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Surface enhanced Raman scattering (SERS) can greatly enhance the Raman scattered signal and
result in applications in material analyses and detection of a small number of molecules. Various
studies are being pursued on SERS substrates, and in particular, Ag-based substrates have been
studied most extensively because of their relatively high sensitivity. In the present study, the appli-
cability of SERS substrates was tested by designing a method for forming an Ag nanoporous metal
structure on a Si substrate by using a sputtering system loaded with a cluster source. The Ag
nanoporous structure was formed uniformly on the Si surface under various conditions, and as the
working pressure was increased from 10 to 50 mTorr, the gaps between the metal clusters and
crystal sizes increased, resulting in the formation of a more porous metal structure. When the clus-
ter source temperature was increased, the deposition rate and porosity decreased, while the crystal
size remained constant at 12.5 nm. The Raman response function of the Ag nanoporous structure
sample fabricated with the use of a sputtering system loaded with a cluster source showed the
maximum peak value for Rhodamine 6G (R6G) at 1514/cm, and when the working pressure was
30 mTorr, the enhancement factor (EF) was 1�92×106, which confirmed its applicability as a SERS
substrate.
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1. INTRODUCTION
Raman scattering refers to scattering spectroscopy that
involves the inelastic scattering mechanism, and it is one of
the important methods used in studying the structure and
characteristics of a substance.1 Raman spectroscopy has
the major advantages of being a label-free, non-destructive
material testing method.

However, because the efficiency of Raman scattering is
very low (approximately 1014-fold lower than 10−16 cm2

of fluorescent dyes), detection of the Raman signal itself
becomes difficult.2–4 As one method to overcome this
problem, Fleishmann et al. reported on surface enhanced
Raman scattering (SERS) technology in 1974. They
observed that a 106-fold increase in Raman signal inten-
sity after adsorption of pyridine molecules in an aqueous
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solution occurred following repeated oxidation/reduction
on the Ag electrode. In other words, the SERS analysis
technology involves the phenomenon of a large increase
in Raman signal intensity of particles that are present near
the nanostructures of precious metals.5�6

Subsequent to the development of the SERS technology,
many studies have examined the fundamental cause behind
this phenomenon, as well as its applicability as a detec-
tion method for a variety of substances.7�8 Semiconductors,
graphene, and noble metals, such as Au and Au have been
studied as SERS substrates, and in particular, there have
been many studies on noble metal substrates prepared by
various methods. Among them, Ag-based SERS substrates
are being studied the most because of their relatively high
sensitivity.9–11 With respect to methods for creating large-
sized SERS substrates, self-assembly and surface nanopat-
terning techniques using focused ion beam (FIB) and
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electron-beam lithography (EBL) are being studied.12�13

The nanopatterning technique has the disadvantages of the
high cost associated with SERS substrate preparation and
low throughput. Meanwhile, the self-assembly technique
offers the advantages of being less costly and involving a
simple method to produce the nanoparticle layer, but it is
limited in reproducing a large area.14–16 Among the film
forming methods using a semiconductor process, the sput-
tering technique has the advantages of allowing deposition
of various materials, such as metals, compounds, and insu-
lators; being favorable for creating films with large areas;
allowing uniform film growth; and having excellent step
coverage. Instead of using an existing sputtering system,
the present study used a sputtering system loaded with a
cluster source that can control the energy and flow of the
deposition material. It locally increases the pressure inside
the sputtering source17–19 for testing the methods for form-
ing the nanoporous metal structure on the substrate and
examining its applicability as a SERS substrate.

2. FABRICATION OF NANOPOROUS
METAL STRUCTURE

To form the nanoporous metal structure, a sputtering sys-
tem loaded with a cluster source was used. Figure 1 is an
illustration of the structural diagram of the ‘cluster source
sputter system’ used in the present study. The deposition
equipment used consisted of the cluster source chamber,
where the sputtered particles were condensed to form the
nanoclusters that moved into the main chamber, and the
main chamber (process chamber) for deposition of the film
on top of the substrate. The process chamber was capa-
ble of independently controlling the working pressure to
enable the nanoclusters from the cluster source to reach the
substrate and to be deposited on it. The cluster source unit
consisted of a DC magnetron sputtering unit, a condensa-
tion (aggregation) region (d), an aperture through which
the nanoclusters would enter the main deposition chamber,
and a water cooling system. The metal particles that were
sputtered by Ar ions were cooled as they passed through
the cluster source, resulting in the formation of nanoparti-
cles by nucleation with nearby particles.19

Figure 1. Structural diagram of a sputtering cluster source system.

Table I. Basic process conditions.

Pressure (mTorr)
Gas flow rate (sccm)

DC power Cluster Process Source
(W) source chamber temp (�C) Ar He He ratio

250 380 30 15 84 14 16%

The aperture size and the gases (Ar, He, etc.) that are
introduced into the cluster source determine the pressure
inside the cluster source. In the present study, while main-
taining the pressure inside the cluster source at several
hundred mTorr, the cluster source length (condensation
region) and aperture diameter were set to 50 mm and
4 mm, respectively, for deposition of the nanoporous metal
film. The deposition rate of the nanoporous metal struc-
ture and film characteristics are dependent on the con-
densation region length (d), condensation region pressure,
aggregation gas flow rate, and process chamber pressure.18

Table I shows the basic working conditions used in the
present study. While keeping the DC Power, cluster source
pressure, and total gas flow rate fixed, the process cham-
ber pressure, cluster source temperature, and He ratio
were varied for testing the nanoporous structure formation
characteristics.

3. RESULTS AND DISCUSSION
Figure 2 shows the SEM images of the surface of the
Ag metal films fabricated by normal sputtering and cluster
sputtering. The working conditions for cluster sputtering
are shown in Table I, while the working conditions for
normal sputtering were as follows: DC power of 250 W,
chamber pressure of 30 mTorr, Ar flow rate of 84 sccm,
and He flow rate of 14 sccm. It was found that nor-
mal sputtering produced an Ag metal film with grain
size of 100–200 nm, while cluster sputtering produced
a metal nanostructure that was more porous. The weight
of the deposited Ag nanoporous structure was approx-
imately 17% of the metal film, having approximately
73% porosity. Figure 3 shows the surface and cross-
sectional SEM images of samples produced by chang-
ing the working pressure inside the process chamber. The
total volume of gas entering the cluster source chamber

Surface(×25K)

(a) (b)

Surface(×25K)

Figure 2. SEM images of the Ag film surfaces for (a) normal sputtering
and (b) cluster sputtering.
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(a) (b) (c)

Figure 3. Surface and cross-sectional SEM images of samples according to changes in the process chamber working pressure: (a) 10 mTorr,
(b) 30 mTorr, and (c) 50 mTorr.

was maintained at a constant level, while the working
pressure inside the process chamber was varied between
10 and 50 mTorr. The other working conditions were
as shown in Table I. The deposition time of the sam-
ples was controlled to ensure deposition to a thickness
of 1 �m. Even when the working pressure was varied
between 10 and 50 mTorr, the nanoporous metal struc-
ture was formed uniformly on the Si substrate, and as

the working pressure was increased, the gap between the
metal clusters increased to form a metal structure that was
more porous. Figure 4(a) shows the results of the deposi-
tion rate, porosity, and crystal size of the nanoporous metal
film according to the working pressure. As the working
pressure increased, the deposition rate decreased. When
the pressure inside the process chamber was increased
with the pressure within the cluster source remained at a
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Figure 4. (a) The deposition rate, porosity, crystal size, and (b) gap size of the nanoporous metal structure according to the working pressure.
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constant level, the deposition rate decreased from decrease
in particle speed. It also decreases in pressure difference
between the cluster source and process chamber and depo-
sition rate from difference in mean free path of particles
according to pressure conditions within the process cham-
ber (5-fold difference in mean free path between 10 mTorr
and 50 mTorr). As the working pressure increased, the
crystal size and porosity increased in the film. It is believed
that condensation increased from decrease in clustering
speed within the cluster source, mean free path of the clus-
ters decreased in the substrate, and crystal size increased
from the influence of the decreased deposition rate.20

Figure 4(b) shows the measurement results of gap distri-
bution between clusters according to the increase in the
working pressure. The gaps between the clusters were
measured from 120 spots for each sample, and the gap
distribution graph was drawn. As the working pressure
increased, the gaps also increased. When the working pres-
sure was 10 mTorr, most of the gaps ranged between 60
and 80 nm, and most of the gaps increased to 140–160 mm
at 50 mTorr. Thus, it is believed that the crystal size,
gaps between the clusters, and porosity of the nanoporous
metal structure can be controlled by varying the work-
ing pressure. Figure 5 shows the process characteristics
according to the He concentration. Figure 5(a) shows
the SEM images for He concentration of 0 and 25%,
while Figure 5(b) shows the film formation characteristics
according to the He ratio. A uniform nanoporous metal

Top view (××100K, inner box ×25K)
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Figure 5. (a) Surface SEM image and (b) deposition rate, porosity,
crystal size, and gap size according to He concentration.

structure was formed regardless of the changes in the
He ratio.
As the He ratio increased, the crystal size and poros-

ity decreased while the deposition rate increased. Since
He has a higher viscosity than Ar, an increase in the
He concentration resulted in an increase in the deposi-
tion rate. Moreover, the He partial pressure increased, and
the overall viscosity of the gas decreased to cause con-
densation of the particles in the cluster source and moved
them to the process chamber before they became big-
ger, which is believed to have led to a decrease in the
crystal size and porosity. Figure 6 shows the deposition
rate and porosity according to temperature changes. As
the temperature increased, the deposition rate and poros-
ity decreased, while the crystal size remained constant at
approximately 12.5 nm. A decrease in temperature caused
reduced deposition rate from increased nucleation, but
because of the influence of the narrow temperature range
and the short cluster source (condensation region), the
cluster size remained virtually constant.21

To verify the applicability of the Ag nanoporous metal
structure fabricated by using a sputtering system loaded
with a cluster source as a SERS substrate, the Raman
response characteristics to 1 mM of Rhodamine 6G (R6G)
solution, used in biosensors, was investigated (Fig. 7).
The laser used in the measurements had a wavelength
of 725 nm, and for Raman response to the R6G solu-
tion, 20 ml of a 1 mM solution (2×10−5 mol) was used.
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Figure 6. (a) Surface SEM image and (b) deposition rate and porosity
according to temperature changes.
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(a)

(b)

Figure 7. Raman response characteristics: (a) Intensity and
(b) enhancement factor.

For response characteristics to the Ag nanoporous sub-
strate, the Raman signal was measured by dropping 2 �l
of the 1 mM solution (2×10−9 mol) at a 1×1 mm region.
The Raman signal from the R6G solution was not detected
across the entire frequency range.

However, a very large Raman signal was detected in the
signal measured in the Ag nanoporous substrate, with the
maximum intensity seen at 1514/cm. SERS EFs can be
generally defined as follows:22

EF = �ISERS/IR�× �CR/CSERS�

Here, ISERS and IR are the SERS and normal Raman sig-
nal intensities measured in the presence and absence of
the SERS substrate, respectively. CSERS and CR are the
concentration of the molecules for Raman scattering in
the SERS and normal cases, respectively. The concentra-
tions of R6G used in the present study were 2×10−5 mol
(1 mM× 20 ml = 2× 10−5 mol) when measured in an
aqueous solution (CR� and 2×10−9 mol (1 mM×2 �l=
2× 10−9 mol) when measured in the SERS substrate
(CSERS�. It was found that the EF at 1514/cm showed very
high values ranging from 1.77× 106 (working pressure

of 10 MT) to 1.92× 106 (working pressure of 30 MT).
Therefore, it was determined that the Ag nanoporous metal
structure fabricated in the present study can be used as a
SERS substrate.

4. CONCLUSION
In the present study, instead of using an existing sput-
tering system, a sputtering system loaded with a cluster
source that can control the energy and flow of deposited
material by locally increasing the pressure inside the sput-
tering source was used. This system was used to design a
method for forming an Ag nanoporous metal structure on
a Si substrate to test its applicability as a SERS substrate.
While maintaining the pressure inside the cluster source
at several hundred mT, the cluster source length (conden-
sation region) and aperture diameter was set to 50 mm
and 4 mm, respectively, for deposition of the nanoporous
metal film. The nanoporous structure formation character-
istics were tested by keeping the total gas flow rate of the
cluster source constant, while varying the process cham-
ber pressure, cluster source temperature, and He ratio. An
increase in the working pressure and cluster source tem-
perature resulted in decreased deposition rate, while an
increase in the He ratio also resulted in a decreased depo-
sition rate. The mean crystal size did not change signifi-
cantly with changes in the cluster source temperature and
He ratio, but as the working pressure was increased, the
mean crystal size increased from 11.3 nm to 18.5 nm
and porosity increased from 74.5% to 84%. Therefore,
the working pressure was determined to be a major fac-
tor that influences the formation of the Ag nanoporous
metal structure, while the effects of the cluster source
length, cluster source pressure, and total flow rate on the
nanostructure formation characteristics require additional
investigations. Raman response characteristics of the Ag
nanoporous metal structure to Rhodamine 6G (R6G) solu-
tion were measured. The Raman response characteristics
showed a maximum peak at 1514/cm, and when the work-
ing pressure was 30 mTorr, the EF value was 1.92× 106,
which confirmed its applicability as a SERS substrate.
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