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We extend the Mayadas and Shatkes'’s apprpBblys. Rev. BL, 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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[. INTRODUCTION grain boundary effects on optical properties of thick poly-

The optical properties of metal films can be studied incrystalline metallic films in the range of the spectrum span-
terms of the optical conductivity which is associated with aning from the visible to the far infrared. This is done using
transverse electron current density in the film. For isotropidhe surface impedance approach to the reflectivity of a film
materials, at sufficiently long wavelengths, in the infrared,by Kliewer and Fuchs® We give explicit expressions for the
the (transversg optical conductivity converges to the ordi- dielectric function and surface impedance of the film in
nary (longitudina) electrical conductivity. Electron transport terms of the reflectance of the grain boundaries. Through this
properties of metal films taking account of grain boundariegphenomenological parameter we analyze the effect of grain
have been studied over the years by several authors, usingbaundaries on the reflectance of the film. We also present
variety of methods including the Boltzmann transport equaresults of experimental reflectance measurements that we
tion (and related approache’s’ the transfer matrix in a one- have carried out in the range from the visible to the far in-
dimensional(1D) quantum mechanical settifighe energy frared of the spectrum for gold films with grain mean-size
loss concept; *and the superposition methdtlKnowledge  between 15 and 45 nm, and compare those results with the
of the effect of grain boundaries in the electronic transport incomputed reflectivity from our model. In the computations
these films may be used to obtain information on the microwe use measured optical constants of single crystal gold, and
geometry of the filnt° analyze the transport properties of model the optical properties of a polycrystal by introducing
nonequilibrium electror$ and surface plasmort$to name  the effect of grain boundary scattering.
just a few applications. We begin by explicitly deriving the nonlocal optical con-

Mayadas and ShatzkéMS)"? have calculated the total ductivity of a polycrystal film for normal incident electro-
dc resistivity of a thin metal film using a model which ac- magnetic fields. We do this by solving a linearized Boltz-
counts for electron scattering due to grain boundaries, thenann transport equation for spatial and temporal dependent
film boundaries and a homogeneous background. They usdiglds, for the 2D version of the Mayadas and Shatzkes
a semiclassical approach based on the Boltzmann transpartodel of a polycrystal. The solution of the equation is given
equation, complemented by an independent determination déf a form that allows us to estimate the contributions to the
a collision term associated to grain boundaries. The backeonductivity due to spatial dispersion and grain boundaries,
ground scattering is accounted for through a relaxation timewhich can then be used to assess the magnitude of their
which is added to the contribution of grain boundary scattereffects in the reflectivity and absorption properties of the
ing. Admittedly, this assumption may be doubted because itilms. The reflectivity and absorption are computed using the
is just another way to write Mathiessen’s rule which issurface impedance formulation of the reflectivity of a film by
known to be violated in such a caSesStill, the assumption  Kliewer and Fuch$® Using gold as an example, we show
has been proven to hold, for instance, when the mean filnthat by using the grain-boundary reflectance as the only ad-
grain sizeD is larger than the mean free path of the homo-justable parameter of our model, the calculated reflectivity of
geneous background, ,*? and has even been pushed a little films with grain mean size in the range 15—45 nm is in good
further to deal with some cases whdbes\...'” Thus, the agreement with our experimental reflectivity measurements
boundary of its applicability is not clearly defined. In spite of in most of the wavelength range of our study.
the model's shortcomings, its simplicity makes it appealing The plan of this paper is as follows. In Sec. Il we present
and useful as a first approximation when interpreting experian extended Mayadas and Shatzkes’s model based on the
mental data on electronic transpbt:®/It would thus seem  surface impedance concept to study the optical properties of
desirable to extend the model to be able to gain some insighhick polycrystalline films. In Sec. Il we present the experi-
into the optical properties of the films as well. mental procedure to obtain the reflectivity data of the films.

In this paper we extend the Mayadas and Shatzkes'$he analysis and discussion of our results are given in Sec.
electrical-resistivity model for polycrystalline filfigo study 1V, followed by the conclusions in Sec. V.
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Il. THE FILM MODEL AND COMPUTATIONAL =1,... N,} distributed according to a GaussigiD, ,s,)
PROCEDURE of meanD , and standard deviatics), .> Moreover, the action
of the plane atv, is represented by a short range potential
S,8(v—v,) of strengthS, .2
In what follows, we will only consider the case of an

Our model of a polycrystalline film is that proposed by
Mayadas and ShatzKem their study of the effect of grain

boundaries on the dc conductivity of thin polycrystalline exciting electromaanetic wave of frequeney impinain
films. In this model the grains in the film are considered to g nag ~queney Impinging
ormally on the film surface and polarized in thelirection.

have columnar shape, extending upright from the bottom t . . )
the top surface of the film, and to be laterally bounded b ence, all fields and currents in the film are assumed to have
j Batlal and temporal dependence of the foiffz,t)

erpendicular planes. These planes are represented by tw . :
Enc%rrelated sgts of randomlyplocated paral?el planar po);en-: [2)expl—iwt}, e.g.E(zt)= EV(z)e>ép{—|wt}. .
tials, which are short ranged and smooth so that only specu- Let us denote b)gk(;,t)_zf!((z,t)— fk_' the small de\_/la-
lar reflection is produced by planes that are parallel to arion of the electr%n distribution functiorfi(z,t) from its
applied external field. Using this model we will first deter- €quilibrium valuefy . As for the fields and currents we ex-
mine the film's optical conductivity taking account of the Pectfy, and sogy, to have the same frequency dependance
resistivity arising from two types of scattering mechanisms?s the external field and to depend on position only through
for the electrons, namely, specular scattering from sets dhe distance into the met.al. The Boltzmann equation for our
partially reflecting planar grain boundaries, together withProblem can then be written as
isotropic background scattering produced by phonons and
point defects Having determined the optical conductivity,
we will next find the film’s dielectric function, which we use
to compute the film’s surface impedance. In turn, we use this
surface impedance to describe the optical properties of the k2029t Ik @)
film.

evk,VEﬁska:g—Tk+ f P(k,k")(gk— gk )dk’

whereP(k,k") is the transition probability for an electron in
statek to be scattered to the stdté by the planesg, andv

A. Optical conductivity are the energy and velocity, respectively, of an electron in
In order to find the optical conductivity of the film, we Statek, andeis the magnitude of the electron charge.
follow Kliewer and FuchgKF) (Ref. 18 and solve a linear- Taking Fourier transform on both sides of this equation

ized Boltzmann transport equation for time and space depei{€ gét

dent fields, explicitly considering scattering due to short G

ranged grain-boundary potentials of the type described by o_ 7k / _ P
Mayadas and Shatzke@VS).2 The Boltzmann transport evi €0 fk=" +f Pk (G Gier)dK” Fiquyc L
equation is solved under the following assumptions which ,

were introduced by Reuter and Sondheirt®),'° MS 2 and — 1wy, @
KF.X® (RS1) Magnetic effects are dropped at the outset
(RS2 The film's linear dimensiong,, L, , andL, are con-
sidered much greater than the penetration depth of the field,
so that the film may be considered to have plane surfaces ?)fr
infinite extent and essentially infinite thicknes®S3 The 10 where use is made of the pair correlation function. Writ-

electron states of the pure single crystal are taken as tho§l§ : ; :
) o the grain boundary potenti®g(r) as in Ref. 10,
corresponding to the free-electron hamiltonian, these statesg 9 yp (")

form an almost continuous set because of the large film vol-

umev=L,L,L,. (RS4 the conduction phenomena in the V= > > S,8v—u,), 3
crystal is described in terms of a single parabolic bapd velxyt n, '

= (h?/2m*)k?, wherem* is the effective mass of the elec-
tron, (RSH the scattering at the film surface is specular.
(MS1) Grain boundariegplane potentialsare represented by 5
o-function potentials of strengths weak enough to allow the P(k,k')= _7T5( €— ek/)L<<|<k|V|k'>|2>>
use of the Born approximation to calculate the electron tran- ’ f (2m)3 ¢
sition rate for each of the arrays of parallel plan@dS2)

‘whereg,(q,w) and&(q,w) denote the Fourier transform of
k(z,t) andE(z,t), respectively.

To compute the transition probabilig(k,k"), k#k’, we
oceed as in Ref. 2; an alternative procedure is given in Ref.

the Born approximation yields

The scattering from. phonons and point defects are accounted _ 2 Fo (k) ok, +K) S(kE—Kk'5),  (4)

for by a relaxation timer. (KF1) The wave vectok is small vE{X,y}

compared to the Fermi wave vectr and the frequencw o

is small compared to the Fermi frequeney/7. where ((- - -)), denotes the average over the distribution

For definiteness we take the polycrystalline metallic film8x(Dx.$Jgy(Dy.S,), k; is the component ok transversal
to fill the half-spacez=0, with its two uncorrelated sets of to thev axis, an
plane potentials taken to be orthogonal to ¥thandy axes, ‘
. . @,
respectively. If we denote by_eltherx ory, we have_ that t_he F(u)=or —Fh,,(u), u>0, )
planes orthogonal to the axis are located at points, ,i 27 U

195106-2



OPTICAL PROPERTIES OF POLYCRYSTALLIS. ..

. R, ]
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1—exp(—4u?s?)

1+exp(—4u?s?) — 2 exg — 2u®s?)cog 2uD,)
@)

Herekg denotes the magnitude of the Fermi wave ved®yr,
is the reflection coefficient from a single barrier in the
direction, and ., is the background mean free path.

With P(k,k’) known, we seek a solution to E) of the
form

h,(u)=

G(,w) =@y (q,W)v ,E(,W), €S)
with &, satisfying

Dk b= Pl kg o ©)
Dty kg ket = Py ) - (10
Replacing Eq(8) into Eq.(2) gives
evy, 06, Fe= P, [ 7 =i (W—vy )]
+f P(k,k")(Pvy ,— Pyrvyr,,)dk'. (11

The integral term can be evaluated using Ed$, (9), and
(10), we find
2FV(|kV|)(I)kvk,V' (12)

Substituting this expression into E(L1), solving the latter
for ®, and inserting the result into E¢Q) yields

0
ev k’,,o'?ekfk

Gk(q,w)=— &(q,w), (13

7, '—i(w—v, ,0)

1 1
—=—+2F([k,)). (14
T T

14

From the relations

J]/(qlw) ‘S(qu)O yy(qlW) 3f U k ng(qlw)dk!
471

where 7,(qg,w) is the Fourier transform of the current den-

sity J,(z,t), we obtain the tensor component (q,w) of
the dynamical conductivifyof the free carrier§FC) in the
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: (17)

T I—iw

aP(w)=

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

kZ ,dQ
1+a;hv(|kF,V|)|RF,V|71+lo,cRF,Zq
(18)
is a factor that takes into account grain boundary as well as

spatial dispersiorinonlocality effects. Herekr denotes a
unit vector along the direction of the Fermi wave vedter,
Q) denotes the solid angle and

3
GV(q!W) = E

T wr 19
L 20
*1—iwr (20)

For computational purposes, it is convenient to express the
integral in EQ.(18) in polar coordinates{, ¢), where@ is
the polar angle from the axis (the polar axisand ¢ is the
azimuthal angle in the plane orthogonal to thaxis. Writing

u=cosf and choosing ¢ so that RF,V=u and RF,Z

=\1-u?sin¢ we find

u3

3 (27 1
3, ,W=—f d fdu .
(aw=az 0 ¢ 0 u+tal+l.quyl-uZsing
(21

The second term in the denominator of the above integrand
gives the effective contribution of grain boundaries to the
optical conductivity, the third, gives the contribution due to
spatial dispersion. Furthermore, the integrand has been sim-
plified by usingh,(kgu) =1, which is deduced from Eq7)

as follows:h,(kgu) depends o3, , the standard deviation of
the distribution of particles’ sizes, through terms of the form
exp(—u?kzs?). For typical values o8, found in experiments
the relation krs,)?>1 holds, it then follows from Eq(7)
thath,(kgu) is bounded over the interv@0,1] and has the
value 1 there, except in a very small neigborhoodief0,
where in any case the whole integrand in E2fl) vanishes
asO(ud).

B. Dielectric function

We can now obtain the dielectric response of the film in
the following way. First, in our system of reference the di-
electric function of the film is a diagonal tensor. We write

presence of both grain boundary and background scatterindiS t€nsor as

2 J Uk, Uk, v d_S:
47 T;l—i(W_vk’ZQ) Vil

o S(q,w)=

=aP(W)8,(q,w), (16)

where the integral is over the Fermi sphere

€xx O 0
e=| 0 ey O], (22
0 0 €]

wheree; ande, are the transverse and longitudinal dielectric
function, respectively. Since there are not grain boundaries
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perpendicular to the axis, ¢ is just the dielectric function of S T - 197
a single crystal metal. Alsa; and e, are given by 10 108
[ - 0.5
€= 1 X®(W)+ x;5(q,W), (23 Joa
e=1+x"B(w)+ x°(w). (24) {o3 'y
< 10 ~
Here, we have assumed that the susceptibility due to inter °‘8 doz o
band transitiong'® is the same in both cases. Moreover, the = S
susceptibilities due to the free carrigg§ and x° are given .
by
FC 'F 10 10 ens
0,(0,W) p e e
XES(QxW):|W€—W:XD(W)QSV(CLW), (25 1000 5000 10000
0 A (nm)
D
D(W) =i o (w) (26) FIG. 1. Magnitude of the spatial dispersion and grain-boundary
X €W effects contributions to the optical conductivity of gold qt

~&(w) L. Left axis: Reciprocal of the magnitude of the spatial
dispersion ternd.g. Right axis: Ratior, of spatial dispersion to
grain-boundary contributions for polycrystalline films. The plots are
labeled with the mean film grain size.

From Egs.(23), (24), and(25) it follows that

€, (W)= €&(W)+x°(W)[S,(qw)—1].  (27)
This equation together with E@24) determines the dielec-

tric response of the film. mum value ofu\1—u?[sing| in the region (1,¢)[0,1]
X[0,2r]. The reciprocal of|l.q| for single-crystal bulk
C. Reflectance gold and the ratia for polycrystalline gold films with dif-
The optical properties of the film can now be studied inférént grain mean size are plotted in Fig. 1 f'or wavelengths
terms of the film’s surface impedangg(w). For light inci- I the visible and near infrared range. The's for these

dent from vacuum normal to a sharp surface, and when thlms satisfy 1.52«,<4.4. S
electrons are assumed to scatter specularly at the surface, theAt short wavelengthsv7>1; in this case, when5(w)

surface impedance, in units qfug/€g, is given by® >§(yv), _the se_cqnd relation df31) shows that spatia_l dis-
persion is negligible, we may therefore tadge-0. Provided

1 foo dq thatr<1, we can retain the term,, in Eq. (21) and get

ZV(W) =—

ko

2iw

(o

(28)

0 (wic)?e;,,(q,w)—q?

3 ’ 12 13 r—1
&, (0W)=1——a'+3a2—3a’3n(1+a. Y. (32

The reflectance and associated absorptance aréthen 2

Z,(w)—1[? Accordingly, Eq.(27) reduces to
RV(W)—W ; (29)

1
A (W) =1-R,(w). (30 €um(0W)=a(W)=3x°(W)a}| 5~ a)+aIn(1+ a;l>),
(33

D. Some limiting expressions _ '
We now give some limiting expressions derived from theWhlle Z,(w) [Eq. (28] takes the simple for
above formalism. As we have said, the contribution of the _1

ZV(W) = 6t,VV(O!W) . (34)

spatial dispersion to the optical conductivity is given by the
terml”quy1—u?sin¢ in Eq.(21). For a given frequencw,

the strongest part of the Fourier spectrum is around wav
numberqg= 8(w) ~*,%° where 8(w) is the skin penetration h
depth of the metal at frequenay; it follows that

Substituting Eqs(33) and (34) into Eq. (29) yields an ana-
tic expression for the reflectance of the film which we shall
enceforth refer to as the local reflectance.

On the other hand, at sufficiently long wavelengths

1\ <1 and 8(w)> |.,,% hence, the first relation of Eq31)
I.q|~ » [1+(wr)?] Y= &(w) 1+ shows that spatial dispersion is again negligibte=Q).
o(w) o(w) (wr)? Sincer<1 in this region, we can formally obtaié ,(0,0)

(31)  from Eq. (32), bearing in mind thatw!~ @, becausewr

whereé(w)=uvg/w represents the temporal dispersion of an<1: thus

electron at the Fermi surfaé®The ratio of spatial dispersion 3
to grain-boundary contribution in Eq(21) is then r _,_ 2 2_ 53 -1
=0.9./[ 8(w)a,], where the factor 0.5 stands for the maxi- 5,(0,0=1 Za”+3a” Sayin(lte, ), (39
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which corresponds to the ratio of the dc conductivity of a TABLE I. Data on grain size and corresponding r.m.s. surface

polycrystalline thick film to that of the bulk single crystal roughness.

obtained by Mayadas and ShatzKes.
The region betweed(w)> £(w) and 5(w)>1., is the re- D (nm) r.m.s. Surface roughnegsm)

gion of the anomalous skin effettwhere significant spatial 15+ 2 734

dispersion occurs. In this case, we limit ourselves to numeri- - '

20+3 5.98
cally solve Eqs(21), (27), and(28). 30+3 6.23
45+3 8.49

IIl. EXPERIMENTAL PROCEDURE

A. Experimental sample preparation
infrared reflectance 0.3—2,/m was measured on a Beck-

The samples used in this investigation were prepared b . . . s
two different thin film deposition techniques: by the gas.ann spectrophotometer UV 5240 equipped with an integrat

deposition methdd and by resistive heating in vacuum. M9 sphere. A plate of BaSO4 was used as reference material.
P : Y 9 X " Infrared reflectance was measured on a Perkin Elmer 983
Concerning the gas deposition method, the evaporation fron)

an ingot takes place in a lower chamber. The heating is pml_nfrared spectrophotometer in the wavelength range

vided by an induction coil of copper surrounding a carbon2 —50um. Agold film with grain mean size 45 nm was used

. . . . as a reference. The reflectance data in the overlapping wave-
crucible containing _Au of purity 99.999%. Nucleation and length range, i.e., 2.0-2,5m, between the two different
growth of nanoparticles takes place in the lower chamber, tical measurement ranaes showed qood aareement
Particles are formed above the Au melt by condensation orP 9 9 9 '
the supersaturated Au vapor in He gas introduced from be-
low the crucible. A transfer pipe is positioned centrally in the V. ANALYSIS OF DATA AND DISCUSSION OF RESULTS

zone where particles are formed and ends in an upper cham-

b_er. Particles in an outer zone are removeo! _by an eXhauﬁgflectivity measurements of our polycrystal gold films in the
pipe connected to the pump. Particle deposition took Placeisible and near infraredVNIR) and in the far infrared
onto a glass substrgte _mounted on a movable table int IR). To simplify the calculations, we shall assume that the
upper chamber. Grain size was decreas.ed by decreasing t ussian distributions of grain sizes in thandy axis have
tempergture of the Au m.elt' in the 'cru.C|bIe. In the Secondthe same mean and standard deviation. In this context, the
fabrication procedure, resistive heating in vacuum,_the_chanbrain boundaries’s reflectance will be simply denotedRby

ber was kept at a pressure of 6x70 % mbar. Grain size

. ; In addition, we shall use the shorthabdfilm to denote a
was found to be related to the electric power used in thefilm with a grain mean size ob nm. As said in Sec. Il B

he@“”g of the gold. Increased electrlc_power_ gives Iarge[:_)ur experimental data corresponds to reflectivity measure-
grain size. Gold layers were prO(_juced with a thickness in th?nents for 15, 20, 30, and 45 films. For each one of these
range 1._1'5'”“ as measured using a Tencor Alpha Step 20c}ilms, the reflectance data in the VNIR region is robustly
mechanical stylus. fitted with the reflectance functiof29), using the grain bar-
o riers’s reflectanceR as the only fitting parameter of the
B. Structural characterization model. This gives the best value Bffor each of the films.

Structural characterization was performed on all sample¥Ve then substitute thed®'s in Eq. (29) to compute the re-
using x-ray diffractometry employing a Siemens D5000 dif- flectance of the films in the FIR region. For each of the films,
fractometer. The grain mean diamet@rwas obtained by the above procedure is carried out, first, using the nonlocal
analyzing the full width at half maximum of the major peaks dielectric function(27), and then using the local ori83).
in the diffractogram using the method of SchefefheD’s ~ The data fitting is done using the weighted orthogonal
for the four different samples considered in this paper werdlistance regression method implementedoDRPACK, ver-
found to be 15, 20, 30, and 45 nm. The sample llitequal ~ Sion 2.012% The refractive index values for single crystal
to 45 nm, was produced with the gas deposition method, angold are obtained from Ref. 24. In addition we use the fol-
the other samples were produced by resistive heating itPwing values for the Drude parameters of gold at room tem-
vacuum. Scanning electron microscopy was employed t@eratureziw,=8.98 eVfi/7=0.0237 eVyg/c=0.00467.
verify the grain size obtained from x-ray diffractometry. It
was found that the grain size obtained from the two indepen- A. Visible and near infrared
dent characterization techniques were in good agreement, _. .
with a relative difference lower than 6%. Surface roughness Figure 2 presents experimental reflectance for_aII samples
was investigated on all samples using atomic force micros.’ the 406<A <2250 nm wavelength range. It is clearly

copy. Table | gives rms surface roughness data for eacﬁhown that the near mfr_areq reflc_ac_tance is_high for ‘T"”
sample. samples. From the inset in Fig. 2 it is seen that the noise

level is within 0.5% of the signal in the near infrared. The 45
film displays the highest reflectance in the whole wavelength
range, and it is clearly observed that the near infrared reflec-
Spectral near normal reflectance was obtained in théance decreases slightly with decreasing grain size\ At
wavelength range 0.3-50m. Ultraviolet, visible, and near- <800 nm absorption is prominent, and for the 45, 30, and 20

We now use the model developed in Sec. Il to analyze the

C. Optical properties
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10' TABLE Il. Barrier reflectance for several films with different
o] grain mean size obtained from fits of the nonlocal and local models
09 to the experimental data in the VNIR region.
0.8 D (nm) R (nonloca) R (local)
@
§ 074 RN ATy 15+2 0.629+0.05 0.62%0.05
g ] —30nm 0% ;:“,;‘ew?ﬂ-i‘%;;;?;al_ 20+3 0.645-0.05 0.645:0.05
e " —45mm et v 30+3 0.676-0.05 0.6750.05
0.5+ { 45+3 0.643-0.05 0.6430.05
| 0.2{
0.4 1
IS sl —, : : Au,?® and are lower than the value of 0.85 reported by Dur-
d 1000 1500 2000 . . . .
0.3 kan and Wellalf obtained modeling a grain barrier as a

500 750 10IOO 12I50 15IOD 17I50 2()'00 ZISO miSSing row Of atoms' . .
N From the plots in Fig. 3 we can see that the model fits
(nm) . .
quite well the experimental data for the reflectance of the 20,
FIG. 2. Measured reflectivity for all the gold films. The inset 30, and 45 films over the whole wavelength range. For the 15
shows a close up to the region 800—2250 nm. film, we also get good agreement with the experimental data
in the region above 750 nm. Below this wavelength, how-

films the reflectance displays a sharp steplike decrease at€Ver, it is clear from the plot that the model cannot account
between 500—600 nm. This is due to interband transition&0r the extra absorption present in the 550 to 750 nm range.
where electrons from thd bands are excited to the Fermi Wootert’ published reflectance data on unannealed Ag films
level. The 15 film, however, exhibit a different behavior with displaying a shoulder at 340 nm, which was absent in an-
an extra absorption in the 550.<800 nm range, which nealed films. This shoulder was interpreted in terms of a
will be further discussed below. surface plasmon excitation arising from the surface rough-
For each of the films, its measured reflectivity and theN€Ss. In our case, however, it is unlikely that the extra ab-
model best fit to these measurements are shown in the plof9rption of the 15 nm film is due to surface plasmon excita-
of Fig. 3. The axes shown in the figure are those of the 440NS qaqsed by the surface roughness, since our films exhibit
films’ plots. The plots corresponding to the other films areVery glmllar rms values of thelsu.rface roughness; see Table I.
displayed vertically shifted downwards in steps of 0.1, and inT@neja and Ayyu found a dip in the reflectance of nano-
order of decreasing grain mean size. In Table Il we summacrystalline Ag films at\ =350 nm, which they assigned to
rize the results of the fitting process for all the films. We seeSurface plasmon resonance of the type generated in densely
that the nonlocal and local computations give the same baRacked metal clusters of very small particles. It is conceiv-
rier reflectances. These barrier reflectances are higher tha®le that our 15 film exhibits a similar resonance due to
those previously reported for other materials using the Mgpartia) confinement of electrons within the individual
modell?® They are, however, well within the range 0.4—0.9 grains of the film. The width of the extra absorption peak is
of reflectance values measured by scanning tunneling mfot easily obtained from Fig. 3. In order to obtain a quanti-

croscopy(STM) potentiometry on single grain boundaries in tative estimate of the width, we performed a detailed ellip-
sometry investigation on our 15 film in the short wavelength

R region. It was found that the absorption coefficient displays a
45-5im ] peak atA=~600 nm with a full width at half maximum
~d (FWHM) of ~0.26 eV. This is in good agreement with the
30-film X FWHM of ~0.24 eV, estimated from bulk optical constants

20-film i by the expression of Kreibfd and setting the electron mean
free path equal to the grain radius, e.g., 7.5 nm.

1.0

08

08

0.7

06 16-film 7

05 ] B. Far infrared (FIR)

Reflectance

04 - = = Model ] Figures 4, 5, and 6 present experimental infrared reflec-

—— Experiment - tance for the 30, 20, and 15 films in the 3600

<12 200 nm range. In the figures, the reflectance has been

normalized by dividing it with the reflectance of the 45 film.

The level of infrared reflectance decreases with decreasing

O 0 B T T e a0 o0 7000 grain size, follpwmg the same trend as observed in the vis-

A (nm) !ble and near mfrargd vyavelen_gth range..The Ieygl of noise
in the FIR,~1.0%, is slightly higher than in the visible and

FIG. 3. Model best fit and measured reflectance for all the goldnear infrared, especially in the 2000—4000 nm range where it

films. The plots of the 45 film are used as reference; the other plotis fairly high.

have been vertically shifted downwards in steps of 0.1 and in order Alongside the measured reflectivity of each of the films in

of decreasing grain mean size. the above figures, we also show the film’s reflectance com-

03
0.2

01 |-
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FIG. 4. Experimental and computed normalized reflectance of a FIG. 6. Experimental and computed normalized reflectance of a
gold film with grain size 30 nm. gold film with grain size 15 nm.

puted using the local and nonlocal version of our model. Asv7<6 and we are in the weakly anomalous region, see Fig.
above, the reflectance has been normalized by the appropd; where the extra absorption causes a diminishing of the
ate, local or nonlocal, computed reflectance of the 45 filmreflectivity. This effect should be more noticeable at wave-
How far we can go in the FIR is limited by the extent of FIR lengths larger than 12500 nm but shorter than wavelengths
data available in Ref. 24 for the optical constants of singlefor which §(w)/l.>1; in this latter region spatial dispersion
crystal gold, namelyh<12500 nm. We have, thus, limited is negligible and the classical result holds once again. Fur-
our theoretical calculation to the wavelength range 3000-thermore, from Figs. 4 and 5 we conclude that the classical
12200 nm, where the lower cutoff wavelength is chosen s@and anomalous calculations of the reflectance are in good
as to minimize the impact of the noisy region 2000—4000 nmagreement with the experimental data for the 30 and 20
in the comparison with experimental data, while still ensur-films. Both calculations, however, overestimate the reflec-
ing a range of wavelengths wide enough to include a suffitance of the 15 film, see Fig 6. It is seen that the discrepancy
ciently large sample of experimental points with which towe observe between computed and experimental reflectance
test the theory. increases as the grain size decreases, because, as suggested
From Figs. 4, 5, and 6 we observe that the classical rein Ref. 12, the assumption of additivity of inverse relaxation
flectance(local) and the anomalous reflectanéaonloca) times becomes less accurate. This may also be due to our
cannot, at the scale of the figure, be distinguished from eachssumption of a columnar geometry for the grains of the
other up ton~9000 nm, from there the classical reflectancefilm. In the region 3000—12 200 nm the skin depth is about
becomes slightly higher than the anomalous one, the treng4 nm, thus for the 30 and 20 films the exciting field probes
being the same for all the films. This is consistent with thevery weakly the actual layered structure of the film, and our
analysis made at the end of Sec. Il, for wher 9000 nm, columnar assumption is a good approximation to the micro-
structure of the film being probed in the reflectance measure-

1.000 T . T . r . T . r ment. For the 15 film, on the other hand, the exciting field
20-film ] does probe a few layers of grains in the film, this increases

0095 L Nondocal | the film’'s resistivity leading to the measurement of a lower
) _:_E"Pel"'“""t reflectance. In this case the assumption of a grain having
[ - o columnar shape is only a rough approximation to the actual
0.990 [ . . " . microstructure probed by the exciting field. We emphasize

here that in the FIR region our model has no adjustable pa-
rameters; we use the barrier reflectance already determined
in the calculations done in the VNIR region. This shows the
robustness of the procedure used.

Reflectance

V. CONCLUSIONS

0.975 |- .
’ : v : ! : . : . We have carried out a study of the effect of grain bound-

4000 6000 8000 10000 12000 3 . . . .
A (nm) aries on the optical properties of thick polycrystalline gold
films in the wavelength range extending from the visible to
FIG. 5. Experimental and computed normalized reflectance of dhe far infrared. Within the context of the Mayadas and
gold film with grain size 20 nm. Shatzkes approach, this effect has been expressed in terms of
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