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Capacitance Oscillations in One-Dimensional Electron Systems
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We have made the first capacitance measurements of the density of states of quasi one-dimensional
electronic systems. We observe oscillations rejecting the discrete energy levels of doubly confined elec-
trons squeezed beneath submicron lines (0.2, 0.3, and 0.4 pm wide) patterned on the surface of GaAs-
Al„Gal — As heterojunction capacitors. The spacings of the oscillations and their dependence on poten-
tial well width can be explained theoretically by quantum size eAects and the quasi one-dimensional na-
ture of our samples.

PACS numbers: 73.20.DX, 71.50.+t, 73.40.Kp

Experimental studies of quasi one-dimensional (1D)
electronic systems have been in progress for almost
a decade. The first studies were done with the use
of Si metal-oxide-semiconductor field-eAect transistors
(MOSFET's)' and, subsequently, GaAs heterostruc-
tures. Some 1D eff ects [including density-of-states
(DOS) effects] are more accessible in GaAs heterostruc-
tures because the effective mass is lighter (reducing the
size requirements) and potential ffuctuations are much
smaller (reducing the broadening of 1D states). A
variety of techniques have been employed to study 1D
eAects in Si and III-V materials.

In this Letter we report the results of capacitance
measurements of quasi-1D electronic systems. Capaci-
tance measurements have been widely used to study
two-dimensional electronic systems (2DES), ' and re-

cently we showed that capacitance measurements could
be used to determine the density of states of a 2DES in a
quantizing magnetic field. ' This is true only if parasitic
resistance effects (long the bane of low-temperature ca-
pacitance measurements) can be avoided. One technique
to avoid such eff'ects to inject charge into an electronic
system from an electrode in close proximity (see Fig. 1).
If the series resistance is small compared with the capa-
citive impedance (1/jruC), then the DOS can be extract-
ed from the measured capacitance. This is because the
capacitance is sensitive to the filling of states in an elec-
tronic system. In this work we have exploited this tech-
nique to probe the energy spectra of quasi-1D electronic
systems. There is good agreement between our experi-
mental results and self-consistent calculations of the ca-
pacitance.

The samples used in our experiments are GaAs-
Al Gat —„As heterostructure capacitors and a cross-
sectional view is shown in Fig. 1. These samples are
similar to those used by Hansen et al. ,

' except that the
grating is produced by etching of the heterostructure
rather than deposition of an insulator, and the sample
has a conducting substrate. Because of the doped sub-
strate, the mobility could not be measured directly.
However, a sample grown to similar specifications had a
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FIG. 1. Schematic drawing of the sample configuration and
the resulting potential profiles. The electrons are confined in

both the vertical (z) and horizontal (x) directions.

low-temperature mobility of 5x10 cm2/V-s. Grating
capacitors with 0.2-, 0.3-, and 0.4-pm lines were fabri-
cated with use of electron-beam lithography and
reactive-ion etching. First, 250x 250-pm patterns (with
periods approximately twice the width of the lines) were
written into polymethylmethacrylate (PMMA) with a
high-resolution electron-beam pattern generator. ' An
averaging process ' was used to produce extremely
smooth, regular lines. The PMMA was used as an etch
mask and the GaAs cap layer was selectively etched in

CClqFq/He gas. ' To reduce the damage to the surface
of the Al Gal —„As, the etching was terminated within 1

s after the Al Ga1 „As surface was exposed. The
PMMA was then removed and a 200x200-pm metal
gate was deposited.

The capacitance was measured with both a capaci-
tance bridge and a lock-in amplifier at temperatures be-
tween 4.2 and 0.4 K. Data were taken only at voltages
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where the leakage current and series resistance were low

enough that the signal was purely capacitive. Under
these conditions the measured capacitance can be unam-
biguously related to the thermodynamic DOS. In addi-
tion, we worked at frequencies below 50 kHz, where
there was no frequency dependence. The capacitance of
the unpatterned sample is significantly diferent from
that of the other samples. First, the capacitance of the
control sample has a very sharp rise at turnon and,
second, there is no structure in the capacitance after
turnon. For the patterned samples the turnon is much
more gradual. This is both a geometrical effect as well
as an indication that the DOS is significantly diA'erent

from that of unpatterned capacitors. Above turnon,
there are weak oscillations in the capacitance.

Although the structure in the capacitance becomes
stronger at low temperatures, it is still quite weak even at
0.4 K. To identify more clearly the positions of the
peaks in the DOS we measured the first derivative of the
capacitance (see Fig. 2). The main peak at the highest
negative biases results from initial turnon of the capaci-
tors. It is so large that it masks the presence of the
lowest-lying 1D levels. Above turnon, we observe a
well-resolved set of oscillations. These oscillations di-

T=().lk t'= 2()kl-(z

V(. (V)

FIG. 2. Derivative of the capacitance vs gate voltage for
four of the samples studied. The main peak in the derivative
(due to turnon of the capacitors) has been excluded for clarity.

rectly reflect the change in the DOS as the Fermi energy
passes through successive 1D levels. Their spacing and
magnitude are largest for the 0.2-pm lines. Both the
amplitude and period of the oscillations decrease mono-
tonically with increasing line size. This is consistent with
the behavior of the DOS that one would expect for elec-
trons confined to successively wider potential wells; i.e.,
the spacing of the energy levels and the variations in the
DOS are largest for a narrow well. For all sizes of lines
we are able to resolve a very large number of levels (at
least fifteen in samples with 0.4-pm lines). It is surpris-
ing that the oscillations persist to such large positive
biases and is indicative of a very well-defined potential,
as well as relatively modest level broadening.

The oscillations in the measured capacitance are much
smaller than those in the calculated capacitance. How-
ever, this is to be expected. The calculations are done
for ideal structures and this is not the case experimental-
ly. There are several factors which reduce the amplitude
of the capacitance oscillations. First, the 1D levels are
broadened by the presence of ionized impurities. Be-
cause of the high mobility of the electrons in unpatterned
samples, potential variations due to ionized impurities
are not a major factor. However, patterning of the sam-
ples produces defects on the sample surface. Although
these defects are screened by the doped Al Ga& — As
layer, they can produce potential fluctuations and
broaden the quasi-1D states. In our experiments we
sample many (250-500) lines in parallel; any variations
in width of the lines or grating pitch will tend to shift the
positions of the energy levels in each of the lines and
average out the 1D eAects. Although the uniformity of
our lines is better than =5% and the etched GaAs lines
are fairly distant from the electrons at the heterojunc-
tion, these variations can also reduce the size of the ca-
pacitance oscillations. The fact that we see any structure
at all is an indication of the precision of the lithography.
Finally, since the energy levels in our samples are
separated by about 0.5-5 meV, the finite width of the
Fermi function, even at 4.2 K (kT=0.35 meV), will
tend to reduce the structure in the capacitance. Howev-
er, Fermi-function broadening should be negligible
below about 0.5 K.

We have solved the Poisson and Schrodinger equations
for our structures self-consistently. These calculations
were performed with use of the same algorithms as pre-
viously described, with appropriate modifications for
GaAs heterostructures. In our data the oscillations in
the capacitance of the 0.2-pm-line sample begin at a
gate voltage (VG) of 125 mV above the turnon or thresh-
old voltage (Ve). The gate-voltage spacings of the first
four oscillations are 70, 75, and 85 mV. This agrees very
well with the calculated positions and spacings of the
second, third, fourth, and fifth excited 1D subbands (la-
beled 02, 03, 04, and 05, respectively). The Fermi level
crosses the 02 level at V~ —V~=125 mV and the Vg
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spacings for the next four levels are 70, 79, and 85 mV,
respectively. For the 0.3-pm lines, the agreement be-
tween the calculated and actual positions and spacings of
the capacitance oscillations is fairly good. The first oscil-
lation in the derivative of the capacitance occurs at 155
mV above V~, and the spacing to the next level is 42
mV. These correspond to the Fermi energy's crossing
the 03 and 04 levels in our calculations. However, the
calculation places the 03 level 170 mV above V~ with
the 04 level 58 mV higher in Vg. For the 0.4-pm lines,
the first peak occurs at 220 mV above Vg, and the spac-
ing to the next oscillation is 35 mV. The calculated posi-
tion of the 05 level is 200 mV above V~, and the 06 level
is 40 mV above it. Although there are some discrepan-
cies between the data and the calculations, the overall
agreement is very good. These calculations also provide
the energy spacing of the levels and the effective poten-
tial well widths. As the Fermi energy crosses the 02 lev-
el in the narrowest-line sample, the energy difference be-
tween the 01 and 02 levels is 5 meV. When the Fermi
energy crosses the 03 level of the 0.3-pm line sample, the
energy separation between the 02 and 03 levels is 4 meV.
For the 0.4-pm-line sample, the energy difference be-
tween the 05 and 06 levels is 2.5 meV when the Fermi
level crosses the 05 level. These energies are consistent
with the temperature dependence of our measured oscil-
lation amplitudes. If we define the effective width (L,fr)
of the potential well as the width of the potential at the
Fermi energy, then we find that L,fr is 900 A. for the nar-
rowest lines at the 02-level crossing, 1150 A for the 0.3-
pm-line samples at the 03-level crossing, and 1760 A. for
the narrowest- to widest-line samples at the 05-level
crossing. A summary of the results for the three line
sizes studied is given in Table I.

To characterize further the nature of the 1D con-
finement in our samples, we also studied the eA'ects of a
magnetic field applied in the z direction. Figure 3 shows
a plot of the minima in the magnetocapacitance as a
function of magnetic field. Berggren et al. reported a de-
viation from the normal periodicity of the Shubnikov-de
Haas eAect as evidence of the presence of 1D levels.
We observe the same eAect in our samples. Our data are
plotted in a fan diagram similar to the one calculated by
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Kaplan and Warren ' on the basis of the assumption
that the confining potential is parabolic. The shift in
the positions of the minima in V~ for a given magnetic
field should be smallest for the narrowest-line samples,
and this is what we observe.

Returning to the oscillations observed at large positive
biases (at B =0), we see a clear change in the period of
the oscillations at about 0.6 to 0.9 V above threshold
(depending on the sample). For the sample with 0.4-pm
lines, the spacing changes by more than a factor of 2 in
one period. However, as is the case for the oscillations at
lower biases, the spacing is greatest for the narrowest
lines and smallest for the widest lines. This indicates
that they are also related to the potential wells formed
by the gratings on the surfaces of the capacitors. From
analysis of the magnetocapacitance oscillations we find a
concomitant change in the V6 dependence of the two-
dimensional carrier concentration (dN, /dVG). This indi-
cates that charge is being induced in either the doped
Al„Gai „As layer or the GaAs cap layers (see Fig. 1).
The change in the carrier density of the quasi-1D elec-
tronic system is smaller for a given hV(.- and the struc-
ture due to the quasi-1D levels spreads out. Thus these
oscillation are also rejective of the presence of quasi-1D
levels.

TABLE I. Energy-level spacings and well widths for the
three types of samples studied. AE is the calculated energy-
level spacing near the Fermi energy and at the gate voltage
where the first clear oscillation is observed in dC/de.
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Nominal
line size

(pm)

EA ective
well width

(pm)
h.E

(meV)

—0.6
0.0 0.3 0.6 0.9

0.21
0.32
0.42

0.90
0.115
0.175

5.0
4
2.5

FICJ. 3. Positions of the lowest-energy peaks in dC/de vs

magnetic field. As expected, the magnetic field most strongly
perturbs the energy states of electrons in the widest potential
wells.

2804



VoLUME 59, NUMBER 24 PHYSICAL REVIEW LETTERS 14 DECEMBER 1987

The authors wish to acknowledge the contributions of
W. I. Wang during the early stages of this work. We
would also like to thank A. B. Fowler for many stimulat-
ing discussions and for sharing with us his ideas for etch-
ing a thick GaAs cap layer to confine the electrons la-
terally. The authors appreciate the support and advice
of D. Kern and S. Rishton regarding nanostructure fa-
brication. We would like to thank A. C. Warren for
many provocative discussions and for pointing out, along
with J. P. Kotthaus, the importance of our using wider-
period gratings than we initially examined. We have
also benefitted from many enlightening discussions with
S. Washburn, L. L. Chang, and L. Esaki concerning our
experiments, and F. Stern concerning the self-consistent
calculations. The technical assistance of M. S. Christie
and L. F. Alexander is greatly appreciated. This
research was supported in part by the U. S. Army
Research Office.

~"'~Present address: Department of Electronics and Electrical
Engineering, University of Glasgow, Glasgow, Scotland, Great
Britain.

" Present address: Robert Bosch, GmbH, Reutlingen 7410,
West Germany.

'A. Fowler, A. Hartstein, and R. Webb, Phys. Rev. Lett. 48,
196 (1982).

2W. Skocpol, L. Jackel, E. Hu, R. Howard, and L. Fetter,
Phys. Rev. Lett. 49, 951 (1982).

3R. G. Wheeler, K. K. Choi, A. Goel, R. Wisnieff, and D. E.
Prober, Phys. Rev. Lett. 49, 1674 (1982).

4T. Thornton, M. Pepper, H. Ahmed, D. Andrews, and

G. Davies, Phys. Rev. Lett. 56, 1198 (1986).
5R. Kwasnick, M. Kastner, J. Melngailis, and P. Lee, Phys.

Rev. Lett. 52, 224 (1984).
R. W'bb, A. Hartstein, J. Wainer, and A. Fowler, Phys.

Rev. Lett. 54, 1577 (1985).
7A. C. Warren, D. A. Antoniadis, and H. I. Smith, Phys.

Rev. Lett. 56, 1858 (1986).
~S. B. Kaplan and A. Hartstein, Phys. Rev. Lett. 56, 2403

(1986).
9K. F. Berggren, T. J. Thornton, D. J. Newson, and

M. Pepper, Phys. Rev. Lett. 57, 1768 (1986).
' J. Cibert, P. M. Petrol, G. J. Dolan, S. J. Pearton, A. C.

Gossard, and J. H. English, Appl. Phys. Lett. 49, 1275 (1986).
'H. van Houten, B. J. van Wees, M. G. J. Heijman, and

J. P. Andre, Appl. Phys. Lett. 49, 1781 (1986).
'2H. Temkin, G. J. Dolan, M. V. Panish, and S. N. G. Chu,

Appl. Phys. Lett. 50, 413 (1987).
' G. Timp, A. M. Chang, P. Mankiewich, R. Behringer, 3. E.

Cunningham, T. Y. Chang, and R. E. Howard, Phys. Rev.
Lett. 59, 732 (1987).

' T. P. Smith, III, B. B. Goldberg, P. J. Stiles, and M. Hei-
blum, Phys. Rev. B 32, 2696 (1985), and references therein.

'5T. P. Smith, III, W. I. Wang, and P. J. Stiles, Phys. Rev. B
34, 2995 (1986).

' W. Hansen, M. Horst, J. P. Kotthaus, U. Merkt, and Ch.
Sikorski, Phys. Rev. Lett. 58, 2586 (1987).

' D. P. Kern, P. 3. Houzego, P. J. Coane, and T. H. P.
Change, J. Vac. Sci. Technol. B 1, 1096 (1983).

'~D. Kern and H. Schmid, private communication.
' K. Hikosaka, T. Mimura, and K. 3oshin, 3pn. J. Appl. Phys.

20, L847 (1981).
2oS. E. Laux and F. Stern, Appl. Phys. Lett. 49, 91 (1986).
'S. B. Kaplan and A. C. Warren, Phys. Rev. B 34, 1346

(1986).
~~C. G. Darwin, Proc. Cambridge Philos. Soc. 27, 86 (1930).

280S


