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Tuning the insulator—quantum Hall liquid transitions in a two-dimensional electron gas using
self-assembled InAs

G. H. Kim, J. T. Nicholls, S. I. Khondaker, I. Farrer, and D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, United Kingdom
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We investigate the transport properties of two-dimensional electron g@feEG’'s) formed in a
GaAs/ Al ;G5 ¢As quantum well, where InAs has been inserted into the center of the GaAs well. Depending
on the growth conditions, the InAs forms either self-assembled quantum dots or dashes, and due to the
resulting strain fields repulsive short-range scattering is experienced by the conduction electrons in the 2DEG.
In a perpendicular magnetic field there are transitions between quantum Hall liquids at filling faetbrand
v=2 and the insulating phase. Depending on the amount of InAs coverage, the degree of disorder in the 2DEG
can be varied, changing the relative size of thel andv=2 regions in the disorder—magnetic-field phase
diagrams. Thermal studies show a spin gap at filling faeterl, which collapses as the magnetic field is
decreased. Microscopic information about the dots was obtained from structural characterization, as well as
from conductance measurements through individual dots isolated using a submicron split gate.

In a perpendicular magnetic field a two-dimensional electhe Zeeman energy to the LL energy spacing is greater than
tron gas(2DEG) at low temperatures exhibits the quantumin GaAs. The nature of the QH insulator-liquid transitions
Hall (QH) effect. In a strong magnetic field there are Landaucontinues to be an area of interédgnd the floating up of
levels (LL's), and the picture of extended states at the LLLL’S is thought to be relevant to recent measurements of a
centers and localized states between LL's provides a simplgP “Metal-insulator” transition.

description of the quantum Hall effect. When the magneticserl\r/]ir:hI?ngﬁg?ur)rv-vg|—F|)rt(?;ﬁgittigndslﬁ\(/avrﬁgrtthﬁgsssgtstgm f?rr] ?ﬁé
field (B) is decreased at fixed carrier dengitythe localized 9 ' g

d ded d . d al DEG can to some extent be tuned by self-assembled InAs
and extended states move down In energy and alternateffy,crres that are grown in the center of the GaAs quantum

pass through the Fermi energy. When the Fermi energye||. Depending on the amount of InAs deposited, it is found
passes through the extended states, hgthand p,, vary that the degree of spin splitting varies, changing the shape of
smoothly. In contrast, when the Fermi energy is betweenhe experimentah-B diagram. Previous studi€'sof InAs
LL’s and pinned in the localized states, the transverse resigguantum dots grown in the vicinity150—800 A of a 2DEG,
tivity pyy is quantized, and the longitudinal resistivity, ~ show that a dot-induced modulation of the 2D potential dra-
—0 as the temperature is reduced to zero. matically reduces the transport mobility. Using a split gate to
From scaling arguments it is believed that there are Om);solate individual dots in samples where InAs dots were de-

weakly localized states in a noninteracting 2DEG at low tem.P0Sited approximately 200 A below the 2DEG, thermal stud-

peratures and zero magnetic field. After the discovery of theSs of the conductance claffiithe electron confinement en-

quantum Hall effect it was realized by Khmelnitskénd ergy can be as large as 14 meV. Studies of InAs dots placed

. : ) ) even closer to the 2DEG have been carried out by Yoh
Laughlir? that to be consistent with scaling theory the €X-et al,13 who were able to measure some charging effects.

tended states at the center of each LL could rise up in energyater, the scattering introduced by dots grown 30 A from the
as the magnetic field is reduced. An alternative to thiSA]XGai_xAs/GaAs heterointerface was investiga{éand it
floating-up picture is that the extended states somehow disyas shown how self-assembled InAs dots can tailor the elec-
appear at a finite magnetic field. The issue of whether there igical properties of a 2DEG. In this study a similar approach
floating or not resurfaced when measurenménitsf disor-  has been used to vary the scattering in what would otherwise
dered 2DEG's in GaAs showed that with increasBighere  pe a high-mobility f>10° cn?/V's) 2DEG. Preliminary

is a transition from a strongly localized insulating zero-field measurements in the QH regime have been presented
phase, to a QH liquid of filling factor=nh/eB=2. When g|sewherd®

the magnetic field is increased further, there is a transition The synthesis and characterization of the samples are de-
back to the insulating phase. The lower field transition, thescribed in Sec. |. Section Il A describes the mesoscopic
insulator —v=2 QH liquid transition, supports the transport properties of individual quantum dots formed by
floating-up picture, and the phase diagram constructed ifhe self-assembled InAs structures. The macroscopic trans-
n-B space from the measure@-2-0 transitions looks similar port properties of the samples, in the QH regime, are pre-

to the global diagram proposed by Kivels@tal® Later  sented in Sec. Il B. A discussion of all the results is given in
measurementof high-mobility GaAs samples taken to low Sec. III.

carrier densities showed transitions from an insulator

=2 QH liquid —v=1 QH liquid— insulator(0-2-1-0 asB |. SAMPLES: SYNTHESIS AND STRUCTURAL

was increased, anabt the 0-1-2-1-0 sequence of transitions CHARACTERIZATION

expected if each spin-split LL were to float up indepen-

dently. Transitions through the=1 QH liquid have also Measurements are presented for samples from five differ-

been observéd in 2D SiGe hole gases, where the ratio of ent wafers, all of which have the basic structure shown in
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FIG. 2. A 6 umX6 um AFM image of a sample grown in a
similar fashion to sampl&€, but with a growth interruption and
capping. Dashes, approximately 500600 A?, are aligned in the

[011] direction.

FIG. 1. (a) Structure of the samplegb) Schematic of the
conduction-band profile in the growitz) direction, at the site of
InAs deposition.

Fig. 1(a), but with slightly different properties, as listed in Krastinow growth. WafeiE is a control sample where the
Table I. The samples were grown by molecular-beam epitax@™@Wth was interrupted at the center of the GaAs quantum
on (100 GaAs substrates and consist of a 200-A-wideWell, but the_ln_dlum_s_hutter was not opened. In samfides
GaAs/Al 2853 gAs quantum well that is modulation doped anqc the.re is |nslu7ff|C|ent strain for the InAs dashes to be
on one side using a 400-A spacer layer. The growth of th&/isible using TEM-© - _
GaAs quantum well was interrupted at its center, and the The as-grown carrlerigensnms of the 2DEG'’s are typi-
wafer was cooled from 580 °C to 525 °C. The shutter overcally n=1.5-2.5¢10"cm 2, and can be varied by the volt-
the indium cell was opened for 0, 60, and 80 sec, allowin?9€ Vg applied to a AuNICr gate that is evaporated on the
growth of 0, 1.61, and 2.15 ML of InAs, respectively. A cap Sample surface, approximately 1000 A above the quantum
layer of GaAs was grown at 530 °C, before the substratdell [see Fig. 1a)]. Figure 3 shows the low-temperature mo-

temperature was raised to 580 °C for the remainder of th&ilities of the five samples as a function of carrier density
growth. p was determined from the zero-field resistivity, antfom

The thickness of the GaAs capping layer over the InAgthe Hall slope at low mggnetic fields. Compared to the con-
determines the dimensions and shape of the |nA§r_o_I sample(E) the addition of InAs r_educes the 2DEG mo-
structures®!” In sample A, the 2.15 ML of InAs were Pility « by up to an order of magnitude. In general, the
capped by a 50-A GaAs layer, and self-assembled InAs N curves follow the rela_t|om~n“, Wherea=0.7_—0_.8 at
quantum dots were formed. A transmission electron microligh n, typical of modulation-doped samples. With increas-
scope(TEM) image taken from the same wafer as sample iNg INAs the samples show more pronounced behavior at low
has been presented as sample 2 in Ref. 17; the dots havelaWith >0.8, reflectmg.t_he difficulty in screening the InAs
density of 3x 10° cm ™2, and are typically 280 A in diameter Structures at these densn_les: Although sgmplesndc con-
and 40 A in height. In sampl€, 2.16 ML of indium were tain the same amount of indium, the strain in the dot sample
covered with a 10 A GaAs capping layer, and dashes ofA) causes its low-temperature mobiliy to pe lower than
typical dimensions-5000x 600 A% were formed; these are that of the dash sampleC. The structural anisotropy of the
elongated in the[OlT] direction, as shown in the atomic dash samples is reflected in the mo@llty, which is twice as
force microscope image in Fig. 2. In same1.61 ML of  large in the[011] direction as in th¢011] direction. The dot
InAs were capped with 10 A of GaAs and dashes similar tos@mple(A) shows a similar anisotropy, which reflects the
those shown in Fig. 2 were formed. Samjilewas grown propensity of the dots to line up along th@11] direction!®
with 1 ML of InAs, which was capped by 10 A of GaAs; this For samplesA-D, the ratio of the transport to quantum life-
sample contains one continuous layer of InAs, being belowiime is approximately five, which is a consequence of short-
the critical coverage required for the onset of Stranski+ange scattering from the InAS.

TABLE I. Structural properties of samples. QW represents quantum well.

Sample InAs coverage Capping layer Structure
(ML) thickness(A)

A 2.15 50 dots in a QW

B 1.61 10 dashes in a QW

C 2.15 10 dashes in a QW

D 1 continuous InAs in QW

Control E growth interruption in QW, no InAs
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FIG. 3. The low-temperature mobilitieg.j of the samples as a
function of carrier densityn) at T=1.6 K. e R R S R ¢

Il. TRANSPORT MEASUREMENTS V,4(mV)

The wafers were patterned into 8080 xm? Hall bars, _ -
and after illumination with a red light-emitting diode, trans- Thg'CGh'aSréi:gee:c;?g;z‘;”ébir;”mni(\e/;de)r;;afrrzf;etr;‘sg'ig{esﬁmzlfo a
gzré rTI]Ie zsw:ngfgéser\?t/e{\?vo?::cr;:mgld c!gn%zectg;f:\gon\?/eagssdrle%orner of one of the diamonds. Consecutive sweeps have been off-
) S . set in the vertical direction by 1S. The numbers 1—-4 label the last
ments through a 1D constriction created by a split gate. We ur Coulomb blockade peaks observed in B6V,;) measure-
observe Coulomb blockade oscillations through a quantung,qs. g
dot that is in, or close to, the 1D constriction. These conduc-

tance measurements provide information about the indi-
vidual quantum dof8 formed by the self-assembled InAs tions and were not exactly reproduced. We expect that there

structures. In contrast, the quantum Hall measurements dés @ quantum dot situated in the vicinity of the 1D channel, so
scribed in Sec. Il B are sensitive to the repulsive scatteringhat for conductanced<e? h, transport is dominated by the
introduced by an ensemble of InAs structures. zero-dimensional properties of the dot. There is a capacitive
coupling between the dot and the split gate, and decreasing
the gate voltage reduces the numbers of electrons in the dot,
giving rise to the Coulomb blockade oscillations shown in

Electron beam lithography was used to define split gategig. 4.
of length 0.1xm and gap width of 0.3cm on the sample Adding a dc source-drain voltagé,q to the ac excitation
surface. In the hope of isolating just.one do_t t_he gates argojtage allows the charging energie&/C of the confined
much shorter than those used in ballistic transporlectrons to be measured. Figure 5 shows the differential
measurements. When a negative voltage is applied to the conductances = d1/d V., of sampleA as the dc source-drain
split gate, a short and narrow 1D channel is defined in th‘?/oltage Vg4 is swept from—7 to +7 mV; between each
_2DEG. Fig_ure_ 4 shows the conductance characterigtiss sweep the split-gate voltagé,, is incremented by 5 mV.
ing an excitation voltage of 0.1 m\for sampleA as a func-  The diamond-shaped regions of zero conductance are char-
tion of the voltageV,, applied to one arm of the split gate, acteristic of Coulomb blockade, and have been observed in
while the other arm is kept fixed afy,=—1.67 V. The  ggliperately structured quantum dots, as well as in samples
traces were measured at 0.3 K, thoug.h the conductance peagsere a random background potential causes puddling of
could be observed up to 18 K. On different cooldowns, theg|ectron? As V44 is made more negative, the number of
characteristics were observed at shifted gate voltage posijectrons in the dot decreases and the tunneling barriers be-
come thicker, both of which are responsible for increasing
the charging energg?/C from 2—3 meV to 6—7 meV. Simi-
lar G(Vgg) characteristics have been measured using split
gates deposited over dash samples, but not in the sgibple
where there is a single uniform layer of InAs in the quantum
well. This provides strong evidence that in both dot and dash
samples the puddling of electrons is caused by strain fields
that arise from the 7% lattice mismatch between the InAs
and GaAs.

As shown in the schematic conduction-band diagram in
Fig. 1(b), there is a narrow and deep InAs well situated in the
center of the GaAs quantum well. In tagirection the width
FIG. 4. Conductance Characteristmvgl) of sampleA, as a of the wave function is determined by the ZOO-A-WIde GaAs

function of the gate voltag¥,; applied to one arm of the split gate, Well, which is only weakly perturbed by the InAs. By con-
while keeping the other arm fixed ¥, = —1.67 V. trast, in the plane of the 2DEG there are strain fields around

A. Split-gate measurements




PRB 61 TUNING THE INSULATOR-QUANTUM HALL LIQUID . .. 10913

(@) 90 mK " ' the insulating phasé). As in previous studi€she tempera-
401 Voe.0278V ] ture independence qj,,(B) at a particular magnetic field
e and gate voltag®/y, is used to identify the boundaries be-

tween different QH liquids at=1 and 2, and the insulating
20r 308 mK ] phase (0). Figure @b) shows 0-2-0 transitions aVy=
—0.274V, which are identified by a temperature-
independenp,, atB=1.12 and 1.41 TlabeledC, andC}),
at which p,,~h/2e?. At the highest carrier densitffowest
disordey, Vy=—0.258 V, proper zeros in the low-
temperaturep,,(B) traces have developed at filling factors
v=1 and 2, which are accompanied by QH plateaus in
Pxy(B). The 0-2 transition C,) at B=0.86 T, and the 1-0
transition C,) at 4.05 T are clearly defined because they
separate phases of opposite temperature dependence. In con-
trast, the 1-2 transitiond,,) at 1.8 T separates two metallic
phases withdp,,/dT>0, and so this transition is more dif-
ficult to identify.

If there are an equal number of positively and negatively
charged impurities, the QH plateausn(B) are expected
to be centered about the classical vajpg=B/en. Haug
et al?® showed that when repulsive or attractive scattering
centers are deliberately introduced close to a 2DEG, the cen-
ters of the QH plateaus are shifted to higher or lower mag-

FIG. 6. (3)—(c) The magnetoresistivity,,(B) of sampleB for netic fields., re;pegtively. The Hall rfalsistivi,tg,(y is shown as
temperatured = 96—323 mK for three different gate voltages. The & dashed line in Fig.(8), and the shift of both the=1 and
transition points a€;,C,,Cy,, andC! are identified by their tem- 2 Plateaus to magnetic fields greater than the classical value
perature independence. Thg(B) trace, shown as a dashed line in shovy that there is repulswe scattering, as observed by
(¢), was measured at=273 mK. Ribeiroet al* A comparison of the upshift of the=2 pla-

teaus in sampled and C at similar carrier densities, show
the dots that are visiblé in TEM images, and which are there is stronger repulsive scattering in the dot sam{@ieo
expected to affect the conduction-band profile. upshify than in the dash samplgd6% upshiff. In both

The split-gate measurements show that confined electrorf®Ses the repulsive scattering increases dramatically as the
exhibit charging effects in both dash and dot samples. Théarrier density is reduced. .
charging energies~£2-3 meV) in dash samples at pinch- Magnetic field sweeps at different temperatures of
off are a factor of 2 smaller than in dot samples, showing thafamplesA—C over a range oW/, were used to construct the
smaller puddles of electrons are confined in dash samples. RPhase diagrams shown in Fig. 7. TheB diagrams follow
both cases an inhomogeneous layer of InAs introduces a diée general trend that, the higher the mobility of the sample,
order potential that localizes the electrons, also altering théhe greater the prominence of tire=1 quantum Hall liquid

properties of the 2DEG in the quantum Hall regime, as dePhase. Sampl€ shows a transition from insulating to
scribed in Sec. |l B. =2 quantum Hall liquid as the magnetic field is increased,

and then throughy=1 back to the insulating phase, similar
to that observed by Shahat al.” The triple point of the
phase diagrams shown in Figs(aF-7(c) occurs atn
Four-terminal longitudinal 4,,) and transversep(,) re-  =3.5-5.2<10'° cm™2, carrier densities that are about three
sistivity measurements were performed on Hall bars alignedimes higher than those of Ref. 7, and approximately five
in the[011] direction, using an excitation current of 2 nA at times lower than the samples used in Refs. 3-5. As expected
14 Hz. The 2D carrier density was reduced by applying a the v=1 phase is only observed at the lower densities, when
negative gate voltag¥, to a gate covering the Hall bar. The the Zeeman energy becomes proportionally stronger com-
ability of the electrons to screen out the disorder potentiapared to the LL spacing.
decreases asis lowered, and thereforé, can be regarded As mentioned in the context of the mobility, the resistivity
as a means of varying the effective disorder of the sample, apx(B) shows some anisotropy depending on whether the
important parameter in the study of QH transitiéns. Hall bar is aligned along thf011] or the[011] direction.
Figures 6a)—6(c) show longitudinal magnetoresistivity Preliminary measurements show that the B phase dia-
tracespy(B) for sampleB over the temperature rangeé  grams are unaffected by this anisotropy. Thermal broadening
=96-323 mK, for three different gate voltagég. AsVyis  of the LL's may destroy the spin splitting, and there is a
made more positive, the effective disorder decreases and thygiestion as to whether the temperature independenpeg,of
zero-field resistivity drops from being greater than 20D k at a QH transition is appropriate for determining the phase
to 30 K). Figure Ga) shows measurements = diagrams shown in Fig. 7. To check this we measured the
—0.278 V, where for alB the resistivityp,, increases with gate voltage positions of the peaks in the longitudinal
decreasing temperature, and hence the sample is always ¢onductivity’* o,(B) of sampleA to identify the QH tran-

Sample B

Magnetic Field (T)

B. Quantum Hall measurements
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FIG. 7. (3—(c) The phase diagrams of samplasB, and C, moreover, the exchange energy, is roughly linear inB.

obtained from the temperature independent behavipygB). The ~ The disorder broadeninbs can be calculated from the criti-
transitions between different quantum Hall liquids are (spen  cal magnetic field's=%/7,=2g* ugSB;, and a lifetime
squares 2-0 (solid squares 2-1 (open circley 1-0 (solid circleg, ~ 7s=1.9 ps is obtained, approximately agreeing with the
and 0-1(solid triangles. quantum lifetime measured from Dingle plots. For magnetic
fields whereA,<I'g, the many-body interactions are de-
sitions, as described in Ref. 25. Using this other technique atroyed by the disorder and only the bare Zeeman energy
phase diagram similar to Fig(a) was obtained, confirming remains, and there is no spin splitting for magnetic fields less
that in our samples temperature is a legitimate method fothan the critical field.. In samples with more InAs, there is
constructing the phase diagrams. greater disorder, and the increased valud gfpushes the
The phase diagram of the dot samphg) (shown in Fig. critical field B, higher. However, as discussed earlier the
7(a), is in between the spin-degenerate o@s-0 transitions  Zeeman splitting becomes more important at low carrier den-
as in Ref. % and the diagram showing stronger spin splitting sities (and hence low magnetic fieldBoth of these factors
[Fig. 7(c)]. To obtain further information about the=1  can explain why transitions to the=1 liquid were not ob-
liquid we measured the temperature dependence of the coserved in earlier studies®
ductivity o,,(T) of sampleB; this is shown in Fig. 8 for 21
different carrier densities, while maintaining the filling factor ak
at v=1. The conductivity shows activated behavigyr,(T) (a)
~exp(—AJ2kgT) over the temperature range 0.15-0.5 K,
and Fig. 9 shows the activation enerdyy determined from a Sample B
least-squares fit to the data in Fig. 8. In samBléhe spin 2r
gapA; drops linearly to zero at a critical magnetic fiedd
=2.3 T, similar measurements af; for sampleC [see Fig.
9(b)] show more scatter, with the gap collapsing By
~1.9 T. As shown in Fig. 3, the mobility of sampfe is
always greater than sampe and the reduced value 8f. in
sampleC is consistent with there being less disorder. The
spin gapA; is expected to have the form

As/kg (K)

As=29oupSB+Eex=29" upSB, (1)

whereE,, is the many-body exchange energy that lifts ¢he
factor from its bare valueg,=0.44) to its enhanced value %
g*. An exchange enhancement by as much as 20 has been Magnetic Field (T)

measuretf?”in high-mobility GaAs 2DEG’s. The measure-

ments in Fig. 9 show that in the moderate-mobility INAs/  FIG. 9. The activation energy, for samples8 andC, obtained
GaAs samples the measured gap is enhanced over the singteom least-squares fits to the activated conductivity, at v=1.
particle Zeeman energy by a factor of 10, givig§=5.5;  The dotted lines are the bare Zeeman energy assujoing 0.44.
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The collapse of the spin splitting in the QH regime has  cercemc s s DYV "-"----- E
been treated in mean-field theory by Fogler and Shklo&kii, E.
who showed how disorder causes the spin gap to collapse at
a critical filling factor v.. This theory has been applied to
Shubnikov—de Haas measurements of high-mobility
modulation-doped 2DEG's, see, for example, Refs. 29 and
30, where typicallyy.>5. The spin collapse measured in
these InAs/GaAs systems occurs in the last kk=1), and
is caused by short-range scattering that is introduced by the
InAs structures in the electron layer.

Ill. DISCUSSION

InAs well

Transport measurements of both dash and dot samples

(A—C) show insulator-QH transitions, whereas sampiles FIG. 10. Schematic diagram showing the bottom of the conduc-
andE do not show transitions. Likewise, samples processedign hand in the vicinity of an InAs dot. The deep InAs well is
from wafersA—C show Coulomb blockade oscillations in gyrrounded by barriers formed where the conduction band has been
conductance measurements through a split gate, wherefged by the strain field resulting from the 7% lattice mismatch
samplesD and E do not. We conclude that the repulsive petween the InAs and GaAs.

short-range scattering introduced by the InAs dashes and

dots provides the necessary disorder to observe the QH traA-2DEG, and there were two electrons per InAs dot when the
sitions at lown. In Samp'd:) there is a continuous mono'ayer Samples underwent a zero field metal-insulator transition.

of InAs deposited in the GaAs well, and no transitions be-

tween QH liquids or charging effects are measured; it is ex- IV. CONCLUSIONS

pected that the strain field emanating from the uniform InAs | .onclusion. we have shown that by varying the amount

layer does not cause variations of the potential in the plane qf¢ |5 deposited in the center of a GaAs quantum well, it is

the 2DEG. possible to control the spin splitting observed in the

~ Optical measurements at zero magnetic field stahat disorder—magnetic-field phase diagrams. The charging char-
in a typical GaAs heterostructure the electrons in @ 2DEG,qeristics of individual quantum dots have been investi-

become localized into puddles about donor sites. With Self'gated, and samples that display Coulomb blockade oscilla-

assem.bled structures, electron localization is more likely ions also exhibit insulator—quantum Hall liquid transitions.
occur in the vicinity of a InAs dash or dot, and indeed far'Measurements of the spin gapiat 1 shows its collapse at a

infrared measuremeritsof a sample similar taA ShO\.N this ._critical magnetic field, the size of which correlates with the
to be the case. The Coulomb blockade characteristics in F'9_§ample mobility. The two transport results, Coulomb block-

4 and_5 show_lateral tunneling through a quantum dot that i$,jo ang quantum Hall transitions, can both be explained by
associated with a self-assembled InAs structure, and Wgsqming that the self-assembled InAs structures introduce
speculate that the conduction band has the profile shown i, igjve scattering. For a given amount of InAs the scatter-
Fig. 10. Lateral tunneling proceeds through the upper stateg,q ig stronger in dot samples than in dash samples; this is
which are less strongly confined than the states within theafiecteq both in mobility measurements, the degree of spin

InAs dot. We note that a similar strain modulation of thesplitting observed in the-B phase diagrams, and the asso-
conduction band has been proposed by Eaml® to de- i ioq spin gaph ’
..

scribe samples where a patternedds, - ,As stressor layer Our studies have established a link between the micro-

was deposited 200 A above a 2DEG. The picture presentegcopic and macroscopic properties of a 2DEG that has been

in Fig. 10 is substantiated by an estimate of the dot diamEtetﬁeliberately disordered, though we have not been able to

‘i calculated from the self-capacitance of the d& ( yetect significant differences between the dot and dash
_2477“0d) measured from the charging energy. Fromgympies ‘an issue that requires further investigation.
e?/C=3 meV, the dot diameter is estimated to be 370 A, in

rough agreement with TEM measuremettslsing these es- We thank the Engineering and Physical Sciences Re-
timates, a puddle of electrons at an InAs dot site will containsearch Counci{UK) for providing this work and one of the
approximately 10 electrons. This compares to other stéftlies authors(J.T.N) with financial support. D.A.R. acknowledges
where a much higher density of InAs dots was inserted intesupport from Toshiba Research Europe Ltd.
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