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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
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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

_ 0B(x,1)

VxE(x,t)= o

(M
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VxH(x,t)zJ(x,t)+%, ()
V- B(x,t)=0, 3)

and
V'D(X,I)ZP(X), 4)

where H and B are the magnetic field and induc-
tion, respectively, J and p 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:

B(x,1) = pH (x,1) )

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

D(x,t) =eE(x,t). (6)

The permittivity is a function of position. For
example, in glass & =1.2. Assuming that Egs. (5)
and (6) hold, Maxwell’s equations for a non-
magnetic, non-conducting medium with no free
charges or electrical currents is

OH (x,t
LG

2 -V xE(x,t), (7
and
8%:—VxH(x,t). (8)

Now, we brief the finite difference (FD) ap-
proximation; the first derivative is approximated by

G+ D)= flr= )
h .

S =

Using dxf(x);f(x+§)—f(x—§), the FD

is f'(x) = ‘;lx f(x). Let

approximation to f'

d=(d,.d, d )and Vf(x) ;%f(x), where

Ax=Ay=Az=h. The second derivative is

£ = Z—;f(x) and  d2f(x)= f(x+h)+
fx=h)=2f(x). Let d’>=d}+d}+d?, we

2

d
have, V7 f(x)= e f(x) and also replacing the

derivatives of Maxwell’s Eq. (7) by FD approxima-

1 At
tions we obtain d,H(x,t):——Ide(x,t).
7,

Here the electromagnetic field components are ar-
ranged on the grid in such a central FDs can be

taken. Expanding d H(x,t), and solving for

A A
H(x,t+%) gives H(x,t+?t) :H(x,t_é)_

At
deE(x,t). Similarly, for Eq. (8) we have

d,E(x,t +£) = —Lgd X H(x,t+£) and
2 e(x) h 2
E(x,t+At)=E(x,t)—L£dxH(x,t+£)
e(x) h 2
for Eq. (9).
Ey
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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

computed H_ ~d E —d E ., if H_ lieson(x,y,

h
z) then £, must be known at (xiE,y, z), and
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X

E_at (x,yig,z), where the mathematical ex-

pressions are given by:

At
n+l/2 n—1/2 n _ —
Hwo = H g+ #AZ( s = By jaen)
At " n
E(Ez(i,j,k) —Eli ) ©)
At
n+l/2  _ yrn-1/2 n —E" —
H o =H 0+ LAx (Ezi ~Eliim)
At 0 n
E(Ex(i,j,k) - Ex(i,j,k—l))’ (10)
At
n+l/2  _ n—1/2 n n
Hin =Hopm t——(Exm ~ i jmn) ~
HAy
At ,, n
ﬂTAx(EY(i,j,k) - Ey(,»,l,j,k)), (1)
At
n+l n n+l/2 n+l/2
Eijmn =Edijm t E(Hz(f’jﬂ,k) —H G 0)~
At +1/2 +1/2
= (H" —H0 %) (12)

Az Y(i,jk+1) y(,

Bt = Bl + o (2 = )
‘(;ATA;(H::I-IF/IZJIC) - Hzn(tl//i) ) > (13)

and

Eln =Eliym + gATAtx (H ol —H G0 —
gAA—ty(Hiaf;fl,k) ~H ). (14)

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 um, [y| = 0.01 um and |z| = 0.01 um, where the

time step At is 0.0004 and the time duration 7 is 3 in
units of femtoseconds. The discretized equations are
iteratively solved in a leapfrog manner, alternating
between computing the £ and H fields at subsequent
At/2 intervals, as shown in figure 2.

Definitions of spatial meshing and time
step

!

Initialization

Y

— Iteration n

/

Calculation of £” from H""? and £

!
Calculation of " from E" and H""”
!
n=n+1
; N = N biteration
End

Fig. 2. lllustration 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 (Es) 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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Au
TiO
Ti
Si

Z (um)

Fig. 3. (a) The matrix size of particles is 3 x 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.

Maximal Normalized Electric Field = 1

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

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

0 1.00 2.00 um

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
200°C 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.

60000
50000
40000 t
30000
20000
10000
0t . X .
400 800 1200 1600
Raman Shift (cm™)

Intensity (cnts)

untreated

Fig. 7. (a) Chemical structure of Rhodamine 6G (R6G). The
molecule is widely used for SERS measurements. (b) The Raman
spectra for R6G (107 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*M 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 ROZKEADU
AKTYWNYCH SKEADNIKOW DO WYKRYWANIA
RODAMINU 6G METODA SPEKTROSKOPII RAMANA

Streszczenie

W pracy przeprowadzono numeryczng analiz¢ rozktadu ak-
tywnych substratow stosowanych w spektroskopii Ramana (ang.
surface enhanced Raman spectroscopy - SERS) do wykrywania
rodaminu 6G. Aby wyznaczy¢é wzmocnieni elektromagnetyczne
w pierwszej kolejnosci zastosowano metodg roéznic skonczonych
w czasie (ang. finite-difference time domain - FDTD). Metoda
ta analizowano rozktad aktywnego substratu w metodzie SERS
poprzez rozwiazanie uktadu réwnan Maxwella (prawo Ampera
i prawo Faradaya) zapisanego w formie réznicowej. Lokalne
wzmocnienie pola symulowano w pasmie widzialnym o dtugo-
$ci fali 633 nm. 3D symulacje metoda FTDT pokazaly, ze zmia-
ny pionowe daja wigksze wzmocnienie pola niz zmiany pozio-
me. Szorstka powierzchnia jest nastgpnie wytwarzana poprzez
12-godzinna obrobke hydrotermiczna. Obserwowany znaczny
wzrost natgzenia Ramana, zgodnie z teoria Beckmann-
Kirchhoffa, jest znacznie wigkszy niz bez tej obrobki.

Received: October 11, 2010
Received in a revised form: December 20, 2010
Accepted: December 23, 2010

l
O
Z
=
)
%]
%]
—
<
&2
=
=
Z
%)
(@)
Q
I
&
=
a2
ol
=
2
[
=
Q
o

-374 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


