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Conductance Oscillations Periodic in the Density of a One-Dimensional Electron Gas
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By use of x-ray lithography Si inversion layers have been fabricated with width —25 nm and mobility
—15000 cm /V s. These display oscillations in their conductance that are periodic in the number of
electrons per unit length, even in zero magnetic field. The oscillations reflect an oscillatory activation en-

ergy of the conductance and are accompanied by unusual nonlinearities suggestive of pinned charge-
density waves.

PACS numbers: 73.20.Dx, 71.45.Lr, 72. 15.Ni

A variety of novel lithographic techniques have been
used ' to create quasi-one-dimensional inversion layers
in Si metal-oxide-semiconductor field-eff'ect transistors
(MOSFET's), in order to study how their conductance
depends on carrier density. It is remarkable that, despite
the diff'erences in the structure of the devices, the results
are qualitatively similar: one observes random, but
time-independent, Auctuations in the conductance 6 as a
function of electron density, which are exponentially
large at small G and of order e /h at large G. The latter
are the universal conductance Auctuations, ' seen in

quasi-one-dimensional metals as well, and the former
result from one-dimensional variable-range hopping. '
Among the inversion layers studied to date, those with
smaller width w generally had lower mobility (p —3000
cm /V s is typical for w —40 nm). We report here stud-
ies of narrower inversion layers (w —25 nm) with higher

p (15000 cm /V s) that reveal qualitatively new behav-
ior. The variations in 6 are still exponentially large at
small electron density and very small at high density, but
the variations are periodic in the density of electrons in

the inversion layer, even in the absence of a magnetic
field.

The narrow inversion layers were created with a dual
gate device (Fig. 1) with a 70-nm gap in the lower gate.
The lower gate shields the Si/Sion interface from the
upper gate, so that when the lower gate is biased below
threshold relative to the Si, the inversion layer is con-
fined to the region beneath the gap. In fact, the fringing
fields of the lower gate confine the electrons to a region
substantially narrower than the gap, as discussed below.
The gap in the lower gate was created with x-ray nanol-

ithography and liftoA'. The lower gate was made of re-
fractory metal in order that damage to the Si/Si02 inter-
face caused by processing could be repaired by a high-
temperature vacuum anneal. The mobility was 15000
cm /V s at 4.2 K for two-dimensional (2D) MOSFET's
on the same wafer subjected to the same processing steps
as the narrow devices. This corresponds to a mean free
path of —100 nm. The lower gate extends over only
part of the length of the upper gate, which overlaps
source and drain n + pads; this means that contact to the
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FICJ. l. (a) Schematic cross section and (b) top view of the
slotted-gate device. The inversion layer, formed by the posi-
tively biased upper gate is confined by the lower gate. The
thermal oxide and refractory metal lower gate are both 30 nm

thick, and the chemical vapor deposition oxide is 45 nm thick.
The width of the narrow inversion layer is exaggerated in (b).

narrow inversion channel is made by wide, 2D-electron-
gas regions. Although two leads are connected to each
of these 2D regions, this is fundamentally a two-probe
measurement of the narrow MOSFET. The detailed fa-
brication procedure is reported elsewhere.

Measurement were performed at temperatures of 100
mK to 3.2 K in a dilution refrigerator equipped with an
8-T superconducting magnet. The conductance of the
inversion channel was measured with an ac lock-in
method at a frequency of 28 Hz and a drain-source volt-
age smaller than kT/e to avoid electron heating. In most
measurements the upper gate voltage was swept, with the
lower gate held at a fixed voltage. A variety of sweep
rates were used, and dc measurements were also made;
the results were identical except for an increased level of
noise at dc. The samples were always cooled down from
-20 K with the narrow channel inverted and the lower
gate biased close to the value used during the experiment
so that the depletioh layer of the device was well estab-
lished.
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The top panel of Fig. 2 shows G for a 10-pm-long
MOSFET as a function of the voltage on the upper gate
VG, which is proportional to the number of electrons per
unit length. The periodic oscillations can be clearly
identified, although they are accompanied by random,
noiselike fluctuations also seen in earlier quasi-one-
dimensional inversion layers. That the oscillations are
truly periodic is demonstrated in the next three panels
which show the power spectral density, that is, the
square of the modulus of the Fourier transform, for de-
vices of 10, 2, and 1 pm lengths. Each device has a peak
in its spectrum at a nonzero frequency, but the frequency
of the peak varies in no systematic way with sample
length. Indeed, we measured two different 2 pm devices
that display frequencies diAering by more than a factor
of —2. In addition to the dominant periodicity, smaller
peaks are often seen in the power spectrum correspond-
ing to frequencies which are not harmonics of the dom-
inant one. Earlier devices with w —100 nm and

p —8000 cm /V s have power spectra with only a zero-

frequency peak, whose width is the correlation function
of the random Auctuations.

It should be stressed that the periodicity in Fig. 2 is
observed in the absence of a magnetic field. In fact, for
fields up to 8 T [applied normal to the (100) Si wafer]
the frequency is independent of field, as can be seen in

the bottom panel of Fig. 2. The peak in the transform
actually sharpens with increasing magnetic field, ap-
parently because the random Auctuations are reduced. It
is significant, as discussed later, that the peaks in 6 vs

V~ do not split as 8 is increased from 0 to 8 T.
The temperature dependence of the oscillations is most

clearly examined by plotting the conductance at one pair
of the periodic maxima and minima near threshold. This
is done in Fig. 3. At the minimum the conductance is
approximately thermally activated with activation ener-

gy —50 peV. At the maximum, the temperature depen-
dence is much weaker, but the conductance does de-
crease by a factor -4 between 1 and 0.1 K. Thus, the
oscillations in G correspond to a periodic variation of the
activation energy of the conductance.

So far we have discussed the dependence of G on Vg
in the limit of very small VDp. The dependence of 6 on

VDs is striking, as seen in Fig. 4. Shown there is the
differential conductance, measured by applying a small
modulation voltage (2 pV) in addition to the larger, con-
tinuous VDg, while the latter is varied at fixed Vg. Data
are shown at 3 and 0. 1 K for a minimum in G vs VG and
at 0.1 K for a maximum. At the minimum, the dif-
ferential conductance increases by orders of magnitude
as VDs approaches -0.2 meV, corresponding to a criti-
cal field of —0.2 V/cm. Above the critical field, the con-
ductance overshoots and then decreases, eventually ap-
proaching its high-temperature value. Qualitatively
similar behavior is observed at the maximum in G vs VG,
but with a lower critical field.

Before discussing possible explanations of the oscilla-
tory behavior, it is important to estimate the capacitance
and one™electron subband structure of our channel. For-
tunately, our geometry is quite close to that examined in

detail by Laux and Stern. They found that a continu-
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FIG. 2. Top panel: G vs VG for a 10-pm-long inversion lay-
er. Next three panels: Fourier power spectra of the data of the
top panel and for 2- and 1-pm-long channels. Bottom panel:
Fourier spectrum for the 1-pm-long channel in a magnetic
field.
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FIG. 3. Temperature dependence of a maximum and a
minimum in the region in which the oscillations are exponen-
tially large (i.e. , near threshold) for the 10 pm channel (top
panel, Fig. 2).
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FIG. 4. Diff'erential conductance as a function VDs at a
minimum (upper panel) and maximum (lower panel) in the re-

gion of large conductance oscillations for the 10-pm channel
(top panel, Fig. 2).

um calculation gave results for the charge per unit
length as a function of VG almost identical to those of
their self-consistent solution of the Schrodinger and Pois-
son equations. Using a similar continuum calculation we
find the capacitance per unit length of our device is
7x10 electrons/cm per volt above threshold, and the
width is 30 nm, almost independent of gate voltage. This
width is in good agreement with the value 25 nm, ob-
tained by scaling the conductance to that of a 2D device,
at the same gate voltage above threshold, at 77 K. It is

also close to the value of ~ estimated from sketches of
the potential and wave functions in Ref. 9. Using our
calculated capacitance per unit length, we can find the
length associated with the period of the oscillations in

Fig. 2, that is, the length Lp to which one electron must
be added to complete one period. For all samples studied

Lp —0.25-0.5 pm.
In the absence of a self-consistent calculation of the

subb and structure for our precise gate-electrode
configuration, we assume that the subband level spacings
will be approximately the same as those of the geometry
in the calculation of Laux and Stern. They found that
the Fermi energy lies in the lowest-subband for motion
transverse to the narrow channel if the electron density is

less than —10 /cm, which for our device corresponds to
about 1.5 V above threshold. We conclude that the gate
voltage range in which strong periodic oscillations are
observed coincides with the dynamically one-dimensional
regime.

One might propose that the periodic conductance
arises from an interference phenomenon, like that for
light in a Fabry-Perot interferometer. Suppose that
charges that lie directly above the channel cause back-

scattering of the inversion-layer electrons with probabili-
ty near unity. If these are 6-function scatterers, such
backscattering would lead to a set of transmission reso-
nances periodic in Fermi wave vector kF or, equivalently,
the number of electrons per unit length, nL. The activa-
tion energy for conductivity would be large when EF lies
midway between two resonances and small when it coin-
cides with a resonance. Such a model appears to make
predictions, however, which are inconsistent with our ob-
servations. First, one would expect a series of steps in
the current as a function of VDs, one step whenever EF
passes a new resonance. Only one step is observed, as is
evident from the single peak in the differential conduc-
tance of Fig. 4. Second, the energy separation of the lev-
els is predicted to be proportional to nL, whereas the ac-
tivation energy is found to decrease with nL. Third, the
resonances are predicted to split in a magnetic field. The
spin splitting is —100 peV at 8=1 T for g=2, so by 8 T
the spin splitting should be much larger than the energy
spacing of the resonances, estimated to be —100 peV
from the activation energy in the minima (Fig. 3) or
directly from the model. Last, this resonance spacing is
smaller than the average random potential, so the
periodic activation energy is not expected to survive in
this disordered system. For all these reasons, it is
difficult to devise any one-electron explanation for the
periodic oscillations we observe.

A model which explains more of the observations is
one in which the electrons in the channel form a charge-
density wave (CDW) or Wigner crystal. A one-di-
mensional electron gas is unstable to a charge- or spin-
density wave of wave vector 2kF. The nearest-neighbor
Coulomb interaction between electrons in the inversion
layer is —15 meV at nz =10 /cm assuming a dielectric
constant of 10. This is larger than the average random
potential (—1 meV) arising from the Coulomb interac-
tion between the inversion-layer electrons and fixed in-
terface charges. It is also larger than the Fermi energy,
which is less than —10 meV if EF is in the lowest sub-
band, according to Laux and Stern. Since the Coulomb
interaction between electrons is about the same size as
the zero-point kinetic energy of confinement in length
1/nz at nz. =10 /cm, the amplitude of the charge-density
modulation is expected to be large, large enough
perhaps, for the system to be considered a Wigner crys-
tal.

Of course, such a CDW would be pinned by impuri-
ties. The behavior of the differential conductance (Fig.
4) could result from depinning by the field, and the
threshold field (—0.2 V/cm) is the same size as that
found' for the well-studied CDW system, NbSe3. It is
because of this behavior that we argue for a charge rath-
er than spin-density wave. The pinning may be caused
by interface charges that lie directly over the narrow in-
version layer. Given that their density is —10' /cm, for
a channel of 30-nm width, such charges will be found
every —300 nm, comparable to Lp, suggesting that it is
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these charges that determine Lo. This would also ex-
plain why Lo varies at random from sample to sample.

The pinning energy has two components. ' One comes
from the coupling of the CD%' to the pinning centers,
and the other from the elastic energy caused by the ad-
justment of the density of the CDW to satisfy the phase
requirements of the pinning centers. The latter will be
minimized for any pair of centers whenever the mean
density is consistent with an integer number of electrons
between the two centers; this will result in a periodic os-
cillation of the pinning energy and pinning field for any
pair of pinning centers. Since the system is one-
dimensional, the CDW can slide only if it is free to slide
everywhere along the channel. The most strongly pinned
segment will, therefore, limit the current, and it is the
periodic activation energy and pinning field of that seg-
ment that will be observed. Of course, several segments
may have comparable pinning energies, and this may ex-
plain the multiple periods sometimes observed. If, as we
have argued, the charge-density modulation is near that
of the Wigner crystal, the period of the CDW will be in-
dependent of magnetic field, as observed. Experiments
are under way to search for the narrow-band noise and
ac conductivity which are indicative of charge-density
wave formation.

We acknowledge helpful discussions with P. A. Lee
and U. Meirav, and help in process development from T.
Yen, J. Carter, and S. Park. This work was supported
by NSF Grant No. ECS-8503443 and by the U.S. Joint

Services Electronics Program under Contract No.
DAA j03-86-K-0002.

"' Department of Physics.
b Department of Electrical Engineering and Computer Sci-

ence.
'A. B. Fowler, A. Hartstein, and R. A. Webb, Phys. Rev.

Lett. 48, 196 (1982).
2M. Pepper and M. J. Uren, J. Phys. C 15, L617 (1982).
R. G. Wheeler, K. K. Choi, A. Goel, R. WisnieA', and D. E.

Prober, Phys. Rev. Lett. 49, 1674 (1982).
4W. J. Skocpol, P. M. Mankiewich, R. E. Howard, L. D.

Jackel, D. M. Tennant, and A. D. Stone, Phys. Rev. Lett. 56,
2865 (1986).

5P. A. Lee and A. D. Stone, Phys. Rev. Lett. 55, 1622
(1985); B. L. Altshuler, Pis'ma Zh. Eksp. Teor. Fiz. 41, 53
(1985) [JETP Lett. 41, 648 (1985)].

C. P. Umbach, S. Washburn, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. B 30, 4048 (1984).

7R. F. Kwasnick, M. A. Kastner, J. Melngailis, and P. A.
Lee, Phys. Rev. Lett. 52, 224 (1984); P. A. Lee, Phys. Rev.
Lett. 53, 2024 (1984).

8J. H. F. Scott-Thomas, M. A. Kastner, D. A. Antoniadis,
H. I. Smith, and Stuart B. Field, J. Vac. Sci. Technol. B 6,
1841 (1988): The technique is based on the method of A. C.
Warren, D. A. Antoniadis, and H. I. Smith, Phys. Rev. Lett.
56, 1858 (1986), and references therein.

9S. E. Laux and F. Stern, Appl. Phys. Lett. 49, 91 (1986).
~oP. A. Lee and T. M. Rice, Phys. Rev. B 19, 3970 (1979),

and references therein.


