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We investigated the effects of sputtering power and deposition pressure on the electrical
and structural properties of dc magnetron sputter-deposited copper films on p-type silicon
grown at room temperature. Results from our experiments showed that the deposition rate
of the copper films increased proportionally with the sputtering power. Sputtering power
also affected the structural properties of the copper films through the surface diffusion
mechanism of the adatom. From the scanning electron microscopy surface analysis, the
high sputtering power favored the formation of continuous film. The poor microstructure
with voided boundaries as a result of low sputtering power deposition was manifested with
the high resistivity obtained. The deposition rate was found also depending on the
deposition pressure. The deposition pressure had the contrary effect on structural
properties of copper films in which high deposition pressure favored the formation of
voided boundaries film structure due to the shadowing effect, which varied with different
deposition pressure. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The increasing demand for miniaturization of elec-
tronic devices has stimulated research in thin film. Ba-
sic scientific concern is focussed on film formation
processes in order to obtain the insight into mechanism
leading to special structural properties. It is, however,
not only the film structure but also the thickness, which
determines the physical properties of the thin film. The
challenges in the thin film research thus lie in the op-
timization of the thin film properties of required thick-
ness under various deposition techniques to tailor for
specific application.

Copper (Cu) thin films with sub-micron geometric
and microstructural dimensions have been used
in modern applications ranging from catalysis to
microelectronic devices. In ultralarge scale integrated
circuits (ULSI), achievement of maximum signal
transmission in emerging chip and system architec-
tures requires minimizing the resistance-capacitance
(RC) time delay. RC delay has replaced intrinsic
device delay as the major speed limiter in sub-micron
device, due primarily to the increasingly higher RC
time constant in the ever narrower, more closely spaced
interconnect lines. Minimizing RC delay in thinner
interconnects has forced a transition from aluminum
(Al) based interconnects to Cu metallization schemes
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owing to the higher conductance of Cu, which not only
reduces the delay time but also enables higher current
densities at lower voltages, minimizing heat generation
and power requirements and increasing the packaging
densities per metallization level. Apart from reduction
in RC time delay, Cu is more promising than Al for
metallization in terms of electromigration resistance
and mechanical elasticity stress [1]. Cu exhibits
superior resistance to electromigration as its atoms
are more strongly bounded together which account for
less likely to fracture under stress comparing to Al.

The study of Cu thin film is generally centered on the
electrical and microstructural properties as well as the
crystallinity and texture of the Cu films deposited with
various deposition techniques. Among these, evapo-
ration [2], sputtering [3–5], chemical vapor deposition
[6], metal organic chemical vapor deposition [7], elec-
troplating [8] and partially ion beam (PIB) techniques
[9–11] are being used for Cu film deposition and have
been reported. In the present study, we investigated the
electrical and structural properties of DC magnetron
sputter-deposited Cu films on P-type Si substrates
under various deposition conditions. In addition to
these, we also examined the surface morphology
of the Cu thin films grown at different power and
pressure.
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2. Experimental
All Cu films were deposited in a DC magnetron sputter-
ing deposition chamber with base pressure lower than
5 × 10−6 Torr. The Cu target was of 99.995% purity.
The Argon (Ar), which was used as process gas was
99.995% pure and the substrates used were (100) P-
type Si. The Si substrates geometry was approximately
6 mm (W) × 12 mm (L) and were kept at room temper-
atures during the deposition. The magnetron cathode
was placed at a distance of about 9 cm from the sub-
strate holder. The thickness of the deposited Cu films
was checked by a quartz crystal monitor during the
sputtering process, and was quantified with the Mahr
surface profilometer after the process. LEO 1450VP
scanning electron microscopy was used to examine the
surface morphology of the Cu films grown at differ-
ent conditions. The film resistance was measured with
Karl Suss four-point probe. The growth details for three
sets of experiments to study the sputtering power and
deposition pressure dependent electrical and structural
properties were tabulated in Table I.

3. Results and discussion
3.1. Sputtering power effects on structural

and electrical properties
Fig. 1 shows deposition rate increases linearly pro-
portionate with the sputtering power. We attribute this
dependence relationship to the determinacy of sputter
deposition rate on the Ar ion flux (Jion) and its average
kinetic energy (KEav) upon striking the target. These
are function of DC applied voltage (Vdc), according to
Langmuir-Child Relationship [12a] and average kinetic
energy equation in dc glow discharge [13];

Jion ∝ V 3/2
dc (1)

K Eav ∝ Vdc (2)

T AB L E I Cu films growth details

Exp.
Dep. Pres
(m Torr) Sput power (W) Dep. time (min)

Set 1
Sample 1 3.6 25 10
Sample 2 3.6 50 10
Sample 3 3.6 75 10
Sample 4 3.6 100 10
Sample 5 3.6 125 10
Sample 6 3.6 150 10

Set 2
Sample 1 3.6 125 1.5
Sample 2 3.6 125 2.5
Sample 3 3.6 125 5
Sample 4 3.6 125 15
Sample 5 3.6 125 20
Sample 6 3.6 125 25
Sample 7 3.6 125 30

Set 3
Sample 1 1 100 10
Sample 2 3.6 100 10
Sample 3 5 100 10
Sample 4 10 100 10
Sample 5 20 100 10
Sample 6 30 100 10

The high Ar ion flux generally results in substantial
ion bombardment on the target while the high kinetic
energy of these ions increases the probability that the
impacts of incident ions will eject target atoms. These
two mechanisms are proportional to DC applied volt-
age and sputtering power, and hence contribute to the
increase of the sputter deposition rate. Similar depen-
dence relationship between deposition rate and sput-
tering power was reported by Gagaoudakis et al. [14]
and Song et al. [15a]. Gagaoudakis et al. in particular
attributed the dependence relationship to the increase
of the flux of the sputtered particles with the increase
of sputtering current.

Fig. 2 shows the plane view of SEM micrographs
of Cu layer grown at 25, 50, 75, 100, 125, and 150 W

Figure 1 Sputtering power effects on the deposition rate and film resistivity at deposition pressure of 3.6 mTorr.
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on silicon substrate at room temperature with the de-
position pressure of 3.6 mTorr. The micrographs show
that the Cu films exhibit crack-like structure prior to
the increase of sputtering power to 100 W. Thereafter,
fine round features develop in the Cu films and are
enhanced with the increase in sputtering power. The

cracks in Fig. 2a–c are voided boundaries, as observed
by Joh et al. [16]. Based on their investigation on the
microstructure of Cu films using high resolution SEM,
they reported similar crack-like Cu film structure grown
under low deposition pressure as voided boundaries due
to shadowing effects. The voided boundaries observed

Figure 2 Plane view of SEM micrographs of Cu layer grown at: (a) 25 W, (b) 50 W, (c) 75 W, (d) 100 W, (e) 125 W, (f) 150 W on silicon substrate.
(Magnification = 20.00 KX). (Continued on next page).
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Figure 2 (Continued).

in Fig. 2 decrease as sputtering power increases. The
voided boundaries in Fig. 2a at 25 W appear to be
denser than Fig. 2b at 50 W, while the micrograph
in Fig. 2c of 75 W shows less voided boundaries on
film surface. The higher sputtering power giving less
voided boundaries as observed in Fig. 2 is due to the

fact that sputtering power helps to increase the surface
mobility [17, 18a], which is required to form continu-
ous film [12b]. The Cu adatoms, which are absorbed
when they are deposited on the substrate surface may
diffuse along the surface (surface diffusion), hopping
from valley to valley in the surface potential. During
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Figure 2 (Continued).

its motion on the surface, an adatom may meet oth-
ers, with which they may react to form nuclei of crit-
ical size. Once stable nuclei are formed, they capture
more adatoms, forming island. If the surface mobility
is high, the islands merge while still very thin, form-
ing a continuous film. At low sputtering power (Fig. 2a
and b), adatoms with low kinetic energy result in neg-

ligible surface diffusion. The films hence appear non
continuous with voided boundaries. At higher sput-
tering power (Fig. 2d–f), the Cu films appear to be
continuous with no voided-boundaries. The fine round
features observed in Fig. 2d–f are due to polycrystalline
film structure. These small features were reported ear-
lier [16] as grains after the comparison made between

5975



the High Resolution SEM and TEM characterization re-
sult. The Cu film structure with fibrous grains appears at
high sputtering power infers that the highly energized
inert Ar ions provides translational kinetic energy to
the adatoms. The surface diffusion of these adatoms
was then enhanced with the momentum transfer to the
growing surface. Where adatoms diffusion length be-
comes larger than distance between cluster sites, voided
boundaries become filled by diffusing adatoms, and the
film develops the characteristics void-free grain struc-
ture. Muller [19] in his modelling work done in 1988
has identified “higher impact mobility” and “forward
sputtering” as two dominant mechanisms as the ways
in which energy enhancement prevents or reduces the
voided boundaries formation. “Higher impact mobil-
ity” was described by Muller as the phenomenon of
higher adatom energy amounts to a high surface diffu-
sion rate for few atomic distances on the film surface
until the excess kinetic energy upon impact becomes
dissipated into the bulk. Another mechanism, “forward
sputtering” refers to momentum transfer from the ap-
proaching adatom (to the film surface) to the adatom
already resides on the film surface causes the latter to
be knocked loose and scattered forward. This in turn
improves the surface diffusion and reduces the voided
boundaries. We believe these two insight mechanisms
of surface diffusion contribute to our Cu film void-
free grain structure. The increase in the grain size as a
result of bombardment to the growth surface by more
energetic particles with increasing sputtering power has
been reported by Song et al. [15b].

The effect of sputtering power on the electrical prop-
erties of Cu films grown at constant deposition pressure
was shown in Fig. 1. The films resistivity observed
in Fig. 1 decrease exponentially with the sputtering
power. For films deposited at 75 W and higher, the film
resistivity decreases gradually with the increase of the

sputtering power with lowest resistivity of 3 µohm-
cm occurring at highest sputtering power of 150 W.
The gradual decrease in the resistivity for Cu film
grown at 100 W and higher sputtering power is be-
lieved as the film resistivity approaching the constant
resistivity at prescribed sputtering power. Below criti-
cal power 75 W, the film resistivity shows an increase to
34 µohm-cm at 50 W and increase rapidly to 84 µohm-
cm at lowest sputtering power of 25 W. The possible
factors contribute to the considerable increase of film
resistivity at lower sputtering power (<75 W) are size
effect owing to thinner film [20] grown at lower sput-
tering power, and reduced surface and bulk diffusion
(surface mobility) due to the low adatom energy which
results in low crystallinity [21]. These factors were sim-
ilarly suggested by Cheng et al. [22a] as the reasons for
the decrease in the film resistivity with the increase in
sputtering power. In our case however, we rule out size
effect as the size effect dependent film resistivity ap-
plies only to the film with thickness approaching mean
free path of the current-carrying electron [23]. The
increase in film resistivity at lower sputtering power
in our experiment is attributed to voided boundaries
film structure of low crystallinity owing to the low sur-
face mobility, as manifested in our SEM micrographs
(Fig. 2a and b). The better crystallinity achieved with
higher sputtering power due to larger impact energy of
the bombarding particles, which leads to better surface
mobility has been reported by Hwang et al. [18b] and
Cheng et al. [22b]. Also, Bellakhder et al. [24] reported
the improve in crystallinity as the sputtering power in-
creases. To demonstrate this, Fig. 3 shows the effect
of voided boundaries on its electrical properties with
the plots of Cu film thickness versus resistivity at (i)
varied sputtering power (ranging from 25 to 150 W)
and (ii) constant sputtering power (125 W). Compar-
ison between these two curves shows that those Cu

Figure 3 Film thickness versus resistivity at constant sputtering power and varied sputtering power.
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films grown at lower sputtering power (<75 W) exhibit
higher resistivity compared to film of similar thickness
but grown at higher sputtering power (125 W). Con-
versely, the Cu films grown at higher sputtering power
(150 W) exhibits lower resistivity compared to film
grown at 125 W. The implication entailed from these is
the lower constant resistivity can be achieved for lower
thickness film at high sputtering power. Similar con-
clusion has been drawn by Shivaprasad et al. [21] for
their work done on investigating the effect of deposi-
tion rate on the electrical resistivity of evaporated thin
manganese films. They concluded from series of exper-
iments involving manganese films of same thicknesses
but grown at different deposition rate that the constant
resistivity for manganese films obtained at lower thick-
ness is attributed to higher deposition rates. According
to Shivaprasad et al., this high deposition rate gives
rise to smaller islands with a higher rate of formation,
which means a continuous film with less defect density
is produced at lower thickness. The increase of film re-
sistivity owing to the inter-granular void was recently
reported by Arun et al. [25] for Sb2Te3 polycrystalline
film. For higher sputtering power results in lower re-
sistivity, it should be noted that there is a limit in the
increase of sputtering power for the deposition rate and
electrical properties optimization. This is because the
deposition rate should not exceed a limit such that the
overgrowing layer is deposited before atomic jump to
an equilibrium position is possible, which will then re-
sult in non crystalline nuclei [26] formed on substrate
surface, which exhibit high resistivity.

3.2. Deposition pressure effects on
electrical & structural properties

Fig. 4 shows that the Cu film deposition rate decreases
almost linearly with the deposition pressure ranging
from 3.6 mTorr to 30 mTorr at constant dc sputtering
power (100 W). At low deposition pressure of 1 mTorr,

the Cu film deposition rate was observed to be lower
than that of 3.6 mTorr. This phenomenon is due to
inherent limitation with the deposition system employ-
ing non-high strength (HS) magnetron, which is unable
to sustain the plasma at the prescribed low deposi-
tion pressure, resulting in lower deposition rate. The
fact that the magnetron discharged at low Ar gas pres-
sure in the range of ∼×10−4 Torr requires modified
magnetron to achieve high field strength has been re-
ported earlier [27a, 28]. At deposition pressure of 3.6 to
10 mTorr, the deposition rates are about 40 nm/min. As
the deposition pressure increases to 20 mTorr, the de-
position rate decreases to 35 nm/min and at 30 mTorr,
the deposition rate decreases to 30 nm/min. The de-
creasing deposition rate with the increase of deposition
pressure as observed in our experiment is due to col-
lision scattering events between the sputtered off Cu
atoms and the Ar species in the deposition chamber. At
30 mTorr, the MFP (λ), defined as the mean distance
that a particle travels in a gas before encountering a
collision with a gas molecule in the sputtering cham-
ber was about eightfold shorter than that of 3.6 mTorr.
The chances of the sputtered-off Cu atoms collide with
the excessive amounts of Ar species present under
high deposition pressure is high, as with the relatively
shorter MFP. Hence, some of the Cu atoms are scat-
tered away from the substrate, resulting in lower de-
position rate. The decrease of deposition rate with the
higher deposition pressure due to the decrease in the
MFP was also reported by Minami et al. [29], Subra-
manyam et al. [30a], Andujar et al. [17] and Assuncao
et al. [31].

Fig. 5 shows the plane view of SEM micrographs of
Cu layer grown at various deposition pressure, ranging
from 1 to 30 mTorr at 100 W. The SEM mircrographs
of Cu film grown at 1 mTorr (Fig. 5a) and 3.6 mTorr
(Fig. 5b) show a uniform grains structure with big-
ger grains in the case of 1 mTorr. As the deposition
pressure increases to 10 mTorr (Fig. 5c), the grains

Figure 4 Deposition pressure effects on the film thickness and resistivity with deposition time 10 min. and sputtering power 100 W.
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structure fades and the Cu film was observed to exhibit
voided boundaries structure. As the pressure increases
to 30 mTorr (Fig. 5d), there are more voided bound-
aries appear on the Cu films and these voided bound-
aries also appear to be wider. Similar observation on
the voided boundaries structure of Cu film at high de-

position pressure was reported by Joh et al. [16] for
polyimide substrate. In the investigation, they reported
that the voided boundaries appear to be more frequent
as deposition pressure increases due to the shadowing
effects. In our experiment, the transformation from the
fine individually grains structure as observed in Fig. 5a

Figure 5 Plane view of SEM micrographs of Cu layer grown at: (a) 1 mTorr, (b) 3.6 mTorr, (c) 10 mTorr, (d) 30 mTorr on silicon substrate.
(Magnification = 20.00 KX). (Continued on next page).
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Figure 5 (Continued).

and b into voided boundaries structure in Fig. 5c and d
is attributed to the decrease in the surface mobility of
the adatoms after series of collisional events under high
deposition pressure, as well as the similar shadowing
effect, which is enhanced in the case of higher depo-
sition pressure. The adatoms with higher energy under
low deposition pressure are energetically favorable for

the formation of fine individually grains. Assuncao et
al. [31] has earlier reported the low surface mobil-
ity of the sputtered species after undergo collisions at
high deposition pressure, which leads to tapered crys-
tals separated by open, voided boundaries. Also, the
decrease in the sputtering pressure results in the in-
crease of the grain size due to increased kinetic energy
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and surface mobility of the adatoms was reported by
Cheng et al. [32]. Further to these, Igasaki et al. [33a]
reported that increasing Ar gas pressure results in the
decrease in grain size and increase in the grain bound-
ary. The self-shadowing effect occurs during film de-
position where the adatom cannot perch on top of each
other, but rather settle sideways into the nearest “cra-
dle” position, in which they establish relaxed bond
lengths to their nearest neighbors. Because of the finite
size of atoms, the “ballistic aggregation” can result in
overhang structures, which shadow the low areas from
deposition. Thereby, shadowing effect starts develop
and even in perpendicular deposition, there develops
shadowed voids between them. An increase in the inert
gas pressure (deposition pressure) spread the range of
incident angles and increased self-shadowing, resulting
in wider and more frequent voided boundaries.

The plot of film resistivity versus deposition pres-
sure for Cu film grown at 100 W was shown in Fig. 4.
At 1 mTorr and 3.6 mTorr, the Cu film resistivity is
about 4 µohm-cm and 6 µohm-cm respectively. At el-
evated deposition pressure of 10 mTorr, the resistivity
increases to 9 µohm-cm and at highest deposition pres-
sure employed in the experiment, the film exhibits 24
µohm-cm. Mikami et al. [27b], Song et al. [15b] and
Igasaki et al. [33b] reported the similar dependence re-
lationship between the film resistivity and deposition
pressure. The generally increasing resistivity with the
increase in deposition pressure ranging from 1 mTorr
to 30 mTorr as shown in Fig. 4 is due to structural
change of Cu morphology from grains structure at low
deposition pressure to non continuous film with voided
boundaries at high deposition pressure, which means
degrade in the film crystallinity. The dependence re-
lationship between the grain size and the crystallinity
of the film has been reported by Subramanyam et al.
[30b].

4. Conclusions
In this work, the effects of the dc sputtering power
and deposition pressure on deposition rate, microstruc-
ture and electrical properties of DC magnetron sputter-
deposited Cu on Si were demonstrated. The experiment
results show that the sputtering power and deposition
pressure play an important role in optimization of the
DC magnetron sputter-deposited Cu films. The higher
the sputtering power, the more likely the film formed
is of continuous and with higher crystallinity due to
sufficiently high adatom mobility which helps to im-
prove the surface and bulk diffusion. The surface and
bulk diffusion enable the adatom settles at equilibrium
site and reduce the open boundaries. The significant
implication drawn from this is the constant film resis-
tivity could be achieved at lower film thickness if the
high sputtering power is employed. On the other hand,
the lower deposition pressure generally favors the film
grown by reducing the voided boundaries as the im-
pinging sputter-off Cu atoms are believed to be neither
become scattered into more oblique incident angles
which will result in voided columnar structure, nor dis-
sipate their kinetic energy in gas collisions which will

decrease the deposition rate and hence surface mobil-
ity. We conclude that by proper control of the sputter-
ing power and deposition pressure, the growth of the
sputter-deposited Cu films on Si could be optimized in
terms of their deposition rate and also electrical prop-
erties through the improved structural properties.
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