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INTERFEROMETRIC
NANOSENSORS BASED
ON POROUS SILICON
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Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

Chapter One

Fabrication of Human IgG Sensors Based on Porous

Silicon Interferometer Containing Bragg Structures

1.1 Introduction

Recently, the nanostructured porous silicon (PSi) has been received a great
interest in optoelectronic devices.] The PSi has a high surface area, which
has shown to be useful for many applications, such as chemical and
biological sensors,[2-4] switching devices,[4] implantable biomaterials,[S] drug
delivery,[6] and in high-throughput screening.[7] The direction of pores and
pore diameters in PSi depend on surface orientation, doping level and type,
temperature, the current density, and the composition of the etching
solution.[8] The most important performance parameters of optical biosensors
are reflective index (n) and signal intensity.[9,10] Photonic crystals such as
distributed Bragg reflectors (DBR) have been extensively studied in recent
years because of their unique optical properties and the possibility of
modulating the spectral resonance of optical spectrum. DBR PSi prepared by
applying a computer generated pseudo-square current waveform results two
distinct indices and exhibits photonic structure of Bragg filters.[11,12] The
mth order of the Bragg peak is given by m Apumg = 2(din; +don). DBR PSi
exhibits unique optical properties providing the reflection of a specific

wavelength in the optical reflectivity spectrum. For applications in biosensors,
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label-free biosensors would be important due to the advantage of easy sample
preparation.[13] The main transduction methods for labelfree biosensors are
optical interferometers,[14] evanescent wave devices,[15] grating couplers,[16]
and surface plasmon methods.[17] Biosensor based on PSi interferometer has
a great advantage due to a large surface area matrix for immobilization of a
variety of biomolecules such as enzymes,[18] protein,[19] and DNA
fragments.[20] Recently, the double-layers of PSi can also be used as the
transducer of biomolecular interaction in biosensor application[.21] In the
present work, a simply modified biosensor for the detection of human
immunoglobinG (IgG) based on protein A-modified DBR PSi and APSM
interferomerer is reported. The fabrication, optical characterization, and surface

derivatization of DBR PSi and APSM are investigated.
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1.2 Experiments

1.2.1 Preparation of DBR and APSM Samples

The DBR PSi was prepared by an electrochemical etching of Si wafer
(boron doped, polished on the <100> face, resistivity of 0.8~1.2 mQ- cm,
Siltronix, Inc.). The etching solution consisted of a 1:3 (v/v) mixture of
absolute ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48%
hydrofluoric acid (ACS reagent, Aldrich Chemicals). Galvanostatic etching was
carried out in a Teflon cell by using a two-electrode configuration with a Pt
mesh counter electrode. DBR PSi was prepared by using a periodic
pseudo-square wave current between 350 mA- cm” for 1 s and 100 mA-
cm” for 5 s. The anodization current was supplied by Keithley 2420
high-precision constant current source controlled by a computer allow the
formation of PSi. and Spot array of APSM samples were 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 mQQ cm, Siltronix,
Inc.). The etching solution consists of a 1:3 by volume mixture of absolute
ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48% HF (Aldrich
Chemicals). Teflon template containing 9 holes, whose radius and interval
distances were 2 mm, was placed on the top of silicon wafer. Etching was
carried out in a Teflon cell by using a two-electrode configuration with a Pt
wire counter electrode placed at the end of etching cell to have the structural
anisotropies. APSM sample having Bragg structure was prepared by using a
periodic pseudo-square wave current between 41.5 mA:- cm” for 0.5 s and
0.8 mA- cm” for 4 s with 50 repeats. To prevent the photo-generation of

carriers, the anodization was performed in the dark.
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Figure. 1.1 Surface and cross-sectional SEM images of DBR PSi.

All DBR and ASPM PSi samples were then rinsed several times with ethanol

and dried under argon atmosphere.

1.2.2 Surface Derivatization of DBR PSi and APSM Samples

Thermal oxidized DBR and APSM PSi samples were obtained by heat
treatment in a furnace (Thermolyne F6270-26 furnace equipped with
controller) using the following parameters: initial ramp rate, C/min to 300C,
hold time, 3 h and passive cooling to ambient temperature.

For the functionalization of oxidized DBR and ASPM PSi, the oxidized DBR
and APSM PSi sample and 5 mL of (3-aminopropyl) trimethoxysilane (99%,
Aldrich Chemicals) were placed in Schlenk flask and refluxed for 12 hrs in a
dry argon atmosphere. After functionalization with amine group, the DBR and
APSM PSi sample was rinsed successively with methylene chloride, acetone,
and ethanol and subsequently dried under a stream of nitrogen.

For surface modification of biotin-derivatized DBR and APSM PSi sample,
10 mg of biotinamidohexanppyl-6-amino hexanoic acid N-hydroxy-succinimide

ester (95%  Aldrich Chemicals) was dissolved in 20 mL of

{ICollection @ chosun
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dimethylformamide. The mixture solution was stirred vigorously for 10 min.
The biotin-derivatized DBR and APSM PSi chip, 1-(3-(dimethylamino)
propyl)-3-ethylcarbodiimidehydro-chlorde (EDC, 20 mg, 0.1 mmol), and
triethylamine (TEA, 0.9 mL, 6 mmol) were added to the mixture solution.
The reaction mixture was allowed to stir at room temperature for overnight.
After removal of the solution, samples were rinsed by ethanol, methylene
chloride, and acetone, dried under a reduced pressure, and stored in nitrogen

atmosphere prior to use.

1.2.3 Instrumentation and Data Acquisition

Interferometric reflectance spectra of DBR and APSM PSi were recorded by
using an Ocean Optics S2000 spectrometer fitted with a bifurcated fiber optic
probe. A tungsten light source was focused onto the center of DBR and
APSM PSi surface with a spot size of approximately 1~2 mm. Spectra were
recorded with a CCD detector in the wavelength range 400~1200 nm. The
illumination of the surface as well as the detection of the reflected light 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 DBR and APSM PSi film was observed with cold field

emission scanning electron microscope (FE-SEM, S-4700, Hitachi).
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1.3 Results and Discussion

1.3.1 Results for DBR PSi Samples

A DBR PSi exhibits a high reflectivity band with the Bragg wavelength, A
Brage, depending on the thickness of the layers (di, d») and the corresponding

refractive indices (n;, nz). The mth order of the Bragg peak is given by
mkgragg = 2((11111 +d2n2) (1)

Typical etch parameters for the DBR PSi structure involve using a periodic
square-wave current between low and high current densities. The pore shape,
pore size, and orientation of porous silicon layers depend on the surface
orientation and doping level and type, temperature, the current density, and
the composition of the etching solution. In this work, the applied current
densities for the fabrication of DBR PSi was varied between 100 and 350
mA-cm™
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Scheme. 1.1 Schematic process for surface modification of DBR PSi with

biotin.
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The surface and cross sectional morphology of DBR PSi were obtained with
cold FE-SEM and shown in Figure 1.1 The cross-sectional images of DBR
PSi displayed that the DBR PSi has a depth of about 20 microns. A
repeating etching process results in two distinct refractive indices. The
chemistry of functionalization was outlined in Scheme 1. The thermal
oxidation of PSi at 300 C converted the hydride-terminated surface into
hydroxyl terminated PSi. Condensation of the Si.OH surface of PSi with
(3-aminopropyl)trimethoxysilane generated a surface-bound amine group. The
subsequent reaction with biotinamidohexanppyl-6-amino  hexanoic  acid
N-hydroxysuccinimide ester, EDC, and TEA led to the desired
biotin-functionalized DBR PSi which was used in the streptavidin-binding

studies.
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Figure. 1.2 Diffuse reflectance FT-IR spectra of (A) freshly etched DBR PSi,
(B) thermally oxidized DBR PSi, (C) amine-functionalized DBR PSi, and (D)
biotin-functionalized DBR PSi.
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Diffuse reflectance FT-IR spectroscopy was used to monitor the oxidation and
functionalization reaction of DBR PSi. Figure 1.2 showed that the FTIR
spectrum of freshly etched DBR PSi displayed absorptions characteristic of
surface SiH, SiH,, and SiH; species at 2086, 2115, and 2138 cm’,
respectively, with no detectable surface oxide absorptions. Thermal oxidation
of DBR PSi resulted in a significant loss of intensity of the Uin modes,
but vibrational bands due to oxygen back-bonded silicon hydride,0osi-ny and
8 osim modes, grew in at 2209 and 2263 cm’. Multiple silicon oxide
species, Si-O-Si, displayed a strong broad silicon oxide stretching mode at
1100 cm’'. Amine-functionalized DBR PSi displayed additional band

characteristics of the amine band of Un. at 3361 cm” and the aliphatic
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Scheme 1.2 Schematic process for the detection of Human IgG.
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DBR PSi displayed additional band characteristics of the amide band of v
cony at 1662 cm’. The biotin-functionalized DBR PSi was placed in the flow
cel. Aqueous PBS buffer solution was flushed to perform an initial
measurement of reflectivity. The chemistry of binding event of biomolecules
was outlined in Scheme 2. The surface was rinsed thoroughly with PBS
buffer solution to ensure covalent attachment to the surface and to check
stability of the reflectivity measurement. The cell was then flushed with a
constant flow of 0.8 mL/min of PBS buffer solution containing protein (20
uM streptavidin, biotinylated protein A, and human IgG) which coupled to
the biotin-midified DBR PSi surface.
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Figure. 1.3 Change of optical reflectivity in the reflection spectra depending
on the surface modification of DBR PSi.
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Figure 1.3 showed the change of reflectivity in the reflection spectrum
depending on the surface modification of DBR PSi. Oxidized DBR PSi
displayed a very sharp line at 628 nm with sidelobes around the reflectance
peak in the optical reflectivity spectrum. The spectral bands of DBR PSi had
a full-width at half maximum (FWHM) of about 18 nm. The
amine-functionalized DBR PSi resulted in the reflectivity at 651 nm shifted to
longer wavelengths by 23 nm due to the increase of refractive indices upon
introduction of the amine group into the pores of DBR PSi. The subsequent
introduction of biotin derivatives to the amine-functionalized DBR PSi
resulted in the reflectivity at 657 nm shifted to longer wavelengths by 6 nm,
due to the increase of additional refractive indices. For binding studies, the
exposure of 20 uM streptavidin to the biotin-functionalized DBR PSi resulted
in an increase of the reflection wavelength in the reflectivity spectrum by 7
nm, indicative of a change in refractive indices induced by binding of the
streptavidin into the biotin-derivatized DBR PSi. The subsequent introduction
of 20 uM biotinylated protein A resulted in the reflectivity shifted to longer
wavelengths by 6 nm, indicative of a change in refractive indices induced by
binding of sterptavidin and biotinylated protein A. Finally the addition of 20
uM  human IgG resulted in the reflectivity shifted to further longer

wavelengths by 6 nm, indicative of binding of protein A and human IgG.

1.3.2 Results for ASPM Samples

APSM sample shown in Figure 1.4 was generated by an electrochemical
etching of silicon wafer with an asymmetric etching configuration. Diagram
(left) and photograph (right) of APSM sample are shown in Figure 2. Size of
each spot in diameter and inter-spot distance were 2 mm. Spot 1 in Figure 2

represented the first spot generated under the Pt counter electrode. Red
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reflection color from the first spot gradually changed to green reflection color
as the lateral distance increased. Surface and cross-sectional images of first
spot in APSM obtained by using a cold field emission scanning electron
microscope were shown in Figure 3. The surface SEM images of APSM
indicated that the pore size of spot porous silicon gradually decreased as the
lateral distance increased.[12] Cross-sectional SEM image of PSi displayed

two discrete porous layers.
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Figure 1.4 Schematic diagram of the photograph etch cell with Pt counter
electrode for the generation of APSM.

<

Figure 1.5 Illustration (left) and (right) of APSM sample.

Reflection resonances in the optical reflective spectra for each spot were
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shown in Figure 1.7 The reflection spectra of APSM indicated that the
reflection wavelength gradually shifted to shorter wavelength as the lateral
distance increased. The chemistry of functionalization was outlined in Figure
1.8 The thermal oxidation of APSM converted the hydride-terminated surface
into hydroxyl terminated surface. Condensation of the Si-OH surface with
(3-aminopropyl) trimethoxysilane generated a surface-bound amino group. The
subsequent reaction with biotin derivatives led to the desired
biotin-funtionalized surface. FT-IR spectroscopy was used to monitor the

oxidation and functionalization of APSM sample. Figure 1.9(A)

Figure 1.6 Surface and cross-sectional SEM images of spot 1 in APSM.

Spot 1 was measured at the lateral distance from a point closest to the Pt
electrode showed that the FT-IR spectrum as-prepared APSM displayed a
characteristic broad band centered at 2119 cm™ for the 0(Si-H) stretching
vibration. The oxidized APSM shown in Figure 6(B) displayed a significant
loss of intensity of the v(Si- H) modes, but vibrational bands of oxygen-
back-bonded silicon hydride, v(OSi-H) modes, grew at 2200-2250 em™.

Silicon oxide species, Si-O-Si, displayed a strong, very broad absorption band

_13_
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Figure 1.7 Reflection spectra measured at each spot.
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Figure 1.8 Schematic diagrams for the surface functionalization of APSM and

the detection of Human Ig G with APSM chip.

_14_

Collection @ chosun



Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

at 1000-1200 cm’'. Amine-derivatized APSM shown in Figure 6(C) displayed
8 (N-H) at 1575 cm” and the aliphatic v(C-H) stretching bands at around
2952 cm’. The band shown in Figure 2(D) at 1652 cm™ was assigned to the

carbonyl stretching vibration of the biotin head group.
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Figure 1.9 FT-IR spectra of (A) as-prepared, (B) thermally oxidized, (C)

amine-derivatized, and (D) biotin-derivatized APSM.
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Figurel.10 Reflection spectra of spot 1 in (A) oxidized, (B) aminederivatized,
(C) biotin-derivatized, (D) PBS-rinsed, (E) streptavidinflushed, (F) biotinylated
protein A-flushed, (G) human Ig G-flushed APSM.

The functionalized APSM chip was placed in the flow cell. The surface of
APSM was rinsed thoroughly with PBS buffer solution to ensure covalent
attachment to the surface and to check stability of the reflectivity
measurement. 20 uM streptavidin was injected into the flow cell, then
biotinylated protein A and human IgG were flushed with PBS buffer,
respectively. A constant buffer flow of 0.8 mL/min was maintained. Figure
1.10 showed the change of reflection resonance at spot 1 according to the
addition of corresponding molecules. Introduction of protein fragments
produced a red-shift of reflection wavelength due to an increase in the total

refractive index of the porous film. The changes of
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Figure 1.11 Changes of reflection wavelengths according to the step-bystep
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addition of proteins in APSM.

reflection wavelengths obtained from every step and spot in APSM were
monitored by reflectivity spectroscopy and summarized in Figure 1.11 The
change of reflection wavelength became smaller as the lateral distance

increased.

Intensity (a.u)

! 1 1 I ! 1 !
500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 1.12 Differential plots for showing the specificity for the detection of
human Ig G. at each spot in APSM.

To specify the analyte, a differnital signal obtained from the differnce
between the reflcetion spectra before and after addition of human Ig G for

each spot was shown in Figure 1.12.
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1.4 Conclusions

The functionalized DBR PSi biosensor was prepared for the application as a
label-free biosensor based on DBR PSi interferometer. Prepared DBR PSi
displayed sharp reflection in the optical reflective spectra. The mean of
construction of molecular architectures on DBR PSi surfaces was investigated
for the step-by-step binding interaction with streptavidin, biotinylated protein
A, human IgG. The subsequent introduction of streptavidin, biotinylated
protein A, and human IgG resulted in the reflectivity shifted to longer
wavelengths, indicative of a change in refractive indices induced by binding
of biomolecules. and A 3x3 spot array of APSM modified with protein A
was successfully fabricated. The reflection wavelength gradually shifted to
shorter wavelength as the lateral distance increased. The changes of reflection
wavelengths obtained from each step and each spot at APSM were
monitored. Introduction of human Ig G produced a red-shift of reflection

wavelength.
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Chapter Two
Fabrication of Grandient Optical Fiter Containing
Anisotropic Bragg Nanosturcture and Multi-Encoded

Rugate Porous Silicon/Polymer Composite

2.1 Introduction

Photonic crystals-based sensors for detecting chemical and biological
compounds have been extensively studied in recent years and present many
challenges such as enhancement of specificity, increase of sensitivity, and
removal of interference. This is due to their unique optical property,[1] which
could be useful for a variety of applications such as chemical and biological
sensors[2] or drug delivery system.[3, 4] In recent years, highly sensitive
optical sensing has been achieved with a variety of PS structures, including
Fabry-Perot films,[5] Bragg mirrors,[6-8] microcavities,[9] and rugate
filters.[10] PS employs to detect a wide range chemical and biological
compounds, including volatile organic vapors,[11] explosives,[12] chemical
nerve agents,[13] DNA,[14] and proteins,[15] due to their large surface area,
easy surface chemistries.16 Multi-encoded rugate filters were recently
developed by applying a computer-generated pseudo-sinusoidal composite
current-time waveform.[17,18] The refractive index varied sinusoidally in a
photonic structure of rugatestructured PS. However, PS was limited about its
chemical and mechanical stability for many applications because a
free-standing film was very brittle. Composite thin films might be one of

candidates to eliminate these issues. Here we prepared a flexible
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MRPS/polymer composite film containing a nanostructure with the complex
photonic properties. Detection of organic vapors was investigated to analyze
adsorption and desorption characteristics. and flexible anisotropic DBR
PSi/polymer composite film displaying a rainbow colored reflection for

possible applications as tunable band-rejection.
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2.2 Experiments

2.2.1 Preparation of MRPS and Anisotropic DBR PSi Films

Multi-encoded rugate PS samples were prepared by electrochemical etching
of heavily doped p"'-type silicon wafers (boron-doped, polished on the <100>
face, resistivity of 0.8-1.2 m@Q-cm, Siltronix, Inc.). The etching solution
consisted of a 3:1 volume mixture of aqueous 48% hydrofluoric acid (ACS
reagent, Aldrich Chemicals) and absolute ethanol (ACS reagent, Aldrich
Chemicals). Etching was carried out in a Teflon cell by using a twoelectrode
configuration with a Pt mesh counter electrode.

A composite waveform, the sum of three computergenerated pseudo-sinusoidal
current waveforms varying between 61.50 and 84.60 mA- cm” (1000 seconds
periodicity, 10 repeats), was applied as an anodization current density. Each
sine component varied from 0.40, to 0.38, to 0.36 Hz for MRPS. To etch
the required sinusoidal index profile into Si, the anodization current was
supplied by Keithley 2420 high-precision current source controlled by a
computer to allow the formation of MRPS. Galvanostatic etching was
performed in a dark room. All samples were then rinsed several times with
ethanol and were dried under an argon atmosphere. Free-standing MRPS films
were obtained from the silicon substrate by applying a current of 20 mA-
cm” for 5 min in a solution of 48% aqueous HF and ethanol (1:15 by
volume). The silicon surface was predominant hydride-terminated after the
etching procedure. This surface was sensitive to oxidation and hydrolysis
upon exposure to aqueous solution. and The DBR PSi samples were prepared
by electrochemical etching of heavily-doped p '-type silicon wafers (boron

doped, polished on the <100> face, resistivity of 0.8-1.2 m&-cm, Siltronix,
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Inc.). The etching solution consisted of a 3:1 volume mixture of aqueous
48% hydrofluoric acid (ACS reagent, Aldrich Chemicals) and absolute ethanol
(ACS reagent, Aldrich Chemicals). The galvanostatic etch was carried out in
a Teflon cell by applying 20 cycles of a two-electrode configuration. DBR
PSi with one or two reflection bands was prepared by wusing periodic
square-wave currents between 5 mA-cm” for 90 sec and 50 mA-cm” for 3
sec or between 10 mA-cm” for 90 sec and 100 mA-cm” for 3 sec,
respectively. 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.

2.2.2 Preparation of MRPS and Anisotropic DBR PSi

Composite Films

Thermally oxidized MRPS and Anisotropic DBR PSi films were obtained
by heat treatment in a furnace (Thermolyne F6270-26 furnace equipped with
controller) using the following parameters: initial ramp rate, 5 C/min to 300
C; hold time, 3 h; and passive cooling to ambient temperature. For the
preparation of MRPS and Anisotropic DBR PSi composite, 3 g of
polystyrene (Aldrich, Mw = 280,000) were dissolved in 20 mL of toluene
(Fisher Scientific). Resulting solutions were cast onto the samples were

annealed in an oven at 50 C for 3 hr.
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2.2.3 Preparation of Gas Samples

For analyte exposure studies, n-hexane and methanol (98.5%, Aldrich), were
purchased. Stock solutions of the molecules were prepared by
freeze-pump-thaw degassed three times prior to use. All solutions were

handled under dry argon.

2.2.4 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
MRPS and anisotropic DBR PSi films. Interferometric reflectance spectra of
MRPS and anisotropic DBR PSi were recorded by using an Ocean Optics
S2000 spectrometer fitted with a bifurcated fiber optic probe. 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 light 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 MRPS and anisotropic DBR PSi composite film was
observed with cold field emission scanning electron microscope (FE-SEM,

S-4700, Hitachi).
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2.3 Results and Discussion

2.3.1 Results for MRPS Samples

Photonic crystals containing the rugate structure showing a high reflectivity
in a specific narrow spectral region was prepared by applying a computer
generated pseudo-sinusoidal current waveform.[19] Effective refractive index of
rugate PS depends directly on porosity. The rugate PS prepared with a sine
etching current profile possess a sinusoidally varying porosity gradient in the
direction perpendicular to the plane of the filter.[18] To encode multiple
rugate structures, three sine waves are summed together to create the
composite waveform, which is used as an electrochemical etching current
profile.[19] Therefore, multiple rugate PS might have a complex wave-formed
porosity gradient rather than a simple porosity of cylindrical macro-pores in
the direction perpendicular to the plane of the filter due to the sum of sine
components. This complex wave-formed porosity used in the present work
should give a distinct pore adsorption and desorption -characteristics for
sensing applications.

The composite waveform used in the present work was previously reported.20
The values of amplitude and applied current density for every sine
components were 23.10 and 73.05 mA, respectively. The frequency values for
each of the sine components varied from 0.36 to 0.40 Hz, with a spacing of
0.02 Hz between each sine component. MRPS exhibited three sharp reflection
resonances at 567, 618, and 682 nm, respectively.

MRPS film was removed by applying an electropolishing current to obtain
free-standing films. The thermal oxidation of freestanding MRPS films at 300

C converted the hydride-terminated surface into hydroxyl terminated MRPS
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films. To generate a flexible MRPS film, a small drop of polystyrene
solution was casted on top of the freestanding MRPS film. Schematic
diagram for the fabrication of MRPS film was shown in Figure 2.1 Surface
and cross-sectional SEM images of MRPS composite film were shown in
Figure 2.2 The polymer-coated surface image (Fig. 2.2(a)) and a photograph

(inset) of MRPS composite film illustrated that composite film was

3333318
1338212

MRPS film

thermal oxidation|

SiOH HOSi
SiOH HOS
SiOH HOSi
SioH HOS:
SiOH HOSi
oxidized MRPS flim SiOH HOSi

polymer casting
.

MRPS/polymer composite film

Figure 2.1 Schematic diagram for the fabrication of MRPS film.

flexible. Cross-sectional SEM image in Figure 2.2(b) showed a critical
discrimination in morphology between composite layer and porous layer. The
multiple rugate PS displayed a complex pore structure rather than a simple

cylindrical pore structure. The porous surface image of MRPS composite film
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in Figure 2.2(c) indicated that average pore size was about 100 nm. The
refractive index of multiple rugate PS depends directly on porosity. The
multiple rugate PS with a complex wave-formed porosity in the direction
perpendicular to the plane of the filter was wused for a distinct pore

adsorption and desorption characteristics of analyte.

Figure 2.2 Surface and cross-sectional SEM images of MRPS/polymer

composite film.
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Figure 2.3 Reflection resonance spectra under exposure to different analytes
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such as hexane and methanol.

Figure 2.3 showed the shift of reflection peaks under the exposure of
methanol (97.48 mmHg) and n-hexane (121.26 mmHg) vapors. Three
reflection peaks at 570, 620, and 685 nm shifted to the red by 7, 9, and 11
nm with hexane vapor and 15, 15, and 18 nm with methanol vapor,

respectively.
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Figure 2.4 Real time responses of intensities at the fixed wavelength of
reflection maxima under exposure to hexane (top) and methanol (bottom)

vapors.
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Figure 2.5 First derivatives for the capillary condensation of hexane vapor.

The reflection peaks under the exposure of methanol vapor shift to the longer
wavelengths, even though the vapor pressure of methanol is less. Oxidized PS
layer modified with hydroxyl functionality was a porous hydrophilic material
and had a much greater affinity for hydrophilic versus hydrophobic media,
since the adsorption depended on the surface property of PS layer. This
result indicated that the specificity of adsorption or capillary condensation at
the PS surfaces depended dramatically on the surface chemistry.

To investigate an adsorption and desorption characteristics, the change of
reflection intensities at fixed wavelengths obtained from reflection minima
under exposure to analytes were measured and shown in Figure 2.4.
Adsorption and desorption process exhibited a decrease and increase of
reflection intensities, respectively. The repetitive exposure exhibited a

consistent result to show the degree of reproducibility.
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hexane

Figure 2.6 3D plot showing the relationship between the wavelength shift of
the reflection bands (A A, AI/AT, and intensity change for methanol and

hexane vapors.

Figure 2.6 showed the three-dimensional relationship between the wavelength
shift of the reflection bands of MRPS layer (A A) and the first derivatives
(AI/AT) as a function of intensity change for methanol and hexane vapors.

The spots were well-separated in the 3D plot.

2.3.2 Results for Anisotropic DBR PSi Samples

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
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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, A g, depending on the thickness
of the layers (d;, d2) and the corresponding refractive indices (n;, ny). The

mth order of the Bragg peak is given by

m}\Bragg = 2(dlnl+d2n2)

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 2.7

= (+)
Source meter

Pt plant g >
f Etdhing solution

S| wafer
SQUATE TING m—
€— Al contact

Teflon cell

Figure. 2.7 Schematic diagram of the etch cell with plate Pt electrode for the

formation of anisotropic DBR PSi.

_33_

Collection @ chosun



Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

Figure. 2.8 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 0 mm, [B] at 30 mm, [C] at 45 mm,
and [D] at 60 mm.
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{}:ldnhnn Pu]}mrr
casting
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Figure. 2.9 Schematic diagram for the generation of anisotropic DBR PSi
composite film and photographs of free-standing anisotropic DBR PSi film
(left), oxidized anisotropic DBR PSi film (middle), and anisotropic DBR PSi
composite film (right).

Surface and cross-sectional images of anisotropic DBR PSi shown in Figure
2.8 were obtained by wusing a cold field emission scanning electron
microscope. 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. After the generation of anisotropic DBR PSi,
freestanding 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 2.9.
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Figure. 2.10 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.
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Figure. 2.11 Reflection wavelength maximum as a function of distance on the

anisotropic DBR PSi composite film.

The reflection spectra of anisotropic DBR PSi composite film were shown in
Figure 2.10. 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. Anisotropic DBR
PSi with gradient porosity displayed that the reflection wavelength was
spatially varied due to the uneven distribution of current across the wafer

during the etching. The plot for the relationship between the reflection
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wavelength maximum and the distance from the Pt electrode shown in Figure

2.11 exhibited a linear profile.

2.4 Conclusions

Flexible anisotropic DBR PSi composite film showing a rainbow-colored
reflection was successfully fabricated by wusing 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.
and MRPS composite films having pore nanostructure were successfully
fabricated by casting of polystyrene solution on the free-standing MRPS film.
Surface and crosssectional SEM images of MRPS composite film were
obtained to investigate the morphology composite film. The condensation and
evaporation behaviors organic vapors in the nanopores of MRPS composite
film were monitored by optical reflection spectroscopy in real time. The
reflection bands shifted to the red upon analyte adsorption. Adsorption and
desorption characteristics were investigated the change of reflection intensities
at fixed wavelengths, indicating that the repetitive exposure exhibited a
consistent and showed the degree of reproducibility. Behavior of capillary
condensations of hexane and methanol were nearest identical. 3D relationship
between the wavelength shift of the reflection bands of MRPS layer ( A A
and the first derivatives (AI/AT ) as a function of intensity change for

methanol and hexane displayed wellseparated region in the 3D plot.
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Chapter Three
Detection of Organic Vapors Based on
Photoluminescent Bragg-Reflective Porous Silicon

Interferometer

3.1 Introduction

Since the discovery of the photoluminescent porous silicon (PS),[1] it has
attracted for a variety of applications such as chemical and biological sensors
and drug delivery systems.[2-5] The main sensing techniques to achieve a
signal transduction were capacitance,[6] resistance,[7] photo-luminescence
(PL),[8] and reflectivity.[9] Typically, PS exhibiting a well-defined reflection
peak in the optical reflectivity spectrum can be prepared with p-type silicon
wafer under the dark condition. Detection of molecules such as toxic
gases,[10-12] organic solvents,[13] DNA,[3] and proteins[14,15] can lead to a
shift of reflection peak due to a change in the refractive index of PS.
Luminescent PS samples are usually prepared by a galvanostatic photoetch of
n-type silicon wafer under the illumination condition. The red-light emission
in PS is related to quantum confinement in silicon nanocrystallites. The
photoluminescence efficiency of PS is depending on the etching condition and
the surface properties.[16] Organic vapors have been detected quantitatively
by the quenching of PL of the quantum-confined silicon crystallites in
PS.[17,18] Here, we report the preparation method of photoluminescent
Bragg-reflective porous silicon (PBR PS) exhibiting both strong PL and
well-defined Bragg reflection based on n-type PS. Both PL and reflectivity

were used for the detection of various organic vapors.
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3.2 Experiments

3.2.1 Preparation of PBR PS

PBR PS samples were prepared by an electrochemical etching of the
phosphors-doped n-type Si <100> substrate (Siltronix, Inc.) with a resist in
the range of 0.001~0.003 Q-cm. The etching solution consists of a 1:3 by
volume mixture of absolute ethanol (ACS reagent, Aldrich Chemicals) and
aqueous 48% HF (Aldrich Chemicals). The etching was carried out in a
Teflon cell by using a two-electrode configuration with a Pt wire counter. PS
was prepared by using a 300 mA/cm’ for 1.2 seconds and 80 mA/cm’ for
7.4 seconds with 50 repeats. The anodization current was supplied by a
Keithley 2420 highprecision constant current source. Galvanostatic etching was
performed under the illumination of 300 W tungsten filament bulb for the
duration of the etching. All samples were then rinsed several times with
ethanol and dried under argon atmosphere prior to use. The samples were
then mounted in a glass chamber connected to a Schlenk line. The Schlenk
line was connected to a direct-drive vacuum pump. The chamber was pumped

to <1 mTorr between the gas exposures.

3.2.2 Instruments and Data Acquisitions

Steady-state PL spectra were obtained with an Ocean Optics S2000
spectrometer fitted with a fiber optic probe. The excitation source, UV LED
(Amax = 460 nm) was focused on the sample (at a 45° angle to the normal
of the surface) by means of a separate fiber. The reflected light was
collected at a 90° angle to the incident light source with a fiber optic.
Spectra were recorded with a CCDdetector in the wavelength range of 400 to

900 nm. The values of percent quenching are reported as (Io-I)/Io, where Iy is
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the initial intensity of the luminescence in the absence of quencher of PBR
PS. T is the integrated luminescence intensity of PBR PS in the presence of
analyte. The luminescence intensity is integrated between 400 and 900 nm.
Interferometric reflectance spectra of PBR PS samples were measured by
using an Ocean Optics S2000 spectrometer. A tungsten light source was
focused onto the center of the PBR PS surface. Spectra were recorded with a
CCD detector in the wavelength rang 400 ~1200 nm. The illumination of the
surface and the detection of the reflected light were performed along an axis
coincident with the surface normal. At least three times of measuring were
performed for each analyte studied. FT-IR spectra in the diffuse reflectance
mode (Spectra-Tech diffuse reflectance attachment), are reported in absorbance
units. The morphology of PBR PS was observed with a cold field emission
scanning electron microscope (FE-SEM, S-4700, Hitachi).

_43_

Collection @ chosun



Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

3.3 Results and Discussion

PBR PS exhibiting both Bragg reflection and PL was successfully
fabricated by applying a square current waveform under illumination of 300
W tungsten lamp during the etch process. The photographs of PBR PS were
shown in Figure 3.1 Bragg reflector has an alternating layers of two different
refractive indices and exhibits a high reflectivity band with a Bragg
wavelength, ABragg, depending on the thickness of the layers (Li,L.) and the
corresponding refractive indices (n;ny). The reflectivity is determined by the

number of layer pairs and the refractive

Figure. 3.1 Photographs of PBR PS under white light (left) and black light
(right). Dark area at the red luminescent region is due to the quenching of

the PL after exposure to water vapor.

index contrast (An) between the layers. The Bragg reflector is characterized
by its central wavelength A (at normal incidence) and by the reflection
bandwidth AA which is determined mainly by the index contrast.The surface
and cross-sectional morphologies of PBR PS shown in Figure 3.2 were
obtained using FE-SEM. FESEM surface image of PBR PS displayed very
stable and even surface with the pore sizes in the range of 10 to 20 nm.
The cross-sectional image of PBR PS illustrated that the 50 period PBR PS
had a depth of 20.5 m. The repeating etch process resulted in two different
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refractive indices. Optical reflectance and PL shown in Figure 3.3 were
measured to investigate the optical properties of PBR PS. The PBR PS
displayed a strong reflection resonance at 761 nm with full width at half
maximum (FWHM) of 16 nm in reflective interference spectrum and a strong
broad red PL at 640 nm in PL spectrum.

Figure. 3.2 Surface (top) and cross-section (bottom) SEM images of PBR PS.

FT-IR spectroscopy was used to characterize the surface of PBR PS. FT-IR
spectrum of PBR PS shown in Figure 3.4 displayed vibrational frequencies
associated with the surface Si.H species at U(Si-H) = 2085, u(Si-H,)= 2117,
0(Si.H3)= 2145, & (Si-H) = 908, & (Si-Si) = 611 cm™, respectively.

The PBR PS samples were placed in an exposure chamber fitted with an
optical window. Since the surface of PBR PS was H-terminated, three

different organic substances having different vapor pressures and groups such
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Figure. 3.3 Reflectivity (green line) and PL (red line) spectra of PBR PS.

as aromatics, alcohol, and ketone were used for evaluating their adsorption
behaviors. The PBR PS samples were exposed to a vapor flux of acetone
(184 mmHg at 25 TC), methanol (97 mmHg at 25 ), and benzene (80
mmHg at 25 ), respectively. Optical reflectivity spectra were measured
using a tungsten.halogen lamp and CCD spectrometer fitted with a fiber
optic. As shown in Figure 3.5, the capillary condensation of the organic
vapors in the pores of PBR PS lead an increase in the refractive indices of
the porous medium which resulted in the shift of reflectivity to the longer
wavelengths. The shift range of reflectivity of PBR PS was depended on the
vapor pressure of organic molecules regardless of their functionalities. Such a
red shift is the characteristic of an increase in the average refractive index of
the multilayers, consistent with the replacement of a significant amount of

empty pore volume with organic vapors.
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Figure. 3.4 FT-IR spectrum of PBR PS.
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Figure. 3.5 Reflection spectra of fresh PBR PS(blue, A = 761 nm) and PBR
PS under a flux of benzene (black, A = 788 nm, AN = 27 nm), methanol
(green, A = 796 nm, AN = 35 nm), and acetone (red, A = 809 nm, AN =
48 nm).

The strong broad red PL of PBR PS is due to the quantum confinement of
silicon nanocrystallites in PS. To investigate the quenching efficiency of PL,
the steady-state PL spectra were measured under the exposure of three

different organic vapors as shown in Figure 6. The quenching of PL is
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resulted from the luminescent chromophore

in PBR PS

to a weakly

chemisorbed organic molecule. According to Figure 3.6, the organic samples

with higher vapor pressure exhibited the greater quenching of PL, however it

was not clear if the functionalities of organic molecules had affected the

quenching phenomenon. When the gaseous organics were withdrawn, the

was completely recovered to the initial state.
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Figure. 3.6 PL spectra of PBR PS under a flux of acetone (black), methanol

(green), and benzene (red).

To further discriminate the relationship between the vapor pressure and the

functionalities, the PBR PS was exposed to the three different analytes at

different vapor pressures.
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Figure. 3.7 A plot for the relationship between the different vapor pressures
of three analytes and the change of Bragg reflection wavelength (left).
Stern-Volmer plots for three different analytes at various vapor pressures
(right).

A plot for the relationship of Bragg reflection wavelength with different
vapor pressures of three analytes, was shown in Figure 3.7 (left). Generally,
the shift of Bragg reflection wavelength depends on refractive index,
functionalities, and vapor pressure of the analyte as well as the surface
characteristics and the pore diameter of PS. Since the letter parameters of
PBR PS were fixed, the shift of reflection wavelength is related to
parameters of analytes. A linear relationship was observed for all analytes.
Analyte with a higher vapor pressure exhibited a greater change of Bragg
reflection wavelength in reflectance spectra. This result indicated that the shift
of Bragg reflection wavelength depended only on the vapor pressure of
analytes, not their functionalities of molecules. Stern-Volmer plots for three
different analytes at various vapor pressures are shown in Figure 3.7 (right).
Typically, a dynamic Stern-Volmer quenching model yields straight lines

between the quenching of PL and quencher concentration.
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Figure. 3.8 3D plot showing the relationship between the wavelength shift of
the reflection peak and quenching PL as a function of different vapor
pressures of three analytes such as acetone (red), methanol (green), and

benzene (blue).

A linear relationship was observed for the individual analyte, however
Stern-Volmer constants for the three analytes were not identical to each other.
This result indicated that the quenching of PL depended on not only the
vapor pressure of analytes, but also the functionalities of organic molecules.
Since the quenching of PL is caused by an adsorption of organic vapors onto
the surface of silicon nanocrystallites in the pores of PBR PS, the
functionalities of analytes were related to the quenching degree of PL.
Therefore, the quenching degree of PL can be one of the important factors to
determine a specific analyte. Figure 3.8 showed the three-dimensional plot to
specify the analyte using the relationship between the shifts of reflection
wavelength, the quenching of PL, and the vapor pressure of three different
analytes. The PBR PS was exposed to each analyte three times. Each line

connected by a cluster of points was well separated from each other in the
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space, which represented the characteristics of the three analytes measured.
The smaller the area of the clusters indicates the better the reproducibility.
Again these measurements are potential indicators to differentiate analytes for

sensing.
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3.4 Conclusions

The preparation of PBR PS exhibiting both strong PL and Bragg reflection
was reported. Both PL and reflectivity were used for the detection of
different organic molecules having different functionalities such as acetone,
methanol, and benzene. The relationship between the vapor pressure of
analyte, Bragg reflection, and quenching of PL demonstrated the potentiality

of PBR PS sensors for the detection of different organic vapors.
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Chapter One
Fabrication and Characterization of Photoluminescent

Silicon Nanoparticles for Drug Delivery Applications

1.1 Introduction

The development of nanotechnologies in life science has been strongly
affecting the biomedicine, both indiagnostics and therapy.[1,2] Since
nanotechnology offers a suitable methods of site-specific and time-controlled
delivery f drugs, significant efforts have been devoted touse the potentials of
nanotechnology in drug delivery.[3,4] In recent years, pharmaceutical
nanotechnology focuses on formulating therapeutically active agents in
biocompatible nanoforms. PSi has been investigated for applications in
chemical and biological sensors and biomedical devices.[5,6] Since Canham
reported the in vivo use of PSi and demonstrated its resorbability and
biocompatibility,[7,8] PSi has been employed as host matrices to demonstrate
in vivo release of the steroid dexamethasone, ibuprofen, doxorubicin, and
many other drugs.[9-14] Recently, Sailor et al. reported that PSi nanoparticle
can be used for cancer theraphy.[15] CPT, a pentacyclic alkaloid, isolated
first by Wall and co-workers from the Chinese tree Camptotheca acuminata,
shows potent cytotoxic activity against a range of tumor cell lines.[16,17]
However, administration of this drug was accompanied by severe side effects,
due to its poor water solubility. CPT polymeric drugs were reported to
improve the therapeutic efficacy in the controlled release of drugs.[18] In this
paper, photoluminescent Si nanoparticles (NPs) derivatized with CPT were

prepared and the release pattern was observed for drug delivery applications.
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1.2 Experiments

1.2.1 Preparation of Photoluminescent PSi

n-Type silicon wafer (P-doped, orientation, <100>, resistivity of 1.10 S
-cm, Siltronix, Inc.) was used to fabricate photoluminescent PSi 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 counter electrode. The anodization current of 150 mA for 300
seconds was supplied by a Keithley 2420 high-precision constant current
source under the illumination with a 300 W tungsten filament bulb for the
duration of etch. All samples after etching were rinsed several times with

ethanol and dried under argon atmosphere prior to use.

1.2.2 Suface Oxidation of Photoluminescent PSi

To obtaine the surface-oxidized luminescent PSi, fresh PSi samples were
electrochemically treated with the current of 150 mA for 60 seconds in water
and sodium chloride. It is noted that the thermally oxidation of fresh

luminescent PSi exhibited abrupt decrease of PL.

1.2.3 Preparation of CPT-Derivatized Silicon Nanoparticles

Surface-oxidized photoluminescent PSi was placed in Schlenk flask with 1.4

mg of (s)-(+)- CPT (0.005 mmol, Aldrich Chemicals) dissolved in 20 mL of
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toluene under argon atmosphere. The mixture solution was stirred at 40 C
for 5 hrs. The reaction mixture was allowed to stir at room temperature.
Afterward the CPT-derivatized PSi was rinsed successively with ethanol,
toluene, and acetone and subsequently dried under a stream of nitrogen. The
CPT-derivatized PSi was made into particles by ultrasonic fracture in toluene
for 3 hrs and the mixture solution was centrifuged to obtain CPT-derivatized

photoluminescent Si Nps.

1.2.4 Instrumentation and Data Acquisition

The anodization current was supplied by a Keithley 2420 high-precision
current source meter. Steady-state PL spectra were obtained with an Ocean
Optics S2000 spectrometer fitted with a fiber optic probe. The excitation
source was a LED (Amx = 460 nm) focused on the sample (at a 45° angle
to the normal of the surface) by means of a separate fiber. Light was
collected at a 90° angle to the incident light source with a fiber optic.
Spectra were recorded with a CCD-detector in the wavelength range of
400-900 nm. FT-IR instrument in the diffuse reflectance mode (Spectra-Tech
diffuse reflectance attachment), with diffuse reflectance absorption spectra are
reported in absorbance units. Morphologies of photoluminescent PSi were
observed with a cold field emission scanning electron microscope (FE-SEM,
S-4800, Hitachi). UV-vis absorption and PL of CPT-derivatized Si NPs were
measured by Shimadzu UV-2401 spectrophotometer and Perkin-Elmer
luminescence spectrometer LS 50B, respectively. CPT released in aqueous

buffer solution was measured by UV-vis spectrometer.
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1.3 Results and Discussion

PSi consisted of a large number of interconnected Si nanocrystallites whose
surface is almost entirely covered with hydrogen atoms. An anodic etch of
n-type silicon wafer with resistivities of 1-10% cm in ethanolic HF solution
generally produced a strong visible red photoluminescent PSi possibly due to
the photoetch. The red PL is due to the quantum confinement of silicon

nanocrystallites
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Figure. 1.1 Schematic diagram for the preparation of CPT-derivatized Si Nps.

in porous silicon. In this work, photoluminescent PSi has been successfully
fabricated by using an applied current density of 150 mA/cm’ for 5 min.

Schemitic diagram for the preparation of CPTderivatized Si Nps is shown in
Figure 1.1 To obtain a chemically bonded Si Nps with CPT, the surface of
PSi was oxidized. Since the thermal oxidation of PSi at 300 C converted
the hydride-terminated surface into hydroxyl terminated silicon dioxide porous
film, the thermal oxidized PSi displayed almost no red PL. Surface-oxidized

red luminescent
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PSi was obtained by an electrochemical treatment of fresh PSi with the
current of 150 mA for 60 seconds in water and sodium chloride. Figure 1.2
showed the condensation reaction of surface-oxidized PSi with CPT to give
CPT-derivatized PSi. Figure 3(a) showed that the FT-IR spectrum of freshly
etched PSi displayed a characteristic broad band centered at 2100 and 900
cm’ for the (Si-H) stretching vibration and (Si-H) bending vibration,
respectively. After the electrochemical oxidation of PSi, the presence of
Si.OH was determined by FT-IR measurement as shown in Figure 3(b). The
electrochemical oxidation of the porous silicon layer resulted significant loss
of intensity of the (Si-H) modes in the infrared spectrum at 2150 cm’, but
vibrational bands due to silicon hydride, (Si-OH), and oxygen-back-bonded
silicon hydride, (OSi-H) and (OSi-H) modes, grew at 3000 to 3500, 2300,
and 850 cm.', respectively. Surface derivatization of surfaceoxidized PSi with
CPT generated a surface-bound CPT. FT-IR spectrum shown in Figure 1.3(c)
displayed additional band characteristic of CPT (the aromatic C=C band of v

(C= C) at 1630 cm’.

§"a,' . Oxidation 0,
SiH ———— £-0-Si0H + g
; NaCl, H,0 4
Electrochemical 9

Etching

Camptothecin (CPT)

Figure. 1.2 Chemical reactions for the surface derivatization of Si NPs with
CPT.

Absorption measurements to analyze CPT release pattern from the
CPT-derivatized PSi in buffer solution were achieved as a function of time at
fixed wavelength of 369 nm which was the absorption maxima of CPT (Fig.
1.4). CPT release was measured for 12 hr. The CPT-derivatized PSi displayed

_60_

Collection @ chosun



Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

nonlinear release profile. The release of CPT in pH = 9 was faster than in
lower pH. CPT-derivatized PSi were sonicated and centrifuged in toluene
solution to make Si NPs. Surface SEM images of CPT-derivatized Si NPs

shown in Figure 1.5 indicated
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Figure. 1.3 FT-IR spectra of fresh PSi sample (a), surface-oxidized PSi
sample (b), and CPT-derivatized PSi sample (c).
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Figure. 1.4 CPT release in buffer solutions as a function of time, measured

by using an absorption band at 369 nm.

Figure. 1.5 FE-SEM images of CPT-derivatized Si NPs.

that the average size of CPT-derivatized Si NPs was about 100 nm with
narrow size distribution Absorption and PL spectra shown in Figure 1.6 were
measured for CPT, Si NPs, and CPT-derivatized Si NPs. CPT and Si NP
showed their fluorescences at 425 and 625 nm, respectively. When CPT was
chemically bonded with Si NPs, the PL of CPT disappeared due to the
energy migration from CPT to Si NPs. Stability of CPTderivatized Si NPs
were measured in PBS buffer solution and shown in Figure 1.7. PL of
CPT-derivatized Si NPs remained unchanged for 12 hr, indicating that Si NPs

were quite stable.
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Figure. 1.6 UV-vis absorption (dashed line) and PL (solid line) spectra for
CPT (red), Si NPs (blue), and CPT-derivatized Si NPs (black).
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Figure. 1.7 Plot for the stability of CPT-derivatized Si NPs in PBS buffer

solution.
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Figure. 1.8 PL spectra during the release of CPT from Si NPs.

PL measurements to analyze CPT release from the CPTderivatized Si NPs in

buffer solution were investigated and shown in Figure 1.8. As the release of
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CPT from Si NPs by the hydrolysis between PSD and CPT progressed, the
PL of CPT increased, but that of Si NPs remained unchanged. This result
indicated that Si NPs might be an excellent fluorescent probe for drug

delivery materials.
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1.4 Conclusions

CPT-derivatized Si Nps were successfully synthesized for drug delivery
application and characterized by SEM and FT-IR spectroscopy. To analyze
CPT release pattern, absorption measurements from the CPT-derivatized PSi
were achieved as a function of time. The release of CPT was faster in
higher pH value. Stability of CPT-derivatized Si NPs was measured in PBS
buffer solution and PL was very stable. PL measurements of CPT-derivatized
Si NPs indicated that the PL of Si NPs remained unchanged during the

release process.
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Chapter Two
Silicon quantum dot sensors for an explosive
taggant, 2,3-dimethyl-2,3-dinitrobutane (DMNB)

2.1 Introduction

Detection of high explosives is an important subject in areas of homeland
security, military applications, munition remediation sites, and environmental
safety.] However plastic bonded explosives containing nitramines such as
RDX and HMX are very hard to detect due to their extremely low vapor
pressure. Therefore all the explosives are currently required to incorporate
0.5% to 1.0% of 2,3-dimethyl-2,3-dinitrobutane (DMNB) as a tagging agent
to detect substances containing high explosives easily.[2] Although various
detection  methods for  high  explosives have been  extensively
investigated,[1,3-6] detection of DMNB remains a great challenge. DMNB has
a relatively high vapor pressure of approximately [2-7] ppm (2.07x 10° Torr
at 25 C), but it possesses unfavourable reduction potential (-1.7 V vs. SCE)
and weak binding to the sensory materials due to its three-dimensional
molecular structure and lack of p-stacking interactions.[7] The current
detection methods typically involve canines,[8] or sophisticated analytical
instruments.[9] The most common methods include ion mobility spectrometry
(IMS), mass spectrometry (MS), and gas chromatography (GC).[10] However,
the current explosive detecting systems are rather difficult to use, because
they are time consuming and require a large space as well as are expensive.

This calls for a small and easy to use device that can be massively deployed
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where needed. Fluorescence quenching of sensorymaterials based on the
donor.acceptor electron-transfer mechanism might be a simple and promising
alternative procedure. For the detection of DMNB, microporous metal.organic
frameworks (MMOFs),[2,11] (salophen) Zn complexes,[12] and amplifying

fluorescent polymers (AFPs)[7] have recently been reported.

2.2 Experiments

Nanosized silicon materials have been receiving ever increasing popularity
because of their advantages such as non-toxicity, relatively low cost, and easy
integration into well-established industrial silicon processes when compared to
the well-established IL.VI quantum dots (QDs), which made researchers in
many different fields pay attention to their application in biomedical imaging,
drug delivery carriers, and chemical and bio sensors.[13-16] For the past few
decades, vigorous research studies on group ILVI QDs[17] led to the
development of large-scale preparation of relatively monodisperse quantum
dots,[18] quantum dot arrays,[19] light-emitting diodes,[20] and fluorescent
probes.[21] Although the non-toxicity and abundance of silicon make the
bottom-up synthesis of silicon QDs (Si QD) quite desirable for many
biological and sensing applications, the research studies have not been as
aggressive as on group IL.VI QDs due to the limitation of synthetic methods.
Recently, efficient solution syntheses for Si QDs were reported by the
reaction of the Zintl salt with SiCls [22] or NH4Br[23] as well as the
solution reduction of silicon halides by alkaline metal naphthalenide,[24] and
sodium/benzophenone.[25] In this study, we conducted research on sensing
applications for explosive taggants by utilizing bottom-up synthesis of Si

QDs[26] and discussed its mechanism.
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2.3 Results and Discussion

Even though research on the bottom-up synthesis by magnesium silicide of
blue luminescent Si QDs has been well discussed and reported, the synthesis
of green luminescent Si QDs has yet not been reported. Blue and green
luminescent Si QDs were successfully synthesized by the reaction of Mg,Si
with ethylenediamine dihydrochloride after 48 and 72 hours reflux,
respectively. Since trioctylphosphineoxide in the CdSe QD synthesis controlled
the growth and size distribution of QDs, an attempt to use ethylenediamine
dihydrochloride as both the reducing agent and the surfactant was made. Here
we report for the first time the use of blue and green luminescent Si QDs
for the successful detection of DMNB (Fig. 2.1).[27] Photoluminescence of Si

QDs, as seen in Fig.

Absorbance (a.u.)
(‘n*e) Aysuayur T4

300 400 500 600 700 800
‘Wavelength (nm)

Fig 2.1 UV absorption band and PL spectra of blue (Imax = 460 nm) and

green (Imax = 520 nm) luminescent Si QDs, showing blue and green PL
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under a UV light lamp (inset).

Si QDs were characterized by HRTEM as seen in images in Fig. 2a,
showing silicon nanoparticles ranging from 2 nm to 3 nm, as well as a
SAED pattern indicating pseudohexagonal symmetry of the <I111> face of Si
(Fig. 2.2b) and fast Fourier transform image (Fig. 2.2c). The diameters of Si
QDs measured by dynamic light scattering (DLS) revealed that the average
particle diameters for blue and green luminescent Si QDs were 2 and 3 nm,

respectively. The FT-IR spectrum of Si QDs displayed a characteristic broad

Figure. 2.2 HRTEM image (a), a SAED pattern (b), and fast Fourier

transform image (c) of Si QDs.

band centered at 2150 and 914 cm’ for the v(Si.H) stretching vibration and

6 (Si-H) bending vibration. Strong U(Si-Si) stretching vibration appeared at
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611 cm’, indicating that the Si QDs consisted of only silicon and hydrogen
atoms. Absolute quantum yields of blue and green luminescence were 5.8 and
5.6%, respectively. The detection of DMNB involves measurement of the
quenching of photoluminescence of blue and green luminescent Si QDs by
introducing 1.11 x 10° M, 2.18 x 10° M, 3.21 x 10° M, 4.20 x 10° M,
and 5.16 x 10° M of DMNB, as seen in Fig. 2.3. The Stern. Volmer
equation was used to quantify the differences in quenching efficiency for

DMNB. The Stern.Volmer constant (Ksv) is calculated using eqn (1).

0

TJ;=1+ Ksv-[Q] o))
where I;’ is the intensity without a quencher, I is the intensity with a
quencher, and [Q] is the concentration of the quencher. The Stern.Volmer
plot is depicted in Fig. 2.4. A linear Stern. Volmer relationship is observed
in both cases. Stern.Volmer constants for blue and green luminescent Si QDs
were 25 900 and 21 300, respectively. It can be observed that blue
luminescent Si QDs (Imax = 460 nm) have a higher quenching efficiency
than green luminescent Si QDs (Imax = 520 nm). This might be caused by
the wider band gap energy of blue luminescent Si QDs. To avoid the
possibility of quenching behavior derived from a molecular impurity generated
during the synthesis, ethylenediamine was added to the blue luminescent Si
QDs in solution which showed no significant changes in the PL spectra. A
linear Stern.Volmer relationship may be observed if either a static or dynamic
quenching process is dominant. The lifetime (T ) of blue luminescent Si and
CdSe QDs has been measured. Lifetimes of CdSe and silicon quantum dots

were 36.81 and 3.76 ns, respectively.
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Figure. 2.3 PL quenching spectra of Si QDs recorded upon every addition of
L1 x 10, 2.18 x 10° M, 3.21 x 10° M, 4.20 x 10° M, and 5.16 x 10°
M of DMNB at each Imax = 460 nm (blue) and Imax = 520 nm (green) of
Si QDs.
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Figure. 2.4 The Stern.Volmer plots for quenching efficiency of the blue and
green photoluminescent Si QDs with the introduction of DMNB.

_73_

Collection @ chosun



Bomin Cho — Ph. D. Thesis
Chosun_University, Department of Chemistry

T T T 3

—O0M 25
—111Xx10°m 2

L5

- —218X10°M & -
—321X10°M N

1

0
005115 2 253 35
Molarity (10%M) 7]

Intensity

‘w‘\mmm WMMMMWMWM
RO RN RN A
' WMMMMWIM WWWWJWN

M0 LS
0 10 20 30 40 50

Time (ns)

Figure. 2.5 Fluorescence decays of blue luminescent Si QDs for different
concentrations of DMNB; the plots of fluorescence lifetime (T o/ T), shown in
the inset, are independent of the added DNMB.

The fluorescence lifetimes as a function of DNMB concentration were also
measured and are shown in Fig. 2.5. No change in the mean lifetime was
observed upon adding DNMB, indicating that the static quenching process is
dominant for Si QDs. To compare with other QDs for sensing DMNB, we
synthesized cadmium selenide (CdSe) QDs by following De Mello Donega et
al.’s method.[28] Blue (Amax = 460 nm) and green (Imax = 525 nm)
luminescent CdSe QDs were selected to match the peak wavelengths of Si
QDs. Again by utilizing blue and green luminescent CdSe QDs, the DMNB
sensing experiment was carried out in the same fashion as that when using
Si QDs. However the results were quite contrary as seen in Fig. 2.6.
Introduction of 1.11 x 10° M, 2.18 x 10° M, 3.21 x 10° M, 420 x 10°
M, and 5.16 x 10° M of DMNB had no effect on both blue and green PL

spectra of CdSe QDs. Since quenching of PL is the result of electron
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transfer, the relatively high lying LUMO energy level of DMNB might have

prevented accepting electrons from CdSe QDs.
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Figure. 2.6 Quenching of photoluminescence spectra of the blue (blue) and
green (green) luminescent CdSe QDs with addition of 1.11 x 10° M, 2.18 x
10° M, 3.21 x 10° M, 420 x 10° M, and 5.16 x 10° M of DMNB.

QDs may be required to have a higher lying conduction band for an easier
and effective electron transfer to analytes that have high lying LUMO energy
levels. Qualitative bands of Si QDs and CdSe QDs, depicted in Fig. 2.7,
explained the possible state of energy bandgaps. This suggested that the
higher lying conduction band edge of Si QDs accommodated a photo-induced
electron transfer which caused quenching of PL of Si QDs. On the other
hand, photo-induced electron transfer quenching was not feasible by CdSe
QDs, due to their lower lying conduction band edge. A high conduction band
edge of a sensory material might be the key factor when detecting electron

deficient analytes with high lying LUMO energy levels.
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Figure. 2.7 Qualitative band diagram of Si QDs (left) and CdSe QDs (right)
illustrated for sensitivity to DMNB. CB band edge level for Si QDs was
optimized at the 6-31G* level, with the final energy also calculated at the
6-31G* level.[29] LUMO of DMNB was determined by theoretical
calculations at the B3LYP/6-31G* level of theory.[30] CB band edge value
for CdSe QD was directly taken from research by Querner et al.[31]

There have been a number of reports on fluorescence-based sensing of
DMNB by numerous compounds. One of them was (salophen) Zn which
showed a Stern.Volmer Constant Ksv of 2.1[12] Other compounds such as a
dendrimer incorporated thiophene attached to a triphenyl amine center and a
carbazole dendrimer showed Stern.Volmer Constant Ksv of approximately 20
and 40, respectively.[32,33] (Salophen) Zn, a dendrimer incorporated
thiophene attached to a triphenyl amine center, and a carbazole dendrimer
had PL QYs of 30 to 60%, 40 to 75%, and 18 to 65%, respectively, which
are significantly higher than that of Si QDs. Additionally, the PL QYs of
blue and green luminescent CdSe QDs were 30.8% and 30.6%, respectively.
This suggested that the PL QY plays very little or no role in fluorescence-
based sensing of DMNB, since the PL quenching efficiency of Si QDs was
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about 5000 fold higher than that of other compounds mentioned above. It is
worth noting that the detection efficiency by Stern.Volmer constants for

DMNB is the highest compared to previously reported values.
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2.4 Conclusions

To summarize, Si QDs obtained by the reaction of magnesium silicide with
ethylenediamine dihydrochloride from our previous study were utilized to
explore a possibility of detecting an explosive taggant as well as to
understand the sensing mechanism. Two different emission bands of Si QDs
were synthesized at a peak wavelength of Amax = 460 (blue) and A max =
520 nm (green). DNMB was successfully detected using blue luminescent Si
QD solution with comparably good sensitivity, and analyzed by the
Stern.Volmer relationship. The comparison result showed that Si QDs with a
high lying conduction band have better sensitivity in sensing DMNB
compared to CdSe QDs. For an easy electron transfer, the sensory system
requires to have a matching conduction band edge with the LUMO energy

level of the analyte.
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