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The alignment of quantum dots (QDs) has been a complicated exercise of combining lithography with
deposition or growing QD superlattices. In this work, we demonstrate the aligned growth of epitaxial Si QDs
on 1-dimensional (1-D) HfO2 ridges. These ridges were created by the growth of HfO2 thin film on single wall
carbon nanotubes (SWCNT) parallel to the substrate surface. The reason for the QD alignment on the HfO2

thin film is in the strain that is built at the top of the 1-D ridges, which favors the formation of Si seeds over
the surrounding flat HfO2 area. Periodic alignment of Si QDs on the 1-D HfO2 ridge was observed. A study
over the effects of different growth conditions, such as growth temperature, and growth time is presented.
The size of the QDs is found to be directly related to the size of the ridge.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The study of the growth of QDs on a semiconducting or insulating
surfacehasbeenof interest frommanyscientists indifferentfields.Gedots
on Si substrates showed potential applications in the electronic and
optoelectronic fields [1], GaAs dots have shown laser emission [2,3], Si
dots can be used for charge storage [4,5], etc. Most of these QDs are
randomly distributed and how to control the location of these dots were
intensively pursued, such as using photolithographic patterns to facilitate
QD alignment, using the step of the substrate as the alignment pattern, or
doingQDsuperlattices.Herewepresent a technique thatusesabottomup
approach to align QDs on an oxide surface that requires no lithographic
patterns on the surface. We use CNTs to be our template and the HfO2 as
the top surface for the alignment of Si QDs.

The template consists of SWCNTs on a SiO2 surface covered by a HfO2

thin film formed by atomic layer deposition (ALD). The SWCNTs provide
their 1-D shapeandnanometer scalediameter, to forma ridge in theHfO2

thin film. This ridge is close to the dimensions of the CNT which enables
applications based on this structure to go beyond the complementary
metal oxide semiconductor (CMOS) ultimate limit. Our experiment
followed the technique of selective area epitaxy [6,7]whichwas reported
on the alignment of Ge QDs on Si ridges at a much larger scale. That
experiment started by fabricating a patterned template via top down
photolithography, followed by a self assembled growth of QDs. The self

assembly mechanism requires a smooth substrate surface so that during
growth the adatoms will be able to migrate to the pre-patterned lowest
energy spots. Single crystal surfaces have been commonly applied for the
alignment of QDs via the selective epitaxial growth. Now with the
demonstration ofQDalignment onanoxide surfacewewill be able to use
aligned QDs for possible nonvolatile nanocrystal memory applications.
The ALD technique which is used to cover the CNTs can produce thin
oxide films with smooth conformal polycrystalline surfaces for subse-
quent QD self assembly [8].

2. Experiment

We first grew SWCNTs on SiO2/Si substrates using a chemical vapor
deposition technique [9,10]. The CNT covered substrates were then
subjected to an UV cleaning for 5 min to make the surface of the
substrate hydrophilic. This time interval was adjusted to ensure good
water adhesion to the surface as well as leaving the CNTs unperturbed.
The samples were then introduced to a Cambridge Nanotech Savannah
100 atomic layer deposition chamber. The system ran at a partial
pressure of 3×10−1Torr, and a deposition time of 5s was used for both
precursor and source. The temperature was kept at a constant 250 °C.
For Si QD deposition a custom built gas source molecular beam epitaxy
(GSMBE) system was employed. This system points the source, in this
case disilane (Si2H6), directly at the substrate ensuring direct impinge-
ment. The chamber base pressure was in the order of 10−8Torr, while
growth pressure was in the range of 10−5Torr. All the samples were
heated via a Ta heating coil behind the substrate; while a thermocouple
situated between the heater and substrate was used to measure the
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desired temperature. The disilane gas flowwas controlled using a mass
flow controller (MFC) UFC 1660. Atomic force microscopy (AFM)
characterization was carried out using a Veeco multimode AFM.

3. Results

Fig. 1(a) shows the schematic of a cross sectional viewof aQDgrown
on top of HfO2 covered CNTs. The QDs are drawn preferentially to the 1-
D HfO2 ridge formed by the CNTs underneath the film. This preference
does not stop other QDs to be formed on the surrounding flat surface.
This event can be controlled by tuning themagnitude of the length of Si
adatommigration onHfO2 and the proximity of adjacent CNTs. Fig. 1(b)
shows a cross sectional SEM image of aligned Si QDs on top of a HfO2

covered CNT. The HfO2 thickness is 6 nm and the ridge height was
measured to be 1 nm to 1.2 nm by AFM characterization. Si QDs are
clearly observed to align at the top of the 1-D HfO2 ridge, while some
others are also seen on the rest of the surrounding oxide. The Si QDs
along the CNT are larger, demonstrating that a greater quantity of Si
adatoms preferentially settled on the 1-D ridge. We think that if the
quantity of CNTs is increased, selective growth of Si QDs only on the
ridges formed by the CNTs will be evident. A reference sample, which
has gone through the same substrate temperature cycle process but
without the introduction of disilane was prepared, showing that the
HfO2was stable at the high growth temperatureswithout formingHfO2

grains. This result is shown elsewhere [11]. The SEM image can also
confirm that the HfO2 layer is highly conformal on the SiO2 surface. The
CNT surface however is not chemically active [12] due to its lack of
dangling bonds so fewer layers of oxide are deposited over the ridge
than the rest of the film.

Fig. 2(a)–(d) shows AFM images of the samples with different
disilane growth time. The formation of a QD starts with a Si atom seed.
From this seedmore Si atoms attach to form a QD. High strain areas like
the CNT ridges have been known to attract Si seed in patterned HfO2

films [10]. As the growth temperature increases, the dot density
increases. This is reasonable because as the first Si QDs forms, they relax
the strain that initially produced them. This point of relaxation is
decided by the size of the ridge itself, since it defines the size of the QD
base. Then secondary QDs form elsewhere around the ridge increases
the density. As these secondary QDs also relax the surface of the ridge,

growth in other parts of the substrate is accelerated. Further increase of
growth time reduces the QDdensity as the dots on the 1-D ridge start to
merge with each other.

Fig. 3(a)–(d) shows the changes in QD morphology due to growth
temperatures. It is noticed that the change in temperature has an
indistinguishable effect on QD density. Since growth temperature
normally changes the adatom diffusion length [13,14], for the
temperature range between 640 °C and 680 °C for which there is
alignment, the diffusion length is large enough for Si adatoms to reach
preferential nucleation sites on 1-D HfO2 ridges on CNTs and form QDs.

Oxide thickness is also one of the deciding factors for QD alignment.
Surface strain onALDgrownfilms changes dependingon their thickness
on CNTs. The samples with increased oxide thickness are shown in
Fig. 4(a)–(c). With an increase in oxide thickness there is a clearer

Fig. 1. QDs on a HfO2 covered CNT. (a) Schematic of a cross sectional view of the
structure. (b) SEM cross sectional image shows aligned Si QDs on a HfO2 covered CNT.

Fig. 2. AFM images of four Si QD alignment samples that have different disilane growth
times: a) 3 min, b) 5 min, c) 7 min, d) 8 min.

Fig. 3. AFM images of four Si QD alignment samples that have different growth
temperatures: a) 640 °C, b) 650 °C, c) 670 °C, d) 680 °C.
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formation of QDs around the CNT ridge. The decrease in preferentiality
of nucleation on 1-D ridges is due to the relaxation of the strain in the
CNT ridge. With less selectivity toward the ridge, the Si adatoms
randomly settle on the flat areas of the sample. It takes 6 nm of HfO2 to

fully cover these randomly grownCNTseven thoughALD is conformal to
most surfaces. This is due to the CNT's inertness to the H2O precursor
[12]. Therefore the thickness of the HfO2 layer is needed to be thicker
than the CNTs themselves to completely cover the CNT and have a
smooth surface for Si adatom migration. The window for alignment
starts close to 6 nm, and after 1 to 2 nm depending on the size of the
ridge sharper Si growth outside the CNT starts to become evident.

In summary,wehave studied the growth timeand temperature effect
onalignedSiQDsonHfO2 coveredCNTs. Alignmenthasbeen shown tobe
evident andHfO2 is proved to be a viable surface for Si adatommigration.
We found that growth time changes the density of Si QDs and that
temperature is also crucial due to its effect on the diffusion length. We
observed that theQDbase size is dictatedby thesizeof the ridge,which in
turn is caused by the size of the CNT. In addition, the oxide thickness can
be tuned to control the strain in the ridges.With this structure as the base
for future transistor technologies suchasnanocrystalmemory, thegoal to
go beyond CMOS ultimate limit is a closer possibility.
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