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The metal-nonmetal transition in GaAs-Ga, _ ,Al, As heterostructures has been investigated using electri-
cal conductivity and Hall measurements in the presence of a magnetic field and hydrostatic pressure. The
binding energy of a magnetodonor, composed of donor atoms and electrons separated from each other by a
spacer, has been measured as a function of magnetic field for different surface densities controlled by the
pressure. A simple model is presented which accounts qualitatively for the observed effects.

Properties of impurities in quasi-two-dimensional struc-
tures have lately become the subject of numerous investiga-
tions because of their interesting physical properties as well
as their important applications. As in other cases of ‘‘man-
made’’ quantum structures, the geometry of a given situa-
tion is decisive for its behavior. Until the present, the most
frequently investigated cases were those of impurities in the
quantum well, either at its center or at the edge.!-® This is
a situation in which an impurity atom is constrained from
the outside, i.e., the electron is kept closer to the impurity
center than it would be according to its ‘‘natural’® behavior.
In modulation-doped structures with a spacer, a different
situation is possible, in which the impurity atom is con-
strained from the inside, i.e., the electron is kept farther
from the impurity center than it would be according to its
behavior without constraint.

It is well known from investigations on bulk semiconduc-
tors that the presence of an external magnetic field shrinks
the atomic orbit and enhances the binding energy of the im-
purity atom.” This results in a magnetic freezeout of con-
duction electrons on the impurity level®® The effect
represents a magnetic-field-induced metal-nonmetal transi-
tion.! Magneto-optical investigations of impurities in quan-
tum wells show that, in this case also, the presence of a
magnetic field enhances the impurity energy.!!!2

In this Rapid Communication we report on transport in-
vestigations of two-dimensional (2D) structures in which
the impurity atom and the electron are separated from each
other by a spacer. The effect of an external magnetic field
and of hydrostatic pressure on impurity behavior is exam-
ined.

In order to reach the ultraquantum limit with available
magnetic fields, it is necessary to deal with a 2D electron
gas of sufficiently low density. In this case only, the lowest
Landau level is occupied. In our experiments such a condi-
tion was realized by applying hydrostatic pressure. It has
been shown!’ that one can diminish the surface electron
density n, in GaAs-Ga;_,Al,As heterostructures by the ef-
fect of pressure on the Si donor in Ga,_,Al,As. This
deep-lying level, located in the energy gap of Ga,_-,Al,As,
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shifts rapidly downward with respect to the conduction-band
minimum. As a consequence, donor deionization takes
place and n, is reduced. At temperatures lower than 100 K
the deep-lying level is characterized by metastable occupa-
tion.!* Because of lattice relaxation effects, the surface den-
sity can be slightly modified for a given pressure, depending
on the speed of cooling of the sample. At sufficiently high
pressures one can reduce n; to values lower than 5x 10!
cm™2, even for highly doped samples.

The structures studied consisted of an undoped GaAs
layer and an undoped Ga,_,Al,As spacer (with thick-
ness varying between 60 and 250 A), and a Si-doped
Ga;_,AlAs layer, grown by molecular-beam epitaxy or
metal-organic chemical-vapor-deposition techniques. The
Hall coefficient and the transverse magnetoresistance were
measured for two current and magnetic field directions in
the temperature range 1.5-4.2 K. Magnetic field intensities
up to 18 T were used. In the experiments care was taken to
stay within the Ohmic regime by keeping the electric field
low enough to avoid impact ionization effects.

In Table I, the sample characteristics at 4.2 K (with and
without pressure) are presented. The values of n, and of
the mobility are the Hall values, measured at low magnetic
field (B=0.5 T). In the high-magnetic-field range, when
the condition u B > 1 is valid, », is determined from the o,
component of the conductivity tensor. One has!®!®

1 RyB?

e pi +RjB?
Typical dependences of p, and Ry on magnetic field at 4.2
K and of n, on magnetic field and on temperature are,
respectively, shown in Figs. 1 and 2. It is seen that above a
critical field B, the surface electron density n, is thermally
activated (magnetic freezeout). This allows us to determine
the critical value ng, corresponding to the transition be-
tween metallic and nonmetallic types of conduction. Both
quantities B, and n, are reported in Table I. The pressure
applied to samples 1, 2, and 4 has been chosen in such a
way as to obtain approximately the same critical density of
ne=6x10°cm2

1

ng =
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TABLE L

Sample characteristics, critical magnetic fields, and surface electron densities for metal-nonmetal transition in GaAs-

Ga;_ ,Al,As heterostructures at different hydrostatic pressures. The last column gives the value of the Mottlike criterion for the metal-

nonmetal transition.

Spacer P=0 T=42K Hydrostatic pressure 7=4.2 K
thickness ng n p ng I B, g,
Sample  x (A) (10 cm=2) (10* em?/Vs) (kbar) (10 em~2) (10* em¥/Vs) (T) (10" em~2) Fig. 5 /ncL,
1 0.3 60 52 1.5 133 8.5 0.95 6 6 0.26
2 0.25 150 24 129 8.8 6.2 2.55 S 5.9 a 0.28
8.8 5.7 2.36 42 5.6 b 0.29
8.8 5.1 1.84 3 5 ¢ 0.33
8.8 49 1.73 2.8 4.8 d 0.34
3 0.27 250 20.8 5.2 59 12.5 2.0 10 11 0.27
4 0.3 250 35 41.9 13 6.5 6.82 8 6.5 0.23

A thermally activated density can be described as n,= ng
xexp(— E,/kT), where E, is the activation energy. Figure
2 shows a linear dependence of In (n,) vs 1/T. Thus, ng is
temperature independent and the activation energy E, can
be directly determined from the slopes of the curves.

The activation energies determined for samples 1, 2, and
3 are presented in Fig. 3. For samples 3 and 4, the activa-
tion energies were detectable at higher magnetic field only,
and they remained so small at available fields that the deter-
mination of E, is only qualitative. Figure 3 shows that the
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FIG. 1. Magnetic field dependence of the Hall coefficient Ry and
of the transverse magnetoresistivity p, for sample 1 at 4.2 K and
under pressure of 13.3 kbar.

magnetic field dependences of the activation energies are
distinctly different for different samples, in spite of the fact
that the critical densities n, are almost the same. This sug-
gests that the observed localization effect should not be as-
cribed to the Wigner condensation of a dilute 2D gas,
which, in the case of similar electron densities, would lead
to the same activation energy value. On the other hand, if
the observed decrease of n, is due to localization of the
electrons in GaAs on the donors in Ga,_,Al,As, the E,(B)
variation should strongly depend on the thickness of the
spacer. This is, in fact, what is observed: the activation en-
ergy decreases with increasing spacer thickness (cf. Fig. 3).
This is further confirmed by the experiments of Mendez,
Heiblum, Chang, and Esaki'® with a large spacer thickness
of 520 A and comparable surface electron density n,, in
which no temperature-activated process was observed even
at high magnetic fields.

In order to get a qualitative insight into the observed
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FIG. 2. Temperature dependence of the surface electron density
for different magnetic fields. Sample 1 under pressure of 13.3 kbar.
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FIG. 3. Activation energies E, of magnetodonors (the inversion FIG. 5. Magnetodonor activation energies E, for sample 2

electron is separated from the donor atom by a spacer) for samples
1, 2, and 3 vs magnetic field.

metal-nonmetal transition, we consider a donor atom at a
distance d from the GaAs-Ga;_,Al,As interface and as-
sume for simplicity that electrons in GaAs are perfectly 2D.
If d is smaller than the effective radius A of the donor wave
function, a semiclassical picture of the situation may be
used (cf. Fig. 4). Since the 2D electron may not penetrate
into Ga;-,Al,As, in the bound donor state its wave func-
tion is given approximately by a disk, resulting from the
cross section of the sphere of radius A with the interface
plane. It has been shown, by variational calculation, that
the donor binding energy E_ in this case is a small fraction
of the bulk effective Rydberg Ry*, and its effective radius A
is much larger than ag (ag =100 A for GaAs).!” It is well
known from the bulk investigations that in the presence of a
magnetic field the donor wave function has a cigar shape,
and its dimensions decrease with increasing magnetic field.”
It is seen from Fig. 4 that the intersection of the magneto-
donor wave function with the interface now gives a smaller
disk, so that the electron is on an average closer to the
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FIG. 4. Semiclassical model for the inversion electron in GaAs
interacting with the Si donor atom in the doped layer of GaAlAs: d
is the thickness of the spacer, A the effective radius of the donor
wave function at B=0, and a, the transverse radius of the orbit of
the 3D electron bound to a donor at B=0. Thick lines indicate in-
teractions of the donor wave functions with the interface for B=0
and B=0, respectively.

(under pressure of 8.8 kbar) vs magnetic fields. The dashed lines
are drawn to guide the eye. Different E,(B) dependences corre-
spond to various n, values, obtained by different speeds of cooling
the sample (cf. Table I).

donor atom than in the case of B=0. As a result, the
Coulomb binding energy is enhanced by the presence of a
magnetic field. This results in a magnetic freezeout, which
we observe experimentally. It is also clear that at high fields
the binding energy of such a magnetodonor should be much
smaller than that in the bulk, since in the latter case the
electron is on an average much closer to the donor atom.
This is, in fact, the case: For B=17 T we measure, for
sample 1, £, =1 meV, whereas for the bulk magnetodonor
in GaAs at the same field one calculates E;=12.5 meV.’
The above reasoning is qualitatively valid also for A < d,
although in this case one may not use the semiclassical pic-
ture.

A metal-nonmetal Mott-type transition is usually associat-
ed with an overlap of the impurity wave functions. At high
magnetic fields the 3D electron bound to the donor moves
on the orbit, whose transverse radius, a, = L = (/eB)Y2
(cf. Ref. 7). As follows from Fig. 4, one expects that the
surface electron moves on the orbit with the same radius
a;. On the other hand, the average distance between sur-
face electrons for the critical density is nyo 2. Thus, the
overlap condition for the Mott transition is approximately
given by 2L.=nsY? ie., n}2L,=0.5. As follows from
Table I, we find, in fact, that the product nY2(k/eB.)"? is
close to that value. It should be noted that at critical fields
B. one does reach the high-field limit: y=fw/2E? >>1,
where E? is the donor binding energy at B=0. In Fig. 5 we
show the activation energy of magnetodonors in sample 2,
measured at the same hydrostatic pressure P = 8.8 kbar, for
which the surface density n, has been varied by changing
the speed of cooling (cf. Table I). Since in this case one
deals with the same spacer width, it is seen that the activa-
tion energy increases with decreasing ;.

We also believe that the screening of the donor potentials
by surface electrons plays an important role in the metal-
nonmetal transition. As n, decreases, the screening be-
comes weaker and the magnetodonor binding energy in-
creases. This is what we observe, in agreement with the
reasoning presented above. However, with decreasing n,
the donors functions overlap less, and the donor level be-
comes sharper, which also leads to an enhancement of the
donor binding energy. The present experiments do not al-
low us to differentiate between these two effects.

It follows from our results that in GaAs-Ga,_,Al As
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heterostructures with not too wide spacers, the Coulomb in-
teraction between donor atoms in Ga;_,Al,As and inver-
sion electrons in GaAs, is of an essential importance and it
may not be neglected in the investigations of the quasi-two-
dimensional electron gas.

The authors gratefully acknowledge Dr. G. Bastard (Ecole
Normale Supérieure de Paris) for valuable discussions. The

authors would also like to thank the Service National des
Champs Intenses, Centre National de la Recherche Scientif-
ique, Grenoble, where the high-magnetic-field measure-
ments were performed, and Ministere de la Recherche et de
la Technologie and Centre National de la Recherche Scien-
tifique (CNRS), for financial support. The Groupe d’Etude
des Semiconducteurs is a ‘‘laboratoire associé au CNRS”
No. LA 357.

‘Permanent address: High Pressure Center, Polish Academy of
Sciences, Warsaw, Poland.

TPermanent address: Institute of Physics, Polish Academy of
Sciences, 02-668 Warsaw, Poland.

1G. Bastard, Phys. Rev. B 21, 1714 (1981).

2C. Mailhiot, Yia-Chung Chang, and T. C. McGill, Phys. Rev. B 26,
4449 (1982).

3R. L. Greene and K. K. Bajaj, Solid State Commun. 45, 825
(1983).

4C. Priester, G. Allan, and M. Lannoo, Phys. Rev. B 28, 7194
(1983).

5R. C. Miller, A. C. Gossard, W. T. Tsang, and O. Munteanu, Phys.
Rev. B 25, 3871 (1982).

¢B. Lambert, B. Deveaud, A. Regreny, and G. Talalaeff, Solid State
Commun. 43, 443 (1982).

Y. Yafet, R. W. Keyes, and E. N. Adams, J. Phys. Chem. Solids
1, 137 (1956).

8R. W. Keyes and R. J. Sladek, J. Phys. Chem. Solids 1, 143 (1956).

9R. J. Sladek, J. Phys. Chem. Solids §, 157 (1958).

10J, L. Robert, A. Raymond, R. L. Aulombard, and C. Bousquet,
Philos. Mag. B 42, 1003 (1980).

1IN, C. Jarosik, B. D. McCombe, B. V. Shanabrook, R. J. Wagner,
J. Comas, and G. Wicks, in Proceedings of the Seventeenth Interna-
tional Conference on the Physics of Semiconductors, San Francisco,
edited by J. D. Chadi and W. A. Harrison (Springer-Verlag, New
York, 1984), p. 507.

2R, L. Greene and K. K. Bajaj, Phys. Rev. B 31, 913 (1985).

13]. M. Mercy, C. Bousquet, J. L. Robert, A. Raymond, G. Gre-
goris, J. Beerens, J. C. Portal, P. M. Frijlink, P. Delescluse,
J. Chevrier, and N. T. Linh, Surf. Sci. 142, 298 (1984).

14R. J. Nelson, Appl. Phys. Lett. 31, 351 (1977).

15R. Mansfield, J. Phys. C 4, 2084 (1971).

16E. E. Mendez, M. Heiblum, L. L. Chang, and L. Esaki, Phys.
Rev. B 28, 4486 (1983).

17G. Bastard (private communication).



