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Here we demonstrate a special technique to control a texture orientation of silver (Ag) thin films via using gas-timing (GT)

rf magnetron sputtering. By utilizing GT technique, a dense structure and a high ratio of (111)/(200) of Ag films could be

obtained without any applying additional energy sources. We found that the GT technique not only provides the ability to

adjust the number of sputter species from the target, but also generates the self-energy assisted deposition which related

to the atomic peening effect. Furthermore, we found that high (111)/(200) ratio of Ag films strongly affects on the SERS

activity of Ag films due to hot spot effect. Our results highlight that the texture engineering of metal thin films could be

accomplished by using GT technique.

Introduction

Texture and surface engineering of silver (Ag) thin films
fabricated by sputtering technique are very attractive for
several advanced technologies such as heat reflecting system
for automotive glazing,1 reduction of run-in wear of solid
lubricant coatings,2 reduction of the friction coefficient of
alumina disks,3 application in ultra large scale integrated (ULSI)
circuit® and application for surface enhanced Raman scattering
(SERS) substrate.”® It has been known that the strong (111)
preferred orientation of sputtered Ag films is strongly required
for the electromigration resistance in electronic devices under
high current densities.’®*’ Since sputtered deposited face-
centered-cubic (FCC) materials, i.e. Ag, Cu and Al, correspond
to the most densely packed planes in each lattice which relates
to the lowest energy surface,lo'17 it is thermodynamically
favorable to orient all of the grains in the film texture such that
their surface normal is perpendicular to the highest density
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planes.15 Therefore, the enhanced (111) preferred orientation
could be promoted by increasing total energy input during thin
film deposition.14 Although several research groups have
demonstrated the controllability in the texture and surface
morphology of sputtered Ag thin films, the external energy
sources such as substrate bias voltage,m’”'16 heating the
substrate during growth‘r"11 or post annealings’12 and ionized
magnetron sputter deposition (IMSD)14 are necessary to
include. Such external added techniques make a complex and
high cost operation and are not available to fabricate
sputtered Ag film at room temperature. Recently, Jiti et al.
established special techniques that are available to adjust
chemical composition and obtain high quality crystalline in thin
films by controlling the on-off flow sequence of sputtering gas
so called gas-timing (GT) and reactive gas-timing (RGT)
techniques.18 % Another major advantage of these techniques
is the change in structure coupled with high quality crystalline
thin film which could be achieved at room temperature and
without applying any external energy source.”®?® Here we
demonstrate the texture engineering of sputtered Ag thin films
through GT rf magnetron sputtering. The dependence of RF
power, working pressure and on-off gas sequence on the peak
intensity of (111)/(200) ratio was investigated. We found that
the GT technique as to the on-off sequence switching can be
attributed to the alternate sequence between deposition
mode and energy-assisted mode. Furthermore, we exhibit the
utilizing of Ag thin film grown via GT technique for the SERS
substrates. Our results highlight that the GT technique allows
us to control and design the texture engineering of metal thin
films, which can be applied in various research fields.
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RSC Advances

Experimental

Fabrication of silver thin film

Ag thin films were fabricated on silicon (Si) (111) by using GT rf
reactive magnetron sputtering technique.lg'25 A 3-inch
diameter with a 0.25-inch thick of silver target (99.99%, Kurt J.
Lesker Company) was used as a sputtering target. The Si (111)
substrates were cleaned by an alcohol process, which Si (111)
substrates were ultrasonically cleaned with acetone, ethyl
alcohol and deionized water for 10 min, respectively, and then
dried with the nitrogen flow. The samples were then
transferred to the high vacuum chamber for thin film
deposition. Distance between target-to-substrate was set at 70
mm. The substrates were mounted on a rotational holder
substrate, which was driven by a motor at a rotation speed of
10 rpm. High purity argon (99.999 %) was supplied as
sputtering gas. The flow rate of Ar gas was controlled by mass
flow meters (MKS), while the pressure in the chamber was
measured by Pirani and Penning gauges. When a base pressure
reached to 1.0 x10° mbar, a constant flow of Ar gas was
introduced to the chamber at 10 sccm. The RF power and
working pressure for sputtering were varied from 50 watts to
200 watts and 0.5x10 mbar to 2.0x107 mbar, respectively.
During the film fabrications, the GT technique was utilized to
fabricate Ag thin films via controlling the on-off sequences of
Ar gas at specific temporal intervals in order to operate
alternate gas flows into the vacuum chamber as shown in
figure 1 (a).m'25 In this work, the on and off sequences of Ar
gas were changed from 10 s to 60 s and 5 s to 15 s,
respectively. It should be noted that the deposition processes
were carried out at room temperature, i.e. the substrate was
not heated during or after deposition. The thickness of Ag thin
films was 200 nm, which were measured by thickness monitor
(INFICON SQM-160).
investigated for the changes in structure and morphology
based on the GT technique.

The fabricated samples were then

Characterization of silver thin film

The crystal orientation of Ag thin films was examined by X-ray
diffractometer (XRD, Bruker D8 ADVANCE). It should be noted
that the ratio of (111)/(200) was calculated from the ratio of
peak intensity of each crystal plane from XRD. Field emission
scanning electron microscope (FESEM, HITACHI SU-8030) and
atomic force microscope (AFM, SEIKO SPA400) were employed
to investigate the morphology of Ag thin films. The thickness
of Ag thin films was measured by using step profiler
(MITUTOYO SURFTEST), which was utilized to calibrate an
accuracy of thickness monitor.

SERS Measurement

The SERS performance using Ag thin films fabricated via GT rf
magnetron sputtering technique was observed. Methylene
blue (MB), a Raman active molecule, was employed for testing

SERS activity. In this section, the variations in MB

2| J. Name., 2012, 00, 1-3

concentration of 10° M to 10 M (in water) were dropped on
the Ag substrates and dried for 15 min in the ambient. A
microscopic confocal Raman spectroscopy (NT-MDT NTEGRA
SPECTRA) and I1X71 Olympus microscope with 100x objective
lens, using a laser beam with an excitation wavelength of 532
nm and charge-couple device (CCD) with a resolution of 4 cm"l,
was employed to record the SERS spectra. The SERS spectra
were acquired with exposure time 10 s and 3 times
accumulations. The area of Raman imaging was scanned with
100 umz. The exposure time for scan speed and resolution of
imaging were 0.3 s per pixel, and 32x32 pixel, respectively

Results and discussion

Figure 1 (b) shows the XRD pattern of Ag thin films grown on Si
(111) substrates via using GT rf magnetron sputtering (red line)
sputtering (blue line) techniques,
respectively. The thickness of Ag films is 200 nm. Two major
diffraction peaks of (111) and (200) of the face-centered-cubic
(FCC) Ag structure can be identified on both Ag thin films
which correlated to the Joint Committee in Powder Diffraction
Standards (JCPDS) file No. 04-0783. It can be seen that a high
degree of (111) texture with the (111)/(200) ratio of 40.8 can
be obtained via GT technique without applying any additional

and conventional

energy sources, i.e. heating the substrate and/or applying bias
825 On the other hand, the (111)/(200) ratio of
2.91 can be found in Ag thin film prepared by conventional
sputtering. Since the sputtered deposition of Ag thin films

on substrate.

actually exhibits a preferred orientation in the (111) direction
that is commonly observed in polycrystalline films,m’B'16 here
we examined the peak intensity of (111)/(200) ratio as a
function of the on-off gas sequence RF power and working
pressure, respectively, for understanding the role of GT
technique as shown in figure 2. Figure 2 (a) exhibits the peak
intensity of (111)/(200) ratio of Ag thin films as a function of
turn-on timing. The turn-off timing is set at 10 s. Below turn-on
timing of 50 s, the peak intensity of (111)/(200) ratio increases
with increasing turn-on timing. Above turn-on timing of 50 s,
the peak intensity of (111)/(200) ratio decreases when turn on
timing is increased.
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Fig.1 (a) Schematic diagram of gas-timing (GT) rf magnetron
sputtering technique (b) XRD patterns of Si (111) substrate
(green), Ag thin films grown by conventional sputtering and Ag

thin films grown via GT technique (red).
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Fig. 2 Peak intensity of (111)/(200) ratio of Ag thin films as a
function of (a) turn-on timing and (b) turn-off timing. Inset of fig.
2 (b): Absolute value of the difference in RF bias voltage as a
function of turn-off timing (c) Dependence of RF power on
(111)/(200) ratio of Ag thin films grown via GT technique (red
line) and conventional sputtering (blue line). (d) Dependence of
working pressure on (111)/(200) ratio of Ag thin films grown via
GT technique (red line) and conventional sputtering (blue line).
Inset of fig. 2 (d): Absolute value of the difference in RF bias
voltage when varying working pressure. Noted that the on:off

sequence of 50 s : 15 s is utilized in fig. 2 (c) and 2 (d).

This enhancement of the crystallinity of Ag thin films with
specific turn-on timing value could be frequently observed in
the thin films grown via GT technique,20 which related to a
balancing between the GT sequences as to the temporal
characteristic of the nucleation and the growth of thin films. %
The maximum (111)/(200) ratio of 7.60 could be obtained by
GT technique at the turn-on timing of 50 s which is higher than
that of 2.91 obtained by conventional rf magnetron sputtering.
Figure 2 (b) demonstrates the dependence of turn-off timing
on the peak intensity of (111)/(200) ratio of Ag thin films. The
turn-on timing of 50 s is used. The results show that the
(111)/(200) ratio increases when turn-off timing is prolonged.
It should be noted that the turn-off sequence could not be
longer than 15 s due to the limitation of equipment. Regarding
sputtering process, the total energy of sputtered atoms
directly correlated with RF power and working pressure, which
could be attributed to the transferred energy of Ar’ to an atom
of a target surface, i.e. energy per atom.’®% Since an abrupt
turn-off sequence could be regarded as the reduction of the
working pressure, the higher energy of sputtered atoms could
be raised in the longer turn-off sequence. To assure of such
explanation, the absolute value of the difference in RF bias
voltage between turn-on timing and turn-off timing ( | Vegason —
Veas off|) is collected during the GT process as shown in the
inset of figure 2 (b). It can be seen that the|VgaS on — Vaas
Off|value increases with increasing turn-off timing, implying
that the enhancement of energy per atom could be gained at
the lower working pressure.w‘n‘l“‘19 Thus the enhancement of

This journal is © The Royal Society of Chemistry 20xx

the energy per atom through the longer turn-off timing might
be responsible for the improvement of (111) orientation
texture. 11419 Figure 2 (c) shows the dependence of RF
power on (111)/(200) ratio of Ag thin films grown via GT
technique (red line) and conventional sputtering (blue line).
The turn-on: turn-off timing is set at 50 s: 15 s. The peak
intensity of (111)/(200) ratio rapidly increases and saturates
above RF power of 100 watts when using GT technique,
implying that there is a threshold RF power to enhance the
(111)/(200) ratio.'! For the conventional sputtering technique,
on the other hand, the (111)/(200) ratio seems to be
independent of RF power. Since the energy of sputtered atoms
depends on the total energy per number of the sputtered gas,
which is directly related to RF power and working pressure, an
increasing of the RF power with the constant working pressure
does not impact on the total energy in the sputtering system.
10.11,14,19,20 Therefore, the ability to increase the energy of the
sputtered atoms can be provided when the GT technique is
utilized. In other words, the value of (111)/(200) ratio of Ag
thin films can be elevated through the GT technique. Figure 2
(d) demonstrates the dependence of working pressure on
(111)/(200) ratio of Ag thin films grown via GT technique (red
line) and conventional sputtering (blue line). The RF power and
turn-on: turn-off timing of 150 watts and 50:15 are used. It
obviously can see that the (111)/(200) ratio strongly depends
on the working pressure, especially, when the GT technique is
utilized. The maximum value of 40.8 of (111)/(200) ratio can
be obtained when the working pressure is at 0.5 x 10 mbar. It
should be noted that the working pressure could not be
operated lower than 0.5 x 10 mbar due to the limitation of
equipment. On the other hand, the (111)/(200) ratio of Ag
thin films grown by the conventional technique slightly
increases when the working pressure is decreased. Our results
indicate that the effect of working pressure powerfully impacts
on the texture orientation of Ag films rather than that of RF
power despite without using the GT technique. Recently,
Marechal et al. demonstrated that the structure of Ag films
sputtered deposited at the low Ar pressure with bias substrate
was more oriented in the (111) direction.’* Since the GT
technique can deliver the extra-lower working pressure than
the based line of conventional one, the higher kinetic energy
during the films growth can be raised when the turn-off
sequence is operated. The inset of figure 2 (d) shows the
absolute value of the difference in RF bias voltage between
turn-on timing and turn-off timing (|Vgas on = Veas off|) as a
function of the working pressure. It can be seen that the |Vgas
— Vgas Off| value intensely increase when the working
pressure is decreased, implying that the energy of sputtered
atoms is powerfully enriched. When the transferred energy
increases, therefore, the sputtered atom impinged on the
surface of thin films possess the sufficient kinetic energy to
enhance the mobility of silver atoms condensed at the film
surface.’®™"' sych adsorbed atoms can move to more
preferential favoured site, e.g. void, interstitial position and
grain boundary, indicating that an atomic peening
phenomenon might be responsible for the improvement of the
(111) orientation of Ag thin films.***To investigate the effect
of atomic peening on Ag film texture, here we have observed
the cross-section and morphology of Ag thin films grown via
GT technique and conventional sputtering as shown in figure 3
(a-b). The cross-section and the morphology of Ag films are
observed by using FE-SEM and AFM, respectively. It should be

on
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noted that the thickness of 1 um of Ag thin films is prepared to
compare the distinct difference between the texture of Ag thin
films grown via GT technique and conventional sputtering. The
results demonstrate that the Ag thin film grown via the GT
technique exhibits a finer columnar structure than that via the
conventional sputtering.10 This implies that the Ag films
deposited via the GT technique should be submitted to a
relatively intense bombardment of high-energy particles
during the turn-off sequence and then the silver atoms
condensed on the film surface can move to the deeper
positions in the film texture. Consequently, a fully dense
structure of Ag films can be obtained.”® The insets of figure 3
(a) and 3 (b) demonstrate the morphology of Ag films. It can be
seen obviously that the GT technique produces a smaller grain
size (~80 nm) than that of the conventional sputtering (~200
nm). Therefore, the atomic peening effect emerged from the
GT technique is responsible for the fine columnar of Ag film
texture due to the ability to enhance energetic mobile atoms
on the film surface. Such fine columnar structure resulting
from the mobility of adatoms as a function of (111)/(200) ratio
can improve the conductivity of Ag thin films as shown in
supporting information 11101 Figure 3 (c) shows the grain size
and RMS roughness of Ag thin films as a function of
(111)/(200) ratio. The peak intensity of (111)/(200) ratio
inversely correlates to the grain size and roughness RMS of Ag
films, indicating that the capability to adjust the peak intensity
of (111)/(200) ratio directly affects on the morphology of Ag
thin films. Here we question what is the possible mechanism
that the GT technique enables us to induce the texture
orientation of (111) Ag thin films. Within the frameworks of
the sputtering technique, Ar’ ions are generated via RF
excitation or high voltage between anode and cathode.
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Fig. 3 Cross-section images of Ag thin films grown via (a) GT
technique and (b) Conventional sputtering. Inset of fig. 3 (a) and 3
(b) shows AFM images. 3 (c) Grain size and RMS roughness of Ag
thin films grown via GT technique as a function of (111)/(200)

ratio.
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deposition rate of turn-off timing.

When Ar” ions bombard on the target materials, the energy
and momentum transferred to atoms at the surface of target
can knock some of these atoms off the target surface.
Subsequently, such sputtered atoms will travel to a substrate
and deposit as a thin film with high kinetic energy. Since the
deposition rate of sputtering related to energy and
momentum transfer (energy per atom) is proportional to the
sputtering yield, which straightforwardly depends on working
pressure and RF bias voltage, the ability to optimize the kinetic
energy during sputtering process is very important to adjust
the sufficient energy for texture orientation.”® Figure 4 (a)-(d)
exhibit the deposition rate of Ag thin films grown via the GT
technique as a function of (a) turn-on gas-timing, (b) turn-off
gas-timing, (c) RF power and (d) working pressure. Noted that
full circle is the growth rate of turn-on gas and blank circle is
the growth rate of turn-off gas. It can be clearly seen that the
deposition rate of turn-on gas is almost higher than that of
turn-off gas. Since the turn-off gas sequence can be attributed,
as the reduction of the working pressure, the decrease of the
deposition rate as to the lower amount of sputtered atoms will
raise the energy per atom of particles. Such energetic particles
will transfer energy and momentum to Ag atoms condensed
on the film surface, resulting that the mobility of adatoms can
be occurred as followed the atomic peening effect.”®”’ On the
other hand, the deposition rate of the turn-on gas sequence
can be considered same as the growth rate of thin films
prepared by the conventional sputtering deposition. Since the
total kinetic energy of the system related to |Vgas on — Vgas
off| can be elevated by utilizing GT technique as shown in
figure 2 (a-d), the difference in the deposition rate between

turn-on and turn-off gas (AR) may allow us to determine the

This journal is © The Royal Society of Chemistry 20xx
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enhancement of the texture formation (i.e. the large

difference of AR effectively enhances crystal orientation,

Supporting information 2)1'. Although the AR seems to be
constant in figure 4 (a) when varying the turn-on gas
sequence, the AR increases when the turn-off gas sequence is
prolonged as shown in 4 (b). Furthermore, we found that the
AR is strongly dominated by working pressure rather than that
of RF power, which is corresponding to the increase of |Vga5On
— Vgas Off| in figure 2 (c) and 2 (d). Therefore, the alternate GT
sequence during the deposition might be the switching mode
between deposition mode and self-energy assisted mode,
which generate the atomic peening mechanism through high
kinetic energy (Supporting information 3). Thus, our results
highlight that employing the GT technique enables us to
control and design the texture engineering of sputtered face-
centered-cubic (FCC) metal thin films (e.g. Ag, Au, Cu and Al)
without applying any additional energy sources such as
heating and RF bias at substrate during growth.

Finally, we demonstrate the utilizing of Ag thin films grown via
GT technique as a SERS substrate as shown in figure 5 (a-d).
The thickness of Ag thin films is fixed at 200 nm. Figure 5 (a)
demonstrates the Raman spectra of MB at the concentration
of 1x10™ M on Ag thin films grown by GT technique (green
line), Ag thin films grown via conventional sputtering (blue
line) and blank substrate (Si, red line). The peak at 520 cm™
corresponds to the Raman scattering of the crystalline Si
substrate. It can be seen that the Raman signal of MB with the
concentration of 10™® M can be observed only when the Ag
thin film grown via GT technique is utilized. This indicates that
the GT technique enables us to fabricate high sensitivity of
SERS substrate. Figure 5 (b) exhibits the dependence of MB
concentration on SERS intensity. Noted that the SERS intensity
of MB is collected from the characteristic of Raman shift at
1626 cm™. It can be seen that although the SERS intensity of
Ag thin film grown via GT technique rapidly decreases when
the concentration of MB decreases from 10° M to 10 M, the
Raman spectra of MB can be found at the MB concentration of
102 M (figure 5 (a)). On the other hand, the SERS intensity of
Ag thin film prepared by conventional sputtering cannot be
detected below the MB concentration of 107 M. For more
information, we have determined the enhance factor (EF) to
compare the SERS enhancement between Ag thin film grown
via GT technique and conventional sputtering. Here the EF is
defined as a ratio of elastic scattering intensity per molecule

6,7,28-36

between the presence and absence of SERS. The Raman

. . I Ng .
EF is written as EF = SEBS. B¢/ \yhen Iugs is the enhance
Iref NsEers

intensity of adsorbed MB molecules on the SERS substrate. Iges
is the spontaneous Raman scattering intensity from the bulk
MB molecules under the laser spot on the blank Si substrate.
Nget is defined as the number of the bulk MB molecules excited
by the laser without Raman enhance effect.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Raman spectra of methylene blue (MB) droplets at
concentration of 10°*3> M dried on Si (red), Ag thin films grown via
conventional sputtering (blue) and Ag thin films grown via GT
technique (green). (b) SERS intensity collected at Raman shift of
1626 cm™ of Ag thin films prepared by conventional sputtering
(blue) and GT technique (green). Inset of figure 5 (b) shows
Raman spectra of MB droplets at concentration of 10-3 M dried on
Si (red), Ag thin films grown via conventional sputtering (blue) and
Ag thin films grown via GT technique (green). (c) Raman spectra
mapping of SERS substrate fabricated via GT technique and
conventional sputtering, respectively. Insets of figure 5 (c) and 5
(d) show the Raman mapping of SERS substrates prepared by GT
technique and conventional sputtering. Noted that the Raman
signal peak of 1626 cm™ of MB is set to scan for SERS mapping.
The MB concentration of 10 M is used to observe.

For MB concentration of 1.0x10° M, Nges is approximately
1.7x10® molecules within a scattering volume of 1000

m? 52830 Nsers is the number of MB molecules uniformly
spreading on the SERS substrate under the laser spot. Using a
100x objective lens, the area of the laser spot is around 1 umz.
Assuming a monolayer of the adsorbed molecules, the value of
Nsers Under laser excitation is therefore 5x10° molecules.®>?®*°
By collecting the intensity of characteristic of Raman shift at
1626 cm™ of Ag thin film grown via GT technique, Ag thin film
grown via conventional sputtering and blank from the inset of
figure 5 (b), we can obtain the average values of EF of Ag thin
films grown via GT technique and conventional sputtering as
3.40x10° and 1.42x10% respectively. This result indicates that
the EF of Ag thin film grown via GT technique is higher than
that of Ag thin film grown via conventional sputtering 1 order.
Since the performance enhancement of sputtered SERS
substrate can be explained through the hot spots effect” 2283
which directly depends on the morphology of thin films,
here we have collected the RMS roughness, grain size, gap
between grain edges and density of grain of Ag thin films by
AFM as shown in table 1. The results demonstrate that the
RMS roughness, grain size and gap between grain edges of the
Ag thin films grown via the GT technique are smaller than that
of the Ag thin films grown via the conventional sputtering. On
the other hand, the density of grain size of Ag thin films grown
via the GT technique is higher than that of the Ag thin films
grown via the conventional sputtering. Although the RMS
roughness of the Ag thin film prepared by the conventional

5-8
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sputtering is smaller than that of the GT technique, Lee et al.
recently demonstrated that the roughness of sputtered Ag
films with the thickness higher than 20 nm could not enhance
SERS activity due to limited effect of SERS process.9 Therefore
the effect of roughness with the thickness of 200 nm can be
eliminated.”® For the grain size effect, as the particle size
increases, the particles absorb less light and scatter more
through inelastic scattering, which should decrease the overall
SERS intensity.‘r”g’zg’sl'34 Furthermore, the increase in the grain
size with the lower density of grain leads to the reduction of
the total surface area for adsorption.5'33'34 Since the large EM
field enhancement is located at the junction between
individual particles, the EM enhancement in these spatially
confined hot spots can be larger orders of magnitude than on
the individual particle surface.”®?®3® van et al® and
McMahon et al.*® showed that the smaller gap between
particles give a higher SERS enhancement. This indicates that
the smaller gap between grain edges fabricated by the GT
technique should be included in the factors that increase SERS
enhancement. Figure 5 (c) and 5 (d) exhibit SERS mapping of
Ag thin films grown via the GT technique and the conventional
sputtering. Noted that the scan speed of 0.3 s/pixel is used.
The Raman signal peak of 1626 cm™ of MB is set to scan for
SERS mapping. The MB concentration of 10 M is used to observe.
It can be obviously seen that the uniformity of SERS signals can
be accomplished when the SERS substrate fabricated by the GT
technique is utilized. Whereas SERS signals from using the
conventional sputtered SERS substrate shows low non-uniform
distribution of SERS signals, implying that Ag thin films
prepared by GT technique are promising for SERS activities.
Noted that the further investigation is in progress. Thus, our
results highlight that controlling and designing the texture
orientation of Ag thin films through the GT technique enable
us to fabricate the high performance SERS substrate.

Conclusions

In this work, we have demonstrated the special technique so
called gas-timing (GT) rf magnetron sputtering which allow us
to control a texture orientation of Ag thin films without
applying any additional energy sources (i.e. pre/post annealing
and/or bias substrate). We found that the GT technique as to
the on-off sequence switching can be attributed to the
alternate sequence between deposition mode and energy-
assisted

self-energy assisted, which related to the atomic peening
effect. In addition, we exhibit that the high (111)/(200) ratio of
Ag films strongly affects on the SERS activity of Ag films due to
the small grain size and the gap between grain edges (i.e. hot
spot effect). Our results highlight that utilizing the GT
technique enables us to perform the texture engineering of
metal thin films which can apply for various research fields.
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