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Abstract
Control of the size of Cu nanorods vapor-deposited at an oblique angle (∼85◦) by
oxygen-mediated growth was investigated using scanning electron microscopy (SEM) and x-ray
diffraction (XRD). It was observed that exposure of Cu nanorods to the oxygen ambient
periodically resulted in a reduction in the diameter of the nanorods as well as an increase in the
areal density of the nanorods. This oxygen-induced modification to the nanorod growth is
attributed to the higher energy barrier for Cu adatom migration on the oxide surface at room
temperature; this reduces the rod diameter. At a low annealing temperature of ∼300 ◦C, the
SEM images show that the nanorods have densified and formed a continuous film structure,
which is consistent with the sintering phenomenon. The XRD and SEM analyses show that the
coalescent/grain growth rate for Cu nanorods with smaller diameters is enhanced due to the size
effect. This low temperature sintering characteristic of the Cu nanorod array has great potential
for being utilized in wafer bonding for three-dimensional integration of devices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanostructure processing offers new capabilities to manipulate
the physical properties of materials at the nanometer scale.
Ultrahigh surface area-to-volume ratios can be achieved
readily as crystallites shrink to the sub-100 nm size scale.
The extremely large surface areas can provide increased
active sites for catalyzing surface reactions [1] and for
adsorption/separations in gas storage and separation [2].
Additionally, the high surface area nature of nanostructured
materials points to the possibility of substantial advancement
in the areas of heat transfer [3] and materials strengthening
technologies [4].

The large surface area-to-volume ratio of nanostructured
materials however also leads to the reality that the
thermodynamic properties of materials are strongly under the
influence of the surface atoms. Thus, nanostructured materials
with excess surface area and highly curved surfaces exhibit
rapid surface diffusion upon thermal sintering. Previously, we

observed the temperature-dependent characteristics of sputter-
deposited Cu nanorods grown at an oblique angle, in which
the Cu nanorods with 100 nm in diameter coalesced and
formed a dense film at 550 ◦C [5]. In the present study,
significantly smaller Cu nanorods with diameter ranging from
10 to 50 nm were obtained using vapor deposition at an oblique
angle by periodically interrupting the deposition allowing
oxygen to incorporate into the film. By reducing the Cu rod
diameter, it is expected that the temperature for Cu nanorods
coalescence will be further reduced. This phenomenon
directs our attention towards the use of Cu nanorod arrays in
wafer bonding applications. Wafer bonding is an emerging
technology enabling three-dimension integration of micro-
electro-mechanical systems (MEMS) and particularly now
advancing microelectronics [6, 7]. For such applications, low
temperature processing is generally required.

In this work, we investigate the dimension change of
Cu nanorods associated with oxygen-mediated growth and
the corresponding low temperature annealing behavior. In
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addition, wafer bonding utilizing Cu nanorod arrays as
an adhesive layer is examined. The morphological and
microstructural changes of the Cu nanorods and wafer
bonding structure were characterized using scanning electron
microscope (SEM), focus ion beam (FIB)/SEM, and x-ray
diffraction (XRD). The mechanism for the size control of these
nanostructures and their sintering behavior due to the reduced
size effect is discussed.

2. Experimental details

A silicon nitride film was grown to a thickness of about 100 nm
on 125 mm silicon wafers by plasma-enhanced chemical vapor
deposition using a Plasma-Therm model 73. The silicon nitride
substrates were chosen for this study to prevent any reactions
at Cu/substrate interfaces to occur during thermal annealing.
These wafers were then broken into 5 cm × 3 cm pieces for
the oblique angle deposition (OAD) of a 500 nm thick Cu
nanorod layer in an electron-beam evaporator. The substrates
were attached to a sample holder at an angle of 85◦ between
the substrate surface normal and the incident flux direction.
The base pressure during the deposition was 2 × 10−7 Torr.
The deposition rate of Cu was maintained at 0.5 nm s−1

monitored by a quartz crystal microbalance (QCM) throughout
the deposition process for each sample. The oxygen-mediated
manipulation was carried out by interrupting the Cu growth
and breaking the vacuum to expose the sample to atmosphere
for 5 min without taking the sample off the holder and then the
deposition was resumed after pumping down. The number of
interruption varied from zero to six. The diameters of Cu rods
were measured to be ∼10–50 nm depending on the number of
interruptions during growth and the total length of nanorods for
each sample was ∼760 nm.

The thermal annealing process for Cu nanorods was
carried out in a quartz tubing furnace. The chamber was
firstly pumped down to a vacuum of ∼2 × 10−6 Torr after the
samples being loaded. The temperatures were then ramped
up to the set point and stabilized prior to the samples were
moved to the heating zone. Samples were divided into sets
and each set contained Cu nanorods grown with all of the three
interruption conditions. These sets of samples were annealed
at temperatures of 200 ◦C, 300 ◦C, and 400 ◦C for 30 min,
respectively. After annealing, the morphological changes of
Cu nanorods were investigated using SEM (Karl Zeiss Supra)
with an electron-beam acceleration voltage of 5 kV.

The crystallographic evolution of the samples was
investigated using an x-ray diffractometer (Bruker D8
Discover) equipped with an area detector. A 1 mm diameter
collimator and a graphite monochromator were used to select
the Cu Kα radiation. The detector was placed 15 cm from the
sample yielding a 2θ and χ (tilt) angle coverage of ∼35◦ for
each frame. Frames were taken at 2θ = 30◦, 60◦, and 90◦.
Each frame was integrated over χ = ±17◦ from the substrate
normal then the three integrated frames were merged to form
the continuous 2θ spectra.

200 mm Si wafers with 500 nm thermal oxide/50 nm
Ta (acted as adhesion layer for Cu)/500 nm Cu film stack
followed by the deposition of Cu nanorod array were prepared

for wafer bonding experiment. Wafer bonding was carried out
in EV501 bonder (EV Group). After N2 purge, the chamber
was evacuated to a base pressure of 2 × 10−4 mbar and
subsequently ramped at a rate of 32 ◦C min−1. Once the bonder
temperature reached the set temperature at 400 ◦C, a uniform
down force of 10 kN (equivalent to 0.32 MPa across 200 mm
diameter wafers) was applied and maintained for 1 h for
bonding process. The bonded wafers were unloaded after the
chamber cooled down to room temperature. Cross-sectional
microscopy was performed on the backside thinned wafer pairs
in a dual beam system Zeiss Ultra 1540 XBeam, combining
a focus ion beam (FIB) and a scanning electron microscopy
(SEM) at 54◦ angle. By working at a coincidence of ion and
electron beam, the system permits FIB milling and in situ SEM
on a sample simultaneously. FIB milling was performed at
30 kV acceleration voltages and SEM was performed at 5 kV
acceleration voltages.

3. Results and discussion

3.1. Morphological change of Cu nanorods arrays upon low
temperature annealing

Figures 1(a)–(c) show the top view SEM images of as-
deposited Cu nanorods (with same total length) grown
without interruption, with two interruptions, and with six
interruptions, respectively. It can be clearly seen that the Cu
nanorod diameter decreases with increasing number of growth
interruptions. The average rod diameters for the three growth
conditions are measured to be ∼50 nm, ∼30 nm, and ∼10 nm,
respectively. The decrease in the rod diameter is accompanied
by an increase in rod density. This phenomenon with respect
to the size control of Cu nanorods through growth interruptions
will be discussed in the later part of this paper.

Copper nanorod samples of various sizes are subjected
to low temperature annealing ranging from 200 to 400 ◦C.
The morphological changes are not significant at an annealing
temperature of 200 ◦C (not shown). At 300 ◦C the
morphological changes become readily apparent (figures 1(d)–
(f)). The original nanorods morphology has disappeared. The
Cu nanorods coalesced together forming a dense granular
structure that was accompanied by some inter-grain pores.
The morphology of the annealed Cu nanorods grown without
interruptions (figure 1(d)) differs from those with two
interruptions (figure 1(e)) and six interruptions (figure 1(f)).
The uninterrupted samples retain some of the original shape
of the Cu nanorods, while the interrupted samples exhibit a
microstructure consisted of grains with an isotropic shape.
The isotropic nature of the grains after annealing (for Cu
nanorods with interruptions) indicates that the grain boundaries
migrate evenly in all directions. This type of grain growth
is associated with uniform grain boundary energy under
isothermal annealing.

Figures 1(g)–(i) show larger-scale top view SEM images
of the Cu nanorods grown without interruption, with two
interruptions and with six interruptions, respectively, after
being annealed at 400 ◦C. In all cases the pores between the
grains that exist at 300 ◦C annealed Cu nanorod columns have
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Figure 1. SEM top views of as-deposited Cu nanorod grown (a) without interruption, (b) with two interruptions, (c) with six interruptions.
SEM images in (d), (e), and (f) are samples of (a), (b), and (c) after being annealed at 300 ◦C for 30 min, respectively. SEM images in (g), (h),
and (i) are samples of (a), (b), and (c) after being annealed at 400 ◦C for 30 min, respectively.

been filled up, consequently leading to the formation of dense
films. It is observed that in figure 1(g) the grain structures
contain pores at the grain interiors (as marked by arrows) along
with the voids appearing in the Cu grain boundaries (as marked
by squares). The size of the voids tends to be larger than the
interior pores. The pores originate from the spacing between
the Cu nanorods during the initial stages of the annealing.
The pores change from being open and interconnected to a
spherical shape driven by interfacial energy. As the pore
size shrinks during the annealing process, the smaller pores
separate from the grain boundaries and are isolated and settle
in the interior of the grains. The pores in the grain interiors
are not visible in the SEM image of the Cu nanorods grown
with two interruptions shown in figure 1(h). In addition, it
shows that the voids appeared at the grain boundaries are less
significant compared to that of the uninterrupted case. The
SEM image of the Cu nanorods grown with six interruptions
shown in figure 1(i) exhibits a dense grain structure without
the appearance of small pores after 400 ◦C annealing, despite
the void formation. It is expected that the Cu atoms on the
nanorods with smaller diameters should have a higher mobility
during annealing driven by the higher surface tension.

Figures 2(a)–(c) show the corresponding cross-section
SEM images of as-deposited Cu nanorods presented in
figures 1(a)–(c). It is seen that the definitions of the Cu
nanorods are clearly revealed. The Cu nanorod diameter is
fairly uniform throughout their length, and decreases with
increasing the number of growth interruptions, while the areal
density of the nanorods increases for the cases with growth
interruptions. This observation is consistent with the top view
images shown in figure 1.

Upon annealing at 300 ◦C, figures 2(d)–(f) show that
the original morphology of the Cu nanorod has already
disappeared entirely, beside the morphological change
observed on the film surface (in figure 1). However, the film
thickness change associated with the Cu nanorod coalescence
does not appear to be significant, suggesting the annealed
Cu films have not reached their fully densification. That is,
along with the Cu nanorods coalescence process subjected
to low temperature annealing, the space among the nanorods
agglomerated together, leading to the formation of continuous
but porous Cu film, as also evidenced by the top view SEM
images shown in figure 1. The pores containing in the Cu films

3



Nanotechnology 20 (2009) 085605 P-I Wang et al

Figure 2. SEM cross-section views of as-deposited Cu nanorod grown (a) without interruption, (b) with two interruptions, (c) with six
interruptions. SEM images in (d), (e), and (f) are samples of (a), (b), and (c) after being annealed at 300 ◦C for 30 min, respectively. SEM
images in (g), (h), and (i) are samples of (a), (b), and (c) after being annealed at 400 ◦C for 30 min, respectively.

underwent shrinkage upon annealing at a higher temperature of
400 ◦C, giving rise to the further densification of Cu films. It is
clearly seen that the Cu film thickness decrease associated with
this densification is significant, as shown in figures 2(g)–(i).
The film thickness change appears to be greater for the cases
with growth interruptions. The large void formation owing to
the higher mobility of the Cu atoms for smaller Cu nanorods is
marked by an arrow in figure 2(i).

The coalescent characteristics of Cu nanorod arrays can
be understood through the sintering process. That is, the
primary mechanism that drives the coalescent process is the
reduction of the surface area. The nanorods have a high
surface area to volume ratio. Previously, Brett et al performed
BET measurements (after Brunauer, Emmett and Teller—
1938) on carbon nanostructures also made by oblique angle
deposition (with substrate rotation) and reported that nanorods
of ∼500 nm length is expected to have a geometrical effective
surface area 40 times more per unit substrate area [8]. During
the annealing the surface area is reduced significantly, resulting
in a reduction in the free energy. At a sufficiently high
temperature, mass transport through diffusion process becomes

significant [9]. Figure 1 reveals that the temperature for
morphological transformation of Cu nanorod is substantially
lower than its bulk melting point of 1085 ◦C. The threshold
of the temperature to activate atomic transport is known to
decrease as the particle size decreases. This phenomenon is the
well known size-dependent sintering temperature depression
based on the Gibbs–Thompson theory [10]. In contrast to the
bulk material, the nanometer-sized Cu rods are characterized
by the fact that the ratio of the number of surface to volume
atoms is large. The thermodynamic properties of materials
therefore are strongly influenced by the surface atoms.

3.2. Crystallographic evolution of Cu nanorod arrays upon
low temperature annealing

Figure 3(a) shows the XRD spectra of the Cu nanorods with
and without interruptions. The XRD spectra show that the
uninterrupted Cu nanorods have a higher degree of crystallinity
than the interrupted samples. The lower degree of crystallinity
in the interrupted samples (as-deposited) is accompanied by a
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a

b c

Figure 3. (a) XRD spectra of as-deposited Cu nanorod columns without growth interruptions (top curve), two interruptions (middle curve)
and six interruptions (bottom curve). Zoom in on the as-deposited samples and evolution of (b) the Cu(111) peaks, and (c) the Cu2O(111)
peaks for the Cu nanorods versus annealing temperature at 200, 300 and 400 ◦C.

Cu oxide (Cu2O(111)) peak as shown in the bottom curve in
figure 3(a) and in the expanded 2θ scale in figure 3(c).

Figure 3(a) shows that the (111) Cu peaks have the
highest signal to noise ratios and are used to analyze the
microstructural changes of the Cu rods as a function of
annealing temperature. Using the Debye–Scherrer equation
(d = 0.9λ/β cos θ [11]) the crystallite size d was calculated
from figure 3(b) and the results are shown in figure 4, where
λ is the wavelength, β is the full-width-at-half-maximum
(FWHM), and θ is half the diffraction angle at the center of the
peak. The grain size we are measuring is a projection of the rod
diameter. The peak broadening (FWHM) due to the crystallite
size was assumed to be Lorentzian and is equal to βobs − βI.
Here βobs is the measured FWHM and βI is the broadening
due to instrumental effects. The instrumental broadening was
measured using a LaB6 (NIST SRM 660a) standard and found
to be ∼0.25◦.

The grain size as calculated from the Cu(111) FWHM
in figure 3(b) for no interruption, two and six interruptions

is plotted as a function of annealing temperature in figure 4.
It is seen that the annealing of the nanorod samples caused
extensive grain growth and is consistent with the results shown
in figure 1. The strain (data not shown) of all the samples was
measured and found to be 0.0715% or less thus confirming
the changes in Cu(111) FWHM are dominated by changes in
grain size.

Figure 3(c) shows the evolution of the Cu2O oxide
(111) diffraction peak for the Cu nanorods with and without
interruption as a function of annealing temperature. For the
interrupted samples the (111) Cu oxide peak becomes more
defined at 200 ◦C and even more so at 300 ◦C. The decrease
in FWHM indicates that the Cu oxide is agglomerating. The
crystallite size was calculated using aforementioned method
and is shown in figure 4. The Cu oxide peak almost
completely disappears at the 400 ◦C annealing temperature.
The disappearance of the Cu oxide peak shows that the Cu
oxide is either dissociating and/or subliming. It has been
reported in the literature that the decomposition of the Cu
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Figure 4. The grain size extracted from the Cu(111) and Cu2O(111)
peaks for as-deposited and annealed samples with no interruptions,
with two interruptions, and six interruptions plotted as a function of
annealing temperature at 200, 300, and 400 ◦C.

oxide took place when it was subjected to thermal annealing
in a vacuum environment below 400 ◦C [12, 13]. The
change of Cu(111) peak intensity for interrupted Cu samples
annealed from 300 to 400 ◦C is not visible, suggesting that the
formation of new Cu associated with the oxide dissociation is
insignificant compared to the bulk Cu.

The surface oxide of Cu nanorods is able to enhance the
instability of the Cu surface layers during thermal annealing
in two folds: (a) it has been reported that the Cu oxide

dissociation leads to the formation of indentations at nanometer
scale [13]. The dissociation of the oxide along the oxide
crystallite perimeter contributes to the roughening of the Cu
surface, leading to the increase of net surface area. (b) The
interfacial strain induced by the difference of lattice constant
between Cu oxide and Cu at the interface provides a driving
force to stimulate the Cu atom activity in the presence of
elevated temperatures.

3.3. Oxygen-mediated growth manipulation

OAD is conducted with an obliquely incident flux that
enhances atomic shadowing and creates an inclined columnar
microstructure under the condition of limited adatom diffusion,
as illustrated in figures 5(a)–(c). The column tilt angle lies
between the substrate surface normal and the direction of the
incident vapor flux (as shown in figures 2(a)–(c)) related to
the ratio of vertical growth rate versus the lateral growth rate
of the nanorods after various complicated processes including
atomic shadowing effect, surface diffusion, and random
fluctuations [14–16]. The voids between the isolated grains
are formed during the OAD because the atomic shadowing
produces regions where the incident flux cannot reach.

The initial nucleation is guided by the surface roughness
of the substrate. Minor variations in the surface heights lead to
atomic shadowing. As the incident flux arrives at the growth
front, the relaxation of the crystal surfaces associated with
surface energy take place through adatom movement on the
surface. The growth fronts of the isolated nanorods remain
stable during rod growth and the minimization of the surface
energy leads to the (111) out-of-plane texture orientation [17].

Nucleation Growth without interruption

Initial Growth Growth with interruptions

Cu oxide

a

d

c

b

Cu oxide

Figure 5. Schematic illustrations of the Cu nanorod growth by oblique angle deposition ((a)–(c)) without interruptions and (d) with
interruptions followed by the exposure to atmosphere.
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Wafer bonding

Ta
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Copper nanorod growth by
oblique angle deposition

Figure 6. Schematic illustration of wafer bonding by Cu nanorod array. The inset shows a FIB/SEM image of wafer bonding structure
utilizing Cu nanorod as an adhesive layer.

The structure develops through a competitive growth.
There is a distribution in the nanorod height. The taller Cu
rods shade the growth fronts of shorter rods. The nanorods
that win this competitive growth process eventually take the
space of the losing rods as their diameters expand (as illustrated
in figure 5(c)), eventually a saturation or equilibrium nanorod
diameter is achieved [18].

The morphological changes of the rods depend on the
surface atom mobility. As such the specific surface transport
kinetics is the key to manipulating the growth evolution of
the rods. It has been reported that, in the early stages of thin
film growth Cu island density was observed to increase after
oxygen was introduced on Cu and Ru substrates [19, 20]. It
was explained by the reduced mobility of the Cu adatoms on
the presence of oxide on the surfaces. This is in agreement with
the nucleation theory. The island density n ∝ exp(−Ed/3kT ),
where Ed is the diffusion energy barrier, k is the Boltzmann
constant, and T is the temperature. At a given temperature, the
calculated Cu adatom diffusion energy barrier on metal oxide
surface, Ed = 0.36 eV [21], is significantly higher than a small
diffusion energy barrier Ed of 0.03–0.05 eV for the Cu adatom
on a Cu(111) surface [20]. This leads to shorter Cu adatom
diffusion lengths on the oxide surface and a corresponding
reduction in the size of the islands on the oxide surface.

Based on the discussion in previous paragraphs, oxygen
can be used to manipulate the Cu nanorod growth. By
interrupting the growth and exposing the nanorods to
atmosphere, oxygen is absorbed on the Cu surface and
forms Cu oxide as supported by the x-ray data shown in
figure 3(a). These oxidized Cu nanorods serve as the templates
for subsequent rod growth. When the deposition is resumed the
adatoms are confined to the surface of the oxidized nanorods
(as illustrated in figure 5(d)). The reduced adatom mobility
on the oxide surface, relative to the metal surface, means the
growth of the nanorods will be thinner in diameter than their

un-oxidized counterparts. In other words, this phenomenon
associated with oxygen absorption prevents the faster-growing
rods from reaching their ‘normal’ (uninterrupted growth)
diameter. Also, the smaller diameter of the taller nanorods
means less shadowing of the adjacent nanorods, leading to the
higher rod densities.

3.4. Low temperature wafer bonding by Cu nanorod array

Figure 6 illustrates a schematic of the wafer bonding approach,
in which the 200 mm Si wafers are coated with Cu nanorod
layer as an adhesive layer, by OAD. In order to enhance
the mobility of the Cu atoms upon bonding process, the Cu
nanorods were grown with six interruptions to obtain smaller
diameters (as shown in figures 1(c) and 2(c)). A pair of wafers
is subsequently subjected to an external pressure of 0.32 MPa
and temperature at 400 ◦C. The external pressure enhances the
diffusion-controlled mass transport process in the Cu nanorod
layer, in which the effective stress is delivered through the
contacts among the Cu rods, leading to the Cu nanorod and
grain slide and dislocation slip assisted by diffusion process,
therefore a more rapid densification can be achieved. The
inset shows a cross-sectional image of Cu bonding structure
prepared using FIB/SEM. It is apparent that the Cu nanorod
layer has coalesced and developed into a homogeneous bulk
structure, in which the Cu grains have grown entirely over
the original Cu nanorod bonding interface, indicating the
formation of a compact bonding structure.

4. Conclusions

We have studied the influence of oxygen during the growth of
Cu nanorods in OAD. The SEM investigation shows that the
Cu rod size decreases from ∼50 to ∼10 nm in diameter with
increasing the number of interruptions for Cu rod growth along
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with their exposures to the atmosphere. This modification of
Cu rod growth behavior is attributed to the restriction of Cu
adatom mobility on the Cu oxide surface. The enhancement
of the sintering behavior for Cu nanorods due to size effect
is observed at 300 ◦C at which a continuous film structure
was formed. The corresponding XRD analysis indicates an
increased coalescent/grain growth rate for smaller Cu rods
during thermal annealing.

We have demonstrated that these Cu nanorod arrays are
feasible to be used as an adhesive layer for wafer bonding
because of their low temperature sintering characteristics.
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