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Formulas for reAection, transmission, and absorption coeScients for electromagnetic radiation in

polycrystalline metallic double-layer films are derived. On the basis of the presented model it is

shown that the absorption of double-layer systems considered as a function of thickness may exhibit

signi6cant departures from the single-layer behavior. The inhuence of the electron scattering at the
61m surfaces and interface between layers as well as the scattering at the grain boundaries on the

predicted effect is analyzed.

In this paper the inhuence of free-electron scattering at
surfaces, interface, and grain boundaries on the optical
coefficients of metallic double-layer films (MDLF's) is
studied. In our previous work' (paper I) we have present-
ed only the efFect of surface and interface scattering on
transmission, reAection, and absorption spectra. Howev-
er, real films have polycrystalline structure, and it is
necessary to consider this modi6cation. First, Dimmich
and %arkusz and Szczyrbowski et al. performed the
appropriate calculations for metallic single films (MSF's).
Szczyrbowski et al. ' formulated a model which enables
an analysis of optical-coeScient measurements for
MSF's. This model is a development of the Reuter-
Sondheimer theory. Deriving new formulas Szczyr-
bowski et al. used the results of the works by Dingle,
by Hutchison and Hansen, ' and by Dimmich and War-
kusz. Unfortunately, in the case of MDLF's the above-
mentioned models cannot be applied. Thus, we have ela-
borated a more general model for monocrystalline
MDLFs. ' The results for polycrystalline MDLF's
presented in this paper are also based on those works. '

It is the aim of this paper to extend the previously
developed model' taking into account electron-grain-
boundary scattering. Moreover, in connection with re-
sults of intensive examinations of MDLF dc electrical
properties, " ' where the MDLF resistance 6rst in-
creases, then passes through a maximum, and 6nally de-
creases with increasing overlayer thickness, we would like
to show that the MDLF optical-absorption dependence
on overlayer thickness may be analogous, and conse-
quently, a significant departure from the behavior of me-
tallic single 6lms may be expected.

The two-layer thin 61m considered in this analysis con-
sists of the overlayer with surfaces at z = —d and z=O
which is made of metal 1 and the base layer with surfaces
at z=O and z =h of metal 2. The grain sizes in both lay-
ers are D, and D2, respectively. It is also assumed that
the metals are isotropic so the background mechanisms
of electron scattering can be described by the mean free
paths lt and l2, and the inhuence of contact-potential
difFerences arising at the interface z=O on the discussed
effects can be neglected. An electromagnetic wave is in-

cident from the z direction where the electric Geld
E(z)exp(icot} is taken to be in the x direction and the
magnetic field H (z)exp(icot} in the y direction. Omitting
the time-dependent factor and introducing dimensionless
coordinates in the layers (i.e., z =z/l, for —d &z &0
and z =z/lz for 0&z &h) as well as the reduced layer
thicknesses and grain sizes d =d II, , h =h ll, , and
D, 2

——D, 2/I, 2 one can show that Maxwell equations
transform to the following wave equation for the electric
fields E, (z) and Ez(z) within the layers:

d E, 2(z) co l, i+ pi, i(1+Si,z)Ei 2(z)
dz2 C

' Ji i(co,z), (1)
C Eo

where J, 2(co,z) are the free-electron current densities
generated by the electric fields Ei z(z), p, z are the rela-
tive magnetic permeabilities, eo is the permittivity of free
space, and the quantities (1 + S, z ) are the residual
dielectric constants. The notation that index 1 refers to
metal 1 and index 2 to metal 2 is used. The current den-
sities Ji 2(co,z) can be obtained from the linearized
Boltzmann transport equation solved with appropriate
boundary conditions for surface and interface electron
scattering [see Eqs. (4)—(7) in paper Ij. The grain-
boundary scattering can be taken into account by means
of the Mayadas-Shatzkes method, ' where the grain
boundaries are represented as parallel, partia11y reAecting
planes, perpendicular both to the field E and to the plane
of the layers. Therefore, the surface scattering will be de-
scribed by the specularity parameters p, and p2 related to
the surfaces z = —d and z =h. The interaction between
the electrons and the interface will be characterized by
two parameters, the specular reAection 8,- and the
transmission without the diffuse scattering T, . Accord-
ing to the Mayadas-Shatzkes model' the electron scatter-
ing at the grain boundaries in metals 1 and 2 will be con-
sidered by using the reAection coeScients 8, and R 2,
respectively. The values of these parameters are limited
by the conditions 0 (p i,p2, R;, Tp &Eg ] & Ag2 & 1 and
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8,. +T, & I.
Thus, using the Mayadas-Shatzkes method' along

with the previous approach' one can obtain for J, z(u, z)
the formulas analogous to those in paper I [see Eqs. (8)
and (9}] with new relaxation times ri z instead of r, z

only. After introducing the polar coordinates (u, 8,$)
with v, =v cos8 the relaxation times for bulk polycrystal-
line metals 1 and 2 can be written as

depths in both layers. With the assumption that

~ gi z ~
&&1 they may be easily limited but this restricts

the validity of our formulas to two ranges: low frequen-
cies where the skin effect is nearly classical and high fre-
quencies from the near-infrared up to the ultraviolet re-
gion. The approximate equations for complex refractive
indices of the layers can be derived in the form

~],2 ~1,2

&i,z1+
sin8 cog

ni(z)= —F, (u, z,z),
p)

~],b
n 1(z)= +F1(—ui z,z),

p]

(3a)

(3b)

1 gi zR,
1,2 Di, 2 1 —~g~2

The method of further solving the wave equation [Eq. (1)]
to find expressions for the electric field in each of the lay-
ers follows essentially the same lines as those described
111 paper I. Thc solut lolls for111 scrlcs in
=il

1 z/(2' 5, z), where 5, z are the classical Penetration

~2b
nz(z) = —Fz(uz, ,z),

P2

n z(z) = + Fz( —uz i,z),
P2

(4a)

l)cop)
Fi(ui z,z)=-

Up

exp[u, w, (z +d)]
~3 ~5 N

1

exp [sw ', (z +2d ) ]—p, exp( —sw iz )
X

8'r(s)

X IP z Tz+ R; [exP(2sw zh )—P zR; ] j [exP( —u, w, d ) —exP( —sw ', d ) ]

T
I exp(2swzh) —exp[ —(uzwz sw 1 )h—]I

T
+pz texp[(swz —uzwz)h] —1]

[exp(2sw zh) pzR, ][R,exp(s—w', z) —exp( —sw', z)]+pz T; exp(scoIz)

Wi (s)

X [exp(sw ', d) —exp( —u, w, d }]

—exp(sw', z —u, w, d)+exp[ —sw', (z +d)]

-n z - 1 1 e P(uzwzz}
Fz(uz „z)=— f dg(cos P) f dsUp, C 0 N2

pzexp(swzz) —exp[sw z(2h —z)]
x

IYr(s)

X( Ip, T, +R, [exp(2sw', d) —p, R, ]I I 1 —exp[(swz —uzwz)h]I

+aT exp(sw ', d ) I exp[(sw ', —u, w 1 )d l —1 I+p 1 a T; [exp(sw ',d )—exp( —u 1 w, 1) ]}
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[exp(2sw'id) —p i R; ][exp(sw zz) —8;exp( —sw zz) ]—p i T; exp( —sw zz)
+@2 I exp[(sw z

—uz w, )ii ]—1 I
Wr(s)

exp[sw2z (swz+Qzwz)ii]+exp( —&w&&)

m2I, m2
N ] 2 = 1 + l 6)'7] 2, LU ) 2 = ) 2 +

N )l2PFl ]

1,2

(cosg)(1 —1/s )'i
1/2

icoli z
~ I b, 2b

C

2
.~p&, 2&&,21+Siz i —' ' f(P z wiz) piz

Q)t8) 2

lCOI ) 2
~

&, 2~],2 =

Wr(s) = [exp(2sw, d) —p i R; ][exp(2sw zh) —@zan;] —p ipz T;

3~i,z ~&,z )(I&,z w i, z
2 3

f (Pi z, wi z)= 1 — ' +3 z' —3 z' ln 1+
2wl, z wi, z wi, z l 1,2

is the Mayadas-Shatzkes function, mp] 2 are ihe plasma
frequencies, m, z are the efFective electron masses, and
n &b 2b are the refractive indices of the bulk metals.

The expressions for reflected and transmitted ampli-
tudes of the electric field can be obtained using the in-
terference matrix M defined in paper I [see Eqs.
(31)-(33)]on the basis of the Knittl approach. 's There-
fore, the intensity coeScients 8, T, and A for optical
reflection, transmission, and absorption of MDLF are
given by the set of Eqs. (3)-(7) from this work and Eqs.
(31)—(33) from paper I.

In order to see the efFect of grain-boundary scattering
along with surface and interface scattering on MDLF op-
tical spectra and to analyze their thickness and grain-size
dependences, the absorption A is calculated for a hy-
pothetical MDLF with a base layer of Ag and an over-
layer of Au. It is assumed that the grain-boundary
reAection coeScients and specularity parameters are
equal in both layers, i.e., Rg& Rg2 Rg and p, =@2——p,
as well as that the grain diameters are equal to the layer
thicknesses, i.e., D, =d and D2 ——h. The other system pa-
rameters are taken as in paper I, i.e., I

&

——30 nm, I2 ——53
nm, m

&

——m„m2 ——O. 85m„S& ——7, S2 ——2.55, the electron
concentrations N, =%2 ——5.9X 10 cm, and values
n Q

——1 and n 3
——1 .5 for the optical constants of the medi-

um and substrate, respectively.
The theoretical results for optical absorption of the

MDLF are presented in Fig. 1 versus energy fico and in

Fig. 2 versus overlayer thickness d for fixed wavelength
of the electromagnetic radiation k=1 pm. In Fig. 1 the
plots demonstrate the modifications arising from the
grain-boundary scattering against a background of the
changes evoked by the surface [Fig. 1(a)], and surface and
interface [Fig. 1(b)) scattering. . It is apparent that in gen-
eral, the absorption increases with increasing value of the
grain-boundary re(lection coefficient (As =0,0.2,0.4) and
at the same time the relative absorption enhancement re-
sulting from surface and interface scattering (related to
the case without them) decreases. Nevertheless, compar-
ing Figs. 1(a) and 1(b) one may notice that all three
scattering mechanisms can be signi6cant in the polycrys-
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FIG. 1. Absorption spectra of MDLF with layer thicknesses
h=10 nm (Ag) and d=5 nm (Au) for (a) the exclusive)y
coherent passage of electrons across the interface and (b) the
diffuse electron scattering at the interface.
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FIG. 2. MDLF absorption dependence on the Au overlayer
thickness for 6xed base layer thickness h=10 nm (Ag), the
wavelength A, =1 pm, and for (a) the exclusively specular elec-
tron re8ection and (b) the dil'use electron scattering at the inter-
face. The points and crosses at the frames indicate the absorp-
tion values of the uncovered base layer with the surface specu-
larity parameters p =0 and p= 1, respectively.

talline MDLF. It is also obvious that the presence of the
grain-boundary scattering causes a rapid decay of the ab-
sorption osciiiations (discussed in paper I}with increasing
R value.

Figure 2 illustrates the effect of overlayer deposition
and its growth on the sample absorption. It is shown that
the presence of surface or interface scattering in mono-
crystalline MDLF leads to the oscillations of absorption

as a function of the overlayer thickness. The nature of
this elect is the same as in the case of absorption oscilla-
tions with energy and analogously to that the polycrystal-
linity damps the above-mentioned oscillations. It is also
worth noticing that, in the case of monocrystalline
MDLF where only the surface scattering is operative and
the interface rellects electrons specularly [Fig. 2(a)], the
absorption of MDLF decreases with increasing overlayer
thickness (on the condition that the oscillations are not
taken into account). This is absorption behavior analo-
gous to the case of MSF. An opposite efFect arises when
the interface scattering becomes operative and the elec-
tron scattering at the surface system comprising the in-
terface and the external surface of MDLF is enhanced in
comparison with scattering at the external surface of an
uncovered base layer In .such a film, as is shown in Fig.
2(b}, the MDLF absorption first increases, then passes
through a maximum, and finally decreases with increas-
ing overlayer thickness. This significant departure from
the MSF behavior may be augmented when the grain-
boundary scattering is operative in the overlayer. Gen-
erally, this scattering may evoke the considered efFect
even in samples where electrons rellect at the interface
exclusively specularly, but only on the condition that the
grain-boundary scattering is stronger in the overlayer
than in the base layer [Fig. 2(a)].

Concluding, it should be emphasized that all three
electron scattering mechanisms under question modify
the optical spectra of MDLF in different ways, so it
seems possible to discern them. Moreover, the detailed
analysis of MDLF optical absorption and dc resistance
dependences on the overlayer thickness should be a valu-
able source of information about the electron-interface
interaction,
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