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Residual stresses were determined in magnetron-sputtered Ag thin films of 400 nm thickness by
asymmetric Bragg scattering. The corresponding cos2 α sin2 ψ plots were nonlinear which indicates
a strong residual gradient along the depth of the samples. The in-plane stress was highly compressive
at the sample surface and became tensile at the interface. The out-plane stress was compressive and
reached its maximum at the sample interface. The stress gradient changed significantly with post-
annealing temperature. A Young’s modulus of E = 83 GPa and a Poisson ratio of ν = 0.3 were
measured by surface acoustic wave dispersion.
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1. Introduction

The mechanical behaviour and adhesion between
coating and substrate are strongly affected by residual
stresses. These are inevitably produced in a thin film
due to the structural and thermal misfit between the
film and substrate [1]. These stresses are often higher
than the typical stresses developed in bulk metals, and
can produce serious reliability problems.

During the film deposition at elevated temperature
or during a thermal treatment process residual strain
will build up. Commonly, for thin films four types of
stresses are mentioned. Epitaxial stresses (σep) arise
from the lattice constant mismatch between the lattices
of the film and of the substrate. Intrinsic or growth
stresses (σin) result from the deposition process. If
the system film/substrate is subjected to a tempera-
ture change, then the different thermal expansion coef-
ficients of the film and the substrate will result in ther-
mal stresses (σth) both in film and substrate. Transfor-
mation stresses (σtr) arise during solid phase transition
phenomena.

Many experimental techniques have been developed
to measure the amount of stress and strain in thin films.
The two general classes of commonly used techniques
include deflection techniques based on determining the
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radius of curvature of the substrate [2], and strain mea-
surement techniques, based on direct measurements of
interplanar spacings in the film using X-ray diffrac-
tion [3].

Several X-ray diffraction methods have been ap-
plied to perform residual stress evaluations (RSEs)
within thin films. The most frequent among them
are the sin2 ψ technique [4 – 6], grazing incidence
X-ray diffraction (GIXD) [7], grazing exit X-ray
diffraction [8], and high-resolution X-ray scattering
(HRXRD) [9].

The sin2 ψ method is based on the shift of a diffrac-
tion peak position recorded for different specimen
tilt angles ψ , where ψ is the angle between the
diffracting plane normal and the specimen surface nor-
mal [6]. Usually, the sin2 ψ method is carried out us-
ing a diffractometer which is set up in the Bragg-
Brentano geometry (BBG). RSE by GIXD has been
described by several authors [10 – 14]. Recognizing
the advantages of the sin2 ψ method and the GIXD
techniques a fixed (hkl) peak is measured for differ-
ent ψ tilt under grazing incidence. Such an experimen-
tal setup is called asymmetric Bragg diffraction geom-
etry (ABG) [15].

In this paper, we present experimental measure-
ments carried out in ABG to assess the stress-depth



A. Njeh et al. · X-Ray Residual Stress Gradient Analysis 113

dependence and the effect of annealing treatment on
pure polycrystalline silver films on a silicon substrate.

2. Principles of X-Ray Residual Stress
Measurements

2.1. Theoretical Background

The ABG is as follows: the grazing angle γ is de-
fined by the incident X-ray beam and the sample sur-
face angle axis S1. Si (i = 1, 2 and 3) are the axes of
the sample system S. Usually, S1 and S2 are contained
in the sample surface, and S3 is chosen perpendicular
to the sample surface (Fig. 1). The L3 axis of the labo-
ratory system L is defined by the scattering vector�ghkl .
L1 and L2 are the two orthogonal axes lying on the
(hkl) plane. If the sample is rotated about the S1 axis
for an angle ψ , then the angle α between L1 and S1 is
kept constant (Fig. 2). α is the angle between the sam-
ple surface and the reflecting planes (hkl) for ψ = 0◦,
i. e. α = θ0−γ , where θ0 is the Bragg angle. The strain
from the residual stress on the (hkl) plane is defined by

εαψ = εL
33 =

dαψ −d0

d0
, (1)

where dαψ and d0 are the interplanar spacings for the
(hkl) plane if ψ �= 0◦ and ψ = 0◦, respectively.

Since we receive the diffraction data in the labora-
tory system, we have to transform εL

33 into the strain
tensor εS

i j given in S, according to

εL
33 = A3kA3lεS

kl , (2)

where A is the matrix which transforms from S to L; it

Fig. 1. Definition of the laboratory coordinate system L, the
sample coordinate system S, and the angles φ and ψ .

Fig. 2. The laboratory coordinate system L, X-ray incident
and diffraction directions, and the angle α .

is defined by [15]

Aik =


 cosα 0 −sinα

sinα sinψ cosψ cosα sinψ
sinα cosψ −sinψ cosα cosψ


 . (3)

It is evident from (2) and (3) that εL
33 assumes the

following form:

εL
33 = sin2 α cos2 ψε11 − sinα sin 2ψε12

+ sin2α cos2 ψε13 + sin2 ψε22

− sin2ψ cosαε23 + cos2 α cos2 ψε33.

(4)

According to the elasticity theory of the residual stress
Hooke’s law can be formulated as

εi j =
1 + ν

E
σi j − δi j

ν
E

σkk, (5)

where E = Ehkl is Young’s modulus and ν = νhkl is the
Poisson ratio for the polycrystalline film.

With the assumption that shear components are
weak (σi j ∼= 0 for i �= j) and under the hypothesis that
the in-plane residual stress is isotropic (σ11 = σ22),
(4) becomes

εL
33 =

1 + ν
E

[σ11 −σ33]cos2 α sin2 ψ

+
[

1 + ν
E

sin2 α −2
ν
E

]
σ11

+
[

1
E

cos2 α − ν
E

sin2 α
]

σ33.

(6)

Considering residual stress gradient effects, (6) can be
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written as

εL
33 =

1 + ν
E

[〈σ11〉− 〈σ33〉]cos2 α sin2 ψ

+
[

1 + ν
E

sin2 α −2
ν
E

]
〈σ11〉

+
[

1
E

cos2 α − ν
E

sin2 α
]
〈σ33〉.

(7)

The residual stress profiles σii(z) along the z-
dimension are usually described by polynomial [16]
or exponential [17] functions. Assuming that the stress
profile has a polynomial behaviour, we write

σii(z) = ai + biz+ ciz2, i = 1 or 3. (8)

Because of the exponential attenuation of X-rays in the
material, the average stress can be calculated as [16]

〈σii〉 =
∫ d

0 σii(z)e−z/τdz∫ d
0 e−z/τdz

, i = 1 or 3, (9)

where d is the film thickness and τ is the penetration
depth of the X-rays.

2.2. X-Ray Penetration in Thin Films under Grazing
Incidence

There are several factors which affect the penetra-
tion of X-rays inside the specimen: the linear absorp-
tion coefficient µ of the material, the incidence angle γ
of the X-ray, the Bragg angle θ for the reflection plane
(hkl), and the tilt angle ψ of the sample. As we can see
from Fig. 3, the path length l of the beam inside the
material is given by

l = z
(

1
sin(γ)

+
1

sin(2θ − γ)

)
, (10)

where z is the distance below the surface of the sample.

Fig. 3. Absorption of the X-ray beam from the specimen in
reflection.

According to the absorption law, the diffracted in-
tensity of the X-ray at a distance z is

I = I0 exp(−µ l), (11)

where I0 is the primary intensity.
If the sample is rotated about the S1 axis for an an-

gle ψ (Fig. 1), then the distance zψ below the surface
is defined by

zψ = z/cosψ , (12)

and the diffracted intensity at this distance is

I = I0 exp
[
−µ

z
cosψ

(
1

sin(γ)
+

1
sin(2θ − γ)

)]
. (13)

The penetration depth τ is defined as the distance per-
pendicular to the sample surface, for which the inten-
sity I of the X-ray passing through the material is 1/e
of the primary intensity I0 [18]. The formula for τ is as
follows [19]:

τ =

[
cosψ

µ

(
1

sin(γ)
+

1
sin(2θ − γ)

)−1
]

=
cosψ(sin2 θ − sin2 α)

2µ sinθ sin α
.

(14)

3. Sample Preparation and Basic Characterizations

3.1. Sample Preparation

Our thin films were deposited in a DC mag-
netron sputtering system. Prior to film growth the
vacuum chamber was evacuated to a pressure of
10−7 mbar. Then argon was introduced up to a pres-
sure of 0.01 mbar. The Ag target had a purity better
than 99.9%. Before deposition, the targets were pre-
sputtered for 5 min with the substrate shutter closed.
The substrates were (001)-oriented Si wafers. They
were cleaned in an ultrasonic bath and finally sputter-
cleaned before deposition.

At first we have prepared a thin silver film, of about
100 nm thickness, to control the deposition parame-
ters and to calibrate the magnetron sputtering equip-
ment. Then, four Ag films of 400 nm thickness were
produced at the same time.

3.2. X-Ray Reflectivity Measurements

The density and the thickness of the film has
been determined by X-ray reflectivity on a Seifert
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Fig. 4. X-Ray reflectivity measure-
ment of a silver thin film.

PTS 3003 diffractometer using Cu-Kα1 radiation (λ =
0.154056 nm). The incident beam slit width was set
to 0.05 mm which gave the best signal resolution. The
Cu target was operated at 40 kV with a tube current
of 40 mA.

Figure 4 shows the X-ray reflectometry patterns of
the first Ag film. Data was analyzed by Analyze, a part
of the software system RayfleX (Copyright c©Rich.
Seifert & Co). We found that the average density of
the first silver film is approximately equal to (10.1±
0.2) g/cm3 and the thickness is about (82±2.5) nm.

4. Surface Acoustic Wave Analysis

An ultrasonic surface wave propagates at the sur-
face of a homogenous material with an amplitude that
decreases exponentially perpendicular to the surface
and vanishes to negligible values within a few wave-
lengths below the surface [20]. The penetration depth
decreases with increasing frequency. The velocity of
propagation is somewhat smaller than the bulk shear
velocity associated with the material, which is the same
for all frequencies. If the material is coated with a
film which has different elastic parameters, the surface
wave will become dispersive. Therefore, the wave ve-
locity contains information about the properties of the
film.

4.1. Principle of Calculation of the Surface Acoustic
Wave Velocity

For thin films grown on substrate, acoustic waves
can be excited and propagate in the film or in the sub-

strate. The film acts as a perturbing parameter on the
wave propagation velocity. The velocity change de-
pends on the layer thickness, acoustic frequency, and
impedance mismatch between layer and substrate.

For an anisotropic linear elastic material with no
body force and no piezoelectric effects, the equation
for the wave displacement ui has the form [21]

ρ
∂2ui

∂t2 = Ci jkl
∂2uk

∂x j∂xl
, (i, j,k, l = 1,2,3), (15)

where ρ is the density of the medium, Ci jkl is the elas-
tic tensor, and xi are the coordinates in the sample sys-
tem S.

The particle displacements (u1, u2 and u3) and the
traction components caused by the stress components
of the wave (T13, T23 and T33) must be continuous
across the interface under the assumption of a rigid
contact between the two materials (film and substrate).
Since the free surface is considered to be mechanically
stress-free, the three traction components of stress
must vanish thereon and nine boundary conditions are
obtained. In order to obtain nontrivial solutions of this
set of homogenous equations, the 9.9 determinant must
vanish [20]. Consequently, the following equation is
obtained:

F( f ,h,VRg,E,E ′,ν,ν ′,ρ ,ρ ′) ≡ |ai j| = 0

(i, j = 1,2, . . . ,9).
(16)

Here f is the excitation frequency, VRg is the guessed
Rayleigh wave phase velocity, (E,ν,ρ) and (E ′,ν ′, ρ ′)
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Fig. 5. Experimental dispersion curve
of the first Rayleigh waves propagat-
ing in Ag/Si(001).

are Young’s modulus, the Poisson ratio, and the density
of the film and the substrate, respectively, h is the film
thickness, and ai j are the components of the boundary-
condition determinant. Details on F and the ai j can be
found in [20, 21].

4.2. Experimental Determination of the Dispersion
Curve

Laser acoustic wave measurements are a nonde-
structive method for the characterization of elastic
properties of thin films. The laser ultrasonic experi-
mental equipment utilized for this study has been de-
veloped in the Fraunhofer-Institut for Material and
Beam Technology, Dresden, Germany [22]. Short
pulses (pulse duration, 0.5 ns; energy, 0.4 mJ) of a ni-
trogen laser are focused by a cylindrical lens on the
surface of the sample and generate wide-band surface
wave pulses. These pulses are detected by a wide-band
piezoelectric transducer (bandwidth, 250 MHz). Spec-
imen and transducer are fixed to a translation stage that
moves perpendicular to the position of the laser beam
to vary the distance d between the laser focus line and
the transducer. The surface acoustic waveform is de-
tected at different distances d1 and d2. A Fourier trans-
form of the waveform yields the phase spectra φ1( f )
and φ2( f ). The Rayleigh wave velocity VR depending
on the frequency f is determined according to [22]

VR( f ) =
2π f (d2 −d1)
φ2( f )−φ1( f )

. (17)

The measured dispersion relation for the first Rayleigh
mode propagating in the Ag/Si(001) system is shown
in Figure 5.

4.3. Determination of Young’s Modulus and the
Poisson Ratio of the Ag Film

As we can seen from (16), that the function F de-
pends on seven unknown parameters. Young’s modu-
lus E ′, the Poisson ratio ν ′, and the density ρ ′ of the
substrate Si were obtained from literature. The values
of h and ρ were determined from X-ray reflectometry
measurements. Young’s modulus E and the Poisson ra-
tio ν of the Ag film were the unknown parameters.

An error function which defines the difference be-
tween the measured (VR) and the guessed (VRg) phase
velocities was defined as

e =

N
∑

i=1
[VR(i)−VRg(i)]2

N
∑

i=1
[VR(i)]2

, (18)

where i represents the discrete nondimensional wave
number and N is the number of data points.

An initial guess of E and ν was made first, then the
forward computer program for calculating the phase
velocity dispersion of surface acoustic waves was uti-
lized to calculate the guessed phase velocity VRg ac-
cording to (16). The value of the error function could
thus be obtained from (18). The true Young’s modulus
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Fig. 6. The diffraction geom-
etry of the Seifert PTS 3003
Bragg-Brentano diffractometer
in GIXD mode (picture repro-
duced by courtesy of Seifert).

E and the Poisson ratio ν of the film were then deter-
mined using the simplex method [21].

The measured dispersion relation for the first
Rayleigh mode propagating in the Ag/Si(001) system
shown in Fig. 5 was utilized to determine inversely
Young’s modulus E and the Poisson ratio ν of the Ag
film. Data analysis was done using LA-wave software.
The refined results are E = (83± 1.2) GPa and ν =
(0.3±0.002).

5. X-Ray Diffraction Measurement

5.1. Conversion of the Conventional Diffractometer

As already outlined, the strain-stress analysis of the
samples has been carried out using X-ray diffraction
(XRD). We had a four-circle powder diffractometer
Seifert PTS 3003 at our disposal. The diffractometer
was equipped with a Cu tube. The operation voltage
and current were 40 kV and 40 mA, respectively.

The conversion of our conventional powder diffrac-
tometer into a grazing incidence diffractometer was
accomplished by mounting a long Soller slit on the
detector side with its plates perpendicular to the
diffraction plane. The entire configuration consisted
of a primary divergence slit (1 mm), an axial Soller
slit to limit axial divergence on the primary (tube)
side, a secondary divergence slit (0.3 mm), and the
mentioned long Soller slit (0.4◦) on the secondary
side. A flat graphite monochromator was placed
in front of the scintillation counter. The radius Rd
was 360 mm which is fairly large for a conventional
diffractometer and provides good angular resolution
(Fig. 6).

5.2. Lattice Spacing Depth Profiling

The above outlined ABG method has been applied
to several Ag films of 400 nm thickness. For GIXD,
the angle γ between the incident X-ray beam and the
sample surface was kept constant at γ = 3◦. For this
incidence angle the X-ray could penetrate through the
depth of the Ag films. The detector scanned in the
2θ range from 33◦ to 42◦ to measure the Ag(111)
peak (2θ0 = 38.11◦). The (111) plane was used due
to its relatively strong intensity. The goniometer error
function G(θ ,ψ ,γ) for the GIXD geometry has been
measured using polycrystalline standard Ag samples.
All measured reflection positions θ were corrected us-
ing G(θ ,ψ ,γ). Four samples were studied. At first, the
X-ray stress measurements were applied to the samples
as deposited. Subsequently, the films were annealed at
selected temperatures in a sealed glass tube under ar-
gon gas for 90 min with a heating step of 5 ◦C/min. The
temperature range was from T = 100 ◦C to 700 ◦C in
steps of ∆T = 200 ◦C. The experimental results of the
lattice spacing vs. cos2 α sin2 ψ plot of Ag(111) reflec-
tion are shown in Fig. 7 as solid squares. A nonlinear-
ity variation has been found. It can be attributed to the
presence of a residual stress gradient in the samples.

6. Stress Depth Profile Evaluation

6.1. Basic Relations

Working out the integral, (8) becomes

〈σii〉= ai+bi

(
τ+

d
1−ed/τ

)
+ci

(
2τ2+

d(d+2τ)
1−ed/τ

)
,

i = 1 or 3. (19)
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(a)

(b)

Fig. 7. Residual strain versus
cos2 α sin2 ψ for (111) reflec-
tions. The solid squares are the
experimental results and the solid
line is the model. (a) Sputtered
Ag film; (b) annealed Ag film
at 100 ◦C; (c) annealed Ag film
at 300 ◦C; (d) annealed Ag film
at 500 ◦C; (e) annealed Ag film
at 700 ◦C; (f) all Ag films.

The equilibrium conditions of the linear elasticity the-
ory

σi j = 0, i, j = 1,2,3, (20)

and the surface boundary conditions

σi3(z = 0) = 0, i = 1,2,3, (21)

must be used for the resolution of the depth-dependent
stress state [16]. Equation (11) imposes that all forces

in the body must be in equilibrium. Equation (21) re-
flects that all components of the stress on the free sam-
ple surface must vanish. Taking into account the con-
ditions imposed by (20) and (21) the coefficients a3
and b3 must vanish.

6.2. Residual Stress Gradients of Annealed Ag
Polycrystalline Thin Films

From (14) and by refining (7) and (19) to the data
of Fig. 7 using nonlinear least-squares modelling, the



A. Njeh et al. · X-Ray Residual Stress Gradient Analysis 119

(c)

(d)

Fig. 7 (continued).

refining parameters ai, bi and ci (i = 1 or 3) will be
obtained.

The refined cos2 α sin2 ψ data plots considering the
residual stress gradient effect are shown in Fig. 7 as full
lines. Table 1 presents the obtained refining parameters
for different data plots.

The corresponding stress components [σ11(z) =
σ22(z) and σ33(z)] as functions of the position be-

low the surface [cf. (8)] are shown in Fig. 8 and
Fig. 9 for Ag films annealed at different tempera-
tures.

For our thin films no phase transition phenomena
occurred and epitaxial stresses played no role. So, the
total residual stress presented in the Ag films was a
combination of the intrinsic stresses (σin) and the ther-
mal stresses (σth).
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(e)

(f)

Fig. 7 (continued).

Figure 8 shows the in-plane stress (σ11 and σ22)
trends as functions of the position below the sam-
ple surface. The in-plane components of the residual
stress in Ag films at the top are between −1 GPa
and −9 GPa and increase with the distance from the
surface. At a depth between 210 nm and 275 nm,

a change to tensile stress is seen. Thermal stress
increases with the annealing temperature, so the
tensile stress components σ11 and σ22 increase at
the interface with temperature and reach a max-
imum of about 10 GPa for the sample annealed
at 700 ◦C.
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T [◦C] a1 [GPa] b1 [GPa/nm] c1 [GPa/nm2] c3 [GPa/nm2]
25 −9.04±1.05 (4.40±0.20) ·10−2 (−2.86±0.50) ·10−5 (−2.37±0.20) ·10−6

100 −8.50±1.80 (3.60±0.33) ·10−2 (−1.53±0.25) ·10−5 (−2.22±0.34) ·10−6

300 −7.90±1.13 (3.61±0.28) ·10−2 (−2.26±0.60) ·10−5 (−2.17±0.24) ·10−6

500 −4.49±1.03 (4.25±0.19) ·10−2 (5.98±0.90) ·10−5 (−1.78±0.19) ·10−6

700 −0.90±0.08 (−2.3±0.15) ·10−2 (13.10±2.05) ·10−5 (−1.04±0.15) ·10−6

Table 1. The refined a1, b1, c1
and c3 coefficients for all Ag
films annealed at different tem-
peratures.

Fig. 8. Refined in-plane residual
stress. Profile of post-annealing
Ag films.

Fig. 9. Refined out-of-plane
residual stress. Profile of
post-annealing Ag films.

Figure 9 shows a compressive out-of-plane compo-
nent (σ33). At the sample surface, σ33 is close to zero,
which satisfies (21), and increases with the depth from

the surface sample. Generally, the out-of-plane resid-
ual stress is assumed to be zero, but in our case it is
invalid (Fig. 9). Our results show that the in-plane com-
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ponent of the residual stress is larger than the out-of-
plane component for all Ag films, but the out-of-plane
component is not that small to be neglected. The maxi-
mum of the component σ33 at the sample interface is of
about −0.35 GPa for the deposited Ag film. For weak-
textured and isotropic films, the out-of-plane residual
stress could be neglected. But in our case, the out-of-
plane residual stress must be considered. One can con-
clude that during the formation of texture in Ag lay-
ers, as the texture becomes stronger, the residual stress
becomes larger. For the sample annealed at 700 ◦C
the out-of-plane residual stress decreases and reaches
−0.15 GPa which shows the effect of the temperature
on the texture formation and residual stress behaviour.

7. Conclusions

Four Ag thin films, of 400 nm thick, were prepared
by c-magnetron sputtering on Si(001) substrates. The
average density of the polycrystalline silver materials
(ρ = 10.1 g/cm3) was determined by reflectinity mea-
surements. Laser acoustic wave measurements were
applied to determine Young’s modulus (E = 83 GPa)
and the Poisson ratio (ν = 0.3) of the films. The
films were annealed at different temperatures (100 ◦C,
300 ◦C, 500 ◦C, and 700 ◦C). Grazing incidence X-ray
diffraction measurements were used for residual stress
evaluation utilizing the (111) plane reflection. Nonlin-

earity was found in the cos2 α sin2 ψ plots. By appli-
cation of the differential equation of equilibrium and
the surface boundary conditions for every stress tensor
component σii, a model function σii(z) was extracted.
The data were fitted and the residual stress trends along
the film depth were obtained. The stress gradients were
found to be sensitive to the annealing process.

Compressive out-of-plane stresses (σ33) in our Ag
films were found which prove the formation of texture
in Ag films. The out-of-plane residual stresses were
equal to zero near the free surface of the films and in-
creased from top to bottom. The maximum, reached
at the interface, decreased with increasing anneal-
ing temperature. The in-plane stresses (σ11 and σ22)
were compressive in a depth range between 210 nm
and 275 nm from the samples surface. After reaching
a value of zero they increased to high-tensile values.
The maximum, reached at the interface, increased with
elevated post-annealing temperature which proves the
dominance of thermal stresses near the substrate.
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