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This paper presents the results of a study of the electrical conductivity of structurally continuous nano-
crystalline films of CuNi alloys in a wide range of thicknesses and component concentrations. Alloy films
with thicknesses of 50-200 nm were separated from simultaneous separate evaporation of components (cop-
per and nickel) in a vacuum of 10-4 Pa. Copper was evaporated from strips of tungsten foil 0.05 mm thick.
Nickel was vaporized by the electron-beam method using an electron diode gun. The condensation speed
became 0.5-1.5 nm/s. The purity of the evaporated metals was at least 99.98 %. The temperature depend-
ences of the specific electrical resistance of CulNi alloy films for the second and subsequent heating-cooling
cycles were virtually identical, indicating complete stabilization of the film samples' properties after the
second annealing cycle. To explain the observed specific irreversible decrease in electrical resistance during
thermal stabilization of the electrophysical properties of CuNi alloy films, we used the Wend model, which
describes the healing of crystal structure defects in the films. Based on this model, the spectra of crystal
structure defects in CuNi alloy films were calculated.
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1. INTRODUCTION

Studying the physical properties of thin metal films
helps solve a number of fundamental problems in solid-
state physics. Furthermore, the prospects for their practi-
cal application are also important. The use of thin metal
films in recent decades has led to significant progress in
microelectronics, high-frequency technology, optoelectron-
ics, optics, and many other areas of modern science and
technology. At the same time, a separate branch of solid-
state physics — thin-film physics — has emerged.

Films of ferromagnetic metals (Ni, Fe, Co) and their
alloys occupy a special place in thin-film physics. This is
primarily due to purely scientific questions, the study of
which allows us to solve a number of fundamental prob-
lems in two-dimensional magnetism. At the same time,
a number of applied problems in the fields of nanoelec-
tronics, spintronics, and other fields are also being ad-
dressed. In recent years, a number of new fundamental
effects have been discovered in film objects based on fer-
romagnetic metals, such as giant magnetoresistance, co-
lossal magnetoresistance, spin-polarized tunneling, and
others. This creates the basis for the development of
miniature magnetoelectronic devices, new methods for
recording and storing information, and new types of
highly sensitive sensors and detectors.

Along with research on films of pure magnetic metals
(Ni, Co, Fe) and Cu, the study of films of metal alloys
[1-4] and multilayer film structures [5-7] incorporating
these metals is promising. Like bulk alloys, alloy films
offer a number of advantages over films made of pure
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metals: by varying the alloy composition, materials with
different electrophysical, physicochemical, and perfor-
mance properties can be obtained.

It should be emphasized that the properties of thin
films differ significantly from those of bulk samples.
Limiting the dimensions of film objects in one direction,
typically along the thickness, leads to the emergence of
so-called size effects. In the bulk state, such effects are
either weakly expressed or not observed at all.

This paper presents the results of a study of the elec-
trical conductivity of structurally continuous CuNi alloy
films over a wide range of thicknesses and component
concentrations. To explain the observed irreversible de-
crease in electrical resistance during thermal stabiliza-
tion of the electrophysical properties of CuNi alloy films,
we used the Wend model of healing defects in the crystal
structure of films [8].

2. EXPERIMENTAL METHODOLOGY AND
TECHNIQUE

To study the electrical conductivity, film samples
were condensed onto a polished glass plate (Fig. 1) with
contact pads pre-applied at 7'= 600 K. The method and
technique for producing CulNi alloy films are presented
in detail in [9].

The glass plate (1) was secured to a copper substrate
holder and maintained good thermal contact with it. The
substrate temperature was measured using a copper-con-
stantan thermocouple with an accuracy of + 10 K. To en-
sure good adhesion of the contact pad to the glass surface,
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Fig. 1 — Scheme of the substrate with film samples for measur-
ing electrical resistance: 1 — glass plate; 2 — contact pads; 3 —
film sample (@ =2 + 0.05 mm, b =10 + 0.05 mm)

20.00kV

20.00kV  x15.0k

JJ. NANO- ELECTRON. PHYS. 18, 01013 (2026)

the first layer was Cr with a thickness of d =50 nm, fol-
lowed by a second layer of Cu with a thickness of d = 100-
150 nm, ensuring high electrical conductivity. Fig. 2 shows
a series of micrographs of the contact surfaces between the
film and the contacts, obtained using a REM-103-01 scan-
ning electron microscope.

The images show the absence of microcracks both at
the contact point and in the film samples themselves,
which underwent a full thermal stabilization cycle during
annealing at 700 K.

Fig. 3 shows the characteristic spectra from the film
and contact areas discussed above, allowing us to deter-
mine their elemental composition. Localized areas meas-
uring 10 x 10 pm were used to obtain the spectra (for more
details, see [10]).

20.00kV ~ x15.0k

20.00kV  x15.0k

Fig. 2 — Scheme of the film on the substrate and corresponding micrographs of the film and contact areas: 1 — contact pad; 2 — glass

substrate, 3 — film
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Fig. 3 — Characteristic X-ray spectra of the surface of a glass plate (a), the surface of a film on a glass substrate (b), the surface of a film

on a contact pad (c), the surface of a contact pad (d)
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The left-hand side of the characteristic X-ray spectrum
(Fig. 3 b, ¢, d) represents the characteristic X-ray emission
corresponding to the composition of the glass substrate
(Fig. 3 a), since the X-ray generation depth during sample
probing with a 20 keV electron beam is on the order of-
several microns [11], which is much greater than the
thickness of the studied films and contact pads. The right-
hand side of the spectrum corresponds to the composition
of the alloy film sample (Fig. 3 b, ¢) and the contact pad
(Fig. 3 d). The analysis results indicate a relatively high
purity of the film samples (absence of impurity atoms of
other metals).

The geometric dimensions (length b, width a) of the film
(see Fig. 1) were determined by holes machined with high
precision in mechanical masks made of nichrome foil. A
thin dielectric layer (SiOz2) was pre-applied to the surface of
the mask in contact with the substrate as an insulator. The
mask was firmly secured to the substrate holder and ad-
hered tightly to the surface of the glass substrate. This en-
sured consistent film sample sizes across all experiments.

The electrical resistance of the samples during conden-
sation and thermal stabilization in the temperature range
of 300-700 K was measured using a V7-34A universal dig-
ital voltmeter with an accuracy of 0.01 Ohm (0.1 Ohm for
films with resistance greater than 100 Ohm).

The film resistivity p was calculated using the geomet-
ric dimensions a and b, the film thickness d, and its electri-
cal resistance R, as determined by the relationship
p = Rdab™'. The error in calculating the resistivity was de-
termined primarily by the error in measuring the film
thickness and was 10-15% for d <50 nm and 5-10 % for
d > 50 nm.

After condensation, the films were maintained at sub-
strate temperature (7s) for 30 minutes. Thermal stabiliza-
tion of the films' physical properties was achieved using a
«heating < cooling» scheme at a constant rate of approxi-
mately 3 K/min over three cycles in the temperature range
of 300-700 K. After this treatment, the temperature de-
pendence of the electrical resistance was reproduced with
high accuracy.

The thermal coefficient of resistance (TCR) £ was cal-
culated using the R(7) dependences obtained as a result of
heat treatment, based on the relationship f = AR/RAT.
Since the geometric dimensions of the film are not taken
into account when determining the TCR, its accuracy was
higher than that of the specific resistance and depended
only on the accuracy of resistance and temperature meas-
urements.

3. RESULTS AND DISCUSSION

The electrical resistance of the film samples was
measured using a two-point scheme both during their
condensation and during annealing in the temperature
range of 300-700 K. Fig. 4 shows typical dependences of
the specific electrical resistance p of CuNi alloy films with
different component concentrations on the thickness dur-
ing the condensation process.

During the 30-minute post-condensation hold, the
electrical resistance of the film samples generally de-
creased slightly. This is due to a decrease in the film tem-
perature, which had risen uncontrollably during conden-
sation, and possibly to minor structural ordering.

Analyzing the temperature dependence of the
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resistance of film samples during thermal stabilization of
their electrical properties is extremely important, since
the temperature dependences of resistance over several
cycles can be used to assess the quality of the heat treat-
ment performed on the samples and the degree of perfec-
tion of their structure.

0, x10-6 Ohm'm
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Fig. 4 — Dependences p(d) of CuNi alloy films obtained in the
condensation process: d =71 nm, Ccu = 18 at.% (1); d = 179 nm,
CCu =62 at. % (2)
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Fig. 5 — Dependence of the specific resistance of CulNi alloy films
on temperature during thermal stabilization according to the
«heatingecooling» scheme: d=85nm, Ccu=20at.% (a);
d =175 nm, Ccu =40 at.% (b); d = 70 nm, Ccy = 91.5 at. % (c)

Typical dependences of specific resistance on temper-
ature over three «heating < cooling» cycles are shown in
Fig. 5 for CulNi alloy films of approximately the same
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thickness but different compositions. As can be seen from
Fig. 5, during heating in the first cycle, the p(7) depend-
ence is non-monotonic.

For all studied samples, an initial slight increase in
resistance with increasing temperature was observed, fol-
lowed by a significant decrease in resistance, atypical for
metals, with increasing annealing temperature, after
which the metallic p(7) dependence reappeared. The de-
crease in specific resistance with increasing temperature
in the second section of the p(7) curve is explained by the
healing of crystal structure defects in freshly condensed
film samples during the annealing process [8].

The p(T) dependence on the cooling curve for the first
cycle, as well as for the second and third annealing cycles,
is monotonic: the resistance increases with increasing
temperature. Moreover, the p(7) curves during heating
and cooling are very close or coincide, indicating complete
stabilization of the film samples' properties in this tem-
perature range after the second annealing cycle. The re-
sistance in thermally stabilized films was always lower
(by a factor of 1.1-1.4) compared to freshly condensed
films, depending on the component concentration.

Fig. 6 shows the temperature dependences of the re-
sistivity for copper-nickel alloy films of approximately the
same thickness, d = 150 nm (Cni = 21 at. %) (Fig. 6 a) and
d =160 nm (Cni = 27 at.%) (Fig. 6 b), obtained during the
first and two subsequent annealings.
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Fig. 6 — Dependences p(7T) for CuNi alloy films: d =150 nm,
Cni = 21 at. % (a); d = 160 nm, Cxi = 27 at. % (b)

A peculiarity of these dependences is that during the
first annealing practically no irreversible decrease in the
specific electrical resistance is observed. The reason for
this is obviously that for thicker films (d = 150-160 nm)
the improvement of the structure (healing of defects,
growth of crystallites, etc.) occurs directly during the con-
densation process and their moderate annealing up to
700 K practically does not change the structure of the
samples. The TCR values of these films are positive and
take the values f=74 10-4K-! (Fig.6a) and
f=1.210-*K-1 (Fig. 6 b), which is much less than the
TCR values for massive nickel and copper and close to the
Lo values of massive alloys at the same nickel concentra-
tions (see [12, 13]).

It is known that the electrical conductivity of metal
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films is determined not only by their composition but also
by their structure (growth stage) [14]. Moreover, island
(granular) films have unique electrophysical properties
that differ fundamentally from those of both bulk metal
samples and continuous films, approaching those of sem-
iconductors. Their specific electrical resistance p is many
orders of magnitude higher than that of continuous
(thick) films, and the thermal coefficient of resistance £ is
often negative. An exponential dependence of electrical
resistance on temperature is observed, indicating an acti-
vation mechanism for electrical conductivity [15].

As already noted, during the thermal stabilization of
the electrical properties of structurally continuous CulNi
alloy films, an irreversible decrease in resistance was ob-
served in some regions of the temperature dependence of
specific resistance. Significant changes in resistance dur-
ing the first annealing are characteristic of freshly con-
densed samples and are due to the healing of structural
defects [8]. Understanding the defect healing mechanism
and the processes that occur during this process is im-
portant for interpreting the obtained results on the tem-
perature dependence of resistance. Therefore, we studied
the healing of crystal structure defects during film an-
nealing using the «heating < cooling» scheme. Before an-
alyzing the obtained results, we will briefly review the
basic tenets of Wend's theory [8], which describes these
processes.

According to Wend, for the recombination of structural
defects to begin, an energy E must be expended, which
ranges from zero to the self-diffusion energy (@) of the film
material's atoms. If we denote by r(E) the contribution to
the residual resistance due to the formation of one defect
per unit volume, then the total specific resistance due to
the presence of defects can be written as [8]:

pi = fr(E)N(E, t)dE 3.1
(B)

where ¢ is the annealing time required to reach the tem-
perature T at which p; is measured; N(E, t) is the number
of defects per unit volume with healing energy from E to
E+AE.

The value of N(E, t) is found from the relation:

dN(E, t) E
- —cN(E,t) exp (— ﬁ) 3.2)

where k is the Boltzmann constant.

The coefficient ¢ = 4wypqy /27 (n is the number of at-
oms forming the defect, estimated to be approximately 10
[8]; Wmax = kOp/h is the maximum frequency of thermal
vibrations of the crystal lattice atoms, associated with the
Debye temperature of the film @p). In his theory, Wend
assumes that @p is equal to the Debye temperature of the
bulk sample @op, although according to some experi-
mental data (see, for example, [12, 13]), this temperature
depends on the thickness of the sample.

The quantities r(¥) and N(E ,t) are associated with the
defect distribution function, which can be represented as
follows:

Fo(E) = r(E)N(E, t). (3.3)
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The function Fo(E) is also related to the specific re-
sistance of the film by a relation that has the following
form:

1 dp;

Fo(E) = “%U 9T

(3.4)

where
_n(u+2)
T ou+1
The value of u is determined from the equation

ANtwmax

u+lgu= lgT,

E = ukT,
i _0p_0pr
oT 0T 0T

ap apr . o .
3T and 57 are the changes in the specific resistance of

the film during the first and second annealing.

Plotting the dependence of Fo on E yields a spectrum
of defects caused by deformations in a thin film. The de-
pendence Fo(E) has the form of a curve with one or more
maxima corresponding to the activation energy of defect
healing, En. The contribution to the total resistance of
those defects that have a healing energy from E1 to E2 can
be determined by calculating the area under the curve.

E;

f Fo(E)dE. (3.5)

Eq

The energy resolution of the method is on the order of kT.
We used the temperature dependences of the resistiv-
ity of CuNi alloy films during the first and second thermal
stabilization cycles (Fig. 5) to calculate the parameters of
structural defects in the samples based on Wend's theory.
This resulted in the determination of defect distribution
functions, Fo(FE), whose numerical value is proportional to
the defect concentration in the film. To obtain the defect

distribution functions, Fo(E), we calculated the derivative

ap . . .
6_T at successive annealing temperatures and times, as

a .
well as the value taking % into account the second heat-

ing. When calculating the defect spectrum, it is necessary
to know the Debye temperature (@p) of the samples,
which differs slightly from the @op values for the bulk
state. In our case, we used the calculated @p value as the
average between )% and 0§%, i.e.

0p = CniON} + (1 — Cy)OSE.

It should be noted that although this method for de-
termining the @p of alloys is generally accepted, the accu-
racy of the calculations is determined by the closeness of
the Gop values for individual components. Table 1, as an
example of the calculation, shows the dependence of @p
on concentration for CulNi alloy films with a constant
thickness in the range of 70-77 nm.

The resulting @p values were plotted on the thermal
stabilization annealing graphs (Fig. 7). As can be seen,
the onset of defect annealing occurs at a temperature of
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T~ Op.

Typical dependences of the defect distribution func-
tion Fo on the energy E for film alloys with different com-
ponent concentrations are shown in Fig. 8.

Table 1 — Dependence of @p of CuNi alloy films on the concen-
tration of components

d, nm Ccu, at.% on K
bulk Ni [12] 5 2¥:
71 19 441
717 37 441
s 15 408
0 52 399
0 60 389
70 505 589
o 8 358
bulk Cu [12] 100 339
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Fig. 7 — Temperature dependence of the resistivity of CuNi alloy
films of the same thickness d = 55 nm with different component
concentrations. Copper concentration, at.%: 38 (a); 61 (b); 88 (c)

Note that at high concentrations of Ni atoms, the en-
ergy dependences of the distribution function for CulNi
films exhibit two maxima with healing energies En1 = 0.46-
0.51 eV and Em2=0.58-0.64 eV (Fig. 8 a). These maxima
are well described by a Gaussian distribution, and the half-
width of the maxima (up to 0.12 eV) is in good agreement
with the conclusions of Wend's theory [8].

Indeed, according to this theory, the deformation of the
crystal lattice with a constant annealing energy should be
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Fig. 8 — Distribution function of defects Fo on energy for CuNi
film alloys (d = 60 nm, @ = 0.5-1.5 nm/s). Copper concentration,
at. %: 24 (a); 65 (b); 71 (c)

reproduced as a diffuse curve with a width of about 2kT. At
an annealing temperature of 700 K, this half-width is
0.11 eV, which was observed experimentally. With increas-
ing copper atom concentration in CuNi alloy films, an ad-
ditional peak appears in the crystal structure defect spec-
trum, with the defect healing activation energy shifted to
higher energies, Ens = 0.70-0.75 eV. This peak is the result
of the onset of a new annealing stage for defects with higher
activation energies. Since the height of this peak increases
with increasing copper concentration in the samples
(Fig. 8 b-c), this indicates an increase in the number of
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EnexTponpoBigHicTh TOHKUX INIIBOK MiJHO-HiKe/IeBUX CILJIaBiB
B.B. JIo6oma, C.M. Xypcenxro, B.O. Kpasuenxro, B.M. 3y0ko
Cymcorkuli HaylonanvHul aepaprull yrnisepcumem, 40021 Cymu, Yipaina

¥V 11iit poboTI mIpe/IcTaBIeH] Pe3yIbTATH JOCTIPKEHHS eJIeKTPOIIPOBIIHOCT] CTPYKTYPHO CYIIIIBHUX HAHO-
KpucTamivanx ok criaBie CuNi B mmpoxoMy iHTEpBAaJIl TOBIIWH 1 KOHIIEHTPAIliM KOMIIOHEeHT. [LmiBkn
crutaBiB ToBmuHaMu 50-200 HM OysI¢ OTPUMAHI 0JHOYACHUM PO3IIIBHUM BHIIAPOBYBAHHIM KOMITOHEHT (MiTh
Ta Hikeap) y Bakyyml 10-¢Ila. Migs BumapoByBasacs 31 CTpIYKH 3 BOJB(PAMOBOi (POJIBIHM 3aBTOBIITKH
0,05 mM. Hikess BummapoByBaBcsi eJIEKTPOHHO-IIPOMEHEBUM CIIOCOO0OM 32 JOIIOMOI0I0 eJIEKTPOHHOI JTI0IHOI ra-
pmaru. [IBuakicTs KoHmeHcarii cranosmia 0,5-1,5 um/c. Yucrora BUITapoByBaHUX METAJIB CTAHOBHJIA IIO-
Haimenre 99,98 %. 3aJiesKHOCTI TUTOMOTO €JIEKTPOOIOPY Bia TeMieparypu mwiiBok ciuiaBis CulNi mys apy-
TOro 1 HACTYITHUX ITUKJIB «HATPIBAHHA-0XO0JIOMKEHHD IIPAKTUYHO 30Iral0ThCs, 10 CBIYUTD IIPO HOBHY CTa0i-
JTI3AI1i10 BJIACTUBOCTEH ILIIBKOBHUX 3PA3KIB BiKe ITiCJISA APYTOT0 IIUKJLY BiaHaaoBaHHsA. [[J1a HosCHeHHS cIieru-
(hIYHOTO HE3BOPOTHOI'O 3MEHIIIEHHS BeJINYNHU €JIEKTPOOIIOPY B IPOIleci TepMOoCTabLIi3allil eJIeKTpodI3suIHUX
BJacTuBocTel IiBoK ciutaBie CuNi mamu OyJia BUKOpHCTaHa MOIesb BeH ia, 1110 ommcye 3aIiKyBaHHA gede-
KTIB KPUCTAIIYHOI CTPYKTYpH TLTIBOK. Ha ocHOBI 11i€i Mojtesti 0ys10 po3paxoBaHO CIIEKTPH TeheKTIB KPUCTATi-
YHOI CTPYKTypH y mwaiBkax ciuiasiB CulNi.

Knrouogi ciora: Tonxi mrieku, Hamoxpucramivuui mwaisku, Crutasu, Enexrponposinaicrs, Jledextu kpucra-
Ji9HOI cTpyKTypH, EHepris akruBariii saimikyBaHHs 1edeKTiB.
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