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Abstract 

Optically Tunable Bumpy Silver 

Nanoshells with Size-varied Silica Cores: 

Synthesis and their Surface Enhanced 

Raman Scattering Characteristics 

 

 

Eunbyeol Ko 

Department of Science Education 

(Major in Chemistry) 

The Graduate School 

Seoul National University 

As SERS substrate, noble metal nanostructures on silica core template 

have been reported by many research groups taking advantages of chemical 
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stability due to silica core. However, as the size of silica core reduces, this 

benefit is no longer effective. This study reports successful fabrication of 

silver nanoshells on the amorphous silica nanoparticles (Si NPs) with 

different core size (59, 82, 103, 124, and 148 nm) by overcoming the 

increased instability on aggregation during fabrication with a decrease of 

core size. The problem coming from instability of the small Si NP core in 

the fabrication processes could be overcome by controlling the kinds of 

reducing agent, the amount of dispersing agent and the concentration of Si 

NPs. We obtained localized surface plasmon resonance (LSPR) and SERS 

spectra from the different sized AgNSs to analyze their size dependent 

optical properties. AgNSs in all sizes showed broad extinction from the 

visible to the near infrared (NIR) region, resulting in high SERS 

enhancement under three different excitation lasers (532, 660, and 785 nm). 

We introduced the concept of surface roughness as a factor of SERS 

enhancement in analysis of AgNS, and observed the correlation between the 

roughness of AgNS and SERS activities. Therefore, these results provide an 

understanding of size dependent SERS activity for AgNS achieving a base 

to use and select appropriate AgNS with different sizes depending on the 

purpose of research. 
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1. Introduction 

Surface enhanced Raman scattering (SERS) technique has been actively 

studied for diverse fields ranging from such as chemical,
1-4

 physical
5-6

 and 

biological
7-10

 detection due to the outstanding detection sensitivity at the 

single molecule level
3, 11

 and the narrow bandwidth
10

. By the way, SERS 

enhancement is certainly required for application with prominent 

performance.
12

 SERS enhancement depends on nanoparticle plasmonic 

resonance, which provides localized electric field to amplify the Raman 

signals of target molecules.
13

 It is well known that the degree of SERS 

enhancement highly relies on the plasmonic properties of nanostructure, 

which is determined mainly by the structure parameters of nanoparticles 

such as size and shape.
14-16

 Therefore, preparing suitable SERS 

nanostructure is central concern for these various SERS applications. 

Although various designs of SERS substrates have been developed,
17-20

 the 

serious study of the size factors affecting the SERS activity has well not 

been performed so far.
14, 16, 21

 Considering that excitation of surface plasmon 

is dependent on size of metallic nanostructures and optimal size is different 

in purpose of research, 
22-25

 preparing suitable size of nanoparticle is 

important for diverse application of SERS technique. Therefore, obtaining 

various sized nanoparticle library is worthwhile for providing enough 

candidates to select specific size of nanoparticle according to purpose and 

understanding of size effect on optical characteristics using the library 
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would be beneficial for extending SERS studies. The size effect on SERS 

study performed before employed single wavelength excitation or measured 

in colloidal solutions, which results in different outcome depending on the 

experimental conditions.
14, 16, 21, 26-27

 The reliable and systematic 

investigation demands several exciting laser lines and could be obtained 

from single nanoparticle detection.
28-29

 This problem can be overcome by 

using the distinguishable properties of bumpy silver nanoshell (AgNS) 

structure studied in our previous study.
30

   

In our previous study, we reported that bumpy silver nanoshells (AgNSs) 

which consist of a silica nanoparticle (Si NP) core coated with a few tens of 

nanometers of silver as highly sensitive SERS substrate.
30

 First, this 

structure has a merit of facile synthesis for seedless, one step synthetic route. 

Second, AgNS shows more prominent SERS characteristics compared to 

smooth metal shell. This structure was founded to exhibit highly amplified 

Raman signals, which is contributed by concentration of electromagnetic 

field at the edge of bumpy surface. 
31-33

 In addition, AgNSs provided broad 

absorption band owing to their bumpy structure, which could be applied to 

SERS technology effectively at universal wavelengths. Consequently, we 

could control the size of AgNS easily and find the size effect on SERS 

profile under universal exciting laser line at single nanoparticle level by 

using AgNS structure. 
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In this study, we extended previous studies of AgNS with a focus on 

demonstrating the size dependent optical characteristics. We studied the 

fabrication method of different sized AgNSs. And also LSPR and SERS 

profiles were explored for AgNS with different sizes. All these AgNSs 

exhibited broad extinction bands over the range of 350 − 800 nm regardless 

of the particle size, exhibiting high Raman enhancement under three 

different lasers (532, 660, and 785 nm). Also, the detailed SERS activities 

were analyzed depending on the size at single particle level. Finally, the 

roughness of AgNS with different size was defined and calculated for 

obtaining the insights for understanding AgNS size-dependent SERS 

activity.  
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2. Experimental Section 

2.1 Meterials Tetraethyl orthosilicate (TEOS), Triton
™

 X-100 (for 

molecular biology), cyclohexane (anhydrous, 99.5%), 1-hexanol (reagent 

grade, 98%), 3-mercaptopropyl trimethoxysilane (MPTS), ethylene glycol 

(EG, spectrophotometric grade, ≥99%), silver nitrate (AgNO3, 99.99%), 

polyvinylpyrrolidone (PVP, average M.W. 40,000), ammonium hydroxide 

(NH4OH, 28-30%), ethanolamine (EA), and 4-fluorothiophenol (4-FBT) 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol 

(99.9%) and anhydrous ethanol (99%) were purchased from Daejung (Busan, 

Korea). All the chemicals were used without further purification. 

2.2 Synthesis of silica core nanoparticles with different size The Si 

NPs of ca 100 nm diameter or less were synthesized by the reverse micelle 

method.
34-35

 Various amount of Triton-X, and 1-hexanol were dissolved in 

7.7 mL of cyclohexane, and 350 μL of deionized water was added to the 

mixture. The resulting mixture was stirred at 700 rpm for 10 min. Then, the 

water micelles were formed in oil phase. Various amount of aqueous 

ammonium hydroxide (28-30%) and tetraethyl orthosilicate (TEOS, 50 μL) 

were added to the mixture. The reaction was continued for 20 h while the 

mixture was vigorously stirred at room temperature. The synthesized silica 

nanoparticles (Si NPs) were centrifuged and then washed with ethanol 

several times to remove the excess reagents. The size of Si NPs obtained 

was estimated to be 42, 59, 82, and 103 nm in diameter. The detail condition 
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used in the synthesis are summarized in Table 1.   

The Si NPs that are larger than 100 nm were synthesized by the Stober 

method.
36

 Tetraethyl orthosilicate (TEOS, 1.6 mL) was dissolved in 40 mL 

of absolute ethanol, and a 2.8 mL (124 nm sized Si NP) or 3.0 mL (148 nm 

sized Si NP) of aqueous ammonium hydroxide (28-30%) was added to the 

mixture. The resulting mixture was stirred for 20 h at room temperature. The 

synthesized silica nanoparticles (Si NPs) were centrifuged and then washed 

with ethanol several times to remove the excess reagents.  

2.3 Synthesis of bumpy silver nanosells with different size (AgNSs) 

The size-varied Si NPs were dispersed in 1 mL of ethanol solutions 

containing 50 μL of MPTS and 10 μL of aqueous ammonium hydroxide 

(28-30%) for functionalization with thiol groups. The mixtures were stirred 

for 6 h at 25 °C, and the resulting MPTS-treated silica NPs were centrifuged 

and re-dispersed in ethanol repeatedly. Various amounts by each size of 

MPTS-treated Si NPs were dispersed in 25 mL aliquots of ethylene glycol 

containing 5 mg of PVP, after which 25 mL of an AgNO3 solution (to a final 

AgNO3 concentration of 3.5 mM) was added to the silica dispersion and 

vigorously mixed. A 19.50 μL aliquot of ethanolamine (5 mM) was then 

rapidly added into the silica dispersion in the case of the smaller silica NPs 

(42, 59, 82, and 103 nm), and a 41.2 μL aliquot of octylamine (5 mM) was 

then rapidly added into the silica dispersion in the case of the larger NPs 

(124, and 148 nm). Then, the resulting mixtures were stirred for 1 h at 25 °C, 
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and then, centrifuged and washed with ethanol several times for purification. 

The amounts of MPTS-treated silica NPs used for reaction by each size are 

shown in the table 2. 

2.4 Adsorption of Raman chemical on AgNSs First, the 5.0 × 10
10 

particles of AgNSs in each size were transferred to the 4-fluorebenzenethiol 

solutions (2 mM in ethanol). The resulting dispersions were shaken for 1 h 

at room temperature, and then centrifuged and washed with ethanol several 

times. In order to avoid the aggregation of Ag NSs, their surface was treated 

with PVP. A 1 mL portion of PVP (0.025 mM in ethanol) was mixed with 

5.0 × 10
10 

particles of Ag NSs bearing Raman labels for 30 min, followed by 

centrifugation several times and resuspension in DI water. 

2.5 Characterization UV-Visible extinction spectra of various sized Ag 

NSs were measured using an UV-Visible spectrometer (Cary 300, Varian, 

USA). The size, morphology and homogeneity of the Ag NSs were analyzed 

using a SEM instrument (SUPRA 55VP, Carl Zeiss) and TEM instrument 

(JEM1010, JEOL). The SERS spectra of the Ag NSs were obtained using a 

confocal microscope Raman system (LabRam 300, JY-Horiba) equipped 

with an optical microscope (BX41, Olympus). Raman scattering lights were 

collected in a back-scattering geometry and detected using a spectrometer 

equipped with a thermoelectrically cooled (-70 °C) CCD detector. SERS 

signals from the samples in capillary were collected using a ×10 objective 

lens (NA 0.25) with three different laser lines (532, 660, and 785 nm). For 
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single particle SERS measurement, the samples were dropped on a patterned 

slide glass, and SERS spectra were measured by point-by-point mapping 

with 1-µm step size. The mapping experiments were carried out using a 

×100 objective lens (NA 0.90) with three different laser lines (532, 660, and 

785 nm). After the SERS measurement, SEM images of the same area were 

obtained using field emission-scanning electron microscopy for single 

particle based analysis. The 20 particles of Ag NSs were analyzed for 

estimation of single-particle SERS activity in each size under different 

excitation wavelengths. 
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Table 1. The detail condition used in the synthesis of various sized Si NPs. 

(mean±S.D., n=20)  
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Table 2. Relative surface areas per unit mass is different according to Si NP 

size as fourth row of this table. Reacting surface area of Si NPs were 

controlled equally as 320 cm
2
 by adjusting amount of silica nanoparticles.  
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3. Results and Discussion  

3.1 Synthesis and characterization of bumpy silver nanoshells with 

different size  

The fabrication of various sized AgNSs can be achieved by modifying the 

reported protocol.
30

 In our previous study, AgNSs were synthesized through 

direct reduction of a silver nitrate on the thiol functionalized silica surface in 

the presence of octylamine. Octylamine plays a role as not only capping 

ligand but also reducing agent and, which might be responsible for the 

reduction of Ag
+
 ions to Ag

0
 to initiate the nucleation on the surface of silica 

cores and growth of the silver shells.
30, 37

 In this basis, our synthetic strategy 

is modulating the final size of AgNS by tuning the size of the Si NP cores. 

For investigating the effect of the core sizes on synthetic results of AgNS by 

the polyol method, Si NPs with two different sizes around 40-nm and 170-

nm were prepared first. And the same procedures as reported were tried to 

fabricating AgNSs using 40-nm and 170-nm sized Si NP. While AgNS 

using 170-nm sized Si NP (AgNS_C170) was well fabricated as expected, 

the fabrication of AgNS using 40-nm sized Si NP (AgNS_C40) under the 

same synthetic condition exhibited several problems (Figure 2a and b). In 

case of AgNS_C40, they were subject to aggregation to decrease the surface 

energy by reducing their surface area during the processes coating of 

reduced silver ion on Si NP surface.
38
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The problem coming from the poor stability of the small Si NP core in the 

fabrication processes could be overcome by controlling the kinds of 

alkylamines instead of octylamine, the amount of PVP and the concentration 

of Si NPs. AgNS_C40 could be fabricated properly after the optimization, 

and the TEM image of AgNS_C40 is shown in Figure 2c. Figure 2d shows 

the UV-Visible spectra of the AgNS_C170, AgNS_40 before and after 

optimization. AgNS_C40 before the optimization exhibited the absorption 

band near 470 nm because of aggregation of Si NP cores resulting in 

incomplete silver coating,
39

 while the common feature of broad absorption 

spanning the NIR region exhibited in AgNS_C40 after the optimization and 

AgNS_C170.  

Figure 3 represents optimized synthetic condition using 40-nm sized Si 

NP in detail. Several controlled experiment were performed for the 

optimization of the synthesis which are shown in the Supporting 

Information in detail (Figure 3). First, amount of Si NP is reduced, 

decreasing the reacting surface for avoiding aggregation of Si NP, and also 

increasing the relative amount of precursor (Ag
+
) for complete formation of 

silver nanoshell. While the reduced amount of Si NP from 2 mg to 0.5 mg 

led successful fabrication of AgNS, however, using less than 0.5 mg amount 

of Si NP resulted in the thick layer of silver shell. Because excessive 

amount of AgNO3 compared to Si NP caused for AgNP to overgrow on the 

surface of Si NP, the final size is much larger than core size. Consequently, 
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when we used less than 0.5 mg, using 40-nm sized Si NP core would be 

meaningless. Second, AgNO3 is used same amount as condition using 170-

nm Si NP. We tried to use less than 30 mg amount of AgNO3 to prevent 

emerging excessive AgNPs in solution, but formation of silver nanoshell is 

rather incomplete. Third, the amount of PVP as a dispersing agent is 

increased from 5 mg to 10 mg to prevent aggregation and fabricate 

homogeneously. When more than 10 mg amount of PVP is used, fabrication 

of AgNS is similar to using 10 mg amount of PVP. Last, the kind of 

reducing agent is changed from octylamine to ethanol amine. Hydroxyl 

group of ethanol amine is electron withdrawing group. Amine group of 

ethanol amine is difficult to donate electrons to silver ion because of 

inductive effect of hydroxyl group. The size of AgNP assembled on silica 

core is smaller when using ethanol amine compared to using octylamine, 

because Ag
+

 cannot reduce well to Ag
0
 with ethanolamine.

40
  

In order to obtain size-varied AgNSs library, we tried to synthesize 

various size of Si NP cores ranging from ~59 nm to ~148 nm. The Si NPs of 

different sizes were used as seeds for silver growth, and the gradual growth 

of silver on the prepared Si NP cores resulted in various sized AgNSs with 

bumpy morphology with optimized protocol. We have controlled the shell 

thickness to around ~30 nm for all the AgNSs. Because the concentration of 

silver nitrate is already excess in this protocol, the core particle 

concentrations were decreased to control the reacting surface area of Si NPs 



 

 

13 

equally when increasing the size of Si NPs (Table 2). In all cases, the 

AgNSs were well dispersed in solutions without aggregation (Figure 4b). As 

shown in the Figure 4c, the diameter of synthesized AgNSs increased as the 

sizes of Si NPs core increased. By varying the Si NP core size, we obtained 

homogenous AgNSs ranging from ~119 nm to ~207 nm. The detailed 

information of core and final size, and shell thickness are shown in table 3.  

The plasmonic properties of the AgNS (I) ~ (V) were analyzed from 

obtaining the UV-vis spectra as shown in the figure 4d. In all cases, the 

additional absorption band appeared at ~ 410 nm which is inherent to the Ag 

dielectric properties independent of particle size. All AgNSs showed broad 

excitation over almost visible range (350-800 nm) regardless of particle 

sizes owing to their bumpy structure. It reveals that various sized AgNSs 

have potential to effective application of SERS technique at universal 

wavelength due to their broad excitation wavelength range. In addition, the 

AgNS (III)~(V) exhibited relatively high absorption in NIR region, whereas 

absorption of AgNS (I) and (II) slightly decreased at the longer wavelengths. 

For the increase in size of nanoparticles, besides dipole absorption, the 

excitation cress-section depends on higher order multiple modes which 

cause the plasmonic resonance shifts to longer wavelength and the 

broadened bandwidth.
41-42

 Consequently, plasmonic resonance of AgNS 

could be tuned by controlling their size, because their LSPR modes varied 

by their size.  
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Figure 1. Schematic illustration for investigating the size-dependent 

optical properties using various sized AgNSs. Synthesis of (b) AgNSs with 

tunable sizes using (a) size-varied Si NP cores. (c) Analysis of the size-

dependent optical properties of AgNS and SERS activities.     
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Fig 2.  Comparison of synthesis of bumpy silver nanoshells (AgNSs) using 

different silica nanoparticles (Si NPs) with diameter of 170-nm and 40-nm as 

core particles. TEM images of synthesized AgNS with (a) 170-nm Si NP and 

(b) 40-nm Si NP under same synthetic conditions. (c) TEM images of AgNSs 

using 40-nm Si NP after optimizations (Fig. S2) (d) UV-Vis extinction spectra 

(normalized) of the AgNSs of (a)-(c). 
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Fig 3.  Optimization of synthesis of AgNS with 40-nm Si NP core. 

Classification of manipulated variables and TEM images of optimization 

processes. Yellow boxes indicate optimized synthetic conditions.  
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Fig 4.  Synthesis of various sized silver nanoshells (AgNSs) using different 

size of silica nanoparticles (Si NPs). (a) TEM images of Si NPs with diameters 

of (i) 59 nm, (ii) 82 nm, (iii) 103 nm, (iv) 124 nm, and (v) 148 nm in average. 

(b) The TEM (upper panel) and SEM (lower panel) images of the synthesized 

AgNS (I-V) using the Si NPs of (a). (c) Correlation between diameter of the Si 

NP core (i-v) and that of the AgNS (I-V) (mean ± S.D., n = 20). (d) The 

absorption spectra of AgNSs (I – V).  
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Table 3. Detail structure of AgNSs by Si NP core size. (mean ± S.D., n = 

20) 
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3.2 SERS analysis of different sized AgNSs  

We also explored the SERS activity of the different sized AgNSs. Each 

AgNS samples was treated with 4-FBT, which chemisorbs on the silver 

shell surfaces. Due to the additional treatment with PVP, 4-FBT adsorbed 

AgNSs were well dispersed with no aggregating features in solution as 

shown in Figure 5. All the plots shown in the Figure 5 have an even 

distribution to the mode value of the particle size. To compare the SERS 

intensity depending on the size of AgNS and the excitation wavelength, the 

Raman spectra from AgNSs in the ethanol solution of same particle 

concentrations were measured, and normalized with a typical ethanol band 

(882cm
-1

) under three different lasers (532, 660 and 785 nm) (Figure 6a). To 

investigate SERS effect per single molecule according to size of AgNS, 

peak intensities at 1075 cm
-1

 were normalized with surface area. (Figure 6b). 

The SERS activities decreased as the AgNS sizes increased regardless of 

laser excitation wavelength except the case of AgNS (I). Also, we examined 

SERS effect of AgNS according to excitation wavelength. SERS intensities 

increased as excitation wavelengths increased to NIR region in all size of 

AgNS. The result is consistent with previous report that AgNS is NIR-active 

substrate.
30

  

To identify SERS activities of five different sized AgNSs at single particle 

level, single particle detection performed with three different lasers. The 

calculation of SERS enhancement factors (EF) from different sized AgNSs 
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demonstrated high SERS EFs from 6.4 X 10
5
 to 2.2 X 10

7 
at the three 

excitation
 
wavelengths. We supposed that AgNSs have potential to effective 

application of SERS technique at universal wavelength based on absorption 

spectra data that all AgNSs showed broad excitation regardless of particle 

size as noted above. The SERS EF result proves experimentally that all 

sized AgNSs could be used for the SERS detections effectively for universal 

excitation wavelength.  This highly sensitive SERS effect regardless of 

particle size resulted in by the bumpy structure of AgNSs that has strong E-

field concentration.
30

 In addition, we observed that SERS enhancement of 

single AgNS have similar tendencies to SERS activity of AgNS in solution 

and AgNS (II) exhibited the maximum enhancement among five sized 

samples (Figure 7c). This result from single particle detection might verify 

correlation between size and SERS enhancement more clearly. In order to 

obtain a better understanding on the size dependent SERS enhancement 

activities, we introduced roughness concept.  
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Fig 5.  The sizes of AgNS (I-V) were analyzed by Nanoparticle Tracking 

Analysis (NTA). The plots represent particle size distribution of AgNS (I-V). 

The numbers written above the plots correspond to mode of particle size I-V.  
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Fig 6.  Analysis of SERS properties of AgNSs with different excitation lasers. 

(a) Normalized SERS spectra of 4-Fluorobenzenethiol (4-FBT) on every size of 

AgNSs (I-V) using three different excitation lasers of 532 nm (8.3 mW), 660 

nm (6.6 mW), and 785 nm (10.0 mW). All spectra were obtained in ethanol by 

1 s acquisition. (b) SERS intensities of the peak at 1075 cm-1 per relative 

surface area for the various sized Ag NSs (I-V) at three excitation wavelength 

(532, 660, and 785 nm).     
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Fig 7.  Single particle detection of different sized AgNSs. (a) SERS intensity 

map with enhancement factor values of a single AgNS (II) particle at the 1075 

cm-1 of 4-FBT ; the intensity map was overlaid with their corresponding SEM 

image. Scale bar is 1 µm. The upper/lower map is under 532, 660 and 785 nm 

photoexcitation. (b) SERS spectrum obtained from a single particle AgNS (II)4-

FBT on the slide glass. The spectrum was taken with 532 nm photo-excitation 

(1.8 mW at the sample) and 2 s acquisition time. (c) Calculated enhancement 

factors of single AgNS (I-V) based on SERS intensity of 1075 cm-1 of 4-FBT. 
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3.3 Roughness parameters according to the size of AgNS 

The size-dependent SERS enhancement of AgNS was analyzed in terms 

of the roughness of the silver shell surfaces. Roughened surface which 

produces an effective SERS active site due to strong concentration of 

electromagnetic field on the edge of surface could contribute to obtain high 

SERS enhancement effect.
43-46

 AgNS is composed of silica NP as a core and 

Ag NPs assembled on the surface of silica core as a bumpy shell. The 

diameter of silver nanoparticles (Ag NP) assembled on silica core is similar 

in all sizes of AgNSs as ~30 nm based on Figure 8. If the sizes of particles 

attached to the core are same, we can predict that the roughness would 

increase as core size decreases. To confirm the roughness according to the 

size numerically, we created simple AgNS modeling and calculated 

roughness using the modeling.   

We defined the roughness as an arithmetic average of deviation heights.
47-

48
 Figure 9a exhibits the method of calculating the roughness of AgNS 

graphically and numerically. For calculation of roughness factor, we defined 

mean line sphere (MLS) and the non-overlapping volume between MLS and 

AgNS was normalized by the surface of MLS. The sphere of equal volume 

with single AgNS is termed as mean line sphere (MLS). We can assess the 

roughness of individual AgNS using the equation : Roughness =  

 , where A is the surface of MLS and Z (x,y) is deviation 

height. So integral of IZ(x,y)I corresponds to the sum of deviation heights, 
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namely non-overlapping volume between MLS and AgNS. The sum of 

deviation heights (total volume above/below the MLS) was divided by the 

surface area of MLS (A) to calculate arithmetic average of deviation heights. 

The detail method and result of roughness measurement are represented in 

Figure 9b and Table 4. We can see that the roughness decreases from as the 

size of AgNS becomes larger as shown in Figure 10a. The roughness trend 

shows agreement with our assumption that the roughness would increase as 

core size decreases.  

Figure 10b exhibits the dependency of the SERS intensity on the 

roughness parameter. The SERS intensity increased with the roughness 

factor, reaching a maximum with the roughness factor value of 3.51 AgNS 

(II). But AgNS (I) shows out of trend. AgNS (I) has poor stability compared 

to the other particles because of their small size. As shown in the Figure 11, 

size of the sample has a huge variation due to incomplete shell and 

aggregation of particles. So, AgNS (I) exhibits relatively low SERS 

intensity although roughness of AgNS (I) is the largest. The result indicates 

clear correlation between roughness and SERS intensity except AgNS (I). 

The main reason of roughness dependent SERS intensity of AgNS is that 

degree of conjunctions among bumps on their surface, termed as hot spots, 

would be varied by roughness, which is associated with SERS enhancement 

since hot spots can contribute to the localized electromagnetic 

mechanism.
49-51

 Increase in the size of AgNS leads to a decrease in the 
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electromagnetic field at the hotspot and resultant decrease in the SERS 

intensity. Therefore, we demonstrated at the single particle level that size of 

AgNS is highly correlated with the SERS intensity in terms of their 

roughness. In this respect, this approach was considered to perform 

successfully for analysis of size-dependent SERS activities. 
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Fig 8.  The two arrows in each TEM image indicate the size of Ag NP 

assembled on Si NP core. We measured 20 particles of Ag NPs and calculated 

the average size in each sample.  
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Fig 9.  Roughness of AgNSs (I-V). (a) Illustration of nanoparticle modeling 

for representing roughness. The boxes with dashed/dotted line represent the 

volumes of AgNS above/below the mean line sphere. (b) Illustrations show the 

detailed modeling of bumpy AgNSs. The particle A is composed of a sphere B 

and several hemispheres C assembled to surface of B. D in the dotted box 

indicates the volume of AgNS above the mean line sphere. Total volume of D is 

same as the total volume of AgNS below the mean line sphere. (c) The 

calculating method of the volume of A and deviation volumes using modeling 

of (b).  
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Fig 10.  (a) Correlation between particle size and roughness of the particle. (b) 

Correlation between the roughness and Raman intensity (785 nm laser).  
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Fig 11.  The TEM image of AgNS I. Black dotted circle indicates aggregation 

of particles. Red dotted circle indicates incomplete shell of particles. Because 

of the small size, AgNS I has relatively unstable structure compared to the 

other sized particles.  
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Table 4. Size of Ag NP assembled on Si NP core and calculation of 

roughness elements from bumpy Ag NS particles. (mean±S.D., n = 20) 
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4. Conclusion 

In summary, we demonstrated an effective strategy for the size dependent 

SERS characteristics of bumpy silver nanoshells (AgNSs). Monodisperse 

AgNSs were developed with well controlled sizes by optimizing synthetic 

conditions. The diameter of AgNSs was finely tuned from ~119 nm to ~207 

nm, changing their core size of silica. All these particles were used for 

SERS substrates, so we could identify their SERS enhancement with three 

different lasers (532, 660, 785 nm). It reveals that SERS efficiency is 

dependent on their sizes and the optimal size of AgNSs for which the SERS 

signal is maximized was obtained through investigation of the correlation 

between particle roughness and SERS enhancement. Thus, the results 

obtained this study could provide a base to use and select appropriate 

AgNSs with different sizes depending on the purpose of research.   
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국 문 초 록 

표면 증강 라만 산란의 기판으로서 실리카 코어에 귀금속 껍질

을 싼 나노 구조체는 실리카의 안정성이라는 장점으로 인해 많은 

연구진에서 개발이 되어왔다. 하지만, 실리카 코어의 크기가 작아

지게 되면 그러한 이점은 더 이상 효과적이지 않다. 본 연구에서

는 코어 사이즈가 작아지면서 불안정성이 커져 합성 과정에서 뭉

치는 문제를 극복함으로써 59, 82, 103, 124, 148 nm 크기에 해당

하는 무정형의 실리카 나노 입자에 은 나노 껍질을 싼 나노 구조

체를 합성하는 방법을 발표하였다. 작은 실리카 코어의 불안정성

을 해결하기 위해 기존의 합성 방법에서 환원제, 분산제의 종류와 

실리카 농도를 조절하였다.  

우리는 그들의 사이즈에 따른 광학적 특성을 분석하기 위해 다

른 사이즈의 은 껍질 범피 나노 구조체로부터 국소 표면 플라즈몬 

공명과 표면 증강 라만 산란 스펙트럼을 측정하였다.  모든 사이

즈의 은 껍질 범피 나노 구조체는 가시광선 영역에서 근 적외선 

영역에 이르기까지 넓은 흡수 스펙트럼을 보여주었으며, 이는 결

과적으로 3개의 다른 파장의 레이저에 대해 높은 라만 증강을 보

여주게 된다.  

우리는 은 껍질 범피 나노 구조체의 사이즈에 따른 라만 신호 

세기의 경향성을 분석하는 데 있어서 라만 증강의 한 요인인 표면 

거칠기 개념을 도입하였으며 표면 증강 라만 산란 현상과 거칠기 

간의 상관 관계를 밝혀내었다. 따라서 이러한 결과는 추후 표면 

증강 라만 산란 연구 목적에 따라 적절한 크기의 은 껍질 범피 나

노 구조체를 선택하여 활용하는 데에 기초가 될 수 있고, 사이즈

에 따른 표면 증강 라만 현상에 대해 명확한 이해를 제공할 수 있
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다. 

 

주요어 : 범피 실버 나노 쉘 (AgNS), 광학적 가변성, 국부 

표면 플라즈몬 공명 (LSPR), 표면 증강 라만 산란 (SERS) 
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