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Abstract

We present progress to date in the production of quantum dots etched from multiple quantum well structures for use in all-optical and
electro-optical switches. Details of fabrication and comparisons to self-assembled quantum dot materials are described, and the direction

of our continuing research is outlined.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Quantum dots (QD) exhibit several distinct advantages
over quantum wells. These include reduced spectral line-
width, controllable alpha parameter [1], and enhanced
carrier transport [2], which are properties pertinent to the
fabrication of devices for all-optical and electro-optical
switching. However, the most successful approach for
creating QD semiconductors is the Stranski—Krastanow
self-assembled growth method. QD formed in this manner
often exhibit significant size distribution and, therefore, a
broadening of the absorption transitions. This fact renders
self-assembled quantum dots (SAQD) less than suitable for
use in electro-optical and all-optical switching devices,
despite the high success of these structures in the
fabrication of other optoelectronic devices such as quan-
tum dot laser diodes [3] and quantum dot infrared
photodetectors [4].

We propose to utilize an alternative scheme, by which
layers of QD arrays are produced by eclectron beam
lithography coupled with the reactive ion etching (RIE)
of epitaxially grown multiple quantum wells (MQW).
These etched quantum dot arrays show a high degree of
size uniformity and, consequently, a low spread of the
electron transitional energies. Several past attempts to
capitalize on this technique [5,6] have not been pursued in
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more recent times, because the high density of non-
radiative defects that are created during the etching process
result in low internal quantum efficiency for light emission
and photon detection. Conversely, the non-radiative
recombination is not a hindrance for electro-optic and
all-optical devices, and could in fact be advantageous for
fast device recovery times [7,8].

At further issue is the number of SAQD layers that can
be stacked. This can be limited by strain accumulation in
the active region which leads to a buildup of point defects
in the QD layers and a degradation of internal quantum
efficiency [9]. As a consequence, limitations on the number
of SAQD layers would restrict the size of the active region
and reduce the extent of the third order nonlinear effect
imparted by the QD. One of the principle benefits of the
etched quantum dots will be the ability to tailor the vertical
dimension and composition of the structures through
standard epitaxial deposition (MOCVD and MBE) of the
MQW material. The formation of high quality, quantum
well stacks with any particular number of layers can be
readily achieved. This has the potential of allowing a
structure which can realize a significant shift in the
bandgap energy while utilizing a vertically applied field.

2. Material fabrication

Fabrication of the etched quantum dot structures begins
with the deposition of 400 nm of silicon dioxide on the
surface of the MQW wafer sample. A dual-system
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PlasmaTherm 790 PECVD/RIE reactor is utilized, produ-
cing a film with good uniformity and roughness character-
istics. This is followed by the spinning of a 70 nm coating of
PMMA 950K electron beam resist. The desired dot array is
then written using a Leica EBPG5000+ Electron Beam
Lithographic System with the beam current at 500 pA, the
dose set at 740 uC/cm?, and a 50keV accelerating voltage.
A solution of MIBK:IPA (1:3) was used as the developer to
provide high contrast features. The sample was suspended
motionless in the developer for 60s, then rinsed in
isopropyl alcohol for 30s and rinsed again in DI water
for an additional 45, and finally dried with N, gas.

After developing the electron beam resist, a 30 nm thick
layer of chromium is evaporated onto the patterned area
and lifted off, leaving behind an array of metal disks. These
disks act as the etch mask for the SiO, layer, the uncovered
portion of which is then etched using a CF4-based RIE
process. This yields 400 nm high silicon dioxide pillars that
are approximately 40 nm in diameter (Fig. 1). The pattern
is then transferred into the GaAs/AlGaAs MQW employ-
ing a BClz-based etching process, and carried out in an
UNIAXIS ICP-RIE III-V reactor. The ICP-RIE system
offers separate control of the plasma density and ion
energy, allowing for highly anisotropic etching profiles.
Following the III-V etching step, any metal or silicon
dioxide that remains from the masking layer is removed
and a planarization compound is applied for structural
support of the semiconductor columns.

A scanning electron microscope (SEM) was used to
image the nanopillar arrays and provide information on
the etching profile, the pillar diameter and the pillar height.
To date, we have produced arrays of GaAs nanopillars that
have a diameter of approximately 43nm and a height of
550 nm, as shown in Fig. 2. The arrays are laid out in a
square lattice, with the smallest period achieved being
200 nm.

Fig. 1. AFM Image of silicon dioxide nanopillars on GaAs surface.

Fig. 2. SEM image of 43 nm gallium arsenide pillars etched in ICP-RIE
reactor.

3. Discussion

In principle, the columns of semiconductor material
which remain after the ICP-RIE etching process will
contain a number of laterally confined quantum wells or
quantum boxes (i.e., etched quantum dots). One of the
indications that quantum confinement is present in the
etched structures is a measurable shift of the photolumi-
nescence spectrum compared with that measured from the
as-grown material. This manifests as a move to higher
photon energies and, for a particular material system and
quantum well thickness, is dependent upon the lateral size
of the etched quantum dot. For a GaAs/AlGaAs system at
room temperature, the lateral dimensions need to be
reduced to within a range of 20-30 nm to attain significant
shift.

Patterned resist features and metal dot formation in this
range of diameters can be accomplished with currently
available electron beam lithography techniques and tech-
nology [10]. Since the MQW materials utilized in this
project contain quantum wells that are buried deeply, the
particular challenge to our work has been to realize a high
aspect ratio coupled with a dot diameter that does not
exceed 30 nm. Etch depths described to date have generally
been very shallow, with columns ranging from 50 to 200 nm
in height, placing the etched quantum dots very near the
surface of the epitaxial layer [5,6]. Deeper etchings and
aspect ratio’s exceeding 10:1 have been reported, though
the pillars were 100nm in diameter or greater [11]. Our
most recent results show GaAs pillars which exceed a 12:1
aspect ratio with pillar diameters approaching 40nm

(Fig. 2).
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Highly anisotropic etching and high selectivity of the
etch material over the masking material for both the SiO,
and the GaAs/AlGaAs is crucial to the formation of small
diameter, high aspect ratio semiconductor pillars. In the
case of the oxide etching, the PlasmaTherm 790 tool is a
parallel plate RIE system, without independent control of
the plasma density and ion energy. This can be compen-
sated for by balancing the residual pressure against the
applied RF power. Extremely low residual pressure of
6mTorr is matched to a moderate RF power of 125W,
with a tradeoff in a low, 16 nm/min etch rate. However, the
result is good selectivity (~1:13) between the Cr mask and
the SiO,, and an almost 90° etch profile. The UNIAXIS
ICP-RIE III-V reactor, used in etching GaAs and AlGaAs
materials, has the advantage of an additional control
parameter, which is the ability to separately manipulate the
plasma density and ion energy. Despite this added control,
tradeoff between the etch rate and profile is still necessary.
Achieving a 90° etch profile is of predominate importance
and therefore etch rate is sacrificed. Since the ICP
independently provides a high-density plasma source,
though, the etch rate is still in the range of 150-250 nm/
min. Selectivity between the etch mask and the GaAs is not
as critical as in the case of the SiO, pillar formation due to
the extreme thickness of the SiO, masking layer.

The dot density for the etched quantum dots discussed
above is comparable to that which is achievable for SAQD
(10°-10"" em™?) in GaAs-based systems [12]. For etched
quantum dots with a 30 nm diameter and a 100 nm center-
to-center spacing in a square lattice, the dot density is
approximately 10'°cm™2. Currently, we have produced
dots with an in-layer density of 0.25 x 10'°cm™2. As noted
in Section 1, however, the active region extends into the
third dimension though layer stacking, and whereas the
number of SAQD layers in a stack is often limited due to
the effects of strain accumulation [9], the number of etched
quantum dot layers in a stack is only restricted by the
number of quantum well layers that can be grown. By
employing standard epitaxial deposition (MOCVD and
MBE), almost any number of quantum wells is practical.
For instance, MQW stacks consisting of 400-wells have
been grown [13]. Notably, it is difficult to set a precise limit
on the number of good quality SAQD layers that can be
formed in a stack, as this is dependent on many
parameters, including barrier layer thickness and the
material system employed. Overall these parameters will
be primarily influenced by the intended application of the
epitaxial material. Finally, further improvement of the in-
plane packing density is already being implemented and
can be accommodated by reducing the center-to-center
spacing, as well as by shifting from a square lattice to a
hexagonal lattice.

4. Future work

To date, we have produced arrays of GaAs nanopillars
that have a diameter of approximately 43 nm and a height

of 550 nm. Currently, we are moving toward the further
improvements in the pillar diameter and aspect ratio which
are necessary to realize etched quantum dots with
significant quantum confinement in the lateral direction.
Once proven, these fabrication techniques will be trans-
ferred to forming quantum dots from etched GaAs/
AlGaAs quantum well materials. Characterization of the
optical properties and introduction of the etched quantum
dots into electro-optical devices will follow.
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