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Determination of the frequency-dependent resistivity of ultrathin metallic films on Si(111)
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Inelastic electron scattering is used to determine the frequency-dependent resistivity of ultrathin
metallic films on Si{111).The experimental data are analyzed in the single-scattering regime using

dipole scattering theory. An unusual frequency dependence of the resistivity is found for low cover-

ages of Pd on Si(111)and analyzed using the Bruggeman effective-medium theory. This analysis to-
gether with hydrogen-titration studies indicates the presence of metallic clusters embedded in the
surface. We also show that electron tunneling via surface states gives an important contribution to
the dc conductivity of these ultrathin granular metal films on Si(111).

I. INTRODUCTION

Thin metallic films on insulators and semiconductors
have many important applications, e.g., as antireflex coat-
ings, in microelectronic devices (e.g., as contacts, ' gates, '

and high-resolution infrared detectors ), in photograph-
ic systems, and in catalytic systems. In addition, in-
teresting physical phenomenons such as electron localiza-
tion and size quantization can occur in thin metallic
films.

In this paper we report on an ongoing combined
experimental-theoretical study of the electric conductivity
of ultrathin metallic films on semiconductors. In an ear-
lier paper' we have shown that the dc resistivity of thin
metallic films can be obtained almost trivially from the
broadening of the quasielastic peak in electron-energy-loss
spectroscopy (EELS). Here we extend that analysis by
considering larger loss energies from which the
frequency-dependent resistivity p(co) can be deduced. " It
will be shown that from the dependence of p(co) on co one
can deduce detailed information about the microstructure
of the metal film. We also show that for a thin metal-
island film on Si(111) tunneling via Si-surface states
occurs which provides an important contribution to the dc
conductivity of the metal film.

This paper is organized as follows. In Sec. II we briefly
summarize some important theoretical results relating to
dipole scattering. Section III contains a short discussion
of the resistivity of disordered and granular metallic corn-
pounds. The experimental results are presented in Sec. IV
and analyzed in Sec. V. Section VI contains a summary
and the conclusion.

II. INELASTIC ELECTRON SCATTERING
FROM SURFACES

In this section we briefly review some basic equations
which relate to EELS of thin metallic films. For more
details see Ref. 10.

In the analysis of the experimental data presented in

Sec. IV we have used the standard dipole scattering
theory. Hence the probability P(k, k')dQkd(fico) that an
incident electron of wave vector k is scattered inelastically
into the solid angle dQk around the direction of k' (the
wave vector of the scattered electron) losing energy in the
range fico and fi(co+dco) is given by"'

2 1 k' 9'iiP=
2 2 2 2 (n„+1)lmg(q~~,co),

(eaoir) cosa k (q
~~

+qz )

Img = —2Im
e+1+i(4~ne'r/m')

1= —2Im e+ I+i4~q„~d/(p~) '

where d is the film thickness, and p the film resistivity.
Thus from electron-energy-loss (EEL) measurements on
thin films one can obtain the film resistivity p.

In deriving the scattering probability P(k, k ) it is as-
sumed that the incident electron scatters inelastically at

valid for small momentum transfer, q~~ &&k. Here a is
the angle of incidence, Rqll =ft(kll kl

I

and
fiqj ——ih'(kz —ki ) are the changes in the parallel and nor-
mal components of momentum, respectively, ap 0.53A
is the Bohr radius, and n„=[exp(fico/kiiT) 1 j

' is the-
Bose-Einstein factor. The formal definition of the linear-
response function g (q

~
~, co), which characterizes the

response of the studied system to an external electric po-
tential, is given by Persson. ' Here we will need the ex-
pression for Img for a thin metallic film on top of a
dielectric medium (silicon in our case) characterized by a
dielectric function' " e(co):

Img = —2Im
1

e+ 1 4irne q —
~ ~

/[ m '
co( co +i /r ) ]

Here n is the number of conduction electrons per unit
area, m* their effective mass, and ~ a Drude relaxation
time. In our applications co « I/r so that
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most once. For large enough loss energies (for example,
fico~ 50 meV) this is the case in-all experimental results
presented below. This is an important point which we
now discuss in more detail. The probability that an in-
cident electron scatters inelastically against the metal
film, losing the energy fico is in the general case (including
inelastic multiple scattering) given by'

p( ) dr
—ttot+F(t)1

2~

where

F( t) =f d co'[(n„+1)(e'"'—1)
0

+n„.(e '"' l)]—P, (co') .

(3)

(4)

Now, if we expand

Here

P, (co') =fdQk P(k, k'),

where the integration is over the solid angle of the whole
upper half space. We have shown earlier that

P, (co)= h(1/Pr, a),C
mL~

where

4 1 1 1C=-
m cos~a kap a+1

and where h is a function of the angle of incidence a and
of 1/Pw, where r is the Drude relaxation time and
p=4nne /[m'v(e+1)], where v is the velocity of the in-
cident electron. The function h is tabulated in Ref. 10
and for a=45' one has h &1.34. For Eo=fi2k2/2m =12
eV and e= 11.7, one can calculate C =0.21. Thus

Ch

f thm) =2 Aco ]
dco P(co) =—cosP arctan—CO) 2 kiiT

AT +o(p') .

Thus if tI) «1 then almost all the inelastically scattered
electrons are found for

~

fico
~

&k&T. This is of great
practical importance because when comparing theory [Eq.
(1)] with experiment in the single scattering regime one
must normalize the observed loss intensity at %co with the
total number of inelastically scattered electrons which, as
we now have shown, can be accurately obtained from the
area under the quasielastic peak for

~

fico
~

&kliT. Gen-
erally, since C-(v E cos a) ' one should use a small an-
gle of incidence and large kinetic energy of the incident
electrons in the EELS measurements to guarantee that

III. BRUGGEMAN EFFECTIVE-MEDIUM THEORY

Using the th'eory discussed in the preceding section one
can, from EELS data of thin metal films, deduce the
frequency-dependent resistivity p(co). In this section we
will briefly discuss how the frequency dependence of p(co)
can be used to obtain information about the structure of
the metal films.

Consider first a uniform and homogeneous metal film
characterized by a Drude dielectric function e(co)
=1 coi /co(co—+i/r) The film. resistivity is defined as

p(co) =Im 4m. 4m

co( 1 —e)

and is frequency independent within the Drude approxi-
mation. Simple metals (e.g. , Na and Mg) and the noble
metals (below the onset of transitions from the d-band)

~t) =1+F+P /2+ ~ ~ ~ (6) 50

and substitute this into (3), then the second term in the re-
sulting series will describe single scattering, the third term
double scattering and so on. From (4) and (5) it follows
that

+(i)= g(i),Ch

where g is a dimensionless function of t. Thus we see that,
Ch /m is an effective expansion parameter and since
Ch /ir « 1 it is possible to truncate the expansion (6) after
the single scattering term and write e =1+F. This ap-
proximation is actually valid only if fico &&kii T, for
reasons discussed elsewhere. '

Finally, note that the condition Ch /ir « I also guaran-
tees that the major portion of inelastically scattered elec-
trons is found in the quasielastic peak for

~

fico
~

&kltT.
We have shown earlier that the quasielastic peak for
Ch/n. «1 is given by

1 I /2 COP(co) =— cosP+ sintt)
co + ( I /2) co + ( I /2)

where P=Ch/2 and I =2ChkeT. Therefore
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FICx. 1. Room-temperature resistivities of gold, nickel, and
platinum are shown as a function of frequency ~. The resistivi-
ties are calculated from (7) using experimental data for the
dit:lectric function e{m}.
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E—Eg
f~ +fa

(n —1)e+e„(n—1)e+e~
=0,

where n is the dimensionality of the system. In Fig. 2 we
illustrate how the effective-medium resistivity p(co) de-
pends on the frequency co for a three-dimensional (n =3)
mixture of two phases, a Drude metal e~ ——I+4~i /cup&
and silicon ez ——11.7 (Fig. 2, top ), and vacuum ez ——1

(Fig. 2, bottom). Obviously, for a mixture of a Drude
metal and an insulator or semiconductor, p(co) decreases
monotonically with increasing frequency co. It is easy to
understand this behavior physically: In a "random" mix-
ture of a metal 2 and an insulator B there will be metal
particles completely surrounded by the insulator B. These
metal particles obviously cannot contribute to the dc con-
ductivity but they can contribute to the conductivity at a
nonzero frequency. Thus the conductivity o.(co) will in-
crease with increasing frequency which implies that the
resistivity decreases. This behavior is opposite to that ob-
served in a pure transition metal (see Fig. 1). We note fi-
nally that the 8rug geman theory predicts a metal-

are well described by the Drude dielectric function and
have therefore an approximately frequency-independent
resistivity. On the other hand, the transition metals can-
not be described by the Drude model for any frequency.
This is illustrated in Fig. 1 which shows the resistivity'
p(co) for Pt, Ni, and Au. As expected, p(co) is practically
constant for Au while it increases monotonically for Pt
and Ni.

In Sec. V we will be concerned with thin metal films
having very large resistivities caused by large disorder. It
is known experimentally that amorphous metallic alloys
having a large resistivity can be described by a Drude
dielectric function. For example, ' the amorphous com-
pound Auo 7Sio 3 is well described by a Drude dielectric
function for all frequencies co while crystalline Au has
strong interband transitions starting at Ace-3 eV. The
physical explanation for this is associated with huge
Drude damping Alr-5 eV of the compound AuQ 7SiQ 3.

From the discussion above one might think that all thin
metallic films with large disorder and thus high resistivity
will have an almost frequency-independent resistivity.
This is, however, not the case for the following reason:
Many thin metallic films have a granular structure and
the dielectric properties of such films are conveniently
described by an effective-medium dielectric function'
e(co). The prescription'for how e(co) is obtained from the
dielectric functions e~(co) and e~(co) of the individual
components A and B of a composite medium depends on
the microstructure of the composite. In Sec. V we will
consider a system [Pd/Si(111)] where the Bruggeman'
effective-medium approximation (EMA) seems to hold.
Aspnes has found that the Bruggeman EMA is generally
applicable to thin films. ' Note, however, that there is no
"universal" effective-medium theory for the same reason
that there is no universal microstructure. In the Brugge-
rnan theory it is assumed that the two components A and
B occur on a topological equivalent level. If f„and
fz ——1 f~ denote t—he filling factors for component A
and B, respectively, then the Bruggeman effective-
medium dielectric function e(co) is determined by'

~B =11.7 (Silicon)
q„=1000pAcm

&A =1-0
0.7
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FIG. 2. Resistivities for various composite medias, as calcu-
lated from Eqs. (7) and (8), are shown as a function of the fre-
quency co. (a) A metal with the resistivity p&

——1000 pO cm and
volume filling factors fq ——1, 0.7, 0.6, and 0.5 in silicon

(e~ ——11.7). (b) A metal with the resistivity p&
——250 pQ cm and

volume filling factors fz ——1, 0.4, and 0.3 in vacuum 1eq ——1).

insulator transition (percolation threshold) at fz ———,
' for

n =3 and at fz ———, for n =2.

IV. EXPERIMENTAL

These measurements were performed in an ion-
turbomolecular-titanium sublirnator pumped ultrahigh-
vacuum system having a base pressure of 4&& 10 "Torr.
This system contains a cylindrical mirror analyzer for
Auger and ultraviolet photoemission spectroscopy (UPS),
a three-grid Varian Associates low-energy electron-
diffraction (LEED) optics and a set of hemispherical de-
flection analyzers (2.S cm diameter) for high-resolution
electron-energy-loss measurements (HREELS). Two sam-
ples having bulk dopings of 2X10' and 1.3X10' (boron
atoms)/cm were studied and showed qualitatively identi-
cal behavior. The lower density doped sample was studied
more extensively and the results presented here are for
this sample. The sample mounting, preparation, tempera-
ture calibration, and cleaning procedure are described in
more detail elsewhere. ' For the metal overlayer experi-
ments, Pd was evaporated by heating a 99.999% pure Pd
wire and Au evaporated from a W hairpin filament. Sys-
tem pressures remained in the 10 ' -Torr range during
evaporation, and EELS and UPS did not detect any coad-
sorbed background impurities.

All evaporations described here were performed with
the sample at 300 K. Coverages of Pd were determined
from a comparison of the relative UPS features (i.e., d-
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FICi. 3. Electron-energy-loss spectra from a Si(111) surface
with 7.6 A gold. Electron energy E0 ——12 eV, angle of incidence
a=45, and collection angle 0~ ——2'.

state einission intensity and positions) we observed as a
function of Pd evaporation time to those observed and
calibrated by Purtell et al. ' ' Au-coverage calibrations
were done similarly using results of Braicovich et al.
After several initial experiments on a 7X7 surface, we
were unable to completely remove all the Pd and achieve
high-quality 7 X7 surfaces. Of these surfaces a Pd-
impurity ( —1—2%) stabilized lX1 surface was easily
reproduced and used for most of the metal-overlayer stud-
ies. However, our primary reason for using such 1)&1
surfaces is that they do not exhibit the quasielastic beam
broadening as found, for example, on the 7X7 surface
and thereby provide an excellent substrate for studying
subsequent broadening induced by metallization. We also
found no qualitative differences in the behavior of Pd on
the 7 X 7 from on the 1 X 1 surface from our LEED or
UPS results.

EELS was done using a fixed total scattering angle of
90', specular scattering conditions (0;=0,=45') and an
incident beam energy of 12 eV where dipole selection rules
are applicable. Our EELS resolution, as determined after
reflection from the crystal, was typically 7—9 meV [full
width at half maximum (FWHM)] and' corresponded to
an acceptance aperture of 2 as measured by rotating the

. crystal. Variations in incident beam energy and/or this
acceptance angle provided the expected changes in the
kinematics of our scattering conditions and do not
change any of our results.

Figure 3 shows the EEL spectra from a Si(111)surface
with 5 A of Au. The elastic peak is severely broadened
from that of the starting Si(111) 1 X 1 surface and a strong
loss background arises. The spectra is quite structureless
but we will show in our next section that it contains in-
teresting physics when analyzed in more detail.

Figure 4 shows the EEL spectra from a Si(111) surface
with 2.5 A of Pd, both with (lower curve) and without
(upper curve) exposing the surface to atomic hydrogen.
Again the experiment was performed with E0 ——12 eV and
8~ ——2'. The loss background and the broadening of the
quasielastic peak is partly removed by atomic hydrogen
adsorption and from the vibrational spectra we see a
broadened asymmetric Si-H stretching vibration at -260
meV as well as the Si-H deformation modes at -80 and
115 meV. Such Si-H vibrations are typically found on
Si(111)surfaces. '

O. t 0.2
ha (eV)

0.3 0.5

FIG. 4. Electron-energy-loss spectra from a Si(111) surface
0

with 2.5 A Pd. The lower curve is the EEL spectra after ex-
posing the surface to atomic hydrogen. Electron energy ED = 12
eV, angle of incidence +=45, and collection angle 8~ ——2 .

V. ANALYSIS OF THE EXPERIMENTAL DATA

We consider first the 5-A thick gold film. In Fig. S we
show the film resistivity as a function of the frequency co

as obtained from Fig. 3 using the theory presented in Sec.
II. Obviously, p is frequency independent for %co &O.S eV
and equal to =970 pQcm. This value should be com-
pared with p=660 pQcm as deduced from the width of
the quasielastic peak for a slightly thicker film, d =8.6 A.
The full width at half maximum (FWHM equals I ) of the
quasielastic peak of the thin (d=5.0 A) film is smaller
than for the thick (d =8.6 A) film, which also confirms
that the thin-film resistivity is slightly larger than the
thick-. film resistivity. The high film resistivity [compared
with bulk gold, p (bulk) = 2 pQ cm] led us originally' to
suggest either of two possibilities. First, the gold film
could be an island film with a very low ( —1 monolayer)
coverage of gold atoms between the gold bumps. In order
for the resistivity to be frequency independent (and in or-
der to explain the high film resistivity) the concentration
of gold bumps must be below the percolation threshold.
The resistivity of the film is then mainly determined by
the low concentration of gold atoms between the large
gold bumps.

The second possibility is that the Au alloys with Si and
produces a uniform compound having a high resistivity.
Experimental results in fact suggest that interdiffusion
occurs when gold is evaporated on a silicon surface.

0
On the other hand, for -8 A or more evaporated Pd no

atomic hydrogen adsorption occurs and we see no Pd-H
or Si-H vibrations. It is widely' accepted that Pd atoms
at room temperature react with silicon to form a silicide
which at these higher coverages is Pd2Si. Thus our H-
titration experiment for the thick Pd film clearly indicates
the lack of reactivity of the silicide towards atomic hydro-
gen, its uniformity, and its surface perfection (i.e., no ex-
cess Pd or Si atoms at the surface). On the other hand,
the thin Pd film is granular, with patches of uncovered
Si(111) surface, where the atomic hydrogen can react and
bond to Si surface atoms. This will be discussed in
greater detail in the next section. The qualitatively dif-
ferent behavior of the low- and high-coverage Pd films to
atomic hydrogen was found in all experimental runs.
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FIT+. 5. Resistivity of the 5-A Au/Si(111) system as obtained
from the EELS in Fig. 3 using Eq. (1).
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Furthermore, the phase diagram of the Au-Si alloys has a
deep eutectic at Auo 8~Sio». All the amorphous metallic
alloys Au& Si have large resistivities, ' and in particu-
lar, the eutectic Au08~Sio» has p=200 pQcm which is
closer to what we observe experimentally. This latter ex-
planation seems even more likely since we find no evi-
dence for regions of exposed Si atoms on these Au/Si
films, i.e., exposing the surface to atomic hydrogen does
not give rise to any detectable Si-H vibrational losses in
the EEL spectra. The slightly higher resistivity we
deduce can reflect irregularities in the thickness of this
metallic layer.

Consider now the EEL spectra from 2.5 A of Pd
evaporated on Si(111) (see Fig. 4). In Fig. 6 we show the
resistivity for the film both with and without adsorbed
atomic hydrogen. We note the following interesting facts.

(a) The resistivity decreases monotonically with increas-
ing frequency co and from the discussion in Sec. III we
conclude that the film is granular. This result is con-
sistent with the observation of the Si-H vibration after ex-

I I I

Si

I( ENERGY

EF ~i+~ ~ ~s

SI Pd~Si

(a) WITHOUT H ADSORPTION

.H HH
I I I

HH HHH

Si

(~ ENERGY

posing the surface to atomic hydrogen.
(b) In Fig. 6(b), we compare p(u) for the H-exposed

film with the predictions of the Bruggeman effective-
medium theory assuming that the metal particles are em-
bedded in the Si(111)surface so that Ez ——11.7 (the dielec-
tric function of silicon). Since the dimensionality and
film thickness are unknown, we have made calculations
both wit'h n =2 and 3 and for various film thicknesses
(3.5 & d & 20 A). We find that it is always possible to ob-
tain an equally good fit to the experimental data as in Fig.
1(b) by a suitable choice of the metal resistivity pz and

o4-
E
LJ

C:—2-
Si

e eO~ ~~~

PdgSi

'0

without H ods.
I I l I I I

-0.2 0.4 0 0.2 0.4 0.6
tie (eV)

FICx. 6. Resistivity of the 2.5 A Pd/Si(111) system as ob-
tained from the EELS in Fig. 4 using Eq. (1). The two curves in
(a) show the resistivity before and after exposing the surface to
atomic hydrogen. In (b) we show our best fit to the experimen-
tal data for the hydrogen-exposed 2.5-A Pd/Si(111) surface.
Here, the solid line is calculated from the Bruggeman theory,
Eq. {8),assuming that the Pd atoms diffuse into the silicon ma-
trix where they form metallic particle clusters (resistivity

p~ ——9000 pQcm) with 55% volume filling. The dashed line
represents the best fit for Pd-forming metallic clusters on top of
the Si surface.

(b) WITH H ADSORPTION

FIG. 7. Black areas represent metallic particles {the exact
composition of the particles is unknown) located just below the
Si(111) surface. (a) The surface states, here schematically
represented by dangling bonds, form a continuum of levels in
the silicon bulk band gap. An electron in a metal particle can
tunnel to another metal particle via virtual excitation into one of
the unoccupied surface states. (b) When the surface is exposed
to atomic hydrogen these will bind to the dangling bonds. The
silicon bulk band gap is now free from surface-state levels,
which implies that tunneling via the surface states are absent
and that the resistivity of the hydrogen exposed film is larger
than for a film without adsorbed hydrogen, in accordance with
Fig. 6.
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FIG. 8. Full width at half maximum of the quasielastic peak
as a function of the Pd-film thickness.

metal volume filling factor f~ (typically pz—10000 pQ cm and f~ -0.5). We note that if the metal
particles were located on the vacuum side of the Si(111)
surface, we are unable to fit the experimental data with
any metal filling factor .and metal resistivity. The dashed
line in Fig. 6(b) shows the best possible fit we can obtain
in this case using ez ——1. Thus we conclude that it is like-

ly that the metal particles are embedded in the Si(111)sur-
face (i.e., the Pd atoms have diffused into the Si crystal
where they form metallic clusters) and that these clusters
have large, frequency-independent resistivities. The na-
ture of these metallic clusters is uncertain from our mea-
surements alone and could be clumps of Pd2Si as suggest-
ed by photoemission,

' or more likely a precursor to Pd2Si
formation, i.e., regions of interstitially bound Pd or some
other phase-separated glossy alloy with nonmetallic re-
gions.

(c) One very interesting result shown in Fig. 6(a) is the
strong increase of the low-frequency resistivity upon H
adsorption. Figure 7 illustrates what we believe to be the
explanation for this phenomenon: Before H-exposure, the
Si(111) surface has surface states derived from the Si dan-

gling bonds of the unreconstructed surface. The recon-
struction is not known for these partly metal-covered sur-
faces but is probably disordered with a local reconstruc-
tion which varies more or less randomly over the surface.
One would expect, however, that the surface states give
rise to a continuum of levels in the Si-bulk band gap
(schematically shown in Fig. 7) just as for the 2X1 and
7~7 reconstructed surfaces. An electron in one metal
particle can tunnel to another metal particle via virtual
excitation into an unoccupied surface state (and a hole can
tunnel via an occupied surface state). An electron can, of
course, also tunnel via the bulk conduction band but this
requires in general a much higher virtual excitation ener-

gy and is therefore less probable. When atomic hydrogen
bonds to these Si dangling bonds, it forms a doubly occu-
pied (spin t and l) bonding state well below the bulk

valence band top and an empty antibonding state well
aboue the conduction band bottom. Thus after hydrogen
exposure the Si-bulk band gap is free from surface state
levels so that the only way an electron can tunnel between
two metal particles is via the bulk conduction band. As a
result, the dc resistivity increases upon H adsorption.
Note, however, that the high-frequency resistivity is prac-
tically unchanged upon H adsorption. -This. behavior is
exactly what one would expect from the model above.
Consider, for example, an extreme case where the metal
filling factor is below the percolation threshold. In this
case, the dc resistivity would change from a finite value to
infinity (neglection tunneling via bulk states) as the sur-
face .tunneling process is turned off by H adsorption.
However, the high-frequency resistivity would be practi-
cally unchanged if the "tunneling resistivity" is large
compared with the resistivity of the metal particles.

Figure 8 shows the full width at half maximum I of
the quasielastic peak as a function of the Pd-film thick
ness d. The instrumental resolution, I 0, is 12 meV. We
note thai I =I o for d & 1.8 A while I increases approxi-
mately linearly with d for d & 1.8 A. Since I is directly
related to the film resistivity (I —+I 0 as p~ oo ) we con-
clude that the percolation threshold occurs at d =1.8 A.
In the Bruggeman effective-medium theory the percola-
tion threshold occurs at fz ———,

' for n=3 and fz ———,
' for

n =2. Thus one would expect the d =2.S A thick Pd
film to have fz ——2.5/(3 &(1.8)=0.46 if n =3 and

fz ——2.5/2&&1. 8=0.7 if n =2, which is quite close to the
value of fz -0.50 that we have found above from our
analysis of p(co). This result should only be considered as
a rough consistency check since it is well known that
effective-media theory yields a poor description of the
percolation threshold (for an excellent discussion of this,
see the review article by Landauer ).

VI. SUMMARY AND CONCLUSION

Using inelastic electron scattering we have studied the
conductivity properties of thin gold and palladium films
on Si(111). From the dependence of the film resistivity on
frequency we obtain information about the microstructure
of the films. We find evidence that 2.5 A of evaporated
Pd on Si(111) forms a granular film and that Pd atoms
have diffused into the silicon matrix where they form
clusters of a metallic compound embedded in the silicon.
We also find that tunneling via silicon surface states gives
an important contribution to the dc conductivity in these
granular metal films.
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