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Opposite effects of NO , on electrical injection
in porous silicon gas sensors
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The electrical conductance of porous silicon fabricated with heavily dppgge silicon is very
sensitive to NQ. We show that the sign of the injection variations depends on the porous layer
thickness. If the thickness is sufficiently low—of the order of fegam—the injection decreases
instead of increasing. We discuss the effect in terms of an already proposed twofold actiop,of NO
according to which the free carrier density increases, and simultaneously the energy bands are bent
at the porous silicon surface. ®004 American Institute of Physic§DOI: 10.1063/1.1757025

Porous siliconPS) is obtained by electrical anodization crease in the electrical injection caused by the increase of
of crystalline silicon(Si) substrates.It has received much conductance—has been reported thick samples (=30
attention after the discovery of efficient room temperatureum).®=1° We report here for the first time the opposite be-
photoluminescenceRecent reviews are availablé The in-  havior in thin samples(=2 um), in which the injectionde-
ternal surface to volume ratio of PSi can reach several hurereasesn presence of N@.
dreds of M per cn?, leading to strong dependence of optical p* PSi layers were grown by electrochemical dissolu-
and electrical properties of PSi on the environment. For thigion in an HF-based solution on a single-crystallipéype
reason, PSi is an interesting material for gas sersors. (100 heavily-doped Si substrate. Substrate nominal resistiv-

Recently, several reports have focused on PSi sensoity p was 6—15 il cm. Before anodization, the native oxide
fabricated using heavily doped p-type $i( PSi), in which  was removed from the back side of the wafers, and alumi-
the sensitive parameter is the electrical conductdnten num back contacts were deposited by evaporation. In order
absence of gases, the electrical injection in sufficiently thicko achieve high sensitivity to N we have used an anodiz-
(=30 um) p* PSi layers is very low. In fact, anodization ing solution consisting of a mixture of 3 pafia volume of
leads to a porous structure almost depleted of mobilequeous HR48% wt) and 7 parts of ethanol. The etching
charges. However, the concentration of boron dopants is esvas performed by applying an etching current density of 50
sentially unchanged by the anodization, remaining approximA/cn?. We fabricated two types of samples. The first type
mately as high as in the starting® substrate £10° (hereafter referred to as “thick”was fabricated using an
cm 3).1213 The absence of mobile charges is ascribed teetching time of 1363 s, whereas the second tyftkin” )
hole trappind but the actual mechanism is still was obtained with an etching time of 127 s. Thus, thick and
controversial! In presence of specific gases, the mobile carthin samples were fabricated by using exactly the same pro-
rier population changes, usually leading to increases of corzedure, except for the anodization time. After anodization,
ductance, as in the case of N(Refs. 6—11 or NHz. the samples were rinsed in ethanol and pentane, and dried in

The presence of NQO's reported to free the trapped holes ambient air. Scanning electron microscopy images showed a
at interface staté$’? As a consequence, the conductivity in- layer thickness of about 32 andin, respectively, for thick
creases with the increased free hole concentrdtithThe  and thin samples. From normal reflectance measurements, a
process is very effective for sensing: the presence o NOrefractive index of about 1.4 was calculated, and using
can be detected at concentrations as low as 122ppi), is  Bruggeman approximatiérwe have estimated that porosity
a by-product of internal combustion engines and can cause@as about 78%.
lung diseases. Most pollution regulations set the warning Gold electrodes were deposited by evaporation on the
level of NGO, around 100 ppl§for example, Italian Ministe- PSi top surface. Copper wires were connected to the gold
rial Decree, 15 April 1994 Hence, the required level of electrodes using an epoxy silver paste.
sensitivity for realistic applications is attainablepi PSi. For the electrical characterization, the sensors were kept

The sensitivity to NQ is affected by both sensor’'s in a sealed chamber under controlled flux of gases coming
porosity’ and micro structuré? In this work, we report a from certified cylinders. Humid air was obtained by flowing
quite surprising effect: the electrical injection pi" PSi in  dry air through a bubbler. Different relative humidity levels
presence of N@can increase or decrease, depending on thand NG concentrations were obtained by mixing humid air,
thickness of thep™ PSi layer. The known effect—the in- dry air and a dilute solution of NQin air (550 ppb with a
flow control system. Relative humidity was monitored using

dElectronic  mail.  gaburro@science.unitn.it;  URL:  hipyy/ & calibrated hygrometer. In order to characterize the time
www.science.unitn.itt semicon response, a bias voltage ofl V was applied on one of the
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3 100 | Rel;ﬁve hur'nidity_ 1'0% ] f@rst (_)bservation is that in abs_ence of pe curre_znt injec-_
g [ ' ] tion is three orders of magnitude larger than in the thick
o 5 33 ppb 10ppb - sensor[Fig. 2@)], even though the thickness is only one
2 o} : . order of magnitude lower. This suggests that, in the thin sen-
107 E Ll sor, the current injection is limited by the junctions rather
than the resistivity of the porous layer.
< - The value of the work function of gold is similar to the
g 10° 3 work function of p* Si (¢,=5.1€eV). Therefore, we as-
§ - sume that the two junctions behave similarly, in terms of the
10° balance of excess charge at the junction regions. Since the
: p* PSi is essentially an intrinsic semiconductot? the dc
: . L . L . — electrical current versus voltage characteristic should be

0 3600 7200 10800

_ similar to the one of a quasi-symmetr'-i-p* device.
Time (s)

Although this is clearly a rough simplification, it is experi-
FIG. 1. Simultaneous measurement of current injection in thick and thinmentally justified by the almost symmetrical theV char-
sensors, under fixed bias voltagmttom plo and under controlled gas flux  gcteristics of the thin senséFig. 2).

as a function of time. The bias voltage wad V applied to one of the top F ot .
contacts with respect to the back contact, for both sensors. The dynamics of Inn"-i-n" Sistructures, when the distance between the

the sensors is not limited by the setup, whose time response is about 1 mifdNCtions is in the range of Zm or less, extra free carriers
The kink at 1800 s is probably due to a small gas fluctuation. The top plodiffusing from the heavily doped regions accumulate over

shows the composition of the gas flux. the whole intrinsic regiod® Since the doping profiles of Ref.
15 are comparable to our equivalgnt-i-p* structure, we
top contacts with respect to the back contact, and the injectesimilarly expect that the hole density in the whole porous
current was constantly monitoré#ig. 1). Although the in-  layer of our thin sensor will be larger than the equilibrium
jected current does not totally stabilize after 30 min, Fig. ldensity in bulkp* PSi.
suggests that most significant current variations are observed Also, the injection is largely affected by the distribution
within such time period. Thus,—V characterization, per- of defect states inside the energy dafhis latter fact is in
formed as a separate measurement, was acquired after wadfar opinion a strong candidate to explain, in thin sensors, the
ing 1800 s(the assumed settling time required from the ac-decrease of the current injection associated with the presence
tivation of the gas switch |-V characterizations are of NO,. If the presence of N@leads to a shift of the Fermi
reported in Fig. 2. level, it will accordingly affect the current injection as well.
The main result discussed in this work is clearly visible A model which include a Fermi level shift at the surface has
in both Figs. 1 and 2: in presence of NCthe injected cur-  peen described by Boariret al® In p* PSi, close the mid-
rent increases in the thick sensor, and decreases in the tmﬁp energy, there is a high density of dangling bori€)(

one. In absence of gases, ionization of boron dopants can involve
In the case of the thick sensor, the impedance of theych defect states, which supply eIectrorﬁ{ D°—B;,
device is dominated by the high resistance of the thick cen- D). Therefore, inp* PSi, ionization does not produce
tral layer. During the exposure to NOthe conductance of free holes, because of the trapping action of the defect states
thep™ PSi layer increases, as a consequence of the releage the surfaceD).2 The Fermi level remains between the
of trapped holes, as already establisfié@hus, the injection energy levels of boron and defect states, as schematized in
@ncreases in presence of_I‘ZIOI_n Fig. 2, the increase is vis- Fig. 3, (a). The presence of NObends the energy bands
ible by comparing the thick lines of plot®) and (b). The  nward at the PSi surface, pulling the Fermi level below the
-V _charactenstlc is symmetric with respect to a change inygron energy, and restoring the original doping action of
the sign of the voltage. _ _ boron [Figs. 3b) and 3c)]. An interesting feature of this
The behavior of the thin sensor is harder to explain. Thenggel is the energetically favorable location of holes at the

outer surface of conductive paths. Thus, the effect of, MO

30% (RH) 30% (RH) twofold: holes are de-trapped and pulled at the surface. There
NO, absent 100 ppb (NOp) is a reduction of the effective conductive arfs in Fig.
_ 10° 3(b)] or more appropriately of the hole mobility, because of
% 10° the larger scattering in proximity of the surface. If the hole
g 107 density is very low(as in the thick sensgrin the absence of
° 0 NO, there is hardly any conduction. The hole repopulation
5 N induced by NQ totally obscures any effect on mobility. On
10 the contrary, if hole density is not negligible even in absence
10 Ly of NO,, a mobility reduction might be the only measurable
2 0 2 20 2 effect of NG,. In the thin sensor, the hole density is higher
Voltage (V)  Voltage (V) than its equilibrium value because of diffusion from the junc-

tions. The hole de-trapping by NGhas a negligible contri-
FIG. 2. dc electrical characteristics of thi¢thick line) and thin(thin line) bution to the overall hole density Thus. we suppose that in
sensors. The voltage sign is positive on the top contact with respect to th ’ !

back. The composition of the gas flux is reported on top of each plot (RHﬁ']in sensors the onIy Signiﬁcant effect is the band bending!

=relative humidity. which reduces the effective mobility, increasing the resis-
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toward the surface. The latter effect is an effective narrowing
of the conductive cross-sections, which also implies a low-
ering of the effective hole mobility. In thin sensors, this latter
effect dominates because the free hole density is high even in
the absence of NO On the contrary, in thick sensors, the
dominating effect is the increase in free hole density. As a
consequence, the net effect of N@ thick and thin porous
silicon sensors is opposite in sign.
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