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We report transport measurements on GaSb-InAs-GaSb heterostructures under hydrostatic
pressure (up to 1.2 GPa) and high magnetic field (up to 18 T) at low temperature. The pressure-
induced decrease of the carrier concentrations is analyzed in terms of two distinct causes: an in-
trinsic charge transfer between the GaSb valence band and InAs conduction band, and an elec-
tron transfer to interface donor states. Using a simple self-consistent variational approach to mod-
el the structure and the experimental values of the concentration rates of decrease, we are able to
estimate (1) the effective rate at which the band discontinuity 6 at the interface decreases as we
apply pressure {d6/dP = 67 me V/GPa) and {2) the density of interface states (n T =4 X 10'
cm ' eV '). Nonparabolicity of the InAs conduction band has been taken into account in the cal-
culations.

INTRODUCTION

We have recently given evidence of a semimetal-
semiconductor transition induced by hydrostatic pres-
sure on a GaSb-InAs-GaSb double heterostructure with
an InAs thickness of L = 150 A. ' An intrinsic charge
transfer occurring between the valence band of GaSb
and the conduction band of InAs (see Fig. 1) is responsi-
ble for the semimetallic character of this system, but the
contribution of another source of electrons, presumably
interface donor states, ' has to be invoked to explain the
fact that the electron concentration is larger than that of
the holes. As we apply pressure, the InAs conduction
band goes upward in energy, causing a decrease of the
band discontinuity 5 between the GaSb valence band
and InAs conduction band at the interface. In the sern-
imetallic regime, this brings about a reduction of the in-
trinsic charge transfer leading to a complete elimination
of the hole gas, i.e., to a semimetal-semiconductor transi-
tion.

The study will here be extended to samples having
0

L =70 and 100 A, where the conduction is due to elec-
trons only (i.e. , these samples are already in the semicon-
ductor regime at ambient pressure). Using a simple
self-consistent variational approach to model the struc-
ture, we will obtain the value of the effective decrease
rate dA/dP of the potential discontinuity and an estirna-
tion of the density of interface states necessary to explain
the observed decrease in the electron concentration with
pressure. Calculations have been done with and without
taking the nonparabolicity of the InAs conduction band
into account, in order to gauge the inhuence of nonpara-
bolicity on the quantitative interpretation of the results.

EXPERIMENTAL RESULTS

Using the liquid-pressure-cell technique, we have per-
formed Hall and Shubnikov —de Haas measurements un-

der hydrostatic pressure up to 1.2 GPa at 4.2 K. Typi-
cal curves are reported in Fig. 2 for the sample with

0
L =70 A. Hall plateaus and zero resistivities are we11
observed and shift with pressure due to the decrease in
the electron concentration. For this sample, as well as

0
the L =100- A one (not shown), there is no evidence of
extra features on p„(B) and p„~(B) nor of a positive
curvature of p„~(8) at low field, which are the signatures
of conduction by both electron and hole gases. ' We
thereby conclude that these two samples are in their
semiconducting state and we attribute the decrease of
N, (P) to a transfer of electrons into unoccupied inter-
face donor states. As can be noted on Fig. 3(a), the de-
crease rates of N, (P) are equal for these two samples
(dN, IdP= —2.4X10" cm GPa ') as well as for the
sample with L =150 A when it has reached its semicon-
ducting regime (P & 0. 85 GPa). For the semimetallic
case (L = 150 A, P & 0. 85 GPa), N, decreases faster
(dN, IdP= —3.6X10" cm GPa '), due to the contri-
bution of the intrinsic transfer. A mobility rise with
pressure [Fig. 3(b)] is observed only for the L = 150-A
sample for P &0.85 GPa and can be associated with the
decrease of the hole concentration.

THEORY

We will basically use the variational self-consistent ap-
proach developed by Bastard et al. The main
difference with these authors will be in our choice of the
electron's variational wave function. We first describe
our approach considering the InAs conduction band to
be parabolic; the way nonparabolicity is introduced will
be given afterward.

Let us define the potential energy V(z) as

—eP(z)+6,
~

z
~

&L/2
l (z)= . —eP(z),

~

z
~
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FIG. 2. Typical recordings of (a) the resistivity and (b) the
Hall resistivity at different pressures for the sample having
L =70 A.

FIG. 1. Energy-band diagram of GaSb-InAs-GaSb double
heterostructure (a) in the semiconductor regime, where all the
electrons are provided by interface donor states, and (b) in the
semimetallic regime, where an intrinsic charge transfer adds up
to interface states as a source of electrons, and brings about the
simultaneous presence of two-dimensional electron and holes
gases in unequal concentrations. Hatched regions represent
the gaps (not to scale). The interface donor states are assumed
to be uniformly distributed in the energy interval [E&,Ea ].

where P(z) is the electrostatic potential, which enters the
Poisson equation:
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where e, and e~ are the permittivities of InAs and GaSb,

respectively, and X, is the electron concentration. %'e
suppose the structure to be perfectly symmetrical respec-
tive to the center of the InAs layer; therefore the hole

ell and Xconcentration is the same in each ..o.e we, an
represents the total concentration in these two wells.

The Schrodinger equation is written

[p /2m, *+V(z)]g,(z)=E,Q, (z), ~z
~

&L/2

[ /2mh*+ V(z)]gh(z) =E~gh(z),
i

z
i

&L /2,
where P, (z) and gh(z) are the envelope functions for the
electrons and holes, respectively. m~ an m* are the
eA'ective masses for the heavy holes in GaSb and for the
electrons in InAs.

The variational wave functions used are
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The constancy of the chemical potential p imposes that
(at T=0 K)

p=E, +~A N, /m, ' (9a)

and

p=Eh —~A Nh /Zmh (9b)

3

0.2 0.4 0.6 0.8
P (GP~)

1.0 1.2

where we have taken the density of states of each carrier
into account. In general we will have N; =Nh+AN„
where AN, is the contribution of the interface states,
which reduces to zero in the ideal case where the elec-
trons are provided exclusively by an intrinsic charge
transfer.

This completes the description of our approach in the
parabolic approximation. The nonparabolicity of the
InAs conduction band can be introduced, in a simplified
way, by using the energy-dependent effective mass:

m, (Eb ) =m o (1+2K„Eb/Eg )

with'

(10)

14

12'
K = 1—

np

2
3E2+4g

=0.86,
m (Eg+6, , )(3' +23.. .)

(1 1)
where m is the free electron mass and m p the
conduction-band-edge mass. We have used E~ =0.42
eV, b.. .=0.43 eV, m p

——0.23 m, e, = 12.5E'p and
eh ——14.8Ep. For the mass of the heavy holes, we have
taken m h* ——0.33. EI, is the energy relative to the
conduction-band edge and is a function of the position
[Eb(z)=E —E, (z)] because of the bowing of the bottom
of the well. If this bowing is small we can write

m,*(E,z) =m,'(E) =m o (1+2K„~E/Es ) . (12)

0.2 0.4 0.6 0.8 1.0
P(GP )

1.2

This approximation is well justified in our case, and
simplifies considerably the calculations.

The only modifications to the parabolic model will
therefore consist of writing

FIG. 3. (a) Electron concentration as deduced from the
periodicity of Shubnikov —de Haas oscillations and (b) Hall mo-
bility at several pressures for three different thicknesses of the
InAs layer. Curves are just guides for the eye.

mp
p 1+I( „ p

m.h np E
E,—E, 1+K„pnp E (13a)
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Xb —— (Eb P,)— (13b)

g, (z) is the wave function of the fundamental energy
level of an infinite square well. By making this choice,
we neglect the effect of the bowing of the bottom of the
well on g, (z). This leads to a small error compared to
the results of Ref. 2 if the well width is small (say
&200 A).

gb(z) is the Fang-Howard function and a is the vari-
ational parameter, which takes the value

16ka= (6)
33mh'e Nh

The energy levels are then given by

instead of Eq. (9), and

f2 2

2m,*(E,)L
e X,I 1 5

8~'+

instead of Eq. (7).
Despite its simplicity, we will see that this approach is

able to give a quantitative support to our interpretation.
In practice, the symmetry of the band diagram is most
probably broken due to the lifting of the degeneracy of
the two holes levels and to the nonequivalent quality of
the two interfaces. Although it can bring strong altera-
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tions in the details of the magnetoresistance oscillations
at high magnetic field for example, this asymmetry
should not affect the essence of the conclusions drawn in
this paper.

j4

INFLUENCE OF PRESSURE

In the III-V compounds, pressure induces an increase
of the gap at the I point at a rate which is well known
for the most common of these compounds. This, how-
ever, involves only the relative position of the
conduction- and valence-band edges. In the case of our
heterostructures, it would be necessary to know the ab-
solute variation of the valence-band edge in GaSb and of
the conduction-band edge in InAs in order to estimate
dA/dP. These data are not available, but a rough es-
timation can be made by supposing that the two valence
bands remain fixed relatively to each other. In this situ-
ation, 5 is expected to vary as the InAs gap:
dh/dP =dE~ (InAs)/dP = —100 meV/GPa. However,
recent optical measurements made on InAs-GaSb super-
lattices give dh/dP = —58 meV/GPa (Ref. 9) and show
that both conduction- and valence-band discontinuities
are affected by pressure.

Our transport measurements provide an alternate way
to estimate dA/dP through the use of the model de-
scribed above. The only additional quantity needed to
make such estimation is the rate of variation of the
band-edge mass with pressure in InAs, which has been
taken as'

m o (P) =m o (0)+6.67 X 10 'P,
with P in GPa.

(15)

DETERMINATION OF d 5/dP AND nz-

We will examine separately the two cases where the
structure is in a semiconductor state IGaSb valence-band
edge below p) or a semimetallic state (GaSb valence-
band edge above p).

Semiconductor case

Let nz be the density of interface states per unit area
and unit energy for each interface. We suppose this den-
sity to be constant in an energy interval [E„,E~] (see
Fig. 1), and zero elsewhere. Then

N, =AN, =2nr[E~ —p, E,(lnAs)]—
and the rate of variation of N, (P) can be written as

dN, dA dp
dP

, dP dP= 2' y

(16)

(17)

Using the value of dA/dP as a parameter, and the ex-
perimental value of dN, /dP, it is possible to obtain
dp/dP through Eqs. (9a) or (13a), and then the value of
nr using Eq. (17). Results are shown in Fig. 4 for the
non-parabolic model with dN, /dP = —2.4 & 10"
cm GPa '. The order of magnitude obtained for nz
(10' to 10' cm eV ') is quite plausible. " These cal-
culations, based on a linear decrease of N, (P), show that

loi2
0.04

I

O. I20.08
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FIG. 4. Concentration of interface donor states needed to
obtain dN, /dI' = —2.4)& 10' ' crn GPa ' as a function of
dA/dP. Calculations have been made using the nonparabolic
approach described in the text.

nz is not very sensitive to the pressure or the well width,
even though the values used for these parameters in Fig.
4 correspond to very different electron concentrations or
Fermi energies. This confirms that a linear variation
N, (P) is consistent with the hypothesis of a uniform den-
sity of interface states in the energy range we are con-
cerned with here.

In the case of the parabolic model, the value of d p/dP
needed to obtain the observed dN, /dP through Eq. (9a)
is much larger than in the nonparabolic model because
of the smaller density of states of the two-dimensional
electron gas. In that situation, a larger dA/dP must be
used in order to get a positive value for nz from Eq.
(17). Calculations show that db, /dP must actually be
larger than 150 meV/GPa, a value that seems quite un-
realistic in this context. We therefore omitted a graphi-
cal representation of these theoretical results.

Semimetallic case

Let us first suppose that the interface states possibly
present under the GaSb valence-band edge have a negli-
gible inAuence on the transfer rate. In other words, we
suppose that AN, is independent of pressure, and there-
fore that dN, /dP depends only on dh/dP as long as the
structure is in its semimetallic state. We will see below
that this is not a bad approximation. Equations (7), (8),
and (9) in the parabolic model, or Eqs. (13), (14), and (8)
in the nonparabolic model can be easily solved to obtain
N, as a function of pressure. Results are shown in Fig.
5 for different values of db, /dP. We can see that N, (P)
varies almost linearly for any dA/dP and that the in-
clusion of nonparabolicity strongly affects the decrease
rate.

Listed in Table I are the values of dA/dP necessary to
obtain dN, /dP = —3.6 X 10' ' cm GPa ' (i.e., the ex-
perimental value obtained with the sample having
L =150 A) for different 5 and bN, . In the parabolic
model, the value of 6 needed to obtain the observed con-
centrations N, and N& at ambient pressure is quite large
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(213 meV) compared to the commonly used value (150
meV), while the value of dh/dP ( = —110 meV/Gpa) is
not unrealistic. In the nonparabolic model, a good
agreement is obtained with plausible values for both 6
(=163 meV) and dh/dP (= —67 meV/GPa). Note that
the latter value is in nice agreement with the result of
optical measurements, but is significantly lower than
dE ( InAs) /dP Some deta. iled calculations including
strain eff ects and couplings between bands would be
needed to determine the cause of this difference.

Positions of the different energy levels E„Eq, and p
as a function of the well width are plotted in Fig. 6. In
the case where AN, =O, these curves indicate that the
semimetal-semiconductor transition occurs around

0

L =85 and 105 A, respectively, in the nonparabolic and
the parabolic approaches. When conditions C of Table I
are used for the calculations, ie. , when the contribution

0

of interface states is included, we find 105 and 115 A, re-
spectively. This is interesting since it shows that for the

0
two narrower wells (L =70 and 100 A), we obtain that
no holes should be present, as it is observed experimen-
tally in our samples. However, more recent measure-
ments have shown that holes can be present for L as low
as 60 A. ' As suggested by preliminary estimations, '
strain effects are possibly a cause of such a reduction in
the critical value of L corresponding to the semimetal-
semiconductor transition compared to our results. The
fact that we do not observe the presence of holes for
L =70 and 100 A could presumably be attributed to a
larger density of interface states in our samples, com-
pared to the higher quality samples used in Ref. 12.

In practice, interface states might well be located

I OO—

80—

60 -(b)

80 160
L(A)

240

FIG. 6. Solid lines give the position of the energy levels E,, ,
Eq, and p as a function of InAs thickness L using conditions
(C) of Table I for the values of 6 and AN, . (a) Parabolic model
and (b) nonparabolic model ~ Dashed lines give, for compar-
ison, the position of the electron quantized level E,, when con-
ditions (A) of Table I are used for the calculations.

%, =Kg +A.X,O+2[E, (GaSb) p]nT, —

where AX, O is the contribution of the interface states lo-
cated above E, (GaSb) only, and we have assumed that

below the valence-band edge of GaSb. In that case, we
have to consider those states in addition to the intrinsic
charge transfer in our calculations of the carrier concen-
tration as a function of pressure. This can be done by
writing
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TABLE I. Calculated values of dA/dP needed to obtain dN, /dP= —3.6X1o'
L =150 A in the parabolic and nonparabolic model. N, p and N~p are the carriers obtained at P=0
GPa in the following conditions: (A) AN, =0 is assumed and the commonly used value of 6 is taken.
(B) AN, is adjusted in order to obtain the observed hole concentration N&p ——2.35X10" cm . (C)
hN, and 5 are fitted to obtain an agreement with observed values of both N, p and N~p.

Condition (meV)
Nr

(10" cm )

N, p

(10" cm-')
Ngp

(10" cm )

d 6/dp
(me V/GPa)

(A)
(B)
(C)

150
150
213

0
2.4
7.0

Parabolic model
4.22
4.75
9.35

4.22
2.35
2.35

—92
—96
—110

(A)
(B)
(C)

150
150
163

Nonparabolic model
0 6.41
5.35 7.7
7.0 9.35

6.41
2.35
2.35

—63
—67
—67

the density nT is uniform. In the wider well, the value
of dN, /dP now depends on both dA/dP and nT, as in
the narrower wells. Using the values of dN, /dP corre-
sponding to the semiconductor and semimetallic cases,
we can evaluate db, /dP and nT from Eqs. (17) and (18).
AN, o is adjusted to obtain a quantitative agreement with
the experiment for N, and N& at ambient pressure. We
found that the set of values dh/dP= —67 meV/GPa,
AN, o ——6 && 10" cm, and n T ——4 X 10' cm ev ' gives
a consistent description in good agreement with all our
results. These values are close to the ones found above,
and this shows that the intrinsic charge transfer dom-
inates strongly over the contribution from interface
states. Considering this density of interface states, an
evaluation of EIt can be made using Eq. (16). We find

Ett E, (GaSb)=—125 meV, which is a plausible value,
according to theoretical calculations. " Note, however,
that these calculations were made for a (110) interface.

A question that naturally arises here is whether our
observed values of mobility are compatible with such an
amount of ionized donors at the interfaces. A rigorous
answer to this question lies in mobility calculations
which, for this system, would have to include screening
effects, nonparabolicity, and electron-hole scattering in
the semimetallic state. There are no such theoretical re-
sults available at this moment.

CONCLUSION
The decrease of carrier concentrations with pressure

in GaSb-InAs-GaSb heterostructures is interpretable as
being due to a transfer of electrons into the valence band
of GaSb and/or into unoccupied interface donor states.
A simple model shows that the density of interface states
necessary to explain our results is of the order of 10'
cm eV ' on each interface (assuming that these are
identical), and that the band discontinuity b, decreases at
a rate of 67 meV/GPa. Our calculations indicate that
nonparabolicity of the InAs conduction band has an im-
portant influence on the values of the carrier concentra-
tions, and it is therefore necessary to take it into account
in order to do quantitative comparison with the experi-
mental results.
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