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Universal Conductance Fluctuations in Silicon Inversion-Layer Nanostructures
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%e measure the conductance variations of submicrometer inversion-layer segments in silicon de-
vices, systematically changing the length, width, inelastic diffusion length, gate voltage, magnetic
field, and temperature. Results agree with the theory of universal conductance fluctuations,
demonstrating that random quantum interference causes rms conductance changes EG= e2/k in
each phase-coherent subunit of each segment. The random quantum interference is extremely
sensitive to change of a single scatterer.

PACS numbers: 72.20.My, 72.15.—v, 72.20.Dp, 73.40.Qv

It is now well understood that low-temperature con-
ductance changes due to weak localization (coherent
backscattering) are an example of electron quantum
interference in disordered metals. ' In recent theoreti-
cal investigations, 2 a new type of sample-specific ran-
dom quantum interference of a surprisingly universal
character is asserted to affect to varying degrees all
conductance measurements on disordered metals. In
this Letter, we experimentally confirm key predictions
of this theory of "universal conductance fluctuations. "

Random quantum interference arises from the
scattering of electron waves by the particular disor-
dered configuration of scatterers ("impurities") in
each specimen. A single specimen should exhibit dif-
ferent conductances G corresponding to changes of
magnetic field (phase) and electron energy (wave-
length) sufficient to rerandomize the interference.
Macroscopically similar specimens —having the same
dimensions, electron density, and average density of
scatterers —should show a similar range of specimen-
to-specimen variation due to microscopic differences
of configuration. In both cases, for phase-coherent
specimens, the theory predicts an rms variation SG
with a universal magnitude of approximately e/h
= (25.8 k0) '. For specimens consisting of N
phase-coherent subunits, it predicts that the fractional
fluctuations are smaller by Nti2 because of self-
averaging.

Two manifestations of this random interference are
the aperiodic magnetoresistance fluctuations observed
in small metal wires9'0 and narrow Si inversion
layers, "I2 and the periodic h/e Aharonov-Bohm oscil-
lations observed in metal'3 Is and quantum-well'6
rings. Prior comparisons between theory and the
aperiodic phenomena have been based on one or two
devices with very small fractional effects. In the
present Letter, we systematically confirm a broad
range of key predictions of the universal conductance
fluctuations theory, including systems in which the

fractional effect is of order unity.
We have fabricated dozens of Si inversion-layer seg-

ments of various lengths and widths in the range
0.04-1.0 IM, m and have measured the conductance of
each at a variety of gate voltages, magnetic fields, and
temperatures. Our devices are n-channel metal-
oxide-silicon field-effect transistors (MOSFETs) with
multiple contacts and narrow channel segments. The
device structure and fabrication is described in Mank-
iewich. '7 Each device contains a narrow channel of
width W with several side branches that are used as
voltage-measuring probes, defining segments of length
L, as shown in Fig. 1. The conductance G = I/ V of a
given segment is defined as the fixed dc bias current I
through the segment, divided by the measured voltage
drop V across it. Currents in the nanoampere range
are used, so that voltage drops remain less than ka T/e,
to minimize electron heating.

Figure 2 shows three typical experimental traces at
4.2 K from the device segment 4-2 indicated in Fig. 1

(L =0.3 IM, m, W= 0.1 p, m), with conductance ex-
pressed in units of e2/h. [g = G/(e2/h). ] The con-
ductance varies aperiodically with magnetic field (elec-
tron phase) and the pattern evolves with changes of
gate voltage (electron energy). " Each set of about a
dozen such traces can be summarized by an average

0.5 pm
FIG. 1. Typical geometry of a MOSFET inversion layer

with six voltage probes.
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FIG. 2. Dimensionless conductance vs magnetic field at
three gate voltages, for the inversion layer segment indicat-
ed in Fig. 1, showing aperiodic conductance variations of or-
der e~/h.

conductance (G), a root-mean-square deviation SG,
and a conductance correlation function4 C that
depends on magnetic field displacement 58 and gate-
voltage displacement 4 VG. The function C sums
products of deviations, computed here with respect to
the average value for each magnetic field trace. This
isolates random interference phenomena from average
dependences of the conductance on gate voltage. Fig-
ure 3 shows the correlation function (normalized to
the variance) for a set that includes the data tn Fig. 2,
with (G) =11.7e /h, and SG =0.65e2/h. The correla-
tion function has half-widths 8, = 0.48 T and

VG, =0.22 V. These correspond respectively to a
magnetic flux of 3.5h/e in the area of the segment,
and to a chemical-potential change in the inversion
layer of p,, =1.6 meV=4. 5kaT.

In order to compare such experimental results with
theory, it is necessary to consider the phase coherence
within the device. In the absence of magnetic impurity
scattering, the length scale for destruction of phase in-

formation is set by the inelastic diffusion length
L = (D7 )'lz, where D = vFl/d is the diffusion con-
stant for dimensionality d with respect to the mean
free path l, and 7;„is the inelastic scattering time. For
two-dimensional electron-electron scattering, ~;„ is
proportional to D/T and D is proportional to the aver-
age conductance of a square (g~) = (G) L/W(e /h).
Weak-localization experiments on large MOSFETs'8
and parallel arrays of long, narrow MOSFET chan-
nels'9 2' agree (to better than a factor of 2) with

L;,=15(go) (T/[1 K]) '~' nm.

For completeness we note that a different diffusion
length LT = (hD/ka T) 'l2 governs the process by
which simultaneously diffusing waves at different en-
ergies retain phase information but tend to get "out of
step. " In our MOSFETs, unlike most metals, we have
L;„&LT, allowing us to ignore the latter effect in the

0 0.5
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FIG. 3. Normalized correlation function vs. displace-
ments of magnetic field and gate voltage, for data set includ-
ing data of Fig. 2.

Sg= [max(L;„,W)/L]'l'[L;„/L],

p, , = min(n 2t/~;„, several ka T),

8, = (2.4h/e)/[L;„min( O', L;„)].

(2)

(3)

(4)

For the data set corresponding to Fig. 3, L;„=0.25
p, m, so that W'& L;„&L. Thus the segment consists
of slightly more than one quantum subunit, and the
measured quantities are in excellent agreement with
these predictions.

Figure 4 compares Eq. (2) with the measured Sg for
many dozens of data sets, limited to 8 & 2 T so that
weak localization effects are small. The various trian-
gles and squares represent data sets from a compre-
hensive survey of device segments at three different
widths (0.06, 0.1, and 0.25 p. m), three different
lengths (0.15, 0.3, and 0.45 p, m), two different tem-

discussion and equations that follow. 22

In our case, if one or more dimensions of the sys-
tem being studied exceed L;„,then the appropriate
length L or width W'can be divided into N= L/L;„or
M= W/L;„phase-coherent subunits. These subunits,
differing by typically SGt = e2/h, can be combined with
use of classical series-parallel addition23 to yield a com-
bined fluctuation of relative size (MN) 'l2 and abso-
lute size SG =M' 2N 2e2/h. The magnetic field
change 8, characterizing the phase correlation of the
random interference then corresponds to putting
several flux quanta h/e in the area of each phase-
coherent subunit. (Reference 4 finds that the charac-
teristic flux is =2.4h/e for a strip longer than it is
wide. ) The chemical potential change p, , characteriz-
ing the energy correlation of the interference corre-
sponds to the lesser of E, =~2k/r;„and several kaT,
with the latter case applying in all of our devices. 22

Experimentally, L and W'are measured from elec-
tron micrographs of the devices, and L;„is determined
from Eq. (1) and the average conductance of each data
set. In terms of L, IV, and L;„,the 1D and 2D
theoretical predictions described above (for the
relevant case L;„&LT) reduce to
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peratures (4.2 and 2 K), and various different gate-
voltage ranges, corresponding to values of L;„ranging
from 0.03 to 0.42 p, m. The circles represent miscel-
laneous data sets from other devices with an even wid-
er range of parameters. Excellent agreement is ob-
tained over two and a half decades of fluctuation am-
plitude. Moreover, ali changes corresponding to a sys-
tematic variation of one of the parameters follow the
predicted trend. Thus, the amplitude e2/h of the con-
ductance fluctuations of the individual quantum sub-
units is confirmed to within the factor of 2 experimen-
tal uncertainty.

Figure 5 compares the experimental magnetic-field-
eorrelation half-width with Eq. (4) for all devices with
the predicted 8, less than 1 T. Both the magnitude
and trend are accounted for. Data outside this range
correspond to specimens with anomalously short L;„
because of radiation damage induced during repeated
examination in the electron microscope. In this case,
random trap switching, discussed later, may account
for the limited magnetic field correlations observed
during long field sweeps. The observed energy corre-
lations p, , for the various data sets are also consistent
with the theoretical value of 3ka T & E„itwhin the ex-
perimental scatter of about a factor of 2.

The case of short, narrow segments with long inelas-
tic lengths is worthy of special note. For segments
with L;„)L & W, the effective quantum area de-
duced from the measured 8, systematically exceeds
the area between the voltage pmbes, by up to a factor
of 3. Similarly the measured &G exceeds e /h. We
speculate that this arises because the average conduc-
tance of the measured segment is larger than the con-
ductance of the phase-coherent area. This situation
has not been considered in recent theories because
they have been applied to disordered conductors with

Sg (THEORY)

FIG. 4. Measured vs predicted rms fluctuation amplitude
in units of e2/h for many data sets with a wide range of ex-
perimental parameter values. (Open symbols, 4.2 K; solid 2
K.)

B THEO(t, esia)
C

FIG. 5. Measured vs predicted magnetic field correlation
half-width. The key is the same as for Fig. 4.

perfect leads. Our voltage probes measure segments
connected to an additional disordered conductor, and
quantum interference fmm scattering outside the
probes as well as between them is clearly allowed.
This picture is consistent with the model of quantum
conductance measurement with voltage probes adopt-
ed by Engquist and Anderson. 24

Another result worthy of note is the extreme sensi-
tivity of the quantum conductance to the change of a
single scatterer. Figure 6 shows selected magnetic
field sweeps at 2 K for a segment with L =0.3 p, m,
%=0.06 p. m, and L;„=0.07 p, m, thus containing
about four quantum subunits. This corresponds to the
prediction Sg = 0.1 and 8, = 2 T. The expected
smooth, reproducible conductance variations are cut
short by sudden switching, of magnitude comparable
to Sg. In larger devices at higher temperatures, we
have extensively studied switching phenomena caused
by the fluctuating occupancy of a single electron
trap, 2 representing one scatterer turning on and off.
Here, the top trace ( VG = 4.5 V) can be interpreted as
repeated switching among a small number of different
"magnetofingerprints, " each corresponding to a par-
ticular configuration of scatterers with its own quan-
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FIG. 6. Top trace: A small, low-mobility device at 2 K
with V6=4.5 & shows random time s~itching between dif-
ferent "magnetofingerprints, " most likely corresponding to
different configurations of scatterers. Lo~er trace: At 4.4
V, only an occasional glitch is observed.
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turn interference pattern. The lower trace (&G=4.4
V) shows only an occasional glitch. Such switching
was encountered most frequently in devices with an
anomalously high density of scatterers (small gci).

In a related experiment on a O. l-p, m-wide device, '

three out of the five gate-voltage ranges that showed
interface trap switching at 4.2 K showed simultaneous
switching effects in three adjacent segments, roughly
consistent with all three segments sampling a single
quantum area of size I;„that contained the particular
trap. Further study of this and related phenomenon
should be of considerable interest.

Finally, we have already noted in Fig. 9 of Ref, 12
that the transverse Hall resistance R~ shows conduc-
tance fluctuations comparable to those of the longitu-
dinal R reported here, as predicted by Ref. 5.

We gratefully acknowledge helpful discussions with
R. Landauer, D. J. Bishop, A. E. White, R. C. Dynes,
J. Denker, P. A. Lee, and Y. Imry.

IFor reviews, see P. A. Lee and T. V. Ramakrishnan, Rev.
Mod. Phys. 57, 287 (1985);G. Bergmann, Phys. Rep. 107, 1

(1984).
&A. D. Stone, Phys. Rev. Lett. 54, 2692 (1985).
B. L. Al'tshuler, Pis'ma, Zh. Eksp. Teor. Fiz. 41, 530

(1985) [JETP Lett. 41, 648 (1985)].
4P. A. Lee and A. D. Stone, Phys. Rev. Lett. 55, 1622

(1985).
B. L. Al'tshuler and D. E. Khmel'nitskii, Pis'ma Zh.

Eksp. Teor. Fiz. 42, 291 (1985) [JETP Lett. 42, 359 (1985)].
68. L. Alt'shuler and B. Z. Spivak, Pis'ma Zh. Eksp. Teor.

Fiz. 42, 363 (1985) [JETP Lett. 42, 447 (1985)].
~S. Feng, P. A. Lee, and A. D. Stone, Phys. Rev. Lett. 56,

1960 (1986).
sH. Fukuyama, P. A. Lee, and A. D. Stone (unpublished).

9C. P. Umbach, S. washburn, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. B 30, 4048 (1984).

IOS. Washburn, C. P. Umbach, R. B. Laibowitz, and R. A.
Webb, Phys. Rev. 8 32, 4789 (1985).

'IJ. C. Licini, D. J. Bishop, M. A. Kastner, and J. Meln-
gailis, Phys. Rev. Lett. 55, 2987 (1985).

' %. J. Skocpol eI al, , to be published.
~3R. A. %ebb, S. Washburn, C. P. Umbach, and R. B.

Laibowitz, Phys. Rev. Lett. 54, 2696 (1985).
' V. Chandrasekhar, M. J. Rooks, S. %ind, and D. E.

Prober, Phys. Rev. Lett. 55, 1610 (1985).
tsC. P. Umbach et al . Phy. s. Rev. Lett. 56, 386 (1986).
t6S. Datta et o/. , Phys. Rev. Lett. 55, 2344 (1985).
~7P. M. Mankiewich et al. , J. Vac. Sci. Technol. B 4, 380

(1986).
~8D. J. Bishop, R, C. Dynes, and D. C. Tsui, Phys. Rev. 8

26, 773 (1982).
t9W. J. Skocpol ei oi. , Phys. Rev. Lett. 49, 951 (1982).
zoW. J. Skoepol er al. , Physica (Amsterdam) 117Etll$8,

667 (1983).
2~%'. J. Skocpol, in Proceedings of the %'inter School on

Physics and Fabrication of Microstructures, Les Houches,
France, 24 March-6 April 1986, edited by M. J. Kelley and
C. Weisbuch (to be published).

&21f L;„&Lr, then E, =7r't/r;„ is less than kaT and addi-
tional averaging over distinct interference patterns for dif-
ferent energies is required, as discussed by A. D. Stone and
Y. Imry, Phys. Rev. Lett. 56, 189 (1986), and Refs. 5 and 8.

23Y. Imry, Europhys. Lett. I, 249 (1986).
2~H. -L. Engquist and P. W. Anderson, Phys. Rev. B 24,

1151 (1981).
zsK. S. Rails er a/. , Phys. Rev. Lett. 52, 228 (1984).
z6L. D. Jackel et a/. , in Proceedings of the Seventeenth Inter

national Conference on the Physics of Semiconductors, San
Francisco, 1984, edited by J. D. Chadi and W. A. Harrison
(Springer-Verlag, New York, 1985).

27R. E. Howard et a/. , IEEE Trans. Electron Dev. 32, 1669
(1985).

2868




