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quantity [ Bf1(g,co)/Bg ( = (q& ls the plasmon
strength and is plotted in I'ig. 3. One notices that it is R

monotonically decreasing function of g Rnd VRQlshcs

as q& g,. Then the plasmon-contributed absorption
can be easily evaluated by substituting the relation
(8) into Eq. (2), and we obtain

The result is shown in Fig. 4 as a dashed line. The sum
of Drude absorption and the plasmon-contributed
absorption is the solid line in Fig. 4. Our result shows a
well-dchned plasmon resonance peak in the optical
absorption with threshold at Asu~ = (5.83 eV), maximum
at 6.23 eV, and upper bound. at 8.5 cV. The magnitudes
of the plasmon-contributed absorption and the Drude
absorption are of the same order. Therefore, the plasmon
resonance effect should be observable.
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The resistivities of condensed polycrystal and single-crystal aluminum 6lms have been measured as a
function of thickness (1600-36000 A.) and temperature (4.2-300'K). Both the temperature-independent
residual resistivity and the temperature-dependent resistivity increase with decreasing 61m thickness. The
residual resistivity agrees very well with the Fuchs-Sondheimer theory. Both groups of Qlms have the same
bulk electron mean free path but dif'ferent reAection parameters. The increase in the temperature-dependent

part of the resistivity is larger but similar to the deviations predicted by the Fuchs-Sondheimer theory.

INTRODUCTION

~ ~HE electrical resistivity of a thin 61m or wire is
known to depend on the specimen dimensions

whenever one dimension is comparable with the mean
free path of the conduction electrons. Both the residual
and the temperature-dependent part of the resistivity
iQcrcasc with dccI'cRsiQg dimensions bccRusc of thc
scattering of the electrons at the specimen boundaries;
The increase of the residual resistivity is well under-
stood in the form of the Fuchs-Sondheimer (FS)
theory, ' ' Using this theory, one can determine the
mean free path of the conduction electrons and the
reflection parameter p which gives the probability of
specular reflection of the electrons at the. boundaries
of the specimen. In a specimen whose surfaces are so

* Work supported by the U. S. Air Force 0%ce of Scienti6c
Research under Grant No. AF-AFOSR-1241-67 and by the
Advanced Research Projects Agency of the Department of
Defense to the University of North Carolina Materials Research
Center under Contract No. SD-100.

' K. Fuchs, Proc. Cambridge Phil. Soc. 34, 100 (1938).
~ E. H. Sondheimer, Advan. Phys. 1, 1 (1952).

smooth that the electrons are specularly rejected, the
increase of the resistivity in thin 61ms is reduced.

The dependence on size of the variations of the
resistivity with temperature is much less understood.
In pure bulk material, no deviations from Matthiessen's
rule are observed, meaning that all scattering processes
are independent. This is not valid any more in alloys
and thin Alms. According to the FS theory, one should
observe an inverse variation with thickness of the
temperature-dependent part of the resistivity in thin
films because of anisotropy of the relaxation time for
scattering near surfaces. ' ' However, there seems to be
an excess increase with decreasing thickness which
cannot be explained by the FS theory. Such deviations
were first observed by Andrew4 in Hg wires and Sn
foils and by Olsen' in In wires. These measurements
were observed at temperatures between 1 and 4.2'K,
Olscn suggested the following explanation: At low

' A. von Bassewitz and G. von Minnigerode, Z. Physik 181,368
(1964).

4 E. R. Andrew, Proc. Phys. Soc. (London) A62, 77 (1949).' J. L. Olsen, Helv. Phys. Acta 81, 'f13 (19S8).
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temperatures the normal electron-phonon process is a
small-angle event. That means it takes a large number of
collisions to remove the momentum from the electron.
In bulk material this would not contribute very much
to the resistivity but in a thin specimen it requires only
a few collisions to deflect the electron to the surface
where diffuse scattering contributes to the resistivity.
This mechanism has been treated theoretically by Blatt
and Satz' for thin wires and by Azbel and Gurzhi~ for
films. The measurements by Olsen agreed very well
with this theory. But other measurements on indium
samples by Wyder and by Aleksandrov did not show
any deviations from Matthiessen's rule. The tempera-
ture dependence for films was investigated by Holwech
and Jeppesen" in Al films, and by Chopra" and by
Tanner and Larson" in condensed Ag films. Only
Chopra found a dependence as predicted by Azbel and
Gurzhi. Holwech and Jeppesen found deviations only
slightly larger than the ones predicted by the FS theory.
Tanner and Larson found large deviations in the residual
and temperature-dependent resistivity, although, as
stated in an earlier paper, " for films grown under
similar conditions the residual resistivity agreed very
well and with this theory.

Because of the importance of Al technically, in
printed and condensed circuits, and theoretically, for
solving many conduction phenomena, many size-effect
measurements have been carried out on this material.
But all these measurements were done with samples
which were either cut from bulk material or grown out
of a melt. There is only one very recent and limited
investigation which has been done on condensed Al
fi1ms." Because of our interest in superconducting
phenomena in aluminum films, it was decided to look
further into the conduction phenomena of Al films in
general. As the evidence for specular reQection is
generally greater in single-crystal films and because of
our stated interest, we have measured size effects in
single-crystal Al films, which had not been done until
now. We have compared the size effect in single crystal
to the size effect in polycrystal films. Both groups of
films were grown on the same kind of substrate in order
to determine the size effects due to the single-crystal
nature of the film and not to different substrates. In the
first part of the experiment we measured the residual
resistivity to see whether polycrystal and single-
crystal Al films have a different bulk mean free path and

' F. J. Blatt and H. G. Satz, Helv. Phys. Acta 33, 667 (1960).' M. Ya. Azbel and R. N. Gurzhi, Zh. Kksperim. i Teor. Fiz.
42, 1632 (1962) /English transl. : Soviet Phys. —JKTP 15, 1133
(1962)j.

P. Wyder, Physik Kondensierten Materie 3, 263 (1965).' B.N. Aleksandrov, Zh. Eksperim. i Teor. Fiz. 43, 399 (1962)
/English transl. : Soviet Phys. —JKTP 16, 286 (1963)g.' I. Holwech and J. Jeppesen, Phil. Mag. 15, 217 (1967).' K. L. Chopra, Phys. Letters 15, 21 (1965).

'~ D. B.Tanner and D. C. Larson, Phys. Rev. 166, 652 (1968)."D. C. Larson and B. T. Boiko, Appl. Phys. Letters 5, 155
(1964).

"A. F. Mayadas, J. Appl. Phys. 39, 4241 (1968).

a different reflection parameter. Because of the great
uncertainty concerning deviations from Matthiessen's

rule, we investigated also the temperature dependence of

four single-crystal films with differing thicknesses as
well as a bulk sample.

EXPERIMENTAL TECHNIQUES

The single-crystal Al films were prepared by evapora-
tion of commercial 99.999% Al and 99.9999% Al from
an outgased tungsten wire filament condensed onto a
KBr substrate, heated to 380'C. The substrates were
air-cleaved and polished parallel to the (100) surface
in order to avoid cleavage steps. " Previous to the
evaporation the substrates were baked for 2 h at 400'C
in a vacuum better than SX10 Torr. The evaporation
rate was about 300 A/sec. During the evaporation, the
pressure in the vacuum system rose to 2X10 ' Torr.
A gas analyzer indicated that this rise was due to water.
The polycrystal films were prepared under the same
conditions, except that the evaporation took place at
room temperature followed by an annealing to 380'C
in the vacuum system. After removal from the vacuum

system, all films were examined in an Hitachi HU-11A
electron microscope. The film resistance was measured

by a four-terminal technique while the temperature was

varied from 4.2 to 300'K. The thickness t of the films

was determined from the temperature-dependent part
of the film resistance. ' Bassewitz and Minnigerode'
have established the validity of this method for lead
and copper films deposited at room temperature. One
finds that

t= (Ap„/AR)L/W.

Here hp„ is the change in the resistivity of an infinitely
thick sample between the temperatures 120 and 300'K.
This value was taken from resistance-ratio measure-
ments by Gruneisen" and by Aleksandrov and
D'Yakov' and from resistivity measurements by
Revel, ' by Reich and Montariol&" and by Fprsvoll and
Holwech (pqr8 K=2.65X10 0 cm). AR is the change
in the film resistance between the same temperatures.
In this temperature range, size effects are assumed
independent of temperature. I. and t/t/' are the length
and the width of the film.

The resistivity p(r) of the film is given by

p(r) =R(r)Ap„/AR,

where R(r) is the film resistance. Using this method,
one can determine the film resistivity without knowing
the specimen dimensions.

'5 For further information, see J. D. Landry and K. N. Mitchell,
J. Appl. Phys. (to be published).

E. Gruneisen, Ergeb. Kxakt. Naturw. 21, 50 (1945).' B. N. Aleksandrov and I. G. D'Yakov, Zh. Eksperim. i
Teor. Fiz. 43 852 (1962) /English transl. : Soviet Phys. —JETP
16, 603 (1963)j.' G. Revel, Compt. Rend. 259, 4031 (1964).

I~ R. Reich and F. Montariol, Compt. Rend. 254, 3357 (1962).
20 K. Fgfrsvoll and I. Holwech, J. Appl„Phys. 34, 2230 (1963).
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Fio. 1. Residual resistivity of condensed polycrystal and
single-crystal aluminum films as a function of thickness. (Upper
curve: polycrystal films; lower curve: single-crystal films; :
99.999'P& Al on polished KSr; O: 99.999j& Al on cleaved KSr;
A: 99.9999'Po Al on polished KBr.}

varies for single-crystal films from 30 to 230 and for
polycrystal films from 14 to 90.

No difference in resistivity was observed for 99.999%
or 99.9999% Al, nor for air-cleaved or pohshed sub-
strates, which was expected, since no differences in
film structure were observed. For the study of the
temperature dependence of the resistivity four typical
single-crystal films with thicknesses of 1600, 4750, 9000,
and 17 000 A have been chosen. In order to see devia-
tions from bulk behavior the resistivity of a bulk
sample made from 99.999% AI (t e same materIal
used for the evaporation) has been studied. The resis-
tivity ratio was about 800 and rose to 2000 after
annealing under vacuum at 300'C for 4 h. This change
in residual resistivity was accompanied by only an
insignificant change in the temperature-dependent
part of the resistivity for temperatures below 25'K.
Figure 2 shows the result of these measurements.
The resistivity is plotted versus temperature from 4.2
to 80'K. There are differences in the temperature
dependence of the resistivity of the films and of the
bulk sample, and this will be discussed later.

EXPERIMENTAL RESULTS

All Al films evaporated at 380'C in the above-
mentioned way were perfectly (100) oriented: (100)
film)((100) substrate and $100j film(((100) substrate.
Grain boundaries were hard to find since the grain size
was at least 30 p. There were no structure differences
visible in films evaporated from 99.999% Al or
99.9999% Al nor any differences between films grown
on an air-cleaved or polished substrate. Films condensed
at room temperature and then annealed to 380'C were
polycrystalline with a grain size of about 2500 A. These
films had a L111j texture axis. Films in the thickness
range 1600-36 000 A were investigated. Single-crystal
films, thinner than 1600 A, were not continuous because
of the high substrate temperature during evaporation.
In these films the electron mean free path is not deter-
mined by the film thickness but by channels and. holes
in the film. This lower thickness limit for useful size-
eGect measurements can be much higher for slower
evaporation rates.

In Fig. 1 the film resistivities at 4.2'K are plotted
as a function of film thickness. The resistivity measured
at 4.2'K is equal to the residual resistivity: Lowering
the temperature from 4.2 to 2.0'K did not change the
film resistivity. In the thickness range investigated the
resistivity of single-crystal alms is smaller than the
resistivity of polycrystal films; in single-crystal films
the residual resistivity varies from 8.5)&10 ' to 1.1
X 10 ' 0 cm for the polycrystal films from 18&10— to
2.0X10 8 Q cm for thicknesses between 2000 and 36 000
A. The room-temperature resistivity varied from 2.66
to 2.85X10 ' 0 cm for single-crystal and polycrystal
films. This is only slightly above the bulk value of
2.65X10 ' 0 cm. The resistivity ratio a= p2gs K/p4. a K

DISCUSSION

Residual Resistivity

The low temperature resistivity of these films (single
crystal as well as polycrystal) indicates that the
impurity-determined electron mean free path is much
larger than the film thickness, even for the thickest
films. In this range the film resistivity p as a function of
thickness t is given by a simple approximation of the

40
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FIG. 2. Total resistivity of four aluminum films with diferent
thicknesses and of a bulk sample as a function of temperature
from 4.2 to 90'K.
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FS equation
p„3 l 1+P l„
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where r and r„are, respectively, the resistivity ratios of
a given 61m and an infinitely thick 61m.

In Fig. 3, r/l is plotted as a function of int. All of
our 6bns satisfy this approximation very well, indicating
that the impurity-determined electron mean free path
and the reQection parameter do not vary with 61m
thickness. Both the curves, for single-crystal and for
polycrystal 6lms, intersect the x axis at the same
thickness. This point determines the mean free path of
an in6nitely thick 61m. The same intersection for
single-crystal and polycrystal 61ms means that they
have the same bulk mean free path of 17.5 p. This
result is very remarkable because the grain size in
single-crystal and polycrystal 61ms is different by a
factor greater than 100. %C have to assume that the
electrons are scattered primarily by impurities and
defects within the grains and not at the grain bound-
aries. The polycrystal and single-crystal 6lms give
different slopes for the two curves, however. The slope
is determined by the reBection parameter and bulk
resistivity ratio. Because it is unlikely that the bulk
resistivity ratio is different in these 61ms when both
single-crystal and polycrystal 6lms have the same bulk
mean free path, the reQection parameter has to be
larger in single-crystal films. If it is assumed that
ln polycr'ystal films thc electrons alc diffusely scattered
at the 61m surfaces, then a probability of 42% for
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Fn. 3. Resistivity ratio divided by thickness as a function of
thickness. (Upper curve: single-crystal 61ms; lower curve:
polycrystal Qlms; : 99.999% Al on polished KBr; O: 99.999%
Al on cleaved KBr; Q 99.9999@0Al on yolished KBr.)

Herc p„and l„are the values of resistivity and electron
mean free path for an in6nitely thick 61m. p is the
reQection parameter. This equation can be written

r 3 r„1+p l„
ln—,

4l„1—p

Fro. 4. Temperature-
dependent part of the re-
sistivity of four 6lms with
diBerent thicknesses and of
a bulk sample as a function
of temperature from 15 to
90'K.
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585 (1964)."T.Amundsen, Phil. Mag. 17, 107 (1968).
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specular reQection is obtained in single-crystal 61ms,
indicating that one observed partly diffuse and partly
specular surface reQection in this case.

Because one finds no difference in the refI.ection
parameter for 61ms grown on cleaved substrates and on
polished substrates, although the surface of. the latter
is much rougher, one is inclined to assume that most of
the specular re6ection occurs on the upper surface of
the 61m. With a total re6ection parameter of 42%,
assuming the above, the reQection for the upper surface
has to be nearly specular.

A possible explanation for the smoothness of the
upper surface in single-crystal 61ms may lie in the large
grains. The grain size in these 61ms is larger than the
impurity-determined mean free path, whereas in
polycrystal 61ms the grain size is 1/50 of the mean free
path. Thus the surface is much more disturbed, and
this suppresses the specular reBection in polycrystal
films.

If one assumes diffuse scattering for polycrystal
61ms, this determines the value of pl for these 61ms.
According to the free-electron model this product should
be constant. Instead, it has been shown that the value
in Al increases with increasing impurity content. For
high-purity Al this value is between 7 and 8X10—"0
cm'. '~23 From our measurements we determine a value
of pl=11.5X10—"Q. cm', which is consistent with the
measurements of Montariol and Reich'9 and of Fgrsvoll
and Holwech" since the resistivity ratio for an in6nitely
thick 61m is only 400. Thc value of pl should be larger
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for films than the value for the high-purity Al with
much higher resistivity ratios.

Temperature Dependence of the Resistivity

I'he effect of the film thickness on the temperature
dependence of the resistivity can be seen in Fig. 2.
There is a marked difference in the resistivity between
the diferent films and the bulk sample. In Fig. 4, the
temperature-dependent part of the resistivity, i.e., the
total resistivity less the residual resistivity, is plotted
versus temperature. If Matthiessen's rule is valid in this
case, all curves would be coincident at all temperatures.
Indeed, the resistivity increase with temperature of
the film is less than in the bulk sample and becomes
even less as the films are made thinner. For the bulk

sample one finds a R T" dependence between 25
and 45'K. At higher temperatures the power becomes
smaller and approaches a linear dependence for T
&100'K. For temperatures below 25'K one finds a
smaller change with temperature, indicating that one
does not have a simple electron-phonon process. Instead,
umklapp scattering and electron-electron scattering
contribute to the resistivity. The power of the tempera-
ture dependence in the four measured 61rns decreases
from 3.4 to 2.4 with decreasing thickness. No one of
these films showed the temperature dependence pre-
dicted by Azbel and Gurzhi" for small-angle scattering.

In Fig. 5 is plotted the difference between the
temperature-dependent part of the film resistivity and
of the bulk sample. This diAerence vanishes at high and
low temperatures and reaches a maximum at tempera-
tures between 50 and 60'K. Although the maximum
deviations are small compared to the total resistivity,
they are for the thinnest film almost 50% of the
temperature-dependent part at this temperature. These

a~4 4a
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FIG. 5. DifFerence between the temperature-dependent part of
the 61m resistivity and the bulk-sample resistivity as a function
of temperature.

result;s are in good agreement with the measurements
of Holwech and Jeppesen. " Because they used very
much thicker films (their thinnest film was 100&&

thicker than ours), their deviations from Matthiessen's
rule are much smaller, and the maximum has shifted
to lower temperatures. In Fig. 5 are also plotted the
deviations between film and bulk behavior according to
the FS theory. For this calculation the values obtained
from Fig. 3 were used as was the temperature depend-
ence of the measured bulk sample. These deviations
from Matthiessen s rule are quite similar to the experi-
mental results, although the calculated deviations are
smaller, especially on the low-temperature side. Since
the temperature dependence of the resistivity predicted
by Azbel and Gurzhi was not found, and since the
measured deviations are similar to the deviations
calculated with the FS theory, it is tempting to speculate
that our measured deviations have the same origin as
the FS theory, although the explanation of a similar
result offered by Holwech and Jeppesen" in terms of
variation of phonon-electron scattering probability
over the Fermi surface cannot be ruled out. One recalls
that the FS temperature dependence is due to anisot-

ropy of the relaxation time for scattering processes
near the film boundaries.

CONCLUSIONS

The resistivities of condensed polycrystal and single-
crystal Al films have been measured. The residual
resistivity agrees very well with the FS theory. Both
groups of films, single-crystal and polycrystal, have the
same bulk electron mean free path (17.5 p at 4.2'K)
but diferent reAection parameters. Assuming diffuse
scattering for the polycrystal films, we find a probability
for specular reQection of 42% for the single-crystal
film and a value for p/=11.5X10 " 0 cm' A size-
dependent increase in the temperature-dependent part
of the resistivity has been observed. This increase is
similar to the increase predicted by the FS theory, and
it is postulated to be due to anisotropy of the relaxation
time for the different scattering processes near the
boundaries of the film.
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