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• A model multimaterial stack was de-
signed to integrally test critical inter-
faces in microelectronic devices.

• Using 4 point bending the weakest in-
terface, WTi-BPSG, was identified re-
vealing an energy release rate of (9.4±
0.6) J/m2.

• The WTi-BPSG adhesion was also deter-
mined using a stressed overlayer on top
ofWTi leading to themixedmode adhe-
sion energy (10.1±1.0) J/m2.

• XRDmeasurements of theWTi revealed
similar stresses regardless of layer
setup, allowing a comparison of these
test techniques.
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Assessing the interfacial strength of multilayered structures is crucial to ensure the reliability of such compo-
nents. Two widely used tests, four-point bending (4PB) and the stressed overlayer (SOL) technique, are juxta-
posed and employed in this study to determine adhesion of WTi on borophosphosilicate glass (BPSG)
implemented in amodelmultilayermaterial stack with representative materials encountered inmicroelectronic
applications including silicon, ductile metallic films and soft polyimide layers. The applicability and reproducibil-
ity of both methods is discussed in this paper including a detailed analysis of the stress evolution of the
delaminatingWTi using X-ray diffraction. While both adhesion measurement techniques reveal comparable ad-
hesion energies for the WTi-BPSG interface, namely (9.4 ± 0.6) J/m2 and (10.1 ± 1.0) J/m2 for 4PB and SOL, re-
spectively, we come to the conclusion that 4PB allows to integrally test the entire stack on a larger scale and SOL
allows to determine the weakest site of the interface on a local scale. Both suggested methods are promising for
future sub-micrometer thin film designs in complex multilayered structures since they are easy to perform and
allow for a good statistical output of the results.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
, barbara.putz@empa.ch
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1. Introduction

Interface quality is of utmost importance to ensure reliable micro-
electronic devices. The downscaling of the used materials imposes
many novel challenges on the production side, one of them being
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increased difficulty to determine adhesion of very thin films quantita-
tively. The needs towards a reliable evaluation technique are: reproduc-
ibility, comparability, cost and time efficiency.

A variety of adhesion techniques are available to either qualify or
quantify the interface strength. Qualitative methods, such as peel [1]
or tape tests [2], are fast and easy to perform and widely applied,
allowing a ranking or assessment of interfaces based on a pass/fail crite-
rion. Calculation of adhesive strength from peel test data requires the
uniform delamination of a single interface during peeling, which can
then be related to a plateau in the load/displacement curve. However,
often only simple systems (single layers) fulfill that requirement. Critics
also stress the fact that the peeling force not only causes interfacial de-
lamination but also plastic deformation in the peeled layers [3]. Quanti-
tative techniques yielding adhesion energies (J/m2) typically require
more complex instrumentation and theoretical models for analysis.
Some techniques, including four point bending (4PB) [4–8], bulge or
blister tests [9], measure adhesion values averaged over a large in-
terfacial area. Other analysis techniques, such as spontaneous or
nanoindentation-induced delamination [10,11] with and without com-
pressively stressed overlayers (SOL) [11,12] or in situ micro bending-
beam techniques [13–18] yield local adhesion values, allowing one to
conduct spatially resolved adhesion mapping measurements [19]. For
some techniques, the influence of sample preparation (focused ion
beam damage, change of stress state) on the interfacial strength also
needs to be considered. While in situ tests under the electron beam
allow to directly observe interface delamination and, if successful, un-
ravel mechanisms accompanied with the delamination, their main
drawback is that they are experimentally challenging as they require
time-consuming sample preparation and tailored geometries. Thus,
only few bending beams can be tested per interface, yielding a poor sta-
tistical output. Interface adhesion measurements via in situ bending
beam experiments conducted under the TEM proposed by Völker et al.
[16] were only feasible for weak interfaces (interface fracture energy
1–1.4 J/m2) but could not be applied to interfaces with substantially
higher interface fracture energies.

In the following study, we report the adhesion of WTi on
borophosphosilicate glass (BPSG) within a multilayer materials stack
commonly encountered in the microelectronics industry. BPSG is a
state-of-the-art dielectric and WTi serves as a diffusion barrier and ad-
hesion promotor between BPSG and the conducting Cu layers, which
serve as metallization. Multilayered thin films are implemented in sev-
eral microelectronics structures featuring layers with highly disparate
physical properties (brittle ceramics and semiconductors, ductile
metal films, soft polymers). It is assumed that not only each individual
layer’s performance depends on the isolated physical properties, but
also an interplay of each neighboring layer determines the overall
reliability of the material stack. Of main concern is the detection and
quantification of the weakest interface present in the stack. Adhesion
of Cu-BPSG [20,21] versusWTi-BPSG [22,23] has been studied as a func-
tion of W content, WTi thickness and annealing treatments. In this
work, we use two different measurement techniques, namely 4PB and
spontaneous delamination with stressed overlayers (SOL) to determine
the quantitative adhesion energy of the sameWTi - BPSG interface. 4PB
allows testing of the complete multilayer stack. Based on our results we
can exemplify how the arrangement of individual layers can influence
the crack propagation path, prohibiting identification of the overall
weakest interface and instead determining adhesion energy of a config-
urational weakest link. In contrast, the stressed overlayer technique
[10,11,24] enables testing of the same interface in a more simple
bi-layer geometry. Comparison of the different results allows for a dis-
cussion about suitability and the origins of potential differences in the
obtained adhesion values.

Residual stresses are inevitable in thin film structures and highly in-
fluence the thin film properties and adhesion [25]. These stresses either
originate from the deposition process or arise in-operando from expo-
sure of the devices to elevated temperatures leading to stresses due to
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thermal mismatch of individual components. Along with the adhesion
method comparison (4PB vs. SOL), a detailed description of the stress
evolution in theWTi layer depending on thenumber of additional layers
is presented. The combination of the results provides insights into the
adhesive interplay of neighboring layers in multilayer stacks and can
help design reliable material stacks for microelectronics applications.

2. Materials and experimental methods

2.1. Materials

For this study, a representative multilayer stack composed of
different materials with highly distinct physical properties that are
standardly encountered in microelectronics was designed. The design
includes a multitude of critical interface types (brittle-brittle;
brittle-ductile and metal-polymer), which pose reliability challenges
inmicroelectronics devices. Themultilayer is composed of the following
materials: Si as semiconductor material substrate (thickness h =
725 μm) followed by BPSG (1.5 μm, annealed), a commonly used dielec-
tric. A thin WTi layer (50 nm, Wwith 16 at. % Ti) was subsequently de-
posited and acts as diffusion barrier and adhesion promoter [22]
between the BPSG and a magnetron sputtered Cu (600 nm) metalliza-
tion layer. A 13µm spin coated polyimide layer (PI, 13 μm), extensively
used in microelectronics manufacturing and packaging as passivation
layers, dielectrics, or insulator layers in multilayer structures, was then
added followed by sputter deposited Cu (600 nm) and a sputter depos-
ited 500 nm thick AlSiCu alloy as the top layer. The interfaces between
Cu and PI is challenging [26] and widely encountered for rigid and flex-
ible electronics applications and the Cu-AlSiCu interface is often critical
in wire bonding interconnects [27]. A schematic of the original stack is
shown in Fig. 1b. For adhesion analysis the stack had to be modified
for both quantification methods: i) for 4PB into notched bending bars
(Fig. 1a) and ii) for spontaneous delamination via a Mo SOL after an
HNO3 etch step into the SOL geometry (Fig. 1c). Details about the mod-
ifications will be given in the related paragraphs. To facilitate compari-
son between all three geometries the 4PB setup is depicted under a
180° rotation as compared to actual testing conditions (Fig. 2a).

2.2. Four-Point bending (4PB)

Adhesion of theWTi-BPSG interface was evaluated with the 4PB ap-
proach following Ma et al. [28,29]. A schematic illustrating the experi-
mental setup and the sample geometry is shown in Fig. 1a (180°
rotation compared to testing conditions – inset Fig. 2a – to facilitate
comparison to original and SOL multilayer). 4PB beams were prepared
following the procedure reported by Völker et al. [30]. The 725 μm
thick Si (100) wafers were coated with the layer stack described
above and subsequently cut into the 4PB geometry (lateral dimension:
width b = 7 mm; length= 40mm) using a wafer saw with a diamond
cuttingwheel. Notches (width 36 μm, depth 500 μm)were cut centrally
into the Si side also using a wafer saw. To create the 4PB beams the
notched samples were glued to pure Si (100) counterparts (uncoated
and unnotched) with EPO-TEK 375 epoxy. After curing the epoxy for
8 h at 100 °C in vacuum of about 1 × 10−3 Pa, the edges of the samples
weremechanically polished to remove epoxy residues and to obtain flat
surfaces.

4PB was performed on a Kammrath &Weiss bendingmodule with a
crosshead speed of 0.1 μm/s. A valid experiment [23,31] requires sym-
metric kinking of a crack from the notch into both sides of the interface
of interest and a corresponding load plateau in the load-displacement
curve (Fig. 2a). The displacement was recorded as the crossheadmove-
ment by the bending module. From 20 samples tested in total, 7 valid
experimentswere obtained and used for further analysis. Invalid exper-
iments include cohesive failure, asymmetric crack growth, or simulta-
neous delamination of multiple interfaces and were not used in the



Fig. 1. Designed multimaterial stacks including schematics of the adhesion measurement techniques: a) Four point bending (4PB), b) original material stack and c) stressed overlayer
method (SOL). The investigated interface is WTi-BPSG.
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adhesion measurement. Schematics of failed experiments and fracture
surfaces are shown in the supplementary material (Fig. S1 and S2).

2.3. Stressed overlayer method (SOL)

To cause spontaneous delamination at the WTi-BPSG interface
the deposition of a stressed overlayer was necessary. Therefore, the
Fig. 2. Adhesion measurement of theWTi-BPSG interface with 4PB. a) Representative load-disp
path. The load plateau (27.9 N) corresponding to stable, symmetric crack propagation along th
4PB revealing BPSG and WTi at the top and the bottom half, respectively. The position of the n
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multilayer stack was soaked in 30% HNO3 to dissolve the Cu layers,
which allowed direct access to the WTi layer without inducing mec-
hanical damage. The sample preparation steps are schematically
shown in Fig. 1c. After etching, highly stressed Mo layers with a total
thickness of 460 nm (as confirmed by confocal laser scanning micros-
copy, not shown here) were sputter deposited onto the WTi layer in a
lab-scale unbalanced dc magnetron sputtering chamber with a base
lacement curve during 4PB and schematic of the 4PB setup showing the crack propagation
eWTi-BPSG interface is indicated with a dotted line. b) Failure surfaces of the sample after
otch is indicated.
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pressure < 10−4 Pa. The deposition was performed with one 2″ diame-
ter circular target (Mo 99.97% purity) in a confocal arrangement and
samples mounted on a rotatable sample holder with a target-to-
substrate distance of 40mm. Substrates were cleaned in an ultrasonic
bath of isopropanol for 5min. Prior to deposition, the targetwas sputter
cleaned (0.1 A current) in pure Ar for 60s, with closed target shutters to
protect the substrates. Simultaneously, an asymmetrically pulsed dc
bias (350 V, 50 kHz, 500 ns)was applied to the substrate to improve ad-
hesion through plasma etchingwithout damaging or removing theWTi
layer. Mo overlayers were deposited in Ar atmosphere with a working
pressure of 0.36 Pa and no intentional substrate heating. A current of
0.35 A was applied to the Mo target and a bias of 100 V was applied to
the substrates during deposition, yielding a deposition rate of
0.55 nm/s.

Once the samples were covered with the Mo SOL, spontaneous local
delamination at the WTi-BPSG interface was achieved in the shape of
telephone cord buckles. These buckles were imaged with a confocal
laser scanning microscope (CLSM, Olympus LEXT 4100 OLS). The
mixed mode interfacial fracture energy Γ(Ψ) was calculated from the
Hutchinson and Suo model [32]. From the CLSM images the critical
buckle parameters (half width b, height δ) were measured using
Gwyddion [33]. The delaminating interface was confirmed by means
of cross-sectional focused ion beam (FIB) cuts using a Zeiss LEO 1540
X dual beam workstation. Cross-sectioning was performed using two
coarse cuts with 1 nA and 500 pA, followed by a final polishing step
with 100 pA.

2.4. Film stress measurements

X-ray diffraction (XRD) analysis was used to investigate the residual
lattice strains in the WTi layer and the Mo overlayers as a function of
layer setup (4PB vs. SOL). At the KMC-2 beamline [34] (synchrotron ra-
diation, Helmholtz-Zentrum Berlin, BESSY II) a Bruker VÅNTEC 2000
area detector was employed to record the 110 Bragg peaks of WTi and
Mo in reflection geometry with a beam size of 300 μm2, exposure
times of 11 s and a wavelength of 0.154 nm. Residual lattice strains
were measured with the sin2ψmethod [35] using 11 different ψ angles
between 0 and 45 degrees. A Pearson fit was applied to determine peak
positions and peak widths. Film stresses were calculated using X-ray
elastic constants (XECs) (1/2 S2) [36] for untextured 110 WTi and 110
Mo reflections. XECs for WTi were taken from Kleinbichler et al. [37],
who experimentally determined 1/2 S2 of WTi barrier layers following
the procedures described in [38]. For Mo, XECs were calculated from
single-crystal elastic constants assuming the Hill model with the soft-
ware ElastiX [39].

3. Results

3.1. Four-point bending (4PB)

The 4PB method allows for the testing of the complete multilayer
structure and identification of theweakest interface, including determi-
nation of the interface adhesion energy. Within the investigated multi-
layer stack, WTi-BPSG was the interface which delaminated during the
4PB test. The interface energy release rate Gi of WTi-BPSG, equivalent
to adhesion energy, was calculated from the load-displacement curves
obtained during 4PB. A representative load-displacement curve is
shown in Fig. 2a. The peak load around 40 N corresponds to breaking
of the pre-existing notch in the Si substrate. Subsequently, the crack
kinks into the WTi-BPSG interface and travels symmetrically along the
interface at a constant load (plateau). The crack propagation path dur-
ing bending is indicated in the schematic cross-section of themultilayer
stack above. The potential influence of the layer arrangement on the ob-
served crack propagation path will be discussed in detail in Section 4.
Fig. 2b shows optical microscopy images of representative fracture sur-
faces after testing. To facilitate interpretation, a schematic of the 4PB test
4

and the different parts of the bending beam obtained after testing is
shown above. At the top (notched wafer) and bottom halves of the
tested 4PB beam BPSG and WTi are visible, respectively. Visual inspec-
tion of the fracture surfaces shows that the crack propagates
homogenously along the WTi-PBSG interface, except for small areas
along the edge of the sample, where delamination occurs simulta-
neously at multiple interfaces. The area of this disturbed edge zone is
very small compared to homogeneous WTi-BPSG delamination in the
center of the beam, with no significant contribution to the measured
load plateau. For comparison, fracture surfaces of an invalid 4PB test,
where the crack propagated simultaneously along multiple interfaces,
are shown in the supplementary material (Fig. S2). With 7 out of 20
samples fulfilling the requirement of symmetric crack growth and a
load plateau, the success rate of the 4PB tests is satisfactory compared
to literature [30].

Using the plateau load (calculated average: P = (27.5 ± 0.9 N), the
interface energy release rate Gi was calculated as (9.4 ± 0.6) J/m2

with the following Eq. (1) [28]:

Gi ¼
21 1−v2

� �
P2l2

16Eh3b2
ð1Þ

where b equals the samplewidth (7mm), h the half sample height, l the
distance between inner and outer pins (5 mm), ν = 0.28 the Poisson's
ratio for Si (100) [40] and E = 130 GPa the Young's modulus of Si
(100) [40]. For thin film multilayers constrained between two thick Si
substrates, the elastic properties of Si are dominant and the elastic prop-
erties of the thin films can be disregarded [28,30]. Similarly, h was ap-
proximated as the thickness of the Si substrate (725 μm). The mean
value and standard deviation for P and Gi were calculated from the 7
valid experiments. Identification of the failing interfaces was carried
out via visual inspection of the fracture surfaces after testing (Fig. 2b)
based on the distinctly different color and appearance of the adjacent
layers (WTi, BPSG, Cu, PI, etc.).

3.2. Stressed overlayers (SOL)

To investigate the influence of adjacent layer interaction on the ad-
hesion energy ofWTi to BPSG the top layerswere removed bydissolving
the Cu layer in 30%HNO3 (Fig. 1c), leading to a contact free separation of
the multilayer stack into two pieces: part 1 consists of the multilayer
stack Si, BPSG and WTi and the detached part 2, consisting only of PI
since HNO3 attacked the Cu and AlSiCu layers. Si, BPSG and WTi are
inert against HNO3: Consequently, this approach allows accessing of
theWTi layer withoutmechanically or thermally changing the interface
and excludes possible pre-damaging of the investigated layer. Subse-
quently, spontaneous delamination of theWTi layer from the BPSG sub-
strate was triggered by means of a highly compressively stressed Mo
overlayer (SOL) deposited on top of the WTi. Without the Mo SOL, no
spontaneous delamination of WTi was observed. Likewise, nanoinden-
tation or scratch testing on WTi did not trigger any delamination (not
shown here). The determination of adhesion by means of stressed
overlayer was first proposed by Bagchi and Evans [41]. The quantitative
assessment of adhesion by means of this method was then further de-
veloped by Kriese et al. [11] based on the models by Hutchinson and
Suo for spontaneous buckles [32] and the extension for spontaneously
delaminating bilayers. In order to obtain sufficiently high compressive
residual stresses in the sputtered Mo films leading to a delamination
of theWTi-BPSG interface, a parameter study was performed on Si sub-
strates including variation of the current applied to the target and Ar
pressure during deposition. The final parameters reported in this
study resulted in compressive stresses in the Mo film of approximately
−3 GPa when deposited on the Si substrate, measured with XRD. The
same deposition parameters were then used for the Mo stressed
overlayers on top of the WTi films.
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Delamination at theWTi-BPSG interface occurred in the shape of the
telephone cord buckle morphology [42]. A CLSM height image of a rep-
resentative buckle is shown in Fig. 3a. When the characteristic buckle
dimensions (width 2b, height δ) of the telephone cord buckles are mea-
sured at the point of inflection as shown in Fig. 3b, the buckles can be
treated like straight buckles [42]. FIB cross-sections through a buckle,
as shown in Fig. 3c, enable to identify the delaminating interface as
WTi-BPSG. It is important to note here, that for some buckles cracking
along the side of the telephone cordwas observed. For adhesion analysis
only buckles without cracks were considered.

When spontaneous delamination occurs with a stressed overlayer,
the model of Hutchinson and Suo needs to be extended to a bilayer
model considering the different stiffnesses of the involved film mate-
rials. Therefore, the critical buckling stress, σB, can only be determined
by computing themoment of inertia, IT, of this bilayer system, according
to [11]:

IT ¼ ∑
2

i¼1

1
12

nikh
3
i þ nikhi Y−yi

� �2
, ð3Þ

where Y is the composite centroid, considering the differentmoduli Ei of
the films, yi is the centroid and hi is the film thickness of each individual
layer, respectively. In Eq. (3), n is necessary to account for the disparate
Young'smoduli of the delaminated films (i.e. EMo and EWTi). The variable
kwill cancel out once the critical buckling stress, σB, is computed using
Eq. (4). For a deeper understanding, the reader is referred to reference
[11]. The critical buckling stress, σB, can be obtained by

σB ¼ π2

khb2
E1

1−υ2
1

" #
∙IT , ð4Þ

where E1 is the Young's modulus and ν1 is the Poisson's ratio of the Mo
film. The driving stress, σD, is then analogous to theHutchinson and Suo
model [32].

σD ¼ σB∙
3
4
∙
δ
h

� �2

þ 1

" #
, ð5Þ

where δ is the buckle height and h is the total film thickness of the in-
volved layers. Finally, the mixed mode adhesion energy Γ(Ψ) for
Fig. 3.Delamination ofWTi-BPSGdue toMo SOL a) CLSMheight image of spontaneously formed
measured and b) shows the corresponding extracted buckle profile revealing buckle height, δ, a
cross-section of onset of telephone cord buckle highlighting delamination of WTi and Mo SOL
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straight sided buckles can be computed according to the well-known
Hutchinson and Suo model [32] for straight sided buckles:

Γ Ψð Þ ¼ 1−ν2
� �

h
2E

" #
σd−σbð Þ σd þ 3σbð Þ, ð6Þ

where h is the total film thickness, E is the thickness weightedmodulus
and ν is the thickness weighted Poisson's ratio of the bilayer. The phase
angle of loading,Ψ, corresponds to the ratio of Mode I andMode II load-
ing modes during buckling and can be estimated using

Ψ ¼ tan−1 4 cosω þ
ffiffiffi
3

p
ξ sinω

− sinω þ
ffiffiffi
3

p
ξ cosω

" #
, ð7Þ

where ω is typically 52.1° and ξ = δ/h.
Buckles without cracks weremeasured using CLSM height images at

the point of inflection, as indicated by the orange line in Fig. 3a. Follow-
ing themechanics presented in Eq. (3)–(7) a mixed mode adhesion en-
ergy Γ(Ψ) = (10.1 ± 1.0) J/m2 was computed. The results for the
buckling WTi Mo SOL bilayer system are listed in Table 1. The obtained
adhesion value is in good agreement with the result obtained from 4PB
(9.4 ± 0.6) J/m2 in section 3.1. Using Eq. (7) aΨ angle of loading of 80°
could be estimated for the WTi Mo SOL buckles, leading to a mode II/
mode I ratio of almost 6 at the point of inflection of the telephone
cord buckles. It can be concluded that a predominant shear loading
mode is present for the delaminating films via Mo SOL, at the point of
inflection, where adhesion was measured. This result (predominant
shear loading during buckling driven delamination) is in agreement
with finite element simulations of theΨ angle of loading along the tele-
phone cord buckle front by Faou et al. in [43]. As stated by Brinckmann
et al. [44] a successful 4PB test (where the crack propagates horizon-
tally, symmetrically along the interface of interest) implies a dominant
mode II loading of the crack tip during delamination. FEM simulations
by Lederer et al. confirmed that 4 PB with dominant shear loading
(mode II) implies a crack bifurcation at 90° from the original notch,
which again confirms that delamination by 4PB has to occur by domi-
nant shear loading [45]. In contrast, mode I would result in cohesive
cracks through the layers, which would fail to quantify interface
adhesion.
telephone cord buckle (topview). The orange line shows how thebuckle dimensionswere
nd bucklewidth, 2b. The position of the profile is indicated in (a)with an orange line. c) FIB
from the BSPG layer.



Table 1
Overview of average buckle dimensions (half buckle width b, height δ), mechanical properties of WTi (subscript 1) and Mo overlayer (subscript 2).

b (μm) δ (μm) h1 (nm) WTi E1 (GPa) WTi ν1 WTi h2 (nm) Mo E2 (GPa) Mo ν2 Mo σB (GPa) Ψ (°)

18.13 ± 0.73 2.23 ± 0.06 50 322 0.288 460 329 0.33 230 ± 12 79.95
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It can therefore be concluded, that due to the similar loading modes
(marked shear loading) during delamination achieved by 4PB and SOL,
the obtained adhesion values can be compared.
3.3. Stress evolution within WTi as a function of neighboring layers

When comparing the WTi-BPSG adhesion results from both pre-
sented measurement techniques, it is necessary to point out that differ-
ent layer architectures were present for the WTi layer. During 4PB the
entire multilayer stack was tested integrally, while for the SOL tech-
nique themultilayer stack needed to be separated by etching to directly
access theWTi layer before coating with Mo. Therefore, the stress state
of theWTi layerwasmeasured as a function of layer setupwith XRD and
the sin2Ψ method.

In the original multilayer stack (Fig. 1b), the WTi layer had highly
compressive stresses of (−1337 ± 24) MPa. After etching, when only
WTi is present on the BPSG substrate (Fig. 1c before Mo deposition),
the stresses in the WTi layer were measured as (−1470 ± 30) MPa. It
can be concluded that removal of the top layers did not significantly
alter the WTi stress state. Stress measurements of sputter deposited
300 nm WTi films in the as-deposited state with 20 at.% Ti also found
highly compressive stresses of −1600 MPa [37], similar to the 50 nm
WTi films of this study. In the SOL geometry (Fig. 1c) the Bragg peaks
of Mo (2θ=40.15°) andWTi (2θ=39.90°) overlap. Due to this overlap
of the Mo and the WTi signal, it was not possible to unambiguously
measure WTi stresses in the SOL geometry. A peak deconvolution ap-
proach based on Rietveld refinement indicates that the WTi stresses in
the SOL geometry are compressive, even though no precise stress
value can be stated with reasonable certainty. It can be assumed that
the stress state of WTi is of similar nature (approximately −1300 to
−1400MPa) in both testing geometries (4 PB and SOL), allowing direct
comparison of the obtained adhesion results.

Despite the overlapping XRD signal, the difference in the peak inten-
sity between Mo (2.5 a.u.) and WTi (0.25 a.u.) as a results of the differ-
ent film thicknesses (460 nm Mo, 50 nm WTi) allowed for the
investigation of the stress state of the Mo overlayer. Due to a slight tex-
ture of theMo SOL, only a reduced number ofΨ angles for which the 2θ
position of the Mo Bragg peak can be approximated by the position of
the sum peak of Mo and WTi (peak intensity ratio Mo:TiW > 5:1),
were considered for sin2Ψ analysis. Measurements of the Mo stresses
were performed in a flat region without buckles and in a region where
buckle formation was observed. In the flat region, the Mo stresses
were measured as (−1859 ± 101) MPa. In the buckled region, the Mo
stresses were measured as (65 ± 183) MPa. As the size of the X-ray
beam (300 μm2) is larger than the width of a buckle (~ 40 μm, Fig. 3b)
the measurements provide an average stress value over multiple
buckles. Thus, buckling caused a significant relaxation of stresses in
the Mo overlayer, as expected. It can also be observed that deposition
onto the WTi-BPSG stack reduced the initial stress in the Mo layer
(−1859 MPa) compared to the same film deposited onto Si
(−3000 MPa). This effect is due to the difference in thermal expansion
coefficients for Si (αsi = 2.5 × 10−6 °C−1) andWTi (for comparison pur-
poses estimated asW, αW = 4.5 × 10−6 °C−1) [46], which will result in
different thermal stresses even with the same deposition conditions
[47]. The Mo film growth is expected to be different on the electrically
well conducting WTi and the semi-conducting Si (with probably SiO2)
and thus it may be manifested as a change in the stress state.
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4. Discussion

In this study two techniques to determine the adhesion energy of
the same WTi-BPSG interface are presented and discussed. Advantages
of the 4PB technique include that the entire multilayer stack can be
used and only little modification of the sample (gluing of a Si counter-
part on top) is required. However, sample preparation is time-
consuming, the yield of valid experiments can be very low (here, 7 out
of 20) and annealing during the preparation of the 4PB beams needs
to be taken into account for materials sensitive to thermal treatments,
such as unannealed BPSG [23].

In principle, the method integrally allows to determine the weakest
interface of a specific multilayer stack or device. However, especially in
the system presented here, it can be difficult to interpret the results if
several interfaces delaminate simultaneously or if there is a deviation
of the exemplary crack path. Regarding the crack propagation path for
4PB adhesion measurements, our results highlight the importance of
the layer order and arrangement within the multilayer stack. While
4PB was able to accurately determine the adhesion energy of the WTi-
BPSG interface (9.4± 0.6 )J/m2, there is evidence that themethod failed
to identify and yield delamination of the weakest interface within the
entire stack (Fig. 1b). For instance, the adhesion energy of Cu-
Polyimide was determined as (6.5 ± 1.0) J/m2 during subsequent 4PB
of multilayer stacks with a slightly modified layer arrangement as com-
pared to Fig. 1b. Even though the identical Cu-PI interface is present in
the investigated stack (sputter deposited Cu on Polyimide, Fig. 1b) and
the adhesion energy is expected to be significantly lower compared to
WTi-BPSG, delamination during successful 4PB tests was observed pre-
dominantly along the WTi-BPSG interface as a result of the layer ar-
rangement. While Cu-PI might therefore be a weaker interface and the
weakest interface technically still remains unknown, comparison to
SOL results (10.1 ± 1.0) J/m2 ensures that the obtained 4PB adhesion
energy of WTi-BPSG is accurate and valid, as further detailed in the fol-
lowing paragraphs. While 4PB remains a valuable technique to inte-
grally test adhesion in multilayer stacks, the influence of layer
arrangement on crack propagation through individual layers and
along different interfaces needs to be critically assessed in order to cor-
rectly identify theweakest interfacewithin the full stack, formechanical
loading conditions dissimilar to the applied 4PB or device reliability
more generally. Thereby, finite element simulations [18] can be a useful
tool yet requiring accurate knowledge of elastic constants of all individ-
ual layers. The presented SOL technique offers a powerful alternative to
cross-check and determine adhesion energies of specific interfaces of
interest.

The obtained energy release rate of 9.4 J/m2 with 4PB is higher than
values reported elsewhere. Völker et al. [30] determined energy release
rates of around 6 J/m2 for 300 nmWTi layers (Ti content 15-20 at.%) on
annealed BPSG (900 °C) with a similar 4PB approach. In another 4PB
study the interfacial energy release rate of 200 nm WTi on BPSG is re-
ported as 4.9 J/m2 [23]. In both cases, the main differences compared
to this study are the WTi layer thickness and amount of Ti, if the BPSG
was annealed or not, and having only one additional 500 nm AlSiCu
layer. The increased adhesion energy obtained with the results pre-
sented here could be due to the thinner WTi layer (50 nm) or differ-
ences in the multilayer stack. The 4PB interface strength also includes
plastic deformation in the adjacent layers, such as polyimide, Cu, AlSiCu
and the epoxy layer, hence, possibly overestimating the energy needed
to fracture the WTi-BPSG interface and giving an upper bond of the ac-
tual interface bond strength. Energy dissipation via plastic deformation
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in the Cu and PI layers can explain the increased values obtained in this
study. However, because of the good agreement between the 4PB and
the SOL results, the influence of plasticity in the additional layers is con-
sidered to bemarginal and theWTi film thicknessmay be the important
factor.

When the adhesion of one specific interface is required, the SOL
technique is a very precise and local method. The challenge of this tech-
nique is to directly access the interface of interestwhen implemented in
a multi-material stack. In the material system investigated here this
could be solved successfully by etching away the Cu layers, separating
the multi-stack into two parts without any mechanical impact on the
layers to be tested. An additional challenge for this investigation is the
deposition of a highly stressed and stiff overlayer on top of theWTi, nec-
essary to cause the desired spontaneous delamination. The fact that
without a SOL no spontaneous or induced delamination (nanoindenta-
tion, scratch testing) was observed indicates good adhesion of theWTi-
BPSG interface.

Compared to literature, the values measured with the SOL method
are also higher than what has been previously reported for the WTi-
BPSG system using similar techniques. Kleinbichler et al. [22] studied
the adhesion of 300 nm sputtered WTi layer with 20 at.% Ti on BPSG.
It was reported that theWTi layers delaminated from the BPSG sponta-
neously, but this could also be triggered by means of scratches and
indents leading to mixed mode adhesion energy of 2.5 J/m2 (for
unannealed BPSG). However, after annealing the 300 nmWTi film and
inducing scratch buckles, the adhesion energy was found to increase
to 4.7 J/m2 [37]. Again, the only factor that is significantly different is
the thickness of the WTi layer, further illustrating that film thickness
could, in fact alter the interface adhesion energies for the same interface.
The fact that the WTi films did not delaminate spontaneously in the
multilayer stacks studied here qualitatively indicates improved
adhesion.

There is a good agreement between the WTi-BPSG adhesion
energy values obtained from the different measurement techniques:
(9.4 ± 0.6) J/m2 (4PB) and (10.1 ± 1.0) J/m2 (SOL). A dominant shear
loading mode during delamination could be confirmed by both
methods, (computation of Ψ angle of loading of 80° for the telephone
cord buckle and a dominant shear loading mode is the condition for a
successful delamination via 4PB) hence, a direct comparison of the ad-
hesion data for the same interface is valid. Both adhesion energies are
higher than values reported in literature for similar interfaces. For 4PB,
the measured WTi-BPSG interface strength also includes the plastic de-
formation in the adjacent layers, such as Cu, PI, AlSiCu and the epoxy
layer, which could explain the increased adhesion energy. However, a
similarly high energy is obtained with SOL, where all of the above-
mentioned layers were etched away prior to testing and the film thick-
ness could be more important than initially believed for adhesion mea-
surements. Therefore, the effect of adjacent layer plasticity during 4PB is
considered to be small. In a previous study, Lee et al. [48] compared tele-
phone cord buckling with 4PB for Pt films on oxidized Si substrates,
which also confirms the reproducibility of both test techniques on a dis-
tinct materials system.

4PB and SOL probe interfacial adhesion at quite different spatial
areas. For 4PB the delaminating area is in the order mm2, while the
area of spontaneous delaminations with SOL is in the range of a few
hundred μm2. Comparability of 4PB and SOL adhesion values can be
interpreted as good lateral homogeneity of the interface. Another pa-
rameter which may be influenced by the multilayer stack geometry
are the residual stresses. XRD stress measurements of the WTi layer
affirm the presence of highly compressive residual stresses in the orig-
inal multilayer stack and after etching away the overlying Cu film. The
addition of the Mo SOL would not alter the residual stress of the WTi
layer significantly. In areas, where the bilayer did not delaminate the
stresses in the Mo SOL remained high (ca −1.9 GPa) and in
delaminated areas the residual stress was relaxed (about 65 MPa ten-
sile stress).
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5. Conclusions

The adhesion energy of the interface betweenWTi and BPSGwas de-
termined with two different, quantitative measurement techniques,
namely 4PB and SOL. A discussion of both test techniques allowed to
justify their comparability and applicability to ultrathin metal films
when implemented in a multimaterial system mimicking complex ar-
chitectures in microelectronics devices. Furthermore, the comparison
also highlights the importance of layer order and arrangement within
the multilayer stack of interest for 4PB adhesion experiments, deter-
mining the crack propagation path and hence the apparently weakest
interface. The adhesion energy obtained with 4PB tests (9.4 ± 0.6) J/
m2 is in good agreement with the results of the SOL technique
(10.1 ± 1.0) J/m2, probing a significantly smaller interface area. In
both test geometries, the WTi layer has highly compressive residual
stresses in the same order of magnitude and in both setups delamina-
tion occurred under predominant mode II loading, thus allowing for
comparisons to bemade between the twomethods. The adhesion ener-
gies measured were higher than previously reported, most likely due to
the 50nmWTi thickness compared to the 200–300nmWTi thickness in
other studies. Furthermore, there is a difference as to when the BPSG
layer was annealed before or after deposition of theWTi. BPSG is highly
reactive in its as-deposited state which would be another influencing
factor on the adhesion strength. For the case presented here, BPSG an-
nealing was performed before the WTi layer was deposited. A final re-
sult is the direct measurement of the stress relaxation of the Mo SOL
after delamination compared to an undelaminated region, yielding an
on average stress-freeMo film in thebuckled region. It can be concluded
that in the current case, both testmethods delivered reliable andmean-
ingful values for interfacial adhesion, which is beneficial for a rapid as-
sessment of interface stability from a design and manufacturer's
perspective.
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