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Ordered quantum dot molecules and single quantum dots formed
by self-organized anisotropic strain engineering
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European Institute of Telecommunication Technologies/Communication Technology, Basic Research and
Applications (eiTT/COBRA) Inter-University Research Institute, Eindhoven University of Technology, 5600
MB Eindhoven, The Netherlands

(Received 19 October 2004; accepted 2 November 2004; published online 20 January 2005

An ordered lattice of lateral InAs quantum d@®D) molecules is created by self-organized
anisotropic strain engineering of aim, GaAs/GaAs superlatticéSL) template on GaA811)B by
molecular-beam epitaxy, constituting a Turing pattern in solid state. The SL template and InAs QD
growth conditions, such as the number of SL periods, growth temperatures, amount and composition
of depositedIn, GaAs, and insertion of Al-containing layers, are studied in detail for an optimized
QD ordering within and among the InAs QD molecules on the SL template nodes, which is
evaluated by atomic force microscopy. The average number of InAs QDs within the molecules is
controlled by the thickness of the upper GaAs separation layer on the SL template and the
(In,GaAs growth temperature in the SL. The strain-correlated growth in SL template formation and
QD ordering is directly confirmed by high-resolution x-ray diffraction. Ordered arrays of single
InAs QDs on the SL template nodes are realized for elevated SL template and InAs QD growth
temperatures together with the insertion of a second InAs QD layer. The InAs QD molecules exhibit
strong photoluminescenc@L) emission up to room temperature. Temperature-dependent PL
measurements exhibit an unusual behavior of the full width at half maximum, indicating carrier
redistribution solely within the QD molecules. @05 American Institute of Physics

[DOI: 10.1063/1.1840098

I. INTRODUCTION highly ordered, two-dimensionéln, GaAs and, thus, strain
field modulation on a mesoscopic length scale. It constitutes

. a Turing pattern in solid state, which is stable after ten SL
Stranski—Krastano(¢SK) growth mode are usually randomly

distributed h ¢ ; he | | orderi lf)eriods. The QD molecules formed on the nodes of the SL
istributed over the wafer surface. The lateral ordering o emplate exhibit the highest degree of ordering for slightly

semiconductor QDs is, however, required for the realizatior}educed InAs growth temperature and medium total strain,
of quantum functional devices for applications such as quan-, |, composition and thickness of ttie, Ga/As layers in

tum computing a_md quantum Com_m””'caﬁb“’ control the the SL template, as evaluated by atomic force microscopy
QD sites, ep|_taX|aI_grovvt_h ot%_gmflqally patterned_substrates(AFM)_ Insertion of Al-containing layers in the SL template
has been widely investigated which, however, imposes inhibits the evolution of strain modulation and InAs QD or-

strong limitations due to the spatial resolution of the Iithog—Olering The average number of QDs within the molecules is
raphy and/or etching steps, and easily introduces size flu% '

) d def in the ODs. We h blished “ontrolled by the thickness of the upper GaAs separation
tuations and detects in t e_Q s. Ve have established a Coﬁ}:iyer on the SL template and the growth temperature of the
cept for the lateral ordering of QDs in one- and two—(In GaAs and thin GaAs cap layers in the SL. For opti-
dimensional arrays by molecular-beam epita®BE) on ’

mized SL template formation and QD ordering the strain-
planar GaAgL00) (Refs. 5 and pand (3118 (Ref. 7) sub- correlated growth is consistently confirmed by high-

strates which overcomes these limitations. The concept iS¢ tion x-ray diffraction(XRD) in various scattering
based on self-organized anisotropic strain engineering 0ggjeometries. In addition, ordered arrays of single InAs QDs
(In,GaAs/GaAs superlatticeSL) templates and the lateral o) template noéies are realized at elevated tempera-
ordering of (In, Ga)As QDs on top by local strain recogni- ures for SL template formation and InAs QD growth to-

tion. It benefits from the inherent smoothness of the Iatera%e,[her with the insertion of a second InAs QD layer. The QD

strain field modulations generated on the SL template SUolecules exhibit excellent photoluminesceriB) proper-

faces on the nanometer length scale_, producjng ordered Qfas up to room temperaturdRT). Most interesting,
arraﬁs of excellent structural and optlcal quz;t\llty. dv of th temperature-dependent PL measurements exhibit an unusual
ere we present a systematic growth study of th&,opavior of the full width at half maximurtFWHM), indi-

(In,GaAs/GaAs SL template. qnd of thg InAs QDs on cating carrier redistribution solely within the QD molecules.
GaAq311)B substrates for optimized ordering into a lattice

of lateral InAs QD molecules with a controlled number of
QDs. During stacking, the SL template self-organizes into dl- EXPERIMENTAL DETAILS

The samples were grown by solid source MBE on GaAs
dElectronic mail: t.v.lippen@tue.nl (311)B substrates. If not mentioned otherwise, each SL pe-

Self-assembled quantum do{®Ds formed in the
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surface modulation for the first SL perfbévolves into the
distinct mesoscopic mesalike arrangement when the number
of SL periods is increased from 5 to 10 due to anisotropic
surface migration during annealiigmoothening the mesas
to form mesoscopic nodesind strain-correlatedn, GaAs
stacking[governed by preferentidln, GaAs accumulation
on the nodes due to strain-gradient driven In adatom migra-
tion]. The most important result here is the stability of the
mesoscopic surface pattern after ten SL periods, as evidenced
in Fig. 1(d) for the (In,GaAs layer on the 15-period SL
template with mesas of 200-nm width, 300-nm lateral pe-
riodicity, and 8—10-nm average height.

The morphology in Figs. (t) and 1d) constitutes the
Turing patterl of buried(In, Ga)As quantum disks obtained
by metal organic vapor-phase epita@yIOVPE).lo In con-
trast to MOVPE, where the strain-driven materials reorgani-
zation is completed for the fir§tn, GaAs layer due to the
higher growth temperature, the development of the SL tem-
plate in MBE provides snapshots of the pattern evolution,
which have been rarely observed experimentaiiyithin
the general description of reaction—diffusion systems, in the
present case, the reaction term may be associated with strain-
induced island formation duringn,GaAs growth and the
diffusion term with adatom surface migration during anneal-
FIG. 1. AFM images of 3.2-nniin, GaAs on the(@) 1-, (b) 5-, (¢) 10~ and  jng and (In,Ga)As growth guided by the lateral strain field
(d) 15- period SL templates. Ife) the growth temperature of thén,GaAs . L .
and thin GaAs cap layers in the ten-period SL template is increased ttSnOdUIat'on' _Th's IS suppprted by alte”ng the balance be-
550°C, and the temperature for annealing and GaAs spacer layer growth fveen reaction and diffisn when the temperature for
610°C. The scan field is}22 um? and the black-to-white height contrast is (In,GaAs growth and thin GaAs capping is increased to
15 nm for all images. 550°C and the temperature for annealing and GaAs spacer

layer growth to 610°C. This reduces the strain due to en-

riod comprised 3.2-nm rGayeAs grown at 500°C, thin - hanced In desorption and increases the adatom surface mi-
capping by 0.7-nm GaAs at 500°C, annealing for 2 min afgration length. As a result, the mesalike pattern aligned +45°
580°C, and growth of a 5.5-nm GaAs spacer layer at 580° Coff [0-11] transforms into a zigzag or stripelike pattern ori-
The number of SL periods was between 1 and 15 in differengnted preferentially along the directiors70° off [0-11], as
samples. The growth rates of GaAs angd & cAs were  shown in Fig. 1e). A quantitative analysis of the pattern
0.073 and 0.116 nm/s. In further experiments, the In comformation and pattern transitibhas functions of the growth

position of the(In, Ga)As SL template layers was varied be- conditions is, however, beyond the scope of the present
tween 25% and 45%, and thien, GaAs thickness between eyaluation.

3.0 and 5.0 nm. For InAs QD formation on the ten-period SL

template, the growth temperature was varied between 450

and 520°C, and the upper GaAs separation layer thickned¥. INAS QD MOLECULES

from 5.5 to 20 nm. InAs was deposited to a hominal thick- InAs QDs form on top of the SL templaiie., on the

ness of 0.5-0.6 nm at a growth rate of 0.0013 nm/s. Th .

. I I ,
structural properties of the InAs QDs and SL templates Wergﬁs\?vrn ?nalA:ng ?a?r]:gr o(l)eg_sr?marnci\;vz es Oeg,?erdatg? S%rgt‘ gs or? S
characterized by AFM and XRD in air. For the PL studies,, o ten-period SL template. The QDs arrange on the nodes of

the QDs were capped by 200-nm  GaAs .
the SL template where the underlyifign, G As accumula-
(20 nm at the InAs QD growth temperature plus 180 nm a&ion establishes tensile strain field minima and the related

580°C without annealing The PL was excited by the strain-gradient driven In adatom migration for strain-

512-nm line of a neodymium: yttrium aluminum garnet : : : : :
] . . correlated stackmé.‘l’he ordering and size uniformity of the
(Nd: YAG) laser with a power density of 0.2 W/ éuFor the Ds within the groups are significantly improved by lower-

temperature-dependent PL measurements a He-flow cryost%
the InAs growth temperature to 470 {€ee the 0.5-nm
was used to control the temperature between 5 and 300 K tg grow peratu 1

InAs QD molecules in Fig. @)]. When the temperature is
lowered further to 450°C the QD ordering decreases due to
the too short In adatom migration lendtRig. 2(c)]. For an
The SL template formation, as described in Ref. 7, islnAs growth temperature of 520°C large, elongated mounds
briefly recalled for clarity. The AFM images in Figs. are observed in Fig.(d), indicating coalescence of the QDs,
1(a)-1(c) depict the 3.2-nm I5s/GaysAs layers on the which is already recognized in Fig(& for the QDs grown
(In,GaAs/GaAs SL templates with 1, 5, and 10 periods.at 500 °C in the center of the nodes. Hence, a growth tem-
Upon stacking, the nanoscale two-dimensiofial, GaAs  perature of 470°C is identified for optimum InAs QD order-

Ill. SL TEMPLATE EVOLUTION AND STABILITY
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[0-11]
[-233]

FIG. 2. AFM images of the InAs QDs grown &) 500°C,(b) 470°C,(c)
450°C, and(d) 520 °C on the ten-period SL template. The scan field is 1
x 1 um? for all images and the black-to-white height contrast is 10 nm for
(a)—(c) and 20 nm for(d).

ing within the molecules while the ordering is decreased aFIG. 3. AFM images of the InAs QDs grown at 470°C on the ten-period SL
higher temperature due to QD coalescence and at lower terffmplate with(in,GaAs layers of(a) 37%(3.2 nm), (b) 29% (4.0 nm), (c)

. . 37% (4.0 nm, (d) 45% (3.0 nm), and(e) 25% (5.0 nm In composition and
perature due to the too short In adatom migration Iength' thickness. The scan field i22 um? and the black-to-white height contrast

is 15 nm for all images.
V. SL TEMPLATE PROPERTIES

The In composition and thickness of thie, GaAs lay- ~ maintained and the strain-correlated stacking for the forma-
ers in the ten-period SL template are varied andtion of well-defined SL nodes and strain field modulation is
Al-containing layers are inserted in the GaAs spacer layers toot supported.
elucidate the SL template evolution for QD ordering. The  Inserting AlAs at various locations in the GaAs layers of
two-dimensional strain field modulation and, hence,the SL template significantly alters its formation and the QD
(In,Ga)As distribution is probed by the location of the opti- ordering. The total spacer layer thickness is kept at 5.5 nm.
mized InAs QDs grown at 470°C on top. The scan field ofDepositing two-monolayeML ) AlAs on top of the SL tem-
the AFM images is enlarged to provide the best overview orplate directly underneath the InAs QD layer leads to more
the ordering among the QD molecules. Regarding In compoand smaller QDs per group with less ordering and a signifi-
sition, the highest degree of ordering of the QD molecules ircant number in-betweefFig. 4(@)]. This is attributed to a
well separated and ordered groups is observed in a windowecrease in the In adatom migration length on AlAs, as is the
between 37% and 29% when adjusting the respectivease for lower growth temperatysee Fig. 2c) for compari-
(In,Ga)As layer thickness to 3.2 and 4.0 nm to keep the totason]. When two-ML AlAs covered by 1.0-nm GaAs are in-
amount of In constarfisee Figs. @) and 3b), respectively.  troduced beneath eadin, GgAs layer of the SL template

Increasing thgln, GagAs layer thickness to 4.0 nm for and the InAs QDs on top, a rather smooth mesalike morphol-
an In composition of 37%Fig. 3(c)], or increasing the In ogy is observed, superimposed by shallow elongated QDs
composition to 45% for a layer thickness of 3.0 nfig.  [Fig. 4(b)]. The mesa diameter and periodicity are slightly
3(d)] leads to less separated QD molecules with more anthrger compared to those of the SL template without AlAs.
smaller disordered QDs per group. Also for the low In com-The incorporation of two-ML AlAs on top of the thin GaAs
position of 25% and 5.0-nrfin, GgAs layer thickness, dis- cap layer after annealing in each SL period results in mesas
orderly connected QD groups are produced together withvith a slightly smaller diameter and periodicity, covered with
larger InAs clustergFig. 3(e)]. Therefore, the highest degree shallow InAs QDs and a small number of large InAs clusters
of ordering of the QD molecules is achieved at medium tota[Fig. 4(c)]. Replacing the whole GaAs spacer layer by
strain, i.e., In composition and thickness of tfie,GaAs  Aly,Ga 76As produces a low density of InAs QDs together
layers in the SL template. A too high total strain opposes thavith large InAs clusters, which are randomly distributed on
build up of sufficient(In,GaAs accumulation on the SL the sample surfacerig. 4(d)].
template nodes and, hence, the magnitude of the strain field The diminished InAs QD ordering in the presence of
modulation, leading to less separated QD groups with morélAs in the SL template indicates that a well-defined
and smaller QDs of low internal ordering. Similarly, for a too (In,GaAs and strain field modulation is not established.
low total strain, a more homogeneoUlis,GaAs layer is  This is attributed to the short surface migration length of Al
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c [0-11]

FIG. 4. AFM images of InAs grown at 470°C on the ten-period SL template (233]

with Al-containing GaAs spacer layer&a) InAs QDs directly grown on
2-ML AlAs on the SL template. The black-to-white height contrast is 5 nm.
(b) InAs grown on the SL template with 2-ML AlAs covered by 1.0-nm
GaAs underneath eadlin,Ga)As layer in the SL template and the InAs
layer on top. The black-to-white height contrast is 10 KghInAs grown on

the SL template with 2-ML AlAs on each thin GaAs cap layer after anneal-
ing. The black-to-white height contrast is 10 nfd) InAs grown on the SL
template with A} ,.Ga s6As spacer layers. The black-to-white height con-
trast is 20 nm. The total spacer layer thickness in the SL template is 5.5 nm

for all samples. The scan field is<22 um? for all images. within the molecules on the ten-period SL template. The re-
duction of the average number of QDs per molecule with the
and the reduced surface migration lengths ofrevealed in  increasing upper GaAs separation layer thickness on the SL
Fig. 4a)] and Ga on AlAs, hindering the strain-induced ma-template is attributed to a decrease of the tensile strain field
terials reorganization. The result of Fig(b4 with 2-ML  minima, shrinking the effective area for preferred QD forma-
AlAs covered by 1.0-nm GaAs beneath thie,GaAs SL  tion. When, however, the upper GaAs separation layer thick-
template layers indicates that a considerable lateral massess is increased to 20 nm, the QD ordering degrades for too
transport of GaAs underneath tlin, Ga)As layers is in-  shallow strain field minima, shown in Fig(&.
volved in the formation of the strain-modulated The effective area for QD formation and, thus, the aver-
(In,GaAs/GaAs SL template of Fig. 1, which is hindered age number of QDs per molecule is further decreased by
by the 2-ML AlAs layer. The result of Fig.(4) with the increasing the&In, Ga)As growth temperature in the SL tem-
2-ML AlAs deposited on the thin GaAs cap after annealingplate, which is attributed to enhanced In migration and In
furthermore indicates that also a significant lateral masaccumulation on the nodes. Figurédbshows the InAs QD
transport during GaAs spacer layer growth is essential fomolecules deposited at 470 °C on the SL template with the
building up the strain-modulated SL template nodes, which igin, Ga)As layers grown at 520°C and a 15-nm-thick upper
likewise hindered on AlAs. Finally, fofAl, Ga)As spacer GaAs separation layer. The average number of QDs per mol-
layers[Fig. 4(d)] a two-dimensional mesoscopic ordering is ecule is 4. Hence, by adjusting the thickness of the upper
entirely suppressed due to the short surface migration lengi3aAs separation layer and ttig, GaAs growth tempera-
of Al. It is interesting to note that despite of the insertion of ture in the SL template, well-separated groups of ordered
thin AlAs layers a two-dimensional mesalike surface mor-InAs QDs with an adjustable number are realized, which are
phology is still observed in Figs.(B) and 4c) though with a  themselves self-organized into an ordered lattice.
reduced height, whereas InAs QD ordering is strongly de-
graded. This underlines the lateral strain field modulationvil. X-RAY DIFFRACTION
established in Al-fre¢ln, Ga)As/GaAs SL templates to fully

govern QD ordering independent of morphological features. H|gh_—resolut|o_n XRD perf(_)rmed N various sca_tterl_ng
geometries consistently confirms the lateral strain field

modulation and strain-correlated growth in SL template for-
mation and QD ordering. The XRD spectra of the optimized
To control the average number of InAs QDs within the ten-period SL template of Fig.(d) [without the(In,GaAs
molecules, a reduction of the amount of InAs rather reducefayer on tog are recorded in the vicinity of the symmetric
the QD height, leaving the QD number unchanged. On th&€311) reflection with the x-ray beam 45° df9-11] and along
other hand, the average number of QDs is controlled by th€0-11] ; see Fig. 6. Both spectra reveal clear satellite peaks
upper GaAs separation layer thickness on the SL templatelose to the substrate reflection whose spacing provides the
The number is reduced from 11 for the 5.5-nm-thick separaperiodicity of the lateral strain field modulation in the respec-
tion layer[Fig. 5a)] to 8.5 for a thickness of 9.5 nm, and to tive directions? The lateral periodicity along the direction
7.5 for a thickness of 15 nm, depicted in Figbp The InAs  45° off [0-11] amounts to 350 nm and that alop@-11] to
growth temperature is 470°C for optimized QD ordering420 nm. For completeness, grazing exit XRD spectra re-

FIG. 5. AFM images of the InAs QD molecules grown at 470°C on the
ten-period SL template with an upper GaAs separation layer thickndas of
5.5, (b) 15, and(c) 20 nm. In(d) the growth temperature of thgn,GaAs

and thin GaAs cap layers in the ten-period SL template with a 15-nm upper
GaAs separation layer thickness is increased to 520°C. The scan field is 1
X1 um? and the black-to-white contrast is 10 nm for all images.

VI. QD NUMBER PER MOLECULE
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Single InAs QDs on the SL template nodes are realized
at the elevated growth and annealing temperatures when an
additional 0.5-nm InAs QD layer is inserted on the SL tem-
b plate with a 15-nm upper GaAs separation layer and over-
} \ grown by 15-nm GaAs. The InAs QD layer is thin GaAs
capped and annealed, as tie, Ga)As layers in the SL tem-
plate. Due to the fact that the InAs QDs in this interlayer
solely form on the SL nodes, the lateral strain field modula-
tion most effectively concentrates after thin GaAs capping
and annealing. Together with the enhanced In adatom migra-
tion length at elevated temperatures, supported by the ten-
dency for QD coalescendaliscussed for the case of Fig.
2(a)], the resulting shrinkage of the effective area of the ten-
sile strain field minima for preferred QD formation produces
single InAs QDs in the center of the nodes, as shown in Fig.
7(b). Only the combination of elevated temperatures for SL
template formation and InAs QD growth and the insertion of
an additional InAs QD layer realizes single QDs. Applied
separately, the average QD number per group is not changed
significantly.

—— symmetric XRD 45° off [0-11]
- = —symmetric along [0-11] g
1

1 i’
4 LY
y

' A}
! \
! )

O I \

600 400 -200 0 200 400 600
2TH (arcsec)

Reflectivity (arb. units)

FIG. 6. XRD spectra recorded in the vicinity of the symmetaa1) reflec-
tion of the ten-period SL template of Fig(c) without an uppein, GaAs
layer with the x-ray beam 45° offsolid line) and along(dashed ling
[0-11].

corded in the vicinity of the asymmetri©04) reflection re-
veal a lateral periodicity along-11] of 400 nm. These val-
ues coincide well with the lateral periodicity along the
direction 45° off[0-11] of the InAs QD molecules on the SL
template of 300 nm, which is derived from the two-
dimensional fast-Fourier-transform analysis of the AFM im-

ages in Figs. @) and 2b). IX. OPTICAL PROPERTIES OF QD MOLECULES

The high structural and optical quality of the InAs QD
molecules manifests itself in the excellent PL properties up

In order to realize single InAs QDs on the nodes of theto RT. The FWHM of the capped InAs QD molecules of Fig.
ten-period SL template, not only the growth temperature o6(b) at RT of 60 meV is the same as that at low temperature
the (In, GaAs layers in the SL template is increased but alscand the PL peak intensity drops by a factor of only 1500 due
the temperatures for annealing and GaAs spacer layer growth thermally activated escape of carriers from the QD
and that for InAs QD deposition. Figurédj shows the AFM molecules’
image of the InAs QDs grown at 500°C on the SL template = Detailed temperature-dependent PL measurements be-
with (In,GaAs and thin GaAs cap growth temperature of tween 5 K and RT reveal a constant value of the FWHM of
530°C, and annealing and GaAs spacer layer growth a@he QD molecules up to 80 K, as shown in Figa)d The
610°C. The upper GaAs separation layer thickness is 15 nni:WHM then undergoes a distinct minimum at 140 K due to
The number of QDs on the nodes, however, does not changbermally activated redistribution of carriers preferentially
compared to that in Fig.(B) where only the growth of the from smaller(higher energyto larger(lower energy QDs™
(In,GaAs layers is at a higher temperature. The QD groupsThis is accompanied by a characteristic enhancement of the
are less separated and ordered due to the enhanced In desdmgw-energy shift of the PL peak position as a function of
tion in SL growth and a more stripelike pattern with lesstemperature, depicted in Fig.(®. The FWHM increases
defined nodes discussed for the SL template in Fig. 1 steeply to 57 meV at 190 K due to equilibration of the car-
rier distribution in large and small QDs when the probability
of carrier escape from the large QDs increases. Remarkably,
the steep increase of the FWHM is followed by a very weak
increase above 190 K to a value of 59 meV at RT. The dis-
tinct inflection point at 190 K indicates equilibration of the
carrier redistribution solely within the QD molecules, which
is followed by thermal broadening resembling that of iso-
lated QDsl,4 hence, indicating that the QD molecules are
electronically isolated. Such an unusual behavior of the
FWHM is not observed for the cappébh, GaAs QD layer
of Fig. 1(c) and for the SL template of Fig.(d without an
FIG. 7. AFM images of the InAs QDs grown at 500°C on the ten-period sLupper (In,GaAs layer. After the minimum of the FWHM
template with a growth temperature of 530°C of ttie,GaAs and thin  and enhanced low-energy shift of the PL peak position due to
GaAs cap layers, and 610° C for annealing and the GaAs spacer layers. InAfiermally activated carrier redistribution, the FWHM con-

QDs (a) without and (b) with an additional InAs QD layer, thin GaAs : : PR :
capped and annealed, on the SL template with a 15-nm Upper GaAs seIDte|1[1uously increases with temperature, which is attributed to a

VIIl. SINGLE QDS

(a)

(b)

[0-11] 1 um

[-233]

ration layer and overgrown by 15-nm GaAs

. The scan fielddsllum? and

the black-to-white height contrast is 20 nm for both images.

continuous increase of the carrier spread over areas fully
covered with QDs.
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68 1 ods, growth temperatures, amount and composition of depos-
66 4 InAsQDsonSL fu N (e ited (In,Ga)As, and insertion of Al-containing layers, have
iy oA ol s . been varied for optimized InAs QD ordering within and
g2 e s 1% among the QD molecules, as evaluated by atomic force mi
= enlnassan e 146 ' )
g :g _ ‘ a0 /"" R P croscopy(AFM). The average number of QDs per molecule
S 5 \. / Va anast 142 has been controlled by the upper GaAs separation layer
T r u pe A~ .
2 sl y /. / 140 thickness on the SL template and the growth temperature of
" e o ’ \ L 138 the (In,GaAs layers in the SL template. The strain-
50 .'-{:"\.\ / y: / 436 correlated growth in the SL template formation and QD or-
Y . . . . .
48 L S et \“/‘ 434 dering has been consistently confirmed by high-resolution
46} R , ) 132 x-ray diffraction (XRD) in various scattering geometries.
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