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a b s t r a c t   

Grazing incidence X-ray diffraction (GIXRD) and scanning transmission electron microscopy (STEM) com-
bined with energy dispersive X-ray spectroscopy (EDS) were employed to study the microstructure evo-
lution and stress development in the nanocrystalline Cu100−X-ZrX (2.5 at% ≤ x ≤ 5.5 at%) alloy thin films. 
Small Zr additions to Cu led to significant lattice parameter anisotropy in the as-deposited Cu-Zr thin films 
both due to macroscopic lattice strain and stacking faults in the Cu matrix. Strain free lattice parameters 
obtained after the XRD stress analysis of Cu-Zr thin films confirmed formation of a supersaturated sub-
stitutional Cu-Zr solid solution. For the first time, the study of film microstructure by XRD line profile 
analysis (XLPA) confirmed progressive generation of dislocations and planar faults with increasing Zr 
composition in Cu-Zr alloy films. These microstructural changes led to the generation of tensile stresses in 
the thin films along with considerable stress gradients across the films thicknesses which are quantified by 
the traditional d Sinhkl 2 and GIXRD stress measurement methods. The origin of tensile stresses and 
stress gradients in the Cu-Zr film are discussed on the basis of film growth and heterogeneous micro-
structure with changing Zr composition. 

© 2021 Published by Elsevier B.V.    

1. Introduction 

Nanocrystalline Cu (grain size < 100 nm) exhibits remarkably 
high mechanical strength [1–3]. However, the large volume fraction 
of grain boundaries in this nanocrystalline metal produces a high 
driving force for grain growth at temperature as low as 75 °C [4]. This 
leads to grain growth and a resulting degradation of mechanical 
properties [4–6]. Hence, the microstructural instability of nano-
crystalline metals is a major concern for their practical applications  
[4–10]. Interestingly, a small Zr addition (i.e. < 1 at%) to nanocrys-
talline Cu successfully stabilizes the microstructure against grain 
growth even at temperature as high as 800 °C [11–13]. The equili-
brium phase diagram of Cu-Zr system shows that Cu and Zr have 
very limited mutual solid solubility (maximum solubility of Zr in Cu 
is 0.12 at% at the eutectic temperature 1245 K) due to large atomic 

size mismatch between Cu and Zr atoms (~ 24%) and Zr atoms have a 
strong tendency to segregate in the Cu grain boundaries [14,15]. 
Segregation of Zr atoms at the Cu grain boundaries causes significant 
reduction of the grain boundary energy from 0.6 J/m2 (pure Cu) to 
0.2 J/m2 (after Zr segregation [16]) which reduces grain growth 
propensity in nanocrystalline Cu [11,16]. In this context, it is im-
portant to note that the maximum concentration of Zr atoms seg-
regating at the Cu grain boundaries cannot exceed 0.5 at% due to the 
positive dipole interaction energy of Zr solute with Cu (~ 0.29 eV) 
(i.e. Zr atoms repel each other) [17]. 

In recent years, the concept of small Zr additions has been em-
ployed to stabilize nanocrystalline Cu and several efforts have been 
made to further extend the solid solubility between Cu and Zr atoms 
by synthesizing nanocrystalline Cu-Zr alloys in the Zr composition 
range between 0.1 at% and 8 at% using various non-equilibrium 
synthesis methods such as mechanical alloying [11,18–20], physical 
vapor deposition [16,21–24] and severe plastic deformation (SPD) 
methods [25–28]. Thermodynamically, during the synthesis of na-
nocrystalline Cu-Zr alloys under non-equilibrium conditions, the 
necessary Gibbs free energy to extend the solubility between Cu and 
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Zr (otherwise immiscible at equilibrium) comes from the excess 
energy stored at the grain boundaries /interfaces and increased 
elastic strain energy due to lattice defects (dislocations) [18,29] and 
elastic stresses especially in case of Cu-Zr thin films on a rigid sub-
strate [30–32]. However, despite several investigations on Cu-Zr 
nanocrystalline alloys, experimental results obtained until now are 
inconclusive, particularly concerning the solid solubility limit of Zr in 
nanocrystalline Cu and the Zr alloying effects on the microstructure 
of Cu matrix. For example, Azimi and Akbari [18] reported formation 
of a supersaturated Cu-Zr solid solution up to 6 at% Zr by ‘mechanical 
alloying’ of Cu and Zr powders. However, Atwater et al. [11] have 
found extensive formation of intermetallic phase for both 2 at% and 
5 at% Zr content in the Cu-Zr alloys prepared by mechanical alloying. 
Alloys containing 1 at% Zr showed segregation of Zr atoms at Cu 
grain boundaries along with small amount of intermetallic phase 
formation. In case of magnetron sputtered room temperature de-
posited Cu-Zr thin films having Zr content ranging from 0.4 at% to 
7 at%, grain boundary segregation of Zr atoms occurred up to 1 at% Zr 
and amorphous phase formed at the Cu grain boundaries for ≥ 3 at% 
Zr [21]. Similarly, magnetron sputtered and vacuum annealed Cu-Zr 
thin films (i.e. microstructure stabilized films) revealed Zr segrega-
tion up to 0.5 at% Zr composition and amorphous phase formation at 
the Cu grain boundaries for ≥ 2 at% Zr [16]. On the other hand, Oellers 
et al. recently reported complete solid solubility between Cu and Zr 
atoms up to 5.5 at% Zr in room temperature magnetron sputtered 
Cu-Zr thin films without any evidence of Zr segregation [24]. 

Interestingly, Zr addition to nanocrystalline Cu produced sig-
nificant microstructural changes resulting in improved mechanical 
properties of nanocrystalline Cu-Zr alloys [16,21,24]. In addition, 
mechanically alloyed nanocrystalline Cu-Zr powder with 1 at%, 2 at% 
and 5 at% Zr exhibited excellent grain size stability up to 800 °C for 
1 h [11]. Considerable grain refinement and nanotwinning in the Cu 
matrix was reported in sputtered Cu-Zr thin films [16,21]. Oellers 
et al. [24] showed significant grain size refinement in the Cu-Zr thin 
films with increasing Zr content but did not observe grain boundary 
segregation of Zr. From a thermodynamic viewpoint, nanocrystalline 
Cu-Zr alloy thin films form twins due to the lowering of stacking 
fault energy (SFE) of the Cu matrix upon Zr addition from 0.4 at% to 
8 at% [33,34]. Such lowering of SFE of Cu also occurs due to addition 
of Zn [35–38], Sn [35] and Al [39] as well. However, SFEs of Cu-Zr 
alloys with such low Zr content are not available in the literature. 
Lowering of SFE can change the plastic deformation mechanism and 
extent of grain size refinement of Cu-Zr alloy thin films as observed 
in nanocrystalline Cu-Zn alloys obtained by high pressure torsion  
[38] and cold rolled and isothermally annealed Cu-~ 15 at% Al alloy  
[40]. Grain refinement in severely plastically deformed bulk Cu 
based fcc alloys has been studied extensively [40–43]. 

Microstructural changes in nanocrystalline Cu-Zr thin films could 
also cause changes in residual stresses in the films with varying Zr 
contents and micro/nanostructure heterogeneity could lead to stress 
gradients in the thin films. To the best of our knowledge, residual 
stress generation and its variation in Cu-Zr thin films as a function of 
Zr content has not been investigated. In view of the above con-
siderations, the present work investigates the effects of Zr alloying 
on the evolution of phase, defect microstructure, and residual 
stresses in nanostructured Cu(100−X)-ZrX thin films (2.5 at% ≤ x ≤ 5.5 at 
%) by detailed X-ray diffraction (XRD) and scanning transmission 
electron microscopy (STEM) investigations. Preliminary micro-
structure, crystallographic texture and mechanical properties of 
these Cu-Zr thin films were reported by Oellers et al. [24]. In this 
study, XRD line profile analysis (XLPA) of Cu-Zr thin films was car-
ried out in order to understand the evolution of lattice defects such 
as dislocations and planar faults due to Zr alloying of Cu in Cu-Zr thin 
films with 2.5 at% to 5.5 at% Zr. Further qualitative evidence and 
nature of these lattice defects were derived from the detailed ana-
lysis of the lattice parameter data obtained from the GIXRD results of 

Cu-Zr thin films. The role of XLPA derived dislocations and planar 
faults in the grain refinement of Cu-Zr thin films were studied as a 
function of Zr composition. Residual stress generation and possible 
presence of stress gradient in Cu-Zr thin films were investigated by 
traditional XRD and GIXRD stress measurements respectively. 

2. Experimental procedure 

2.1. Preparation and chemical compositions of Cu-Zr alloy thin films 

Polycrystalline Cu100−xZrx (2.5 at% ≤ x ≤ 5.5 at%) alloy thin films 
(thickness ~ 2 µm) were deposited at room temperature on ther-
mally oxidized Si(100) wafers by simultaneous sputtering of two 
diametrically opposite Cu targets and a single Zr target in a mag-
netron sputtering chamber. Thin film deposition parameters, pro-
cedures and film thickness measurements were reported in detail by 
Oellers et al. [24]. Chemical compositions of the as-grown thin films 
were obtained by energy dispersive X-ray spectroscopy (EDS) using a 
Jeol JSM-5800LV scanning electron microscope (SEM) with an Ox-
ford instruments INCA ® X-act EDS detector (see Ref. [24] for more 
details). 

2.2. Structural characterization 

The as-deposited Cu-Zr thin films were characterized by grazing 
incidence XRD (GIXRD) for phase analysis using Co-Kα radiation in a 
Seifert Diffractometer (ID3003) equipped with parallel beam optics, 
an Eulerian cradle and an energy dispersive X-ray detector (Meteor 
0D). An incidence angle of 2° was used while scanning over the 
angular range of 30° to 130° (2θ) with 0.05° step width and 30 s 
time/step. Measured XRD patterns were fitted with Pearson-VII 
functions using a peak fitting program (PROFIT, PANAlytical) [44] in 
order to determine the peak parameters (i.e. peak maximum posi-
tion, FWHM (full width at half maxima), integral breadth etc.) cor-
responding to Kα1 radiation. Obtained peak parameters were used to 
carry out the XRD line profile analysis (XLPA) for determining the 
average crystallite sizes (i.e. size of coherently diffracting domains), 
lattice defects (i.e. dislocations and planar faults) and micro-strains 
(i.e. inhomogeneous strain) in the Cu-Zr films. Instrumental cor-
rection was done using standard CeO2 powder (strain free and grain 
size > 1 µm) specimen from ‘National Institute of Standards and 
Technology (NIST)’. Detailed methodology of the microstructural 
characterization of Cu-Zr thin films was outlined in Section 2.3 and 
also in the supplementary material. Additionally, the film micro-
structure was also studied by transmission electron microscopy 
(TEM) (see Ref. [24] for details). 

Furthermore, in order to measure the residual stresses in Cu-Zr 
alloy films, macroscopic strain measurements were carried out by 
measuring orientation dependent inter-planar lattice spacing (dhkl) 
corresponding to {111} reflection of the fcc Cu-Zr alloy thin films at 
various specimen tilt angles ( ) (i.e. angle between the specimen 
surface normal and the diffraction vector). Diffraction stress analysis 
was performed by the traditional d Sinhkl 2 method [45]. For a 
rotationally symmetric plane state of stress (measurements at ro-
tation angles φ = 0° and φ = 90° yield the same stress value σ), the 
stress σ can be determined from the following equation [45]: 

= + +d S d Sin S d
1
2

(1 2 )hkl hkl hkl hkl hkl
2 0

2
1 0 (1) 

where dhkl
0 is the strain free inter-planar lattice spacing of the {hkl} 

planes. Shkl
1 and S(1/2) hkl

2 are the so-called X-ray elastic constants 
(XECs) [45]. Neerfield-Hill (N-H) average XECs of pure Cu phase were 
calculated from the single crystal elastic constants of Cu [46] using 
the Voigt and Reuss models [45] assuming that the elastic properties 
of Cu (Zr) do not change significantly with such small Zr addition (up 
to 5.5 at%). Table 1 shows N-H average XECs for {111} reflections. 
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Strain free inter-planar lattice spacings for the Cu-Zr alloy thin films 
were determined from the measured d Sinhkl 2 plots following a 
procedure published elsewhere [45,47,48]. Eq. (1) shows that the 
stress (σ) can be calculated from the slope of the straight line fitted 
to the d Sinhkl 2 plot. 

In addition to aforementioned traditional d Sinhkl 2 method, 
residual stresses in Cu-Zr alloy thin films were also measured in the 
GIXRD geometry [45,47,49]. During stress measurement, the angle of 
incidence of X-ray (α) was kept fixed (and kept small α = 1°, 2° and 
3°) and several hkl diffraction lines were recorded by 2θ scan in the 
GIXRD mode. Therefore, for a fixed angle of incidence (α), the X-ray 
penetration depth within the thin film remains almost constant. 
However, due to fixed angle of incidence (α), there is a dependence 
between the Bragg angle (θhkl) and the specimen tilt angle ( ) (see  
Fig. 1). In this case, for a set of {hkl} diffraction planes, the specimen 
tilt angle ( ) (i.e. angle between the specimen normal and the dif-
fraction vector) is given by 

= hkl (2)  

Therefore, during GIXRD stress measurement, by measuring the 
lattice strains using different 

hkl reflections (i.e. different hkl), the direction of lattice strain 
measurement can be varied without even physically tilting the spe-
cimen in the diffractometer. Stress analysis in the GIXRD mode was 
performed using the so-called f (ψ, hkl) method [47,49] for a rota-
tionally symmetric biaxial state of stress which is described as follows: 

= < >f hkl( , )hkl
(3)  

=
a a

a
hkl

hkl
0

0 (4) 

and 

= +f hkl S S Sin( , ) 2
1
2

hkl hkl
1 2

2
(5)  

The inter-planar lattice spacing (dhkl) was converted into lattice 
parameter (ahkl) in order to avoid the problem of many dhkl

0 values for 
different hkl reflections. Strain ( hkl) can be determined for several 
hkl reflections for different (hypothetical) ψ tilt angles and the plot of 

hkl versus f (ψ, hkl) can be fitted with a straight line. Stress (σ) can be 
determined from the slope of the straight line with ao

hkl is the fitting 
parameter. The Neerfield-Hill XECs corresponding to {111}, {200}, 

{220}, {311} and {222} reflections have been presented in  
Table 1 [45,46]. 

2.3. X-ray diffraction line profile analysis: evaluation of microstructural 
parameters 

Detailed analysis of the broadening of XRD line profiles was 
carried out by the so-called Williamson-Hall (W-H) [50] and mod-
ified Williamson Hall (MWH) [51] methods in order to evaluate 
various microstructural parameters (i.e. crystallite size (D), disloca-
tion density ( ), dislocation types (screw/edge), planar fault prob-
ability ( ), and microstrain (e)) in the Cu-Zr thin films. Detailed 
method of size and strain separation by the W-H and the MWH 
procedures are outlined in the supplementary material SM.1. The 
MWH plots were constructed in order to confirm dislocation in-
duced anisotropic microstrain broadening of XRD line profiles of Cu- 
Zr thin films. Furthermore, possible presence of planar faults in the 
Cu-Zr crystallites and their effects on the peak broadening was ex-
amined by taking account of the so-called contrast factors of planar 
faults K W g( ( )) for different reflections (or diffraction vectors, 
g ) [52] (see supplementary material SM.1). The diffraction peak 
broadening caused by dislocations depends on the relative orienta-
tions of the Burgers vector (b) and the diffraction vector (g ). This 
effect is taken into account by the average dislocation contrast factor 
(C ). SM.2 provides the method for calculation of (C ) for cubic crystal 
system using a computer code ANIZC developed by Ungar et al.  
[51,53–60]. The calculated values of C for both pure edge and pure 
screw dislocations for individual diffraction vector (g ) are presented 
in Table 3. For faults in the fcc crystals, W g( ) for different hkl re-
flections determined by Warren [52] are presented in Table 3. Data 
points in the MWH plot (i.e. plot of K W g( ( )) vs. KC1/2; see Eq. 
(4) in the supplementary material SM.1 where =K Sin2 (i.e. 

=K FWHM Cos( ) 2 ( )/ ); and are the diffraction angle and the 
wavelength of X-rays respectively [51,53]) were fitted by a quadratic 
curve using a least square fitting routine in order to determine 
various fitting parameters. These fitting parameters were used to 
determine the volume averaged size of the coherently diffracting 
domains (i.e. crystallite size), average dislocation density, dislocation 
character (screw/edge), planar fault probability and the microstrain 
in Cu-Zr alloy thin films. Additionally, an approximate method  
[61–63] of dislocation density determination from the fitting para-
meter has been described in SM.3. 

3. Results and interpretation 

3.1. Phase analysis and lattice parameter determination 

Fig. 2(a) shows a typical GIXRD pattern of the polycrystalline Cu - 
4.5 at% Zr thin film where the prominent Bragg peaks were indexed 
with respect to fcc Cu phase. A magnified plot of the GIXRD patterns 
in a limited 2θ region presented in Fig. 2(b) shows a gradual shift of 
{111} and {200} Cu reflections towards lower 2θ side (i.e. higher d{hkl} 

or higher a hkl{ }) with increasing Zr composition. This qualitatively 
indicates lattice expansion due to Zr incorporation in the Cu matrix. 
Additionally, broadening of the diffraction peaks is evident in the 
GIXRD pattern (Fig. 2(a)). The broadening increases with increasing 
Zr content (Fig. 2(b)). Qualitatively, diffraction peak broadening in-
dicates presence of nanometer sized crystallites and/or large mi-
crostrain or inhomogeneous strain due to lattice defects. The lattice 
parameters (a hkl{ }) were calculated from the peak maximum posi-
tions (2θ) of different hkl reflections in the GIXRD patterns using 
Bragg’s law ( = + +a h k l Sin( ) /2hkl{ }

2 2 2 ), taking account of the 
errors in the 2θ values up to fourth decimal places. Fig. 2(c) shows 
so-called ‘Cohen-Wagner plots’ [64,65] for Cu-Zr thin films up to 
4.5 at% Zr composition. Large broadening and weak intensities of 

Table 1 
Neerfield-Hill Average XECs for polycrystalline Cu.     

Cu reflections S(1/2) hkl
2 (10−11 Pa−1) Shkl

1 (10−11 Pa−1)  

{111}  0.792 - 0.184 
{200}  1.49 - 0.45 
{220}  1.0 - 0.25 
{311}  1.18 - 0.313 
{222}  0.792 - 0.184    

Fig. 1. Schematic of GIXRD stress measurement using multiple hkl reflections. The 
diffraction vector (L3) is denoted as g in the text. 
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some of the diffraction peaks made the lattice parameter values of 
the Cu-5.5 at% Zr thin film uncertain. It is clear that the measured 
lattice parameters (a hkl{ }) of the Cu-Zr thin films increase with in-
creasing Zr content (see Fig. 2(c)). Furthermore, a general observa-
tion of lattice parameter anisotropy (i.e. pronounced hkl dependence 
of a hkl{ }; for example, a{111} < a{200} and a{111} < a{222}, a{311} in general) 
is evident from the Cohen-Wagner plots for all Zr compositions. Such 
pronounced lattice parameter anisotropy prevents least square fit-
ting of straight lines to the data points in the Cohen-Wagner plots 
and therefore, precise lattice parameter determination for each 
Cu-Zr composition was not possible. Observed lattice parameter 
anisotropy may have mainly the following origins: (i) macroscopic 
lattice strains (elastic strains due to intrinsic film stress) in thin 
film and their effects on the measured lattice parameter values 
(a hkl{ }) can have pronounced hkl dependence due to significant 
elastic anisotropy of Cu (anisotropic Young’s modulus and Poisson’s 
ratio); (ii) randomly distributed stacking faults on the {111} lattice 
planes in fcc Cu matrix due to Zr addition which leads to pronounced 
hkl dependent shift of the diffraction peak positions of Cu and hence 
the lattice parameters (a hkl{ }). The effect of extended and non-in-
teracting stacking faults on the lattice parameters of an untextured 
polycrystalline metal is characterized by the contrast factors (Ghkl) 
for stacking faults calculated by Warren [52, 66–68] for various 
reflections (Table 2). The effect of compositional strain (i.e. elastic 
strain due to atomic size mismatch between Zr and Cu atoms) on 
the lattice parameter anisotropy of fcc Cu was assumed to be neg-
ligible. Additional assumptions include isotropic diffusion of Zr in a 
Cu crystallite/grain and homogeneous Zr distribution in all Cu-Zr 
crystallites. 

In order to determine the lattice parameter variation on the Zr 
content, ‘strain-free lattice parameters’ (ao) were determined from 
the XRD stress measurements of the Cu-Zr thin films (Section2.2 and 
Refs. [44,46,47] provide detailed methodology). Such ‘strain-free 
lattice parameter’ of a Cu-Zr thin film refers to the average lattice 
parameter of those crystallites which are free from all macroscopic 
stresses/strains and lattice defects in the film except the composi-
tional strain. The linear increase of strain-free lattice parameters 
with increasing Zr content (see Fig. 2(d)) suggests expansion of Cu 
lattice due to Zr addition in the form of random non-equilibrium 
substitutional solutes. This lattice expansion in Cu-Zr thin films was 
also briefly mentioned by Oellers et al. [24] and at present it is being 
investigated in detail. The data points in Fig. 2(d) can be fitted by a 
straight line. An extrapolation to pure Cu at zero at% Zr results in a 
lattice parameter value of ~ (3.6188  ±  0.0041) Å whereas pure fcc Cu 
has a lattice parameter value of 3.6149 Å [69]. In this context, it is 
noteworthy that possible tetragonal distortion of the fcc unit cell 
was excluded since the XRD patterns of Cu-Zr thin films did not 
exhibit clear evidence of splitting of 200, 220 and 311 reflections. 

Fig. 2. (a) GIXRD pattern of Cu-4.5 at% Zr thin film; (b) Magnified plot of the GIXRD pattern in a limited 2θ range shows the relative shift of {111} Cu and {200} Cu diffraction peaks 
as a function of Zr composition in the as deposited thin films; (XRD data is replotted from [24]) (c) Lattice parameter anisotropy in Cu-Zr thin films as a function of Zr composition. 
Strain free lattice parameters for various Zr compositions (for comparison): (i) 3.63176  ±  0.0014 Å at 2.5 at% Zr, (ii) 3.63266  ±  0.0013 Å at 3 at% Zr; (iii) 3.6389  ±  0.0023 Å at 3.5 at% 
Zr & (iv) 3.64083  ±  0.0021 Å for 4.5 at% Zr. Lattice parameter for 5.5 at% Zr could not be determined; (d) Strain free lattice parameters of Cu-Zr thin films plotted as a function of Zr 
composition (lattice parameter data is replotted from [24]). 

Table 2 
Contrast factors of stacking faults (Ghkl) on {111} planes in fcc metals. The values of 
cubic invariants are presented in the last column.     

{h k l} Ghkl + + + +h k k l h l h k l( )/( )2 2 2 2 2 2 2 2 2 2

{111} - 0.25 0.33 
{200} 0.5 0 
{220} - 0.25 0.25 
{311} 0.09 0.157 
{222} 0.125 0.33    
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Next, the measured values of the lattice parameters a hkl{ } plotted 
in Fig. 2(c) were compared to the corresponding strain free lattice 
parameter (ao) value for each Cu-Zr composition in order to under-
stand the effect of macroscopic lattice strains and the planar defects 
such as stacking faults (if any) on the observed lattice parameter 
anisotropy (Fig. 2(c)). Interestingly, this comparison revealed that 
the lattice parameters for {200}, {311} and {222} diffraction planes 
increased for all Cu-Zr compositions whereas those for the {111} and 
{220} planes decreased for all except Zr contents >  3 at%. Ad-
ditionally, notable differences between the lattice parameters of 
{111} and {222} diffraction planes (i.e. (a222 - a111) >  0) were ob-
served for all Cu-Zr thin films (Fig. 2(c)). In general, such lattice 
parameter a hkl{ } variation with the diffraction indices hkl qualita-
tively indicates presence of stacking faults on the {111} planes of fcc 
Cu matrix due to Zr incorporation, in addition to large macroscopic 
lattice strains in the films [ 52, 64−66]. The stacking fault contrast 
factors (Ghkl) (see Table 2) indicate that an increase of stacking fault 
probability (α) on {111} planes will increase the lattice parameters 
calculated from {200}, {311} and {222} planes and decrease the 
lattice parameter deduced from {111} and {220} planes system-
atically as compared to the strain free lattice parameter since lattice 
strain due to stacking faults is G~( 3 /4 ) hkl [52, 64–68]. 

The observation of (a222 - a111) >  0 was also attributed to 
stacking faults since G111 = - 0.25 and G222 = 0.125 (see Table 2) and 
not to macroscopic lattice strains. Interestingly, the difference 
between a222 and a111 is decreased at Zr contents >  3 at% which 
probably suggests reduced influence of stacking faults on the lat-
tice parameters. The observed increase of the lattice parameters 
for {111} and {220} planes at higher Zr contents (> 3 at%), (i.e. de-
viation from the Warren model) may be due to the presence of 
large macroscopic lattice strains in the Cu-Zr thin films. In case of 
macroscopic elastic strain, the hkl dependence of lattice parameter 
is governed by the so called ‘cubic invariants’ obtained from: 

+ + + +h k l k h l h k l( )/( )2 2 2 2 2 2 2 2 2 2 [66,70]. The {111} lattice planes 
possess the highest value of the cubic invariant of ~ 0.33 followed 
by {220} planes with ~ 0.25 (Table 2) and hence the lattice para-
meters for both these planes should be affected the most. Litera-
ture reported lattice parameter anisotropy due to the presence of 
stacking faults exists in case of deformed bulk Cu-Zn and Cu-Sn 
alloys [35,71]. However, the effect of Zr segregation to the stacking 
faults on the diffraction peak positions/lattice parameter variation 
is neglected due to lack of evidence from the XRD line profiles of 
Cu-Zr thin films. 

3.2. XRD analysis of microstructure of Cu-Zr thin films 

Conventional Williamson-Hall (W-H) plots for the Cu-Zr thin 
films are presented in Fig. 3(a) where the FWHMs for the first five 
reflections are plotted with the order of reflection (i.e. sinθ; 
K=2sinθ/λ) for each Zr composition. The W-H plots reveal non- 
monotonic increase of FWHMs with K indicating anisotropic (i.e. 
considerable hkl dependence) strain broadening mainly due to 
dislocations in the Cu-Zr alloy thin films. Similar behavior of the 
W-H plot was reported for cold worked Pb-Bi alloys [57], ball 
milled Fe powders [62], ball milled Ti powders [63] and also for 
severely plastically deformed Cu [72] in which the lattice strains 
were entirely due to dislocations. Fig. 3(a) also shows that FWHMs 
of {200}, {220} and {222} reflections have a decreasing trend with 
K in general. Furthermore, almost identical slopes of the lines 
joining these reflections in the W-H plots up to 3.5 at% Zr com-
position indicates the same dislocation character (screw/edge) in 
the Cu-Zr films up to 3.5 at% Zr. Hence, the slope change beyond 
3.5 at% Zr indicates a change in the dislocation character in the Cu- 
Zr films with increasing Zr concentration. 

In order to understand the root cause of such anisotropic strain 
broadening observed from the W-H plots, the so called 'modified 

Williamson-Hall (MWH) plots' were constructed (see Fig. 3(b)) 
taking account of the presence of dislocations along with a finite 
probability (β) of planar faults (if any) in the films. In the MWH 
plots (Fig. 3(b)) the FWHMs ( K ) plotted earlier in the 'y' axis of 
the W-H plot (i.e. Fig. 3(a)) have been replaced by ΔK-β W(g) and 
plotted as a function of KC̄1/2 where C̄ is the average contrast factor 
of dislocations for a particular reflection (i.e. diffraction vector). 
The details of the MWH analysis approach are discussed in Section 
2.3 (also see supplementary material). Table 3 shows the average 
contrast factors of pure edge and pure screw dislocations for dif-
ferent diffraction vectors and a list of scaling factors KC1/2 for dif-
ferent diffraction vectors are presented in Table 3 for pure screw, 
pure edge and (50%screw +50%edge) dislocations. Table 3 also 
shows the contrast factors (W(g)) of the planar faults for different 
diffraction vectors for the fcc crystal [52,53]. The MWH plot were 
fitted by a second order polynomial using a least square fitting 
algorithm in order to determine the various fitting parameters 
described in the supplementary material. The best fit was obtained 
when ΔK-βW(g) is plotted against a particular set of KC1/2 values 
calculated from a fixed proportion of edge and screw dislocations 
with a finite probability of planar faults (β) with appropriate 
contrast factors (W(g)) provided in Table 3. The planar fault 
probability (β) is a fitting parameter which is determined by fitting 
the MWH plot. For example, a combination of ‘90% screw + 10% 
edge’ dislocations and a planar fault probability of 0.014 gave the 
best fit for the MWH plot in Cu-3.5 at% Zr thin film (Fig. 3(b)). In 
this context, it is noteworthy that the MWH plots can also be fitted 
assuming absence of planar faults in the Cu-Zr thin films (i.e. β = 0).  
Fig. 3(c-1) & 3(c-2) show the influence of β on the quality of data 
fitting in the MWH plot for Cu-3.5 at% Zr thin film. 

Fig. 3(d) shows the variation of screw dislocation percentage 
as a function of Zr composition and interestingly the dislocations 
were screw in character up to 3.5 at% Zr which was predicted 
earlier from the W-H plots. This is further confirmed from the ‘q’ 
value determined from the ratio of the slope and the intercept of 
the straight line fitted to the plot of K K( ) /2 2 Vs H2 in Fig. 3(e) 
(Refs. [56–58] & supplementary material SM.2 contain details). 
The values of ‘q’ are 2.135, 2.033 and 2.12 for Zr composition 
2.5 at%, 3 at% and 3.5 at% respectively which indicates that the 
dislocations are predominantly screw in character up to 3.5 at% Zr 
composition. The theoretical value of parameter ‘q’ corresponding 
to 100% screw dislocations is 2.473 [56–58]. A lower q value of 
1.7 indicates the presence of edge dislocations in the films with 
4.5 at% Zr. 

The average crystallite size (i.e. size of the coherently diffracting 
domains along the diffraction vector) calculated from the fitting 
parameter of the MWH plot decreased by almost 90% with in-
creasing Zr composition with the lowest average crystallite size ~ 
13 nm for 4.5 at% Zr (Fig. 4(a)) which indicates that Zr acts as a grain 
refiner in the Cu-Zr thin films [24]. Interestingly, such a decrease of 
crystallite size is associated with an increase of planar fault prob-
ability in Cu-Zr thin films which was indeed observed with in-
creasing Zr content in Cu-Zr alloy thin films (Fig. 4(b)). 

Fig. 4(c) shows an increase of average dislocation density up to 
3.5 at% Zr by a factor of ~ 3, but drops back by a factor of ~ 2.5 
beyond in the Cu-Zr thin films. On the other hand, the microstrain 
increases rapidly by a factor of ~ 2 up to 3.5 at% Zr and then 
practically remained constant up to 5.5 at% Zr in the Cu-Zr thin 
films (Fig. 4(d)). Table 4 summarizes the Zr composition dependent 
crystallite size, average dislocation density and dislocation char-
acter in Cu-Zr thin films. Finally, it is noteworthy that diffraction 
line broadening arising due to compositional heterogeneity in the 
Cu-Zr crystallites was neglected as the Zr was assumed to be 
homogenous in the Cu-Zr crystallites in all Cu-Zr thin films. Fur-
thermore, compositional broadening is known to be isotropic in 
cubic crystals [73,74]. 
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3.3. Microstructure analysis by TEM 

TEM investigation of the microstructure of Cu-Zr thin films was 
detailed in the earlier study by Oellers et al. [24]. Following are the 
major microstructural observations from the STEM images of the Cu- 

Zr thin films (Fig. 5 and 6): (i) For all Zr compositions, cross-sectional 
STEM micrographs exhibited columnar grains (Fig. 5(a)–(c)); (ii) 
average crystallites/grains size decreased with increasing Zr content; 
(iii) pores/voids are aligned along the columnar grain boundaries 
and such porosity decreased with increasing Zr content 

Fig. 3. (a) Williamson-Hall plot for the Cu-Zr alloy thin films; (b) Modified Williamson-Hall plots for Cu-Zr alloy thin films; (c-1) data points in MWH plot fitted with zero planar 
fault probability (β = 0) & (c-2) fitted with β = 0.014 for Cu-3.5 at% Zr thin film; (d) Variation of screw dislocations in the Cu-Zr alloy films as a function of Zr composition; (e) Plot of 
(∆K/K)2 Vs H2 for the determination of ‘q‘value (see text) in Cu-Zr alloy thin films. 

Table 3 
Average contrast factors (.) for different vectors (g ) and values of KC1/2for pure edge, pure screw and ("50% screw + 50%edge") dislocation distribution for Cu-Zr thin films having 
4.5 at% Zr. Contrast factors of planar faults for peak broadening (W(g )) in fcc crystals are also presented.         

g C̄hkl pure edge C̄hkl pure screw KC1/2
screw KC1/2

edge KC1/2
(50%screw+50%edge) W g( )

{111}  0.138  0.062  1.18304  1.76308  1.50134  0.43 
{200}  0.304  0.298  2.9913  3.02105  3.00621  1 
{220}  0.179  0.121  2.69942  3.28526  3.00664  0.71 
{311}  0.226  0.187  3.9313  4.32001  4.13023  0.45 
{222}  0.138  0.062  2.36405  3.52313  3.0001  0.43 
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(Fig. 5(a)–(c)); (iv) dispersion of 5–30 nm sized crystallites are ob-
served within the columnar grains; (v) STEM-EDS results indicated 
absence of Zr segregation at the grain boundaries ([24]) and absence 
of precipitates both inside the grains and at the grain boundaries; 
(vi) STEM images exhibited stacking faults/nano-twin boundaries in 
Cu-Zr thin films with 2.5, 4.5 & 5.5 at% Zr (Fig. 6(a)–(c)). 

3.4. Residual stress analysis using traditional XRD and GIXRD methods 

XRD stress analysis by traditional d Sinhkl 2 method indicated 
tensile stresses in the Cu-Zr thin films increasing monotonically with 
Zr composition (Fig. 7(a)). Fig. 7(b) shows that increasing Zr content 
led to a systematic increase in the curvature of the d Sinhkl 2 plots 
of the Cu-Zr thin films. In fact, stress analysis using the traditional 
XECs was not possible for the 5.5 at% Zr film because of considerable 
curvature in the observed d Sinhkl 2 plot. In general, such 

non-linear d Sinhkl 2 plots are observed due to the crystal-
lographic texture in the polycrystalline thin films [45,75]. However, 
the so-called ‘direction dependent grain interaction’ was also at-
tributed to the observed non-linearity in the d Sinhkl 2 plots even 
in the absence of crystallographic texture in polycrystalline thin 
films [47,75–76]. Furthermore, non-linear d Sinhkl 2 plots may be 
due to the lattice strain gradient across the thickness of the Cu-Zr 
thin films (variation of tilt angle ‘ψ’ changes the penetration depth of 
X-ray inside the thin film) [45]. In the present case, the Cu-Zr thin 
films have columnar grains predominantly oriented along the film 
surface normal and they exhibited both strong and sharp {111} fiber 
texture up to 3.5 at% Zr composition. Thus, the macroscopic elastic 
properties of the grains are rotationally symmetric with respect to 
the film surface normal (i.e. transversely isotropic). However, beyond 
3.5 at% Zr, both strength and sharpness of {111} fiber texture dras-
tically reduced along with almost random orientations of the crys-
tallites for 5.5 at% Zr thin film (see Fig. 7(c)). Surprisingly, significant 
curvature in the d Sinhkl 2 plots also occurred only beyond 3.5 at% 
Zr composition. Therefore, the reason for the observed non-linear 
d Sinhkl 2 plots beyond 3.5 at% Zr may be either due to the di-
rection dependent grain interaction or the lattice strain gradient 
across the thickness of these thin films. Since a detailed modeling of 
film stress using the direction dependent elastic grain interaction 
was beyond the scope of the present study, the possibility of stress 
gradients in the Cu-Zr thin films was examined by lattice strain 
measurements using the GIXRD geometry (Section 2.2 provides the 
detailed methodology). The presence of stress gradients in thin films 
and thin surface layers of materials was addressed by several re-
searchers [47,49]. Diffraction stress analysis was performed using 

Fig. 4. (a) Average crystallite sizes of Cu-Zr alloy thin films plotted as a function of Zr composition. Inset graph shows plot of inverse crystallite size with Zr composition (a linear 
variation is obtained up to 4.5 at% Zr). Crystallite sizes were taken from Oellers et al. [24]; (b) Probability of planar faults plotted as a function of Zr composition in Cu-Zr thin films; 
(c) Dislocation density of the Cu-Zr alloy thin films plotted as a function of Zr composition; (d) Variation of microstrain with Zr composition in the Cu-Zr thin films. 

Table 4 
Crystallite size, dislocation type and average dislocation density from Modified W-H 
plots. Coefficient of determination (COD) or R2 values for 'Modified-Williamson-Hall' 
plots are presented in the last column.       

Zr composition 
(at%) 

Size 
(nm) 

Dislocation type Average 
dislocation 
density (m−2) 

COD 
(R2)  

2.5 141 95%screw+ 5%edge 13.4 × 1015  0.99 
3.0 41 90%screw+ 10%edge 32.6 × 1015  0.99 
3.5 39 88%screw+ 12%edge 47.7 × 1015  0.99 
4.5 13 50%screw+ 50%edge 20 × 1015  0.99 
5.5 38 50%screw+ 50%edge 22 × 1015  0.99    
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the so-called f (ψ, hkl) method [47] (see Section 2.2). Fig. 8(a)–(c) 
show the f hkl( , )hkl plots for all Zr compositions obtained from 
the measurements of lattice strains ( hkl) for various {hkl} diffracting 
planes in the GIXRD geometry corresponding to three different in-
cidence angles of X-ray (i.e. α = 1°, 2°, 3°). The approximate pene-
tration depths of (τ) of X-ray (τ ~ Sinα/µ; where µ is the linear 
absorption coefficient of Cu for CoKα X-ray radiation ~ 731 cm−1 [52]) 
are 0.25 µm, 0.5 µm and 0.75 µm for α = 1°, 2° and 3° respectively. No 
significant curvature was observed in the f hkl( , )hkl plots except 
for Zr composition ≥ 4.5 at% (Fig. 8(a)–(c)). 

Straight lines fitted to the f hkl( , )hkl plots showed positive 
slopes for all Zr compositions. A positive slope indicates tensile 
stress distribution across the thickness of the Cu-Zr thin films (see  
Fig. 8(a)–(c)). However, it is important to note that for any particular 
Zr composition, the slope of straight line changes with angle of in-
cidence of X-ray and hence across the film thickness which in turn 
implies a change of lattice strain gradient(s) across the film thick-
ness. Fig. 9 shows the variation of these tensile stresses in the Cu-Zr 
thin films as a function of Zr composition for α = 1°, 2° and 3°. It is 
clear that up to 3 at% Zr the stresses in Cu-Zr films ranged between 
50 MPa 250 MPa with the change of X-ray incidence angle. For 
Cu-Zr thin films with Zr composition ≥ 3.5 at%, tensile stresses near 
the surface up to ~ 0.25 µm were much higher than those observed 
below (> 0.25 µm). 

4. Discussion 

4.1. Zr alloying of Cu in Cu-Zr thin films 

The above experimental results indicated formation of a sub-
stitutional solid solution between Cu and Zr in the as-deposited Cu- 
Zr thin films for Zr contents ranging from 2.5–5.5 at%. The alloying 
between Cu and Zr was confirmed from the linear increase of strain 
free lattice parameters of the Cu-Zr thin films up to 4.5 at% Zr. 
Furthermore, neither GIXRD nor STEM-EDS showed Zr segregation 
and/or formation of Cu-Zr amorphous phases at the Cu grain 
boundaries in the room temperature deposited Cu-Zr thin films for 
the investigated Zr compositions [24]. From kinetic viewpoint, direct 
deposition of Cu and Zr from the vapor phase and quenching the 
vapors on the cold/unheated substrate at room temperature leads to 
non-equilibrium Cu-Zr alloy films since bulk (volume) diffusion of Zr 
atoms through the Cu lattice is a sluggish process. In recent years 
such non-equilibrium techniques were exploited to achieve almost 
100% solid solubility between elements with a large positive en-
thalpy of mixing such as the Cu-Cr system (ΔHmix ~ 20 kJ/ 
mole) [77,78]. 

The Cu-Zr solid solubility observed in the present work is in 
contrast with recent observations of amorphous phase at the Cu 
grain boundaries in similar Cu-Zr thin films with ≥ 2 at% Zr [16,21]. In 

Fig. 5. STEM image (HAADF) of Cu-Zr thin film sections with different Zr compositions (a) 2.5 at% Zr ; (b) 4.5 at% Zr ; (c) 5.5 at% Zr. Grain boundary porosity channels are indicated 
by downward arrows placed adjacent to the channels. STEM image for 2.5 at% Zr is taken from [24] for comparison. 

Fig. 6. STEM bright field (BF) images of the cross-sections of Cu-Zr thin films (close to the film surface) (a) 2.5 at% Zr, (b) 4.5 at% Zr; (c) 5.5 at% Zr. The planar faults are encircled in 
each of the micrographs. 
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addition, these authors reported the grain boundary segregation of 
Zr atoms in Cu-Zr thin films at lower Zr content (~ up to 1 at%)  
[16,21]. Thermodynamically, such segregation of Zr atoms and/or 
formation of amorphous phase leads to significant reduction of grain 
boundary energy in nanostructured Cu-Zr thin films [11–13,16]. 
Furthermore, due to large atomic size mismatch between Cu and Zr 
atoms, Zr segregation can significantly reduce the elastic strain en-
ergy of the Cu-Zr thin films by transferring the Zr atoms from lattice 
sites to grain boundary sites. Since, both phenomena are absent in 
the present case, the Cu-Zr thin films possess excess grain boundary 
energy and increased elastic strain energy due to the lattice defects 
and intrinsic stresses. Hence, the enhanced solid solubility between 
Cu and Zr atoms up to 5.5 at% Zr results from room temperature 
grain boundary diffusion combined with lateral volume diffusion of 
Zr atoms in the Cu matrix. The generation of high density of lattice 
defects in the Cu lattice due to Zr incorporation and also otherwise 
may lead to reduction of activation energy of volume diffusion of Zr 
atoms in Cu matrix. In particular, high dislocation density and planar 
faults in the Cu-Zr thin films were confirmed from the XLPA in-
vestigation (see Section 3.2). These dislocations can act as short 
circuit paths for the diffusion of Zr atoms into Cu lattice even at 
room temperature extending the Cu-Zr solid solubility beyond the 
equilibrium limit. Thermodynamically, dislocation stress field can 
alter the chemical potential of the Zr solute atoms present in the 
immediate vicinity of the dislocations which may result in a change 
of Zr concentration and therefore a change of solubility [79,80]. 
However, a rough estimate of enhanced Zr concentration due to 
tensile stresses in the films indicates only a factor of four increase as 
compared to the room temperature solid solubility of Zr in Cu 
(~ 0.015 at% [14]) which cannot account for the observed solubility of 

2.5–5.5 at% Zr in Cu. Enhanced Zr solubility is possible by reducing 
the distance of the Zr solute atom from the core of an edge dis-
location which could be achieved in presence of stacking faults (i.e. 
Suzuki effect [81,82]). It is possible that at Zr composition >  3.5 at%, 
dislocation splitting generates two Shockley partials connected by a 
stacking fault ribbon between them (see next section for details) and 
equilibrium concentration of Zr atoms within such faulted region 
can be significantly different from the average concentration in the 
rest of the Cu lattice [81,82]. 

4.2. Evolution of microstructure, texture and stress on Zr alloying 

Zr alloying resulted in the following changes in the micro-
structure, texture and stress in the polycrystalline Cu-Zr thin films: 
(i) dislocations and planar faults generation resulting microstrain; 
(ii) grain refinement/nanostructuring of Cu matrix along with 
change of crystallographic texture; (iii) tensile stress generation and 
stress gradient across the film thickness. 

4.2.1. Dislocations and planar faults generation 
XLPA of all polycrystalline Cu-Zr thin films showed large dis-

location densities ~ 1016/m2 in the room temperature deposited 
state. The dislocations caused anisotropic strain broadening of the 
XRD line profiles and large inhomogeneous lattice strains (ε ≥ 0.2% 
for 4.5 at% Zr) in the Cu-Zr thin films. Dislocations are generated in 
order to accommodate large amount of lattice strains in the thin 
films originated from: (i) macroscopic films stresses due to non- 
equilibrium growth of the thin films and subsequent atomic re-
arrangement on the substrate; (ii) compositional lattice strains due 
to large atomic size misfit between Cu and Zr atoms; (iii) formation 

Fig. 7. (a) Stress change with Zr composition – diffraction stress analysis using traditional d sin2 method; (b) d sin2 plots replotted from [24]; (c) Fiber plots of Cu-Zr thin 
films for different Zr compositions - Normalized intensity plotted as a function of specimen tilt angle (ψ) (for fixed specimen rotation angle, φ = 0) (data replotted from [24]). 
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of sub-grain boundaries. Additional dislocation generation may be 
due to the formation of pairs of Zr-Zr near-neighbor bonds during 
the movement of a single dislocation [39,41]. Since Zr atoms repel 
each other, ZreZr bond formation increases the local free energy 
leading to the generation of additional ‘chemically necessary’ dis-
locations. [39,41]. 

The XLPA deduced dislocations in Cu-Zr thin films have 
predominantly screw character at relatively low ≤ 3.5 at% Zr and 
mixed character for Zr content ≥ 3.5 at%. The decrease in the 
screw dislocation fraction may be due to the dissociation of in-
dividual perfect screw dislocation into two Shockley partial dis-
locations (SPDs) (i.e. formation of an extended dislocation: 

= + + stacking fault[101̄] [112̄] [21̄1̄]a
2

a
6

a
6

) in fcc Cu-Zr alloy and/ 
or dislocation annihilation by the recombination of the two partial 
dislocations and cross slip [81,83]. 

Dislocation microstructure of severely plastically deformed ul-
trafine grained Cu evaluated by the XLPA also exhibited a similar 
decrease of screw dislocation fraction by dislocation annihilation/ 
recovery by the cross slip of screw dislocations [72]. However, re-
covery of dislocations by the recombination of dissociated disloca-
tions and cross slip seems to be difficult due to an anticipated 
decrease of SFE of the Cu matrix with increasing Zr content. Low-
ering of SFE due to Zr addition to the dilute Cu-1 wt%Cr alloy was 
reported earlier in the literature [34]. The addition of Zn also re-
duced the SFE of Cu along with an increase of planar fault probability 
in a plastically deformed Cu-Zn alloy [33,35]. Similarly, addition of Al 
reduced the SFE in the Cu-Al alloy [39]. However, neither theoretical 
calculation nor experimental evidence of SFE reduction of Cu due to 
Zr addition was found in the literature particularly for the Zr com-
position investigated in the present work. 

SFE reduction leads to easier dissociation of perfect screw dis-
location and formation of a stacking fault ribbon between the two 
SPDs especially at ≥ 3.5 at% Zr. Additionally, from a thermodynamic 

Fig. 8. Lattice strains hkl plotted as a function of f hkl( , ) obtained from the GIXRD stress measurements at incidence angle of (a) 1°, (b) 2° and (c) 3° of the Cu-Zr thin films. Due 
to curvature of the plots for ≥ 4.5 at% Zr some data points are omitted for certain incident angles. 

Fig. 9. Variation of stress as a function of Zr composition for various incident angles 
obtained using the GIXRD stress measurements. 
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viewpoint, dislocation dissociation leads to the reduction of total 
elastic strain energy of the Cu-Zr thin films since the energy per unit 
length of a perfect screw dislocation is ½Gb2 whereas the energy per 
unit length of a partial dislocation is 1/3(½Gb2). Presence of these 
stacking faults in the Cu-Zr thin films was indicated by the lattice 
parameter anisotropy observed for all Zr compositions (Section3.1). 
Additionally, XLPA showed an overall increase of planar fault 
(stacking faults and/or twin faults) probability (≤ 0.1) with in-
creasing Zr content. 

Lowering of SFE may also facilitate twin formation in Cu matrix. 
Zhang et al. observed twin boundaries in magnetron sputtered Cu-Zr 
thin films on Zr addition [16,21]. Twin faults in the fcc Cu matrix are 
known to cause asymmetry of the Cu diffraction peaks [52]. How-
ever, significant overlapping between the Cu diffraction peaks and 
broadening prevented unambiguous detection of twin faults from 
the GIXRD patterns of the Cu-Zr thin films. However, cross-sectional 
TEM confirmed the presence of a few twin faults (and stacking 
faults) in the microstructure of Cu-Zr thin films (Fig. 6). Finally, it 
must be mentioned that the presence of dislocations and planar 
faults in the microstructure of Cu-Zr thin films play key roles in the 
grain refinement, texture development (see next section) and en-
hanced solid solubility of Zr in Cu. These in turn improve the me-
chanical properties of the Cu-Zr thin films such as increased 
hardness of the thin films [24]. `. 

4.2.2. Grain refinement and texture development 
Both XRD and TEM results indicated that the Zr atoms act as grain 

refiner for the polycrystalline Cu-Zr thin films. Nanometer sized 
crystallites/grains (lowest average crystallite size ~ 13 nm) were ob-
served within the columnar grains of the thin films with ≥ 4.5 at% Zr. 
These nanocrystallites were not the Cu-Zr intermetallic phase(s) 
known from the Cu-Zr equilibrium phase diagram [14,15] since the 
GIXRD patterns did not show any Bragg peaks corresponding to any of 
these phases. Grain refinement was accompanied by the decrease of 
both strength and sharpness of {111} fiber texture with increasing Zr 
content (Fig. 7(c)) indicating that the Zr also acts as texture weakening 
agent. Randomly oriented nanometer sized crystallites (≤ 25 nm) can 
be observed throughout the columnar grains (Fig. 5(c)). 

Grain refinement in magnetron sputtered polycrystalline Cu-Zr 
thin films [16,21] was explained on the basis of the real structure zone 
model (RSZM) [84,85] of alloy thin film deposition. According to the 
RSZM model, the grain refinement occurs due to the segregation of the 
solute atoms/alloying elements at the grain boundaries or on the 
surfaces of individual islands. These processes not only inhibit the 
grain growth but also weaken the crystallographic texture due to re-
duced grain boundary migration both at the coalescence and grain 
coarsening stages [84,85]. However, both XRD and STEM-EDS results  
[24] indicated that the Zr atoms impinging on the film surface are 
dissolved in the Cu lattice as substitutional solutes. Therefore, the 
grain refinement observed in Cu-Zr thin films cannot be understood 
from the grain boundary segregation of Zr atoms using RSZM. 

In the present case, the kinetics of grain refinement and texture 
development during the deposition of Cu-Zr thin films may be 
governed by (i) nucleation and growth rate of crystallites at room 
temperature; (ii) generation and motion of dislocations, extended 
dislocations and planar faults with increasing Zr composition; (iii) 
solute drag effect: interaction of dislocations and grain boundaries 
with Zr solute atoms predominantly at higher Zr composition which 
limits dislocation motion and final crystallite/grain size.  

(i) growth rate of crystallites is strongly dependent on the mobility 
of Zr atoms in Cu lattice during room temperature deposition of 
Cu-Zr thin films [86]. At low Zr composition, crystallite growth 
is predominantly controlled by surface and grain boundary 
diffusion of Zr atoms whereas at higher Zr composition, crys-
tallite growth requires long range volume diffusion. Since, the 

volume diffusion coefficient of Zr atoms in the Cu lattice is small 
at room temperature, the crystallite growth rate may be re-
tarded with increasing Zr composition.  

(ii) XLPA indicated the generation of dislocations and planar faults 
due to Zr addition during the deposition of Cu-Zr thin films. 
These dislocations can move on the {111} slip planes if the film 
stress is higher than the yield strength of the Cu-Zr thin films. 
Theoretical calculation of films stresses (not presented here) 
revealed that the stresses generated due to various micro-
structural changes during the deposition of the Cu-Zr thin films 
can be much higher than the typical yield strength of 2 µm thick 
polycrystalline Cu thin film on Si(100) substrate (~ 500 MPa  
[1,16,21]). Furthermore, XRD stress analysis by d Sinhkl 2

method indicated residual stresses ≥ 500 MPa in the Cu-Zr thin 
films with >  3 at% Zr. However, plastic deformation mechanism 
and generation of planar faults depends strongly on the SFE of 
the Cu-Zr thin films which is expected to decrease due to Zr 
addition particularly beyond 3 at% Zr. Therefore, both the grain 
refinement and plastic deformation mechanisms of Cu-Zr thin 
films strongly depend strongly on the Zr content. At relatively 
low Zr composition up to 3 at% Zr with low planar fault prob-
ability (β) ~ 0.003, it is plausible that the mechanism of grain 
refinement is predominantly governed by the motion of screw 
dislocations (maximum ρ ~ 3 ×1016/m2). During initial stage of 
grain refinement, movement of dislocations through the coarse 
columnar grains may generate dislocation walls/cell walls with 
small misorientation angles. These cell walls may eventually 
form subgrain boundaries with gradual increase of dislocation 
density dividing the original coarse grain into smaller ~ 45 nm 
grains along with the formation of high angle boundaries. In 
this context it may be noted that the XLPA is sensitive to dis-
location cells with small misorientation angles of 1–2° [73] 
whereas these cells can only be discerned by high resolution 
TEM. This is why the average crystallite size measured by XLPA 
is often smaller than the average grain size measured by TEM. 
At Zr composition ≥ 3.5 at%, large number of stacking faults and 
twins are generated (β ≥1% from Fig. 4(b)) due to the significant 
decrease of SFE of the Cu matrix. These faults can restrict the 
movement of dislocations and facilitate grain refinement by the 
formation of deformation twins [39,41]. Stacking faults and 
twins produce boundaries inside the columnar grains con-
tributing to size broadening in the XLPA by decreasing the ef-
fective size of the coherently diffracting domains [53,73]. 
Similar grain refinement mechanisms were reported in severely 
plastically deformed Cu-Al and Cu-Zn alloys due to reduction of 
SFE of Cu [2,38,39]. 

(iii) Finally, the grain refinement mechanisms via dislocation mo-
tion and planar faults saturate when Zr solute atoms start in-
teracting with the dislocations and grain boundaries setting the 
lower limit of the crystallite size. Dislocation motion is retarded 
and/or locked due to the Zr solute atoms leading to solid solu-
tion hardening of the Cu-Zr thin films [24]. 

Such dislocation locking mechanisms were confirmed by the 
approximately linear dependence of the inverse crystallite size (1/d) 
on the Zr composition (Fig. 4(a) inset graph). Dislocations may be 
either elastically locked due to Cu-Zr atomic size mismatch or che-
mically locked by the Zr atoms segregated at the stacking faults in 
the fcc Cu-Zr lattice [80,87–88]. Both of these locking processes may 
occur since atomic size mismatch between Cu and Zr atoms is high ~ 
24% and Cu-Zr thin films exhibit large planar fault probability re-
sulting in a steady state value of the crystallite/grain size. 

4.2.3. Stress and stress gradient evolution 
Possible origins of tensile stresses in the Cu-Zr thin films and 

their variation along the film thickness direction (up to ~ 0.75 µm) 
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and for different Zr content are discussed next. Firstly, it is note-
worthy that the tensile stresses obtained using the d Sinhkl 2

method refers to the average stress over the entire cross-section up 
to 2 µm film thickness whereas the GIXRD stress measurement 
method probes the tensile stress gradient up to maximum depth of 
0.75 µm below the film surface for a fixed Zr content (Fig. 9). 

During the room temperature deposition of a co-sputtered Cu-Zr 
thin film, Cu atoms and Zr atoms arrive at the substrate more rapidly 
than they rearrange on the substrate forming a non-equilibrium 
microstructure. The rearrangement on the substrate occurs by dif-
fusion of the atomic species. Due to low diffusivities of Cu and Zr 
atoms at the substrate/room temperature, limited rearrangement 
and columnar growth is expected [86]. Therefore, microstructure of 
the Cu-Zr thin film consists of columnar grains having non-equili-
brium grain boundaries with voids/pores in the grain boundary 
channel and a large density of lattice defects such as excess va-
cancies, dislocations and planar faults inside the grains. Subse-
quently, gradual relaxation of the grain boundaries and progressive 
shrinkage of the columnar grain boundary voids occur due to the 
increase in nucleation rate with respect to grain growth with in-
creasing Zr content. As a consequence, diffusion along the grain 
boundaries becomes more prominent which leads to gradual den-
sification of the films. Densification generates tensile stress in the 
thin film [89] due to the constraint of the rigid substrate. Interest-
ingly, tensile stresses increased monotonically up to 4.5 at% Zr 
(Fig. 7(a)) along with reduction in grain boundary porosity with 
increasing Zr composition (Fig. 5(a)–(c)). Furthermore, the tensile 
stresses at the film surface up to ~ 0.25 µm are different than those 
observed in the subsurface region (0.25 µm ≤ depth ≤ 0.75 µm) 
particularly in films having ≥ 3.5 at% Zr (Fig. 9). Qualitatively, this 
indicates significant variation of microstructure (i.e. porosity, grain 
size/size distribution, and defect density) and possibly crystal-
lographic texture along the thickness direction especially for thin 
films with Zr composition ≥ 3.5 at% assuming Zr composition is 
homogeneous across the depth for all Cu-Zr thin films. Thin films 
having Zr composition ≤ 3 at% exhibited porous microstructure 
continuously from the film surface up to the depth of 0.75 µm 
(Fig. 5(a)) and as a consequence relatively low tensile stresses 
without much stress gradient (up to 0.75 µm depth) was observed 
(Fig. 9). However, the average stresses obtained from the 
d Sinhkl 2 method (Fig. 7(a)) for the thin films having ≤ 3 at% Zr are 
considerably higher than those observed from the GIXRD stress 
analysis (Fig. 9). The reason for this observed difference may be 
higher film stresses close to the substrate which not probed by 
GIXRD due to the small incidence angles. However, it is noteworthy 
that any possible relaxation of tensile stress by dislocation motion 
was neglected in the above discussion as expected to be negligible 
for small grain sizes [90,91]. 

5. Conclusions 

The major conclusions derived from the present investigation of 
the effects of Zr content on the microstructure evolution and re-
sidual stress development in nanostructured room temperature 
deposited Cu100−X-ZrX thin films are as follows:  

1. GIXRD phase analysis, strain free lattice parameters and the 
STEM-EDS confirmed the formation of non-equilibrium Cu100−X- 

ZrXsolid solutions with 2.5 at% ≤ x ≤ 5.5 at% Zr without Zr segre-
gation and amorphous phase formation at the Cu grain bound-
aries.  

2. Grain refinement and texture weakening occurred in the Cu-Zr 
thin films with increasing Zr content: almost random orientation 
of crystallites was obtained at 5.5 at% Zr.  

3. The XLPA confirmed large dislocation density and finite probability 
(≤ 0.1) of planar faults (both stacking faults and twins) in thin films 

due to Zr addition. The generation of stacking faults was also 
supported by the observed lattice parameter anisotropy in Cu-Zr 
thin films. Such planar faults generation was attributed to the re-
duction in stacking fault energy of Cu due to addition of Zr solutes.  

4. The traditional d Sinhkl 2 stress analysis method confirmed 
generation of tensile stresses monotonically increasing with Zr 
composition in the Cu-Zr thin films. GIXRD stress measurements 
revealed considerable tensile stress gradients in the Cu-Zr thin 
films especially at ≥ 3.5 at% Zr possibly due to increasing micro-
structural gradients across the film thickness at ≥ 3.5 at% Zr. 
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