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Metal-Insulator Transition in a Disordered Two-Dimensional Electron Gas
in GaAs-AlGaAs at Zero Magnetic Field
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A metal-insulator transition in two-dimensional electron gasesBat 0 is found in GalAl]lAs
heterostructures, where a high density of self-assembled InAs quantum dots is incorporated just 3 nm
below the heterointerface. The transition occurs at resistances akgun@nd critical carrier densities
of 1.2 X 10" cm™2. Effects of electron-electron interactions are expected to be rather weak in our
samples, while disorder plays a crucial role. [S0031-9007(98)08278-7]

PACS numbers: 71.30.+h, 73.20.Jc, 73.40.Kp

The metal-insulator transition (MIT) is one of the cen- samples studied in Refs. [3—9,14]. Second, the disorder in
tral elements in the understanding of two-dimensionabur samples is generated by a layer of InAs self-assembled
systems [1]. Theoretically it has been shown that a twoguantum dots (SAQDSs) located at the site of the electron
dimensional system without interactions is expected to begas. The SAQDs show a very narrow distribution in size
have as an insulator [2]. Recent experiments on silicorand electronic structure, and they are all located at the
metal-oxide-semiconductor field-effect transistors (MOS-same position in the growth direction. The details of the
FETs) with low disorder [3—6] have clearly demonstratedscattering centers, namely, attractive InAs dots filled with
a MIT at zero magnetic field§ = 0). Meanwhile, metal- electrons, are thus rather different from conventional disor-
lic phases have also been found with holes in SiGe quarder predominately originating from residual doping atoms.
tum wells [7] and holes in Ga[Al]As heterostructures [8,9]. We observe the MIT aB = 0 only in samples with very
Scaling theory has been crucial in order to characterize thgigh dot densities of about X 10'° cm2. Scaling be-
metallic and the insulating states [1,2], even in the presendgavior in electric field is found. Scaling in temperature is
of interactions [10—12]. The resistivity has been found togifficult to confirm because of a poorly defined fix point
scale with temperaturg as well as with electric field’,  in the temperature dependence. Nevertheless, we can es-
in agreement with theoretical considerations [1,13]. BYtimatez and» and find values in the same range as those
studying both scalings, the dynamic exponerand the reported in Ref. [14].
correlation length exponent can be obtained indepen-  The layout of the paper is as follows: first, we describe
dently [14]. In general, samples in whicha MIT&t= 0  the samples and the experimental setup. We proceed by
was experimentally observed were optimized towards lovgiscussing the temperature dependence of the MIT, fol-
disorder and large electron-electron interaction, i.e., cleapwed by its electric field dependence. We speculate on a
samples with large effective carrier masses and low carrigfossible explanation and conclude with a summary.
densities have been used. The details of our samples are described in [15], but

Here, we report on the observation of a MIT in a disor-the crucial parameters are given below. A layer of InAs
dered two-dimensional electron gas (2DEG) in a Ga[AlJAsSAQDs is embedded in the GaAs buffer layer 3 nm from
heterostructure, both as a function of temperature and eleghe Al,Ga _,As/GaAs interface where the 2DEG forms
tric field atB = 0. The MIT in our samples is observed (upper right inset in Fig. 1). The substrate was not rotated

at a critical carrier density alVc = 1.2 X 10" cm™, & during growth of the dot layer, leading to a gradient
mobility of 2000 cn?/V s and at resistances of the order jn dot density across the wafer fromx 10° dots cn?

of h/e?. Atthe transition point, the elastic mean free pathup to 5 x 10'° dotscnT2. From transmission electron

lo is 11.5 nm and henckr/, = 1, as in the experiments microscopy studies and transport measurements, the dot
cited above. Our samples are very different to the onegensity is known within a factor of 2 for each part of
used in previous work in two respects. First, the electronthe wafer. As-doping @-type with Si) layer within the
electron interaction energy.. is comparable to the ki- Al Ga,_,As 30 nm from the interface provides the carriers
netic energyEr of the electrons. In our samples, the ratio for the 2DEG. The MIT atB = 0 was observed for the
E../Er = (e?*/goh?) (m*/sNé/z) is only 0.9 ¢ denotes sample with the highest density of dots, namely, sample
the dielectric constant of GaAs, i.eg.as = 12.8,andthe 7 from [15]. To ensure a homogeneous dot density, the
effective electron mass in GaAs#is" = 0.067mg, where  sample size was kept sufficiently small. The width of
mg IS the free electron mass); this ratio #s10 in the the Hall geometries i20 wm, while the voltage probes
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denotes the scaling function i is difficult to confirm, al-

50 .- 60 v =-190my 0.0 j— though from scaling attempts (not shown) we can estimate
o s zv = 2.6 = 0.8. Samples with lower dot density from the
40 & ol {InAs dots same wafer did not display a MIT d& = 0. They dis-
w” played insulating behavior for all available carrier densi-
30 ‘ ties, with theT dependence of,, becoming very small
z(A) 1750 for high carrier densities.
a In Fig. 2a, p, as a function of the electric field is
= 20 shown for various values dfs. Again, a MIT is clearly
o visible, similar to the results in [14].N¢ and p,, at
e the transition aré1.29 + 0.05) X 10" cm™2 and (23 =
3) kQ, respectively, both slightly higher as found in the
0 7= somi, 100mi, N 100 [
3, 230mK. 350mK, 450mK, N - 0.94 10" em 295
7L 550mK, 650mK, 750mK N L T
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FIG.1. p,, as a function of gate voltage for a set of Q_:
temperatures ranging fror60 to 750 mK. Enlargements of [
the insulating and conducting regime are shown as insets (solid e — /

~~

lines are guides to the eye). Upper right inset: Sketch of
the band structure around the heterointerface, including the
potential of a InAs self-assembled quantum dot, and the wave
function of the lowest subband (dotted line).
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used to measurg,, are separated by0 um. Gate '::3'22 10%em™ 001 151 ,E?/'[}mm !
electrodes are used to change the carrier dengity The s O T — L 1~ 1
samples are immersed in the mixing chambertie/*He 100 B=8T
dilution refrigerator with a base temperature af mK. [ 0.94 10" em™2
Resistivities were measured at low frequencigsKz) in - (b)l/

a four-probe configuration at a current level of 1 nA. For
the electric field scaling, the dc bias current was swept and AR
the voltage drop was measured. @& | TSRS

P, (@)

In the following, we focus on the sample with the high e
dot density. Figure 1 shows traces of the longitudinal re- - i
sistivity p.. as a function of gate voltagé, at zero mag- e 2 \\1“
netic field for temperatureg between60 and 750 mK. . 10—
The traces cross each other @t = (20.5 = 2) kQ), a — g‘ S ——
value slightly belowr/e?, and atV, = —160 mV, corre- 10* ;——f/"j Rl —
sponding taVe = (1.21 = 0.08) X 10" cm™2. Atlower % a” g
densities ¥, < —160 mV), the sample behaves insulat- % 0

% ' 0 125 250

ing, i.e., p,, increases with decreasiriy (upper left in- E (mV/cm)
setin Fig. 1). At densities above the fix poipt,, drops P R IR I R
with decreasing’’, indicating a metallic character (lower 0 400 600 800
right inset in Fig. 1). AsT is reduced below 450 mK, E (mV/cm)

the T dependence op., becomes much weaker in the ri 5 (a) 5 (E) at carrier densities of 0.94 (uppermost
metallic phase. This effect isot due to current heat- curve), 1.05, 1.16, 1.27, 1.38, 1.50, 1.62, 1.75, 1.88, 2.01,
ing, since the same traces do not saturate in the insulatirgy15s, 2.29, 2.44, 2.59, 2.74, 2.89, 3.05, and 3.22 (lowermost

regime. Rather, th@ dependence can be fitted py=  curve), in units of 10'" cm 2. Inset: Scaling plot of the

po + pre T/T, as observed in [9] and predicted theo-data. (b)p.x(E) in a parallel magnetic field oy = 8 T. The
tically from two different models [13,16]. Since the electron densities are the same as in the main figure, except that

retically . ) e ~'* the trace for the highest density is left out. Inset; (E) of a

fix point of the MIT is poorly defined, scaling according sample with a lower density of SAQDs. The carrier densities

to p(T,Ns) = f1(I6x1/T"?*) [6y = (Ng — N¢)/Nc¢; fi  are identical to those in (a).
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T dependence. Atsmall electric fiel® < 20 mV/cm),  InAs quantum dots now represent repulsive scattering
px(E) increases slightly for alNg asE is reduced, thus centers. The potential landscape can be viewed as a
masking the phase transition. Because of the small samptandom antidot lattice with possible short-range ordering.
size, however, the experimental error is large at these sméairom our previous experiments we know that each dot is
electric fields. This low-electric field regime at highy ~ populated by about two electrons [15]. The depth of the
needs further study and is not discussed here. The innAs wells (100—200 meV) is about an order of magnitude
set in Fig. 2a shows the result of scaling according tdarger than the Fermi energy=6 meV).
p(E,Ng) = f>(|165]/EYETD7). Here, the low electric However, the presence of the InAs dots can lead to
field data where no metallic behavior is visible have beemuasibound states in the continuum of the dots close to
omitted. For the best visual collapse of the curves onto onthe range of the Fermi energy. Since the InAs dots are
trace, we findz + 1) = 4.5 = 0.3. The scaled curves rather homogeneous in size (the dot diameter varies by
show a stronger asymmetry than those obtained from scabnly about 7% [17]) and energetic structure [18], these
ing in Si MOSFETS [14], but similar to that one observedquasibound states are expected to be rather narrow as
for hole systems in GaAs [8]. This asymmetry is a meawell. In principle, mobile electrons can scatter into and
sure for the nonlinearity of thegd function around the out of such quasibound states which leads to a decreased
critical point [11]. Combining the results for the scal- conductivity compared to the 2DEGs without SAQDs.
ing exponent obtained from electric field scaling and theThe states that are available for the electrons to scatter
estimated value for the temperature scaling as describeadto are within an energy window @i 7. In this picture, a
above, we findz = 14 = 1.0 andv = 1.9 = 0.9. Be- lower electron temperature would lead to a smaller number
cause of the large error bars, we do not attempt to givef available states and thus to an increasing conductivity
a detailed interpretation. However, these numbers areith decreasing temperature, as in a metallic state. A
in agreement with the values reported in [14] and insimilar situation is considered in [19], where the structure
agreement with theoretical considerations, izess 1 for  of 2D electronic states in a strong magnetic field in
an interacting system [1] and = 4/3 from percolation the presence of a large number of resonant scatterers is
theory [13]. calculated. So far, in transport experiments on electron
The metallic phase, as evidenced in the electric fieldyases with INnAs SAQDs nearby [20], such states have not
dependence ob,,, is not destroyed by the application of been observed; however, note that higher dot densities than
magnetic fields in parallel to the electron gas. Figure 2bin those experiments are needed. In case short-range order
shows p,(E) for the high dot density sample, while a between the SAQDs exists, a local band structure may arise
parallel magnetic field oB; = 8 T is applied. Nc and leading to an increased effective mass. This could give
o at the transition are, within the experimental error, therise to an enhancement of the Coulomb interaction. In a
same as unde®| = 0. In fact, the perturbation observed recent paper [21], it has been suggested that the MIT in
for small electric fields aB = 0 is reduced. Si MOSFETSs is probably a consequence of charged hole
No metallic phase could be found in samples with lowertraps in the oxide layer. It remains to be seen whether this
density of SAQDs. The inset in Fig. 2b shows traces ofmodel can be applied to the above mentioned quasibound
pxx(E) at B = 0 on a sample with a dot density of about states. Clearly, the electrons form a quantum Hall liquid
4 % 10'° dotscn 2, at sufficiently high perpendicular magnetic fields in all our
At present, we do not have a full understanding of thesamples. The longitudinal magnetoresistivity, (B ) as
existence of a metallic phase in our samples. It is cleanvell as the Hall resistivityp,, (B ) for the sample with
however, that a high density of SAQDs is needed for itghe high dot density is shown in Fig. 3. &, = 0, the
formation. In the following, we speculate on possiblesample isin a metallic state. AboBa = 4 T, the sample
explanations on what the metallic phase consists of ant in a quantum Hall state with filling factor 2 (i.e., two
discuss magnetoresistance measurements. Within a twbandau levels are occupied). ., a fix point occurs at
phase model [13], a gaseous phase can coexist with &, = 2.85 T as shown in the inset. Such magnetic field
liquid phase which can undergo a percolation threshold thadriven insulator to quantum Hall liquid transitions have
defines the transition point from a metal to an insulatorbeen experimentally observed in other disordered 2DEGs
In our sample, the liquid phase could be formed by thefor a review, see [1], and references therein). In our
disordered electron gas, while the localized gas phase maystem, a fix point occurs ip,,, while p., increases for
consist of minibands or quasibound states that emerge fromcreasing temperature over the entire magnetic field range.
the SAQDs. A scaling analysis around the fix point jm,, reveals a
The conduction band is lowered in regions where thescaling exponent ok = 0.22 = 0.02, in good agreement
InAs dots form. For the first electron in the empty with exponents found in standard spin-degenerate quantum
conduction band this leads to an attractive potential wellHall systems [22]. These transitions can also be observed
As more electrons populate the conduction band they firah samples with a lower density of InAs dots, where a fix
fill the InAs dots and then build up a Fermi sea. For thepoint is also observed ip,,. This is in tune with the fact
mobile electrons in the GaAs conduction band the fillecthat these samples always display insulating behavior at
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