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One-dimensional electron transport in
semiconductor nanostructures*
M. Pepper**
In this short article, a summary is presented of recent progress in understanding the behaviour of
electrons in semiconductor nanostructures. The method of shaping the electron gas is by electrostatic confinement with split gates. Whereas a rigid one-dimensional system shows the canonical
conductance quantization, the relaxation of confinement, towards two-dimensionality results in
strong electron–electron repulsion, splitting the line of electrons into two separate rows. This situation is the precursor to the formation of a Wigner lattice and is an example of how the topology of
the electron gas is determined by electron correlation.
Keywords:

Conductance quantization, electron gas, nanostructures, semiconductor.

One of the benefits of the advances in electronics technology developed to produce integrated circuits of higher
packing density has been its use in the fabrication of
structures and devices for basic physics research.
Early pioneering experiments at IBM showed that the
inversion layer of the Silicon MOS device was a twodimensional (2D) electron gas. Ando et al.1 reviewed this
work. Subsequent work at Bell Laboratories developed
the 2D electron gas at the interface of GaAs and AlGaAs,
which has a higher carrier mobility due the decreased
scattering compared to that at the Si–SiO2 interface2.
Studies of 2D conduction have been fruitful, leading to
such developments as the integer and fractional quantum
hall effects and a range of localization and interaction
effects. In the 1980s work in the author’s laboratory
started to explore the possibilities of further reducing the
dimensionality of transport from two to one. The first
attempt was using silicon accumulation layers with an ntype substrate. At low temperatures this froze out and the
properties of the accumulation layer could be measured.
Implanted p-type layers were used to ‘electrostatically
squeeze’ the accumulation layer by reverse biasing the
p–n junction formed by the implanted layer and the substrate. The electron gas could be narrowed until it was
pinched-off and then the properties were measured. The
results showed that as the temperature was decreased,
localization set in and increased in strength as the channel
was narrowed3. Phase coherence lengths were subsequently measured and found to be characteristic of one
dimension4. However, there was no evidence of a spatial
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quantization of the energy levels in the channel when it
was narrowed, as would be expected on the basis of a
‘particle in the box’ type of picture.
Greater success was achieved with the use of the
GaAs–AlGaAs heterostructure with split gates fabricated
on the AlGaAs surface to confine the 2D electron gas and
convert it to 1D (Figure 1). Results on channels of
approximately 15 μm in length showed that the quantum
corrections due to weak localization and interaction
effects had the appropriate 1D form5. However, it was
energy level determination as a transverse magnetic field
was applied, which confirmed that there was a spatial
quantization6. Application of the magnetic field resulted
in the quantized energy levels increasing in energy and
passing through the Fermi energy to depopulate. Analysis
showed that the behaviour of the levels as a function of
field did not follow the 2D behaviour, but showed a

Figure 1. Formation of a narrow channel in a two-dimensional electron gas by means of split gates.
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pronounced deviation indicative of the spatial quantization
caused by the confinement. In the absence of the field the
quantized levels did not show in the conductance, the
cause of which was attributed to scattering in the long
channel. Following this breakthrough, the quantization was
clearly demonstrated by the use of short devices (1 μm or
less) by our group7, and Van Wees et al.8 using the same
split gate technique, where the quantization of the ballistic
resistance (often discussed as conductance quantization),
was clearly demonstrated. The short length of the channel
results in the elimination of scattering and ballistic transport. Under these circumstances each quantized level has a
conductance given by 2e2/h, where the quantum of conductance is e2/h and the factor of 2 is due to spin degeneracy. As all the levels behave as independent resistors in
parallel, the total conductance is given by 2ne2/h, where n
is the number of levels which reduces by one each time a
level is pushed above the Fermi energy. Hence, as shown
in Figure 2, a series of steps are observed separated by
2e2/h. Applying a parallel magnetic field lifts the spin
degeneracy and then steps appear, which are separated by
e2/h.
A feature of the conductance quantization which does
not fit into a simple one-dimensional model is structure,
often a plateau, near the value of (0.7) 2e2/h (Figure 3)9,10.
Application of a magnetic field progressively reduces the
0.7 value down to the fully spin-polarized level of 0.5,
indicating that the anomalous feature is related to a spin
polarization in the absence of a magnetic field. The origin
of this spin polarization is not fully clear as of now and
many theories have been proposed. A zero bias anomaly
(ZBA) occurs in the current versus voltage relationship as
the temperature is lowered and this causes the 0.7 feature
to disappear, which has given rise to suggestions that it

arises from a Kondo effect in the channel in an analogous
manner to that which is observed in a quantum dot11.
However, the behaviour of ZBA as a function of carrier
concentration and temperature does not fit with predictions of a Kondo model12. The overall behaviour of the
resistance indicates that the exchange drives a spontaneous spin polarization. Experiments have been performed in
which a parallel magnetic field causes the highest energy
spin level from the ground sub-band to cross the lowest energy spin level derived from the first sub-band. An anticrossing behaviour was found, which is repeated every
time two opposing spin levels cross. Analysis of the level
behaviour indicates that in the absence of the field there
is a strong repulsion between the opposing spin levels,
which causes one to hover at the source potential and
only partially contribute to the conductance until the carrier concentration increases and the carriers become spin
degenerate13. In Figure 3, 0.7 is the first in a series of instabilities which causes a lifting of the spin degeneracy.
More recently, devices have been developed in which
the channel potential narrows at the entrance and exit
regions, such that by applying an offset voltage to the split
gates it is possible to induce strong reflections and create
a bound state in the channel. This then gives rise to a
strong resonance located at (0.5) 2e2/h, which is precisely
where it should be located; decreasing temperature results
in Kondo screening and the resonance becomes broadened
and moves up in conductance value. The resonant feature
at 0.5 is so unlike the 0.7 and hence it appears very likely
and hence this does not arise from Kondo behaviour14.
Apart from the 0.7, the basic quantization can be
explained on the basis of one-electron theory. However,
more recently, it has been suggested that when the con-

Figure 2. Quantized conductance as the split gate voltage is changed.
An increasingly negative voltage narrows the channel.

Figure 3.
plateau.
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The 0.7 feature which appears below the first quantized
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Figure 4.

Splitting of a line of electrons into two separate rows16.

Figure 5. Quantized conductance as a function of carrier concentration as a function of the top gate voltage. The confinement progressively decreases from right to left; the first plateau disappears with
weak confinement.

finement potential is weak, then in order to minimize
their mutual repulsion, electrons will move sideways and
increase their separation. Classical calculations have pursued this topic to study the formation of a 2D Wigner
lattice in which distinct rows of electrons develop as the
carrier concentration is increased15. More realistic quantum treatments have also shown that as the confinement
(interaction) is reduced (increased), a line of electrons
becomes progressively more zigzag and then splits into
two distinct rows (Figure 4)16,17. As the number of rows
increases, the lattice becomes difficult to distinguish from
the conventional picture with n significantly greater than
one.
Experiments have been performed on reducing carrier
concentration as the confinement is reduced, which bear
out the prediction of a transition to two rows. As seen in
Figure 5, as the confinement is reduced, the first plateau
at 2e2/h disappears and the system exhibits a first plateau
at 4e2/h; as the first observed plateau corresponds to the
486

ground state, this value cannot be explained on the basis
of a single row or line of electrons. It must correspond to
two rows which are degenerate and spontaneously form a
ground state18,19. This was the first indication that the
electron–electron interaction could dominate the behaviour of electrons in a confined environment. Experiments on wider devices have revealed the stages of
formation of the incipient lattice. As the ration of interaction to confinement is increased, electrons start to move
sideways and then form a ‘bonding’ state in which they
hybridize. Further increase in the ratio results in two distinct rows forming corresponding to the ‘non-bonding’
states. It was also found that increasing the source-drain
voltage could break the ‘bonding’ states to form two
separate rows. The weakly confined 1D system shows
behaviour completely different from that found in the
strongly confined case. For example, when the spin
degeneracy is lifted by a strong magnetic field of 8 T, as
the carrier concentration is increased the system switches
between two configurations producing a pattern in the
conductance which resembles beating. As seen in Figure
6, a stable configuration is not reached until n is 4 or 5.
One interesting phenomenon which has been studied
using such devices has been the spin incoherent regime.
This occurs when the exchange energy J between
neighbouring electrons becomes less than the thermal
energy kT. Under these circumstances the spin becomes
indeterminate and due to the exclusion principle the
factor of 2 in the quantum of conductance is lost which
then becomes e2/h. By lowering the temperature so that
kT < J, it is possible to regain the spin coherence and then
the factor of 2 in the conductance is regained. Application
of a magnetic field also results in the reestablishment of
the spin degeneracy20.
Other systems have been developed which illustrate the
principles of conductance quantization and its relation to
the one-dimensionality. For example, when a wire is
stretched, the resistance shows quantized steps just before
it breaks due to the narrowest part being reduced successively to 3, 2, 1 atoms in width21.
CURRENT SCIENCE, VOL. 100, NO. 4, 25 FEBRUARY 2011
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Figure 6.
of 8 T.

Similar to Figure 5, but in the presence of a magnetic field

Many experiments have been performed with split-gate
type of devices since the introduction of the concept and
it is proving to be a remarkable laboratory of quantum
physics. The resistance of a one-dimensional channel is
extremely sensitive to the presence of nearby charge,
which has resulted in the device being used as a minimally
invasive detector of single electrons in a nearby quantum
dot22. Even when the current through the dot is too small
to measure, corresponding to a single electron tunnelling
into and out of the dot at an extremely slow rate, its presence can still be detected. This has allowed many studies
of single spin behaviour and is under active study as a
read-out mechanism for quantum computation.
1. Ando, T., Fowler, A. B. and Stern, F., Electronic properties of
two-dimensional systems. Rev. Mod. Phys., 1982, 54, 437.
2. Allen, S. J., Störmer, H. L. and Hwang, J. C. M., Dimensional
resonance of the two-dimensional electron gas in selectively
doped GaAs/AlGaAs heterostructures. Phys. Rev. B, 1983, 28,
4875.
3. Dean, C. C. and Pepper, M., The transition from two to onedimensional electronic transport in narrow silicon accumulation
layers. J. Phys. C, 1982, 15, L1287; One-dimensional electron–
localization and conduction by electron–electron scattering in narrow silicon MOSFETs. J. Phys. C, 1984, 17, 5663.
4. Pooke, D. M., Paquin, N., Pepper, M. and Gundlach, A., Electron–
electron scattering in narrow Si accumulation layers. J. Phys.:
Condens. Matter, 1989, 1, 3289.
5. Thornton, T. J., Pepper, M., Ahmed, H., Andrews, D. and Davies,
G. J., One-dimensional conduction in the 2D electron gas of a
GaAs–AlGaAs heterojunction. Phys. Rev. Lett., 1986, 56, 1198.

CURRENT SCIENCE, VOL. 100, NO. 4, 25 FEBRUARY 2011

6. Berggren, K.-F., Thornton, T. J., Newson, D. J. and Pepper, M.,
Magnetic depopulation of 1D subbands in a narrow 2D electron
gas in a GaAs : AlGaAs heterojunction. Phys. Rev. Lett., 1986, 57,
1769.
7. Wharam, D. A. et al., One dimensional transport and the quantization of the ballistic resistance. J. Phys. C, 1988, 21, L209.
8. van Wees, B. J., van Houten, H., Beenakker, C. W. J., Williamson,
J. G., Kouwenhoven, L. P., van der Marel, D. and Foxon, C. T.,
Quantized conductance of point contacts in a two-dimensional
electron gas. Phys. Rev. Lett., 1988, 60, 848.
9. Thomas, K. J., Nicholls, J. T., Simmons, M. Y., Pepper, M., Mace,
D. R. and Ritchie, D. A., Possible spin polarization in a onedimensional electron gas. Phys. Rev. Lett., 1996, 77, 135.
10. Thomas, K. J. et al., Interaction effects in a one-dimensional constriction. Phys. Rev. B, 1998, 58, 4846.
11. Cronenwett, S. M. et al., Low-temperature fate of the 0.7 structure
in a point contact: a Kondo-like correlated state in an open system.
Phys. Rev. Lett., 2002, 88, 226805.
12. Chen, T.-M., Graham, A. C., Pepper, M., Farrer, I. and Ritchie, D. A.,
Non-Kondo zero-bias anomaly in quantum wires. Phys. Rev. B,
2009, 79, 153303.
13. Graham, A. C., Thomas, K. J., Pepper, M., Cooper, N., Simmons,
M. Y. and Ritchie, D. A., Interaction effects at crossings of spinpolarised one-dimensional subbands. Phys. Rev. Lett., 2003, 91,
136404; Jaksch, P., Yakimenko, I. and Berggren, K.-F., From
quantum point contacts to quantum wires: density-functional
calculations with exchange and correlation effects. Phys. Rev. B,
2006, 74, 235320.
14. Sfigakis, F., Ford, C. J. B., Pepper, M., Kataoka, M., Ritchie, D. A.
and Simmons, M. Y., Kondo effect from a tunable bound state
within a quantum wire. Phys. Rev. Lett., 2008, 100, 026807.
15. Piacente, G., Schweigert, I. V., Betouras, J. J. and Peeters, F. M.,
Generic properties of a quasi-one-dimensional classical Wigner
crystal. Phys. Rev. B, 2004, 69, 045324.
16. Klironomos, A. D., Meyer, J. S., Hikihara, T. and Matveev, K. A.,
Spin coupling in zigzag Wigner crystals. Phys. Rev. B, 2007, 76,
075302.
17. Welander, E., Yakimenko, I. I. and Berggren, K.-F., Localization
of electrons and formation of two-dimensional Wigner spin
lattices in a special cylindrical semiconductor stripe. Phys. Rev. B,
2010, 82, 073307.
18. Hew, W. K., Thomas, K. J., Pepper, M., Farrer, I., Anderson, D.,
Jones, G. A. C. and Ritchie, D. A., Incipient formation of an electron lattice in a weakly confined quantum wire. Phys. Rev. Lett.,
2009, 102, 056804.
19. Smith, L. W. et al., Row coupling in an interacting quasi-onedimensional quantum wire investigated using transport measurements. Phys. Rev. B, 2009, 80, 041306.
20. Hew, W. K., Thomas, K. J., Pepper, M., Farrer, I., Anderson, D.,
Jones, G. A. C. and Ritchie, D. A., Spin-incoherent transport in
quantum wires. Phys. Rev. Lett., 2008, 101, 036801.
21. Olesen, L., Quantized conductance in an atom-sized point contact.
Phys. Rev. Lett., 1994, 72, 2251.
22. Field, M., Smith, C. G., Pepper, M., Ritchie, D. A., Frost, J. E. F.,
Jones, G. A. C. and Hasko, D. G., Measurement of Coulomb
blockade with a non-invasive voltage probe. Phys. Rev. Lett.,
1993, 70, 1311.
Received 5 January 2011; accepted 12 January 2011

487

