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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
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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 um.

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 mcm’) 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 Gosele [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 SiF¢” and
leaves the remaining silicon atoms hydrogen terminated. The overall reaction can be

expressed as follows [28]:

H
2Si+6HF+2h ——> g+ H,SiFg + 2H" + 12 H,
71\

Porous Si Surface

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.

H H E H

K4 \@ A / Hy /," {_/

/ Sl\ /7 \ Sl\
Si Si Si Si Si Si 51 H+

=

[\

)
£

{_/ FFF 7 2-
H Sl H H+\/ﬂ:SIF6

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 c¢m’ 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.

!

Hydrofluoric Acid

D @
D a
F- D ©
1 P ® |
T S F-
F- =

.0
AL

4

Crystalhne silicon

|

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

_10_
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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]:

m, - m,
Porosity (%) =

RRLLLY!

Where m; is the mass of the initial silicon wafer in grams, m, is the mass of the
silicon wafer after anodization in grams, ms 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 um). 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.

_11_
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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-48008S).

_13_
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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/cm’ 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:

_15_
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M,- M,

Thickness =
S-d

Where M, 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.

1 6 T T T T I I

14
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Thickness ( Um )
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Anodization Time (sec)

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/cm’.
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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.

_17_
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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 Q-cm) is capable of producing thicker PS
compared to a wafer with a higher resistivity (>10 Q-cm) under same anodization
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 A). As the dopant
concentration increases, the pore diameter and spacing increase slightly (100-1000
A). For n-type silicon, the pore diameters are considerably larger than those of the

p-type substrate.

_18_
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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 :

g . t€

€ Silicon tE porous silicon air porous silicon

+(P) =0

€ air +2¢ porous silicon

1-P
( ) € Silioon+28

porous silicon

where P is the porosity of porous silicon, Esiicon is the dielectric constant of
silicon, &, is the dielectric constant of air, and &porus silicon 1S 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).
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Figure 1.8. Optical bench setup for obtaining the optical properties of porous

silicon
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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&-cm, Siltronix, Inc.). The etching solution consists of a 1:3 by volume
mixture of absolute ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48%
HF (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 wusing 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 = Aifsin(kt)] + B ---m--mmmmmmeee- (1)

where ); represented a temporal sine wave of amplitude, 4; ; frequency, k& ;
time, #; applied current density, B. The values of k were from 0.28 Hz. The values
of 4, 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.

_30_



Jihoon Kim — Ph. D. Thesis Chapter Two
Chosun_University, Department of Chemistry

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 A4, B, and ¢ were 11.55 and
63.05 mA and 1000 s, respectively. The frequencies, k;, 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 A [N-(N+1)] F.W.HM

(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 13 154
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 n; (thickness #,) and low index n;
(thickness ¢;) 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 Aupmge= 2 ( n8; + mnotz ) [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§&-cm,
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/cm’ for 1.5 min in a solution of 48% aqueous
HF and ethanol (3:1 by volume), and then at 24 mA/cm® 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/cm’ and 50 mA/cm’. A DBR PS exhibits a
high reflectivity band with the Bragg wavelength A depending on the
thickness of the layers (d;, d») and the corresponding refractive indices (n;, n>).

The m™ order of the Bragg peak is given by:

m?\Bragg = 2( d]l’l] + dzl’lz )

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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Number Wavelength Low current High current FWHM

(time) (time)
1 518 nm 60s 3s 21
2 536 nm 65s 3s 20
3 557 nm 70 s 3s 24
4 578 nm 75's 3s 19
5 589 nm 80 s 3s 21
6 606 nm 85s 3s 22
7 622 nm 90 s 3s 21
8 635 nm 95s 3s 18
9 657 nm 100 s 3s 23
10 675 nm 80 s 45 24
11 692 nm 80 s 5s 27
12 710 nm 80 s 6s 24
13 722 nm 80 s 7s 29
14 735 nm 82's 7s 32
15 747 nm 85s 7s 26
16 759 nm 90 s 7s 30

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

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
Q-cm, Siltronix, Inc.), and using a computer-generated periodic sine wave current.
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). FEtching is carried out in a Teflon cell by wusing 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).
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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.

Where y; represents a temporal sine wave of amplitude, 4; ; frequency, k; ; time, ¢
; applied current density, B. The values of % are from 0.39 Hz. The values of A4;
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 A AA[n-(ntl)] FW.HM
(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