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Abstract

Detection of Explosives Based on Porous

Silicon.

Kim, Bumseok

Advisor : Prof. Sohn, Honglae, Ph.D,
Prof. Cho, Sungdong, Ph.D.

Department of Chemistry,

Graduate School of Chosun University

Detection of nitroaromatic compounds 1s desirable since there are
approximately 120 million unexploded land mines worldwide. Detection of
nitroaromatic compound based on adsorption into polymers has been reported.
Chemo-selective polymers on SAW (surface acoustic wave) device, cyclic
voltammetry using gold micro—electrode covered with non-volatile electrolyte,
and organic polymer has been previously reported to detect TNT vapor.

In this study very sensitive detection of TNT (24,6-trinitrotoluene), DNT
(2,4-dinitrotoluene), NB (nitrobenzene), and PA (picric acid) has been achieved
in gas phase with porous silicon films using photoluminescence quenching of
the silicon crystallites as a trans— duction mode. Porous silicon films are
electrochemically etched from crystalline silicon wafers in an aqueous solution
of hydrofluoric acid. We used two types of PSi for detection of nitroaromatic
compounds. One is the freshly etched PSi and the other is hydrosilylated PSi.

First, fresh porous silicon synthesized from the electrochemical etching



described above exhibits strong photoluminescence(PL) at the wavelength
around 720 nm. The intensity of PL from the freshly etched porous silicon is
decreased upon the exposure of the vapor of NB, DNT, TNT or PA. Flow
rate of analyte-saturated air is about 5 L/min. After 30 minute, the
percentage of quenching PL 1is 37%, 45% and 40% in the case of
DNT-saturated air (vapor pressure = 200 ppb at 25°C), TNT-saturated air
(vapor pressure = 4 ppb at 25°C) and PA-saturated air, respectively. It is
interesting to report that 38% of quenching PL for nitrobenzene was observed
just in 50 seconds.

Secondly, hydrosilylation of PSi has been also investigated with
methylvinyltetraphenylsilole(MVTPS). It is observed that the intensity of
emission from porous silicon was decreased after hydrosilylation. The detection
of nitroaromatic compounds has been achieved using surface-derivatized porous
silicon with methylvinyltetraphenylsilole. Hydrosilylated PSi shows the PL at
660 nm, which exhibits the blue—shift of the wavelength compared to fresh PSi.
The percentage of quenching PL of hydrosilylated PSi after exposure to
nitroaromatic compounds for 30 min is 47% for DNT-saturated air, 63% for
TNT-saturated air, and 52% for PA-saturated air, respectively. The
percentage of quenching PL with nitrobenzene-saturated air is about 45% in
50 seconds. The detection limit on time for the analyte—saturated air is 1 sec.
for NB, 1 min. for DNT, and 15 sec. for TNT, respectively.

The mechanism of quenching PL is attributed to the electron transfer
quenching of quantum-sized nano-—crystallites in the porous silicon matrix to
analyte. We also observed the chemical oxidation of porous silicon by the
nitroaromatics that leads to an irreversible response at long exposure times
(>5min).

Partially reversible detection mode for nitroaromatic compounds was
observed.

Consequently, it has been shown that porous silicon i1s a versatile



substrate for chemical sensing with a large surface area and highly sensitive

transduction modes.



1. Introduction

t3A A8 E (Porous Silicon, PSi)< 1950t & Uhlir7l HF #8904 AgEZ&
2 FANIE AN Aoz #AHAT

e wholaz Heo Azd AguH: Adadeld: 444 Arlsey a0
oste] FHAY. B4 (etching)e Wyl 7)o EE§ Bed HAL = AR

WA E =Y o] quantum confinement effect (kAbAg @ xb)o] 7193 (Figure 1).
v A2 55 F 7hA 35

2 WkALg (optical reflectivity)S zZrethsE A

(chemical sensor)® 54 4 Qdt}. T3 WS dnke] oF 1000w o]4e & XWE 7}

A very a79 71w HAe o3y ZUE A YoM AL (sensitivity) &

% A9 AERE AA7 vz FERAs A, o 7

Zurg o 7 9t 4 AL BAFE AXEN AR AE7 guE gdol gu]

g ATFE oln Ru¥ w9k’ o= #F LB 747 porous silicon
(PSi) & o] &3t or, &4 Wy AAEH (electron rich)3g=3 thaA Aol A
>
[¢]

AAEZL &4 (electron deficient analyte)$l ZW&EZ A z}7} o]

270 0
g 249% RolA

I oI A 2dA HAHE FFA A (2%, quenching)
El
i=}

= 4ppb9] TNT (2,4,6—trinitrotoluene> Z1AE o 108 Fo 7

>
ok
=
%
D
o
D
(@}
=
o
=]
2l
CD

N,
rt
poy
o
il
=
=
o
o,
i)
m
fil
yu)
=,
)
N
E}
q
o
Q)
—
S
=
2
I
tob,
ot
d
mlo
N
>
o
N,
s
4
%2
rlr

=

2 oo dAd A E G4 ol E d7] 384 F A (electrochemical ete
hing)& AlAA &4 8 nanocrystalline porous silicon filmsS ©] &34 PA (picric acid),
DNT (24-dinitrotoluene) NB (nitrobenzene), TNT %9 YE=Z W= 35S 37|

F o4 gAsg



ﬂmzvmﬂm%ﬂuﬂgm WLM WMWOML_,L%
R - ¢ T~ TS o) ER XX T %
rxELfanzd g a3
,Lﬂ(.m Hiy auﬂﬂ, = wm«ﬂmﬂmﬁ
A = S e e
T w_m g™ g B S o TowT oW
o N <= ~ S iy
w %o B Lo = X H.@ﬁa%%
] — = 7 ~ — p—
T T e L oo o T E D
A, n- o — 5 ) T = s
N W - M o e X S =% S oy
_ 5 s o bast ol o ol o
MR - W e Mo i g o B % Z <
B P T o > R
. H W g R =~ 3 = %
S R T S NS T
TLEEEicd Xp wyzos
L T W S O VR - A
* o Z o® oo o T X woW W oo
e R T A
T EEdE oy X B mw Fo
Ho ,M_l % Z B T il mrw.w n: - T o =
- MoT o= oap < o i w
Ak o " OZ o= ™ - m e T o b S M._ﬁ
T o T N A Ty e W o= o
oo W oL M D e -2
- ﬂArO A ,WAU = djo N ;‘MO 3R W_N el 8- ol =°
—_ _— j— o > o p—
B m T B ° R AR 3
o Foa ol o oo e M E g oW % B 2
G I ol S M Wy o T 7 @
T TRz d s 8 e O I R 3
o m o M S5 o ¥ 3 0 y
Ho o OF_._ ~3 m n T 3 o J)J rl,mﬂ ®O o "R w
frtzifisEzErz TR :
PERE 2 S e BT D W o m
T N M N - B g & %%%zlﬂ% £
.m._ o Iv_AIL w o S, ﬂ.ﬂ wm PL _—,ﬁ = \NL = oS EO —_ ..H
H = X T i 2
%%%%.m%%ﬂjﬁﬁﬂm@A@ﬁmﬂwu% :
SEEE Lo R R RkTs el E e
oF o B X S g ook oW o g
T T % S w Mz W omo mom -

Figure 1. Photoluminescent silicon quantum dot in porous silicon(side).



II. Experimental Section

1. Sample preparation
oA AgEe 1950d el Uhlirel o8] A dAAS A vt
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8449 H$, 281 carrier type (n, p)ol wek theFskA @@t s3] pxE
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Figure 2. Experimental setup for the synthesis of porous silicon.

A, B. Etch cell ; C. Potentiostat/Galvanostat ; D. Etch cell diagram

8= 1-10 Qemd AFE 7HA n-type A8 9 ol H(phosphorous doped, <100>

orientation, Siltron Inc.)& #7]13184 F Ao st} §A = o)z (Schemel) & 2334
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Figure 3. FESEM image of fresh porous silicon.
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cellZt O-ring seal Atolol ¥-& % o3 & M(etching solution) #lo]¥ FHe| 93
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&35kl 50 mA/arel 15% o ARE TEFHA FAAA
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Scheme 1. Chemical equation for the synthesis of porous silicon.



2. Photoluminescence measurement
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Figure 4. Photograph for the optical bench setup.



3. Infrared spectroscopic measurement

Porous silicon ol 23 AZ FAHEHLEL NMR , IR, UV-vis 59 &37|71E
224 it B8 BFEES =9 5 e f/18%E psi 29 u#s §, PSig
o ;Ao djg ETW EALS FTIRE EA8 9=, Fourier-transform infrared
(FTIR)E Nicolet 5700 FTIR spectrometerE Al& 3ttt FTIRY #A4L transmission

1

modeE AF43 93, spectral resolution 4 cm ’, 7R M= 500 - 4000 cm o]t}
4. Preparation of gas and nitroaromatic compounds

Picric acid, DNT, NB, TNT%¢9 UYE=& wg= 385 (Scheme?) nitrobenzene
(NB, 99%, Aldrich) , 24-dinitrotoluene (DNT, 97%, Aldrich) , Picric acid (PA, 98%,
Aldrich)Z AHE-8F AL, 24,6-trinitrotolune (TNT)E 2@ AolM 428 A st A48Tt

“'(Scheme 3).
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; O,N” : :NOz
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NO
HsC 2
N N |
OH NO, N
| N
O,N NO, N O,N NO, / \
( w 0,N—N N—NO,
N N \ J
~N
OZN/ ~ NO, N
NO, NO, NO,
PA RDX Tertyl or Nitramine HMx

Scheme 2. Chemical structures of common high explosives.



CHj3

CHS 02N N02
H,SO,4, HNOj3

Y

90°C, 3hours

NO,

Scheme 3. Chemical equation for the synthesis of TNT.
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5. Synthesis of methylvinyltetraphenylsilole (MVTPS)
MVTPS (methylvinyltetraphenylsilole)& % ©Alo] A FART>*2 3 w4 @A
= MEgZ22AYE (methylchlorosilole) o] ¥4 o] H| Ha @A vE HEEEEA
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5-1. Synthesis of methylchlorosilole

HWEZZ2ZALES dA 57 Y-+ DA diphenylacethylene (17.8g, 100mmole), Li
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A, 250ml &2t~ AE Schlenk-line A4t s FZE o] &35kl Schlenk-linedt =z}

23 e AT AYE BEx of2e tAE FHHWFEA ARE ¥



diphenylacethylene (17.8 g, 100 mmole)¥} Li (2.76 g, 400 mmole)& 250 ml Z2t~=

of Wi Qg Pxef of= JkAE o] §ste] o] AaS A TAl AE HHE

w50l 0. 1 e THE &4 ¢ diethylether £7) 120 mIE WL 2347 4w wy
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C=—=C - L // \\
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Li Li

Diphenylacetylene

CH,SiCl; 2.5Eq : :
-7800 @ / \ O
/Si\

HsC cl

M ethylchlorotetraphenylsilole

Scheme 4. Synthesis of methylchlorotetraphenylsilole.

_11_



5-2. Synthesis of methylvinyltetraphenylsilole(MVPTS)

Methylvinyltetraphenylsilole (MVTPS)2] &4 -2 methylchlorotetraphenylsilole (4.35
g, 10 mmole)& +& THF &vj 100 mlol %1 (r.t) v, Zefojofo] 29t o} ES ¢
&3t -78TCAA o 308 AL TAFHE YAANAEH. g &4S YAA F W7
2}

$215 A A vinylmagnesiumbromide (CoHsMgBr, 1.35 ml, 10 mmole, Aldrich)& o}
23 7ks oA g EA "dojmy HEsRo] RFAIZIT oF 3AF AL wWRAAE

olo

4 &  vinylmagnesiumbromideZ A A A 7]7] YA HCl £ 95 H713)
9 vinylmagnesiumbromided ¥wHE Y WSAIZl & EHZAW 7S o] §3t9] work-up
ANAFE & F71=9s 28519 tA] diethyletherol =0of 7t stolA ZAAIE A|AF

W g7t duzt st A E9 £43 methylvinyltetraphenylsiloles @& 7} 3t}

O O oge

MgBr/\ 1Eq

@ //Si} Q THF, -78¢C i @ //Si\ @

HsC cl HsC”
3 3 HC%CH
Methylchlorotetraphenylsilole Methylvinyltetraphenylsilole

Scheme 5. Synthesis of methylvinyltetraphenylsilole.
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6. PSi %99 hydrosilylation.
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G oo g FAGA £F 54 5 J=F PSid FWS FAAY FUIGFERE F
A5 s AT

H SiR,
H H —
AN / Hydrosilylation \ /

cC——cC + R;SIH > H C c H

/ AN lor2or3 / \
R H R H

Scheme 6. Various methods of hydrosilylation : 1. photolytic hydrosilylation,
2. thermal hydrosilylation, 3. catalytic hydrosilylation(HsPtCl,
((cyclohexane)PtCly)s, Wilkinson's catalyst, etc)
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Scheme 7. Various methods of hydrosilylation of PSi with MVTPS ; A:
photolytic hydrosilylation(300W tungsten lamp, 306 nm UV-light),
B: thermal hydrosilylation.

dubr oz Wo] ol &l F toluene, THF, hexane Al7FAE AF&3t &0,
MVTPS (methylvinyltetraphenylsilole) 0.5 g# & toluene, THF, hexane v Zt7Z} 50 ml
Aol =3t} Porous silicon chip® F4] W32 300 mA/croll 5% & etchingstd=dl, A5
o A71E ZA & ofre 71FY Zdole €1, V¥ ArlE AA ToEA HARE
TN, Ao g EabEd & MVTPSE o f7 2¥el uzsAzd & A wE
7] Y gholt}h. PSi¢ photolytic hydrosilylation?] ®F-g A|7FE oA 14217+ Bt 39
i, UV-light (306 nm)< AR&sFiTh 9Hgo] &9 Fo PSi chipE oFAlE (CH3COCH;)
3} OFE22vE (CHLCh)2Z PSio F¥ol Holds F7185S AAs7 93 30+ A

T AFE g, Ao 2 HFZ PSiY FWS AFHeFo. 49 RE 34L& AL

_1

N

M oolFo] Aom, AH & Sampled HAVFEE BolF oM Axevh. olgfd AA
< AA T ¥ hydrosilylated PSie] #34 542 Ocean Optics 2000 spectrometer=
3H9i 3L, PSicke] arzbe o] gk £W #A12 FTIRE #4 st
Figure 6914 H®ole nfe} o] UV-light (306 nm)dtol Al photolytic hydrosilylation

o] W45 AAL W hydrosilylated PSi¢] % &3A4 & hexanedl A 7 £& AdgE o
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Figure 6. Photolytic hydrosilylation of PSi with MVTPS in various solvent under
UV-light (306 nm).

o2 WA= PSi®ol hydrosilylation®] ¥h3-ol A of & Z7 ] hydrosilylation?] 4H-&-
ol /M T F LAAE frAskHA PSistel hydrosilylation®] ¥hgo] & vhe 2A&
ol ottt (Figure 7). &olA Awd A3 o] $-2l= photolytic hydrosilylation¥}
thermal hydrosilylationg AF-&3F91 4. photolytic hydrosilylations2 300W 2] tungsten

A

lamp-ﬂ 93l UV-light (306 nm)& AFE38H% 2, thermal hydrosilylatione toluened}ell A

(24hr)& 3}t
Figure 7914 Ho)x ue} 70| thermal hydrosilylations AF&3t9-S W, hydrosilyl

=3
ated psie # WFAo] 71F £33, FTIRE 4% Z3}%T alkaned &S Yelde v
(CHx)9 WA o] 2 A3s A9t}
ol d A= ), ¥oz2 B =f9 xTvFY YEZ WIEF IS FA 1A

& hydrosilylated PSi chip2 E % thermal hydrosilylationg AF&38le] &4 o] Ao
t} (Figure 8).
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Figure 7. Various type of hydrosilylation with MVTPS.
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Figure 8. PL spectra of thermal hydrosilylated PSi.
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M. Results and Discussion

1. Emission characteristies of PSi depending on current density & etch time

e WA g A 34 2 FEd A 3W 244 #ddF S5 o
A A2 7e A71e §2 setulgE Alole #AE g9yl sl d7)sE H4
ol TEFE AFe gy Ao E4ER HUME BE¢EY o HFY o, 283 7]
T A7 @A v dFsdn. v A2 FA Al 71Fe Are A7)
el B Fo TEsE AR 43 Ay oM ELEZ H7ME dopantd %, HFY 9,
718 3 carrier type (n, p)oll W] & s} O

ol# o] Figure 9= 1-10 Qem? AL 7F4 n-type A& dol¥ (phosphorous
doped, <100> orientation, Siltron Inc.)& LA A|7te] AFo A7|vHs e stof 7]
stetd FAste] Ao we e FIFAd gFAd AEE sample (PSi)e w34
< Ocean Optics 2000 spectrometer® =743k o]t} Excitation 342 480 nmol$l 3L,
A SAe £ ole2d HFE T1R Ao Wi, ol f Azke 5w o 63l

3500 7 — 5mA-5rTin
2000 | — 50mA-5min
200mA-5min
5500 300mA—5mh
o — 400mA-5min
()
IS
= 1500 -
[
1000
500
0 T T T T T T
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Wavelength(nm.)

Figure 9. Emission characteristics of PSi depending on current density and

etch time.
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Figure 10. Emission characteristics of PSi depending on current density

and etch time.
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2. Photoluminescence quenching by nitroaromatic compounds.

2-1. Mechanism of partially reversible quenching of photoluminescence.

UEZ WgE JTFES NO;, 252 7 Az FF ot & =F M= &334
A& 7FA porous silicon(PSi)& o] -&3ted, MAE A shh&EQl PSiolA AAREH EA4=4
ol TWEZ ARV} o]FgdozH PSid A7l FFAY 48 439 EX s A9

o

2-2. Fresh PSi (50 mA/15 min) 32 o] &3 ZUE X,

Sampling< 1-10 Qemd A &dS 712 n-type A 9ol (phosphorous doped,
<100> orientation, Siltron Inc.)E 50 mA¢ AF A7)0 158S A7)3487 R s &
3o 2 luminescent PSiE THE ot}

oA &dL £43 o eg(Fisher Scientific)¥} HF (48% by weight; Fisher Scientif
ic)s L1E 4o wEo Abgsgth PSi chipd #F 23L& Ocean Optics 2000
spectrometer® =748} 1, excitation source®+ blue LED (Amax = 480 mm)E sample
o] EWo 45°9 Z %2 H|3o] optic probe® PSi® I photoluminescenceE =4 e
T A skelt

$8 = WA fresh PSi (50 mA/15 min)7} ¥7]9F 480 nmo] blue-lightol] thdt A%

g Z4a9Ed, §719 480 nme blue-lights] s} 423 4 d 272 o

i
e
&

Figure 11¢ 30% %29F Fresh PSi (50mA/15min)ell #4%7]12 100 mLmin ¢ £%E&

BolFHA blue-light(Amax = 480 m) o2 % HAAE =A% 207 photobleaching &
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Figure 11. Photobleaching and plot for quenching efficiency for fresh PSi(50 mA/15

min) under 480 nm irradiation.

ZarA e S 9A45] Y8 yE=R
AHE3E AL, flowmeterE AHE3te] 2719 48 S 24, 54 v UERZ WES 5%
5o U-A3 fgddd 4 Aee DNT (04g), TNT (04g), PA (04g), 94 4ejel NB

03mhE ¥ freFos Gof YERZ WS e F7iks AT + A AA63

Picric acid, DNT, NB, TNT%¢ YE=Z W= 3352 NB, DNT, PA A& 24
AL B9, TNTE A8AoA 28-S d4ste] Algstgsr, 2ag uh2 <sH DNTY
Z71%} (vapor pressure)S 25Col A 200ppbo] i, TNTY 7|44 25 CollA 4ppbol™, NB
71942 25C oA 420ppm©] .

A= AeoA FT7NE Al SAHNL, 2 etch 27E 7HZ PSi chipg A}



43tk A g2 ©@x Mol PSi chipel 3715 308 ®Wd &0 FOo=24 PSi
chipe] ¢Fg4dS =9 F AR st SA AIREE NBE Al9l@ TNT, DNT, PA= 30% <&

NB+ 50x% 388tk PSi chipd 23+ 2~ EGH [[/IJZ 3§t
of 3392 400 nm - 900 nm Atelol A HFWME=o] WA (area)®] Ao]E YERY T
(Figure 12-15).

1-10 Qend AdE 7FA n-type AEE 910]HE 50 mA AF A7]o] 158S #7]
spatA R Aste] e A, 34 gFE (TNT, DNT, PA, NB)9 ©4& & PSi chip
o] AFade 308 Tl 47 TNT 32%, DNT 17%, PA 271%% #4389 oH, NB&
50% FQkell 20%9 A¥EIE HS

Fresh PSi (50 mA/15 min)7} air® 480 nm blue-light 3to] 3t AAEE =AH5F A
=), air?t 480nm blue-light 3}ell thal AFEE 308 S¢ko] 5% oW, 480nm
blue-light atell s vz kA & AS & + Utk (Figure 12).

TNT

——Omin
4000 — 5min
10min

3500 -

N 8 w

s &8 3

o o o
| | |

PL intensity

560 610 660 710 760 810 860
Wavelength(nm.)

Figure 12. Steady-state photoluminescence(PL) spectra for n-type PSi showing the
quenching of PL that occurs on exposure to TNT(=4 ppb in air) vapor.

The PL was stable in pure air for 30 min.
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Steady-state photoluminescence (PL) spectrafor n-type PSi showing the
quenching of PL that occurs on exposure to DNT (=200 ppb in air)

vapor. The PL was stable in pure air for 30 min.
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—— Omin

560 610 660 710 760 810 860

W avelength(nm.)

Figure 14. Steady-state photoluminescence (PL) spectra for n-type PSi showing the

quenching of PL that occurs on exposure to PA vapor. The PL was

stable in pure air for 30 min.
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Figure 15. Steady-state photoluminescence (PL) spectra for n-type PSi showing the
quenching of PL that occ wurs on exposure to NB (=420 ppm in air)

vapor. The PL was stable in pure air for 30 min.
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2-3. Fresh PSi (300 mA/5 min) < o] &3l

oko] PSi chip 50 mAY AFA7ZIZ 1589 AltEet A7) 3484 F A sho] whHE9)
Atk $+YE PSiY 71¥9 Zol7l &du, A7 AAW ZA 3= g gAw
& Ad A olgE MAEE A3 PSiY 7FS 71EY sampleRt o A wHEo Y
Ex WEE 3gEY #A4E oA
Photoluminescence spectrometer, light source, ol 3 49 &2 EFY 38 &&= 5L
%A AP 50 mA/I5 min. 3 FASA P o] AFPo] ¢ AP muHE A
& @A, AFY A AR ARk 2 sdve Aot
PSio 71e& 71971 A% 2d2 A7 AI7]9 etching &9 wiol wd s,
71w A7l A wHE7] fete] =2 AR =& FE9  etching &9 (ethanol :

HF)& AF8-8to] PSi chipe §A AT o714 o= 4 71e9 4712 71971 A4
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Figure 16. PL spectra of PSi chip fabricated under different etch conditions.
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of IH& ot HAol A Aolth o= 2w ¥ Hell AR T
PSi chip& UE=Z W& & ©A de PSi chipd ZH airg 30 &4
of &o] Fo=M PSi chipd MAAE =U F A &3lal, A4 A NBE Al
TNT, DNT, PA= 30&& stglon, 94 4ue NBe 5025 sttt (Figure 1
1-10 Qem® A¥E 7H n-type A2 Aol E 300mAS AF Al7le 585 7]

k)

3}etz R Asto] @43 luminescent PSiE ZWA 32 (TNT, DNT, PA, NB)9 B

£ & PSi chip®] &3E 3= 308 Ftel 2442 TNT 45%, DNT 37%, PA 40%% 436t
Aow, NB= 50% Fotell 38%9 AFass HAAth

TNT — Orin
— 5min
10min
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Figure 17. Steady-state photoluminescence (PL) spectra for n-type PSi (300 mA/5
min) showing the quenching of PL that occurs on exposure to TNT (=4

ppb in air) vapor. The PL was stable in pure air for 30 min.
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Figure 18. Steady-state photoluminescence (PL) spectra for n-type PSi (300 mA/5
min) showing the quenching of PL that occurs on exposure to DNT (=

200 ppb in air) vapor. The PL was stable in pure air for 30 min.

PA
3000
2500
2000

1500

PL intensity

1000

500

O T T T T T T 1
550 600 650 700 750 800 850 900

Wavelength(nm.)

Figure 19. Steady-state photoluminescence (PL) spectra and for n-type PSi (300
mA/5 min.) showing the quenching of PL that occurs on exposure to PA

vapor. The PL was stable in pure air for 30 min.
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Figure 20. Steady-state photoluminescence (PL) spectra for n-type PSi (300 mA/b5
min) showing the quenching of PL that occurs on exposure to NB (=420

ppm in air) vapor. The PL was stable in pure air for 50 sec.

ool F AY A vug AR A7E =9 PSie 7|¥ Holrh &a, A7 A
Al s, g sgEd g FAR AAE S & F AU

A HA Y freshly etched PSi (50 mA/15 min)$} ¥ WA freshly etched PSi (300
mA/5 min)& ARESte], YER WS =9 ©AE 3 PSi chipd AFEH=PSi
(50 mA/15 min.)el A4 30% Ferel z7 TNT 32%, DNT 17%, PA 27%% 7HAastgl o
M, NBt 50% &tel 20%9 43ades BAvh aga 7139 Zol7t ¢, A7]E A
A g PSi (300 mA/5 min.) chip®] A3 EFH= 302 Tetel 27 TNT 45%, DNT 37%,
PA 40%% #As¢om, NBE 50% wotol 38%< A3ans Hdy, 71& aA 3
PSi7h oF 2w A= AgaHrt FUE S & & ddTh

W o #7719 480 nm blue-lightel ™3t PSi chip FA %, & noise level> 3 Wl
A9 freshly etched PSi (50 mA/15 min.)7} 30 F<¢tel 5%, pored] Zol7} €, =7
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7 2 A & PSi (300 mA/5 min.) chipo] 63%% Ho], PSi W9 pored Zo]7} &,
aA717F E45% YEZ WEE 9geY 23adrt Frkska, PSi WY poredl Z o7t

43 4245 PSichipd AL FohEL ¢ & Atk

N

HER 335 2wge 9@ Y5, PSi U9 A4S ¥U ¢ YRS 33

=

A SFES NLsta, ofE PSi W u7s A 34 FELS methylvinyltetr
aphenylsilole (MVTPS)& 4 ste] Al43F9

1, experimental section® hydrosilylated
PSiol Al A™ s %0 PSiet MVTPSe] ¥ 1 2HkS-& hydrosilylations AF-&31 % 2

O

W, 37}A  hydrosilylation 4] (photolytic hydrosilylation, thermal hydrosilylation,
catalytic hydrosilylation) % 7} £& ZA3E 129 thermal hydrosilylation A}-83F%
=3

Thermal hydrosilylatione MVTPS (05 g)& toluene (100 mlol =9, reflux (48hr)
£ 9o, vkgo] Ey Fof PSi chipg oAlE (CHsCOCH;) 3 WlEgE =2 (CHLL)Z

PSiel Wl doldS F/1EES AAG] Y& 08 A= AFEU, Ao HF
2 PSie XHS AFHFAY. g BRE FAHL AL o]Fo] How AFH T Ai
7}~ 2 samples U ZAIH T

Scheme 82> B34 dFEEA FW 1F3E A7 PSist FW nF3E AIIA &
< PSi9 EWE SEMoz A8 foJgolrt, PSie A4 = o #2 21149 300 mA
of 5% FoF A7t FAste] §AEZ AolH, W &3S A7l PSi (Scheme
of n&3t2 A7A 42 PSi (Scheme 8 [a] )¢} W &9 B
uzstE A7l PSiY ®del nFsE A7 gEEY o2 8 ®o o @2 pore’t

=]
93 EWL TYHT Q7] AEe] AAAEL PARE F AAY L
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2 15.0kV 10.3mm %500 SE(V) 5/24/05

Hydrosilylated PSi¢] UE=Z WaZ% g9 SALE ZAsH7] e, WA freshly
etched PSi (300 mA/5 min)9} MVTPSY ¥719 380 nm UV-lightl w3t A= E =
As) ®oka, MVTPSE PSiol #del 1A Ao s AGadts 4 Ao2 o4
+ hydrosilylated PSi¢] SHAHEE wlwstdth (Figure 21, 22). Fresh PSi
3719 380 nm UV-lighte] tigt A EE SAs A= By Bhef 2ol w4 &4

I
o
<!
-
a=}
w2
I

iRJ

o A5 HolA © WA, =A% hydrosilylated PSit 2719 380 nme] UV-light
of gE¥etA ARG ARE A 5 U ¢ F HAPlA Fresh PSio] ZHW A ®
o e gAS AT u, 24 A & 2k &= 380 nmo] UV-lights AHg-st
A ¢ 480 n Blue-Light& AF&3dt o] f7} Fresh PSiel 380 nm< UV-light&

2 3] B 2AE A5 Yol AR RHAE vhA gBEL AAXE gL 2" A

[

| BEA ol AARAY 715E AdE WA =AUk o] A& UV 99 2o 7 i
quAZ st FAZ F wFe J)FE add wEe Aoy Wit
(photobleaching).

o]d ¥AHS hydrosilylatior| ] 24 utE AT F7F Atk o] A& hydrosilylated
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Figure 21. PL spectra of fresh PSi (300 mA/5 min) and MVTPS
(methylvinyltetraphenylsilole) under 380 nm irradiation. ; A. Fresh
PSi (300 mA/5 min.), B. MVTPS (0.1 g/100 mL)
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Figure 22. PL spectra of hydrosilylated PSi under 380 nm irradiation and
plot for it's stability.
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WA UV-light (Amax = 380 m)o= # LFHE AT AS=ZA, F7] FoA

hydrosilylated PSi chipe] &7y 4o 2l g Absputs §lo] dn} o =

HE A BAFE ARolr

agod ojgA F7] FolA kA Holn B WA S ztu 9E UV-Lightol o
X

Azl AHYE HoJFE hydrosilylated PSi (300 mA/5 min) chip®]
al

AujebE @32 zhu JEx ARyt AL freshly etched PSi chipg zrn Z
55 34599 4o F AY 2107 FUsA 3%
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Figure 23. Steady-state photoluminescence (PL) spectra for hydrosilylated PSi
showing the quenching of PL that occurs on exposure to TNT (=4 ppb

in air) vapor. The PL was stable in pure air for 30 min.
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Figure 24. Steady-state photoluminescence (PL) spectra for hydrosilylated PSi

showing the quenching of PL that occurs on exposure to DNT (=

200ppb in air) vapor. The PL was stable in pure air for 30 min.
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Figure 25. Steady-state photoluminescence (PL) spectra for hydrosilylated PSi
showing the quenching of PL that occurs on exposure to PA wvapor.

The PL was stable in pure air for 30 min.
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Figure 26. Steady-state photoluminescence (PL) spectra for hydrosilylated PSi
showing the quenching of PL that occurs on exposure to NB (= 420ppm

in air) vapor. The PL was stable in pure air for 50 sec.
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Figure 27. FTIR spectra of hydrosilylated PSi chip before and after exposure to

nitrobenzene (NB) vapor in air followed by 30 min flush in pure air.
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%170 PSi chip W9 FTIR spectradl A% A fresh PSig} zo] YER IF [v
(N-0)]9 &% g9 & 4 9dd (Figure 27). PSi¢] FTIR absorbance spectrum= X
v( Si-H ), v( Si-H ), v( Si-Hy ) &% 323 2091 en ', 2116 e 2141 cn ‘ol A #2331,
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IV. Device Fabrication

1. Semiconductor sensor

=

sensor)gb= A& AgstA A v oHAN, i EYFS AAEE
AT 2 FRE AL AHYE st FEL AMAEC] A
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Figure 28. Semiconductor sensor ; photoelectric effect.
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g Qg FES YARAY A FES Hel ¥ 99S YA F 4 Ak v
g mgth % zvE QAR S8 sddE TodE st fei

photoluminescent porous silicong ©] &3to] A zg H s G2 AA fupo] s GA]

i

EAS $8T AAMola AvtE AAMYA Aod,
© @7} guto]l A (device)E A AFA ¥ o= A A AAZOR AILFHIT Y=
2 dHeR Fuir wHska,
=5 AT ¢ e AL e Aolxe 255 gAe] e oA Mt
adA fEe oed 9is BegP 5 %= photoluminescent porous

silicon chip& ©] 43 Fo& FA71E wEa st
of Yuto] =] AztE Hej = e oFo] FHdzol v
fan (12V), PSiE 23417171 $1& light source (blue LED, 460 nm, 3V), 28 % &= 4
nS F3AZ 4 9l optical filter, PSi chipd 4#&8AE 7ZAdo] A7]H e Aoz
HijF= £EY]LE (photodiode, %), L2lal EET] L EoAM Bl A7]4¢ A

35 A oz Walso FAIAZL F Jde AIdEAH (resistance tester, 3V)7} Z

N -
) < [—output

2 o
current
supply

I 1

l.fan 2. blue LED 3. porous silicon
chip 4. optical filter 5. photodiode

designed by bumseoR, Kim

Scheme 9. Explosives sensing device plan
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A AwsiA o523 2o (Scheme 9).
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Figure 29. Fabrication of explosives sensing devicesing photolminescent porous
silicon chip : 1. fan (12V), 2. blue-LED (3V), 3. PSi chip, 4. optical
filter, 5. photodiode (4=3%), 6. A &€ 2H (3V)
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w9 KQ

Fresh PSi chip Hydrosilylated PSi chip
(300 mA/5 min.) (300 mA/5 min.)
%7 7.52
TNT 9.64 (+2.12)
DNT 8.90 (+1.38)
PA 8.95 (+1.43)
2 A9 9 + 0.03

Table 1. Comparison of resistance for two different types of PSi for explosives.

=

AA AEE B3 diolHE BW, F 7FA PSi chipd Z7I#ke] tE2A, 7tE s
of 2ole ggEol AFELS Foto PAHIL PSS Frol Lol B b Ak F
7FAl PSi chipd Z713ke] ©& AL F chipy 29 7 =(photoluminescent intensity)”}

24z ge2r] gEon. o doz A Ve FHEeEA dadol=sojof & W
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V. Conclusion

A1 744 fresh PSi®} hydrosilylated PSi chipeZ Z%A 3385 (TNT, DNT, PA,
B)Y #AE sttt A HAY freshly etched PSi(50 mA/15 min)® F HA 9 freshly
etched PSi(300 mA/5 min)& AF&3te], 22 Eo] Ul PSi chipd 4¥EFH+ PS50
mA/15 min)¢l 4% 30% &kl TNT (32%), DNT (17%), PA (27%)& 3% 2™, NB&=
50% Fotell 20%Y AFEHE HIIL, pored ZolE ¥, AVE ZA T PSi(300
mA/5 min) chip®] A= 30 Fooll TNT (45%), DNT (37%), PA (40%)E 3%
om NBE 50% Hoto] 38%9 A#Fa3ds ®9tl Hydrosilylated PSiZ2 ZWE9] X
£ @ hydrosilylated PSi chipe] A% a¥+= 308 9ol TNT (63%), DNT (47%), PA
(52%)5 stsom, NBe 50x st 45% ~¢ads Bt

AP oA TAdel HAY PSi AA Y] A 4% (self quenching) T4 ZE H
ol Y=ol 49 photobleaching A4 PSiE hydrosilylationA 1 €24 air® 380 nm2
UV-lightol diaiAl o 302 &9k o 0.01%0] LAthe HoA 2 ol 34

%9 %

Fresh PSi chip Fresh PSi chip Hydrosilylated PSi chip

(50 mA/15 min.) (300 mA/5 min.) (300 mA/5 min.)
TNT 32 45 63
DNT 17 37 47
PA 27 40 54
NB 20 38 45
queflecllfnng 5 6.3 0.01

Table 2. Comparison of quenching efficiencies for three different types of PSi.
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AfH oz A WHAY freshly etched PSi (50 mA/15 min)¥ F WA freshly
etched PSi (300 mA/5 min)S AF&3te], £2E (TNT, DNT, PA, NB)Y ®©X& g PSi
chip¥ BAZX, PSi (50 mA/15 min)¢l A Bt} pored ZolE ¢, AV|E =AA T
PSi (300 mA/5 min)7} 28 A L] BAET F7hES & F UL, fresh PSi (300 mA/5
min)® W] MVTPSE EW &3} A7l hydrosilylated PSi®] 7% TNT (63%), DNT
(47%), PA (52%)E 39 2om, NBE 50% wotd 45%9 AFEdE HYSZH, fresh
PSiET o] & HW 1#3 AAS wo] FA %7 436 e S Lokt

T3 PSi chipo. &
TNT > PA > DNTY &A=
gto] S7bske Alo] ofyet 3= 11}—‘?—5‘”‘3@ A7) o Ee
olglg A5 F o Add F&etuAste] AFsd ¢n

],
A9 §7E 4AT & Ak o o2t o2E Fu4

Agge Sool FuE
ANEAS AHYL Foln FAL A4S FAF Aol U g otk Az

F7PRA S AE wwstete] 2 2HE & AoR JlddEn.
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