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Optical properties of polycrystalline metallic films
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We extend the Mayadas and Shatkes’s approach@Phys. Rev. B1, 1382~1970!# to study the optical properties
of polycrystalline metal thick films in the visible and far infrared range of the spectrum. We show that in this
range grain boundary scattering can account for the experimentally observed lowering of the film reflectivity as
the mean size of its constituent grains decreases.
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I. INTRODUCTION

The optical properties of metal films can be studied
terms of the optical conductivity which is associated with
transverse electron current density in the film. For isotro
materials, at sufficiently long wavelengths, in the infrare
the ~transverse! optical conductivity converges to the ord
nary ~longitudinal! electrical conductivity. Electron transpo
properties of metal films taking account of grain boundar
have been studied over the years by several authors, us
variety of methods including the Boltzmann transport eq
tion ~and related approaches!,1–7 the transfer matrix in a one
dimensional~1D! quantum mechanical setting,8 the energy
loss concept,9–11and the superposition method.12 Knowledge
of the effect of grain boundaries in the electronic transpor
these films may be used to obtain information on the mic
geometry of the film,10 analyze the transport properties
nonequilibrium electrons13 and surface plasmons,14 to name
just a few applications.

Mayadas and Shatzkes~MS!1,2 have calculated the tota
dc resistivity of a thin metal film using a model which a
counts for electron scattering due to grain boundaries,
film boundaries and a homogeneous background. They u
a semiclassical approach based on the Boltzmann trans
equation, complemented by an independent determinatio
a collision term associated to grain boundaries. The ba
ground scattering is accounted for through a relaxation ti
which is added to the contribution of grain boundary scat
ing. Admittedly, this assumption may be doubted becaus
is just another way to write Mathiessen’s rule which
known to be violated in such a case.15 Still, the assumption
has been proven to hold, for instance, when the mean
grain sizeD is larger than the mean free path of the hom
geneous backgroundl` ,12 and has even been pushed a lit
further to deal with some cases whereD&l` .12 Thus, the
boundary of its applicability is not clearly defined. In spite
the model’s shortcomings, its simplicity makes it appeal
and useful as a first approximation when interpreting exp
mental data on electronic transport.13,16,17It would thus seem
desirable to extend the model to be able to gain some ins
into the optical properties of the films as well.

In this paper we extend the Mayadas and Shatzk
electrical-resistivity model for polycrystalline films2 to study
0163-1829/2003/67~19!/195106~8!/$20.00 67 1951
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grain boundary effects on optical properties of thick po
crystalline metallic films in the range of the spectrum spa
ning from the visible to the far infrared. This is done usin
the surface impedance approach to the reflectivity of a fi
by Kliewer and Fuchs.18 We give explicit expressions for th
dielectric function and surface impedance of the film
terms of the reflectance of the grain boundaries. Through
phenomenological parameter we analyze the effect of g
boundaries on the reflectance of the film. We also pres
results of experimental reflectance measurements that
have carried out in the range from the visible to the far
frared of the spectrum for gold films with grain mean-si
between 15 and 45 nm, and compare those results with
computed reflectivity from our model. In the computatio
we use measured optical constants of single crystal gold,
model the optical properties of a polycrystal by introduci
the effect of grain boundary scattering.

We begin by explicitly deriving the nonlocal optical con
ductivity of a polycrystal film for normal incident electro
magnetic fields. We do this by solving a linearized Bolt
mann transport equation for spatial and temporal depen
fields, for the 2D version of the Mayadas and Shatzk
model of a polycrystal. The solution of the equation is giv
in a form that allows us to estimate the contributions to
conductivity due to spatial dispersion and grain boundar
which can then be used to assess the magnitude of
effects in the reflectivity and absorption properties of t
films. The reflectivity and absorption are computed using
surface impedance formulation of the reflectivity of a film b
Kliewer and Fuchs.18 Using gold as an example, we sho
that by using the grain-boundary reflectance as the only
justable parameter of our model, the calculated reflectivity
films with grain mean size in the range 15–45 nm is in go
agreement with our experimental reflectivity measureme
in most of the wavelength range of our study.

The plan of this paper is as follows. In Sec. II we prese
an extended Mayadas and Shatzkes’s model based on
surface impedance concept to study the optical propertie
thick polycrystalline films. In Sec. III we present the expe
mental procedure to obtain the reflectivity data of the film
The analysis and discussion of our results are given in S
IV, followed by the conclusions in Sec. V.
©2003 The American Physical Society06-1
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JUAN SOTELO, JESPER EDERTH, AND GUNNAR NIKLASSON PHYSICAL REVIEW B67, 195106 ~2003!
II. THE FILM MODEL AND COMPUTATIONAL
PROCEDURE

Our model of a polycrystalline film is that proposed b
Mayadas and Shatzkes2 in their study of the effect of grain
boundaries on the dc conductivity of thin polycrystallin
films. In this model the grains in the film are considered
have columnar shape, extending upright from the bottom
the top surface of the film, and to be laterally bounded
perpendicular planes. These planes are represented by
uncorrelated sets of randomly located parallel planar po
tials, which are short ranged and smooth so that only spe
lar reflection is produced by planes that are parallel to
applied external field. Using this model we will first dete
mine the film’s optical conductivity taking account of th
resistivity arising from two types of scattering mechanis
for the electrons, namely, specular scattering from sets
partially reflecting planar grain boundaries, together w
isotropic background scattering produced by phonons
point defects.2 Having determined the optical conductivit
we will next find the film’s dielectric function, which we us
to compute the film’s surface impedance. In turn, we use
surface impedance to describe the optical properties of
film.

A. Optical conductivity

In order to find the optical conductivity of the film, w
follow Kliewer and Fuchs~KF! ~Ref. 18! and solve a linear-
ized Boltzmann transport equation for time and space dep
dent fields, explicitly considering scattering due to sh
ranged grain-boundary potentials of the type described
Mayadas and Shatzkes~MS!.2 The Boltzmann transpor
equation is solved under the following assumptions wh
were introduced by Reuter and Sondheimer~RS!,19 MS,2 and
KF.18 ~RS1! Magnetic effects are dropped at the outs
~RS2! The film’s linear dimensionsLx , Ly , andLz are con-
sidered much greater than the penetration depth of the fi
so that the film may be considered to have plane surface
infinite extent and essentially infinite thickness.~RS3! The
electron states of the pure single crystal are taken as t
corresponding to the free-electron hamiltonian, these st
form an almost continuous set because of the large film
ume v5LxLyLz . ~RS4! the conduction phenomena in th
crystal is described in terms of a single parabolic bandek
5(\2/2m* )k2, wherem* is the effective mass of the elec
tron, ~RS5! the scattering at the film surface is specul
~MS1! Grain boundaries~plane potentials! are represented b
d-function potentials of strengths weak enough to allow
use of the Born approximation to calculate the electron tr
sition rate for each of the arrays of parallel planes.~MS2!
The scattering from phonons and point defects are accou
for by a relaxation timet. ~KF1! The wave vectork is small
compared to the Fermi wave vectorkF and the frequencyw
is small compared to the Fermi frequencyeF /\.

For definiteness we take the polycrystalline metallic fi
to fill the half-spacez>0, with its two uncorrelated sets o
plane potentials taken to be orthogonal to thex andy axes,
respectively. If we denote byn eitherx or y, we have that the
planes orthogonal to then axis are located at points$n i ,i
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51, . . . ,Nn% distributed according to a Gaussiangn(Dn ,sn)
of meanDn and standard deviationsn .2 Moreover, the action
of the plane atnn is represented by a short range potent
Snd(n2nn) of strengthSn .2

In what follows, we will only consider the case of a
exciting electromagnetic wave of frequencyw impinging
normally on the film surface and polarized in then direction.
Hence, all fields and currents in the film are assumed to h
spatial and temporal dependence of the formF(z,t)
5Fn(z)exp$2iwt%, e.g.,E(z,t)5En(z)exp$2iwt%.

Let us denote bygk(z,t)5 f k(z,t)2 f k
0 , the small devia-

tion of the electron distribution functionf k(z,t) from its
equilibrium valuef k

0 . As for the fields and currents we ex
pect f k , and sogk , to have the same frequency dependan
as the external field and to depend on position only throu
the distancez into the metal. The Boltzmann equation for o
problem can then be written as

evk,nE]ek
f k

05
gk

t
1E P~k,k8!~gk2gk8!dk8

1vk,z]zgk1] tgk , ~1!

whereP(k,k8) is the transition probability for an electron i
statek to be scattered to the statek8 by the planes,ek andvk
are the energy and velocity, respectively, of an electron
statek, ande is the magnitude of the electron charge.

Taking Fourier transform on both sides of this equati
we get

evk,nE]ek
f k

05
Gk

t
1E P~k,k8!~Gk2Gk8!dk81 iqvk,zGk

2 iwGk , ~2!

whereGk(q,w) andE(q,w) denote the Fourier transform o
gk(z,t) andE(z,t), respectively.

To compute the transition probabilityP(k,k8), kÞk8, we
proceed as in Ref. 2; an alternative procedure is given in R
10 where use is made of the pair correlation function. W
ing the grain boundary potentialV(r ) as in Ref. 10,

V~r !5 (
nP$x,y%

(
nn

Snd~n2nnn
!, ~3!

the Born approximation yields

P~k,k8!5
2p

\
d~ek2ek8!

v

~2p!3
^^u^kuVuk8&u2&&g

5 (
nP$x,y%

Fn~ uknu!d~kn1kn8!d~kn
'2kn8

'!, ~4!

where ^^•••&&g denotes the average over the distributi
gx(Dx ,sx)gy(Dy ,sy), kn

' is the component ofk transversal
to then axis, and2

Fn~u!5
an

2t

kF

u
hn~u!, u.0, ~5!
6-2
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OPTICAL PROPERTIES OF POLYCRYSTALLINE . . . PHYSICAL REVIEW B 67, 195106 ~2003!
an5
l `

Dn

Rn

12Rn
, ~6!

hn~u!5
12exp~24u2sn

2!

11exp~24u2sn
2!22 exp~22u2sn

2!cos~2uDn!
.

~7!

HerekF denotes the magnitude of the Fermi wave vector,Rn

is the reflection coefficient from a single barrier in then
direction, andl ` is the background mean free path.

With P(k,k8) known, we seek a solution to Eq.~2! of the
form

Gk~q,w!5Fk~q,w!vk,nE~q,w!, ~8!

with Fk satisfying

F$2kx ,ky ,kz%
5F$kx ,ky ,kz%

, ~9!

F$kx ,2ky ,kz%
5F$kx ,ky ,kz%

. ~10!

Replacing Eq.~8! into Eq. ~2! gives

evk,n]ek
f k

05Fkvk,n@t212 i ~w2vk,zq!#

1E P~k,k8!~Fkvk,n2Fk8vk8,n!dk8. ~11!

The integral term can be evaluated using Eqs.~4!, ~9!, and
~10!, we find

2Fn~ uknu!Fkvk,n . ~12!

Substituting this expression into Eq.~11!, solving the latter
for Fk and inserting the result into Eq.~8! yields

Gk~q,w!5
evk,n]ek

f k
0

tn
212 i ~w2vk,zq!

E~q,w!, ~13!

1

tn
5

1

t
12Fn~ uknu!. ~14!

From the relations

Jn~q,w!5E~q,w!snn
FC~q,w!52

e

4p3E vk,nGk~q,w!dk,

~15!

whereJn(q,w) is the Fourier transform of the current de
sity Jn(z,t), we obtain the tensor componentsnn

FC(q,w) of
the dynamical conductivity9 of the free carriers~FC! in the
presence of both grain boundary and background scatte

snn
FC~q,w!5

e2

4p3\
E vk,nvk,n

tn
212 i ~w2vk,zq!

dSF

uvku

5sD~w!Gn~q,w!, ~16!

where the integral is over the Fermi sphere
19510
g

sD~w!5
e0wp

2

t212 iw
, ~17!

is the Drude-Sommerfeld conductivity of a single-crys
metal and

Gn~q,w!5
3

4pE k̂F,n
2 dV

11an8hn~ ukF,nu!uk̂F,nu211 l 8̀ k̂F,zq
~18!

is a factor that takes into account grain boundary as wel
spatial dispersion~nonlocality! effects. Here,k̂F denotes a
unit vector along the direction of the Fermi wave vectorkF ,
V denotes the solid angle and

an85
an

12 iwt
, ~19!

l 8̀ 5
l `

12 iwt
. ~20!

For computational purposes, it is convenient to express
integral in Eq.~18! in polar coordinates (u,f), whereu is
the polar angle from then axis ~the polar axis! andf is the
azimuthal angle in the plane orthogonal to then axis. Writing
u5cosu and choosing f so that k̂F,n5u and k̂F,z

5A12u2sinf we find

Gn~q,w!5
3

2pE0

2p

dfE
0

1

du
u3

u1an81 l 8̀ quA12u2sinf
.

~21!

The second term in the denominator of the above integr
gives the effective contribution of grain boundaries to t
optical conductivity, the third, gives the contribution due
spatial dispersion. Furthermore, the integrand has been
plified by usinghn(kFu)51, which is deduced from Eq.~7!
as follows:hn(kFu) depends onsn , the standard deviation o
the distribution of particles’ sizes, through terms of the fo
exp(2u2kF

2sn
2). For typical values ofsn found in experiments

the relation (kFsn)2@1 holds, it then follows from Eq.~7!
that hn(kFu) is bounded over the interval@0,1# and has the
value 1 there, except in a very small neigborhood ofu50,
where in any case the whole integrand in Eq.~21! vanishes
asO(u3).

B. Dielectric function

We can now obtain the dielectric response of the film
the following way. First, in our system of reference the d
electric function of the film is a diagonal tensor. We wri
this tensor as

e5S e t,xx 0 0

0 e t,yy 0

0 0 e l

D , ~22!

wheree t ande l are the transverse and longitudinal dielect
function, respectively. Since there are not grain bounda
6-3
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JUAN SOTELO, JESPER EDERTH, AND GUNNAR NIKLASSON PHYSICAL REVIEW B67, 195106 ~2003!
perpendicular to thez axis,e l is just the dielectric function of
a single crystal metal. Also,e t ande l are given by

e t,nn511x IB~w!1xnn
FC~q,w!, ~23!

e l511x IB~w!1xD~w!. ~24!

Here, we have assumed that the susceptibility due to in
band transitionsx IB is the same in both cases. Moreover, t
susceptibilities due to the free carriersxnn

FC andxD are given
by

xnn
FC~q,w!5 i

snn
FC~q,w!

e0w
5xD~w!Gn~q,w!, ~25!

xD~w!5 i
sD~w!

e0w
. ~26!

From Eqs.~23!, ~24!, and~25! it follows that

e t,nn~q,w!5e l~w!1xD~w!@Gn~q,w!21#. ~27!

This equation together with Eq.~24! determines the dielec
tric response of the film.

C. Reflectance

The optical properties of the film can now be studied
terms of the film’s surface impedanceZn(w). For light inci-
dent from vacuum normal to a sharp surface, and when
electrons are assumed to scatter specularly at the surface
surface impedance, in units ofAm0 /e0, is given by18

Zn~w!5
1

p S 2iw

c D E
0

` dq

~w/c!2e t,nn~q,w!2q2
. ~28!

The reflectance and associated absorptance are then18

Rn~w!5UZn~w!21

Zn~w!11U
2

, ~29!

An~w!512Rn~w!. ~30!

D. Some limiting expressions

We now give some limiting expressions derived from t
above formalism. As we have said, the contribution of
spatial dispersion to the optical conductivity is given by t
term l 8̀ quA12u2 sinf in Eq. ~21!. For a given frequencyw,
the strongest part of the Fourier spectrum is around w
numberq5d(w)21,20 where d(w) is the skin penetration
depth of the metal at frequencyw, it follows that

u l 8̀ qu'
l `

d~w!
@11~wt!2#21/25

j~w!

d~w! S 11
1

~wt!2D 21/2

,

~31!

wherej(w)5vF /w represents the temporal dispersion of
electron at the Fermi surface.20 The ratio of spatial dispersion
to grain-boundary contribution in Eq.~21! is then r
50.5l ` /@d(w)an#, where the factor 0.5 stands for the max
19510
r-

e
the

e

e

mum value ofuA12u2usinfu in the region (u,f)P@0,1#
3@0,2p#. The reciprocal ofu l 8̀ qu for single-crystal bulk
gold and the ratior for polycrystalline gold films with dif-
ferent grain mean size are plotted in Fig. 1 for waveleng
in the visible and near infrared range. Thean’s for these
films satisfy 1.5,an,4.4.

At short wavelengthswt@1; in this case, whend(w)
@j(w), the second relation of~31! shows that spatial dis
persion is negligible, we may therefore takeq'0. Provided
that r !1, we can retain the terman8 in Eq. ~21! and get

Gn~0,w!512
3

2
an813an8

223an8
3ln~11an8

21!. ~32!

Accordingly, Eq.~27! reduces to

e t,nn~0,w!5e l~w!23xD~w!an8S 1

2
2an81an8

2ln~11an8
21! D ,

~33!

while Zn(w) @Eq. ~28!# takes the simple form18

Zn~w!5e t,nn~0,w!21/2. ~34!

Substituting Eqs.~33! and ~34! into Eq. ~29! yields an ana-
lytic expression for the reflectance of the film which we sh
henceforth refer to as the local reflectance.

On the other hand, at sufficiently long wavelengthswt
!1 and d(w)@ l ` ,20 hence, the first relation of Eq.~31!
shows that spatial dispersion is again negligible (q'0).
Since r !1 in this region, we can formally obtainGn(0,0)
from Eq. ~32!, bearing in mind thatan8'an becausewt
!1, thus

Gn~0,0!512
3

2
an13an

223an
3ln~11an

21!, ~35!

FIG. 1. Magnitude of the spatial dispersion and grain-bound
effects contributions to the optical conductivity of gold atq
'd(w)21. Left axis: Reciprocal of the magnitude of the spat
dispersion terml 8̀ q. Right axis: Ratio,r, of spatial dispersion to
grain-boundary contributions for polycrystalline films. The plots a
labeled with the mean film grain size.
6-4
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OPTICAL PROPERTIES OF POLYCRYSTALLINE . . . PHYSICAL REVIEW B 67, 195106 ~2003!
which corresponds to the ratio of the dc conductivity of
polycrystalline thick film to that of the bulk single crysta
obtained by Mayadas and Shatzkes.2

The region betweend(w)@j(w) andd(w)@ l ` is the re-
gion of the anomalous skin effect,20 where significant spatia
dispersion occurs. In this case, we limit ourselves to num
cally solve Eqs.~21!, ~27!, and~28!.

III. EXPERIMENTAL PROCEDURE

A. Experimental sample preparation

The samples used in this investigation were prepared
two different thin film deposition techniques: by the g
deposition method21 and by resistive heating in vacuum
Concerning the gas deposition method, the evaporation f
an ingot takes place in a lower chamber. The heating is p
vided by an induction coil of copper surrounding a carb
crucible containing Au of purity 99.999%. Nucleation an
growth of nanoparticles takes place in the lower chamb
Particles are formed above the Au melt by condensation
the supersaturated Au vapor in He gas introduced from
low the crucible. A transfer pipe is positioned centrally in t
zone where particles are formed and ends in an upper ch
ber. Particles in an outer zone are removed by an exh
pipe connected to the pump. Particle deposition took pl
onto a glass substrate mounted on a movable table in
upper chamber. Grain size was decreased by decreasin
temperature of the Au melt in the crucible. In the seco
fabrication procedure, resistive heating in vacuum, the ch
ber was kept at a pressure of 6 –731026 mbar. Grain size
was found to be related to the electric power used in
heating of the gold. Increased electric power gives lar
grain size. Gold layers were produced with a thickness in
range 1 –1.5mm as measured using a Tencor Alpha Step 2
mechanical stylus.

B. Structural characterization

Structural characterization was performed on all samp
using x-ray diffractometry employing a Siemens D5000 d
fractometer. The grain mean diameterD was obtained by
analyzing the full width at half maximum of the major pea
in the diffractogram using the method of Scherrer.22 TheD ’s
for the four different samples considered in this paper w
found to be 15, 20, 30, and 45 nm. The sample withD equal
to 45 nm, was produced with the gas deposition method,
the other samples were produced by resistive heating
vacuum. Scanning electron microscopy was employed
verify the grain size obtained from x-ray diffractometry.
was found that the grain size obtained from the two indep
dent characterization techniques were in good agreem
with a relative difference lower than 6%. Surface roughn
was investigated on all samples using atomic force micr
copy. Table I gives rms surface roughness data for e
sample.

C. Optical properties

Spectral near normal reflectance was obtained in
wavelength range 0.3–50mm. Ultraviolet, visible, and near
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infrared reflectance 0.3–2.5mm was measured on a Beck
man spectrophotometer UV 5240 equipped with an integ
ing sphere. A plate of BaSO4 was used as reference mate
Infrared reflectance was measured on a Perkin Elmer
infrared spectrophotometer in the wavelength ran
2 –50mm. A gold film with grain mean size 45 nm was use
as a reference. The reflectance data in the overlapping w
length range, i.e., 2.0–2.5mm, between the two differen
optical measurement ranges showed good agreement.

IV. ANALYSIS OF DATA AND DISCUSSION OF RESULTS

We now use the model developed in Sec. II to analyze
reflectivity measurements of our polycrystal gold films in t
visible and near infrared~VNIR! and in the far infrared
~FIR!. To simplify the calculations, we shall assume that t
Gaussian distributions of grain sizes in thex andy axis have
the same mean and standard deviation. In this context,
grain boundaries’s reflectance will be simply denoted byR.
In addition, we shall use the shorthandD-film to denote a
film with a grain mean size ofD nm. As said in Sec. III B
our experimental data corresponds to reflectivity measu
ments for 15, 20, 30, and 45 films. For each one of th
films, the reflectance data in the VNIR region is robus
fitted with the reflectance function~29!, using the grain bar-
riers’s reflectanceR as the only fitting parameter of th
model. This gives the best value ofR for each of the films.
We then substitute theseR’s in Eq. ~29! to compute the re-
flectance of the films in the FIR region. For each of the film
the above procedure is carried out, first, using the nonlo
dielectric function~27!, and then using the local one~33!.

The data fitting is done using the weighted orthogo
distance regression method implemented inODRPACK, ver-
sion 2.01.23 The refractive index values for single cryst
gold are obtained from Ref. 24. In addition we use the f
lowing values for the Drude parameters of gold at room te
perature:\wp58.98 eV,\/t50.0237 eV,vF /c50.00467.

A. Visible and near infrared

Figure 2 presents experimental reflectance for all sam
in the 400,l,2250 nm wavelength range. It is clear
shown that the near infrared reflectance is high for
samples. From the inset in Fig. 2 it is seen that the no
level is within 0.5% of the signal in the near infrared. The
film displays the highest reflectance in the whole wavelen
range, and it is clearly observed that the near infrared refl
tance decreases slightly with decreasing grain size. Al
,800 nm absorption is prominent, and for the 45, 30, and

TABLE I. Data on grain size and corresponding r.m.s. surfa
roughness.

D ~nm! r.m.s. Surface roughness~nm!

1562 7.34
2063 5.98
3063 6.23
4563 8.49
6-5
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JUAN SOTELO, JESPER EDERTH, AND GUNNAR NIKLASSON PHYSICAL REVIEW B67, 195106 ~2003!
films the reflectance displays a sharp steplike decreasel
between 500–600 nm. This is due to interband transiti
where electrons from thed bands are excited to the Ferm
level. The 15 film, however, exhibit a different behavior wi
an extra absorption in the 550,l,800 nm range, which
will be further discussed below.

For each of the films, its measured reflectivity and t
model best fit to these measurements are shown in the
of Fig. 3. The axes shown in the figure are those of the
films’ plots. The plots corresponding to the other films a
displayed vertically shifted downwards in steps of 0.1, and
order of decreasing grain mean size. In Table II we summ
rize the results of the fitting process for all the films. We s
that the nonlocal and local computations give the same
rier reflectances. These barrier reflectances are higher
those previously reported for other materials using the
model.1,25 They are, however, well within the range 0.4–0
of reflectance values measured by scanning tunneling
croscopy~STM! potentiometry on single grain boundaries

FIG. 2. Measured reflectivity for all the gold films. The ins
shows a close up to the region 800–2250 nm.

FIG. 3. Model best fit and measured reflectance for all the g
films. The plots of the 45 film are used as reference; the other p
have been vertically shifted downwards in steps of 0.1 and in o
of decreasing grain mean size.
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Au,26 and are lower than the value of 0.85 reported by D
kan and Wellan16 obtained modeling a grain barrier as
missing row of atoms.

From the plots in Fig. 3 we can see that the model
quite well the experimental data for the reflectance of the
30, and 45 films over the whole wavelength range. For the
film, we also get good agreement with the experimental d
in the region above 750 nm. Below this wavelength, ho
ever, it is clear from the plot that the model cannot acco
for the extra absorption present in the 550 to 750 nm ran
Wooten27 published reflectance data on unannealed Ag fil
displaying a shoulder at 340 nm, which was absent in
nealed films. This shoulder was interpreted in terms o
surface plasmon excitation arising from the surface rou
ness. In our case, however, it is unlikely that the extra
sorption of the 15 nm film is due to surface plasmon exc
tions caused by the surface roughness, since our films ex
very similar rms values of the surface roughness; see Tab
Taneja and Ayyub28 found a dip in the reflectance of nano
crystalline Ag films atl5350 nm, which they assigned t
surface plasmon resonance of the type generated in den
packed metal clusters of very small particles. It is conce
able that our 15 film exhibits a similar resonance due
~partial! confinement of electrons within the individua
grains of the film. The width of the extra absorption peak
not easily obtained from Fig. 3. In order to obtain a quan
tative estimate of the width, we performed a detailed ell
sometry investigation on our 15 film in the short waveleng
region. It was found that the absorption coefficient display
peak at l'600 nm with a full width at half maximum
~FWHM! of '0.26 eV. This is in good agreement with th
FWHM of '0.24 eV, estimated from bulk optical constan
by the expression of Kreibig29 and setting the electron mea
free path equal to the grain radius, e.g., 7.5 nm.

B. Far infrared „FIR …

Figures 4, 5, and 6 present experimental infrared refl
tance for the 30, 20, and 15 films in the 3000<l
<12 200 nm range. In the figures, the reflectance has b
normalized by dividing it with the reflectance of the 45 film
The level of infrared reflectance decreases with decrea
grain size, following the same trend as observed in the
ible and near infrared wavelength range. The level of no
in the FIR,'1.0%, is slightly higher than in the visible an
near infrared, especially in the 2000–4000 nm range whe
is fairly high.

Alongside the measured reflectivity of each of the films
the above figures, we also show the film’s reflectance co

d
ts
er

TABLE II. Barrier reflectance for several films with differen
grain mean size obtained from fits of the nonlocal and local mod
to the experimental data in the VNIR region.

D ~nm! R ~nonlocal! R ~local!

1562 0.62960.05 0.62960.05
2063 0.64560.05 0.64560.05
3063 0.67660.05 0.67560.05
4563 0.64360.05 0.64360.05
6-6
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puted using the local and nonlocal version of our model.
above, the reflectance has been normalized by the appr
ate, local or nonlocal, computed reflectance of the 45 fi
How far we can go in the FIR is limited by the extent of FI
data available in Ref. 24 for the optical constants of sing
crystal gold, namely,l<12 500 nm. We have, thus, limite
our theoretical calculation to the wavelength range 300
12 200 nm, where the lower cutoff wavelength is chosen
as to minimize the impact of the noisy region 2000–4000
in the comparison with experimental data, while still ens
ing a range of wavelengths wide enough to include a su
ciently large sample of experimental points with which
test the theory.

From Figs. 4, 5, and 6 we observe that the classical
flectance~local! and the anomalous reflectance~nonlocal!
cannot, at the scale of the figure, be distinguished from e
other up tol'9000 nm, from there the classical reflectan
becomes slightly higher than the anomalous one, the tr
being the same for all the films. This is consistent with t
analysis made at the end of Sec. II, for whenl*9000 nm,

FIG. 4. Experimental and computed normalized reflectance
gold film with grain size 30 nm.

FIG. 5. Experimental and computed normalized reflectance
gold film with grain size 20 nm.
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wt&6 and we are in the weakly anomalous region, see F
1, where the extra absorption causes a diminishing of
reflectivity. This effect should be more noticeable at wav
lengths larger than 12 500 nm but shorter than waveleng
for which d(w)/ l `@1; in this latter region spatial dispersio
is negligible and the classical result holds once again. F
thermore, from Figs. 4 and 5 we conclude that the class
and anomalous calculations of the reflectance are in g
agreement with the experimental data for the 30 and
films. Both calculations, however, overestimate the refl
tance of the 15 film, see Fig 6. It is seen that the discrepa
we observe between computed and experimental reflect
increases as the grain size decreases, because, as sug
in Ref. 12, the assumption of additivity of inverse relaxati
times becomes less accurate. This may also be due to
assumption of a columnar geometry for the grains of
film. In the region 3000–12 200 nm the skin depth is abo
24 nm, thus for the 30 and 20 films the exciting field prob
very weakly the actual layered structure of the film, and o
columnar assumption is a good approximation to the mic
structure of the film being probed in the reflectance meas
ment. For the 15 film, on the other hand, the exciting fie
does probe a few layers of grains in the film, this increa
the film’s resistivity leading to the measurement of a low
reflectance. In this case the assumption of a grain hav
columnar shape is only a rough approximation to the ac
microstructure probed by the exciting field. We emphas
here that in the FIR region our model has no adjustable
rameters; we use the barrier reflectance already determ
in the calculations done in the VNIR region. This shows t
robustness of the procedure used.

V. CONCLUSIONS

We have carried out a study of the effect of grain boun
aries on the optical properties of thick polycrystalline go
films in the wavelength range extending from the visible
the far infrared. Within the context of the Mayadas a
Shatzkes approach, this effect has been expressed in term

a

a

FIG. 6. Experimental and computed normalized reflectance
gold film with grain size 15 nm.
6-7
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a grain barrier reflectance. Using the semiclass
Boltzmann-transport equation approach we have found
dependence of the film’s dielectric function on the grain b
rier reflectance and expressed the reflectivity of the fil
through the films’ surface impedance. We find that the
perimental reflectivity measurement for gold films with me
grain size ranging from 15 to 45 nm, can be well explain
by the above model, the agreement being best for films w
mean grain size larger than 20 nm.

*Permanent address: Departamento de Fisica, Informatic
Matematicas, Universidad Peruana Cayetano Heredia, Apar
Postal 4314 Lima, Peru. Email address: jsotelo@upch.edu.pe

†Electronic address: Jesper.Ederth@angstrom.uu.se
‡Electronic address: Gunnar.Niklasson@angstrom.uu.se
1A. F. Mayadas, M. Shatzkes, and J. F. Janak, Appl. Phys. Lett14,

345 ~1969!.
2A. F. Mayadas and M. Shatzkes, Phys. Rev. B1, 1382~1970!.
3C. R. Pichard, C. R. Tellier, and A. J. Tosser, Thin Solid Films62,

189 ~1979!.
4C. R. Pichard, C. R. Tellier, and A. J. Tosser, Phys. Status So

B 99, 353 ~1980!.
5F. Warkusz, Surf. Sci.200, 394 ~1988!.
6J. C. Dudek, Thin Solid Films137, 11 ~1986!.
7J. C. Dudek, Thin Solid Films152, 411 ~1987!.
8G. Reiss, J. Vancea, and H. Hoffman, Phys. Rev. Lett.56, 2100

~1986!.
9E. Gerlach and P. Grosse, Adv. Solid State Phys.17, 157 ~1977!.

10E. Gerlach, Phys. Status Solidi B187, 477 ~1995!.
11E. Gerlach, Phys. Status Solidi B203, 107 ~1997!.
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