the experiment, epi-ready semi-insulting Ga@§0)
of spatial ordering of the QDs has proved to be extremelysubstrates are first degassed for 20 min at 350 °C and then
challenging. loaded directly into the growth chamber of a solid-source

One approach to spatial ordering that produces verticalolecular beam epitaxy system. After the native oxide layer
self-alignment occurs during QD stacking, and is based on & desorbed by annealing the substrates at 610 °C for 10 min,
seeding effect resulting from the strain field transmitted froma GaAs buffer layer of 0..xm is grown with a growth rate of
the QD layer just below? In fact, the strain field from the 1.0 monolayer per secort¥iL/s) at 600 °C, under a constant
underlying QDs, interacting through the spacer layer, noiAs beam equivalent pressure ok10 ° Torr. The substrate
only causes vertical alignment but in some material systemgmperature is then reduced to 540 °C for the growth of 16
also leads to lateral ordering, and even to three-dimensionat (9.0ML In, §Ga, sAs/60 ML GaAs) quantum dot multilay-
QD “crystal-like” ordering3~® However, for Il1-V semicon-  ers. The growth rate of GaAs and,kGa, sAs is 0.4 and 0.8
ductors, such afin,GaAs QDs in a GaA&L00 matrix, the  ML/s, respectively. Finally, the last QD layer was typically
achievement of control of lateral ordering has dominantlydeposited without a final GaAs capping layer so that the
relied on lithographic techniquéd,which when compared to  surface morphology can be characterized by atomic force
strain induced self-assembly, requires extra processing stepsicroscopy(AFM).
and can easily introduce defects into the QD structures. Figure 1 shows AFM images of the surface morpholo-

A second approach to achieve lateral ordefledGaAs  gies after stacking 17 jnGa, sAs QD layers. For the struc-
QD arrays in a GaAs matrix has been realized using highure imaged in Fig. @), one growth interruption of 10 s is
index substrates, sudt311) and (411.%'° In this case, the introduced after the first 3 ML GaAs spacer growth. For the
QD in-plane self-alignment is believed to originate from thestrycture imaged in Fig.(b), one growth interruption every
anisotropy of the special crystallographic arrangement ofig s per 3 ML GaAs growth is applied for the first 18 ML
high index surfaces. Even more recently, an unusual and pegaas spacer growth. The QD density is 240F for Fig.
haps unexpected approach to lateral ordering has been rta) and 2054m? for Fig. 1(b). The difference is negligible
ported. This approach is based on the self-assembly of longnen considering the statistical variation. The average QD
lines of QDs, which are referred to as QD chains, and whichsjze is also the same for both cases, 6 nm in height and 43
form during the growth Olfe multilayers ofin,GaAs QDS nm in diameter. Where there is a rather remarkable differ-
separated by GaAs00)." " Compared to single layéin-  ance js in the length of the QD chains. The average length of
,GaAs QDs, which are randomly distributed on the ipe QD chains is about Am for Fig. 1(a) but close to 2um
GaAq100 surface, the long chains of QDs provide an excit-¢., Fig. 1(b). The average chain length is about uf with-
ing playing field to study carrier and optical interactions be-g 4 growth interruptiod® It is easy to see that the intro-

tween the QD structures. duction of growth interruptions, during the initial stages of
g p g g
the growth of the GaAs spacer, significantly improves the
3Electronic mail: zmwang@uark.edu QD alignment along 01— 1]. Moreover, the QD alignment
0003-6951/2004/84(11)/1931/3/$22.00 1931 © 2004 American Institute of Physics
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FIG. 1. 2umX2 um AFM images of 9.0 ML 1gsGa, sAs QDs multilayers
illustrating the effect of growth interruption during GaAs capping on the
formation of QD chains(a) one growth interruption after growth of the first
3 ML GaAs spacer layer(b) one growth interruption per 3 ML for growth  FIG. 2. AFM images of 6.0 ML IpsGa, sAs QDs multilayers(a), (b), and
of the first 18 ML GaAs spacer layer. (c) are shown in different scales.
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in the (In,GaAs QD chains is also very sensitive to ML give rise to a single minimum centered between the two
coverage."*® Stacking 17 layers of 6.0ML jxGay sAs QDs islands causing a single island to nucleate above the island
instead of 9.0 ML as in Fig. (b) results in remarkable long pair. In this case the distance over which the strain field
chains of uniform QDs. Figure 2 shows the AFM imagedinteracts is determined primarily by the spacer-layer thick-
surface in different scales. Most of QD chains are ovgnd  ness. Thus if the thickness is kept constant, island separa-
long along thg 01— 1] direction. The average spacing of the tions must eventually reach a stable distance beyond which
QD chains is about 71 nm and the separation between QDibey will no longer merge with one another. However, in our
along the chains is about 36 nm. In this case, the QDs havease, we observe chains of islands with a clear asymmetric
a surface density of 35@m? with the average height of 7.5 separation. One possible explanation is that the strain field is
nm. not symmetric at all. The physical origin of the anisotropic
Given the dramatic QD alignment observed in thestrain field could result from the known asymmetry of the
chains, it is important to remember that the first layer con-QD.1%?°Since strain can drive material transport, resulting in
sists of spatially random QD structurfsThe chain-like lat-  strain relief, the anisotropic strain field triggers asymmetric
eral alignment of dots is gradually developed during thematerial transport that could be enhanced by introducing
growth of (In,GaAs multilayers. One simple model for lat- growth interruptions, causing the asymmetric separation ob-
eral organization during a multilayer growth has been proserved between adjacent three-dimensional islands.
posed in which dots are treated as spherical inclusions buried As recently demonstrated, the density and size of the
in a continuum elastic mediuff Under this model a mini-  InAs QDs can be independently controlled in a much simpler
mum in the tensile strain field, with respect to the islandbilayer systent!~2* The QD density of the second layer is
material, at the spacer surface acts as a nucleation site for tldetermined by the QD density in the first layer. However, the
next layer of islands. As a result, islands that are close tosize of the QDs in the second layer is independently con-

gether forming a close pair have merging stain fields thatrolled by the amount of material de/posited. We were also
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In summary, a strain-driven self-assembly process to
form one-dimensional QD arrays is demonstrated during the
growth of (In,GaAs/GaA$100 multilayered stacks. The
fully developed one-dimensional QD arrays together with the
potential to use them as templates to achiéwgGaAs QD
chains with controllable In content and QD size and density
as demonstrated above could open a way to engineer the
lateral carrier interaction among QDs. The demonstration
may excite new experimental and theoretical efforts to ex-
plore the possibility of three-dimensional ordered quantum
dot crystals.

e
s rrama®™

-

J
@
-
:

H
.
5
.

i

*
*
.
i

$her sonee ..

1Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Rev. I6it.
2542(1995.

2G. S. Solomon, J. A. Trezza, A. F. Marshall, and J. S. Harris, Jr., Phys.
Rev. Lett.76, 952 (1996.

s !
FIG. 3. 2.2umx 2.2 um AFM image of 2.0 ML InAs QDs grown on a figggs"ﬁ' C. Teichert, and M. G. Lagally, Phys. Rev. L&, 1675

template formed by 18 (9.0 ML Ing sGa As/60 ML GaAs) multilayers as  , =~
same as the structure imaged in Figo)l géleuéz'S,S.(llfégD;venport, H. M. Evans, and M. G. Lagally, Phys. Rev. Lett.

SW. Chen, B. Shin, R. S. Goldman, A. Stiff, and P. K. Bhattacharya, J. Vac.
. . - Sci. Technol. B21, 1920(2003.
able to use the dot chain as a template with the capability t&g_ springholz, V. Holy, M. Pinczolits, and G. Bauer, Scierggg, 734

control the density and spatial ordering for InAs QD. After (1998.

the growth of 16¢ (|n Gay gAS/GaAS) multilayers as in the "A. Konkar, R. Heitz, T. R. Ramachandran, P. Chen, and A. Madhukar, J.
0529, ’ Vac. Sci. Technol. BL6, 1334(1998.

case of the structure shown in Figibl, the samples were 8H. Lee, J. A. Johnson, M. Y. He, J. S. Speck, and P. M. Petroff, Appl.
cooled to 500 °C for InAs deposition. Figure 3 is the surface Phys. Lett.78, 105(2002).

AFM image after 2.0 ML of InAs deposition. Many InAs QD 9S. Lan, K. Akahane, H. Z. Song, Y. Okada, and M. Kawabe, J. Vac. Sci.
Technol. B17, 1105(1999.

chains run over a"m along [_01__ 1] The InAs QD chains 103, S. Lee, M. Sugisaki, H. W. Ren, S. Sugou, and Y. Masumoto, Physica E
have the same lateral periodicity as the J8asAs QD 7, 303(2000.
chains in Fig. 1b). However, since the InAs QDs are smaller **W. Ma, R. Nazel, A. Trampert, M. Ramsteiner, H. Zhu, H.-P. Soherr,

- and K. H. Ploog, Appl. Phys. Let#8, 1297(2002.
than Iy 5Gay sAS QDs, the InAs QDs are more Separated InlzT. Mano, R. Nazel, G. J. Hamhuis, T. J. Eijkemans, and J. H. Wolter,

the chains. The average size of InNAs QDs is 3.4 nm in height app. Phys. Lett81, 1705(2002.
and 35 nm in diameter. While this is not a surprise consid+*X. Q. Meng, P. Jin, B. Xu, C. M. Li, Z. Y. Zhang, and Z. G. Wang, J.

; ; ryst. Growth241, 69 (2002.
ering the same template, this result demonstrates an approagﬁ {Aano R N'cbzil G(J Haamhuis T. 3. Eijkemans, and J. H. Wolter, J

to achieving(In,Ga/As QD chains with a wide range of In st Growth251, 264 (2003.
content. As expected, the InAs QD chains have the surfacByu. I. Mazur, W. Q. Ma, X. Wang, Z. M. Wang, G. J. Salamo, M. Xiao, T.

D density of 20 m2, close to that in the G s OD D. Mishima, and M. B. Johnson, Appl. Phys. Le28, 987 (2003.
Q y O 5G3sAS Q 167, M. Wang, H. Churchill, C. E. George, and G. J. Salamepublishes

chains in Fig. 1b). Since the InAs QD density is determined 175 | conard, K. Pond, and P. M. Petroff, Phys. Revs® 11687(1994.
by the template of the Ga,sAs/GaAs multilayers, the 18G.s. Solomon, J. A. Trezza, and J. S. Harris, Jr., Appl. Phys. 6&t091
size of InAs QDs in the chains can again be independentl¥9$9’\?4>6 A <. Nod 4 A Sasaki 3. Aool. PHGS347
controlled by the amount of material deposited, in the same ;g 5 c o |+ 1SN @Wa: S Noda, and A Sasaid, J. Appl gs
fashion as in the bilayer systefti.** For further InAs depo- 203 Marquez, L. Geelhaar, and K. Jacobi, Appl. Phys. [28t2309(2002.
sition up to 2.5 and 3.0 ML, no obvious variation in QD *Z. M. Wang, S. L. Feng, X. P. Yang, Y. M. Deng, Z. D. Lu, Z. Y. Xu, Z.

PR ; ; G. Chen, H. Z. Zheng, P. D. Han, F. L. Wang, and X. F. Duan, Phys.
density is observed but the average size of QDs is nearIyLOW_Dimens_ Semicond. Struct/12, 213 (1997,

doubled. This is in contrast to a report on a slightly differentzz| mykhametzhanov, R. Heitz, J. Zeng, P. Chen, and A. Madhucar, Appl.
approach to producdn,GaAs chain-like structures that is 23Phys. Lett.73 1841(1998. _

based on engineering the high anisotropy of strain ugimg ;'4;;2"863 Xu, Y. H. Chen, D. Ding, and Z. G. Wang, J. Appl. Phi8,
,GaAs quantum wires# While starting with quantum wires 2ay | Mazur, X. Wang, Z. M. Wang, G. J. Salamo, M. Xiao, and H. Kissel,

has its advantages, there is less control of the QD density. Appl. Phys. Lett.81, 2469(2002.

CLIY PR

Downloaded 29 Apr 2005 to 130.184.202.161. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



