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InAs self-assembled quantum dots as controllable scattering centers
near a two-dimensional electron gas
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H. Auderset
Labor für Mikro- und Nanostrukturen, Paul-Scherrer Institut, 5232 Villigen, Switzerland

K. Ensslin
Laboratorium für Festkörperphysik, ETH Zu¨rich, 8093 Zürich, Switzerland
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InAs self-assembled quantum dots are grown in the vicinity of a two-dimensional electron gas. Transport
experiments show a progressive reduction of the electron mobility with increasing dot density, which indicates
the influence of the quantum dots on the electrical properties of the electron gas. A saturation of the mobility
is observed for the highest dot density samples. Transmission electron microscopy studies confirm the exis-
tence of the dots and reveal the formation of a vertically aligned double dot. Calculations of scattering times
due to repulsive potentials are in agreement with the experimental data and suggest that the self-assembled
quantum dots act as controllable scattering centers that can be used to tailor the electron gas properties.
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INTRODUCTION

Recent developments in epitaxial techniques have per
ted the in situ growth of high-quality defect-free quantum
dots.1–3 Due to its;7% lattice mismatch with respect to th
GaAs, InAs layers start to grow commensurate until a criti
thickness is reached, when islands form spontaneously.
is the so-called Stranski-Krastanow growth mode.
achieve coherent islanding with good size uniformity t
InAs epitaxy is stopped before misfit dislocations start
release the strain.1 These randomly distributed sel
assembled quantum dots~SAQD! have been extensivel
studied by several experimental techniques, such as pho
minescence~PL!,4–6 far-infrared spectroscopy,7,8 capacitance
spectroscopy,7,9–11 and tunneling,12 but little work has been
done on the transport properties of SAQD located nea
two-dimensional electron gas~2DEG!,13–15despite the prom-
ising technological applications such as lasers16,17and optical
memories.18 Sakakiet al. showed that the electron mobilit
at 77 K is significantly reduced when the plane of SAQ
gets closer to the 2DEG,13 while Yusa and Sakaki investi
gated the light-dependent carrier-trapping effect of the In
dots,14 also at 77 K. Horigushiet al. studied electron trans
port through InAs SAQD using a split gate and measured
energy gap associated with the charging energy of the do15
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In the present work we report on a systematic investi
tion of the transport properties of a 2DEG with embedd
SAQD. In contrast to Ref. 13, we kept the position of t
SAQD plane fixed relative to the 2DEG and varied the nu
ber of dots per unit area~dot density! to show that the SAQD
definitely influence the transport properties of the elect
gas by strongly reducing its mobility as the dot density
creases. The repulsive character of the scattering potenti
the charged dots is experimentally verified and calculati
of scattering times result in dot densities compatible w
those obtained by transmission electron microscopy~TEM!.

I. EXPERIMENTAL DETAILS

Figure 1 shows a self-consistent calculation for the pot
tial profile of the heterostructure grown for this work. Afte
desorbing the oxides off the GaAs~001! substrate ~at
650 °C), a 5000-Å GaAs buffer layer, a short-period sup
lattice @403(20/20) Å AlAs/GaAs# and another 5000-Å
GaAs layer were grown, at 620 °C and As pressure o
31026 Torr. A plane of self-assembled quantum do
~shown schematically in Fig. 1 by dashed lines! was then
embedded in the GaAs buffer layer 30 Å from the interfa
Al xGa12xAs/GaAs that defines the 2DEG, near the ma
mum of the electronic wave function. The InAs layer w
1506 © 1998 The American Physical Society
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grown at 530 °C with a rate of 0.1 ML/s. The temperatu
was ramped up to the previous value while growing the
maining 30 Å of GaAs and the 1000-Å AlxGa12xAs layer. A
d-doping layer within the barrier at 300 Å from the interfa
provides the carriers for the 2DEG. The structure was fina
capped with 100 Å of GaAs. A mobility of the order o
1m2/(V s) is expected due to the influence of the InA
layer.13

Photoluminescence~PL! spectra were taken at room tem
perature with the 4880-Å-line of an Ar1 laser and a conven
tional photon counter detection system, the PL intensity
ing integrated in the window 8000–9000 Å. Low-frequen
~13 Hz! transport measurements were performed at 1.7
with an 0–8-T superconductor magnet. Magneto (rxx) and
Hall (rxy) resistivities were measured with lock-in amplifie
using a low-signal excitation current~20–50 nA! and the
front gate voltage was provided by a low-noise dc volta
source. High-resolution cross-section transmission elec
microscope pictures were taken in@110# and @100# orienta-
tions with a Philips CM30ST microscope operated at 3
kV, with point-to-point resolution of 1.9 Å.

II. RESULTS AND DISCUSSION

The SAQD layer was grown without rotation of the su
strate, so that a gradual variation of In concentration alon
wafer diameter is achieved, the host heterostructure rem
ing homogeneous. This gradient of In concentration p
duces a gradient in the dot density. PL measurements~not
shown! along the gradient line taken after the growth ind
cate that the SAQD recombination (;1.24 eV) decreases in
intensity ~compared to the GaAs PL! as the dot density de
creases. A more complete PL map,19 displayed in Fig. 2,

FIG. 1. Self-consistently calculated potential profile~continuous
lines! and wave function~dotted curve! displayed in the region nea
the AlxGa12xAs/GaAs interface for a heterostructure witho
SAQD (z is the growth direction!. InAs dots contribute with a deep
potential well, indicated schematically by dashed lines. The in
shows the complete structure starting from the surface (z50).
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shows the gradient of SAQD across the 2-in wafer. Althou
clearly not homogeneous in the centimeter range, TEM st
ies ~discussed below! show that the SAQD dot density pre
sents no significant variation within the micrometer range
the lithographic patterns used for the electrical measu
ments. Based on the PL map of Fig. 2, we prepared sam
1 to 7 for transport experiments and specimensA to D for
TEM studies, following a trend of increasing dot density
both sets~see Fig. 2!. Hall bars of 20mm width with a ho-
mogeneous Ti/Au gate evaporated on top were prepared
conventional optical lithography to study magneto and H
resistivities. For structural characterization the set of samp
A–D was prepared for cross-section TEM investigation;
ter a mechanical prethinning they were ion etched at an e
ing angle of 3° using Ar gas at 4 kV accelerating voltage

In Fig. 3 therxx andrxy spectra of samples 1~lowest dot
density! and 7 ~highest dot density! are displayed for com-
parable carrier densities (Ns). Well-defined quantum Hall
plateaus and corresponding zeros in the magnetoresist
demonstrate the good quality of sample growth and proc
ing. The values ofrxx at B50 ~see Fig. 3! directly indicate
that the increasing number of dots per unit area influen
the transport properties of the 2DEG by considerably low
ing its mobility m from 6.2 m2/(V s) @Fig. 3~a!# to
1.0 m2/(V s) @Fig. 3~b!#. Also the oscillations inrxx are
much less pronounced in the high dot density sample, cle
indicating that the SAQD~and not only the presence of a
InAs wetting layer! actually influence the transport prope
ties of a 2DEG. Using a gate bias to change the carrier d
sity, a series of measurements similar to those presente
Fig. 3 were taken for all seven samples. Both carrier den
and mobility were extracted from the low-field part of th

et

FIG. 2. Photoluminescence map of the InAs SAQD wafer in
grated in the window 8000–9000 Å, around the GaAs band g
Higher PL intensity means lower dot densities, so that a grad
~increase! in dot distribution over the wafer is achieved along t
diameter from top to bottom in the figure. The dark contour arou
the half wafer is the sample holder backscattered light.
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1508 PRB 58E. RIBEIROet al.
spectra and them versusNs curves are shown in Fig. 4~open
symbols!. For a givenNs , the 2DEG mobility progressively
decreases as the SAQD density increases~from sample 1 to
7!, as is expected if one supposes that the SAQD act as
dominant scattering mechanism in these samples. Ano
feature present in Fig. 4 is the apparent mobility saturat
for samples 6 and 7~highest dot densities! as a function of
Ns : this might indicate that the average separation am
dots is comparable to the two-dimensional screening len
of the electrons so that the scattering centers cannot be
fectively screened any further; the mobility, thus, wou
change very little with increasing carrier density, consist
with SAQD acting as scattering centers. Since the scree
lengthls in two dimensions is constant,20 one can estimate a
dot densitynsl corresponding to the picture described abo
Considering the dots as rigid disk-shaped scattering cen
a dot density ofnsl54.731010 cm22 would give the desired
average separation ofls5320 Å. This number is consisten
with typical dot densities determined by atomic force m
croscopy for InAs SAQD samples,3 giving support to our
proposition. Due to the actual long-range character of
Coulomb potential, this number must be seen as an up
limit.

To shed more light on this issue we studied the beha
of the Hall resistivity. It is known that the centers of th
quantized plateaus inrxy deviate from the classical free

FIG. 3. rxx andrxy spectra for~a! the lowest and~b! the highest
dot density samples taken at comparable carrier density (;2.6
31015 m22 and;3.131015 m22, respectively!. The influence of
the SAQD on the transport properties is clearly seen in the str
reduction of the mobility, from 6.2 m2/(V s) in sample 1 to
1.0 m2/(V s) in sample 7.
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electron resultrxy
c 5B/eNs in the presence of charge

impurities.21 In particular, repulsive scattering potentia
shift the plateaus to higher magnetic fields~smaller filling
factors!.21 Figure 5 shows the Hall resistivities forNs51.6
31015 m22. The magnetic field axis was redefined so th
Beff50 represents the intersection between the class
value and the measured Hall plateaus for each sample
progressive shift of the plateaus to higher magnetic field
observed, coherent with the expected repulsive characte
the charged SAQD. In addition, samples 6 and 7 have arxy
plateau that closely resembles the data of Hauget al.21 for a
Be d doping withni5(3D)4.031010 cm22, which can also
be taken as an upper limit for our samples because
SAQD may contain more than one electron per dot.

With this in mind, we modeled our samples as a us
2DEG (AlxGa12xAs/GaAs interface and remote doping lay
in the barrier! with a plane of repulsive scattering cente
placed at the SAQD nominal position. Using the Ste
Howard model22,20,23 one can write the inverse scatterin
time as23

1

t i
5

1

2p\«F
E

0

2kF
dq

q2

A4kF
22q2

^uUi~q!u2&

e~q!2
, ~1!

where\ is the Planck’s constant,«F(kF) is the Fermi energy
~wave number!, q is the scattering wave number, ande(q) is
the dielectric function of the electron gas.20,23 A two-
dimensional sheet of random impurities is described by
potential

^uUi~q!u2&5ni S 2pe2

k

1

qD 2

F~q,zi !
2, ~2!

g

FIG. 4. Mobility as a function of the carrier density for sampl
1 to 7 ~open symbols!. The influence of the number of scatterin
centers~SAQD! is clearly seen by the decrease of the 2DEG m
bility as the dot density increases~at a givenNs). For high density
samples~6 and 7! the mobility seems to saturate. Closed symb
are the mobilities obtained by scattering time calculations as
scribed in the text. Lines are guides to the eye.
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whereni is the impurity density,e is the electronic charge,k
is the static dielectric constant of the semiconductor, a
F(q,zi) is a form factor that takes into account the fin
extension of the 2DEG and the distancezi between the im-
purity plane and the interface.20 The various contributions to
the scattering process add according to Matthiessen’s rul
our case we used a remote doping concentration of 1
31012 cm22 ~as in the self-consistent calculations of Fig.!
and a homogeneous background doping to describe the
ence of a InAs wetting layer. This bulk doping concentrati
nB was set to 7.631015 cm23 to reproduce the mobility of
sample 1, assumed from here on to have no SAQD. W
these two parameters kept fixed, we introduced the repul
scattering plane with the impurity densitynSAQD as a free
parameter to fit the data. The results for a SAQD contain
2 electrons are shown in Fig. 4~closed symbols! for all the
samples. ThenSAQD obtained are listed in Table I and a
consistent with those experimentally found in the literatu3

and also with thensl suggested above for samples 6 and
Figure 6 shows TEM micrographs of specimensA, B,

andC ~see Fig. 2!, representing three different growth are
along the wafer, depending on the amount of InAs that h
been deposited on the respective positions. In Fig. 6~a!
~sampleA), a single row of bright points between the tw
GaAs layers indicates the presence of a very thin interfa
layer between the GaAs buffer and the 30-Å-thick Ga
layer. It is thinner than 4 ML, being consistent with the e
pected InAs wetting layer 1–2 ML thick.1,2 For sampleB
~coming from a region of the wafer where more InAs h
been deposited!, a faint contrast of a noncontinuous layer
observed, its thickness being in the range of 4–6 ML@see

FIG. 5. Hall resistivity as a function of magnetic field for th
samples taken along the wafer diameter, displayed in the re
around filling factorn52. The effective magnetic field is defined i
a way that atBeff50 one finds the crossing point between the e
perimental data and the extrapolation of the classical behavior
the Hall resistivity at low magnetic fields. The center of the plate
deviates fromBeff50 to higher magnetic fields, indicating the pre
ence of repulsive scattering potentials in the samples. The tren
increasing deviation from top to bottom agrees with the increas
dot density already determined. Therxy spectrum of sample 2 wa
not displayed because of lack of processing quality.
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Fig. 6~b!#. In this area of the specimen the maximum thic
ness for a purely two-dimensional growth mode of InAs
exceeded. The formation of the dots has therefore sta
although it is not yet very pronounced. In the specime
containing more indium~samplesC andD) a large number
of dots is clearly seen. Most of them, however, have a rat
complicated, sandwichlike structure. A dark contrast
20–25 nm lateral extension and about 8 ML thickness
visible adjacent to the lower GaAs layer@Fig. 6~c!#. After a
brighter region of nearly the same thickness, a second d
layer is observed atop. Such a contrast was found ev
where within the electron-transparent area of the hi
density samples, independent of the local specimen th
ness. A bending of the sample due to strain effects, a
commonly observed close to the specimen edge due to
effects, can therefore be ruled out as an explanation for
contrast. Measuring the interplanar distances within the
ferent regions on high-resolution micrographs taken alo
the @100# direction revealed that in the lower dark layer th
vertical lattice parameter was in the range of 3.5–4.0% lar
than that of GaAs. In the upper dark disk region, the latt
parameter was always equal to or larger~between 1–4%!
than that of GaAs, while between these two dark regiona
;aGaAs was measured in all cases. It can therefore be s
posed that in a first stage a simple dot of 20–25 nm diame
about 6 ML thickness, and a vertical lattice parameteraSAQD
of nearlyaSAQD;1.04aGaAs is formed. In the high dot den
sity areas, the excess of In floats on top of the dot towa
the GaAs/AlxGa12xAs interface, where it forms a secon
In-rich layer as soon as the AlxGa12xAs is deposited. Its
vertical lattice parameter varies~according to the amount o
In! between that of GaAs and that of the lower dot. This
consistent with PL measurements across the wafer, whe
second peak is present for the highest dot densities, its in

n

-
or
s

of
g

TABLE I. Comparison between the dot densities obtained
perimentally and theoretically.nSAQD are the results of the Stern
Howard scattering time model using a remote barrier doping la
~carriers! and a residual bulk impurity concentration~wetting layer!
for describing the 2DEG mobility without SAQD~see text!, and a
plane of doubly charged repulsive scattering centers to describe
dots.nTEM is an average value obtained from TEM studies. The
numbers are in reasonable agreement with the upper limits
mated from them vs Ns curves (4.731010 cm22) and therxy

plateau analysis (4.031010 cm22).

Transport TEM
nSAQD nTEM

Sample (cm22) Specimen (cm22)

1 0 A a

2 5.53109

3 1.331010

4 2.531010 B b

5 4.131010

6 7.931010 C 2.531010

7 1.031011

D 3.031010

aNo SAQD observable experimentally.
bToo few SAQD to obtain reasonable error bars in the statistics
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sity completely vanishing when lower dot densities a
reached. The formation of the second dot may also be rel
to the results of Garciaet al.,24 where they observe a crate
like depression in the middle of the partially covered d
after a GaAs coverage of 20 Å, very similar to that of o
samples~30 Å!. As a possible explanation, we suggest th
the excess In floating on the surface of the covered dots~in
the high dot density areas of our wafer! would be confined to
these depressions by the AlxGa12xAs layer, giving rise to the
observed vertical self-alignment@see Fig. 6~c!#. An attempt
was made to estimate the dot density in the different sp
mens from the TEM micrographs. The thickness variation

FIG. 6. High-resolution cross-section TEM micrographs tak
in the @110# orientation:~a! specimenA, showing a brighter row
corresponding to the InAs wetting layer and no dots;~b! specimen
B, where noncontinuous In-rich layers are observed with a fa
contrast, indicating the formation of SAQD;~c! specimenC, show-
ing a sandwichlike InAs dot formed by a SAQD in the nomin
position and on top of it an InAs-rich layer that has segrega
towards the AlxGa12xAs/GaAs interface. The nominal compone
layers are indicated on the left side of the pictures. Growth direc
@001# ~top! as well as scale~bottom! are valid for all three micro-
graphs.
ar
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the cross-sectional TEM samples~up to 4mm wide! was cal-
culated from the respective thickness fringes. The dots co
not be counted in sampleB because their contrast was to
weak. In samplesC and D densities of (2.561.0)
31010 cm22 and (3.061.0)31010 cm22 were found, re-
spectively. This is in good agreement with the numbers e
mated from transport measurements and scattering time
culations~see Table I!.

The TEM results support the assumption made in the s
tering time calculation, that sample 1 should nominally co
tain no quantum dots. The observation of the double-
structure would allow us to include a second layer of sc
tering centers in the model, reducing thenSAQD of Table I to
values closer to those determined by TEM~and below the
two upper limits discussed above!. The scattering propertie
of the SAQD are only slightly changed~about 10%! if the
position of the dots is moved from the intended position~30
Å from the interface! to the interface itself. In both cases th
electron wave function overlaps with the position of the do
Once the number of electrons in the SAQD is also a f
parameter, a suitable combination of both could bring TE
results and calculations into coincidence; however, we h
already reached an overall agreement for the dot den
within the same order of magnitude for data coming fro
completely different experimental sources. We also note
the double dot appears in a region of the original wafer
which the 2DEG mobility is seen to saturate as a function
the carrier density, indicating a possible connection betw
the two observations.

In summary, the good agreement between calculated
densities and those obtained from transport and TEM dat
a clear and quantitative evidence of the influence of s
assembled quantum dots on the properties of a 2DEG.
dots can be seen as randomly distributed repulsive scatte
centers that reduce the electron gas mobility as the dot d
sity increases, up to a limit where the electrons are unabl
screen the charged dots any further, leading to a saturatio
the mobility. The SAQD can be used as controllable scat
ing centers to tailor the electrical properties of a 2DEG.
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