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Grain size effect on the optical properties of thin silver films
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The characterization of the optical constants of metals is an extensive task and dates back to many decades ago. In
present work, particular emphasis has been placed on calculations of the dielectric function of thin silver films
performed using both photometric (reflection and transmission) measurements. Silver thin films were deposited on glass
substrates via radio-frequency sputtering. The thickness of the thin films is in the range of 10 to 100 nm. The optical
constants (refractive index and extinction coefficient) and the parameters for the Drude optical model (damping
constant, I" and plasma frequency, o,) of the films were calculated. It was established that the value of I" strongly
depends on the thickness due to a size effect in the metal films. When the thickness of the silver films decreases, the
magnitude of the imaginary part of the dielectric function becomes smaller than its bulk value. This feature should be
taken into account in the design and simulation of the most optical metamaterials with metal-dielectric meta-atoms.
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INTRODUCTION

Thin silver films have attracted much attention
owing to their peculiar optical properties [1-2].
They have found many applications in different
optical devices such as solar cells, light emitting
diodes, to improve the properties of organic
semiconductor materials and to launch new
metamaterials [3].

Widely used techniques for fabrication of metal
films on a dielectric substrate are vacuum
evaporation, cathode sputtering and electron beam
physical vapor deposition. It is well-known the fact
that the deposition conditions (deposition rate,
vacuum pressure and kind and temperature of
substrate) control the aggregation of grains during
the deposition of thin metal films [4, 5]. On its part,
the size of the crystalline grains building the metal
coatings affect the electrical and optical properties
of the metals layers [6].

The object of investigation of the present work
is the influence of the deposition rate and film’s
thickness on the optical properties of thin silver
coatings obtained by RF (radio-frequency)
sputtering method.

EXPERIMENTAL DETAILS
The silver coatings were deposited by RF
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cathode sputtering (13 MHz) in argon atmosphere.
The partial pressure of Ar was p ~ 5.10%and 10
Pa. The deposition rate was controlled by variation
of the applied cathode voltage. The thickness of
thin films was controlled after film deposition by
profilemeter “Talystep”.The data for the thickness
showed that the increase of the argon leads to an
increase of the deposition rate from 1 to 3 nm/s.

The transmittance (T) and reflectance (R) were
measured by a UV-VIS-NIR spectrophotometer
Cary 5E (Australia) in the range 350-2000 nm to an
accuracy of AT ==+0,1% and AR = +£0,5%.

RESULTS AND DISCUSSION
Theory

The Drude model is suited for description of the
optical function of metals. In the present work we
used the modified Drude model, which takes into
account the constant offset for interband transitions
[7]. According to this model, the complex
permittivity, €(®), as a function of the angular
frequency is given by the following equation:
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where £,is the relative dielectric constant (for the

silver &, = 9[7]). w, = y/n.e?/gm is the metal

plasma frequency, where n. is the number of free
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electrons, e and m are the electron’s charge and
mass, respectively. I is a damping parameter and it
is related with the electron mean free path, / and the
Fermi velocity v by:

r=-=r )

For the bulk silver, the parameters in (2) have
the following values: / = 4.375x10® m and v, =
1.4x10° my/s [7]. The refractive index, n, extinction
coefficient, & and film thickness, d were calculated
from the transmittance or reflectance spectra [8].
The real and imaginary parts of the complex
permittivity, € = €’+ig” can be calculated from the
refractive index and extinction coefficient by the
following equations:

g =n"—k and €’ =2nk 3)

The Drude parameters were determined by
fitting the obtained data for the refractive index.
Furthermore, the results for the optical parameters
were used for calculation of the theoretical
reflectance spectra. In Fig. 1 it is given the fit of the
reflection spectra of thin silver films with thickness
16 nm obtained by rf sputtering with deposition rate
1 and 3 nm/s. The results for the fitting parameters,
o, and /" are given in Table 1. It is seen that the
plasma frequency is close to that for bulk metal [7],
while I' depends on the deposition rate and
thickness of the film.
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Fig. 1. Measured and theoretically calculated reflectance
spectrum of silver coatings with thickness 16 nm and
deposition rate 1 and 3 nm/s.

In Fig. 2 data are presented for the real and
imaginary part of the permittivity, refractive index,
n and extinction coefficient, £ for thin films with
thicknesses 16 and 41 nm and deposition rate 3
nmy/s.
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Fig. 2. Comparison of the dispersions of the real and

imaginary part of the complex permittivity, refractive
index and extinction coefficient of the thin silver films

in the present study and bulk metal published in [9].
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Table 1. Drude parameters - metal plasma frequency, ®,, damping parameter, I, size-limited mean free path, /;

and size of the film’s grains, R,

Film thickness, d Deposition rate wﬁ, r A R,
[nm] [nm/s] [s'] [s"] [m] [nm]
16 1 13.6x10" 5.2x10" 3.5x10° 17.1
16 3 14.6x10" 4.01x10" 2.8x10° 19.4
41 3 13.4x10" 1.07x10™ 1.3x10° 10.1
Influence of thin oxide overlayer 1_1, 1 @
The existence of a thin oxide layer on the metal b 1 Rm

surface is a well-known fact. Usually it leads to
reduction of the reflectance. According to [10] the
thickness of the silver oxide varies in the range of
1-10 nm and the refractive index - between 2.3 -
2.75 in the spectral range 400-1200 nm [11]. The
authors of the latter work report a value of n =2.51.
Further, we use the optical parameters plotted in
Fig. 2 and the calculated thickness to theoretically
compute the reflectance spectrum of a double
layered Ag,O/silver structure. The calculation
procedure is described in [8]. The comparison
between the reflectance spectrum of a silver layer
and the theoretical one for a double layered
structure from Ag,O and Ag is shown in Fig. 4.
This result shows that the consideration of a very
thin Ag,0O layer with thickness 1-2 nm significantly
reduces the discrepancy between the theoretical and
experimental reflectance spectrum.
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Fig. 3. Comparison of the measured reflectance
spectrum of silver film (d = 16 nm) to the theoretical
reflectance spectra calculated considering a silver oxide
overlayer with different thicknesses.

Grain size effect

Usually I' in the Drude model (formula (1)) is
considered to be a constant at a given temperature.
Due to shortening of the mean free path of
electrons, the fixed value for I', however is no
longer valid, when thickness of the film become
tens of nanometers. The effective mean free path, /
is reduced in the following manner [7]:

where R,, represents the size of the metal particle
and [/, is the size-limited mean free path of
electrons. Using equation (2) and the data for I"
from Table 1 we can find the values for /;. Inputting
the obtained data for the size-limited mean free
path in formula (4) the size of the silver grains is
determined. The results show that increasing of the
deposition rate from 1 to 3 nm/s would change the
average size of the layer’s grains from 17.1 to 19.4
nm. These values are in agreement with the
published data for the average crystallite size of
thermally evaporated silver films [5].

CONCLUSION

In the present work it is analyzed the influence
of the deposition rate and thickness on the optical
properties of thin silver layers. It was established
that the introducing of a thin oxide overlayer with
thickness 2-4 nm and refractive index 2.51 reduces
the discrepancy between the theoretical and
measured reflectance spectra. The metal plasma
frequency ®, and damping constant, I' are
determined applying the Drude model. On the base
of the dependence of I" on the thin film’s thickness
it was calculated that the average size of the metal
crystallites is 17.1 and 19.1 nm.
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BJIMSTHUE HA PASMEPA HA KPUCTAJIMTUTE U3I'PAXXIAIIN THHKU CJIOEBE OT CPEBPO
BBPXY OIITUYHUTE UM CBOVMCTBA
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Iocrpnuna Ha 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

OmnpenensHeTo Ha ONTUYHUTE KOHCTAHTH HA THHKM METAHHM MMOKPUTHS € CIIOKHA 33]a4ya U 1o Hes ce paboTu OT
MHOro JieceTiiierusi. B Hacrosiata paborta, 0COOCH aKIEHT € MOCTaBEH BBPXY HM3UYUCICHUSTA HA IMEICKTPUYHATA
(GyHKIMS Ha THHKU CJIOEBE OT Cpedpo upe3 M3MOoJ3BaHe CHEKTPO(OTOMETPUYHM M3MEpBaHMs Ha KOC(UIIMEHTUTE Ha
MIPOITyCKaHe 1 OTpakeHue. ThHKUTE CII0eBe 0s1Xa OTI0KEHH BbPXY CTHKICHH MOJJIONKKH Ype3 PaAHOYeCTOTHO KaTOIHO
pasnpariBane. JeOenuHarta Ha THHKH ciioeBe Oemre B mHTepBana ot 10 mo 40 mHanomerpa. ONTHYHHTE KOHCTAHTH
(moka3zares Ha TpedynBaHe M IOKa3arell Ha NOIJBLIAHE) W apaMeTpuUTe Ha JMCHEepCHOHHUsT Mozen Ha Drude
(xoedHIMEHT Ha 3aTUXBaHe, ' 1 Ma3sMeHa 4ecToTa, ©,) 0gXa onpe/ielIeHH OT CIIEKTPUTE HA OTPakeHHE M MpedyIBaHe.
Pesynrarure nokaszaxa, ue I' cHitHO 3aBHCH OT ie0enMHaTa Ha CJIOEBETE.
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