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The initial growth and microstructure feature of Ag films formation were investigated, which were prepared by using
the very-high-frequency (VHF) (60 MHz) magnetron sputtering. Because of the moderate energy and very low flux density
of ions impinging on the substrate, the evolutions of initial growth for Ag films formation were well controlled by varying
the sputtering power. It was found that the initial growth of Ag films followed the island (Volmer—Weber, VW) growth
mode, but before the island nucleation, the adsorption of Ag nanoparticles and the formation of Ag clusters dominated the
growth. Therefore, the whole initial stages of Ag films formation included the adsorption of nanoparticles, the formation
of clusters, the nucleation by the nanoparticles and clusters simultaneously, the islands formation, and the coalescence of

islands.
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1. Introduction

Recently, the Ag thin films and nanostructures have been
paid more attention because of their unique optical and electri-
cal properties, -]
the incident light,’>* and the application as the substrate for

silicene epitaxial growth.!>~”] These applications are highly

a strong coupling of surface plasmons with

sensitive to the subtle difference in their shape, size, and dis-
tribution, thus the morphology of Ag thin films and nanos-
tructures strongly govern these properties. Because the ini-
tial formation stages set the characteristic length scales during
growth of Ag thin films from the vapor phase, they are deci-
sive for the morphological and microstructural features of Ag
films and nanostructures.

The initial stages of Ag films formation have been well
investigated for a long time.®-14] The examples include the
initial formation of Ag films on MgF, substrates observed by
transmission electron micrographs,®! the view of the initial
stages of polycrystalline Ag film formation on an amorphous

19101 a5 well as

substrate by scanning tunnelling microscopy,
the optical and electrical monitoring on the initial stage of the
Ag growth in Ar/N, magnetron sputtering.!!!! In additional,
a three-dimensional (3D) Monte Carlo model for simulating
the growth of Ag thin film has also been developed to explore
the initial growth of Ag films on an amorphous substrate. 1]
These investigations showed that the initial stages of Ag films
formation followed the island (Volmer—Weber, VW) growth

mode, 3! which includes the island nucleation, island growth,
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and island coalescence.!'¥! However, these works focused on
the island growth and coalescence, and little information on
the nucleation stage has been reported.°! Thus, the informa-
tion on initial stages of Ag films formation is incomplete, and
some educated guesses were given. !

In order to carry out a good investigation on the initial
growth of Ag films formation, the controllable preparation of
samples is very important. The magnetron sputtering is an im-

15-201 and an at-

portant technology for the films deposition
tractive alternative to prepare Ag films.[?!=2>] However, the
common magnetron sputtering for the Ag films preparation is
driven by the 13.56 MHz radio-frequency (RF) source. Be-
cause of the higher growth rate, the exact control on the ini-
tial growth of Ag films is more difficult. If the growth rate
can be reduced as low as possible, the controllable prepara-
tion of samples can be achieved. Many investigations have
shown that the growth and structure of sputtered Ag films were
closely related to the energy and flux of ions impacting the
substrate.[>1-31 The previous works showed that the 60 MHz
very-high-frequency (VHF) magnetron sputtering had a very
low ions flux density and moderate ions energy.?-2°! If this
VHF sputtering is used to deposit the Ag films, the initial
growth of Ag films may be exactly controlled. Therefore, in
this work, the initial growth and microstructure feature of Ag
films prepared by the 60 MHz VHF magnetron sputtering were
investigated.
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2. Experimental details

In the experiment, an unbalanced planar magnetron sput-
tering was used to deposit the Ag thin films,[?6-28) which was
driven by a 60 MHz VHF source in the power range of 50—
250 W. In the cylindrical vacuum chamber, the water-cooled
circular Ag target (99.999% pure, in diameter of 50 mm) was
placed at the top, and the water-cooled, electrically floated
stainless steel substrate holder (in diameter of 100 mm) was set
at the bottom, about 70 mm away from the target surface. The
sputtering target was biased with a VHF voltage of 60 MHz
through a corresponding matching box. The wall of the cham-
ber was electrically grounded. The device was pumped down
to a base pressure less than 5x10~* Pa before each deposi-
tion, with a 600 /s turbo-molecular pump backed up with a
mechanical pump. Argon with a fixed flow rate of 30 sccm
was used as the discharge gas and the operating pressure was
maintained at 5.0 Pa. The target was pre-sputtered in Ar for
10 min prior to each run. The deposition time was 60 min.
The n-type (100) silicon wafers and quartz crystal wafers were
used as the substrates.

The microstructure of Ag thin films grown on silicon
wafers was observed using a Hitachi S-4700 FE-scanning
electron microscope (SEM). The x-ray diffraction measure-
ments of the Ag thin films grown on quartz crystal wafers
were carried out using the D/MAX-2000PC x-ray diffractome-
ter with Cu K, radiation (A = 0.154051 nm). The surface
morphology of Ag thin films grown on silicon wafers was
also measured using a Bruker Dimension Icon atomic force
microscopy (AFM) in AC mode.

In order to understand the possible reason for the growth
of Ag thin films, the energy and flux density of ions impinging
on the substrate were measured at the substrate holder using
the Semion HV-2500 retarding field energy analyzer (RFEA).
Measurements of ion distribution, by retarding field devices,
represent ion velocity distribution function (IVDF) in the for-
ward direction, %331 described by[3233]

m 1

_ m dlc(¢r)
J(IVDE) = 2 T,Ag doy

; )]

where m is the mass of ions, Ty is the total geometrical trans-
parency of grids, Ay is the total open area of the entrance ori-
fice, I, is the detector current, and the ¢, is applied retarding
the grid potential. In our case, the total ion acceptance area
Ao was 21.5 mm?

ions transparency of every grid was 50%, thus the total trans-

. For the 3 electrically isolated grids, the
parency T, was 0.125. The ion flux density J; was calculated
as

Ji= IC/A()Tg. 2)

3. Results and discussion

Because the growth of Ag films is closely related to the
energy and flux density of ions impinging on the substrate,

the ion energy and ion flux density were analyzed firstly. Fig-
ure 1 shows IVDF measured by RFEA. It can be found that
at the power of 50 W, no obvious main peak can be seen,
and only some small peaks are obtained. This indicates the
random distribution of ion energy. As the power increased to
100 W, a main peak centered at the energy of 32.1 eV occurs
except for other small peaks. This means that the interaction
between VHF electric field and ions makes the most probable
ion energy be about 32.1 eV. As the sputtering power further
increases, the intensity of the main peaks increases, and the
center position of peaks slightly shifts to higher energy. The
full width at half maximum (FWHM) of these peaks also in-
creases, from about 7.0 eV to 12.7 eV. Thus the ions impacting
the substrate have more of a wide energy range.
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Fig. 1. IVDFs of 60 MHz VHF magnetron sputtering at the sputtering
power of 50-250 W.

Figure 2 shows the variation of maximum ion energy
Enax (denoting the ion energy at the peak as shown in Fig. 1)
and ion flux density J; with the sputtering power. It can be
seen that En,x is about 21.8 eV at the power of 50 W, and
then increases to the range of 32.1-34.5 eV as the power in-
creased to 100250 W. J; increases linearly from 0.0034 A/m?
to 0.0145 A/m?. Because Epax has a small variation while J;
increases rapidly as the power increases from 100 W to 250 W,
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Fig. 2. Variation of maximum ion energy En,x and ion flux density J;
with the sputtering power.

the evolutions of initial growth behavior and microstructure
feature of Ag films formation are mainly related to the ion
flux. In additional, Epn,x and J; of 60 MHz magnetron sputter-
ing are both lower than that of 13.56 MHz RF magnetron sput-
tering, which are in the range of 43.5—48.2 eV and 0.0057—
0.0313 A/m? respectively at the sputtering power range of 50—
250 W. Therefore, compared with the 13.56 MHz RF mag-
netron sputtering, the 60 MHz VHF magnetron sputtering can
produce ions with lower energy and lower flux density. As a
result, the growth of Ag films can be well controlled.

Figure 3 shows the SEM images of Ag films deposited
at the sputtering power of 50-250 W. At the power of 50 W
(Fig. 3(a)), only some small bright dots in diameter of 10—

small island
island coalescence I :'_\
o) 3
<

oo
oo

~-1

big island

20 nm distribute randomly on the substrate surface, which cor-
respond to Ag nanoparticles. Thus, at this stage, only low den-
sity Ag nanoparticles adsorp on the substrate surface, and no
island growth takes place. At the power of 100 W (Fig. 3(b)),
the small bright dots in diameter of 10-20 nm and the big
bright dots in diameter of 60—100 nm distribute simultane-
ously on the substrate surface. The small bright dots corre-
spond to the Ag nanoparticles, while the big bright dots cor-
respond to the Ag clusters, which are from the aggregation
of small Ag nanoparticles. Thus, at this stage, the aggrega-
tion of small Ag nanoparticles and the formation of big Ag
clusters take place. At the power of 150 W (Fig. 3(c)), the
Ag nanoparticles and Ag clusters form the nucleations simul-
taneously at the surface of the substrate. The size of major
nucleations is about 6-23 nm, and the size of big nucleations
coming from the few Ag clusters is about 90 nm. Thus, at
this stage, the nucleation of Ag nanoparticles and Ag clusters
take place simultaneously. At the power of 200 W (Fig. 3(d)),
the high density islands and low density coalescence of islands
are seen. Thus, at this stage, the island growth dominates the
films growth. At the power of 250 W (Fig. 3(e)), only the
worm-like microstructure®*! is formed while no islands can
be found. The formation of the worm-like microstructure is
from the more islands coalescence. Thus, at this stage, the
island coalescence dominates the films growth.
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Fig. 3. (color online) SEM images of Ag films deposited at 50-250 W by the 60 MHz VHF magnetron sputtering.

In addition, some evolutions of initial growth can be
clearly observed in the samples prepared by the RF magnetron
sputtering at the low power. Figure 4(a) shows the SEM image
of Ag films deposited at 50 W by the 27.12 MHz sputtering.
In this case, the growth surface is covered mainly by the high

density islands, including the big islands and small islands,

and the fewer island coalescence. The big islands are from the
nucleations of clusters, while the small islands are from the nu-
cleations of nanoparticles. Therefore, the development of nu-
cleations from the clusters and nanoparticles simultaneously
leads to the islands growth and the difference in the islands

size. Figure 4(b) shows the SEM image of Ag films deposited
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at 50 W by the 13.56 MHz sputtering. It can be seen that the
density of islands coalescence has increased largely compared
with that of Fig. 3(d), but the worm-like microstructure is not
as complete as that of Fig. 3(e). Meanwhile, some islands can
still be seen. Therefore, the coalescence of islands is devel-
oped gradually from the low density to the high density.
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o X Jaiy
big island —( )
)

island
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Fig. 4. SEM images of Ag films deposited at 50 W by (a) 27.12 MHz
and (b) 13.56 MHz magnetron sputtering.

For the initial stages of Ag film formation, according to
the STM view of the initial stages of polycrystalline Ag film
formation on an amorphous substrate, Polop makes a summary
on the morphology evolution of the Ag films.°! The initial
stages of Ag films include the following stages: (i) the nu-
cleation and island growth, (ii) the island coalescence, and
(iii) the continuous film. However, no further information is
reported in this summary on what happens before nucleation
and after polycrystalline islands. From the above SEM obser-
vations in this work, it can be found that before the nucleation,
the Ag nanoparticles firstly adsorp on the substrate, then form-
ing Ag clusters by nanoparticles aggregation. After that, the
Ag nanoparticles and clusters form the nucleations simultane-
ously for the islands formation, the islands coalescence, and
the formation of Ag thin films.

Figure 5 shows the variation of particles density (nanopar-
ticle, nucleation, or island) with the sputtering power. At the
beginning of Ag films formation, the density of Ag nanopar-
ticles on the substrate surface is very low, only about 1.4 x
10M-1.9 x 10" m~2, far lower than that of nuclei (~ 1 x
10'® m~2).18] Thus, the nucleation of adsorped Ag nanopar-
ticles cannot take place. With the increase of adsorped Ag

nanoparticles, the aggregation of some Ag nanoparticles forms
Ag clusters. The Ag nanoparticles and the Ag clusters form the
nucleations simultaneously, and the density of nuclei increases
to about 2.1 x 10'> m~2. With the development of nucleation
and the formation of islands, the density of island decreases
to about 2.6 x 10'* m~2. Therefore, the variation of particles
density (nanoparticle, nucleation, or island) indicates the evo-
lution of the adsorption of Ag nanoparticles, the nucleations,
the formation of islands, and the coalescence of islands.
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Fig. 5. Variation of particles density (nanoparticle, nucleation, or is-
land) with sputtering power.

Figure 6 shows the 3D AFM images of Ag films deposited
at the sputtering power of 50-250 W. At the power of 50 W
(Fig. 6(a)), the adsorped Ag nanoparticles show some small
lonely protrusions on the surface of the substrate. At the power
of 100 W (Fig. 6(b)), some big protrusions and high density
small protrusions, corresponding to the Ag clusters and the Ag
nanoparticles respectively, stand simultaneously on the surface
of the substrate. At the power of 150 W (Fig. 6(c)), the size
of big protrusions increases, and the small protrusions of nu-
cleations among the big protrusions can also be found. At the
power of 200 W (Fig. 6(d)), the islands all exhibit the shape
of cone protrusions. At the power of 250 W (Fig. 6(e)), the is-
lands coalescence also exhibits the shape of cone protrusions,
but the size of cone protrusions increases.

From the AFM measurement, the RMS roughness of sam-
ples were calculated. Figure 7 shows the variation of RMS
roughness with the sputtering power. It can be found that at the
stages of nanoparticles adsorption, the coverage of small den-
sity nanoparticles on the substrate surface leads to a low RMS
roughness. With the formation of Ag clusters by nanoparti-
cles aggregation and nucleations, the lonely particles standing
on the surface of the substrate leads to a coarse surface, thus
the large RMS roughness is obtained. When the formation of
islands and the coalescence of islands take place, the number
of boundaries between particles decreases. As a result, the
surface of samples becomes smooth again. Thus, the RMS
roughness decreases.
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Fig. 6. (color online) AFM images of Ag films deposited at 50-250 W by 60 MHz VHF magnetron sputtering.
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Fig. 7. Variation of RMS roughness with sputtering power.

The x-ray diffraction of the Ag thin films grown on
quartz crystal wafers were further measured for determining
the structural phases of the initial stages of Ag films forma-
tion, as shown in Fig. 8. Here, in order to avoid the hiding of
weak Ag diffraction peaks by the strong Si diffraction peaks,
the quartz crystal wafers while not the silicon wafer was used
as the substrate. It can be seen that at the stages of Ag nanopar-
ticles adsorped on the substrate, the formation of Ag clusters
by small Ag nanoparticles aggregation, and the nucleation of
Ag nanoparticles, no diffraction peak can be found. However,
at the stages of the island growth, the small diffraction peak of
Ag(111) can be seen, indicating the formation of crystal mi-
crostructures. When the coalescence islands form the worm-
like microstructure, the small diffraction peak of Ag(220) can
also be seen except for the obvious Ag(111) diffraction peak.
This means the formation of the polycrystalline structures with
the preferred plane (111). Thus, the formation of Ag crys-
talline structures takes place at the stage of the island growth
and coalescence.

Ag(111)
Ag(220) 250 W
' }
sy 200 W
9}
g }
E 150 W
100 W
50 W

" 1 " I L L N H
20 30 40 50 60 70 80
20/(°)
Fig. 8. (color online) X-ray difractogram for the initial stages of Ag
films formation.

4. Conclusion

The initial formation stages are decisive for morpholog-
ical and microstructure features of Ag films, but the investi-
gations on the initial stages of Ag films formation are incom-
plete due to a lack of information on the nucleation stage. In
this work, using 60 MHz magnetron sputtering, because of the
moderate ions energy and lower flux density, the exact con-
trol of the initial growth of Ag films was achieved by varying
the sputtering power from 50 W to 250 W. From the SEM
observations, it can be found that before the nucleation, the
Ag nanoparticles firstly adsorp on the substrate, then form-
ing Ag clusters by nanoparticles aggregation. After that, the
Ag nanoparticles and clusters form the nucleations simulta-
neously. These stages provide the nucleation for the islands
formation, the islands coalescence, and the Ag thin films are
formed. Therefore, the whole initial growth of Ag films fol-
lows the island thin-film growth modes (Volmer—Weber, VW),
which are (i) the Ag nanoparticles adsorped on the substrate,
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(ii) the formation of Ag clusters by Ag nanoparticles aggrega-

tion,

(iii) the nucleation by Ag nanoparticles and Ag clusters

simultaneously, (iv) the islands formation, and (v) the coales-

cence of islands and the formation of polycrystalline Ag films.
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