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 We developed a set of processes for depositing silver nanoparticles on a glass 
substrate that involves using a modifi ed silver mirror reaction, whereby dispersants 
are added to a conventional silver mirror solution.  The whole set of processes was 
completed in 15 min in a nonvacuum environment, except the cleaning processes with 
oxygen plasma at 20 Pa, and at a low cost.  The processes can be applied to the site-
selective deposition of silver nanoparticles by modifying the surface characteristics of 
glass substrates using a self-assembled monolayer (SAM).  We used a microcontact 
printing method that incorporated a non-photolithographic top-down process to pattern a 
SAM.  The proposed processes are readily applicable to promising applications of metal 
nanoparticles, such as ultrasensitive sensors and catalysts.

1. Introduction

 Research has been conducted on silver nanoparticles for a number of uses.  These 
include using them for ultrasensitive chemical/biological detection because they exhibit 
local surface plasmon resonance(1–7) and as a catalytic material because of their extremely 
large surface/volume ratio.(8–10)  A promising application of silver nanoparticles is for 
enhancing surface Raman scattering spectra.  Surface enhanced Raman scattering 
(SERS) is a phenomenon that results in the enhancement of Raman scattering spectra 
by molecules adsorbed on nanoscale metal structures.  Raman signals are enhanced by a 
factor of 3 to 6 when silver colloids are present.(11)  However, recent studies have shown 
that the intensity of the SERS spectrum of a molecule wedged between two adjacent 
nanoparticles with a gap of 1 nm can be between 1014 and 1015 times higher than that of a 
conventional Raman spectrum owing to resonance Raman effects.(12–17)  Currently, SERS 
is considered one of the most effective techniques for the ultrasensitive detection and 
analysis of materials, such as proteins, viruses, and environmental chemicals.
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 The development of superior manufacturing processes of silver nanoparticles is 
necessary for making the above-mentioned promising applications fit for practical 
use.  Various methods of manufacturing silver nanoparticles have been proposed: the 
deposition of silver on a nanostructured polymer,(1,2) the formation of Langmuir-Blodgett 
(LB) monolayers on silver island fi lms,(3–5) vacuum deposition,(18–20) laser abrasion,(21) 
electrolysis,(6) and the reduction of silver nitrate.(21–23)  After manufacturing, the silver 
nanoparticles are immobilized onto poly(ethylene glycol) spheres,(7) aggregated onto a 
glass substrate surface in solution,(24,25) or ink jet printed(26) to form SERS hot spots.  To 
make the best use of the local surface plasmon resonance of silver nanoparticles, the 
optimal size of silver nanoparticles is 10–100 nm.(17)  This leads to diffi culties in forming 
silver nanostructures by top-down techniques, such as photolithography and e-beam 
lithography, because their formation is time-consuming and costly.  Therefore, bottom-up 
techniques are more suitable for manufacturing silver nanoparticles.
 Ultrasensitive chemical/biological sensing requires not only detection with 
silver nanoparticles but also sample preparation processes, such as purifi cation and 
preconcentration, and leak-free sample handling.  Therefore, the development of a 
microdevice containing silver nanoparticle sites, which requires the site-selective 
deposition of silver nanoparticles, as well as the formation of microfl uidic components is 
necessary.  Site-selective deposition is also effective when the nanoparticles are used as 
catalysts, which enables patterning of the product of the catalytic reaction to form micro/
nanostructures.
 In this paper, we report on a novel site-selective deposition process for silver 
nanoparticles.  We fi rst present the method we developed for manufacturing silver 
nanoparticles that incorporates a modifi ed silver mirror reaction, whereby dispersants are 
added to a conventional silver mirror solution.  Silver nanoparticles with diameters of 10
–50 nm were self-assembled on a glass substrate, with the entire process completed in 
15 min in an ambient environment.  Second, we present a method for the site-selective 
deposition of silver nanoparticles.  The method uses a self-assembled monolayer 
(SAM).  SAMs capable of changing their surface properties have been widely used in 
microfabrication, such as for patterning polystyrene microstructures,(2) spatially defi ned 
silver mirror reactions(27) and determining the aggregation sites of silver nanoparticles.(25)  
To manufacture locally deposited silver nanoparticles, we used microcontact printing 
(μCP), which is one of the most widely used techniques for patterning SAMs.(2, 28–30)  We 
demonstrated a microdevice including microfl uidic components and silver nanoparticle 
sites.  During manufacturing we conducted oxygen plasma treatment in a vacuum 
environment with a pressure of 20 Pa.  Given the low vacuum level, the proposed 
processes are by far less time-consuming and costly.

2. Materials and Methods

2.1 Modifi ed silver mirror reaction
 We fabricated silver nanoparticles using a modifi ed silver mirror reaction, whereby 
dispersants were added to a conventional silver mirror solution (silver nitrate solution 
+ ammonia solution).  The process we used is a bottom-up process in a nonvacuum 
environment.
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 Figure 1 shows the modifi ed silver mirror reaction processes.  (a) Ammonia solution 
(Wako Chemicals, 5.7%, 8 ml), DI water (20 ml), and the dispersant (BYK Additives 
& Instruments, Disperbyk-102, 1.5 ml) were added to a silver nitrate solution (Wako 
Chemicals, 5%, 5 ml) and then agitated to produce a silver nanoparticle solution.  (b) 
Hydrazine monohydrate (Wako Chemicals, 98%, 6 ml) was added to the solution 
as a reducing agent and a glass substrate was simultaneously dipped into it.  Silver 
nanoparticles were then deposited on the glass substrate surface.  The substrate was 
extracted after a designated reaction time of 80 s, rinsed in DI water and dried using N2 
gas.  The entire process was completed in only 15 min.  We found that the cleanliness 
of the glass substrate surface was crucial to obtaining a uniform silver nanoparticle fi lm.  
The glass substrate surface was cleaned with oxygen plasma at 50 W for 60 s (SAMCO, 
Compact Etcher FA-1) prior to the modifi ed silver mirror reaction process.  All the 
processes were conducted at a room temperature of 25°C and a humidity of 40%.

2.2 Local deposition of silver nanoparticles
 We patterned silver nanoparticle sites using SAMs with a silanol group.  
Figure 2 shows the fabrication process for the patterned substrate.  We used 
octadecyltrichlorosilane (OTS), which chemically adsorbs onto glass as a SAM.  OTS 
was patterned by microcontact printing, as shown in Fig. 2(a).  A polydimethylsiloxane 
(PDMS) (Dow Corning Toray Silpot 184) stamp was dipped into a dry toluene solution 
with 1 vol% OTS (Wako Chemicals) for 30 s and soft-contacted onto the substrate.  The 
substrate was subsequently heated at 120°C for 5 min to enhance OTS adsorption.  It was 
reported that the post-thermal treatment enhanced the adhesion of the organosilanes and 
silanol groups.(31)  The OTS-patterned substrate was immersed in the silver nanoparticle 
solution (silver nitrate solution (Wako Chemicals, 5%, 5 ml) + ammonia solution (Wako 
Chemicals, 5.7%, 8 ml) + DI water (20 ml) + dispersants (BYK Additives & Instruments, 
Disperbyk-102, 1.5 ml)) as soon as a reducing agent, hydrazine monohydrate (Wako 
Chemicals, 98%, 6 ml), was added to the solution (Fig. 2(b)).  All the processes 
were conducted at a room temperature of 25°C and a humidity of 40%.  The silver 
nanoparticles were only observed on the area where OTS was not adsorbed, as shown in 
Fig. 2(c).
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Fig. 1.   Modifi ed silver mirror reaction.
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3. Results and Discussion

3.1 Modifi ed silver mirror reaction
 The optimal conditions for producing silver nanoparticles on a glass substrate 
with respect to the concentration of silver nitrate solution, species of reducing agent, 
dispersant and temperature were deduced by assessing the uniformity of the silver 
nanoparticle fi lm and the exerting SERS signals.  The uniformity was inspected with an 
optical microscope and a scanning electron microscope (SEM).  Silver nitrate solutions 
with concentrations ranging from 1 to 10% were tested.  The surveyed reducing agents 
included formaldehyde, glucose, formic acid, sodium subsulfi te, and hydrazine.  A 

Silver nanparticle solution

(a)

(b)

(c)

Fig. 2. Fabrication process of substrate patterned with SERS sites.  (a) Microcontact printing of 
OTS, (b) modifi ed silver mirror reaction, and (c) site-selective deposition of silver nanoparticles.
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copolymer with acidic groups (DISPERBYK®-102, BYK Additives & Instruments), a salt 
of a polymer with acidic groups (DISPERBYK®-106, BYK Additives & Instruments), 
and an alkylolammonium salt of a copolymer with acidic groups (DISPERBYK®-180, 
BYK Additives & Instruments) were investigated as the dispersants.  The processes were 
conducted at temperatures of 20, 25, and 30°C.  Among the foregoing reaction conditions 
the best result was obtained when we produced silver nanoparticles with 5% silver 
nitrate solution, hydrazine and copolymer with acidic groups (DISPERBYK®-102, BYK 
Additives & Instruments) at 25°C.
 Figure 3 shows the FESEM images of the silver nanoparticles on a glass substrate, 
manufactured under optimal conditions at reaction times of (a) 40, (b) 80, and (c) 120 
s.  Figure 3(d) shows a close-up view of the silver nanoparticles at a reaction time of 
80 s, which was found to be optimal by a posteriori analyses.  These fi gures show that 
the deposition and uniformity of the silver nanoparticle fi lm vary with the reaction 
time.  Silver nanoparticles showing a peak uniformity with diameters of 10–50 nm were 
obtained at a reaction time of 80 s according to the SEM images.
 Figure 4 shows the Raman spectra of 10 mM rhodamine 6G (R6G) on the 
manufactured silver nanoparticle substrates under optimal conditions at various reaction 

Fig. 3. FESEM images of SERS substrates for the following reaction times of (a) 40, (b) and (d) 
80, and (c) 120 s.
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times and on the pristine glass substrate (control).  The Raman signals from all the 
manufactured SERS substrates were found to be greatly enhanced compared with that of 
the control.  Amongst them, the substrate at a reaction time of 80 s exhibited the highest 
Raman enhancement.  The Raman enhancement strongly depends on the geometry 
of nanostructures.  For example, it was reported that the Raman signals were greatly 
enhanced when a molecule was wedged between two adjacent isolated nanoparticles with 
a gap of 1 nm and the enhancement decreased as the gap increased.(17)  We consider that 
the substrate at a reaction time of 80 s exhibited higher Raman enhancement than those 
at reaction times of 40 and 60 s as the density and uniformity of silver nanoparticles 
increased with reaction times.  At a reaction time of 120 s, silver nanoparticles 
aggregated and were more likely to behave as thin fi lms than nanoparticles.  Therefore, 
the substrate at a reaction time of 120 s exhibited small Raman enhancement.
 The size distribution of silver nanoparticles fabricated at a reaction time of 80 s is 
shown in Fig. 5.  The sizes of 600 nanoparticles were determined from their FESEM 
images and the size distributions at intervals of 5 nm were calculated.  Approximately 
45% of the nanoparticles had diameters between 25 and 35 nm.  The mean diameter of 
the silver nanoparticles was approximately 30 nm.

3.2 Local deposition of silver nanoparticles
 We used a PDMS stamp, as shown in Fig. 6(a), to evaluate the deposition processes 
of silver nanoparticles.  OTS was designed to be microcontact-printed onto a glass 
substrate with stripe patterns with line widths of 121 μm and silver nanoparticles 

Fig. 4. Raman spectra of 10 mM R6G on the SERS substrate for various reaction times (40, 60, 
80, 100 and 120 s) and that on the pristine glass substrate (control) (Laser: Ar laser (532 nm), Spot 
size: 10 μm diameter, Integration time: 3 s).
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Fig. 5.   Size distribution of deposited silver nanoparticles.
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Fig. 6. (a) Geometry of PDMS stamp, (b) SEM image of deposited silver nanoparticles with 
stripe patterns, and (c) patterning accuracy with respect to the microcontact printing processes.
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were in turn to have 79 μm line widths.  Figure 6(b) shows an SEM image of the site-
selectively deposited silver nanoparticles, where the dark and bright regions represent 
the exposed glass and the deposited silver nanoparticles, respectively.  The quality of 
the selective deposition of silver nanoparticles depended on the microcontact printing 
processes.  The dipping periods of the PDMS stamp into the solution containing OTS 
and the thermal treatment periods after the soft contact were investigated.  As shown in 
Fig. 6(c), the dipping period of 30 s resulted in more accurate patterns than that of 5 min.  
The patterning accuracy was enhanced with the post-thermal treatment periods, which 
was considered to be due to the augmented adhesion of OTS onto the glass substrate.  A 
superior site-selective deposition of silver nanoparticles with a width of 79.9 μm ± 1.9 
μm along 10-mm-long lines was achieved by dipping for 30 s and thermal treatment for 5 
min.
 The local deposition of silver nanoparticles enables the fabrication of a microdevice 
containing detection sites with silver nanoparticles as well as microfl uidic components.  
We manufactured a microdevice that includes silver nanoparticle sites in microfl uidic 

silver nanoparticle site

Fig. 7. Fabrication processes of a microdevice containing silver nanoparticle sites.  (a) Micro-
contact printing of OTS silver nanoparticle sites, (b) deposition of silver nanoparticles, (c) oxygen 
plasma treatment, and (d) bonding of PDMS structure.
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components to verify whether the proposed local deposition processes are compatible 
with conventional MEMS processes (Fig 7).  (a) OTS is microcontact-printed onto the 
substrate to prevent silver nanoparticles from depositing outside the detection site in the 
following modifi ed silver mirror reaction process.  (b) A modifi ed silver mirror reaction 
is conducted to deposit silver nanoparticles only onto the detection site.  (c) The SAMs 
are removed by oxygen plasma treatment at 100 W for 0.5 s since PDMS cannot bond to 
the OTS-patterned glass surface. (SAMCO, compact etcher FA-1) (d) A PDMS structure 
is bonded onto the glass substrate after the PDMS surface is activated by oxygen plasma 
to form microfl uidic components.  Figure 8 shows a photograph of the manufactured 
microdevice.
 In the above-mentioned process (c), the silver nanoparticles were exposed to oxygen 
plasma, which might cause oxidation of the silver nanoparticles and thus, deterioration 
of the SERS sites.  We detected the SERS signals produced by 10 mM R6G on silver 
nanoparticles before and after the plasma treatment.  The silver nanoparticles exhibited 
a signifi cant SERS signal even after the treatment, as shown in Fig. 9, which verifi ed 
that the proposed site-selective deposition processes of silver nanoparticles are highly 
compatible with the fabrication processes of conventional microdevices.

Fig. 8. Photograph of a manufactured microdevice containing silver nanoparticle sites and micro-
channels.

Fig. 9. SERS signals from silver nanoparticle sites before and after 0.5 s of oxygen plasma 
treatment.
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4. Conclusions

 We developed a novel process for depositing silver nanoparticles using a modifi ed 
silver mirror reaction.  It is a bottom-up process conducted at ambient pressure and room 
temperature and is completed in only 15 min.  Under optimal conditions, which we 
established by experiment, silver nanoparticles approximately 30 nm in diameter were 
uniformly deposited onto a glass substrate, which exhibited an SERS signal from R6G 
that was enhanced by a factor of 106.  We demonstrated the site-selective deposition of 
silver nanoparticles using microcontact-printed OTS.  We manufactured a microdevice 
that includes silver nanoparticle sites in microfl uidic components using the proposed 
local deposition processes and verifi ed that the proposed processes were compatible 
with conventional MEMS processes.  Given the simplicity and low cost, the process is 
suitable for forming silver nanoparticles for various applications, such as ultrasensitive 
detection and catalysis.

Acknowledgements

 This work was supported by the Asahi Glass Foundation and the New Energy and 
Industrial Technology Development Organization (NEDO).

References

 1 G. L. Liu and L. P. Lee: Appl. Phys. Lett. 87 (2005) 074101.
 2 W. Song, W. Li, Y. Chen, H. Jia, G. Zhao, Y. Zhou, B. Yang, W. Xu, W. Tian and B. Zhao: J. 

Raman Spectrosc. 37 (2006) 755.
 3 R. F. Aroca and C. J. L. Constantino: Langmuir 16 (2000) 5425.
 4 C. J. L. Constantino, T. Lemma, P. A. Antunes and R. Aroca: Anal. Chem. 73 (2001) 3674.
 5 C. J. L. Constantino, T. Lemma, P. A. Antunes and R. Aroca: Spectrochim. Acta, Part A 57 (2001) 

281.
 6 M. Z. Si, Y. Fang, J. L. Peng and P. X. Zhang: Spectrosc. Spect. Anal. 27 (2007) 948.
 7 G. Braun, I. Pavel, A. R. Morrill, D. S. Seferos, G. C. Bazan, N. O. Reich and M. Moskovits: J. 

Am. Chem. Soc. 129 (2007) 7760.
 8 Y. Fujiwara, Y. Kobayashi, K. Kita, R. Kakehashi, M. Noro, J. Katayama and K. Otsuka: J. 

Electrochem. Soc. 155 (2008) D377.
 9 S. P. Ramnani, S. Sabharwal, J. V. Kumar, K. H. P. Reddy, K. S. R. Rao and P. S. S. Prasad: 

Catal. Commun. 9 (2008) 756.
 10 K. Tsujino and M. Matsumura: Electrochim. Acta 53 (2007) 28.
 11 M. Moskovits: Rev. Mod. Phys. 57 (1985) 783.
 12 H. X. Xu, J. Aizpurua, M. Kall and P. Apell: Phys. Rev. E 62 (2000) 4318.
 13 K. Kneipp, Y. Wang, H. Kneipp, I. Itzkan, R. R. Dasari and M. S. Feld: Phys. Rev. Lett. 76 (1996) 

2444.
 14 K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R. R. Dasari and M. S. Feld: Phys. 

Rev. Lett. 78 (1997) 1667.
 15 K. Kneipp, H. Kneipp, V. B. Kartha, R. Manoharan, G. Deinum, I. Itzkan, R. R. Dasari and M. 

S. Feld: Phys. Rev. E 57 (1998) R6281.
 16 K. Kneipp, H. Kneipp, I. Itzkan, R. R. Dasari and M. S. Feld: Chem. Rev. 99 (1999) 2957.



Sensors and Materials, Vol. 21, No. 3 (2009) 139

 17 M. Moskovits: J. Raman Spectrosc. 36 (2005) 485.
 18 A. I. Korchain, N. K. Kuksanov, A. V. Lavrukhin, S. N. Fadeev, R. A. Salimov, S. P. 

Bardakhanov, V. B. Goncharov, A. P. Suknev, E. A. Paukshtis, T. V. Larina, V. I. Zaikovskii, S. 
V. Bogdanov and B. S. Bal’zhinimaev: Vacuum 77 (2005) 485.

 19 N. Hashimoto, T. Hashimoto, H. Nasu and K. Kamiya: J. Ceram. Soc. Jpn. 112 (2004) 204.
 20 R. M. Tilaki, A. I. Zad and S. M. Mahdavi: Appl. Phys. A 84 (2006) 215.
 21 D. Ghosh and S. Dasgupta: Metall. Mater. Trans. B 39 (2008) 35.
 22 P. K. Khanna, N. Singh, D. Kulkarni, S. Deshmukh, S. Charan and P. V. Adhyapak: Mater. 

Lett. 61 (2007) 3366.
 23 Z. Li, Y. Li, X. F. Qian, J. Yin and Z. K. Zhu: Appl. Surf. Sci. 250 (2005) 109.
 24 K. C. Grabar, P. C. Smith P, M. D. Musick, J. A. Davis, D. G. Walter, M. A. Jackson, A. P. 

Guthrie and M. J. Natan: J. Am. Chem. Soc. 118 (1996) 1148.
 25 K. Y. Yang, J. W. Kim, K. J. Byeon and H. Lee: Microelectron. Eng. 84 (2007) 1552. 
 26 D. Kim, S. Jeong, J. Moon and K. Kang: Mol. Cryst. Liq. Cryst. 459 (2006) 45.
 27 A. Hozumi, M. Inagaki and N. Shirahata: Appl. Surf. Sci. 252 (2006) 6111.
 28 A. Kumar, H. A. Biebuyck and G. M. Whitesides: Langmuir 10 (1994) 1498.
 29 N. L. Jeon, R. G. Nuzzo, Y. N. Xia, M. Mrksich and G. M. Whitesides: Langmuir 11 (1995) 

3024.
 30 J. Aizenberg, P. V. Braun and P. Wiltzius: Phys. Rev. Lett. 84 (2000) 2997.
 31 W. J. Dressick, C. S. Dulcey, M.-S. Chen and J. M. Calvert: Thin Solid Films 284–285 (1996) 

568.


	129-560
	130-560
	131-560
	132-560
	133-560
	134-560
	135-560
	136-560
	137-560
	138-560
	139-560

