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Quenched Phonon Drag in Silicon Microcontacts
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The thermoelectric power of silicon decreases precipitously when the dimensions of a microcon-
tact are reduced below a critical value. The critical dimension L decreases with rising temperature T
and is a measure for an interaction length of electron-phonon coupling. The dimensional reduction
inhibits the phonon-drag contribution to the thermoelectric power; the predicted scaling with
L ' T is verified for the first time.

PACS numbers: 72.20.Pa, 63.20.Kr, 73.40.Lq

Electronic transport in solids is strongly afflicted by
reductions of the sample geometry toward dimensions
comparable to the mean free paths of the carriers and
the phonons. '2 In semiconductors, ballistic transport
of electrons within structures of small sizes has be-
come a topic of great interest not only for the basic
understanding of conduction mechanisms but also for
applications in novel high-speed devices. 2 4 Ballistic
transport, also named "Knudsen flow, " of electrons
has recently been demonstrated in semiconductor mi-
crocontacts by the measurement of an asymmetric
generation of heat by electronic currents flowing
through a symmetrical arrangement. s 6

In this paper, we report studies of the thermoelectric
power of thermocouples of silicon/copper, in which a
microcontact of variable contact area is inserted into
the silicon leg of the couple by means of highly con-
trolled techniques in ultrahigh vacuum. 6 From the
value of the contact resistance we deduce its geometri-
cal dimension. We fmd dramatic decreases of the
thermoelectric power when the dimensions are re-
duced below a critical value, which depends upon tem-
perature. This decrease is seen clearly at temperatures
as high as room temperature. We interpret this drop
of thermoelectric power by a quenching of the
phonon-drag contribution upon size reduction.

The samples used in our experiments reported here
consist of n-type silicon of wedge shape, similar to the
samples described earlier. 5 We chose phosphorus dop-
ing yielding of the order of n = SX10'7 electrons/cm'
at 300 K. The two wedges face each other crosswise.
The microcontact is established by pressing them
against each other by means of a sensitively controll-
able piezoelectric drive. The samples are mounted on
copper base plates, which are placed onto cryostats
operated by continuous flow of liquid nitrogen, which
enables us to maintain controlled temperature differ-
ences within the range from 120 to about 500 K. The
entire arrangement is mounted in ultrahigh vacuum to
control surface conditions and avoid contamination.
Prior to the measorements, the ~edges are cleaned by
ion bombardment and analyzed by Auger spectros-
copy. We always investigate first the current-voltage

relation to check for Ohmic conduction and to obtain
reliable values for the resistance R of our double-
wedge arrangement.

Our results are exemplified in Fig. l. . The ther-
moelectric power 0 is measured with a voltmeter hav-
ing an impedance exceeding 100 MQ. We plot gas a
function of the resistance R, which can be split into a
Maxwellian part RM and a Knudsen part RK.
R =RM+Rx= (.2a L) '+K/2oL, where . a is the
electrical conductance and L the contact radius, as dis-
cussed in detail earlier. s Measurements of R thus en-
able us to derive the contact dimension L, which is
plotted as the upper abscissa in Fig. 1. We select for
Fig. 1 merely a family of four typical curves from our
data, with temperatures Tt and T2 indicated in the in-
set for the schematical setup.

The thermoelectric power 0 is seen to be initially
fairly constant for small R, i.e. , for contacts large
enough to resemble bulk conditions. Within a rather
narrow range of R, a sharp drop occurs, after which
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FIG. 1. Measured thermoelectric voltage U, h, divided by
temperature difference Tq —Tl = 5 T, plotted vs contact
resistance R of silicon microcontacts, as sho~n schematically
in the inset. The contact radius L is derived from R. Curves
are for fixed Tl =300 K; a, T2=342 K; b, T2=388 K; t,
T2=406 K; and d, T2=450 K.
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+ Q»= m'c2fe 'T '(7/7, ), (3)

where m' is the effective mass, c the sound velocity,
and f the fraction of interacting carriers, and 7 and r,
are average relaxation times for the phonons and elec-
trons. 8 As a rule, Q» must thus be derived from ex-
periment by subtracting from the total, measured Q a
calculated electronic part Q, .9'0 Previous measure-
ments have indeed demonstrated the existence of the
phonon-drag contribution, but all experiments lacked a
systematic size variation and were restricted to large
samples of the order of square millimeters (thus a fac-
tor of 10S larger than reported here), and therefore
could prove phonon-drag effects only at temperatures
well below room temperature, where the phonon mean
free path approaches sample dimensions. s '0 For our
conditions and with the rough estimate of f=1, we

get

(4)

where we express the mean free paths of phonons and
electrons by I»=ca and 1,=7,u,„, where u,„ is the
thermal electron velocity. From the data of Geballe
and Hull'0 for Si, we take Q»'~350 p, V/K for an infi-

the thermoelectric power varies only slightly. Figure 1

indicates clearly that the drop of Q arises for smaller
values of the contact area (i.e., for larger R) when the
temperature is raised. We have observed this qualita-
tive behavior for a sizable number of samples and for
wide temperature ranges (145 to 480 K).

We first consider the magnitudes of Q. The ther-
moelectric po~er is conventionally split into two parts,

Q= Q. +Q»

where Q, is the electronic part, while Q» is the addi-
tional contribution which arises from a drag on the
electronic system by the disequilibrated phonon sys-
tem. ' 'o (We use the notation of Herrings in this
Letter. ) The electronic contribution is dominated by
the first term in the equations

(2)

where e is the electronic charge. The difference of the
Fermi energy ~„and the band-edge energy ~& usually
exceedss the term b e T, being the average carrier ener-

gy. From our known doping level we know that ~F lies
about 100 meV below ~q,

" and hence we can calculate
the electronic part to be Q, —300 p, V/K typically for
our conditions of doping and temperature, which is of
the order of magnitude of our data, but typically larger
by about 20'/0 than our measured values of Q at the
largest resistances R. The phononic part Q» is a rather
complicated function of both the electronic system and
the lattice dynamics. For an infinite specimen, Her-
ring gave an asymptotic expression

nite specimen of similar doping and comparable elec-
tron mobility p, . The mean free path I, = v,hm "p,/e can
be estimated with u,h=107 cm/s, m" approximately
the free-electron mass, and p, =300 cm /V s. We can
therefore obtain from Eq. (4) with Q»' and I, an ap-
proximation for the mean free path of the phonons
which are relevant for the drag on the electrons:
I =5x10 cm.

The data of Fig. 1 indicate that indeed the ther-
moelectric power is quenched as soon as dimensions
are reached which are of the order of this mean free
path I» of the relevant phonons, as estimated above.
Conversely, experiments such as the ones described
here, with controlled, variable small dimensions, can
be utilized to measure mean free paths and relaxation
times. Intricate details, such as the relative contribu-
tions of phonon-phonon scattering or phonon-
boundary scattering to the mean free path l», or the re-
lative weights of the various phonon branches, seem
now much more directly accessible to experimental
scrutiny than with the previous techniques limited to
macroscopic samples.

Measurements of the thermoelectric Seebeck coeffi-
cient for semiconducting samples with extreme geo-
metrical constrictions are thus very useful to extract
information concerning microscopic transport parame-
ters. Such an experimental arrangement, as schema-
tized in the inset of Fig. 1, must, however, be carefully
analyzed. Evaluations of the thermal resistance of
such a structure show'2 that almost the total tempera-
ture difference 4 T = T~ —T2 is subtended by regions
very close to the constriction; there is very little tem-
perature gradient '7T across the wedge bulk. Thus,
the measured thermoelectric voltage U,h originates al-
most exclusively from the constricting orifice and its
immediate surroundings, when we consider the usual
summation to obtain the thermo voltage: U, h=I Q'7T dx, to be integrated along the coordinate x
throughout the thermocouple. The contributions to
U,„ from leads and interfaces at the metallic plates
amount at most to 1'/o. 8 '0 A thermovoltage measure-
ment therefore concerns directly the portions of the
samples with the reduced geometry.

Next, we concern ourselves with the observed
dependence of the critical dimension upon tempera-
ture. Qualitative interpretation is straightforward. As
the lattice temperature rises, more phonons are
present, especially at the high-energy, short-wave-
length end of the distribution of the relevant phonons.
These phonons are less affected by size reduction than
their companions of longer wavelengths. Therefore,
the quenching of the phonon drag arises for smaller
dimensions. Quantitative arguments for this situation
have been given in considerable detail by Herring.

The effects of finite size were treated with various
simplifying assumptions. '3 When longitudinal pho-
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FIG. 2. Experimental thermoelectric power Q,„,= Uo/T,
reduced by Q (which is asymptotic thermopower at maxi-
mal measured R), plotted vs RT2 to test the scaling law
predicted by Herring (Ref. 13). Curves a —d measured at
various temperatures T2, as indicated for Fig. l.

5.0

nons are considered to cause the drag effect, low tem-
peratures are assumed to allow resort to the Debye ap-
proximation, and effects of impurities to scatter the
electrons are neglected, a simple scaling law can be
derived in order to link dimension L and temperature
T. Herring introduced a dimensionless variable (, '3

which for the longitudinal phonon modes is

We have examined whether this variable will indeed
provide a universal scaling description by providing
one common plot for varieties of L, T. Figure 2 gives
the result for a number of experimental runs. The
universality is indeed remarkable; the curves coincide.
The assumption of being in the Debye regime to
describe the phonon distribution is not unjustified,
although we work up to room temperature, because
the Debye temperature of Si is reported'" to be
Hp(Si) = 636 K.

More detail can be extracted from universal curves,
such as Fig. 2, when the degree of abruptness of the
quenching is analyzed. ' Our curves always show a
more abrupt decrease of the thermoelectric power than
originally anticipated theoretically. There are several
experimental facts which may cause this more abrupt
quenching effect. First, the dimensional decrease will
enhance and concentrate the temperature gradient
'7 T, which favors the contributions to the thermoelec-
tric voltage from the more constricted regions and am-
plifies the abruptness. Second, we have not con-
sidered the increasing one-dimensionality of transport
through the orifice as dimensions are decreased, and
thus we ought to introduce a selection in k space. We
can, at present, not yet decide which of these two —or
other —phenomena is most strongly responsible for
the abruptness experimentally observed; nevertheless,

we verify Herring's prophecy' concerning the impor-
tant inferences to be drawn from such analysis. '~

Similar arguments apply to our observation of general-
ly lower electronic contributions g, as compared to
large bulk samples. Work is in progress to elucidate
these points.

In conclusion, ~e have sho~n that thermoelectric
studies at weil-defined semiconductor microcontacts
provide much insight into transport mechanisms of
electrons and phonons and the electron-phonon in-
teraction. A much more direct experimental access to
characteristic lengths describing microscopically these
phenomena in semiconductors seems now feasible. As
one example, we have here verified a long-standing
early prediction of a universal scaling, which combines
the effects of temperature and sample size. The
severe reduction of thermoelectric power at microcon-
tacts dashes some speculative hopes to achieve superi-
or Seebeck or Peltier devices'6 by size reductions, yet
our improved understanding of thermoelectricity in
small dimensions might eventually also prove to be-
come a useful guideline for novel applications.
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