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Transport properties of two-dimensional electron gases containing
linear ordering InAs self-assembled quantum dots

Gil-Ho Kim,a) D. A. Ritchie, C.-T. Liang,b) G. D. Lian,c) J. Yuan, M. Pepper,
and L. M. Brown
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 5 June 2000; accepted for publication 20 April 2001!

We present a study of the anisotropic properties of two-dimensional electron gases formed in
GaAs/AlGaAs heterostructures in which InAs self-assembled quantum dots have been inserted into
the center of a GaAs quantum well. We observe an anisotropic mobility for the orthogonal@1̄10# and
@110# directions. The mobility in the@1̄10# direction was found to be up to approximately twice that
in the@110# direction. It is suggested that the interface roughness scattering due to the inserted InAs
material could be a cause for the large anisotropies in mobility. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1378801#
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The electronic and structural properties of se
assembled quantum dots have attracted a great deal of i
est during the past years. Research has been directed tow
both their fundamental physics and device applications s
as quantum dot optical memory devices,1 lasers,2 infrared
photodetectors,3 and single-electron transistors.4 While a
great deal of work has been undertaken on the structural
optical properties of the self-assembled quantum dots, l
has been reported on their electron transport properties.

In this letter, we investigate the transport lifetimes
electrons in GaAs quantum wells within situ InAs self-
assembled quantum dots. Here, the InAs self-assembled
form a lateral linear structural arrangement in the@1̄10# di-
rection. Samples are measured with a range of InAs s
assembled quantum dot densities. We find that the trans
lifetime in the@1̄10# direction is significantly higher than tha
in the @110# direction.

Figure 1~a! shows a cross sectional schematic illustrat
of a molecular beam epitaxial grownn-AlGaAs/GaAs het-
erojunction on an undoped GaAs~001! substrate. The struc
ture consists of a 0.6mm thick undoped GaAs buffer laye
followed by a 500 Å undoped Al0.33Ga0.67As barrier, a 200 Å
undoped GaAs quantum well, a 400 Å undop
Al0.33Ga0.67As spacer layer, a 400 Å Si-doped (
31018 cm23) Al0.33Ga0.67As layer, and finally, a 170 Å
GaAs capping layer.

During a growth interrupt, an InAs layer with a covera
of 2.15 monolayers~ML ! was grown~Stranski–Krastanov
growth! into the central part of the GaAs quantum well. T
InAs self-assembled quantum dots were covered with ei
a 50 Å ~wafer A! or 100 Å ~wafer B! GaAs cap grown at a
substrate temperature of 530 °C as measured by an op
pyrometer. The remainder of the structure was grown
580 °C. Before growing these wafers, in order to determ
the growing conditions, ultrahigh vacuumin situ scanning
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tunneling microscopy~STM! and atomic force microscopy
~AFM! images were studied from more than 15 wafers.

The wafers were processed into an orthogonal patter
Hall bar geometry, which had the current channels in
~110! and ~1̄10! directions. Ohmic contacts were forme
from an annealed thermally evaporated AuGeNi alloy an
transparent NiCr/Au gate was evaporated onto the top of
structure. A bias applied to the gate affects the conduc
band in Fig. 1~b! varying the carrier densityns in the two-
dimensional electron gas~2DEG!. All measurements were
performed after a brief illumination of the device. The ma
netoresistance was measured using standard four-termin
phase sensitive techniques at a temperature of 1.6 K. Tr
mission electron microscopy~TEM! images of the InAs dots
were obtained using a JEOL-2000EX~200 kV! microscope.
Both cross section@in Fig. 1~c!# and plan view~in Fig. 2!
specimens were prepared using conventional mechan
polishing followed by ion milling on a liquid nitrogen coole
stage.

g

i

ute,

FIG. 1. The cross section of an-AlGaAs/GaAs heterojunction grown on a
GaAs~001! substrate is illustrated in~a!, conduction band diagram~b!, and
a cross sectional TEM image of a coherent InAs cluster formed in the G
well ~c!.
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When InAs is grown on a GaAs layer, the first fe
atomic layers of InAs arrange themselves in a planar la
called the wetting layer. As epitaxial growth proceeds,
atoms tend to bunch up and form clusters. Plastic relaxa
of the clusters reduces the strain energy within the dots
is energetically favorable over the growth of pseudomorp
quantum dots, for the larger dots. We have carried out
extensive study to characterize the growth of self-assem
dots.5 Figure 1~c! shows a cross sectional strain field TE
image of an unrelaxed InAs dot buried in a GaAs quant
well, consistent with the prediction of the elastic theory.
symmetry, the lattice plane bisecting the quantum dots is
bent. Therefore, there is a line of no contrast in the str
imaging. The existence of a significant strain field in t
vicinity of InAs strained dots means that the transport
electrons is also affected by the strain field.4 Figure 2 shows
plan view TEM images from wafer Ac~wafer center! and
Bc, each with different dot densitiesnd . These samples wer
taken from the center of the wafers. The experimental
densities for Ac@Fig. 2~a!# and Bc @Fig. 2~b!# are nd53.0
3109 and 5.83109 cm22, respectively, counting from an
area of 12mm22. The average dimensions of the dots a
;280 Å wide and;40 Å high in sample Ac and;360 Å
wide and;80 Å high in sample Bc. The number of incohe
ent ~plastically relaxed! clusters in sample Bc is approx
mately 12% of the total clusters present, whereas no inco
ent clusters are observed in the Ac samples. The InAs
are aligned in the@1̄10# direction on the GaAs~001! surface,
for both samples.

Resistivity measurements of our samples sugges
marked anisotropy in the transport lifetime between the
thogonal@1̄10# and @110# directions. Figure 3 shows typica
magnetoresistance data in the two orthogonal directions
samples Ac and Bc at 1.6 K. In these measurements,
carrier densityns was 3.031011 cm22. The mobility in wa-
fer A, for the same direction and positions on the wafers
more than twice that of wafer B. This difference is due to t
reduction in mobility caused by the increased short ra
scattering6 from the higher dot density. For both sample A
in Fig. 3~a! and sample Bc in Fig. 3~b!, the longitudinal
resistivity at zero magnetic field is larger in the@110# direc-
tion. However, a comparison of Figs. 3~a! and 3~b! shows
that the ratio of anisotropic mobility in the two direction
increases as the density of InAs dots increases. In the ins
the Fig. 3, the carrier density was 2.631011 cm22 for the
reference sample, which are the same structures with
InAs self-assembled dots in the GaAs quantum well. T
ratio of the anisotropic resistance is 17% in the two ortho

FIG. 2. Plan view TEM images of sample for~a! GaAs capping layerdc

550 Å ~the center of wafer A! and ~b! dc5100 Å ~the center of wafer B!.
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nal directions. However, as shown in Figs. 3~a! and 3~b!, for
two typical mobilities, the anisotropy ratio of the inserte
InAs self-assembled quantum dots has much higher value
31% and 56%, respectively. This mobility anisotropy
caused by an anisotropy in scattering from the planar
rangements of InAs material.

We have determined the transport and quantum lifetim
from the mobility and an analysis of Shubnikov–de Ha
~SdH! oscillation amplitudes, respectively. The anisotrop
transport lifetimes in sample Ac are found to be 0.91 ps
the @1̄10# direction and 0.63 ps in the@110# direction. For
sample Bc, transport lifetimes are 0.41 and 0.19 ps in
@1̄10# and @110# directions, respectively. For the referen
sample, the transport lifetimes are 6.62 and 5.67 ps in
@1̄10# and@110# directions, respectively. These determine t
transport lifetimes through the empirical relation from t
mobility m5et/m* , wheree is the electron charge,t is the
transport lifetime, andm* is the effective mass. The obse
vation of SdH oscillations at high fields presupposes that
electrons are moving in cyclotron orbits, whose coherenc
defined by the quantum lifetime. Thus, the electron exp
ences scattering in all directions as it travels on its circu
trajectory and hence the quantum lifetime has no directio
dependence. We determined that the quantum lifetimes
0.22 and 0.08 ps for samples Ac and Bc, respectively, and
direction independent. For samples Ac and Bc, the ratio
the transport to the quantum lifetime is approximately fiv
which is short range scattering due to the InAs.6 In our pre-
vious study4 of single electron transistor measurements,
potential barrier with the self-assembled quantum dots is
duced by strain between InAs/GaAs. This transport res
can be explained by assuming that the InAs dots introduc

FIG. 3. Showing the longitudinal resistivity at a carrier density of 3
31011 cm22 in the @1̄10# and @110# directions for samples from the cente
of wafers~a! A and ~b! B. In the inset, for the reference sample, the carr
density 2.631011 cm22 in the two orthogonal directions.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the scatters. In the sample with more InAs, there is gre
disorder,4 and the observed increase in the anisotropy is
duced by the presence of InAs. At very low magnetic fiel
where the transport lifetimes are determined, the elec
predominantly moves in one direction and thus anisotro
scattering will affect the transport lifetimes. This differen
supports the proposal that the mobility anisotropy origina
from the lateral alignment of InAs dots in the@1̄10# direction.

Figure 4 shows the transport lifetime at 1.6 K as a fun
tion of ns for samples Ac and Ae~wafer edge!. We deter-
mined the transport lifetimes from the mobilities andns ,
from low field Hall measurements. The transport lifetimes
sample Ac are approximately half that of sample Ae for
same direction. As the sampling point moves towards
wafer center, the InAs dot density increases, reducing
transport lifetime.6 For sample Ac in Fig. 4~a!, the transport
lifetimes in the@1̄10# direction are approximately 31% large
than those in the@110# direction atns53.031011 cm22. By
increasing the electron density (ns), there is a decrease in th
ratio of anisotropic transport lifetimes.7 The inset of Fig. 4~a!
shows the transport lifetime as a function ofns for the ref-
erence sample~without the insertion of a InAs self
assembled dots in the GaAs quantum well!. The ratio of the
anisotropic transport lifetime is;17% in the two orthogona
directions for the reference sample in contrast to 31%
sample Ac. It is well known that for 2DEGs grown on th
~001! surface of GaAs, the mobility in the@1̄10# direction
can be higher than that in the@110# direction, under certain
growth conditions due to the formation of elongated islan
at the GaAs/AlGaAs interface.8 However, any potential bar
rier due to the island formation at this heterointerface is s

FIG. 4. Transport lifetimes measured in samples from the center~the ratio of
the anisotropic transport lifetimes:;31%! and edge~;27%! of wafer A in
the@1̄10# and@110# directions as a function of carrier density at 1.6 K. In t
inset, for the reference sample, the ratio of anisotropic transport lifetime
;17%.
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ficiently small that it does not manifest itself in the two o
thogonal directions.

For sample Ae in Fig. 4~b!, the ratio of the anisotropic
transport lifetimes~;27%! are almost constant values ov
all ns . The cause of this invariance is apparent from TE
images and photoluminescence measurements from the
of wafer A which show that the InAs coverage decrea
towards edge of the wafer.6 For the edge devices used in th
letter, only the wetting layer remains.

A possible cause for the anisotropic transport lifetimes
that @110# surface steps are caused by an unintentional v
small angular miscut of the GaAs~001! wafer. Therefore, the
initial growth of the submonolayer InAs islands on the Ga
surface are elongated in the@1̄10# directions, as seen inin
situ STM and AFM images. Such behavior has been repor
by Tillmannet al.9 for InGaAs islands grown on GaAs~001!
substrates. During the initial InAs growth, the elongated
lands form, and upon increasing the InAs coverage ab
1.61 ML, the InAs dots nucleate at the step edges. Theref
InAs dots become linearly ordered in the@1̄10# directions as
may be observed in Fig. 2. This increases the electron s
tering in this direction thereby modifying the mobility. Th
ratio of the anisotropic transport lifetimes increases with
increase of InAs self-assembled dot density.

In summary, we have measured the anisotropic mobi
in 2DEGs containing InAs self-assembled quantum dots w
a lateral linear structural arrangement. We have prepa
samples with varying amounts of dots~two of 14 were pre-
sented here! and without dots~reference samples!. From the
electron transport results, we can determine the anisotr
transport lifetime as a function of carrier density and fi
that the anisotropy ratio of the mobilities for samples Ac a
Bc are 56% and 31%, respectively. The results demonst
that the mobility anisotropy increases with an increas
InAs dot density, where the mobility in the@1̄10# direction is
much higher than that in the@110# direction. We propose tha
the linear arrangement of self-assembled InAs quantum
results in reduced mobilities for motion perpendicular to t
lines. This enables direct calculations to be made of the s
tering properties of the dots.
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