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Abstract

Optically Encoded Smart Dust for Sensing

Applications

Kim, Sung Gi

Advisor : Prof. Sohn, Honglae, Ph.D,
Prof. Cho, Sung-Dong, Ph.D.

Department of Chemistry,

Graduate School of Chosun University

Fluorescent molecules and quantum dots have been received much
attention for use in high-throughput screening and bioassay applications.
The development of new technology, which can achieve at nanometer
scale, to build such a device has been great interests, because it is too
complex to fabricate by wusing conventional lithographic method.
Multistructured porous silicon (PSi) such as Rugate PSi has been recently
investigated for use of its possible chemical and biological applications.
Because of the tunable optical properties, PSi has been studied and applied
material in recent years. Porous silicon is also an attractive material due
to its high surface area, convenient surface chemistry, and optical signal
transduction capability. DBR structured porous silicon having the photonic
structure of a Bragg filter has been developed by applying a computer
generated square current density waveform. Two types of DBR PSi

(dodecyl-derivatized DBR PSi and oxidized DBR PSi) were prepared in



this study shown in scheme 1.
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(2) Alkyl derivatized PSi

Scheme 1. The modified surface of DBR PSi

The resulting DBR PSi film has been removed from the silicon
substrate by an applying of electropolishing current to obtain a
free-standing DBR PSi. These freestanding films are very brittle and they
can be fractured into few  hundred nanometers to  hundred
micrometer—-sized pieces in an ultrasonic bath. The freestanding DBR PSi
films were then made into particles by ultrasonic fracture in an organic
solution. Cross-sectional field emission electron microscope (FE-SEM)
image of DBR smart particles indicates that the size of particles for is in
the range from 40 to 50 micrometers. The surface image of smart

particles indicates that the distribution of pore size is even and retains a



good porosity with no destruction of porous structure during the
ultrasonication.

Photonic structure of DBR PSi results in a mirror with high reflectivity
at 533 nm. The electrochemical process generates an optically uniform
layer of porous silicon: 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. The reflection spectra of DBR PSi
indicate that the full-with at half-maximum (FWHM) is of 18 nm which
i1s narrower than that of fluorescent organic molecules or quantum dot.
The surface modified DBR PSi is prepared by either thermal oxidation or
thermal hydrosilylation. The oxidized DBR PSi sample has been prepared
through the thermal oxidation at 300C for 5 min. The FT-IR spectra of
the oxidized DBR PSi display absorption bands characteristic of silicon
oxide, with vibrations assigned to Si—O stretching modes at 1200 cm .
The surface of DBR PSi has been also derivatized with 1-dodecene by
the thermal hydrosilylation at 120C for 4 hr. FTIR spectra of the surface
modified DBR PSi display absorption bands characteristic of the dodecyl
group with vibrations assigned to C-H stretching modes at 2850-2960
cm Freshly etched DBR PSi containing hydrogen-terminated surface and
dodecyl-terminated DBR PSi are hydrophobic characteristics on their
surface, however the surface of oxidized DBR PSi is hydrophilic.

The specificity of adsorption or microcapillary condensation at porous Si
surfaces depends dramatically on the surface chemistry. Particles modified
with dodecyl functionalities are hydrophobic materials and has a much
greater affinity for hydrophobic versus hydrophilic analyte. Thus the
particles exhibit the most red-shifted photonic feature for the hydrophobic
analyte hexane (ca. 25 nm, 97 mmHg), but are quite insensitive to the
methanol vapor (ca. 12 nm, 97 mmHg) at a partial pressure comparable to

that of hydrophobic analyte hexane. However particles modified with



hydroxyl group have a greater affinity for hydrophilic analyte and thus

display in reverse order (ca. hexane; 15 nm, methanol; 24nm).
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. Experimental Section
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Figure 2. Schematic diagram of the etch cell with the counter
electrode(cathode) arranged asymmetrically, used to generate the porous

silicon DBR filter gradient.
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Scheme 4. Schematic of the hydrosilylation.

L Bed gEsd 2vE qiEd 34 47158 94

6. =
gosow 4EaE AvtE YAES ol g4 HAA F718FRS BA

U

7] 9 A acetone, hexane, diethylether, THF, methanol& A}-&3t%th. 2w}
E gzEE AgFE dolHd 1A AAA Figure 4 ¥} 2> vacuum
chambere] ¥ +=t}. Arg flow meterE o] &34 15 L/mind £==2 UA T

2 BAA 2 Ul 18§ BolFoh

Vapor IN
Red shift

Vapor OUT

Figure 4. Set-up implemented to analyze the response of the fiber

optic-based sensor.
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Figure 6. Reflection spectra of mono-layer PSi.

(a) (b)

Figure 7. Photograph of mono-layer porous silicon. (a) Low current
density for mono-layer porous silicon. (b) High current density for

mono-layer porous silicon.
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Figure 8. Multi-layer DBR(distributed Bragg reflector) porous silicon.
Photograph of four one-dimensional DBR porous silicon made from porous
silicon. These samples are Bragg structures, prepared by application of

square-wave current during etching.
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Figure 9. Reflectivity spectra of DBR porous silicon. The sample was
illuminated using a tunsten-halogen lamp, and the reflected light spectrum

was measured with the spectrometer.
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Figure 10. Schematic representation of Fabry-Perot fringes obtained as an
interference pattern when the light is reflected at the top and bottom of

the porous silicon layer. The interference spectrum is sensitive to the

refractive index of the porous silicon matrix.
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(a) (b)

bragg 15.0kV 8.4mm x10.0k SE(M) 10/19/04

Figure 11. Cross-sectional SEM image of the DBR porous silicon.(a)
Cross—sectional SEM mage of the DBR porous silicon. (b)
Cross—sectional SEM image of the porous nano-structure in a porous
silicon film. The pore size is controlled by the current applied during
etching. In this sample, the current was decreased suddenly during

preparation, resulting in the abrupt decrease in pore diameter observed.
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Figure 12. (a) Reflection spectra of 11 porous-silicon multilayered samples
prepared using a square-wave etch(DBR photonic structure); see
Experimental for details. The sample was illuminated using a
tunsten—halogen lamp, and the reflected light spectrum was measured with
an Ocean Optics USB2000 spectrometer. (b) Photograph of 15

one-dimensional DBR photonic crystals made from porous silicon.
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Figure 13. Flexible photonic crystal. Photograph of photonic crystals of
made from DBR film.
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Figure 14. Reflectivity spectra. (a) Reflectivity spectra of DBR film and
DBR filter (b) top : Photograph of DBR film, bottom : Photograph of DBR
filter.
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Figure 15. Optically photograph of the porous silicon nanoparticles(smart
dust). Photonic crystal then is placed in ethanol and {fractured into
micrometer—sized particles by ultra—sonication.
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Figure 16. Reflectivity spectra of the nanoparticles(smart dust).
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Smart-dust 15.0kV 7.8mm x1.00k SE(

Y b p 3
s (SN T
Smart-dust 15.0kV 7.8mm x100k SE(V) 6/1, 500nm 06 1.00um

Figure. 17. SEM image of smart dust. (a) Smart dust produced by lift-off
of the photonic crysta(DBR filter) followed by ultrasonic fragmentation.
particle size scale is between 40 and 60um. (b) SEM image of
one-dimensional smart dust. (c) High magnification of smart dust. (d)
Particles produced by lift-off of the photonic crysta(DBR filter) followed

by ultrasonic fragmentation. particle size scale is a few nanometer.

]
S o]& AMAAEAMY AFE XY T F dvtn Eo a2ga YRt
54 W8S Hole receptors: Yot FedHo=w I 31¥ biosensors, °oF
EAE A" AR A 75, odydA 4 EoF nano fuel cell, nano solar
cell, energy storage “1#] i remote control sensors ©]-& 3% ubiquitous A%

woFel o] g T & & Aoew I

25



=
o
&l
L
s
~

-

mM Moo= o
ko)
o= g x g
m - : o NG
(N Lm s M ﬁov :
o AR
d_ﬂ _ n W ~o :I ,UF ‘UF W._H . Mﬂ -
s N ‘._m_u o O_ [ HL % %u ‘Iﬁyl
e w o= = < W o= T
1.% - Wﬁ o A ol M gl e
slﬂﬂ.ge_l1ﬁpzﬁ _
1) ) H N - < - zo = - |
\J|U ) \ L4_ LO
5 o BooF N T = d - |
< ® B ﬂA.l =) nvlu H N : 5 l.m\
- = = » =) W g ° el B ~
: : OWH _-DD o ﬂ&l ~ e — K —~
3y . = N N K ~ = [ £
N R w__ T — = I % s 5 - — | !
b ¢ " wﬁ e oo W o — m
—_ ﬂ.E ;e o \LM . T ) ° : _,__.e m | | m
O,MWMM@EM 3 o .Jw
W %ga%&zﬂ;maﬂ L
% a@ﬂqﬂﬂmm@w_mkﬂ 2 g
_ o
B :n oﬂ o M g MM N < a
N e & TN g : m
; gt o e = B v ) o S £ ©
fe] © . : a r.l S
- W%wﬂ@mHWﬁQ&%q , %
A ‘-l—.l . — ‘E ji r
. = 2 U o o Do X SR i OP_\< m fm
) o N o NP ® : u I r .I
1 . : now w ° | o
.AE 1. t g q W < = B g S/ [0)
: =3 o = D oar iy ol )
0 oo T e UG T 7 - :
d = v | |
- X L @ = = e X Moo W o= SO
T " i o N n R |
: =13 Lz I _ F oo ©
No Wr i 7 oo GO o 3 ; : m
Y 0o o Mu_u 7 o T 1_JO| oE 17& : : :
. 1l - - 1_Ir d n
: %ur;@moﬂw%ﬂwm“fmwf 2 IS
T B = X = Mo 2 . | m
C) J)J £ iR : w,
. oy = & Lm H ol o =
L - =5 o —_ AT T o =
% £ o K | ©
= P TR a : m
Ealay Z D
: _
O
-
S
-

26



Figure 18. Influence of surface chemistry modifications of the DBR filters

on the position of their reflection peaks.
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Figure 19. Transmission—-mode FT-IR spectra of modified surface p-type
PSi and diffuse reflectance FT-IR spectra of modified surface DBR PSi.
(a) dodecyl terminated p-type PSi sample. Surface modified PSi display
absorption bands characteristic of the dodecyl group with vibrations
assigned to C-H stretching modes at 2850-2960 cm !

(b) hydroxyl terminated p-type PSi sample. the oxidized PSi display
absorption bands characteristic of silicon oxide, with vibrations assigned to
Si-0O stretching modes at 1100~1200 cm L

(c) dodecyl terminated DBR PSi sample. Surface modified DBR PSi
display absorption bands characteristic of the dodecyl group with
vibrations assigned to C-H stretching modes at 2850-2960 cm’?

(d) hydroxyl terminated DBR PSi sample. the oxidized DBR PSi display

absorption bands characteristic of silicon oxide, with vibrations assigned to

Si-O stretching modes at 1100~1200 cm
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Substrate Vapor Pressure(20TC) Polarity
Toluene 21.86 mHg 0.375
Acetone 184.54 mmHg 2.88
Ether 413.10 mHg 1.15
Hexane 121.26 mmHg 0
Methanol 97.48 mmHg 1.70

Table 1. Vapor pressure of VOCs and different polarity.
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Figure 20. Reflectivity spectra of different vapor pressure.
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Figure 21. Reflectivity spectra of similar vapor pressure.
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IV. Conclusions
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