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Thermovoltaic Evidence for Electronic Knudsen Flow through Silicon Microcontacts
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Asymmetric heat generation is detected by Seebeck-voltage measurements in current-
carrying microcontacts, produced by adjoining two wedges of' n-type silicon in ultrahigh
vacuum. Decreasing the contact dimensions increases this asymmetry, which arises in
the Knudsen regime of ballistic electron transport when the geometric dimensions of the
contacts are sufficiently reduced to become comparable to the electron mean free path.

PACS numbers: 72.20.Pa, 72.80.Cw, 73.40.Lq

Electronic transport is severely affected by re-
duction of the sample dimensions. New phenom-
ena arise whenever characteristic lengths of a
transport-sustaining structure approach the mean
free path of the carriers. C.harge transport
through solid-state configurations of reduced ge-
ometry has recently attracted much interest. ' '
Less attention, however, has thus far been de-
voted to the interplay of thermal and electrical
transport in such small structures. " Yet, novel
effects can be expected here, such as those con-
cerning the solid-state analog to the Knudsen flow
of rarefied gases. The Knudsen regime arises
when orifice dimensions become small enough to
approach the mean free path of the gas molecules,
leading to free molecule flow rather than con-
tinuum behavior. ' Similar phenomena in solids
will provide new information, for example, con-
cerning electron-phonon interactions or boundary
scattering, and might entail novel applications
such as improved thermoelectric eonverters with
reduced geometrical dimensions.

This Letter reports the results of a series of
elementary experiments on microcontacts of sili-
con under highly controlled conditions. The exis-
tence of a regime of ballistic Knudsen flow is
proved by the detection of asymmetric heat gen-
eration. As the contact area between two semi-
conductor specimens of like conductivity type is
reduced, the majority-carrier current traversing
the contact produces heat predominantly within
the downstream part of a contact. The asymmetry
can be detected by measuring the thermoelectric
Seebeck voltage and is explained quantitatively.

Our experiments consist in producing well-de-
fined small-area contacts between two wedge-
shaped pieces of highly doped (3 x 10 ' 0 cm,
phosphorus doping), n-type silicon. The wedges
are arranged facing crosswise in ultrahigh vacu-
um and are cleaned by ion bombardment as well
as analyzed for purity by Auger spectroscopy be-
fore they are pressed against each other piezo-
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FIG. 1. Inset: Experimental arrangement. Two
wedges of n-type Si are mounted on Cu blocks. One is
kept at room temperature Tp, and the other may rise
to T as a result of the current I traversing the contact.
After current flow, the switch is thrown to measure
T —Tp via Seebeck voltage. The plot shows the heat
asymmetry Y as a function of resistance p, which
can be converted to a Knudsen ratio K. The curve
represents theory, assuming an electron mean free
path of g = 2 nm.

electrically; the mechanical compressing force
is measured capacitively. The details of the
equipment are described elsewhere. ' Variation
of the contact pressure determines the contact
area, which is monitored via the electrical re-
sistance of the contact. Current is then passed
(in either polarity) across the contact. After
passage of the current for approximately 10 min,
a steady-state temperature profile is reached,
and then (within less than 0.2 sec) the Seebeck
thermoelectric voltage is measured, which direct-
ly detects any temperature imbalance between the
two legs of the microcontact. A schematic view
of the arrangement is shown in the inset of Fig. 1.

The electrical resistance A of a small constrict-
ing circular orifice of radius g is"

R=(2aa) "+K/2oa=R~+RK,
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with the Knudsen ratio"

Z= l/a, (2)

(5)

which tends to zero for bulk contacts and to unity
for microcontacts of very small dimension (i.e.,
large Knudsen ratios). Equation (5) presents an
upper limit for Y, since any heat flowing across

where 0 denotes the electrical conductivity and l
the mean free path of the carriers. "9 The term
gM describes the well-known "Maxwell" spread-
ing resistance'" for contact radii g» l. If a
« l, the Knudsen ratio K becomes so large that
RK dominates the resistance. Equation (1) treats
the carriers as cIassical particles similar to a
molecular gas in the standard Knudsen descrip-
tion we thus call RK the "Knudsen resistance. "
The multiplication by A eaneels in PK the charac-
teristic mean free path contained in 0; assessing
the scattering. The Knudsen resistance thus de-
scribes a ballistic transport controlled by the
small geometry. If a voltage is applied across a
microcontact with large Knudsen ratio K, then
the electric field is confined to regions of dimen-
sion a of the contact. Carriers are accelerated
within this field region, propagate ballistically,
i.e., without scattering, and begin to lose their
kinetic energy to the lattice only after having
traversed distances of order l & a. Thermoelec-
tric conversion into heat is thus restricted to the
downstream part of a contact couple. Although
the contact construction is entirely symmetrical
and also contains no p njunc-tion, its dimension-
al restriction causes it to become increasingly
asymmetrical in electron-phonon interaction,
leading to a unidirectional injection of lattice heat.

The total heat generation rate by the current I
is also split into a Maxwellian and Knudsen part:

q —It MI + It K I = q M+ q K. (8)

While QM arises symmetrically around the ori-
fice, the Knudsen part QK is created only in the
downstream part, which the carriers are ap-
proaching, since their excess energy gained in
the high-field region of the orifice is transferred
to the lattice after the passage. We characterize
this asymmetry of heat production by

1=(e,-e.)/(@, V, ), (4)

where Q, is the rate of change of heat in leg i of
the contact. If one assumes that all heat stays
within the contact leg where it was generated,
Eq. (4) simplifies to

1'= q, /q = Z/(v+1),

the contact reduces the asymmetry Y.
A number of mieroeontacts are analyzed in de-

tail. Current-voltage measurements reveal non-
linear behavior for large Knudsen ratios, which
is probably caused by carrier multiplication in
the high-field region near the contact. For the
thermal measurements reported here, we use
contacts of up to 3 kQ resistance. The main
source for the scatter of the experimental data
is not the nonlinearity but an inevitable change of
the contact resistance during the traversal of the
current. This scatter. .increases with increasing
g, i.e., with decreasing contact geometry. The
average value of R during current passage is
then used. From the resistance 8, we calculate
the contact radius a with Eq. (1), and hence the
Knudsen ratio K, with the assumption of a value
for l. Both A and K are plotted as abscissae in
Fig. i. The mean free path in the silicon is here
chosen to be t = v, rn* p. /e = 2 nm, this fit being in
good agreement with estimates for the room-
temperature thermal velocity" v, = 5 x 10' m/s,
an average effective electron mass m*=0.8
x 10 "kg, and an electron mobility" appropriate
for heavy doping of p. = 8 x 10 ' m'/V s.

For each contact, a series of measurements is
performed to obtain the thermal asymmetry Y.
The measured total Seebeck thermovoltage Us is
given by

U, = const x [(1+ y)RI'/2 + n I],
where + I denotes polarity and magnitude of the
electric current. The term mI accounts for the
Peltier heat created at the junction between the
silicon sample and its copper block support; the
Peltier coefficient m applies to the combination
Si/Cu. Applying two polarities and two magni-
tudes each of the current I, one can determine
both n and Y from the four experimental Seebeck
voltages Us. The Peltier coefficient which we
thus obtain agrees we11 with the literature value,
and thus provides a consistency check. The tem-
perature differences, as measured by the See-
beck voltage, never exceed 1 C. The values of Y
thus obtained are plotted as the ordinate in Fig. 1.

Figure 1 clearly shows the expected increasing
asymmetry of heat generation due to the ballistic
traversal of the microcontact. The curve is a fit
with l =2 nm for Eq. (5), which neglects any re-
verse heat flow, such as by lattice or electronic
thermal conductivity. This neglect seems justi-
fied, as the fit indicates. The deviation towards
too large a value of Y for g= 3 kQ might stem
from two small contacts in parallel.
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In conclusion, we have shown that elementary
electrical and thermal measurements, done under
well-defined conditions with semiconductor micro-
contacts, verify the existence of the solid-state
equivalent of Knudsen ballistic Qow and its conse-
quences for asymmetric generation of lattice
heat. Such thermoelectric measurements repre-
sent useful additions and valuable alternatives to
the presently purely electrical current-versus-
voltage analysis of microstructures such as by
tunneling spectroscopy. "Determinations of car-
rier mean free paths, contact dimensions, and
correlations of differential electrical resistance
with the rate of lattice heating should, for exam-
ple, provide new insight into solid-state micro-
structures. Current-carrying point contacts of
defined small dimensions promise useful thermo-
electric device applications of improved conver-
sion efficiencies as a result of the principal pos-
sibility of spatially selective heat generation, as
here demonstrated, and because small structures
can be made to relax the strong relation —which
is inevitable for bulk systems between thermal
and electrical resistances.

We gratefully acknowledge the many discussions
with Dr. R. Dahlberg (Heilbronn), who stimulated
our work on thermoelectric phenomena at micro-
contacts, which eventually lead to the results de-
scribed here. This work was done under Contract
No. T/RF 32/91047/91340 from the Federal Gov-
ernment of Germany in cooperation with AEG/
Telefunken (Heilbronn). We thank Professor
E. Gmelin for much help and many useful discus-
sions and Dr. E. Zimmermann (Gottingen) for as-

sistance with the electronics.

( ~Present address: Physikalisch-Chemis ches Insti-
tut, University of Heidelberg, D-6900 Heidelberg,
Federal Republic of Germany.

~Physics of Nonlinear Transport in Semiconductors,
edited by D. K. Ferry, J. R. Barker, and C. Jacoboni
(Plenum, New York, 1980).

A. G. M. Jansen, A. P. van Gelder, and P. Wyder,
J. Phys. C 13 6073 (1980).

L. F. Eastman, in Festkorperprobleme: Advances
in Solid State Physics, edited by P. Grosse (Vieweg,
Braunschweig, 1982), Vol. XXII, p. 173; K. Hess,
IEEE Trans. Electron Devices 28, 937 (1981); A. B.
Fowler, A. Hartstein, and B. A. Webb, Phys. Rev.
Lett. 48, 196 (1982).

Early experiments on point contacts are described
by J. Tauc, Photo and Thermoelectric Effects in Semi-
conductors (Pergamon, Oxford, 1962).

5Minimal metallic conductivity and thermopower are
discussed by M. J. Burns, W. C. McGinnis, R. W.
Simon, G. Deutscher, and P. M. Chaikin, Phys. Rev.
Lett. 47, 1620 (1981).

M. Knudsen, Ann. Phys. (Leipzig) 28, 75 (1909);
R. D. Present, Einetic Theory of Gases (MoGraw-Hill,
New York, 1958).

VU. Gerlach-Meyer, unpublished.
Yu. V. Sharvin, Zh. Eksp. Teor. Fiz. 48, 984 {1965)

ISov. Phys. JETP 21, 655 (1965)].
~G. Wexler, Proc. Phys. Soc. London 89, 927 {1966).

'OFactors y and 8~/8, as calculated for E and Ã iu
Ref. 9, see Eq, (44), are here assumed to be unity for
simplicity.

'~J. C. Maxwell, A Treatise on Electricity and Mag-
netism (Clarendon, Oxford, 1904).

S. M. Sze, Physics of Semiconductor Devices (Wiley,
New York, 1981), pp. 261, 850.

1906


