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We analyze  the  electrical  conductivity  of  polycrystalline  semiconductor  solids  due  to  the  presence  of
Schottky-type  potential  barriers  formed  at intergrains.  The  density  of charged  dopants  along  the  grains  is
usually  considered  constant  leading  to parabolic  intergranular  potential  barriers.  If  temperature  is high
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enough  to allow  sufficiently  mobility  to  the  dopants,  their  resulting  equilibrium  distribution  is  far  from
constant  leading  to potential  barriers  that  show  a strong  non-parabolic  character.  Implications  for  the
electrical  conductivity  and  then  on the  sensitivity  to  barrier  height  and  sample  doping  in  metal  oxide  gas
sensors  are  discussed.

© 2017  Elsevier  B.V.  All  rights  reserved.
otential barriers

. Introduction

The development of devices capable of monitoring physico-
hemical phenomena through an electrical signal (sensors) has
een motivated for domestic and industrial applications like con-
rol of environmental pollutants and dangerous emissions. In
as sensors based on polycrystalline semiconductors, the signal
etection comes from the change of material resistivity after gas
xposure. In particular, Schottky-type intergranular barriers are
idely used to describe semiconductor interfaces such as those

ound in polycrystalline materials. Electron states at intergrains are
esponsible for barrier formation and it would be the basic mecha-
ism in gas sensors. Since only a small amount of species adsorbed
t grain boundaries affect potential barriers that control the film
onductivity, this type of sensors is especially sensitive and then
ttractive to industrial applications [1–5].

The electrical conductivity in a semiconductor bulk is mainly
ontrolled by imperfections in the crystalline structure. In practi-
al semiconductors used in electronics, impurities are intentionally
ncorporated through chemical additives. Impurity atoms can
ehave as donors if they easily contribute with electrons to the con-
uction band or acceptors if they easily contribute with holes to the

alence band. On the other hand, in semiconducting oxides native
oint defects are the main doping source as they spontaneously

orm in very high densities [6–8].
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E-mail address: cmaldao@fi.mdp.edu.ar (C.M. Aldao).
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Regularly, large grains in polycrystalline semiconductors, used
in gas sensing, present a surface space charge layer and an unaf-
fected bulk. For n-type materials, the amount of negative surface
charge associated to adsorbed oxygen ions (surface acceptor levels)
is responsible for a barrier formation [1–5]. It is generally accepted
that the surface space charge layer is responsible for band bending
and the formation of parabolic barriers when a constant density of
donors along the depletion region is assumed. Native point defects
coming from oxygen vacancies (OV) are the main donor contribu-
tion in many oxides. Electrostatic interactions between charged OV
affect their equilibrium distribution close to interfaces, given rise
to surface barriers that are not parabolic [9]. Thus, it is expected
that the non-parabolic character of the barriers affect the electrical
conductivity since it does not only depend on the barriers height
but also on the shape of the barriers, as is the case for tunneling
current that depends on both [10–14].

In this work, we  aim to present the effects of the donor
distribution on intergranular barriers and then on conductiv-
ity of polycrystalline semiconductors. In particular, we focus our
attention to the study of the defect concentrations along the
depletion region accounting for the electric potential and com-
positional induced stresses. Variations of the electric potential in
terms of the defect concentrations can be described using the
Poisson–Boltzmann equation. For the spatial variations of the stress
components within the solid, an elastic model is employed which

relates stress components to the distribution of defect species in the
particle [15]. The model is then applied to determine the donor con-
centration and then the intergranular potentials to finally calculate
the resulting conductance.

dx.doi.org/10.1016/j.snb.2017.02.146
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Fig. 1. Bands at a semiconductor surface illustrating the formation of the space
charge region. � is the work function, � the electron affinity, eVs the band bending,
EVAC the vacuum level, ECB the bottom of the conduction band at the bulk, ECS the
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ottom of the conduction band at the surface, EVB the top of the valence band at the
ulk, EVS the top of the valence band at the surface, EF the Fermi level, and ω the
idth of the depletion region.

. Intergranular barriers

Fig. 1 shows an n-type semiconductor with surface states that
an acquire a negative charge. The curvature of the bands is the
and bending (denoted as eVs) due to the positive charge at the
epletion region (denoted as ω) and the negatively charged surface
tates.

In general, researchers in the field assume that the concentra-
ion of donors is uniform along the depletion region, which leads to
chottky-type intergranular barriers of parabolic shape [1]. How-
ver, in equilibrium, the donor density for singly ionized vacancies
d(x) is related to band bending as[ ]

d(x) = Nd exp

(Ec(x) − Ecb)
kT

, (1)

here Nd is the vacancy concentration in the bulk, T is the tem-
erature, k is the Boltzmann constant, Ec(x) is the bottom of the

ig. 2. (a) Dashed lines show the concentration for frozen donors (constant doping) and fo
he  concentrations of donors in equilibrium along the depletion region for mobile donors 

ensity at the bulk, for doubly charged donors, the donor concentration in the bulk was  t
or  the concentrations given in (a). In the case of constant doping, V(x) shows a parabo
otential shape (dashed lines). The inclusion of the elastic contribution of Eq. (3) does no
ors B 246 (2017) 1025–1029

conduction band along the depletion region, and Ecb the bottom
of the conduction band at the bulk, as shown in Fig. 1. The cru-
cial point with Eq. (1) is that the equilibrium donor concentration
strongly depends on band bending, as discussed in detail in Ref
[16]. This issue, within the field of sensors, was raised by Lantto
and co-workers long time ago [9]. He originally proposed that, if
the temperature is high enough to allow sufficiently mobility to
ionized oxygen vacancies, which play the role of donors in sev-
eral oxides, they would tend to move toward the surface due to
the present electric field, causing their rearrangement. Thus, the
resulting distribution of donors in the depletion region is far from
being constant. Eventually, there will be a concentration gradient
responsible for a diffusion of vacancies in the opposite direction
than that originated by the electric field. This analysis also leads to
the distribution of Eq. (1).

Assuming that the only relevant charged particles are singly
charged donors, by resorting to the Poisson’s equation, the resulting
potential V(x) is given by

V(x) = kT

2e
log

[
1 + tan2

(
x√
2LD

)]
, (2)

where LD = (εkT/4e2Nd)1/2 is the Debye length. This expression indi-
cates that the potential grows very fast close to the surface.

Fig. 2(a) shows the concentration of donors in equilibrium
c(x) along the depletion layer for frozen donors (constant dop-
ing) and for single and doubly charged mobile donors, for a
temperature T = 600 K, ε = 10ε0, and a donor concentration in the
bulk Nd = 1023 m−3. Interestingly, c(x) along the depletion region
dramatically changes when donors are mobile, from a constant dis-
tribution to a concentration gradient that becomes unphysically
large near the surface.

Note that, the Coulomb interaction between the oxygen vacan-
cies and negative charges at the interface produces a diffusion of
vacancies to the intergrain surface and, for example, the concen-
tration of donors vary from 1023 m−3 in the bulk to 1029 m−3 at
the surface for doubly charged mobile donors (see Fig. 2(a)). Since

charges correspond to oxygen vacancies, the above result implies
doping concentration levels that lack of physical sense. This indi-
cates that there must be a restriction in the concentration of donors.
One possible restriction comes from the fact that the charge density

r singly and doubly charged mobile donors, at a temperature T = 600 K. In full lines,
taking into account the elastic interaction given by Eq. (3). To have the same charge
aken as a half of that corresponding to singly charged donors. (b) Electric potential
lic shape. For singly and doubly mobile donors, V(x) presents the Gouy–Chapman

 affect considerably the potential shape (full lines).
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t the surface is constrained by the number of available sites. This
s known as the Weisz limitation, which establishes a maximum
alue of density of charge in the surface of about 1017 m−2 [17].

If only electrostatic interaction between donors is taken into
ccount the Weisz limitation is exceeded and the density of donors
ear the surface would adopt unphysical levels, as shown for mobile
onors in Fig. 2(a); therefore, another interaction between donors
ust be operative. Indeed, vacancies repel each other not only due

o the Coulomb interaction but also because of an elastic interac-
ion. The elastic contribution is regularly much smaller than the
oulomb repulsion at not very far distances, but it becomes rel-
vant for very high densities when the associated expansion or
ontraction of the crystal can induce a significant stress in the space
harge region. The study of the consequences of this type of inter-
ction through a mean field approach was the goal of a recent work
15]. In that paper, the authors proposed a new term proportional
o the defect density, accounting for the elastic energy, which is
dded to the Coulomb interaction. Following Ref. [15], the elastic
ontribution Es can be expressed as

s(x) = ˇ [c(x) − c0] , (3)

ith

 = 4MV2
O

9Vm
, (4)

here Vm is the molar volume, V0 the partial molar volume of oxy-
en, and M the biaxial modulus. For tin oxide we can figure out

 = 2.46 × 10−28 eV m3.
Fig. 2(a) shows, in full lines, c(x) in equilibrium along the

epletion region for mobile donors taking into account the elas-
ic interaction between them. The shape of c(x) is very similar to
hat in which only the Coulomb interaction is taken into account,
ut the elastic interaction prevents that the concentration near the
urface reaches unphysical values. In the case of constant doping,
e present just one line because we are dealing with a jellium of

on-interacting charge.
The vacancy concentration directly reflects on the shape of the

lectric potential and the band bending at the intergrain surface,
hich is commonly assumed as parabolic for a constant vacancy

istribution. In Fig. 2(b) we plot the electric potential for the con-
entrations of Fig. 2(a). In the case of constant doping, V(x) has the
xpected parabolic shape. For single- and double-ionized mobile
onors, without the elastic interaction, V(x) has the so-called
ouy–Chapman potential shape where the potential explodes near

he surface. Interestingly, the inclusion of the elastic contribution
f Eq. (3) does no affect considerably the potential shape.

. Sensitivity

As described above, the mobility of donors, like oxygen vacan-
ies in oxide semiconductors, dramatically affect potential barriers
t the intergrains. We  will illustrate that this has a strong effect
n the conduction properties and then on the sensitivity to barrier
hanges of sensors based on this type of materials.

Main transport mechanisms that determine the conduction of
chottky barriers are emission of electrons over the top of the
arrier, thermionic emission, and quantum-mechanical tunneling
hrough the barrier. Regularly, researchers in the field of sensors
nly consider the thermionic-emission contribution. For a one-
imensional model representing the interface between two grains,
he equilibrium thermionic current density is given by
thermoionic = AT2e−�/kT , (5)

here T is the absolute temperature, k is the Boltzmann constant,
 is the Richardson constant, and � is the barrier height.
Fig. 3. Conductance per unit area as a function of barrier height for a parabolic
potential for different doping concentration.

Additionally, electrons with energies below the top of the barrier
can overcome the barrier by tunneling. This mechanism becomes
dominant at low temperatures and high dopings [18]. For heav-
ily doped semiconductors and low temperatures, tunneling mostly
occurs for electrons with energies close to the Fermi level; this is
known as field emission. At higher temperatures or lower doping,
the maximum contribution occurs at energies above the bottom of
the conduction band; this is known as thermionic-field emission.
In equilibrium, the tunneling contribution can be calculated as [19]

Jtunneling = AT

k

∫ eVs

0

F(E) · P(E)dE, (6)

where F(E) is the Fermi–Dirac distribution function and P(E) the
transmission probability at energy E. Note that the first contribu-
tion given by Eq. (5) only depends on the barrier height and the
contribution given by Eq. (6) depends on barrier height and width
since P(E) depends on the barrier shape. P(E) can be calculated using
the Wentzel–Kramers–Brillouin approximation as

P(E) = exp

[
−2

∫ b

a

˛(x)dx

]
(7)

where a and b correspond to the values of x where E = V and  ̨ is
given by

 ̨ = 2�

√
2m(V(x) − E)

h
(8)

A double Schottky barrier model is widely accepted to
describe polycrystalline semiconductor intergrains. However,
many researchers consider grain boundaries of essentially zero
width, while others take into account a non-negligible disordered
layer at the grain boundaries, such that the electron transport
occurs in two  steps [10]. Since the main conclusions will not differ,
for the sake of simplicity we  adopted here the second assumption.
Note that we are modeling a single barrier, which is directly con-
nected to the polycrystal conductivity. This is correct as long as the
polycrystal have large enough grains presenting a surface space
charge layer and an unaffected bulk [20]. Also, we will assume that
barriers are spatially uniform to allow a one-dimensional treatment
[21].
Fig. 3 shows the conductance as a function of barrier height for
a parabolic potential for different doping concentration in the bulk.
In all our calculations, we adopted typical values for the effective
mass (m = 0.3me) and for the relative permittivity (ε = 10ε0). The
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Fig. 4. Conductance per unit area as a function of the barrier height for
Gouy–Chapman potential barriers for different donor concentration in the bulk.

Fig. 5. Conductance per unit area as a function of the donor concentration in the bulk
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the intergranular barriers responsible for polycrystalline semicon-
or a barrier height of 0.8 eV for the Gouy–Chapman potential and for the parabolic
otential.

onductance decreases with the barrier height and increases with
he donor concentration. As expected, the barrier height reduces
he total conductance as directly affects the thermionic contribu-
ion. Also, the tunneling contribution is reduced, as a taller and
ider barrier must be overcome. For a given barrier height, the

onductance increases with doping because tunneling is favored as
arriers become narrow.

Fig. 4 shows the conductance as a function of the barrier height
or Gouy–Chapman potential barriers for different donor concen-
ration in the bulk. Interestingly, for a sufficiently high donor
oncentration the conductance becomes independent of the bar-
ier height in contrast to what one could expect. This effect is due
o the fact that the electrical conductance is now dominated by tun-
eling current that is not affected by doping because of the strong
on-parabolic character of the barrier.

Fig. 5 shows the electrical conductance as a function of the donor
oncentration in the bulk (barrier height of 0.8 eV and T = 600 K) for
he Gouy–Chapman potential and for the parabolic potential. The

onductance increases almost linearly with the logarithm of dop-
ng concentration for the Gouy–Chapman barrier in the range of
he studied donor concentrations. The slope of the curve gives a
Fig. 6. Sensitivity to the barrier height for a parabolic and a Gouy–Chapman barriers.

measurement of the sensitivity of the material with the bulk dop-
ing. In short, following Figs. 4 and 5, the sensitivity with the doping
concentration is higher than for parabolic barriers in most of the
studied range, whereas for high vacancy concentrations it becomes
independent of the barrier height.

In order to quantify the above statements, in Fig. 6 we present
the conductance sensitivity to barrier height as a function of the
bulk doping for a parabolic and a Gouy–Chapman barriers. We  can
define the sensitivity to the barrier height as

S˚ =
∣∣∣∣ 1
G

∂G
∂˚

∣∣∣∣ =
∣∣∣∣∂ ln G

∂˚

∣∣∣∣ . (9)

S˚ can be determined from the results of Figs. 3 and 4 as the
derivative of the curves for a specific barrier height. We  chose

 ̊ = 0.8 eV as a typical barrier height value. For the parabolic bar-
rier, as observed in Fig. 3, the slope reduces only slowly with the
doping. Conversely, as it can also be seen in Fig. 4, the slope for
the Gouy–Chapman barrier reduces abruptly with doping. For high
doping, the Gouy–Chapman barrier becomes very narrow close to
the surface and then an increase in its height does not affect the
conductance because electrons can tunnel easily through the added
portion to the original barrier.

Finally, in Fig. 7 we  present the sensitivity to the bulk doping. In
this case, we  define the sensitivity as

SN =
∣∣∣∣NdG ∂G

∂Nd

∣∣∣∣ =
∣∣∣∣Nd ∂ ln G

∂Nd

∣∣∣∣ . (10)

In this expression SN is measured as the rate between the rel-
ative change in conductance and the relative change in doping. At
low doping, SN for parabolic barriers is small because tunneling
practically has no contribution in conduction, and the thermionic
current is not affected. Conversely, for the Gouy–Chapman barrier,
SN is always large because tunneling contribution is dominant in
all the studied doping range.

4. Conclusions

In this work we  focus our attention to the basic understanding of
ducting films conductivity. In particular, we found that, allowing
mobility to ionized oxygen vacancies, the resulting equilibrium dis-
tribution of dopants leads to potential barriers that show a strong
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ig. 7. Sensitivity to the bulk doping for a parabolic and a Gouy–Chapman barriers.

on-parabolic character, affecting the electrical conductivity and
hen the sensitivity of gas sensors.

When only Coulomb interactions between ionized oxygen
acancies are taken into account, the resulting donor concentration
oes far beyond physical levels. This problem can be circumvented
y including an elastic contribution that is not regularly considered.
he resulting stress significantly alters defect concentrations natu-
ally preventing the unphysical vacancy densities near the surface.
nterestingly, we found that by including the elastic contribution,
he potential shape at the depletion region is not seriously affected.

Then, we studied the changes of the conductance due to vari-
tions of the barrier height and doping. Results indicate that
he effects on conductance of barrier height and doping strongly
epend on the type of intergranular barriers we  are assuming. Then,

f potential barriers are non-parabolic, adopting a constant doping
long the grains leads to wrong barrier characterization. This is cru-
ial for researchers who attempt to study how adsorbed gases at the
ntergrains affect the intergranular barriers and then the result-
ng electrical properties. Also, we have shown that, at odds with
arabolic barriers, changes in intergranular barrier heights can have
mall consequences while changes in doping can be responsible for
arge variations on conductance in a Gouy–Chapman barrier.
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