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We report on the use ofsIn,GadAs/GaAs multilayer stacking at elevated growth temperatures to produce
enhanced in-plane spatial ordering. Cross-sectional transmission electron microscopy images reveal that the
sIn,GadAs islands are vertically correlated while atomic force microscopy images demonstrate lateral ordering

of quantum dots that are closely aligned along thef01̄1g direction as chains which are themselves positioned

periodically along thef011g direction. The in-plane spatial ordering along thef01̄1g and f011g directions is
directly seen by asymmetric(311) glancing exit x-ray diffraction with the x-ray beam along the respective
direction. Growth studies as a function of temperature indicated that the observed lateral ordering results from
enhanced surface diffusion and the vertical transfer of corresponding anisotropic strain pattern due to the
anisotropy of surface diffusion.
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The fabrication of quantum dots(QD’s) based on the self-
assembly of three-dimensional(3D) islands in lattice-
mismatched growth is usually characterized by broad size
and shape profiles as well as a random spatial distribution.
The broadened characteristic features result in a correspond-
ingly inhomogeneously broadened optical emission spectrum
that seriously limits potential optoelectronic applications.
Likewise, the observed random spatial distribution also lim-
its potential applications, such as the fabrication of photonic
crystals. In fact, improvements in both of these areas are
needed to make it possible to realize many proposed novel
devices.1

One approach to improve the uniformity and spatial or-
dering of QD structures is through the vertical ordering that
is achieved by stacking QD layers between barrier spacer
layers.2,3 In this case, if the spacer layer thickness is rela-
tively thin, the strain mediation of buried QD’s causes sub-
sequent QD layers to deposit on the locations of the spacer
layer where the strain field induces a local minimum of lat-
tice mismatch. With this approach, island uniformity is ob-
served to improve.3,4

To improve on lateral ordering, one approach taken is
based on selective growth on patterned substrates so that the
QD’s can nucleate and be positioned at defined locations.
Another promising approach has been to deposit QD’s on a
natural template,5,6 such as a uniform quantum wire
structure7 or a periodically dislocated buffer layer.6 More re-
cently, well-defined QD structures demonstrating distinct in-
plane spatial ordering have been achieved using only vertical
stacking of QD’s on a flat surface.8 In this paper, we clarify
the underlying physics responsible for the lateral ordering
observed in these layered structures.

For the investigation reported here, two types of samples
were grown by solid-source molecular beam epitaxy(MBE)
on semi-insulating GaAs(100) substrates. The growth pro-
cess for the first type of sample, denoted as samplea, is as
follows. After the desorption of the native oxide at 580°C

under As4 atmosphere, a 0.5-mm-thick GaAs buffer layer
was deposited also at 580°C with a growth rate of
1.3 ML/sec. The substrate was then cooled down to 540°C
for the growth of a QD superlattice structure. For the growth
of the superlattice structure, the growth rate of GaAs was
reduced to 0.18 ML/sec. The superlattice consists of 15 pe-
riods of an In0.38Ga0.62As/GaAs multilayer. The thickness of
the sIn,GadAs and GaAs layers in the superlattice was 2.4
and 22 nm, respectively, which were determined by x-ray
diffraction (XRD) measurements of the symmetric(400) re-
flection after the growth. Finally, in order to see the surface
morphology, a 2.4-nm-thicksIn,GadAs layer was grown on
top of the superlattice. Because the growth temperature is
relatively high, following every deposition of thesIn,GadAs
layer, three monolayers of GaAs were grown without inter-
ruption to suppress In segregation. After 10 sec of growth
interruption, the rest of the GaAs layer growth was initiated.
The As4 to Ga beam equivalent pressure(BEP) ratio during
the growth was about 15. The growth procedure of the sec-
ond sample, denoted as sampleb, was exactly the same as
sample a except that the growth temperature of the
sIn,GadAs/GaAs superlattice was 480°C instead of 540°C.

Figures 1(a) and 1(b) show tapping-mode atomic force
microscopy(AFM) top views of samplesa and b, respec-
tively. For Fig. 1(a), a distinct in-plane spatial ordering along

thef011g andf01̄1g directions can be seen. It is observed that

the QD’s are closely arranged along thef01̄1g direction as
chains and the chains are positioned periodically along the
f011g direction. The bottom of Fig. 1(a) shows a line scan of
the AFM image along thef011g direction corresponding to
the position at the top of Fig.1(a) marked as a white line. The
AFM image shows that the diameter of the QD’s is about
54 nm and the periodicity along thef011g direction is about
110 nm. As a clear comparison, Fig. 1(b) does not reveal
in-plane ordering. The size of the QD’s grown at 480°C is
about 30 nm, which is smaller than that grown at 540°C.
This is consistent with reported results.9,10

PHYSICAL REVIEW B 69, 233312(2004)

0163-1829/2004/69(23)/233312(4)/$22.50 ©2004 The American Physical Society69 233312-1



Considering the features observed by AFM, we further
employed high-resolution XRD to characterize the two
samples. XRD of a periodically surface-corrugated structure
can be regarded as a multiple-slit Fraunhofer diffraction.11

As a result, glancing exit asymmetric diffraction geometry is
highly sensitive to the detection of the lateral periodicity.12

The reason for this increased sensitivity is that the number of
coherently diffracted waves that can interfere at the detector
is proportional to the square of the asymmetry factorb (Ref.
12). Hereb is defined asb=g0/gh, whereg0 andgh are the
direction cosines of the incident and diffracted waves with
respect to the inward normal of the sample surface, respec-
tively. Glancing exit(311) diffraction has the largest value of
b and therefore is the most sensitive to the lateral periodicity.
The measurements were performed by a conventional Philips
X’pert double-crystal x-ray diffractometer. The CuKa1 line
is used as the x-ray source,l=1.54056 Å, and the mono-
chromator is a Bartels-type four-crystal configuration using
the Ge(440) reflection. The step size of thev scan used in
the measurements is 0.001°. Figures 2(a) and 2(b) show the
XRD rocking curves of the glancing exit(311) reflection of
samplea when the scattering plane contains thef011g and

f01̄1g directions, respectively. The inset of Fig. 2 schemati-
cally illustrates the diffraction geometry. As shown in Figs.
2(a) and 2(b), two clear satellite peaks are detected due to the

lateral periodicity along thef011g and f01̄1g directions, re-
spectively. Here the striking feature is the appearance of the

satellites when the x-ray beam is parallel to thef01̄1g direc-
tion as shown in Fig. 2(b). The observation of these satellites
demonstrates that the QD’s within the chains are periodically
aligned along thef01̄1g direction while Fig. 2(a) demon-
strates that the chains are also positioned periodically along
the f011g direction. From the spacing between the satellites,
we determine that the average spacing13 between the chains
along thef011g direction—i.e., the lateral period—is 119 nm
while the average spacing of the QD’s within a chain along

the f01̄1g direction is 63 nm. These values are in agreement
with those obtained by AFM. Moreover, since the x-ray
beam irradiates a large area of the sample and penetrates the
total thickness of the superlattice structure, the XRD spectra
confirm a high degree of lateral ordering throughout the QD
structure. As a comparison, the same XRD measurements
were performed for sampleb; no satellites were observed,
again confirming the absence of in-plane ordering.

Since the glancing exit geometry of XRD measurements
is mainly sensitive to the lateral periodicity, we also em-
ployed transmission electron microscopy(TEM) to get de-
tailed information on the organization of the buried islands.
Figure 3(a) is a cross-sectional TEM image of the whole

structure taken along thef01̄1g projection. The dark region
corresponds to thesIn,GadAs layer and white region to the
GaAs layer. The TEM images support the conclusion that the
structure is free of dislocations and thesIn,GadAs islands are
vertically correlated from the first layer to the top layer. Fig-
ure 3(b) is a magnified cross-sectional TEM image showing
the initial seven periods of the structure taken along the

f01̄1g projection. It can be seen that, with increasing stacking
layers, thesIn,GadAs wetting layer becomes thinner while
the sIn,GadAs islands get taller until about the sixth or sev-
enth layer. Beyond the sixth or seventh layer, the wetting
layer thickness and the size of the islands are found to sta-

FIG. 1. AFM top views of the samples grown at 540°C(a) and
480°C(b). The bottom of(a) shows the line scan corresponding to
the position marked as a white line on the top of(a).

FIG. 2. XRD rocking curves around the asymmetric GaAs(311)
glancing exit reflection of the sample grown at 540°C.(a) and (b)

are measured when the scattering plane is along thef011g andf01̄1g
directions, respectively. The inset shows the schematic diffraction
geometry of(a) and (b). d−1 andd1 denote the −1st and 1st satel-
lites, respectively.
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bilize. Namely, a size ordering of the islands is achieved after
about six or seven layers. The vertical correlation of the is-
lands is due to the strain paring between the seeded layer and
the subsequent layer.2 The variation of the island size in the
initial several layers is intimately connected to the decrease
of the wetting layer thickness. Because the nominal thickness
of the sIn,GadAs layer is fixed, a decrease of the wetting
layer is consistent with an increased 3D island size. The
decrease of the wetting layer is expected due to the increase
of the overall strain that accumulates at higher layers while
the larger QD size is a result of the lower local lattice mis-
match at the 3D nucleation site. Both phenomena have also
been observed for Ge/Si multilayered structures14 and are
supported by theoretical calculations.15

To explore the mechanism behind the in-plane ordering,
the two AFM images are the key. First, the observed differ-
ences in the spatial ordering in the two AFM images are
consistent with the view that the island formation is a kineti-
cally driven process. Second, based on strain alone, in both
cases, a vertical correlation of the islands exists. In fact, the
vertical correlation is well documented—for example, Refs.
2 and 16—for growth temperatures between 450 and 500°C
for the sIn,GadAs/GaAs system with a proper choice of
spacer layer thickness. Third, consistent with previous
reports,7,10 the sIn,GadAs single layer does not show clear
in-plane ordering. Given these observations, it is fair to say
that the growth at the elevated temperature of 540°C gener-
ates a greater tendency for lateral ordering for the
sIn,GadAs-layered structure compared to that grown at
480°C. We propose that the origin of the greater lateral or-
dering tendency at the higher growth temperature arises from
the enhanced migration length of adatoms with temperature

and that the QD chain formation along thef01̄1g direction is
due to the highly anisotropic surface reconstruction17 and
corresponding diffusion on the GaAs(100) surface. In par-

ticular, the diffusion length along thef01̄1g direction is
longer than along thef011g direction. However, as uncov-
ered in some very nice work,18 islands will preferentially

coalesce along the direction where the adatom diffusion is
smaller. This seems to be in conflict with our results since the
islands in our case are aligned along the dimer rows or the

f01̄1g direction where the material transport or diffusion is
higher.17 However, since the strain can also drive material
transport and result in strain relief, the asymmetric transport

leads to greater strain relaxation along thef01̄1g direction,
producing an elliptical strain field that is transferred to suc-
ceeding layers and is greater along thef011g direction than

along thef01̄1g direction, causing an asymmetric separation
between the neighboring dots as observed and as predicted.3

As can be seen in Fig. 1, the lateral ordering and spacing
between dots is indeed highly asymmetric. The point here is
that Ref. 18 addresses the growth of submonolayer islands
due to island coalescence while our approach to the forma-
tion of dot chains relies on the interaction between vertical
stacks of dots and the transfer of an anisotropic strain pattern
to achieve lateral ordering. These are two very different
physical situations. In fact, the self-organization observed in
the first layer of our samples is negligible. Moreover, if the
spacer layer thickness is large, resulting in vertically nonin-
teracting dot layers, lateral self-organization is not observed
in any dot layer. That is, the dot chains are observed only for
vertically interacting dot layers.

Finally, we should point out that there is room to improve
on the degree of observed spatial ordering. As discussed
above, the lateral ordering basically is due to the enhanced
adatom migration length that results in an anisotropic strain
pattern. Therefore, any factors that can enhance surface dif-
fusion and effectively engineer or control the strain pattern
transferred from layer to layer can increase the in-plane spa-
tial ordering. Besides the elevated temperature and low
growth rate we employed, these factors could include
migration-enhanced epitaxy and a longer growth interrup-
tion. We look forward to trying some new ideas in this di-
rection.

In conclusion, we have demonstrated that, for the
sIn,GadAs/GaAs multilayer stacking, an elevated growth
temperature of 540°C is effective in producing clear in-plane
spatial ordering. Cross-sectional transmission electron mi-
croscopy images reveal that thesIn,GadAs islands are verti-
cally correlated and a size ordering occurs after about six- or
seven-layer stacking. The atomic force microscopy images
show that thesIn,GadAs islands grown at 540°C are closely

aligned along thef01̄1g direction as chains and the chains are
positioned periodically along thef011g direction. The asym-
metric (311) glancing exit x-ray diffractions are employed
and the lateral ordering is confirmed. Growth studies as a
function of temperature have indicated that the observed lat-
eral ordering results from enhanced surface diffusion and,
more importantly, the vertical transfer of the corresponding
anisotropic strain pattern due to the anisotropy of surface
diffusion. The observed lateral ordering should be a universal
feature for all similar materials systems. For example, if the
adatom migration were large and isotropic, the lateral order-
ing would still exist, but the surface morphology would not
be chainlike.

FIG. 3. The cross-sectional TEM images of samplea taken

along thef01̄1g projection showing the whole structure(a) and the
initial seven periods(b). With increasing the stacking layers, the
wetting layer gets thinner and thinner and the QD’s get taller and
taller as can be seen, for example, from the column marked as the
white box.
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