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Abstract—We report results of both strain-driven surface seg-
regation of indium from InGaAs thin films as well as selective area
epitaxy of InAs quantum dots using these films. InAs segregation
from an underlying InGaAs film allows for preferential growth of
quantum dots when additional InAs is deposited. By using stan-
dard lithography techniques, a two-step selective growth process
for quantum dots is achieved. Furthermore, by utilizing self-assem-
bled nanostructures as a template, selective growth of coalesced
wires and dots with 100-nm feature sizes are realized.

Index Terms—Indium segregation, quantum dot, selective area
epitaxy.

I. INTRODUCTION

QUANTUM-DOT (QD) materials systems have drawn
considerable interest in recent years due to the optoelec-
tronic advantages that zero-dimensional systems offer.

Properties such as ultrahigh gain, high efficiencies, and low
losses arising from a low density of states and a thin cross sec-
tion make QD systems a potential improvement over quantum
well (QW) systems. However, applications involving QDs
such as mid- to long-IR photodetectors [1]–[4], high-power
semiconductor lasers [5], and QD modulators [6] often rely
on post-growth etching and processing in order to obtain
useful structures. One of the recent topics of interest in QD
research is in the modification of the surface for selective area
epitaxy (SAE) to occur for use in future nanoscale quantum
dot device applications such as quantum computing and inte-
grated optoelectronic devices [7]. Although traditional SAE
involving the use of oxide or nitride masking materials has been
employed before [8]–[11], such methods inherently depend
on subsequent regrowth after mask stripping, which subject
the QDs to extensive thermal annealing; a process known to
reduce QD photoluminescence (PL) emission efficiencies [12].
Furthermore, the direct application of SAE toward quantum
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dot devices has been hindered by the challenging and narrow
growth parameters required for quantum dot growth.

In this paper, we report on the results of our efforts to use
pseudomorphic InGa As films to alter the surface chemistry
and morphology of the underlying material in order to affect
the growth, organization, and structure of InAs quantum dots.
Pseudomorphic InGaAs films exhibit interesting properties due
to strain effects. Given time, the InGa As films can release
various amounts of indium via segregation to the surface. This
segregated layer of InAs can act to decrease the additional InAs
necessary to reach the two-dimensional (2-D) to three-dimen-
sional (3-D) transition coverage. We found the window for de-
fect-free growth to decrease by one monolayer when grown on a
5-nm In Ga As film. By selective patterning using optical
lithography and processing, we utilized this shift in critical cov-
erage to selectively grow InAs QDs. In addition to indium segre-
gation, solid phase mass transport can alter the InGa As sur-
face morphology from a flat surface into self-assembled mesas
and mounds, allowing for selective growth of nanostructures on
these self-assembled layers. By using self-assembled 2-D is-
lands and ridges via indium segregation and diffusion, we al-
tered the surface morphology on these etched mesas to selec-
tively grow InAs QDs and wires with 100-nm feature sizes.

II. SELECTIVE GROWTH OF QUANTUM

DOTS BY INDIUM SEGREGATION

The samples in this work were fabricated in a Thomas Swan
atmospheric pressure metalorganic chemical vapor deposition
reactor with a vertical rotating susceptor at 760 torr with TMIn,
TMGa, and AsH sources on (001) 0.5 oriented silicon-
doped GaAs substrates. For the InGa As structures, GaAs
substrates were heated to 800C for 10 min for native oxide
desorption before being cooled to 625C where a GaAs buffer
layer of 0.1 m was grown. A subsequent 10-nm InGa As
layer, a 5-nm In Ga As layer, or a 4-nm In Ga As
layer was deposited at 625C. The samples were then removed
from the reactor, processed, and later annealed under AsH. The
quantum dot growth parameters in this work are described in
earlier works [13]. Briefly, the quantum dots were grown on the
InGaAs layers at 450C with a V/III ratio of 25, after which the
sample was cooled to room temperature under no AsHover-
pressure. The AsHoverpressure during the InGa As film
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Fig. 1. QD density plot of coherent and incoherent InAs islands on GaAs and
In Ga As surfaces. The presence of the underlying InGa As (QD
on QW) layers causes QD formation to occur at coverages below the 2-D to 3-D
transition coverage for InAs on GaAs surfaces.

anneal was kept at values consistent with standard growth con-
ditions, and the decrease in group V overpressure to growth con-
ditions optimal for QD growth occurred over a 30-s period prior
to deposition. The surface morphology of the InGaAs films as
well as the QD densities were determined using atomic force
microscopy (AFM), and the total deposited thickness was deter-
mined using Rutherford backscattering (RBS). Room tempera-
ture PL characterization used a 514-nm argon pump laser line
with a cooled germanium photodetector. Cathodoluminescence
(CL) measurements were performed at room temperature on a
Zeiss DSM 960 scanning electron microscope (SEM) with a CL
attachment.

The process of indium segregation into InAs under AsH
ambient given certain annealing conditions allows the selec-
tive formation of InAs QDs on those surfaces. When additional
InAs is deposited, the areas with exposed InGaAs should reach
the 2-D to 3-D transition before surfaces without the under-
lying In Ga As layers. Fig. 1 shows a plot of coherent and
incoherent InAs QD densities as a function of InAs coverage
on In Ga As (QW) and GaAs surfaces as determined by
AFM and RBS. The guide lines are for the eye and outline the
window for defect-free QD growth. From previous TEM obser-
vations [13], defect-free QDs are less than 4 nm in height with
a diameter of less than 10 nm. Any dots larger than these were
found to be relaxed by misfit dislocations. It is safe to assume
that any dots larger than this critical size are dislocated, and
are plotted in Fig. 1 as incoherent dots. QD formation on the
In Ga As surface was found to occur at coverages much
lessthan the established value of 1.6 ML for InAs QDs on GaAs,
indicating that the presence of an underlying InGa As
layer reduces the necessary coverage for the 2-D to 3-D transi-
tions. This effect cannot be explained by a change in the lattice
constant resulting from the underlying In Ga As layer, as
the film is pseudomorphic to the surface and, therefore, only af-
fects the lattice constant in the [100] directionperpendicular
to the (100) surface. Assuming no mass transport occurs be-
tween layers, the 2-D to 3-D transition coverage should remain
essentially unchanged. If the film is relaxed, as reported by other
groups [14], [15], we would expect quantum dots with athicker

Fig. 2. AFM micrographs of selective area growth of InAs QDs using a
5-nm layer of In Ga As. In the region devoid of InGaAs (a) only sparse
dislocated dots are present. In contrast, the areas with InGa As regions
(b) are able to evolve a high density of QDs.

2-D to 3-D transition coverage, as the mismatch of InAs to a
relaxed In Ga As will be less than that of InAs on GaAs.
The significant 1–1.5 ML decrease in the 2-D to 3-D transition
coverage reported here is attributed to indium segregation con-
tributing to the total InAs on the surface. Although this result
contradicts earlier reports by MBE [16] indicating higher 2-D
to 3-D transition coverages on InGa As films, the presence
of AsH in metalorganic chemical vapor deposition (MOCVD)
alters the final product of segregation. During MBE InAs QD
growth, much of the indium segregates into unbonded indium,
which resides as a floating layer on the surface and does not
contribute to the total strain [17]. In this case, the indium is in
the form of bonded InAs and, therefore, contributes.

By relying on the underlying InGa As layers to alter the
additional coverage needed to reach the 2-D to 3-D transition
coverage, 3-D islands can be selectively grown by using lithog-
raphy to pattern the surface with these films. In the areas with
InGaAs we expect to see areas with segregated InAs to reach
the 2-D to 3-D transition coverage and form 3-D islands, and
the areas with GaAs with no segregated InAs to merely form
2-D islands. While the epitaxy of InAs is expected to occur ev-
erywhere, the type of growth and the resulting electronic prop-
erties will vary depending on whether the regions reach the 2-D
to 3-D transition coverage. The results are shown in Fig. 2,
which shows an AFM micrograph of a 4-nm In Ga As
layer with QDs grown selectively on patterned InGa As
films when an additional 0.7–1.0 ML of InAs is deposited. After
deposition of 1 ML InAs, the areas without InGaAs only have
enough source material for 2-D islands to form. In the areas with
InGaAs, the additional indium segregation contributes enough
source material for the 2-D to 3-D transition critical coverage to
be reached. The underlying In Ga As layer was annealed
at 450 C under AsH for 10 min before growth in order to
segregate the necessary InGaAs. 3-D InAs island formation is
evident on the InGaAs regions and not on the GaAs regions,
with densities reaching 4 10 cm . With similar samples
capped with a thin 10-nm layer of GaAs, the selectively grown
InAs QDs exhibited luminescence under an electron beam as
shown in Fig. 3. The CL spectra of the selectively grown InAs
QDs as shown in Fig. 3(d) indicates the emission spectra to be
centered around 1180 nm and have a full-width at half-max-
imum (FWHM) of 100 meV; values consistent with other de-
fect-free InAs QDs structures grown on GaAs [Fig. 3(c)]. Se-
lective growth of 3-D InAs islands is, therefore, achieved by



YEOH et al.: SELECTIVE GROWTH OF InAs QUANTUM DOTS BY METALORGANIC CHEMICAL VAPOR DEPOSITION 835

Fig. 3. SEM (a) and associated CL micrographs (b) of a selectively grown
InAs QD array using an underlying In Ga As layer. Photoluminescence
of capped InAs QDs on GaAs (c) and CL (d) spectra of the selectively grown
QDs are shown for comparison.

altering the local coverage needed to reach the 2-D to 3-D tran-
sition.

III. SEGREGATIONPROPERTIES OFIn Ga As FILMS

Indium segregation is a well-characterized phenomenon
in molecular beam epitaxy (MBE) [18]–[21] as well as in
MOCVD [22]–[25]. The formation of a segregated InAs layer
on top of an InGa As layer is an energetically favorable
state, as the surface energy of InAs is lower than that of GaAs
or InGaAs [26]. MBE and MOCVD growth contrast in one key
factor: the lack of As overpressure during growth interruptions
during MBE growth allows unbonded indium to segregate to
the surface. With MOCVD, the continuous presence of arsenic
helps to suppress the amount of unbonded indium, and so the
segregated indium remains as InAs. Furthermore, the combina-
tion of the segregated InAs surface as well as the underlying
strained InGa As surfaces can result in strain-driven mass
transport to reconstruct the surface, forming self-organized
structures hundreds of nanometers in size. This phenomenon
has been observed in the Ge–Si system for thin films of
Si Ge alloys on Si, where mismatches less that 4% have
been observed to undergo strain-driven surface roughening
[27]. Although unwanted in QWs where interface uniformity is
a concern, it is of considerable interest in QD systems, for the
underlying structures and films of source material (InAs) will
affect nucleation and growth.

We can expect to see the segregated layer of InAs to
evolve various self-organized 2-D structures in order to re-
duce strain and physical contact with the GaAs-rich surface.

Fig. 4. Various self-organized 2-D islands and mesas evolved via indium
segregation from an underlying InGa As layers.

Fig. 4 shows atomic force microscopy (AFM) micrographs
of the 2-D In Ga As structures that evolved from a 4
nm, In Ga As thin film after being annealed for 10
min at temperatures between 450C to 625 C under AsH
overpressure. At annealing temperatures lower than 550C,
a flattened surface evolves with no visible features, as shown
in Fig. 4(a), which depicts a featureless 5 nm InGa As
film after a 450 C anneal under AsHfor 10 min. Increasing
the temperature to 625C segregates various ridges 1–3 ML
in height along the direction of miscut as shown in Fig. 4(b).
These 500-nm-wide ridges 1–3 ML in height were segregated
from a 5-nm In Ga As film along the direction of the
miscut after a 625 C anneal under AsHfor 10 min. If we
increase the time of the sulfuric acid surface preparatory
etch, other structures such as self-organized circular mesas
500 nm in diameter can be segregated as shown in Fig. 4(c).
In this case, a 1:80 etch of HSO :H O for 35 s creates
nanometer-sized islands, which then flatten during the 625C
anneal, forming mesas. The mesas themselves are comprised of
many aggregated 2-D islands, as shown in Fig. 4(d), showing
that stacked self-organized 50-nm 2-D islands comprise the
3-ML high circular mesas. Since the temperature and time of
anneal plays an important role in the segregation kinetics of
these self-organized structures, by changing these parameters
the surface conditions can be tailored in order to affect the
subsequent growth of QDs.

When annealing conditions favor 2-D mesa and ridge
growths, as in the case of annealing temperatures at 625C,
the underlying segregated structures modify QD formation
and placement. Fig. 5(a) shows selectively segregated 2-D
island formation as well as 3-D island formation near the edge
of an etched In Ga As mesa that has undergone a one
minute anneal at 625C before a 1 ML InAs deposition at
450 C. Note that island formation occurs only on the InGaAs
mesas. The 1-min anneal segregates self-assembled 200-nm
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Fig. 5. InAs from an underlying patterned film allows for selective segregation
of nanostructures on the surface, allowing for preferential growth of QDs, wires,
and mesas with 100-nm feature sizes.

mesas, upon which quantum dots have been grown selectively.
Fig. 5(b) shows InAs QDs selectively grown on segregated
1-ML high islands from an In Ga As layer with similar
growth conditions. In this case, the sample did not undergo
lithography and subsequent etching, but was immediately over-
grown with 1 ML of InAs at 450 C. The resulting segregated
2-D islands of InGa As form a 1-ML deep channel devoid
of QDs. The segregated mesas show preferential growth of
QDs from a combination of higher sticking coefficients due to
the InGaAs-InAs interface and the Ehrlich–Schwoble barrier
limiting surface diffusion on the 2-D segregated islands. If the
segregated 2-D islands are thicker than 1 ML, the edges act as
nucleation points for QD formation. By varying the annealing
and growth parameters quantum wires and coalesced quantum
dots can be formed. In Fig. 5(c), quantum wires consisting of
coalesced quantum dots nucleating around these 2-D islands
are formed with coverages above the critical coverage for
defect-free QDs.

The composition and thickness of the InGa As thin film
plays a major role in determining preferential 3-D island growth.
In Ga As layers were found to have no preferential QD
formation. This is attributed to the low composition resulting
in a negligible amount of segregated InAs on the surface. For
In Ga As structures under anneals, self-segregated 2-D is-
lands allow for preferential QD formation on top of the mesas. In
contrast, the strain energy associated with InGa As films
of high indium content can cause these films to self roughen
at 450 C, thus inhibiting QD growth. For MOCVD, it has been
shown that flat surfaces with few step edges generate the highest
concentrations of quantum dots [28]. This roughened layer is
thought to inhibit the surface diffusion essential for QD growth
on the InGaAs, allowing the QDs to preferentially form on the
GaAs areas of the sample before the InGa As thin films.
This is readily noticeable on In Ga As layers in which sur-
face roughening allows dots to form in the GaAs region first,

as shown in Fig. 5(d). Accelerated surface roughening and the
chemical potential change associated with the InGa As
layers inhibits QD formation, allowing QDs to form in the GaAs
regions first. The thickness of the InGa As layer can also af-
fect the 2-D to 3-D transition. Like the composition, the layer
thickness will affect the surface chemical potential and change
the 2-D to 3-D transition coverage. This effect is expected to be
relatively minor compared to the change in indium segregation
with thickness, as other groups have found that the amount of
segregated indium depends on the thickness of the underlying
In Ga As layer [29]. Nevertheless, both changes will serve
to reduce the additional coverage needed to reach the 2-D to 3-D
transition and can be used to tailor 3-D island growth.

By changing both the annealing time, temperature, as well as
the composition and thickness of the underlying InGaAs layer,
self-organized structures with various properties can be seg-
regated, allowing for tailored QD structures to be formed on
the surface. This method is entirely compatible with traditional
oxide SAE, which will allow compositional and thickness vari-
ations of the underlying InGaAs layer to affect the structure of
selective segregated 2-D islands, which will in turn affect the
type and organization of InAs nanostructure growth.

IV. CONCLUSION

We report the selective area epitaxy of InAs quantum
dots utilizing InAs segregation from strained InGaAs thin
films. By using standard lithography techniques, selective
epitaxy of quantum dots was achieved on InGa As and
In Ga As layers with a QD density of 3 10 cm .
Since self-assembled quantum dots and wires require a critical
amount of source material to nucleate, only the areas with
enough source material are able to form quantum dots and
wires. Therefore, this method is not sensitive to lithographic
process variations, enabling selective nanostructure formation
to occur reliably over a large surface area. The lack of oxide
or nitride mask material allows for a single regrowth process
that is not complicated by thermal dose and enhancement
issues associated with multistep oxide regrowth. Selective
indium segregation from the underlying InGaAs layers can
also utilize traditional oxide-based SAE to segregate a whole
range of self-assembled structures. It utilizes controllable
phase segregation properties of InGaAs films to selectively
evolve nanostructure source material with nanometer-scale
resolution. Selective segregation of 2-D InGaAs islands allows
for selective quantum dot and quantum wire growth with 100
nm feature sizes using standard optical lithography.
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