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Abstract

In this paper, a new sensing device based on a FET structure having a PoSi layer as sensing material, namely adsorption porous silicon-

based FET (APSFET), is proposed. The sensing mechanism is based on an gas-induced conduction channel in the crystalline silicon under the

sensing layer, a new approach with respect to previously reported PoSi sensors. The fabrication process is based on a standard silicon process.

In this work, the fabrication process along with an electrical characterization of the device in presence of different organic vapors (alcohols

and acids) is presented and discussed.
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1. Introduction

Today’s need to constantly monitor and control air pollu-

tion in the environment, in laboratories, hospitals or generic

technical installations, pushes the development of highly

sensitive gas detectors to prevent accidents caused by gas

leakages. Such detectors should allow continuous monitoring

of the concentration of particular gases in the environment.

Ideally, a gas sensor should have: (i) high sensitivity;

(ii) high selectivity, i.e. negligible (or at least known and

repeatable) response to other species; (iii) small size; and

(iv) low cost. In the last years, a number of new sensing

materials, apart from the standard thick film oxides, have

been considered. The compatibility of such materials with

integrated circuit (IC) fabrication processes would certainly

be a remarkable advantage. As a matter of fact, the use of IC

batch fabrication and the inclusion of extraction/condition-

ing electronics on the same chip would give a significant

push in the direction of low cost/low size devices.

Because of its very large surface/volume ratio (hundreds

of m2/cm3), high reactivity, and its potential compatibility

with silicon-based electronics, porous silicon (PoSi) is one

of the most promising materials for the fabrication of gas

sensors. PoSi-based devices have been proposed as sensors

for humidity [1,2], NOx [3,4] and various organic polar

substances [5,6]. The involved sensing mechanisms are

generally associated with a change in the free carrier con-

centration in the porous layer due to adsorbed molecules, or

changes in the dielectric constant due to gas condensation

inside the pores; the sensed quantity is generally a con-

ductance/current [7] or capacitance [2,8].

Optical methods, based on photoluminescence modulation

[9], or interferometry [10,11] have been proposed as well,

and very high sensitivities were demonstrated. Nonetheless,

the use of optical detection implies a much more complex

measurement system with respect to electrical methods, and

this fact limits its usefulness in practical sensors.

Despite the large interest in PoSi based sensors, the

compatibility of the fabrication process with the IC tech-

nologies has not been investigated in detail in the literature.

Non-standard processes are generally used for PoSi sensors

fabrication. An alternative to this approach is the modifica-

tion of a standard IC technology with the addition of specific

steps for PoSi fabrication. In this case, however, performing

the anodization step (i.e. the PoSi formation) between

standard process steps leads to severe compatibility pro-

blems for two main reasons: (i) the possible contamination

from PoSi itself to other parts of the device/wafer and to the

processing reactors (for instance when a contact metal layer

is deposited directly on the PoSi after its formation), and

(ii) PoSi degradation (mechanical, electrical, etc.) because

of thermal and/or etching steps. Thus, in order to ensure the

compatibility with the industrial processes the PoSi layer

fabrication should be the last technology step [12].

Our device, an adsorption porous silicon-based FET

(APSFET) is a gas sensor based on a standard

bipolar þ CMOS þ DMOS (BCD) silicon technology. The

porous layer is fabricated at the end of the process. In the

APSFET, the change of the sensed quantity (a current) is
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caused by a change of free carrier concentration in the

silicon channel directly below the porous sensing layer,

with advantages in term of measurement and sensitivity.

A similar mechanism is used for example in ISFETs [13],

where protonation of the interface between the gate insulator

and an aqueous solution results in a change of the channel

conductivity, as well as in the ADFET [14], where the

adsorption/desorption of polar molecules from a gaseous

environment results again in a modulation of the conduc-

tivity of a FET device.

2. Device fabrication

The fabrication process of our device is based on an

industrial BCD process and schematically consists of the

following steps: (1) wet oxidation (about 90 nm) of a p type

h1 0 0i wafer with a doping of 1015 cm�3; (2) boron implan-

tation through the oxide to create two interdigitated comb-

like patterns, 1.4 mm deep, with an higher p-doping (pBody):

grid lines are 4 mm wide, several hundreds micrometers

long, and spaced 30 mm apart; (3) arsenic implantation

to define an nþ contact 0.23 mm deep on the pBody lines;

(4) polysilicon deposition (450 nm) and polysilicon nþ

implantation; (5) polysilicon patterning to define the front

contact (constituted by a poly/SiO2 structure) and the lines to

the sensing area; (6) deposition of an LPCVD Si3N4 layer

with a thickness of 90 nm; this film acts as a masking layer

during the anodization process, as will be clear later; (7)

deposition of an spinnable SiO2 (TEOS) layer (500 nm), to

be used as a mask for the Si3N4 etching; (8) definition of a

window onto the SiO2 to expose the active area; the device

area is 1 mm2 approximately; (9) wet Si3N4 etching by

means of an H3PO4 solution and (10) wet etch of the residual

oxide. The final step was the selective anodization of the

structure through the Si3N4 window. As the LPCVD nitride

is etched at a very slow rate by the anodization solution, it

can be used to define PoSi areas of arbitrary shape. The

composition of the anodization solution was 1:1(v/v) HF

(48%):C2H5OH (99.9%). After the anodization the samples

were rinsed in ethanol and pentane and slowly dried in

nitrogen ambient.

The anodization process, performed in the dark, acts

only on p-doped silicon, whereas the nþ poly/nþ silicon

are not affected [12]. In this way a p PoSi layer is formed and

the nþ poly/nþ silicon contact is left unchanged, so that the

formation of an electrical contact on PoSi after its formation

is unnecessary.

It is important to note that, depending on the values of

the anodization parameters (time and current density) two

Fig. 1. Schematic view of the APSFET. In (a), a non-continuous device is shown, while (b) is a continuous one. For clarity, only three strips are shown.
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different structures can be produced. For low currents/times,

the PoSi layer is not continuous (i.e. connected) under the nþ

implant, while for higher currents/times the anodization

takes place under the nþ implant as well, and a continuous

buried layer can be obtained [12]. The resulting structures

are sketcked in Fig. 1a and 1b, respectively. In the latter case,

the nþ strips are physically connected with PoSi only, and

not with the crystalline bulk. In the following, we will refer

to these two classes of devices as ‘‘non-continuous’’ (Fig. 1a)

and ‘‘continuous’’ (Fig. 1b).

3. Experimental and discussion

The concentration of organic vapors was controlled by

mixing pure nitrogen, used as a carrier gas, with a saturated

vapor of the chosen substance. A nitrogen gas stream is

injected at the bottom of a liquid-filled vessel (the saturator)

and bubbles through the liquid phase. At the same time, the

liquid evaporates into the gas bubbles until the equilibrium

saturated vapor pressure, Pv, is reached. For a single com-

pound this vapor pressure is a function of the temperature

only and can be obtained through the Antoine equation. The

mole fraction at the outlet of the saturator yv
0 is given by:

yv
0 ¼ Pv

Ptot

(1)

where Pv is the vapor partial pressure and Ptot the total

pressure.

In order to reach lower concentrations the saturation

principle has been combined with the dilution technique.

A known nitrogen flux, Fcar, is fed through the saturator

and is subsequently mixed with a larger diluting flux, Fdil.

After the secondary dilution, the mole fraction of the

proportioning component y00v is:

y00v ¼ b½yv
0=ðyv

0Þc
1 þ ðFdil=FcarÞ

: (2)

By varying the flux ratio, vapor concentrations as low as

100 ppm can be obtained. The temperature was controlled

by placing the sample into a testing chamber equipped with

a 0.1 8C resolution temperature controller. The chamber

volume was about 200 cm3.

Electrical measurements were carried out with an

HP4145B parameter analyzer. All the currents were mea-

sured by biasing one of the two comb-shaped electrodes with

respect to the other one, and by electrically connecting the

latter with the back electrode (i.e. with the p-doped bulk).

All the electrical measurements were carried out at atmo-

spheric pressure and at a temperature of 30 8C.

Fig. 2 shows a typical current–voltage characteristics of a

device for several isopropanol concentrations. The I–V

curves resemble the output characteristics of a FET, with

a linear region for low voltages and a saturation current at

higher voltages. This type of characteristics was only

observed in non-continuous samples, whose structure clo-

sely resembles a FET. On the contrary, in continuous

samples typical conduction currents were about three orders

of magnitude lower than in non-continuos devices. Also, the

curve shape no longer resembled the output characteristics

of a FET and was almost independent on the isopropanol

vapors, up to concentrations of 20,000 ppm.

In Fig. 3 the transient response of the sensor c28 (anodized

at 25 mA/cm2 for 30 s), exposed to different isopropanol

vapors concentration is reported. The graph clearly shows

that the sample current is restored to its initial value after the

Fig. 2. Current–voltage characteristics of an APSFET in presence of several isopropanol concentrations.
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measurement cycle, i.e. the final current value (in absence of

isopropanol) is very close to the initial value. The response

time of the sensor cannot be easily extracted from these

curves because of the large volume of the testing chamber.

In Fig. 4 the response of two devices to different iso-

propanol concentrations, at a constant 5 V bias, is reported.

Sample c28 (circles) was anodized at 25 mA/cm2 for 30 s,

while sample c30 (triangles) was anodized at the same

current density for 10 s only. Both the samples are non-

continuous, but with different PoSi thickness (about 0.5 mm

for c28, 0.15 mm for c30). The current for the sample c30

is consistently lower than for the other one. Moreover, a

threshold value in the concentration exists for the former

before the current starts to grow linearly. As shown in Fig. 5,

once the thinner device is turned on (concentration above

2000 ppm), the sensor current linearly depends on the con-

centration up to 10,000 ppm.

In Fig. 6 the effect on the sensor current of C1–C4

alcohols at constant voltage bias (5 V) is reported. For every

species the sensor response linearly depends on the con-

centration of the species in the environment. Moreover, the

sensitivity of the sensor increases with the number of carbon

Fig. 3. Transient response of sample c28 for increasing isopropanol concentrations.

Fig. 4. Response of samples c28 (circles, thicker PoSi layer) and c30 (triangles, thinner PoSi layer) to different isopropanol concentrations.
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atoms in the molecule or the molecular weight of the

molecule.

Interestingly, an opposite effect on the current was

observed for organic acids [15] (we tested formic, acetic,

propanoic and butanoic acid) with respect to alcohols. As an

example, we give in Fig. 7 the I–V characteristics of a sensor

after acetic acid exposure: a reduction of the conduction

current is clearly observed.

There are several approaches to explain the variation of

the current with the adsorbed gas. One of the most frequently

reported is associated with changes in the PoSi film capa-

citance and/or conductivity due to vapor condensation in the

pores. The formation of a condensed phase in the pores

changes the average permittivity (which can be capacitively

sensed) and could also introduces a parallel ionic conduc-

tivity (as could be the case of ammonia [8]). However,

conductivity variations well below the condensation condi-

tions have been reported for methanol [16]. In our devices,

the fact that the conductivity actually lowers for a class of

substances (organic acids), while a parallel ionic conduction

Fig. 5. Full-range (0–10,000 ppm) response to isopropanol for sample c30.

Fig. 6. Response of an APSFET to the C1–C4 series of alcohols.
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mechanism should always raise the current, excludes that, at

least for acids, this mechanism is responsible for the

observed current changes.

Stievenard and Deresmes [17] proposed a model where

adsorbed gas molecules at the PoSi surface change the width

of a depleted region inside the silicon nanocrystals, thus

modifying the overall conductance of the PoSi layer. It must

be pointed out that, depending on the concentration of

defects at the nanocrystals interface and the doping of the

original bulk material, the nanocrystals could well be com-

pletely depleted, or even inverted (i.e. actually populated by

electrons) even in absence of any adsorption. A low doping

acts both in the sense of reducing the initial hole population

in the nanocrystals and reducing the average size of nano-

crystals. It is well established that nanoporous silicon is

obtained starting from p type low doped material (see, for

example, [18]). While this model could explain the behavior

of continuous devices, where the observed slight increase in

current could be interpreted as an increased concentration of

carriers in the porous layer, the FET-like characteristics of

non-continuous devices and their higher sensitivity (i.e. the

higher conductance change for the same vapor concentra-

tion) with respect to the continuous ones cannot be easily

modeled.

On the other hand, the structure of non-continuous

devices suggests that a significant part of the conduction

current flows through the crystalline material immediately

below the PoSi layer. The current in non-porous (i.e. not yet

anodized) devices is in the nA range—as expected for

a reverse saturation current of a nþ–p junction—and the

same is true for continuous devices (as stated earlier). On

the contrary, a much higher current is observed in non-

continuous devices.

This behavior is well explained by the presence of an

inverted channel of mobile electrons in the crystalline p-

doped layer under the PoSi layer and between adjacent nþ

contacts. If the adsorption of a molecule results in a change

in net charge in the PoSi layer, a mobile charge sheet can be

easily formed (or removed, depending on the sign of the

PoSi charge) in the underlying crystalline silicon. A change

in the number of adsorbed molecules per unit area results

then in a modulation of the channel charge density and, in

turn, in a change of the channel conductivity, with the same

mechanism of a MOS transistor. It is known that an inverted

channel can be induced in a MOS structure as a consequence

of ions enclosed in the gate oxide or interface defect states:

values as low as 1011 charged defects/cm2 are sufficient to

invert a substrate with doping NA ¼ 1015 cm�3. An enor-

mous number of sites per unit area is available for adsorption

in the PoSi, so that the channel charge density is expected to

be extremely sensitive to the vapor concentration in the

ambient.

An even stronger evidence of the formation of an electron

channel at the PoSi-crystalline silicon interface is given in

Fig. 4, where the current dependence on isopropanol con-

centration for two different, non-continuous devices at the

same voltage bias is given. The only difference between the

samples is the thickness of the porous layer. When the two

samples are exposed to pure nitrogen, c28 (the one with

thicker PoSi) already conduces more than 100 mA, while the

current in c30 (the thinner one) is still negligible. Above a

threshold isopropanol concentration (about 2000 ppm) both

currents linearly depend on the concentration. This behavior

is easily explained if we postulate that a non-negligible fixed

charge is present in the PoSi matrix, which is known to have

a large number of defects (among them dangling bonds) that

Fig. 7. Current–voltage characteristics of an APSFET in presence of several acetic acid concentrations.
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could act as charge traps. The density of defects per unit area

is proportional to the PoSi layer thickness. Thus, the initial

fixed charge in the thicker sample can be sufficient to induce

a conduction electron channel even in absence of adsorption,

while the thinner sample begins to conduce only when the

charge contribution of the adsorbed isopropanol reaches a

value that forces the underlying silicon substrate into strong

inversion.

The adsorption mechanism and its influence on the carrier

concentration is still not clear. The trend we observed for

acids is coherent with the one reported in [14], where it is

attributed to the behavior of different substances as Lewis

acids or bases, that act as acceptors or donors for the

underlying substrate if the gate oxide is sufficiently thin

(less than about 5 nm). In our model, this charge plays the

role of the gate charge in a MOS transistor. A role of the

dipole field of the adsorbed molecules in the stabilization of

free carriers at the nanocrystal interface was also suggested

[16]. As a matter of fact, we observed no response to

pentane, which is non-polar. Nonetheless, the dipole

moment cannot fully explain the strong difference in current

sensitivity that we detected for different alcohols, which

show almost the same dipole moment (around 1.8 D). A

more complex (yet unknown) interaction (chemical or phy-

sical) of these species with the PoSi network has to be

supposed. Also, a dipole-based model cannot explain the

reduction of conduction current in presence of organic acids.

4. Conclusions

An alcohol/acid-selective, integrated porous silicon sensor

based on a FET-like structure (or APSFET) was presented. Its

fabrication technology is compatible with standard IC tech-

nology—as a matter of fact, apart from anodization, that

comes as the last step, it was fabricated using a standard

technology. Because of the high area/volume ratio of PoSi,

high sensitivity and high output currents are achievable. The

presented data strongly suggest that the working principle of

the APSFET is based on a modulation of the mobile charge at

the porous silicon-crystalline silicon interface, and that this

modulation is induced by the adsorption of molecules of the

sensed species inside the porous silicon matrix.
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Valenta, J. Dian, Determination of sensoric parameters of porous

silicon in sensing of organic vapors, Mat. Sci. Eng. C19 (2002) 251.

[10] H.-K. Min, H.-S. Yang, S.M. Cho, Extremely sensitive optical

sensing of ethanol using porous silicon, Sens. Actuators B Chem.

B67 (2000) 199.

[11] V.S.-Y. Lin, K. Motesharei, K.S. Dancil, M.J. Sailor, M.R. Ghadiri, A

porous silicon-based optical interferometric biosensor, Science 278

(1997) 840.

[12] G. Barillaro, A. Diligenti, F. Pieri, F. Fuso, M. Allegrini, Integrated

porous-silicon light-emitting diodes: a fabrication process using

graded doping profiles, Appl. Phys. Lett. 78 (2001) 4154.

[13] J. Janata, in: J. Janata, R. Huber (Eds.), Solid State Chemical

Sensors, Academic Press, Orlando, 1985, p. 66ff.

[14] P.F. Cox, US Patent no. 3,831,432 (1974).

[15] G. Barillaro, F. Pieri, Organic vapours detection using an integrated

porous silicon device, in: Proceedings of the Eurosensors XIV,

Copenhagen, August 2000.

[16] M. Ben-Chorin, A. Kux, Adsorbate effects on photoluminescence

and electrical conductivity of porous silicon, Appl. Phys. Lett. 64

(1994) 481.

[17] D. Stievenard, D. Deresmes, Are electrical properties of an

aluminium-porous silicon junction governed by dangling bonds?

Appl. Phys. Lett. 67 (1995) 1570–1572.

[18] R.L. Smith, S.D. Collins, Porous silicon formation mechanisms, J.

Appl. Phys. 71 (1992) 15.

Biographies

Giuseppe Barillaro received his laurea degree in electronic engineering

and his PhD degree in information engineering from the University of Pisa,

Italy, in 1998 and 2001, respectively. Since November 2001 he has a post-

doc position at the Information Department of University of Pisa. His main

research interests concern porous silicon applications and technologies,

silicon micromachining, solid state sensors, microelectronic devices and

technologies.

Andrea Nannini received his laurea degree in electronic engineering from

the University of Pisa, Italy, in 1982. He received his PhD degree in

electronics and information engineering in 1987 at the end of the first

Italian PhD course held by the University of Padova, Italy. From 1988 to

1992 he was an university researcher at the ‘‘Scuola Superiore di Studi

Universitari e Perfezionamento S. Anna’’, Pisa. Since 1992 he worked at

the Department of Information Engineering of the University of Pisa as an

associate professor. Since November 2000 he is a full professor of

G. Barillaro et al. / Sensors and Actuators B 93 (2003) 263–270 269



‘‘Electron Devices’’. He is also holding the course: ‘‘Sensors and Detec-

tors’’. He’s currently a member of the Council of the Inter-dipartimental

Center ‘‘E. Piaggio’’, he is a member of the Central Library Council of the

Engineering faculty and the vice-president of the Council of the Course of

Studies in Electronic Engineering. His main research interests concern solid

state sensors, microelectronic devices and technologies and MEMS.

Francesco Pieri received his laurea degree and PhD in electrical

engineering, both from the University of Pisa, Italy, in 1996 and 2000,

respectively. He joined the Department of Information Engineering of the

same University as a researcher in 2001. His current research interests

include applications of porous silicon to sensors and microtechnologies,

and the development of microelectromechanical systems.

270 G. Barillaro et al. / Sensors and Actuators B 93 (2003) 263–270


	APSFET: a new, porous silicon-based gas sensing device
	Introduction
	Device fabrication
	Experimental and discussion
	Conclusions
	Acknowledgements
	References


