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Optical anomalies of metallic island films*
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Optical properties of island metallic films have heen reported in this paper. Experimen-
tal results illustrating optical anomalies in silver-, gold- and aluminium films have been
reviewed. A modified Maxwell-Garnett- and Hampe-Shklyarevskii theories have
heen presented which are used for explanation of optical properties of island films.
The above theories have heen here employed for aluminium island films in order to
compare both of them.

Olptlcal,ﬁropeme,s of very thin and island films differ from those of bulk media
or continuons thick films. The latter may ne described hasing on the classical
Drude-Lorentz- and interband-transition quantum theories™ [1-4].
Ineraction between electromagnetic wave and medium a¥] ead to the
free-electron absorption in hands filled incompletely and to the interband
absorption (quantum one). _ _ L L
Optical medium properties are described with the dielectric permittivity

& = El—ei —(n—ik)2 1)
where  e2are the real and imaginary parts of the permittivity, respectively,

n - refractive index, k- extinction coefficient. This value can he described

for classical and quantum interactions in the analogous way.,

N atoms are considered in the unit volume and N é denqtes density of electrons
connected with a resonance frequency o the diélectric permittivity in case
of an interaction between the wave and this system takes the form

(2)

where  is a factor connected with electron-motjon attepuation it determines
half width of the absorption curve. The normalization conditions may be written
as follows:
. 3
J 3)

For free electrons % —(, and formula 52% describgs optical Properties of metals.
In case of quantum absorption interband transitions expression (2) takes the

* This paper has been presented at the VI Polish-Czechoslovakian Optical Conference
in Lubiatdow (Poland), September 25-28, 1984.
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form
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where hwj denotes an energg which separates the two states, r#s a probability
?f quantum transition between those states, the following normalization condi-
jon

27,-1 ()
being satisfied. Expression (4) may be written in the following way:

6
(COo2 — @) — iyjco (6)

where ¢ = ]/4nNedm denotes tPlasmon frequency Taking account of the
types of mterachons between the wave and the ‘medium, Telations between
real and jmaginary parts of dielectric permittivity and the optical constants
may be given'basing on Eq. (1) as follows:

ell, + gh) = « = n2-fc2, (7)
t —B -2t 6)

Expression (8]1 attains maX|mum ina spectral ran e|n which resonance absorp-
tion occurs plot of s2for the above ty eso a sorptlon |e the classical
one Ia el edg ?nd qéjantum one IabeIIed 2|s shown'in é;

Eesonance effects determined by the — tefm are connecte wit he crystal
structure and they vanish when the phase transition mto I%Uld state [6] orinto
amorphic one [7 occurs which is illystrated in Figs. 2

Qptical pr Prhes may be also descnbed with ener et|c coefﬁuents of re-
flectivity and ransmhtwhg as Well as their wave- reqluen([:%/ dependences.
Plasmot frequency devides area of cinto a range in which the medium exhibits

Fig. 2. Comparison of liquid (— — — —) and solid @ ) AL [36]



Fig. 3 Influence of the substrate temperature on the absorption spectrum of evaporated Al
films [37, 38]

Fig. 4. Spectral dependence of reflectivity for a free-electron metal [2]

Fig. 5
v

Fig. 5. Reflectance for aluminium. The decrease in reflectance at hw = 1.4 eV arises from
a weak interhand transition. The large decrease in reflectance at fia> = 14.7 eV identifies
the plasma resonance [8]

Fig. 6. Spectral dependence of reflectivity for Ag films grown with different rates of evapo-
ration [15]
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high reflectance for &< ap and the one with high transmittance for @> ap.
Theoretical [%] and experimental [9] plots of B vs. Tiofor aluminjum are shown
in Figs. 4 and 5, where the plasmon frequency is also indicated. Optical pro-
Fertle,s, which can be explained on a basis of Drude-Lorentz- and Interbang-
ransitjon theories are called the normal ones. Theoretical results are in
]gl%osod[l%g{%iment with the experimental ones for bulk materials and thick
| -13].

Fig. 7. Imaginary part of dielectric permittivity e2as a function of wavelength Afor / g films
grown with different rates of evaporation [15]
Fig. 8. Spectral dependence of reflectivity for Au films with different thicknesses [15]

_Optical mvestlgatlons of colloidal media, island films and coarse films show
existance of Phen mena which cannot be explained on grounds of the above
theories and these properties are call,?d the anomalous ones.
As structural studies show, the films in their initial stage of ?rowth when
evaporated under appropriate conditions exhibit an, island”structure. Optical
roEemes of the films exhibit anomalies consisting jn existance of absorption
eaks which are not connected with interband transitions, hut which are depen-
dent upon the film microstructure characterized by the volume fraction q defi-

ned as

2 ~microparticles /~"film - (9)

Parameter q can be determined basing on microscopic pictures according to
the method presented in paper [14] “where

2= (10)

| is a ratio of segments’ lengths crossin% the islands and the total length. Para-
meter q may range from 0 Which corresponds to the non-evaporated substrate



Optical anomalies of metallic island films 191

to 1 which corresponds to the continuous film. Resonance effects have been
bserved in case of metalljc |slcﬁnd films on_amo,rﬁhlc and crystallipe su,b?trates
ES-le._ For thin films when A< 1 the imaginary part of the film dielectric

ermittivity &2 may be experimentally determined from the Wolter’s approxi-
ation [2% Y P Y W

_ A I1-R-T
VI an

d beingrthe film thickness, A- wavelength, na- refractive index for the substrate
R and'T - energetic coefficients of reflectivity and transmittivity, respectively
determined experimentally. Experimental plots of reflectivity coefficient and

Tig. 9

Fig. 9. Imaginary part of the permittivity e2 as a function of wavelength Afor Au films with
different thicknesses [15]

Fig. 10. Reflectivity spectrum for Al island films with different volume functions [28]

|mag|n_ar¥_part of the dielectric permittivity as a function of wavelength are
glven In Figs, 6-11 for silver- %old- and aldminiym films, respect_lveILy. As can
e seen fro theﬁguresthe_plot of e2are clearly of the resonance-like character,
and the wavelength for which the maximum of S2is observed depends upon the
covering degree determined by the volume fraction, With the mcreasm% %
Avaxis shifted towards the Iongne_r waves. For explanation of these effects som
micro-theories have arisen which are concerned with interactions between
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eletg:t{ongagnetjc Wﬁ\]/e adnd alm isoltated system of metallic islands on the dielectric
substrate, being the dipole system. _

. Ong of tlf]e rst wasFt)he m}igro%eor of Maxwell-G-amett [23] which dealt
with the arrangement of spherical metallic grains on an insulating substrate.
The dielectric permittivity of such an arrangement is expressed-as follows:

= i = 1 4 (12)

Where
P = N&EI (13)

is polarization and JV* denotes the island density, & metallic island polarizability
and Eh - local field. Next, some completions dnd modifications such as consigé-
ring grain shape and their mutual interactions were assumed. pavia [24]
assumed that the islands were elljptical and theg did not interact with one ano-
ther. Furthermore, a structural factor / so-called shape factor, was introduce

which was a function of the ellipsoid half-axes ratig (bja). For the sPhencaI
particles / = 1/3. The obtained expression [24] for the imaginary part of the
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permittivity for the film is the following:

482 (14)

where elf e2- real and imaginary parts of the metal permittivity, respectively,
eB- the substrate perm|tt|V|tK. _ _

Doremus LZS] assumed the Maxwell-Garnett model of spherical particles
which interacted With one another as electric dipoles. The local field EL may
then he expressed as

El = EM+E (15)

where Ee is an external field, and EI is an internal field determined from the
Lorentz-Lorenz formula. The expression for the film-permittivity’s imaginary
part takes the form

) Ignas2
(1-g2 +nl ]
Usin%the estimated relations of  and e2with wavelen%th ( al[\26]nDoremu_s

determined the relation between the wavelength Araxfor which e2attained maxi-
mum and the volume fraction. It is as follows:

(16)

(1)

where A)denotes g characteristic (iuantlty for a given metal. _
A further moaification was introduced b){ Jarrett and Ward [27]. Basing

on 4 Inlent|ful experimental material the authors [27] assumed the isfangd film

model as an arranﬂ]eemfelnt of eII|Pso|daI grains which Interacted in a diH)?Ae-hke

way. In this case Im-permittivity’s imaginary part is expressed in the fol-
lowing way:
N(e.-eNF FHER2 (18)

where F is a structural factor dependent upon the grain shape and the volume
fraction. In this model F is expressed as follows:

F (19)

When neglecting the interactions between islands ?}F :/ﬁ, then the result
of David%24] isobtained (Eq. (14)). When assuming the spherical island model
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| = 1/3 where the islands interact in a dipole-like way, then

“F=y(l-<2) (20)

and Doremus’ expression [25] is. obtalned (Eq. t(l(?

In order to compare the experimental courseo determined fromE d(llg
with the theoretical one calculated from Eq. (18) the parameter F shoul
determined. This can be done by fwo independen methods The first one con-
sists in determination of sAqvs. Afrom Eq. (18) forcrnven values of F. The curves
Possess maxima for certain wavelengths. Next the felation of F ag a function of
he wavelength Arax for which the maximum has occurred in &) vs. Ashould

Fig. 12. Calculated value of €2lg for Al films as a function of wavelength Afor different values
of F

Fig. 13. Variation of F as afunction of wavelength Amaxcorresponding to maximum absorption
peak for Al films

e gwen The examPIary nEJIots of the above relations are presented in the respec-
tivé Figs. 12, 13 for aldminium films. Basing on the experimental curve of &2
VS, Athe wavelength corre5ﬁond|ng to the maximum of e2is determined, and
next, on aba3|s 0 F|g 13 the parameter F is specified.

The other method consists in substituting the ex enmental value of e2
corresgondlng to the abso rﬁ)tlon maximum info E In Figures 1
the theoretical and CADef ental curves for alum| |u |sIand Ims are |otted
for the volume fractlonso% respectwely As can
be seen the theoretical and xperlmental curvesa eor03< < 0743 in the
way that their maxima coincide with each other."When ¢ = 04 the observed
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effects cannot he described with the presented model With the mcreasmgq
the 1sland diameters increase, and the island shape becomes more and more
irregular. In this case an assump tlon about elli Ajsmdal shapes of the |sIands
ceases to be valid. Moreover Wlt the Increas] r%] Oft e film apiJroac es the
percolation threshold, which fimits the athcatlo of the island-film model to
a description of the ‘anomalous optical absorption [28].

Fig. 14. Experimental (------------- ) and theoretical ( — — — —) curves of €2 for Al films:
a) q—0.31, b) g=0.34, ¢c) q—0.43

For the island films, distinct absorption maxima are observed which are
shifted towards longer waves with the Increasin ﬂ From Eq, (18% and from
relations between e,, s2and Athe dependence of Avéi Upon F can'be determined as

¢max — ¢ic " jle0+ £s| - 1) m (21)
Basing .on Eqs. (17) and (21) the dependences of A'axupon 2-f g/l —qand 1 F—l
respectivel qha(ve) been(PI)otted nﬁ) F|g s. 15 and 16 IOIt can eecgncluded t at
expression 21 describes hedePenden eofA"ang) better than formula (17 fﬁlm) ;
An attempt of another explanation of Oﬁtlc \| ‘properties of island films w.
undertaken by wampe [29] Who assumed that inan |soIated island, free elec-



196 E. Dobierzewska-M ozrzymas

26. f//
//
22 //
/
18.
s ¥
Fig. 16. Plot of against 1/F—1

trons due to electromagnetic wave -were subject to plasmon oscillations descri-
bed with the equation

r+yr+ todr 22)

where &€ = ap//3e* is the free-oscillation frequency of electrons in the jslands,
e* denotes dielectric permittivity of a medium in which the island Is situated.
For a coarse surface of the substrate the permittivity equals [30]

& (23)

Wwhere nof_na are refractive indices for the air and substrate, respectively. The
internal field Ex connected with dipole interagtion was determined from the
Lorentz-Lorenz formula 3|m|I_arIY as In paper [27]. Basing on this theory an
attempt. of description of optica gropertles of Au-on-Si0 -Pl] and Ag-"[32
island films was undertaken, however, some discrepancies beétween thedretica
and experimental results occurred and it was partl_cularl}é true for the plasmon
frequencies. Therefore, sniiyabevskn 43%] modified the Ha_mloe_ model and
%%%”Q;e/d that spherical dipoles were in the medium of the permittivity determi-

(24)
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where elh- real ;ﬁart of the metal’s permittivity connected with quantum absorp-
tion éEq. %)?] he internal field Et was ?etermmed by summation of inter-
actions coming from the remaining dipoles islands

EI*EjVQ (25)
where E| specified an internal field from the Lorentz-Lorenz formula, and
polarization equaled

P = gNer (20)

where r was a solution of Eq. (22). Under the above assumptions the permittivity’s
Imaginary part expresses Itself as

(cog, _g;i&’? y 22 (27)

WheErera penoetﬁ%free-orsocillr%tail?enl frgqugln%/.the resonance frequency (U «a o)
X Xl u u «
£ (7] takds e oo 8 quency

2= oy (28

By using the experimentally determined value of e2for the resonance frequency
the half"width Y,can be detérmined from Eq. (28%, and next, on a asis of formula
(27) the theoretical dependence of e2upon wcah be calculated. Theoretical and

Fig. 17. Experimental (—- —- —- —) and theoretical (---------- )
curves of e for Ag films with different thicknesses [33]
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experimental dependences of e2 for silver films of various thicknesses, i.e.
various volume fractions are presented in Fig. 17. As can be seen from the figure
the agreement Is good [33], .. . . :
For explanation of the Island film properties calculations of e2vs. Aaccording
*0 Egs. (2 r? and (28) have been T,rform_e,d for aluminium films of various volumg
ractions In order to.compare applicabilities of the Maxwell-Garnett- and Hampe-
Shklyarevskii theories to these films. The results are presented in Fig. 18 along

Fig. 18. Experimental (------------- ) and theoretical ( .cccvvveieevinne. ) Maxwell-Garnett- and
(— — — —) Hampe-Shklyarevskii theories curves of e2 for Al films with different volume
fractions

with the experimental and theoretical curves obtained from the modified Maxwell-
Garnett theory Eq. (18). It is easily seen that the Hampe-Shklyarevskii theor
Y|elds a betteragreement with the experimental data_In the subsequent papers
he free-oscillation frequency, a?](b, entering Eq. (27), was_determined more
accurately by taking account of the attenuation Characterized by the coefficient

Y . .

_ [fn]the |ast decades a relatively large number of papers have been published
in the worldwide literature which”havé been concerned with f)hysn:_al P_roper_tles
of island films attracting great attention for their_practical applications, i.a.,
in cermets, microelectroriicand optic elements, etc. Electric and optic properties



Optical anomalies of metallic island films 199

of the island films, dependent upon their microstructure, differ essentially from
those of the contmuous films. .Change in h microstructure renders madifica-
t|0noin sical proRerhes possible. Due to thedlfferentconduchon mechanisms
the resistivities of the island fllms exceed those of the continuous films by about
six orders of magnitude, and furthermore, the temperature_coefficient of resis-
tance in case of the former Is negat|ve Optical pro erhes ofthe island films, as
has, been shown above, exhibit anomalies, the Correlation between electric and
0pt|c properhes being found. When approachmg to the percolation threshold

7 the film resistance drastically decreases until 1t attains the value for
the contlnuous film. Simultangoysly the temperature coefficient of resistance
becomes positive [35] and optical anomalies vanish entirely.

Acknowledgement - | wish to thank Dr. A. Radosz for numerous discussions and Mr. P. Bie-
ganski for performing the calculations.
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OnTnYyeckne aHoManMm B OCTPOBHbIX C/M0AX MeTasnsioB

OG6Cy»/ieHbI ONTUYECKIME CBOMCTBA OCTPOBHbIX C/I0EB METasIOB. [aH 0630p SKCMePUMEHTasbHLIX Pe3y/lb-
TATOB, WAMIOCTPUPYIOLWWIA ONTUdecKue aHomanuu Ag, Aun, ALl [peacTaBneHbl MOAUPULMPOBAHHbIE
Teopun MakcBenna-lappHeTTa, a Takke Mamne-LLIKNSpeBCKoro, KOTopble NPUMEHSAOTCS /151 06bSCHEHNS
ONTWYECKMX CBOWCTB OCTPOBHbIX C/10eB. UTO6GbI CPaBHUTL BbILLIEYKA3aHHbIE TEOPWW, UX MPUMEHUIN s
OCTPOBHbIX C/10EB a/IOMUHMS.



