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•Hårda material

•Material för neutronmikroskop
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Hårdheten sätter gränsen 
för skärverktyg



Vad gör ett material hårt?



Vad gör ett material hårt?

•Starka, riktade bindningar mellan atomer



= Titan, Ti



Elektronmikroskopet ”Arwen”, Linköpings 
universitet. Huset byggt i titan.
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Material kan bli hårdare 
genom att blandas!

• TiN blir hårdare om man blandar i Aluminium, Al

• TiAlN tål också högre temperaturer än TiN

• Hur mycket Al och vilka temperaturer?



= Titan, Ti

= Kväve, N
= Aluminium, Al
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Detektorer, verktyg
funktionalitet
≈ 1mm-10 m
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Nanostruktur
Elastisk energi
≈ 10-100 nm

temperature for the lower Al content. The peak has a maximum
around 1100 °C for Ti0.35Al0.65N and around 1200 °C for Ti0.53Al0.47N.
All three peaks have similar positions for the low and high bias
Ti0.35Al0.65N film.

Fig. 5(a) and (b) shows one-dimensional lineouts from the in-
plane direction (ψ=[80:100°]) of the Ti0.53Al0.47N and Ti0.35Al0.65N
films, respectively, deposited with low (20 V) bias. The diffractogram
at the top of the figures shows the as-deposited film and the other are
diffractograms recorded at an elevated temperature (Ta) between 850
and 1150 °C with a temperature interval of ~10 °C. No diffraction
peaks other than c-TiAlN and peaks originating from the substrate
are observed for the as-deposited films. At around 950 °C, for both
compositions, a shoulder is observed at the right-hand side of the c-
TiAlN peaks corresponding to c-TiN. As the temperature is increased
further, the intensity of the TiN peaks increases while the intensity
of the c-TiAlN decreases. For even higher Ta, ~1130 °C for
Ti0.53Al0.47N and 1030 °C for Ti0.35Al0.65N, diffraction peaks from h-
AlN are observed.

Fig. 6(a) shows the experimentally observed strain evolution with
temperature in the in-plane direction of the Ti0.53Al0.47N film deposit-
ed with low (20 V) bias. The strain is more or less constant for
Tab850 °C. For Ta>930 °C, the compressive strain increases in the c-
TiAlN phase. The TiN formed above 950 °C is compressively strained
in the in-plane direction and so is the h-AlN as it is formed. Between
1000 and 1100 °C, the diffraction peaks are broad and the difference
in position of the c-TiAlN and c-TiN peak is small, see Fig. 5. Thus,
the scattering of data within this temperature range is an effect
of peak broadening and overlap, giving rise to an uncertainty in
determining the correct peak position. Fig. 6(b) shows the scat-
tering domain size from small angle scattering measurements on a
Ti0.53Al0.47N thin film deposited with the same deposition parameters
(20 V) taken from ref. [17]. The in-plane diameter of the first detect-
able domains is 2.4 nm at Ta=866 °C and the domains grow with
temperature to reach 8.0 nm at Ta=1011 °C.

In Fig. 7(a), the in-plane strain in the [200]-direction is shown for
Ti0.53Al0.47N and Ti0.35Al0.65N deposited with low bias (20 V) and
Ti0.35Al0.65N deposited with high bias (60 V). Comparing the two
low bias films, the increase in strain is observed to occur at a lower
Ta for the higher Al content, at ~850 °C for Ti0.35Al0.65N and at
~930 °C for Ti0.53Al0.47N. The high bias film exhibits a decrease in
compressive strain for Tab850 °C while at higher Ta (850–950 °C)
the strain is almost constant. The TiN phase formed is compressively
strained with about the same magnitude for both Ti0.35Al0.65N films
while the strain is higher for TiN in the Ti0.53Al0.47N film.

Table 1 lists the strain and stress in the in-plane direction of the
films measured at 500 °C, similar to the deposition temperature. The
orientation dependent Young's modulus is calculated using the
Reuss model and elastic compliances from ab-initio calculations [7].
The Reuss model assumes that the stress and strain is equal for all
grains in the sample and has previously been used to describe stresses
in thin films [13]. All films exhibit compressive residual stress in the
in-plane direction and the stress is higher for the films deposited
with higher bias.

Fig. 7(b) shows the orientation averaged peak width of the c-TiAlN
and c-TiN (200) peak. It can be observed that at the deposition tem-
perature for the two low-bias films, the width of the c-TiAlN (200)
peak is larger for the higher Al content film. The peakwidth is decreas-
ing slightly with temperature for Tab850 °C while at higher Ta the
peak width increases. The c-TiAlN (200) peak of the film deposited
with higher bias shows larger widths at the deposition temperature

Table 1
Strain determined from the in-situ X-ray diffraction measurements at 500 °C. The corresponding stress is calculated using elastic constants from Ref. [7]. The ε200 values for
Ti0.53Al0.47N (20 V) and Ti0.35Al0.65N (20 V) were used as boundary conditions in the simulations.

Sample (bias) ε200 IP ε111 IP ε200 GD E200
(GPa)

E111
(GPa)

σ200
IP

(GPa)
σ111

IP

(GPa)(%) (%) (%)

Ti0.53Al0.47N (20 °V) −0.445±9.46×10−3 −0.298±6.34×10−3 0.185±3.75×10−3 386 489 −1.72±0.039 −1.46±0.034
Ti0.53Al0.47N (40 °V) −0.597±5.69×10−2 −0.482±2.82×10−2 0.306±2.53×10−2 386 489 −2.30±0.22 −2.36±0.14
Ti0.35Al0.65N (20 °V) −0.338±1.06×10−3 −0.189±7.02×10−3 0.139±2.82×10−3 359 515 −1.21±0.0072 −0.97±0.039
Ti0.35Al0.65N (60 °V) −0.939±3.08×10−2 −0.670±7.92×10−3 0.375±8.18×10−3 359 515 −3.37±0.11 −3.45±0.041

Fig. 2. Lattice parameter as determined experimentally (circles) and from ab-initio cal-
culations (line+squares) [5,12]. Filled circles are from powder diffraction within this
work, the value for TiN is taken from Ref. [13]. The error bars of the experimental
data are smaller than the symbols.

Fig. 3. (a) Bright field TEMmicrograph of the as-deposited Ti0.53Al0.47N (20 V) film and
(b) elemental contrast STEM micrograph of a Ti0.53Al0.47N (20 V) thin film annealed for
10 min at 1000 °C.

5545L. Rogström et al. / Thin Solid Films 520 (2012) 5542–5549
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temperature for the lower Al content. The peak has a maximum
around 1100 °C for Ti0.35Al0.65N and around 1200 °C for Ti0.53Al0.47N.
All three peaks have similar positions for the low and high bias
Ti0.35Al0.65N film.

Fig. 5(a) and (b) shows one-dimensional lineouts from the in-
plane direction (ψ=[80:100°]) of the Ti0.53Al0.47N and Ti0.35Al0.65N
films, respectively, deposited with low (20 V) bias. The diffractogram
at the top of the figures shows the as-deposited film and the other are
diffractograms recorded at an elevated temperature (Ta) between 850
and 1150 °C with a temperature interval of ~10 °C. No diffraction
peaks other than c-TiAlN and peaks originating from the substrate
are observed for the as-deposited films. At around 950 °C, for both
compositions, a shoulder is observed at the right-hand side of the c-
TiAlN peaks corresponding to c-TiN. As the temperature is increased
further, the intensity of the TiN peaks increases while the intensity
of the c-TiAlN decreases. For even higher Ta, ~1130 °C for
Ti0.53Al0.47N and 1030 °C for Ti0.35Al0.65N, diffraction peaks from h-
AlN are observed.

Fig. 6(a) shows the experimentally observed strain evolution with
temperature in the in-plane direction of the Ti0.53Al0.47N film deposit-
ed with low (20 V) bias. The strain is more or less constant for
Tab850 °C. For Ta>930 °C, the compressive strain increases in the c-
TiAlN phase. The TiN formed above 950 °C is compressively strained
in the in-plane direction and so is the h-AlN as it is formed. Between
1000 and 1100 °C, the diffraction peaks are broad and the difference
in position of the c-TiAlN and c-TiN peak is small, see Fig. 5. Thus,
the scattering of data within this temperature range is an effect
of peak broadening and overlap, giving rise to an uncertainty in
determining the correct peak position. Fig. 6(b) shows the scat-
tering domain size from small angle scattering measurements on a
Ti0.53Al0.47N thin film deposited with the same deposition parameters
(20 V) taken from ref. [17]. The in-plane diameter of the first detect-
able domains is 2.4 nm at Ta=866 °C and the domains grow with
temperature to reach 8.0 nm at Ta=1011 °C.

In Fig. 7(a), the in-plane strain in the [200]-direction is shown for
Ti0.53Al0.47N and Ti0.35Al0.65N deposited with low bias (20 V) and
Ti0.35Al0.65N deposited with high bias (60 V). Comparing the two
low bias films, the increase in strain is observed to occur at a lower
Ta for the higher Al content, at ~850 °C for Ti0.35Al0.65N and at
~930 °C for Ti0.53Al0.47N. The high bias film exhibits a decrease in
compressive strain for Tab850 °C while at higher Ta (850–950 °C)
the strain is almost constant. The TiN phase formed is compressively
strained with about the same magnitude for both Ti0.35Al0.65N films
while the strain is higher for TiN in the Ti0.53Al0.47N film.

Table 1 lists the strain and stress in the in-plane direction of the
films measured at 500 °C, similar to the deposition temperature. The
orientation dependent Young's modulus is calculated using the
Reuss model and elastic compliances from ab-initio calculations [7].
The Reuss model assumes that the stress and strain is equal for all
grains in the sample and has previously been used to describe stresses
in thin films [13]. All films exhibit compressive residual stress in the
in-plane direction and the stress is higher for the films deposited
with higher bias.

Fig. 7(b) shows the orientation averaged peak width of the c-TiAlN
and c-TiN (200) peak. It can be observed that at the deposition tem-
perature for the two low-bias films, the width of the c-TiAlN (200)
peak is larger for the higher Al content film. The peakwidth is decreas-
ing slightly with temperature for Tab850 °C while at higher Ta the
peak width increases. The c-TiAlN (200) peak of the film deposited
with higher bias shows larger widths at the deposition temperature

Table 1
Strain determined from the in-situ X-ray diffraction measurements at 500 °C. The corresponding stress is calculated using elastic constants from Ref. [7]. The ε200 values for
Ti0.53Al0.47N (20 V) and Ti0.35Al0.65N (20 V) were used as boundary conditions in the simulations.

Sample (bias) ε200 IP ε111 IP ε200 GD E200
(GPa)

E111
(GPa)

σ200
IP

(GPa)
σ111

IP

(GPa)(%) (%) (%)

Ti0.53Al0.47N (20 °V) −0.445±9.46×10−3 −0.298±6.34×10−3 0.185±3.75×10−3 386 489 −1.72±0.039 −1.46±0.034
Ti0.53Al0.47N (40 °V) −0.597±5.69×10−2 −0.482±2.82×10−2 0.306±2.53×10−2 386 489 −2.30±0.22 −2.36±0.14
Ti0.35Al0.65N (20 °V) −0.338±1.06×10−3 −0.189±7.02×10−3 0.139±2.82×10−3 359 515 −1.21±0.0072 −0.97±0.039
Ti0.35Al0.65N (60 °V) −0.939±3.08×10−2 −0.670±7.92×10−3 0.375±8.18×10−3 359 515 −3.37±0.11 −3.45±0.041

Fig. 2. Lattice parameter as determined experimentally (circles) and from ab-initio cal-
culations (line+squares) [5,12]. Filled circles are from powder diffraction within this
work, the value for TiN is taken from Ref. [13]. The error bars of the experimental
data are smaller than the symbols.

Fig. 3. (a) Bright field TEMmicrograph of the as-deposited Ti0.53Al0.47N (20 V) film and
(b) elemental contrast STEM micrograph of a Ti0.53Al0.47N (20 V) thin film annealed for
10 min at 1000 °C.

5545L. Rogström et al. / Thin Solid Films 520 (2012) 5542–5549
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composed into c-ScN!111" and AlN with a retained global
composition !x=0.43".

For the case of Ti0.51Al0.49N, Fig. 2!b" shows that during
annealing the film peak slightly broadens at 800 and 900 °C,
with two small shoulders emerging at higher and lower
angles. This is in agreement with the initial steps of spinodal
decomposition, where c-AlN and TiN-rich domains form.
The results are similar to a previous ex situ study of films
with a similar composition.6 We thus observe that the first
sign of spinodal decomposition in our study agrees with the
so-called DSC2 peak at #800 °C in Fig. 2 in Ref. 6. It is not
until 1000 °C that the film in the present experiment clearly
phase separates into TiN!111" and c-AlN!111", which is in
line with DSC3 in the same reference. The resulting TiN
lattice parameter is 4.25 Å, which deviates by only 0.01 Å
from literature values.30 The deviation of the measured
lattice-parameter value for c-AlN of a=4.15 Å, is, however,
slightly higher than literature values ranging from a
=4.05–4.12 Å !Refs. 31 and 32" !ICDD PDF 25-1495".
There are three possible explanations for that: !1" stressed
c-AlN domains to maintain coherency to the matrix, !2" re-
sidual TiN in the AlN lattice, and !3" thermal expansion.

We conclude that the present results are similar to those
reported in previous experimental studies performed on
phase separation of c-Ti0.50Al0.50N.6 Furthermore, our results
show that the phase-separation process occurs in qualita-
tively different ways for Sc1−xAlxN and Ti1−xAlxN, as no
residual c-AlN is visible in the Sc1−xAlxN XRD measure-
ments.

Cross-sectional transmission electron microscopy images
were taken from three different Sc0.57Al0.43N films, in the
as-deposited state, and after annealing to 1000 °C and
1100 °C, respectively. Overview images showed that the
films and seed layers have a columnar microstructure with
low-energy surface facets. This is typical for transition-metal
nitride growth far from thermal equilibrium, and with low
ion bombardment on high-energy surfaces.33 Likewise, there
is also no significant difference in the morphology between
as-deposited and annealed samples, due to the lack of bulk
diffusion, and the images are similar to Fig. 4!a" in Ref. 16.

In order to probe deeper into the phase separation during
annealing, EDX maps were recorded for the three samples
which are shown in Figs. 3!a"–3!c". The green !light" color
corresponds to Sc-rich and the blue !dark" color to Al-rich
regions in the film. In the as-deposited sample in Fig. 3!a",
the Sc and Al atoms are nearly evenly distributed throughout
the film, as expected from the XRD results above !cf. Fig. 2",
and thus corroborate the conclusion of a solid solution of
Sc0.57Al0.43N. Figure 3!b" reveals that both Sc- and Al-rich
regions have started to form in the sample that was annealed
to 1000 °C for 1 h. This is in agreement with the observed
shift of the Sc0.57Al0.43N 111 peak toward ScN 111 in XRD.
After annealing at 1100 °C for 1.5 h, a near complete phase
transformation of Sc0.57Al0.43N into ScN and AlN can be
seen in Fig. 3!c". The Sc-rich and Al-rich domains in the
sample are almost perpendicular to the seed layer, only a few
nanometer wide and elongated with a length that reaches
throughout the whole film thickness, based on Z-contrast im-
ages obtained by STEM. Any compositional fluctuations $not
discernable in Fig. 3!a"% along domain boundaries that

formed during growth of Sc0.57Al0.43N likely assist the nucle-
ation of w-AlN.

To determine the overall orientation of the AlN domains
in relation to the surrounding c-ScN, pole figures are re-
corded from the 1100 °C annealed sample. Figures 4!a" and
4!b" present &1̄100'and &0002'pole figures of w-AlN, re-
spectively, assuming literature values of w-AlN lattice pa-
rameters a=3.11 Å and c=4.98 Å.34

The &1̄100'pole figure in Fig. 4!a" reveals three clusters
of intensity from !1̄100" and !1̄010" at !#45°, which are
separated by #120° in ", corresponding to a threefold sym-
metry of w-AlN. The clusters are indexed with blue squares,
triangles, and rings, respectively. The three reflections visible
at !#70°, separated by #120° in ", together with the re-
flection in the center correspond to ScN &111'planes, show
up due to a slight overlap between the ScN 111 and AlN
1̄100 peaks. ScN in the annealed film has the same threefold
symmetry as as-deposited Sc0.57Al0.43N, and this orientation
is originally due to the epitaxial growth onto the underlying
ScN!111" seed layer.

In Fig. 4!b", the pole figure of the &0001'planes of w-AlN
reveals three distinct orientations, as a consequence of the
threefold texture symmetry of the w-AlN crystallites. The
reflections are indexed corresponding to Fig. 4!a". MgO 111
reflections are seen in this pole figure due to the small dif-
ference in plane spacing of w-AlN!0001" and MgO!111",
yielding a partial overlap in XRD.

Figure 4!c" shows a schematic stereographic projection
of all w-AlN poles visible in the pole figures !indexed in
blue according to the three symbols mentioned above" to-
gether with the angular positions of the &111'and certain
&110'poles from ScN !indexed with green crosses". For
w-AlN, only the ring-shaped symbols are indexed but the
squares and triangles can easily be indexed by a clockwise
rotation around the origin of 120° and 240°, respectively. We

FIG. 3. !Color online" Cross-sectional transmission electron mi-
croscopy images showing !a"–!c" EDX maps with Sc-rich !green"
and Al-rich !blue" regions of !a" the as-deposited, !b" 1000 °C an-
nealed, and !c" 1100 °C annealed Sc0.57Al0.43N films, together with
!d" a lattice-resolved image from the same film annealed at
1100 °C with indexing of AlN and ScN domains.

HÖGLUND et al. PHYSICAL REVIEW B 81, 224101 !2010"

224101-4
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temperature for the lower Al content. The peak has a maximum
around 1100 °C for Ti0.35Al0.65N and around 1200 °C for Ti0.53Al0.47N.
All three peaks have similar positions for the low and high bias
Ti0.35Al0.65N film.

Fig. 5(a) and (b) shows one-dimensional lineouts from the in-
plane direction (ψ=[80:100°]) of the Ti0.53Al0.47N and Ti0.35Al0.65N
films, respectively, deposited with low (20 V) bias. The diffractogram
at the top of the figures shows the as-deposited film and the other are
diffractograms recorded at an elevated temperature (Ta) between 850
and 1150 °C with a temperature interval of ~10 °C. No diffraction
peaks other than c-TiAlN and peaks originating from the substrate
are observed for the as-deposited films. At around 950 °C, for both
compositions, a shoulder is observed at the right-hand side of the c-
TiAlN peaks corresponding to c-TiN. As the temperature is increased
further, the intensity of the TiN peaks increases while the intensity
of the c-TiAlN decreases. For even higher Ta, ~1130 °C for
Ti0.53Al0.47N and 1030 °C for Ti0.35Al0.65N, diffraction peaks from h-
AlN are observed.

Fig. 6(a) shows the experimentally observed strain evolution with
temperature in the in-plane direction of the Ti0.53Al0.47N film deposit-
ed with low (20 V) bias. The strain is more or less constant for
Tab850 °C. For Ta>930 °C, the compressive strain increases in the c-
TiAlN phase. The TiN formed above 950 °C is compressively strained
in the in-plane direction and so is the h-AlN as it is formed. Between
1000 and 1100 °C, the diffraction peaks are broad and the difference
in position of the c-TiAlN and c-TiN peak is small, see Fig. 5. Thus,
the scattering of data within this temperature range is an effect
of peak broadening and overlap, giving rise to an uncertainty in
determining the correct peak position. Fig. 6(b) shows the scat-
tering domain size from small angle scattering measurements on a
Ti0.53Al0.47N thin film deposited with the same deposition parameters
(20 V) taken from ref. [17]. The in-plane diameter of the first detect-
able domains is 2.4 nm at Ta=866 °C and the domains grow with
temperature to reach 8.0 nm at Ta=1011 °C.

In Fig. 7(a), the in-plane strain in the [200]-direction is shown for
Ti0.53Al0.47N and Ti0.35Al0.65N deposited with low bias (20 V) and
Ti0.35Al0.65N deposited with high bias (60 V). Comparing the two
low bias films, the increase in strain is observed to occur at a lower
Ta for the higher Al content, at ~850 °C for Ti0.35Al0.65N and at
~930 °C for Ti0.53Al0.47N. The high bias film exhibits a decrease in
compressive strain for Tab850 °C while at higher Ta (850–950 °C)
the strain is almost constant. The TiN phase formed is compressively
strained with about the same magnitude for both Ti0.35Al0.65N films
while the strain is higher for TiN in the Ti0.53Al0.47N film.

Table 1 lists the strain and stress in the in-plane direction of the
films measured at 500 °C, similar to the deposition temperature. The
orientation dependent Young's modulus is calculated using the
Reuss model and elastic compliances from ab-initio calculations [7].
The Reuss model assumes that the stress and strain is equal for all
grains in the sample and has previously been used to describe stresses
in thin films [13]. All films exhibit compressive residual stress in the
in-plane direction and the stress is higher for the films deposited
with higher bias.

Fig. 7(b) shows the orientation averaged peak width of the c-TiAlN
and c-TiN (200) peak. It can be observed that at the deposition tem-
perature for the two low-bias films, the width of the c-TiAlN (200)
peak is larger for the higher Al content film. The peakwidth is decreas-
ing slightly with temperature for Tab850 °C while at higher Ta the
peak width increases. The c-TiAlN (200) peak of the film deposited
with higher bias shows larger widths at the deposition temperature

Table 1
Strain determined from the in-situ X-ray diffraction measurements at 500 °C. The corresponding stress is calculated using elastic constants from Ref. [7]. The ε200 values for
Ti0.53Al0.47N (20 V) and Ti0.35Al0.65N (20 V) were used as boundary conditions in the simulations.

Sample (bias) ε200 IP ε111 IP ε200 GD E200
(GPa)

E111
(GPa)

σ200
IP

(GPa)
σ111

IP

(GPa)(%) (%) (%)

Ti0.53Al0.47N (20 °V) −0.445±9.46×10−3 −0.298±6.34×10−3 0.185±3.75×10−3 386 489 −1.72±0.039 −1.46±0.034
Ti0.53Al0.47N (40 °V) −0.597±5.69×10−2 −0.482±2.82×10−2 0.306±2.53×10−2 386 489 −2.30±0.22 −2.36±0.14
Ti0.35Al0.65N (20 °V) −0.338±1.06×10−3 −0.189±7.02×10−3 0.139±2.82×10−3 359 515 −1.21±0.0072 −0.97±0.039
Ti0.35Al0.65N (60 °V) −0.939±3.08×10−2 −0.670±7.92×10−3 0.375±8.18×10−3 359 515 −3.37±0.11 −3.45±0.041

Fig. 2. Lattice parameter as determined experimentally (circles) and from ab-initio cal-
culations (line+squares) [5,12]. Filled circles are from powder diffraction within this
work, the value for TiN is taken from Ref. [13]. The error bars of the experimental
data are smaller than the symbols.

Fig. 3. (a) Bright field TEMmicrograph of the as-deposited Ti0.53Al0.47N (20 V) film and
(b) elemental contrast STEM micrograph of a Ti0.53Al0.47N (20 V) thin film annealed for
10 min at 1000 °C.

5545L. Rogström et al. / Thin Solid Films 520 (2012) 5542–5549
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composed into c-ScN!111" and AlN with a retained global
composition !x=0.43".

For the case of Ti0.51Al0.49N, Fig. 2!b" shows that during
annealing the film peak slightly broadens at 800 and 900 °C,
with two small shoulders emerging at higher and lower
angles. This is in agreement with the initial steps of spinodal
decomposition, where c-AlN and TiN-rich domains form.
The results are similar to a previous ex situ study of films
with a similar composition.6 We thus observe that the first
sign of spinodal decomposition in our study agrees with the
so-called DSC2 peak at #800 °C in Fig. 2 in Ref. 6. It is not
until 1000 °C that the film in the present experiment clearly
phase separates into TiN!111" and c-AlN!111", which is in
line with DSC3 in the same reference. The resulting TiN
lattice parameter is 4.25 Å, which deviates by only 0.01 Å
from literature values.30 The deviation of the measured
lattice-parameter value for c-AlN of a=4.15 Å, is, however,
slightly higher than literature values ranging from a
=4.05–4.12 Å !Refs. 31 and 32" !ICDD PDF 25-1495".
There are three possible explanations for that: !1" stressed
c-AlN domains to maintain coherency to the matrix, !2" re-
sidual TiN in the AlN lattice, and !3" thermal expansion.

We conclude that the present results are similar to those
reported in previous experimental studies performed on
phase separation of c-Ti0.50Al0.50N.6 Furthermore, our results
show that the phase-separation process occurs in qualita-
tively different ways for Sc1−xAlxN and Ti1−xAlxN, as no
residual c-AlN is visible in the Sc1−xAlxN XRD measure-
ments.

Cross-sectional transmission electron microscopy images
were taken from three different Sc0.57Al0.43N films, in the
as-deposited state, and after annealing to 1000 °C and
1100 °C, respectively. Overview images showed that the
films and seed layers have a columnar microstructure with
low-energy surface facets. This is typical for transition-metal
nitride growth far from thermal equilibrium, and with low
ion bombardment on high-energy surfaces.33 Likewise, there
is also no significant difference in the morphology between
as-deposited and annealed samples, due to the lack of bulk
diffusion, and the images are similar to Fig. 4!a" in Ref. 16.

In order to probe deeper into the phase separation during
annealing, EDX maps were recorded for the three samples
which are shown in Figs. 3!a"–3!c". The green !light" color
corresponds to Sc-rich and the blue !dark" color to Al-rich
regions in the film. In the as-deposited sample in Fig. 3!a",
the Sc and Al atoms are nearly evenly distributed throughout
the film, as expected from the XRD results above !cf. Fig. 2",
and thus corroborate the conclusion of a solid solution of
Sc0.57Al0.43N. Figure 3!b" reveals that both Sc- and Al-rich
regions have started to form in the sample that was annealed
to 1000 °C for 1 h. This is in agreement with the observed
shift of the Sc0.57Al0.43N 111 peak toward ScN 111 in XRD.
After annealing at 1100 °C for 1.5 h, a near complete phase
transformation of Sc0.57Al0.43N into ScN and AlN can be
seen in Fig. 3!c". The Sc-rich and Al-rich domains in the
sample are almost perpendicular to the seed layer, only a few
nanometer wide and elongated with a length that reaches
throughout the whole film thickness, based on Z-contrast im-
ages obtained by STEM. Any compositional fluctuations $not
discernable in Fig. 3!a"% along domain boundaries that

formed during growth of Sc0.57Al0.43N likely assist the nucle-
ation of w-AlN.

To determine the overall orientation of the AlN domains
in relation to the surrounding c-ScN, pole figures are re-
corded from the 1100 °C annealed sample. Figures 4!a" and
4!b" present &1̄100'and &0002'pole figures of w-AlN, re-
spectively, assuming literature values of w-AlN lattice pa-
rameters a=3.11 Å and c=4.98 Å.34

The &1̄100'pole figure in Fig. 4!a" reveals three clusters
of intensity from !1̄100" and !1̄010" at !#45°, which are
separated by #120° in ", corresponding to a threefold sym-
metry of w-AlN. The clusters are indexed with blue squares,
triangles, and rings, respectively. The three reflections visible
at !#70°, separated by #120° in ", together with the re-
flection in the center correspond to ScN &111'planes, show
up due to a slight overlap between the ScN 111 and AlN
1̄100 peaks. ScN in the annealed film has the same threefold
symmetry as as-deposited Sc0.57Al0.43N, and this orientation
is originally due to the epitaxial growth onto the underlying
ScN!111" seed layer.

In Fig. 4!b", the pole figure of the &0001'planes of w-AlN
reveals three distinct orientations, as a consequence of the
threefold texture symmetry of the w-AlN crystallites. The
reflections are indexed corresponding to Fig. 4!a". MgO 111
reflections are seen in this pole figure due to the small dif-
ference in plane spacing of w-AlN!0001" and MgO!111",
yielding a partial overlap in XRD.

Figure 4!c" shows a schematic stereographic projection
of all w-AlN poles visible in the pole figures !indexed in
blue according to the three symbols mentioned above" to-
gether with the angular positions of the &111'and certain
&110'poles from ScN !indexed with green crosses". For
w-AlN, only the ring-shaped symbols are indexed but the
squares and triangles can easily be indexed by a clockwise
rotation around the origin of 120° and 240°, respectively. We

FIG. 3. !Color online" Cross-sectional transmission electron mi-
croscopy images showing !a"–!c" EDX maps with Sc-rich !green"
and Al-rich !blue" regions of !a" the as-deposited, !b" 1000 °C an-
nealed, and !c" 1100 °C annealed Sc0.57Al0.43N films, together with
!d" a lattice-resolved image from the same film annealed at
1100 °C with indexing of AlN and ScN domains.
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III. RESULTS AND DISCUSSION

Compositional analyses of the Sc1−xAlxN films and AlN
seed layers deposited onto MgO !111" substrates were
mainly performed with ERDA. All seed layers and films are
stoichiometric with respect to nitrogen to within !3 at. %.
The Al to Sc molar ratios are 100/0, 94/6, 76/24, 52/48, and
28/72, yielding AlN molar fractions, x=1.00, 0.94, 0.76,
0.52, and 0.28, respectively. For the complementary samples,
we used x=0.78, 0.74, 0.68, and 0.60. The level of impurities
is low in all samples with O being the most common impu-
rity at a maximum level of #2 at. % in films with the high-
est Sc contents. All samples present an increased amount of
O close to the surface, consistent with postdeposition surface
oxidation rather than O contamination during the growth
process. C and H were also present at levels close to the
detection limit !#0.1 at. %" in all films.

RBS confirmed the compositions obtained by ERDA.
This technique also yielded sharp edges for all elemental
peaks of both Sc and Al !in agreement with Ref. 20", show-
ing that there has been no interdiffusion between substrates,
!seed layers" and films despite the relatively high deposition
temperature.

Figure 1 shows the XRD data from Sc1−xAlxN-films. In
Fig. 1!a", x ranges from 0.28 to 1.00 on Al2O3!0001" sub-
strates with AlN!0001" seed layers. For all film composi-
tions, the Al2O3 0006 substrate and AlN 0002 seed layer
peaks can clearly be seen. For x=0.94, the AlN 0002 peak
slightly shifts toward higher angles but no additional peaks
originating from the films are visible for 0.52"x"1.00.
Due to the severe peak overlap between seed layer and film,
no further conclusions about the solubility of ScN into
w-AlN can be drawn from these samples. In order to avoid
the Sc1−xAlxN-AlN peak overlap, we consider the comple-
mentary series of Sc1−xAlxN films deposited onto Al2O3 sub-
strates without the AlN seed layer. XRD data from four of
these samples are shown in Fig. 1!b", for comparison. The
position of the Sc1−xAlxN peak is seen to be almost station-
ary. According to #-scans, the film is a single-crystal for x
=0.78. For x"0.74, the crystalline quality starts to decrease,
even though the film peak never vanishes for concentrations

x$ 0.60. We conclude that the films are almost completely
phase separated into ScN and AlN with a nanocrystalline
structure at such high contents of Sc.

For the Sc0.72Al0.28N film, an additional peak appears at
2%=35.3° in the XRD scan in Fig. 1!a". The peak position is
similar to that for c-Sc0.71Al0.29N!111" in Ref. 20 and this
corresponds to a cubic lattice parameter of 4.40 Å. Pole fig-
ures confirm that the film is cubic with a $111%growth direc-
tion. Here, we note that even though the deposition param-
eters differ in the two studies, depositions of Sc1−xAlxN films
with x"0.29 yield cubic structures, which follow the lattice
parameter trends in Fig. 6 of Ref. 20.

Similar for all measurements is that the c-parameter of
w-Sc1−xAlxN is close to constant for all Sc concentrations. In
order to understand this behavior the results of lattice param-
eters calculated with our theoretical scheme are presented in
Fig. 2 !black squares", together with lattice parameters that
were measured with XRD !red dots". As can be seen in Fig.
2!a", the calculated c-parameter is indeed not changing much
upon Sc alloying to x as low as 0.50, with a maximum de-
viation from the values of pure w-AlN of only 0.3%. A slight
overestimation of experimental lattice spacings in the calcu-
lations is normal when using a GGA exchange-correlation
functional. As mentioned above, the overlapping peaks of
w-AlN and w-Sc1−xAlxN make it impossible to see from
which phase that the residual intensity in the XRD scans
from films with high Sc contents stems.

The calculations also reveal an almost linear decrease in
wurtzite a-parameter with increasing Al content, as seen in
Fig. 2!b". The difference between x=0.5 and 1 is almost 8%.
XRD measurements of a-parameters in films with good
enough crystalline quality to allow for the measurements, are
added into the graph and they follow the calculated trend
well.

TEM images were recorded from three samples !x
=0.94, 0.78, and 0.28" along the &21̄1̄0'and &101̄0'zone
axes of the Al2O3 substrate. The overview image in Fig. 3!a"
shows the Al2O3 substrate, the AlN seed layer, and the
Sc0.06Al0.94N film along the !21̄1̄0" zone axis. Both film and
seed layer consist of epitaxial columnar domains with
boundaries defined by threading defects. The interface be-

FIG. 1. !Color online" XRD data from epitaxial Sc1−xAlxN films deposited
on !a" Al2O3!0001" substrates with w-AlN!0001" seed layers, with varying
Al fraction, x, from 0.28 to 1 and !b" Al2O3!0001" substrates with varying x
from 0.60 to 0.78.

FIG. 2. !Color online" Lattice parameters c in !a" and a in !b" vs composi-
tion x for w-Sc1−xAlxN films, showing experimental data !dots" and calcu-
lated values !squares". The lines are guide for the eye.
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temperature for the lower Al content. The peak has a maximum
around 1100 °C for Ti0.35Al0.65N and around 1200 °C for Ti0.53Al0.47N.
All three peaks have similar positions for the low and high bias
Ti0.35Al0.65N film.

Fig. 5(a) and (b) shows one-dimensional lineouts from the in-
plane direction (ψ=[80:100°]) of the Ti0.53Al0.47N and Ti0.35Al0.65N
films, respectively, deposited with low (20 V) bias. The diffractogram
at the top of the figures shows the as-deposited film and the other are
diffractograms recorded at an elevated temperature (Ta) between 850
and 1150 °C with a temperature interval of ~10 °C. No diffraction
peaks other than c-TiAlN and peaks originating from the substrate
are observed for the as-deposited films. At around 950 °C, for both
compositions, a shoulder is observed at the right-hand side of the c-
TiAlN peaks corresponding to c-TiN. As the temperature is increased
further, the intensity of the TiN peaks increases while the intensity
of the c-TiAlN decreases. For even higher Ta, ~1130 °C for
Ti0.53Al0.47N and 1030 °C for Ti0.35Al0.65N, diffraction peaks from h-
AlN are observed.

Fig. 6(a) shows the experimentally observed strain evolution with
temperature in the in-plane direction of the Ti0.53Al0.47N film deposit-
ed with low (20 V) bias. The strain is more or less constant for
Tab850 °C. For Ta>930 °C, the compressive strain increases in the c-
TiAlN phase. The TiN formed above 950 °C is compressively strained
in the in-plane direction and so is the h-AlN as it is formed. Between
1000 and 1100 °C, the diffraction peaks are broad and the difference
in position of the c-TiAlN and c-TiN peak is small, see Fig. 5. Thus,
the scattering of data within this temperature range is an effect
of peak broadening and overlap, giving rise to an uncertainty in
determining the correct peak position. Fig. 6(b) shows the scat-
tering domain size from small angle scattering measurements on a
Ti0.53Al0.47N thin film deposited with the same deposition parameters
(20 V) taken from ref. [17]. The in-plane diameter of the first detect-
able domains is 2.4 nm at Ta=866 °C and the domains grow with
temperature to reach 8.0 nm at Ta=1011 °C.

In Fig. 7(a), the in-plane strain in the [200]-direction is shown for
Ti0.53Al0.47N and Ti0.35Al0.65N deposited with low bias (20 V) and
Ti0.35Al0.65N deposited with high bias (60 V). Comparing the two
low bias films, the increase in strain is observed to occur at a lower
Ta for the higher Al content, at ~850 °C for Ti0.35Al0.65N and at
~930 °C for Ti0.53Al0.47N. The high bias film exhibits a decrease in
compressive strain for Tab850 °C while at higher Ta (850–950 °C)
the strain is almost constant. The TiN phase formed is compressively
strained with about the same magnitude for both Ti0.35Al0.65N films
while the strain is higher for TiN in the Ti0.53Al0.47N film.

Table 1 lists the strain and stress in the in-plane direction of the
films measured at 500 °C, similar to the deposition temperature. The
orientation dependent Young's modulus is calculated using the
Reuss model and elastic compliances from ab-initio calculations [7].
The Reuss model assumes that the stress and strain is equal for all
grains in the sample and has previously been used to describe stresses
in thin films [13]. All films exhibit compressive residual stress in the
in-plane direction and the stress is higher for the films deposited
with higher bias.

Fig. 7(b) shows the orientation averaged peak width of the c-TiAlN
and c-TiN (200) peak. It can be observed that at the deposition tem-
perature for the two low-bias films, the width of the c-TiAlN (200)
peak is larger for the higher Al content film. The peakwidth is decreas-
ing slightly with temperature for Tab850 °C while at higher Ta the
peak width increases. The c-TiAlN (200) peak of the film deposited
with higher bias shows larger widths at the deposition temperature

Table 1
Strain determined from the in-situ X-ray diffraction measurements at 500 °C. The corresponding stress is calculated using elastic constants from Ref. [7]. The ε200 values for
Ti0.53Al0.47N (20 V) and Ti0.35Al0.65N (20 V) were used as boundary conditions in the simulations.

Sample (bias) ε200 IP ε111 IP ε200 GD E200
(GPa)

E111
(GPa)

σ200
IP

(GPa)
σ111

IP

(GPa)(%) (%) (%)

Ti0.53Al0.47N (20 °V) −0.445±9.46×10−3 −0.298±6.34×10−3 0.185±3.75×10−3 386 489 −1.72±0.039 −1.46±0.034
Ti0.53Al0.47N (40 °V) −0.597±5.69×10−2 −0.482±2.82×10−2 0.306±2.53×10−2 386 489 −2.30±0.22 −2.36±0.14
Ti0.35Al0.65N (20 °V) −0.338±1.06×10−3 −0.189±7.02×10−3 0.139±2.82×10−3 359 515 −1.21±0.0072 −0.97±0.039
Ti0.35Al0.65N (60 °V) −0.939±3.08×10−2 −0.670±7.92×10−3 0.375±8.18×10−3 359 515 −3.37±0.11 −3.45±0.041

Fig. 2. Lattice parameter as determined experimentally (circles) and from ab-initio cal-
culations (line+squares) [5,12]. Filled circles are from powder diffraction within this
work, the value for TiN is taken from Ref. [13]. The error bars of the experimental
data are smaller than the symbols.

Fig. 3. (a) Bright field TEMmicrograph of the as-deposited Ti0.53Al0.47N (20 V) film and
(b) elemental contrast STEM micrograph of a Ti0.53Al0.47N (20 V) thin film annealed for
10 min at 1000 °C.
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composed into c-ScN!111" and AlN with a retained global
composition !x=0.43".

For the case of Ti0.51Al0.49N, Fig. 2!b" shows that during
annealing the film peak slightly broadens at 800 and 900 °C,
with two small shoulders emerging at higher and lower
angles. This is in agreement with the initial steps of spinodal
decomposition, where c-AlN and TiN-rich domains form.
The results are similar to a previous ex situ study of films
with a similar composition.6 We thus observe that the first
sign of spinodal decomposition in our study agrees with the
so-called DSC2 peak at #800 °C in Fig. 2 in Ref. 6. It is not
until 1000 °C that the film in the present experiment clearly
phase separates into TiN!111" and c-AlN!111", which is in
line with DSC3 in the same reference. The resulting TiN
lattice parameter is 4.25 Å, which deviates by only 0.01 Å
from literature values.30 The deviation of the measured
lattice-parameter value for c-AlN of a=4.15 Å, is, however,
slightly higher than literature values ranging from a
=4.05–4.12 Å !Refs. 31 and 32" !ICDD PDF 25-1495".
There are three possible explanations for that: !1" stressed
c-AlN domains to maintain coherency to the matrix, !2" re-
sidual TiN in the AlN lattice, and !3" thermal expansion.

We conclude that the present results are similar to those
reported in previous experimental studies performed on
phase separation of c-Ti0.50Al0.50N.6 Furthermore, our results
show that the phase-separation process occurs in qualita-
tively different ways for Sc1−xAlxN and Ti1−xAlxN, as no
residual c-AlN is visible in the Sc1−xAlxN XRD measure-
ments.

Cross-sectional transmission electron microscopy images
were taken from three different Sc0.57Al0.43N films, in the
as-deposited state, and after annealing to 1000 °C and
1100 °C, respectively. Overview images showed that the
films and seed layers have a columnar microstructure with
low-energy surface facets. This is typical for transition-metal
nitride growth far from thermal equilibrium, and with low
ion bombardment on high-energy surfaces.33 Likewise, there
is also no significant difference in the morphology between
as-deposited and annealed samples, due to the lack of bulk
diffusion, and the images are similar to Fig. 4!a" in Ref. 16.

In order to probe deeper into the phase separation during
annealing, EDX maps were recorded for the three samples
which are shown in Figs. 3!a"–3!c". The green !light" color
corresponds to Sc-rich and the blue !dark" color to Al-rich
regions in the film. In the as-deposited sample in Fig. 3!a",
the Sc and Al atoms are nearly evenly distributed throughout
the film, as expected from the XRD results above !cf. Fig. 2",
and thus corroborate the conclusion of a solid solution of
Sc0.57Al0.43N. Figure 3!b" reveals that both Sc- and Al-rich
regions have started to form in the sample that was annealed
to 1000 °C for 1 h. This is in agreement with the observed
shift of the Sc0.57Al0.43N 111 peak toward ScN 111 in XRD.
After annealing at 1100 °C for 1.5 h, a near complete phase
transformation of Sc0.57Al0.43N into ScN and AlN can be
seen in Fig. 3!c". The Sc-rich and Al-rich domains in the
sample are almost perpendicular to the seed layer, only a few
nanometer wide and elongated with a length that reaches
throughout the whole film thickness, based on Z-contrast im-
ages obtained by STEM. Any compositional fluctuations $not
discernable in Fig. 3!a"% along domain boundaries that

formed during growth of Sc0.57Al0.43N likely assist the nucle-
ation of w-AlN.

To determine the overall orientation of the AlN domains
in relation to the surrounding c-ScN, pole figures are re-
corded from the 1100 °C annealed sample. Figures 4!a" and
4!b" present &1̄100'and &0002'pole figures of w-AlN, re-
spectively, assuming literature values of w-AlN lattice pa-
rameters a=3.11 Å and c=4.98 Å.34

The &1̄100'pole figure in Fig. 4!a" reveals three clusters
of intensity from !1̄100" and !1̄010" at !#45°, which are
separated by #120° in ", corresponding to a threefold sym-
metry of w-AlN. The clusters are indexed with blue squares,
triangles, and rings, respectively. The three reflections visible
at !#70°, separated by #120° in ", together with the re-
flection in the center correspond to ScN &111'planes, show
up due to a slight overlap between the ScN 111 and AlN
1̄100 peaks. ScN in the annealed film has the same threefold
symmetry as as-deposited Sc0.57Al0.43N, and this orientation
is originally due to the epitaxial growth onto the underlying
ScN!111" seed layer.

In Fig. 4!b", the pole figure of the &0001'planes of w-AlN
reveals three distinct orientations, as a consequence of the
threefold texture symmetry of the w-AlN crystallites. The
reflections are indexed corresponding to Fig. 4!a". MgO 111
reflections are seen in this pole figure due to the small dif-
ference in plane spacing of w-AlN!0001" and MgO!111",
yielding a partial overlap in XRD.

Figure 4!c" shows a schematic stereographic projection
of all w-AlN poles visible in the pole figures !indexed in
blue according to the three symbols mentioned above" to-
gether with the angular positions of the &111'and certain
&110'poles from ScN !indexed with green crosses". For
w-AlN, only the ring-shaped symbols are indexed but the
squares and triangles can easily be indexed by a clockwise
rotation around the origin of 120° and 240°, respectively. We

FIG. 3. !Color online" Cross-sectional transmission electron mi-
croscopy images showing !a"–!c" EDX maps with Sc-rich !green"
and Al-rich !blue" regions of !a" the as-deposited, !b" 1000 °C an-
nealed, and !c" 1100 °C annealed Sc0.57Al0.43N films, together with
!d" a lattice-resolved image from the same film annealed at
1100 °C with indexing of AlN and ScN domains.
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III. RESULTS AND DISCUSSION

Compositional analyses of the Sc1−xAlxN films and AlN
seed layers deposited onto MgO !111" substrates were
mainly performed with ERDA. All seed layers and films are
stoichiometric with respect to nitrogen to within !3 at. %.
The Al to Sc molar ratios are 100/0, 94/6, 76/24, 52/48, and
28/72, yielding AlN molar fractions, x=1.00, 0.94, 0.76,
0.52, and 0.28, respectively. For the complementary samples,
we used x=0.78, 0.74, 0.68, and 0.60. The level of impurities
is low in all samples with O being the most common impu-
rity at a maximum level of #2 at. % in films with the high-
est Sc contents. All samples present an increased amount of
O close to the surface, consistent with postdeposition surface
oxidation rather than O contamination during the growth
process. C and H were also present at levels close to the
detection limit !#0.1 at. %" in all films.

RBS confirmed the compositions obtained by ERDA.
This technique also yielded sharp edges for all elemental
peaks of both Sc and Al !in agreement with Ref. 20", show-
ing that there has been no interdiffusion between substrates,
!seed layers" and films despite the relatively high deposition
temperature.

Figure 1 shows the XRD data from Sc1−xAlxN-films. In
Fig. 1!a", x ranges from 0.28 to 1.00 on Al2O3!0001" sub-
strates with AlN!0001" seed layers. For all film composi-
tions, the Al2O3 0006 substrate and AlN 0002 seed layer
peaks can clearly be seen. For x=0.94, the AlN 0002 peak
slightly shifts toward higher angles but no additional peaks
originating from the films are visible for 0.52"x"1.00.
Due to the severe peak overlap between seed layer and film,
no further conclusions about the solubility of ScN into
w-AlN can be drawn from these samples. In order to avoid
the Sc1−xAlxN-AlN peak overlap, we consider the comple-
mentary series of Sc1−xAlxN films deposited onto Al2O3 sub-
strates without the AlN seed layer. XRD data from four of
these samples are shown in Fig. 1!b", for comparison. The
position of the Sc1−xAlxN peak is seen to be almost station-
ary. According to #-scans, the film is a single-crystal for x
=0.78. For x"0.74, the crystalline quality starts to decrease,
even though the film peak never vanishes for concentrations

x$ 0.60. We conclude that the films are almost completely
phase separated into ScN and AlN with a nanocrystalline
structure at such high contents of Sc.

For the Sc0.72Al0.28N film, an additional peak appears at
2%=35.3° in the XRD scan in Fig. 1!a". The peak position is
similar to that for c-Sc0.71Al0.29N!111" in Ref. 20 and this
corresponds to a cubic lattice parameter of 4.40 Å. Pole fig-
ures confirm that the film is cubic with a $111%growth direc-
tion. Here, we note that even though the deposition param-
eters differ in the two studies, depositions of Sc1−xAlxN films
with x"0.29 yield cubic structures, which follow the lattice
parameter trends in Fig. 6 of Ref. 20.

Similar for all measurements is that the c-parameter of
w-Sc1−xAlxN is close to constant for all Sc concentrations. In
order to understand this behavior the results of lattice param-
eters calculated with our theoretical scheme are presented in
Fig. 2 !black squares", together with lattice parameters that
were measured with XRD !red dots". As can be seen in Fig.
2!a", the calculated c-parameter is indeed not changing much
upon Sc alloying to x as low as 0.50, with a maximum de-
viation from the values of pure w-AlN of only 0.3%. A slight
overestimation of experimental lattice spacings in the calcu-
lations is normal when using a GGA exchange-correlation
functional. As mentioned above, the overlapping peaks of
w-AlN and w-Sc1−xAlxN make it impossible to see from
which phase that the residual intensity in the XRD scans
from films with high Sc contents stems.

The calculations also reveal an almost linear decrease in
wurtzite a-parameter with increasing Al content, as seen in
Fig. 2!b". The difference between x=0.5 and 1 is almost 8%.
XRD measurements of a-parameters in films with good
enough crystalline quality to allow for the measurements, are
added into the graph and they follow the calculated trend
well.

TEM images were recorded from three samples !x
=0.94, 0.78, and 0.28" along the &21̄1̄0'and &101̄0'zone
axes of the Al2O3 substrate. The overview image in Fig. 3!a"
shows the Al2O3 substrate, the AlN seed layer, and the
Sc0.06Al0.94N film along the !21̄1̄0" zone axis. Both film and
seed layer consist of epitaxial columnar domains with
boundaries defined by threading defects. The interface be-

FIG. 1. !Color online" XRD data from epitaxial Sc1−xAlxN films deposited
on !a" Al2O3!0001" substrates with w-AlN!0001" seed layers, with varying
Al fraction, x, from 0.28 to 1 and !b" Al2O3!0001" substrates with varying x
from 0.60 to 0.78.

FIG. 2. !Color online" Lattice parameters c in !a" and a in !b" vs composi-
tion x for w-Sc1−xAlxN films, showing experimental data !dots" and calcu-
lated values !squares". The lines are guide for the eye.

123515-3 Höglund et al. J. Appl. Phys. 107, 123515 !2010"
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Teoretisk modellering av material



Schrödingerekvationen
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“de grundläggande fysikaliska lagarna 
som krävs för att formulera en 
matematisk teori för större delen av 
fysiken samt hela kemin är alltså 
numera kända, ...”

P. A. M. Dirac, 
Proc. Roy. Soc. London All2, 661 (1929). 
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Schrödingerekvationen



“... problemet är bara att 
ekvationerna som man får ut är för 
svåra för att lösa”

P. A. M. Dirac, 
Proc. Roy. Soc. London All2, 661 (1929). 

Schrödingerekvationen



Ekvationerna kan lösas 
approximativt 

tack vare:

•90 år av forskning inom teoretisk fysik

•Superdatorer!
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element names in blue are liquids at room temperature
element names in red are gases at room temperature
element names in black are solids at room temperature

Periodic Table of the Elements

Los Alamos National Laboratory Chemistry Division
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helium

boron carbon nitrogen oxygen fluorine neon

aluminum silicon phosphorus sulfur chlorine argon
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yttrium zirconium niobium molybdenum technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon

lanthanum hafnium

cerium praseodymium neodymium promethium samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
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thorium protactinium uranium neptunium plutonium americium curium berkelium californium einsteinium fermium mendelevium nobelium lawrencium 

rutherfordium dubnium seaborgium bohrium hassium meitnerium darmstadtium

1.008

6.941

22.99

Lanthanide Series*

Actinide Series~

1 s
1

[Ar]4 s2 3 d1 0 4 p3[Ar]4 s2 3 d3
[Ar]4 s1 3 d1 0

[Ne]3 s2 3 p6[Ne]3 s2 3 p4

[Ar]4 s1
[Ar]4 s2 3 d1 0

1 s2

[He]2 s1 [He]2 s2

[Ar]4 s2 3 d7

[Ne]3 s2 3 p5

[He]2 s2 2 p1
[He]2 s2 2 p2 [He]2 s2 2 p3

[Ar]4 s2 3 d5

[He]2 s2 2 p4 [He]2 s2 2 p5 [He]2 s2 2 p6

[Ar]4 s2 3 d1 0 4 p5

[Ne]3 s1 [Ne]3 s2 3 p1 [Ne]3 s2 3 p3[Ne]3 s2 3 p2

[Rn]7 s2 5 f1 4 6 d2

[Ne]3 s2

[Ar]4 s2 [Ar]4 s2 3 d1 [Ar]4 s2 3 d2 [Ar]4 s1 3 d5
[Ar]4 s2 3 d6

[Ar]4 s2 3 d8 [Ar]4 s2 3 d1 0 4 p1 [Ar]4 s2 3 d1 0 4 p2 [Ar]4 s2 3 d1 0 4 p4 [Ar]4 s2 3 d1 0 4 p6

[Kr]5 s1 [Kr]5 s2 [Kr]5 s2 4 d1 [Kr]5 s2 4 d2  [Kr]5 s1 4 d4 [Kr]5 s1 4 d5 [Kr]5 s2 4 d5 [Kr]5 s1 4 d7 [Kr]5 s1 4 d8 [Kr]4 d1 0 [Kr]5 s1 4 d1 0 [Kr]5 s2 4 d1 0 [Kr]5 s2 4 d1 0 5 p1 [Kr]5 s2 4 d1 0 5 p2  [Kr]5 s2 4 d1 0 5 p3 [Kr]5 s2 4 d1 0 5 p4 [Kr]5 s2 4 d1 0 5 p5 [Kr]5 s2 4 d1 0 5 p6

[Xe]6 s1 [Xe]6 s2 [Xe]6 s2 5 d1

[Xe]6 s2 4 f1 5 d1 [Xe]6 s2 4 f3 [Xe]6 s2 4 f4 [Xe]6 s2 4 f5 [Xe]6 s2 4 f6 [Xe]6 s2 4 f7 [Xe]6 s2 4 f7 5 d1 [Xe]6 s2 4 f9 [Xe]6 s2 4 f1 0 [Xe]6 s2 4 f1 1 [Xe]6 s2 4 f1 2  [Xe]6 s2 4 f1 3 [Xe]6 s2 4 f1 4 [Xe]6 s2 4 f1 4 5 d1

[Xe]6 s2 4 f1 4 5 d2 [Xe]6 s2 4 f1 4 5 d3 [Xe]6 s2 4 f1 4 5 d4 [Xe]6 s2 4 f1 4 5 d5 [Xe]6 s2 4 f1 4 5 d6 [Xe]6 s2 4 f1 4 5 d7 [Xe]6 s1 4 f1 4 5 d9
[Xe]6 s1 4 f1 4 5 d1 0

[Xe]6 s2 4 f1 4 5 d1 0 [Xe]6 s2 4 f1 4 5 d1 0 6 p1 [Xe]6 s2 4 f1 4 5 d1 0 6 p2 [Xe]6 s2 4 f1 4 5 d1 0 6 p3 [Xe]6 s2 4 f1 4 5 d1 0 6 p4 [Xe]6 s2 4 f1 4 5 d1 0 6 p5
[Xe]6 s2 4 f1 4 5 d1 0 6 p6

[Rn]7 s1 [Rn]7 s2 [Rn]7 s2 6 d1

[Rn]7 s2 6 d2 [Rn]7 s2 5 f2 6 d1 [Rn]7 s2 5 f3 6 d1  [Rn]7 s2 5 f4 6 d1 [Rn]7 s2 5 f6 [Rn]7 s2 5 f7 [Rn]7 s2 5 f7 6 d1 [Rn]7 s2 5 f9 [Rn]7 s2 5 f1 0 [Rn]7 s2 5 f1 1 [Rn]7 s2 5 f1 2 [Rn]7 s2 5 f1 3   [Rn]7 s2 5 f1 4  [Rn]7 s2 5 f1 4 6 d1

[Rn]7 s2 5 f1 4 6 d3 [Rn]7 s2 5 f1 4 6 d4 [Rn]7 s2 5 f1 4 6 d5 [Rn]7 s2 5 f1 4 6 d6 [Rn]7 s2 5 f1 4 6 d7 [Rn]7 s1 5 f1 4 6 d9

� c me e µ0

7
N22

Ti
13
Al



Ti1-xAlxN 
Klustring av AlN

90
0

11
00

13
00

Te
m

pe
ra

tu
r (

K
)

0.30 0.40 0.50 0.60 0.70AlN-halt

Röd=Al
Grå=Ti



= Titan, Ti

= Kväve, N
= Aluminium, Al

Motstånd mot sprickbildning





H
år

dh
et

 (G
Pa

)

Temperatur (°C)



H
år

dh
et

 (G
Pa

)

Temperatur (°C)

TiAlN: Hårdheten bevaras vid högre temperatur!



Sammanfattning 

• Kvantmekanikens ekvationer kan lösas och ge svar på 
frågor om olika materials egenskaper

• Hårda material ska ha starka riktade bindningar. 
Förslag på sådana kan man räkna ut genom att lösa 
Schrödingerekvationen

• Genom att blanda liknande (men lite olika!) material kan 
hårdheten öka pga motstånd mot sprickbildning. Vilka 
material som passar ihop kan förutsägas teoretiskt



Sammanfattning 

• Materialfysik är i slutändan också en experimentell 
vetenskap, det viktigaste är att kunna tillverka de 
uträknade materialen

• Därför arbetar experimentella och teoretiska fysiker 
tillsammans för att lösa den moderna fysikens 
problem 

men ...



Design av nya material för 
neutron-detektorer :   
B4C och Zr1-xGdxN

Björn Alling1, Carina Höglund1,2, Richard Hall-Wilton2, and Lars Hultman1
1Thin Film Physics, IFM, Linköping University, Sweden
2European Spallation Source ESS AB, Lund, Sweden



www.ess-scandinavia.eu Lund

Linköping

• Neutronkälla för vetenskap

• Material, deras egenskaper, 
struktur and dynamik

• Neutrondetektorer behövs

European Spallation Source
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Neutrondetektion och 
3He-krisen

• 3He är en utmärkt neutron-fångare  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• 3He är en utmärkt neutron-fångare  

• Extremt sällsynt i naturen: 0.00014 % av He
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• 3He är en utmärkt neutron-fångare  

• Extremt sällsynt i naturen: 0.00014 % av He

• Huvudsaklig produktion via Tritium-sönderfall 
 

• Tritiums huvudsakliga användningsområde är 
kärnvapen  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lead to plasma found only in exotic
places in astrophysics,” says Todd Dit-
mire, who heads a 1-PW laser facility at
the University of Texas at Austin and is
considering collaborating with the Ro-
manian branch of ELI. “We are not
going to let the grass grow under our
feet just because the Europeans are
going ahead with ELI.” He notes UT’s
involvement in a US  university-
 industry- national lab team that is talk-
ing about an exawatt (1018 W) laser.

Paul Drake of the University of
Michigan, whose article on high- energy-
 density physics appears on page 28 of
this issue, says, “The ELI project is trying
to push up by a significant amount in in-
tensity and an awful lot in rep rate. I
would note that Gérard Mourou is one
of the greatest developers in technology
around. If it can be done, that team ought
to be able to do it.”

Competing technologies
Two different technologies for  chirped-
pulse amplification (CPA; first demon-
strated 25 years ago by Mourou) will be
used for ELI’s 10-PW lasers, and tests
getting under way in the UK and France
will narrow the choice for the 100-PW-
class laser, which will be the sum of 
10 beams of 10–20 PW each. 

The pros of optical parametric CPA,
says Mourou, “are that the material is
transparent, so no energy is deposited.
The amplifier does not heat up. And it
has high gain.” One con is that it uses 
a very short pulse pump, on the order
of 1 ns. 

The other candidate is titanium:
sapphire CPA. It uses a longer pulse
pump (roughly 30 ns), but growing
large enough titanium:sapphire crys-
tals is slow and tricky. “The devil is in
the details,” says Mourou. “Only when
you understand the technologies fully
can you make the decision.”

“It’s a binary decision between two
competing technologies,” says Sand-
ner. “We are confident both would
work, and we have the luxury to de-
velop both to 10 PW in the context of the
first three pillars. We don’t lose time—
we gain security to have the best avail-
able technology without having to
make a premature decision.” The spec-
ifications and the site for ELI’s  highest-
 power laser will be set in 2012. 

More sites, more impact
Originally planned for a single site, ELI
was spread by politics over at least
three countries. The former Soviet bloc
countries are eager to take part in the
pan- European project, but will con-
tribute significantly only if they can
host it. Each site will cost an estimated

€280 million ($350 million) to construct
and €30 million a year to run. So making
the more than €1 billion ELI a multisite
project eases the fundraising process.
Money for the first three pillars is close
to certain, but must still be found for the
100-PW site. 

Most of the money will come from
EU structural funds to new members.
“This money is foreseen for social cohe-
sion, and it’s basically devoted to less-
 developed regions,” says Szabó. So far,
he adds, such monies have been used
mostly for roads, sewage systems, and
the like. “But now the idea is that social
cohesion could be supported by invest-
ing in science.” That money is the good
news, although some bureaucratic
hoops still have to be jumped through
before it is finalized. The bad news, says
Szabó, “is that these funds have to be
used very quickly. The money is not
available beyond 2015. If we cannot
make ELI quickly enough, we may face
problems at the end of the story.” In
Hungary, soil mechanics studies are
under way, and construction is slated to
start next year.

Because of additional buildings,
lasers, and other redundancies, splitting
the project boosts ELI’s tab by about
€300 million, says Mourou. It will also be
more complex to run. But each country
is committing €250 million to €300 mil-
lion. Mourou, who initially opposed

splitting the project, says that in giving
talks he “started to feel the impact. You
could see the excitement of people in
these countries. I started to see that we
are broadening the community. You
have to weigh things. The pros are much
bigger than the cons.” Among the pros,
Mourou lists the solid commitment from
three countries, a larger workforce and
more lasers total, and more opportuni-
ties for students. All told, he says, “the
impact will be much bigger.”  

ELI “will be an example of a distrib-
uted facility,” says Rus. “We have one
mission, coordinated goals, one gov-
erning body, and one user community.”

The project is also a good marketing
tool, Szabó says. “We have to work hard
to produce the necessary human re-
sources. The whole European laser com-
munity is not enough to build and run
ELI. We need to get new young talent
into the business.” One effort is a mas-
ter’s program being launched jointly by
three Hungarian universities to train
students in laser physics. Educational
programs that link the three pillars are
also in the works. Says Szabó, “We are
also trying to attract people from other
countries. It is generally perceived that
we need people available in the next five
to seven years. This is not unrealistic.
We hope they will want to come here.
These places will be the top places in
laser physics.” Toni Feder

DOE begins rationing helium-3
As the extent of the shortage becomes clear, an interagency task
force is giving scientific users priority, but some say the material
is not available at any price.

Casting about for new sources of 
helium-3 to alleviate what one Depart-
ment of Energy (DOE) official has
called “a critical shortage in the global
supply,” a federal interagency task
force is seeking to strike deals with
Canada and is exploring other avenues
to obtain additional supplies. In the
meantime, some scientific users of 3He
have reported having to pay more than
$2100 per liter of the gas for an isotope
that cost them less than $100 a couple of
years ago.

On the heels of a broad 3He crisis
(see PHYSICS TODAY, October 2009, page
21) and with DOE’s inventory of the gas
now well below a single year’s de-
mand, the task force instituted a ra-
tioning system this year that gives first
priority to applications that have no
known substitute. Topping the list are
cryogenics needed for physics below
1 K, ring lasers used for missile guid-
ance and space navigational systems,

and magnetic resonance imaging of 
the lungs. The interagency group sus-
pended all distributions in 2009 and
curtailed releases this year to less than
12 000 liters of world demand, esti-
mated at 70 000 to 76 000 liters, while it
seeks ways to address the shortage of
3He for use in radiation monitors at
ports, airports, and border crossings—
which had been the largest 3He con-
sumer by far. A warning by DOE
 officials that scientists at neutron scat-
tering facilities abroad need to look
elsewhere for their requirements has
set off a scramble to find alternative
neutron-detection technologies.

In addition, the International
Atomic Energy Agency has been in-
formed by the US, long the IAEA’s
major supplier of 3He for nuclear safe-
guards inspections, that future ship-
ments are unlikely. The US provided
just 1800 of the 2800 liters that the IAEA
had requested for this year.
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The weird effects of quantum mechanics
often emerge at extremely low temperatures.
So 3 years ago, Moty Heiblum, a physicist at
the Weizmann Institute of Science in
Rehovot, Israel, ordered a large “dilution
refrigerator,” which uses frigid liquid
helium as a coolant and can chill tiny elec-
tronic devices to within a thousandth of a
degree of absolute zero, or 1 millikelvin. But
now the manufacturer, Leiden Cryogenics
B.V. in the Netherlands, cannot deliver the
completed fridge: It cannot get enough
helium-3—100 liters of room-
temperature gas, as it’s sold on
the market—to fill the rig.

Heiblum has fallen victim to
a severe shortage of helium-3,
the lighter isotope of the most
inert element. Two weeks ago,
he also lost about 15 liters of
helium-3 from an existing fridge
when an electronic valve failed.
When Heiblum tried to buy
more, a supplier in the United
States turned him away and a
European company wanted an
unaffordable €1300 per liter,
up from €100 just 2 years ago.
“If this continues, then low-
temperature physics will just dis-
appear,” Heiblum says.

No end to the shortage is in
sight, however. In recent years the
supply of helium-3 has dwindled,
while the demand has skyrocketed—
especially since 2002, when the U.S. Depart-
ment of Homeland Security (DHS) and
Department of Energy (DOE) began deploy-
ing thousands of helium-3–filled neutron
detectors to help prevent the smuggling of
plutonium and other radioactive materials
into the country. In the short term, demand
will likely top 65,000 liters per year, while
supply will hover between 10,000 and 20,000
liters per year, according to a DOE study. The
shortfall threatens several research fields, and
DOE, the major supplier, is releasing the gas
only to researchers with U.S. funding.

Helium-3 also fills neutron detectors at

large neutron-scattering facilities used to
probe materials, such as the one at the new
Japan Proton Accelerator Research Complex
(J-PARC) in Tokai. The projected need
for that application alone exceeds 100,000
liters over the next 6 years. J-PARC
researchers need 16,000 liters of helium-3 to
complete detectors for 15 of 23 beamlines,
says J-PARC’s Masatoshi Arai: “If we cannot
get helium-3 and detectors, … [then] we can-
not perform sufficiently good experiments
from the neutron facility at J-PARC, for

which we spent $1.5 billion for construction.”
Low-temperature physicists say they

need between 2500 and 4500 liters of
helium-3 per year, primarily to fill new dilu-
tion refrigerators. Helium is the only sub-
stance that remains liquid at absolute zero,
and only by pumping the vapor off a lique-
fied mixture of helium-3 and heavier helium-4
can physicists achieve steady temperatures
below 0.8 kelvin, says William Halperin, a
physicist at Northwestern University in
Evanston, Illinois. “If we lose our helium-3
[supply], we’re totally screwed,” says
Halperin, who notes that work on quantum
computing and nanoscience often requires
extremely low temperatures.

Helium-3 also serves a role in medical
imaging. When inhaled by a patient, it allows

researchers to image the lungs
with an MRI.

The helium-3 supply likely
won’t return to its former levels.
Rare in nature, the gas comes
mainly from the radioactive decay
of tritium generated in nuclear
reactors. Pure tritium is an ingre-
dient in hydrogen bombs, so for
decades the United States and the
Soviet Union kept large reserves
of it and sold the helium-3
skimmed from it. But after the
Cold War ended, the United
States and Russia reduced their
tritium reserves. Prior to 2009,
DOE released 60,000 liters of
helium-3 annually. In fiscal year
2009, it released 35,000 liters.
Russia releases a few thousand
liters annually, and Canada has
accumulated tritium from civilian

reactors that, if purified, could provide a one-
time boost of 80,000 liters of helium-3 and
several thousand liters per year thereafter,
DOE estimates.

To ease demand, researchers are looking
for alternatives to helium-3, especially for neu-
tron detectors for security. Within a sealed tube
of gas, a helium-3 nucleus can absorb a pass-
ing neutron and then split into charged frag-
ments that create a detectable electrical signal.
Several alternative technologies exist, such as
tubes filled with boron trifluoride gas or glass
fibers that emit light when struck by a neutron.
None of them is a “one-to-one replacement”
for the helium-filled tubes in terms of sensitiv-

Helium-3 Shortage Could Put Freeze
On Low-Temperature Research
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Medical imaging 

Low-temperature physics 

Neutron-scattering, etc. 

Oil & gas detectors 

Neutron detectors for security 

HELIUM-3 USAGE 

IN THE PAST 5 YEARS

1.3%

1.7%

2.5%

10%

84.5%

Global warming. Around the world, physicists like Moty Heiblum in Rehovot,

Israel, say they cannot get the helium-3 they need to reach ultralow tempera-

tures. Security programs in the United States have soaked up 85% of the supply.
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 Element or Nuclide Thermal Neutron 
Absorption Cross-Section

Natural isotope abundance
%

3He 5 333 barn 0.00014

natural B 767 barn -
10B 3 837 barn 19.9

natural Gd 49 000 barn -
157Gd 254 000 barn 15.65

Table 1. The thermal neutron absorption cross-section and natural abundance for some 
relevant elements and isotopes. 

The cross section is, however, not enough to decide on a detector material. The detectable 
outcome of the reactions are different, e.g., mostly gamma-radiation in the case of 157Gd, and 
alpha-particles and Li-ions in the case of 10B. These reaction paths and particles have different 
advantages and disadvantages and the choice will be different depending on the detector type. 
A problem with neutron detectors based on solids that converts neutrons into alpha-particles 
and charged ions, such as 10B-based ones, is that the charged particles can be trapped inside 
the solid prohibiting it from being detected4. One way around this problem is to use very thin 
films of the absorbing material and then insert multiple units of such films in the detector 
device.
 In addition to the neutron detecting mechanism, a crucial task in the construction of 
highly accurate large scale detectors for neutron diffraction purposes is effective shielding 
against cross talking between detector segments. If such shielding of cross-scattered neutrons 
can be done without additional bulk using thin film coatings, the size of the detector segments 
could be made smaller which would increase the accuracy of the detector. Clearly, the highest 
possible absorption ability is needed for this purpose.

GdN-based materials

Due to its huge cross section for neutron reaction, Gd-containing materials are of interest in 
all types of application of neutron radiation. For some detection applications there is a 
drawback that gamma rays resulting from the neutron absorption to some extent overlap with 
the background gamma radiation5. However, for small and medium sized detectors intended 
for qualitative neutron detection, the advantage of the high reaction probability could anyway 
be decisive. 
 Since pure Gd reacts easily not only with oxygen but with other metals such as Al, it is 
in most cases impractical to grow thin films of pure Gd. For some applications Gd2O3 can be 
an alternative as it is chemically stable. However, in many cases, such as the cross-talking 
prevention mentioned above, a metallic thin film is needed to prevent uncontrolled charging 
effects, and other materials should be considered. Nitrides is one of the most well used 

Appendix A: Theory of neutron sensitive thin film materials Björn Alling, 801022-1912

3

4 Z. Wang and C. L. Morris, Nucl. Instr. and Meth. A (2011). doi: 10.1016/j.nima.2011.01.138 

5 A. Melton, E. Burgett, M. Jamil, T. Zaidi, N. Hertel, and I. Ferguson, Proc. IEEE SoutheastCon (2010)
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10B-baserade 
tunnfilms-detektorer

Inkommande 
neutron

10B4C

Neutron-genomskinligt 
basmaterial

CF4 gas

Kärn-  
reaktion

7Li

α
...



Neutrondetektion 
och absorption

• Neutroner kan studsa och fastna i fel 
detektor-pixel

• Extremt effektiv neutron-absorption i 
detektorns väggar etc är önskvärd

• Gadolinium, Gd, är en kandidat pga sin 
enorma känslighet för neutroner

n+ 157Gd ! 158Gd + �



Gd-baserade tunna filmer 
för neutronabsorption
• Rent Gd är för kemiskt reaktivt

• Gd2O3 är en elektrisk isolator 

• GdN är nästan metalliskt, har hög Gd-täthet 
men oxiderar lätt

• Kan GdN blandas med mer stabila 
kväveföreningar?



Blandning av GdN med  
TiN, ZrN, och HfN

B. Alling, C. Höglund, R. Hall-Wilton, and Lars Hultman  
Applied Physics Letters, 98, 241911 (2011)  



Fas-separation

Blandning

B. Alling, C. Höglund, R. Hall-Wilton, and Lars Hultman  
Applied Physics Letters, 98, 241911 (2011)  

Blandning av GdN med  
TiN, ZrN, och HfN



Zr1-xGdxN

B. Alling, C. Höglund, R. Hall-Wilton, and Lars Hultman  
Applied Physics Letters, 98, 241911 (2011)  



Sammanfattning
• 3He-brist är en svår utmaning för neutron-

teknologier

• Detektorer med tunna filmer av 10B4C 
utvecklas nu i Linköping+Lund.

• GdN-baserade ytskikt för n-absorption

• Förutsägelse: GdN blandas lätt med ZrN and 
HfN för bättre ledningsförmåga och 
oxidations-beständighet (Bekräftat experimentellt)


