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Abstract. In the present work the effect of compressive stress on self-diffusion of Fe
in nanocrystalline FeN(Zr) alloys has been investigated. Two different types of
FeesNysZrp samples, one without applied stress and another with applied compressive
stress of 42 GPa, were deposited under identical conditions using magnetron sputtering.
The stress has been applied to the sample by bending the substrate during the deposition
using a three point bending device. The self-diffusivities of Fe were determined by mea-
suring the broadening of *’Fe marker layers by Secondary Ion Mass Spectrometry after
annealing at 443 K, 483 K and 523 K for 1 hour. The activation energy and pre-
exponential factor for Fe diffusion is comparatively higher in the stressed sample. The
higher activation energy might be due to the fact that the system transforms into a more
dense state when compressive stress is applied.

1 Introduction

In recent years nanocrystalline metals and alloys have emerged as an important class of mate-
rials. The remarkable properties of these materials can be tailored by changing particle size,
shape and morphology of nano-crystals [1-6]. Generally, this change is governed by atomic
diffusion. Consequently, the knowledge of self-diffusion and of the underlying diffusion me-
chanisms is necessary to understand thermal stability, thermally induced microstructure
changes and also stability against environment impact, which is important for technological
application of these materials. Besides, a high fraction of atoms in nanocrystalline alloys is
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present in grain boundaries (up to 40 %). Thus, they are also important systems for an under-
standing of grain boundary diffusion mechanisms.

Fe-N alloys are very important materials and extensive studies were done in order to un-
derstand their magnetic and mechanical properties as a function of chemical composition and
microstructure [7-12]. However, a detailed investigation of self-diffusion in these materials is
still lacking. Fe-N bonds are known to be one of the strongest covalent bonds in nature.
Therefore, it is expected that vacancies exist as defects in amorphous FeN and diffusion
should take place through a vacancy jump-mechanism. Recently, first diffusion studies were
done on amorphous and nanocrystalline Fe-N thin films. It has been reported that the atomic
diffusion is not similar to that of a vacancy jump mechanism. However, a diffusion mechan-
ism is suggested where several atoms move collectively [13,14].

In case of materials are deposited in form of thin films on a substrate, large intrinsic strain
and stress may be generated in the film. This stress may result from the lattice mismatch of
the substrate and of the film and may be modified during annealing due to differences in the
thermal expansion coefficients of the substrate and of the film (thermal stress). Another pos-
sibility is that it originates from the microstructure of the deposited film (intrinsic stresses)
[15-17]. Intrinsic stress may occur at strained regions within a film during formation of grain-
boundaries, dislocations, voids, impurities, etc [18]. This stress may significantly affect the
physical properties of the films, including atomic diffusion. Since many devices which are
used for applications are fabricated in the form of nm range thin films, an understanding of
the effect of stress on atomic self-diffusion is extremely important.

In the present work, the effect of compressive stress on Fe self-diffusion in chemically
homogeneous thin films of nanocrystalline Fe-N alloys has been investigated using Secondary
Ion Mass Spectrometry (SIMS) depth profiling.

2 Sample Preparation

Chemically homogeneous thin films of composition FegN»sZr 9 were prepared by magnetron
sputtering of composite FeZr targets on Si substrates. Small pieces of Zr rods were pasted on
either "™™'Fe or *'Fe targets in a symmetric way and the composite targets were sputtered al-
ternately to prepare a chemically homogeneous film with the following structure

i/l RN 7S FeNZr/ Y FeNZr/Y FeNZr/ ' FeNZr.

A mixture of nitrogen and argon gases (50 vol. % each) was used to sputter the composite
target at a power of 50 W. The small amount of Zr (about 10 %) was essentially used to re-
strict the grain size of FeN, in order to produce a nanocrystalline structure. It is well known
that the addition of a small amount of early transition metals in transition metal-metalloid sys-
tems results in inhibition of grain growth and the formation of a nanocrystalline structure
[19]. The deposition of the film was carried out after obtaining a base pressure better than 1 x
107° mbar. During deposition, the pressure in the chamber was 5 x 10~ mbar due to a gas
flow of 30 cm’/min.

During deposition the substrate was mounted on a specially designed three-point Si wafer
bending device (Fig. 1). Thin Si wafers (300 + 10) um were used as a substrate in order to
avoid breaking during bending. For bending, the Si wafer was fixed at both of the ends. The
rotation of an asymmetric roller around the central axis bends the Si wafer at different bend-
ing heights varying between 0 and 5 mm. A pin lock system was incorporated in such a way
that a release of bending by itself during deposition could be avoided. The bending was re-
leased after deposition, which results in an applied compressive stress on the film. The magni-
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tude of applied compressive stress due to release of bending has been calculated using equa-

tion
E..
S
(B
G:—SI (1)

6RT,;

where Eg; /(1-vyg;) is the biaxial modulus of the silicon substrate which is equal to 180.5 GPa.
Esi is Young’s modulus for Si and vs; is Poisson’s ratio for Si. T; is the thickness of the sub-
strate, Tt is the thickness of the film, and R is the radius of curvature [20,21]. With the situa-
tion shown in Fig. 1, the radius can be written as

3 a’ +b*
2b

2

Combining eqns. (1) and (2), the value of stress was calculated.

/7-\ Si wafer
a /

<

—b

3

R-b

Fig. 1: Schematic diagram of the bent Si wafer used for calculation of the radius of curvature.

The parameters used in the present case are 7s; = (300 £ 10) pm, 7¢ =400 nm, a = 40 mm and
b =5 mm. The calculated value of stress is 42 GPa within error limits of 15 ... 20%.

3 Structural Characterization

The thickness of the films was determined by measuring the crater formed during secondary
ion mass spectrometry (SIMS) depth profiling using a mechanical profilometer (TENCOR).
The average thickness of the film is about 400 nm and the structure of the film is

Si/™“FeNZr(120nm)/’'FeNZr(20nm)/* FeNZr(120nm)/""FeNZr(20nm)/™*FeNZr(120m).

The chemical composition of the film was determined using X-ray photoelectron spectros-
copy (XPS) to be FeeaNysZr9. Conversion electron Mdssbauer spectra (CEMS) of the sample
consist of a broad doublet. The spectrum has been fitted with two doublets and two singlets in
accordance with literature results on iron nitride [22]. The fitted parameters are very close to
those of crystalline FegyN4g [22]. This result suggests that the small amount of Zr added for
inhibiting the grain growth is not located inside the FeN crystals, but it is probably present at
the grain-boundary regions. Annealing up to 573 K does not result in any significant change
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in the hyperfine field parameters, indicating that the local environment of Fe remains un-
changed up to 573 K. Annealing at 673 K results in a qualitative change in the shape of the
Maossbauer spectrum and hyperfine field parameters. Thus, the Mossbauer measurement sug-
gests that the as deposited nanocrystalline phase is stable up to 573 K.

Fig. 2 a) shows the X-ray diffraction (XRD) pattern of the film after annealing at different
temperatures for a period of 30 min each. The diffraction pattern of the pristine sample exhi-
bits a broad peak at a scattering angle of about 58 °, corresponding to the y-iron nitride phase.
The crystallite size as obtained from the width of the diffraction peak using the Scherrer for-
mula [23,24] is about 2 - 3 nm. Thermal annealing up to 573 K shows only minor variations
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Fig. 2: XRD pattern of the films for 0.5 h anneals at different temperatures. The red curves represents Gaussian
fits to the Bragg peaks in order to attain the FWHM. (b) SIMS depth profile of **Fe, *’Fe and '*N in the as depo-
sited film.
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in the XRD pattern. However, annealing above 573 K results in appearance of an additional
peak, suggesting the occurrence of a phase transformation. This is also supported by the
CEMS measurements. Furthermore, annealing up to 573 K does not cause any change in grain
size.

In conclusion, CEMS, XRD and XPS measurements suggest that the microstructure of the
film consists of nanograins of y-iron nitride with additional segregation of Zr at grain bounda-
ries. The chemical composition of the nanograins is FegNao, as obtained from CEMS.

Fig. 2 b) shows the SIMS depth profile of >'Fe, **Fe and '*N in the as deposited film. The
>’Fe signal shows two peaks of equal intensity at the position of the two marker layers, whe-
reas ~*Fe shows corresponding dips at those two positions. The intensity of the nitrogen pro-
file is constant throughout the depth, indicating a constant nitrogen concentration. The °'Fe
depth profiles are somewhat skewed towards higher sputtering time. This asymmetry in the
depth profiles is due to intermixing induced by the 5 keV O primary ions used for sputtering.
A correction of this profile broadening was done using a procedure described in literature, see
Refs. [13,25,26].

4 Diffusion Measurements

For diffusion measurements samples without applied stress and samples with an applied stress
of 42 GPa are annealed simultaneously for 1 hour at 443 K, 483 K and 523 K, respectively.
The diffusion annealing of the samples was performed in a vacuum furnace with a base va-
cuum better than 10~® mbar. The self-diffusivity of Fe was calculated from the broadening of
the °'Fe concentration depth profiles, measured by a CAMECA IMS 3f secondary ion mass
spectrometer. The primary ions used for sputtering were O ions of energy 5 keV and the ion
current was about 50 nA. A typical broadening of >’Fe depth profile after annealing at 483 K
for 1 hour is shown in Fig. 3. The profiles have already been corrected for the intermixing ef-
fect of the O" primary ions.
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Fig. 3: Diffusion broadening of the
50 100 150 200 250 300 "Fe SIMS depth profile after anneal-
Depth (nm) ing at 523 K for 1 hour.

In the present case, the tracer concentration of °'Fe as a function of penetration depth x is giv-
en by [27]
const.

o2
t

c(x,t) = exp[—(x—x,)*/207)], 3)
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Fig. 5: Arrhenius plot of the diffusion coefficients with and without applied stress as calculated from the broad-
ening of °’Fe marker layer at (a) the surface side (peak 1) and (b) the substrate side (peak 2).

where xj is the position of the isotopic marker layer. Accordingly, the diffusion coefficients
were calculated using the equation

o; —0,
(D) () ==, 4)

where D is the diffusion coefficient and oy and o; are the standard deviations of Gaussian
depth profiles before annealing and after annealing the sample for the time period ¢, respec-
tively [26].

The diffusivities plotted as a function of temperature, 7, were used to calculate activation
energy, ¢, and pre-exponential factor, Dy, using the Arrhenius equation

D =D, exp(~q/ k,T) 6

The results for In(Dy) and g obtained in this study are given in Table 1. Fig. 4 shows the
plot of InD vs 1000/T for Fe self-diffusion in the sample without stress. For comparison, re-
cently published data on Fe self-diffusion in nanocrystalline FeN(Zr) done by nuclear reson-
ance reflectivity (NRR) [14] has also been included in the graph.

Table. 1 In(Dy) and ¢ for diffusion in nanocrystalline FegNosZr o

N 0 GPa 42GPa
position In (D 1
o n (Do
of the marker layer s m>2 q (eV) s - m?) g (eV)

surface side (peak 1) 312 0.6+0.1 -25+2 09+0.1

substrate side (peak 2) -36=+1 04+01 -96+0.7 15=+0.1
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Fig. 5: Arrhenius plot of the diffusion coefficients with and without applied stress as calculated from the broa-
dening of *’Fe marker layer at (a) the surface side (peak 1) and (b) the substrate side (peak 2).

Fig. 5 a) and b) show the plot of In D vs 1000/T for the samples with and without stress as
calculated from the marker layer broadening at the surface side (peak 1) and the substrate side
(peak 2).

5 Discussion

It is obvious from Fig. 4 that the diffusivities in the stress free case as measured by SIMS do
not coincide with the interpolated data as measured by NRR. At a temperature of 443 K the
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diffusivity examined by SIMS is larger by a factor of 50 compared to the diffusivity measured
by NRR. The reason for that is unclear at the moment and needs further investigation. Possi-
ble structural relaxation processes which might lead to a time dependence of diffusion can be
excluded as a reason, since the annealing times were chosen in a way that a well relaxed state
is present for 1 h of annealing at the temperatures investigated (see Ref. [14]). However, one
has to recognize that two completely different methods were used to determine diffusivities in
the present case. The first method (SIMS) is a very established method, while the second
(NRR) is a relatively new method, whose application for diffusivity determination is still not
sufficiently tested and has to be investigated in more detail. Further, the samples used for the
two types of measurements are produced in the same way and have the same chemical com-
position, however, the present sample has only two enriched layers of *>'Fe while the sample
for the NRR measurements is an isotope multilayer with ten >'Fe layers. With NRR the aver-
age modification of the whole isotope multilayer is detected, while for SIMS the broadening
of a special peak is observed, meaning that the difference might be caused by the fact that dif-
fusivities obtained from local and integral data are compared.

A hint that the diffusivity might be dependent on the distance of the marker layer from the
surface is supported by the observation that the diffusivities (especially at 523 K) and the val-
ues of g and Dy for the surface side peak and the substrate side peak is slightly different (see
Fig. 4 and Table 1). This difference might be due to a possible influence of the close by sur-
face, where a small oxide layer might act as source of point defects diffusing in and influen-
cing the Fe diffusion. On the other side, the Si-film interface might also act as a sink of point
defects. However, the absolute effect is very small and only pronounced at 523 K (about a
factor of 2). Consequently, more detailed measurements have to reveal whether a significant
physical effect is acting here.

From Fig. 5 it can be observed that the applied stress has a significant, but unusual effect
on the self-diffusivity of Fe. First, it is obvious that the effect at the substrate side is signifi-
cantly more pronounced than the effect the surface side. This difference can be explained due
to a variation of the compressive stress as a function of depth. At the substrate side the stress
is higher than at the surface side. We assume that a substantial relaxation of stress, which is
induced by the lattice mismatch of film and substrate, takes place in a region more close to the
surface, leading to a decrease of the stress with increasing distance from the substrate.

It is further observed that the activation energy and the pre-exponential factor for Fe self-
diffusion in nanocrystalline FeN(Zr) increases with applied compressive stress. We explain
this by the fact that the stress modifies the structural state of the sample, meaning the stressed
sample is in a more dense state than the unstressed sample. Structural defects like free vo-
lumes or vacancies are reduced and a more dense state is formed. Within this state it is more
difficult for the atoms to diffuse and consequently a higher activation energy is necessary.

These findings are supported by a recent study on Fe self-diffusion in nanocrystalline FeZr
thin films. There, a decrease in diffusivity has also been observed with applied compressive
stress [28]. However, as far as the authors know the effect of applied stress on atomic diffu-
sivity in structurally relaxed nanocrystalline systems has not been studied in detail so far.
Therefore, the present study will give some preliminary overview on this point and leaves
some open questions which need further detailed investigations.

6 Conclusion

In conclusion, the effect of compressive stress on self-diffusion of Fe in a nanocrystalline
FeN(Zr) alloy has been investigated using SIMS depth profiling technique. It was observed
that the activation energy and pre-exponential factor for Fe diffusion is comparatively higher
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in the stressed sample. The higher activation energy might be due to the fact that the system
transforms into a more dense state when compressive stress is applied.
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