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Electrical Properiies of Alcohol Vapor Sensors Based on
Porous Silicon

Kwang-Youl Park’, Kyung-Suk Kang', Seong-Jeen Kim', Sang-Hoon Lee’,
Bok-Gil Choi”, and Man Young Sung”~

Abstract

In this work, we [abricated a gas-sensing device based on porous silicon(PS), and its C-V
properties were investigated for sensing alcohol vapor. The structure of the sensor consists of thin
Av/oxidized PS/PS/p-Si/Al, where the p-5Si is etched anisotropically to he prepared into a
membrane-shape. We used alcohol gases vaporized from different alcohol (or ethanol) solutions mixed
with pure water at 36C, similarly with an alcohol breath measurement to check drunk driving. As
the result, I-V curves showed t¥pical tunneling property, and C-V curves were shaped like those of
a MIS (metal-insulator-semiconductor) capacitor, where the capacitance in accumulation was increased
with alcohol vapor concentralion
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1. INTRODUCTION been developed (o measure the level of alcohol

. N - in blood to check drunk driving.
As drinking alcohol affects the ability to . - o
i Since porous silicon (PS) was suggested as a
safely operate dangerous cquipment such as . S : ’
i ) : potential optical material alter the observation[1]
automobiles, motorboats and industrial . . 3
i . ifi fibtied o dhie | of specific photoluminescence phenomena, it has
quipment, 1t 1s strictly prohibite the law to . . . .
s ) i I ) o ¢ invoked much interest in the development of

operatc an automobile if one 1s so under the s ; s ; .
) new silicon light emitting devices. In addition,
influence of alcohol that he cannot safcly operate S ) . i
) - ) the porous silicon has also received much
the motor vehicle. When one drinks alcohol, ) . ] R .
. ) attention as a material applicable to chemical

alcohol 1s absorbed into blood stream. If the : .

] . sensors[2-4] based on its large internal surface
alcohol level in blood is greater than 0.1%, one . o s )
) . ) area, while metal oxide[5] or polymer[6] has
is presumed to be too intoxicated to safely . .

: : ; been used as typical detecting layer.

operate an automobile and punished in most ) ) )

; . In this work, wc fabricated a gas-sensing

countries. Therefore, various test meters have i s . e
device based on porous silicon, and its C-V

properties were investigated for sensing alcohol
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vapor. Our porous silicon sensors can be

regarded as MIS capacitors due to thin oxidized

funection of alcohol solution concentration which

provide information such as the flat-band

20034 19 2790 "2 20039 692 26 13 HAIRE, voltage shift and the magnitude of the oxide
20033 79 249 HET HAEE capacitance.
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2. EXPERIMENTAL

(100) with
resistivity of 20cm were used as substrates. The

Boron-deped, p-lype, Si wafers
substrates were deposited with nitride laver by
LPCVD with a of 0.4um at 7307C.
After patterning the nitride laver, they
thickness as
Fig.1(a). The
20% TMAH
ammonium hyvdroxide) solvent for

thickness
were
etched anisotropically to reduce
shown in a schematic diagram of
wet etching was carried out in
(Tetramethyl
14 hours at 85T. Consequently the remaining
thickness of the substrates was about 150pm,
and the bottom area of membrane structure was
9mm”. These etched substrates were prepared to
form porous silicon layver by anodization in a 1:4
volume solution of HF (499 in water)-ethanol,
100
mA/cm® and the anodization was performed for
Next,

silicon layer was oxidized shortly to improve

where the applied cuwrrent density was

4  minutes. the surface of the porous
stability with regard to ageing effects of porous

silicon. The oxidation of the porous silicon layver

was carried out by use of rapid thermal
oxidation at 1000T for 30 seconds. Metallization
was  carried out with thin  Au/Cr (300nm

thickness) to make an electrode and a guide
ring on the top, and the Au/Cr laver at the
center was removed by 15x1.5mm° to disclose
porous silicon layer into the air, and then an Al
backside of the
substrates to ensure ohmic contact, In this work,

electrode was formed on the
thin gold contact was used as semitransparent
electrode, allowing wvapor to pass through the
the gold film.

sample 1s shown in Fig.1(b).

micro pores in A completed

indicates a set of measurement
To

conditions of typical breath alcohol measurement,

Figure 2

equipment. adjust our experiment with

it was fed with gas mixture vaporized from
alcohol solution at 36T close to the lemperature
of human hodv. As shown in this figure, gas
vaporized from alcohol solution warmed up by a
heater is injected to a chamber with N. gas as
carrier gas through a tube. Every measurement
was carried out after 30 seconds from exposure

A7 424 538 =17, Val. 16, No. 128, December 2003.

(I-V)

with a dc

to gases. Current-Voltage measurement

was carried out power meter to
observe the current under bias to Au electrode
-2 to 2V. C-V

using a LCR meter and a power supplv unit

from curves were measured

which provides both dc bias voltage and ac

signal, where the bias was applied from zero to

2V.
Guide ring
Nitride
Au/Cr
P—substrate
(a)
Guide fing
p—substrate
(b}
Fig. 1. Schematic diagram of the cross section
(a) and the structure(b).
Chamber _Gas inlet
Flow
meter
R

-
LCR meter

Heater (36°C) N
2

Fig. 2. Scheme of the apparatus for gas sensing
measurement.
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3. RESULTS AND DISCUSSIONS

The structure of our device consists of
Aw/oxidized PS/PS/p-Si/Al. Since the thickness
of the oxidized porous silicon laver formed by
rapid thermal oxidation is very thin, the device
can be regarded electrically as a MIS (metal-
insulator-semiconductor) tunnel diode. However,

as the thin insulating layer (oxidized porous

silicon layer) is formed on & nondegenerate
semiconductor substrate, no negative resistance
is expected. Fig.3 shows current and capacitance
measured as a function of bias to Au electrode
at room temperature without any injection of
As Fig. 3(a), 1I-V

curves were determined by tunneling current L

vaporized gas. shown in

which is expressed as

Loe T o AT _1),

(1)

where T is the tunneling probability, B the
barrier height, and V the applied bias. Under
Au
is an electron tunnel current
hand,
increasing

forward bias (negative bias (o electrode),

dominant current

from metal to the conduction and

increases monotonically  with  the

energy difference between two Fermi levels (of

metal and p-type Si1)  which is  directly
proportional to the applied voltage. However,
under reverse bias  (positive  hias to  Au

electrode), the surface is in depletion, and the
rate of carrler supply is reduced. As a result,

the current was limited by reverse saturation

current, lowered considerably than under the

forward-bias.
Figure 3(h) shows C-V curves measured as a

function of bias with frequency (500Hz and
1MHz) of the ac small signal voltage as
parameter, where the axis of capacitance

indicates a normalized capacitance divided by the

capacitance measured at V=0. C V curves were

shown  similarly  to those of a  typical
MIS(metal-insulator-semiconductor) capacitor
with the p-type substrate. At the low
frequency(500Hz) Cc-V curve, stretch-out,

lowering of the slope in C-V curve, was found
in depletion due to moderate response time of

interface—trapped charges. The high—frequency
(1IMHz) C-V curve was saturated into a
minimum value in strong inversion, almost

independent of the bias because minority carrier
density does not change with rapidly varving ac
signal.

We observed the flal-band voltage shift from
the The experimental
capacitance-voltage curve 1s shifted from
ideal theoretical curve by an amount

measured C-V curves.

the

VJ‘-‘B == qu:: .

where Vg is the flal-band voltage shift, ¢ the
work -function difference between metal electrode
and silicon substrate, and Q. the oxide charge,
and Cox The
charges include oxide fixed charge, oxide trapped

the oxide capacitance. oxide

charge and mobile ionic  charge. Vip  1s

dependent on the work function difference
in Eq.(2). The
function is 4.15V for the Au-5i0- system, while

as

seen metal -to-insulator  work
the work function for p-type $i (about 202cm=
4.1V,

Therefore the work function difference @n. is a

5x10"em ™) is  calculated to be about

little positive, close to zero. In our samples,
since Vep is observed about 0.4~0.5V as shown

in Fig. 3(b), it turns out that the shift is caused

dominantly by oxide charges. Generally the
flat-band voltage shift is alfected by both the
magnitude and polarity of oxide charges. As
most oxide charge has positive polarity by
dangling bonds near the S10--5i interface or

mobile alkali ions such as sodium, it results in a
shift of the C V curve toward more negative
bias. However. in our case the flat-band voltage
shifted to

be

was more positive  voltage which

might caused by trapped negative oxide

charge. In our case the existence of the negative

oxide charges is supposed to originate from

HF - treated process during anodization, Generally

under anodization, positive bias 1is applied to

p-lype substrate to supply hole charges from



semiconductor into  surface, while to move
fluorine ions from solution inte surface. That is,
there exist abundant fluorine ions at surface, and
it is inferred that fluorine ions which are not
removed completely in pores during cleaning
process are trapped during the following
oxidation process, and consequently theyv play a
role as negative oxide charges.

Figure 4 shows high-frequency C V curves
measured with no vapor, and under exposure of
alcohol gases vaporized from 0, 0.1 and 02 %
alcohol  solutions, respectively. Since at high-
frequency(1MHz) interface traps do nol respond
to the ac signal voltage, high-frequency CV
measurement can provide stabilized C-V curves.
The measurement was carried out similarly to
breath alcohol measurement used at testing
drinking and driving violation.

The total capacitance Ciy of a MIS capacitor
at the high frequency(IMHz) is given as the
series combination of the silicon capacitance and
the oxide capacitance,

Cscux
Cor = T, i

where Cox is the oxide capacitance and C. is the
silicon capacitance. For a given insulator
thickness, the value of C, is constant and
corresponds to the maximum capacitance of the
syslem in accumulation. Generally porous silicon
layer can be regarded as a complicated dielectric
material, where its dielectric constant is affected
by various components such as air, water vapor
and alcohol  vapor impregnated in  pores.
Therefore the oxide capacitance in this work
means an equivalent capacitance which includes
additive dielectric components by air, water
vapor and alcohol vapor in pores as well as the
oxide.

In accumulation, the total capacitance is ncarly
determined by the oxide capacitance. In Fig. 4 it
is found that the total capacilance increases
from 2800 to 4400pF at applied bias V=0, when
the alcohol solution concentration is changed

from 0 to 0.2%. Instead, under no exposure of

7] 7 A 528 8] = 5], Vol. 16, No. 128, December 2003.

any vapor, the capacitance i1s observed to be
660pF at V=0. In principle, the vapor adsorption
al porous silicon layer leads to a change of the
diclectric constant of the porous silicon layer
(including oxidized porous silicon laver) because
the vapor adsorbed in pores can easily condense
into a liquid in the micro capillaries of the
porous silicon layer. Alcohol has a high relative
permittivity (24 at 25 C) and is very volatile, so
it hecomes strongly vaporized even at low
temperature of 36T and then the capacitance
can be largely changed for small variation of
alcohol solution concentration.
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Fig. 3. Current (a) and normalized capacitance
(b} measured without any injection of

vapor.
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Fig. 4. C-V curves in different alcohol solution
concentrations.

We also observed the chuange of the flat-band
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voltage shift from C V curves. From Eq.(1), it
is found that the flat-band voltage is influenced
by both the oxide charges and oxide capacitance.
By vapor adsorption, the magnitude of interface
oxide charge and trapped oxide charge may be
changed. However, since thev cannot respond to
rapidly varving ac signal in high—frequency C-V
the by
components is hardly expected, and rather the

measurement, change in Vpp these
negative shift of the flat-hand is supposed to be
the of
capacitance with increasing dielectric constant.
The flat-band shift

approximately to zero voltage when the alcohol

due to increase the equivalent oxide

voltage was  moved

solution concentration was increased to 0.2%.

4. CONCLUSIONS

This studv based on the variations of the
electrical properties of porous silicon by vapor
adsorption has demonstrated that porous silicon
can be used for alcohol vapor sensing. From the
GV 160%
increase In capacitance in response to a small

curves in  accumulation, about
change of alcohol solution concentration from 0
to  0.2% that
provide sufficient sensitivity

proves porous silicon sensors

for alcohol vapor

with low concentration. Property of the flat -band

voltage shift provided information about the

existence of negative oxide charge and

dependence on alcohol vapor concentration In
conclusion, we showed that the variation in C-V
and detectable

vapor

curves 1s measurable when

low concentration alcohol is exposed to

the porous silicon surface.
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