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수 홍 래:

조 학 화학과

현 과학 술 과거 과학 술 전 에 비해 단히빠 전하

고 다 에 전. ․전 술 달 체 술 전에 라최근,

십 년간 눈 신 전 룩하 다 현 전 술 전 끊 없는 크.

감 해 루어 고 러한 경향 전 집적 수 에,

가뿐만 아니라 동시에 실행 가라는 가 적 고 전하

다 하 만 존 술 미 과학 술 충족하 어. , 21

한계 시 고 당 한 문제점들 해결하 한 형태 또는 크,

갖는 가필 하게 었다 러한 조건 만족시킬수 는. 21

연 역 나노 과학 나노 술(nanoscience) (nanotechnology)

고 다 나노 과학 탄 나노 튜브. (CNT, carbon nanotube), C60 조포(buckyballs),

러스 물 체 나노 결정(mesoporous materials), (nanocrystal, nanocluster,

등과 같 물 합 야 한 제어quantum dot) STM, AFM, lithography

야 크게 가 고 다 특히 화학원 한물 합 제. ,

어나노화학 난수년간 할만한획 적연 가 행 어 다 나노결정.

연 적 전 에너 가 원 나 연 적 에너 드 가 크
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결정 간체 다 라 나노 결정 학 전 적 크 결정(bulk) .

과원 과는다 나타내게 다 러한, . 나노신 개

야는 초과학에 첨단과학 합학제 간학문 야 미래(interdisciplinary)

술 점 가경 확보에 어 차 하는 한역할 할것

다.

본 연 논문 주제는 결정 고 나노 초 한 화학" " ,

체 실 콘 료에 전 화학적 식각 해 제 결정(etching) (photonic crystal)

함 하고 정한 패 나노크 공 갖는 다공 실 콘(porous silicon)

학적특 에 한연 고 하여다공 실 콘 결정

함 하는역 조 결정고 복 체 제 그것(porous polymer replica)

에 한 연 한다 러한 결정 초 한 술 결정 학적.

특 과 학스펙트럼에 한조 가능 해 화학 생물학적 나 학적, ∙

단 에매 하게활 수 어수년동안많 연 가 루어 고 는 야

다.

본 연 논문 내에 개 들 루어져 에 는 높Part I, II 11 Chapter , part I

적에나노크 공 갖는다공 실 콘 간 절 조절 한 가시

적 역에 특정한파 에 좁 띠 보강간 갖는 다 다공,

실 콘 학적특 그것 에 해연 하 다 또한(multilayer porous silicon) .

비 식각 한 절 화에 학적특 화Full Color Display

에 해조 하고 다공 실 콘필 물 적 안정 보 하여제 학필,

가능 제시하고화학적 에 한 에 해연 한결과 보여주는 Part

다 또한 다공 실 콘 에항암제 약물 체화시켜 공 접합. , Camptothecin ,

하여 가능 에(covalent attachment) targeted Delivery controlled Release

해 조 하고 약물 전달 시스 검 택 과, (drug delivery system)

효 에 해조 한연 결과 조 하 다.

에 는 다공 실 콘 조 한고 복 체 제 과그것Part II

야에 해조 하 다 다공 실 콘 한 결정고 한연 는. University
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년 에 해처 보고 었of California Michael J. Sailor (2003 Science, Vol. 299, p. 2045)

본연 에 결정고 복 체는 결정 조 갖는 학고,

료 주물 다공 실 콘 조 역학 조 갖는 료 다공 실 콘,

에 나타나는 학적특징 그 나타난다 본연 에 는 결정고 복 체.

제 하는 과정에 능 나노 합 하여 고 액에, (magnetite, Fe2O3)

나노 첨가하여 다양한 능 갖는 결정 고(luminescence, CdSe)

복 체 제 에 한 연 결과 할 것 결정 고 복 체 화학,

하 해 과 과 결합 할수 는 감avidin streptavidin biotin

식 체 혼합하여 고 복 체 제 하여 학 스펙트럼 하여 생물 감

할수 는나노 개 하 다.

최근 다공 실 콘 학적 특 한 여러 야에 접 하는 연 가

하게 행 고 나 아 다공 실 콘 주물 하는 결정고 복 체,

한 화학 또는 개 다 야에 비하여 적 연 가

미흡한 태 다 결정 함 하는 고 복 체 한 경 는.

내 에 는수행 않는 연 처 개 창적 연 다 또한 다양한· .

학문 야 식 탕 한학제간 합학문 야 연 결과 아 정확

히 확 않 나노 나노 나노(nanosensor), (nano bio-sensor),

그 과 한정보 축하는 크게 여하여(nanomaterial)

야 연 할것 다.
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Chapter One

Introduction of Porous Silicon

1.1 History of Porous Silicon

The Porous silicon (PS) was first discovered by accident in 1956 by Arthur

Uhlir Jr. and Ingeborg at the Bell laboratories in the U.S. At the time, Ulhir and

Ingeborg were in the process of developing a technique for polishing and shaping

the surfaces of silicon and germanium [1]. However, it was found that under

several conditions a crude product in the form of thick black, red or brown film

were formed on the surface of the material. At the time, the findings were not

taken further and were only mentioned in Bell’s labs technical notes.

Despite the discovery of porous silicon in the 1950’s, the scientific community

was not interested in porous silicon until the late 1980’s. At the time, L. T.

Canham first reported efficient, tunable, room temperature luminescence in the

visible range from PS [2] that interest in the field grew exponentially. From this

point on, a large number of academic and industrial researchers from all over the

world began to study the PS pore structure [3,4], light emission mechanism [5,6],

surface chemistry [7,8], and feasibility for optoelectronic applications [9].

The published result stimulated the interest of the scientific community in its

non-linear optical and electrical properties. The growing interest was evidenced in

the number of published work concerning the properties and potential applications

of porous silicon. In an article published in 2000, it was found that the number of

published work grew exponentially in between 1991 and 1995. The many favorable



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 3 -

characteristics and the vast interest in PS have given rise to a variety of new

applications such as light emitting devices [10], multi-layer structure [11], solar

energy conversion [12], chemical and biological sensors [13-18], drug delivery

application [19], ultrasound generators [20], micro-engineering [21], astrophysics

[22], signal processing [23], and nuclear science [24]. Due to these multi-functional

applications of PS, recently it has been proposed to be an educational vehicle for

introducing nano-technology and inter-disciplinary materials science by eminent

scientists in the field [25].

In 2001, a team of scientists at the Technical University of Munich inadvertently

discovered that hydrogenated porous silicon reacts explosively with oxygen at

cryogenic temperatures, releasing several times as much energy as an equivalent

amount of TNT, at a much greater speed (an abstract of the study can be found

below). Explosion occurs because the oxygen, which is in a liquid state at the

necessary temperatures, is able to oxidize through the porous molecular structure of

the silicon extremely rapidly, causing a very quick and efficient detonation.

Although hydrogenated porous silicon would probably not be effective as a weapon,

due to its functioning only at low temperatures, other uses are being explored for

its explosive properties, such as providing thrust for satellites.
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1.2 Electrochemical Preparation of Porous Silicon

1.2.1 Formation of Porous Silicon by Anodization

PS can be produced in many different ways. One method of introducing pores in

silicon is through the use of an anodization cell. A possible anodization cell

employs platinum cathode and silicon wafer anode immersed in Hydrofluoric acid

(HF) electrolyte. Corrosion of the anode is produced by running electrical current

through the cell. It is noted that the running of constant DC current is usually

implemented to ensure steady tip-concentration of HF resulting in a more

homogenous porosity layer although pulsed current is more appropriate for the

formation of thick silicon wafers bigger than 50 ㎛.

It was noted by Halimaoui that hydrogen evolution occurs during the formation

of porous silicon - “When purely aqueous HF solutions are used for the PS

formation, the hydrogen bubbles stick to the surface and induce lateral and in-depth

inhomogeneity” [26]. The hydrogen evolution is normally treated with absolute

ethanol in concentration exceeding 15%. It was found that the introduction of

ethanol eliminates hydrogen and ensures complete infiltration of HF solution within

the pores. Subsequently, uniform distribution of porosity and thickness is improved.

The extremely large surface to volume ratio ( 500 m≥ 2/cm3) of the PS

nano-structures, the its easy formation and control of the surface morphology

through variation of the formation parameters, its compatibility of silicon IC

technology and hence amenability to the development of smart system-on-chip

sensors-all these properties have made it to be a very attractive sensing material.

Although there is still some consideration regarding the surface dissolution

mechanism, it is commonly agreed that holes are required for the dissolution
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mechanism to begin. The required holes are present in p-type crystalline silicon,

but they need to be supplied for the dissolution process to be initiated in n-type

crystalline silicon. Illumination is the most common way for supplying holes.

In normal anodization conditions, the surface of crystalline silicon is inert against

hydrofluoric acid at low pH values. In 1991, Lehmann and Gösele [27] proposed a

reaction model of the dissolution chemistry for the formation of PS. This formation

mechanism is illustrated in Figure 1.1. This model is well accepted and proposes

that when silicon is under anodic bias and holes reach the surface, nucleophilic

attack of the silicon-hydrogen bonds by fluorine ions occurs. This attack gives rise

to a silicon-fluorine bond as shown in Figure 1.1. Once fluorine is attached, its

large electro-negativity polarizes the structure making it possible for another fluorine

ion to bond to the surface. During this process, an electron is ejected into the

electrode and hydrogen is released. At this point, the large polarization of two

silicon-fluorine bonds lower the electron density from the silicon-silicon bonds,

making them weak and vulnerable for attack by hydrofluoric acid and water. This

results in the removal of a silicon atom in the form of the soluble ion SiF6
2- and

leaves the remaining silicon atoms hydrogen terminated. The overall reaction can be

expressed as follows [28]:

2Si + 6 HF + 2 h
+

+  H2SiF6 +  2H + + 1/2 H2Si

Porous Si Surface

H

2Si + 6 HF + 2 h
+

+  H2SiF6 +  2H + + 1/2 H2Si

Porous Si Surface

H

The removal of the silicon atom creates an atomic size dip or irregularity in the

once atomically flat surface. The change in surface geometry concentrates the

electric field lines on the irregularity site. PS pore formation and side-wall
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dissolution will be inhibited by the depletion of holes. The depletion is caused by

quantum confinement of charge carriers that results from the small dimensions of

the pore walls. The quantum confinement increases the effective band-gap energy,

making it more difficult for holes to enter the silicon region between the etched

pores.

Figure 1.1. Dissolution mechanism of crystalline silicon in hydrofluoric acid

associated with the formation of porous silicon.
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1.2.2 Electrochemical Etching Setup

Figure 1.2 shows that a picture of experimental setup to produce PS. The

anodization cell is made of Teflon, which is resistive against attack from the

hydrofluoric acid electrolyte. The aluminum foil serves as the anode and it is

sandwiched between the top and bottom parts of the Teflon cell. For a better

contact, a platinum wire is placed against the silicon wafer where leads can be

connected. The cathode is a circular platinum wire that is submerged in the

hydrofluoric acid electrolyte. The cathode is held in place, three wing nuts hold the

entire anodization cell together during the electrochemical etching process. The

hydrofluoric acid electrolyte is placed inside the top part of the Teflon cell.

Enough electrolyte must be present to supply the required fluorine ions and to

cover the platinum wire cathode. The top part of the Teflon cell has a circular

window of area 1.2 cm2 which exposes the silicon to hydrofluoric acid and forms

the PS. The entire electrochemical process is carried out under constant current

supplied by a computer controlled Keithley 2420 power sourcemeter.
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Figure 1.2. Experimental setup to produce porous silicon (left). Anodization is

conducted under a constant current with the hydrofluoric acid electrolyte in the top

of portion of the Teflon cell. The aluminum foil serves as the anode and the

platinum wire as the cathode (right).
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1.3 Control of the Morphology and Porosity

1.3.1 Current Density

The dissolution of silicon requires the presence of fluorine ions (F－) and hole

(h+). The pore initiation and growth mechanisms are qualitatively understood. Pore

growth can be explained by several models, each one of which is more relevant

in a specific regime of porosity and pore size [29-31]. IF the silicon/electrolyte

interface becomes irregular shortly after etching starts, the surface fluctuations of

the Si/electrolyte interface may either grow (PS formation) or disappear

(electropolishing). A depletion region is formed in the thin PS layer itself and also

in a region of the Silicon wafer near the PS/c-Si interface. In forward bias for

p-type substrates, the holes can still reach the Si/electrolyte interface as the electric

field lines are focused at the tip of the pores. Thus, holes will preferentially reach

the Si/electrolyte interface deep in the pores, where etching will proceed rapidly

(Figure 1.3). In contrast, no holes will reach the end of the Si rods, effectively

stopping the etching there. In addition, if this electrostatic effect is not strong

enough, the random walk of the holes toward the Si/electrolyte interface makes it

more likely that they reach it at or near the pore’s tip, resulting in an effect

similar to the electrostatic one. When an n-type substrate is used, porous silicon

formation takes place in reverse bias since holes are required for etching to

proceed. Another important mechanism becomes predominant if the Si rods are

narrow enough (typically much less than 10 nm). In this size regime, the electronic

states start to differ from those of bulk silicon. When the motion of carriers is

restricted in one or more dimensions, the holes in the valence band are pushed to

lower energy by quantum confinement,
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which produces a potential barrier to hole transport from the wafer to the Si rods.

The holes can no longer drift or diffuse into the Si rods and further etching stops.

+
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F-

F-

F-

F-

F-

F-

F-
F-

F-
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F-
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+
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++
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++ ++
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Figure 1.3. Schematic of PS formation. Etching occurs only at the pore tips where

the holes (h+) are focused by the electric field.

Pore formation occurs when the fluorine ions are delivered faster than the holes,

the interpore regions of PS are depleted of holes, and further etching occurs only



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 11 -

at the pore tips. When the current density decreases, the number of holes at the

pore tips drops, which leads to smaller pore sizes. Thus, the porosity (defined as

the percentage of void space in the material) can be precisely controlled by the

etching current density. As the current density increase, the silicon dissolution rate

increases, resulting in a higher porosity and etching rate. Figure 1.4 shows that

linear dependence of PS porosity and etching rate as a function of current density

[32].

The most important quantity when characterizing a porous materials is the

porosity which is defined as the ratio of the empty pore volume to the total

volume. The porosity of a PS can be calculated gravimetrically using following

equation [33]:

Porosity (%) =
m1 - m3

m1 - m2

Porosity (%) =
m1 - m3

m1 - m2

Where m1 is the mass of the initial silicon wafer in grams, m2 is the mass of the

silicon wafer after anodization in grams, m3 is the mass of the silicon wafer after

dissolution of the porous layer in grams. The dissolution of PS is performed using

a 0.1 M aqueous solution of sodium hydroxide (NaOH).

This gravimetric method is applicable in cases where the PS layer is sufficiently

thick (> 5 ). The differnce in masses is larger than the amount of error induced㎛

in the measurements. However, when the PS layer is thin (< 200 nm), the mass

difference is the same order of magnitude as the error in measurements, and the

porosity value obtained is unreliable.
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Figure 1.4. PS porosity (A) and etch-rate (B) dependence versus current density for

p-type crystalline silicon substrate anodized in 35% hydrofluoric acid concentration

electrolyte.
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The size of pores formed during anodization is predominantly controlled by the

current density [34], with an increase in the pore size corresponding to an increase

in the current density. At low current densities, the pores are randomly directed.

When the current density gradually increased, the diameter of PS pores increased.

Figure 1.5 shows that surface images of etched PS with different current densities

is measured by field emission-scanning electron microscope (FE-SEM,

Hitachi-4800S).



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 14 -

200 nm

50 mA/cm2

200 nm

150 mA/cm2

200 nm

50 mA/cm2

200 nm

50 mA/cm2

200 nm

150 mA/cm2

200 nm

150 mA/cm2

Figure 1.5. Surface FE-SEM images of PS with different current densities
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1.3.2 Concentration of Etching Solution and Anodization Time

The composition of HF solution determines the etching process. In the

anodization of PS, hydrofluoric acid with ethanol as an etchant solution is typically

used. When aqueous HF solutions are used in the formation of PS, the hydrogen

bubbles evolved stick to the surface. To improve the surface uniformity in PS, the

hydrogen bubbles must be removed. The ethanol solution ensures the uniformity of

the PS by removing the hydrogen bubbles from the PS surface and enables the HF

penetration into the pores. Concentration of the hydrofluoric acid and etching time

determine the PS porosity and thickness. For given time, porosity is inversely

proportional to the HF concentration [35]. Therefore, lowering the HF concentration

increase in the PS porosity. Since PS thickness is related to HF concentration, an

increase in the HF concentration cause an increase in the PS thickness which in

turn leads to a reduction of the PS porosity for a fixed time [36].

As the etching time is varied, the thickness and porosity of the PS layers

change. Figure 1.6 shows that the thickness of the PS layer as a function of

anodization time [37] for a p-type substrate that is etched at a constant current

density of 50 mA/cm2 in a 35% hydrofluoric acid solution. The figure shows a

linear relationship between the etching time and the thickness of the PS layer.

The thickness of PS can be determined using either non-destructive or destructive

techniques. One non-destructive technique is the use of an ellipsometer which

requires the extensive understanding of the refractive index. For the PS samples,

the index is difficult to determine since the porosity varies vertically with depth.

There are two available destructive techniques that can be used with significant

ease. One determines the approximate PS thickness using following equation:
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Thickness =
S · d

M1 - M3
Thickness =

S · d

M1 - M3

Where M1 is the mass of the original silicon wafer, M3 is the wafer with anodized

material removed, S is the area of the PS sample, and d is the density of the

silicon substrate.
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Figure 1.6. Thickness of PS with different anodization time for p-type crystalline

silicon substrates anodized at a fixed current density of 50 mA/cm2.



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 17 -

The second and more accurate technique uses a FE-SEM after scribing the PS

sample to visualize a cross sectional view. This technique can resolve the thickness

of PS to a few nanometers as well as provide additional information on the PS

morphology.
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1.4 Optical Properties of Porous Silicon

Some properties, such as porosity, refractive index, thickness, pore diameter,

multi-structures, and optical properties, are strongly dependent on the anodization

process parameters. These parameters include HF concentration, current density,

anodization time, and silicon wafer type and resistivity.

1.4.1 Substrate Properties

Silicon substrates are identified by properties such as dopant type (i.e., n-type or

p-type), substrate resistivity, dopant concentration, and substrate orientation. During

anodization, dopant of the silicon substrate plays a significant role. Since holes (h+)

are the most important element in the chemical reaction leading to the formation of

PS, the use of p-type wafer is the most popular. However, n-type wafer can be

used with external illumination.

Substrate resistivity determines the achievable thickness of PS. For example, a

very low resistivity wafer (<0.01 -cm) is capable of producing thicker PSΩ

compared to a wafer with a higher resistivity (>10 -cm) under same anodizationΩ

conditions.

The morphology of the PS can be grouped into four categories based on doping

concentration: p, p+, p++, n, n+, and n++. For p-type silicon wafer, the pore

diameters and interpore spacing are very small (20-100 ). As the dopantÅ

concentration increases, the pore diameter and spacing increase slightly (100-1000

). For n-type silicon, the pore diameters are considerably larger than those of theÅ

p-type substrate.
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Substrate orientation is also important in the structure of the PS morphology. The

main pore growth direction is essntially the same irrespective of the substrate

orientation, dopant concentration or anodization conditions [38-39].

1.4.2 Refractive Index of Porous Silicon

The complex refractive index determines how light waves progagate inside a

materials [40]. The refractive index is one of the important property of PS. This

property controls the reflection and transmission of waves incident on the PS-air

interface. There are many approximations that predict the refractive index of PS

based on porosity [41-42]. However, none of them covers the entire porosity range

with the same degree of high accuracy.

The refractive index of PS is calculated by using the Bruggeman approximation

as described below :

(1-P)
ε Silicon + 2ε porous silicon

ε Silicon + ε porous silicon

+ (P)
ε air + 2ε porous silicon

ε air + ε porous silicon

= o(1-P)
ε Silicon + 2ε porous silicon

ε Silicon + ε porous silicon

+ (P)
ε air + 2ε porous silicon

ε air + ε porous silicon

= o

where P is the porosity of porous silicon, εsilicon is the dielectric constant of

silicon, εair is the dielectric constant of air, and εporous silicon is the dielectric

constant of porous silicon. The values of refractive indices for various porosities

can be used to design PS layer stacks whose optical properies can be predicted

quite accurately before production. It is clear that for any application of a material

in optics or opto-electronics it is essential to know its refractive index.
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1.4.3 Optical Properties and Bench Setup

The optical properties of PS are discussed in a wide spectral range from the

infrared to the ultraviolet. PS has two optical properties such as photoluminescence

(PL) for n-type with external illumination (300 W tungsten lamp) and optical

reflectivity (Fabry-Pérot fringe) for p-type as shown in Figure 1.7. The ability of

PS to emit and reflect in visible range is the most attractive property of the

material. One explanation for the visible luminescence is based on the

nanometer-size crystalline structure for PS [43-45].

PL spectrum of PS has been obtained with Ocean Optics LS-1 (blue LED).

Optical reflectivity spectrum of PS showing Febry-Pérot fringe pattern has been

measured by using tungsten-halogen lamp and an Ocean Optics S2000

charge-coupled detector (CCD) spectrometer fitted with a fiber optic input. The

reflected light collection end of the fiber optic is positioned at the focal plane of

the optical microscope as described in Figure 1.8.
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Figure 1.7. Optical properties of porous silicon; reflectivity (top) and

photoluminescence (bottom).



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 22 -

op
tic

 f
ib

er

Light Sources
(White or UV)

Optical Table

USB2000
Spectrometer

Computer

Pump

Optic fiber

op
tic

 f
ib

er

Light Sources
(White or UV)

Optical Table

USB2000
Spectrometer

Computer

Pump

Optic fiber

Figure 1.8. Optical bench setup for obtaining the optical properties of porous

silicon



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 23 -

1.5 references

[1] A. Uhlir, “Electrolytic shaping of germanium and silicon,” Bell Syst. Tech. J.

35, 333-347 (1956).

[2] L. T. Canham, Appl. Phys. Lett. 57, 1046 (1990).

[3] A. G. Cullis and L. T. Canham, Nature 353, 335 (1991).

[4] Z. Sui, P. P. Leong, I. P. Herman, G. S. Higashi, and H. Temkin, Appl.

Phys. Lett. 60, 2086 (1992).

[5] C. Delerue, G. Allan, and M. Lannoo, Phys. Rev. B 48, 11024 (1993).

[6] F. Koch, V. Petrova-koch, T. Muschik, A. nikolov, and V. Gavrilenko, Mater.

Res. Soc. Symp. Proc. 298, 319 (1993).

[7] E. J. Lee, T. W. Bitner, J. S. Ha, M. J. Shane, and M. J. Sailor, J. Am.

Chem. Soc. 118, 5375 (1996).

[8] J. M. Buriak and M. J. Allen, J. Am. Chem. Soc. 120, 1339 (1998).

[9] A. Richter, P. steiner, F. Kozlowski, and W. Lang, IEEE Electron Device Lett.

12, 691 (1991).

[10] K. D. Hirschmann, L. Tsybeskov, S. P. Duttagupta, and P. M. Fauchet,

Nature 384, 338 (1996).

[11] C. Mazzoleni and L. Pavesi, Appl. Phys. Lett. 67, 2983 (1995).

[12] G. Smestad, M. Kunst, and C. Vial, Sol. Energy Mater. Sol. Cells 26, 277

(1992).

[13] J. M. Lauerhaas and M. J. Sailor, Science 261, 1567 (1993).

[14] H. Sohn, S. Letant , M. J. Sailor, and C. Trogler, J. Am. Chem. Soc. 122,

5399 (2000).

[15] S. Letant and M. J. Sailor, Adv. Mater. 13, 355 (2001).

[16] S. Chan, S. R. Horner, P. M. Fauchet, and B. L. Miller, J. Am. Chem. Soc.

123, 11797 (2001).



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 24 -

[17] H. Sohn, R. M. Calhoun, M. J. Sailor, and W. C. Trogler, Angew. Chem. Int.

Ed. 40, 2104 (2001).

[18] H. Sohn, M. J. Sailor, D. magde, and W. C. Trogler, J. Am. Chem. Soc. 125,

3821 (2003).

[19] X, Li, J. L. Coffer, Y. D. Chen, R. F. Pinizzotto, J. Newey, and L. T.

Canham, J. Am. Chem. Soc. 120, 11706 (1998).

[20] N. Koshida, T. Nakajima, M. Yoshiyama, K. Ueno, T. Nakagawa, and H.

Shinoda, Mater. Res. Soc. Symp. Proc. 536, 105 (1999).

[21] T. E. Bell, P. T. J. Gennissen, D. Demunter, and M. Kuhl, J. Micromech.

Microeng. 6, 361 (1996).

[22] V. G. Zubko , T. L. Smith, A. N. Witt, Astrophys. J. 501 (1998).

[23] V. P. Parkhutik, E. Matveeva, R. Perez, J. Alamo, and D. BeltraÂn, Mater.

Sci. Engn. B 69-70, 53 (2000).

[24] V. P. Bondarenko, Y. V. Bogatirev, J. P. Colinge, L. N. Dolgyi, A. M.

Dorofeev, and V. A. Yakovtseva, IEEE. Trans. Nucl. Sci. 44, 1719 (1997).

[25] V. P. Parkhutik and L. T. Canham, Phys. Stat. Sol. A 182, 591 (2000).

[26] A. Halimaoui, “Porous silicon formation by anodisation,” in Properties of

Porous Silicon, L. Canham, ed., (INSPEC, London, UK, 1997) 12-22.

[27] V. Lehmann and U. Gösele, Appl. Phys. Lett. 58, 856 (1991).

[28] M. J. Sailor, J. L. Heinrich, and J. M. Lauerhaas, Stud. Surface Sci. Cat. 103,

209 (1996).

[29] R. L. Smith and S. D. Collins, J. Appl. Phys. 71, R1 (1992).

[30] A. G. Cullis, L. T. Canham, and P. D. J. Calcott, J. Appl. Phys. 82, 909

(1997).

[31] V. Lehmann, Electrochemistry of Silicon, Wiley-VCH Verlag, GmbH (2002).

[32] H. Ouyang, M. Christophersen, R. Viard, B. L. Miller, and P. M. Fauchet,



Jihoon Kim ― Ph. D. Thesis Chapter One

Chosun University, Department of Chemistry

- 25 -

Adv. Funct. Mater. 15, 1851 (2005).

[33] D. Brumhead, L. T. Canham, D. M. Seekings, and P. J. Tufton, Electrochim.

Acta. 38, 191 (1993).

[34] W. Theiss, Surf. Sci. Rep. 29, 91 (1997).

[35] S. M. Hossain, J. Das, S. Chakraborty, S. K. Dutta, and H. Saha, Semicon.

Sci. Tech. 17, 55 (2002).

[36] I. K. Itotia and R. F. Drayton, IEEE Antenn. Propag. Soc. 2, 663 (2003).

[37] A. Halimaoui, Porous Silicon Science and Technology, edited by J. C. Vial

and J. Derrien, Springer-Verlag, New York, p. 33 (1995).

[38] M. Christopersen, J. Carstensen, and H. Foll, Phys. Stat. Sol. A 182, 601

(2000).

[39] S.-F. Chuang, S. D. Collins, and R. L. Smith, Appl. Phys. Lett. 55, 675

(1989).

[40] See e.g. J. D. Jackson, Classical Electrodynamics, John Wiley & Sons, New

York (1975).

[41] D. J. Bergman, Phys. Rep. C 43, 377 (1978).

[42] H. Looyenga, Physica 31, 401 (1965).

[43] S. Sawada, N. Hamada, N. Ookubo, Phys. Rev. B 49, 5236 (1994).

[44] A. J. Read, R. J. Needs, K. J. Nash, L. T. Canham, P. D. J. Calcott, and A.

Qteish, Phys. Rev. Lett. 69, 1232 (1992).

[45] Y. Kanemitsu, H. Uto, Y. Masumoto, T. Futagi, and H. Mimura, Phys. Rev. B

48, 2827 (1993).



Jihoon Kim ― Ph. D. Thesis Chapter Two

Chosun University, Department of Chemistry

- 26 -

Chapter Two

Fabrication and Optical Characterization of Full Color

Stop Band Based on Rugate-Structured Porous Silicon

2.1 Introduction

The technology to manage and manipulate light by controlling absorption,

luminescence, and reflection has been a great interest in modern display technology

[1,2]. Photonic crystals have been extensively studied in recent years because of

their unique optical properties and the possibility of modulating the spectral

resonance of optical spectrum. The optical properties of porous silicon (PS)

prepared by electrochemical etching of p-type silicon wafer in HF are one

candidate of photonic structured materials using reflection. PS is a network of pores

within an interconnected silicon matrix. Since the discovery of PS, PS has been

intensively investigated for a variety of applications, such as chemical [3] and

biological sensors [4], optical band pass filters [5], micro chemical reactors [6],

micro fuel cells [7], and drug delivery [8], due to its high surface area [9], open

pore structure, convenient surface chemistry, and optical signal transduction

capability [10].

Despite the structural inhomogeneities at the nanoscale, PS grown on highly

doped p-type Si substrate showed typical optical properties of a dielectric material

with a single effective refractive index (n). The structure and photonic

characteristics of the PS layer depend on the conditions of the anodizing process,
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such as current density, temperature, composition ratio of the solution, and

conductivity of the silicon substrate [11,12]. In particular, the porosity or n of the

PS layer can be precisely controlled by altering the anodizing current density [11].

One dimensional photonic structure of PS layers based on sinusoidal waveform of

porosity forms a rugate reflector [13-15], which displays a sharp reflection

resonance in the optical reflectivity spectrum at a wavelength that is controlled by

the etch parameters. In this work, the effect of an etching time for the formation

of rugate photonic structure and the effect of a frequency for the reflection band

characteristics of rugate PS were investigated.
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2.2 Experiments

2.2.1 Sample Preparation

Rugate PS 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 m - , Siltronix, Inc.). The etching solution consists of a 1:3 by volumeΩ ㎝

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 mesh counter electrode to have the

structural homogeneities. Rugate PS sample was prepared by using a

computer-generated periodic sine wave current density. 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 Ar atmosphere prior to

use.

2.2.2 Instrumentation and Data Acquisition

The anodization current was supplied by a Keithley 2420 high-precision constant

current source which is controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen

lamp in the wavelength rance 400-1200 nm and an Ocean Optics S2000 CCD

spectrometer fitted with a fiber optic input. The reflected light collection end of the

fiber optic was positioned at the focal plane of the optical microscope.
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2.3 Results and Discussion

2.3.1 Effect of Etching Time

In order to generate periodic layers of sinusoidal refractive index profile, a

computer-generated pseudo-sinusoidal current waveform was used. The sine

waveform used in the present work was represented by

yi = Ai[sin(kit)] + B ---------------- (1)

where yi represented a temporal sine wave of amplitude, Ai ; frequency, ki ;

time, t; applied current density, B. The values of ki were from 0.28 Hz. The values

of Ai and B were 11.55 and 63.05 mA, respectively. After all values were fixed,

the etching time varied from 200 to 400, 600, 800, and 1000 s. Figure 1 showed

reflectivity spectra of rugate PS with one reflection band while the etching time

varied. A critical etching time of 200 s was needed to form rugate PS. The

reflection resonance of rugate PS with 200 s of etching time occurred at 681 nm

with sidelobes around the reflectance peak in the optical reflectivity and its full

width at half maximum (FWHM) was 14 nm. The reflection band of rugate PS

shifted to shorter wavelength by about 30 nm as the etching time increased,

however their FWHMs of the reflection band were almost identical. The reflection

band of rugate PS placed at the same position while the etching time was over

1000 s.
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Figure 2.1. The reflection resonances of rugate PS according to etching time from

200 to 400, 600, 800, and 1000 s.
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The relationship among the reflection wavelengths, the relative reflection

intensities, and the etching times was summarized in Figure 2. Rugate PS displayed

a linear relationship profile between the reflection wavelengths and the etching

times. The relative reflection intensities increased linearly as the etching time

increased. The relative reflection intensities of rugate PS over 1000 s of etching

time start to decrease.
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Figure 2.2. Plot showing the relationship among the reflection wavelengths, the

reflection intensities, and the etching times.
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2.3.2 Effect of Frequency

The effect of frequency for the formation of rugate PS was investigated. All

parameters but frequency were fixed. The values of Ai, B, and t were 11.55 and

63.05 mA and 1000 s, respectively. The frequencies, ki, varied from 0.22 to 0.38

Hz with a spacing of 0.01 Hz between sine components. The reflection band

characteristics of 17 rugate PS samples according to the frequency change were

listed in Table I.

The relationship between the reflection wavelengths and the frequencies was

summarized in Figure 3. Rugate PS exhibited a linear dependence between the

reflection wavelengths and the etching frequencies. The reflection band of rugate PS

shifted to shorter wavelength by about 13 nm as the etching frequency increased

by 0.01 Hz. Their FWHMs of the reflection band varied from 13 to 17 nm.

Figure 4 showed the 3-D reflection stop bands (A) and the photograph of 17

rugate PS samples (B). This result illustrates that the reflection band can be

controlled by tuning the etching frequency and appear anywhere in the visible

range depending on the sine waveform.
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Samples Value Wavelength Δ [N-(N+1)] F.W.H.M 

(N) (Hz) (nm) (nm) (nm)

1 0.22 730 14 16.92

2 0.23 716 14 15.14
3 0.24 702 13 16.27

4 0.25 689 14 13.27

5 0.26 675 13 15.4

6 0.27 662 12 16.83

7 0.28 650 14 14.83

8 0.29 636 12 14.57

9 0.30 624 14 13.24
10 0.31 610 14 16.08

11 0.32 596 13 14.05

12 0.33 583 13 15.17

13 0.34 570 12 14.53

14 0.35 557 13 13.51

15 0.36 545 12 12.49

16 0.37 534 11 13.59

17 0.38 522 12 16.88

Table 2.1. Reflection band characteristics of 17 rugate PS samples according to the

frequency change.
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Figure 2.3. Connection of reflection spectra and FWHM about rugate PS samples.
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Figure 2.4. Reflection spectra and photograph of 17 rugate PS samples.
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2.4 Conclusion

The effect of an etching time for the formation of rugate photonic structure and

the effect of a frequency for the reflection band characteristics of rugate PS were

investigated. A critical etching time of 200 s was needed to obtain the reflection

resonance of rugate PS. The reflection band of rugate PS shifted to shorter

wavelength as the etching time increased. Their FWHMs of the reflection band

remain the same. The reflection band characteristics of 17 rugate PS samples

according to the frequency change were measured. The relationship between the

reflection wavelengths and the frequencies was indicated that rugate PS exhibited a

linear dependence between the reflection wavelengths and the etching frequencies.

The reflection band of rugate PS shifted to shorter wavelength as the etching

frequency increased.
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Chapter Three

Optical Characterization of Distributed Bragg Reflector

Porous Silicon and Band Filter Applications

3.1 Introduction

In the previous chapter, we have been introduced the fabrication method of rugate

PS having a current density of periodic sine waveform. In this chapter, we report

the optical characteristics of Distributed Bragg Reflector (DBR) porous silicon (PS).

This is another form of multilayers porous silicon with a square waveform. During

electrochemical etching of silicon, the density of the generated PS can be

continuously varied, making it possible to generate continuously varying refractive

index (n) distributions in the direction perpendicular to the plane of the filter.

Periodic layers of alternating high index n1 (thickness t1) and low index n2

(thickness t2) lead to the well known DBR. In the case of a multilayerd structure

there is a periodic alternation of two current densities.

DBR PS displays a plateau of high reflectivity, which can be viewed as 1D

photonic band gap, centred at λbragg= 2 ( n1t1 + n2t2 ) [1]. This resulted in a

mirror with high reflectivity in a specific narrow spectral region and displays a

very sharp line in the optical reflectivity spectrum. DBR PS has been investigated

for a variety of applications, such as chemical sensors [2], microcavity [3,4], and

drug delivery [5], due to its high surface area, convenient surface chemistry, and

optical signal transduction capability. In this study, we report about fabrication of

DBR PS for full color stop band and band filter applications.
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3.2 Experiments

DBR PS dielectric mirror first is electrochemically etched into the single Si (100)

substrate (boron doped, polished on the (100) face, resistivity of 0.8-1.2 m - ,Ω ㎝

Siltronix, Inc.). The electrolyte is made by consists of a 1:3 by volume mixture of

absolute ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48% hydrofluoric

acid (ACS reagent, Aldrich Chemicals). Etching is carried out in a Teflon cell by

using a two-electrode configuration with a Pt mesh counter electrode. DBR PS

sample is prepared by using a computer-generated periodic square wave current.

The etching condition of silicon wafers were adjusted in a way controlled by

tuning of etching time. The resulting free-standing DBR PS film for optical band

filter application has been obtained from the silicon substrate by an applying of

electropolishing current at 400 mA/cm2 for 1.5 min in a solution of 48% aqueous

HF and ethanol (3:1 by volume), and then at 24 mA/cm2 for 1.5 min in a solution

of 48% aqueous HF and ethanol (1:15 by volume).

The anodization current was supplied by a Keithley 2420 high-precision constant

current source which is controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen

lamp and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input.

The reflected light collected at the end of the fiber optic was positioned at the

focal plane of the optical microscope. Surface and cross-sectional images of

composite films were obtained by using a cold field emission scanning electron

microscope (FE-SEM, S-4700, Hitachi).
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3.3 Results and Discussion

DBR PS containing two distinct porosities was successfully prepared using a

periodic galvanostatic electrochemical etch of crystalline silicon by applying a

square wave current between 5 mA/cm2 and 50 mA/cm2. A DBR PS exhibits a

high reflectivity band with the Bragg wavelength λBragg, depending on the

thickness of the layers (d1, d2) and the corresponding refractive indices (n1, n2).

The mth order of the Bragg peak is given by:

mλBragg = 2( d1n1 + d2n2 ).

Etching conditions of etched DBR PS samples are included in Table 1. This

interface will have a different roughness at each current change. The important

point is now to understand the evolution of the roughness as a function of the

DBR PS thickness, when realising DBR layers. The roughness in every layer can

just add to one another, or the applied current densities can lead eventually to their

own roughness limit. The electrochemical process generates an optically uniform

layer of DBR PS. The thickness and porosity of a given layer is controlled by the

current density, the duration of the etch cycle, and the composition of the etchant

solution. This appear a type of optical reflector that contain a continuous variation

of refractive index, along the growth axis. The reflectance spectrum of such a filter

shows a high reflectivity "stop band" around a characteristic wavelength. The

multilayered photonic crystals of DBR PS exhibit a very sharp line in the optical

reflectivity spectrum. This reflective wavelength can be controlled by tuning of

etching time and can appear anywhere in the visible range depending on the square

waveform. Reflectivity spectra of DBR PS samples are shown in Figure 1.
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1 518 nm 60 s 3 s                21
2 536 nm 65 s 3 s                20
3 557 nm 70 s 3 s                24
4 578 nm 75 s 3 s 19
5 589 nm 80 s 3 s 21
6 606 nm 85 s 3 s 22
7 622 nm 90 s 3 s 21
8 635 nm 95 s 3 s 18
9 657 nm               100 s 3 s 23

10 675 nm 80 s 4 s 24
11 692 nm 80 s 5 s 27
12 710 nm 80 s 6 s 24
13 722 nm 80 s 7 s 29
14 735 nm 82 s 7 s 32
15 747 nm 85 s 7 s 26
16 759 nm 90 s 7 s 30

Number     Wavelength     Low current   High current   FWHM
(time) (time)

1 518 nm 60 s 3 s                21
2 536 nm 65 s 3 s                20
3 557 nm 70 s 3 s                24
4 578 nm 75 s 3 s 19
5 589 nm 80 s 3 s 21
6 606 nm 85 s 3 s 22
7 622 nm 90 s 3 s 21
8 635 nm 95 s 3 s 18
9 657 nm               100 s 3 s 23

10 675 nm 80 s 4 s 24
11 692 nm 80 s 5 s 27
12 710 nm 80 s 6 s 24
13 722 nm 80 s 7 s 29
14 735 nm 82 s 7 s 32
15 747 nm 85 s 7 s 26
16 759 nm 90 s 7 s 30

Number     Wavelength     Low current   High current   FWHM
(time) (time)

Table 3.1. Etching conditions and reflection peak of DBR PS samples.
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Figure 3.1. Reflection wavelength of DBR PS samples.
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Figure 3.2. Surface (A) and cross-sectional (B-1,2) FE-SEM images of DBR PS.
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Reflectivity spectra shown in Figure 1 indicates that the FWHM of these

reflection bands is much narrower than that of fluorescence spectrum obtained from

a fluorescent organic molecules or quantum dot. The reflection bands of DBR PS

samples shown in Figure 1 have a FWHM of 20-30 nm. Location of reflection

bands are appeared that shifted to longer wavelengths as increase etching time of

current.

The cross-sectional and surface SEM image of DBR PS shown in Figure 2

illustrates that the multilayer of DBR PS exhibits a depth of few microns and a

pore of few nano applying of square current density during the etching process

results two distinct refractive indices in the contrast. The cross-sectional SEM

image of DBR PS shown in Figure 2 (B-2) can observe two different PS layers.

DBR PS films have been removed from the silicon wafer by applying an

electropolishing current. Reflectivity spectra of DBR PS and free-standing DBR PS

film is shown in Figure 3 (A). The reflectivity of free-standing DBR PS film

occurs at the identical location. Also, photographs showed in Figure 3 (B) exhibit

electropolished free-standing DBR PS film.

In a basic demonstration for optical filter application, the reflection and

transmission spectra of free-standing DBR PS film were shown in Figure 4 (A).

Also, when the two free-standing DBR films overlap, transmission spectrum was

superimposed.
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Figure 3.3. Reflection spectra (A) and photograph (B) of free-standing DBR PS

film.
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Figure 3.4. Optical filter application using transparency of DBR PS film.
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3.4 Conclusion

DBR PS was prepared for the possible use of full-color reflector or filter. DBR

PS exhibiting unique reflectivity was successfully obtained by an electrochemical

etching of silicon wafer using square current waveform. The multilayered photonic

crystals of DBR PS exhibited the reflection of a specific wavelength with high

reflectivity in the optical reflectivity spectrum. This reflective wavelength can be

controlled by tuning of etching time and can appear anywhere in the visible range

depending on the square waveform. This might be a demonstration for the

fabrication of specific reflectors or filters in full color.
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Chapter Four

Fabrication and Characterization of Prismatic Band Filter

Gradient Rugate Porous Silicon

4.1 Introduction

The development of a new technology to build one-dimensional photonic

structures is of great interest because they are too complex to fabricate by using

conventional lithographic methods. PS is an attractive material for photonic

applications due to its high surface area, open pore structure, and optical signal

transduction capability. A variety of passive devices, such as mirrors [1], filters

[2], and microcavities [3,4], has already been employed by using PS which is

based on a relatively simple electrochemical etching process. The first reports

giving details of a new form of silicon appeared in 1956 when Uhlir described a

study of the electropolishing of silicon in hydrofluoric acid [5]. Research on PS

has been increased significantly since the discovery of efficient visible luminescence

of PS by Canham suggesting the possibility of silicon based light sources [6].

One-dimensional photonic crystals of PS have also found application in chemical

detection [7,8], remote sensing [9], and biomolecular screening [10]. PS is a

nano-crystalline material that is generated by etching of bulk crystalline silicon in

aqueous hydrofluoric acid (HF) [11]. Molpology and optical properties of PS are

dependent on HF concentration, dopant type, density in the Si substrate, and

applied current density [12,13]. Porous silicons containing gradient refractive index
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have been recently developted [14,15]. The direction of the refractive index gradient

is perpendicular to the optical. Here we report the optical characteristics and

morphology of BFG rugate PS whose appearance is prismatic due to gradient

refractive index. This is achieved by various porosity and depth of PS during the

electrochemical fabrication process.
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4.2 Experiments

4.2.1 Preparation of ruagte PS using asymmetric electrode configuration

BFG rugate PS dielectric mirror was prepared by using electrochemical etching

of silicon wafer (boron doped, polished on the (100) face, resistivity of 0.8-1.2 m

-cm, Siltronix, Inc.), and using a computer-generated periodic sine wave current.Ω

The etching solution consists of a 1:3 by volume mixture of absolute ethanol (ACS

reagent, Aldrich Chemicals) and aqueous 48% hydrofluoric acid (ACS reagent,

Aldrich Chemicals). Etching is carried out in a Teflon cell by using a

two-electrode configuration with Pt needle counter electrode. BFG rugate PS

containing a distribution of pore sizes and film thickness was prepared by using

the asymmetric electrode configuration as shown in Scheme 1.

4.2.2 Instrumentation and Data Acquisition

The anodization current was supplied by Keithley 2420 high-precision constant

current source which is controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen

lamp and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input.

The reflected light collection end of the fiber optic was positioned at the focal

plane of the optical microscope. Scanning electron microscope (SEM) images were

obtained by a cold field emission scanning electron microscope (FE-SEM, S-4700,

Hitachi).



Jihoon Kim ― Ph. D. Thesis Chapter Four

Chosun University, Department of Chemistry

- 53 -

Scheme 4.1. Schematic diagram of the electrochemical cell and electrode

arrangement used to generate pore gradients.
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4.3 Results and Discussion

BFG rugate PS has been generated by an electrochemical etching of silicon

wafer using an asymmetric electrode configuration in aqueous ethanolic HF solution.

BFG PS prepared by using anisotropic etching conditions displays the anisotropic

reflection bands whose reflection maximum varied spatially across the porous

silicon. The waveform used in the present work, which is represented by Equation

1.

yi = Ai [sin (kit) ] + B -------------- (1)

Where yi represents a temporal sine wave of amplitude, Ai ; frequency, ki ; time, t

; applied current density, B. The values of ki are from 0.39 Hz. The values of Ai

and B are 11.55 and 63.05 mA with 205 repeats.

To have anisotropic distribution of pore sizes and film thickness in PS, Pt needle

electrode is placed at the side of etching cell and Al plate electrode is located at

the back side of the silicon wafer as shown in Scheme 1. With this asymmetric

electrode arrangement, the porosity and the thickness of the film at any point

depend on the magnitude of the etching current flowing through that point. The

current at any point of silicon wafer depends on the resistance of the Si wafer

between the electrolyte on one side and the Al plate electrode on the back side

and varies as a function of distance from the Pt counter electrode due to solution

resistance. Since the geometry is asymmetric, the current density decreases as the

distance from the counter electrode increases. The asymmetric electrode

configuration provides a current density gradient across the wafer that result in a

distinct variation in the morphology of the pores and produces a BFG PS lens
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showing asymmetric Newton's ring. Photograph and reflection spectra of BFG

rugate PS are shown in Fig 1. The reflection spectra of BFG rugate PS are

recorded by moving every 2 mm from the position closest to the Pt counter

electrode on the silicon surface.
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Figure 4.1. Photograph and reflection spectra of BFG rugate PS. The value position

used refers to the distance from the position closest to the Pt counter electrode

across the silicon wafer.

X λ Δ λ[n-(n+1)] F.W.H.M 

(mm) (nm) (nm) (nm)

0 759 0 28.78
2 680 79 27.67
4 612 68 25.15
6 569 43 23.37
8 548 21 19.89

10 535 13 18.25

Table 4.1. Data analysis of BFG rugate PS about the position of electrode.
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Changes of reflective maxima and FWHM are summarized in Table 1. The

reflection wavelength shifts exponentially to shorter wavelengths and FWHM is

narrower across the silicon wafer. The BFG rugate PS displays a prismatic

appearance due to the continuously changing refractive index distribution.

The cross-section and surface SEM image of BFG rugate PS are shown in

Figure 2. The film thickness of BFG rugate PS becomes shorter as the distance

from the position of Pt counter electrode increases.

Profilometry measurements shown in Figure 3 reveal that the thickness of the PS

layer varies as a function of distance from the counter electrode. BFG rugate PS is

thickest at the point directly under the counter electrode, consistent with that being

the position of highest current density.
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Figure 4.2. Surface and cross-section SEM images of BFG rugate PS. 0 mm (1), 5

mm (2), and 10 mm (3) refer to the distance from the position closest to the Pt

counter electrode across the silicon wafer.
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Figure 4.3. Profile of the change of reflection wavelength and film thickness of

BFG rugate PS as a function of x represented to the distance from the position

closest to the Pt counter electrode across the silicon wafer.
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4.4 Conclusion

BFG rugate PS was prepared that contain a controlled distribution of pore sizes

and film thickness using anisotropic etching conditions. In this work, BFG rugate

PS displays a prismatic appearance due to the uneven distribution of current across

the silicon wafer during the etching. The reflectivity of BFG rugate PS is shifted

to shorter wavelengths and its bandwidth and film thickness become narrower and

shorter across the wafer from the position of electrode. This might be a

demonstration for the fabrication of specific reflectors or filters.
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Chapter Five

Fabrication of Multi-optical Filters Based on Encoded

Rugate Porous Silicon and Its Application as Chemical

Sensors

5.1 Introduction

Photonic crystals have been extensively studied in recent years because of their

unique optical properties and the possibility of modulating the spectral resonance of

optical spectrum. The development of a new technology to build a photonic

structure is of great interest because it could be useful for a variety of applications

such as chemical and biological sensors [1] or medical diagnostics [2,3]. Since the

discovery of porous silicon (PS) from silicon wafer, research has been associated

with emerging technologies, such as photonic crystals for optical band pass filters

and micro chemical reaction applications in micro chemical reactors [4,5]. Their

importance is due to biocompatibility [6] and bioresorbability [7]. In addition, PS

has tunable pore sizes and volumes [8], high surface area [9], and optical signal

transduction capability. In recent years, several possible applications for PS have

been actively investigated [10]. Electrochemical etch is one of the powerful tools to

provide a reflection band at a desired wavelength in the optical reflectivity

spectrum. Multiple rugate filters were recently developed by applying a

computer-generated pseudo-sinusoidal composite current-time waveform [11,12]. The

refractive index varied sinusoidally in a photonic structure of rugate-structured PS.
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However, rugate PS was limited about its chemical and mechanical stability for

many applications because a free-standing film was very brittle [13]. To eliminate

these issues, several researches have been recently investigated [14].

Here we have prepared a flexible rugate PS/polymer composite film containing a

nanostructure with the complex photonic properties. Possible applications of these

composite films such as tunable band-rejection filters and chemical sensors were

reported.
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5.2 Experiments

5.2.1 Preparation of multiple rugate PS

PS samples were prepared by electrochemical etch of heavily doped p
++-type

silicon wafers (boron doped, polished on the <100> face, resistivity of 0.8 - 1.2 m

, Siltronix, Inc.). The etching solution consisted of a 3:1 volume mixture ofΩ∙㎝

aqueous 48% hydrofluoric acid (ACS reagent, Aldrich Chemicals) and absolute

ethanol (ACS reagent, Aldrich Chemicals). Galvanostatic etch was carried out in a

Teflon cell by using a two-electrode configuration with a Pt mesh electrode. A

sinusoidal current density waveform varying between 51.5 and 74.6 mA/cm2 was

applied. The anodization current was supplied by a Keithley 2420 high-precision

constant current source which was controlled by a computer to allow the formation

of PS multilayers. To prevent the photogeneration of carriers, the anodization was

performed in the dark. All samples were then rinsed several times with ethanol and

dried under Ar atmosphere prior to use.

5.2.2 Chemical modification of rugate PS film surface

The resulting rugate PS films were removed from the silicon substrate by an

applying of electropolishing current at 380 mA/cm2 for 2 min in a solution of 48%

aqueous HF and ethanol (3:1 by volume), and then at 24 mA/cm2 for 3 min in a

solution of 48% aqueous HF and ethanol (1:15 by volume) to obtain a

free-standing rugate PS. Three types of rugate PS film were prepared in this study.

(1) Freshly etched rugate PS film was stored under argon atmosphere prior to use.



Jihoon Kim ― Ph. D. Thesis Chapter Five

Chosun University, Department of Chemistry

- 63 -

(2) Dodecyl-derivatized rugate PS film was prepared by the hydrosilation. Freshly

etched rugate PS film was placed on quartz tube reactor in glove box under argon

atmosphere. After 20 mL of 1-dodecene (ACS reagent, Aldrich Chemicals) was

added, the reaction mixtures were irradiated under UV lamp ( em = 360 nm) forλ

10 h. Dodecyl-derivatized rugate PS film was rinsed several times with acetone and

dried under argon at room temperature. (3) Oxidized rugate PS film was prepared

by the thermal oxidation. Rugate PS film was thermally oxidized by using an

electric muffle furnace at 300 for 3 h in ambient air condition and then℃

allowed to cool to room temperature.

5.2.3 Preparation of multiple rugate PS/polymer composite film

In a typical preparation for the rugate PS/polystyrene composite film, 5 g of

polystyrene (Aldrich, Mw = 280,000) were dissolved in 20 mL of THF (Fisher

Scientific). The free-standing films were placed on 0.5 mL of polystyrene solution,

pipeted onto the cover glass. The composite materials were dried to remove

volatiles at room temperature for 1 h. After dryness, the composite films were

peeled off from the cover glass.

5.2.4 Instrumentation and Data Acquisition

Optical reflectivity spectra were measured using a tungsten-halogen lamp and an

Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input. Surface and

cross-sectional images of composite films were obtained by using a cold field

emission scanning electron microscope (FE-SEM, S-4800, Hitachi). The surface

properties of rugate PS were characterized by FT-IR instrument (Nicolet 5700).
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5.3 Results and Discussion

5.3.1 Preparation and characterization of multi-optical rugate filter

Photonic crystals containing rugate structure resulted in a mirror with high

reflectivity in a specific narrow spectral region. Multiple rugate PS were prepared

by applying a computer-generated that the individual sine components were summed

together to create a composite waveform. This reflection resonance could be tuned

to appear anywhere in the visible to near-infrared spectral range, depending on the

programmed etch waveform. The waveform used in the present work, which was

represented by Equation 1.

ycomp = A1sin(k1t) + A2sin(k2t) +....... + Ansin(kit) + B (1)

Where yi represented a temporal sine wave of amplitude, Ai; frequency, ki; time, t;

applied current density, B. Equation 1, containing all the encoding information, can

be converted to an analog current-time waveform for etching by using a

computer-controlled digital galvanostat.

Multiple rugate structures were generated by using different parameters in

Equation 1 and displayed the corresponding reflection resonances as shown in

Figure 1. The values of Ai and B for every sine components were 11.55 and 63.05

mA, respectively. A composite waveform containing one to four frequency

components was used. The values of ki for each of the sine components varied

from 0.38 to 0.44 Hz, with a spacing of 0.02 Hz between each sine component.

Multiple encoded rugate PS etched with 0.44, 0.42, 0.40, and 0.38 Hz exhibited

four sharp lines at 610, 660, 715, and 785 nm, respectively. Each of the main
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peaks in the optical reflectivity spectrum was superimposed over each peak and

corresponded to one of the sine components of the composite waveform, indicating

that the reflectivity spectrum represented the Fourier transform of the composite

current-time waveform.
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Figure 5.1. Reflection spectra of fresh rugate PS (black) and composite film (red)

and transmission spectra of composite film (blue). The values of ki for each of the

sine components are (A) 0.42 Hz, (B) 0.40 and 0.42 Hz, (C) 0.40, 0.42, and 0.44

Hz, (D) 0.38, 0.40, 0.42, and 0.44 Hz. Reflection maxima of fresh rugate PS and

composite film are 610, 660, 715, and 785 nm and 710, 760, 830, and 915 nm,

respectively.
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After the generation of optically encoded rugate PS, the resulting PS films were

removed from the silicon substrate by applying an electropolishing current to obtain

a free-standing rugate PS film. A pulse of current was sufficient to undercut the

PS layer and lift it completely from the silicon substrate. Free-standing PS films

were typically very brittle and shatter when subjected to minor shear stresses. After

lift-off, the free-standing film was placed on a small drop of polystyrene mixture

layered on top of the cover glass. Dryness at room temperature for 1 h produced a

robust and stable composite material in which the PS matrix was covered with

polystyrene. The composite films shown in Figures 2A and 2B were highly flexible

at room temperature. Their mechanical stability improved significantly without

apparent degradation in their optical reflection properties upon flexing. Reflection

and transmission spectra of multiple encoded rugate PS/polystyrene composite films

were shown in Figure 1. Multiple encoded composite films displayed four sharp

resonances at 710, 760, 830, and 915 nm in the reflection and transmission spectra,

respectively. The transmission resonances were located in the same physical

locations placed the reflection resonance in the optical reflectivity spectrum. The

reflection resonances of the composite films were shifted to longer wavelengths by

100 - 125 nm upon introduction of the polymer into the pores. Such a large red

shift was the characteristic features of an increase in the average refractive index of

the multilayer which was consistent with the replacement of a significant amount of

empty pore volume with the polymers.

Surface and cross-sectional SEM image of optical filter were shown in Figure 2.

The cross-sectional image of rugate PS etched with 0.42 Hz in Figure 2D

illustrated that the rugate PS had a gradually modulated refractive index profile.

The rugate PS exhibited a porosity depth profile that related directly to the

current-time profile used in etch. They possessed a sinusoidally varying porosity



Jihoon Kim ― Ph. D. Thesis Chapter Five

Chosun University, Department of Chemistry

- 68 -

gradient in the direction perpendicular to the plane of the filter. Cross-sectional

SEM image of multiple encoded rugate PS/polystyrene composite films etched with

composite waveform were shown in Figure 2E and 2F, indicating that the PS layer

and polymer layer exhibited a depth of 46.5 and 56.3 microns, respectively.

7 mm

Photograph A

B

200 nm

Surface

1 μm

C

D

Cross-section

Polymer

PSi

100 μm

46.48 μm

56.34 μm

1 μm

E

FCross-section

7 mm7 mm

Photograph A

B

200 nm

Surface

1 μm

C

D

200 nm

Surface

1 μm

C

D

Cross-section

Polymer

PSi

100 μm

46.48 μm

56.34 μm

1 μm

E

FCross-section

Figure 5.2. Photographs and FE-SEM images of rugate PS/polymer composite films.
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5.3.2 Rugate PS/polymer composite film as a tunable band-rejection

filter

The transmission spectrum of triple rugate PS/polymer composite film was shown

in Figure 3 and displayed three sharp transmission resonances at 715, 776, and 849

nm. This composite film could be used as a tunable band-rejection filter upon

exposing to the organic vapor. Transmission spectrum shown in Figure 3A

illustrated that the transmission resonances were shifted to the longer wavelength

due to an increase in the refractive indices of the porous medium, when the

composite film was exposed to the air-saturated vapor of methanol (vapor pressure,

97.48 mmHg) and hexane (121.26 mmHg). The red-shifts of the first to third

transmission resonances were 17, 19, and 24 nm in methanol and 51, 57, and 64

nm in hexane, respectively. Figure 3B displayed the shift of transmission

resonances under the different vapor pressures of methanol. This result indicated

that the transmission resonance was tunable by the control of a medium dose.
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Figure 5.3. (A) Transmission resonance spectra under exposure to different media

such as hexane (766, 833 and 913 nm) and methanol (732, 795 and 873 nm). (B)

Transmission resonance spectra under different vapor pressures of methanol. The

values of vapor pressure for each of the transmission spectrum are varied from 0

to 97.5 ppm, with a spacing of about 16 ppm between each spectrum.

5.3.3 Rugate PS/polymer composite films as chemical sensors

To know the responsibility of transmission resonance for the organic vapors, two

different types of triple encoded rugate PS composite films were prepared by the

modification of rugate PS surface. The PS composite films prepared by the thermal

oxidation were hydrophilic materials due to the hydroxyl functionalities. The PS

composite films prepared by the photolytic hydrosilation were hydrophobic materials

because of the dodecyl functionalities. These samples had the different physical

surface properties. The surface of rugate PS was characterized by FT-IR
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measurement and shown in Figure 4. FT-IR spectrum of fresh rugate PS film

displayed vibrational bands in the fingerprint region of the spectrum. υ(Si-H) and

δ(Si-H) vibrations associated with surface Si-H species were observed at 2117 and

941 cm-1, respectively. The oxidized form of rugate PS displayed the band

characteristics of υ(OSi-H) and υ(Si-O) vibrational modes at 2270 and 1070 cm
-1,

respectively. Rugate PS modified with 1-dodecene displayed the absorption band

characteristic of the dodecyl group with vibrations assigned to C-H stretching

modes at 2850-2960 cm-1.
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Figure 5.4. FT-IR spectra of fresh, dodecyl modified, and oxidized rugate PS.

The transmission spectra of hydroxyl and dodecyl terminated rugate PS composite

films were shown in Figures 5A and 5B, respectively. Triple encoded rugate PS

composite samples were placed in an exposure chamber fitted with an optical
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window. The composite films were exposed to a flux of methanol or hexane in air

with a flow rate of 5 L/min. Figure 5 showed the transmission spectra of

composite films with three transmission bands while exposing to organic vapors.

The transmission spectra from the composite films for the detection of volatile

organic compounds were recorded just after exposure to the air-saturated vapor of

each analyte. With the hydroxyl terminated composite films, capillary condensation

caused three transmission bands to shift to longer wavelengths by 14, 16, and 23

nm for the first to third transmission bands under exposure to methanol vapor.

However, little red shifts of transmission resonances were obtained with the dodecyl

terminated composite films. The shifts of transmission resonances of triple encoded

rugate PS composite film depended on both the surface functionalities of composite

films and the properties of dose media. Composite films modified with dodecyl

functionality were a porous hydrophobic material and had a much greater affinity

for hydrophobic versus hydrophilic media, since the adsorption depended on the

surface property of the composite films. However, the rugate PS modified with

hydroxyl group had a greater affinity for hydrophilic media. This result indicated

that the specificity of adsorption or capillary condensation at the PS surfaces

depended dramatically on the surface chemistry.
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Figure 5.5. Transmission spectra and red-shifts of transmission resonances under

exposure to different media. (A) Oxidized and (B) dodecyl modified composite

films.

To investigate the response behavior of transmission resonances, the triple encoded

rugate PS composite films were subjected to the repetitive exposure to methanol
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vapors. Figure 6 displayed the change of transmission intensities at a fixed

wavelengths obtained from transmission minima (726, 788, and 863 nm). Each

exposure time of the methanol vapor was 10 s. The repetitive exposure exhibited a

consistent result to show the degree of reproducibility. The transmission intensities

at the fixed wavelengths were dramatically changed due to the red shift of

transmission resonances after exposure to methanol vapor. A recovery response of

shorter transmission wavelength to the methanol vapor was faster than that of

longer transmission wavelength. The real-time measurement of transmission

resonance upon exposure to the methanol vapor indicated that these composite films

were robust and reusable and might be useful for an application as chemical

sensors.
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Figure 5.6. Real time responses of transmission resonances at three fixed

wavelengths under exposure to methanol vapor.
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5.4 Conclusions

Rugate PS/polymer composite films were successfully prepared and displayed

sharp transmission resonances where the wavelengths were controllable. The

transmission resonance of the composite film was tunable by the control of dose

media and served as a band-rejection filter upon exposing to the organic vapor.

The composite film was flexible and its mechanical stability was significantly

improved without degradation in their optical transmission properties. The surface

modification of this composite film indicated that the respond of transmission

resonances depended on the surface properties of the composite films.
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Chapter Six

Targeted Delivery and Controlled Release of

Camptothecin to Cancer Cells Using Covalent Attachment

Method of Porous Silicon "Smart Particles"

6.1 Introduction

Nano-structured delivery systems based on photonic crystal is strongly affecting

for the systemic delivery of therapeutic molecules and imaging agents for various

biomedical applications, from cancer to cardiovascular diseases [1-3]. The goal of

all sophisticated drug delivery systems is to deploy medications intact to specifically

targeted parts of the body through a medium that can control the therapy's

administration by means of either a physiological or chemical trigger. Inorganic

nanostructured materials have gained considerable importance in several

biotechnological applications related to drug delivery because inorganic materials

exhibit more superior structural and chemical stability compared to organic

materials. During the past decade, various drug delivery vehicles have been

employed, such as microspheres, gelatin nanoparticles [4], polymer micelles [5],

hydrogel-type materials [6], and PS [7]. These materials focused on formulating

therapeutically active agents have all been shown to be effective in enhancing drug

targeting specificity, lowering systemic drug toxicity, improving treatment absorption

rates, and providing protection for pharmaceuticals against biochemical degradation.

The PS prepared by an electrochemical etch of single crystal silicon possesses
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several properties that make it advantageous as a drug delivery system including

open pore photonic structure, a high surface area, and tunable pore sizes and

volumes [8]. Chemical modification and permeation of the PS surface can also be

achieved, providing many means to adjust the chemical stability of the material as

well as to load a particular drug of interest [9]. The PS as porous matrices was

employed to demonstrate in vivo release of the steroid dexamethasone [10],

ibuprofen [11], doxorubicin [12], and many other drugs [13]. Current drug delivery

system based on PS included that the free volume inside pores was loaded with a

drug that would be released in the body by the dissolution of the matrix, however

site-specific and/or time-controlled delivery of drug were not specified. As with all

biodegradable drug delivery carriers, the toxicity of the degradation products is an

important factor. Silicon is an essential trace element that is linked to the health of

bone and connective tissues. The bio-available form of silicon consists of various

oxo anions of orthosilicic acid (Si(OH)4), which are rapidly removed by the

kidneys in the human body [14,15]. The low toxicity, degradation properties, and

solubility of PS dioxide have generated much interest in its use in controlled drug

deliver systems [16].

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 [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].

This paper focused on microparticle systems using multi-encoded rugate PSD

having a photonic structure of rugate-structured PS by applying a

computer-generated pseudo-sinusoidal composite current-time waveform using

superposition method [19]. Multi-encoded rugate PSD smart particles were prepared
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in micron size and chemically attached with anti-cancer agents, Camptothecin

(CPT). The covalent method described here allows for drug release only when the

covalent bonds are broken. We observe a significant, extended release of CPT that

is covalently attached to the PSD matrix compared to CPT that is physically

adsorbed into the PSD matrix and the optical interference spectrum from

multilayers has been used to monitor release of a drug.
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6.2 Experimental

6.2.1 Preparation of free-standing multi-encoded rugate PSD film

Multi-encoded rugate PS samples were prepared by electrochemical etch of

heavily doped p++-type silicon wafers (boron doped, polished on the (100) face,

resistivity of 0.8-1.2 m , Siltronix, Inc.). The etching solution consisted of aΩ∙㎝

3:1 volume mixture of aqueous 48% hydrofluoric acid (ACS reagent, Aldrich

Chemicals) and absolute ethanol (ACS reagent, Aldrich Chemicals). Typical etch

parameters for rugate structure involved using a periodic sine wave current between

5.3 mAocm-2 and 120.8 mA cm∙ -2 for 2000 s. The resulting multi-encoded rugate

PS film was lift off from the silicon substrate by an applying of electropolishing

current at 22 mA cm∙ -2 for 150 s in a solution of 48% aqueous HF and ethanol

(1:15 by volume) to obtain a free-standing multi-encoded rugate PS. The silicon

surface was predominant hydride-terminated after the etching procedure. This surface

was sensitive to oxidation and hydrolysis upon exposure to aqueous solution.

Thermally oxidized multi-encoded rugate PSD films were obtained by heat

treatment in a furnace (Thermolyne F6270-26 furnace equipped with controller)

using the following parameters: initial ramp rate, 5 /min to 300 ; hold time, 3℃ ℃

h; and passive cooling to ambient temperature.

6.2.2 Chemical attachment of CPT to multi-encoded rugate PSD

surface and preparation of PSD-CPT smart particles

13.8 mg of (s)-(+)-camptothecin (CPT) (0.05 mmol, Aldrich Chemicals) was
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dissolved in 10 mL of methylene chloride. The mixture solution was stirred for 30

min, and 4-di(methylamino)pyridine (DMAP) (0.1 mmol, Aldrich Chemicals) was

added to the solution. The reaction mixture was allowed to stir at room

temperature for 1 h. The resulting solution was added to the oxidized

multi-encoded rugate PSD films and films were incubated for 72 h. Afterward the

multi-encoded rugate PSD films were rinsed successively with toluene, acetone, and

methylene chloride and subsequently dried under a stream of nitrogen. The

multi-encoded rugate PSD films were made into particles by ultrasonic fracture in

an organic solution and dried under an atmosphere.

6.2.3 Cell viability using cell culture

The MCF-7 cancer cells were grown in Dulbecco's Modified Eagle Medium

(DMEM; GIBCO, Grand Island, N,Y, USA) containing 10% Fetal Bovine serum

(FBS; GIBCO, Grand Island, N,Y, USA). Cells were cultured at 37 in an℃

atmosphere of 5% CO2 and 100% humidity. The capacity of CPT to interfere with

growth of the MCF-7 cancer cell line was determined using the MTT assay.

Briefly, MCF-7 cancer cell was grown in 96 well (1 × 104 cells/well) and

incubated in growth medium at 37 for 24 h the culture medium containing CPT℃

at various concentrations. It followed by the addition of 100 uL of MTT

(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrasolium bromide) solution (5 mg/mL),

and incubation for 4 h in the 37 . The supernatant was carefully removed from℃

each well and 100 uL of DMSO (Dimethyl sulfoxide, ACS reagent, Aldrich

Chemicals) was added to each well to dissolve the formazan crystals which were

formed by the cellular reduction of MTT. The absorbance of each well was

measured by a microplate reader using a test wavelength of 540 nm.
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6.2.4 Instrumentation and Data Acquisition

Optical reflectivity spectra were measured using a tungsten-halogen lamp and an

Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input. The reflected

light collection end of the fiber optic was positioned at the focal plane of the

optical microscope. CPT released in pH 4, 7, and 9 aqueous buffer solution was

measured by UV-vis spectrometer (UV-2401 PC, Shimazu). FT-IR spectra were

acquired with a FT-IR (Nicolet 5700) instrument in the diffuse reflectance mode

(Spectra-Tech diffuse reflectance attachment). Absorption spectra were reported in

absorbance units. The quantity of CPT release from the derivatized multi-encoded

rugate PSD smart particle was measured at the fixed absorption wavelength of 369

nm on a time scale, which was the absorption maximum of CPT. The morphology

of PSD-CPT smart particles were observed with cold field emission scanning

electron microscope (FE-SEM, S-4700, Hitachi).
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6.3 Results and Discussion

PS were fabricated by electrochemical etching of highly doped p-type silicon

wafer in an aqueous electrolyte containing HF and ethanol. Photonic crystals

containing rugate structure resulted in a mirror with high reflectivity in a specific

narrow spectral region. Multi-encoded rugate PS were prepared by applying a

computer-generated that the individual sine components were summed together to

create a composite waveform. This reflection resonance could be tuned to appear

anywhere in the visible to near-infrared spectral range, depending on the

programmed etch waveform. The waveform used in the present work, which was

represented by Equation 1.

ycomp = A1sin(k1t) + A2sin(k2t) +....... + Ansin(kit) + B (1)

Where yi represented a temporal sine wave of amplitude, Ai; frequency, ki; time, t;

applied current density, B. Equation 1, containing all the encoding information, can

be converted to an analog current-time waveform for etching by using a

computer-controlled digital galvanostat.

Multiple rugate structures were generated by using different parameters in

Equation 1 and displayed the corresponding reflection resonances as shown in

Figure 1. The values of Ai and B for every sine components were 5.3 and 120.8

mA, respectively. A composite waveform containing one to four frequency

components was used. The values of ki for each of the sine components varied

from 0.30 to 0.42 Hz, with a spacing of 0.03 Hz between each sine component.

Multiple encoded rugate PS etched with 0.42, 0.39, 0.36, 0.33, and 0.30 Hz

exhibited five sharp lines at 575, 613, 658, 714, and 781 nm, respectively. Each of
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the main peaks in the optical reflectivity spectrum was superimposed over each

peak and corresponded to one of the sine components of the composite waveform,

indicating that the reflectivity spectrum represented the Fourier transform of the

composite current-time waveform. After the generation of optically encoded rugate

PS, the resulting PS films were removed from the silicon substrate by applying an

electropolishing current to obtain a free-standing rugate PS film. The thermal

oxidation of free-standing rugate PS films at 300 converted the℃

hydride-terminated surface into hydroxyl terminated rugate PSD films. Rugate PSD

films were reacted with CPT to give PSD-CPT films and then ultrasonicated to

create particles. Particles with sizes ranging from several hundred nanometers to

few hundred micrometers were generated depending on the duration of

ultrasonication. The chemistry of functionalization was outlined in Scheme 1.
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Figure 6.1. Reflectivity spectrum of multi-encoded rugate PS prepared by applying

a computer-generated that the individual sine components were summed together to

create a composite waveform.
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Photograph of multi-encoded rugate PSD-CPT smart particles is shown in Figure

2A and illustrates that its color results from the reflection of the smart particles.

Also, the surface morphology of multi-encoded PSD-CPT smart particles were

obtained with cold FE-SEM and shown in Figure 2B. Size of multi-encoded

PSD-CPT smart particles was about 30 ~ 60 micrometers. The surface image of

multi-encoded PSD-CPT smart particles indicated that the pore size of particle

retained a good porosity without destruction of porous structure during

ultrasonication. The prepared PSD-CPT smart particles had cylindrical macropores

with the average pore size of 100 nm.
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A

B

500 μm

500 nm

Figure 6.2. Surface FE-SEM images of multi-encoded rugate PSD-CPT smart

particles.
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These step by step procedures were monitored by diffuse reflectance FT-IR

spectroscopy as shown in Figure 3. Figure 3(solid line) showed that the FT-IR

spectrum of freshly etched multi-encoded rugate PS displayed a characteristic broad

band centered at 2100 and 900 cm-1 for the (Si-H) stretching vibration andυ δ

(Si-H) bending vibration. After the thermal oxidation of multi-encoded rugate PS

film, the presence of silicon oxide was determined by FT-IR measurement as

shown in Figure 3(dashed line). Thermal oxidation of the porous silicon layer

resulted significant loss of intensity of the (Si-H) modes in the infrared spectrumυ

at 2150 cm-1, but vibrational bands due to oxygen-back-bonded silicon hydride, υ

(OSi-H) and (OSi-H) modes, grew at 2300 and 850 cmδ -1, respectively. Multiple

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

between 1000 and 1250 cm-1. Condensation of the Si-OH surface of PSD with

CPT generated a surface-bound CPT. The FT-IR spectrum shown in Figure 3(dotted

line) displayed additional bands characteristic of CPT (the aromatic C=C band of

(C=C) at 1650 cmυ -1 and 1570 cm-1, respectively. Surface derivatization led to

complete disappearance of the OSi-H vibrational bands.

Prepared multi-encoded rugate PSD-CPT smart particles were placed at the

bottom of 3 mL quartz cuvette containing the buffer solution (pH 4, 7, and 9) of

three types. The appearance of CPT in solution was determined by monitoring the

UV absorbance band. Prepared PSD-CPT smart particles were stable in buffer

solutions for several days without apparent degradation. To examine the drug

delivery application, the release of CPT and the shift of reflection peak were

simultaneously measured by the use of UV-vis and reflectance spectrometer. The

release process of CPT from the PSD-CPT smart particles shown in Scheme 1

involved the hydrolysis by covalent attachment between PSD and CPT. Absorption

measurement for the CPT release from the PSD-CPT smart particles in buffer
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solution was achieved as a function of time at fixed wavelength of 369 nm which

was the absorption maxima of CPT. The hydrolysis between PSD and CPT of

smart particles as shown in Figure 4 becomes quickly saturated as the pH values

of buffer solution increases.

Figure 6.3. Transmission-mode FT-IR spectra of PS sample (left led line), PSD

sample (left blue line), CPT-derivatized PSD sample (light led line), and

CPT-removed PSD sample (light blue line).
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Figure 6.4. Percent of CPT appearing in buffer solution (pH 4, 7, and 9) as a

function of time, measured by monitoring the UV-vis absorption band at 369 nm

in the solution.
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Figure 5 showed the change of reflection spectrum under the exposure of CPT

loaded by covalent attachment to the CPT-PSD smart particles. As expected,

exposition to each a buffer solution of CPT to the CPT-derivatized porous layer

resulted in an decrease in the blue shift of reflection spectrum, indicative of a

change in refractive index induced by covalent attachment of CPT into the

CPT-PSD smart particles.

An MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrasolium bromide) toxicity

assay was used to test cell viability. Cells were exposed to free CPT, empty PSD

smart particles, and PSD-CPT smart particles in which CPT was loaded by covalent

attachment. The each of sample was added to MCF-7 cells and assessed for

cytotoxicity 24 h after exposure as shown in Figure 6. The viability of cells

exposed to PSD-CPT was significantly lower than cells exposed to empty PSD

smart particles and somewhat higher than cells exposed to the same quantity of

free CPT. It should be noted that PS is able to reduce MTT in the absence of

cells, giving rise to an apparent lack of toxicity. The CPT is increasingly in

clinical use and show great utility in the treatment of various cancers including

primary and metastatic colon carcinoma, small cell lung carcinoma ovarian, breast,

pancreatic, and stomach cancers. However, administration of this drug was

accompanied by severe side effects, due to its poor water solubility. As mentioned

above, PSD-CPT smart particles are decreased toxicity of CPT and are maintained

their efficiency with drug materials.
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Figure 6.5. The change of reflection spectrum and differential signalunder the

exposure of CPT loaded by covalent attachment to the CPT-PSD smart particles.
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CPT-PSD, and PSD.
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6.4 Conclusion

The use of smart particles based on multi-encoded rugate PS has been

demonstrated for the drug delivery application. Loading of CPT was achieved in

PSD-CPT smart particles. Multi-encoded rugate films were removed from the silicon

wafer by applying an electropolishing current to obtain free-standing multi-encoded

rugate films. The thermal oxidation of free-standing multi-encoded rugate films

converted the hydride-terminated surface into hydroxyl terminated PSD. PSD films

were reacted with CPT and then ultrasonicated to create particles to give PSD-CPT

smart particles. In this paper, targeted delivery of CPT using multi-encoded rugate

PSD smart particles can be accomplished by covalent attachment. The covalent

attachment method was tested with the anticancer drug CPT, and release of the

active drug was verified by the MTT cellular viability assay. This method allows

the grafted molecule to be released only when the covalent bonds are broken or

when the matrix is degraded.
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Chapter Seven

Fabrication and Optical Characterization of Rugate-

structured Polymer Replicas

7.1 Introduction

The development of new methods to build photonic structures in a device is of

great interest, since conventional lithographic method is too complex to fabricate.

An electrochemical etch is one of lithographic methods to fabricate a photonic

structures into the materials. Since the discovery of porous silicon [1],

multilayer-structured PS has been intensively investigated for a variety of

applications such as chemical [2,3] and biological sensors [4], medical diagnostics

[5], optical band pass filters [6], micro chemical reactors [7], and micro fuel cells

[8,9]. Its importance is due to very high surface area as well as their unique

photonic properties.

Multilayered PS 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 crystals [10,11].

Multilayer PS such as DBR PS [12] or rugate PS [13] exhibit unique optical

properties providing a reflection band at specific wavelength in the optical

reflectivity spectrum. However porous silicons are limited by their chemical and

mechanical stability for many applications, because these films are very brittle [14].
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In addition, they are not suitable for the application of biological sensors in vivo

due to the presence of silicon metal of the PS films. To overcome these issues,

polymer materials showing identical optical properties might be an alternative

[15,16].

In the present work, we have prepared polystyrene replicas showing rugate

photonic structure by casting of polystyrene solution onto an oxidized rugate PS

films, where the PS films are used as templates for building nanostructured

materials. Replication process and photonic features of the polymer replicas are

presented. This provides the means for the construction of complex photonic

structures of polymers that are compatible with harsh environments and improves

chemical and mechanical stability.
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7.2 Experimental

7.2.1 Preparation of rugate PS Samples

Rugate PS samples were prepared by an electrochemical etch of heavily doped

p++-type silicon wafers (boron doped, <100> oriented, resistivity of 0.8-1.2m - ,Ω ㎝

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). Rugate PS samples were prepared by using a

computer-generated sinusoidal current waveform with limits of 11.5 to 34.6

mA/cm2, 100 repeats, and periods on the order of 8 sec depending on the desired

wavelength of maximum reflectivity. The porous layers generated in the

electrochemical etch were smooth enough to create high-quality 1D photonic

crystals. Free-standing rugate PS films were obtained from the silicon substrate by

an applying of electropolishing current at 460 mA/cm2 for 2 min in an ethanoic

37.5% aqueous HF solution, and then at 22 mA/cm2 for 2 min in an ethanoic

3.3% aqueous HF solution.

7.2.2 Preparation of Photonic Polymer Replicas

Preparation of Photonic Polymer Replicas. Free-standing rugate PS films were

thermally oxidized in the furnace at 450 for 2 h. In a typical preparation, 4 g℃

of polystyrene (Aldrich, Mw = 280,000) are dissolved in 20 mL of toluene (Fisher

Scientific). The toluene solution was cast into the porous SiO2 films and the

samples were annealed in an oven at 95 for 20 min. Then oxidized rugate PS℃



Jihoon Kim ― Ph. D. Thesis Chapter Seven

Chosun University, Department of Chemistry

- 102 -

matrix from the composite films were removed in aqueous 8% HF solution for 12

h. After the removal of the oxidized rugate PS template by chemical dissolution,

the polymer castings replicate the photonic features and the nanostructure of the

master.

Electrochemical 
Etching

Si substrate

Electrochemical 
Polishing

Si substrate Free-standing
Multi-layer PSi film

Multilayer PSi

Oxidized 
Multi-layer PSi film

Polymer

Casting

polymer solution

PSi/polymer composite
filmPolymer replica 

Removed PSi film

Electrochemical 
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Si substrateSi substrate

Electrochemical 
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Si substrateSi substrate Free-standing
Multi-layer PSi film

Multilayer PSi

Oxidized 
Multi-layer PSi film

Polymer

Casting

polymer solution

PSi/polymer composite
filmPolymer replica 

Removed PSi film

Scheme 7.1. Preparation method of polymer replica containingphotonic structure.

7.2.3 Instrumentation and Data Acquisition

The anodization current was supplied by a Keithley 2420 high-precision constant

current source which was controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen



Jihoon Kim ― Ph. D. Thesis Chapter Seven

Chosun University, Department of Chemistry

- 103 -

lamp and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input.

The reflected light collection end of the fiber optic was positioned at the focal

plane of the optical microscope. The morphology of rugate PS film and polymer

replica were observed with cold field emission scanning electron microscope

(FE-SEM, S-4700, Hitachi). The surface characterization of fresh and oxidized

rugate PS samples for chemical properties was achieved by fourier-transform

infrared (FT-IR, Nicolet 5700, Thermo Electron Co.). Rugate PS film and polymer

replica were characterized by X-ray diffractometer (XRD, D/MAX-3C, Riguku Co.)

with CuK radiation (0.15406 nm). The XRD patterns were collected in the 2 theta

range of 3-90° at room temperature.
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7.3 Results and Discussion

Multilayered porous silicon has been successfully prepared using a periodic

galvanostatic electrochemical etch of crystalline silicon by applying a sine wave

current. The applied current density is modulated with a pseudo sine wave to

generate a periodically varying porosity gradient. Rugate PS samples display a very

sharp reflection line at 585 nm without sidelobes around the reflectance peak in the

optical reflectivity spectrum as shown in Figure 1. The spectral band of rugate PS

sample has a FWHM of about 17 nm, which is much narrower than that of

fluorescence spectrum obtained from a fluorescent organic molecules or quantum

dot [17].
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Figure 7.1. Optical reflectivity spectra of free-standing and oxidized rugate PS film.
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An electrochemical etching offers the opportunity to modulate the porosity in

depth and allows the fabrication of structures with any refractive index profile.

When the current is gradually modulated, a smooth index profile of rugate PS can

be achieved. An effective refractive index of rugate PS depends directly on

porosity. The shape, size, and orientation of pores of PS layers depend on surface

orientation and the dopant level of the crystalline silicon substrate as well as the

applied current density, the temperature, and the concentration of the HF etching

solution. The pore size of p-type PS can be increased by increasing the

concentration of the dopant and decreasing the aqueous HF concentration. High

current densities result in the desired well-defined cylindrical macropores, rather

than the random orientation of highly interconnected micropores. The surface and

cross-sectional FE-SEM images of rugate PS shown in Figure 2 illustrate that the

thickness of rugate PS is about 37.5 . FE-SEM image of rugate PS displays a㎛

sinusoidally varying porosity gradient in the direction perpendicular to the plane of

the filter. FE-SEM image of rugate PS indicates that the prepared rugate PS has

cylindrical mesopores with the average pore size of 10 nm.
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Figure 7.2. Surface and cross-section SEM images of rugate PS.
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The waveform used in the present work involves a sine component, which is

represented by

yi = Ai [sin (kit) ] + B -------------- (1)

where yi represents a temporal sine wave of amplitude Ai, frequency ki, time t, and

an applied current density B. The position of reflection band depends on the

frequency. In this work, the value of Ai and B was 11.55 and 23.05 mA,

respectively. When the frequency was 0.125 Hz, a sharp reflection line at 585 nm

was obtained.

The resulting rugate PS films can be lifted off from the silicon substrate to

obtain a free-standing rugate PS films by an applying of lift-off current in a

solution of HF and ethanol. The reflectivity of free-standing rugate PS film occurs

at the identical location. Free-standing rugate PS films are very brittle when these

films are subjected to minor shear stresses. Thermal oxidation of these films is

carried out in the furnace at 450 for 2 h. The reflection spectrum for the℃

oxidized rugate PS film exhibits its reflectivity at 531 nm, shifted to shorter

wavelengths by 54 nm due to the decrease of an average refractive index from

silicon to silicon dioxide.

After the thermal oxidation of rugate PS film, the presence of silicon oxide has

been determined by FT-IR measurement as shown in Figure 3. The FT-IR spectrum

of fresh rugate PS film exhibits vibrational bands in the fingerprint region of the

spectrum. (Si-H) and (Si-H) vibrations associated with surface Si-H species areυ δ

also apparent at 2117 and 941 cm-1, respectively. However, the oxidized rugate PS

film exhibits vibrational bands characteristic of (OSi-H), (OSi-H), and (Si-O)υ δ υ

vibratioal modes are observed at 2270, 881, and 1070 cm-1, respectively.
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Figure 7.3. FT-IR spectra of free-standing and oxidized rugate PS film.

Polystyrene has been dissolved in toluene and cast on the top surface of

oxidized rugate PS film. After drying out in ambient atmosphere, the resulting

composite film has been annealed in an oven at 95 to fill the pores with the℃

polymer. The reflection band of oxidized rugate PS/polystyrene composite film

appears at 569 nm, shifted to longer wavelengths by 38 nm upon introduction of

the polymer into the pores. Such a large red shift is due to an increase in the

average refractive index of the multilayers, indicating the replacement of a
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significant amount of empty pore volume with the polymers. Since one side of

oxidized rugate PS films are coated with the polymers, the oxidized rugate PS

matrix from the composite films can be easly removed in dilute aqueous HF

solution. After removal of oxidized rugate PS from the composite film, the polymer

replica has been successfully obtained and exhibits its reflection band at 534 nm,

shifted to shorter wavelengths by 35 nm as shown in Figure 4. This blue shift

indicates that the removal of oxidized rugate PS template by chemical dissolution

results the decrease of refractive index.
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Figure 7.4. Optical reflectivity spectra of rugate PS/polymer composite film and

polymer replica.

To determine the presence of silicon, XRD measurement for the rugate PS film
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and polymer replica film has been investigated. Figure 5 shows the X-ray

diffraction pattern of samples prepared. The peak at about 69°, which can be seen

in Figure 5 (top), is attributed to the diffraction from the crystalline silicon of the

rugate PS film. However, the X-ray diffraction pattern of the polymer replica in

Figure 5 (bottom) indicates that the oxidized rugate PS template has been

completely removed from the composite films and no crystalline silicons are

remaining.
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Figure 7.5. X-ray diffraction patterns of rugate PS film and photonic polymer

replica.

Photograph of rugate-structured polymer replica is shown in Figure 6 and

illustrates that its green color results from the reflection of the polymer replica.
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This polystyrene replica exhibits a sharp reflection peak in the reflectivity spectrum

and replicates the photonic feature of rugate PS master. The polymer replica is also

highly flexible and displays significantly improved mechanical stability without

apparent degradation. Its optical property is retained upon flexing.

Figure 7.6. Photograph of polymer replica showing a reflection band at 534 nm.

1 μm1 μm

Figure 7.7. SEM image of polymer replica having photonic structure.
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The surface morphology of polymer replica is obtained with cold FE-SEM and

shown in Figure 7. FE-SEM image of rugate-structured polymer replica indicates

that the surface of polymer film has a negative structure of rugate PS. Therefore,

the polymer castings replicate the photonic feature and the nanostructure of rugate

PS master.

It is interesting to note that the photonic band widths of replicas are about 14

nm which is much narrower than that of rugate PS master and the polymer

replicas reported previously (ca.50 nm) [18]. These polymer replicas are stable in

aqueous solutions for several days without any degradation and could be useful for

a possible applications such as vapor senor, deformable and tunable optical filters,

and bioresorbable materials.
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7.4 Conclusion

The rugate-structured photonic polymer replica showing a reflectivity at 534 nm

has been prepared by casting of polymer solution onto an oxidized porous silicon

multilayer and then the chemical dissolution of oxidized rugate PS template from

the polystyrene composite film. The photonic polymer replicas are robust and

flexible. They exhibit an excellent reflectivity in reflection spectrum. The photonic

band gaps of replicas are narrower than that of typical semiconductor quantum

dots. X-ray diffraction pattern and SEM images indicate that the polymer replica

replicates the photonic feature and the nanostructure of rugate PS master. The

methods have been provided for the construction of photonic structures with

polymers.
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Chapter Eight

Photonic Polymer Replicas Based on Distributed Bragg

Reflector Porous Silicon Template

8.1 Introduction

The development of new technology, which can achieve at nanometer scale, to

build such a device is of great interest, because it is too complex to fabricate by

using conventional lithographic method. Synthesis of nanostructured materials has

emerged as a useful and versatile technique to provide the use of encoded

materials for chemical and biological sensors [1]. high throughput screening, and

controlled release drug delivery [2]. Multilayered PS 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 [3,4]. DBR PS exhibits unique optical

properties providing the reflection of a specific wavelength in the optical reflectivity

spectrum. DBR PS has been typically prepared by applying a computer generated

pseudo-square current waveform to the etch cell which results two distinct indices

and exhibits photonic structure of Bragg filters [5-8]. The resulting DBR PS films

can be lifted off from the silicon substrate to obtain a free-standing DBR PS films.

For many applications, PS is limited by its chemical and mechanical stability

because these free-standing films are very brittle. The use of flexible DBR

PS/polymer composite materials [9] overcomes these issues and improves chemical

and mechanical stability. However, these composite materials are not suitable for
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the application of biological sensors in vivo due to the presence of silicon metal of

the PS films. Therefore, biocompatible polymers having specific optical

characteristics would be ideal for these applications. Here, we have prepared

polystyrene replicas showing DBR photonic structure by casting of polystyrene

solution onto an oxidized DBR PS. This provides the means for the construction of

complex photonic structures with polymers.
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8.2 Experimental

8.2.1 Preparation of DBR PS

DBR PS samples are prepared by electrochemical etch of heavily doped p
++-type

silicon wafers (boron doped, polished on the (100) face, resistivity of 0.8-1.2mΩ

-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). DBR PS samples are prepared by using

a computer-generated periodic square wave current. DBR PS samples exhibiting its

reflectance at 557 nm have been prepared by using 5 mA-cm-2 for 82 s and 50

mA-cm-2 for 7 s with 20 repeats. The resulting DBR PS films have been obtained

from the silicon substrate by an applying of electropolishing current at 490

mA-cm-2 for 2.5 min in a solution of 48% aqueous HF and ethanol (3:1 by

volume), and then at 28 mA-cm-2 for 2.5 min in a solution of 48% aqueous HF

and ethanol (1:30 by volume) to obtain a free-standing DBR PS films.

8.2.2 Preparation of Photonic Polymer Replicas

Free-standing DBR PS films are thermally oxidized in the furnace at 400 for℃

3 h. In a typical preparation, 4 g of polystyrene (Aldrich, Mw = 280,000) are

dissolved in 20 mL of toluene (Fisher Scientific). The toluene solution has been

cast on the top surface of oxidized DBR PS films. The resulting composite films

have been annealed at 95 for 20 min. Then oxidized DBR PS matrix from the℃

composite films has been removed in aqueous 8% HF solution.
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8.2.3 Instrumentation and Data Acquisition

Optical reflectivity spectra were measured using a tungsten-halogen lamp and an

Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input. The reflected

light collection end of the fiber optic was positioned at the focal plane of the

optical microscope. Scanning electron microscope (SEM) images were obtained by a

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

surface characterization of oxidized DBR PS samples for chemical properties was

achieved by fourier-transform infrared (FT-IR, Nicolet 5700). The presence of

silicon has been determined by X-ray diffractometer (XRD, D/MAX-3C, Riguku

Co.).
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8.3 Results and Discussion

Multilayered porous silicon containing two distinct porosities has been

successfully prepared by using a periodic galvanostatic electrochemical etch of

crystalline silicon. The wavelength of a peak in the reflectivity spectrum is given

by the following equation:

mλBragg = 2nidi

where m is the spectral order of the optical fringe, λ the wavelength, ni the

refractive index of the film, and di its thickness. DBR PS samples display a very

sharp line at 557 nm with sidelobes around the reflectance peak in the optical

reflectivity spectrum as shown in Figure 1. The spectral bands of DBR PS samples

have a full-width at half-maximum (FWHM) of about 20 nm, whereas the

narrowest quantum dot spectrum reported at this wavelength has a FWHM of 20

nm [10]. Free-standing DBR PS film has been obtained from the silicon substrate

by an applying of electropolishing current in a solution of HF and ethanol. The

reflectivity of free-standing DBR PS film occurs at the identical location. This film

is thermally oxidized in the furnace at 450 for 2 h. The reflection spectrum for℃

the oxidized DBR PS film shown in Figure 1 exhibits its reflectivity at 658 nm,

shifted to shorter wavelengths by 54 nm due to the decrease of an average

refractive index from silicon to silicon dioxide.
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Figure 8.1. Optical reflectivity spectrum of free-standing DBR PS film, oxidized

DBR PS film and DBR PS/polymer composite film

After the thermal oxidation of DBR PS film, the presence of silicon oxide has

been determined by FT-IR measurement. The FT-IR spectrum of the oxidized DBR

PS displays an absorption band assigned to Si-O stretching modes at 1200 cm-1.

Polystyrene has been dissolved in toluene and cast on the top surface of oxidized

DBR PS film. After drying out in ambient atmosphere, the resulting composite film

has been annealed to fill the pores with the polymer. The reflection band for

oxidized DBR PS/polystyrene composite film appears at 711 nm, shifted to longer

wavelengths by 53 nm upon introduction of the polymer. Such a large red shift is

due to an increase in the average refractive index of the multilayers, indicating the

replacement of a significant amount of empty pore volume with polymer. After
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removal of oxidized DBR PS from the composite film, the polymer replica has

been successfully obtained and exhibits its reflection band at 654 nm, shifted to

shorter wavelengths by 57 nm as shown in Figure 2.
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Figure 8.2. Optical reflectivity spectrum of photonic polymer replica based on DBR

PS film.

This blue shift indicates that the removal of oxidized DBR PS template by

chemical dissolution results the decrease of refractive index. XRD measurement

indicates that the oxidized DBR PS has been completely removed from the

composite films shown in Figure 3 [11].
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Figure 8.3. X-ray diffraction spectrum of DBR PS film and photonic polymer

replica.

These polystyrene replicas exhibit a sharp reflection peak in the reflectivity

spectrum and replicate the photonic feature and the nanostructure of DBR PS

master. Optical characteristics of photonic polymer replicas indicate that the surface

of polymer film has a negative structure of DBR PS. Photograph and FE-SEM

image of DBR-structured polymer replicas are shown in Figure 4 and Figure 5.
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Figure 8.4. Photograph of photonic polymer replica.

A B

Figure 8.5. Surface SEM image of DBR PS (A) and polymer replica (B).

The photonic band gap of replica is 20 nm, which is narrower than that of DBR

PS master and the polymer replicas from rugate PS master reported previously

(ca.50 nm) [2]. These polymer replicas are stable in aqueous solutions for several

days without any degradation and could be useful for a possible applications such

as vapor senor, deformable and tunable optical filters, and bioresorbable materials.
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8.4 Conclusion

The photonic polymer replicas showing a reflectivity at 654 nm have been

prepared by the chemical dissolution of oxidized DBR PS template from the

polystyrene composite film. The photonic band gaps of DBR-structured polymer

replicas are narrower than that of polymer replicas from rugate PS master. The

photonic polymer replicas are flexible and exhibit an excellent reflectivity in

reflection spectrum. The methods have been provided for the construction of

photonic structures with polymers.
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Chapter Nine

Photonic Polymer Replicas Containing CdSe Nanoparticles

Based on Porous Silicon

9.1 Introduction

The fabrication of new functional materials tailored with novel physical and

chemical properties represents one of the most crucial challenges in modern

materials science. Nanocomposite materials based on polymers composed with

inorganic nanoparticles are particularly attractive [1]. Especially, the addition of

semiconductor nanoparticles to polymer materials has led to markedly enhanced

control of a wide range of technically important material properties from

optoelectronic to mechanical properties [2]. The nano-crystal/polymer composites

have the combined advantages of inorganic and organic materials, high quantum

yields and flexible possibilities. However, studies on the optical properties of those

nano-crystal/polymer composite materials are very limited.

Since the discovery of luminescence properties for PS in 1990 [3], it has been

investigated for a variety of applications, such as chemical and biological sensors

[4-6], medical diagnostics [7], optical band pass filters [8], micro chemical reactors

[9, 10], and micro fuel cells [11, 12]. Its importance is due to its very high

surface area and its unique photonic properties. PS is an attractive candidate for

building photonic structures because the porosity and average pore size can be

tuned by adjusting the electrochemical preparation conditions that allow the

construction of photonic crystals. Optical devices based on multi-structured PS have
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been brought to the attention of scientists [13-15]. However, porous silicons are

limited by their chemical and mechanical stability for many applications, because

these films are very brittle. To overcome these issues, polymer materials showing

identical optical properties might be an alternative.

Fluorescent molecules and quantum dots have received much attention for use in

high-throughput screening and bioassay applications [16-26]. These functional

materials are related to photonic crystal structures nanoimprinted in a

photoluminescent nanocomposite material based on polymer and highly luminescent

semiconductor nanocrystals [27]. Composite materials containing inorganic

nanocrystals are suitable for flexible and innovative fabrication processes, allowing

for the micro- and nanometric patterning required for the manufacture of original

devices for photonic and optoelectronic applications.

Recently, we introduced a fabrication method for photonic polymer replicas

having the negative structure of multilayer PS [28]. This provides the means to

construct complex photonic structures of polymers that are compatible with harsh

environments and to improve chemical and mechanical stability. In this report, we

describe a method for fabricating photonic polymer replicas containing CdSe

nanoparticles. The photonic polymer replica with CdSe nanoparticles embedded in a

polymer matrix exhibits both sharp reflection and a photoluminescence band. The

replication process and the photonic features of the polymer replicas are described.
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9.2 Experimental

9.2.1 Preparation of DBR PS

The PS samples were prepared by electrochemically etching heavily-doped

p++-type silicon wafers (boron doped, polished on the <100> face, resistivity of

0.8-1.2 m · , Siltronix, Inc.). The etching solution consisted of a 3:1 volumeΩ㎝

mixture of 48% aqueous hydrofluoric acid (ACS reagent, Aldrich Chemicals) and

absolute ethanol (ACS reagent, Aldrich Chemicals). A galvanostatic etch was

carried out in a Teflon cell by applying 20 cycles of a two-electrode configuration

with a Pt mesh electrode. DBR PS was prepared by using periodic square wave

currents between 5 mA·cm-2 for 75 s and 50 mA·cm-2 for 2 s. The anodization

current was supplied by a Keithley 2420 high-precision constant current source

controlled by a computer to allow the formation of PS multilayers. To prevent the

photogeneration of carriers, we performed the anodization in the dark. All the

samples were then rinsed several times with ethanol and dried were under an Ar

atmosphere prior to use. Free-standing PS films were obtained from the silicon

substrate by applying as electropolishing current of 360 mA·cm-2 for 1 min in an

ethanoic 37.5% aqueous HF solution and of 24 mA·cm
-2 for 2 min in an ethanoic

3.3 % aqueous HF solution.

9.2.2 Synthesis of CdSe Nanoparticles

For the synthesis of CdSe nanoparticles, a mixture of 0.2 mmol of cadmium

oxide (ACS reagent, Aldrich Chemicals), 0.8 mmol of stearic acid (ACS reagent,
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Aldrich Chemicals), and 2 g of 1-octadecene (ODE, ACS reagent, Aldrich

Chemicals) in a 25-mL three-neck flask was heated to about 200 to obtain a℃

colorless clear solution. After this solution had been cooled to room temperature,

1.5 g of octadecylamine (ODA, ACS reagent, Aldrich Chemicals) and 0.5 g of

trioctylphosphine oxide (TOPO, ACS reagent, Aldrich Chemicals) were added to the

flask. Under argon flow, this mixture was reheated to 280 . At this temperature,℃

a selenium solution made by dissolving 2 mmol of Se in 0.472 g of

tributylphosphine (TBP, ACS reagent, Aldrich Chemicals) and further diluting with

1.37 g of 1-octadecene was quickly achieved. The crystal growth temperature was

then reduced to 250 . Separation of the unreacted cadmium precursor from the℃

nanocrystals was performed by repeated extraction of the reaction mixtures

dissolved in hexane. An equal volume of methanol was used as an extraction

solvent. The nanocrystals remained in the hexane/1-octadecene phase, and the

unreacted precursors and excess amines were extracted into the methanol layer.
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9.2.3 Photonic Polymer Replicas Containing CdSe Nanoparticles

Preparation of Photonic Polymer Replicas Containing CdSe Nanoparticles:

Prepared free-standing DBR PS films were thermally oxidized in a furnace at 30

0 for 3 hrs. For the replicating solution, 3 g of PMMA (polymethylmethacrylate,℃

Aldrich, Mw = 120,000) and prepared CdSe nanoparticles were dissolved in 20 mL

of toluene (Fisher Scientific). The resulting mixtures were cast onto porous SiO2

film and the samples were annealed in an oven at 95 for 1 hr. Then, the℃

oxidized DBR PS matrix was removed from the composite films in 0.1 M aqueous

NaOH for 3 hrs. After the removal of the oxidized DBR PS template by chemical

dissolution, the polymer castings replicate the photonic features and the

nanostructure of the master.

9.2.4 Instrumentation and Data Acquisition

UV-vis absorption and fluorescence emission spectra of CdSe nanoparticles were

obtained using a Perkin-Elmer LS 50B luminescence spectrometer and

Hewlett-Packard 8452A diode array spectrometer. The particle size of the CdSe

particles was determined by using dynamic light scattering measurements (Particle

Size Analyzer, Microtrac: UPA150). The optical reflectivity spectra were measured

using a tungsten-halogen lamp and an Ocean Optics S2000 CCD spectrometer fitted

with a fiber optic input. The reflected light collected at the end of the fiber optic

was positioned at the focal plane of an optical microscope. FT-IR spectra were

acquired with a Nicolet model 5700 FT-IR instrument in the diffuse reflectance

mode (Spectra-Tech diffuse reflectance attachment). The FT-IR sample compartment
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was purged with nitrogen before each acquisition. A DBR PS/polymer composite

film and polymer replica were characterized by using an X-ray diffractometer

(XRD, D/MAX-3C, Riguku Co.) with CuK radiation (0.15406 nm). The XRD

patterns were collected in the 2 theta range of 3 - 90° at room temperature.
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9.3 Result and Discussion

Figure 1 shows both the absorption and the fluorescence spectra of the

synthesized CdSe nanoparticles. The inset is a photograph of CdSe nanoparticles in

a hexane solution under the illumination of an UV lamp. The absorption and the

fluorescence spectra of CdSe nanoparticles exhibit peaks at 546 nm and 555 nm,

respectively. The spectral band of the CdSe nanoparticles has a FWHM of 23 nm.

The size distribution of CdSe nanoparticles, determined by using dynamic light

scattering measurements, consisted of particles with diameter on the order of 11-13

nm (Figure 2).
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Figure 9.1. Absorption and fluorescence spectra of CdSe nanoparticles and

photograph of the CdSe nanoparticle solution under an UV lamp.
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Figure 9.2. Size distribution histograms of CdSe nanoparticles.

DBR PS exhibits a high reflectivity band with a Bragg wavelength λBragg that

depends on the thicknesses of the layers (d1, d2) and the corresponding refractive

indices (n1, n2). The mth order of the Bragg peak is given by

mλBragg = 2(d1 n1 + d2 n2).

Typical etch parameters for the DBR PS structure involve a periodic square

wave current between low and high current densities. The applied current densities

for the fabrication of DBR PS varied between 5 and 50 mA·cm-2. The dissolution

times for a λ/4 layer of a Bragg structure were typically 75 s for low current and

2 s for high current. The reflection band had a narrow FWHM of 20 nm at 617
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nm, as shown in Figure 3. The resulting DBR PS films were lifted off from the

silicon substrates to obtain free-standing DBR PS films by applying of lift-off

current in a solution of HF and ethanol. The reflection band of free-standing DBR

PS film was placed at an identical location. The free-standing DBR PS films were

very brittle when they were subjected to minor shear stresses. Thermal oxidation of

these films was carried out in a furnace at 300 for 3 hrs. The reflection℃

spectrum for the oxidized DBR PS film displayed reflectivity at 575 nm, which

were shifted to shorter wavelengths by 42 nm, due to a decrease of the average

refractive index from that for silicon to that for silicon dioxide.
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Figure 9.3. Optical reflectivity spectra of free-standing and of oxidized DBR PS

films.
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After the thermal oxidation of the DBR PS film, the presence of silicon oxide

was determined by using FT-IR measurement, as shown in Figure 4. The FT-IR

spectrum of a fresh DBR PS film displayed vibrational bands in the fingerprint

region of the spectrum. (Si-H) and (Si-H) vibrations associated with surfaceυ δ

Si-H species were also apparent at 2117 and 941 cm
-1, respectively. The oxidized

DBR PS film exhibited vibrational bands characteristic of the (OSi-H),υ δ

(OSi-H), and (Si-O) vibrational modes were observed at 2270, 881, and 1070υ

cm-1, respectively.
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Figure 9.4. FT-IR spectra of free-standing and of oxidized DBR PS films.
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The PMMA solution containing CdSe nanoparticles was cast on the top surface

of the oxidized DBR PS film. After drying in an ambient atmosphere, the resulting

composite film was annealed in an oven at 95 to fill the pores with the℃

polymer. Since one side of the oxidized DBR PS films were coated with the

polymer, the oxidized DBR PS matrix from the composite films could be removed

in a dilute aqueous NaOH solution. To determine the absence of silicon, we

performed XRD measurements for the DBR PS film and the polymer replica film.

Fig. 5 shows the X-ray diffraction patterns of the prepared samples. The peak at

about 69°, which can be seen in Figure 5 (top), was attributed to the diffraction

from crystalline silicon in the DBR PS film. However, the X-ray diffraction pattern

of the polymer replica in Figure 5 (bottom) indicates that the oxidized DBR PS

template was completely removed from the composite films and that no crystalline

silicon was remaining.
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Figure 9.5. X-ray diffraction patterns of a DBR PS/polymer composite film and of

its photonic polymer replica.

After removal of the oxidized DBR PS from the composite film, the polymer

replica exhibited a reflection band at 571 nm and an emission band at 560 nm

when excited at 380 nm, as shown in Figure 6 (A). A photograph of the photonic

polymer replica containing CdSe nanoparticles is shown in Figure 6 (B, top) and

its exhibits a green color due to the reflection of the polymer replica. This polymer

replica exhibits a sharp reflection peak in the reflectivity spectrum and replicates

the photonic feature of DBR PS master. The polymer replica was also highly

flexible and displayed a significantly improved mechanical stability without apparent

degradation. Its optical properties were retained upon flexing. Also, the photograph
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of the polymer replica under an UV lamp, shown in Figure 6 (B, bottom),

illustrates that its green color results from the photoluminescence of the polymer

replica. This method provides a general means of fabricating a photonic polymer

replica embedded with nanocrystal particles by using a porous-silicon multilayer and

polymer materials. The nanocomposite polymer replicas possessed stable spectral

features and increased stability to corrosion.
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Figure 9.6. (A) PL and reflectivity spectra of the photonic polymer replica

containing CdSe nanoparticles, (B) Photograph of the photonic polymer replica,

showing a green light reflection (top) under white light and a green light emission

(bottom) under an UV lamp.
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9.4 Conclusion

Bragg-structured photonic polymer replicas showing reflectivity at 571 nm and

photoluminescence at 560 nm were prepared by casting a polymer solution

containing CdSe nanoparticles onto an oxidized porous silicon multilayer and then

chemically dissolving the oxidized DBR PS template from the PMMA composite

film. The photonic polymer replicas were robust and flexible. They exhibited

excellent reflectivity in the reflection spectrum and photoluminescence from the

CdSe nanoparticles. The X-ray diffraction pattern indicates that the polymer replica

replicates the photonic features and the nanostructure of rugate PS master. Thus,

replicating methods based on DBR PS have been provided for the construction of

photonic structures with polymers.
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Chapter Ten

Reflective and Magnetic Properties of Photonic Polymer

Composite Materials Based on Porous Silicon and

Magnetite Nanoparticles

10.1 Introduction

The fabrication of new multi-functional materials represents one of the most

crucial challenges in modern materials science because these materials have

improved combinations of physical and chemical properties as compared to their

component materials. The Nano-crystal/polymer composites materials, based on

polymers composed with nanoparticles, are particularly attractive due to the

combined advantages of inorganic and organic materials, high yields and flexible

possibilities [1,2]. The addition of nanoparticles to polymer materials has led to

markedly enhanced control of a wide range of technically important material

properties, from optoelectronic to mechanical properties [3].

The composite materials made from nanosized magnetic particles and polymers

are the most interesting and challenging areas of current scientific research.

Magnetic materials such as magnetites have been studied or used for a wide range

of applications including magnetic recording, media, ferro-fluids, magnetic cell

separation, MRI contrast agents, and environmental remediation [4,5]. However,

incoporated studies on the optical and magnetic properties of those

nano-crystal/polymer composite materials are very limited.
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PS has been investigated for a variety of applications such as chemical and

biological sensors, medical diagnostics, optical band pass filters, micro chemical

reactors, and micro fuel cells [6-11]. Its importance is due to very high surface

area as well as their unique photonic properties. PS was 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 crystals [12]. Also, the rugate PS is a kind of interference

filter characterized by a continuous sinusoidal index variation in the direction

perpendicular to the film plane. It shows a high reflectivity in a specific range of

wavelength [13-14]. By adjusting the electrochemical etching conditions, such as the

alternating current density, time and HF concentration, the morphology and the

porosity of PS multilayer can be easily controlled. However PS is limited by their

chemical and mechanical stability for many applications, because these films are

very brittle [15]. To overcome these issues, polymer materials showing identical

optical properties might be an alternative [16-18].

Photonic polymer composite materials are related on the optical characterization

of photonic crystal structures nanoimprinted in a magnetic composite material based

on polymer and magnetite nanocrystals. The blending of molten polymers and

inorganic nanoparticles can yield a new class of materials where nanoscale

magnetic particles are dispersed within the polymer matrix. Optical polymer

materials containing magnetic nanocrystals are suitable for flexible and innovative

new technique devices in photonic and magneto-optic applications.

Recently, we have been introduced the fabrication method of photonic polymer

replicas having a negative structure of multilayer PS [19,20]. This provides the

means for the construction of complex photonic structures of polymers that are

compatible with harsh environments and improves chemical and mechanical stability.
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In this report, we describe a method for the fabrication of photonic polymer

composite materials containing reflective and magnetic properties. This photonic

polymer composite material with magnetite nanoparticles embedded in polymer

matrix exhibits both extraordinary reflection band and magnetic property. These

functional composite materials are suitable for flexible and innovative fabrication

processes, allowing for replicating required for the manufacture of original devices

in photonic and optoelectronic applications.
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10.2 Experimental

10.2.1 Preparation of Rugate PS

Samples were prepared by an electrochemical etch of heavily doped p
++-type

silicon wafers (boron doped, <100> oriented, resistivity of 0.8-1.2 m - ,Ω ㎝

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). Rugate PS samples were prepared by using a

computer-generated sinusoidal current waveform with limits of 11.5 to 34.6

mA/cm2, 100 repeats, and periods on the order of 41 Hz depending on the desired

wavelength of maximum reflectivity. The anodization current was supplied by a

Keithley 2420 high-precision constant current source which was controlled by a

computer to allow the formation of PS multilayers. To prevent the photogeneration

of carriers, the anodization was performed in the dark. All samples were then

rinsed several times with ethanol and dried under Ar atmosphere prior to use.

Free-standing rugate PS films were obtained from the silicon substrate by an

applying of electropolishing current at 360 mA/cm2 for 1 min in an ethanoic 37.5%

aqueous HF solution, and then at 24 mA/cm2 for 2 min in ethanoic 3.3% aqueous

HF solution.

10.2.2 Synthesis of Magnetite Nanoparticles

Typical synthesis of magnetite nanocrystals, a solution of 10 mmol FeCl3 6H∙ 2O

in 100 mL 2-pyrrolidone was first purged with nitrogen to remove oxygen and
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then heated to the boiling point of 2-pyrrolidone. Samples were taken after the

mixture was refluxed for 12 h, and then cooled to room temperature. A threefold

volume of methanol/diethyl ether (1:3) was added to precipitate the nanoparticles

[21].

N

H

O

△
CO  +

HN

FeCl3 . 6H2O
△

HN

FeOOH  +  3HCl  +  4H2O

6FeOOH  +  CO
dehydration

△
2Fe3O4  +  CO2  +  3H2O

Scheme 10.1. Synthesis scheme of magnetite nanoparticles (Fe3O4).

10.2.3 Preparation of Photonic Polymer Composite Materials

Free-standing rugate PS films were thermally oxidized in the furnace at 300 ℃

for 3 hrs. For the replicating solution, 3 g of polystyrene (Aldrich, Mw = 280,000)

and prepared magnetite nanoparticles were dissolved in 20 mL of toluene (Fisher

Scientific). Resulted mixture solutions were cast onto the porous SiO2 films and the

samples were annealed in an oven at 95 for 1 hr. Then oxidized rugate PS℃

matrix from the composite films were removed in aqueous 8% HF solution for 12

h. After the removal of the oxidized rugate PS template by chemical dissolution,

the polymer castings replicate the photonic features and the nanostructure of the

master.
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10.2.4 Instrumentation and Data Acquisition

The anodization current was supplied by a Keithley 2420 high-precision constant

current source which was controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen

lamp and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input.

The reflected light collection end of the fiber optic was positioned at the focal

plane of the optical microscope. TEM images of the sythesised magnetite

nanoparticles were obtained using a Tecnai F20 transmission electron microscope.

Samples for TEM analysis were prepared by dip-coating a solution of a sample on

formvar/carbon-film Cu grids (20 mesh, 3 mm). The average particle size and

distribution were determined based on the measurement of at least 100 particles.

The morphology of rugate PS film and photonic polymer composite material were

observed with cold field emission scanning electron microscope (FE-SEM, S-4700,

Hitachi). Magnetic properties of polymer replica containing magnetite nanoparticles

were investigated using a Quantum Design MPMS5 SQUID magnetometer with

fields up to 6000 Oe at 300 K.
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10.3 Results and Discussion

Figure 1(A) showed TEM image of the synthesized magnetite nanoparticles. The

particle size was measured to be approximately 10 nm. Figure 1(B and C)

illustrated selected lattice fringes and area electron diffraction (SAED) pattern of

magnetite nanoparticle. The nanoparticles appeared to be of uniform size but there

are large numbers of particles that were aggregated. Selected lattice fringes and

area electron diffraction showed a diffraction pattern consistent with a crystalline

magnetite nanoparticle structure.

20 nm

A B

C

5 nm

20 nm

A B

C

5 nm

Figure 10.1. TEM image of magnetite nanoparticles (Fe3O4).
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Rugate PS was successfully prepared using a periodic galvanostatic

electrochemical etch of crystalline silicon by applying a sine wave current. The

applied current density was modulated with a pseudo sine wave to generate a

periodically varying porosity gradient. Rugate PS samples displayed a very sharp

reflection line at 667 nm without sidelobes around the reflectance peak in the

optical reflectivity spectrum as shown in Figure 2. The spectral band of rugate PS

sample had a FWHM of about 15 nm, which was much narrower than that of

fluorescence spectrum obtained from a fluorescent organic molecules or quantum

dot.22 FE-SEM image of rugate PS as shown in Figure 3(A) indicated that the

prepared rugate PS had cylindrical mesopores with the average pore size of 10 nm.

The resulting rugate PS films were lifted off from the silicon substrate to obtain

a free-standing rugate PS film by an applying of lift-off current. Free-standing

rugate PS films were very brittle when these films are subjected to minor shear

stresses. Thermal oxidation of these films was carried out in the furnace. The

reflection band of the oxidized rugate PS film displayed its reflectivity at 608 nm

shifted to shorter wavelengths by 59 nm due to the decrease of an average

refractive index from silicon to silicon dioxide as shown in Figure 2. Polystyrene

solution containing magnetic magnetite nanocrystals cast on the top surface of

oxidized rugate PS film. After drying out in ambient atmosphere, the resulting

composite film was annealed in an oven to fill the pores with the polymer. The

reflection band of oxidized rugate PS/polystyrene composite film appeared at 680

nm, shifts to longer wavelengths by 72 nm upon introduction of the polymer into

the pores. Such a large red shift was due to an increase in the average refractive

index of the multilayers, indicating the replacement of a significant amount of

empty pore volume with the polymers as shown in Figure 2. Since one side of

oxidized rugate PS films were coated with the polymers containing magnetic
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magnetite nanocrystals, the oxidized rugate PS matrix from the composite films

could be easily removed in dilute aqueous HF solution. After removal of oxidized

rugate PS from the composite film, the polymer replicas containing magnetite

nanoparticles were successfully obtained and exhibited a sharp reflection resonance

at 612 nm with FWHM of 18 nm in the reflectivity spectrum, shifted to shorter

wavelengths by 68 nm from the composite film as shown in Figure 2. Photonic

polymer replica containing magnetite nanoparticles replicated the photonic feature of

rugate PS master. This blue shift indicates that the removal of oxidized rugate PS

template by chemical dissolution results the decrease of refractive index.
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Figure 10.2. Optical reflectivity spectra of free-standing rugate PS film, oxidized

rugate PS, oxidized rugate PS/polymer composite film, and polymer replica

containing magnetite nanoparticles during the fabrication process.

The surface morphology of photonic polymer replica containing magnetite

nanoparticles were obtained with cold FE-SEM and shown in Figure 3(B). FE-SEM

image of rugate-structured photonic polymer replica containing magnetite
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nanoparticles indicated that the surface of polymer film had a negative structure of

rugate PS. Therefore, the polymer replica containing magnetite nanoparticles

replicated the nanostructure of rugate PS master.

A

200 nm

B

200 nm
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200 nm
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200 nm
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Figure 10.3. SEM image of rugate PS and polymer replica containing magnetite

nanoparticles.
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Photonic polymer replicas containing magnetite nanoparticles replicated a photonic

feature of rugate PS in the reflectivity spectrum as well as a magnetic property of

magnetite nanoparticles in SQUID magnetometry. Photograph of photonic polymer

replica containing magnetite nanoparticles was shown in Figure 4(A) and illustrated

that its red color resulted from the reflection of the polymer replica. The photonic

polymer replica containing magnetite nanoparticles were also highly flexible and

displayed significantly improved mechanical stability without apparent degradation of

optical characteristics. Its optical property was retained upon flexing. The magnetic

properties of the polymer replicas containing magnetite nanoparticles were studied at

room temperature by SQUID magnetometry as shown in Figure 4(B). It was

reported that the saturation magnetization were 59 emu/g for 12 nm magnetite

nanoparticles.21 The saturation magnetization was depended on the size of

magnetite nanoparticles as well as the concentration of magnetite nanoparticles in

the polymer matrix. The saturation magnetization of the polymer replica containing

magnetite nanoparticles was very lower than that of the pure magnetite

nanoparticles due to the lower concentration of magnetite nanoparticles in the

polymer matrix. Quantification of the amount of magnetite nanoparticles infused

into polymer matrix and the optimum condition of magnetite loading as MRI

contrast agents is currently under investigation.

This method provided a general means of fabricating photonic polymer replica

embedded magnetic magnetite nanoparticles from a porous-silicon multilayer and

polymer materials. These polymer replicas are stable in aqueous solutions for

several days and could be useful for a wide range of applications including

magnetic recording, media, ferro-fluids, magnetic cell separation, MRI contrast

agents, and environmental remediation.
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Figure 10.4. Photograph (A) and magnetization curves (B) of polymer replica

containing magnetite nanoparticles.
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10.4 Conclusion

The polymer replica containing magnetite nanoparticles showing a reflectivity at

612 nm and magnetic property was prepared by casting of polymer solution

containing magnetic nanocrystals onto an oxidized porous silicon multilayer and

then followed by the chemical dissolution of oxidized rugate PS template from the

composite PS film. The polymer replica containing magnetite nanoparticles were

robust and flexible. They exhibited an excellent reflectivity in reflection spectrum

and displayed a magnetic property. SEM images indicate that the polymer replica

replicated the photonic feature and the nanostructure of rugate PS master.
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Chapter Eleven

Novel Photoanode-structured Multiple Porous Polymer

Replicas: A New Polymer-based Biosensor

11.1 Introduction

Photonic crystals containing a tunable nanostructure have attracted a considerable

amount of attention owing to their unique optical properties, especially their

photonic bandgaps [1]. The development of new methods to build photonic bandgap

structures in a device is of great interest, as the fabrication of these structures

using conventional lithographic methods is highly complex [2]. To achieve these

issues, a replication is an excellent method for creating nanostructure by using

porous materials such as self-assembled molecules [3], porous alumina [4], porous

silicon (PS) [5], etc.

PS has been intensively investigated for a variety of applications, such as chemical

[6] and biological sensors [7], optical band pass filters [8], and drug delivery [9],

due to its high surface area, convenient surface chemistry, and optical signal

transduction capability. Multi-encoded rugate (MER) PS has emerged as an

attractive material since it displays both photonic structures and multi-optical codes

[10-13]. However, PS is limited in its chemical and mechanical stability in many

applications because a free-standing PS film is typically very brittle and shatters

when subjected to minor shear stresses [14-15]. To eliminate these issues, polymer

nanostructured materials may be an alternative for applications in photonics and
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optical data storage. Since the discovery of polymer replicas by Sailor et al., PS

templates have been used for producing drug delivery materials [5].

In the present work, porous polystyrene replicas (PPR) showing many independent

optical codes were prepared by the casting of a polystyrene solution onto an

oxidized MER PS film. These PPR may offer the potential application for the

detection of biomolecules. The preparation of the multi-code PPR follows the

sequence shown in Scheme 1.
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Scheme 11.1. The preparation process of the multi-code PPR.
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11.2 Experiments

11.2.1 Materials

Biotinyl-L-lysine (98%, Aldrich Chemicals), phosphate buffer solution (PBS, ACS

reagent, Aldrich Chemicals), HF (ACS reagent, Aldrich Chemicals), absolute ethanol

(ACS reagent, Aldrich Chemicals), polystyrene (Aldrich, Mw = 280,000), toluene

(Fisher Scientific), and avidin (Aldrich Chemicals) were used without further

purification.

11.2.2 Preparation of MER 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

o , Siltronix, Inc.). The etching solution consisted of a 3:1 v/v mixture ofΩ ㎝

aqueous 48% hydrofluoric acid and absolute ethanol. Galvanostatic etching was

carried out in a Teflon cell by using a two-electrode configuration with a Pt mesh

electrode. A sinusoidal current density waveform varying between 51.5 and 74.6

mAcm-2 was applied. The anodization current was supplied by a Keithley 2420

high-precision constant current source which was controlled by a computer to allow

the formation of PS multilayers. The hertz values for each of the sine components

varied from 0.36 to 0.42 Hz, with a spacing of 0.02 Hz between each sine

component.
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11.2.3 Preparation of photonic polymer replicas

The resulting MER PS film was removed from the silicon substrate by applying

an electropolishing current at 400 mA cm∙ -2 for 2 min in a solution of 48%

aqueous HF and ethanol (3:1 v/v) and then at 22 mA cm∙
-2 for 2 min in a solution

of 48% aqueous HF and ethanol (1:15 v/v) to obtain a free-standing MER PS.

MER PS films were thermally oxidized in a furnace at 350 for 5 h. In a℃

typical preparation process, 4 g of polystyrene was dissolved in 20 mL of toluene.

The toluene solution was cast into the porous SiO2 films and the samples were

annealed in an oven at 110 for 1 h. The oxidized MER PS matrix from the℃

composite films was then removed in aqueous 8% HF solution for 12 h. After the

removal of the oxidized MER PS template by chemical dissolution, the polymer

castings replicate the photonic features and the nanostructure of the master.

11.2.4 Instrumentation and data acquisition

The anodization current was supplied by a Keithley 2420 high-precision constant

current source which was controlled by a computer to allow the formation of PS

multilayers. Optical reflectivity spectra were measured using a tungsten-halogen

lamp and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input.

The reflected light collection end of the fiber optic was positioned at the focal

plane of the optical microscope. The morphologies of MER PS film and polymer

replica were observed using a cold field emission scanning electron microscope

(FE-SEM, S-4700, Hitachi). Surface characterization of fresh and oxidized MER PS

samples for chemical properties was conducted using a Fourier-transform infrared
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device (FT-IR, Nicolet 5700, Thermo Electron Co.). The MER PS film and

polymer replica were characterized by X-ray diffractometry (XRD, D/MAX-3C,

Riguku Co.) with CuK radiation (0.15406 nm). The XRD patterns were collectedα

in the 2 theta range of 3-90° at room temperature.
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11.3 Results and Discussion

Electrochemical etching offers the opportunity to modulate the porosity in depth

and facilitates the fabrication of structures with any refractive index profile. MER

PS was prepared by applying a computer-generated composite waveform in which

the individual sine components were summed together. The MER PS samples

displayed very sharp reflection lines corresponding to reflection resonances in the

optical spectrum. After the generation of MER PS, the resulting PS films were

removed from the silicon substrate by an applying of electropolishing current to

obtain a free-standing MER PS film. Thermal oxidation of these films was then

carried out. The reflection spectra of the oxidized MER PS films are shown in

Figure 1 (dashed line).
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Figure 11.1. Optical reflection spectra of free-standing oxidized MER PS films

(dashed line), and multi-encoded PPR (solid line). Samples etched at 0.42, 0.40,

0.38, and 0.36 Hz exhibited sharp lines at 610, 653, 705, and 766 nm for the

oxidized MER PS and at 616, 661, 715, and 780 nm for the PPR, respectively.
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Polystyrene was dissolved in toluene and cast on the top surface of an oxidized

MER PS film. After drying in ambient atmosphere, the resulting composite film

was annealed in an oven to fill the pores with the polymer. After removal of the

oxidized MER PS from the composite film in an HF solution, the PPR was

successfully obtained. This PPR exhibits sharp reflection multi-peaks in the

reflectivity spectrum, as shown in Figure 1 (solid line), replicating the photonic

features of the oxidized MER PS master. The spectral bands of the PPR samples

have a full-width at half-maximum (FWHM) of approximately 13-18 nm, which is

much narrower than that of the fluorescence spectrum of a fluorescent organic

molecule or quantum dot [16].

To determine the presence of silicon, X-ray diffractometry (XRD) measurements

of the MER PS film and the PPR film were taken. Figure 2 shows the XRD

pattern of the prepared samples. The peak at about 69°, which can be seen in

Figure 2 (top), is attributed to the diffraction from the crystalline silicon of the

MER PS film. However, the X-ray diffraction pattern of the PPR in Figure 2

(bottom) indicates that the oxidized MER PS template was completely removed

from the composite films and that no crystalline silicon remains.
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Figure 11.2. XRD patterns of MER PS film and a PPR.
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A photograph of a rugate-structured PPR is shown in Figures 3A and 3B and

illustrates that its color results from the reflection of the PPR. The PPR is also

highly flexible and displays significantly improved mechanical stability without

apparent degradation. Its optical property is retained upon flexing. The surface

morphology of PPR was obtained with cold field emission scanning electron

microscope (FE-SEM); this is shown in Figure 3C. The FE-SEM image of the

rugate-structured PPR indicates that the morphology of the polymer film has a

photoanode structure of MER PS. These PPRs are stable in aqueous solutions for

several days without any degradation and can be useful for applications such as

optical code systems, vapor sensors, deformable and tunable optical filters, and

bioresorbable materials.
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Figure 11.3. Photographs and SEM image of a photonic polymer replica. (A)

Polymer replica obtained from PS etched at 0.42 and 0.40 Hz. (B) Polymer replica

obtained from PS etched at 0.42, 0.40, 0.38, and 0.36 Hz. (C) Surface morphology

of sample B.
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In a basic demonstration for biosensor application using PPR, the

biotin-incorporated PPR prepared by casting a polymer solution containing

biotinyl-L-lysine was used to detect avidin. The biotin-incorporated PPR was placed

in detection chamber. Aqueous phosphate buffer solution (PBS) was flushed to

perform an initial measurement of reflectivity and to check stability of the

reflectivity measurement. The PBS containing 0.2 mg/mL of avidin was then

flushed to detect avidin.

Figure 4 showed the reflection spectra (A) under the exposure of avidin to the

biotin-incorporated PPR and the difference between the two spectra (B). As

expected, exposition to a solution of avidin to the biotin-incoporated PPR resulted

in an increase in the red shift of reflection peaks, indicative of a change in

refractive index induced by binding of the avidin into the biotin.
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Figure 11.4. (A) Change of reflection peaks using biotin-incoporated polymer

replica before (solid line) and after (desh line) exposure of avidin and (B) the

difference between two spectra obtained in the presence and absence of avidin.



Jihoon Kim ― Ph. D. Thesis Chapter Eleven

Chosun University, Department of Chemistry

- 172 -

11.4 Conclusion

In summary, novel photoanode-structured of porous polystyrene thin films

containing many independent codes were fabricated by replicating the photonic

features and the nanostructure of a multi-encoded rugate porous silicon master.

These findings could allow the development of sensing materials for the detection

of biomolecules. This method provides an opportunity to construct an elaborate

optical nanostructure in the development of polymer materials for photonic

applications.
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