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Abstract 
 

In this work, we computationally study surface enhanced Raman spectroscopy (SERS) active substrates for the de-
tection of Rhodamine 6G (R6G). To examine the electromagnetic enhancement, we first apply the finite-difference time 
domain (FDTD) algorithm to analyze the SERS active substrates by solving a set of Maxwell’s equations (Ampere’s Law 
and Faraday’s Law) in differential form. The local field enhancements are simulated in the visible regime with the wave-
length of 633 nm. Through the three-dimensional (3D) FDTD simulation, we find that the vertical variations have rela-
tively larger field enhancement than that of horizontal variations. The roughened surface is then fabricated with a 12-hour 
hydrothermal treatment process and the measured strong Raman intensity, following the Beckmann-Kirchhoff theory, is 
significantly larger than that without hydrothermal treated sample. 
 
Key words: SERS active substrate, Local field enhancement, Maxwell’s equations, Nanoparticular, FDTD simulation, 
Hydrothermal synthesis, Raman shift, and Rhodamine 6G 

 

 
 

1. INTRODUCTION 

Surface enhanced Raman spectroscopy (SERS) 
has recently attracted a great deal of attention for 
rapid identification of chemical samples and mole-
cules detection (Stiles et at., 2008; Jarvis, Goodacre, 
2008). The simulation of field enhancement was 
done by several studies (Wang, D.-S., Kerker, M.). 
However, the analysis of simulated field enhance-
ment of SERS active substrate is still lack. In this 
work, through the finite-difference time-domain 
(FDTD) method (Li & Cheng, 2009; Taflove & 
Hagness, 2000; Li & Cheng, 2008), we find that the 
degree of Raman enhancement strongly depends on 
the morphology of nanostructures. Then, we use 
hydrothermal treatment to roughen the surface of 
substrate (Yang et at., 2010). The measurement data 
shows that the surface enhanced Raman scattering 
signals from the surface of substrates with 12-hour 

treatment are larger than that of without treatment 
due to significantly rough and wide variation in 
structural surface.  

This paper is arranged as follows. In Section 2, 
we state the computational model for the studied 
SERS active semiconductor substrate. In Section 3, 
we present the fabrication process of SERS active 
substrate and discuss the results from numerical 
simulation. Finally, we draw the conclusion and 
suggest future work.  

2. THE NUMERICAL METHOD 

Numerical simulation using a 3D FDTD method 
is conducted to investigate the local field enhance-
ment of substrate. The Maxwell’s curl equations in 
linear, isotropic, nondispersive, lossy materials are 
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where H  and B  are the magnetic field and induc-
tion, respectively, J  and ρ are the electric current 
density vector and density of free charge. The elec-
tric and magnetic fields will be modified by materi-
als. B describes how the material affects the mag-
netic field, and D describes how it affects electric 
field. For a globally defined curvilinear space, 
Maxwell’s equations are easily implemented in their 
differential form, where Faraday’s law is Eq. (1) and 
Ampere’s law is Eq. (2). 

In a non-conducting dielectric, current flow J = 
0. Also, we have the following approximation: 

 ),(),( txHtxB  , (5) 

where the magnetic permeability (μ) is a con-
stant. In general, the electrical permittivity (ε) 
depends upon the frequency, but when the de-
pendence is weak, it can be expressed as: 

 ),(),( txEtxD  . (6) 

The permittivity is a function of position. For 
example, in glass 2.1 . Assuming that Eqs. (5) 
and (6) hold, Maxwell’s equations for a non-
magnetic, non-conducting medium with no free 
charges or electrical currents is 
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Now, we brief the finite difference (FD) ap-
proximation; the first derivative is approximated by
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Here the electromagnetic field components are ar-
ranged on the grid in such a central FDs can be 

taken. Expanding ),( txHdt , and solving for 
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for Eq. (9). 
 

 

Fig. 1. A Yee cell, where the H field is computed at points 
shifted one-half grid spacing from the E field grid points. 

 

The aforementioned equations are so-called the 
Yee algorithm (Yee, K., 1966), where the illustration 
is shown in figure 1. Each component of H and E is 
evaluated at a different, position. For example to 

compute xyyxzt EdEdHd ~ , if zH  lies on (x, y, 
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Notably, we employ the perfectly matched layer 
as the simulation domain boundaries in which both 
electric and magnetic conductivities are introduced 
in such a way that wave impedance remains con-
stant, absorbing the energy without inducing reflec-
tions.  

The field enhancement of SERS active substrate 
with gold-coated nanopartcle is obtained by solving 
the Maxwell’s equations above. We use the derived 
FDTD method to solve Maxwell’s equations by first 
discretizing all equations via central differences in 
time and space. Then, based upon the 3D Yee’s 
mesh and components of the electric and magnetic 
fields at points, the discretized spacing in the x, y, 
and z directions adopted in our simulation are |x| = 
0.01 m, |y| = 0.01 m and |z| = 0.01 m, where the 

time step t is 0.0004 and the time duration T is 3 in 
units of femtoseconds. The discretized equations are 
iteratively solved in a leapfrog manner, alternating 
between computing the E and H fields at subsequent 
t/2 intervals, as shown in figure 2. 
 

 

Fig. 2. Illustration of the FDTD simulation procedure for the 
local filed problem of SERS active substrate for R6G under the 
wavelength of 633 nm. 

3. RESULTS AND DISCUSSION 

3.1. Numerical simulation 
 
Through using FDTD method, the evaluation of 

electric field on the substrates is carried out by di-
recting light with a wavelength of 633 nm, where the 
matrix of simulated nanoparticles structure is 3 x 5 
due to periodical property of the fabricated structure, 
as shown in figure 3(a). The mesh plots of the simu-
lated structure are shown in figures 3(b) and 3(c), 
where the computational time of a single case is 
about 14 minutes. The effect of vertical variation of 
surface on the electric field (Ex) enhancement can 
also be observed from figure 4. The simulation result 
shows that the gold-coated nanoparticular structure 
with hydrothermal treatment (upper plot) has larger 
electrical field than that without hydrothermal treat-
ment (lower plot).  
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b) 

 
 

c) 

 
Fig. 3. (a) The matrix size of particles is 3 × 5 accordingly to an 
approximately periodical assumption of the simulated structure; 
the simulation domain in the x-y plane is 0.4 um × 0.2 um. (b) 
and (c) are the plots of mesh of the simulated structure in the x-z 
and x-y planes, respectively.  

 

Fig. 4. The upper and lower plots show the FDTD simulated 
electric fields of the examined substrate with and without rough-
ened surfaces, respectively.  

Si
Ti
TiO2

Au

Si
Ti
TiO2

Au

(i)

(ii)

(iii)

(iv)

 

Fig. 5. Schematic representation for the fabrication of SERS-
active substrate. First, silicon wafers were cleaned by BOE and 
standard RCA cleaning procedures. Then, Ti films were depos-
ited on the pre-cleaned silicon wafers using reactive DC magne-
tron sputtering system. The as-deposited samples were cleaved 
and treated under hydrothermal conditions for various dura-
tions. Subsequently, Au was thermal evaporated onto the hydro-
thermally roughened substrates for sensing.  

3.2. Sample fabrication and measurement 
 
Based upon our numerical simulation results, the 

roughened surface of substrate is predicted to have 
larger field enhancement. Therefore, we develop a 
new fabrication method, so-called the hydrothermal 
treatment, to achieve it. The flow of fabricated sub-
strate with gold-coated nanoparticle treated by 
hydrothermal method is shown in figure 5. First, 
buffered oxide etchant (BOE) and standard RCA 
cleaning are carried out to prepare clean silicon sub-
strates (Boron-doped p<100>). Then, 100-nm-thick 
titanium films are deposited on the pre-cleaned sili-
con wafers using reactive DC magnetron sputtering 

x
y
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x
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system. The as-deposited sample is cleaved into 0.5 
cm × 1 cm squares and rinsed with ethanol, and de-
ionized water.  
 

  
Fig. 6. The AFM image of titanium thin films treated under 
hydrothermal condition for 12 hours treatment duration.  

Subsequently, the sample is put into a 23 mL 
Teflon-lined stainless steel autoclave filled with 
20 mL distilled water, which is sealed, and heated at 
200oC for 2, 4, 6, 8, 10, and 12 hours, respectively. 
Then the treated sample is cooled to room tempera-
ture naturally, washed with distilled water for sev-
eral times, and dried with a stream of cylinder air. 
For example, figure 6 shows the AFM images repre-
sent titanium thin films treated under hydrothermal 
conditions for 12 hours treatment duration.  
 

(a) 

 
 

(b) 

 

Fig. 7. (a) Chemical structure of Rhodamine 6G (R6G). The 
molecule is widely used for SERS measurements. (b) The Raman 
spectra for R6G (10-4 M) immobilized on hydrothermally un-
treated (red) and treated (green) substrates. 

For chemical sensing, the hydrothermally rough-
ened substrates are treated with aqueous solutions of 
10-4M R6G where the structure is shown in figure 
7(a). Figure 7(b) shows the characteristic Raman 
vibrational modes of R6G immobilized on the sub-
strate with or without hydrothermal treatment. The 
results show that the substrate with hydrothermal 
treatment shows larger intensity than that without 
hydrothermal treatment which can be explained by 
Beckmann-Kirchhoff theory (Beckmann, & Spizzi-
chino, 1963) due to the roughness on the surface. 

4. CONCLUSIONS 

In this study, the field enhancement of SERS ac-
tive substrate with gold-coated nanoparticle has been 
calculated by solving a set of 3D Maxwell’s equa-
tions. The computational estimation of local field 
enhancement using FDTD method has confirmed the 
detected large intensity of Raman shift which indi-
cates a clear view of such enhancement is resulted 
from vertical variations of the grown film. With 
prediction from the simulation results, the hydro-
thermal synthesis technique is developed to achieve 
roughened surface of SERS-active substrate for R6G 
sensing. We are currently studying the geometry 
effect on the local field enhancement for biomedical 
and chemical sensing applications. 
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NUMERYCZNA SYMULACJA ROZKŁADU 
AKTYWNYCH SKŁADNIKÓW DO WYKRYWANIA 

RODAMINU 6G METODĄ SPEKTROSKOPII RAMANA 

Streszczenie 
 
W pracy przeprowadzono numeryczną analizę rozkładu ak-

tywnych substratów stosowanych w spektroskopii Ramana (ang. 
surface enhanced Raman spectroscopy - SERS) do wykrywania 
rodaminu 6G. Aby wyznaczyć wzmocnieni elektromagnetyczne 
w pierwszej kolejności zastosowano metodę różnic skończonych 
w czasie (ang. finite-difference time domain - FDTD). Metodą 
tą analizowano rozkład aktywnego substratu w metodzie SERS 
poprzez rozwiązanie układu równań Maxwella (prawo Ampera 
i prawo Faradaya) zapisanego w formie różnicowej. Lokalne 
wzmocnienie pola symulowano w paśmie widzialnym o długo-
ści fali 633 nm. 3D symulacje metodą FTDT pokazały, że zmia-
ny pionowe dają większe wzmocnienie pola niż zmiany pozio-
me. Szorstka powierzchnia jest następnie wytwarzana poprzez 
12-godzinną obróbkę hydrotermiczną. Obserwowany znaczny 
wzrost natężenia Ramana, zgodnie z teorią Beckmann-
Kirchhoffa, jest znacznie większy niż bez tej obróbki. 
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