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Abstract

A new technique for determination of residual stress in thin films and coatings has been
presented. The method consists of focused ion beam milling to create a lamella of thin film,
followed by analysis of stress driven buckling profile of undercut lamella (beam) to extract
residual stress. The residual stresses in crystalline TiN and Al203 films, produced by reactive
magnetron sputtering and thermal oxidation, respectively, have been successfully
determined by this new technique and validated by conventional X-ray diffraction and
photoluminescence piezospectroscopy techniques, respectively. This new technique
successfully measures and tracks the evolution of residual stress in as-deposited and different
thermally cycled amorphous SiAIN films induced by thermal mismatch or relieved via
mechanical twinning in interlayer, where diffraction methods are not applicable, thereby
evaluating the thermal cycling performance of amorphous SiAIN coatings for protection of Ti

at high temperature.
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Thin films and coatings, e.g. nitrides, oxides, etc., have been widely used in many applications,
such as semiconductors, optical devices, cutting tools, medical implants and thermal barrier
coating systems [1-6]. Residual stress, derived from non-equilibrium growth, thermal
expansion mismatch, lattice mismatch and other factors, is almost unavoidable in such films
and coatings [7-10]. The residual stress can significantly affect both the functional e.g.
capacitance, conductivity, etc., and mechanical performance, e.g. adhesion, fracture, etc., of
these films and coatings [11-15]. Therefore, measurement of the residual stress is of crucial
importance for materials design and determination of in-service performance of these films
and coatings. Due to the reduced geometry of the thin films and coatings, their residual
stresses are generally measured by diffraction methods (e.g. X-ray or neutron diffraction)[16-
19]. However, the diffraction methods are restricted to crystalline materials and not
applicable to amorphous materials and the low spatial resolution of most diffraction methods
prevents the measurements of site-specific local stresses [19]. The evaluation of local residual
stress and the residual stress in amorphous thin coatings has been made possible by the
development of the Focused lon Beam-Digital Image Correction (FIB-DIC) technique [17, 20-
22]. In these methods, a FIB is used to mill an incremental trench and the gradual strain relief
due to progressive milling can be acquired by means of DIC analysis of scanning electron
microscopy images. However, the calculation of the residual stress usually needs complex

simulation and modelling [20].

In this study, we present a new and relatively simpler technique for determining the site-
specific local residual stress in thin films, especially amorphous films. The technique involves
FIB milling to create a lamella of the thin coating and analysis of the stress-driven deflection
(buckling) profile of the lamella to directly extract the residual stress based on beam theory.
To validate such technique, the residual stresses in crystalline TiN and Al,O3 films have been
determined by this new technique, and agree with values measured by a couple of well-
established conventional techniques. Then this technique has been used to track the
evolution of residual stress in an amorphous SiAIN sputtered coating induced by thermal

treatment.

Three ceramic coatings, SiAIN on pure Ti plate, TiN on Si wafer, and Al,03 formed on oxidised
FeCrAlY alloy plate, were prepared in this work. The SiAIN coating with a thickness of 1.2 um

was deposited on pure Ti by reactive magnetron sputtering, while a 300 nm thick Mo layer

2



was deposited as an interlayer between the SiAIN coating and Ti substrate. Deposition of this
coating was carried out in a Teer Coatings UDP 350 magnetron sputtering system, illustrated
elsewhere [23]. Three vertically opposed unbalanced magnetrons (300 x 100 mm?) were
mounted through the sputtering rig walls enclosing a rotating substrate unheated holder
placed in the middle of the chamber. The commercially pure Si, Al, and Mo (interlayer
deposition) targets were attached to the magnetrons. The chamber was pump down to a base
pressure of below 1x103 Pa before the coatings deposition. Prior to deposition, the
substrates were sputter cleaned for 15 minutes at a bias voltage of -600 V DC applied to the
substrate holder. The Si, Al, and Mo targets were powered by Advanced Energy Pinnacle Plus
power supplies operating in pulsed DC mode at a pulse frequency of 100 kHz (duty cycle =
60%). Simultaneously, a bias of -30 V was applied to the substrate holder throughout coating
deposition to ensure the coatings were well adhered to the substrate. The argon to nitrogen
gas ratio during the reactive sputter deposition of the nitride layer was controlled using an
optical emission monitoring (OEM) system and mass flow controllers (MKS Ltd.) were used to
introduce the appropriate amount of gases to the sputtering chamber. The TiN coating with
a thickness of 5.8 um was deposited on a Si wafer substrate by pulsed-DC magnetron
sputtering. The two-inch Ti target was powered by Advanced Energy Pinnacle Plus power
supply running in pulsed DC mode at a pulse frequency of 300 kHz (duty cycle = 88%) and a
bias of -100 V was applied to the substrate during coating deposition. The Al;03 scale with a
thickness of 1.3 um was formed on a polished FeCrAlY alloy (Goodfellow, Fe 72.8%, Cr 22%,
Al 5%, Y 0.1%, Zr 0.1%, wt) plate after oxidation. The alloy was oxidized at 1200°C in air for 2

h in a CM™ furnace with a heating rate of 100°C/minute and followed by forced air cooling.

In order to determine the residual stresses in the above mentioned coating lamella milling
was carried out using a focused ion beam (FIB, FEI, Quanta 3D and Helios 660 with 30 KV
working voltage). All the three coatings, SiAIN, TiN and Al,0s; were assumed to have
homogeneous microstructure and uniform thickness, and the studied positions were
randomly selected. The process consisted of four following steps: 1) lamella preparation; 2)
undercut of lamella; 3) acquire the buckled lamella image; 4) fitting of the buckled beam and
stress calculation, as illustrated in Fig.1. Firstly, a lamella containing both the substrate and
the coating was created (tilting angle 52°) by milling two symmetric trenches from the surface

with a beam current ranging from 7 nA to 1 nA (Fig.1 a). The dimension of the lamellas could



vary from 10 um to 17 um in length (X axis), 0.4 um to 1 um in thickness (Z axis) and 3-6 um

in height (depth, Y axis), as shown in Fig.1 a. The lamella was then undercut (tilting angle 0°)

to remove the substrate material and/ or the bottom part of coating material to provide a

clear image of the buckling of the lamella. The milling current ranges from 0.3 nA to 1 nA

(Fig.1 b) depending on the materials and the thickness of the lamella. The compressive

residual stress within the lamella caused buckling of the beam once the undercut was finished

(Fig. 1 c), as also shown in Supplementary video 1 and 2 in detail. The buckled beam was

imaged by SEM and the buckling profile was determined from the image, illustrated

elsewhere [24].
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Fig.1 Schematic diagrams of FIB milling-stress driven buckling technique. (a) Lamella
preparation by FIB; (b) Undercut of lamella (beam); (c) Buckled beam; (d) Fitting the

deflection of beam and stress calculation.

The stress was calculated based on the elementary beam theory assuming the deformation is

purely elastic (this will be justified later) and the stress is uniform through the thickness of

the coating. The buckling profile of the coating can be described by a cosine function, W, given

by [25]:

W = C[cos(F * x) — 1] (D

Cis obtained by fitting the buckling profile. The strain parallel to the lamella is linked to C

through equations (2-4)

2 A
C=m\/m(1+4ﬂzlﬂ)—l (2)
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Where ks is the Timoshenko shear coefficient, which depends on the geometry; normally ks
= 5/6 for a rectangular section; [: length of the lamella; I: moment of inertia; A: area of the

cross-section; E: elastic modulus; v: Poisson’s ratio.

Once A has been obtained, then the strain, €, parallel to the interface can be obtained based

on the equation (5):

l 2
1=12(1) e (5)
For each coating, at least three lamellas were prepared and analysed.

In order to validate the stress measured by the proposed method, the stress in the as-
deposited TiN coating was also measured by the conventional XRD sin?y) method using a
Bruker D8 Discover X-ray diffractometer. An incident beam angle of 5° was used during the
measurement. The diffraction peaks for all the measurement were acquired from the (420)
plane of TiN using Co Ka radiation (Aco = 1.78897A), described in detail elsewhere [6, 23]. The
stress in the crystalline Al,03 scale on oxidised FeCrAl alloy was measured using
photoluminescence piezospectroscopy (PLPS) on a Raman microscope 1000 (Renishaw™,
Gloucestershire, UK) equipped in an argon laser source (A =514 nm), described in detail

elsewhere [26]. More details on the measurements are given in the supplementary material.

The compressive residual stress within the beam causes the buckling of the coating beam
once the lamella (beam) has been undercut to remove the substrate material and/ or the
bottom part of coating material to make a clear buckling of lamella. Fig. 2 a shows a buckled
beam from the TiN coating after the FIB undercut. Such buckling is fully elastic deformation,
as the beam returns to its unbent condition once one side of the beam is cut off, as shown in
Supplementary video 1. The residual stress in the TiN calculated from the buckling profile is -
1.63 + 0.27 GPa, which is in reasonable agreement with the value (-1.250 + 0.33 GPa)
measured by the XRD sin? method, as shown in the Supplementary Material. The difference
may arise from the uncertainty in the fitting process of the deflected beams and/ or the

measurement of beam geometry. Fig. 2b shows a buckled beam of Al,Os scale formed on the



oxidised FeCrAlY alloy after FIB undercut. Due to the high thermal mismatch between the
FeCrAlY substrate and the Al,Os3 scale, high compressive stress can build up in the Al;03 scale
after fast cooling [27]. The residual stress in the Al,O3 scale calculated on the buckling profile
is -5.67 £ 0.46 GPa, which is slightly higher than the value (-4.73 + 0.55 GPa) measured by
PLPS, as shown in Supplementary Material. In this case, such a discrepancy may come from
the slightly wrinkled surface of the Al,0O3 scale and the variation in stress from place to place
over the scale. These two cases verify that the new FIB milling-stress driven buckling method
is effective and reliable for the determination of residual stress in thin films and coatings. In
addition, this new method is directly observable, and does not need complex image analysis
or numerical modelling. Nevertheless, this method is limited to films subject to compressive
residual stresses and not applicable to tensile residual stresses. Different geometries. e.g.
different length or thickness, of the lamellas have also been tested and the results are
consistent to some extent. For coatings with relatively low residual stresses, long and slender
lamellas, e.g. length > 15 um, thickness < 0.5 um, height < 0.5 um, are desirable to get clear
buckling for the coatings. In summary, the principle of this new technique suggests that it can

be used to measure the residual compressive stress in many thin films and coatings.
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Fig. 2 (a) SEM image of a buckled beam of the TiN coating on a Si substrate; (al) Fitting of
the buckling profile of the beam; (b) SEM image of a buckled beam of Al203 scale on a
FeCrAlY alloy; (b1) Fitting of the buckling profile of the beam. (a

The residual stress in an amorphous SiAIN coating was determined by the new FIB milling-
stress driven buckling method. Additionally, the new method can track the evolution of
residual stress in the amorphous SiAIN coating induced by thermal cycling treatment, thereby
evaluating the thermal cycling performance of the SiAIN coatings. Amorphous SiAIN coatings
with a Mo interlayer were deposited on pure Ti, as shown in Fig. 3 a and inset, and were
thermally exposed at 800°C in air under different cycles. After 20 thermal cycles (100 h),
interfacial interdiffusion and reaction between the SiAIN/Mo layers and the Ti substrate cause
the formation of TiNo.26 deformation twins in the interlayer, as shown in Fig. 3 b and ¢, more
details are shown in our previous work [28]. For the as-deposited SiAIN coating, the residual
stress due to the coating-to-substrate thermal mismatch (SiAIN: 3.2 um/(m-K), Ti: 8.6
um/(m-K) [29, 30]) after the magnetron sputtering process is -1.82 + 0.19 GPa calculated
based on the buckling profile, as shown in Fig. 4 a. After one thermal cycle exposure, the
residual stress increases from this as-deposited value, -1.82 GPa to -2.81 + 0.26 GPa. The
deflection of the beam after one thermal cycle is quite obvious, as shown in Fig. 4 b. Such an
increase is believed to mainly derive from the thermal mismatch as the temperature increases

from the deposition temperature of ~300-400°C to 800°C. It is essential to alleviate or even
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avoid such stress/strains, as a relatively high stress could cause coating cracking and spallation.
However, after 20 cycles (100 h), the SiAIN coatings have not undergone spallation or cracking
(Fig. 3 b), which indicates excellent thermal cycling performance. Noticeably, the residual
stress in the remnant amorphous SiAIN coating has reduced from —2.81 GPa after one cycle
to —2.27 + 0.3 GPa after 20 cycles, calculated based on the buckling profile, as shown in Fig. 4
c. The reduction of residual stress can be expected to explain the excellent thermal cycling
performance of the amorphous SiAIN coatings. The TiNg2s interlayer is expected to
accommodate the thermal mismatch strain between the SIiAIN coating and substrate via
mechanical twinning, and thereby effectively prolongs the cyclic lifetime. In conclusion, the
FIB milling-stress driven buckling method can effectively track the change in residual stress in
an amorphous coating induced by thermal mismatch or twinning relief, thereby evaluating

the performance of amorphous coatings.
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Fig. 3 (a) Cross-sectional STEM images of as-deposited SiAIN/Mo coating on Ti, inset shows
diffraction pattern of the SiAIN coating; (b) Cross-sectional STEM images of SiAIN/Mo
coating on Ti after annealing at 800°C in air for 20 cycles, inset shows diffraction pattern of
the remnant SiAIN coating; (c) A HRTEM image with the incident beam along [1-210] zone
axis from the red framed region in (b) with an inset showing the corresponding Fast Fourier
Transform (FFT), and twin boundary (TB) is marked.




Fig. 4 (a) SEM image of a buckled beam of as-deposited SiAIN/Mo coating on Ti, inset shows
the fitting of the buckling profile of the beam; (b) SEM image of a buckled beam of SiAIN/Mo
coating on Ti after annealing at 800°C in air for 1 cycle, inset shows fitting of the buckling
profile of the beam; (c) SEM image of a buckled beam of SiAIN/Mo coating on Ti after
annealing at 800°C in air for 20 cycles, inset shows fitting of the buckling profile of the
beam.

In conclusion, we present a new technique for determining compressive residual stresses in
thin films and coatings. Two case studies on crystalline thin ceramic coatings (TiN and Al,O3)
have been conducted, which after comparison with conventional measurements serve to
validate the accuracy and reliability of this new technique. This new method is effective,
relatively simple, and directly observable, and does not required complex image analysis or
numerical modelling of FIB-DIC. The principle of this new technique suggests that it can be
used to measure the residual stress in many thin films, including amorphous films. More
broadly, it can be potentially used to measure the residual compressive stress of metallic or
polymeric coatings and bulk materials, and even a few nanometres ultra-thin films potentially.
The obtained residual stress is strongly related with the lifetime of the coating when coating
failure occurs via buckling-driven delamination. Future work will focus on evaluating the
coating’s integrity by combining a more localised stress state determination for crack

nucleation with the overall residual stress state determined in this work.
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