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The sensing behaviour of three kinds of Bi-based superconductor film, differing in microstructure, has been studied. The films
comprise Bi,Sr,CaCu;04.,, (BSCCO) with “open neck™ contacts between grains, Bi,Sr,CuOq.. . (BSCO) prepared by electronic
beam evaporation and Bi,Sr,CaCu,0;., , with ““Schottky-barrier-limited” conductance. The sensitivity and selectivity to NO and
NO, gases against CO and CO; have been investigated. The flow rate dependence of the NO, sensitivity has been measured. The
sensing behaviour of the third film to NO has been measured with both air and Ar as carrier gas. NO behaves as a reductant in air
on the surfaces of Bi,Sr,CaCu,04.,, and Bi,Sr,Cu0Qg..,. NO, is neither reductant nor oxidant under the same conditions. A qual-
itative sensing mechanism for NO, on Bi,SrCaCu,03. , and Bi,Sr,CuQ., , is proposed.

1. Introduction

The gas-detection concept of the semiconductor
NO, sensor is based on chemisorption and/or cat-
alytic activity at the semiconductor surface, which
causes resistance changes of the semiconductor due
to electronic transfer between semiconductor and the
chemisorbed gases. The chemisorption of chemical
species on the surface of ceramic superconductors is
expected to influence the charge carrier concentra-
tion in the surface layer, and even in bulk. Indeed,
ceramic superconductors have been explored for use
as active component in gas sensors [11.

According to our previous investigation [1],
Bi,Sr,CaCu,04,, (BSCCO) and Bi,Sr,CuOg,
(BSCO) are two of the most promising materials for
NO, sensors. In this chapter, the focus is on the
mechanism of the Taguchi-type sensors based on
these ceramic superconductors.

As YBa,Cu;0,, the structure of BSCCO contains
many oxygen ion vacancies. The oxygen sorption-
desorption occurs below 600°C [2]. Due to the ex-
istence of copper(IIl), and the presence of a bis-
muth with a valence higher than 3 in BSCCO, which
has been confirmed by a series of experiments [3-
51, BSCCO may possess a high chemical activity.

It has been reported that the Bi-Sr-Ca-Cu-O
mixed oxides exhibit catalytic activity for the reac-

tion of CO and NO, while selectivity to produce N,
is good. In additions, these oxides are stable to mois-
ture and CO, [6]. With regard to this catalytic ac-
tivity, these oxides are expected to be suited as active
sensor materials.

2. Experimental
2.1. Sample preparations

(A) Films of Bi,Sr,CaCu,0q, . with “open neck”
contacts between grains were prepared by melting the
powders of the oxide directly on an Al,O; substrate.

(B) Films of Bi,Sr,CuQq , . were prepared by elec-
tronic beam evaporation.

(C) Films of Bi,Sr,CaCu,0;, . which conduc-
tance is “Schottky-barrier-limited”. Films (A) and
(C) were prepared as follows:

The starting material Bi,Sr,CaCu,QOg, . was pre-
pared from a mixture of Bi(NO;); 5H,0 (CMC),
SrCO;(>99%, BDH), CaCO,;(CMC), and
Cu(NO;), 3H,0(>99.5, Merck) with a molar ra-
tio of Bi:Sr:Ca:Cu: =2:2:1:2. A thoroughly ground
mixture is first pre-reacted at §20°C in air for 20 h,
then reground and sintered at 850°C in air for an-
other 20 h. Next the sintered material 1s ground to
particles of 1 to 10 um in diameter by ball-milling.
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These powders are distributed homogeneously on
Al,O, substrates in amounts to make resultant films
of less than 100 um in thickness. The substrates were
previously cleaned in acetone. The particles on the
substrates are then melted at 950°C for 8 to 10 min.
The film was polished to about 20-30 pm. These
films (A) are then annealed at 850°C in air for 20
h. Poorly sintered thick films (C) were prepared by
the same method except for the melting process. The
sintering temperature used is 600°C. Thin films of
Bi,Sr,CuO¢, . were obtained with electron beam
(EB) evaporation using a four-target BioRad turbo-
coater equipped with a quartz oscillator thin-film
thickness monitor. Graphite crucibles were filled with
the starting material of Bi,Sr,CuQO¢,, which was
prepared by the same method as for
Bi,Sr,CaCu,05.,, with stoichiometry Bi:Sr:Cu
=2:2:1. As substrate an Al,O, pellet was used. The
distance between crucible and substrate was ad-
justed to be 8 to 10 cm. The substrate temperature
during the evaporation process was between 200 and
400°C. The chamber was evacuated to 1X 106
mmHg prior to deposition. The filament current and
acceleration voltage were adjusted to be 7-8 mA and
3.5-4.0kV in order to maintain an emission current
in the range of 20-40 mA.

2.2. Structure and microstructure

The crystal structure of the films was identified by
X-ray diffraction using CuKa radiation (Philips
PWI1840). A JEOL JSM-35 scanning electron mi-
croscope was used to observe the microstructure of
the films.

2.3. Electrical measurements

Four gold electrodes were sputtered onto the sur-
face to provide electrical contacts. The electrical re-
sistivity of films (A) and (C) was measured by a
standard four-probe Van der Pauw method. The
electrical resistance of film (B) was measured using
the two electrodes method with Ag paste electrodes.
The films were exposed to different NO, or CO,-
containing ambients in the sensor testing system de-
scribed elsewhere [ 7]. The sensitivity and selectivity
of the films to NO, NO, against CO and CO, were
measured at different temperatures. The sensitivities

of films (A) and (B) to NO and NO, were mea-
sured also at different gas flow rates.

3. Results and dicussion

The crystal structue of the films was confirmed by
X-ray diffraction as the 2212 phase. The SEM pho-
tos show that there are wide necks between grains in
film (A) and there is no such neck in films (B) and
(C).

3.1. The flow rate dependence of the sensitivity to
NO,

The sensitivity of a sample to NO and other gases
is defined as

R _ air

S= Rair ag ’

(1)

where S denotes the sensitivity, R and o denote the
resistivity and conductivity of the sample when ex-
posed to NO or other gases, while R,;, and o,;, are the
resistivity and conductivity of the sample in air as a
reference, respectively.

Figs. 1 and 2 show the influence of the flow rate
on the sensitivity of films (A) to NO and NO,, re-
spectively. The sensitivity to NO increases with total
flow rate. The sensitivity to NO, decreases with total
flow rate. The NO, sensitivity of BSCCO drops to
— 1 when the total flow rate reaches 250 ml/min.

Fig. 3 presents the flow rate dependence of the
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Fig. 1. Flow rate dependence of the sensitivity of a thick film of
Bi-Sr-Ca-Cu(2212) to NO: (a) 352°C, (b) 399°C.
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Fig. 2. Flow rate dependence of the sensitivity of a thick film of
Bi-Sr-Ca-Cu(2212) to NO,: (a) 352°C, (b) 399°C.
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Fig. 3. Flow rate dependence of the sensitivity of a thin film of
Bi-Sr-Cu(2201) to NO and NO,: (a) NO, (b) NO,.

sensitivity of a thin film of BSCO thin film to NO
and NO,. The sensitivity to NO increases while the
sensitivity to NO, decreases with increasing flow rate.

3.2. The temperature dependence of the sensitivity
to NO, NO,, CO and CO,

In all experiments discussed here, the flow rate of
the gases is 200 ml/min. Fig. 4 shows the tempera-
ture dependence of the sensitivities to NO, CO and
CO,. The optimal temperature to detect NO and NO,
is 350°C. The sensitivity of a thick film of BSCCO
to CO, is quite low. This can be understood by con-
sidering that CO, cannot be oxidized or reduced un-
der these experimental conditions. While under the
same conditions, the oxidation of CO is permitted
thermodynamically. CO behaves as a reductant as is

.
X '
{1 ¢ . 4] 1
Wi . i .
- & Bk 8
X ) ‘\ )
0y I e Ry
200 300 400 400

PR
)

Fig. 4. Temperature dependence of the sensitivity of film (A) to
NO, NO,, CO, and CO, in air: (a) 500 ppm NO, (b) 500 ppm
NO,, (¢) 500 ppm CO, (d) 1% CO,.
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Fig. 5. Temperature dependence of the sensitivity of film (B} to
NO, NO,, CO, and CO; in air: (a) 500 ppm NO, (b) 500 ppm
NO,, (¢} 500 ppm CO, (d) 1% CO,.

also evident from other experiments [8,9].

The sensitivity of a thick film of Bi,Sr,CaCu,0g., .
to 500 ppm NO was almost one order of magnitude
greater than that to 500 ppm CO, and 1% CO..
Therefore the selectivity against CO and CO, is ex-
pected to be sufficient.

The temperature dependence of the sensitivity of
films (B) and (C) to NO, and CO, is shown in figs.
5 and 6. Films (B) and (C) exhibit selectivity to NO
against CO,.

3.3. Discussion on the sensing mechanisms

While we do not wish to be limited to any partic-
ular theory, it is accepted that the sensing mecha-
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Fig. 6. Temperature dependence of the sensitivity of film (C) to
NO, NO,, CO, and CO, in air: (a) 500 ppm NO, (b) 500 ppm
NO,, (¢) 500 ppm CO, (d) 1% CO,.

nism is based on a chemisorption phenomenon. The
mechanisms of redox processes at the surface of per-
ovskite oxides are topotactic in nature, thus account-
ing for the reversible loss and uptake of lattice ox-
ygen, or for the concomitant creation and
annihilation of oxygen ion vacancies and electronic
charge carriers rendering these systems as attractive
oxidation catalysts [10].

The amount of gas adsorbed, and thus the effect
on the resistivity, depends on the NO concentration.
The sensor responds to the gas until a concentration
is reached at which chemisorption sites are substan-
tially saturated, and a maximum number of defects
is effected.

In general, NO behaves as an oxidizing species at
the surface of n-type materials [11-13]. However,
according to the thermodynamic data [ 14], both the
decomposition to N,O or N, and oxidation of NO
to NO, are possible under these experimental con-
ditions. For decomposing NO on the catalyst in air,
van den Bleek et al. [15] proposed that NO should
be coordinated as NO~, When NO is adsorbed on
the surface of n-type materials, one electron transfer
from the conduction band to an anti-bonding orbital
of NO leads to the formation of an anton,

[:I;If(.):]'.

The formation of NO~ can be accounted for n-type
materials. At the surface of a p-type semiconductor,
one or more electrons may transfer to the semicon-

ductor, and NO~ shall not be formed. Hence, the
prerequisite for NO decomposition is not satisfied.
Therefore, NO does not decompose.

While a chemical species which behaves as a re-
ducing agent chemisorpted on the surface of semi-
conducting materials, the conductivity of p-type ma-
terials will decrease and that of n-type materials will
increase. CO acts as an electron donor, i.e. as an oc-
cupied surface state. On adsorption CO injects elec-
trons into the material’s conduction band, and hence
increases the conductance [16,17].

Ggas:GsTxrf'l'eb_ulk- (2)

By way of redox reactions combustible gases partic-
ipate in a defect reaction which affects the bulk semi-
conductor’s stoichiometry. The concentration of the
material’s bulk conduction band electron relates the
reducing gas concentration [18,19]

Gas T MO0y S Py + (MO) ik +2€ 5 - (3)

CO acts as a reducing agent under these experimen-
tal conditions. When it is adsorbed on the surface of
the 2212 phase material, the conductivity of the ma-
terial decreases.

If NO acts as an oxidizing species, a dissociative
chemisorption of NO with the participation of free
and trapped electrons in oxygen ion vacancies can be
hypothesized [20]:

e~ + Vo +NO(g)—»0& + Ny, (4)
accompanied by the successive reactions:

2N.as—»Na(g) , (5)
Nags +NO,4,—»N,O(g) . (6)

The conductivity of p-type materials will increase.
In this study, no such effect was found. Although NO,
behaves as an oxidant on the surface of p-type
phthalocyanine [21-24], it did not act as an oxi-
dizing agent on BSCCQO and BSCO.

Ishihara et al. [25] found that NO behaves as a
reductant on the surface of p-type Cr,0;-Nb,Qs, and
as an oxidant on the surface of n-type oxides.

According to the results of Kishida et al. {26], a
clean surface of a 2212-phase single crystal is stable
without any adsorption of O, gas.

There are a few cases where reduction and oxi-
dation of the semiconductor has been the process as-
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sumed for a candidate gas sensor. Setter [27] used
cobalt oxide to detect CO, proposing a redox model
in which a lattice oxygen is exchanged during the ox-
idation of CO on cobalt oxide. Gopel et al. [28] ob-
served the existence of oxygen ion vacancies formed
on a TiO, defect surface. This vacancy is formed by
a high-temperature treatment, or by a low-temper-
ature exposure of the defect surface to CO, whereby
CO, formation occurs upon reaction with an adja-
cent lattice oxygen. This reaction even proceeds at
300 K.

For the conversion of NO to NQ,, the reaction
reads

The equilibrium constant K can be calculated from
the data for the Gibbs energy [14], i.e.

InK=—AG/RT. (8)

From this relation we obtain for the partial pressure
of NO, at different temperatures, i.e.

K/Po,
PN02=W(;T);[PN0+PNOZ]- (9)

When the mixed gas is fed into the reactor and arrive
at the surface of the sample, the equilibrium can be
reached if the flow rate is low enough.

When the flow rate of the NO,-air mixture is too
high, the conversion ratio of NO, to NO is very low.
A sensitivity close to 1 means that the material has
no sensitivity to NO,. The NO, sensitivity which is
measured is due to NO formed by NO, conversion.
NO causes the resistivity of the sample to increase.
Considering that BSCCO 2212 phase is a p-type ma-
terial, and NO shows reductive behaviour in air, the
conversion almost reaches equilibrium at low flow
rate. Then the sensitivity to NO and NO, will not
differ much. When the flow rate increases, the con-
version decreases. Then the sensitivity to NO in-
creases, and that no NO, decreases.

3.4. Discussion on the difference of the sensitivity
among films

It is apparent that the sensitivity of film (A) is
lower than that of film (B) and film (C) under the
same conditions.

The main reason is proposed to be a microstruc-

tural effect. There are three kinds of grain bounda-
ries, i.c.

(i) “closed neck™ contacts where the depletion
zone is formed by overlap of two surfaces. Here the
conductivity is ‘Surface-trap limited’.

(11) “Schottky-barrier limited” conductivity may
occur in a porous medium. Within the grains the
conductivity behaves ohmic, while the contacts act
as a Schottky barrier, which arises from trapped
charge in the surface states. Here the gas sensitivity
is independent of grain size. The conductivity is lim-
ited by charge transport across the barrier, and is
proportion to exp( —eV,/kT). The conductivity ac-
tivation energy eV is affected by the charge and frac-
tional coverage of the surface species and is, there-
fore, a function of the composition of the gaseous
ambient.

(ii1) “Open neck” contacts occur in well-sintered
films. In this situation, the neck is wider than the
space charge regions. Now two different situations
may be distinguished. In one situation the conduc-
tivity of the surface layers exceeds that of the bulk,
i.e. the surface-trap-limited regime. In the case of film
(A), the scanning electron micrographs reveal the
width of the neck to be much larger than that of the
depletion layer, which is usually of the order of 100
A. In addition, the electrical conductivity of the cen-
tral-part of the neck exceeds that of the depletion
layers. In this situation the conductance is “bulk-trap-
limited”. The variation of the width of the central
part of the neck due to the introduction of reducing
gases is rather small compared to the total width of
the neck. The conductivity change is small, and,
therefore, the sensitivity is low. If the width of the
neck approaches twice the Debye length when the
grain size is reduced, the conductivity will change
substantially when reducing gases are introduced.
This results from a rather large relative change of the
width of the central part of the neck. If the width of
the central part of the neck is less than twice the De-
bye length, the conductance will become ‘“‘surface-
trap-limited”. The conductance depends on the car-
rier density in the surface layer, and this conductiv-
ity will change when reducing gases are introduced.
Therefore, the sensitivity will be high. Xu et al.
[29,30] have shown that the sensitivity of tin oxide
to hydrogen depends on the grain size. For an »-type
material in reducing atmosphere, the conductance
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becomes “‘surface-trop-limited”, because the con-
ductance of the surface is much higher than that of
the bulk. When the width of neck is comparable with
twice the Debye length, the resistance becomes *““sur-
face-trap-limited”. For p-type material, a high sen-
sitivity results only when the width of the neck ap-
proaches, or is less than twice the Debye length.
Sensors with a high sensitivity using submicron pow-
ders or ultra thin films are subject of further re-
search. Another approach is the synthesis of poorly
sintered thick films as active sensor material as the
case of film (B) and film (C). Their conductances
are “‘Schottky-barrier-limited”, and they show high
sensitivity.

4. Concluding remarks

CO behaves as a reductant at the surfaces of
Bi,Sr,CaCu,0s,, , and Bi,Sr,CuQq . in air. NO also
behaves as a reductant under the same conditions.
NOQO, is neither a reductant nor an oxidant under the
same conditions. The sensitivity to CO is much lower
than that to NO. CO, and NQO, behave neigher as a
reductant nor as an oxidant, Their sensitivities are
quite low. The NO, sensitivity is due to NO formed
by decomposition of NO,.

Based on the experimental facts, a qualitative sen-
sing mechanism for NO, on Bi,Sr,CaCu,0yq., . and
Bi,Sr,CuQg., , is proposed. The principle sensing re-
action is

NO(g)+0Z +2h - (NO,)a+ Vo .

The lattice oxygens in the surface layer are involved
in the sensing reaction. The difference in the sensi-
tivity of the three kinds of films is attributed to a grain
size effect.
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