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The localization and electron-electron interaction parts of the small conductivity varia-
tion with temperature have been extracted from data obtained on narrow field-effect tran-
sistors. One-dimensional behavior is observed and is compared with measurements on.

the two-dimensional region of the test samples. Magnetoconductance which selectively
removes the localization part of the resistance has allowed a theoretical interpretation
of the total temperature dependence.

PACS numbers: 71.55.Jv, 72.15.Lh, 73.40.Qv

The interpretation of magnetoconductance meas-
urements perf ormed on two-dimensional silicon
inversion layers has been a significant triumph
of localization theory. ' ' By comparison with a
scale set by a magnetic length &s =(h/2e&)", ex-
periments have deduced the electron diffusion
length between inelastic collisional events, a
quantity which previously has been difficult to
measure with such directness. '4 Concurrently,
the calculation of perturbative corrections to the
conductivity showed that small conductivity varia-
tions will arise of form similar to that predicted
by localization considerations. The exchange and

Hartree contributions making up this electron-
electron interaction nearly cancel each other for
the case of short-range impurity potentials appli-
cable to inversion layers. ' Thus, in comparison
with localization the interaction. effect is small. '
In the transition from two dimensions to one di-
mension, ' phase-space considerations prevent

this near cancellation. Hence there is a high
likelihood that both phenomena will be significant.
We report observations on quasi one-dimensional
silicon inversion layers where both contributions
to the small conductivity changes are comparable
and distinguishable by magnetoconductance meas-

urementss.

Long but narrow metal-oxide- semiconductor
field-effect transistors (MOSFETs) have been
fabricated where the width is comparable to &;„,
the inelastic length. That such a structure ought

to exhibit one-dimensional localization behavior
can be seen by examining the theoretical expres-
sion for the weak-localization conductance appli-
cable at a finite temperature, '

Ses D 1
~n I.iV, , (Dq'+1/~, „)'

Here I- and 8' are the length and width, respec
tively, of the sample, T;„ is the inelastic time,
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q' is the momentum of an electron pair, D is the
electron diffusivity, and S =2 is the degeneracy
factor for [100] inversion layers. ' The narrow
boundaries defined by the width quantize p„such
that its values are restricted to 0 and pIr /& where
p is an integer:

Ocr =-
@0

Irh LW, ~ o q~ +(DW;„) '+(pIr/g)2 '

When &;„=(D~;„)"'&&/rr, the p&0 terms make
very small contributions to the sum. With p, as-
suming quasicontinuous values, we have

(2)2~@ 8 2~4 8

in mks units, where ~0 is expressed as a two-di-
mensional conductivity. The localization conduc-
tance per unit length, 5G = Ii'&0', for a small mag-
netic field applied perpendicular to the plane of
the sample, has been given by Al'tshuler and
Aronov' as

Here I' is a theoretical screening parameter
equal to 0.8 for the case at hand. ' Theoretically
there is some controversy over the effect of a
small magnetic field upon the interaction part. ' "
Experimentally in narrow metal wires the effect
of a small magnetic field is unobservable. "

Devices have been fabricated which allow the
simultaneous measurement of both a two-dimen-
sional and a narrow channel. Fabrication used a
combination of optical macro- and micro-photo-
lithographic techniques on an initially wide-gate
structure. " The design is schematically shown
in Fig. 1. Each segment can be probed potentio-
metrically so as to avoid magnetic end effects as
well as contact resistances. Since both sections
are subjected to the same oxide growth and an-
nealing procedures, we expect uniformity over
the complete channel. Comparison of measured
channel geometries and conductivities implies
that any nonuniformity between differing widths
on the same device is less than 5/o. The devices

5G(a)--, , +, 4

We contrast this expression to that for the two-
dimensional system where the lengths are com-
pared according to the digamma function. "Thus
in both dimensions a perpendicular field removes
the localization part of any resistance change, a
change induced by the temperature dependence of
Tin ~

Follawing a similar argument, one can show
that when (hD/KsT)"'& tv/rr the interaction mech-
anism leads to the one-dimensional result, "
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FIG. 1. A schematic representation of the gate struc-
ture of devices used in these experiments. The dark-
ened areas indi. cate locations of diffused n+ probe re-
gions. Here 8" =100&10 mI 4' =1050&&10 m, and
I- =25&10 m. The data reported here were from de-
v.ice AU310 where the mean value of N =0.40& 10 6 m
with a mean deviation of 0.02&'10 m.
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FIG. 2. Magnetoconductance measurements, ~R
=

L dA (0) —oA(B)]/8, against magnetic field for differ-
ing temperatures displayed for the narrow channel (up-
per part) and the wide channel (lower part). Fits to
the theoretical expressions for a single parameter l, „
are indicated at 5-G intervals. Here n, =5.98&&10' /m
for the narrow channel and n~ =5.99&& 10 /m for the
wide channel, and D =1.4& 10 m /s, implying a mean
free path of -10 m.
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had oxide thickness about 3.5& 10 ' m with maxi-
mum mobilities between 17000 and 20000 cm'/V
s. The size of the narrow region was measured
by scanning electron microscopy after all elec-
trical measurements were completed.

In Fig. 2 we display the magnetoconductance ob-
served for both channels at a number of different
temperatures for nearly the same electron sur-
face density n„where &FE, =46. The inelastic
lengths are extracted from the data by fits to the
theoretical localization expressions. We have
been unsuccessful in fitting the magnetoconduc-
tance data with the two forms suggested by Al'
tshuler and Aronov, attributing all magnetocon-
ductance either to the interaction part or to a
sum of interaction and localization parts. ' We
conclude that the interaction part is insensitive
to a weak magnetic field. Similar data and quan-
titatively equivalent fits at other electron surface
densities and on a second similar device have
been obtained.

The temperature dependence of these inelastic
lengths deduced from the magnetoconductance,
shown in Fig. 3, gives further credence that one-
dimensional localization is being observed. We
follow the current understanding that 6lectron-
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FIG. 3. Plots of I, jn deduced from the magnetoconduc-
tance data (Fig. 2) against temperature. The upper
curve is that associated-with the wide channel, the low-
er curve with the narrow channel. These results for
the narrow channel demonstrate that the condition l j„
&l4'/n, as well as (+D/ki') ' &0'/rr, are satisfied at aii
temperatures investigated. Numerically, Eqs. (5) and

(6) predict that the ratio of inelastic lengths is 3.6 at
0.5 K. We believe these results are in satisfactory
agreement, considering a possible error of 10% in the
absolute magnitudes, as discussed in Ref. 4. The tri-
angles are drawn as an aid to the eye, where the slopes
are proportional to I' and l'

FIG. 4. The individual contributions to the resistance
change plotted as a function of temperature. Curve (1)
is the contribution due to the temperature-dependent
Coulomb scattering, based on the empirical formula in
the text. Curve (2) is the contribution due to electron-
electron interaction, calculated theoretically from Eq.
(5) . Curve (3) .is the localization contribution, where

L j fi has been dete rmined from the magnetoc ond uctance
measurements. The sum of these contributions is in-
dicated by the solid curve. The zeros of the data points
AR/R relative to A at l' =4.2 K are positioned to agree
best with the sum curve. The total change in the data
from 4 to 0.5 K is nearly 3%, larger than the sum of
the temperature-dependent screening part plus either
the localization or the interaction part over this tem-
perature range. At lower electron surface densities
the temperature-dependent screening part is larger than
here such that AR/8 data clearly show a minimum well
below 4 K.
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electron scattering processes are the dominant
inelastic mechanisms in high-mobility MOSFETs.
The rates are for momentum-conserving scatter-
ing 1/&;„- (T/TF)'." For impurity-mitigated
scattering at low temperatures, the predicted
rates are for two-dimensional systems"

a
@2 KT, (5)

and, on extension of the calculation to the one-di-
mensional case,

1 aW2 AT"' . ae'~2D AT "'
eke g ~k rrkthg Dh

where N is the density of states, a has a theoreti-
cal value of 1 at I' =0, and experimentally a -10
for both cases. As the temperature is reduced,
we expect that the latter process will dominate,
leading toward an ~;„dependence upon tempera-
ture as T ""where d is the dimensionality.

For the narrow channel it is now tempting to
ascribe any resistance change with temperature
to be solely a sum of the localization and interac-
tion parts. Unf ortunately a temperature-depen-
dent screening conspires to make this difficult. ""
The actual temperature dependence is, in the
spirit of a Matthiessen's rule, the sum of these
three contributions. Since the mean free path is
less than the sample width, the latter can be
represented, for high-mobility devices, as a
temperature-dependent elastic scattering rate
1/T& =(1.5+0.5)x10' T/&, T, s '. In Fig. 4 we
plot each contribution and the sum. Also indi-
cated are the measured values of bR/R relative
to R at 4.2 K. We take these data to be in excel-
lent agreement, confirming the existence and
magnitude of all three contributions to the tem-
perature dependence.

We have constructed a quasi one-dimensional
electron system where &Fl, » 1 from a silicon
inversion layer by fabricating a channel width
less than the inelastic length. Resistance and
magnetoconductance measurements have allowed
us to extract both localization and interaction
contributions to the differential conductance.

We conclude by noting that while the localization
mechanism is dominant in two dimensions,
the situation is quite different in one dimension.
If we desire to have the localization resistance
larger than the interaction resistance then
l, , & taD/AT)"'. If I;, is limited by the scat-
tering time given by Eq. (6), we obtain &'/l@D/
AT]"'~ (e'/nhv)v 2a. The left side of this inequal-
ity is less than &; therefore the conductivity must
be larger than v, = (e'/m%)~2a. This result im-
plies that the localization resistance is not easily
observed in silicon inversion layers when 0 & 4
x 10 ' (0/D )
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