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Abstract. The purpose of work is the development of technique for the
deposition of nanoscale metal condensates of fine-crystalline structure of Au,
Ag, Cu and transition (Mn, Hi, Pd and Cr) metals on the surface of amorphous
glass or carbon substrate, and such surfaces pre-coated with wetting weakly
conductive underlayers of Ge, Sb or Si, with mass thicknesses up to 8 nm.
With predicted, controlled structure and electrophysical properties of metal
films by use the combination of "quench deposition" technology and wetting
underlayers with subsequent thermal stabilization in the interval of the first
temperature zone of the modified Movchan-Demchyshyn Zone model.
Practical implication. To analyze theoretical approaches for quantitative
prediction of size charge transport phenomena in classical and ballistic
regimes and the impact of surface inhomogeneities on them. Experimentally
study the physical regularities of dimensional effect impact on the structure,
electrophysical and optical properties of nanoscale condensates of the studied
metals. The goal tasks must be solved: Develop a method of controlled metal
films deposition with given physical parameters. Investigate fine-crystalline
metal films with a given structure and establish criteria for the selection of
wetting underlayers. To experimentally investigate the size dependence of
the average linear sizes of crystallites D in the studied metal films to predict
the features of the structure, surface morphology, and patterns of change in
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the d, percolation thickness in metal condensates. To study the regularities
of condensate formation with given average linear dimensions of crystallites
depending on the nature of the material, the thickness of the wetting underlayer
and the mode of thermostabilization of their propertics. Methodology.
Nanoscale metal condensates (films) were depositeded with method of "frozen
condensation" (quench deposition) of condensation of vapor thermally
evaporated at ultra-high vacuum (pressure of residual gases did not exceed
107 Pa) of metal on an amorphous glass substrate or substrate cooled to 78-90
K, pre-covered with wetting Ge, Sb or Si underlayer of given mass thickness.
The thickness of investigated films was monitired by shift of the resonant
frequency of quartz vibrator. Electrical and thermoelectric power studies of
the films consisted in studying of size dependence of their kinetic coefficients.
Films resistance of correct geometric shape samples were measured by two-
probe method, thermoelectric power with compensation method. Structure of
studied films was monitored with transmission electronography and electron
microscopy. The morphology of film surface was studied by scanning
tunneling microscopy (STM) and atomic force microscopy (AFM). The
listed approaches were performed by complementary and mutually controlled
experimental and theoretical approaches. Metal films mechanical tensiones
grown by thermovacuum evaporation method in VUP-5A chamber under
vacuum not worse than 10-° Pa were studied. Chemically polished surfaces
of single-crystal silicon plates of KEF — 4.5 (111) were used for metal
film mechanical tensiones investigation. Residual mechanical tensiones
of the substrates caused by their mechanical processing were removed by
annealing in vacuum at temperature ~ 1000°C (£1°C). After the final etching
in the polishing herbator SR-4, Si-substrates were cut by dimensions of
70 x 4 x 0.25 mm®. Practical implication. Experimental investigation are
necessary for the development of methods of controlled nanosized layers
deposition of more refractory metals (in particular, Ta, Re, Hf and others), which
is promising for use in modern micro- and nanoelectronic technology. Value/
originality. The complex technique of controlled deposition of nanoscale
metal films with a predetermined structure and predicted electrophysical and
optical properties in a wide range of thicknesses has been created. Metal films
preparing process with specified average linear grain sizes was achieved by
use the methods of "frozen condensation" and weakly conductive wetting
underlayers substances that prevent coalescence of metal nuclei and selection
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of temperature stabilization mode at temperatures close to the upper limit of
the first temperature zone of Movchan-Demchyshyn Zone model.

1. Introduction

Metal films with thickness of several nanometers are promising as ohmic
conductors with high optical transparency of electromagnetic radiation in the
visible and infrared regions of the spectrum in micro-, nanoelectronics and
nanoplasmonics devices. The main task of modern thin-film technologies
is the development and search for methods of preparing nanoscale
condensates of metals with predetermined structure and predictable electro-
optical properties. The technique of films preparing in ultra-high vacuum
by condensation of thermally evaporated metal on cooled substrate, ensures
proper controllability of film growth process and highest purity of prepared
film samples. The implementation of modern methods of film preparation
is possible with the availability of the widest possible information about
the peculiarities of the interaction of metal atoms between themselves and
the surface of the substrate in the process of nucleation of condensate,
about the mechanisms of film growth processes, which can be controlled
by changing the temperature of the substrate, modifying the surface thanks
to the preliminary application of surface-active substances to the surface of
the substrate. In particular, it turned out that the control of the average linear
size of the crystallites in the film is realized by combining the technology
of "frozen condensation" (quench deposition) of a metal vapor on a cooled
substrate and the preliminary application on this substrate of straining
weakly conductive underlayers of the appropriate mass thickness, which
inhibit the coalescence processes of the nuclei of metal crystallization phase
[1, p. 121] due to origination of covalent bond with metal atoms [2, p. 996;
3, p. 12]. Electrically continuous films of metals whose structure and physical
properties are stable at operating temperatures higher than room temperature
are interesting for practical use in elements of micro- and nanosystem
technology. The temperature stability of films structure can be judged on
the basis of the temperature zones model of material films growth proposed
by Movchan and Demchyshyn [4, p. 84-85] based on the generalization
of the results of own experimental studies and experimental data of
Palatnyk with employees [4, p. 85; 5, p. 7348]. According to the Movchan-
Demchyshyn zone model, material film growth on a dielectric substrate at
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temperatures 7, < 0,37, (T, — material melting temperatures) ensures
at fixed vapor condensation rate, the growth of film with average linear
crystallite sizes D independent of temperature and film thickness d. As the
mass thickness increases, the structure of the metal film undergoes changes
from granular structure with activation mechanisms of charge transport to
electrically continuous layer with metallic character of conductivity. This
transition begins at some minimum d, thickness (flow threshold), when the
first metal channel with ohmic charge transport mechanism. The value of d,
can be evaluated on experimental data of size dependences of metal films
DC electrical conductivity o(d) or films optical transmittance. Electron
transport in films differs against electrical transport in bulk metal sample
due to additional current carriers relaxation on film surface that are absent
in bulk metal. The impact of these additional current carriers scattering on
the kinetic coefficients of films is described on theories of size phenomena,
which take into account the contributions of surface and grain boundary
scattering of ekectrons in total relaxation time of current carriers. In addition,
a significant limitation of the linear dimensions of the sample can lead to
changes in its electronic structure and thus affect kinetic phenomena. There
are a number of approaches for quantitative prediction of kinetic properties
of films depending on layer thickness, linear dimensions of crystallites, and
parameters of surface inhomogeneities, the right choice of which will allow
reliable prediction and quantitative description of kinetic coefficients of
nanoscale metal films in a wide range of thicknesses.

The purpose of work is devoted to considering the principles of creating
techniques for the controlled preparation of films of base and transition metals
with a given structure (controlled average linear dimensions of crystallites),
mechanical properties, surface morphology, predictable electrical and
optical properties, based on combination of "frozen condensation” (quench
deposition) method, the use of wetting weakly conductive layers, which
weaken the effect of nuclei coalescence phenomenon of metal phase
crystallization, and thermal stabilization of layer within the first temperature
zone of the modified Movchan-Demchyshyn Zone approach. The obtained
results are necessary for the use and further development of controlled
methods of deposition of nanoscale condensates of more refractory metals
(in particular, Ta, Re, Hf and others), which are promising in modern micro-
and nanoelectronic technology.
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2. Metal films growth on the surface of amorphous substrate

The deposition of metal film on the substrate surface is characterized by
the process of surface adsorption and the appearance of nuclei crystallization.
Germ growth is observed at high supersaturation of condensate steam
S =P/ Py1), where P — vapor pressure of deposited metal evaporated from
the source at temperature 7, P — the equilibrium vapor pressure of the
material at the surface of the substrate at the temperature of the substrate
T . In the process of condensation of a single-component vapor, there is
monomolecular and dissociative adsorption, which at small numbers of
filling degrees of the substrate lead to the uniform appearance of adatoms
on the incompletely occupied surface of the substrate at a constant rate
[1, p. 102]. The deposition rate R is a function of vapor pressure of the
deposited metal R =C,,[2nmk,T,,, (2), where C,— geometric parameter, £
is the Boltzmann constant, m is the molecular weight of the deposited metal,
and Tavap is the temperature of the evaporation source. Supersaturation S
is large parameter: S = 10°-10°° (§ > 4 in Wilson's chamber), therefore, the
nucleation process is a non-equilibrium process that can be well described
within mean field nucleation theory [2, p. 486].

After the adsorption of metal atoms on the surface of the amorphous
substrate, the formation of nuclei and islands is observed, which increase
in size and concentration as the mass thickness of the metal film increases.
The gaps between the islets decrease, with the subsequent process of
islet coalescence and the growth of larger clusters. The observed process
is illustrated by the experimental data of the work [1, p. 38-50; 3, p. 6]
(Figure 1). The successive increase in the mass of the condensed layer allows
the formation of structures whose electrical properties change continuously.
Note the existence of a critical thickness of the dc metal layer at which the
metal islands form the first continuous channel with metallic conductivity
(a cluster of infinite dimensions).

Depending on atoms interaction on substrate with the atoms of the
film, three modes of film growth are distinguished (Figure 2). Island mode
(Volmer-Weber mode (Figure 2(a)), in this mode, clusters originate directly
on the surface of the substrate, subsequently forming island phases of the
condensate. This growth regime is characteristic of many condensates,
including metals deposited on substrates of amorphous metals, graphite
or mica. In the layer-on-layer mode (Frank-van der Merwe mode
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Figure 1. Electron microscopy of evolution of antimony Bi films
of different thicknesses growth (nucleation, nuclei growth,
coalescence, channels, cavities, homogeneous film)

(Figure 2(c)), the situation is opposite due to the fact that condensate atoms
interact more strongly with the substrate than with each other. The first
atoms during condensation on the surface of the substrate form a solid
monolayer, which is later covered by a second layer of condensate, the
binding energy of the newly formed layer is lower compared to the first
monolayer. This mode corresponds to the layer-by-layer growth of metal
condensate on the surface of the substrate. This regime is characteristic
of adsorbed gases, in particular, when an inert gas is adsorbed on the
surface of carbon or a metal substrate, as well as for some "metal-metal"”
systems, and when semiconductor condensate forms on the surface of a
semiconductor. The mixed mode (Stranski—-Krastanov mode Figure 2(b))
is a rather interesting intermediate case. Where after the formation of the
first monolayer (ML) or several monolayers, further layer-by-layer growth
becomes thermodynamically disadvantageous. As a result, islands begin to
grow on the surface of the "intermediate layer". There are many different
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Figure 2. Schematic representation of three modes crystallite growth:
(a) Island mode or Vollmer-Weber mode, (b) layer plus islands mode
or Stransky-Krastanov mode, (¢) layer by layer or Frank van der
Merwee mode. P, — monolayers fill facto r(ML)

reasons for this formation, so any factor that disrupts the monotonous
decrease in bond energy between layers can be the cause of this behavior.

For most metal films, the percolation thickness d_ varies in the range
of 1-20 nm depending on a number of factors. At the mode of metal
continuous deposition on the substrate surface the thermodynamic regime
can change depending on four processes: Shading, Surface Diffusion,
Volume Diffusion and Recrystallization. For most metals and dielectrics
the diffusion activation energy depends on material melting temperature
of condensate T__ . At different substrate temperature ranges, one should
expect one or another regime to prevail. This problem was first noticed by
Movchan and Demchyshyn [4, p. 83—-89; 5, p. 7350; 6, p. 654] in metal films
with thickness of 100 nm. According to [4; 6], the process of condensate
restructuring on the surface of the dielectric substrate can be influenced
through temperature zones (Figure 3):

1. The first temperature zone 7., < 0,37, (characterized by low
mobility of atoms, adatoms stick to the place of landing on the surface of
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the substrate, resulting in the formation of a fine-crystalline, porous film of
condensate).

2. The second temperature zone 0,37, (surface
diffusion occurs at an activation energy of 0,1-0,3 eV, a columnar growth of
the condensate film is observed).

3. The third temperature zone 7., > 0,57, (at activation energy greater
than 0,3 eV the bulk diffusion occurs); a film of large uniaxial crystallites

is growed.

< T\'ub < O’ST

melt

Figure 3. Temperature zones of Figure 4. Structural zones
film condensate formation [4—6] according to Grovenor [7]

Later, the model of temperature zones was refined. In particular, in [5],
when the structure of thin gold films deposited on a dielectric substrate was
studied, four temperature zones were distinguished. At a low temperature
of the substrate Tpid, which met the criterion 7,,, < 0,17, a mode of
sharply cooled condensation ("quench deposited") was observed (Figure 4).
The "quench deposited" mode is used for fundamental research on the
problems of superconductivity, localization, and quantum phase transfer.
One of the disadvantages of "quench deposited" is the occurrence of
metastable states, which strongly affect the kinetic phenomena in metal
condensates. However, X-ray and electron microscopic studies of "quench
deposited" Au, Cu, Ag, Pb and Cs films with a thickness greater than 10 nm
indicate their stable, polycrystalline structure [5]. The critical thickness
of metal film polycrystalline structure strongly depends on the nature of
material and can vary in a wide range of thicknesses. Therefore, the films
structural studies of investigated metals were carried out in order to get
information about the correspondence of the crystal lattice parameters of
metal condensates with the crystal lattice parameters of massive metals,
their homogeneity and isotropicity, and as well as the state of condensates
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surface morphology. Electronographic study of deposited films structure at
T = 78 K on amorphous carbon surface and thermally stabilized at
temperatures of 300 K or 370 K showed that the metal films structure
are homogeneous and polycrystalline without predominant crystallite
orientation. No impurity or non-equilibrium phases were detected in the
metal films deposited on the surface of wetting underlayers. On Figure 5 we
shows electron diffractograms picture of Cr, Ni, Au and Cu metal films with
thickness 20 nm. We can see that Cr films are polycrystalline layers with
cubic body-centered crystal lattice, unlike Ni, Au, and Cu films, which have
a face-centered cubic lattice. The calculated parameters of the elementary
cells are within the accuracy of the experiment (the accuracy of calculated
parameters of the crystal lattice is no worse than 0,001 nm), similar to
the parameters of crystal lattice of bulk metals. Among other studies the
metal films structure, films continuity and average linear dimensions D of
films crystallites of different mass thicknesses and parameters of surface
inhomogeneities in macroscopic scale were studied. Based on analysis of
experimental data of film structure examination with STM and transmission
electron microscopy, the information about the continuity and uniformity
of metal condensate structure was obtained. It was shown that metal films
are homogeneous and continuous polycrystalline samples in the post-
percolation range of thicknesses, which is also consistent with the predictions
of percolation model [7, p. 91-93]. For films of the studied metals deposited
on a clean amorphous surface, this is manifested at least up to a thickness
of about 12-15 nm. Metal films deposited on the surface of wetting weakly
conductive underlayers (Ge, Si, Sb) are continuous at smaller thicknesses

a) chrome b) nickel ¢) gold d) copper

Figure 5. Electron patterns of chromium (a), nickel (b), gold (c¢)
and copper (d) films with a thickness of 20 nm deposited
on an amorphous carbon film (20 nm)
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(depending on the mass thickness of the wetting underlayers) due to a
decrease in the average linear dimensions of the crystallites and an increase
in the density of metal filling of the surface of the substrate. In Figure 6
shows electron D in a light microphotograph of gold films with a bulk
thickness of 2 nm formed on a pure amorphous substrate (Figure 6 a) and on
an amorphous substrate pre-coated with germanium underlayers with bulk
thicknesses of 2 nm (Figure 6 b) and 3 nm (Figure 6 c). As a result of the
analysis of the histograms of the linear sizes of the crystallites in the films
(Figure 7), it is shown that the influence of the germanium underlayers is
reduced to a decrease in the crystallite sizes.

(a) Au2 nm (b) Au2 nm, Ge2nm  (c) Au 2 nm, Ge 3nm
Figure 6. Microstructure of Au films with mass thickness
of 2 nm deposited on clean carbon substrate (a) and on
a carbon substrate previously covered with Ge wetting underlayers
with a mass thickness of 2 nm (b) and 3 nm (c¢)
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Figure 7. Histograms of crystallite size distribution on the surface of
substrate covered with Au films with a mass thickness of 2 nm, deposited
on a pure carbon substrate (a) and on carbon substrate pre-coated with
Ge wetting underlayers with mass thickness 2 nm (b) and 3 nm (c¢)
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This is evidenced by the shift of
the maxima of the corresponding
distributions to the area of smaller
thicknesses. At the same time,
the homogeneity of the metal
condensate layer is increased (the
decreas of distributions the half-
width of histograms, Figure 7).
After analysis of size dependences
metal film filling factor P with metal
condensate (Figure 8), it can be seen
that the germanium underlayers
contribute to a more uniform and
high filling density of substrate
surface with metal clasters. That
counteracting the metal clusters
coalescence and contributes to the
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Figure 8. Size dependences of the
metal film filling factor with Au
films deposited on amorphous (a)
and pre-coated substrate with Ge
wetting underlayers with mass
thicknesses of 2 nm (b) and 3 nm (c¢)

layer-by-layer growth of metal condensate on the surface of the substrate.

We examine the impact of Ge, Si
films crystallites average linear sizes
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and Sb wetting underlayers on metal
D in all studied metals. A key feature
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Figure 9. Size dependences of the crystallites average linear sizes
in Cr (a) and Au (b) films of different thicknesses deposited on pure
amorphous substrate and on substrate pre-coated with germanium

underlayers of different mass thickness up to 3 nm
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of investigated metal film deposition on the surface of wetting underlayers
is the invariance of the crystallites average linear sizes D while increasing
the condensate thickness, in the studied size range of metal film thicknesses
(Figure 9).

4. The impact of size effect on charge transport
in nanoscale metal films

The problem of the difference between the electrical conductivity of
metal film and conductivity of bulk metal was first considered in the works
of Thomson (1901) and Lovell (1936) [8, p. 101; 9, p. 224]. They were
based on the assumption of geometric effect (size effct), which consisted
in limiting the electron mean free path length A by the surfaces of film.
According to Sommerfeld metal model, there is a relationship between the
specific conductivity o, and the free path length A, of current carriers in
a bulk metal sample, based on which the concentrs}tion n of free current

2 2. 2/3
carriers can be evalueted: —=-_2 - (8_75) =7,1x10"n*",
Ay m(v) 3 2nh

where e — electron charge, p — Planck's reduced constant. The first
consistent approach for describing the impact of surface scattering effect on
carriers charge transport in film were developed by Fuchs [8, p. 101] and
Sondheimer [10, p. 522]. Considering a plane-parallel metal sample with a
Sommerfeld gas of free electrons, Fuchs [8, p. 102] applied the Boltzmann
kinetic equation with the appropriate boundary conditions, which took into
account the influence of the size effect, and calculated the size dependence
of the specific conductivity of the metal film o(d). The result of Boltzmann
kinetic equation integration for single-layer, plane-parallel metal film is
given by Sondheimer function [8, p. 103; 10, p. 523]:

3A1-p)2(1 1) 1- ekt
Q = = :l— - e
(k)y=p,/p=0,/c, 7 _I[[t3 z5] P—— dt, (1)

where o, and p, — conductivity and resistivity of thin film infinite
thickness (4 — o), which structure is identical to the structure of investigated
film, k =4/ — normalized thickness, A — electrons mean free path. The
Sondheimer function makes it possible to evaluate the size dependence of
resistivity p(d) or conductivity o(d) of electrically continuous metal film,
the structure of which is identical to the structure of the investigated film.
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It should be noted that in the approximation of the classical size effect
[10, p. 523] it is assumed that the electronic structure of metal is similar
to the structure of bulk sample. Fuchs-Sondheimer approach proved to
be very useful in the interpretation of experimental data in approximation
d >> ) . Within the framework of the classical size effect, size dependences
of thin metal films kinetic coefficients were calculated: the temperature
coefficient of resistance B, the Hall constant R, and the absolute differential
thermoelectric power S [10, p. 535-538]:

B/B,=F(k), R/IR, =F(k)/ k) S/S, =[1+UF(k)]/1+U), (2)

where F(k)=1-[k/Q(k)]oQ(k)/ 0k, U =2 (free electron model), B,
R , S — corresponding kinetic coefficients of infinite thickness film
(d — «). Based on analysis of size dependences of thin metal films kinetic
coefficients (2), it can be seen that the size effect is strongly manifested in
resistivity p(d) and temperature coefficient of resistivity B(d) (Figure 10),
weakly in Hall constant R. Therefore, when studying the electron transport
properties of films in the range of thicknesses (d =), size effect in R are
not taken into account. In practice, when calculating kinetic coefficients, the
asymptotic approximations of expression (1) are considered in two regions:

A<<d (3): A>>d (4):

plp =0 /c=1+0375A1-p)/d, p/p= = 6=/ = 44(1-p)/[3d(1+2p)In(2/d)]

/B =1-0375A(1-p)/d /B = In(A/d),
o R~R o, R/R = 44(1-p)/[3d(1+2p)ln2(3/d)].

5.1 0TS pda vy, S5 UL D)

For d 2(0,1-0,2)A, the equations (3) with accuracy no worse than 5%
describes the size experimental dependences of kinetic coefficients of thin
metal films. The analysis of the size dependence of the combined resistivity
coefficient (Figure 10) also indicates the fact that in the case of fully specular
scattering ( p =1) the dimensional effect in the change of the resistivity
p(d) is not manifested, except in the case of an increase in the contribution
of surface scattering ( p=0), the dimensional effect is manifested for a
wider range of metal film thicknesses. The analysis of the behavior of the
size dependences of the kinetic coefficients (3) — (4) is detail discussed in
[10-18, p. 532]. The size-dependent surface scattering is the cause of the

13
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Figure 10. Kinetic coefficients size dependences of resistivity
p/p.,=f(k) (a) and temperature coefficient of resistivity p/p_ = f(k)
(b) on k =d/ 2, p — specularity paramiter of the surface dispersion of
current carriers (0 <p <1). Solid curves are theoretical expressions of
Sondheimer function, non-solid curves are asymptotic expressions of
the Fuchs-Sondheimer approach in approximation of thick films (3)

size effect in the electrical conductivity of metal films. To describe surface
scattering, we introduce the concept of residual conductivity ¢, which
is a physical characteristic of the dimensional effect of surface scattering:
C,, =1/[p(d)-p.]. Analysis of dimensional progress of residual
conductivity o,,,, shows p,c,.. = 8d/[3M(1-p)] ~ d. Appropriate presentation
p.,.0,., according to the data on Figure 10 (a) is presented in Figure 11.
Analysis of dimensional dependencies PO, = P..C,. (k) indicates that the
change in the coefficient of surface specularity p has little effect on the
variation in value p_oc,,,, while, the slope of the curve (an indicator of the
power of the metal film thickness) remains unchanged and close to unity in
a wide range of film thicknesses (k£ >0,1).

Mayadas and Shatzkes (MS) [19, p. 345-446; 20, p. 1383] made an
attempt to describe the contribution of crystal boundary to the total
scattering of electrons in polycrystalline films of brooms. It is assumed that
the film consists of one layer of crystallites of equal size with contacting
boundaries between them, perpendicular to the external parallel planes that
limit the film (Figure 12 a). To describe the grain boundary, the potential —
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Figure 11. Size dependencies of p_o,,.= p..0,, (k) for different
coefficient p. Solid curves — Sondheimer theoretical expressions (1),
non-solid curves — Fuchs-Sondheimer approximation

function is introduced, and it is assumed that electron scattering occurs only
on boundaries perpendicular to the electric field vector. Grain-boundary
scattering occurs simultaneously with bulk scattering and independently of
it (Mathiessen's law). Mayadas and Shatzkes [19, p. 447; 20, p. 1385] have
got the relation of polycrystalline film resistivity:
-1
11 _6(1—17) nj‘ZdCDTdt cos* @ ( s l—exp(—[ktH(t,t,D)] )

p(d) p, mhp, § 3 H(1®) - pexp(—[ktH(t,cD)T) “

where H(f,@) =1+(X/(COS@ 17> ), a= KOI’/D(I—F) —  structure
paramiter, D — average linear crystallite diameter; » — grain boundary
scattering coefficient at the crystallite interphase boundary, which depends
on the nature of the boundary and the presence of impurities on it (0 <7< 1);
A, — electron mean free path in a single crystal; p, Ta p, — resistivitity of
monocrystalline and polycrystalline (phonons, point defects, and grain
boundaries) massive samples, respectively; @ — the angle of electron
incidence to the grain boundary. In the limiting case of rough films
(d>>\): 0, /c,=p,/p, = f(a), f(a)=1-15a+3a’ —=3c’ In(1+1/ ) —
Mayadas and Shatzkes function (Figure 12 ¢).

Tellier, Tosser and Pichard (TTP) [21, p. 310-316; 22-30] calculated the
parameters of electrical transfer in polycrystalline films under the assumption

15
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that the crystallites grow in the form of cubes that are closely adjacent to each
other (Figure 12 b). In [30, p. 62], a model of effective electron free path was
developed and in [21, p. 123] — an isotropic scattering model.

=
o

/?/' 97] /f((x) Mayadas—Shatzkes model
3: /o, =flo)=1-1.5ee30-30r In(1-1/c)
a 6]
5,
4]
3,
24
7 1 ol
A 0 T T
0,01 0.1 1 10

b

: C
Figure 12. Parallel plane model of film: (a) monoblock film;
(b) fine crystaline film and (c) Mayadas-Shatzkes function 1/ f ()

Within the framework of the TTP approach, the absence of temperature [23,
p- 219] and energy dependence [24, p. 868] of the grain boundary scattering
coefficient t was discovered. The deviation of the real shape of the crystallites
in the film from the cubic shape was theoretically analyzed in [25, p. 811]. It is
shown that the shape of the crystallites (cubic-spherical) slightly changes the
longitudinal kinetic effects (conductivity, temperature coefficient of resistivity
and thermal-t.e.f), and the value of # does not depend on the crystallite shape.
Expressions for electrical conductivity of metal films with shape-changing
texture were developed in [31, p. 62; 32; 33]. Within the limits of the listed
models of the internal size effect, a number of expressions for evaluting the
kinetic coefficients of the experimental results were obtained. To do this,
after measuring the corresponding kinetic coefficient p(d) or o(d), the film
thickness d, the average linear grain size D, the dimensional dependence is
approximated by the corresponding approximate expression, where the fitting
parameters are: the surface scattering specularity parameter p, the grain
boundary scattering coefficient » or ¢ — the probability of grain boundary
tunneling (for theoretical of TTP approaches [26, p. 4-6]) and the average
free path length of current carriers in a massive crystal. However, as noted in
[10, p. 529], the approximation expressions of the Mayadas-Shatzkes (MS)
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and Tellier-Tosser-Pichard (TTP) theories correctly describe the properties
of solid polycrystalline films of relatively large thickness (d >4 ), in the
region of small thicknesses (d <2 ), these approaches do not work and give
physically incorrect numerical prediction of size dependencies of thin metal
films kinetic coefficients.

Namba [32, p. 1326] considered structure of metal film with one-
dimensional surface inhomogeneities of thickness distributed in the
direction of current flow according to the harmonic law. The local
thickness of the film d(x) in the direction of current flow is given by the
expression d(x)=d,,, +hsin(2mx/ L) (6) (Figure 13), where d,,, — average
film thickness; & — parameter of film thickness inhomogeneities (it means
the average amplitude of the deviation of film thickness to d,,,); L —
recurrence period of macroscopic inhomogeneities of thickness in the
direction of OX. The average value of size film resistivity can be calculated

with expression: — = Aoy Jp (di(x)))dx (7), where p,, —resistivity of infinite
thick film, p= p(d(x)) - local film resistivity with thickness d = d(x) .
Comparison of experimental data with (7) is carried out by searching
for h, which acts as the desired parameter. The dependence p =p(d),
is calculated with (7) for large thicknesses (d >> /&) coincides with the
Fuchs-Sondheimer prediction. At d ~A this dependence goes to zero
faster than predicted by Fuchs-Sondheimer theory and at d<#h, it is
p — oo, which corresponds to a discontinuous metal film. The ohmic
mechanism of charge transport in a metal film occurs at a certain thickness
d| (where B>0), it’s mean transition to electrically continuous metal
films. Approximation for large thicknesses (A <<d) is expression (7):

I i

o - —

d.

Figure 13. Namba’s metal Flgure 14. Wissman's metal
film model film model
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)= p. [1—[%) } 2[1 37»(;61 P){ [SJ} } (8). Expression (8) at

limit 4 <<d transforms into the expression known in Fuchs-Sondheimer
[10, p. 525] model for the resistivity in the limit of large thicknesses (3).
Wissman [34, p. 6-7; 35, p. 3—10] believed that total metal film
resistivity is the sum of three sources of electron scattering: scattering
on volume inhomogeneities, scattering on crystallite boundaries and
scattering on surface inhomogeneities. Wissman [35, p. 2—3] assumed that
the boundaries of the crystallites are perpendicular to the surface of the
film (Figure 14). The starting point of the model is the assumption of a
symmetrical distribution of the average linear sizes of the film crystallites
around the average value of the film thickness (Figure 14). The average
value of the speciﬁc resistance of the metal film is calculated from the ratio:

I p(x

J.f (9), where x — is deviation of the film thickness from

average thickness d, f (x) —surface roughness distribution function (Figure 14).
A typical example is the quasi-Gaussian distribution (with full width 2H,,, ,
Figure 14). Integration is carried out in range —H,, to H_, . The value
of H_, is numerically equal to the maximum deviation of the surface

heterogeneity from the metal film average thickness d.. Out equations (3)
in case of diffuse ekectron scattering on film surface (2 =0), we get:

p(d,k,H):T(H%ﬁJf(x)dx/ff(x)dx

u , whence

daH)=p, +-2p +22
p(d.\H) Pt Pt 5P .

3N 3n Y x/d
-[ 1-x/d

At approx (H <d ),expression 1/(A=x/d) can be expanded

. . 3A H’ H*
into Taylor series, whence, p,=-—p, (dz G, +— 7 G, +. J e
+1 +1

F(x)ael [ 7(x)ds. (10)

8d
G, = I x"f(x)dx/ I f(x)dx, p, is paramiter mean resistivity due to

scattering on surface inhomogeneities with maximum amplitude H_, .
Numerical values of coefficients G,, G,, Ta G,, can be calculated
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only if there is information about the real profile function of surface
inhomogeneities. If we assume symmetric quasi-Gaussian distribution
of surface inhomogeneities, then the coefficients: G, =G, =G, =1, then
Wissman's expression [34, p. 6]:

p(dIuH)=p, (1+%%{1+(§]2 +(%T +(%)6 +(§T +D (11).

For the practical use of metal films as elements of microelectronics, it is
important to know at what minimum thickness the film can be considered
as electrically continuous layer with metallic conductivity. The answer to
this question can be reached out of metal film resistance size dependence
analys with percolation theory [36, p. 89-90]. According it, size dependence
of metal film resistance can be represented by power-law: R(d)~ (d—d,)".
At layer-by-layer regime of metal film growth, it is considered
(d—-d,)~(P—-P) [36.p.91], where P. —the percolation parameter, which
corresponds to the degree of filling of the substrate surface, at which the
islands form the first conductive channel. The exponent ¥ depends on
the mode of metal film growth mode. With film layer-by-layer growth
(2D mode), the value of exponent
Yy change in the range 1 < y < 1,3, HTTRICa -
and for 3D percolation, the value
exceeds the value of y=L5. It
is illustrated on Figure 15, which 2°7
shows the R=R(d) dependencies 20- 0
of Cr films freshly deposited on 1s-
glass surface (curve 1) and on a 1] m
glass surface pre-coated with a Ge 5] ,
wetting underlayer with a thickness .  dm
of 8 nm (curve 2). The inset shows °© ° © ® 2 % % % @ &
linearized dependencies is presented ~ Figure 15. Size dependencies of
in logarithmic scale R=R(d—-d.). R(d) of Cr films. 1 — chromium
We can see that due to the presents of ~ films deposited on a clean glass
Ge underlayer, percolation thickness ~ substrate; 2 — chromium films
d_ in Cr films reduced from 2 nm deposited on the surface of the Ge
(Cr film on glass) to 1,1 nm (Cr film wetting underlayer with a mass
on the surface of the Ge underlayer). thickness of 8 nm

R“(dl , 1 )-I,OZIﬁJ.(X)l
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The y exponents are 1,112 to 1,021 respectively. It should be noted that the
method of film preparation used in the work provided layer-by-layer growth
of films of all studied metals with a value of ¥ <L3.In [37, p. 724; 38-39],
the impact peculiarities of Sb and Si wetting underlayers on the D crystallites
average size and the d_ for metal films were analyzed. Based on the data of
microstructure study and the study of percolation phenomena of investigated
metals films, it was shown that metal films can be considered electrically
continuous metal layers with thicknesses greater than d,,, =2d,. The
description of charge transport phenomena in metal films can be carried out
with the help of quasi-classical and ballistic size effect theories [40, p. 341].

Expressions (2) — (3) are linearized when written as a dependence
p(d)d = f,(d), B(d)d=f,(d) and S(d)d = f,(d). In Figure 16 shows
the size dependence of gold films kinetic coefficients in low-temperature
range 78 K-90 K and Figure 8 — corresponding linearized dependencies
are presented. On Figure 17 shows that in the range of large thicknesses
(d>15 nm) size dependences f (d), f,(d) and f(d) are linear. In the
range of small thicknesses (d <A ) the linearity is violated, which is due
to the deviation of the the real film structure from plane-parallel layer
model [32; 34; 40, p. 342].

Out of slope of the linear sections, we get the numerical values of p., , B,
and S. . Segments cut off on the abscissa axis by the continuation of linear
segments, with accuracy up to a factor of 3(1-p,)/8, are equal to electron
mean free path (2, =0 [40, p. 352]). Such conclusion follows out the fact
that the real metal surface consists of randomly placed crystallites, makes
it impossible electron wave coherently reflection. Qualitatively similar
dependences are obtained for freshly applied and thermally stabilized
films of all metals [37, p. 730]. Note that the resistivity P. of thermo
stabilized films is lower than the resistivity of freshly deposited films and
the temperature coefficient of resistance B., and electrom mean free path A
have larger values compared to the corresponding characteristics of freshly
depositer films (quench condensed). Since there are no visible structural
changes during thermostabilization, the cause of this phenomenon is the
point defects annealing present in the freshly deposited layer in the volume
and on the surface of the crystallites [38, p. 534]. In [39, p. 604] the films
charge transport parameters were calculated and the temperature and grain
size dependencies of ¢ parameter were studied. The theoretical prediction
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Figure 16. Size dependences of Figure 17. p(d)d = f,(d) size
Au films kinetic coefficients on depen-dencies of Au films on
glass surface: 1 — p(d) at T=78 K; the glass surface: 1 - T=78 K,
2-pd)atT=90K;3-p(dand 2-T=90K, 3 - p(d)d =f,(d) and
4 — AS(d) at temperature range 4 — S(d)d =f,(d) at temperature
7890 K range 78-90 K

[40, p. 352] of temperature independency of ¢ parameter (at least for the
temperature range 78 K — 370 K) and grain size (5 nm < D < 28 nm) was
revealed. The results of the study of thermoelectric power films of metals
(Au and Cu) are interpreted within the framework of free electron model.
It was shown that the free electron model sufficiently reliably describes the
thermo-e.r.s. films of these metals. In particular, the value of the parameter
U, calculated out of our results obtained by us, turned out to be close to
the value U =2 (U =2,1-2,2 for Au films, U =2,0-2,1 for Cu films).
The study of thermoelectric power of Ni and Pd films deposited on the
clean glass surface and on the surface of wetting underlayers of different
mass thickness is explained on model that assumes the existence in these
metals of current carriers of two independent groups with different effective
masses that are on electron and hole trajectories, respectively [41, p. 128;
42, p. 139]. The Fermi surface in polyvalent metals has a complex shape
and in its appearance is far from the spherical shape that is the basis of the
free electron model [14, p. 1083]. On the Fermi surface of the mentioned
metals, there are both electronic and hole states, which determines a
number of peculiarities of the behavior of charge transfer phenomena in
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Figure 18. Size dependences of Figure 19. Size dependences

thermo-e.p.f. S of palladium films of the differential thermo-e.p.f. S
relative to platinum deposited  of nickel films relative to platinum

on fused polished glass (1) deposited on glass (1) and on
and glass covered with germanium underlayer with
a germanium underlayer thickness of 0,5 nm (2)

with thickness of 0,5 nm (2)

films of transition metals. In films of palladium and nickel, size dependence
of thermoelectric power is significantly stronger than the dimensional
dependence of thermoelectric power films of base metals. Thermoelectric
power of palladium films, as can be seen on Figure 18 changes its sign in
films deposited on glass at a thickness of about 6 nm, and on germanium
wetting underlayers at 3,5 nm.

A similar sign change of thermoelectric power of palladium films was
observed in [42, p. 136]. Under the free electron model, it is impossible
to explain the observed behavior. Size dependences of conductivity
o(d) and differential thermoelectric power S(d) can be represented as:
o(d) =0 @)+ (d), Stdy=-wkT DD

ec; [0 (d)+0"(d)
Fermi energy, k — Boltzmann constant, ¢ — elementary charge. The results
of size effect studys of conductivity and thermoelectric power of
nanoscale electrically continuous Au and Cu films, showed that electron
band structure of films finishes it’s formation at about 5 nm Analogous
studies of Ni and Pd nanoscale films revealed that with film thicknesses of

J, where ¢, —
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4-5 nm and greater, electron structure of layers is identical with electron
structure of bulk samples of these metals. It’s confirm the completion
of electron band formation of s — and d — bands, which correlates
with the experimental results of island metal condensates photoemission
studies [43, p. 125; 44, p. 146].

5. Internal mechanical tensiones and self-organization processes

on the boundary of "metal condensate — solid substrate"

It is known that on the boundary of "substrate — metal condensate",
mechanical tensiones occur balanced by the interaction with the substrate
[45, p. 399]. It is believed that total mechanical tension is equal to additive
sum of internal (own) o, and thermal o,,, tensions: 6 =0, +0.; . The
operational parameters of nanoscale metal films in microelectronics are
determined by electrical and mechanical properties. The imbalance of the
deposition processes, the difference in the coefficients of thermal expansion
of metal condensate and surface substrate, as well as chemical and structural
changes cause high mechanical macro and micro tensiones in thin film.
The value of internal tensiones can significantly exceed the maximum
allowable levels for bulk materials. During the operation of such structures,
the relaxation of macro- and micro-tensiones occurs even under minor
external loads (thermal heating, charge transfer) and may be accompanied
by their destruction or detachment from the substrate. Relaxation of local
micro-tensiones leads to the loss of film integrity due to pores formation or
material extrusion, which is unacceptable in nanoelectronic elements.

The nature of thermal tension component 6,,, has been studied well for
many metallic condensates [45, p. 399]. The thermal tension minimization
problem is solved today (mostly by technological methods) even in quite
complex systems — real structures of modern micro- and nano-electronics.
However, the nature of the structural component of mechanical tensiones
has not been established. There are only certain model representations
of such tensiones mechanisms formation. It’s believed that internal
tensions are caused by the peculiarities of film formation process, the non-
equilibrium of condensation process, recrystallization and interaction of
condensates with residual gases [45, p. 399; 46—49]. Understanding the
macro- and micro-processes responsible for internal tensions formation
will provide the possibility of depositing metal condensates with
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improved characteristics for the needs of micro- and nanoelectronics by
systematically changing their internal structure and interphase interaction
on the boundry "condensate-substrate".

Information about thin films mechanical tensiones which researchers
have today, was obtained mostly by indirect methods and after condensates
is deposited. Therefore, the results of the measurements carry information
only about the integral macrotensiones that occur after the formation
of the metal film. However, due to the reclaxation of tensiones in the
"film — substrate" during its storage, such post-technological measurements
do not provide objective information about the quantitative contribution
of each component to measured integral value of tensiones and are
uninformative from the point of view of learning the physical laws of
certain type tensiones formation.

The accumulation of huge experimental material in the field
of physics and technology of thin films today made it possible to
formulate some empirical regularities (mostly of the technological
plan) of the occurrence (formation) of inherent tensiones in thin films
[45; 46, p. 18; 50-52]. The determining factor in the analyzed processes
is the rate of condensation of metal vapor on substrate surface.
However, the mechanisms of formation of grain boundaries in thin films
and the physical mechanism of internal tensiones formation based on
thermodynamic approach, taking into account changes in surface and
interphase energies are currently poorly studied. There is no model of the
phenomenon for the initial stage of condensate growth, when it exists in
the island-nanodisperse stage. There is no physical vision of mechanisms
of maximum tensiones formation in metal condensates depending on
the speed of their deposition on the surface substrate. Therefore, the
experimental study of regularities of the internal tensiones formation n
metal condensates, which reflect the dynamics of interphase interaction
from the stage of island-nanodisperse formation to continuous film is an
urgent problem of nanoscale materials science.

Among a number of metals tested by modern microelectronics, copper,
aluminum and their alloys occupy a key place in the production of micro-
and nanoelements on silicon. Moreover, copper significantly expands its
position due to its inherent manufacturability, high electrical and thermal
conductivity, as well as high resistance to electromigration. The work
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experimentally investigated the kinetics of internal tensiones o,(d) in
Cr, Cu, Au and Al metal condensates during their deposition on silicon
substrates at room temperature.

The method of measuring the mechanical tensiones that arise in the
"film — substrate" system is based on the measurement of the bending of
the cantilevered substrate [50-53, p. 24]. The amount of tension that occurs
parallel to the plane of the substrate is calculated according to the well-
known Stoney formula:

o, =E38d/(3d,I*(1-p) (12)

where £, — substrate Young's modulus, d — thickness of the substrate;
0 — console displacement; d, — film thickness; / — base of measurements;
p—substrate Poisson's modulus. In this way, the measurement of mechanical
tensiones during metal deposition on the substrate is essentially reduced to
continuous experimental fixation of its deflection 8. A capacitive method
was used for o registration [53, p. 132].

In Figure 20 shows the experimental dependence which reflect the
kinetics of changes in internal tensiones in copper condensates deposited
at different rates © on monocrystalline silicon substrates with the

[ d

¢ 1 1 . .
10 200 400 Figure 21. Schematic dependence
5 M

of the kinetics of internal

Figure 20. Kinetics of internal
(intrinsic) mechanical tensiones
in metallic copper condensates on
monocrystalline silicon substrates
deposited at different velocities o,
nm/s: 1 -0,03;2-0,09;3-0,2;
4-0,55-1,06-2,0

tensiones of metal condensates
on the surface of
monocrystalline silicon
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crystallographic plane (111) at room temperature. The general regularity of
similar dependencies for Cr, Al, and Au films is the two-stage nature of the
change in internal tensiones during the formation of vacuum condensates on
monocrystalline silicon substrates. There is sharp increase of ¢ in the first
stage of maximum o, at given condensation rate ® and their subsequent
decrease with increasing film thickness in the second stage (Figure 21).
The patterns obtained (see Figure 21) are typical for the studied metals.
The extrapolation of the first stage of the dependence ¢ = o(d) in the
direction of the intersection with the ¢ axis made it possible to determine
the value of the tension o, which corresponds to the characteristic
thickness of the nanocondensate d, ~ 10 m (nucleus formation) in relation
to the entire range of used condensation rates. In Figure 22 shows c,(®)
for Cu, Au, Cr and Al condensates calculated from the experimental
size dependences of o(d). As we can see, the constancy of o, within the
indicated range of deposition rates and the presence of local maximum of
internal tensiones for the listed metals at deposition rate of 0,5 nm/s are
characteristic. Al condensates are an exception (Figure 22, curve 1). The
analysis of experimental dependences confirms that the positions of the
characteristic maxima for a given deposition rate fit on a straight line in the
coordinates (Figure 23). Note that, in addition to Cu and Al, the maximum
tension coordinates for Cr and Au films are also superimposed on the same
line. Therefore, the slope coefficient of this dependence is the same for Cr,
Cu, Au, Al. metal condensates on the silicon substrate. Since the parameter
k = Ao, / Ao, that sets the angular coefficient of the slope of the straight
line, in Figure 23 has the dimension of time, then it is logical to assume that it
determines the transition time of metal condensates from a highly dispersed
(island) structure to a solid film with a spatial frame over the entire area of
the substrate at different rates of their deposition in relation to the given
crystallographic orientation of the substrate. For the listed metals, this time
is ~ 220 s and corresponds to the Ostwald ripening time of the condensate.
Stacking the characteristic points of different metals on one line proves the
predominant impact of substrate on mechanical tensiones appearance at the
initial stage of the Cr, Cu, Au, Al films growth. The obtained conclusion
is also confirmed by the date shown in Figure 22, it’s demonstrate the
invariance of tensiones from the rate of condensation responsible for
the formation and growth of nanosized metal islands. Therefore, we can
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Figure 22. Mechanical tension Figure 23. Dependence of
dependence (d, ~ 10° m) on the the position of the maximum
condensates rate: Cu (4), Au (3), tensiones 6, on the experimental
Cr(2),Al (1) dependences of o(d) by thickness

in metal condensates on their
deposition rate ® nm/s: 1 —0,03;
2-0,09;3-0,2;4-0,5;5-1,0;6-2,0

state that the occurrence of internal mechanical tensiones in metal nano-
condensates of Cu, Au, Al and Cr on the silicon surface is determined by
self-organization processes on the surface of silicon substrates. It’s provides
equivalent conditions for seeds nucleation, growth of crystallization and
spreading of non-equilibrium metallic island-dispersed sub-system. We
note that the stationary values of the received tensiones ¢ in thin films
after they pass the maximum values during the deposition process are
reached often due to relaxation "disruptions" of tensiones at metastable
states (Figure 20, curve 4). Several reasons for the observed behavior are
assumed: sharp plasticity of the fluidity of the film due to the conservative
movement of "fresh" dislocations under the action of internal tensiones;
grain-boundary sliding in the film due to the processes of non-conservative
movement of "fresh" dislocations, since as a result of supersaturation of the
condensate on vacancies (s ~ 107 [45, p. 146]), local plastic deformation of
the condensate occurs. As a result of the effect of the diffusion "dill", there
is a "slipping" of individual areas of the film, which is manifested in the
sharp bends of the cantilever during the deposition process. The relaxation
processes in the "film-substrate" system are also not an exception, due to
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the generation of dislocations on the surface of the substrate, since the yield
strength of the surface layers of a monocrystalline substrate is significantly
lower [54, p. 18]. Implementation of the last of the mechanisms requires
its consideration in the development of metal nanocondensate systems in
this range of mass thicknesses. Because the mechanical tensiones on the
substrate surface it’s creates conditions for the defects generation on it.
Which significantly reduces the reliability and operational characteristics
of nano-sized devices based on them.

Let's analyze the role of the substrate in the formation o, tensiones
of metal condensate (Figure 23). Note that the maximum values o, for
studied metals are observed at the smallest thicknesses in Cr condensates
(= 50 nm), while in Al films the maximum tension level o, is achieved at
the large thicknesses. Identified regularities in a number of studied metals
for 5, can be explained from the standpoint of the adhesive properties of
metals on the silicon surface. Therefore, we consider the interaction on the
boundary of "metal condensate — silicon" at the atomic level, taking into
account the potential ability of the substrate atoms, on the one hand, and
the metal condensate, on the other hand, to form chemical bonds. One of
the main factors that determines not only the type, but property of bond
and the nature of interaction between atoms in chemical reactions, is the
electronegativity of the interacting atoms that take part in chemical bonds.
Silicon, having arelatively high electronegativity (~ 1,8 according to Pauling
[55]), is capable for greater electron attachment than condensed metals
(Cr—1,56; Cu—1,76; Au — 1,42; Al — 1,47). With such an interaction, the
electrons transport to the surface of silicon substrate by metal condensates
should be expected. For the studied systems, the value of X;_,, is always
less than 0,4, which, according to [55, p. 298], is accompanied with
covalent bond by the partial electrons transport from atoms with lower
electronegativity (metals) to atoms with higher electronegativity (Si). The
fraction of the ionic component will not exceed ~ 10%. Adhesive properties
at the interface of the "silicon — metal condensate" will be determined
by such interaction. A decrease in the electronegativity of the metals in
the given series (Cr, Cu, Au, Al) in relation to the electronegativity of
the substrate should also be accompanied by an increase in the level of
intrinsic tensiones at the interface of "substrate-condensate", since the role
of the substrate in the bonds creation with adsorbed atoms will increase.
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An exception is Cu, among the studied metals, it has an abnormally high
value of electronegativity, high diffusion coefficient, great plasticity and
the ability to twin and recrystallize even at room temperatures. From this
point of view, the described self-organizing processes are those that take
place not in the deposited film, as is realized in molecular beam epitaxy
of the "semiconductor-semiconductor" type by creating certain spatially
periodic structures on the surface of the substrate, but by reconstructing
the silicon surface under the influence of the deposited metal with
AX < 0,4. This conclusion is confirmed by the high susceptibility of
free silicon surfaces to the observed processes. Currently, about 300
reconstructed silicon surfaces have been discovered [56, p. 45-76]. In the
process of metal condensate deposition the reconstructed silicon surface
provides the same rheological properties of condensed islands metal and
close conditions of thermalization of the molecular beam of deposited
metals (Cr, Cu, Au, Al).

Conclusions

1. The process of preparing films of simple (Au, Ag, Cu) and transition
(Mn, Hi, Pd and Cr) metals with given average linear grain sizes was
controlled, which was achieved by the simultaneous use of "quench
deposition" techniques and wetting sublayers (Ge, Sb, Si) with further
thermal stabilization in the interval of the first temperature zone of the
modified Movchan-Demchyshyn model.

2. Based on the analysis of the dimensional dependences of the
resistivity p(d) and the absolute differential thermoelectric power S(d)
shows that in nanoscale electrically continuous films of Cu and Au, the
formation of electronic structure similar to the electronic structure of bulk
metal is completed at a thickness of 5 nm.

3. As a result of the first-ever study of the size dependences of kinetic
coefficients of continuous nanoscale films of Ni and Pd, the electronic
structure identical to electronic structure of bulk metal complets formation
of s- and d-zones at thicknesses greater than 4-5 nm.

4. It was established that the probability of intergranular tunneling of
current carriers in the studied metal condensates does not depend on the
temperature and thickness of the wetting sublayers (Ge, Sb, Si) and the
average linear sizes of crystallites D (at least for 5 nm < D <28 nm) in the

29



30

Roman Bihun, Bohdan Koman

film, at least for temperature range of 78-300 K, and is determined only by
the physical properties of the condensate.

5. It was established that the nature of the interphase interaction in the
system "metal condensate (Cu, Al, Cr, Au) — solid substrate (Si)" during the
deposition process is synchronously reflected by the kinetic dependences of
internal tensiones ©,(d) .

6. A feature of the interphase interaction in "metal nanocondensate
(Cu, Al, Cr, Au) — solid substrate (Si)" is the dominance of self-
organization processes on the surface of the silicon substrate, which
provides equivalent conditions for the spreading of a non-equilibrium
metallic island-disperse system. The degree of the self-organizing role
of the substrate in the formation of nanocondensates is determined by the
value of the electronegativity difference of the substrate and condensate
materials (for silicon and deposited metals, the condition AX < 0.4 is
fulfilled, which ensures a stable covalent bond on the boundary of "silicon
— metal nanocondensate").

7. The time of maximum level of internal tensiones (Oswald ripening
time according to the two-stage dependence) in the process of copper, gold,
aluminum, and chromium condensation on Si (111) substrates in the speed
range of 0,03—2,0 nm/s is the same (220 s) and is determined by the self-
organizing role of the silicon substrate of crystallographic orientation (111).
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