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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 vacanciegyipe 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. 196 American Institute of Physids$S0021-897¢96)08912-§

I. INTRODUCTION sensitivities were found to increase with decreasing grain
Vs_ize below 30 nm. A very small value of about 3 nm from

ity of semiconductor surfaces for gas sensing applications. AX€f- © was taken for the depth of the space-charge layer at
metal-oxiden-type semiconductor is the usual sensing mate{he surface of undoped Spn the interpretations in Ref. 1.
rial in these devices. The sensor detects a gas component dfgcordingly, the observed strong increase of resistance of
to a change in electrical resistance of a polycrystalline ceSNQ: samples with decreasing grain size below a critical
ramic semiconductor. For a basic understanding of a chem@rain diameter of about 6 nm at 300 °C was related to the
cal sensor one needs to separate the receptor function whiépfal depletion of grains from conduction electrons. This
recognizes a chemical substance, and the transducer functi§ftical grain size is also about the same as the minimum size
which transduces the chemical signal into an electric outpuimit of 10 nm for the semiclassical approach of the electron
signal. In a semiconductor gas sensor, the chemical signal dfynamics (effective mass approximation at 300 °C
the semiconductor surface is transduced through the micrdAx=131.6[me/[m} T(K)]]¥2 nm) in tin dioxide with the
structure of the sintered semiconductor into a resistancelectron effective mass); ~ 0.3m.. In very small grains
change. Hence, various grain contacts together with the graiwith grain size below the de Broglie wavelength of electrons,
size of the ceramic microstructure are the key concepts fothe behavior of electrons is very different from that in the
the transducer functiohln addition, the mobility of donors, bulk material due to the quantum size effect.
like oxygen vacancies in oxidic semiconductors, may have In the case of a polycrystalline semiconductor, the band
strong effects on the transducing properties of the sedsbrs. bending(Schottky barrier at the surfaces of large grains is a
In the sintering process of a ceramic powder, necks otonsequence of electron trapping at the surfaces, while al-
different shapes and dimensions are formed between th@ost a flatband situation with a thorough depletion may ap-
powder particles. There are many theoretical treatménts pear in small grains. The Schottky relation, based on an
in the case of frozen donors for the current transport througlabrupt-depletion approximation in a semiconductor with a
necks of different shapes and sizes. In the case of a neckonstant and frozen distribution of donors, is the usual
control model of conductance in Ref. 1, the transducer funcsimple starting point in the treatment of the band bending
tion is closely related to the neck diametegrain siz¢ and  and depth of the space-charge layer at the semiconductor
the depth of the space-charge layer at the surfdeeDebye  gyrfacel® At higher temperatures, however, donors may be
length. The given approximate model explained, to somempgpile. In particular, this is the case for some nonstoichiom-
extent, the observed correlations between the grain size angry defect donors, like oxygen vacancies in oxidic semicon-
the H, and CO sensitivities of fine-particle Sa@amples gy ctors. Now, the distribution of donors follows the distribu-
with grain diameters below 30 nm. Both the, ldind CO  ion of the electrical potential in the space-charge layer.
Semiconductor gas sensors operate at elevated temperatures
dElectronic mail: tuomo.rantala@oulu.fi and metal-oxide semiconductors with wide band ¢apove

Semiconductor gas sensors utilize the chemical sensiti
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3 eV) are used as the sensing material. Therefore, we restrict i FT &Y
our treatment here to-type semiconductors with negligible P 4 2 I‘i1+|]j
hole concentrations. Our aim is to consider the potential dis- [T ' LT
tribution around neck contacts between two semiconducting :;
grains in the case of mobile donors. The effects of a possible [} ' \
grain boundary across the neck contact are omitted in the
treatment. A discussion of grain-boundary effects on the re-
sistance behavior of a ceramic semiconductor is given in (b)
Refs. 8 and 11 in the case of frozen donors.
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FIG. 1. Schematic illustration&) of a spherical grain with radiuR in a
chain of similar grains an¢b) a contact between two grains with different
II. COMPUTATIONAL METHOD radii R, andRg. Dashed lines describe the contact circle with diamBter
(cut thicknes<C) in a neck between two grains. Grids with the mesh kize
In the space-charge layer at a semiconductor surfacr numerical solution of Eq(2) are also shown.

there is an electric field which creates a concentration gradi-
ent for mobile donors. This, in turn, causes the diffusion of

donors in the opposite direction. It is assumed that both the  1rhe method of finite differences was used to find nu-
diffusion coefficient and mobility of donors have no spatial jyerical solutions of Eq(1) by taking a constant value of
or directional dependence and that the Einstein relation holdsgq for the electrical potential at the grain surfaces. Now, it
between them. Then, the electrical potengigk,y,2) in the 5 possible to derive from Eql) an iterative equation for the

space-charge layer inside artype semiconductor grain is a gjectrical potential at a poini k) (see the Appendix
solution of the Poisson-Boltzmann equation
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en whered(i’,j’,k’)’s are the values of the electrical potential
+ — ef(6xy.2)=¢(0,00) (1)  atsix nearest grid points in a three-dimensional cubic drid,
€s is the mesh size, and the last two terms relate to the charges
wherem=1 for single donors anth=2 for double donorsg  at the point (,j,k). Figure 1 shows schematic drawings to
is the elementary chargB=e/kT, e,(= €,¢€p) is the permit- illustrate two different grain contacts and cubic grig&h
tivity, and Ngg andng are the concentrations of donors and =5, whereR is the grain radiusfor the solution of the it-
conduction electrons, respectively, at the grain center whererative Eq.(2). The sphere in Fig.(#) illustrates a grain in a
the electrical potential ig/(0,0,0. The connection between long chain of identical grains. Dashed lines indicate neck
the donor concentration at the grain cenig, and at the contactgno negative surface changdhe symbols<C andD
grain surfaceNy, is given byNgo=Nysexp(mB¢,), where  denote the thickness of the contact it the x direction
¢s is the potential difference between the surface and centeand the diameter of the corresponding contact circle, respec-
of the grain. Here, we consider mainly spherical grains. Theively. A contact between two spherical grains of different
macroscopic Eq(1l) is no longer valid in small spherical size is illustrated in Fig. (b). Our finite difference discreti-
grains where the number of donors is small and continuougation of derivatives is exact for second-order polynomials,
distributions cannot be assumed. A limiting grain radius ofwhich is true in our procedure also in the case of nonequi-
about 6—7 nm was obtained for the validity of Efj)) in our  distant grid spacing, such as that around the pBifiin Fig.
earlier stud§ in the case oNy=10°® m™3 at 573 K. Be- 1) next to the surface boundary.
cause of the wide band gap of metal oxides, the hole con- In addition to the boundary condition, the derivatives
centration is neglected in E¢l). do(x,y,z)/dy aty=0 andd¢(x,y,z)/dz at z=0 vanish due
It is known that the equilibrium vacancy distributions areto the symmetry requirements for the structures in Fig. 1.
essentially determined by the mechanism of their developThese extra conditions serve as a useful way to reduce the
ment. The oxygen vacancy concentration in oxidic semiconeomputing time by about 70%. Similarly, it is possible to
ductors usually follows the partial pressure of oxygen in theutilize the symmetry of the structure in tiedirection in the
ambient gas phase at the temperatures where the oxygen w@ase of Fig. (a). The calculation of the electrical potential at
cancies are mobile. We adopt here the Schottky-defect modelach point of the network from Ed2) is continued until
(with exchange of oxygen between the oxide surface andonvergence to about 18V.
ambient gas phageand keep the surface concentration of The constant electrical potential at the grain surface is a
donors(oxygen vacancigsa fixed parameter in our calcula- macroscopic approximation. However, if the velocity of the
tions. Oxygen adsorption on tin—dioxide surfaces was usedonor diffusion is slow as compared with the lifetime of
in our earlier studyas an example to demonstrate the maxi-trapped electrons at the surface, the time average of the sur-
mum size of depleted grains in the case of mobile oxygenface potential can be taken as the constant boundary poten-
vacancy donors. Surprisingly large values up to aboutrl tial. The electrons trapped at the surface are in localized
were obtained for the limit maximum size of depleted grainsstates, e.g., in oxygen molecules and atoms, and correspond-
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FIG. 3. Numerical and analytical results for the potential energy distribution
(a) @ ° ° °

eV(x) in a cross section of a depleted cylindrical rod-shaped grain with
radiusR=100 nm at 573 K in the case of mobile sindlml) and double
(m2) donors withN4s=10?° m~3. Numerical results are also given f@¥(x)

in the case of mobile single donors inside a spHer&,sph with the same
parameter values.

lll. RESULTS AND DISCUSSION

The calculations for neck contacts were carried out for
the spherical grain geometries shown in Fig. 1. The ratio
between the spherical grain radius and mesh Bize was
found to have a strong effect on the accuracy of the results
when the value of the ratiB/h was less than 30. Therefore,

a valueR/50 was used for the mesh sike For clarity and
easy comparison with the results of our earlier sthidye

FIG. 2. (a) Sixteen trapped electrons in a squaredlattice with a lattice potentlal energy valuese_qs Were shifted to Z(?I’O atthe grain
constanta at the planar surface of a semiconductor. Sixteen single donor§€nter[of the larger grain in the case of Fig(ll]. Then,
are also assumed to locate in a similar lattice at a distarmsgow electrons.  eV(X) = —e¢(Xx) describes the band bending inside grains
EE) The elfgtrécal pgtfgtial at tr&e s(hade SL&rfai:; alr;(a)lmalculated for and the surface energy barrievs= _ e¢s_
© cas@=3s.5 hm,b=>5 nNm ande; {SeMICONAUCIORE22. The values 1% m~3, 573 K, and 100 nngwith h=2 nm)
were used in calculations fddys, T, and R, respectively
(unless otherwise statpdwWith these values oNy, and T,

tin-dioxide grains were found to be depleted from conduc-
ingly the instantaneous potential has some variation alongon electrons in atmospheric air in the case of mobile

the surface. In order to study this variation, the electricaloXygen-vacancy donors up to a diameter of aboytr.’
potential was calculated on a planar semiconductor surfacEherefore, the electronic charge term in H@) was ne-

for a case of 16 electrons and 16 single donors. The 16lected in most calculationgFigs. 3-8. Depleted grains
electrons were at lattice points of a square lattice in Fig). 2 have_also been found to c_ontrol the conductance in a com-
with a lattice constana, and the 16 single donors formed a Mercial Sn@-based ceramic sensbiThe value of the en-
similar lattice at a distancéd below the electrons. The ©r9y barriereVs, calculated for a totally depleted grain at a
method of image chargEswas used in the calculation of the certa!n t.emperatu.re_, corresponds to. the maximum b and
potential in the interface between two materials with differ- bending in the grain in the case of mobile donors with a f|xed
ent permittivity (air and semiconductpr Now, the relative surface concentration. In the case of the_ surface trappmg_of
permittivity e, in the familiar expression/(4meqe,r) for eLecStir((:)arL\”s, rr:lc:avgi\i/r?r;‘uclmllz 2rgg:tltzl Siﬁgle?ﬁg é)fffetzteogfr:mzrl_s
the electrical potential in the interface plane at a distance by y giu. y P

f int ch is the arithmeti  the relafi tial grain depletion on the band bending in grains, the elec-
rom a point charge Is the arithmetic average of the relative ¢, charge term in Eq2) was included in some calcula-

permittivities of air and the semiconductor. The calculated;ys (Fig. 9. The minimum radius of the smaller grain in
potential in the shaded area in FigaRis shown in Fig. 2b) Fig. 1(b) was taken to be 10 nm in order that the macro-

for the case oh=3.5 nm, corresponding to an electron den‘scopic Eq.(1) is valid? Usually oxygen vacancies behave as
sity at 573 K at the surface of a depleted spherical grain withyouble donors in metal—oxide semiconductors. In Srfor

R=100 nm andNy; (single donors=10"° m™%, b=5 nm, instance, two energy levels of the oxygen-vacancy double
and the relative permittivity of the semiconductor is 12. Thedonors are 30 and 145 meV below the conduction band
potential values refer to a zero potential at infinity from theedge'* Therefore, the calculations were made for both single
surface. In the case of only 16 electrons and donors, thand double donors. The value of permittivity was taken to
potential is rather smooth over the main area in Fig).2 correspond to the average value of tin dioxide~12).1°

Electrical potential i

(W)
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FIG. 4. Potential energgV(x) at 573 K in a grainfR=100 nm) shown in
Fig. 1(a) with four different neck diameter® in the case of mobiléfull 02
symbol$ and frozen(open symbolgsingle donors wittNy.=10?® m~2 and )

—— Rg=50nm | Ry, =100 nm

. —>—Rg=30nm D=9
constaniN4=1.56x10”> m~3, respectively. The average number of trapped = o015 § m ‘
electronsy, is also given for different areas of the contact circles in the case @, —“—Rg=10nm A f
of both mobile and frozen donors. = - o Qﬂ%mf
S 01 f i {
3 L
2 [MI & ¢
i =) S g
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The present numerical calculations are compared with %‘T‘%m ™ T b)
corresponding analytical resditin Fig. 3, where potential ' , :
energy curvegV(x) are shown in a two-dimensional circle
with R=100 nm (cylindrical rod-shaped grajnfor both
single(m1) and doublgm2) mobile donors. In addition, the FiG. 5. Potential energgV(x) at 573 K through the neck contatd =9
numerical results are also shown for a sphere with the sanen between two different sized grains shown in Figo)with R_ =100 nm
radius in the case of single donors. The differences betweeff!dRs=10. 30, and 50 nm in the case of mobit® single and(b) double
. ! S donors withNgg=10?° m~3,
the numerical and analytical results in Fig. 3 are very small,
which supports the accuracy of our numerical approach with

Eqg. (2) andh=R/50. The small differences in the numerical Fi by a f ¢ about 0.56 i . v th
results between cylindrical and spherical grains with mobile ig. 5@ by a factor of about 0.56 gives approximately the

single donors are also in good agreement with our earlie?v(x) values for double donors in Fig(t§. At the cepter.of
findings? the contaqt circle, the amount of the band bending in the
A comparison of the potential energ\(x), in a grain larger grain(R_ =100 nm) is only about 60% of the value

of a chain of identical grainfFig. 1(a)], between frozen and eVs I{Iﬂ the free_shuera_ci:Oin botf;] Figs(zb an;)d “U‘.b)' IS the
mobile single donors is shown in Fig. 4 at different diameterssMa'€f grain WithRs=10 nm, the energy barriers between

D of the contact circle. The constant, frozen concentration o%hg z%raln dcgr:)tig ar\l/d' thti center of fthg clonta%t g'rcfl a(rje only
single donorsNy=1.56x10% m~2 gave the same total sur- ---<> @nd 9.0.Lo Viin Ine Cases o single and double donors,

face barriereV, as the surface concentratidify =107 m~3 respectively. These energy barriers are lower than the ther-

in the case of mobile single donors. The average number Jﬂal energykT=Q.O49 eV at 573 K. The Fermi energy in
electronsny on a surface area of equal size with the area of e.rmal equilibrium is constant throughout the structure,
the contact circle, corresponding to the charge density owh'Ch means that the average electron concentrathn in the
trapped electrons on the free grain surface in the case of boﬁ{naller grain withRs=10 nm is much lower than that in the
frozen and mobile single donors, is also given in Fig. 4 for
different areas of the contact circles. The surface density of
trapped electrons is an order of magnitude smaller for frozen 04
donors. In the case of mobile donors, the decreasEVk) TI
is very steep near the surfa@tbe curveD =0). At the center 0.3

of the contact circle, the potential energy also decreases g
strongly with increasing circle diameté in the case of %0.2
mobile donors. =

The potential energiesV(x) through the center of the 01 f
contact circle y=z=0), calculated for a neck contact be-

tween two spherical grains with rad®, andRg [Fig. 1(b)], 0 Lo 8 : e
are shown in Figs.(®) and Jb) for mobile single and double -100 80 -60 -40 -20 0 20 40 60 80 100 120 140 160
donors, respectively. The results are given for three different x [nm]

smaller grain radiRg=10, 30, and 50 nm when the radius . 6 | 0 2 K throudh )

; ; FIG. 6. Potential energeV(x) at 573 K through various neck contacts
R'— of the .Iarger grain was 100 nm and the dlamélemf the (D=4, 6, 9, 13, 20, and 28 nnbetween two grains shown in Fig(d with
contact circle Wa§ 9 nm. The mesh SheNa_‘S 2 nmin al_l R =100 nm andRg=30 nm in the case of mobile single donors with
three cases. Scaling of tlead/(x) values for single donors in - Ny =10 m=2.
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FIG. 7. Potential energgV(x) at 573 K in a grain(R=100 nm) shown in FIG. 9. Potential energgV(x) at 573 K in a grain(R=100 nm shown in
Fig. 1(a) with D=0 (full symbolg and 20 nm(open symbolsin the case of  Fig. 1(a) with D=20 nm, calculated in the case of mobile single donors
mobile single donors with three different valueshbf; 1074, 105, and 18° (Ngs=10” m~3) with five different values 0, 0.1, 0.5, 0.9, and 1 of the ratio
m3, No/Ngo.

larger one. The situation in the smaller grain with decreasingurface €V;) to that at the center of the contact circle is very
Rs approaches the flat-band situation. sensitive toN in the depleted grain as shown in Fig. 7.

Figure 6 shows the potential energy(x) in the case of The potential energy barrier between the grains changes
mobile single donors through the center of the contact circlelso with changing temperature. Figure 8 shows the variation
in a structure in Fig. () where the radiR, andRg are 100  of the eV(x) with temperature between 300 and 873 K in a
and 30 nm, respectively, and the diameter of the contaaggrain of Fig. 1a) where the grain radius iR, =100 nm and
circle has six different values between 4 and 28 nm. In thehe diameter of the contact circle=20 nm. The potential
case of a very small contact circle with=4 nm, the poten- energy barrier between the grains at the center of the contact
tial energy barrier between the grains decreases by about Oclrcle increases with increasing temperature. At temperatures
eV from the case where the free surfaces of the grains are imear room temperature, however, the diffusion may be very
contact(pressed pellet In the case of the largest contact slow and the donor distributions are practically frozen. A
with D=28 nm in Fig. 6, the energy barrier between grainstemperature change of 300 K in Fig. 8 corresponds to the
decreases by about 0.25 eV from the vad)é, . change of about 0.1 eV in the energy barrier between the

The concentration of mobile donors at the grain surfacegrains.
has a strong effect on the band bending in a depleted grain. The electron charge distribution in E() (the second
Figure 7 shows the situation for mobile single donors withterm on the right-hand siglevas neglected in the calculations
fixed concentrations of £ 10? and 18° m™2 at the sur-  of the results shown in Figs. 3—-8. Some calculations were
face of a depleted grain witR=100 nm. A strong decrease also carried out with the electron charge distribution. The
is seen in the values of the energy bareaf, with decreas- ratio no/Ny, at the grain centefEq. (2)] was used as a pa-
ing Ngs. In the case of a neck contact in FiglDd=20 nmin  rameter in the calculations. In large grains the ratio ap-
the geometry of Fig. ()], however, the energy barrier be- proaches 1 in the case of single don@sgor double donors
tween two grains through the center of the contact circle isThe results of a calculation with five different values of
insensitive td\ 4. This energy barrier changes by only about ng/Nyq between 0 and 1 are shown in Fig. 9, where the grain
0.05 eV between the values?@nd 13° m 3 of Ny. Thus, geometry and the contact circle are the same as in the case of
the decrease in the energy barrier from the value at the nedkig. 8. The results show that the energy barriers between the
grains at the center of the contact circle are very insensitive
to the electron charge distribution. The maximum effect,
with ng/Ny4o=1 (the grain center not being deplejedn the
energy barrier between the grains is only about 0.03 eV. In
the case of almost total depletion, howewsgN4,<1.

A schematic neck contact between two grains of differ-

0.3

—O— T=300K

—— T=373K
0.2 | | —— T=473K

E TesT3K ) ent sizes is shown in Fig. 10 together with a corresponding
) {j band diagram. In the treatment of electron transport through
g —— T=673K / o PR -
01| i o (ﬁ,{;w{ neck contactgconstant distribution of frozen dongris Ref.

i A 7~ 7, it was found that the minimum energy barrier at the center

—— T=873K

of the neck contactE, 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 conta@)\/(y) in Fig. 10, becomes steeper
FIG. 8. Potential energgV(x) at seven different temperatures between 300 from the surface towar(.j th.e C?”ter of the neck contact than n
and 873 K in a graifR=100 nm shown in Fig. 1) with D=20 nminthe  the case of constant distribution of frozen donfgrarabolic

case of mobile single donofgys=107 m~3, eV(y)]. Thus, the conductanc& for current through the

0 10 20 30 40 50 60 70 80 90 100
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conductance. In larger grains with band bending the activa-
tion energy of conductance decreases due to the decrease of
the potential energy inside neck contacts. The decrease is
especially strong in the case of mobile donéfigys. 4 and

6). The eV, modulation by gas exposure in the adsorption/
desorption model is mixed in the conductance response of
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 times
for the sensors. In the surface defect model, on the other
hand, reaction of the lattice oxygen with an adsorbed gas
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 strongly
modulate the conductance, especially in the case of thin neck
contacts(small D). The diffusion speed of donors is also
now related to the response and recovery times of the sen-

FIG. 10. Schematic illustration of a grain contact between large grain with
a neutral region around the grain center and a totally depleted small graifOr'S.
together with a corresponding band diagram alengxis in the case of Possible effects of a grain boundary across the neck con-

mob_ile donors. Poten_tial energy distribu@ion of electrons thr(_)ugh the crosgsct were omitted in the treatment. However, it may be a very
section of the neck iry direction eV(y) is also shown(drawing at the . . . .
right-hand sidp rare situation that two powder particles with the same crystal
face in contact, sinter to an ideal single crystal, although, the
(110 face is the most stable, and thus, the dominant crystal-
lite face in SnQ.2® Stoneharl’ describes the basic types of
grain boundaries in oxides. Open pipe structures appear, for
Goexp—E o/KT) (3 instance, in tilt grain boundaries for easy access to gas mol-
ecules. Possibly sloand randomdiffusion of ions through
neck contacts along the grain boundaries may disturb the

Now, the calculated results above show that the mobility.pOttentlal q'Strt'th:.tl!?n tlnstlge tgehne_ck cofntacts_ an% catuse, for
of donors may have strong effects on the electron transpows ance,_llﬂs a ”Yb'lc') E ehavior 0 sedm|con uctor gals
properties through the neck contacts in ceramic semicondu ensors. The possibility that oxygen lons do not come only

tors. In addition, the mobility of donors may strongly modify from th? 9as pha;e, but emerge also from the Iaf[t|ce1§|tes
the transducing properties of the ceramic microstructure ir'.lnto grain bogndarles,.ma}y "?“SO be a reason for disturbances
the case of gas sensing with semiconductor sensors. THE the potential behavior inside the neck contacts.
comparison of the results in Fig. 4 between frozen and mo-
bile donors shows that the decrease of the potential energy at
the surface is very steep in the case of mobile donors. Thg/ cONCLUSIONS
potential energy decreases to a value of about ha¢f\gfat
the distance of about 5 nm from the surface in the case of A theoretical treatment based on a numerical solution of
both single and double mobile dondfsigs. 3 and & This  the Poisson—Boltzmann equation is given for the electrical
steep decrease of the potential energy is the reason for thpotential inside spherical grains and different neck contacts
strong potential modulation inside neck contacts in the casin n-type ceramic semiconductors in the case of mobile
of mobile donorg(Figs. 4 and h The potential energy bar- single and double donors. Tin dioxide is used as an example
rier between the grains is also very sensitive to the size of thenaterial in the calculations. At the operating temperature of
neck contact between the graif#sg. 6). Thus, neck contacts semiconductor gas sensors, around 500 °C, the potential de-
in a ceramic semiconductor with mobile donors may detercrease is very steep at the grain surfaces in the case of mobile
mine, to a large extent, the activation energy of conductancdonors. Therefore, thin neck contacts between large grains
and strongly modulate the conductivity properties of the mamodulate strongly the potential energy barrier between the
terial. grains in the case of mobile donors. The modulation also has
In the case of oxidic semiconductor gas sensors, the rolstrong effects on the conductivity properties of ceramic
of the adsorption/desorption mechanism and that of the suisemiconductors. In the case of gas sensing the mobility of
face defect mechanism in the creation of the transducinglonors may also strongly modify the transducing properties
conductance signal is, to some extent, in a controversiabf the microstructure of a ceramic semiconductor sensor, if
state!! In the case of the adsorption/desorption model, ahere is substantial band bending within the grains. In small
Fermi-energy shift at the surface controls the surface densitgrains with band bending less thkil, the neck contacts lose
of conduction electrons and balances, by an electron captutleir importance for conductivity and gas response modula-
rate, the injection rate of electrons from the surface traps intétion. The Fermi-energy shift in depleted grains is now a char-
the conduction band. In small grains in the flat-band case, thacteristic parameter for the conductivity and gas-response
Fermi-energy shift corresponds to the activation energy obehavior of the material.

neck in Fig. 10 is proportional to the Arrhenius factor:

and is strongly dependent on the diameferof the neck
contact.
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APPENDIX: DISCRETIZATION OF THE Finally, by solving¢(i,j,k) from the equality of expressions
POISSON-BOLTZMANN EQ. (1) (A2) and(A3) we get
1[2 emt? o
It is possible to rewrite the Poisson—Boltzmann EL. di,j == oi',j k)+ Nds( e~ MB#(.j k)
in the following form: 617 €s

__fo eﬁ<¢<i,j,k><m+1>¢><o,o,o>) (A4)
mNdO
, _ p(xy.2) o
Veh(x,y,2)=— B which is the form of Eq(2).
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