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Ag nanoparticles (AgNPs) were deposited onto silicon substrates by direct current (dc) magnetron

sputtering. The influences of sputtering power and sputtering time on the AgNP film morphology

were studied using atomic force microscopy. The particle size was successfully tuned from 19 nm

to 53 nm by varying the sputtering time at a dc power of 10 W. When Rhodamine 6 G (R6G) was

used as the probe molecule, the AgNP films showed significant surface enhanced Raman scattering

effect. In particular, it is found that larger particles show stronger enhancement for lower

concentrations of R6G while smaller particles display stronger enhancement for higher

concentrations of R6G. VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4742967]

I. INTRODUCTION

Ag nanoparticles show such a high surface enhanced

Raman scattering (SERS)1 effect that single molecule detec-

tion was reported under some conditions.2 Most SERS sub-

strates are based on colloidal chemistry methods3 or

monolayer assembly by Langmuir-Blodgett technique.4 These

methods involve surfactants or chemical compounds, which

could interfere with the absorption of the probe molecules.

Magnetron sputtering in vacuum is a very common technol-

ogy not only in laboratory research but also in industry. Sput-

tering a silver target in vacuum can produce very clean Ag

nanoparticle (AgNP) substrates. Such substrates would enable

probe molecules to be chemically adsorbed on their surface

so that both electromagnetic and chemical enhancements can

take place simultaneously, endowing the AgNP substrates

with very high SERS efficacy. To date, quite a few groups

have studied the properties of AgNPs on various substrates.

Ruffino et al. investigated the nano-morphology of Ag on SiC

substrates by radio-frequency sputtering,5 Charton et al. stud-

ied the optical properties of thin Ag films on polyethylene ter-

ephthalate deposited by magnetron sputtering,6 and Kato

et al. researched the influence of low voltage sputtering on the

microstructure of AgNP films on glass substrates.7 In 1998,

Kunduy et al. reported Ag thin films grown by direct current

(dc) sputtering on Si (001) that were composed of silver

islands.8 In 2007, You et al. utilized sputtered AgNP films on

silicon substrates to study the optical properties of ZnO thin

films and found that the local surface plasmon of AgNPs

could enhance UV emission of ZnO greatly.9 Our group has

previously produced AgNP substrates by dc sputtering that

provided high SERS activity and were successfully applied to

detect carbon deposition and cathode thin films in solid oxide

fuel cells.10 For the current work, AgNP films were deposited

on silicon substrates using different dc power levels and

sputtering times to study the effect of these variations on the

nanostructure of the substrate and SERS effects. Due to the

three-dimensional AgNP structure, high SERS effects were

obtained. Further, we found an interesting phenomenon:

larger particles have larger enhancement for lower concentra-

tions of Rhodamine 6 G (R6G) and smaller particles have

stronger enhancement for higher concentrations of R6G.

II. EXPERIMENT

The AgNPs were deposited onto silicon substrates in a

high vacuum system by dc magnetron sputtering at different

power levels (4, 10, and 15 W) using a high purity Ag target

(99.995%) with a plasma generated by ultra-high purity Ar

(99.999%) at different exposure times (60, 180, 240,

540 sec). The base pressure in the vacuum chamber was

about 2� 10�6 mbar. During sputtering, the flow of Ar was

80 sccm and the working pressure was maintained at

2.5� 10�2 mbar. The substrates were not heated during

sputtering. Following deposition, the samples were removed

from the vacuum chamber and immersed into R6G solution

with concentrations of 10�5, 10�6, 10�7, and 10�9 M for

3 h. The samples were then dried naturally in air. Raman

spectra were collected with a Raman spectromicroscopy

system (Renishaw RM 1000). The excitation wavelength

was 514 nm from an Ar ion laser with 5 mW power, and the

a)Electronic mail: yingcui.fang@mse.gatech.edu
b)Electronic mail: meilin.liu@mse.gatech.edu

050606-1 J. Vac. Sci. Technol. A 30(5), Sep/Oct 2012 0734-2101/2012/30(5)/050606/5/$30.00 VC 2012 American Vacuum Society 050606-1

Downloaded 21 May 2013 to 128.61.137.229. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



collection time for each spectrum was 10 s. The morpholo-

gies of the films were characterized by atomic force micros-

copy (AFM).

III. RESULTS AND DISCUSSION

A. AFM analysis

SERS effects mainly depend on the particle size and the

inter-particle distance11; thus, tuning and optimizing these pa-

rameters is important. We first tried to tune the dc power. The

morphologies of the samples made at 2.5� 10�2 mbar for

60 s at dc power of 4 W, 10 W, and 15 W are shown in Figs.

1(a)–1(c), respectively. The particles deposited at 4 W were

much smaller compared with the other two samples due to the

smallest amount of Ag sputtering yield from 1 min of sputter-

ing. The average size of the particles obtained by sputtering at

10 W was near and even a little larger than that of particles

obtained by sputtering at 15 W. At higher dc power, the

amount of atoms from the Ag target sputtered by Arþ per unit

time was larger, and the excess of atoms may not have been

given sufficient time to migrate across the surface to join with

the formed Ag particle nuclei and promote their growth.

Instead, more nuclei were formed. Hence, the Ag nanoparticle

population density was higher when the sputtering power was

15 W. Since a higher density of nuclei would result in a higher

population density of AgNPs, the maximum size of the

individual particles becomes limited. The histograms of

Figs. 1(a)–1(c) are shown in Figs. 2(a)–2(c), respectively, and

the corresponding average sizes are about 14, 19, and 17 nm,

respectively. From these results, it is apparent that controlling

the morphology by dc power is not feasible due to this con-

straint. We chose 10 W as the sputtering power and tried to

tune the particle size by varying sputtering time. The AFM

images are shown in Figs. 1(d) for 180 s, Fig. 1(e) for 240 s,

and Fig. 1(f) for 540 s. The corresponding histograms are

shown in Figs. 2(d)–2(f), respectively, and the average sizes

were about 29, 31, and 53 nm, respectively. Therefore chang-

ing the sputtering time is an effective way to tune the particle

size.

B. Raman spectroscopy

The Raman spectra collected from samples with different

concentrations of R6G are shown in Fig. 3. Several spectra

were collected from different points on the same sample, and

these are shown in the same color or symbol. The spectra

showed some Raman intensity dispersion but the trends of

the Raman intensity evolution with the sputtering time were

clear. According to Figs. 3(a) and 3(b), as the sputtering

time was successively increased, the intensity increased until

a maximum was reached and then decreased. The optimal

sputtering time to obtain the highest Raman enhancement

was 180 s for 10�5 M and 240 s for 10�6 M concentration.

For the 10�7 M and 10�9 M cases [Figs. 3(c) and 3(d),

respectively], the 540 s samples showed the strongest SERS

effect.

There are mainly three types of enhancement mechanisms

responsible for the high SERS enhancement12: electromag-

netic (EM),13 chemical,14 and resonant enhancement.15 The

chemical enhancement factor generally ranges between

about 101–104, but its effects only occur between the first

layer of the adsorbed molecules and the AgNPs,16 so it is sel-

dom observed. That said, we remain confident that chemical

enhancement took place in the case of our samples for multi-

ple reasons. First, the Ag nanoparticles produced by dc sput-

tering were very clean without any of the common

surfactants left on the surfaces of AgNPs made by colloidal

synthesis. Surfactants could interfere with the adsorption of

R6G and prevent the molecules from being chemically

absorbed on the AgNP surface, which would weaken chemi-

cal enhancement. Second, we observed that samples with

low concentrations of R6G absorbed on large Ag particles

yield some differences in Raman spectra collected at differ-

ent spots on the same sample. More detailed investigation of

chemical enhancement is a subject of our ongoing work.17

EM enhancement has been reported to reach up to 108.18

This type of enhancement is related to several factors: the par-

ticle size, inter-particle distance, and dielectric environment

surrounding the particles.11 For example, Stamplecoskie et al.
reported that 40–60 nm was the optimal size range to obtain

the strongest SERS enhancement,19 while the particle size for

single molecule detection was found close to 100 nm.20 Most

likely, the strongest determining factor for electromagnetic

enhancement is sufficiently short interparticle distance. If two

AgNPs are at the right distance from one another, a local

FIG. 1. (Color online) AFM images of AgNP samples made at 2.5� 10�2

mbar by sputtering for 60 s at (a) 4 W, (b) 10 W, (c) 15 W, and 10 W for (d)

180 s, (e) 240 s, and (f) 540 s.

050606-2 Fang et al.: Resonant surface enhancement of Raman scattering of Ag nanoparticles 050606-2

J. Vac. Sci. Technol. A, Vol. 30, No. 5, Sep/Oct 2012

Downloaded 21 May 2013 to 128.61.137.229. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



surface plasmon resonant coupling can take place causing a

field enhancement and subsequently a Raman signal enhance-

ment. These gaps are referred to as hotspots.21 Further, if

probe molecules were only located within these gaps, the sig-

nal from each individual molecule would gain huge enhance-

ment from SERS. According to Fig. 1, the AgNP films in the

current work grew discontinuously into particle “islands” that

were mostly isolated from each other. This type of structure

possesses a very strong local EM field and “hotspots” were

easy to form.22 Hence, the samples showed strong SERS

effects.

The samples were excited by 514 nm laser, so R6G was

also resonantly excited since R6G has a strong absorption

near this wavelength.23 Under resonant excitation, the SERS

enhancement factor is proportional to the number of R6G

molecules.

We found that Raman intensity did not necessarily

increase with AgNP size or R6G concentration. For a fixed

R6G concentration, as particle size increases, two effects

occur. First, the EM field contribution from each particle

increases, which is also partially due to decreasing interpar-

ticle distance; second, the specific area of the nanoparticle

film is reduced, especially when the interparticle gaps

become pinched off. The increase of the EM field contribu-

tion from each particle will promote SERS effects. However,

the reduction of a specific surface area will result in a

decrease of the number of R6G molecules in each detection

area and at the same time a possible increase in dimer

FIG. 2. (Color online) Histograms of the particles distribution from AFM images of samples made at 2.5� 10�2 mbar by sputtering for 60 s at (a) 4 W, (b)

10 W, (c) 15 W, and 10 W for (d) 180 s, (e) 240 s, and (f) 540 s.

050606-3 Fang et al.: Resonant surface enhancement of Raman scattering of Ag nanoparticles 050606-3

JVST A - Vacuum, Surfaces, and Films

Downloaded 21 May 2013 to 128.61.137.229. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



formation. A reduction in the number of R6G molecules will

cause the total Raman signal decrease due to the proportional

loss in resonant excitation. Thus, the reduction in a specific

area hurts the SERS effect. In other words, the two effects

decide an optimal size for obtaining the strongest enhance-

ment for a specific concentration of R6G. For 10�5 M con-

centration, the optimal particle size came from a sputtering

time of 180 s. When the concentration was decreased to 10�7

M, the total number of R6G molecules in solution was

reduced, as was the amount of R6G adsorbed on the AgNP

surface. The corresponding particle size at which dimers

began to form increased. Therefore, the optimal size

increased to that obtained from a 540 s sputtering time. For

the 10�9 M concentration case, the largest particles would

give the strongest enhancement. At this concentration, the

number of R6G molecules was small, so the resonance con-

tribution was also small. Even with the large EM enhance-

ment of each particle, the Raman signal was still weak.

However, if the molecules happened to be at the hotspots

between two nanoparticles, the Raman signals from these

molecules potentially experienced huge enhancement.24 For

this reason, the Raman spectrum collected from the 10�9 M

sample had remarkably high intensity in some cases.

On the other hand, when particles were small, though the

electromagnetic field of each particle was weak, more gaps

existed. More molecules could be accommodated at these

gaps. When the particle sizes were larger, each particle’s

EM contribution was larger but the number of gaps between

particles was reduced, so fewer molecules could be hold at

these gaps. That is, smaller particles showed larger enhance-

ment for higher concentrations R6G.

IV. CONCLUSIONS

Sputtering in vacuum is a facile method to fabricate

very clean AgNPs. The AgNPs size can be tuned from 19

to 53 nm by changing dc sputtering time at a sputtering

power of 10 W. These three dimensional AgNPs showed a

high and stable SERS effect. The SERS effect was related

to morphology of AgNPs and R6G concentration. Larger

particles have stronger enhancement for lower concentra-

tion R6G while smaller particles have stronger enhance-

ment for high concentration R6G. Substrates with these

kinds of structures and properties can provide huge Raman

enhancement for low concentration R6G or other mole-

cules for detection by Raman spectroscopy. The mecha-

nisms described herein were only analyzed qualitatively

for this work. More exploration into a quantitative model

of this behavior is ongoing.

ACKNOWLEDGMENTS

This material is based upon work supported as part of

the HeteroFoaM Center, an Energy Frontier Research

Center funded by the U.S. Department of Energy, Office

of Science, Office of Basic Energy Sciences under Award

No. DE-SC0001061. We also thank the China Scholar

Council.

FIG. 3. (Color online) Raman spectra evolution with sputtering time at R6G

concentrations of (a) 10�5 M, (b) 10�6 M, (c) 10�7 M, and (d) 10�9 M. It

should be noted that the bottom-most spectrum in (c) is mostly flat noise

through the 600–1000 cm�1 as the signal is very near the sensitivity threshold.
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