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Abstract
The evaluation of bonding mechanisms between magnetron sputtered copper (Cu) thin films and
a ceramic substrate was carried out using polycrystalline and monocrystalline alumina (Al2O3)
substrates with different surface roughness. Three different bonding mechanisms, viz, surface
adsorption, mechanical interlocking, and diffusion bonding have been assessed. A tensile test was
applied to measure the interfacial adhesion strength between the Cu films and the Al2O3 substrate.
The contribution to the interfacial adhesion from each of the bonding mechanisms was elucidated
based on the adhesion strength. Without special surface pre-treatment, physical adsorption is the
main factor for the film adhesion, contributing ~5.9 MPa adhesion strength between this directly
sputtered Cu film and a flat Al2O3 substrate. For substrates with surface roughness around 350 500 nm, mechanical interlocking enhances the film adhesion up to 18.6 % compared to the flat
surface. Post-deposition annealing at 300 C has increased adhesion strength by 18 %, and
diffusion bonding may be operative.

1

Keywords: Copper-Alumina Bonding; Surface Roughness; Adhesion Strength; Bonding
Mechanism; Contact Area

Corresponding authors
jdlim3@e.ntu.edu.sg; aszchen@ntu.edu.sg
Nanyang Avenue, Singapore 639798
Tel: +65 96437005; +65 67904256

2

1. Introduction
The topic of adhesion has been well known in the scientific community due to its wide range of
applications in microelectronics and other industries. Research on adhesion has been extensively
carried out for improvement of the interfacial joining between materials. In microelectronic
packaging, ceramic metallization is the subject of interest and has been extensively studied
mechanically, chemically and electrically [1-6] due to its unique properties specifically under
extreme environments. Although this topic has been extensively studied and various bonding
techniques have been reported, many open questions are still left to be addressed in a systematic
way to understand and improve the device reliability.

According to Zhang et al. [7], mechanical failure is the major failure path in microelectronic
devices, and interfacial debonding between heterogeneous materials is a great concern for
reliability. To enhance the adhesion, bonding parameters during processing have to be optimized.
Different factors including surface pre-treatment, surface cleanliness, joining techniques, etc., are
essential to be considered. For Cu-Al2O3 bonding, various bonding methods such as eutectic
joining [8], transient liquid bonding [9], cold gas spraying [10] and casting bonding [5] have been
studied to achieve optimized adhesion. However, these methods typically require a high processing
temperature, and the process is not compatible with the existing packaging industry practice. For
low temperature metallization, an adhesion layer (typically Ti/W) is often needed due to the poor
wetting of Cu thin films to the ceramic substrate. Direct coating without the adhesion layer has a
clear advantage, but the bonding mechanism between directly coated metal thin films and ceramic
substrates is yet to be clarified, especially in terms of the quantitative contributions by different
contributing bonding mechanisms.
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In this paper, direct Cu-Al2O3 bonding was carried out by DC magnetron sputtering without any
adhesion layer. Effort has been made to improve the adherence of Cu thin films on polycrystalline
Al2O3 with different surface roughness as listed in Table 1. According to the ASTM standard
D907-70 [11], adhesion is a state of affairs when there is a valence force or mechanical interaction
or both the actions taking place to hold the surfaces together. In other definitions, adhesion can be
classified into four main categories including interfacial bonding, inter-diffusion bonding, physical
anchoring and intermediate layer adhesion [12]. Joint created between Cu thin films and the Al2O3
substrate might be not only due to surface adsorption, but also the cumulative effect from other
bonding mechanisms. Factors such as surface roughness, porosity, and surface topography will
affect the interfacial joining. In order to have a better understanding of a bonded system, it is
crucial to examine the bonding mechanisms and quantify their contributions for adhesion
improvement. There have been numerous publications dealing with adhesion between
heterogeneous material systems such as ceramics and metals. For example, Pazo et al. studied
reactions between Ti-based implant alloys and bioactive silica-based coatings in an effort to
enhance the adhesion [13]. Chatain’s group has extensively studies the wetting behavior of liquid
metals and metal alloys on ceramic substrates [14, 15]. Scheu et al. studied the effect of processing
conditions and substrate cleaning procedures on the structure, chemistry and bonding between an
epitaxial Cu and a single crystal alumina interface by transmission electron microscope [16].
Tanaka et al. used first principles calculation to understand the atomic structures at the interface
between Cu and the (0001) facet of alumina [17]. All these efforts represent excellent effort to the
qualitative understanding of the wetting / bonding mechanisms in an effort to improve metal /
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ceramic bonding. However, attempt to quantitatively assess the contribution from individual
factors has been rare or none-existent.

In the current work, the interfacial adhesion was quantified by film adhesion strength measured
using a tensile test. A scanning electron microscope (SEM) was used to examine the surface
morphology before bonding and after bond break. The interaction between the Cu thin film and
the substrate has been investigated by X-ray photoelectron spectroscopy (XPS). Through a series
of comparative analyses, the film bonding mechanisms were studied qualitatively and
quantitatively whenever possible.

2. Materials and Methods
2.1

Sample Preparation

Polycrystalline Al2O3 substrates (Purity of 96 %) with a diameter of 4 inches (~102 mm) and 0.6
mm thickness were purchased from Semiconductor Wafer, Inc. Before film deposition, substrates
were diced into the dimensions of 3.0 mm × 3.0 mm × 0.6 mm using a DISCO DFD 6361 dicing
saw at the speed of 1.0 mm/s. The sample cutting step was done prior to the deposition in order to
prevent film cracking or film delamination. The substrates were subsequently solvent cleaned
using acetone and isopropyl alcohol for 10 min each with the aid of ultrasonic agitation. The
substrates were then dried in the oven for 3 min at 70 C.

Cu thin films were coated onto the Al2O3 substrates by DC magnetron sputtering using a PRO Line
PVD 75 (Kurt J. Lesker Company) sputter. At the beginning of the process, the chamber was
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pumped to a vacuum level below 6.66  10-3 Pa. With the desired background pressure, the target
surface was first cleaned by argon plasma at 50 W for 5 min with the shutter closed for the
following purposes: (i) Removal of contaminants, (ii) Cleaning up the oxidized surface, (iii)
Establishing an equilibrium state for the system with sufficient time. The deposition process was
conducted at a working pressure of 2.00 Pa and a DC power at 300 W. Cu sputter target is 99.99%
in purity, and the diameter and the thickness are 3 inch and 0.125 inch respectively. The substrate
was mounted face down, and 10 degree off axis with respect to the target. The distance for
substrate-to-target was maintained at 20.0 cm. Rotation of the substrate holder was kept at 20 rpm
during deposition for better film uniformity. The substrate temperature was monitored by
thermocouples mounted on the back of the substrate holder. Throughout this work, there was no
heating applied during the film deposition unless specifically mentioned. The substrate
temperature increase due to the plasma bombardment was no more than 5 C. The deposition rate
of the Cu thin film under above conditions was found to be 0.3 nm/s. In this study, we used 50 min
deposition time, leading to 900 nm in film thickness.

After the Cu film was deposited, a post annealing step was performed directly inside the sputtering
chamber under vacuum conditions to prevent oxidation. Two annealing temperatures (100 C and
300 C) were applied. The specimens were heated from ambient temperature to the targeted
temperatures at a heating rate of 10 °C/min. After the peak temperature was reached, the specimens
were held at the temperature for 30 min before the power was cut off. After cooling down to room
temperature, the specimens were removed from the chamber. The cooling rate was approximately
1 C / min.
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A comparative study was also conducted using monocrystalline Al2O3 substrates (Latech Scientific
Supply Pte Ltd) with a surface roughness (root mean square, rms) less than 0.5 nm. The purchased
monocrystalline substrate in the orientation of (110) has similar surface energy to polycrystalline
Al2O3 substrate. The cleaning step and the deposition parameters remained the same for both
monocrystalline and polycrytsalline Al2O3 substrates.

2.2

Materials Characterization and Adhesion Measurement

For the surface analysis, atomic force microscopy (AFM, DI-3100, Bruker Corporation) was used
to measure the surface topography of the substrate in a scan area of 20  20 µm. The number of
sampling points was 512 along each line. Tapping mode was used with a frequency of 285 kHz.
The probe (Arrow NCR-50) is made of silicon with Al coated on the detector side of the cantilever.
The tip of the AFM has a radius around 10 - 15 nm. The true contact area of a substrate was
calculated using a MATLAB program based on the information of the point coordinates extracted
from the AFM measurement. The calculated area was found to be very close to the one generated
by the AFM machine itself.
Scanning electron microscopy JEOL JSM 6360 with back scattering imaging was used to analyze
the separated surfaces after the tensile test from both the Cu and Al2O3 sides. The operation voltage
was 15 kV. The results were used to interpret the failure site in the adhesion test.

The sample cross-sectioning was carried out in a dual beam focused ion beam (FIB) built-in with
in-lens SEM (FEI Nova Nanolab DualBeamTM 600i). A trench was milled down from the sample
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surface to cover the film and the substrate. Prior to the FIB cutting, a layer of Pt was deposited to
protect region of interest using Ga ion beam under the voltage of 30kV, and beam current of 0.28
nA. The Pt film was 1 m in thickness, 12 m in length, and 1 m in width. The first step of FIB
cutting, the rough cutting, was done by Ga ion under the voltage of 30 kV, and current of 9.3 nA.
The cut dimensions were 15 m (length)  20 m (width)  10 m (depth). After that, a fine
polishing was carried out using Ga Ion under voltage of 30 kV and current of 0.92 nA. Observation
of the cross sections under the attached SEM was carried out on a tilted angle at 52° under scanning
voltage of 5 kV. The film thickness was measured under the cross sections and used to calibrate
the deposition rate.

Investigation on the chemical state was carried out by a Kratos Axis Ultra X-ray photoelectron
spectroscopy (XPS) system integrated with depth profiling analysis. The sputtering ion beam
species was mono Al, and the operating current and voltage were 10 mA and 15 kV, respectively.
Calibration of the binding energies was done by locating the C (1s) peak at 284.8 eV as internal
reference. Spectra analysis and curve fitting for each element were performed using Casa XPS
processing software using the Shirley fitting format.

The contact angle was measured using sessile drop method in a Dataphysics OCA 20 Contact
angle instrument. The apparent surface energy of different alumina substrates was measured using
three different liquids: distilled water, ethylene glycol and diethylene glycol with known surface
energy. The surface energy of the samples was then calculated using the Owens, Wendt, Rabel
and Kaelble (OWRK) method [18-20].
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The residual stress of the coated film was measured using the X-ray diffraction (XRD) sin2Ψ
method. The measurement was performed using a Bruker D8 Discover XRD system with Cu Kα1
radiation (λ = 1.54 Å). The voltage was set at 40 kV while the current was fixed at 40 mA during
the experiment. The residual stress in a polycrystalline film was computed from the LEPTOS 7.03
software.

The debonding test was performed using an Instron tester 5567 under tensile mode. Typically for
quantitative measurement of the adhesion strength, either a shear test or tensile pull tests are
performed. In our case, since the Cu film is very thin, pull test was chosen. After the deposition
step, the specimen was attached to the test fixture using super glue (Selleys Supa Glue, Australia).
The adhesive used is a one-part epoxy glue in liquid form, and is curable under ambient condition.
The joined samples were left for at least 12 hours. They were then sent for adhesion test under
ambient condition with a load cell capacity of 500 N. The testing speed was fixed at 10.0 µm/s.
The adhesion strength was calculated from the average value of 10 pieces of tested specimens.

3. Result and Discussion
3.1

Adhesion Strength of Substrates with Different Roughness

As shown in Table 1, polycrystalline Al2O3 substrates with different surface roughness (root mean
square, rms) are grouped in S1 (10 – 150 nm), S2 (200 – 350 nm) and S3 (350 – 500 nm). Substrates
from group S1 have been polished through a chemical-mechanical polishing process. Substrates
from groups S2 and S3 are the unpolished samples in their as-received state. Top views of the
9

substrates were shown in the SEM micrographs in Table 1. For polycrystalline Al2O3, pores are
clearly revealed on the substrate surface and the density of surface porosity increases from S1 to
S3. Results are compared with the monocrystalline Al2O3 substrate which has a very smooth
surface morphology (rms < 0.5 nm) and very low surface porosity.

Table 1: Surface analysis of Al2O3 substrates with different roughness and interface adhesion of Cu
films on these Al2O3 substrates
Properties
rms (nm)

Monocrystalline
Al2O3
< 0.5

S1
10 - 150

Polycrystalline Al2O3
S2
200 - 350

S3
350 - 500

5.9 ± 1.5
46.6

6.1 ± 1.7
51.7

7.7 ± 4.6
63.3

8.5 ± 3.2
66.1

400.0

407.5

446.8

486.6

5.9 ± 1.5

6.0 ± 1.6

6.9 ± 4.1

7.0 ± 2.6

Adsorption

Adsorption +
Mechanical
locking

Adsorption +
Mechanical
locking

Adsorption +
Mechanical
locking

No

No

No

No

0

1.7

16.9

18.6

SEM image

Adhesion strength
(MPa)
Apparent
surface
energy (mJ/m2)
True contact area
(µm2, scan area: 20
µm  20 µm)
Effective adhesion
strength (MPa)
Bonding
mechanism

Diffusion bonding
% enhancement by
mechanical
interlocking
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A statistical t-test was done to test the significance in the difference in the mean adhesion strength
among different groups in Table 1. At 95% confidence level, there is no significant difference in
the mean strength between the monocrystalline and the smooth polycrystalline (S1) groups,
indicating negligible effect of the crystalline orientation on the adhesion strength. Comparing S1
and S2 groups, again the two groups are not statistically different at 95% confidence level.
However, when comparing S1 and S3 groups, the difference is significant. The same can be said
between the monocrystalline group and the S3 group. From the most flat monocrystalline sample
(rms ~5 nm) to the most rough group S3 (rms 350 – 500 nm), an adhesion improvement of 44 %
by increasing the substrate surface roughness is visible and statistically significant. In addition, the
increase of measured (apparent) surface energy from 46.6 mJ/m2 to 66.1 mJ/m2 also indicates a
better wetting performance of the rough substrate. According to Wenzel’s equation (eq. 1), the
wetting behavior of a material will be amplified by the surface roughness. The hydrophobicity or
hydrohilicity of a material will be enhanced by increasing the surface roughness [21].

cos θm = r cos θY

(eq. 1)

where r is the roughness ratio defined as the ratio of true area of the solid surface to the apparent
area for actual and projected area of the solid surface, θm and θY are the apparent contact angle and
Young’s contact angle, respectively.

3.2

Correlation between surface roughness and effective area (true contact area)

The effective area of the substrates was calculated using a MALTAB program using the height
information at discretized locations measured by AFM. Fig. 1 shows the AFM scan of the surface
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profile of a polycrystalline alumina substrate. The true contact area between the film and the
substrate is greater than the nominal area because of the surface asperity. Accordingly, effective
adhesion strength was calculated, as shown in Table 1, by dividing the force at bond break with
the true contact area.

Figure 1: AFM surface profile of a polycrystalline Al2O3 substrate.

The relationship of surface roughness to the effective area of a substrate, as indicated in Table 1,
shows increased effective area as the roughness increases. This means that the interface contact
area is enlarged by the uneven surface structure of the polycrystalline Al2O3 substrates. In addition
to the rough surface, the surface porosity may have an impact on the Cu-Al2O3 adhesion too.
Besides adsorption bonding on the top surface, there is a possibility that the sputtered atoms move
down to the porous sites and are locked tightly inside the concaved regions. The monocrystalline
Al2O3 substrate has a very flat surface, it shows no pores, voids or valley formation on the surface.
During the deposition process, it is impossible for mechanical anchoring to take place. We believe
12

that surface adsorption is the only contributing bonding mechanism in the Cu-monocrystalline
Al2O3 bonded system.

To observe the film / substrate interface under the SEM, cross-sectioned samples were prepared
by either bending or the FIB milling. Fig. 2 shows a fractured cross section by bending, the intimate
contact between the Cu film and the Al2O3 substrate was observed. The same has occurred for
other polycrystalline substrates with different surface roughness. The entire coverage of sputtered
Cu films on the polycrystalline Al2O3 with irregular surface structure is shown in Fig. 3 (prepared
by FIB milling). Throughout the deposition process, ions and/or atoms inside the sputtering
chamber are moving ballistically from target to substrate by momentum transfer. The energetic Cu
atoms move randomly on the substrate surface or ram into the concave regions before their final
settlement. This leads to much improved Cu film adhesion with rough polycrystalline Al2O3 which
has a higher effective bonding area.

Figure 2: SEM side view image of Cu-Al2O3 bonding system with polycrystalline substrate from
group S2. The scale bar is 5 m.
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Figure 3: FIB-SEM cross sectional images of Cu-Al2O3 bonding using polycrystalline
substrates from group (a) S1, scale bar 4 m; (b) S2, scale bar 3 m; and (c) S3, scale bar 5 m.

The reported effective adhesion strength in Table 1 provides an approximation of the contribution
to the adhesion enhancement by the mechanical interlocking mechanism. If we use the effective
adhesion strength of the monocrystalline sample as the baseline assuming the only contributing
mechanism is surface adsorption, contribution from mechanical interlocking will then be
differentiated. A detailed discussion will be given in the next two sections.

3.3

Surface Adsorption

As mentioned above, the monocrystalline Al2O3 substrate with a very flat surface was used as a
baseline to quantify the contribution of various bonding mechanisms. From the SEM inspection in
Fig. 4, a clean separation between the Cu thin film and the monocrystalline Al2O3 was observed.
The very flat surface of the substrate shows no possibility for physical locking bonding to take
place. There was indeed no Cu residue on the substrate side after separation. From Fig. 4(b), the
grain structure of the Cu thin film is clearly revealed. The smooth surface structure shows no
failure such as cracking or buckling in the Cu film itself after the adhesion test.
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Figure 4: SEM images of separated Cu-monocrystalline Al2O3 bonding (a) monocrystalline
Al2O3 substrate side and (b) copper side.

Figure 5: XPS spectra with depth profiling analysis on monocrystalline Al2O3 substrate after
tensile test. The Ar plasma bombardment time is indicated in the graph.
To further verify this claim, the surface after tensile test was also inspected using XPS combined
with depth profiling by argon plasma etching for 0, 1, 2, 5, 8 and 10 min. The purpose was to

15

examine a possible interaction between the Cu film and the Al2O3 substrate. From the XPS spectra
analysis with binding energy in the range of 923 to 970 eV in Fig. 5, the Cu 2p peak with an
estimated binding energy range from 925 to 960 eV was not detected in the XPS spectra, indicating
that there is no residual Cu on this extremely flat substrate surface. This observation supports our
early SEM observation that the Cu thin film has been completely detached from the
monocrystalline Al2O3 substrate after the adhesion test. In addition, it also confirms that there is
no chemical reaction between Cu and Al2O3. Therefore, physical surface adsorption is suggested
to be the only bonding mechanism for Cu-monocrystalline Al2O3 bonding which is responsible for
the observed low adhesion strength.

3.4

Mechanical Interlocking

As discussed above, besides surface adsorption, mechanical interlocking and diffusion bonding
mechanisms might exist for rough and polycrystalline substrates. For Cu-polycrystalline Al2O3
bonding in group S1, the substrates have a surface roughness (rms) in the range of 10 – 150 nm.
Fig. 6 shows the SEM images of separated surfaces of Cu and polycrystalline Al2O3. There were
some Cu residues on the substrate side after separation (Fig. 6 (a)). It is suggested the Cu film has
locked mechanically and condensing vapor has been trapped inside the pores during deposition.
On the Cu side as shown in Fig. 6 (b), the cracking lines and broken sites are suggestive of a higher
separation force to pull the Cu film away from polycrystalline Al2O3 as compared with a
monocrystalline substrate. This is primarily due to mechanical locking.
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Figure 6: SEM images of separated Cu-polycrystalline Al2O3 bonding (a) polycrystalline Al2O3
substrate side and (b) copper side. The scale bars in both images are 5 m.

Figure 7: Cu 2p XPS spectra with depth profiling analysis on polycrystalline Al2O3 substrate
after tensile test
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Figure 8: Cu 2p XPS narrow spectrum on polycrystalline Al2O3 substrate after 1 min of depth
profiling

For Cu-polycrystalline Al2O3 bonding, a Cu 2p peak was observed on the substrate surface after 1
min of Ar plasma bombardment of the surface as presented in Fig. 7. However, elemental Cu was
not detected in plasma etching times beyond 1 min. On the topmost layer of the substrate (0 min),
the Cu film has been completely pulled away from the substrate surface. The results seem to
indicate that there was only a small amount of Cu at the sub- but very close to the top surface.
With the Cu 2p XPS narrow spectrum analysis in Fig. 8, the obtained binding energies were caused
by the splitting of spin orbital for Cu 2p 3/2 (931.0 eV) and Cu 2p 1/2 (951.2 eV) core level
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transition respectively. The Cu 2p spectrum was well fit by single component which attributed to
the Cu0 element [22], and there was no indication of chemical bonding between Cu and Al2O3. In
addition, oxidized Cu is not detected.

Therefore in Cu-polycrystalline Al2O3 bonding, we believe the interfacial adhesion is composed
of physical adsorption and mechanical interlocking. Obviously mechanical locking is strongly
affected by the surface roughness [23, 24] and the pore density of the substrate. The uneven
surface structure of Al2O3 has contributed to the increase of adhesion strength for Cu-Al2O3
bonding. It is physically straight forward to understand that rough surface is easier to trap sputtered
atoms than smooth surface. The porous region increases the chance of atoms settlement which
leads to mechanical interlocking.

Cu

Cu

Cu

Figure 9: SEM micrographs of substrate surface after the tensile test by using polycrystalline
Al2O3 with different surface roughness (a) group S1 (b) group S2 and (c) group S3. The scale
bars are 5 m in all images.
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Figure 10: SEM micrographs of the Cu film after the tensile test by using polycrystalline Al2O3
with different surface roughness (a) group S1 (b) group S2 and (c) group S3. The scale bars are
10 m in all images.

The separated surfaces viewed from Cu and polycrystalline Al2O3 sides are presented in Fig. 9 and
Fig. 10, respectively. The amount of Cu residue has increased with the substrate surface roughness
from S1 (10 – 150 nm) to S3 (350 – 500 nm), and these residues preferably stayed around the
porous regions (Fig. 9). From the SEM images in Fig. 10, similar surface features on the detached
Cu films are observed. This proves that the Cu film is deposited by closely following the surface
profile of the substrate. The observed broken sites on the Cu thin film suggest a strong mechanical
locking effect between the Cu thin film and the polycrystalline Al2O3 substrate. The observation
indicates that, besides atoms adsorption on the surface, sputtered Cu atoms with high mobility
have sufficient energy to travel into the deeper region of the substrate sub-surface via pores and
voids.

The preceding investigation is based upon the assumption that the true contact area of the
monocrystalline Al2O3 substrate is 400 µm2 due to its extremely low surface roughness (< 0.5 nm).
With the baseline study from Cu-monocrystalline Al2O3 bonding (indicated by the red dotted line
in Fig. 11), Table 1 lists the effective adhesion strength, defined as the bond breaking load per unit
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actual surface area based on the AFM measurement. Based on the effective adhesion strength
data, the contribution of mechanical interlocking accounts for 1.7 % (group S1) to 18.6 % (group
S3) of the increased adhesion strength.

Figure 11: Impact of substrate surface roughness on the effective adhesion and the
bonding mechanisms between Cu thin film and Al2O3 substrates

3.5

Diffusion Bonding

At the as-deposited state, diffusion of Cu atoms into the lattice or grain boundaries of the substrate
is quite unlikely due to the low deposition temperature and short duration. Following the previous
discussion, surface adsorption and mechanical interlocking are the only contributing factors to the
observed adhesion. In this section, the possibility of diffusion bonding is analyzed by applying insitu post deposition annealing at 100 C and 300 C respectively for 30 min under argon gas
atmosphere (pressure = 2 MPa). Monocrystalline and polycrystalline S1 substrates were used for
this study.
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Post annealing is commonly used to alleviate the internal stress induced during the deposition to
prevent interface delamination [25]. However, from Fig. 12, post annealing has weakened the
interfacial bonding between Cu and the monocrystalline Al2O3 substrate. The adhesion strength
dropped from 5.9 ± 1.5 MPa (room temperature) to 3.2 ± 1.3 MPa after the 300 C annealing. The
Cu film stress was in the compressive state, the magnitude has increased from -111.8 MPa (as
deposited) to -147.6 MPa after 300 C annealing for 30 min. On the other hand, the Cu film stress
for the polycrystalline substrate was in tension and it decreased from 116.7 MPa to 53.3 MPa after
annealing. The exact reason for this opposite trend requires further investigation, and it is
suspected the presence (or absence) of grain boundaries and surface pores, being regions able to
accommodate diffused Cu atoms, might be the reason for the difference. The lack of such surface
features in monocrystalline Al2O3 substrate might have prevented the migration of Cu atoms into
the porous structures, preventing stress relief.

Eisenmenger-Sittner et al. [26] found that Cu film could de-wet from carbon (graphite) substrate
when heated at 800 C. The de-wetting has led to decreased adhesion between the Cu film and the
substrate. This factor is unlikely to be operative in the current study because the highest heating
temperature was only 300 C. Based on Fig. 10, the Cu surfaces clearly replicate the alumina grain
feature, indicating that there is no de-wetting between the Cu and the alumina substrate.

The mean adhesion strength with polycrystalline Al2O3 bonding (group S1) improved by 18% after
post annealing at 300 C for 30 min. There are two potential factors behind the improvement. The
first one could be the reduction of the film stress which has reduced the stored elastic energy in
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the film. Such a reduction helps the enhancement of film adhesion. The second factor could be Cu
diffusion deeper into the pores and voids, which will be analysed further later.

SEM inspection was carried out on the separated surfaces as shown in Fig. 13 for Cumonocrystalline Al2O3 bonding. From Fig. 13(a), cracking lines were evidently exposed on the
monocrystalline Al2O3 substrate. Cu film cracking was observed in Fig. 13 (b). The substrate
surface cracking might be caused by the tensile stress imposed by the Cu film although the exact
magnitude of such stress is difficult to estimate.

Figure 12: Effect of in-situ post annealing to the Cu-Al2O3 adhesion strength and film stress.

For Cu-polycrystalline Al2O3 bonding, the separated surfaces of the annealed sample show similar
features (Fig. 14) as the ones without post-annealing. A high percentage of the substrate surface
has been occupied by Cu residues under high temperature heating as indicated in Fig. 14 (a). This
is in agreement with the observed adhesion improvement.
23

(a)

(b)

Figure 13: SEM images of separated Cu-monocrystalline Al2O3 bonding after post annealing at
300 C for 30 min (a) monocrystalline Al2O3 substrate side and (b) copper side.

(a)

(b)

Figure 14: SEM images of separated Cu-polycrystalline Al2O3 bonding after post annealing at
300 C for 30 min (a) polycrystalline Al2O3 substrate side and (b) copper side. Same scale bar is
applied for the images.

To further investigate the distribution of Cu in the substrate, XPS analysis integrated with depth
profiling was conducted on the substrate after film separation. Plasma etching for up to 10 min
was carried out on the substrates annealed at 300 C for 30 min (Fig. 15). On the monocrystalline
Al2O3 surface, no indication of elemental Cu was observed within the binding energy range of 923
eV to 970 eV (Fig. 15 (a)). The clean separation at the interface confirms the absence of physical
locking or diffusion bonding mechanisms in the monocrystalline substrate. However, Cu 2p peaks
24

were detected on the polycrystalline Al2O3 substrate after 2 and 10 min Ar plasma etching. Based
on reported Cu (Cu0, Cu+ and Cu2+) binding energies [27], the Cu 2p 3/2 orbital in Fig. 16 was
only well fitted by Cu0 with a binding energy of 932.45 eV. Formation of cupric oxide (CuO) and
cuprous oxide (Cu2O) was not detected. It is also confirmed by the O 1s XPS narrow spectrum that
no chemical reaction has taken place between Cu and oxygen. The Cu 2p peaks were not visible
for surface scans due to the very low signal-to-noise ratio. The presence of Cu atoms deeper inside
the substrate is evident when compared with the XPS depth profile of an untreated sample. We
attribute the increase of the adhesion strength of the polycrystalline sample to the diffusion of Cu
into deeper subsurface regions of the substrate, as well as the relief of film stress. The increase of
adhesion strength is about 18 % after annealing; however we are not able to distinguish the exact
contribution from diffusion mechanism and stress relief. Future investigation is needed to further
clarify this point. Based on above analyses, it might be helpful to deposit the Cu films at an elevated
temperature to draw the benefit of enhanced diffusion bonding. Nevertheless, this is not within the
scope of the current study.
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Figure 15: XPS spectra with depth profiling analysis on post-annealed (a) monocrystalline Al2O3
and (b) polycrystalline Al2O3 substrate after the tensile test.
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(a)

(b)

(c)

(d)

Figure 16: XPS narrow (a) Cu 2p, (b) Al 2p, (c) O 1s and (d) C 1s spectra of post-annealed
polychrystalline Al2O3 substrate after 10 min depth profiling with Ar+.
4. Conclusion
Different types of bonding mechanisms have been studied for their contribution to adhesion
between a directly sputtered Cu film and an Al2O3 substrate. Surface adsorption provides the main
contribution to the observed adhesion strength. A comparison between substrates with very low
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roughness and the ones with higher roughness and surface porosity has revealed that mechanical
interlocking is a contributing factor behind the observed adhesion strength increase in the latter.
Quantitatively, the mechanical interlocking bonding mechanism has contributed up to 18.6 % to
the Cu film adhesion to an Al2O3 polycrystalline substrate with a surface roughness of 350 - 500
nm. A diffusion bonding mechanism may be operative only with post deposition annealing
treatment. Post-deposition annealing at 300 C has contributed comparably to the improvement in
film adhesion as mechanical interlocking does, however at this stage we are not able to quantify a
precise number for the contribution of the diffusion bonding mechanism as the film stress has also
changed during annealing. XPS analysis confirms that Cu atoms have diffused deeper into the
substrate, but there is no chemical reaction between Cu with either the residual oxygen in the
chamber or the Al2O3 substrate during the annealing treatment.
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