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Photoluminescence efficiency of porous silicon increased as the
etching time increased, reached to the maximum efficiency, and
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Chapter 1. Investigation of Photoluminescence
Efficiency of n-Type Porous Silicon by Controlling of an

Etching Time and Applied Current Densities

Cho, Bomin
Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Abstract

Photoluminescence properties and surface morphologies of porous
silicon were investigated by controlling of etching times and applied
current densities. FE-SEM image of porous silicon surface indicated
that the porous silicon prepared at currents below 200 mA/cm’
exhibited very stable and even surface. However the porous silicon
prepared at currents above 300 mA/cm’ displayed the cracked surface
of porous silicon. This cracked surface was collapsed to give cracked
domains at currents over 500 mA/cm’. Photoluminescence of porous
silicon was investigated by controlling of etching times and applied
current densities in the range from 50 sec. to 900 sec. and from 50
mA/cm’ to 800 mA/cm’, respectively. Photoluminescence intensity of
porous silicon increased gradually during etching process, reached
maximum, and then decreased as the etching time increased. Porous
silicon showed the best photoluminescence efficiency was prepared at

currents of 200 mA/cm® and etching time of 300 sec.



| . Introduction

Since the discovery of visible photo— and electroluminescence from

[1.2]

nanocrystalline porous silicon porous silicon has been

intensively investigated for a variety of applications such as
(3] [4] ]

chemical and biological sensors™, medical diagnostics[5 , optical
band pass filters m], micro chemical reactors[”, and micro fuel
cells® . Porous Si is an ideal candidate for gas— or liquid- sensing

applications, since it has a very large specific surface area on the
order of few hundreds m*/cm’, corresponding to about thousand times of
the surface area of a polished silicon wafer. Photoluminescence
property has been exploited to develop porous silicon sensors for

detection of toxic gases™ '™, solvents!' "

Luminescent porous
silicon samples can be usually prepared by a galvanostatic photoetch
of n-type silicon wafer. Till date, it is assumed that light emission
most likely results from quantum confinement effects within silicon
nanocrystallites and nanowires imbedded within the porous matrix.
Room temperature, visible photoluminescence with an external quantum
efficiency of up to 5% can be routinely achieved upon irradiation
with UV or blue light'™. Intensity of photoluminescence depends on

4] " Organic vapors have been

the presence of surface adsorbates
detected quantitatively by quenching of photoluminescence of the
quantum-confined silicon crystallites in porous silicon™?". In this
work, photoluminescence properties and surface morphologies of porous
silicon were investigated by controlling of etching times and applied

current densities.



Il . Experimental Section

2.1. Etching Set—up for Porous Silicon Surface

Heavily doped n-type silicon wafers (P-doped, orientation<100>,
Siltronix, Inc.) with a resistivity in the range 1~10 Q-+cm were used
to fabricate photoluminescence porous silicon by an anodic etch in
ethanolic HF consisted of a 1:1 volume mixture of aqueous 48%
hydrofluoric acid (Aldrich) and absolute ethanol (Aldrich). The
galvanostatic etch was carried out in a Teflon cell by using a
two—electrode configuration with a Pt mesh counter electrode. Porous
silicon was prepared by using various etching times and applied
current densities. The anodization current was supplied by a Keithley
2420 high-precision constant current source. Galvanostatic etching
was performed under the illumination with a 300 W tungsten filament
bulb for the duration of etch. All samples were then rinsed several
times with ethanol and dried under argon atmosphere prior to use.
After etching, the samples were rinsed with ethanol, dried under a

stream of dry N»(g),and then dried in vacuum for 30min priortouse.

2.2. Instrumentation and data acquisition

Steady—-state photoluminescence spectra were obtained with an Ocean
Optics S2000 spectrometer fitted with a fiber optic probe. The
excitation source was a LED (Amax = 480 nm) focused on the sample
(at a 450 angle to the normal of the surface) by means of a separate
fiber. Light was collected at a 900 angle to the incident Iight
source with a fiber optic. Spectra were recorded with a CCD-detector
in the wavelength range of 400 to 900 nm. Values of percent quenching
are reported as (10-1)/10, where 10 is the intensity of the

luminescence of porous silicon, integrated between 400 and 900 nm, in



the absence of quencher and | is the integrated intensity of
luminescence of porous silicon in the presence of a quencher. The
surface morphology of porous silicon was observed with cold field

emission scanning electron microscope (FE-SEM, S-4700, Hitachi).

IIl. Results and Discussion

3.1. Surface Characterization of Porous Silicon

An anodic etch of n-type silicon wafer with resistivities of 1~10
Qocm in ethanolic HF solution generally produced photoluminescence
porous silicon. In this work, photoluminescence porous silicon was
been successfully fabricated by using a galvanostatic electrochemical
etch. Photoluminescence properties and surface morphologies of porous
silicon were investigated by controlling of etching times and applied
current densities. Porous silicon consisted of a large number of
interconnected Si nanocrystallites with a surface that is almost
entirely covered with hydrogen atoms. Porous silicon samples prepared
by a galvanostatic photoetch of silicon wafer in this study exhibited
a strong visible red photoluminescence possibly due to the photoetch.
The red photoluminescence is due to the quantum confinement of
silicon nanocrystallites in porous silicon. Porous silicon samples
were prepared by using applied current densities in the range from 50
to 700 mA/cm” of and 300 sec. of etching times. Surface morphologies
were obtained with cold FE-SEM and shown in Fig. 1. FE-SEM image of
porous silicon surface indicated that the porous silicon prepared at
currents below 200 mA/cm’ exhibited very stable and even surface.
However the porous silicon prepared at currents above 300 mA/cm’
displayed the cracked surface of porous silicon. This cracked surface

was col lapsed to give cracked domains at currents over 500 mA/cm’.



Fig. 1. Surface SEM images of photoluminescence porous silicon
prepared at current densities of 50 mA/cm’(A), 100 mA/cm’(B), 200
mA/cn’(C), 300 mA/cm’(D), 400 mA/cm’(E), 500 mA/cm’(F), 600 mA/cm’(G),
and 700 mA/cm*(H)

3.2. Photoluminescence Properties of Porous Silicon

Photoluminescence spectra were measured at room temperature and
the emission spectra were collected with 480 nm of excitation
wavelengths. Porous silicon samples were prepared by using etching



times in the range from 400 to 900 sec. at fixed applied current
densities (100 mA/cm2). Fig. 2 showed the steady-state
photoluminescence spectra of porous silicon samples and indicated
that the maximum intensity of emission spectrum was centered at
645 nm with an excitation wavelength of 480 nm. Photoluminescence
intensity of porous silicon increased gradually during etching
process, reached maximum in 800 sec, and then decreased as the
etching time increased. An emission wavelength of 645 nm shifted
slightly to the shorter wavelength by 15 nm as the etching time
increased.

3000 -
—— 100mA 400sec

—— 100mA 500sec
2500 -
—— 100mA 700sec
—— 100mA 800sec
— 100mA 900sec

2000 -

1500

Intensity(a.u)

1000

500 |-

1 I I I I | e
560 600 640 680 720 760 800 840
Wavelength(nm)

Fig. 2. Photoluminescence spectra of porous silicon prepared at 100
mA/cm® of current densities with various etching time (from top,

800, 700, 900, 600, 500, 400 sec.).

Photoluminescence of porous silicon was investigated by controlling
of etching times and applied current densities in the range from 50
sec. to 900 sec. and from 50 mA/cm® to 800 mA/cm’, respectively.

Table 1 summarized the photoluminescence intensities of porous



silicon samples prepared by above conditions. In case of 50 and 100
mA/cm’, the photoluminescence of porous silicon appeared after 400
sec of etching time. Photoluminescence of porous silicon prepared at
currents of 200, 300, and 400 mA/cm’ appeared after 100 sec of
etching time. Photoluminescence of porous silicon prepared at
currents above 500 mA/cm® appeared right after etching of silicon

wafer.

50 - - - - - 179 | 219 | 162 | 188

100 - - 539 956 358 320 564 135 726

200 - - 1982 | 2606 | 2435 | 2636 | 2230 | 2337 | 1291

300 - - 3915 | 1981 1802 | 1290 925 752 230

400 665 467 2803 | 1391 204 223 230 202

500 1615| 1133 | 2811 476

600 | 1748] 1135 | 2346

700 | 1929] 1935 | 823

800 928 | 2239 479

900 878 | 1697

Table 1. Summary of photoluminescence intensities of porous silicon
prepared from different etching parameters (A=current, mA/cmz,

B=time, sec.).

Fig. 3 illustrated how the photoluminescence efficiency of porous
silicon might be changed during the etching procedure.
Photoluminescence efficiency of porous silicon increased as the
etching time increased, reached to the maximum efficiency, and then
decreased with further etching time. Porous silicon showed the best
photoluminescence efficiency was prepared at currents of 200

mA/cm® and etching time of 300 sec.



Fig. 4. Comparison of photoluminescence intensities of porous silicon
prepared from different etching parameters

V. Conclusion

Surface morphology of porous silicon prepared at currents below 200
mA/cm’ exhibited very stable. However the porous silicon prepared at
currents above 300 mA/cm’ displayed the cracked surface and then
col lapsed to cracked domains. Photoluminescence of porous silicon was
investigated at various etching times and applied current densities.
As etching time increased, the photoluminescence efficiency of porous
silicon prepared increased.  However, this  photoluminescence

efficiency start to decrease, after it reached to maximum
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Chapter 2. Fabrication of Gradient Optical Filter

Containing Anisotropic Bragg Nanostructure

Cho, Bomin
Advisor : Prof. Sohn, Honglae, Ph.D,
Depar tment of Chemistry,

Graduate School of Chosun University

Abstract

New gradient optical filters containing asymmetric Bragg structure
were prepared from the distributed Bragg reflector (DBR) porous
silicon (PSi). Anisotropic DBR PSi displaying a rainbow-colored
reflection was generated by using an asymmetric etching
configuration. Flexible anisotropic DBR PSi composite films were
obtained by casting of polymer solution onto anisotropic DBR PSi thin
films. The surface and cross—sectional images images of anisotropic
DBR PSi composite films obtained with cold field emission scanning
electron microscope indicated that the average pore size and the
thickness of porous layer decreased as the lateral distance
increased. As lateral distance increased, the reflection resonance

shifted to shorter wavelength.

_11_



| . Introduction

The development of photonic materials represents one of the
interesting challenges in modern materials science. The photonic
crystal/polymer composites materials are particularly attractive due
to the combined advantages of unique optical properties, and flexible
possibilities. PSi is an attractive candidate for building photonic
structure, because the porosity and average pore size can be tuned by
adjusting the electrochemical preparation conditions that allow the
construction of photonic orystals.“] PSi has been investigated for a

variety of applications such as chemical and biological sensors, 2

(4] (5]

medical diagnostics, micro chemical

(6]

optical band pass filters,
reactors, and micro fuel cells. Its importance is due to very
high surface area as well as their unigue photonic properties. In
recent years, optical devices based on multi-structured PSi, both DBR

and rugate PSj®*!

providing a reflection band at a desired wavelength
in the optical reflectivity spectrum are actively exploited due to
their high reflectivity. DBR-structured PSi having the photonic
structure of a Bragg filter can be generated by applying a
computer—generated square current density. However PSi is limited by
their chemical and mechanical stability for many applications,
because these films are very brittle.'™ To eliminate these issues,
PSi composite material would be ideal. Here we prepared a flexible
anisotropic DBR PSi/polymer composite film displaying a rainbow
colored reflection for possible applications as  tunable

band-rejection.

_12_



Il. Experimental Section
2.1. Preparation of Anisotropic DBR PSi Samples

Anisotropic DBR PSi sample was prepared by an electrochemical
etching of the heavily doped p-type Si <100> substrate (boron doped,
polished on the (100) face, resistivity of 0.8-1.2 mQocm, Siltronix,
Inc.). The etching solution consists of a 1:3 by volume mixture of
absolute ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48% HF
(ACS reagent, Aldrich Chemicals). Etching was carried out in a Teflon
cell by using a two-electrode configuration with a Pt plate counter
electrode placed at the end of etching cell to have the structural
anisotropies. Anisotropic DBR PSi sample was prepared by using a
computer—generated periodic square wave current density between 320
mA - cm? for 1.2 s and 100 mA - cm? for 7.2 s with 50 repeats of 420 s.
To prevent the photo—generation of carriers, the anodization was
performed in the dark. All samples were then rinsed several times

with ethanol and dried under argon atmosphere prior to use.

2.2. Preparation of Anisotropic DBR PSi Composite Films

Free-standing anisotropic DBR PSi films were obtained from the
silicon substrate by an applying of electropolishing current at 300
mA - cm® for 1 min in an ethanoic 37.5% aqueous HF solution, and then
at 8 mA-cm” for 5 min in ethanoic 3.3 % aqueous HF solution.
Free-standing anisotropic DBR PSi films were thermally oxidized in
the furnace at 300C for 3 hrs. For the anisotropic BDR composite
films, 3 g of polystyrene (Aldrich, Mw = 280,000) were dissolved in
20 mL of toluene (Fisher Scientific). The polymer solutions were cast
onto the anisotropic DBR PSi films and the samples were annealed in
an oven at 50C for 3 hr.

_13_



2.3. Instruments and Data Acquisitions

The anodization current was supplied by a Keithley 2420
high-precision current source which is controlled by a computer to
allow the formation of anisotropic DBR PSi films. Interferometric
reflectance spectra of anisotropic DBR PSi were recorded by using an
Ocean Optics S2000 spectrometer fitted with a bifurcated fiber optic
probe. A tungsten-halogen |ight source was focused onto the spot of
anisotropic DBR PSi composite films. Spectra were recorded with a CCD
detector in the wavelength rang 400~1200 nm. The illumination of the
surface as well as the detection of the reflected |ight was performed
along an axis coincident with the surface normal. FT-IR instrument in
the diffuse reflectance mode (Spectra-Tech diffuse reflectance
attachment), with diffuse reflectance absorption spectra are reported
in absorbance units. The morphology of anisotropic DBR PSi composite
film was observed with cold field emission scanning electron
microscope (FE-SEM, S-4700, Hitachi).

[Il. Results and Discussion

Since the discovery of DBR PSi from silicon wafer, research has been
associated with emerging technologies, such as photonic crystals for
optical band pass filters. DBR PSi is an attractive candidate for
building nanostructured composite materials because the porosity and
average pore size can be tuned by adjusting the electrochemical
preparation conditions that allow the construction of photonic
crystals. DBR PSi exhibits a high reflectivity band with a Bragg
wavelength, Bragg, depending on the thickness of the layers (di, do)
and the corresponding refractive indices (ny, n2). The mth order of
the Bragg peak is given by
MAsragg = 2(diny + dong) .

_14_



DBR PSi is typically prepared by an applying a computer generated
periodic square-wave current between low and high current densities
to the etch cell which results two distinct indices and exhibits a
photonic structure of Bragg filter. In this work, anisotropic DBR PSi
displaying a rainbow-colored reflection was generated by an
electrochemical etching of silicon wafer with an asymmetric etching

configuration as shown in Figure 5.

(E Source meter +)
Pt plant=—d »
y : s’ Etching solution

~ = Siwafer

Squarering P Leontas
<€ Alcontac

Teflon cell

Fig. 5. Schematic diagram of the etch cell with plate Pt electrode

for the formation of anisotropic DBR PSi.

Surface and cross—sectional SEM images of anisotropic DBR PSi were
obtained by using a cold field emission scanning electron microscope
as shown in Figure 6. The surface SEM images of anisotropic DBR PSi
indicated that the average pore size decreased as the lateral
distance (x) from the Pt counter electrode increased. The
cross-sectional SEM images of anisotropic DBR PSi indicated that the
anisotropic DBR PSi had a depth of several decade microns. A
repeating etching process resulted in two distinct refractive
indices. The thickness of anisotropic DBR PSi layer also decreased as

the lateral distance increased.

_15_
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Fig. 6. Surface (left) and cross-section (right) images of
anisotropic DBR PSi measured at the lateral distance from a point
closest to the Pt counter electrode to the silicon surface: [A] at O
mm, [B] at 30 mm, [C] at 45 mm, and [D] at 60 mm.

After the generation of anisotropic DBR PSi, free-standing
anisotropic DBR PSi film was lifted off from the silicon substrate by
an applying of electropolishing current and thermally oxidized in the
furnace. For the anisotropic BDR composite films, polystyrene
solution dissolved in toluene were cast onto the anisotropic DBR PSi
films and annealed in an oven. Schematic diagram and photographs for
the generation of anisotropic DBR PSi composite film were shown in

Figure 6.

_16_



Fig. 7. Schematic diagram for the generation of anisotropic DBR PSi
composite film and photographs of free—standing anisotropic DBR PSi
film (left), oxidized anisotropic DOBR PSi film (middle), and
anisotropic DBR PSi composite film (right).
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Fig. 8. Reflection spectra of anisotropic DBR PSi composite film as a
function of lateral distance displayed reflection maxima of 650, 632,
612, 590, 574, 551, 534 nm at lateral of 0, 15, 30, 45, 60, 75, 90
mm, respectively.

The reflection spectra of anisotropic DBR PSi composite film were

_17_



shown in Figure 8. The reflection resonances were measured as a
function of lateral distance from a point closest to the plate Pt
counter electrode to a position on the silicon surface. A tungsten
light source was focused onto the surface of anisotropic DBR PSi
composite film with a spot size of approximately 1 — 2 mm. Increase
of lateral distance caused the decrease of porous silicon depth and
the reflection resonance to shift to shorter wavelength. The plot for
the relationship between the reflection wavelength maximum and the
distance from the Pt electrode shown in Figure 9 exhibited a linear

profile.
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Fig. 9. Reflection wavelength maximum as a function of distance on

the anisotropic DBR PSi composite film.
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IV. Conclusion

Flexible anisotropic DBR PSi  composite film showing a
rainbow-colored reflection was successfully fabricated by using an
asymmetric etching configuration. The surface and cross—sectional
images image of anisotropic DBR PSi indicated that the average pore
size and the thickness of porous layer decreased as the lateral
distance increased. As lateral distance increased, the reflection

resonance shifted to shorter wavelength with linear relationship.
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Abstract

Biosensing technology offering an inexpensive, sensitive, and
portable means of detecting trace amounts of target analytes is an
important area of research. The unique properties of porous silicon
(PSi) is considered to an important component for the realization of
such technology. Here we demonstrate a rapid and highly sensitive
method for detecting magnetic nanoparticle labels for biosensing
using nano-structured PSi. The time for chemical bonding between
target chemical and functionalized magnetic labels was reduced using
an external magnetic field, and bonding detected by monitoring
changes of the intensity of reflected |light scattered from
nanoparticles attached on surface of PSi. The optical change was
proportional to the number of magnetic beads and size of beads on the

PSi surface.
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| . Introduction

A wide range of sensing methods based on porous silicon (PSi) has
been reported for monitoring chemical analytes and biomedical
diagnostics.!"™ The PSi-based biosensing platform shows potential as
a biosensing technology for point of care treatment (POCT) because of
the small size and versatility of this approach. In addition to
downsizing, PSi also has unique optical properties such as
interferometric phenomenon and photonic crystal effects. " Such
optical properties are tunable by the appropriate design of the
diameter of pores and homogenous porosity. Despite these advantages

of PSi over other optical methods.''™

, PSi-based biosensing protocol
requires long durations of time for biomolecules to diffuse deep
inside pore walls for complementary binding. Now, there have been
many reports on the use of 'magnetic-labels SPBs (superparamagnetic
beads with biomolecules comparable size in actual biomolecules),
enabling the shortening of the time taken for the physical chemical
reaction by the use of external magnetic fields.® Typically,
magnetic beads are used for molecular separation where an external
magnetic field enables the rapid collection of biomolecuels of
interest in a solution9). In this work, we propose a new biosensing
method based on monitoring changes in the intensity of reflected
light due to chemical binding of SPBs by functionalized PSi surfaces.
The speed of the chemical reaction was enhanced by the use of an
external magnetic field to collect carboxyl-terminated SPBs onto the
amine—terminated surface of PSi. Changes in the intensity of the
optical reflection depended on the areal concentration of magnetic
beads attached onto the PSi surfaces, where larger concentrations of

magnetic beads resulted in higher changes in the intensity of
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reflected light. Our protocol based on monitoring changes in the
intensity of reflected light is a promising means for the detection

of small amounts of biomolecules in a short period of time.
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Il . Experimental Section

One method to introduce layers of periodic optical nanostructures
into silicon wafers is by electrochemical anodization in hydrogen
fluoride (HF) solution10-11). The silicon wafers used in this study
were heavily doped pt+-type (boron doped, polished on the <100> face,
resistivity of 0.8-1.2mQ cm, Siltronix Inc.). The solution used for
electrochemical anodization composited of a 3:1 volume mixture of
agueous 48% HF solution and pure ethanol. Periodic structures of PSi
were achieved by the use of periodic square wave current densities.
Our samples were prepared by utilizing periodic square wave current
densities: 50 mAcm™ for 3 s and 5 mAcm® for 90 s with 20 repetitions.
Subsequently, the substrates were rinsed in pure ethanol and dried
under argon atmosphere.The detection of chemical affinity was
conducted as follows: First, the PSi samples were treated in an
oxygen plasma resulting in the oxidization of the surface of the
samples, followed by the immobilization of amino group (NH2) on the
sur face of PSi using an amino-functional silane
[3-propyltrimethoxysilane (APTS)] as an adhesive. Next, the
amine-terminated substrates were placed under a light source, and a
colloidal solution consisting of a phosphate buffer solution (PBS: pH
7.0) and carboxyl-terminated nanometer sized SPBs was dropped onto
the substrate. Subsequently, a NdFeB magnet was placed underneath the
substrate to apply a magnetic field perpendicular to the plane of the
surface. The magnetic field attracted and collected the SPBs rapidly
onto the surface of the PSi, resulting in a drastic reduction of the
time required for the amide reaction between the PSi surface and
SPBs. Finally, we monitored the changes in the intensity of reflected
light with time. For the data acquisition, the samples were
illuminated with a tungsten lamp, and the reflected Iight spectrum
was measured using an Ocean Optics 4000 spectrometer integrated into
optical fibers.
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Ill. Results and Discussion
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Fig. 10. A schematic of an experimental setup for the detection of
magnetic beads on porous silicon (PSi) substrate; (A) Immediately
after dropping the colloidal solution onto the substrates in absence
of the external magnetic field; (B) Collection of SPBs onto the
surface of PSi in application of the external magnetic field
gradient; (C) Changes in the intensity of reflected light due to the

presence of SPBs on the surface of PSi.

Fig.10 is a schematic of our method for the detection of
functionalized-SPBs. Immediately after dropping the colloidal
solution onto the substrates, incident light was incident onto the
surface of PSi and was reflected back to the CCD detector without any
interruption caused by dispersed nanometer sized magnetic beads as
shown in Figure 10(A). The spectrum of the reflected light intensity
corresponds to the black line in Fig. 10 (C). When an external
magnetic field was applied, the SPBs were magnetized and collected at
the PSi surface. Notably, SPBs with sizes larger than the pores of
the samples were rapidly collected onto the surface of PSi, not going

deep inside the pores. The pores were covered with clusters of
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nanometer sized SPBs as depicted in Fig. 10(B). The incident |ight
undergoes additional scattering, leading to a difference reflectance
spectrum. The incident light was most Iikely scattered by the SPBs
blocking the PSi pores. Importantly, the intensity of reflected light
corresponding to the red line in Fig.10 (C) was distinguishable from
the measured light intensity when there were no SPBs on the surface
of the PSi.
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Fig. 11. The R/RO is defined as the ratio of the intensity of
reflected light after application of the external magnetic field with
time to that at t = 0, immediately after dropping the colloidal
solution containing 250-nm—diameter SPBs. Region | : Absence of the

magnetic field. Region Il :Application of a magnetic field (500 Qe).

Fig. 11 shows the results of the reflectance as function of time for
different concentrations of the 250 nm size of magnetic beads. At
time t = 0 s, the colloidal solution containing 250-nm-diameter SPBs
was dropped on the PSi substrate, yielding a stable optical signal.
At 30 sec, the magnetic field was applied to start collecting SPBs

onto the surface of the PSi, resulting in the decrease in the

_26_



intensity of reflected light with time. The intensity of reflected
light stopped decreasing in less than 60 sec after application of the
external magnetic field. Colloidal solutions with a higher
concentration of SPBs showed greater changes in the intensity of
reflected light. It is thought that the large numbers of
carboxyl-terminated SPBs reacting with amine group immobilized on the
surface of the PSi were attached on the PSi surface, resulting in
blocking and scattering the incident light. More importantly, the
chemical reaction was dramatically enhanced by the use of the

external magnetic field (less than 60 sec).
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Fig. 12. The intensity of reflected light as a function of the

concentration of SPBs (130 nm, 250 nm) in colloidal solution.

The relationship between intensity of the reflected light and
concentration of carboxyl-terminated SPBs in the colloidal solution
was studied after sensing with the application of a magnetic field
(Fig. 12). Our detection method enabled the detection of SPBs with
concentrations as small as 1 pg/ml. As describe above, the change in

the intensity of reflected light was greatly affected by the
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concentration of SPBs on the surface.

The intensity change of the reflected light is explained by the Mie
theory, especially Mie total cross section calculation.12) The Mie
total cross section consists of total scattering, absorption and
extinction, denoted as osc, ocab and oex, respectively. The total
scattering cross section is defined as the ratio of the total radiant
power scattered by a particle in all directions to the radiant power
incident on the particle. The general expression of Mie total

scattering cross is given by 13-14)

2 o0
0. == > @2n+1)(a,[ +p,|).
n=1

where, x = 2R /A . (where R is the radius of the particle and A is
the wavelength of incoming radiation). an and bn are Mie scattering
coefficients.

The Mie total scattering cross section, efficiency factors of
scattering were coefficients (an and bn) 13-14) that determine the
scattering characteristics of a particle or a particulate medium.
These functions were obtained from information of the scattering
conditions (i.e. particle size, particle refractive index, and light
wavelength). Therefore, the intensity of reflected light by the
magnetic beads on PSi surface is inversely proportional the size and
concentration of SPBs. Furthermore, the changes in the peak of the
optical reflection were proportional to the areal density of magnetic
beads attached to PSi surfaces. From changes of decrease in the light

intensity we can detect probe-target binding of amide reactions.
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V. Conclusion

We demonstrated a method for the rapid detect of chemical affinity
by monitoring changes in the intensity of reflected light from SPBs
attached on the surface of PSi. The reaction speed of chemical
binding was greatly reduced by using the external magnetic field to
collect the carboxyl-terminated SPBs onto the amine-terminated PSi
surface. The change in the intensity of reflected Iight depended on
to the areal concentrations of SPBs attached to PSi surfaces, where
larger concentrations of SPBs on the surface resulted in great
intensity decrease. By monitoring the change in the light intensity
the chemical biding was easily detected less than 60 sec. Our method

has potential used for the real biosensing.
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