
Inducing stable interfacial delamination in a multilayer system by
four-point bending of microbridges

James L. Mead, Mingyuan Lu, Han Huang ⁎
School of Mechanical and Mining Engineering, The University of Queensland, QLD 4072, Australia

a b s t r a c ta r t i c l e i n f o

Article history:
Received 31 August 2016
Revised 16 November 2016
Accepted in revised form 18 November 2016
Available online xxxx

The ability to produce stable delamination of thin film multilayer interfaces is a powerful tool for studying the
interfacial adhesion within microsystems. In this study, a technique involving the four-point bending of
microbridges was applied to initiate stable interfacial delamination within a multilayer system. Microscale pre-
notched bridgeswith clamped-endsweremachined into anAl/SiN/GaAsmultilayer using focus ion beammilling.
A square flat-end indenter was used to induce bending of the bridge by two contact locations. Bridge failure oc-
curred via substrate fracture at the pre-notch, followed by crack deflection, and stable interfacial delamination of
the SiN/GaAs interface. Substrate fracture and delamination were identified within the obtained load-displace-
ment curves as a pop-in and region of linear load reduction respectively.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The interfacial adhesion of thin film multilayers is an important fac-
tor affecting the performance and service life of contemporary micro-
electronic devices as well as micro-electrical mechanical systems
(MEMS). Delamination of the thin films can lead to significant reliability
issues. For the design of robust microsystems, the ability to assess a par-
ticular interface within multilayers, particularly on the microscale, is
crucial. Therefore, methods capable of isolating and inducing stable de-
lamination events within multilayer interfaces are of considerable re-
search importance.

One of themost widely acceptedmethods used for studying interfa-
cial adhesion within thin film multilayers is four-point bending (4 PB)
[1,2]. The method has been successfully used to evaluate a variety of
‘blanket’multilayers [3–7]. However, in order to apply load to the spec-
imen, the configuration is conventionally applied on the macroscale.
Consequently, the method is often unable to isolate the microscale in-
terfaces that exist within ‘patterned’ multilayers. Top surface [8–10],
and cross-sectional nanoindentation [11–13] are methods that have
proven effective at initiating microscale delamination in a variety of
thin films and multilayers. However, the complex stress state induced
in a specimen during an indent is accompanied by unavoidable plastic
deformation [9]. As a result, the energy dissipated by plastic

deformation is not easily decoupled from the total work. A ‘test-specific’
practical work of adhesion is therefore typically obtained [14].

Nanoindentation induced deformation of microscale structures fab-
ricated using focused ion beam (FIB) milling has been increasingly
utilised for investigating the properties of thin films [15,16]. The defor-
mation of awell-defined structuremilled into amicroscale feature of in-
terest, allows the feature to be studied under a simple, quantifiable
stress-state. For example, microcantilever (MC) bending has been
used to investigate the elastic modulus [17], yield strength [18], fracture
toughness [19,20], fatigue properties [21], and residual stress [22,23] of
thin films. More recently, the fracture toughness of thin films and coat-
ings have been assessed by means of micropillar splitting [24], double-
cantilever compression [25], and three point bending of clamped brid-
ges [26,27].

A limited number of studies have applied the indentation of fabricat-
ed microscale structures to investigate interfaces [17,28]. Matoy et al.
[29], Hirakata et al. [30], and Chan et al. [31], used notchedMC configu-
rations to initiate delamination of SiO/W and SiO/Cu, Sn/Si, and Zr/hy-
dride interfaces, respectively. Delamination generally occurred in an
unstablemanner due to these interfaces being orientated perpendicular
to the axis of the MCs; prompting the development of alternative con-
figurations [32].

This present work aimed to develop a microscale method capable of
initiating stable interfacial delaminationwithin a thin filmmultilayer by
effectively miniaturising conventional 4 PB. FIBmillingwas used to fab-
ricate microbridges (MBs) within an Al/SiN/GaAs multilayer; a system
considered typical of those found inmicroelectronic devices. A 4 PB con-
figuration was applied using a flat-end indenter in order to induce a

Surface & Coatings Technology xxx (2016) xxx–xxx

⁎ Corresponding author.
E-mail addresses: james.mead@uqconnect.edu.au (J.L. Mead),

mingyuan.lu@uqconnect.edu.au (M. Lu), han.huang@uq.edu.au (H. Huang).

SCT-21815; No of Pages 5

http://dx.doi.org/10.1016/j.surfcoat.2016.11.069
0257-8972/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Surface & Coatings Technology

j ourna l homepage: www.e lsev ie r .com/ locate /sur fcoat

Please cite this article as: J.L. Mead, et al., Surf. Coat. Technol. (2016), http://dx.doi.org/10.1016/j.surfcoat.2016.11.069

http://dx.doi.org/10.1016/j.surfcoat.2016.11.069
mailto:han.huang@uq.edu.au
Journal logo
http://dx.doi.org/10.1016/j.surfcoat.2016.11.069
http://www.sciencedirect.com/science/journal/02578972
www.elsevier.com/locate/surfcoat
http://dx.doi.org/10.1016/j.surfcoat.2016.11.069


linear-elastic stress state. This resulted in the initiation and deflection of
a substrate crack, followed by stable delamination of the SiN/GaAs inter-
face. The method is theoretically applicable to both blanket and pat-
terned multilayers.

2. Methodology

2.1. Specimen preparation

An Al/SiN/GaAs multilayer specimen was synthesized for this study.
Adhesion of the SiN/GaAs interfacewas of primary interest as delamina-
tion of the passivating SiN film has been a critical issue affecting the re-
liability of GaAs based microelectronics. Amorphous SiN film/single
crystal (001) GaAs substrate specimens were provided by WIN Semi-
conductors Co. The SiN film was deposited by plasma enhanced chemi-
cal vapour deposition (PECVD); the details of which can be found
elsewhere [8]. An aluminiumfilmwas deposited onto the SiNfilm by di-
rect-current magnetron sputtering using an Auto 500 Sputter Coater
(HHVTechnologies,West Sussex, United Kingdom). Depositionwas un-
dertaken in an argon atmosphere at a base pressure of 4 mTorr, and a
power range from 80 to 250 W.

2.2. Machining of microbridges

MBs were milled into the top surface of the specimens using a Scios
DualBeam FIB (FEI, Oregon, USA). The detailedmilling procedure can be
found elsewhere [33,34]. The MBs were examined using a 7100F scan-
ning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan). The fabricat-
ed MBs consisted of an Al layer, SiN layer, and GaAs substrate
component with side wall heights of hAl, hSiN, and hGaAs respectively.
SEM micrographs of a typical MB are shown in Fig. 1(a); the resultant
pentagonal cross-section is illustrated in Fig. 1(b). MB dimensions, in-
cluding length, L, and width, W, are summarised in Table 1. Wedge-
shaped centered pre-notches of height, hnotch, with an included angle

of 20°, were milled into the substrate component to promote fracture
during bending. A milling current of 100 pA resulted in an average
notch root radius of 200 nm. Large fillets, with radii, Rend, ranging from
3 to 5 μm, were introduced on the clamped ends of each MB to avoid
stress concentrations. A centrally located blind hole, further referred
to as a ‘centring hole’, was milled into the top surface of each MB
using a low milling current of 50 pA.

2.3. Nanoindentation

Nanoindentation induced bending of MBs was undertaken using a
TI900 Triboindenter (Hysitron Inc., Minneapolis, USA). Bendingwas ap-
plied under a 4-point configuration using a 10 μm square flat-end in-
denter, whereby the opposite edges of the indenter acted as inner
contact lines. A schematic of the experimental configuration is shown
in Fig. 1(c). Alignment of the indenter was achieved by evaluating suc-
cessive indentation impressions applied to an un-milled region of the
sample surface. Tilt and rotational alignment of the indenter with each
MB was evaluated using AFM and corrected using a tilt-stage. Position-
ing of the indenter on eachMBwas achieved by using the ‘centring hole’
as an optical reference. Indentation on all MBs were undertaken at a
loading velocity 10 nm/s.

To allow for SEM examination of the MBs through each step of the
fracture sequence, bending was applied incrementally over two sepa-
rate indentations. During bending, once a particular feature was ob-
served in the P-h data, the indenter was halted and withdrawn. The
indenter withdrawal points were categorised into 3 distinct groups:
withdrawals after a pop-in, [W1], withdrawals after a pop-in and subse-
quent decline in load, [W2], andwithdrawals after a long termdecline in
load, [W3].

3. Results

The P-h curves for the 1st 4 PB of MBs are shown in Fig. 2(a). At low
displacements all MBs exhibited linear-elastic loading behaviour. At
higher displacements all MBs gradually deviated from linearity, follow-
ed by the occurrence of a significant initial pop-in. Bending of MB1 and
MB2 was then immediately halted. Loading of MB3 continued at a dra-
matically increased compliance. This was followed by a second signifi-
cant pop-in, resulting in a load drop to approximately 1000 μN;
bending of MB3 was then immediately halted.

SEM examination was used to investigate the deformation behav-
iour of the MBs after the 1st indentation. MB1 and MB2 observations
were indicative of the typical fracture state after the occurrence of an
initial pop-in. MB3 observations were indicative of the typical fracture
state after a second pop-in. Both fracture states are illustrated in Fig.
3(a) and (b). Substrate fractures were found to have initiated within
the radius of the notch for all MBs. Propagation occurred at angles rang-
ing from 0° to 45° from the vertical plane. For example, in MB1, a single
substrate fracture was observed, terminating at the SiN/GaAs interface
(Fig. 3(a)). In MB3, two substrate fractures were observed; one termi-
nated at the interface, and the other deflected into the interface,
resulting in a short asymmetric interfacial delamination (Fig. 3(b)). An
impression was observed on the Al surface of each MB due to the con-
tact of the flat-end indenter. Analysis of these impressions indicated

Fig. 1. (a) SEMmicrographsof a typical FIB-milledMB (MB1) viewed at 45° tilt. Al, SiN, and
GaAs components are labelled. (b) Indicative MB cross-section. (c) Schematic illustration
of the 4 PB experimental configuration.

Table 1
Dimensions of fabricated microbridges.

MB1 MB2 MB3

L (μm) 34.53 34.08 26.56
W (μm) 3.61 3.44 2.92
hGaAs (μm) 1.83 2.05 1.33
hSiN (μm) 0.44 0.44 0.44
hAl (μm) 0.75 0.75 0.68
hnotch (μm) 1.28 1.46 0.94
Rend (μm) 3.34 3.55 4.64
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