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h i g h l i g h t s

� The adhesion strength of AlN/Si as the
weakest interface in an optoelectronic
GaN based system is successfully
determined for the first time.

� The interfacial fracture energy of the
AlN/Si interface is strongly dependent
on the layer design and
microstructure yielding energy
release rates between 2.8 J/m2 and
13.6 J/m2.

� Cross-sectional nanoindentation and
four-point bending delamination
tests revealed comparable local and
large area interfacial fracture energy
values.

� The probability of interfacial
delamination or cohesive fracture in
multilayers can be predicted by the
proposed analytical model, allowing
optimized thin film design.
g r a p h i c a l a b s t r a c t
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a b s t r a c t

Wide bandgap semiconductors such as group III-nitrides and SiC are considered as key materials for the
fabrication of smaller, more reliable and efficient power electronics. Fabrication of robust and durable
power devices requires an optimized design based on the understanding of the interfacial adhesion prop-
erties of the constituent thin-film heterostructures. In this study, the adhesion properties of GaN/AlN lay-
ers grown on Si substrates were investigated. Particularly, the influence of the AlN buffer layers,
necessary for GaN growth on Si, on the delamination response was determined. The interfacial adhesion
strength was obtained using cross-sectional nanoindentation (CSN) and four-point bending (4PB) tests.
Analytical models based on beam- and elastic plate theory which were applied respectively to calculate
the interfacial fracture energy (Gic) for both methods are found to be in good agreement provided the
loading conditions are similar. Detailed transmission and scanning electron microscopy investigations
prior and subsequent to delamination reveal the microstructural details of the relevant interfaces and
provide insights into the encountered mechanisms of interfacial failure. Finally, the probability of delam-
ination along the weakest interface is discussed based on a fracture mechanics model.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

E Young’s modulus, [GPa]
Gic interfacial fracture energy, [J/m2]
GIC fracture energy, [J/m2]
H hardness, [GPa]
h thin film thickness, [m]
I moment of inertia, [kg/m2]
K stress intensity at a crack tip (KI,II are used for mode I

and II), [MPa∙m1/2]
KIC fracture toughness, [MPa∙m1/2]

P load, [N]
a 1st Dundur’s parameter, [ ]
b 2nd Dundur’s parameter, [ ]
l shear modulus, [GPa]
m Poisson’s ratio, [ ]
ryy tensile stress, [Pa]
sxy shear stress, [Pa]
W mode mixity (phase) angle, [�]
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1. Introduction

Intensive research and development activities in recent years
have demonstrated the great potential of GaN-based heterostruc-
tures for power, high-frequency and THz electronics [1-3]. GaN is
typically grown on foreign substrates such as sapphire, silicon car-
bide and silicon. Although Al2O3 and SiC wafers exhibit the lowest
lattice mismatch and difference in the coefficients of thermal
expansion (CTE) with GaN [4], silicon is considered an important
substrate for growth of the III-N heterostructures. Silicon wafers
are inexpensive and available in large diameters with any neces-
sary crystalline orientation, and using the existing Si-based pro-
duction lines enables significantly lower manufacturing costs.
However, direct growth of GaN on Si is a quite challenging task.
The large lattice mismatch (�17 %) and difference in CTE (�54 %)
of both materials lead to the formation of a high density of thread-
ing dislocations (TD) and cracking of the GaN films. Buffer layers
consisting of AlN or AlN/AlGaN, with high thermal stability and
good wettability to Si, have therefore been proposed to reduce
the stresses and decrease the TD density [5]. In this case, Si
(111) with a trigonal symmetry is often selected as the substrate
material which favours an epitaxial growth of the wurtzite crystal
structure of AlN [6].

The vapour pressure epitaxy method is most commonly used
for AlN buffer layer growth. Controlling the state of compressive
or tensile stresses during the processing is essential for an
improved adhesion strength in GaN/Si wafers. However, the actual
induced compressive stresses were often found to be insufficient
due to the poor crystalline quality and the rough surface morphol-
ogy of the AlN buffer layer [7]. Several approaches of tailoring the
AlN layer design and fabrication process have therefore been pro-
posed to counterbalance the effect of the tensile stress which
develop during the cooling-down process [8]. To induce sufficient
compressive stresses in the GaN, bilayer [9] or multilayer [10]
AlN buffer designs with a mix of low- and high-temperature AlN
or epitaxial lateral overgrowth using patterned Si substrates [6]
have been applied. Even more it was found that the formation of
an AlN layer with a high structural quality, which is mandatory
for a good epitaxial GaN growth, can only be achieved at high tem-
peratures of around 1100 �C [11]. Since the actual thin film struc-
ture strongly affects the state of internal stresses in the stack
sophisticated experimental methods for determination of residual
stresses have been suggested [12].

The structural, electrical and optical properties of GaN-based
semiconductors have been investigated extensively [13]. However,
studies on the interfacial adhesion properties of these structures
are scarce. To our knowledge, though of high technological rele-
vance, experimental value for the interfacial fracture energy (Gic)
of AlN/Si and AlN/GaN are not available.
2

From an experimental point of view, the external force or
energy required to separate two adherent surfaces is the practical
measure of interfacial adhesion. Using the fracture mechanics
approach, the practical work of adhesion is measured by consider-
ing the interfacial fracture energy, the energy dissipated by the two
materials during the separation, given as energy per unit area of
the delaminated surface. This parameter is also commonly referred
to as energy release rate in many publications [14]. Fracture tough-
ness, interfacial fracture energy and crack growth rate in bi- and
multilayer thin films can be determined using experimental data
and analytical methods or finite-element simulations. The adhe-
sion properties of thin films on brittle substrates can be character-
ized by a variety of nanoindentation techniques and beam bending
tests. Four-point bending (4PB) has been widely used in the last
few decades to study the mechanical properties of thin films, espe-
cially for interfacial adhesion measurement in microelectronics
[15-17]. Recently, cross-sectional nanoindentation (CSN) is also
utilized as a quantitative method to determine the nanomechani-
cal properties of thin films grown on substrates for a wide range
of materials. This method has been applied among others for the
determination of the interfacial fracture energy (Gic) of brittle
dielectric/dielectric and metal/dielectric interfaces [18-22]. Micro-
scopic examination of the delamination crack tip allows identifica-
tion of the weak interfaces in the thin film stack.

Most of the available data on the adhesion properties of GaN-
based semiconductors focus on the evaluation of the wafer bond-
ing process [23,24]. In a study by Shi et al. [23], the adhesion qual-
ity of the wafer bonded GaN semiconductors was investigated
using the double cantilever beam (DCB) test. It was shown that
the high interface fracture energy of the bonded III-nitride wafers
compared to the other III-V based semiconductors was due to the
nature of their stronger chemical bonds. A reduction of the inter-
face adhesion (bonding strength) to about 30–40% of the bulk frac-
ture strength of the material was found to be caused by the high
density of interfacial defects. These studies provide a goodmeasure
for the overall quality of the wafer bonds. However, the interfacial
adhesion properties and the local delamination behaviour of these
nanolayered thin films, even those of the well-known GaN/AlN
structures have not been studied sufficiently.

In this study, the adhesion properties and delamination
response of GaN/AlN films grown on Si substrates were investi-
gated with respect to the influence of the AlN buffer layer.

Delamination experiments were carried out by the 4PB and CSN
techniques and the interfacial fracture energy Gic was calculated
using the acquired data and appropriate analytical models. Apply-
ing these two methods allows to study the interfacial adhesion
behaviour covering a length scale from a few micrometers to sev-
eral millimeters. Microstructural examination of the interfacial
features prior and subsequent to failure allowed interpretation of
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the failure modes and mechanism of delamination in GaN/AlN lay-
ers grown on Si substrates.

2. Experimental procedures

2.1. Samples

The samples were commercial wafers with� 0.5 lm thick unin-
tentionally n-doped GaN on Si (111) substrates by Kyma Inc. Two
types of the AlN buffer (single and double layer) were formed by
plasma vapour deposition on Si prior to the GaN film growth (see
Table 1). Ti-based (Au/Ti/Al/Ti 60/30/90/30 nm) and Ta-based
(Ta/Al/Ta 20/280/10 nm) stacks were formed on top of GaN in
order to produce ohmic contacts. The structure and electrical prop-
erties of these metallization layers were investigated in an earlier
publication [25].

2.2. Microstructural characterization

For the investigation of the microstructure and chemical com-
position of the thin film stacks as well as for determination of
the crack path, TEM and scanning TEM (STEM) investigations com-
bined with energy dispersive X-ray (EDX) analysis were performed
using an FEI Tecnai F20 system. Images were undertaken on Dual-
beam focused ion beammilled TEM lamellae of the cross-section of
each sample type to study the interfaces of the stacks assisting the
understanding of the fracture mode.

An FEI ESEM Quanta 200 system attached with an EDS Detector
EDAX Genesis was used for chemical and microstructural analysis.

2.3. Mechanical and adhesion properties of thin films

Hardness and Young’s modulus of the GaN and Si were deter-
mined by a nanoindentation method [26]. Gic was obtained by
means of quasi-static 4PB and CSN tests, as explained below.

2.3.1. Hardness test
The nanoindentation experiments were performed at 22.0 ± 0.

5 �C in a load-controlled manner with an ASMEC-Universal
Nanomechanical Tester UNAT using a diamond Berkovich tip with
a radius of 300 nm. Displacement and load noise level of the
nanoindenter were below 0.5 nm and 3 mN, respectively. Before
the test series, an indenter tip calibration was conducted in terms
of indenter stiffness and contact area using fused silica and sap-
phire standards, according to the methods given by Oliver and
Pharr [26]. During the testing, the indenter load was applied from
both sides normal to the plane of the wafer surface. To measure the
Table 1
Thickness of the III-N layers and substrates in the tested samples.

Film structure and layer thickness (mm) GaN AlN AlN Si

Ti-based stack/GaN/AlN/Si 0.45 0.2 400
Ta-based stack/GaN/AlN/Si 0.48 0.23 400
Ta-based stack/GaN/AlN-1/AlN-2/Si 0.47 0.22 0.2 400

Table 2
Hardness (H) and Young’s modulus (E) of investigated materials.

Material H [GPa] E [GPa]

GaN 10.42 ± 0.06 274.9 ± 3
Si (111) 10.1 ± 0.2 166.7 ± 4.2
AlN

3

hardness of the GaN layer, the indenter depth was adjusted
depending on the thickness of the metallization. A constant strain
rate of 0.5 s�1 was kept throughout the tests. The
load � displacement curves were obtained, and the Young’s mod-
ulus, hardness, and plastic indent depth were extracted using the
Oliver and Pharr method [26]. For the hardness and Young’s mod-
ulus evaluation of the thin film coatings quasi-continuous stiffness
measurement (QCSM) and cyclic-hardness measurements meth-
ods have been used [12]. Thermal drift and zero-point correction
were performed automatically by means of the machine’s software
(Indent Analyser). To obtain an average value, the measurements
were repeated 10 times with an indent distance of 50 to 60 lm
to avoid elastic and plastic interactions. It is well known that pos-
sible pile-up and sink-in effects can alter the values of E and H
measured by nanoindentation methods. Considering the indenta-
tion depth required and the absence of typical pile-up features in
the indentation curves significant pile-up effects were not
observed in our samples as confirmed by microscopic examination
of the indented surfaces. Table 2 presents the Young’s modulus (E)
and hardness (H) values of the layers involved in the delamination
process and includes also the literature data. As the thin AlN buffer
layers, located between GaN and Si, were not accessible for the
applied method, only literature values were used for all quantita-
tive evaluations.

In the case of AlN films, a large variation in the literature data is
observed, which is related to the deposition techniques, structure,
layer thickness and substrate material. The reported E values vary
between 243 and 342 GPa for nanostructured AlN films on Si (100)
[29,30]. An increase of E from 270 to 342 GPa was found in [30] and
explained by an increase in c-axis texturing in columnar nanos-
tructured AlN films (�1mm) on Si (100) substrates. Significantly
higher moduli of 390 GPa and H of 30 GPa for AlN films on c-
plane sapphire, were reported for the films sputtered at 450 �C
[31].

2.3.2. Four-point bending test (4PB)
4 PB tests, used for thin-film multi-layered stacks, were per-

formed using sandwich structures, with the interfaces bonded face
to face in the middle of the sample. At a certain bending moment,
cracks, initiated at the pre-notch introduced in the centre of the
substrate, propagated towards the thin film stack. Provided a suffi-
ciently weak interface exists, the crack deflects outwards propagat-
ing along that interface. For steady-state crack growth, which is
assured for a crack length large compared to the thickness of the
layer system [32], Gic becomes independent of the delaminated
length. This allows calculation of the interfacial fracture energy
by an analytical solution based on Euler-Bernoulli beam theory
as a modification of Charalambides [15] according to

Gic�4PB ¼ P2L2 1� m22
� �
8E2b

2

1
I2
� 1
Ic

� �
ð1Þ

where P is the load, L and b the distance between the inner and
outer loading pins and width of the beam, respectively, and E2

and v2 are the elastic modulus and Poison’s ratio of the bulk sub-
strate. The moments of inertia are calculated by
H [GPa]
literature

E [GPa]
literature

12–22[27] 287–320 [27]
12 [28] 188 [28]
12–22 [29,30] 243.5–342.3 [29,30]
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I2 ¼ h3
2

12
ð2Þ

and

Ic ¼ h3
2

3
þ k

h3
f

3
þ l h3

1

3
þ h2

1hf þ h2
f h1

 !

� k
½h2

2 � kh2
f � lðh2

1 þ 2hf h1Þ�2
4ðh2 þ khf þ lh1Þ ð3Þ

where h represents the thickness with the subscripts 1, 2 and f
referring to stiffener, substrate and thin-film multilayer using the
following relations of the respective elastic moduli.

k ¼ Ef

E2

1� m22
1� m2f

;l ¼ E1

E2

1� m22
1� m21

ð5Þ

As the analytical solution in this form only allows for a three-
layer system, the elastic properties of the thin film stack were
homogenized following linear beam theory according to [33].

Interpretation of the test results and determination of the cause
and mechanisms of failure requires optical and chemical analysis
of the delaminated surfaces. Though prevailing loading conditions
at the crack tip require careful data analysis, the 4PB test is
regarded as beneficial as it resembles operational loading condi-
tions and provides stable crack propagation rates [16,17].

In this study, the 4PB investigations were performed by a micro
tensile machine equipped with a bending module and a video
microscope for in-situ monitoring of the crack opening and delam-
ination growth. A sandwich-type sample design was realized by
gluing a spring steel stiffener layer with a thickness of 700 mm
on top of the metallization film stack. Prior to the testing, a notch
was introduced in the middle of the specimen into the Si substrate
using an abrasive wire saw. During the loading, an initial crack was
generated at this location and propagated through the interface.
For all tests, the distances between the inner loading pins and
the outer supports of the 4PB jigs were 7 mm and 14 mm, respec-
tively, with the radius of the support bearings being 1 mm. Dis-
placement controlled loading was applied at a rate of 0.1 mm/
min with load and transversal displacement monitored. More
details on the applied 4PB method can be found in [34,35].

2.3.3. Cross-sectional nanoindentation
With CSN, an interfacial crack is initiated by indenting the tip

into the cross-section of a brittle substrate close to the interface
of interest, chipping of the substrate and separation of a wedge-
shaped segment and the film from the body of the substrate. By
Fig. 1. (a) Schematic of the CSN test showing the geometrical relations needed for analyt
distances (d) to the surface of GaN samples with Ta-based stacks.

4

increasing the indentation load, the separated layer is pushed away
resulting in crack propagation in the interfacial region between the
weakest interfaces [20]. CSN provides direct observation of the
crack path in the cross-section of thin-film coatings. The interfacial
fracture energy is determined either by means of the finite element
method (FEM) [35,36] or is calculated analytically by:

Gic�CSN ¼ Eh3u
2

0 1� kð Þ4ð2F þ kF
0 Þ

12ða� bÞ4
ð6Þ

where E and h are Young’s modulus and thickness of the delami-
nated film respectively, a and b the geometric parameters of the
crack (Fig. 1a), u0 the wedge displacement and F, and F 0 ¼ @F

@k being
a function of k ¼ b=a defined as:

F kð Þ ¼ 2lnkþ 1þk
1�k ln

2k

½ 1þ kð Þlnkþ 2 1� kð Þ�2
ð7Þ

As the delaminated stack consists of several layers, an effective
Young’s modulus for the film stack is calculated using a simple
mixture formula:

Eeff ¼ l1E1 þ l2E2 ð8Þ
Several studies have shown that Gic is highly dependent on the

relative contributions of shear (sxyÞ and tensile (ryyÞ stresses occur-
ring at the crack tip, which has to be considered when comparing
quantitative results of different methods for delamination investi-
gations. This mode-mixity can be mathematically described by the
phase angle:

W ¼ tan�1 sxy
ryy

� �
ð9Þ

which is found to remain constant at approximately 43� during
4PB steady-state crack growth [37], while it increases quickly from
about 20� shortly after delamination onset, to a stable plateau
around 48� for the CSN measurements [35,36].

For the CSN investigations, sample slips were mounted to a
specifically designed sample holder and polished to obtain a sur-
face roughness of below 20 nm, necessary to avoid any influence
on the measurement results. The nanoindentation experiments
were performed at 22.0 ± 0.5 �C in a load-controlled manner using
a diamond Berkovich tip with a radius of 300 nm. Before the test
series, an indenter tip calibration was conducted according to
[26]. The optimum parameters to induce delamination were
obtained by variation of the indentation force and distance (d)
for a large number of tests. The onset of indentation delamination
is observed at indentation loads between 80 mN and 120 mN at
ical calculation and (b) typical load–displacement curves obtained by CSN at various
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distances from the interface in the range of 1 to 7 mm. To avoid the
interaction of the fractures, the distances between the indentations
were set at 100 mm.

Fig. 1b shows typical load–displacement curves of CSN experi-
ments obtained on GaN/AlN/Si samples at various distances (d)
to the free surface at a load level of 85 mN. The critical load needed
to initiate delamination, increases with the intent-interface dis-
tance (d), which can be seen when applying the load at different
distances from the free surface. While at d = 5.8 mm the horizontal
curve shape at maximum load indicates the occurrence of the
interfacial delamination before the unloading step, the same load
at d = 6.4 mm is insufficient to initiate cracking of the Si substrate
and thus no visible delamination of the metallization is detected
in the SEM analysis. By varying the distance d in combination with
the indentation load, an ideal pair of values can be found for each
sample ensuring maximum wedge displacement and thereby
delamination, while still avoiding cracking or fracturing of the
delaminated coating layers. After indenting, interfacial delamina-
tion areas were measured by optical and scanning electron micro-
scopy (SEM). Together with the necessary geometric parameters
(Fig. 1a) determined by SEM imaging of the CSN sites, Gic is calcu-
lated according to the analytical solution in Eq. (6).

3. Results and discussion

3.1. Microstructure

The typical structure of the GaN/AlN/Si sample with a Ti-based
film stack marked as metallization is presented in Fig. 2a. The
cross-sectional TEM micrograph reveals the single AlN layer with
a thickness of about 200 nm followed by the 450 nm thick GaN
layer with a considerable number of dislocations in both the AlN
and GaN layers. The HRTEM image of the GaN/AlN interface in
Fig. 2b confirms the good epitaxial growth of the GaN layer with
½0002� GaN || [0002� AlN. Images in Fig. 3a,b of the AlN/Si interface

are viewed in the 112
�
0

h i
AlN and 1

�
10

h i
Si projections, respec-

tively. The single-crystalline AlN layer is found to grow on Si
(111) with the crystallographic orientation relation: ½111� Si ||

½0002� AlN and ½112
�
� Si || [ 1

�
100� AlN without any significant

misalignment along the c-axis (Fig. 3c).
By performing a Fourier Transform (FT) of the HRTEM pattern

(Fig. 3c), then selecting several calculated diffraction spots, and
Fig. 2. (a) TEMmicrograph of a Ti/GaN on Si sample reveals a layer composition and micr
the GaN/AlN interface shows the crystallographic orientation relationship.

5

subsequent inverse FT, several stacking faults and dislocations
could be identified near the AlN/Si interface. The generated stack-
ing faults, which are emphasized with red arrows in the filtered
image of the HRTEM micrographs (Fig. 3d), contribute to the relax-
ation of large interfacial strains between AlN and the substrate
[38].

Detailed microstructural analysis based on HRTEM investiga-
tions of the samples consisting of two AlN buffer layers is described
in the next section.

3.2. Adhesion properties

Gic of the GaN/AlN/Si interfaces were determined subsequent to
4PB and CSN tests using the analytical methods described in sec-
tion 2.3. In order to provide comparative quantitative values of
Gic for both test methods the influence of the loading conditions
has to be minimized. Thus, only CSN delamination sites with a
crack length above a sample dependent threshold with a similar
mode-mixity (W ¼ 48

�
) to that of 4PB (W ¼ 43

�
) were considered

for quantitative evaluation.

3.2.1. Four-point bending test results
Fig. 4a shows representative load–displacement curves

obtained during the 4PB delamination tests for all three sample
stacks. After a linear increase of the load, a first drop indicates
the cracking of the substrate starting at the notch growing towards
the film stack. The steel stiffener needed to inhibit vertical cracking
of the whole sample, is bent elastically during testing. This results
in a steady increase in the load during stable delamination growth
which superimposes the typical load plateau caused by delamina-
tion. As we traced the crack tip using in situ optical microscopy the
exact load levels corresponding to the steady-state crack propaga-
tion along the AlN/Si interface could be extracted and used as input
parameters for the analytical calculations.

For all samples, initial crack growth occurs inside the Si sub-
strate until it eventually reaches the interface with the AlN buffer
layer at which point the delamination continues partially along the
AlN/Si interface (Fig. 4b). Since both the Ti and Ta-based stacks are
fabricated on halves of the same wafer, they show similar values
for Gic of 13.6 ± 2.7 and 12.9 ± 2.1 J/m2 respectively (Table 3).

The fracture surfaces of the fully separated samples, which are
shown in Fig. 5 and correspond to the images in Fig. 4b, reveal
the cohesive cracking of the Si substrate at both sides of the notch
ostructure representative for both Ti and Ta metallized samples. (b) HRTEM image of



Fig. 3. (a) HRTEM image of the AlN/Si interface shows the crystallographic orientation relationship with (b) several stacking faults and dislocations in the AlN layer and (c) the
corresponding diffraction pattern and (d) filtered image.

Fig. 4. (a) Load-displacement curves of the samples with Ta- and Ti-based metallization stacks as well as one and two AlN layers. (b) Optical microscope images showing the
crack path inside the Si followed by delamination along the AlN/Si interface.
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which eventually change the front and extend outwards along the
AlN/Si interface as identified by EDX analysis (Fig. 5a,b). TEM and
HRTEM images of a delaminated Ta-based stack/GaN/AlN/Si sam-
ple in the vicinity of the crack tip are presented in Fig. 6. The over-
lay of the elemental map shows the occurrence of delamination
along the AlN/Si interface with a thin film of the Si substrate still
partly attached to the AlN layer. Detailed images in Fig. 6b, c show
the thickness and crystallographic orientation of the adhered Si
film.
Table 3
Summary of calculated interfacial fracture energy (Gic) of all samples.

Sample Delaminated
Interface

Gic-CSN
(J/m2)

Gic-4PB
(J/m2)

Ti-based stack/GaN/AlN/Si AlN/Si 11.6 ± 2.6 13.6 ± 2.7*
Ta-based stack/GaN/AlN/Si AlN/Si 12.1 ± 2.4 12.9 ± 2.1*
Ta-based stack/GaN/AlN-1/AlN-2/Si AlN-2/Si 1.4 ± 0.7 2.8 ± 0.8

AlN-1/AlN-2 2.6 ± 0.5 —

6

The samples with two buffer layers of AlN show similar beha-
viour with partial delamination along the AlN/Si interface. The sig-
nificantly lower values of Gic = 2.8 J/m2 and the less pronounced
cohesive cracking of the Si, indicates an inferior adhesion of the
two-layered AlN films to the silicon substrate.
3.2.2. Cross-sectional nanoindentation test results
The SEM and TEM images of the delaminated samples are used

to measure the geometrical parameters including the delamination
length (a-b), wedge displacement (u0) and intent-interface distance
(d) for calculation of the Gic. The interfacial fracture energy is cal-
culated according to Eq. (6) after the determination of the geomet-
ric parameters from the SEM images of the CSN sites for all samples
(Table 3). The Gic value for the single-layered AlN/Si interface is
found to be in the range of 11.6 to 12.1 J/m2. The samples consist-
ing of two AlN buffer layers show again considerably lower adhe-
sion strength to the Si substrate with Gic values of about 1.4 J/m2

compared to the samples with one AlN layer. Additionally, in about



Fig. 5. (a) Image of the steel stiffener side revealing the leftovers of metals used for the top metallization and GaN as follows from EDX analysis (b) EDX and optical
microscopy analysis of fully separated Ta-based GaN/AlN-1/AlN-2/Si samples revealing the crack path along the AlN/Si interface.

Fig. 6. Cross-sectional TEM images of Ta-based stack/GaN/AlN/Si sample revealing delamination along the Si/AlN interface as well as layers composition: (a) the entire
heterostructure and metallization (b) AlN/Si interface and (c) high-resolution AlN/Si interface with FFT inserts.
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20% of the cases, delamination appears along the AlN/AlN interface
at similarly low values of about 2.6 J/m2.

SEM images with EDX analysis of representative cross-sectional
nanoindents of the Ti-based stack/GaN/AlN/Si and Ta-based stack/
GaN/AlN/Si are presented in Fig. 7a and 7b,c respectively, showing
clearly delamination along the AlN/Si interface. The delamination
length is relatively short indicating good adhesion.

Delamination of the second type of GaN on Si, with two
microstructurally different AlN buffer layers, also occurs predomi-
nantly along the AlN/Si interface. In this case the SEM images in
Fig. 8a, b show a large delaminated area. The cracking along the
AlN/Si is also confirmed by TEM images of FIB lamellas cut from
the crack front of a CSN sample (Fig. 8c). Selected area electron
diffraction patterns (SAED) in Fig. 8d and 8e reveal the monocrys-
talline and the nanocrystalline nature of the of AlN buffers below
the GaN layer and above the Si substrate, respectively.

As mentioned above, in some cases the crack crossed through
the first nano-crystalline AlN layer and followed the AlN/AlN inter-
face further outwards as depicted in the SEM images with EDX line
scan across the delamination site in Fig. 9.
7

The Gic values of the two types of GaN/AlN/Si samples listed in
Table 3 show a very good correlation between the CSN and 4PB
methods. Comparative literature data for AlN/Si interfaces are
not available, but the reported values for interfacial failure in
brittle-brittle semiconductor systems are in the range from � 1
to about 14 J/m2 [19,39-41]. The decrease of Gic from 12 to
13.5 J/m2 for the single-layered to � 1.4–2.8 J/m2 for the double-
layered samples suggests a strong impact of the structural features
of the AlN buffer films on the overall adhesion of the system. In
brittle multi-layered structures, where plasticity effects are absent
or negligible, variation of the layer thickness and grain size mainly
affect the state of internal stresses in the system. It has been
reported that the adhesion strength of GaN-based semiconductors
can be substantially improved by tailoring the order and thickness
of AlN /AlGaN buffers and compensating internal stresses [6]. In a
study on GaN-on-Si epitaxy, increasing the thickness of AlN buffer
layer from about 200 to 400 nm resulted in a considerable reduc-
tion of the defect density and residual stresses due to the dominant
state of compressive internal stresses [42]. The strong dependency
of the interfacial strength on the film thickness was also reported



Fig. 7. SEM images of CSN delamination sites of the GaN on silicon samples with one buffer AlN layer showing the crack occurring exclusively along the Si/AlN interface: (a)
Ti-based stack and (b, c) Ta-based stack.

Fig. 8. (a, b) SEM micrographs of a delamination site after CSN of the two-layered AlN sample and (c) TEM image of a FIB lamella cut from the crack tip revealed the
delamination along the AlN/Si interface. (d) SAED patterns of the first (aperture position marked by the red circle) and (e) second AlN layer (aperture position marked by the
green circle) revealed the monocrystalline and nanocrystalline structure, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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for GaN on sapphire bi-layers. It was found that a complete stress-
induced self-separation of the GaN/sapphire interface can be
achieved for a GaN layer thickness of 500–700 lm with a Gic of
about 14 J/m2 [40]. Though the processing conditions of the pur-
chased wafers of the present study were not provided in details,
the measured thickness of the monocrystalline and nanocrystalline
AlN layers with a considerably different microstructure are both in
the range of 0.2 – 0.23 mm. Since the CSN and 4PB delamination
experiments show clearly the adverse effect of the additional
200 nm nanostructured AlN film, the lower interfacial fracture
energy of the double-layered samples can be attributed to the
8

higher amount of overall interfacial stresses in the stack, due to a
higher structural incompatibility.
4. Fracture mechanics

According to our experimental results, the weakest site of the
investigated metal/GaN/AlN/Si samples is found to be the interface
between AlN and Si. In the following, we apply a fracture
mechanics-based model first proposed in [42], which is adapted
to the geometrical conditions of the CSN test and considers the



Fig. 9. (a) SEM images of delamination of the 2-layered AlN samples between the AlN layers as revealed by (b) EDX line scan across the crack depicted in the detail of the
delamination front.
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material properties of the bi-layer. For this purpose, the interfacial
fracture energy for the deflection of a crack along the interface is
compared with the fracture energy for the cohesive cracking of
AlN.

Generally, a growing crack approaching and intersecting the
interface between two bonded semi-infinite dissimilar materials
at an arbitrary angle may advance by either deflecting along, or
penetrating through the interface. Interfacial delamination in a
bi-material occurs when the condition

Gic

GIc
<

Gd

Gp
ð10Þ

where Gic is the experimentally obtained interfacial fracture energy
and GIc is the fracture energy of the material 1 is satisfied. Gp and Gd

are the theoretically calculated interfacial fracture energy for the
crack that is penetrating the interface and the crack that has
deflected into the interface, respectively (Fig. 10).

The ratio of the interfacial fracture energy of the deflected crack
to the fracture energy of the penetrating crack Gd /Gp can then be
plotted as a function of the dimensionless material parameter a
(Dundur’s parameter) which is dependent on the Young’s moduli
of the bi-layer [44]. The obtained curve corresponds to a threshold
function of the interfacial fracture energy ratio, below which the
crack will more likely propagates along the interface, while Gic /
GIc ratios above the curve lead to a cohesive failure of the material
1.

For the case of delamination along the AlN/Si interface, the ratio
of the interfacial fracture energies Gd /Gp and the Dundar’s param-
eter are determined by calculations presented in appendix A, and
using the results of the CSN experiments. The main crack path
along the AlN/Si interface as well the geometric relations, including
Fig. 10. Schematic drawing of an interfacial crack. A crack (l) which is initiated by
the crack opening force (p) propagates through material 2 with the oblique angle
(x), is kinked at the interface and grows to a length of (a).

9

the ratio of delaminated length to wedge side length (a/l) and the
angle between impinging crack and the interface crack (x), are
taken from the SEM images of the delaminated interfaces. The
magnitude of the crack wedging force during the nanoindentation
(p) is determined by using the model proposed in [45]. Based on
the obtained parameters a/l = 0.5, x = 25� and p = 0.022 N, the ratio
of interfacial fracture energy of the deflected crack to the fracture
energy of penetrating crack Gd /Gp is plotted as a function of a as
presented in Fig. 11.

To estimate the fulfilment of Eq. (10) for AlN/Si, the fracture
energy (GIc) of AlN is derived based on Eq. (11) as suggested in
[41] and assuming the average values of E = 300 GPa and KIc of
1.7 MPa∙m1/2 for AlN [29-31]:

GIc ¼ K2
Ic

E
ð11Þ

Considering the experimentally obtained Gic = 11.85 J/m2, an
average ratio of Gic /GIc � 1.09 is obtained as shown in Fig. 11.

The results suggest that with the given ratio of Gd /Gp and a �
0.43 the condition for interfacial delamination of AlN from Si is
principally satisfied, however by a narrow margin. A variation of
the mechanical properties may cause a small shift in the predicted
response. Considering the scale dependent mechanical properties
[46], determination of the actual fracture toughness of
Fig. 11. Ratio of interfacial fracture energy of deflected crack to fracture energy of
penetrating crack Gd /Gp for wedge loaded crack with x = 25�, p = 0.022 N, a/l = 0.5.
The blue circle corresponds to the calculated Gic /GIc ratio for delamination along the
Si/AlN interface. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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our � 200 nm AlN layers by applying suitable methods would pro-
vide an improved estimate. Nevertheless, due to the fact that in our
experiments about 85% of the cracks resulted in full interfacial
delamination between AlN and Si, the obtained results seem to
be reasonable.
5. Conclusion

In this study, the adhesion properties of two types of GaN/AlN
heterostructures grown on silicon substrates were investigated.
These structures were specifically selected to investigate the effect
of layer design and microstructure. The interfacial fracture energy
of the samples consisting of a single and a double layer AlN buffer
was measured using cross-sectional nanoindentation and four-
point bending tests. The delamination experiments revealed AlN/
Si to be the weakest interface. Quantitative evaluation yields sim-
ilar results of both testing methods with Gic of about 12–13.5 J/m2

for the case of a single buffer layer. In the case of double-layer buf-
fer structure, the presence of initial nanocrystalline AlN layer
results in a strong drop of Gic (1.4 J/m2 by CSN and 2.8 J/m2 by
4PB). The Gic values confirm that introducing an AlN buffer layer
with an optimized structure considerably improves the interfacial
adhesion strength of the multilayered stacks.

A fracture-mechanics based model applied to the case of inter-
facial cracking induced by CSN in GaN/AlN/Si system confirmed the
high susceptibility of the AlN/Si interface to delamination failure.
The obtained results suggest that the model in combination with
the CSN experiments can be successfully used to estimate the
boundary conditions for cohesive or delamination failure in thin
multilayer systems.

The findings of this study contribute to a better understanding
of the adhesion properties of III–N semiconductors, which are of
high technological relevance. Especially in the case of the GaN/
AlN/Si stack, for which to our knowledge experimental values of
the interfacial fracture energy were not available yet.
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Appendix A. .

An analytical model of indentation-induced stresses, based on
linear elastic fracture mechanics, was used to estimate the thin
film fracture toughness of a crack arising from the edge of a Berko-
vich indentation. The singular stress field analysis for the propagat-
ing crack approaching the interface was carried out by the methods
proposed by He and Hutchinson (1989) [43] and Freund (1990)
[47]. The crack is created by the crack opening force (p) and travels
for a length (l) at an arbitrary angle (x) towards an interface where
it either penetrates the subsequent material or deflects along the
interface for a length (a) (Fig. 10). For problems of this type, the
solution variables of interest also depend on two dimensionless
10
material parameters, i.e. Dundur’s parameters a and b [45]. Consid-
ering the two materials being elastic and isotropic, a and b can be
expressed by:

a ¼ l1 1� m2ð Þ � l2ð1� m1Þ
l1 1� m2ð Þ þ l2ð1� m1Þ ¼

E1

�
� E2

�

E1

�
þ E2

� ðA:1Þ

and

b ¼ 1
2
½l1 1� 2m2ð Þ � l2ð1� 2m1Þ
l1 1� m2ð Þ þ l2ð1� m1Þ � ðA:2Þ

with l, m and E
�
¼ E=ð1� m2Þ being the shear modulus, Poisson’s

ratio and the plane strain tensile modulus, respectively. As given
in Table 2, the reported values for the Young’s modulus of AlN vary
in a rather broad range of 250 – 350 GPa. To consider this variation,
an average of E = 300 GPa is assumed resulting in Dundur’s param-
eters of a � 0.43 and b � 0.08. Since the latter parameter is small
compared to the former and only explicitly appears as b2, it is com-
monly considered negligible [44].

The near tip stress field is in general induced by a combination
of mode I and mode II loading, so that the complex interface stress
intensity factor is calculated by K = KI + iKII. The solution for the
stress intensity factors in the case of crack penetration is given in
the model as

KI þ iKII ¼ cða;x; a=lÞpl�1
2 ðA:3Þ

where c is a dimensionless complex-valued function, so, the interfa-
cial fracture energy will be

Gp ¼ 1� m1
2l1

jcða;x; a=lÞj2 p
2

l
ðA:4Þ

In the case of crack deflection, the solution for the stress inten-
sity factors is given by

KI þ iKII ¼ dða;x; a=lÞpl�1
2 ðA:5Þ

yielding the following equation for the interfacial fracture
energy.

Gd ¼ 1
4
½1� m1
l1

þ 1� m2
l2

�jdða;x;
a
l
Þj

2 p2

l
ðA:6Þ

The ratio of the interfacial fracture energy is therefore

Gd

Gp
¼ ð1� aÞ�1 jdða;x; alÞj

2

jcða;x; alÞj2
ðA:7Þ

Integral equation methods have been used to solve for the func-
tions cða;x; a=lÞ in the case of the penetrating crack and for
dða;x; a=l) in case of the deflected crack. The solution process for
this problem finally leads to the following integral equations.R 1

�1
D
�

xð Þ
� �

1�u2ð Þ
x�u2ð Þ 1�xð Þ dxþ R 1

�1½DðxÞG1 þ D
�

xð ÞG2�ð1� xÞ�2 exp ixð Þdx +

þ1
2

Z 1

�1
½A yð ÞG3 þ A

�
yð ÞG4� exp ixð Þdy ¼ 0 ðA:8Þ

ð1� aÞ
Z 1

0

A
�
ðyÞÞ

ðt1 � yÞdyþ
Z 1

�1
½D xð ÞF1 þ D

�
xð ÞF2�ð1� xÞ�2dx ¼ 0

ðA:9Þ
in which u2 ¼ ð1� t1Þ=ð1þ t2Þ and

G1 x; t2ð Þ ¼ a
1

z� z
�
1

� z
�
1 � z1

z
��z1
� �2 þ z

�
1 � z

�

z� z
�
1

� �2 exp 2ixð Þ

2
64

3
75 ðA:10Þ
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G2 x; t2ð Þ ¼ a
1

z
��z1

� z
�
1 � z

�
1

z� z
�
1

� �2 þ ðz1 � z
�
1Þðzþ z

�
1 � 2 z

�Þ
z� z

�
1

� �3 þ 1

z� z
�
1

0
B@

1
CA exp 2ixð Þ

2
64

3
75

ðA:11Þ

G3 x; t2ð Þ ¼ ð1� aÞ 1
z� y

� z
�
1 � z

�

z� z1ð Þ2
exp 2ixð Þ

" #
ðA:12Þ

G4 x; t2ð Þ ¼ ð1� aÞ 1

z
��y

� 1
z� y

exp 2ixð Þ
" #

ðA:13Þ

F1 y; t1ð Þ ¼ ð1þ aÞ 1
t1 � z1

þ z
�
1 � t1

t1 � z1ð Þ2
" #

ðA:14Þ

F2 y; t1ð Þ ¼ ð1þ aÞ 1

t1 � z
�
1

þ 1
t1 � z1

" #
ðA:15Þ

with z ¼ t2 exp iðpþxÞ and z1 ¼ 1þx
1�x exp iðpþxÞ .

The complex-valued functions, D(x) and A(y), are constructed as
following

D xð Þ ¼ 1� xð Þ
2

� �k 1þ xð Þ
2

� ��p

C0 þ ð1� xÞ
Xn
k¼1

dkTk�1ðxÞ
" #

ðA:16Þ

A yð Þ ¼ y�p 1� yð Þ�0:5
Xn
j¼1

ajyj�1 ðA:17Þ

where Tk(x) is the Chebyshev polynomial of the first kind of degree
k, and aj and dk are complex coefficients, which must be determined
in the solution process. First of all, the complex constant C0 is deter-
mined by the singularity analysis. By substituting equations (A.10) -
(A.17) into the integral equations (A.8) and (A.9), the following two
systems of algebraic equations can be obtained:

Xm
k¼1

dkE1k t2ð Þ þ d
�
kF1k t2ð Þ

h i
þ
Xn
j¼1

ajG1j t2ð Þ þ a
�
jH1j t2ð Þ

h i
þ L1ðt2;C0Þ ¼ 0

ðA:18Þ

Xm
k¼1

dkE2k t1ð Þ þ d
�
kF2k t1ð Þ

n o
þ
Xn
j¼1

ajG2j t1ð Þ þ a
�
jH2j t1ð Þ

n o
þ L2ðt1;C0Þ ¼ 0

ðA:19Þ
In general, they can be written as follows

XN
n¼0

anGn tið Þ ¼ g tið Þði ¼ 0;1; � � � :NÞ ðA:20Þ

These integrals, Gn tið Þ and gðtiÞ , are satisfied for any arbitrary
values of ti. Usually, for simplification, they are chosen as the roots
of the Legendre or Chebyshev polynomials with a symmetric distri-
bution with respect to the origin. The Gauss-Legendre quadrature
rule was used to estimate the solutions of singular integral equa-
tions with m = n = 8 at 8 Gauss-Legendre points {ti} on the interval
[-1, 1] for equation Eq. (A.18) and on the interval [0, 1] for Eq.
(A.19). From Eq. (A.18) and. Eq. (A.19), 8 linear equations with 8
complex coefficients each are then obtained. Finally, by solving this
system of linear equations, the 16 complex coefficients, dk and aj,
can be calculated.

Data availability statement.

Derived data supporting the findings of this study are available
from the corresponding author on request.
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