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Abstract

Porous silicon (PS) conductometric gas sensors can exhibit large sensitivity to gases, due to the large surface versus volume ratio of
porous silicon. A possible application is the detection of traces of nitrogen dioxidg) (BiDair pollutantA G/G signals in excess of 10 in
the presence of concentrations as low as 50 ppb in dry air can be demonstrated. Unfortunately, such high sensitjisygoiN®ed, in
fresh samples, with poor reversibility. Another problem is the interference of water vapor, which also affects the porous silicon conductivity.
However, we show that reversibility is complete in aged samples, and sensitivity to water vapor is lowered. Although in aged samples large
AGIG signals are harder to achieve, we show that concentration levels paN@w tens of ppb are still detectable.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction is about 100 ppl§8].1 The control of NG concentration in
urban areas has become increasingly important, but unfor-
Electrochemical anodization of silicon substrates results tunately cheap solid-state sensors for detecting low levels of
in so-called porous silicon (PS), a “quantum sponge” struc- NO, are not available yet. Recently, N@ensors based on
ture with pores diameters ranging from few nanometers pS have been developed, which can detect concentrations of
up to some micrometers, depending on the fabricafidn ~ NO, in air near and even below the attention lef@+12].
The internal surface/volume ratio of PS is typically of the |n [12], Pancheri et al. have proposed a PS sensor, which
order of 500 ié/cm? [1]. This large value accounts for the can detect N@at 50 ppb level at any relative humidity (RH)
enhanced reactivity of PS layers in contact with several petween 0 and 70%, thus demonstrating that the necessary
chemical species. This feature is an advantage if PS issensitivity for NG pollution monitoring is achievable.
exploited as a sensing mater[al. Liquids or gases pene- Unfortunately, it is not possible to use the device 1]
trating into the pores can affect several physical properties for practical applications. The first difficulty is the effect
of PS. One of these sensitive properties is the electrical of relative humidity on conductivity. For example, a switch
conductivity of the porous layer. Devices exploiting con- from 40% RH to dry air, without introducing N leads to
ductivity as transduction mechanism, i.e. conductometric a conductance increase of around one order of magnitude,
PS sensors—have been demonstrated, for example, fokyhich is about half of the change obtained adding 50 ppb of
HCI, NH3z and NO [3], for humidity [4,5], for organic ~ NO, without changing the RH (kept at 40%#)2]. Clearly,
moleculeq2] and ethanol6]. The appealing characteristics  such behavior is undesirable, since the conductometric mea-
of these PS sensors are low cost, room temperature opersurement alone cannot distinguish between variations asso-
ation and possibility of integration with electronic circuits  ciated to changes of RH and of N@oncentration.

[7]. . o ' o _ The second issue is the reversibility. The exposure tg NO
Nitrogen dioxide (NQ) is a toxic air pollutant emitted  at 50 ppb for 30 min leads to a 35% irreversible increase of
by combustion engines. The attention level of Ni@ air the sensor baseline conductance, i.e. the conductance in the

absence of N@ This shift is associated to a partial pollution
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of the sensor. By comparing to this shift the useful signal (i.e. =~ Measurements were done on as prepared (hereafter re-
the AG/G associated to the presence of N(Oone realizes  ferred to as fresh) and on aged samples.

that the useful signal (at 50 ppb level) is less than ten times

this baseline shiff12]. It can be inferred that longer but

realistic exposure to N@are likely to cause baseline shifts 3 Results

comparable to the usefld G/G signal. This situation is of

course seriously compromising any use of the sensor for the  \ye started fabricating sensors with type A samples, since
proposed application. they are known to give highly sensitive N®ensor$12]. In
In Order to attaCk the abOVe two pr0b|emS, we ha.Ve con- Fig :L we report the effect of Sampie aging on the sensitiv-
sidered tests on aged samples. The starting idea has been g of such type A sensors to water vapor. Samples were dc
investigate the effect of the spontaneous oxidation of porouspjased at+1V on the top electrode while the current flow
surface, under the expectation that the native oxide could\yas monitored. Current measurementsig. 1 are shown
act as a passivating layer, thus possibly leading to more a5 conductance = I/V). In fresh samples (solid squares
reversible—although less sensitive—devices. In this work, jn Fig. 1), G decreases with increasing relative humidity, as
we show that aging has this passivating effect. An interest- expected[12]. We measured a decrease ®fof about an
ing additional feature is the quenching, in aged samples, of grder of magnitude by changing the RH from 27 to 67%.
the effect of RH on conductance. Both results suggest thatHowever, after using such samples for our tests with vapor
PS surface passivation by oxidation might be an effective and NG, for a few days, the sensitivity to different levels
way to obtain reversible and moisture-insensitive sensors. of RH decreases, and almost disappears after 10 days (solid
circles,Fig. 1). After the first 10 days, the samples were kept
in non-sealed containers and periodically measured (e.g. af-
2. Experimental ter 25 and 75 days, solid triangleBig. 1). The fact that
the curve after 10 days is above the 25 and 75 days curves
Meso-porous  silicon layers were grown by electro- could be due to the exposure to N@sts, and suggests that
chemical dissolution in an HF-based solution on a single- jj the long term the sensor pollution with N@night be at
crystalline p-type silicon substrate. Substrate resistivity |east partially reversible. Saturation of aging is observed in
was between 0.006 and 0.02%m. Before the anodiza-  Fig. 1 after 25 days. The results shownFig. 1 point out

tion, the native oxide was removed from the backside of that aging leads to insensitivity to water vapor, and encour-
the wafers, and aluminum back contacts were depositedaged further investigation on sample aging.

by eVaporation. The anOdiZing solution was obtained by In our fo“owing Study’ we concentrated on type B sam-
mixing a 30% volumetric fraction of aqueous HF (48 Wt%) pies (thickness: am), because aging (ie oxidation) re-
with ethanol. We applied an etching current density of gyces samples conductivity, and the starting conductivity
50 mA/cn?. We fabricated two types of samples. The first of type B is significantly larger than that of type A. By
type (hereafter called A) was fabricated using an etching applying a positive bias to the bulk silicon electrode and
time of 23 min, whereas the second type (B) was obtained grounding the electrode on PS, we achieved current values

with an etching time of 127 s. After anodization, the samples of some tens of microamperes. Current values above the
were rinsed in ethanol and pentane, and dried in ambient

air. SEM micrographs show a layer depth of@# for type
A, and about 3um for type B. Normal reflectance measure- 106 -
ments give a refractive index of about 1.4 for both types ] -

of sar IpleS. USing Brugge“ an apprOXil Iat[ﬁ]] we have
Y == ---@
10_7_: ®----—-"—"—-—---@- \\‘

PS top surface. Copper wires were connected to the gold
electrodes using an epoxy silver paste.

During measurements in the presence of;NDd water
vapor, the sensors were biased between one of the top con-
tacts and the back contact at a constant voltage, while the
current was measured. The sensors were kept in a sealed __:__?gzhays
chamber under controlled flux of gases coming from certi- 1 --A-- 25 days
fied cylinders. Humid air was obtained by flowing dry air --¥--75 days
through a bubbler. Different relative humidity levels and 108 L L A S
NO; concentrations were obtained mixing humid air, dry air 2 30 40 50 60 70
and a dilute solution of N@in air (550 ppb) with a flow RH [%]
control system. Relative humidity was monitored using a rig. 1. Effect of relative humidity on electrical conductivity of fresh and
calibrated hygrometer. aged type A PS samples. The thickness of the porous layer isn32

estimated that porosity was about 80%. On each sample, a
few gold electrodes were deposited by evaporation on the

Conductance [S]
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Fig. 2. Effect of exposure to N©O(concentration of N@ 100 ppb) on . o )

thin (3m) aged samples (main plot) and on thick fresh samples (inset). Flg. 3._Effect on PS resistivity dge_to exposure to dlff(_erent levels 0 NO
Relative humidity is 30% in both cases. Temperature i¥22The baseline in a thin (3um) aged sample. Similarly to what seen in the aged sample
shift (1) is absent in the aged sample and significant in the fresh sample, ©f Fig- 2 we observed good baseline recovery after each N@se.

and the signal stabilization (2) is good in the aged thin sample and poor

in fresh thick sample.

404 —o0—AG/IG 40

microamperes range are desirable for noise and cross-talk —®— Initial derivative
immunity. In Fig. 2, we report a typical measurement—on —. 304
an aged sample of type B (3 months)—of the effect 0b,NO 3 130
(at 100 ppb) in 30% RH. = S

Fig. 2shows some remarkable features. A first feature is £ 2.0 120 g
the total absence of an upward shift of the baseline after the § 2
NO; exposure (1 irFig. 2, main plot). By careful looking, a
one could actually notice that there is a very slight trend 1.0 110
downwards, whose origin is still not known. Such trend was
present also before the N@xposure. The result suggests o+ 1o
that exposure to NPhas improved reversibility in this sen- 40 50 60 70 80 90 100

sor. In all fresh samples we have tested, on the contrary, an
upward baseline shift is always measured after the exposure
to NO, (1 in Fig. 2 (inset), shows the effect of NQduring Fig. 4. Relative conductivity variation after 5min of exposure to ;NO
the same measurement, on a fresh sample of type A). A sec{AG/G, open circles), its initial (solid squares) time derivative, of thin
ond feature ofig. 2is the settling of the current to a rather ~(31M) aged PS samples, as a function of Nédncentration.
stable level (about 4QA) after insertion of NQ into the
gas flow (2 inFig. 2, main plot). This results also contrasts fast cycles allowed quick yet complete characterizations in
with results obtained in fresh samples, in which the current less than 1h. We have found that this was a good com-
is not settled even after 30 min (2 Fig. 2 (inset)). promise, which completely avoided long-term fluctuations
Finally, we have repeatedly tested type B samples ap-due to temperature changes. From dat&im 3 we have
plying timed sequences of mixed gas flows, composed by extracted theAG associated to 5min exposures, the initial
synthetic air, water vapor and NGt different concentra-  derivative d5/dt (right after the NQ insertion) as the slope
tions. A typical snapshot of one of our measurements is of the lines inFig. 3. The dependence of these quantities on
shown inFig. 3. Data inFig. 3 were obtained by applying  NO, concentration is reported iRig. 4. As can be seen in
four times a 5min exposure to N@ontaining humid air  the diagram, both the relative changeG/G) and its initial
(RH: 30%). Each time, a different concentration of NO derivative show excellent linearity with respect to the NO
was applied (100, 80, 60, and 40 ppb, respectively), fol- concentration.
lowed by a 5min recovery period (humid air containing no
NO,).
We have chosen 5min exposure cycles on the basis of4. Conclusions
Fig. 2 which shows that, after the insertion of M@ 5 min
the signal reaches 90% of the settled value after 30 min. Al-  We have shown that in aged PS samples, the changes in
though the final value is not totally settled in 5min, such resistivity of the porous layer, associated to exposure tg NO

NO, concentration [ppb]
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