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This letter describes a new experimental
approach whereby the mean free path of excited
electrons in metals can be directly obtained.
Measurements have been made of the mean
free path of 0.85-eV electrons in Au films de-
posited on Qe and Si substrates. The electrons
are injected into Au films of varying thicknesses
from a Si point contact. On the other side of
the film, a constant fraction of the electrons
which have not undergone a collision in the
gold are collected over the Au-semiconductor
Schottky barrier at the substrate-film interface.
The size of this fraction is shown to be in good
agreement lith theoretical estimates, and the
temperature-dependent portion of the mean
free path is identified quantitatively with the
electron-phonon conductivity mean free path.
Transport of the above kind has been reported
by Atalla and Kahng, ' but has not been sufficient-
ly stable or reproducible to be used in a quan-
titative fashion.

A cantilever-beam mechanism' (Fig. 1) ca-
pable of contact-separation adjustments as
low as 10 A has been used to contact metal
films as thin as 100 A without appreciable de-
formation of the films in order to make mea-
surements of the incremental emitter-to-col-
lector current-transfer ratio, n, as a function
of film thickness. The cantilever beam and
supporting yoke were constructed from a sin-
gle piece of steel to provide a stable clamp
for the beam. The yoke also served as a vibra-
tion-free support for the micromanipulators
required to make the base contacts to the Au
films and to make coarse adjustments of the
contact position. Low-temperature measure-
ments were made in an atmosphere of dry ni-
trogen with samples on a small liquid-nitrogen
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FIG. 1. Cantilever mechanism for fine adjustment of
semiconductor emitter to metal-base spacing.

container which in turn was mounted on the
cantilever beam.

Au films of several thicknesses were depo-
sited simultaneously by evaporation on chem-
ically cleaned (111)Ge and Si surfaces in a
Vac-Ion system at ~10 Torr. Film thickness-
es were measured by multiple-beam interfer-
ometry and a Taylor "Talysurf. " The two mea-
surements agreed within ~20 A. A metal mask
was used to define metal base regions ~0.01 in.
in diameter. The Si point had a radius of cur-
vature of =0.001 in. The point was cleaned im-
mediately before each set of measurements.
The values of n were sensitive to the pressure
of the point. The maximum n was obtained
when the point just maintained contact with the
Au film. The maximum values were reproduc-
ible and independent of the current for currents
in excess of 0.5 mA.

Figure 2 shows the measured results. It is
apparent that n varies exponentially with film
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LB is interpreted here as the ballistic mean
free path, i.e. , the mean distance between scat-
tering events in the metal for electrons inject-
ed from the Si emitter. These electrons have
an average energy relative to the Fermi ener-
gy in the metal of =0.85 eV (the barrier height
plus 2kT at 298'K), and =0.86 eV at 105'K (the
barrier height itself is also temperature de-
pendent' ). ao is the current gain extrapolated
to zero metal-base thickness. It is apparent
that Gp 1S dif ferent for the Si-Au- Ge and Si-Au-
Si structures, and that both np and LB are func-
tions of the temperature. The agreement be-
tween the theoretical and experimental values
of LB and ep and their temperature dependence
will be considered below.

The present experimental results provide a
convincing verification of theoretical estimates

FIG. 2. Emitter-to-collector incremental current-
transfer ratios in Si-Au-Si and Si-Au-Ge structures as
a function of Au-film thickness at 298 and 105'K with
collector electric fields of 3 & 10 Vjcm.

of the departures of np from unity. The cur-
rent-gain upper limit associated with optical-
phonon scattering in the emitter and collector
semiconductors, ' nP, and the quantum-mechan-
ical transmission at the collector, ' o.q, deter-
mine n0(=ning). Table I shows that the agree-
ment between the theoretical and experimental
values of ao(298'K) and ao(105'K)/ao(298'K)
is satisfactory. The ratios of the values of

np at the two temperatures are virtually inde-
pendent of the oq calculation. ' The experimen-
tal data in Table I thus constitute an indepen-
dent check of both theoretical calculations. '

Table II lists the values of LB obtained from
a least-squares analysis of the data in Fig. 2 ~

Since the electrons were injected into the metal
from similar emitters, the values of LB for
both the Si-Au-Ge and Si-Au-Si structures
should be virtually the same. At both 105 and
298'K this was observed within the experimen-
tal error. The change in LB with temperature
can be accounted for as follows. Since any scat-
tering in the metal virtually precludes collec-
tion of an injected electron, '

(2)

where LP is the electron mean free path for
phonon scattering, and Le is the mean free
path for electron-electron, electron-defect,
and electron-impurity scattering. Le is expected
to be essentially independent of temperature.
LP may be assumed to be close to the conduc-
tivity mean free path values of 406 and 1150 A

for pure bulk gold at 298 and 105'K, respec-
tively. These values and the measured values
of L& at 298'K were used in Eq. (2) to obtain
the predicted low-temperature values of LB
and the Le values in Table II. The agreement
between the measured and predicted low-tem-
perature values of LB is satisfactory. A de-
tailed interpretation of Le will be presented
in a future publication.

The above values of LB appear generally con-
sistent with those which can be estimated from
a combination of thin-film resistivity measure-

Table I. Comparison of theoretical and experimental values of n()(298 K) and no(105'K) jno(298'K).

Structure Theory Expt.
n ()(105'K)jn 0(298'K)

Theory Expt.

Sx-Au-Sx
Si-Au-Ge

0.37 + 0.10
0.40 + 0.10

0.31+ 0.03
0.46 + 0.03

1.25 + 0.03
1.09 + 0.03

1.28 + 0.05
1.08 + 0.05
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Table II. Mean free path values for =0 ~ 85-eV electrons in Au.

Structure 298'K

Lg
{A)

105 K 105'K(predicted)
Le
(A)

Si-Au-Si
Si-Au-Ge

229+7
228+ 11

357 + 20
387+ 27

361+14
362 + 28

525*36
520 + 57

ments and measurements of the attenuation
length of photoexcited electrons. There are,
however, wide discrepancies in both the resis-
tivity and the photoelectric measurements on
which previous estimates of I.g are based. '~'0

Soshea and Lucas' show that when allowance
is made for the difference between the optical
absorption of thin Au films on glass and on Si,
the photoelectric measurements by Crowell
et al."are in agreement with their own, but
corresponding unpublished thin-film resistiv-
ity measurements by Crowell are in agreement
with those of Sze, Moll, and Sugano. '0 Thus
no two sets of measurements are consistent.
The measurements of L~ reported here, how-
ever, are independent of any assumptions re-
garding the value or energy dependence of Ip
or L,e.

In contrast with the point-contact emitter
method described here, the method using sheet
resistance and photoelectric measurements
is much more laborious. The photoelectric
measurements require careful calibration of
the optical system to obtain the true photore-
sponse per absorbed photon, and a complex
analysis of the transport problems involved. e "
The mean free path which is deduced is aver-
aged over a much wider range of electron en-
ergies than in the point-emitter method for
which the energy spread is of the order of kT.
For metals in which the electron mean free
path is comparable to the penetration depth
of the illumination used in the photoelectric
method, only a qualitative estimate of mean
free path is possible. The point-contact meth-
od, on the other hand, is not subject. to this
limitation. Thus as a method for measuring
the ballistic mean free path of excited electrons,

the point-contact-emitter method is notable
for its simplicity and the direct interpretation
of the measurements.
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