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

G. H. Kim,a) D. A. Ritchie, M. Pepper, G. D. Lian, J. Yuan, and L. M. Brown
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 19 May 1998; accepted for publication 26 August 1998!

We present a study of the transport properties of two-dimensional electron gases formed in
GaAs/AlGaAs heterostructures in which InAs self-assembled quantum dots have been inserted in
the center of a GaAs quantum well. We observed that, while maintaining a constant carrier density,
the mobility increased as the InAs dot density was reduced. The ratio of the transport to the quantum
lifetime was measured to be approximately five with the dominant scattering mechanism attributed
to short-range scattering from the inserted InAs dots. ©1998 American Institute of Physics.
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The properties of electrons in one- and zero-dimensio
structures have attracted a great deal of interest, both
investigating fundamental physics1,2 and device applica-
tions3,4 such as quantum dot lasers5,6 and single electron
transistors.7 However, artificially constructed systems, su
as a split gate defined by electron beam lithography, can
constrained by technological limitations. A potentially si
nificant route for the fabrication of one-8–10 and zero-
dimensional11–13 nanostructures is by natural formation du
ing the growth procedure. For example, self-assembled q
tum dots can be created in the Stranski–Krastanov gro
mode by growing a highly strained layer above a critic
thickness. By employing InGaAs layers grown o
~100!GaAs,14 self-assembled InGaAs dots have recen
been realized. Further, in the case of growing InAs on
GaAs substrate, the lattice mismatch is very much hig
'7% and we have carried out an extensive study to cha
terize the growth of self-assembled dots.15

The experiments presented in this letter determine
transportt t and quantumtq life-times of electrons in a GaAs
quantum well with inserted InAs dots. Samples are tak
from different areas of the same wafer. A sample with
InAs dots is used as a comparison. To illustrate how
disorder introduced by the InAs dots affects the transport
quantum lifetimes, a number of samples with differing InA
dot densities have been studied.

The samples used in this study were grown on undo
GaAs~100! substrates. The structure consisted of a 0.6-mm-
thick undoped GaAs buffer layer followed by a 500 Å u
doped Al0.33Ga0.67As barrier, a 200 Å undoped GaAs qua
tum well, a 400 Å undoped Al0.33Ga0.67As spacer layer, a
400 Å Si-doped (131018 cm23) Al0.33Ga0.67As layer, and
finally a 170 Å GaAs capping layer.

Within the GaAs quantum well an InAs layer was i
serted with a coverage of 2.15 monolayers. The InAs s
assembled quantum dots were covered with either a 50~wa-
fer C1335! or 100 Å ~wafer C1349! GaAs cap grown at a
substrate temperature of 530 °C as measured by an op
pyromete. The remainder of the structures were grown

a!Electronic mail: gk10004@cam.ac.uk
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580 °C. A reference sample~C1127! was also grown with no
InAs layer.

All of the devices were processed using standard opt
lithography and wet etching into a Hall bar with length 80
mm and width 80mm. A NiCr/Au gate was deposited to
form a surface Schottky gate thereby enabling the tw
dimensional electron gas~2DEG! carrier densityns to be
changed. Standard low frequency lock-in techniques w
used to measure the magnetoresistance with a constant
rent of 100 nA passed between the source and drain.

Figure 1 shows the plan view transmission electron m
croscopy~TEM! images from wafer C1349. These sampl
are taken from three different wafer regions, each with d
ferent dot densitiesnd . The samples are as follows: C1349
~center of the wafer!, C1349m~midway between center an
edge!, and C1349e~edge of the wafer!. There is a factor of
two variation in the InAs dot density between the C134

FIG. 1. Plan view TEM images of self-assembled InAs dots on wafer C1
for three different regions:~a! center,~b! midway between center and edg
and ~c! edge.
8 © 1998 American Institute of Physics
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and C1349e samples. The experimental dot densities
C1349c@Fig. 1~a!#, C1349m@Fig. 1~b!#, and C1349e@Fig.
1~c!# are nd55.83109, 4.63109, and 2.53109 cm22, re-
spectively, counting from an area of 12mm2. The dot den-
sity in sample C1335c was 3.03109 cm22. We find the av-
erage dimension of the dots to be;360 Å wide and;80 Å
high in sample C1349c, and;280 Å wide and;40 Å high
in sample C1335c. All dots show strain contrast, and v
few show loss of coherency, as observed.15

Magnetoresistance measurements show that the res
ity decreases as the InAs dot density decreases. Figu
shows the typical magnetoresistance data for the three di
ent regions of the wafers C1349 and C1335 atT51.6 K. As
each device has very similar carrier densities the period
the Shubnikov–de Haas~SdH! oscillations remains the same
Here the carrier densities have been determined asns

52.9531011 @Fig. 2~a!# and 3.0031011 cm22 @Fig. 2~b!#.
For wafer C1349 in Fig. 2~a! the longitudinal resistivity at
zero magnetic field increases as the density of InAs d
increases. Consequently the mobilitym is higher in sample
C1349e than in sample C1349c. However, the zero field
sistance, for the same positions on the wafer are appr
mately twice as large in wafer C1349 as in C1335. T

FIG. 2. Comparing the longitudinal resistivity of sample~a! C1349 and~b!
C1335 with carrier densities ofns52.9531011 and 3.0031011 cm22, re-
spectively, for three different parts of the wafer: center~solid lines!, midway
between center and edge~dotted lines!, and edge~broken lines!.
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implies that the mobilities in C1349 must be approximate
half those in C1335. The spin splitting of the SdH oscill
tions also reflects the sample disorder. For wafer C1335
Fig. 2~b! the two spin-split peaks at filling factorn53 (B
54.3 T! are well resolved in sample C1335e. However,
the sampling point moves towards the center the increa
disorder ~InAs dot density! causes a blurring of the spi
splitting. Similar behavior, albeit for lower mobilities, is ob
served in sample C1349.

Negative magnetoresistance is also observed be
about 1 T in both wafers C1335 and C1349 as shown in F
2. The amplitude of negative magnetoresistance increa
with increase of InAs dot density. This magnetoresistan
behavior is more likely due to localization of electrons a
back scattering at zero magnetic field in the potential fl
tuations of the InAs dots. Such magnetoresistance beha
has also been observed by other authors16,17who attributed it
to the disorder introduced via the randomness in the posi
and size of lithographically defined antidots.

Figure 3 shows the transport lifetime as a function
carrier density for samples C1335~c,m,e! and C1127 at 1.6
K. The carrier densities were determined by low-field H
measurements and the density was varied by applying a f
gate voltage. The transport lifetime in the reference sam
C1127 is about ten times larger than that of sample C1
with InAs dots. This extreme reduction in transport lifetim
is caused by the inserted InAs dots. For sample C1349,
transport behavior is similar to C1335. Table I shows a su
mary of the transport characteristics at 1.6 K.

Using the SdH oscillation amplitudes we have det
mined the quantum lifetimes. The analysis for the quant
lifetimes is similar to that employed by Coleridgeet al.18

FIG. 3. Transport lifetimest t from C1335 and the reference sample C11
as a function of carrier densityns at T51.6 K.
e to

TABLE I. Sample characteristics from transport measurements at 1.6 K.dc is the thickness of the GaAs
capping layer covering the InAs dots. All samples required illumination with a red light-emitting diod
promote conduction.

m ns t t tq nd dc

Wafer Sample (104 cm2/V s) (1011 cm22) ~ps! ~ps! (109 cm22) ~Å!

C1127 ••• 18.48 2.52 6.85 0.41 ••• •••
C1335 edge 4.70 3.00 1.79 0.37 ••• 50
C1335 middle 3.20 3.00 1.22 0.26 ••• 50
C1335 center 2.40 3.00 0.91 0.22 3.0 50
C1349 edge 2.50 2.95 0.95 0.13 2.5 100
C1349 midway 1.50 2.95 0.57 0.10 4.6 100
C1349 center 1.10 2.95 0.41 0.08 5.8 100
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Figure 4 shows both the transport and quantum lifetim
plotted against InAs dot density for wafer C1349, where
InAs dot densities were determined from TEM images. T
quantum lifetime decreases when the InAs dot density
creases, and remains five times smaller than the trans
lifetime. For a high mobility 2DEG formed in GaAs/AlGaA
heterostructures, the ratio of transport and quantum lifetim
was observed to be greater than 10.19 This is indicative that
the dominant scattering mechanism involves long-ra
scattering from remote ionized impurities. In contrast
the GaAs/AlGaAs heterojunctions, the SiO2/Si interface
in metal-oxide semiconductor field effect transisto
~MOSFETs! is very rough, and the transport and quantu
lifetimes are almost the same, as interface roughness sca
ing is the predominant scattering mechanism.20–22 In our
sample the transport to quantum lifetime ratio lies betwe
the values for high mobility GaAs/AlGaAs heterojunctio
and MOSFETs and is a result of the short-range scatte
due to the inserted InAs dots.

In summary, we have investigated the transport a
quantum lifetimes in GaAs quantum wells containing In
self-assembled dots. The InAs dot density was varied by
proximately a factor of two from the edge to the center of
wafer, thereby increasing the disorder. The transport to qu
tum lifetime ratio was observed to be approximately five a
was independent of the InAs dot density. A study of t

FIG. 4. Summary of the transportt t and quantumtq lifetimes from wafer
C1349. The lifetimes are plotted as function of the InAs dot density.
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quantum and transport lifetimes showed that both lifetim
varied strongly across the wafer, and that the dominant s
tering mechanism was short-range scattering from InAs d
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