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Sintered ceramic semiconductors can be used to monitor the surrounding gas atmosphere. It is based
on the conductivity response of the semiconductor to the surface reactions on the grains of porous
material. Some nonstoichiometry defect donors, like oxygen vacancies inn-type semiconductors,
may be mobile at relatively low temperatures, where semiconductor gas sensors operate. In such
case, the donor concentration may considerably decrease in the space charge layer at the
semiconductor surface, which may be reflected in the transport properties of electrons through the
neck contacts between grains. We model here various neck contacts between spherical grains and
compute the electrical potential at the conductive region from the Poisson–Boltzmann equation in
cases of mobile single and double donors. The solutions are evaluated numerically with a finite
difference method. According to the Schottky-defect model for oxygen vacancies, the surface
concentration of donors is kept a fixed parameter in the calculations. The chosen material
parameters are those of tin dioxide, which is the key material of semiconductor gas sensors. It is
found that mobile donors may strongly modulate the distribution of electrical potential around the
neck contacts, and thus, modify the transducing properties of the microstructure of ceramic
semiconductor gas sensors. ©1996 American Institute of Physics.@S0021-8979~96!08912-8#
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I. INTRODUCTION

Semiconductor gas sensors utilize the chemical sens
ity of semiconductor surfaces for gas sensing applications
metal-oxiden-type semiconductor is the usual sensing ma
rial in these devices. The sensor detects a gas componen
to a change in electrical resistance of a polycrystalline
ramic semiconductor. For a basic understanding of a che
cal sensor one needs to separate the receptor function w
recognizes a chemical substance, and the transducer fun
which transduces the chemical signal into an electric out
signal. In a semiconductor gas sensor, the chemical signa
the semiconductor surface is transduced through the mi
structure of the sintered semiconductor into a resista
change. Hence, various grain contacts together with the g
size of the ceramic microstructure are the key concepts
the transducer function.1 In addition, the mobility of donors,
like oxygen vacancies in oxidic semiconductors, may ha
strong effects on the transducing properties of the sensor2–4

In the sintering process of a ceramic powder, necks
different shapes and dimensions are formed between
powder particles. There are many theoretical treatments1,5–8

in the case of frozen donors for the current transport throu
necks of different shapes and sizes. In the case of a n
control model of conductance in Ref. 1, the transducer fu
tion is closely related to the neck diameter~grain size! and
the depth of the space-charge layer at the surface~the Debye
length!. The given approximate model explained, to som
extent, the observed correlations between the grain size
the H2 and CO sensitivities of fine-particle SnO2 samples
with grain diameters below 30 nm. Both the H2 and CO

a!Electronic mail: tuomo.rantala@oulu.fi
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sensitivities were found to increase with decreasing gr
size below 30 nm. A very small value of about 3 nm fro
Ref. 9 was taken for the depth of the space-charge laye
the surface of undoped SnO2 in the interpretations in Ref. 1
Accordingly, the observed strong increase of resistance
SnO2 samples with decreasing grain size below a critic
grain diameter of about 6 nm at 300 °C was related to
total depletion of grains from conduction electrons. Th
critical grain size is also about the same as the minimum s
limit of 10 nm for the semiclassical approach of the electr
dynamics ~effective mass approximation! at 300 °C
~Dx>131.6 @me /@me*T(K) ##1/2 nm! in tin dioxide with the
electron effective massme* ' 0.3me . In very small grains
with grain size below the de Broglie wavelength of electron
the behavior of electrons is very different from that in th
bulk material due to the quantum size effect.

In the case of a polycrystalline semiconductor, the ba
bending~Schottky barrier! at the surfaces of large grains is
consequence of electron trapping at the surfaces, while
most a flatband situation with a thorough depletion may a
pear in small grains. The Schottky relation, based on
abrupt-depletion approximation in a semiconductor with
constant and frozen distribution of donors, is the us
simple starting point in the treatment of the band bend
and depth of the space-charge layer at the semicondu
surface.10 At higher temperatures, however, donors may
mobile. In particular, this is the case for some nonstoichio
etry defect donors, like oxygen vacancies in oxidic semico
ductors. Now, the distribution of donors follows the distrib
tion of the electrical potential in the space-charge lay
Semiconductor gas sensors operate at elevated tempera
and metal-oxide semiconductors with wide band gap~above
/79(12)/9206/7/$10.00 © 1996 American Institute of Physics
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3 eV! are used as the sensing material. Therefore, we res
our treatment here ton-type semiconductors with negligible
hole concentrations. Our aim is to consider the potential d
tribution around neck contacts between two semiconduc
grains in the case of mobile donors. The effects of a poss
grain boundary across the neck contact are omitted in
treatment. A discussion of grain-boundary effects on the
sistance behavior of a ceramic semiconductor is given
Refs. 8 and 11 in the case of frozen donors.

II. COMPUTATIONAL METHOD

In the space-charge layer at a semiconductor surf
there is an electric field which creates a concentration gra
ent for mobile donors. This, in turn, causes the diffusion
donors in the opposite direction. It is assumed that both
diffusion coefficient and mobility of donors have no spat
or directional dependence and that the Einstein relation ho
between them. Then, the electrical potentialf(x,y,z) in the
space-charge layer inside ann-type semiconductor grain is a
solution of the Poisson-Boltzmann equation

¹2f~x,y,z!52
r~x,y,z!

es

52
emNd0

es
e2mb~f~x,y,z!2f~0,0,0!!

1
en0
es

eb~f~x,y,z!2f~0,0,0!!, ~1!

wherem51 for single donors andm52 for double donors,e
is the elementary charge,b5e/kT, es(5e re0) is the permit-
tivity, and Nd0 andn0 are the concentrations of donors an
conduction electrons, respectively, at the grain center wh
the electrical potential isf~0,0,0!. The connection between
the donor concentration at the grain centerNd0 and at the
grain surfaceNds is given byNd05Nds exp(mbfs), where
fs is the potential difference between the surface and ce
of the grain. Here, we consider mainly spherical grains. T
macroscopic Eq.~1! is no longer valid in small spherica
grains where the number of donors is small and continu
distributions cannot be assumed. A limiting grain radius
about 6–7 nm was obtained for the validity of Eq.~1! in our
earlier study4 in the case ofNds51026 m23 at 573 K. Be-
cause of the wide band gap of metal oxides, the hole c
centration is neglected in Eq.~1!.

It is known that the equilibrium vacancy distributions a
essentially determined by the mechanism of their devel
ment. The oxygen vacancy concentration in oxidic semic
ductors usually follows the partial pressure of oxygen in t
ambient gas phase at the temperatures where the oxyge
cancies are mobile. We adopt here the Schottky-defect m
~with exchange of oxygen between the oxide surface a
ambient gas phase! and keep the surface concentration
donors~oxygen vacancies! a fixed parameter in our calcula
tions. Oxygen adsorption on tin–dioxide surfaces was u
in our earlier study4 as an example to demonstrate the ma
mum size of depleted grains in the case of mobile oxyg
vacancy donors. Surprisingly large values up to about 1mm
were obtained for the limit maximum size of depleted grai
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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The method of finite differences was used to find nu
merical solutions of Eq.~1! by taking a constant value of
zero for the electrical potential at the grain surfaces. Now,
is possible to derive from Eq.~1! an iterative equation for the
electrical potential at a point (i , j ,k) ~see the Appendix!:

f~ i , j ,k!5
1

6 F(
1

6

f~ i 8, j 8,k8!1
emh2

es
NdsS e2mbf~ i , j ,k!

2
n0

mNd0
eb~f~ i , j ,k!2~m11!f~0,0,0!!D G , ~2!

wheref( i 8, j 8,k8)’s are the values of the electrical potential
at six nearest grid points in a three-dimensional cubic grid,h
is the mesh size, and the last two terms relate to the charg
at the point (i , j ,k). Figure 1 shows schematic drawings to
illustrate two different grain contacts and cubic grids~R/h
55, whereR is the grain radius! for the solution of the it-
erative Eq.~2!. The sphere in Fig. 1~a! illustrates a grain in a
long chain of identical grains. Dashed lines indicate nec
contacts~no negative surface charge!. The symbolsC andD
denote the thickness of the contact cut~in the x direction!
and the diameter of the corresponding contact circle, respe
tively. A contact between two spherical grains of differen
size is illustrated in Fig. 1~b!. Our finite difference discreti-
zation of derivatives is exact for second-order polynomials
which is true in our procedure also in the case of nonequ
distant grid spacing, such as that around the pointP ~in Fig.
1! next to the surface boundary.

In addition to the boundary condition, the derivatives
df(x,y,z)/dy at y50 anddf(x,y,z)/dz at z50 vanish due
to the symmetry requirements for the structures in Fig. 1
These extra conditions serve as a useful way to reduce t
computing time by about 70%. Similarly, it is possible to
utilize the symmetry of the structure in thex direction in the
case of Fig. 1~a!. The calculation of the electrical potential at
each point of the network from Eq.~2! is continued until
convergence to about 1025 V.

The constant electrical potential at the grain surface is
macroscopic approximation. However, if the velocity of the
donor diffusion is slow as compared with the lifetime of
trapped electrons at the surface, the time average of the s
face potential can be taken as the constant boundary pote
tial. The electrons trapped at the surface are in localize
states, e.g., in oxygen molecules and atoms, and correspo

FIG. 1. Schematic illustrations~a! of a spherical grain with radiusR in a
chain of similar grains and~b! a contact between two grains with different
radii RL andRS . Dashed lines describe the contact circle with diameterD
~cut thicknessC! in a neck between two grains. Grids with the mesh sizeh
for numerical solution of Eq.~2! are also shown.
9207Rantala, Lantto, and Rantala
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ingly the instantaneous potential has some variation al
the surface. In order to study this variation, the electri
potential was calculated on a planar semiconductor surf
for a case of 16 electrons and 16 single donors. The
electrons were at lattice points of a square lattice in Fig. 2~a!
with a lattice constanta, and the 16 single donors formed
similar lattice at a distanceb below the electrons. The
method of image charges12 was used in the calculation of th
potential in the interface between two materials with diffe
ent permittivity ~air and semiconductor!. Now, the relative
permittivity er in the familiar expressionq/(4pe0e r r ) for
the electrical potential in the interface plane at a distancr
from a point chargeq is the arithmetic average of the relativ
permittivities of air and the semiconductor. The calculat
potential in the shaded area in Fig. 2~a! is shown in Fig. 2~b!
for the case ofa53.5 nm, corresponding to an electron de
sity at 573 K at the surface of a depleted spherical grain w
R5100 nm andNds ~single donors!51026 m23, b55 nm,
and the relative permittivity of the semiconductor is 12. T
potential values refer to a zero potential at infinity from t
surface. In the case of only 16 electrons and donors,
potential is rather smooth over the main area in Fig. 2~b!.

FIG. 2. ~a! Sixteen trapped electrons in a square 434 lattice with a lattice
constanta at the planar surface of a semiconductor. Sixteen single don
are also assumed to locate in a similar lattice at a distanceb below electrons.
~b! The electrical potential at the shaded surface area in~a!, calculated for
the casea53.5 nm,b55 nm ander ~semiconductor!512.
9208 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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III. RESULTS AND DISCUSSION

The calculations for neck contacts were carried out fo
the spherical grain geometries shown in Fig. 1. The ratio
between the spherical grain radius and mesh sizeR/h was
found to have a strong effect on the accuracy of the result
when the value of the ratioR/h was less than 30. Therefore,
a valueR/50 was used for the mesh sizeh. For clarity and
easy comparison with the results of our earlier study,4 the
potential energy values2ef were shifted to zero at the grain
center@of the larger grain in the case of Fig. 1~b!#. Then,
eV(x)52ef(x) describes the band bending inside grains
and the surface energy barriereVs52efs .

The values 1026m23, 573 K, and 100 nm~with h52 nm!
were used in calculations forNds , T, andR, respectively
~unless otherwise stated!. With these values ofNds and T,
tin-dioxide grains were found to be depleted from conduc
tion electrons in atmospheric air in the case of mobile
oxygen-vacancy donors up to a diameter of about 1mm.4

Therefore, the electronic charge term in Eq.~2! was ne-
glected in most calculations~Figs. 3–8!. Depleted grains
have also been found to control the conductance in a com
mercial SnO2-based ceramic sensor.13 The value of the en-
ergy barriereVs , calculated for a totally depleted grain at a
certain temperature, corresponds to the maximum ban
bending in the grain in the case of mobile donors with a fixed
surface concentration. In the case of the surface trapping o
electrons, however, only a partial depletion of the grains is
physically meaningful. In order to study the effect of a par-
tial grain depletion on the band bending in grains, the elec
tronic charge term in Eq.~2! was included in some calcula-
tions ~Fig. 9!. The minimum radius of the smaller grain in
Fig. 1~b! was taken to be 10 nm in order that the macro-
scopic Eq.~1! is valid.4 Usually oxygen vacancies behave as
double donors in metal–oxide semiconductors. In SnO2, for
instance, two energy levels of the oxygen-vacancy doubl
donors are 30 and 145 meV below the conduction ban
edge.14 Therefore, the calculations were made for both single
and double donors. The value of permittivity was taken to
correspond to the average value of tin dioxide (e r'12!.15

ors

FIG. 3. Numerical and analytical results for the potential energy distribution
eV(x) in a cross section of a depleted cylindrical rod-shaped grain with
radiusR5100 nm at 573 K in the case of mobile single~m1! and double
~m2! donors withNds51026m23. Numerical results are also given foreV(x)
in the case of mobile single donors inside a sphere~m1,sph! with the same
parameter values.
Rantala, Lantto, and Rantala
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The present numerical calculations are compared w
corresponding analytical results4 in Fig. 3, where potential
energy curveseV(x) are shown in a two-dimensional circl
with R5100 nm ~cylindrical rod-shaped grain! for both
single~m1! and double~m2! mobile donors. In addition, the
numerical results are also shown for a sphere with the sa
radius in the case of single donors. The differences betw
the numerical and analytical results in Fig. 3 are very sm
which supports the accuracy of our numerical approach w
Eq. ~2! andh5R/50. The small differences in the numeric
results between cylindrical and spherical grains with mob
single donors are also in good agreement with our ear
findings.4

A comparison of the potential energyeV(x), in a grain
of a chain of identical grains@Fig. 1~a!#, between frozen and
mobile single donors is shown in Fig. 4 at different diamete
D of the contact circle. The constant, frozen concentration
single donorsNd51.5631023 m23 gave the same total sur
face barriereVs as the surface concentrationNds51026 m23

in the case of mobile single donors. The average numbe
electronsnD on a surface area of equal size with the area
the contact circle, corresponding to the charge density
trapped electrons on the free grain surface in the case of
frozen and mobile single donors, is also given in Fig. 4
different areas of the contact circles. The surface density
trapped electrons is an order of magnitude smaller for fro
donors. In the case of mobile donors, the decrease ofeV(x)
is very steep near the surface~the curveD50!. At the center
of the contact circle, the potential energy also decrea
strongly with increasing circle diameterD in the case of
mobile donors.

The potential energieseV(x) through the center of the
contact circle (y5z50), calculated for a neck contact be
tween two spherical grains with radiiRL andRS @Fig. 1~b!#,
are shown in Figs. 5~a! and 5~b! for mobile single and double
donors, respectively. The results are given for three differ
smaller grain radiiRS510, 30, and 50 nm when the radiu
RL of the larger grain was 100 nm and the diameterD of the
contact circle was 9 nm. The mesh sizeh was 2 nm in all
three cases. Scaling of theeV(x) values for single donors in

FIG. 4. Potential energyeV(x) at 573 K in a grain~R5100 nm! shown in
Fig. 1~a! with four different neck diametersD in the case of mobile~full
symbols! and frozen~open symbols! single donors withNds51026 m23 and
constantNd51.5631023 m23, respectively. The average number of trapp
electronsnD is also given for different areas of the contact circles in the ca
of both mobile and frozen donors.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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Fig. 5~a! by a factor of about 0.56 gives approximately the
eV(x) values for double donors in Fig. 5~b!. At the center of
the contact circle, the amount of the band bending in th
larger grain~RL5100 nm! is only about 60% of the value
eVs at the free surface in both Figs. 5~a! and 5~b!. In the
smaller grain withRS510 nm, the energy barriers between
the grain center and the center of the contact circle are on
0.025 and 0.015 eV in the cases of single and double dono
respectively. These energy barriers are lower than the th
mal energykT50.049 eV at 573 K. The Fermi energy in
thermal equilibrium is constant throughout the structure
which means that the average electron concentration in t
smaller grain withRS510 nm is much lower than that in the

ed
se

FIG. 5. Potential energyeV(x) at 573 K through the neck contact~D59
nm! between two different sized grains shown in Fig. 1~b! with RL5100 nm
andRS510, 30, and 50 nm in the case of mobile~a! single and~b! double
donors withNds51026 m23.

FIG. 6. Potential energyeV(x) at 573 K through various neck contacts
~D54, 6, 9, 13, 20, and 28 nm! between two grains shown in Fig. 1~b! with
RL5100 nm andRS530 nm in the case of mobile single donors with
Nds51026 m23.
9209Rantala, Lantto, and Rantala
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larger one. The situation in the smaller grain with decreas
RS approaches the flat-band situation.

Figure 6 shows the potential energyeV(x) in the case of
mobile single donors through the center of the contact cir
in a structure in Fig. 1~b! where the radiiRL andRS are 100
and 30 nm, respectively, and the diameter of the con
circle has six different values between 4 and 28 nm. In
case of a very small contact circle withD54 nm, the poten-
tial energy barrier between the grains decreases by abou
eV from the case where the free surfaces of the grains ar
contact ~pressed pellet!. In the case of the largest conta
with D528 nm in Fig. 6, the energy barrier between grai
decreases by about 0.25 eV from the valueeVs .

The concentration of mobile donors at the grain surfa
has a strong effect on the band bending in a depleted gr
Figure 7 shows the situation for mobile single donors w
fixed concentrations of 1024, 1025, and 1026 m23 at the sur-
face of a depleted grain withR5100 nm. A strong decreas
is seen in the values of the energy barriereVs with decreas-
ingNds . In the case of a neck contact in Fig. 7@D520 nm in
the geometry of Fig. 1~a!#, however, the energy barrier be
tween two grains through the center of the contact circle
insensitive toNds . This energy barrier changes by only abo
0.05 eV between the values 1024 and 1026 m23 of Nds . Thus,
the decrease in the energy barrier from the value at the n

FIG. 7. Potential energyeV(x) at 573 K in a grain~R5100 nm! shown in
Fig. 1~a! with D50 ~full symbols! and 20 nm~open symbols! in the case of
mobile single donors with three different values ofNds 10

24, 1025, and 1026

m23.

FIG. 8. Potential energyeV(x) at seven different temperatures between 3
and 873 K in a grain~R5100 nm! shown in Fig. 1~a! with D520 nm in the
case of mobile single donorsNds51026 m23.
9210 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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surface (eVs) to that at the center of the contact circle is very
sensitive toNds in the depleted grain as shown in Fig. 7.

The potential energy barrier between the grains change
also with changing temperature. Figure 8 shows the variation
of the eV(x) with temperature between 300 and 873 K in a
grain of Fig. 1~a! where the grain radius isRL5100 nm and
the diameter of the contact circle isD520 nm. The potential
energy barrier between the grains at the center of the contac
circle increases with increasing temperature. At temperature
near room temperature, however, the diffusion may be very
slow and the donor distributions are practically frozen. A
temperature change of 300 K in Fig. 8 corresponds to the
change of about 0.1 eV in the energy barrier between the
grains.

The electron charge distribution in Eq.~2! ~the second
term on the right-hand side! was neglected in the calculations
of the results shown in Figs. 3–8. Some calculations were
also carried out with the electron charge distribution. The
ratio n0/Nd0 at the grain center@Eq. ~2!# was used as a pa-
rameter in the calculations. In large grains the ratio ap-
proaches 1 in the case of single donors~2 for double donors!.
The results of a calculation with five different values of
n0/Nd0 between 0 and 1 are shown in Fig. 9, where the grain
geometry and the contact circle are the same as in the case
Fig. 8. The results show that the energy barriers between th
grains at the center of the contact circle are very insensitive
to the electron charge distribution. The maximum effect,
with n0/Nd051 ~the grain center not being depleted!, on the
energy barrier between the grains is only about 0.03 eV. In
the case of almost total depletion, however,n0/Nd0!1.

A schematic neck contact between two grains of differ-
ent sizes is shown in Fig. 10 together with a corresponding
band diagram. In the treatment of electron transport through
neck contacts~constant distribution of frozen donors! in Ref.
7, it was found that the minimum energy barrier at the center
of the neck contact~Eact in Fig. 10! corresponds to the acti-
vation energy of conductance for the current through the
neck. In the case of mobile donors, the potential energy
across the neck contact,eV(y) in Fig. 10, becomes steeper
from the surface toward the center of the neck contact than in
the case of constant distribution of frozen donors@parabolic
eV(y)#. Thus, the conductanceG for current through the

0

FIG. 9. Potential energyeV(x) at 573 K in a grain~R5100 nm! shown in
Fig. 1~a! with D520 nm, calculated in the case of mobile single donors
~Nds51026 m23! with five different values 0, 0.1, 0.5, 0.9, and 1 of the ratio
no/Ndo.
Rantala, Lantto, and Rantala
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neck in Fig. 10 is proportional to the Arrhenius factor:

G}exp~2Eact/kT! ~3!

and is strongly dependent on the diameterD of the neck
contact.

Now, the calculated results above show that the mobil
of donors may have strong effects on the electron transp
properties through the neck contacts in ceramic semicond
tors. In addition, the mobility of donors may strongly modif
the transducing properties of the ceramic microstructure
the case of gas sensing with semiconductor sensors.
comparison of the results in Fig. 4 between frozen and m
bile donors shows that the decrease of the potential energ
the surface is very steep in the case of mobile donors. T
potential energy decreases to a value of about half ofeVs at
the distance of about 5 nm from the surface in the case
both single and double mobile donors~Figs. 3 and 5!. This
steep decrease of the potential energy is the reason for
strong potential modulation inside neck contacts in the ca
of mobile donors~Figs. 4 and 5!. The potential energy bar-
rier between the grains is also very sensitive to the size of
neck contact between the grains~Fig. 6!. Thus, neck contacts
in a ceramic semiconductor with mobile donors may dete
mine, to a large extent, the activation energy of conductan
and strongly modulate the conductivity properties of the m
terial.

In the case of oxidic semiconductor gas sensors, the r
of the adsorption/desorption mechanism and that of the s
face defect mechanism in the creation of the transduc
conductance signal is, to some extent, in a controvers
state.11 In the case of the adsorption/desorption model,
Fermi-energy shift at the surface controls the surface dens
of conduction electrons and balances, by an electron capt
rate, the injection rate of electrons from the surface traps in
the conduction band. In small grains in the flat-band case,
Fermi-energy shift corresponds to the activation energy

FIG. 10. Schematic illustration of a grain contact between large grain w
a neutral region around the grain center and a totally depleted small g
together with a corresponding band diagram alongx axis in the case of
mobile donors. Potential energy distribution of electrons through the cro
section of the neck iny direction eV(y) is also shown~drawing at the
right-hand side!.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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conductance. In larger grains with band bending the activa
tion energy of conductance decreases due to the decrease
the potential energy inside neck contacts. The decrease
especially strong in the case of mobile donors~Figs. 4 and
6!. The eVs modulation by gas exposure in the adsorption/
desorption model is mixed in the conductance response o
sensors with a neck modulation through mobile donors. In
the case of a slow donor diffusion the redistribution of do-
nors is slow, which means long response and recovery time
for the sensors. In the surface defect model, on the othe
hand, reaction of the lattice oxygen with an adsorbed ga
component increases the concentration of the oxygen
vacancy donors at the surface. As shown in Fig. 7, the in
crease in donor concentration at the surface may strong
modulate the conductance, especially in the case of thin nec
contacts~small D!. The diffusion speed of donors is also
now related to the response and recovery times of the se
sors.

Possible effects of a grain boundary across the neck con
tact were omitted in the treatment. However, it may be a ver
rare situation that two powder particles with the same crysta
face in contact, sinter to an ideal single crystal, although, th
~110! face is the most stable, and thus, the dominant crysta
lite face in SnO2.

16 Stoneham17 describes the basic types of
grain boundaries in oxides. Open pipe structures appear, f
instance, in tilt grain boundaries for easy access to gas mo
ecules. Possibly slow~and random! diffusion of ions through
neck contacts along the grain boundaries may disturb th
potential distribution inside the neck contacts and cause, fo
instance, instability to the behavior of semiconductor gas
sensors. The possibility that oxygen ions do not come onl
from the gas phase, but emerge also from the lattice sites18

into grain boundaries, may also be a reason for disturbance
in the potential behavior inside the neck contacts.

IV. CONCLUSIONS

A theoretical treatment based on a numerical solution o
the Poisson–Boltzmann equation is given for the electrica
potential inside spherical grains and different neck contact
in n-type ceramic semiconductors in the case of mobile
single and double donors. Tin dioxide is used as an examp
material in the calculations. At the operating temperature o
semiconductor gas sensors, around 500 °C, the potential d
crease is very steep at the grain surfaces in the case of mob
donors. Therefore, thin neck contacts between large grain
modulate strongly the potential energy barrier between th
grains in the case of mobile donors. The modulation also ha
strong effects on the conductivity properties of ceramic
semiconductors. In the case of gas sensing the mobility o
donors may also strongly modify the transducing propertie
of the microstructure of a ceramic semiconductor sensor,
there is substantial band bending within the grains. In sma
grains with band bending less thankT, the neck contacts lose
their importance for conductivity and gas response modula
tion. The Fermi-energy shift in depleted grains is now a char
acteristic parameter for the conductivity and gas-respons
behavior of the material.

ith
rain

ss
9211Rantala, Lantto, and Rantala

ct¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp



i-
ACKNOWLEDGMENTS

This work was supported by the Academy of Finland
We also thank the Center for Scientific Computing~CSC,
Espoo, Finland! for computational resources. T.S.R. wants t
thank the Imatran Voima Foundation, the Jenny and An
Wihuri Foundation, and the Foundation for the Advanceme
of Technology in Finland for financial support.

APPENDIX: DISCRETIZATION OF THE
POISSON–BOLTZMANN EQ. (1)

It is possible to rewrite the Poisson–Boltzmann Eq.~1!
in the following form:

¹2f~x,y,z!52
r~x,y,z!

es

52
emNd0

es
e2mb~f~x,y,z!2f~0,0,0!!

1
en0
es

eb~f~x,y,z!2f~0,0,0!!. ~A1!

A discretized form of the left-hand side of Eq.~A1! accord-
ing to Fig. 1 is

1

h2 F S (
1

6

f~ i 8, j 8,k8!D 26f~ i , j ,k!G . ~A2!

By taking the value of zero for the electrical potentialf at
grain surfaces, it is possible to express the connection b
tween the donor concentrations at the grain center and s
face byNd05Ndse

2mbf(0,0,0).
The discretization of the right-hand side of Eq.~A1! gives
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o
tti
nt

e-
ur-

2
em

es
Ndse

2mbf~ i , j ,k!1
em

es

n0
mNd0

Nd0e
b~f~ i , j ,k!2f~0,0,0!!

52
em

es
FNdse

2mbf~ i , j ,k!

2
n0

mNd0
Ndse

2mbf~0,0,0!eb~f~ i , j ,k!2f~0,0,0!!G
52

em

es
NdsFe2mbf~ i , j ,k!

2
n0

mNd0
eb~f~ i , j ,k!2~m11!f~0,0,0!!G . ~A3!

Finally, by solvingf( i , j ,k) from the equality of expressions
~A2! and ~A3! we get

f~ i , j ,k!5
1

6 F(
1

6

f~ i 8, j 8,k8!1
emh2

es
NdsS e2mbf~ i , j ,k!

2
n0

mNd0
eb~f~ i , j ,k!2~m11!f~0,0,0!!D G ~A4!

which is the form of Eq.~2!.
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