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A change in the state density of a gas of 2D carriers upon the filling of the next
quantum-size subband has been observed directly by the method of capacitance
spectroscopy. The carrier g-factor is estimated on the basis of the Shubnikov-de
Haas oscillations. A “pinning” of the bottom of a subband near the Fermi level has
been observed.

The energy spectrum of the system of charge carriers near the surface of the
semiconductors in metal-insulator-semiconductor (MIS) structures and at heterojunc-
tions consists of a set of subbands which correspond to a size quantization in the
direction perpendicular to the surface of the semiconductor and to free motion along
the surface.! Different numbers of subbands may be filled, depending on the type of
structure and the carrier density. Essentially the only method which has been available
for determining the beginning of the filling of one subband or other has been the
method based on measurements of the Shubnikov-de Haas oscillations.

We have now demonstrated that capacitance spectroscopy can be used for this
purpose.” This method is also applicable in a case in which the carriers have a low
mobility, and oscillations are not observed. The method of capacitance spectroscopy
and the quantum-oscillation method have been used to study the filling of the second
quantum-size subband in a 2D hole gas near a Si(110) surface.” We have classifed the
oscillations, measured the ratio of the thermodynamic state densities in the first and
second subbands, and observed a “pinning” of the bottom of the second subband near
the Fermi level.

The method of capacitance spectroscopy consists of precise measurements of the
capacitance of the system consisting of the 2D gas plus the insulator plus the metal
gate. In this case the measured capacitance C depends on the distribution of charge
carriers in the semiconductor in the direction perpendicular to its surface, and through
the contact potential difference it also depends on the thermodynamic state density?
D =dng/dp:

SC™! = 4mdfe, + 4myzo feg + 1/e®D.

Here d is the thickness of the insulating layer, €, and €5 are the dielectric constants of
the insulator and the semiconductor, respectively; z, is the position of the maximum of
the carrier wave function, reckoned from the surface of the semiconductor; ¥ = 0.5-
0.7 is a numerical factor, ng is the surface density of the 2D carriers, ¢ is their
chemical potential, and S is the area of the MIS structure. The second and third terms
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on the right side of this expression are usually small corrections to the first. As the
next subband begins to be filled, the one-particle state density in the 2D system in-
creases sharply (discontinuously in the ideal case). Here we can also expect sharp
changes in the thermodynamic state density and thus the capacitance C.

Measurements carried out with two field-effect transistors with a hole gas near the
Si(110) surface yielded identical results. The size of the transistor channel was
400X 1200 pm? the distance between the potential contacts was 400 um; and the
thickness of the layer of the SiO, insulator was 1070 A. In the capacitance and resis-
tance measurements we used bridge circuits which operated at an ac frequency of 21
Hz and which provided a sensitivity and stability of about 2X 1073 of the measured
quantities. The charge-carrier density ng was determined during the filling of the
lower subband from the period of the Shubnikov-de Haas oscillations in the inverse
magnetic field H ~'. The linear dependence of n on the voltage on the transistor gate,
V., which we found was extrapolated into the density region corresponding to the
filling of two subbands.

Figure 1 shows the change AC in the gate-channel capacitance of the field-effect
transistor versus the hole density ng, along with records of the Shubnikov-de Haas
oscillations. The compensated capacitance is C = 160 pF. The apparent reason for the
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FIG. 1. The resistance ( p,,) of the hole channel in a field-effect transistor in a magnetic field H=7.7 T
versus the carrier density ng and the corresponding filling factors v. The AC(ng) curve is a plot of the
change in the capacitance of the transistor versus ng at H =0. 7= 1.4 K; sample No. 1. Where necessary,
the positions of the minima of the high-frequency oscillations have been marked by arrows at the abscissa.
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smooth dependence AC(ng) is a change in the value of z,. Specifically, if we work
from the expressions given in Ref. 1 for z, for the case of the filling of a single subband
and for an effective hole mass m¥ = 0.36m, (more on this below), we would expect
the change in the capacitance upon a change in the carrier density ng from 2X 102
cm™? to 3% 10" cm™2 to be about 1 X 10~ '3 F, i.e., very close to the change which is
observed. We attribute the more rapid increase in the capacitance in the density inter-
val 2.5X 10" cm~? S ng 2.8 X 10'? cm ™ to the beginning of the filling of the second
quantum-size subband. The filling of the second subband is clearly demonstrated by
the pattern of Shubnikov-de Haas oscillations, whose minima correspond in our case
to the filling of an integer number of magnetic-quantization levels in one of the sub-
bands. While at ng <2.4Xx 10" cm™? (v <, = 13) the minima are equidistant along
the ng scale and correspond to odd integers v = ng/n, (n, = eH /hc is the degeneracy
of the Landau level), at v> v, the minima are no longer equidistant, and the envelope
of the minima oscillates. It is natural to link these long-period oscillations with a filling
of the magnetic-quantization levels in a second subband. The first minimum of the
envelope is observed at v=v, =22, and the second at v~v, = 36. In the interval
vy < ¥<v; we observe four minima of short-period oscillations; i.e., eight levels are
~ filled in the lower subband. Since the change in the density in this interval corresponds
to the filling of v, — v, = 9 levels, only a single level is filled in the second subband.
Analogously, we find that in the interval v, < v<v, respectively 12 and two levels are
filled. Since the degeneracy of level n, does not depend on the energy spectrum, the
ratio of the numbers of filling levels in the different subbands gives us the ratio of the
thermodynamic state densities in them. Taking an average over the interval vo<v<v,,
we find D,/D,~6.7. Our measurements of the cyclotron masses of the carriers in the
first and second subbands, based on the temperature dependence of the oscillation
amplitude, yielded respective values m¥ =0.36m, and m¥ = 0.33m, (the values
m¥ = 0.35m, and m¥ = 0.32m_ were reported in Ref. 3). This result means that the
energy splittings of the magnetic-quantization levels in the first and second subbands
are not greatly different. The large value D,/D,> lin this case could be explained only
in terms of a “pinning” of the bottom of the second subband near the Fermi level-—an
effect which has been predicted theoretically (see Ref. 1).

It is not possible to determine D, and D, from capacitance measurements alone. If
we replace D, in the expression by the one-particle state density N, = m¥*/7#* and the
experimental change in the capacitance at the beginning of the filling of the second
subband, AC=~5x10~" F, we find D,/D, = N,/D,~4. In our opinion, the agree-
ment of the scale values of the ratio D,/D, found from the capacitance and oscillation
measurements is evidence that the observed feature in the capacitance is being inter-
preted qualitatively correctly. On the other hand, the difference between these results
apparently indicates that it is not correct to use the one-particle state density &, in
place of the thermodynamic density D, i.e., that it is necessary to consider the motion
of the bottom of the lower size-effect subband.

Minima in the oscillations from carriers in the second subband are observed as
they fill an odd number (one or three) of magnetic-quantization levels. This result
indicates that in this system the spin splitting exceeds half the cyclotron splitting, i.c.,
that we have a g-factor g>3 (m¥ =0.33m,). The expected effect of the spin-orbit
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coupling on the spectrum (see Ref. 4) is inconsequential at small filling factors.

We wish to thank V. T. Dolgopolov for useful discussions.

PThe fact that a second subband is filled in this system was established in Ref. 3 in a study of quantum
oscillations. The cyclotron mass of the 2D holes was also measured there.

T. Ando, A. B. Fowler, and F. Stern, Mod. Phys. 54, 437 (1982).

2T. P. Smith, B. B. Goldberg, P. J. Stiles, and M. Heilblum, Phys. Rev. B32, 2696 (1985).

K. Von Klitzing, G. Landwehr, and G. Dorda, Solid State Commun. 14, 387 (1974).

4S. 1. Dorozhkin and E. B. Ol'shanetskii, Pis’ma Zh. Eksp. Teor. Fiz. 46, 399 (1987) [JETP Lett. 46, 502
(1987)].

Translated by Dave Parsons



