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Direct measurement of the density of states of a two-dimensional electron gas
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We present a direct measurement of the density of states of a two-dimensional electron gas in a quantiz-

ing magnetic field. By measuring the magnetocapacitance of modulation-doped GaAs-(A16a)As hetero-
structures at low frequencies, we have observed quantum oscillations resulting from changes in the density
of states alone.

The density of states (DOS) of a two-dimensional elec-
tron gas (2DEG) in a magnetic field is central to the under-
standing of weak-field properties such as transport and
strong-field phenomena such as the quantized Hall effect'
and the fractionally quantized Hall effect. 2

The DOS of an ideal 2DEG in a normal magnetic field at
zero temperature is characterized by a series of delta func-
tions or Landau levels. Impurities, defects, and inhomo-
geneities in semiconductors broaden these levels and create
localized states. Measurements of transport and optical
properties of a 2DEG yield information concerning the
DOS, but are complicated by other factors that are not easi-
ly treated. The magnetization3 and specific heat5 can in
principle yield the DOS, but to date inhomogeneities have
obscured determination of the underlying DOS. The capaci-
tance of a 2DEG is also directly related to the DOS. Capa-
citance measurements are the most straightforward, and
small-area single-layer samples can be used. In addition, by
changing the frequency of measurement, carrier concentra-
tion, device geometry, and device construction, particular
aspects of the DOS such as the time required to access lo-
calized states can be investigated. By choosing samples with
the appropriate boundary conditions and developing an ac-
curate model incorporating resistance effects, future studies
may provide important information about the DOS in the
fractionally quantized regime or reveal the precise role of
scattering in a 2DEG.

The first observations of quantum oscillations in the capa-
citance of a 2DEG were made by Kaplit and Zemel and
Voshchenkov and Zemel. ' Shortly thereafter Stern pro-
posed a one-dimensional diffusion model for the capacitance
of inversion layers at low temperatures. He indicated that
the DOS of a 2DEG could be observed directly at low fre-
quencies, where changes in the in-plane conductivity are
negligible when compared to changes in the capacitive im-
pedance. Since then others ' have studied the capacitance
of a 2DEG and confirmed the general features of the
model. In previous studies the magnetic field strengths re-
quired to resolve the Landau levels were such that the mag-
netoresistance dominated the effective (measured) capaci-
tance of the system. This led some workers to conclude in-
correctly that the density of states could never be extracted
from capacitance measurements. ' The development of
high-mobility, high-homogeneity semiconductor hetero-
structures has reduced the magnetic field strength require-

ments for observation of quantum oscillations in the capaci-
tance. The product of the cyclotron frequency and the
zero-field scattering time (a&,r) must be greater than unity,
but the Landau-level separation must be small to reduce
conductivity effects. Because the relationship between the
measured capacitance C „,and the conductivity of a 2DEG
is complicated and highly dependent upon boundary condi-
tions, direct observation of the DOS is best accomplished at
low frequencies, where the conductivity can be ignored.

We report the results of capacitance measurements in
high-mobility GaAs-(A1Ga)As heterostructures in the re-
gime where the conditions for observation of the DOS are
met. This confirms for the first time that the DOS of a
2DEG is directly related to the capacitance.

Following the approach of Stern, ' the total capacitance
C, consists of the series capacitance of the (A1Ga)As barrier
layer Cb and the channel C, . The devices used in this study
have no Ohmic contacts to the 2DEG, so changes in the
carrier concentration of the heavily doped (A1Ga)As portion
of the barrier layer can be ignored at low temperatures.
Thus, C, is given by

1

C,
I + dg

Cb d$

where Q is the total charge in the channel and @ is the band
bending as shown in Fig. 1.

If a simple variational approximation is used which ig-
nores image effects, many-body effects, penetration of the
wave function into the barrier, ' and nonparabolicity of the
band structure, the channel capacitance is given by

yzp 1

C, ep~, e dn/dp,

where A is the area of the capacitor, zp is the average posi-
tion of the electrons in the channel, y is a numerical con-
stant between 0.5 and 0.7, z, is the relative dielectric con-
stant of the channel material, and dn/dp, is the thermo-
dynamic DOS at the Fermi energy.

Although these approximations can strongly affect the cal-
culated subband energy, they do not change zp (Refs.
15—17) significantly. In addition, because the carrier con-
centration is constant, they do not change the fundamental
relationship between the capacitance and the DOS.

zp does not change appreciably in experiments where the
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FIG. 1. Schematic diagram of the conduction-band edge for a
modulation-doped GaAs-(AlGa) As heterojunction showing the
quantities used in the derivation of the relationship between the
measured capacitance and the density of states. An outline of the
sample geometry is also shown.
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magnetic field is varied. Thus, the first two terms are
essentially constant and changes in the capacitance are
directly related to changes in the DOS of the 2DEG. The
DOS is then related to the total capacitance by the follow-
ing:

1 A

e'dnld pC~ , Cb

+Zo

OKc

When conductivity effects can be neglected, C, can be re-
placed by C „,.

The devices used in this study were fabricated by etching
a mesa in the geometry shown in Fig. 1 and evaporating
aluminum over the large-area pads at each end of the de-
vice. The pads were 990 microns by 330 microns and the
channel was 1660 microns long and 166 microns wide. This
type of capacitance measurement was first proposed by
Binet' for contactless capacitance measurements on epitaxi-
al surface layers. Et is employed in this study because it
simplifies device fabrication, reduces the effects of current
flow into the corners of Ohmic contacts in the quantized
Hall regime, and does not couple the 2DEG to the unde-
pleted donors in the barrier 1ayer. The carrier concentration
and mobility are 3.6x10" cm and 3.5x10 cm V 's
respectively.

The magnitude and phase of the measured capacitance at
20 Hz are shown in Fig. 2. Measurements were made using
applied voltages sufficiently small (5 mV) that further
reduction did not influence the measured signal. Above 0.5
T quantum oscillations are observed in the measured capaci-
tance. This is close to the minimum field strength at which
quantum oscillations in the conductivity are seen (0.4 T).
The latter indicates that the homogeneity of the 2DEG is
better than 1%. Above 1.65 T the magnetoresistance of the
2DEG begins to influence the measured capacitance of the
2DEG appreciably. This is indicated by the changes in the
phase angle of the measured signal. We have defined the
phase angle such that it is zero if the signal arises from a
purely capacitive impedance. In the Stern model, decreasing
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FIG. 2. (a) The magnitude and (b) phase angle of the measured
capacitance vs magnetic field. The phase angle is defined so that a
purely capacitive signal has a phase angle of 0 and a purely resistive
signal has a phase angle of 90'. (c) The density of states deter-
mined from the measured capacitance. (d) The conductivity of a
circular geometry device fabricated from the same material.
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the change in the calculated capacitance (see Fig. 3), indi-
cating that resistivity effects are easily identified and that
even small changes in the phase angle cannot be ignored.

In summary, we have reported magnetocapacitive mea-
surements of the DOS for Landau levels in a 2DEG. We
have approximated this DOS with a Gaussian shape func-
tion with a broadening of 0.95 meV independent of magnet-
ic field strength. We also find, by modeling, that inhomo-

geneity strongly affects the measured DOS and must be in-
cluded in the data analysis.

The authors wish to thank J. Luo, M. Moelter, and
R. Zeller for their assistance. One of us (T.P.S.) gratefully
acknowledges support from the Office of Naval Research.
This work was funded in part by the National Science Foun-
dation under Grant No. DMR-8314397-01.

~K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45,
494 (1980).

D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett. 48,
1559 (1982).

3T. Haavasoja, H. L. Stormer, D. J. Bishop, V. Narayanamurti,
A. C. Gossard, and W. Wiegmann, Surf. Sci. 142, 294 (1984).

4J. P. Eisenstein, H. L. Stormer, V. Narayanamurti, and A. C. Gos-
sard, in Proceedings of the Seventeenth International Conference on
the Physics of Semiconductors, San Francisco, CA, 1984, edited by
D. J. Chadi and W. A. Harrison (Springer, New York, 1985).

5E. Gornik, R. Lassnig, G. Strasser, H. L. Stormer, A. C. Gossard,
and W. Wiegmann, Phys. Rev. Lett. 54, 1820 (1985).

M. Kaplit and J. N. Zemel, Phys. Rev. Lett. 21, 212 (1968).
7A. M. Voshchenkov and J. N. Zemel, Phys. Rev. B 9, 4410 (1974).
F. Stern (unpublished).
L. C. Zhao, B. B. Goldberg, D. A. Syphers, and P. J, Stiles, Solid

State Commun. 49, 859 (1984).
L. C. Zhao, D. A. Syphers, B. B. Goldberg, and P. J. Stiles, Surf.
Sci. 142, 332 (1984).
R. K. Goodall, R. J. Higgins, and J. P. Harrang, Surf. Sci. 142,
339 (1984).
R. K. Goodall, R. J. Higgins, and J. P. Harrang, Phys. Rev. B 31,
6597 (1985).
F. Stern, Appl. Phys. Lett. 43, 974 (1983).

~4F. Stern, Phys. Rev. B 5, 4891 (1972).
T. Ando, J. Phys. Soc. Jpn. 51, 3893 (1982).

' P. J. Price and F. Stern, Surf. Sci. 132, 577 (1983).
G. Bastard, Surf. Sci. 142, 284 (1984).
M. Binet, Electron. Lett. 11, 580 (1975),

~9P. Lee, Phys. Rev. B 26, 5882 (1982).
20R. R. Gerhardts, Surf. Sci. 58, 227 (1976).


