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Abstract. The Néel temperature in thin film Cr coatings is strongly influenced by
dimensionality effects, as well as strain and stress. In an investigation of Cr thin films, with
thickness (t) varied between 20 and 320 nm, deposited on fused silica substrates, the Ty values
obtained from resistivity measurements indicate an increase with thickness as expected. This
study is now extended to investigations of the in-plane stresses in these thin films, using
specialised x-ray diffraction sin?y~method. The in-plane residual strain (&) present in the
coating is determined from the slope of a linear plot through the fractional change in the lattice
plane spacing (or Bragg peak position) versus siny plots. Residual stress (o) are calculated
from the & versus sin?y data by incorporation the elastic properties of the coating material. The
results indicate tensile stresses in all the samples.

1. Introduction

Cr is an archetypical antiferromagnet which forms an incommensurate spin-density-wave (SDW)
structure that results from the nesting of the Fermi surfaces [1]. The magnetic transition temperature of
bulk Cris 311 K and has been found to be influenced by applied pressure [1, 2]. For polycrystalline Cr
thin films deposited on fused silica substrates by the direct current magnetron sputtering method, a
recent study has shown the Ty to be higher than in bulk material and that the Tn increases with the
coating thickness (t) [3].

Residual stress in thin films can be present as a result of the deposition and annealing techniques
used [4]. Stress in thin films is classified as intrinsic and extrinsic [4, 5]. Intrinsic stress is caused by: i)
presence of impurities; ii) voids; iii) partial growth; and v) re-crystallization during deposition [4].
Extrinsic stresses originate from differences in coefficient of thermal expansion (CTE) between the
coating and the substrates [4]. The deposition parameters such as evaporation rate, geometry,
temperature, and argon sputtering pressure, or impurities in the deposition system can also affect the
stress values in both types of stresses [4].
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Strain is the fundamental materials parameter that is measured by various techniques [6] based on
destructive and non-destructive approaches. In the destructive approaches, strain relaxation is
introduced by cutting/slitting actions with the residual strain that existed prior to this action inferred
from the extent of the relaxation. The relaxation can be measured by mechanical strain gauges, or laser
and optical based dilatometry techniques. Most non-destructive approaches are diffraction based of
which x-ray diffraction is most generally used. With this technique, the spacing between atomic planes
as an built-in material strain gauge is accurately measured [7]. Stresses are then calculated from the
measured strains by incorporation of the elastic properties of the material.

In the x-ray diffraction method the lattice plane spacing, dna, IS precisely determined for a
crystallographic reflection hkl, from the angular-position & of the measured diffraction peak by
application of Bragg’s law of diffraction. The lattice plane spacing dna = dy, OFf crystallites orientated
perpendicular to the diffraction vector Ly, as shown in the geometry of figure 1, is measured at
various tilt angles y (source/tube geometry always fulfilling the Bragg condition for that reflection).
The vector Ly, along which the strain is measured bisects the angle between the incident and
diffracted beam paths. The strain, &y, in the Cr film along L, is defined by [7]:

dg,—d
Epy = ¢Yj—0° )

where do is the lattice plane spacing in an unstrained Cr thin film. In general defining L, as one of the
coordinate axis in figure 1, the strain in the Cr film’s coordinates system (S;) can be expressed in terms
of Ly, through a second-rank tensor transformation [7]:

Eii = ik Qi Exy, 2

where ¢;; is defined along L4, and i is usually set to three by substituting the appropriated direction
cosines to aixand aj in the form of gand y, g; can then be written as (in terms of direction cosines):

Epy = €11 €0S% P sin®P + £, sin2¢ sin*P + &, sin® ¢ siny
—&33 Sin? P + £33 + £13 cOsP sin2yY + £,5 sin ¢ sin 2. (©)]

Equation (3) has six unknown variables that can be solved from at least six, but preferably more,
independent measurements. Thus g;; can be solved in the Cr coordinate system (S;) [4]. Generally,
penetration depth of x-rays into Cr is about 10 um [8], thus the stress is measured in the surface region
of the material only and a biaxial stress condition exists with components S; and S; in the plane of the
material with no stress existing perpendicular to the free surface. For this biaxial stress condition it is
further assumed that the material is single-phased, randomised crystallite orientations (no texture) and
that the grain sizes are substantially smaller than the X-ray gauge volume. Equation (3) can then be
simplified to be [5, 7]:

Epy = (%) o, sin? y — (%) (011 + 032), (4)

where gy is the stress in the surface direction S, shown in Figure 1, E is the Young modulus and v is
the Poisson ratio, oy, and o, are the principal stress components along S; and S, (shown in figure 1)
on the surface of the film.
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Figure 1: Schematic diagram defining the coordinates system of the sample S; and the diffraction
directions. The diffracted beam I, the incident beam I, and the normal diffracting planes Ly, lie in the
same vertical plane [4].

It is possible to solve the elastic constants empirically, however, the unstrained lattice do value is
usually not known. Since E > (011 + 05,) the value of do may be replaced by dyo, i.e. the value
measured at y = 0° (perpendicular to the surface). This holds only for the biaxial stress condition
applied here. This renders an error of about 0.1% and the values for o,, o1 and oz can be determined
within this accuracy. This method thus becomes a differential technique not requiring standard
references for calibration of the stress-free lattice spacing [9].

In this paper measurements and results are reported of the strains and stresses in Cr thin films
deposited on fused silica substrates. The strains in the thin films were determined using the x-ray
diffraction sin?y technique introduced above.

2. Experimental
The Cr films were prepared using direct current (DC) magnetron sputtering. The films were

deposited at a substrate temperature and argon pressure of 973 K and 3 mT, respectively onto fused
silica substrates (size: 10 mm? and thicknesses of 0.5 mm). The film thicknesses varied between 20
and 320 nm and were controlled by the deposition times. X-ray diffraction measurements were done
on a Brucker D8 Discover diffractometer equipped with a Vantec 500 area detector. The source
radiation was Cu K, set at 40 kV and 40 mA in conjunction with a monochromated incident beam 0.8
mm in diameter. The traditional sin?y method was used to study the residual strain in the material [4].
In strain analyses, changes in the lattice plane spacing are very small (typically 10) which are
achieved by selecting reflections with 26 values larger than 100°. In the case of the Cr polycrystalline
films the (310) reflection at 26-position 115° was used. Due to the penetration depth of the x-ray beam
compared to the coating thickness, the measured strains are averaged through the coating thickness.

3. Results

The fused silica substrates are amorphous and thus do not contribute any coherent diffraction peaks
to the diffraction patterns. In figure 2(a) the measured 26s10) peak as function of the tilt angle, v, is
shown for a Cr layer thickness of 160 nm.
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Figure 2: (a) 6-20 XRD of the film, for Cr film prepared on fused silica of t = 320 nm. (b) 26310
Bragg peak of Cr as function of the tilt angle, v, measured on the 160 nm Cr film. (c) Plots of strain
(&) as function of sin?y for different thicknesses of Cr coatings. (d) Strain (&) versus sin?y for the 160
nm sample showing the linear regression fit, where the gradient was used to calculate the residual
stress.

It is clear that the central 26-position shifts to lower angles as w is increased from 0° to 70°. In
figure 2(b) the strain, (1), as function of sin?y is shown for Cr layers with thickness ranging between
40 to 320 nm. At a Cr film thickness of 20 nm no (310) reflection could be observed due to the layer
being very thin and not observeable within the detection limit of the instrument. The positive slope in
the 10y as function of sin?y plots for all Cr film thicknesses indicates that the residual stress in the

films are tensile [10] in all cases.
dypy—do

As an example of the typical data analysis procedure, a linear regression fit for &340y = as

function of sin?y for the 160 nm thin film is shown in figure 2(c). From equation (4) and assuming
that siny = 0 at the intercept the unstrained lattice spacing do can be obtained from:

v

dgo = do — (E):ﬂo do (011 + 022), ()
where the slope of the plot is given by:

6d¢ 1+v
m = (53109 do- (6)
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Using equations (5) and (6) the principal residual stress components oi1 and o2, could be calculated.
These values are summarized in table 1 and plotted as function of Cr film thickness in figure 3(a). The
largest residual stress value is observed in the thinnest Cr coating, from where it decreases sharply to a
value 966 MPa for the 80 nm coating followed by a gradual increase to values of 1179 MPa for the
160 nm coating and1260 MPa for the 320 nm coating.

A qualitative description of the residual stress that develops in coated systems is given. The major
contributor is cooling (thermal) stresses associated with the relative differences in their coefficients
thermal expansion, a, between the coating (c) and the substrate material (s). As the temperature
decreases from the deposition temperature the following scenarios are possible [11]:

® ac> as: atensile stress is generated in the coating,

e ac= as. no cooling stress will develop,
o o < as: the resulting cooling stress is compressive.

Since the coefficient of thermal expansion of Cr is larger than that of the fused silica, when the
system is cooled from the deposition temperature the Cr will contract more than fused silica, and
because of the substantially larger volume of substrate material present, this causes tensile thermal
stress [4] in the thin coating. Because the stress values are averaged over the film thicknesses, the
result of figure 3(a) indicates that the stresses are influenced by two competing mechanisms: i) the
film thickness; ii) the CTE differences. The interactive stress due to the first mechanism is dominant
for thicknesses smaller than 80 nm.

Figure 3(b) shows the relationship between o1 as a function of Ty, obtained previously [3]. There is
an increase of the Ty with an increase in residual stress values for the samples with a thickness larger
than 80 nm. The stress of the 40 nm sample is higher than that of the other samples in the series, this
corresponds to an increase seen in the Ty value of the 40 nm sample [3]. It is evident that stress
increases the Ty values of the samples series in correspondence to what is expected [2].

4, Conclusions

The residual strain and stress analysis of Cr thin films coated on fused silica substrates, with
thickness varying between 40 nm to 320 nm, was done using the x-ray diffraction sin?y technique. In
general, the results reveal a large residual stress when the film is initially deposited, that drops off
sharply with thickness, where after the stress values again increase more gradually for film thicknesses
larger than 80 nm. As expected, the stresses remain tensile regardless of the film thickness due to the
CTE differences between the film and substrate. Overall, there a link is observed between the Tn
values and the residual stress values for samples that have thickness larger than 80 nm.

Table 1: Principal stress component results for Cr thin film
thicknesses 40 nm to 320 nm deposited on fused silica

substrates.
Thickness (nm) Stress tensors (MPa)
O11 022
40 1640 + 128 1452 + 129
80 966 + 50 922 +50
160 1179 +18 1149 + 18
320 1260 + 18 1258 + 18
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Figure 3: (a) Residual stress (o11) versus Cr thin film thickness for coatings on fused silica. (b) Plot of
residual stress (oi1) versus Néel temperature (Tn). The solid lines in both figure (a) and (b) serve as
guides to the eye to show trends.
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