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Optical properties of granular metal systems prepared by alternate vacuum deposition of Ag and
MgF,; have been studied. Mean thickness of Ag island films and MgF, spacer layers were about 0.2
and 5 nm, respectively. Three samples consisting of 1, 10, and 50 island films were prepared, which
are denoted as S;, Sio, and Ssg, respectively. Optical properties of S; were well explained by the
simple formula for the two-dimensional (2D) system. Those of S5, were well explained by the
Bruggeman theory (BT) for the 3D system rather than by the Maxwell-Garnett theory (MGT).
Those of S could not be explained by BT as well as by MGT, because the thickness of the sample
is so small that the influence of the sample surface cannot be ignored. In each case the dielectric

" constants contributed by bound electrons in silver fine particles were found to be modified from
those of the bulk, which suggests also a modification of the energy-band structure.

I. INTRODUCTION

It is important to understand the optical properties of
granular metal systems because of their application to so-
lar absorbers.!=™* It is also important to know the elec-
tronic structure of a fine metal particle because catalytic
action of fine metal particles depends on their size®~!°
and because the activity of sensors'is enhanced by the use
of fine metal particles.!! The electronic structure in fine
metal particles has been studied optically,>~1° by electron
spectroscopy for chemical analysis [x-ray photoemission
spectroscopy (XPS) or ultraviolet photoemission spectros-
copy],’~2° and by the extended x-ray absorption
method.?!

Two basic theories have already been proposed for the
optical properties of the three-dimensional (3D) granular
metal system, the Maxwell-Garnett theory?> (MGT) and
the Bruggeman theory?>?* (BT). Abeles and Gittleman®?
have shown that the MGT explained their experiments
better than the BT. Their conclusion is based on the fact
that plasma resonance absorption has appeared in a sam-
ple with Q~0.4, where Q is the volume fraction of metal,
and the BT does not predict the appearance of the plasma
resonance absorption for a sample with Q > % whereas
MGT predicts it for any value of Q.

Here we shall show that this is not always the case.
The particle size of their sample was more than 10 nm
and was not very much smaller than the sample thickness
of 64 nm (Ref. 1). Thus the BT does not seem to be ap-
plicable to such a case. Generally, theories for the 3D
granular metal system assume infinite extent of the sam-
ple. If the thickness of a sample is small compared with
the particle size, the optical behavior will reflect only the
effect near the sample surface rather than the volume ef-
fect. To verify the theory for the 3D granular metal sys-
tem experimentally, we should take samples with small
metal fractions as well as thicker samples. Then the
volume effect becomes dominant, and coagulation be-
tween particles and irregularity in particle shape will be
minimized.

Although MGT and BT give exactly the same absorp-
tion curve for small Q, e.g., @ < 1073, the theories already
differ sufficiently at Q=0.05.2 So we have prepared
samples with Q~0.05.

Since the effective dielectric constant of a granular met-
al system, €, is a function of those of the metal particles,
€, and of the dielectric matrix, €;, we need to know the
latter. for the calculation of €. Sample preparation by
cosputtering or coevaporation, as done by Cohen et al.,!
may obscure the exact value of €;, because the matrix
may contain metal atoms.

We extensively studied optical properties of two-
dimensional (2D) granular metal systems, i.e., island
films, and clarified the geometrical structure as well as
the size dependence of ¢, in island particles.!*!> Based
on these results, we have constructed 3D granular metal
systems by depositing alternately metal island films and
dielectric matrix layers. Optical constants of the
evaporated MgF, matrix layer have been measured in ad-
vance.

II. EXPERIMENT

Ag and MgF, were deposited alternately on a fused-
quartz substrate in an ordinary vacuum chamber of
10~*-Pa range. Mean incident thickness monitored by a
quartz oscillator was about 0.4 nm for the silver island
film and about 5 nm for the MgF, spacer layer, the latter
being nearly equal to the interisland spacing. The layer
numbers of the silver island films were 10 and 50, these
samples being denoted as S, and Ssy, respectively.
Transmittance of the sample was measured by a dual-
beam spectrophotometer (Nihon Bunkou Co., UVIDEC-
505) with a bare substrate as a reference.

Optical properties of the single island film, which is
denoted as S;, were measured by multiple attenuated
total-reflection spectroscopy (ATR). Details of the ATR
method are given in our earlier papers.!*!> A hundred
repetitions of total reflections enhanced the sensitivity for
small optical absorption of the submonolayer metal film
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which was deposited on a fused-quartz ATR prism in an
ultrahigh vacuum chamber in the 10~%-Pa range.

III. THEORIES AND ANALYTICAL METHODS

A. Single island film

Optical absorption of a metal island film is given as a
function of the following complex quantity:6

a=1/[F+1/(,—1)], (1)

where F, the effective depolarizing factor of the island
particles, is a real number between O and 1. ¢, is the
complex dielectric constant of a metal particle, which
consists of two terms,

€, =¢€r+0¢p , (2)

where €7 is the Drude term contributed by the free elec-
trons,

er=1—wp/(0*—ivw,) (3)

and 8¢, is the contribution of the bound electrons. The
classical size effect requires w, to be given by

@, =Vp/r , 4)

where vf is the Fermi velocity of free electrons and 7 the
radius of the spherical particle.

At present there are no theories explaining the size ef-
fect on the 8¢, contributed by the bound electrons. We
have found that 8¢, of fine island particles of Ag (Ref.
14) and Au (Ref. 15) should be modified from that of the
bulk. In this paper we make a better modification of 8e,.

B. Modification of 8¢,

We modify 8¢, as follows: firstly we replace the joint
density of states (JDOS) near the onset of the interband
transition by the following empirical functions: -

J=Jo+(Jp —Jo){1—exp] — 4w —awy)]} for w>wy,
(5)
J=Joexp[ —(Jp /Jg—1)A#(wy—w)] for ©<ag,

i.e., two exponential functions are smoothly combined at
(wo,Jo), where the slope is determined by 4. The tails of
the exponential functions tend to zero and J, for negative
and positive directions, respectively, as shown in Fig. 1(a).
We use the bulk value when J exceeds it in the higher-
energy region. Using the modified J we obtain the imagi-
nary part of 8¢, from the relation J =8¢, (#w)?. The real
part is given using the Kramers-Kronig relations as
shown in Fig. 1(b).

C. Single MgF, layer

The following empirical formula approximated from
the Drude-Lorentz theory was applied to the evaporated
MgF, layer:

n’[=Relez)]=B +CA2/(A2—1A3) ,

6
k=A3/[n(A2=2A3)?] .
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FIG. 1. (a) JDOS [=8¢;(#iw)?] and (b) 8¢, of silver island
particles. Solid lines show the bulk value. Dashed lines show
the best modification from the bulk.

D. Maxwell-Garnett theory

The Maxwell-Garnett theory gives the formula??

€—E€, €, —E€,
d _Q m d , 1)

€+2e; €, +2€,

where €, €4, and €, are the dielectric constants of the sys-
tem, the dielectric matrix, and the metal particles, respec-
tively. Q is the packing density of the particles, i.e.,
volume fraction of the metal. Equation (7) can be rewrit-
ten as

€q
€=t O o ey e —eg) ®

E. Bruggeman theory

The Bruggeman theory gives the formula?>2*
€y —€ €54—E€
— 4+(1— =0, 9
Qem+26 + Q)Ed+2€ ©

where notations are the same as Eq. (7). This can be

rewritten as
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de=€5+30 — 1 )€, —€)£{[(3Q — 1 )€, —€4)+€4]
+8€,€4]17%. (10)

F. Curve-fitting analysis

The imaginary part of @ multiplied by d,, is obtained
from the ATR experiments, where d,, is the mean thick-
ness or weight thickness of the metal deposit. For the sin-
gle MgF, layer as well as for Sy and S5y, transmittance
of the sample was calculated by the usual formula for a
plane-parallel film with total thickness d.

Observed spectra were analyzed by the curve-fitting
method. Common fitting parameters for granular metal
systems were fiw, and those for the modification of J in
Eq. (5), i.e., Jo, Jp, fiwg, and A. #iw, was fixed at the bulk
value of 9.15 eV. Other fitting parameters are F and d,,
for Eq. (1), and Q and d for Egs. (8) and (10). Fitting pa-
rameters for the single MgF, layer are B, C, and A, in Eq.
(6) as well as the thickness d.

IV. RESULTS

A. Single island film (S))

Dashed lines in Fig. 2 show the normalized o'’ mea-
~ sured by the ATR method. Solid lines are the best-fit
curves with (a) the bulk 8¢, and (b) 8¢, modified from the
bulk as shown in Fig. 1. Solid lines in Fig. 1 show (a)
JDOS and (b) 8¢, of the bulk silver, and dashed lines
show the modified curves. The best fit values of parame-
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FIG. 2. Normalized ' of a silver island film (S,). Dashed
lines show the measured values. Solid lines show the best-fit
curves using (a) the bulk 8¢, and (b) the modified 8¢;.

ters in Eq. (5) are #iwy=4.2 eV, Jo=30 eV?, J, =95 eV?,
and A=1.3eV~L

As we see in Fig. 2(b), the measured and the calculated
curves agree sufficiently well with each other. The best-
fit values of the parameters are given in the figure.
#iw,~0.5 eV corresponds to a particle size of about 4 nm,
which is consistent with the electron micrograph.!* Since
the best-fit value of d,, was 0.164 nm, the packing density
Q of silver in Sy and S5y must be around 0.04.

B. Single MgF, layer

Dashed lines in Fig. 3(a) show the measured transmit-
tance and reflectance spectra of a single MgF, layer de-
posited on a fused-quartz substrate with the same condi-
tion of deposition as for S;y and Sso. Solid lines show
those calculated using the best-fit parameters, i.e.,
B=1.7, C=0.2, and A;=170 nm in Eq. (6) and d =207
nm. Solid lines in Figs. 3(b) and 3(c) show the calculated
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FIG. 3. (a) Transmittance T and reflectance R, (b) refractive
index n, and (c) extinction coefficient k of an evaporated MgF,
film 207-nm thick. Solid lines show calculated curves. Dashed
lines in (a) show the measured T and R. The dashed line in (b)
shows n of the crystal MgF,.
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n and k of the MgF, layer, respectively. The dashed line
in Fig. 3(b) shows n of the crystal MgF,.?’

C. Ss

Dashed lines in Fig. 4 show the measured transmittance
spectra of Ss,. Solid lines show the best-fit curves using
the bulk 8¢, [Figs. 4(a) and 4(b)] and the modified ¢,
[Figs. 4(c) and 4(d)] by MGT [Figs. 4(a) and 4(c)] or by
BT [Figs. 4(b) and 4(d)]. The best-fit values of the param-
eters are given in each figure.

D. Sp

Dashed lines in Fig. 5 show the measured transmittance
spectra of Sy. Solid lines in Figs. 5(a) and 5(b) show the
calculated curves using the same parameters as in Figs.
4(c) and 4(d), respectively, except the total thickness d is
replaced by

d=(205 nm)(10+1)/(50+1)~44 nm .

As the calculated curves are so different from the mea-
sured one, the optical properties of S, must be quite dif-
ferent from those of Ss5o. Thus we change the parameters,
Q, #w,, and d, by the following process.

First change Q to match the position of the plasma res-
onance absorption, i.e., from 0.035 to 0.3 in MGT and
from 0.035 to 0.1 in BT. Next change d to match the
height in the higher photon energy region. Finally change
#iw, to match the height of the plasma resonance absorp-
tion.

Solid lines in Figs. 5(c)—5(f) show the calculated curves.
In Figs. 5(c) and 5(d) we stress the matching around the
plasma resonance absorption, while in Figs. 5(e) and 5(f)
the matching in the whole spectral range.

1.0 MGT (6€,:bulk) BT (6€, bulk)

+— 0.6 meas.

Q=0.04 Q=0.04
0.2} Pwe=1.2eV |l fwe=1.0eV
d=175nm

d=175 nm

(a) (b)
MGT (6€,, :modified) BT (6€, :modified)

A\
%\ ~meas.

1.0

N
+— 0.6 meas.

Q=0.035

Q0=0.035
2l Pwr=1.4eV fwe=1.2eV
0. d=205nm d=205nm
0 (¢ 3 6 0 (q) 3 6
Fw (eV) hw(eV)

FIG. 4. Transmittance T of Ss,. Dashed lines show the
measured values. Solid lines show the best-fit curves using the
bulk 8¢, [(a) and (b)] and the modified 8¢, [(c) and (d)] by MGT
[(a) and (c)] or by BT [(b) and (d)]. The best-fit values of the pa-
rameters are given in each figure.
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V. DISCUSSION

We can see in Fig. 4(d) that the two curves agree quite
well with each other. We need no complicated assump-
tions such as a log-normal distribution in particle size or a
fictitious plasma frequency of electrons as in the work of
Granqgvist and Hunderi.* Essential are the appropriate
modification of 8e¢,, the effect of the sample thickness
and the exact values of n and k of the MgF, dielectric
matrix. These factors were not taken into consideration
sufficiently in earlier works.!—*

Comparing Fig. 4 and Fig. 5, we see the importance of
the sample thickness. The best agreement between two
curves is realized by MGT rather than BT for S, as
shown in Fig. 5(e) though it is still insufficient. Since the
imaginary parts of Egs. (1) and (8) have similar forms, the
optical behavior of S¢ should look like that of the single
island film. The sample of Gittleman and Abeles,' ™
which required MGT rather than BT, is equivalent to Sy,
rather than Ss5y. As the best-fit values of d and Q in Fig.
5 are so different from the expected values, it is concluded
that the optical behavior of Sy cannot be explained by
BT or by MGT. Island particles in Sy are located less
than five island layers from the sample surface, whereas
80% of the island particles in S5 are located more than
five island layers from the sample surface. Therefore a
new theory taking account of the influence of sample sur-

MG T(6€, :modified) :modified)

BT (6¢g,

-
0.8} . F
Q=0.3 ~ Q=01
| huwe=1.8eV |  fhwe=1.6eV
d=6nm d =25nm
0.6 — A
(c) (d)
1.0r r
'—

0.8r

Q=0.3 ~ Q=0.1

' hwe=22eV F hwe=18eV
d=7nm d=25nm
0.6 ———— s
0 (e) 3 6 0 (f)y 3 6
hw (eV) fw (eV)

FIG. 5. Transmittance T of Sjo. Dashed lines show the
measured curves. Solid lines in (a) and (b) show curves calculat-
ed using the same parameters as in Figs. 4(c) and 4(d), respec-
tively. Solid lines in (c)—(f) show curves calculated varying the
three parameters in order to match them to the measured
curves. (c) and (d) stress the matching in the spectral range
around the plasma resonance absorption, while (e) and (f) the
matching in the whole spectral range.
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face will be necessary for the interpretation of S1o.

As seen in Figs. 2(b) and 4(d), the observed spectra are
almost reproduced by the use of the commonly modified
8¢,. In previous papers'*!® we have shown the following.
(a) The smaller the particles are, the larger the modifica-
tion is. (b) The modification is consistent with the XPS
studies on fine metal particles.!S~2° (c) Optical absorption
of an island film composed of particles larger than 10 nm
is well explained by Eq. (1) with the bulk 8¢,.

We have also shown'# that the modification of 8¢, in
metal particles cannot be explained by the modification of
the energy-band structure due to lattice contraction.?®
Particles in S5y are surrounded by the solid MgF,; thus
lattice contraction due to surface tension must be small
compared with that of the island particles in vacuum.
Since the modified 8¢, is the same for particles in vacuum
as well as in the solid MgF,, the modification seems
essential for a small metal system without lattice contrac-
tion, though a recent paper? explained a shift of reflec-
tance peak, observed around 7iw~22 eV with an Au island
film, by the lattice contraction.

Next we discuss the importance of the exact values of n
and k of the dielectric matrix. We tried to fit curves cal-
culated using constant values of n and k =0, which is
often assumed in earlier works, or using the table value of
crystal MgF, shown by a dashed line in Fig. 3(b). Howev-
er, it was difficult to get reasonable matching between
measured and calculated curves. Therefore the exact
values of n and k of the dielectric matrix were found to
be necessary for the analysis.

Although the best fit value of #iw,=0.53 eV in Fig. 2(b)
is consistent with a particle size of about 4 nm,'* it be-
came 1.2 eV in Fig. 4(d), which is too large. The idea of
lattice defects within small particles’®3! cannot solve the
problem because particles are the same for the two cases.
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We have shown that the same problem of a too large
value of #w, exists in the case of island films composed of
large island particles, or thicker films, though the influ-
ence of the irregularity in particle shape was taken into ac-
count.!’> We have shown in an earlier paper®? that the re-
tarded dipole-dipole interactions in thick island films
cause the damping of the plasma resonance, i.e., if we do
not take the retarded dipole-dipole intractions into ac-
count, the value of #w, becomes too large. Granqvist and
Hunderi* calculated the retardation effects in BT but they
concluded that the effect is small for small Q, e.g.,
0 <0.1.

This problem may be solved by a new theory,*3 which
claims that the irregular position of metal particles causes
the damping. However we have not performed the
analysis with the new theory, because the shape of the
plasma resonance absorption predicted by it is too asym-
metric.

VI. CONCLUSIONS

Optical properties of 3D-granular metal systems can be
explained by BT rather than by MGT in agreement with
the recent paper.>* The modification of 8¢, from the bulk
value, the sample thickness and exact values of n and k of
the dielectric matrix are found to be essential for the ex-
planation of the optical properties of 3D granular metal
systems. We will be able to get information about the
energy-band structure in fine metal particles from the
empirical function of JDOS.
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