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In metal&xide-semiconductor structures on In81 ~e measure the static and the far-infrared
conductivity of an array of narra inversion channels that exhibit quantization into one-
dimensional (1D) subbands. From oscillations in the static magnetorcsistivity we determine the
single-particle 1D subband spacings. These energies are compared with intersubband energies of
transitions between the 1D subbands obtained by far-infrared Fourier spectroscopy. %e Snd that
depo1arization and exciton shifts account for about 20% of the intersubband energies at an elec-
tron density ng 3X10~ cm

The two&imensional (2D) electron gas' of layered
semiconductor structures becomes quantized into 1D sub-
bands when their laterally confining dimensions are nar-
row enough. This has been inferred from oscillatory
structure in the conductance of multichannel metal-
oxide-semiconductor (MOS) devices on silicon2 as well as
from magnetoconductance oscillations in single channels3
of GaAs/Ga&-, AI„As fieldwffect transistors. Recently,
1D subband quantization was demonstrated by direct ob-
servation of transitions between the subbands applying
far-infrared (FIR} spectroscopy to periodic arrays of
submicron inversion channels. ~ Such microstructures of
macroscopic area are prerequisite for spectroscopic exper-
iments and are also advantageous to detect 1D quantiza-
tion in transport studies since universal conductance Suc-
tuations, which tend to obscure conductance oscillations
of the subband quantization, s are averaged out in multi-
wire systems.

Here we study the quasistatic conductivity (v = 10 Hz)
and the FIR transmittance (v 50-200 cm ') in mul-
tiwire inversion channels on InSb at liquid-helium temper-
atures. In our device, which is depicted in the inset of.Fig.
1, NiCr stripes are evaporated onto InSb to form Schottky
barriers in which the Fermi energy is pinned in the band
gap. " The grating of period a 250 nm and width
w=100 nm between two successive NiCr stripes has an
area A 2&3 mm2 sufBciently large to enable FIR
Fourier spectroscopy. The inset depicts the geometry of
the sample. Between NiCr stripes that act as Schottky
barriers, ID electron inversion channels (perpendicular
lines) are induced via a gate oxide and a homogeneous
NiCr gate film which cover the whole grid area and parts
of the Sn contacts (hatched areas), but are not shown.

Free electrons are induced into the narrow channels be-
tween the stripes by the gate voltage Vs. Via four diffused
Sn contacts, the quasistatic resistance R and its derivative
dR/dVs are measured in the direction parallel and per-
pendicular to the stripes. A threshold voltage V, is deter-
mined from the onset of the conductivity along the chan-
nels and we use the voltage difference hVs Vs- V, as a
measure for the density of mobile electrons in the chan-
nels. There is virtually no quasistatic conductivity perpen-
dicular to the channels in the whole range of gate voltages

studied.
In narrow inversion channels, oscillations in the magne-

toresistance arise from the depopulation of subbands3 in
increasing magnetic fields 8. The spin-split subband ener-
gies E can be given analytically if the laterally confining
potential is represented by a harmonic oscillator of eigen-
frequency me'.
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the Fermi energy Er can be calculated, provided the 1D
electron density ni per channel length and the subband
spacing h me are known.

Figure 1 depicts the calculated subband energies
(k„O) and Fermi energy versus magnetic field strength
for channel density ni 2.2X10s cm ' and quantization
energy Arne 11.5 meV. The Fermi energy exhibits maxi-
ma when it crosses the subband energies and it is pinned
to the ground level 0+ in the quantum hmit of strong
magnetic fields. When the Fermi energy passes through a
subband edge, there is a discontinuity in the density of
states and in the intersubband scattering. This causes the
oscillatory structure in the magnetoresistivity.

We note that the Fermi energy crosses a finite number
of levels in the whole range of magnetic fields and, hence,
only a finite number of oscillations is observable. In con-
trast to this, the Fermi energy in a 2D system crosses an

E E~+hm(n+ , 2 )+ +'
2 g isa8. (1)
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In this nation, we have the hybrid frequency
m (m$+m, )'iz with cyclotron frequency m, e8/m .
The motion of electrons in x and z directions is quantized
into equally spaced 1D subbands n 0, 1,. . . and into 2D
subbands i 0, 1,. . . of the corresponding homogeneous
2D electron gas, respectively. The electrons are only free
to move along the channels in the y direction with disper-
sion that depends on the ratio mo/m. In the calculations
we take the effective mass rn 0.014m, and Lande fac-
tor g -51 at the conduction-band edge and only con-
sider the ground 2D subband i 0 From .the density of
statess of the spin-split levels EI„E(k„O)
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FIG. l. One&imensioaal (lD) subband levels n + and Fermi

energy EI vs magnetic Geld strength in the harmonic well ap-
proximation. The arrows mark experimental values for gate
voltage hV» ~29 V that are described by a quantization energy

hey 11.5 meV and an electron density nI 2.2& 10~ cm

14

infinite number of Landau levels when the magnetic field
increases from zero and the number of observable oscilla-
tions depends on electron mobihty (p8 & 1).

Experimental traces of derivatives dR/dVs taken at
various voltages hvs and constant current 1 pA are shown
in Fig. 2 where we also assign subband indices n + to the
maxima. There is some weaker structure in the traces
that is not due to 1D subband quantization. At very weak
magnetic fields there is a maximum whose position
8-0.1 T does not significantly shift with gate voltage and
whose amplitude becomes less pronounced at higher gate
voltages. We think that this structure is related to quan-
tllln llltcffclellcc causlllg negative magnctofcslstance lll

weak magnetic fields. s The shoulders at magnetic fields
8~4-5 T at voltages hVs 10-16 V are due to
Shubnikov-de Haas oscillations arising from the 2D re-
gions between the grating and the contact areas. An ad-
ditional oscillation occurs for voltages 5Vs & 40 V at mag-
netic fields 8= 5 T and is attributed to an oscillation of
thei 1 subband.

The maxima for voltage hV~ 29 V are indicated by
arrows in Fig. 1 as an example. Except for the 0 level,
their positions agree fairly well with the cusps of the Fer-
mi energy for the chosen values of electron density III and
quantization energy Amp. According to previous studies
oil lowMmcnslonal systclns, IBax&ma ln tile Illagnctofcsls-
tance R(8) reSect mallima of the Fermi energy. Hence,
we rather should take the zeros on the right-hand sides of
the oscillation maxima dR/dvs in Fig. 1. However, these
zeros are dificult to identify in the traces. Since we found

by numerical simulation that choosing maxima instead of
zeros affects the values III and Amp at most by 10%, we
adhere to the maxima. Because of this choice, the position
of the 0 maximum lies below its calculated position. In
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FIG. 2. Derivatives of the magnetoresistance along the inver-

sion channels at various gate voltages b, V» above threshold. The
oscillation maxima are marked by their subband indices.

fact, the positions of levels 0- are not decisive for the
evaluation of parameters III and mp, since 1D quantization
most strongly infiuences oscillations in low magnetic fields

(m, & mp).
Normalized FIR transmittances of the same sample are

reproduced in the inset of Fig. 3 for light polarization per-
pendicular to the channels. The line shapes, but not their
amplitudes, are well described by the formula

(3)r(v, )/r(v, )=l-
e 1+ pI-m m

which is adopted from its counterpart'p for homogeneous
2D electron systems. In Eq. (3), we use the classical con-
ductivity of electrons o (pI) cap/[I + (m —pl)/m) Ii2] with

relaxation time r in a parabolic well, the wave admittance
of vacuum Yp (ep/pp) 'I (377 0) ', the dielectric
constant e of the semiconductor, and an effective static
conductivity op eII,p The areal .density II, denotes an

average over the whole grating area and may be calculat-
ed from the relation n, nI/a The sheet r. esistivities of
the homogeneous NiCr gate film and of the metal stripes
are neglected for the perpendicular light polarization.

For gate voltage hvs 30 V, we deduce a mobility

p 16000 cm+ V 's ' and a value n, 1.7X10"
cm . This density is almost a factor of 2 larger than the
one III/u 0.9&10" cm obtained from the transport
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FIG. 3. OneMimensional (1D) subband spacings determined

from magnetoresistance osclllatlons (closed circles) vs gate volt-

age h, V~ above threshold. For comparison, intersubband ener-

gies read from the Fourier spectra of the inset are included

(open circles).

measurements. Only part of this discrepancy can be ex-
plained by the population of the i 1 subband which con-
tributes to the FIR signal. To give an idea„at higher elec-
tron densities this subband contains about 30% of the to-
tally induced electrons in a homogeneous 2D gas on
InSb. 9 Presumably, the action of the metallic grating on
the light wave, which is not covered by Eq. (3), is respon-
sible for the enhanced amplitudes.

In Fig. 3, intersubband energies (open circles) are com-
pared with subband spacings (closed circles) deduced
from the magnetoresistance osciliations. The experimen-
tal error of the intersubband energies, which are directly
read from the Fourier spectra, is approximately 0.3 meV.
The reliability of the subband spacings determined from
the above model is about 1 meV. The model, however,
does not account for band nonparabolicity whose

influence we estimated with an energy dependent mass in

Eqs. (1) and (2). Whereas the subband spacings at low
gate voltages h, Vs~25 V are not affected significantly,
somewhat decreased (~ 3 meV) energies are obtained at a
higher voltage hVs 52 V.

The FIR energies exceed the subband spacings and in-
crease more pronounced with gate voltage, i.e., increas-
ing electron density (nI/hVs =0.075x106 V 'cm ').
Qualitatively, this can be explained by the depolarization
shift m$ m2 —as) which is generally observed for optical
resonances of confined electron systems. " In case of wire
grid structures, '2 the depolarization frequency

1/2
28 5~

Ng (4)
EdgNg

must be calculated with an effective dielectric constant E
which accounts for the discontinuity of the dielectric con-
stant at the oxide-semiconductor interface and for screen-
ing of the metallic stripes and the homogeneous gate film.
This is very diScult to calculate, but an estimate may be
deduced from the present experiments. For gate voltage
d Vs 40 V (see Fig. 3), we observe a shift h mq 8.7 meV
and we have a channel width w=100 nm and an electron
density nI 3&10 cm '. These values require a constant
K=74 in Eq. (4) which is much larger than the dielectric
constant of InSb (e 17.7) and Si02 (s 3.8) and indi-
cates, that screening due to the metallic stripes is very im-
portant to describe the present microstructures. In addi-
tion, a quantitative description of the measured subband
energies should also take into account the exciton shift,
which was found to partly compensate the depolarization
shift in 2D systems. '

In conclusion, transport measurements in narrow inver-
sion channels on InSb demonstrate 1D subband quantiza-
tion with subband spacings h, m0=10 meV. Depolariza-
tion shifts of optical resonances are effectively suppressed
in our structure due to screening in its metallic stripes. In
1D multiwire channels of GaAs/Ga~ -,Al, As heterojunc-
tions, where similar experiments were carried out, '

many-body effects influence intersubband energies more
pronounced than observed here.
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