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The following thermodynamic effects have been studied in experiment: the normal
adhesion of Ge films as a function of the surface energy of substrate (glass, mica, Al, Cu);
the normal adhesion of Ge, Al, Cu and Cr films to Cu and (001) NaCl substrates as a
function of the specific surface energy of the film; the dimensional dependence of Cu and
Cr adhesion within thickness range of 20 to 250 nm; effect of finely dispersed ferromag-
netic and weakly magnetic powders used as fillers in partially crystallized polymer sub-
strates with relatively low specific surface energy on Al film adhesion. An increase in the
film thickness as well as in the specific surface energy of the substrate and the film has
been found to result in weakened adhesion.

9KCIepUMeHTAILHO U3yYeHLI cjeAyIolide TepMOoAMHAMHUUYecKUre >(PQeKTh: 3aBUCUMOCTL
HOpMaJILHON agresuu mjieHoK Ge oT yZeabHOH IMOBEPXHOCTHON SHEPTHH MOJJIOMKHU (CTEKJO,
caona, Al, Cu); saBUCHMOCTL HOPMAJBLHOW a[res3uu OT YAEJIbHON IIOBEPXHOCTHOU SHEPrUu
mienku (Ge, Al, Cu u Cr) ma mogioxkkax Cu u (001) NaCl; pasmepHas 3aBUCUMOCTb aAre3Ul
nnenok Cu u Cr B unrepsane Toamun 20—-250 HM; BAMAHUE HAIIOJHEHUS YACTAUHO-KPUCTAJ-
JUUYECKUX IIOJUMEPHBIX IOJJ0MKEK ¢ OTHOCUTEJLHO MAJOoH yAeJbHONM MOBEePXHOCTHOH sHep-
ruefi MeJKOJUCIEePCHLIMHU (Peppo- U cAabOMarHUTHLIMU IIOPOIIKAMM HA aAre3uo miaeHok Al
YeTaHoBIEHO, UTO yBeJIMYeHUe TOJINUHELL IJIeHKU, YAeIbLHON IIOBePXHOCTHON DHEPTUU IIOK-
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JIOKKHW WJHW IIJIEHKW IIPUBOAWT K YMEHBIII€HUIO aATre3nn.

The problem of film material adhesion
draws continuously the attention of both
theorists [1] and experimenters (see e.g. [2, 3]).
Basing on the known fact that the adhesion
of two materials is a result of molecular
interaction, ionic or metallic binding,
authors [1] have studied adhesion properties
of two metals separated by a dielectric
layer, of a metal (Me)/dielectric (D) system
containing a vacuum gap as well as of a
Me/vacuum/D/vacuum/Me system. To that
study, the electron density functional
method was used. In [1], the electron den-
sity distribution has been determined, the
interphase energy (Oy; where indices s and f
refer to substrate and film, respectively),
the adhesion free energy (04), and adhesive
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interaction energy (F,) have been calcu-
lated, and limiting cases where the vacuum
or dielectric layer thickness tends to zero
have been considered. Note that it is just
the limiting causes that are of the highest
interest, since those correspond to experi-
mental conditions.

Our purpose, besides of qualitative com-
parison of the results obtained with the
conclusions of [1], consists in the study of
the film thickness and the specific surface
energy of the film (o) or substrate (0;) ma-
terial influence on the normal (4,) and
sometimes tangential (A;) adhesion. The ef-
fect of 6; and o, can be drawn directly from
the expression for the work of the adhered
film tear-off:
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Fig. 1. A, and A dependence on the Cu (I, 2)
and Cr (3) film thickness on glass substrates
at 300 K.

W, =-04 =04~ 05— Op. (1)

Since the surface energy o, is a function
of thickness [4], then, taking (1) into ac-
count, the thermodynamic effects of adhe-
sion can be considered as functions of Cp,
Og> Ogf and d. The set of those questions is
not still scarcely studied to date, and that
is predefined our study task.

The adhesion measurement method was
based on the Strong technique, wherein the
tear-off force of a sticky tape with the film
from the substrate and the contact area (S)
are measured and the quantity A = F,/S is
found. The tangential adhesion is deter-
mined by extrapolating the angle ¢ between
the force action direction and the substrate
plane to zero, while at ¢ = 90°, the normal
adhesion is. In this case, the fixation of the
film tear-off moment is a considerable diffi-
culty. To that end, we used a laboratory
unit (described in [4] in detail) provided
with an electron displacement sensor that
allows to fix the film tear-off moment at
high precision. As the electron sensor, a
transformer sensor of solenoid type is used
basing on the dependence of a coil induc-
tance on the position of a ferrite core
therein. The core, in turn, is connected with
a spring device coupled with a micro-screw
setting the tear-off force; the other end of
the spring is connected with the tape
holder. To measure the force F, at different
angles ¢, the object table rotation through
fixed angles has been provided.

The film samples were obtained in a
standard vacuum unit VUP-5M (residual
pressure of about 1073 Pa) by resistive
evaporation and deposition of Ge, Al, Cu,
and Cr films onto glass, mica, C, Al, Cu, Cr,
and (001) NaCl substrates or by magnetron
sputtering of Al films onto substrates made
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Fig. 2. A dependence on the substrate sur-
face energy for 65 nm Ge film (I) and on the
film material surface energy (for Ge, Al, Cu,
and Cr films) on dielectric substrate (001) NaCl
(2) and on metal (Cu) substrate (3). The Ge, Al,
Cu, and Cr films are 60 to 80 nm thick.

of partially crystalline polymer materials
(polyethylene, polycaproamide, pentaplast,
poly-4-methylpentene-1 (P4MP1) containing
finely dispersed ferromagnetic and weakly-
magnetic powders (Fe, Ti, quartz, barium
ferrite, and graphite) as fillers. In some
cases, the samples from the latter series
were annealed at 350 to 470 K.

The dimensional dependence of A, and
A, was studied taking Cu and Cr films as
examples (see Fig. 1). It is seen from these
data that A, exceeds A, by several times.
This can be explained by the action of tangen-
tial friction forces resulting from the phase
interaction at the film/substrate interface.

Thus, we can write A, = A4, + AAsf where
the additive AA,; is due to energy oy It is
to note that the quantity AAgp plays a con-
siderable part in tensosensitivity phenome-
non (see, e.g., [5]), since the longitudinal
straining force cannot exceed the filn tear-
off force in tangential direction. The adhe-
sion dependence on the film thickness can
be substantiated in the frame of concept [1]
concerning the adhesion forces in the Me/D
system. In contact, the double electrical
layer of the metal causes the dielectric po-
larization, thus resulting in repulsion of
positively charged surfaces. The polariza-
tion extent increases obviously as the thick-
ness rises, thus causing a monotonous weak-
ening of the adhesion.

Fig. 2 presents thermodynamic effects
associated with the film or substrate sur-
face energy. The A, dependence on o, fol-
lows qualitatively from the Eq.(1). Distinc-
tions between the dependences 2 and 3 are
explainable by the conclusions presented in
[1]. According thereto, the repulsive forces
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Table. Normal adhesion of Al films on various polymer substrates

Substrate T ynnearr K An.10*5, Pa Substrate T ynnearr K An.10*5, Pa
Polyethylene 300 14.3 Pentaplast + barium 300 9.5
ferrite (25 % by mass)
350 15.8
Polycaproamide 300 10.0 P4MP1 + graphite (25 % 300 10.5
by mass)
470 19.0
Pentaplast 300 9.8 P4MP1 + iron (25 % by 300 3.9
mass)
430 18.0
Pentaplast + graphite 300 1.1 P4MP1 + quartz (25 % 300 8.8
(25 % by mass) by mass)
Pentaplast + iron (25 % 300 2.5 P4MP1 + titanium (25 % 300 5.8
by mass) by mass)
Pentaplast + quartz (25 % 300 3.1 PAMP1 + barium ferrite 300 6.2
by mass) (25 % by mass)
Pentaplast + titanium 300 3.4
(25 % by mass)

arise in the Me/D system while in the
Me/Me one, only attraction forces act in the
case when there is no gap at the interface.

In Table, presented are the study results
on normal adhesion of Al thin films (d =
80 nm) on various substrates made of par-
tially crystalline polymers with and without
fillers. Since thermally deposited Al films
show a very low adhesion, the magnetron
sputtering was used in this experimental
series. A specific feature of the polymer
substrate preparation consisted in that the
powder mixture of the polymer with filler
was held for several minutes at a tempera-
ture exceeding the polymer melting one by
10 to 20 K and then crystallized in a rotat-
ing magnetic field generated using a device
made from a 3-phase motor stator. Such
substrates have layered structure inde-
pendent of the filler type.

The data of Table allow to suppose the
following adhesion features of Al films. An-
nealing of the film/substrate system results
in an increased adhesion that can be ex-
plained by a partial relaxation of macro-
scale stresses in the substrate and possible
diffusion processes. Addition of a filler into
pentaplast causes an appreciable adhesion
weakening (except for Ba ferrite filler) that
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may be associated with change in the sub-
strate dielectric constant (according to [1],
the adhesion is lowered as the constant in-
creases), with the polymer layer thickness
separating the Al film from the ordered
filler particular layer as well as with other
factors being difficult to control. The corre-
lation absence between A, values for penta-
plast and P4AMP1 substrates containing the
same fillers indicates the necessity of fur-
ther studies directed to establishing of cor-
relation between the adhesion strength and
the layered substrate stcurtures. The fact
that the film adhesion on polymer sub-
strates is much weaker than in the case of
bulk samples requires also a special study.
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Heaki TepmoagnHamMiuHi epeKTH y aaresili TOHKUX IJIiBOK

A.M.9opnoyc, I''B.Kupux, 1.10.IIpoyenkxo, O./].Cmadnuk

ExcnepumeHTaIbHO BHBUEHO TakKi TepmommHamiuHi ederTu: sasexHicTs HOPpMAaJBHOL aj-
resii muisox Ge Big nmrTomol mosepxHeBoi eHepril migkmanxm (cxao, caroza, Al, Cu); za-
JIeKHICTh HOpMaJibHOI afaresii Big muTomol moBepxmesol eweprii maisku (Ge, Al, Cu i Cr) na
migraagkax Cu i (001) NaCl; poswmipua samexumicts agresii maisox Cu i Cr B imrepsaui
ToBIMH 20—-250 HM; BIJIUB HATIOBHEHHS YACTKOBO-KPUCTANIUHUX MOJIMEpHUX MiAKJIATOK 3
BiJHOCHO MAaJjIOI0 TIOBEPXHEBOI0 €Heprie MiJKkogucrepcHUMU (epo- Ta cIa0KOMarHiTHUMU
nopomgamMy Ha aiaresino miaiBox Al. BeranosieHo, 110 36iJbIlIeHHS TOBIWHM ILIiIBKM, ITATO-
MOI ImoBepxHeBol eHeprii migkgagku ado MIIBKYU IIPUBBOAUTL A0 3SMEHIIEHHS aaresii.
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