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Abstract Pure nickel thin films were deposited on Si
(100) substrates under different conditions of sputtering
using direct current magnetron sputtering from a nickel
metal target. The different deposition parameters employed
for this study are target power, argon gas pressure, sub-
strate temperature and substrate-bias voltage. The films
exhibited high density of void boundaries with reduction
in <111> texture deposited under high argon gas pressures.
At argon gas pressure of 5 mTorr and target power of
300 W, Ni deposition rate was ~40 nm/min. In addition,
coalescence of grains accompanied with increase in the
film texture was observed at high DC power. Ni films
undergo morphological transition from continuous, dense
void boundaries to microstructure free from voids as the
substrate-bias voltage was increased from —10 to —90 V.
Furthermore, as the substrate temperature was increased,
the films revealed strong <111> fiber texture accompanied
with near-equiaxed grain structure. Ni films deposited at
770 K showed the layer-by-layer film formation which lead
to dense, continuous microstructure with increase in the
grain size.

Introduction

Nickel thin film deposited on different substrates by physical
vapor deposition (PVD), chemical vapor deposition (CVD),
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electroplating, and electroless deposition process exhibit
varied mechanical, electrical, chemical or magnetic prop-
erties. Fabrication of nickel-based thin film materials is a
subject matter of scientific interest due to their broad array of
application ranging from contact devices to Li storage
materials [1-6]. Magnetic-nickel thin films grown on sub-
strates like Si0,/Si, GaAs, MgO has opened up opportunities
for various technological applications [7—10]. Particularly
nickel films deposited using PVD technique possess good
corrosion and wear resistant on steel substrates [10]. In
addition, nanocrystalline nickel films deposited on Si sub-
strates serves as infrared reflecting layer in black chrome
solar selective surface and acts as a solar absorbing material
[11]. Extensive studies on Ni/Si system were carried out for
past few decades which primarily focused on the develop-
ment of ohmic contacts and local interconnectors in CMOS
devices owing to low resistivity and stress of nickel silicide
[12-16]. On the other hand, nickel thin film deposition has
also extended its attention towards the fabrication of Ni—Ti
based shape memory alloy thin films for microactuator
applications. As reported in the literature, there are various
routes to fabricate Ni-Ti based alloy thin film by sputter-
deposition technique. These include deposition either by
sputtering from Ni-Ti alloy targets [17-22], alternate mul-
tilayer deposition of Ni and Ti [23-25] or by co-sputtering
from elemental Ni and Ti targets on silicon substrates
[26-29]. However, one of the prime requisites for realization
of shape memory behavior in Ni-Ti alloy thin film is the
near-equiatomic composition of Ni and Ti. Co-deposition
from elemental Ni and Ti targets is considered to be the most
feasible technique to fulfill the purpose, since individual
composition can be easily controlled during the deposition
by varying individual target power [26]. The major challenge
lies in the optimization of various deposition parameters to
obtain NiTi film of near-equiatomic composition combined
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with high deposition rates (~ 1 pm/h) and desired properties
to tailor for specific applications such as microactuators [30].

At low pressure, simultaneous deposition of Ni and Ti
films from individual magnetron source may lead to
reduction in deposition rate of Ni films due to which var-
iation in the composition of NiTi films may result. This is
due to the fact that ferromagnetic materials cannot be
efficiently sputtered nor can the plasma be ignited at low
gas pressures if there is not sufficient magnetic flux
intensity in front of the targets. DC-magnetron sputter
deposition of ferromagnetic material leads to major diffi-
culties, such as magnetic field is shunted through the nickel
target and it is very difficult to form a closed loop of
magnetic flux on the target surface [31, 32]. Chang et al.
found the magnetic field strength is the key parameter in
the DC-magnetron sputter-deposition of nickel films in
particular to achieve high deposition rates [33].

Therefore, the motivation for the present study is to
gather prerequisite knowledge on deposition rate, structure
and morphology of independently grown nickel films
deposited under wide range of sputter parameters for sub-
sequent processing of Ni-Ti shape memory alloy films.
Thus, systematic studies on the effects of deposition
parameters such as target power, argon gas pressure, sub-
strate-bias voltage and substrate temperature on the prop-
erties of Ni film are indispensable. It appears that, a
detailed discussion based on this aspect of study has not
been reported in literature so far. The present authors
believe that the basis of this study on pure nickel films is a
good model for the deposition of Ni/Ti films. In addition,
the study of pure nickel films is of interest owing to dif-
ferent applications.

In the present work, nickel films have been deposited by
conventional DC-magnetron sputtering on (100)-oriented
single crystal silicon wafers. In diode-based sputtering
systems, sputter parameters, viz.: argon gas pressure, sub-
strate-target distance, substrate-bias voltage, and target
power considerably influence the film deposition rate as
well as the microstructure of the film. The rate of surface
diffusion of adatoms on the substrate surface governs the
film microstructure which is subjective to either substrate
temperature or substrate-bias voltage applied during the
sputter-deposition. Focus of the present work is, therefore,
to study the effects of argon gas pressure, DC power,
substrate-bias voltage and substrate temperature on the
properties of nickel films. Systematic studies on the film
microstructure and surface roughness were performed
using field emission scanning electron microscopy (FE-
SEM) and atomic force microscopy (AFM), respectively.
Grazing incidence X-ray diffraction technique (GIXRD)
was employed to study crystallinity, structure and texture
of nickel thin film. The results from this combination of
techniques have shed light on the film morphology, grain
size, surface roughness, and orientation of nickel films.

Experimental details
Deposition of Ni films
All nickel films were deposited using an RF/DC-magnetron
sputtering system (KVT Ltd) which is a three-gun “sputter-

down setup.” A schematic representation of the deposition
system is shown in Fig. 1. The sputter chamber was

Fig. 1 Schematic RF DC gun (Ni)

representation of sputtering generator : Gas-pressure
system i 1 ~ “controllers

1
| - . Vacuum display
L5 I | S |
" & F= - Gas flow controllers
» Teeeen . & Temperature and
Deposition — — tesaes R rotation controllers
chamber *{[====°7 | N[ s e
View port i e - —— Valves controllers
Throttle C JC ) - - = RF gun-match box
Valve .
A Si substrate : | i TS SUbs"tatTl-blas
rgas J | controller
=1 o
] Ps gun
—u \ 4 [—] controllers
Turbo sic }
molecular heater lon-gauge
pump

g_=Su bstrate
rotation

@ Springer



2862

J Mater Sci (2011) 46:2860-2873

evacuated to a base pressure lower than 3 x 107° Torr
using turbo molecular pump driven by rotary pump. 99.9%
pure Ni with diameter of 3 inches was employed as the
sputter target. The argon gas of 99.99% purity was used as
the sputtering gas with constant flow rate of 50 sccm. The
chamber pressure was measured by ion-gauge and the
argon gas pressure was controlled by the throttle valve.
Sputter-deposition pressure was measured using MKS
Baraton pressure gauge. Nickel films were deposited on to
3cm x 3cm P-type Si (100) substrates which were
ultrasonically cleaned with acetone and alcohol. Prior to
the depositions, substrates were etched with 2% HF solu-
tion in order to remove native oxide layer on the surface.
To ensure the purity of the films, pre-sputtering of nickel
target for about 5 min was done to remove surface oxides.
In order to maintain the uniformity in the film thickness the
substrates were rotated at 10 rpm for all the depositions.
The films were deposited with various DC sputtering power
(W), deposition pressure (mTorr), substrate temperature
(°K) and substrate-bias voltage (V). The deposition details
for four sets of experiments to study the influence of
deposition pressure, sputtering power, substrate-bias volt-
age and substrate temperature on the deposition rate,

microstructure, and phase formations were tabulated in the
Table 1.

Characterization of Ni films

Nickel film thickness ranging 50-400 nm was measured
using step height on a masked silicon substrate using
Veeco-Dektak 150 surface profilometer. RMS roughness of
Ni films was obtained using the same surface profilometer.
The film structure and morphology were studied by grazing
incidence X-ray diffraction (GIXRD) and field-emission
gun scanning electron microscopy (FE-SEM). The dif-
fraction data were collected using Philips X’Pert diffrac-
tometer with Cu-target (A = 1.54056 A) which was
employed to determine the crystalline phases generated.
The grazing angle was fixed at 0.5° with scan step size of
0.05° over angle range of 20 = 30-100°. The tube was set
to an accelerating voltage of 40 kV at a current of 30 mA.
Studies on surface topography were carried out using
Veeco-Nanoscope IV atomic force microscopy under tap-
ping mode. Studies on microstructure and nature of film
growth were done on both planar and cross-sectional nickel
films by Carl Zeiss-SUPRA40 field-emission gun scanning

Table 1 Deposition details

) Exp. Argon gas WDrs Power Substrate-bias Substrate Deposition
of Ni films pressure (mTorr) (mm) (W) V) temperature (K) time (min)
Set 1
P1 5 150 100 Unbiased 300 10
P2 10 150 100 Unbiased 300 10
P3 12.5 150 100 Unbiased 300 10
P4 15 150 100 Unbiased 300 10
P5 17.5 150 100 Unbiased 300 10
P6 20 150 100 Unbiased 300 10
P7 22.5 150 100 Unbiased 300 10
Set 2
S1 5 125 50 Unbiased 300 10
S2 5 125 100 Unbiased 300 10
S3 5 125 150 Unbiased 300 10
S4 5 125 200 Unbiased 300 10
S5 5 125 250 Unbiased 300 10
S6 5 125 300 Unbiased 300 10
Set 3
V1 10 150 100 -10 300 10
V2 10 150 100 -30 300 10
V3 10 150 100 -50 300 10
V4 10 150 100 -70 300 10
V5 10 150 100 —-90 300 10
Set 4
Tl 20 150 300 Unbiased 570 30
T2 20 150 300 Unbiased 770 30
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electron microscope with an acceleration voltage of 5 kV
and a magnification up to 200 KX.

Results and discussion
Influence of deposition parameters on deposition rate

Figure 2 demonstrates the influence of various sputtering
parameters on the Ni deposition rate. The film deposition
rate is defined as the ratio of film thickness (measured by
surface profilometer) to the deposition time. Equation 1
shows the dependence of film deposition rate on the sput-
tering variables [34]:
_kP (1)
p-d
P is the power, p is gas pressure, d is electrode distance,
and k being constant of proportionality, which is the
function of type of gas and the target material employed.
From Fig. 2a it can be observed that deposition rate
decreases from 16 to 6.5 nm/min when the deposition
pressure increases from 5 to 20 mTorr at constant DC
power of 100 W. In principle, the increase in gas pressure
favors excess number of argon gas species accompanied
with shorter mean free-path which is defined as the mean

R

distance that a particle travels in a gas before encountering
a collision with another gas molecule. According to kinetic
theory of gases, the pressure (p) is inversely related to the
mean free-path of the gas species (t) [35]. This in turn
contributes to the high collisional scattering events taking
place between Ni atoms and argon gas species. Hence,
some of the Ni atoms scatter away from the substrate, so
the number of atoms depositing on the substrate decreases
leading to low deposition rates. The fact that the decrease
in deposition rate with higher gas pressure due to the
shorter mean free path has been observed by few
researchers in magnetron-sputtered Ga-doped ZnO [36]
and SiC films [37]. Mikami et al. [38] had employed
RF-DC coupled magnetron discharge to confine the effi-
cient plasma near the magnetic target and deposited Ni
films on both Si and corning glass substrates and found
decrease of deposition rate with increase in gas pressure.
The deposition rate for the Ni films deposited at various
DC power are plotted in the Fig. 2b. It has been observed
that the Ni sputter-deposition rate increases linearly with
the DC power. This can be explained considering Eq. 1,
which shows the linear dependence of target power with
the film deposition rate. Further, this kind of dependence of
deposition rate on sputtering power can be elucidated on
the basis of DC voltage (V4.) applied to the target during
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sputter deposition. In magnetron discharge systems, the
target-current density (J4) is related to the applied DC
voltage at cathode (V) and is given by Child-Langmuir
law [35, 39];

e, Zerc/2
1“9\ M 2

(2)

&, 18 the space permittivity, e and M is the charge and mass
of the electron, r is the larmor radius (eV). Argon ion flux
and its average kinetic energy (KE,,) upon striking the
target which are functions of applied DC voltage are
the two major factors which govern the sputtering rate from
the target (refer Eqgs. 2 and 3).

KE,, x Vi (3)

It is now evident that high argon ion flux not only results
in argon ion with high kinetic energy, but also increases the
probability of ejection of target atoms with substantial ion
bombardment on the target. The above stated mechanisms
are proportional to applied DC voltage (sputtering power)
and hence contribute to the increase of Ni sputter-
deposition rate. Similar dependence relationship between
deposition rate and target power was also reported in
sputtered Cu films on Si (100) [40].

Figure 2c shows the variation of deposition rate with
substrate-bias voltage at constant DC power of 100 W and
argon gas pressure of 10 mTorr. The deposition rate
decreased from 10.3 to 7.8 nm/min when the negative
substrate-bias voltage was increased from 0 to —50 V.
However, at —90 V, substrate-bias voltage the deposition
rate was found to be constant at 7.8 nm/min. This indicates
that on application of small negative bias to the substrate,
the low energy positive argon ion species are attracted
towards the substrate and thus sputter-off the growing film
surface. This could have caused a slight decrease in the
film thickness and hence, the Ni sputter-deposition rate.
Further, upon increasing the bias voltage there might be
enhanced re-sputtering of depositing species from the film
surface which may result in considerable lowering of
deposition rate.

Influence of deposition parameters on the surface
roughness and film topography

Studies related to film roughness and surface topography
are essential for almost any sort of coating applications.
Since these determines the various properties of the coating
such as electrical, mechanical, optical corrosion resistance,
etc. In the present study, the surface topography of Ni films
is found to be greatly affected by the deposition parameters
and corresponding RMS film roughness values were
obtained by using stylus surface profilometer. Figure 3a
shows the plot for Ni film roughness grown at various

@ Springer

argon gas pressures on Si substrate at room temperature.
RMS roughness was found to decrease from 5 to 1.25 nm
as the gas pressure was increased from 5 to 17.5 mTorr, for
pressure above 17.5 mTorr the roughness increases again.
This behavior can be understood in view of shorter mean
free path of argon gas species at high deposition pressure. It
is important to point out that, the average kinetic energy of
Ni adatoms decreases due to the enhanced collisional event
taking place between sputter Ni atoms and argon gas spe-
cies resulting in a broader angular distribution of the par-
ticles on the Si substrate. Thus, the decrease in surface
mobility of adatoms coupled with high nucleation density
leads to the formation of finer Ni grains leading to
smoother surface [41]. The increase in roughness beyond
17.5 mTorr could be attributed to the increase in the den-
sity of voids boundaries present in the films. The increase
in the density of void boundaries with argon gas pressure
will be discussed in the forthcoming sections.

As shown in Fig. 3b, the surface roughness values of Ni
films decreased as the substrate-bias voltage was increased
from —10 to —50 V. Beyond —50 V, the film tends to
show slight increase in the surface roughness value. This
behavior is predicted due the improvement in the surface
diffusion of adatoms during application of moderate sub-
strate bias which eventually leads to low film roughness
accompanied with dense and compact structure. With
increase in the bias voltage up to —50 V causes ion bom-
bardment on the growing film surface which generally
results in filling up of void boundaries by surface migration
of adatoms leading to smooth continuous film. On the other
hand, the increase of bias voltage beyond —50 V tend to
show rougher Ni films which might be due to the enhanced
ion-bombardment on the growing film surface leading to
the re-sputtering and thereby inducing defects in the film
[42].

Figure 3c demonstrates the dependence of Ni film
roughness on the deposition power. It is observed that the
roughness of Ni film increases from 4 to 12 nm as the
sputtering power was increased from 50 to 300 W. This
can be explained considering that the film thickness
increases as the DC power is increased which would result
in a larger Ni grains. In addition, surface mobility of ada-
toms increases at high DC power which leads to crystalline
films. To further support the argument that the roughness
increases with DC power as demonstrated in Fig. 3c, the
plot of Ni film roughness as function of film thickness is
plotted in Fig. 4 at varied DC power ranging from 50 to
300 W. The significant implication which can be drawn is
that low RMS roughness can be achieved for thin Ni films
when they are deposited at low DC power compared to
high DC power. Thus, it can be attributed that the increase
in DC power enhances adatom number density with suffi-
cient adatom mobility which contributes to the coalescence
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of grains. However, it is also worth mentioning that the
present case involves deposition of high melting point
material on substrates (at room temperature) hence, the
surface mobility of condensing atoms governs the density
of void boundaries as well as the surface roughness.

To investigate the effects of substrate temperature on the
surface topography and roughness of Ni films, AFM
analysis was carried out on Ni films. Figure 5a and b shows
the AFM images of the Ni films deposited on Si substrates

that the increase in film roughness is probably due to the
increase in the lateral grain size occurring in the film at
high substrate temperature. This behavior is in accordance
with the work reported by Musil et al. which pointed out
that the film roughness is induced by the film crystalliza-
tion which in turn controls the energy delivered to the
growing film [43].

Influence of deposition parameters on film crystallinity
and texture

Mechanical and functional properties of thin film are sig-
nificantly affected by structure and orientation of grains in

@ Springer
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Fig. 5 AFM images of Ni films (a)
deposited at a 570 K and
b 770 K substrate temperature

deposited film. Preferred orientations in the films are
greatly influenced by deposition method, variables, nature
of the substrate, energetic ion bombardment, and geomet-
rical confinement by surface features. Among these,
deposition parameters are known to be the major contrib-
uting factors for the development of texture in a film. All
the XRD spectra were obtained in the grazing incidence
mode where the X-ray glances over the surface of Ni film
without penetrating deep inside the substrate. Because of
this reason, none of the XRD spectra shows the presence of
Si peaks despite of low Ni film thickness. Figure 6a shows
the GIXRD patterns for Ni films deposited at argon gas
pressures of 10 mTorr (120 nm thick), 12.5 mTorr (94 nm
thick), and 15 mTorr (71 nm thick) on Si substrate at room
temperature with deposition power of 100 W. It was found
that all the Ni films crystallized in the face-centered cubic
(fcc) Fm3m phase and the crystallites were oriented along
the (111) plane. This indicates the films exhibit a preferred
(111) grain orientation parallel to the film surface which is
typical for fcc metal films. It is also evident that the tex-
turing of Ni films along (111) plane was more pronounced
when deposited at low deposition pressure and the relative
portion of (111) intensity gradually decreases with increase
in argon gas pressure to 15 mTorr. In order to obtain a
deeper insight into the influence of argon pressure on the
grain size (G), well-known Scherrer’s formula was
employed to calculate the grain size from (111) diffraction
peak:

0.94
= 4
FWHM - cos 0 )
A is the X-ray wavelength, FWHM is the full-width half-
maximum of the diffraction peak, and 0 is the diffraction
angle. The crystallite size was calculated using Eq. 4 and
was found to decrease from 10 to 6 nm with increase in
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argon gas pressure from 10 to 15 mTorr (see Table 2).
Igasaki and Kanma had observed decrease in grain size of
ZnO:Al films deposited on glass substrate with increase in
the working pressure and attributed to increase in grain
boundary area [44]. Our result suggests that due to
enhanced collision scattering between target atoms and
argon gas species at high gas pressure, lead to reduced
adatom mobility on the substrate surface tending to form
Ni film with low crystallinity. Therefore, reduced surface
mobility of adatoms causes incapability of aggregation of
individual islands at high deposition pressure leading to
smaller grain size. Such result has also been observed by
Assuncao et al. in Ga-doped ZnO films [36] and by Cheng
et al. in AIN film [45]. These authors also suggests that low
surface diffusion of the sputtered species after collisions at
high deposition pressure lead to less crystalline films

Table 2 Influence of deposition parameters on crystallite size of Ni
films

Sample No. Deposition Crystallite
parameter size (nm)

P2 10 mTorr 10

P3 12.5 mTorr 9

P4 15 mTorr

S1 50 Watts 5

S4 100 Watts

S6 300 Watts 15

Vi ov 10

V2 -30V 10

V3 -50V -

V5 -9V 11

T1 570 K 18

T2 770 K 33
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accompanied with grain size reduction. The texture
coefficients (7) of Ni films deposited on Si substrates as
a function of argon gas pressure are calculated from the
corresponding XRD peaks using the following formula
[46].

_ I(hki)
~I(111) +1(200) + 1(220)

(5)

where (hkl) are (111), (200) or (220) orientations and I is
the relative intensity. It can be observed from Fig. 6b that
the texture coefficient is influenced by the argon gas
pressure. From the XRD pattern (Fig. 6a) it is also noticed
that the intensity of (111) peak decreases with increase in
gas pressure which is supported by the lowering of (111)
texture coefficient as shown in Fig. 6b. Although, a slight
reduction in the film thickness cannot be substantiated for
such lowering of (111) texture coefficient at higher depo-
sition pressure. Further, it is found that the dominant (111)
orientation becomes a preferred orientation even at
15 mTorr argon gas pressure. It is reported that in case of
fcc materials, the grains with (111) planes parallel to the
film surface will have minimum surface and interface
energy due to high density of packing in (111) plane [47].
Therefore, adatoms with higher energy are energetically
favorable for the formation of (111) surface planes and
contribute to <111> fiber texture. Ni films deposited at
10 mTorr gas pressure exhibits a mixture of (111), (200)
and (220) orientations. However, at high gas pressure
(200), texture coefficient was found to increase among the
(111), (200) and (220) orientations, whereas (220) intensity
was reduced. This suggests that the high deposition pres-
sure improves the growth of (200) plane along with (111)
preferred orientation.

Figure 7a shows the GIXRD pattern for Ni films
deposited at 0 V (120 nm thick), —30 V (93 nm thick), and
—90 V (76 nm thick) substrate-bias voltage on Si substrate
at room temperature with DC power 100 W and 5 mTorr
gas pressure. Increase in film crystallinity accompanied
with improvement in texture was observed in Ni films with
increase in the negative bias voltage. XRD profile of Ni

80 90 100 10.0 125 15.0
Ar gas pressure (mtorr)

film deposited at —90 V bias shows a distinct (111) pref-
erential orientation, while rest of the peak are insignificant,
which is characteristic of <111> fiber texture in the film.
The differences between these Ni films are the bombarding
energy of the deposited particles and film thickness.
However, the Ni films deposited at —90 V tend to exhibit
high relative (111) peak intensity, in spite of low film
thickness when compared to the Ni films deposited at 0 and
—30 V. This suggests that the film thickness has insignif-
icant effect on the film texture provided energy of bom-
barding species plays a vital role on the texture
development. The improvement in the intensity of (111)
reflection with substrate-bias voltage as observed in Fig. 7a
can be explained from the viewpoint of the surface energy
and kinetic factors. Due to small negative bias at the sub-
strate end during sputter deposition, argon ions accelerate
towards the substrate with moderate energies. These ions
upon bombardment on the substrate translate part of their
kinetic energy to the adatoms and hence improve the sur-
face diffusivity, leading to more crystalline films [48]. The
observation of distinct (111) texture in Ni films deposited
at —90 V is similar to the <111> fiber texture obtained
from electron diffraction ring pattern of room temperature
deposited Ni film grown at —100 V bias voltage on NaCl
substrates by Mitra et al. [47]. It is important to point out
here that few authors have observed lowering of crystal-
linity from the diffracted intensity (texture) in fcc metal
films like, Ag [49] and Ni [47] even at higher bias voltage
as compared to those films grown at a lower or no bias.
They suggested the reason behind the degradation of film
crystallinity was due to the excessive adatom mobility at
higher bias voltage which led to re-sputtering and
re-crystallization. Further, it is observed that there is no
significant increase in the crystallite size of the Ni film as
the bias voltage from 0 to —90 V (see Table 2). Therefore,
effect of ion bombardment during sputter deposition on
grain size of the films is insignificant in the present case.
With varying substrate-bias voltage (Fig. 7b), the Ni films
revealed (111) orientation of higher texture coefficient
irrespective of unbiased and biased condition. The texture
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Fig. 7 GIXRD patterns and (a) (b)
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coefficient of (111) orientation in Ni film deposited at
substrate bias of —90 V is highest amongst the films
deposited at 0 V and —30 V. In addition (200) intensity
was found to increase along with the (111) preferred ori-
entation. This depicts that enhanced surface mobility of the
adatoms due to the impingement of low energy ions on the
substrate surface leads to random orientation of the grains
leading to polycrystalline Ni films.

The GIXRD patterns for Ni films deposited at 50 W
(85 nm thick), 200 W (240 nm thick) to 300 W (350 nm

temperature are shown in Fig. 8a. The diffraction pattern
shows the polycrystalline nature and the films are indexed
to face-centered cubic Fm3m Ni phase. Ni films deposited
at 50 W are found to be weakly textured in (111) plane. As
the power was raised to 300 W, the intensity of (111) plane
was found to improve retaining a dominant (111) fiber
texture. This is attributed to the increase in the film
thickness with increase in the DC power. The number
density of sputtered species increases due to increase in the
amount of argon ion flux contributing to the high proba-
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crystalline DC-magnetron-sputtered Cu films at high power
and suggested that the surface mobility of adatoms
increases due to high kinetic energy gained by depositing
species, which are responsible for the formation of highly
crystalline film. Further, grain size is found to increase
from 5 to 15 nm as the DC power was increased from 50 to
300 W (see Table 2). At high DC power, argon ion flux
increases which strikes the Ni target with enormous energy.
During the process, momentum transfer takes place causing
ejection of target atoms with high kinetic energies. The Ni
adatom upon striking the substrate surface has now gained
sufficient energy to migrate on the surface and thereby
coalesce to form larger grains. The texture coefficient is
greatly affected by the DC power and is shown in Fig. 8b.
At low DC power, the dominant (111) orientation becomes
a preferred orientation. However, at 300 W DC power the
(111) texture coefficient was increased among the (111),
(200) and (220) orientations, whereas that of (200) inten-
sity is reduced. Hence, it can be understood that higher DC
power favors the orientation of grains in (111) and (220)
planes when compared to the low DC power. Figure 8c
depicts the variation of texture coefficient ratio (T111/
T200) as function of film thickness. For film thickness
75-240 nm there is no change in the value of texture
coefficient ratio. At film thickness of 350 nm the ratio is
found to increase drastically suggesting that the grains of
Ni thin films evolve to (111) direction with increasing
thickness and that the (111) planes have the lowest surface
energy.

GIXRD pattern for the Ni films deposited at 570 and
770 K substrate temperatures are shown in the Fig. 9a and
b, respectively. Even the Ni films deposited at high sub-
strate temperature favors the texturing of grains in [111]
direction. However, the GIXRD pattern for Ni films does
not show any signature of nickel silicides’ formations,
which are likely to form at high substrate temperature near
the film/substrate interface. This is probably due to the
insufficient energy of Ni adatom to undergo the process of
bulk diffusion into the Si substrates. The grain size of the
films was calculated by using Eq. 4 and it was found to
increase from 18 to 33 nm for the Ni films as the deposition
temperature was raised from 570 to 770 K. Such result has
also been reported by Chawla et al. in case of Ti films and
suggested that the increase in the surface and grain
boundary diffusivity of adatoms causes the grain growth at
high substrate temperature leading to the increase in the
grains’ size and roughness [46]. This discussion seems to
be relevant in the present case too. It should also be noted
that the normal grain growth is not expected in thin films.
Instead, abnormal grain growth takes place often leading to
bimodal grain size distribution caused by secondary grain
growth in which some grains may grow excessively large
relative to surrounding ones [35].
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Fig. 9 GIXRD pattern of Ni films deposited at a 570 K and b 770 K
substrate temperature

Influence of deposition parameters on film morphology

Figure 10a—c shows the FE-SEM micrographs of Ni films
deposited at different argon gas pressures. The micrographs
clearly indicate the increase in density of cracks as the
deposition pressure was increased from 10 to 20 mTorr. On
closer observation, the film microstructure comprises very
fine grains separated by void boundaries. An extensive
study by Thornton [51] on the structure-zone model (SZM)
of sputtered films revealed that the oblique component of
the deposition flux is responsible for more open-type void
boundaries. This is because of enhanced collision scatter-
ing between the argon ions and target species surpass the
effect due to the adatom mobility for depositions at high
gas pressure. Therefore, in the present case the increase in
density of void boundaries is accounted due to the self-
shadowing effect of individual islands which takes place
during the film condensation-growth process. The adatoms
impinge on the substrate randomly due to high scattering,
and areas such as valleys are not completely filled up. Thus
the tendency of growth of islands increases in the vertical
directions instead of lateral directions due to insufficient
atomic mobility on the substrate surface. This result is
comparable with the film roughness, which was previously
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Fig. 10 Planar FE-SEM images of Ni films deposited at a 10 mTorr, b 15 mTorr and ¢ 20 mTorr

found to increase beyond 17.5 mTorr gas pressure due to
the presence of high density of void boundaries.

Figure 11a, c and e shows the FE-SEM planar images of
Ni films deposited at 50 W, 200 W and 300 W on Si
substrate at room temperature with deposition pressure of
5 mTorr. The Ni films exhibits the crack-like microstruc-
ture irrespective of increase in the sputtering power. At low
sputtering power, adatoms with low kinetic energies results
in negligible surface migration (see Eq. 4). In such case the
morphology of films is often observed to be non-continu-
ous with frequent void boundaries. However, Ni film
deposited at DC power of 300 W was found to contain
lower density of cracks accompanied with long, continuous
and wider void boundaries. This can be explained on the
basis of nucleation and growth of thin films, the islands try
to merge with other islands leaving long-continuous and
wider void boundaries depicting the densification of film
which occurs during film growth process. Figure 11b, d,
and f shows the cross-sectional FE-SEM images of Ni films
deposited at different DC power. Ni film deposited at low
sputtering power exhibit columnar structure with porous
space separating in between (Fig. 11b). This can be further
correlated to the zone I structure of SZM [52, 53] for
sputtered films at low T/T,, (T} is the substrate temperature
and T,, is the melting temperature of target material).
Limited surface diffusion of adatoms on the substrate
surface is attributed to the formation of such columnar
structure as observed in Fig. 11b. Another reason could be
due to the direction of incident beam flux on the substrate

@ Springer

surface during the deposition. When the impingement of
incident beam flux is in oblique direction, the presence of
high points on the substrate surface set a pathway to
receive maximum flux rather than the valleys which
receive less amount of incident flux. This difference causes
the growth of individual islands comprising columnar
structure with void boundaries. However, as the sputtering
power was raised to 300 W the film displays long, dense
fine fibrous columnar structure having column width of
~50 nm (Fig. 11f). Deposition of Ni films at higher
sputtering power involves high kinetic energies of adatoms
leading to the enhanced surface migration on the substrate
surface contributing to poorly defined-fibrous columnar
structure (zone T structure).

Application of substrate bias during sputter deposition
has been proven to be an efficient means to modify the
microstructure of the growing film and thus its properties
[35, 54-56]. Ton bombardment during sputter deposition
causes surface modification of films deposited at room
temperature yielding high surface diffusion of adatoms.
Surface modification of film during ion striking on the film
may lead to the following: desorption of weak bonds,
reflection of energetic species (adatoms, ions or neutrals),
re-sputtering from the film, introduction of imperfections,
enhanced surface diffusion of adatoms. Figure 12a and c
reveals the planar FE-SEM micrographs of the Ni films
deposited under substrate-bias voltage of —10 and —90 V,
respectively. From the micrographs, it is evident that
application of substrate-bias voltage leads to the
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Fig. 11 Planar and cross-sectional FE-SEM images of Ni films on Si substrates for DC power. a and b 50 W, ¢ and d 200 W and e and f 300 W

elimination of void boundaries leading to dense and
smoother film surface. As previously observed, the
decrease in the roughness value of Ni film deposited at
—90 V is attributed to the reduction in density of voids.
Further, Fig. 12b and d shows the cross-section FE-SEM
images of Ni films deposited at substrate-bias voltage of
—10 and —90 V, respectively, and it is confirmed that the
substrate bias has insignificant effect on the film thickness.
However, slight modification in the film structure from
columnar structure (at —10 V) to smooth structure (at
—90 V) can be observed. When negative bias voltages are
applied to the substrate w.r.t. target during deposition, the
low energy argon ions etch the silicon substrate as well as
the growing film creating new nucleation sites and causing
high adatom migration during film growth process. As a
result, the breakage of columnar structure on the substrate
occurs due to “knock-out” by high energy adatoms into the
nearby valleys. Hence, the surface mobility of adatoms is
greatly enhanced with considerable reduction in void

boundaries leading to more continuous and denser film
morphology.

The crack-like microstructure which was previously
observed in as-deposited Ni films was not present in Ni
films deposited on Si substrate held at 570 K (Fig. 13a). At
substrate temperatures of 570 and 770 K, the T/T,, ratio of
Ni films was calculated to be 0.33 and 0.45, respectively.
The ratio lies in the zone T (transition zone) and zone II of
Thornton’s SZM and the expected microstructure is a large
columnar structure with densely packed grain boundaries
without void spaces [29]. The atomic mobility on the
substrate surface increases, thereby adatom condensation
occurs preferentially at the surface concavities leading to
the smoother surface and denser Ni film. Figure 13b shows
the cross-sectional FE-SEM microstructure of Ni films
deposited at substrate temperature 770 K. A near-equiaxed
grain structure with densely packed microstructure com-
prising large lateral grain size was observed. This indicates
the high surface mobility of adatoms during the deposition
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Fig. 12 Planar and cross-sectional FE-SEM images of Ni films deposited at a and b —10 V and ¢ and d —90 V substrate-bias voltage

Fig. 13 FE-SEM image of Ni film deposited at a 570 K (planar) and
b 770 K (cross-sectional) substrate temperature

on substrate surface leads to near-zone III type of structure.

This type of film microstructure shows the clear evidence
of film formation by Stranski—Krastanov model which is

@ Springer

layer-by-layer growth in addition to the island growth
mechanism [35]. It is believed that the involvement of high
activation energy in the process of thermal diffusion of
adatoms at high substrate temperature compared to the
process of condensation of adatoms in the as-deposited
condition contribute to the formation of near-equiaxed Ni
grain structure.

Conclusions

Nickel films have been successfully produced with high
deposition rates (~40 nm/min) by DC-magnetron sput-
tering system at low pressure of 5 mTorr and target power
of 300 W. The structural and morphological properties of
Ni films deposited on Si (100) substrates were investigated
as a function of argon gas pressure, target power, substrate-
bias voltage, and substrate temperature. The results are
encapsulated as follows:

1. All nickel films have mixed crystalline orientation of
[111], [200], and [220] in the direction of film growth.
Due to the high packing density of atoms in (111)
plane in the case of fcc materials Ni film exhibit strong
<111> fiber texture irrespective of various sputtering
parameters.

2. The crystallite size ranging from 6 to 20 nm is observed
in room temperature deposited nickel films, which
extends the scope for processing of nanocrystalline
nickel films with superior mechanical properties.
However, with increase in the substrate temperature
grain size found to increase from 18 to 33 nm.
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