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Light absorption and optical percolation in nanosized silver films with a
thickness of 5 and 10 nm are investigated experimentally. The influence of
germanium underlayers with a mass thickness up to 1 nm with a step of
0.2 nm in the visible and near infrared wavelength range (300—2500 nm) on
the above mentioned properties of silver films is studied. Optical percolation
in silver films is associated with the peculiarities of growth mechanisms and
modes of formation of metal condensate on an amorphous glass substrate. It
has been shown that germanium underlayers predeposited on the glass sub-
strate reduce the threshold thickness of the optical percolation transition in
the silver film and increase their absorbency compared to similar films
formed on a clean glass surface. The increase in the absorbency of the films
deposited on the surface of the germanium sublayer is due to a decrease in the
average linear size of the crystallites compared to similar samples formed on
a clean glass surface, and thus an increase in the number of scattering metal
centers per unit surface area.
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ExcriepuMeHTaIbHO OCTiIMKEHO IIOTJIMHAHHA CBiTJIa Ta ONTUYHY IIePKOJJIAIII0
Y HAHOPO3MipHUX ILIiBKax cpibiia ToBiuHOK 5 Ta 10 HM. BuBueHo BIJIUB IIi-
JIIIapiB r'epMaHil0 MAcOBOIO TOBIUHOIO 10 1 HM 3 Kpokom 0,2 HM y BUAUMOMY i
OIMKHBOMY iH(ppauepBoHOMY HAiamasoHi moB:xuH xBuUiIb (300—-2500 M) Ha
BUIIe3rafadi BJIACTMBOCTI ILIiBOK cpibua. OnTuuHa HepKOJAIlid y ILIiBKax
cpibyia moB’si3ama 3 0COOJIMBOCTAMY MeXaHi3MiB POCTY Ta peKUMiB hopMyBaH-
HA KOHAeHCATy MeTaJy Ha amMopdHin ckaaHil migkaanmi. IToxkasano, 1o mo-
mepesHbO HAaHECeHI Ha CKJAHY HiAKJIaAKy IigIrapu repMaHiio 3MeHIIYIOTh
IIOPOTOBY TOBIIMHY ONTUYHOTO HEPKOJIAIIAHOTO Iepexoay y ILIiBIi cpibJya Ta
301JIBIIIYIOTh IXHIO HOTJIMHAJBbHY 3JaTHICTh IMIOPiBHAHO 3 AaHAJOTIUHUMMU ILIiB-
KaMu, cOPMOBAaHUMHU Ha UYHMCTiH IMOBEepPXHi CKJa. 3pOCTaHHA MOTJIMHAIbLHOL
3TaTHOCTI ILTiBOK, HAHECeHWX Ha IOBEPXHIO IMiAITapy repMaHito, o0ymMoBIeHe
3MEHINIEHHAM CepPeJHiX JiHiTHMX po3MipiB KPUCTAJIITIiB TOPIiBHAHO 3 aHAJIOTI-
YHUMHU 3pasdKaMu, cpopMOBAaHMMHU HA YUCTil TOBEPXHi CKJIa, a BiATak i 30iJb-
IIeHHAM KiJIbKOCTi pO3CiIOBaJIbHMX MeTaJIeBUX IeHTPiB HA OJMHUIN IJIOIIL
MMOBEPXHi MigKIagKH.

KuarouoBi cjoBa: TOHKI MeTasieBi ILIiBKHM, OINITHYHA MEePKOJIAIisd, IOTINHAIBRHA
3IATHICTb ILIiBOK.

(Received September 11,2021 )

1.INTRODUCTION

Metal films with a thickness of several nanometers are the main in the
formation of elements of modern micro- and nanoelectronics as ohmic
conductors with a high coefficient of transparency in the visible and
infrared ranges of light waves [1].

The study of the electrical properties of nanosized layers and the
study of the peculiarities of their interaction with electromagnetic ra-
diation is relevant due to the possibility of production a material with
new properties. In this regard, an important problem is to establish the
features of the change of electrical and optical parameters of the metal
film in the process of transition of its structure from the dispersed to
the solid phase with increasing thickness. It is known that in the vicin-
ity of this transition the film exhibits anomalous optical and electrical
properties due to changes in the mechanisms of relaxation of current
carriers.

An important problem is to establish the critical layer thickness d,,
at which the mentioned transition is manifested. The estimation of the
d, value is possible using percolation transition model [2, 3]. It is
known from the literature that due to the use of underlayers of surfac-
tants (Ge, Si, Sb) it is possible to change the value of d, and produce
metal films with the desired structure, electrical and optical parame-
ters. This issue has been actively discussed and used in the study of
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gold films deposited on the germanium sublayers [4] and silver films
on the silicon underlayers [5].

In order to predict and estimate the critical thickness of the optical
percolation transition d,, we investigated the transmission and reflec-
tion spectra in the visible and near-infrared wavelength ranges (200—
1800 nm) of thin layers of silver with a thickness of 5 and 10 nm depos-
ited on a clean glass surface and glass surface pre-coated with a layer of
germanium up to 1 nm thick in steps of 0.2 nm. We also considered the
correlation between optical and electrical percolation transition in the
studied silver films.

2. EXPERIMENTAL TECHNIQUE

Vacuum condensates of silver are prepared under conditions of static
ultra-high vacuum condition (pressure of residual gas components did
not exceed 1077 Torr) in glass experimental devices. Note that the met-
al films are produced by condensing steam of thermally evaporated
metal on a glass substrate cooled to 78 K using the technique of
‘quench condensed’ followed by thermal stabilization at room tempera-
ture (T, = 293 K) for one day. This precluded the diffusion of the
germanium inside film volume of the investigated silver film.

Germanium underlayers are applied to the substrate immediately
before the condensation of test metal.

The results of study of the structure of the studied films by electron
microscopy showed that at the rate of condensation of metal vapor and
germanium underlayers on amorphous substrate less than 0.01 nm/s,
it is possible to obtain stable, isotropic, homogeneous metal films with
controlled structure.

It should be noted that the method of forming metal films on the
substrate took place at a temperature T girate < 0.8 T neiing [6— 71, Where
T peiting 1S the melting temperature of the metal, allows to obtain poly-
crystalline metal films with a lattice period similar to the crystal lat-
tice of solid metal with average linear dimensions crystallites D, inde-
pendent of the film thickness of the metal [4—5]. The obtained results
are consistent with the data [8—10], which show the results of electron
microscopic study of the evolution of dimensional dependences of the
structure of films of a number of metals in the process of changing the
temperature of the substrate. The mass thickness of the films is esti-
mated by shifting the resonant frequency of the piezoquartz vibrator
with a sensitivity not worse than 98-100 Hz/nm. The study of the
transmission T'(A) and the reflection R(L) spectra of silver films is per-
formed with Shimadzu UV-3600-VIS-NIR in the visible and near-
infrared region of wavelengths in the range of 200 nm <A <1800 nm.
The reflection spectra are investigated at a close to normal angle of in-
cidence of electromagnetic radiation o = 8°.
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3. EXPERIMENT

The paper presents the results of the study of the transmission and re-
flection spectra of thin silver films obtained by the ‘quench condensed’
method. In order to establish the characteristics of the influence of
germanium underlayers on the structure, the degree of filling of the
substrate surface with silver film, and hence the reflection and trans-
mission spectra, we studied silver films with a mass thickness of 5 and
10 nm deposited on germanium underlayers with a mass thickness of
0.2, 0.4, 0.6, 0.8 and 1 nm. These mass thicknesses are chosen not by
chance, because the studied region of mass thicknesses is critical from
the point of view of modern relevance and the need for further micro-
miniaturization of the leading elements of modern electronics. It is
known that the investigated region is a characteristic dimensional re-
gion of thicknesses, because the free path of the electron in investigat-
ed films at room temperature and polycrystalline structures of the
metal film varies in the range from 10 to 20 nm. Note that all explana-
tions of the obtained experimental data we will make in the approxima-
tion of the effective environment. The effective environment approx-
imation assumes that the film is a homogeneous, isotropic system that
fills the surface of the substrate. Let us analyse the spectral behaviour
of the reflection coefficient of the studied silver films.

In Figure 1 shows the spectral dependences of the reflection coefficient
of 5 nm thick silver films deposited on germanium underlayers with a
mass thickness of 0.2, 0.4, 0.6, 0.8 and 1 nm, respectively (Fig. 1, a) and
10 nm thick silver films deposited on germanium underlayers with a
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Fig. 1. The reflection spectra of silver films of different thicknesses of 5 nm (a)
and 10 nm (b) are deposited on germanium underlayers with mass thicknesses
0f0.2,0.4,0.6,0.8, and 1 nm.
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mass thickness of 0.2, 0.4, 0.6, 0.8, and 1 nm, respectively (Fig. 1, b). As
we can see in Fig. 1, a, the reflection coefficient of a silver film with a
mass thickness of 5 nm is smaller in comparison with the reflection coef-
ficient from a clean glass surface (Fig. 1, a bare glass).

The observed behaviour of the reflection spectra may be due to the
fact that the glass surface covered with a silver film becomes more in-
homogeneous in the plane of the substrate, because on its surface are
formed metal islands of teardrop shape (effect of ‘misty glass’) conse-
quence of weak wetting) as a result the contribution to scattering of
electromagnetic waves by an island phase increases. Note that germa-
nium sublayers attenuate this effect (surfactant effect) and in particu-
lar at a thickness of 1 nm in the infrared wavelength range, the reflec-
tion coefficients of the metal film are proportional to the reflection co-
efficient of the pure glass substrate (Fig. 1, a Glass substrate)[11].

In the range of change of the germanium sublayer from 0.2 to 1 nm,
the majestic reflection coefficient increases almost 4 times. Similar
considerations are valid for silver films with a mass thickness of 10 nm
(Fig. 1, b). However, due to the doubling of the mass thickness of sil-
ver, the picture changes radically, both in terms of the spectral de-
pendence of the reflection coefficient and the values of its value. As we
can see, 10 nm-thick silver films deposited on germanium underlayers
with a mass thickness greater than 0.2 nm tend to increase the value of
the reflection coefficient T with increasing A. While the reflection co-
efficient for a silver film on germanium underlayer is 0.2 nm, similar-
ly to a pure glass substrate (Fig. 1, b Glass substrate), the value of R of
the metal film decreases with increasing electromagnetic wavelength
A. Note that the observed behaviour is characteristic of the properties
of dielectric materials [2], and since we are dealing with metallic con-
densates of silver, we are talking about the dispersed phase (island
film) of the investigated metal film.

We analyse the behaviour of the transmission spectra of the studied
silver films. According to the percolation model, under the condition
only free electrons of the metal subsystem [2] are involved in the re-
gion of mass thicknesses corresponding to the percolation transition of
the reflection spectra R show independence from the wavelength A. The
effect is especially pronounced in the middle and infrared regions of
electromagnetic wavelengths (approximation of free electrons). For
the case when the spectral dependence T shows an increase in wave-
length in the infrared region, which indicates an increase in optical
transparency. We say that the metal film has a percolation structure
and consists of separate isolated metal clusters (dispersed condensate
phase). For the case of reverse trend course of the spectral dependence
of the reflection coefficient, namely the decrease in the value of the
transmission spectrum T with increasing wavelength A, according to
the percolation approach [2] we see the post-percolation the behaviour
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of the optical properties of the investigated silver film.

The analysis of the spectral curve of the transmittance of a silver film
with a mass thickness of 5 and 10 nm is given in Fig. 2, a and Fig. 2, b.
From the figures we can see that the considered spectral dependence of
the transmittance for silver films with a mass thickness of 5 nm shows
pre-percolation behaviour for all values of germanium wetting layers
(Fig. 2, a). At the same time, silver films with a mass thickness of
10 nm exhibit all three types of T spectral behaviour for different mass
thickness of the germanium layers. Germanium underlayers with a
mass thickness of 0.8 nm accelerate the appearance of a percolation
channel in the silver film, because in the range A > 1000 nm the trans-
mittance is weakly dependent on A. On the other hand, in the range of
mass thickness of the germanium dg, < 0.8 nm, the silver film exhibits
a percolation behave [2]. Let us analyse the obtained spectral depend-
ences of the transmission coefficient within the percolation approach
[2]. To achieve this goal, we need to analyse the graphs of the dimen-
sional dependences of the transmittance T for different values of the
electromagnetic wavelength A in the infrared region of wavelengths
(approximation of free electrons) (Fig. 3).

According to the percolation model, the dimensional dependences of
the transmission spectra of thin metal films for different wavelengths
in the infrared region tend to intersect at some point, which corre-
sponds to the mass thickness of the metal films for which the percola-
tion transition is observed. The analysis of the corresponding dimen-
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Fig. 2. Transmission spectra of silver films of different thickness. a—silver
films with a mass thickness of 5 nm deposited on underlayers of germanium
with a mass thickness of 0.2, 0.4, 0.6, 0.8, and 1 nm; b—silver films with a
mass thickness of 10 nm deposited on underlayers of germanium with a mass
thickness of 0.2, 0.4, 0.6, 0.8, and 1 nm.
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sional dependences given for the wavelengths of 900, 1000, 1500, and
1700 nm is given on Fig. 3. From the obtained dimensional dependenc-
es, we observe a characteristic feature of the behaviour for the studied
silver films. In particular, both for 5 nm films and for 10 nm films
there is a characteristic dimensional dependence of T with a minimum,
the magnitude of which manifests itself depends us A. The course of
these dependences also shows a tendency to intersect the dimensional
curves T at the points of the predicted percolation transition of the
studied silver films. We observe this behaviour especially vividly for
films with a mass thickness of 10 nm (Fig. 3, b). The mass thickness of
the germanium underlayer corresponding to the percolation transition
condition in silver films with a mass thickness of 10 nm is 0.825 nm of
the mass thickness of the germanium underlayer.

Other characteristic points of intersection of the curves do not give
an unambiguous interpretation and physical explanation of the pre-
dicted values of d.. Analysis of the absorption spectra of the studied
films shown in Fig. 4 confirm the fact that silver films with a mass
thickness of 5 nm (Fig. 4, a) are dispersed, because the absorption max-
ima correspond to the plasmon resonance in the studied samples
around 450 nm. The germanium underlayers also change the half-
width of the spectral distribution and shift the maximum distribution
to the region of smaller A, which can also cause stronger bonds (cova-
lent type) between the silver film and the germanium underlayers and
reduce the average linear dimensions of metal islands. In the case of 10
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Fig. 3. Dimensional dependences of the transmission spectra of T films of sil-
ver for different values of wavelengths: 900, 1000, 1500, and 2000 nm. The
point of intersection of the lines corresponds to the mass thickness of the per-
colation transition: a—silver films with a mass thickness of 5 nm; b—silver
films with a mass thickness of 10 nm.
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nm silver films, the maxima are more blurred, which may be the reason
for the existence of both metallic and dispersed phases at the same
time.

Note that additional information can be obtained by analysing the
relationship between the size of the islands and their plasmon frequen-
cies of the electronic subsystem [12].

According to the percolation model [2], the percolation threshold in
the film corresponds to the critical film thickness d., at which the first
ohmic conductivity channel occurs. In the vicinity of the transition
from the islet to the appearance of the first conductive channel with an
ohmic mechanism of charge transfer in the film, the dependence of the
resistance R of the metal film on its thickness d can be represented by
some universal thickness function:

R(d)~(d-d)". eY)

Expression (1) is obtained from the assumption that (d-d.) ~
(x—x,) [2], where x is a parameter that characterizes the degree of fill-
ing of the substrate with metal, x. is the percolation parameter that
corresponds to the degree of filling of the substrate surface, at which
islands (crystallites) will form the first conductive channel. The expo-
nent in expression (1) depends on the mechanism of film formation and
growth. With two-dimensional film growth (2D percolation), the value
of the exponent y varies in the interval from 1 to 1.3, and in the case of

A A
100 100
901 Ag 5 nm —— A Glass 90 >} Ag 10 nm
—— ASnm 1 nm
80+ —— Abnm 0.8 nm 80
70 —— Abnm 0.6 nm 70
Abnm 0.4 nm -
60 —— Abnm 0.2 nm 604

504
40 1
30
204
10

504

40 - ass
—— AlOnm 1 nm
30

" —— AlOnm 0.8 nm
20 H —— AlOnm 0.6 nm
AlOnm 0.4 nm

109 ——— Al10nm 0.2 nm

0 T 7 T T T T T T T 0 - : r - T T T T T
0 200 400 600 800 100012001400160018002000 0 200 400 600 800 100012001400160018002000
A, nm A, I

a b

Fig. 4. Absorption spectra of silver films of different thickness. a—silver
films with a mass thickness of 5 nm deposited on underlayers of germanium
with a mass thickness of 0.2, 0.4, 0.6, 0.8, and 1 nm; b—silver films with a
mass thickness of 10 nm deposited on underlayers of germanium with a mass
thickness of 0.2, 0.4, 0.6, 0.8, and 1 nm.
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3D percolation, the value of y usually exceeds the value of 1.5. Accord-
ingly, the degree of filling of the surface with crystallites x,> 0.3 at
2D percolation, and for 3D growth mode x, > 0.5.

Analysis of the dimensional dependences of the resistance on the
square of thin films of silver (Fig. 5) indicates a 2D mode of condensate
formation on the substrate surface is predominant mode of layer-by-
layer condensate formation, because the parameter y> 1.14-1.16. On
the other hand, the percolation coefficient d,, which is responsible for
the critical thickness of the occurrence of first ohmically conductive
channel in the silver film, is 1.2 and 0.9 nm, respectively. The value of
d. agrees well with similar experimental data for optical percolation
data shown on Fig. 3, which are 1.2 and 0.825 nm, respectively. The
obtained result testifies to the consistency between the optical and
electrical properties of the investigated silver films, because the struc-
ture of the condensate of the silver film on the surface of the substrate
is responsible for the properties of the silver films.

Based on the obtained results, we can say that germanium underlay-
ers change the conditions of condensation and mechanism formation of
silver film deposited on top of germanium layers. By changing the mass
thickness of the germanium wetting layers, it is possible to control the
peculiarities of the conditions of formation of metal condensate on the
surface of the substrate. The technique of surfactant layers [4, 5] allows
to form metal samples with given electro-optical properties in the stud-
ied region of thicknesses. The observed effect requires further study in
order to establish criteria for the influence of germanium layers on the
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Fig. 5. Dimensional dependences of resistance per square of silver films of 5
nm (curve 1) and 10 nm (curve 2) deposited on germanium underlayers of 0.2
nm, 0.4, 0.6, 0.8, and 1 nm, respectively. Points are experimental data, linear
lines are approximation functions of type R, ~ (d — d,) " [5].
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structure and optical properties of silver films of different mass thick-
nesses.

We emphasize that for the first time the possibility of predicting the
critical value of the mass thickness of the surfactant underlayer for
the formation of the percolation structure in silver films of different
mass thickness is presented. The obtained result agrees with the re-
sults of the study of the influence of the dimensional effect on the ki-
netic properties of silver films with a thickness of 5 and 10 nm deposit-
ed on germanium underlayers of different thickness. The study of the
influence of dimensional effect and surfactant underlayer on electrical
and optical properties of 5 and 10 nm thick silver films and confirms
the high sensitivity of physical properties of silver films to the mass
thickness of germanium underlayer.

4. CONCLUSIONS

1. It is established that the numerical values of the thickness d,, which
corresponds to the optical percolation in thin films of silver, agree well
with the quantitative data of the thickness of the percolation transi-
tion d, calculated from the dimensional dependences of the resistance
of silver films.

2. Germanium underlayers reduce the threshold thickness of the perco-
lation transition d, in the film and allow the formation of silver films
with the desired electro-optical properties.

3. It is shown that the absorption capacity of silver films of a given
thickness deposited on germanium underlayers is greater than the ab-
sorption capacity of similar samples formed on a clean glass surface.
The observed properties are a consequence of the formation of a finer-
grained structure of the silver film and an increase in the concentra-
tion of insulated metal islands on the surface of the glass substrate.
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