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Abstract: In this study we compare the influence of the microstructure and of chemical composition on resistivity of pure metals of 

Cu and Ni, NixCu1-x alloys as well as Ni/Cu bilayered films. When the distance between defects becomes comparable or smaller than 

the wavelength associated to the conduction electron mean free path and when these defects are randomly distributed the resistivity 

increases by several orders of magnitude. The resistivity of a NixCu1-x alloy film is approximately 10 times larger than the resistivity 

of a Ni/Cu bilayered film having the same mean atomic composition. 

Keywords: NixCu1-x alloys films, resistivity of bilayered films Ni/Cu, Interface-resistivity, and order-disorder.     

 

 
 

 

1 Introduction 

It is well-known that at ambient temperature the 

bulk resistivity of polycrystalline alloys can be written in 

the following form:  = T + I + R. The three terms in 

this expression represent the three classes scattering 

mechanisms which are respectively: phonons (T), 

chemical impurities (I), and defects related to the 

microstructure (grain boundary, surfaces and interfaces.., 

R). Nordheim [1] developed one of the first theoretical 

model taking into account the effects of chemical 

impurities. In the case of thin metallic film the resistivity, 

according to the models' developed by Fuchs- Sondheimer 

(F-S) [2-3] and by Mayadas-Shatzkes (M-S) [4], depends 

on the film thickness, electron mean free path, mean grain 

size, electronic properties of the film surface scattering and 

grain boundaries. 

To analyze the effects at a nanometric scale of 

microstructural defects and chemical composition [5-8] on 

the film resistivity, the resistance measurement using the 

method of in-line four points’ probes was used. The studied 

metal samples having an f.c.c structure: copper, nickel, 

Ni/Cu bilayers and NixCu1-x alloys are deposited on to 

insulating substrates. Bulk samples of these metals and 

alloys used as references standards of these materials were 

analyzed. 

In order to compare the contribution to the 

resistivity of each class of defects, we prepared Ni/Cu 

bilayered films of various thicknesses and  NixCu1-x alloys 

films with an average composition is the same as that of the 

bilayered sample. In the case of Ni/Cu bilayered films, we 

applied the model developed by Schumann-Gardner (S-G) 

[9-10] to calculate the resistivity related to the interface 

between Ni and Cu. 

The influence of the defects density on the resistivity 

before and after annealing of bulk Cu, Ni and NixCu1-x 

alloys was studied and compared to the results obtained 

with Cu, Ni, and NixCu1-x alloy films. Besides the 

resistivity of NixCu1-x alloy films was compared with the 

resistivity of Ni/Cu bilayered films of the same mean 

composition. 

Various techniques including, X-rays diffraction (X.R.D) 

and Transmission Electronic Microscopy (T.EM.) were 

used to elucidate the relative contribution of various classes 

of defects and their spatial distribution on the resistivity of 

thin films. 

     2 Preparation of thin films 

The thin films were prepared by R.F. sputtering from a 

disk-shaped target of 13 cm in diameter with a target 

substrate distance of about 4 cm. The base pressure of the 

vacuum chamber was 1.3310-4 Pa and sputtering took place 
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in an argon atmosphere at a pressure of 1.33 Pa. Before 

deposition, the target was subjected to a presputteing. 

During this presputtering time (15 to 30 mn) the substrate 

was protected by a shutter. The substrates consist of 1737 

corning glass disks (30.5 mm diameter and 1 mm thick). 

The deposition rate of copper and nickel films are 

respectively 1.94 Å.s-1 and 3.54 Å.s-1. During the 

preparation of films, the second layer is deposited after that 

the first layers was exposed to air. The thicknesses of films 

are reported in Table-1. The microstructure of the films 

was studied by TEM on samples deposited on to carbon 

films supported by fine copper mesh. 

3 Electrical Measurements 

In this study we used a power source (KEITHLEY-

2400) to supply a D.C. current to the two external probes 

and a nanovoltmeter (KEITHLEY-2182A) to measure the 

voltage between the two internal probes, Fig.1. Each test of 

measurements is carried out by imposing automatically an 

alternate pulse sweeping while running of increasing 

heights, and variable in the interval, I = - 40 mA with I = 

40 mA. The current is applied during 40 ms. Measurements 

of the levels of the differences in tensions between the two 

internal probes are taken after approximately 36 ms, after 

initiating the current pulses. The resistance of film between 

the two internal probes is given from the slope of the V (I) 

variation. Measurements are performed vacuum (P  1.5 

Pa) and at ambient temperature T = 293 K. 

The calculation of the resistivity is deduced from the 

measured resistances by using the models developed by 

Smits [11] in the case of a homogeneous layer deposited on 

an insulator substrate, and the model of Schumann-Gardner 

in the case of the conducting bilayered films. 

 
Fig. 1 Principle of measurement of electric resistance by 

four point’s method 

In the case of thin films of thickness w, with w << 

s, the resistivity of a sample having the shape of a disk 

shaped sample of diameter d is connected to the resistance 

by the relation of Smits: wCR ..  (1a), C is the 

geometrical  correction factor given by the following 

relation (1b) and s was the probe separating distance: 

 

 

(1b) 

       The model of Schumann-Gardner was developed in 

the case of the diffusion layer of single-phase material 

divided into n layers, and presenting a gradient of 

resistivity in the whole layer thickness. In the case of a 

layer divided into n layers, the electric potential at a point 

M(r, z) of the nième layer is determineted by Schumann-

Gardner in cylindrical co-ordinates. r is the distance from 

the probe and z the depth measured from surface of the 

first layer. The extremity of each probe is of finite size, it 

has a circular surface contact of radius a with the first 

layer, Fig.2. The potential in a point of nième layer is given 

by the expression: 

 

(2)

 

J0() is the function of Bessel of first species of 

order zero, a the contact radius of the probe, n() and 

n() two functions which depend on the boundary 

conditions and the initial conditions (the number of layers, 

the thicknesses of the layers, the resistivities of the 

different layers, and the shape of the current density 

distribution at the end of each current probe). 

 
Fig. 2 Principle of measurement of spread resistance of 

Ni/Cu bilayered films. 

In the case of a system with two layers having a 

contact resistance at the interface between the first and the 

second layer, the condition of continuity of the current 

density in the S-G model is replaced by the condition [12]: 
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I0 is the intensity of the current delivered by each of 

the two probes, 1 is the resistivity of the first layer (nickel) 

located at the depth z = 0, 2 the resistivity of the second 

layer (copper), I represents the resistivity of the interface 

between the two layers Ni/Cu, h1 and h2, are respectively 

the depths of the interfaces limiting the two layers, and d = 

h2 - h1 the thickness of the second layer of copper. 

The potential difference measured between the two 

internal probes, )2,0(),0( 11 sVsVV  , as well as 

the electric resistance between these two probes are 

respectively equal to:  
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To calculate this integral numerically we used the method 

of approximation of Simpson, using Maple software. 

4 Relation Between Microstructure and 

Electric Properties in Bulk Materials and 

Thin Films 

4.1 Bulk properties 

The resistivities of standard bulk samples measured 

on copper, nickel and Constantan alloy (99.9% purity) with 

an atomic composition of Cu53Ni47 (from Goodfelow). The 

samples are disks (25 mm diameter and 20 m thickness).  

The electrical measurements are taken on the samples in 

their rough structural state and after an annealing during 

one hour under vacuum in order to obtain as structural 

reference the recristallized unconstrained state of each 

material. The temperatures of annealing are respectively T 

= 451°C for copper, T = 522°C for the Cu53Ni47 alloy and 

T = 603°C for Nickel. To insulate electrically the samples 

during measurement and to avoid their deformation during 

handling, the disks are stuck on glass substrates. 

The evolution of the grains size with annealing, was 

studied from the broadening of the X-ray (111) diffraction 

peak by using the relation of Debye-Scherrer (5) and by 

neglecting the term of widening due to the deformations:  

 
𝐵 =

0.9

cos⁡(𝐵)
 (5) 

With  the average particle size Cu = 1.5405 Å the 

wavelength of the copper-K1 line and  the Bragg angle. 

The relative variation of the grains size between the two 

structural states of the standard materials is less than 10% 

(Table-1). 

The electrical measurements presented on Table-1 

and Fig.3, show a slight drop of resistivity of the materials 

after annealing. In the case of nickel, and in spite of an 

important variation of the grains size, the resistivity varies 

slitghtly. For this class of grains sizes of  ≥ 40 nm, the 

relative variation of the resistivity between the two 

structural states (annealed and unannealed) of the standard 

materials is less than 10%.   

 
Fig. 3 Annealing effect and alloying effect on the 

resistance of the standard samples (copper, nickel and Ni 

47Cu53 alloy). 

4.2 Experimental results on thin film materials 

Microstructure of nickel and copper films:  

The grains size of as deposited films obtained by 

TEM, Fig.4a, 4b, and XRD, Fig.4a-b. The grains size of 

copper films appears very heterogeneous and the crystals 

present an important proportion of twin boundaries [15]. 
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The grains in nickel film are much smaller than those in 

copper film. The size of grains determined by (TEM), 

according to the direction perpendicular to the film surface, 

is about 10 ± 3 nm for nickel films, (Fig.4a), and about 30 

± 15 nm for copper films, (Fig.4b). These sizes of grains 

are smaller than the thicknesses of corresponding films.  

 
Fig. 4 (a) Nickel film thickness = 47 ± 5 nm. 

 
Fig. 4 (b) Copper film thickness = 85 ± 5 nm. 

As indicated in Fig.5 the diffraction spectrum 

carried out on as deposited films shows the existence of an 

anisotropy of crystalline orientation with the presence of 

only one peak (111) of significant intensity. The annealing 

of films decreases this anisotropy and reveals additional 

orientations (220), Fig.5b. In copper as deposited films the 

grain size obtained from the broadening of the X-ray (111) 

diffraction peak, is smaller than the size of the grains 

observed by TEM. In the case of the nickel films the sizes 

determined by the two methods are comparable.  

 

Fig. 5 (a) Effect of annealing on the broadening 

of the X-ray (111) diffraction peak. 

 

 

Fig. 5 (b) Effect of annealing on the anisotropy 

of crystalline orientation in copper films. 

Electrical measurements on thin films:  

Effect of thickness and of annealing on the resistivity of 

metal films: 

Figures-6-7 shows the dependence of variations of 

resistances and the resistivities of nickel and copper films, 

with the thickness of films, before and after a 90 minutes 

vacuum annealing at 498°C. One notices on these figures 

and on the table-1 a stronger relative drop of the resistivity 

after annealing of nickel films compared to copper films. 

The important concentration of defects and the low size of 

grains are at the origin of this variation. The elimination of 

an important proportion of point defects during thermal 

annealing and an increasing of the grain size result in a 

significant decrease of the resistivity.  

 

(a) Copper films. 
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(b) Nickel films. 

Fig.6: V(I) curves for different thicknesses of copper 

(a) and nickel (b) films. 

 
(a) Copper films. 

 
(b) Nickel films. 

Fig. 7: Effect of annealing at 498°C and films thickness 

on the resistivitiy of (a) copper and (b) nickel 

In the model developed by F-S [4-5], the three 

physical-chemical parameters controlling the resistivity of 

thin films are: the thickness of films w, the nature of the 

electronic scattering on the surfaces of films, characterized 

by the parameter p, and the mean free path of conduction 

electrons. According to this model the resistivity of the 

thin film samples FS when the thickness becomes 

comparable or smaller than the electron mean free path the 

resistivity is given par.  

 

 

(6) 

b is the resistivity of the bulk materials, p the 

probability that an electron will be specularly reflected 

upon scattering from a film surface and takes a values from 

0 to 1. 

This model was supplemented by that proposed by M-S 

[6] in the case of polycrystalline films by introducing into 

the expression of the resistivity two additional parameters 

characterizing the microstructure of films: the average 

grain size  supposed to be close to the film thickness, 

and the grain boundary reflection coefficient R. The 

expression of the resistivity MS according to this model 

becomes: 
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We applied these two models, F-S and M-S, to 

determine the physical parameters R, , p and , to nickel 

and copper films after thermal annealing, Table-2. The first 

remark that we can follow upon these results is that model 

F-S and M-S was applicable to copper and nickel films 

deposited on a substrate with an agreement of about 10%. 

In the case of copper films these parameters 

obtained by fitting of the relative experimental resistivities, 

(f/b)exp, are gathered in the Table-2. The average grain 

size  deduced from this model are approximately half the 

thicknesses of films determined by TEM but of the same 

order of magnitude as those determined by X-ray 

diffraction. The parameter  remains almost constant when 

the thickness of the film increases. Its value lies between 

two and three times the electron mean free path in the 

copper calculated according to the Sommerfeld theory 

assuming the usual one conduction electron per atom:
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to increase with the thickness.  

In the case of nickel films the fitting parameters 

given, show an average grain sizes of the same order of 

magnitude as the thicknesses of corresponding films. As 

for the parameter  they remain about constant for the three 

thicknesses of films considered and is approximately three 

times the electron mean free path in the massive nickel, 

calculated with the same model and assuming 0.6 electron 

conduction per atom according to Mott studies [13]:

nm
e

ha

Ni

Ni 5.13
279.0

2

2




 , where aNi  3.52 Å is the 

cell parameter of nickel and Ni its resistivity. The values 

of the parameters, pNi and RNi, for the nickel films are close 

to zero and do not vary with film thickness. 

4.3 Interface resistivity of a Nickel/copper 

bilayer:  

Spread resistances RS measured, according to Fig.2, 

on the external surface of a Ni/Cu bilayer, and those 

calculated according to the model of Schumann and 

Gardner (eq-4) are given in Table-3. The average 

resistivity of interface determined by this method for the 

three studied bilayers is: I = (0.4 ± 0.2) m.cm2. This 

average value is obtained by fixing the geometrical 

parameters to: a = 0.3 m and s = 2.54 mm, and by 

adjusting in the equations (3a-3d) the parameters d, h1, 1 

and 2, characterizing the bilayer with less than 10% close 

to the experimental values obtained on copper and nickel 

films: d = wCu, h1 = wNi, 1 = Ni and 2 = Cu. By this 

method the calculated spread resistance RS agrees with the 

experimental value within less than 2%.  

5 Role of the Chemical Disorder on the 

Resistivity of Alloys 

In order to compare the contributions of various 

defects: points defects, chemical composition, grain 

boundary, surfaces, and interfaces  on the resistivity two 

types of Cu1-xNix alloys films were prepared:  

- On one hand two solid solutions alloys with atomic 

compositions of Cu67.3Ni32.7 and Cu53.1Ni46.9 with 

respective cell parameters: a1 = 0.357 nm and a2 = 0.358 

nm. For these strong nickel concentrations the average 

distance between chemical impurities is close the 

wavelength, Cu  0.457 nm, associated with the electrons 

whose energy is equal to the Fermi energy in copper. 

- in addition, three Ni/Cu bilayers with thicknesses 

selected in order to obtain average atomic compositions per 

unit of volume of copper and nickel equivalent to those in 

alloy films Cu67.3Ni32.7 and Cu53.1Ni46.9. 

From a comparison of the results given in the figures 

Fig.8a-8b-8c and Tables-1-3, one can deduce the two 

classes from defects controlling the resistivity: 

microstructural defects and chemical impurities their 

spatial distribution on one hand, the thickness and average 

size of the grains on the other hand. When in each class of 

defects the average distance between electronic scattering 

centers becomes close or smaller than the average 

wavelength associated the electrons of conduction the 

resistivity grows and tends towards a maximum when this 

length approaches the wavelength associated to the 

conduction electrons having the Fermi energy.  

 
(a) Microscopic scale  

 
(b) Micro-nanoscopic scale 

 
(c) Nanoscopic scale 

Fig.8: Effect of different defects (microstructure, 

random distribution of the chemical composition) 

compared to the bilayer structure on the resistivity 

of Cu, Ni, Ni47Cu53 alloy and Ni/Cu bi-layers films. 
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When in NixCu1-x system one goes from a fcc alloy 

lattice with a random spatial distribution of the chemical 

elements (Cu and Ni) to a bilayer Ni/Cu,  of two pure Ni 

and pure Cu fcc lattices, the apparent resistivity of the 

bilayer is approximately 92% weaker than in the case of 

NixCu1-x alloy see Table-3. After thermal annealing the 

resistivity of alloy films decreases only by 23% of its initial 

value.  

 

Table 1: Thicknesses, average gain size (obtained by X-ray diffraction and by T.E.M), resistivity (before and 

afterthermal annealing) of bulk samples and thin film of copper, nickel and CuxNi1-x alloys. 

Samples 
Materia

ls 

Structur

al state 

Thicknesses 

films 

(nm) 

 

Bragg- angle 

2° 

 

Grain size (, nm) 

by X.R.- diffraction 

 

Grain size (, nm) 

by T.E.M. 

 

Resistivity 

(.cm) 

 




(%) 

 

(%)



 

 

 

Standar

d 

samples 

(Bulk) 

Ni Rough 

Annealed  

 

 

 

2.104 nm 

 

44.38  

44.41 

40  

41 

 

 

Not 

determineted 

6.97 

6.61 

 

2.5 

 

- 5.2 

Cu Rough  

Annealed  

43.22 

43.23 

66 

85 

1.64 

1.57 

 

2.9 

 

- 4.3 

Ni0.47Cu

0.53 

Rough  

Annealed  

43.88 

43.86 

47 

52 

52.75 

49.09 

 

10.6 

- 6.9 

 

 

 

 

 

 

Thin 

films 

samples 

 

 

 

 

Ni 

As 

deposited 

Annealed  

24 

- - 

 

 

44.54 

  

 

As deposited 

10 ± 3 

 

61.9 

- -  

  

- 85.4 

As 

deposited 

44 

- - 

 40 

10.3 

  

As 

deposited 

Annealed  

70 

- - 

9.5 

43 

23.3 

7.7 

 

353 

 

- 67 

As 

deposited 

Annealed  

140 

- - 

 18.8 

8.8 

  

- 53.2 

 

 

 

Cu 

 

As 

deposited 

Annealed  

53 

- - 

   

 

As deposited 

30 ± 15 

8.5 

3.7 

  

- 56.5 

As 

deposited 

Annealed  

85 

- - 

43.276 14 

20 

4.5 

2.6 

 

43 

 

- 42.2 

As 

deposited 

Annealed  

170 

- - 

  5.6 

2.6 

  

- 53.6 

Ni0.47Cu

0.53  

(AL1) 

As 

deposited 

Annealed  

208 

- - 

43.81 - - 

31.6 

10 

 

108 

78 

  

- 27.8 

Ni0.367C

u0.67.3 

(AL2) 

As 

deposited 

Annealed  

214 

- - 

43.65 

- - 

- - 

33.6 

11.9 

 

88.9 

68.2 

  

- 23.3 

Table 2: Table 2: Fitting parameters R, ,   and p, according to F-S and M-S models, for the annealed films 

of copper and nickel. 

 

6 Conclusion 

This study highlights the role of the various classes 

of defects on the electric properties of thin film: The 

disorder related to the chemical composition or to the  

 

interfaces has an influence on the resistivity only if the 

spatial scale of their distribution is of the order of electrons 

conduction mean free path. When the average grain size is 

larger than the electron mean free path the effect of grain 

boundaries on the resistivity is negligible. In this case the 

variation of the resistivity of films, according to the 

 

 

Material

s 

Standard samples 

annealed 

Thin films samples annealed 

Thickness 

(nm) 

Bulk  

resistivity 

(.cm) 

Simulation of parameters  

Models- (F.S-M.S) 

Comparison experiment and model (F-S-M-S).  

Ref.  (nm)  (nm) P Thickness 

(nm) 
 











Bulk

film




 

Experience 

FSMSBulk

film















 

model (F.S-M.S) 

Variation 

 

Cu 

 

 

2.104 nm 

 

 

1.57 

0.03 20  

 

100 

 

 

0.05 

53 2.34  2.21  = 6 % 

0.11 80 85 1.66  1.83  = 10 % 

0.13 100 170 1.69  1.52  = 10 % 

 

Ni 

 

6.61 

0.01 43  

100 

 

0.05 

44 1.56  1.46  = 6 % 

0.03 85 70 1.16  1.28  = 10 % 

0.03 127 140 1.2  1.15  = 4 % 
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thickness, follows the models suggested by F-S and M-S. The conduction electron mean free path determined in

 

Table 3: Comparison of the experimental and calculated thicknesses (wNi, wCu), resistivity (Ni, Cu, BL), 

spread resistance (RS), interface resistivity (I) characterizing the Ni/Cu bilayered films.  
 

 

 

 

 

 

 

Bilayere

d 

Ni/Cu 

films as 

deposite

d 

(BL) 

 

 

 

Materials 

Experiment Interface 

resistivity 

between 

nickel and 

copper in 

bilayered 

films 

I(m.cm2

) 

 

 

Relative variation 

between resistivity in 

NixCu1-x films alloys 

(AL1, AL2) and in 

Ni/Cu bilayered films 

(BL1, BL2, BL3) 

Asd

AsdBL



 
 

Films 

thicknesses 

wNi, wCu, 

wNi + wCu 

Resistivity 

(.cm) 

Ni, Cu, 

Bulk 

Composition 

Spread 

Resistance 

RS() 

Bilayered 

resistivity 

BL = RS*w*C 

BL1 
Ni 

Cu 

24 

53 
77 

61.9 

8.8 
Ni0.327Cu0.673 0.366  12.0 

BL2 
Ni 

Cu 

70 

85 
155 

23.4 

4.5 
Ni0.469Cu0.531 0.142  9.4 

BL3 
Ni 

Cu 

140 

170 
310 

18.8 

5.6 
Ni0.469Cu0.531 0.066  8.7 

 Simulation (S-G model) 

 Films 

thicknesses 

(nm) 

Resistivity 

(.cm) 

Bulk 

composition 

Spread 

resistance 

() 

BL(.cm) 

BL1 
Ni 

Cu 

22.5 

49.5 

72 

 

63 

8.8 
Ni0.328 Cu0.672 0.367  11.3 0.2 

- 89 % 

BL2 
Ni 

Cu 

69 

82 

151 

 

23 

6.5 
Ni0.475Cu0.525 0.141  9.1 0.4 

 

 

- 92 BL3 
Ni 

Cu 

135 

165 
300 

18.8 

6 
Ni0.468Cu0.532 0.066  8.5 0.5 

copper and nickel thin films, from the models FS-MS, at 

the ambient temperature, is larger than that of the 

corresponding bulk materials. 

When the density of randomly distributed defects 

increases, with an average distance between the electronic 

scattering centers comparable with electrons mean free 

path having an energy close to Fermi level, the resistivity 

increases several orders of magnitude. When in the solid 

solution NixCu1-x one goes from a system where the spatial 

distribution of the chemical elements “coppers and nickel” 

in the crystal lattice is random to a completely ordered 

system corresponding to Ni/Cu bilayer, the resistivity 

varies approximately by 92%. Finally in Ni/Cu bilayer 

films, the resistivity associated with the interface between 

nickel and copper layers is of several orders of magnitude 

larger than the resistivity of interfaces related to the grain 

boundaries. 
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