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Giant diamagnetic effect in InAs electron inversion layers measured by Zener tunneling
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Electron inversion layers on degenerate p-type InAs substrate are studied by means of Zener
tunneling through the depletion layer. Two occupied subbands manifest themselves by current
maxima occurring at forward biases which correspond to their minimum energies relative to the
Fermi level. At magnetic 6elds 2.5 & 8 & 6.2 T applied parallel to the surface, in the reverse-bias
range the second-derivative characteristic shows new oscillations arising from diamagnetically
shifted higher subbands. In contrast to the occupied subbands, the diamagnetic eFect of higher
subbands exceeds by a factor of 10 what is expected from the strength of the depletion field.
Subband-valence-band mixing and a particular form of the surface potential well are discussed as
possible reasons.

The phenomenon of a diamagnetic rise of the subband
minima in quasi-two-dimensional electron systems has
been widely used to study the subband structure and, in
particular, to get information concerning the form of the
potential well in terms of the spatial extent of the elec-
tronic wave functions. Corresponding experiments have
been performed by means of optical absorption, ' trans-
port, 3 and tunneling. 9' Among these methods, only
tunneling provides a direct measure of the diamagnetic
shift of higher, empty subbands.

So far, tunneling spectroscopy of the subband structure
has been performed by tunneling through the oxide bar-
rier of a metal-oxide-semiconductor (MOS) structure, 9'
the Schottky barrier of a metal-semiconductor con-
fact i i, l 2 or a heteroj unction semiconductor barrier i 3 —i s

Only recently, interband tunneling between a degenerate
p-type lnAs electrode and an electron inversion layer has
been observed in special MOS surface contacts. ' For the
first time these junctions offer the possibility of studying
the empty higher subbands in InAs electron inversion lay-
ers in addition to the occupied levels. We may expect the
spatial extent of the excited subband's wave functions to
be mainly determined by the high depletion field that is
present in electron layers on degenerately doped p-type
InAs, while the spread of the ground-state wave function
is mainly controlled by the electric surface field as in the
work of Tsui on accumulation layers on degenerate n-type
InAs.

The samples used in the present experiments are MOS
tunnel junctions (Fig. 1) prepared on lnAs(100) wafers
by the same procedure as described previously. ' The
bulk hole concentration at T 77 K amounts to 2.3x10'
cm, which corresponds to an energy range of empty
states in the valence band of 3.3 meV at T 0. Metal dots
of 50-pm diameter are separated from the InAs surface
by a thermally grown oxide with a thickness of a few
monolayers. Because of the presence of the oxide barrier,
the low work function of the Yb electrode induces a high
surface-electron density as indicated in the inset of Fig. l.
The small oxide thickness also provides a low-resistive
tunneling contact of the top metal to the inversion chan-

nel. Most of the applied voltage drops across the de-
pletion layer and thus the current-voltage (I-V) charac-
teristic is mainly determined by the Zener tunnel junction.

The I-V curve measured from a junction at T 4.2 K
(Fig. 1) exhibits two current peaks at biases V 42 and
226 mV. The nearly symmetric structure of the peaks,
which are imposed on a smooth background, arises from
the two-dimensional character of the subbands. ' As
shown recently by studies under quantizing magnetic
fields, ' the current peak arising from the nth occupied
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FIG. l. Current-voltage characteristic of an Yb-oxide-InAs
tunnel junction at T 4.2 K, whose energy-band diagram is
shown in the inset (not to scale). The current peaks correspond
to bottoms of occupied subbands E as indicated. The bias sign
refers to that of the InAs electrode.
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subband is centered about a bias voltage V„where the
valence-band Fermi level is aligned with the bottom E„of
the subband, eV„EF—E„. This is due to the fact that
transverse-wave-vector conserving tunneling transitions
are restricted to those states close to the subband edge
where the wave vector is as small as in the empty states of
the light-hole valence band. Tunneling into light-hole
states is favored due to the small effective mass.

In the second derivative characteristic d I/dV -vs-V at
8 0 [Fig. 2(a)], the current peaks transform into M-

shaped dips. Further structures, which are not of interest
here, are a weak peak at V=30 mV due to inelastic tun-
neling with emission of longitudinal optical phonons, a
zero-bias anomaly, and a large dip at V= —183 mV,
whose origin is not understood at present. When a mag-
netic field is applied parallel to the surface [Fig. 2(a)] new
oscillations arise at reverse biases ranging from zero to
V= —120 mV. Their amplitude is comparable to that of
the subband-edge-induced structures. This is remarkable
because in quantizing magnetic fields perpendicular to the

surface, the Landau-level structure of the occupied sub-
bands causes oscillations in d I/dV, whose amplitude is
about 2 orders of magnitude less, except for the narrow
bias ranges close to the subband-edge-induced structures
where coherent tunneling occurs. Therefore in the record-
ings shown in Fig. 2(b), even at highest magnetic field
these oscillations are not visible on the used scale. We will
discuss the details of the Landau-level oscillations in a
separate paper.

Returning to the new oscillations under parallel mag-
netic fields, they start rising at 8 2.5 T and rapidly in-
crease their amplitude and period with 8. At 8 6.0 T
only one dip can be resolved, which merges at B 6.2 T in
the broad minimum of the background curve. This should
be compared with the critical magnetic field in the
crossed-field configuration for vanishing electric field
F,s (F —8 Eg/m ) '~ that is effective for Zener tun-
neling. ' Here F is the electric field in the absence of 8,
Eg is the energy gap, and m * denotes the effective mass in
a two-band model corresponding to the electron or light-
hole effective mass. In the present sample F,g decreases
to zero at B=8 T for the two occupied subbands.

A straightforward explanation of the origin of the
structures can be given analogously to the tunneling spec-
troscopy in Si MOS junctions. ' When the Fermi level of
the probing p+ electrode is swept through the nth sub-
band by varying the applied bias, a dip occurs in d I/dV
whose bias position V„directly reflects the energy of the
subband with respect to the Fermi level, —eV„E„—EF.
Here the voltage drop across the oxide and the series resis-
tance can be neglected due to the small tunneling current.

Figure 3 shows the bias positions of the dips plotted
with respect to the square of magnetic field. At higher re-
verse biases the data points roughly follow straight lines,
while at low biases, corresponding to energies close above
the Fermi level, the energy variation is smaller. The latter
may be due to the tailing of the higher subbands and a
change of the self-consistent potential, as they become
populated. The energy change of the higher subbands
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FIG. 2. Second derivative d I/dV -vs-V curve at T 4.2 K
with diff'erent magnetic fields applied (a) transverse and (b) lon-
gitudinal with respect to the tunneling current. All curves are
on the same scale. Note the new oscillations in the reverse bias
range at moderate transverse magnetic fields.
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FIG. 3. Bias positions of the minima of the new oscillations in
d'I/dVi as shown in Fig. 2, as a function of the square of the
magnetic field.
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should be compared with the small shifts of the n 0 and
n 1 subbands. At 8 5 T the Fermi energy EF —Ep ls
reduced by about 4 meV from its zero-field value, awhile

the separation E~ —Ep even remains unchanged within
experimental accuracy of ~ 2 meV. These small changes,
which contain both the diamagnetic shift and a density-
of-states increase, ' justify an evaluation of the shift of
the higher subbands in terms of a diamagnetic effect.
The diamagnetic shift hF-„—eh, V„ is given by hE„

e 8 bz/2m, where J„((z2)—(z)z)'i represents the
spread of the wave function perpendicular to the interface.
The slopes of straight lines fitted to the data points yield
estimates for the spread B„ranging from 25 to 44 nm for
n 2 (top curve) to n 7, respectively. Another item
worth mentioning is the small energy separations of the
n ~ 2 subbands of 5-10 meV at 8 0, as gained from ex-
trapolations of the data points in Fig. 3.

The energy separations in the present sample should be
compared with recent self-consistent calculations of the
subband structure in InAs n-inversion layers. ' Although
the calculation is based on a smaller bulk acceptor con-
centration (10' cm ) than that of the present samples
(2.3&10' cm ), the resulting energy separation
E2 —Ei =100 meV is larger than the measured value of
about 60 meV. The spread of the wave function can be es-
timated from the simple triangular-well model, ~here
only the depletion field at the InAs surface of FJ pi

=2x10 V/m has been taken into account. The resulting
spread is smaller than the experimental results by more
than a factor of 3, corresponding to a difference in the di-
amagnetic effect of a factor of 10. It should be clear that
this large discrepancy can hardly be attributed to the in-
correct triangular potential which neglects the finite
depletion-layer width of about 70 nm. Also, the change of

the depletion field due to the change of the tunneling volt-
age should only cause small energy shifts. A possible ex-
planation is subband-valence-band mixing, ' which leads
to a rise of the energies in particular of the lower sub-
bands, thus decreasing the subband separations. Howev-
er, due to the large energy gap of InAs, we may suspect
the Zener tunneling to have minor inAuence on the sub-
band structure. Another possible mechanism leading to
small energy separations between excited subbands and to
large extension of the wave functions is a wide surface po-
tential well. If a compensating donor layer is present due
to stoichiometric defects that may be generated during the
growth of the oxide layer, the depletion field close to the
surface vanishes, awhile the interband tunnel junction is
shifted deeper into the bulk. So far we have explained the
observed energy shifts in terms of a diamagnetic effect
that is detected by tunneling spectroscopy from the
valence-band Fermi level. This picture need not be
correct; e.g., it seems unclear whether the lateral displace-
ment of the E(k) subband parabolas in a parallel magnet-
ic field inAuences the bias threshold for the onset of Zener
tunneling.

In conclusion, we have demonstrated the use of Zener
tunneling for tunneling spectroscopy of the subband struc-
ture in InAs electron inversion layers. In magnetic fields
parallel to the surface, the diamagnetic rise of higher
empty subbands, as determined from a bias shift of corre-
sponding structures in d I/dV, is much larger than ex-
pected from simple estimates. Ho~ever, a self-consistent
calculation of the subband structure and of the Zener tun-
neling current under parallel magnetic field, including
subband-valence-band mixing, seems desirable so as to
obtain a conclusive interpretation of the experimental
facts.
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