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This paper addresses in situ stress evolution of two-component FexPt1−x, where x spanned 0 to 1,
alloy thin films. The stresses of the high-temperature, quenched-in, solid solution phase was
determined by in situ wafer curvature measurements during ambient temperature growth. The
measured stresses were shown to be compositional dependent and spanned both compressive and
tensile stress states. Under specific growth conditions, a “zero-stress” state could be achieved. The
alloy stress states did not show any significant stress recovery upon ceasing the deposition, i.e. the
stress state during growth was retained in the film. X-ray diffraction, transmission electron
microscopy, and atom probe tomography were used to characterize the microstructures of each thin
film. The evolution of the stress state with composition is described in terms of a chemical potential
term for preferential segregation of one species in the alloy to the grain boundaries. © 2010
American Institute of Physics. �doi:10.1063/1.3462431�

I. INTRODUCTION

Thin films prepared by physical vapor deposition can
undergo large intrinsic stresses which can be higher than
their bulk phase modulus. This intrinsic stress plays an im-
portant role in tuning the physical1–3 and mechanical4 prop-
erties of the thin films and can be responsible for the failure
of technologically important thin film devices.5 By under-
standing stress evolution during thin film growth, and even
controlling the stress state in thin films, will help improve
their properties1–6 and enhance the reliable performance of
thin film based devices.

Extensive in situ thin film stress state studies7–14 have
been performed during the deposition of various single el-
emental films. It has been revealed that high adatom mobility
films like Cu 10,12 and Ag 7–10 usually undergo compressive-
to-tensile-to-compressive stress evolution corresponding to
the nucleation of islands, coalescence of islands, and post-
growth stages. In contrast, low adatom mobility films such as
Fe,11,14 Cr,11 and Co,13 only experience compressive-to-
tensile changes.

Thin film growth stress is very sensitive to experimental
parameters, such as deposition temperature,11,14 deposition
rate,9,15 and pressure.12,13 Based on experiments and
simulations,9,14,16–19 various theoretical models9,14,16–19 have
been proposed to explain and even predict the stress evolu-
tion during thin film growth. It is generally accepted that the
initial compression is a result of the early-stage embryonic/
island formation of the atoms converging to minimize sur-
face area to volume energies. The tensile stress originates
from the strain associated with the coalescence of these is-
lands to minimize the grain boundary energy. The mecha-
nism of postcoalescence compressive stress is still under
discussion.9,14,18,19 It is thought to originate from either extra

atoms being inserted into the grain boundaries9,18 or a
locked-in capillarity stress19 or because of grain growth and
recrsytallization.14

While most of experimental research about in situ stress
has been focused on single metallic elements, there is less
information about metallic alloy systems.20,21 Alloys can re-
sult in co-operative adatom mobility and free surface and
grain boundary segregation for different species which will
result in different growth stresses. Similar to mixed
compounds,22,23 controlling the alloy chemistries could be
used to tune the growth stresses. In this paper, the as-
deposited in situ stress measurements of the binary alloy
FexPt1−x, where x spanned 0 to 1, was used to investigate the
influences and mechanisms of composition dependent
growth stresses in thin films.

II. EXPERIMENTAL DETAILS

The FexPt1−x alloy thin films were cosputter-deposited
from �99.5% pure elemental targets to a thickness of 40 nm
onto Si �001� substrates, with native surface oxide, in an
AJA ATC-1500 stainless-steel chamber at ambient tempera-
ture ��25 °C�. As previously mentioned, pressure12,13 and
temperature11,14 can influence the final stress state and is the
subject of future work. The base pressure prior deposition
was �1�107 Torr where upon ultrahigh purity Ar was
flowed at 10 standard cubic centimeters per minute to 2
mTorr for sputtering and served as the sputtering working
gas. The k-Space Associates’ multibeam optical sensor sys-
tem �MOSS� was used to measure the in situ stress state
during deposition. The MOSS measures the change in the
radius of the curvature of the substrate from a reflected laser
beam passed through an echelon and collected on a charge
coupled device camera.24 The displacement of the reflected
laser spots is then used to calculate the average stress accord-
ing to Stoney’s equation,25a�Electronic mail: gthompson@eng.ua.edu.
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where Es / �1−vs� is the biaxial modulus of the substrate, ts

and tf are the thickness of the substrate and thin film, � is the
angle of incidence of the laser beam, L is the substrate-
detector optical length, and R0 and R1 are the radius of cur-
vature of the measured substrate before and during/after film
deposition. The values of these parameters are the following:
the biaxial modulus of the substrate was taken as 180 GPa,26

thickness of the Si �100� substrate was �250 �m, L was 88
cm, and � was 2°. The growth rates were determined from
the final film thickness divided by the time of deposition and
were controlled by the sputtering power. The thicknesses
were verified by small angle x-ray reflectivity27 using an
X’Pert Philips x-ray diffractometer operated with a Cu K�

source at 45 kV and 40 mA.
The average compositions of the alloy thin films was

determined by the individual growth rates from each target
and verified using scanning electron microscopy �SEM�-
energy dispersion spectrometry on a Philips XL30 operated
at 30 kV. X-ray diffraction �XRD� was performed for phase
identification using a Philips APD diffractometer with a
Cu K� radiation source operated at 40 kV and 35 mA. The
average grain size was calculated from transmission electron
microscopy �TEM� bright/dark field imaging using a Tecnai
F20 �scanning� TEM. At least 100 grains were averaged and
the standard error was calculated. The selected area electron
diffraction �SAED� patterns were also taken to identify the
phases of the alloy thin films.

Atom probe samples were prepared by in situ lift-out of
a wedge from the thin film wafer, in a similar manner re-
ported by Thompson et al.28 and modified for thin films by
Torres and Thompson.29 The samples were focus ion milled
using a FEI Quanta 3D dual-beam focus ion beam-SEM. The
annular mill to shape the film into the required atom probe
tip geometry used an ion beam current between 0.3–1.0 nA
at 30 KeV. A final 5 KeV “clean up” step was used to reduce
the Ga implantation damage to the surface of the sample.
The atom probe tips were analyzed in an Imago Scientific
Instruments Local Electrode Atom Probe �LEAP®� 3000XSi
in a laser pulsing mode. The field evaporation events were
run at a base temperature of 50 K with laser pulse energy of
0.3–0.5 nJ at a pulse rate of 250 kHz. Lower base tempera-
tures and lower pulse energies resulted in a propensity of tip
fracture failures during field evaporation.

III. RESULTS

The in situ stress evolution of the 40 nm thick Fe,
Fe0.82Pt0.18, Fe0.65Pt0.35, Fe0.54Pt0.46, Fe0.45Pt0.55, Fe0.28Pt0.72,
Fe0.21Pt0.79, and Pt thin films are displayed in Fig. 1�a�. From
Fig. 1�a�, the Fe thin film experiences a compressive-to-
tensile stress transition and the Pt thin film exhibits a
compressive-to-tensile-to-compressive stress transition,
which is consistent with similar reports in the literature.5,11,14

The Fe–Pt alloy films formed a solid solution, as will be
discussed and shown in the XRD and electron diffraction
figures below. It is found that the Fe0.65Pt0.35 thin film

showed a residual stress near zero at 40 nm thickness. The
residual stress is the stress state value at the end of the depo-
sition at a fixed thickness. Also, it is interesting to note that
for alloy films �35 at. % Pt, the stress state no longer
obeyed a linear mixing trend, Fig. 1�b�.

Since deposition rates can affect the mobility of adatoms
hence the stress state, the “zero-stress” Fe0.65Pt0.35 and “com-
pressive stress” Fe0.45Pt0.55 thin film was deposited at differ-
ent deposition rates. Unlike single element films, which can
exhibit significant changes in stress with deposition rate,9,15

the growth stress for these alloys showed very little change
with the deposition rates studied, as seen in Fig. 2. Changing
the rates to span a larger range, at a fixed thickness and
composition, proved experimentally difficult using two sepa-
rate elemental sputtering sources. Each source has its own
intrinsic rate of growth with sputtering power. For such stud-
ies, fixed alloyed targets would be more amenable in consis-
tently controlling the rate for a fixed composition, particu-
larly at extremes in low or high deposition rates and should
be considered for future studies.

The XRD results of the as-deposited thin films for the
eight different compositions is plotted in Fig. 3�a�. Each film
is highly textured with the closest packed planes being par-
allel to the growth direction. The elemental Fe film was in-

FIG. 1. �a� Growth stresses of the Fe–Pt thin film system �b� Residual
intrinsic stresses measured at the end of the depositions of a 40 nm film. The
deposition rates for the Fe, Fe0.82Pt0.18, Fe0.65Pt0.35, Fe0.54Pt0.46, Fe0.45Pt0.55,
Fe0.28Pt0.72, Fe0.21Pt0.79, and Pt thin films are 0.1 nm/s, 0.11 nm/s, 0.15 nm/s,
0.18 nm/s, 0.2 nm/s, 0.3 nm/s, 0.4 nm/s, and 0.05 nm/s, respectively. Note
that the residual stress varies as a function of composition.
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dexed as body centered cubic �bcc� where as the elemental Pt
was face centered cubic �fcc�. The Fe0.82Pt0.18 thin film
adopted a solid solution bcc phase and all other alloy com-
position adopted a solid solution fcc phase. This fcc phase is
consistent with the literature30 and is the quenched-in high-
temperature phase for this system. The in-plane grain size of
these thin films, Fig. 4, were very similar with values that
ranged from �8 to 16 nm.

The atom probe results are shown in Fig. 5. For the
elemental Pt thin film, very distinct grain boundaries can be
seen in the reconstructed atom map of Fig. 5�a�. The recon-
struction of these boundaries are a result of trajectory aber-
rations because of the density variation in the
boundaries.31–33 The grain sizes in the atom map are in rea-
sonable agreement with the previous size measurements
from TEM plotted in Fig. 4. The reconstructed Pt atom map
for the Fe0.54Pt0.46 thin films showed clear grain boundaries.
Previous TEM Frensel contrast imaging of a thin film atom
probe tip of a similar composition has confirmed that these
reconstruction variations are consistent with the shape and
size of the deposited grains.29 This grain boundary recon-
struction would be a result of either a density and/or compo-
sitional variation within the boundary.31–33 Again, the grain
size in these atom maps, Fig. 5�c�, are consistent with those
measured using TEM images given in Fig. 4. The one-
dimensional �1D� compositional profile of a grain boundary
in the Fe0.54Pt0.46 film, Fig. 5�d�, showed an enrichment of Pt

in the boundary, which is consistent with literature predic-
tions that Pt would preferentially be on the surface of nano-
scale FePt.29,34,35 However, for the Fe0.65Pt0.35 thin film, it
was difficult to distinguish the grain boundaries from the
atom map reconstructions. The 1D compositional profile for

FIG. 2. Growth stresses of �a� Fe0.65Pt0.35 and �b� Fe0.45Pt0.55 thin films
grown at different deposition rates. The error bar in �b� is smaller than the
Markers because of the Y-scale.

FIG. 3. �a� XRD spectra for the Fe, Fe0.82Pt0.18, Fe0.65Pt0.35, Fe0.54Pt0.46,
Fe0.45Pt0.55, Fe0.28Pt0.72, Fe0.21Pt0.79, and Pt thin films using Cu K� x-rays; �b�
SAED pattern of the �I� Fe0.82Pt0.18, �II� Fe0.65Pt0.35, �III� Fe0·54Pt0·46, �IV�
Fe0.45Pt0.55, �V� Fe0.28Pt0.72, and �VI� Fe0.21Pt0.79 thin film. The diffraction
pattern indexes Fe0.82Pt0.18 thin film to a bcc symmetry while the other alloy
thin films to fcc symmetry.

FIG. 4. The average grain size of those thin films measured from TEM
bright/dark field images.
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Fe0.65Pt0.35 goes across the entire atom map and does not
show any significant variations in composition. Based on the
grain size of this film and the field of view of the atom map,
the profile would intersect several grain boundaries. The el-
emental Fe thin film does not show distinct grain boundaries
in the atom map of Fig. 5�h�.

IV. DISCUSSION

The in situ stress measurements for the FexPt1−x alloy
thin films are strongly dependent on their compositions.
There has been considerable discussion in the literature on
the origins of thin film stress states. Chason et al.9 have
proposed that the compressive stress during postcoalescence

is caused by the adatoms reversibly moving in and out of the
grain boundaries. The driving force for those extra atoms to
the grain boundaries is from the increase in the surface
chemical potential during deposition because of the arrival
and flow of deposited atoms on the surface.9 For alloy films
with a composition �35 at. % Pt, the stress deviated from a
linear mixing trend. This deviation is interpreted in terms of
Chason et al.’s model.9

The chemical potential difference between the surface
and grain boundaries for a binary alloy system can be rewrit-
ten as9

��� = �s − �gb = ��0 + 	�s + �
 − �c, �2�

where ��0 is the difference between the surface and grain
boundary chemical potential in absence of growth �usually
small and negligible�, 	�s is the increase in surface chemical
potential because of the flux of deposited atoms, � is the
stress along the grain boundary, 
 is the atomic volume, and
�c is chemical potential rise in the grain boundary because of
the aggregation of extra, high adatom mobility atoms. We
have added the latter term, �c, to describe the chemical po-
tential driving force of preferential segregation of one spe-
cies to another to the boundaries. This last term is consistent
with the emergent chemical potential driving forces observed
in other thermochemical systems. For instance, simulation
studies have clearly identified chemical potential driving
forces for composition enrichment and equilibrium shifts at
vapor-liquid interfaces.36 In fact, these modeling studies have
predicted that modifications to the interfacial stress can ac-
tually be used to tune the composition at a vapor-liquid
interface.37 The underlying physics of this driving force can
be separated into entropic and enthalpic contributions. Given
the fact that compositional enrichment �demixing� likely de-
creases the local entropy, the primary driving force for the
enrichment should be attributed to enthalpy minimization.

For a binary alloy, differences in intrinsic mobility be-
tween each species can induce preferential segregation of the
higher mobile species to the grain boundaries. This grain
boundary segregation yielded an additional chemical poten-
tial. For highly mobile films, like Pt, the addition of Fe
changes the grain boundary chemical potential and can re-
duce the force that is driving atoms toward the grain bound-
aries. Alternatively, the low mobility films, like Fe, can have
their grain boundary chemical potential facilitate the mobil-
ity of atoms to the boundary by the addition of Pt. The atom
probe tomography grain boundary analysis of Fe0.54Pt0.46 thin
films indicated a preferential segregation of Pt above the
bulk Pt film composition at the boundaries, even for an over-
all Fe-rich film, and is consistent with previous studies.29

This result supports the notion that higher mobility atoms
can segregate to the grain boundaries and contribute to the
compositional dependent stress behavior. The segregation of
the higher mobility atoms to the grain boundaries, even in
films with overall enriched low mobility atom compositions,
can contribute to controlling the stress state as a function of
composition and to the deviation of stress states from linear
mixing. Thus, the �c can be decreased with increasing com-
position of the higher mobile species, Pt, and the films can
become more compressive according to the modified addi-

FIG. 5. �Color online� �a� Pt atom map in the pure Pt film. �b� Pt iso-density
surface which closely maps the density variations �grain boundaries� in �a�.
�c� Pt atom map in the Fe0.54Pt0.46 film. �d� 1D compositional profile from
�c�. �e� Iso-concentration surface created at 47.2 at. % Pt, which is higher
than the average Pt content. The iso-density surface closely maps the density
variations �grain boundaries� in �c�. �f� Pt atom map in the Fe0.65Pt0.35 film.
�g� 1D compositional profile from �f�. �h� Fe atom map for the Fe film.
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tion to Chason et al.’s model.9 It is also interesting to note
that at a very high Pt composition �for the Fe0.28Pt0.72 and
Fe0.21Pt0.79 thin films�, this negative deviation from linear
mixing behavior is decreased with increasing Pt content.
Since the Pt atoms are larger than Fe atoms, the density
difference between the grain boundaries and the grains
would be less with increasing overall Pt content. The effect
of the segregation of Pt atoms to the grain boundaries to
generate extra compressive stress would become less for
very high Pt content thin films and could explain the recov-
ery back toward the linear mixing observation for the Pt film,
Fig. 1�b�.

The deviations from linearity observed in Fig. 1�b� ap-
peared to be consistent with the deviations observed in
simple model systems of interfacial stresses.36 For instance,
as the particle-particle energy is methodically changed in the
molecular modeling studies, there is a nonlinear transition
observed in the interfacial stress.36 However, as the particle
sizes are methodically increased, the shift in the interfacial
stress appeared to be more linear36 and this particle size ef-
fect is most likely associated with an entropic phenomena.
The primary driving force for the chemical enrichment at the
grain boundaries is likely because of the enthalpy minimiza-
tion contribution to the chemical potential driving force and
this is consistent with the shape of the curve in Fig. 1�b�.

A cross-over point of zero-stress can be achieved be-
tween the tensile and compressive states of the film. This
provides a means to tune in a desired stress within a film.
This “zero-state” represents a balance between the adatoms
moving to the boundaries and those growing vertically off
the surface. As mentioned previously, trajectory aberrations
in the atom maps that reveal grain boundaries are a result of
compositional fluctuations, density variations and/or surface
modifications.31–33 The visual appearances in the Fe0.54Pt0.46

and Pt atom maps for these grain boundaries are a result of
these variations. This provides experimental evidence that
these films, which are in compression, are a result of an
increase in the atomic density in the boundaries.

For the zero-stress Fe0.65Pt0.35 film, the atom map
showed little to no trajectory aberrations, indicative of little
to no compositional, density or surface variations across the
boundaries. The compositional profile that spanned the entire
atom map would, on average, intersect approximately five
grains or ten grain boundaries �one on each side� based on
the TEM determined grain sizes and field of view of the
atom map. The composition profile, Fig. 5�g�, showed no
significant compositional variation. This would suggest no
compositional segregation existed in the boundary and the
two species, Fe �tensile� and Pt �compressive� are balanced.

The stress recovery after deposition for the FexPt1−x sys-
tems is depicted on Fig. 6. The stress behavior in the
FexPt1−x system did not reveal a significant change �or recov-
ery� upon ceasing the growth of the film. It has been noted in
other systems, like Ag,7–10 the compressive stress can relax
upon stopping the growth of the film. Chason et al.9 has
described this recovery in terms of a change in the surface
chemical potential, 	�s, described previously. The lack of a
stress change upon ceasing the growth suggests that �1� the
surface chemical potential between a condition of deposition

and nondeposition is minor, �2� these atoms do not have
sufficient thermal mobility in the as-deposited condition for
recovery, and/or �3� the lack of a sufficient compressive state
condition for the atoms to migrate out of the boundaries.
Koch et al.14 have reported a recovery of elemental Fe’s
stress state at elevated temperatures suggesting Fe has lim-
ited mobility at room temperature. The preservation of a
stress state for these alloyed films, even after deposition, pro-
vided the ability to retain the stress condition and potentially
tune these films’ mechanical behavior and failure modes at
room temperature.

V. CONCLUSIONS

A series of 40 nm FexPt1−x thin films have been magne-
tron sputter-deposited onto Si �001� substrates. The in situ
stress evolution of elemental Fe and Pt and their range of
solid solution alloys has been measured. It was found that the
intrinsic stress state could be tuned to be either tensile, zero
or compressive depending upon composition for similar
grain sizes. The Pt element was found to be the more mobile
atom as compared to Fe. The films near a zero-stress state
had little to no compositional segregation of one species en-
riching the boundaries as compared to the bulk of the grains.
We have provided a modified version of Chason et al.’s9 thin
film growth model to include a chemical potential term for
the preferential segregation of one species to the grain
boundaries. The enrichment of one species at the grain
boundaries controlled the stress state toward the intrinsic el-
emental stress condition, i.e., compressive or tensile. This
has been used to describe how the stress state can be varied
in a multicomponent system. Finally, these intrinsic stress
states of the alloy films studied appeared to be retained, even
upon ceasing deposition at ambient temperature.
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