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Thermal Stresses and Microstructure of Tungsten Films on Copper

M. Kapp, K.J. Martinschitz, J. Keckes, J. M. Lackner, I. Zizak and G. Dehm

Tungsten films on polycrystalline copper are considered as possible material systems for high heat flux components 
in fusion reactors like the International Thermonuclear Experimental Reactor (ITER). Since high thermal loads will 
occur at the reactor wall it is necessary to analyse temperature-induced stress evolution and possible microstructural 
changes. In this study the thermal stresses in tungsten films with different thicknesses are characterized by advanced 
in-situ X-ray diffraction techniques including synchrotron scattering. The microstructure and stress behaviour are criti-

cally discussed.

Thermische Spannungen und Mikrostruktur in dünnen Wolframschichten auf Kupfer. Wolfram Schichten auf Kupfer 
stellen ein mögliches Materialsystem für Anwendungen in Fusionsreaktoren wie dem International Thermonuclear 
Experimental Reactor ITER dar. Da die Schichten beträchtlichen thermischen Belastungen ausgesetzt sein werden, ist 
es von großem Interesse, die Entwicklung thermischer Spannungen und die Änderungen der Mikrostruktur zu analy-
sieren. Zu diesem Zweck wurden in dieser Arbeit die thermischen Spannungen mittels moderner röntgenographischer 
Methoden, die unter anderem auch am Berliner Synchrotron ausgeführt wurden, charakterisiert und unter Berücksich-

tigung der Mikrostruktur kritisch diskutiert.

1. Introduction

Tungsten thin films have long been of central interest 
for microelectronic purposes, but have recently become 
also relevant as possible barrier coatings for copper 
or carbon fiber reinforced carbon (CFC) units in future 
fusion reactors like ITER. Therefore, the films will be 
exposed to extreme thermal loads and ion bombardment 
making full understanding of the evolution of residual 
and especially thermal stresses and microstructure nec-
essary. Although several studies have addressed the 
systems W/Si1–7 and W/CFC8–9, very little is known for 
the system W/Cu.

It is well known, that thin metallic films with thick-
nesses in the range of some micrometers and less 
reveal size dependent flow stresses. This behaviour is 
caused by constraints on dislocation nucleation and/or 
motion10–12 and is similar to the well-known Hall-Petch 
effect13. The flow stress σ is related with
σ ~ hα

to the film thickness h. The exponent α depends on the 
dominant deformation mechanism and amounts to –0.5 

to -1, even though values as small as –0.3 have been 
reported14.

Studies on W/Si have shown compressive residual 
stresses in W with values between –6 GPa and –1.3 
GPa1–3,7. The presence of stress gradients in their W 
films was reported2. The influence of the deposition 
technique and deposition parameters on the W film 
stress can also be significant, as studies of W on CFC 
revealed8–9. It was found, that the compressive stresses 
decreased from –1.7 to –0.5 GPa when switching from 
sputter deposition to plasma physical vapour deposi-
tion8–9. However, the microstructure of the films was 
only marginally analysed. This topic was addressed in a 
recent study of W films on amorphous SiNx coated Si7. 
A predominant (111) grain orientation was detected7, 
although (110) is reported to be the energetically most 
favourable orientation15.

Despite the technological interest in W on Cu, very 
few studies have been conducted on that system. The 
aim of this study was to characterize the microstructure 
and thermal stresses of W films on Cu, not only for as-
deposited films but also during in-situ thermal cycling up 
to a temperature of 600 °C. Laboratory and synchrotron 
X-ray diffraction (XRD) and orientation imaging using 
scanning electron microscopy (SEM) are the main tech-
niques employed in this study.

2. Experimental

2.1 Film Deposition

Tungsten thin films have been deposited at an Argon 
pressure of ca. 2.5 × 10–2 mbar at 450 °C17 on 600 µm 
thick Cu sheets by pulsed laser deposition. The nominal 
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film thicknesses ranged from 100 to 800 nm. This corre-
sponds to deposition times of 30, 60, 120 and 240 min, 
respectively.

2.2 Microstructure Analysis

The microstructure was analysed using SEM and elec-
tron backscatter diffraction (EBSD). For EBSD measure-
ments an acceleration voltage of 20 kV and apertures 
of 30 or 60 µm diameter were used. Data acquisition 
was complicated by massive carbon contamination and 
surface imperfections leading to a weak contrast in the 
diffraction pattern. Therefore, samples were cleaned by 
ultrasonic and plasma cleaning (Fischione Instruments, 
Model 1020). Subsequently, samples were heated at low 
temperature (<100 °C) for several hours in an attempt to 
minimize residual contamination.

2.3 Stress Analysis

Biaxial film stresses were analysed with XRD using 
two different X-ray sources. The 100 nm thick film was 
measured at the synchrotron facility Bessy (Berlin, Ger-
many) at the beamline KMC2. All other samples were 
measured using the laboratory X-ray source Seifert PTS 
300 (Erich Schmid Institute, Leoben) applying an accel-
eration voltage of 40 kV and an anode current of 40 mA. 
In both cases radiation with a wavelength of 0.154 nm 
was used.

For measuring the 100 nm thick film the W (310) 
reflection at a 2θ angle of 101° was recorded in form 
of Debye Scherrer rings using a Bruker-AXS Hi-Star 
two-dimensional detector with an acquisition time of 15 
s/scan. Heating occurred in a vacuum of 10–6 mbar in 
steps of 50 °C and a heating rate of 10 °C/min. For the 
measurements performed with the laboratory source 
θ/2θ scans of the (110) reflection at an angle of about 40° 
were carried out with a step size of 0.05° and an acqui-
sition time of 1 s/step. Using a stage DHS 900 (Anton 
Paar GmbH), the samples were heated in steps of 
50 °C with a rate of 20 °C/min in a vacuum ranging from  
2 × 10–4 to 7.5 × 10–5 mbar.

By measuring the lattice spacing d as a function of 
the sample tilt angles, it was possible to determine lattice 
strain in the films. The data were evaluated using the 
sin2ψ method18 whereby temperature-dependent elastic 
constants of tungsten19 were applied in order to refine 
unstrained lattice spacing, thermal expansion coeffi-
cients13 and residual stresses in tungsten. For an ideal 
isotropic material a plot of d at various sin2ψ positions 
should result in a linear dependence. However, as a 

consequence of strain gradients, anisotropic grain-grain 
interactions and the presence of various phases2,3,6, a 
linear relationship between d and sin2ψ was not always 
observed which complicates the data evaluation.

3. Results

3.1 Microstructure

The films are dense and adhere well in the as-deposited 
state and after thermal cycling. 

EBSD analysis revealed a predominant (111) grain 
orientation in the 400 (Fig. 1.a) and 800 nm (Fig. 1. b) 

Table 1. Residual stress values of W determined by XRD. The 
compressive stresses at room temperature indicate a decrease 
with increasing film thickness. With exception of the 200 nm thick 
film the values for the thermoelastic slopes (TES) are in good 
accordance with the theoretically predicted thermoelastic value 
of 8.4 MPa/°C

 σStart (RT) σEnd (RT) TES 
[RT-450] 
 (GPa) (GPa) (MPa/°C)

100 nm –4.9 ± 0.3 –4.9 ± 0.2  8.1
200 nm –6.3 ± 0.4 –4.5 ± 0.4 10.8
400 nm –3.7 ± 0.2 –3.8 ± 0.3  9.1
800 nm –3.0 ± 0.3 –3.1 ± 0.4  8.4

 

 

  
Fig. 1. EBSD image of the (a) 400 nm and (b) 800 nm thick W 
film. The dominant grain orientation is (111), which corresponds 
to the blue colour in the orientation triangle. While in (a) the 
400 nm film an overgrown twinned Cu grain is visible, (b) the 
800 nm film shows a bimodal grain size distribution. The black 

areas could not be indexed by EBSD

 

 
Fig. 1. EBSD image of the (a) 400 nm and (b) 800 nm thick W film. The dominant grain orientation is (111), which 

corresponds to the blue colour in the orientation triangle. While in (a) the 400 nm film an overgrown twinned Cu grain 

is visible, (b) the 800 nm film shows a bimodal grain size distribution. The black areas could not be indexed by EBSD 

 

  
Fig. 2. EBSD image of the (a) 400 nm and (b) 800 nm thick W 
film after thermal cycling. The dominant orientation is near (111), 
but there are also several grains visible with near (110) 
orientation. The grain size is (a) 78 nm on average in the 400 nm 

and (b) 168 nm in the 800 nm thick film
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thick films in the as-deposited state. Within the grains 
continuous orientational changes of up to 16° without the 
formation of well defined small- or large-angle bounda-
ries were observed. The straight, parallel grain bounda-
ries visible in Fig.1.a resemble in appearance and 
dimension a twinned copper grain of the substrate, indi-
cating oriented growth of W on Cu. As a consequence, 
the as-deposited W grain size may be as large as the Cu 
grain size of the substrate. None such boundaries were 
found in the 800 nm thick film (Fig. 1.b), which shows a 
bimodal grain size distribution.

After thermal cycling the microstructure was distinctly 
changed. The 400 nm film recrystallized completely  
(Fig. 2. a) resulting in an average grain size of 76 nm. 
Grain orientation is still near (111) but shifted slightly 
towards (110) which is the grain orientation with the low-
est surface energy. The 800 nm film (Fig. 2. b) recrystal-
lized only partly. The newly formed grains are embedded 
in the originally large as-deposited grains, like in a matrix, 
and differ in their in-plane orientation. The average grain 
size of the 800 nm film amounts to 168 nm.

Furthermore, θ/2θ scans were conducted. They show 
in addition to peaks of Cu and α−W also β–W peaks (see 
Fig. 3). α−W represents the thermodynamically stable 
phase with base centered cubic configuration and β–W a 
metastable form, which is often found in systems of high 
thermodynamical disequilibrium.

3.2 Stress Analysis

At room temperature the films are in a compressive 
stress state and show during heating and cooling mainly 

a thermoelastic response. All films were heated up to 
600 °C, the 100 nm thick film was additionally heated up 
to 800 °C.

The first heating cycle of the 100 nm sample was 
carried out up to a maximum temperature Tmax=600 °C. 
Starting at room temperature with a compressive resid-
ual stress value of -4.9 ± 0.3 GPa, the film reached a 
stress value of -0.6 ± 0.1 GPa at 600 °C (Fig. 4). The 
slope is with 8.1 MPa/°C up to 450 °C only slightly lower 
than the theoretically predicted thermoelastic slope of 
8.4 MPa/°C. This fact is visible in the nearly identical 
slopes of the stress-temperature curve and the thermoe-
lastic curve. Above 450 °C a reduction of the slope to 5.9 
MPa/°C is observed. Upon cooling the residual stress is 
comparable to that observed in the as-deposited state.

Thermoelastic behaviour also dominates the second 
heating cycle (Fig. 5) up to a temperature of 700 °C. At 
700 °C the system is nearly stress-free and it is interest-
ing to note, that further heating does not lead to a build–
up of tensile stresses in the film and the film remains 
stress- free. During cooling a hysteresis develops with 
the stress values at the end of the cycle returning to the 
initial room temperature stress values.

Temperature dependencies of stresses in 200, 400 
and 800 nm thick films (Fig. 6) reveal similar behav-

 

 
Fig. 2. EBSD image of the (a) 400 nm and (b) 800 nm thick W film after thermal cycling. The dominant orientation is 

near (111), but there are also several grains visible with near (110) orientation. The grain size is (a) 78 nm on average in 

the 400 nm and (b) 168 nm in the 800 nm thick film 
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Fig. 3. A θ/2θ scan collected from a 800 nm as-deposited film

 

 
Fig. 3. A θ/2θ scan collected from a 800 nm as-deposited film 
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Fig. 4. Stress evolution of a 100 nm thick W film. The first 
heating cycle with Tmax =600 °C shows mainly thermoelastic 
behaviour as seen in the nearly equivalent slope of the 
experimental (“heating”, “cooling”) and the theoretical 
(“thermoelastic”) curve. Only above 450 °C a slightly reduced 

slope is observed in the experimental curve
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(“thermoelastic”) curve. Only above 450 °C a slightly reduced slope is observed in the experimental curve 
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 Fig. 5. First (Tmax =600 °C) and second (Tmax =800 °C) thermal 
cycle of a 100 nm thick W film on Cu. The first thermocycle was 
conducted up to 600 °C, the second up to 800 °C. Up to 450 °C 
the stress development is linear thermoelastic, above 450 °C 

relaxation starts, intensifying above 700 °C

 

 
Fig. 5. First (T

max =600 °C) and second (T
max =800 °C) thermal cycle of a 100 nm thick W film on Cu. The first 

thermocycle was conducted up to 600 °C, the second up to 800 °C. Up to 450 °C the stress development is linear 

thermoelastic, above 450 °C relaxation starts, intensifying above 700 °C 
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Fig. 6. Stress evolution in 200, 400 and 800 nm thick W films in 
the range of 25 to 600 °C. Except from the heating curve of the 
200 nm film all three samples show similar behaviour with a 
thermoelastic response up to 450 °C. At higher temperatures 
stress curves diverge from the ideal thermoelastic behaviour 
and a smaller slope than the thermoelastic value of  

8.4 MPa/°C
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iour as the 100 nm thick film. The initial stress values 
and those at the end of the first thermal cycle indicate 
some influence of film thickness on the stress evolution  
(Fig. 6). The room temperature residual stresses σRT in 
the as-deposited state as well as after thermal cycling 
correlate with the film thickness h with
σRT ~h-0.2.
Upon heating all samples reveal a reduction of the 
thermoelastic slope at temperatures exceeding 450 °C. 
At Tmax the stress values approach zero with values 
between -0.6 and +0.6 GPa. The 200 nm sample shows 
some scatter in the data, which will be discussed later.

4. Discussion

4.1 Microstructure

For thin metallic films close to thermodynamic equilib-
rium grain growth should lead to a grain size of 1 to 
2 times the film thickness11, 20 and a grain orientation 
with the lowest surface energy ((110) for W)15. This is 
prevented in the current study by the low deposition 
temperature of 450 °C compared to the extremely high 
melting temperature of W being more than 3400 °C. 
However, it is interesting to note that W mimics the grain 
size of the Cu substrate indicating epitaxial overgrowth, 
at least partially. The micron-sized as-deposited W 
grains exhibit continuous in-plane orientation changes 
of several degrees within the grains, which can only be 
realized by high local dislocation densities.

A system like this is in an energetically unfavour-
able state and eager to reduce its energy, but remains 
“frozen” in its metastable state as long as the neces-
sary activation energy for recovery or grain growth is 
not provided. If it is exposed to elevated temperatures, 
e.g. during thermal cycling, microstructural changes can 
occur. In our case, grain size and orientation changed 
significantly after exposure to 600 °C. The orientation 
gradients disappeared and a homogenous grain size 
with well defined grain boundaries evolved. The grain 
size, which was established after annealing at 600 °C, 
is similar to grain sizes determined for W films grown 
on amorphous SiNx coated Si substrates 7. Even though 
the W grain size, grain orientation and, most likely, the 

defect density including the amount of metastable β-W 
changed during the heat treatment, the stresses at the 
end of the cycle remained nearly unaltered compared to 
the as-deposited state.

4.2 Thermal Stresses

As also found in other studies of W films on CFC8–9, 
Si1,2, and amorphous SiNx coated Si7, the films of the 
present study are in a high compressive stress state. 
This is expected due to the considerable difference of 
the thermal expansion coefficients between W and Cu. 
Assuming a stress-free W growth on Cu at the deposi-
tion temperature and thermoelastic behaviour of W, 
compressive stresses of –3.3 GPa should be induced 
upon cooling. This is comparable to the measured 
room temperature stress values for the 400 and 800 nm 
thick W films. Additionally, lattice mismatch strains of 
the oriented W on Cu, β-W, and lattice defects such as 
implanted Ar (“atomic peening”21) can increase the com-
pressive stresses further.

During heating the films relax mainly thermoelastical-
ly, but show a reduced slope at temperatures exceeding 
450 °C. This can be seen as the start for microstructural 
processes like recovery and recrystallization.

The room temperature residual stress values at the 
end of the first cycle show a power law increase with 
decreasing film thickness according to 
σRT ~ h−0.2.

Usually, relationships of h−0.5 to h−1 are expected13. 
In our case, the size effect on the film stress is less 
pronounced. This is most likely related to the predomi-
nantly elastic response of the W films due to the low 
temperatures used in this study compared to the melting 
temperature of W.

Furthermore, the existence of β-W and stress gra-
dients2,3 probably influenced the stress evaluation and 
led to partly nonlinear slopes in the d vs. sin2ψ plots 
and, therefore, to under- or overestimated stress values. 
After thermal cycling this effect is less pronounced due 
to recrystallization and possible dissolution of the β-W 
phase. That is the reason, why only the room tempera-
ture stress values after heating have been discussed.

As shown in Fig. 5, a more pronounced deviation 
from the thermoelastic behaviour occurs at temperatures 
exceeding 700 °C. Therefore, investigations at higher 
temperatures would be of great interest.

5. Summary

In this study the microstructure and thermal stress evolu-
tion of 100 to 800 nm thick W films deposited by pulsed 
laser deposition on polycrystalline Cu substrate was 
investigated.

In the as-deposited state oriented growth of W on 
Cu, connected with high compressive stresses of sev-
eral GPa was revealed. Upon heating the microstructure 
recrystallizes between 450 °C and 600 °C and small 
grains with diameters of less than 200 nm evolve.

The stress evolution of all investigated W films is 
thermoelastic up to 450 °C. Above this temperature the 
change in stress becomes lower than thermoelastically 
predicted. Even though the films behave predominantly 
elastically, a size effect of the room temperature stress 
was observed, i.e. the stresses of the as-deposited films 
and the thermal cycled films depend on film thickness 

 

 
Fig. 6. Stress evolution in 200, 400 and 800 nm thick W films in the range of 25 to 600 °C. Except from the heating 

curve of the 200 nm film all three samples show similar behaviour with a thermoelastic response up to 450 °C. At 

higher temperatures stress curves diverge from the ideal thermoelastic behaviour and a smaller slope than the 

thermoelastic value of 8.4 MPa/°C 
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100 to 800 nm thick W films on Cu. Except for the 200 nm 
sample in the as-deposited state, all samples show decreasing 
stress values, according to -h-α, with increasing film thickness
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with σRT ~ h−0.2. Further studies are required to iden-
tify the underlying mechanisms contributing to this size 
effect.
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