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Abstract. In this work we elaborate the effect of grain size on the sensitivity of chemo-resistive metal-oxide gas
sensors with nanosized grains. The effective carrier concentration in nanocrystalline SnO, sensors with various
grain sizes is calculated as a function of the surface state density. This involves numerical computation of the charge
balance equation (i.e., the electroneutrality condition) using approximated analytical solutions of Poisson’s equation
for small spherical crystallites. The calculations demonstrate a sharp decrease in the carrier concentration when
the surface state density reaches a critical value that corresponds to a condition of fully depleted grains, namely
when nearly all the electrons are trapped at the surface. Assuming that the variations in the surface state density
are induced by surface interactions with the gas phase, these calculations enable to simulate the response curves
of nanocrystalline SnO, gas sensors. The simulations show that the conductivity increases linearly with decreasing
trapped charge densities, and that the sensitivity to the gas-induced variations in the trapped charge density is
proportional to 1/D, where D is the average grain size.
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1. Introduction 2. Model

One of the most important factors controlling the sen-
sitivity of chemo-resistive metal-oxide gas sensors is
the grain size (D) [1-3]. It was found that the sensitiv-
ity is enhanced considerably when D becomes smaller
than 2L, where L is the width of the space-charge (de-
pletion) region that is produced at the surface of the
crystallites due to chemisorbed adions [4]. This pa-
per presents a quantitative model that describes the ef-
fect of grain size on the sensitivity of metal-oxide gas
sensors with nanosized grains (D < 2L). The model is
applied for simulations of the sensitivity of nanocrys-
talline SnO, gas sensors as a function of the grain
size.
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Under conditions of D <2L the energy bands are
nearly flat and there are no barriers for inter-crystallite
charge transport [5]. Thus, the electrical conductivity
(o) is proportional to the effective carrier concentration
(n¢p) in the crystallites

oaneﬂzéfn(r)dV, ey
\4

where V is the volume of the crystallite and n(r) the lo-
cal carrier concentration at a distance » from its center.
n(r) is a function of the electrostatic potential at point r

n(r) = Np exp[—¢(r)], 2

where N is the doping level and ¢ = —q@/kT is the
reduced potential (g is the elementary electron charge,
¢ is the electrostatic potential, k is Boltzmann’s con-
stant, and T is the temperature). To simplify the prob-
lem we assume that the sensor material can be treated
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approximately as a three-dimensional net of intercon-
nected spherical crystallites with radius R (D = 2R is
the diameter, or in other words the grain size).

In order to calculate n.; one should know the shape
of the potential barrier ¢(r) as a function of r. This
can be derived by solving Poisson’s equation (with the
appropriate boundary conditions) and the charge neu-
trality condition. Poisson’s equation in spherical coor-
dinates is written

19 ([, 1
(,2_¢> = —{l —exp[—¢M]}, (3)
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where Lp = (¢kT /g>Np)'/? is the Debye length and &
the dielectric constant. Due to their symmetry the elec-
tric field must vanish at the center of the crystallites,
therefore the first boundary condition is d¢/dr = 0
at r = 0. The second boundary condition can be set
as ¢ = ¢ at r = 0, where ¢, should be obtained by
solving the electroneutrality condition as described be-
low. Analytical solutions of Eq. (3) can be obtained for
two limiting cases: for weak potential (¢ <« 1) and for
strong potential (¢ >> 1). Under weak potential condi-
tions (1 — e~?) & ¢ and the solution is

sinh(r/Lp)
¢ (r)=do */Ln) “)

Under strong potential conditions (1 —e™?) ~ 1 and
the solution is

_ 1/ r\° 5
¢(r)_¢°+6<§) . (5

In order to calculate the potential ¢ at the center of
the grains one should solve the charge balance equation

/ [Np —n(r)]dV =47 R’N,", (6)
Vv

where N, is the density of occupied surface states
(filled traps) at the surface. In the case of chemo-
resistive metal-oxide gas sensors these states are as-
sociated with chemisorbed adions, and therefore N,”
and o are sensitive to the ambient gas composition [1].
Equation (6) merely says that the number of electrons
withdrawn from the crystallite is equal to the number
of electrons trapped on its surface, thus it describes the
electroneutrality condition.

The trapped charge density N, depends on the total
density of both occupied and unoccupied states (N;),

and on the energy level of these states (E,) with respect
to the Fermi energy (Er) at the surface,

N[
N~ = :
" 14 2expl(E;, — Ep)/kT 1=z
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Itis noted that (El — Ep)r:R = (E, — Ep)¢:() + kT¢s,
where ¢; = ¢ (r = R) is the surface potential. There-
fore, N,~ depends on ¢y via Egs. (4) or (5). Thus, the
left-hand-side and the right-hand-side of Eq. (6) are
both functions of ¢, which can be determined univo-
cally by solving Eq. (6) numerically. Subsequently, the
shape of the potential barrier ¢(r) is readily obtained
by substituting ¢ into Egs. (4) or (5), depending on
whether ¢g <1 or ¢y > 1, respectively. Then, the ef-
fective carrier concentration (n.4) can be calculated
via Eq. (1). In order to examine the effect of the ambi-
ent gas composition on the electrical conductivity these
calculations should be carried out as a function of the
surface state density (&V;), which is largely controlled
by surface interactions between the sensor and the gas
phase [6].

3. Numerical Simulations

Figure 1 depicts the effective carrier concentration
as a function of the surface state density for SnO,
with Np=1 x 107 cm™ and various grain sizes
at T =600 K. The corresponding Debye length is
Lp =18.5 nm. The energy level of the trapping states,
E,, was taken to lie 1 eV below the conduction band
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Fig. 1. The effective carrier concentration as a function of the surface
state density for SnO, with various grain sizes as indicated in the
figure.
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edge at the surface. This value corresponds to the en-
ergy level of oxygen chemisorbates on SnO, [7]. Dif-
ferent gas species might have different electron affini-
ties and therefore the corresponding energy level could
vary from one gas to another.

The effective carrier concentration n.,; was cal-
culated according to the computational method de-
scribed above. Three characteristic regimes can be dis-
tinguished in Fig. 1, and the transition from one regime
to another depends on the grain size. In the first regime
(regime 1), which is at low surface state densities, the
effective carrier concentration decreases rather moder-
ately with increasing surface state densities. But when
the surface state density reaches a critical value N, ¢,
there is a sharp drop in the carrier concentration by
several orders of magnitude. This drop occurs in the
second regime (regime II) of the n. vs. N, curves.
One can see in Fig. 1 that with increasing grain sizes
the transition from regime I to regime II shifts to higher
surface state densities, or in other words the larger is
the grain size the higher is N, .. At higher surface
state densities (N; > N, ), that is in the third regime
(regime III), the carrier concentration decreases rather
moderately with increasing surface state densities.

In order to gain additional insight into the behav-
ior of ney as a function of N,, Fig. 2 plots the trapped
charge density N, (occupied surface states) as a func-
tion of the surface state density NV, (both occupied and
unoccupied states) as obtained form the simulations
depicted in Fig. 1. One can see that below the criti-
cal point (N; < N, ;) nearly all states are occupied
and thereforeN,” ~ N;. This is because at low sur-
face state densities the surface potential (¢y) is small,
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Fig. 2. The trapped charge density (occupied states) as a function of
the surface state density (occupied and unoccupied states).

and since the states lie deep below the Fermi energy
the occupation probability is close to unity. But when
the critical point is reached, i.e. when N, = N, i,
the surface potential increases considerably and conse-
quently E; shifts upwards and it almost levels with E .
As a result, the occupation probability decreases and
the trapped charge density (N,”) saturates and it hardly
changes beyond this point. The simulations indicate
that the saturation occurs when N; = N; oiy = DNp /6
and N, ~ DN p /6, that is when nearly all electrons are
trapped at the surface (D/6 is the volume to surface
ratio of spherical crystallites with grain size D).

It should be noted that N, still slightly grows with
N, even beyond the critical point (N; > N, i), but
these very small changes cannot be resolved in Fig. 2.
However, they still lead to quite considerable changes
in the effective carrier concentration, as shown in Fig. 1
(regime III). This is because the effect of the variations
in the trapped charge density on the carrier concen-
tration are multiplied by the surface to volume ratio,
6/D, which is a very large factor in nanocrystalline
materials.

4. Discussion

The simulations depicted in Fig. 1 show that the grain
size has a crucial effect on the effective carrier con-
centration, thus on the electrical conductivity. In this
section we shall elaborate the effect of grain size on
the sensitivity to gases, but before doing that we should
first define the main sensor characteristics: the output
response signal (9) and the sensitivity (S). The output
response signal, & = o /0y, is the ratio of the conduc-
tivity measured during exposure to the test gas (o) and
the conductivity measured under the baseline condi-
tions (09), which normally means in clean air. A plot of
the response signal as a function of the gas composition
(or in other words the concentration C of the test gas in
air) is the sensor’s response curve, and the sensitivity
is defined as the slope of this curve, S = 90 /dC [8].
In the case of chemo-resistive metal-oxide gas sen-
sors the ambient gas composition modifies the trapped
charge density N, . This is largely due to interac-
tions between the test gas (which is normally a re-
ducing gas such as CO, H;, hydrocarbons and various
volatile organic compounds) and pre-adsorbed oxygen
adions (O(_a d)) [1]. For instance, CO molecules interact
with pre-adsorbed oxygen adions and oxidize to CO,
molecules, COg,) + O,y — COx) + e, [9]. As a
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result, the chemisorption-induced trapped charge den-
sity decreases, and the electrons that were trapped in the
oxygen adions that interacted with the CO molecules
are now liberated and return as free electrons (e_,) to
the conduction band. Thus, N,~ depends on the gas con-
centration (C). Deriving the exact relationship between
N, and C is beyond the scope of this work, and we refer
to Ref. [10] for further details. Instead, following Vla-
chos & Papadopoulos [11] we embrace a more funda-
mental approach and define the normalized sensitivity
S= —0(0/00)/d(N; /N, ), where N, is the trapped
charge density in clean air, that is under the baseline
conditions. The minus sign is due to the fact that N,
decreases when C increases. This approach circum-
vents the need to know the exact relationship between
N[ and C, which may vary from one gas to another.
Thus, it enables to deal exclusively with the transducer
function of the sensor without having to consider the
specific details of the chemical reactions that control its
receptor function [1]. The underlying rationale is that
a given change in the ambient gas composition should
always lead to the same modification in the normalized
trapped charge density, N, /N .

Using the data from the simulations presented in
the previous section, Fig. 3 depicts the normalized re-
sponse curves, wherein it = 0/0g = ney/neg 0 is plot-
ted as a function of the normalized trapped charge den-
sity N /N, . ne.0 and N, are the corresponding val-
ues when N, = 10'2 cm—2. One can see that the re-
sponse signal increases linearly with decreasing values
of the normalized trapped charge density. This implies
that the nonlinearity of the non-normalized response
curves (N vs. C) of metal-oxide gas sensors, which is

D Snm Sno,, N, = 1x10" ecm™, T= 600K |

neff / neﬂ,o

Fig. 3. The normalized response curve according to the simulations
presented in Figs. 1 and 2.
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Fig. 4. Thenormalized sensitivity, $ = —3(neg /ne.0)/9(N; /N, ),
as a function of the grain size.

often reported in the literature, probably arises from
the nature of the chemical interactions between the
sensor and the gas phase rather than from the trans-
duction mechanism that transforms these interactions
into electrical signals (conductivity change). Indeed,
chemisorption of reactive gases on SnO, and other
semiconducting metal-oxides usually demonstrates a
nonlinear behavior [6, 10].

Figure 3 also shows that the slope of the normalized
response curves increases in magnitude when the grain
size decreases, or in other words the normalized sen-
sitivity S increases when D decreases. Specifically, S
is found to be proportional to 1/D, as shown in Fig. 4.
This important result suggests that the sensitivity is
proportional to the surface to volume ratio, which is
equal to 6/D for spherical crystallites.

Itis noteworthy that the response signal of nanocrys-
talline SnO, gas sensors is typically of the order of
10" =+ 10? for gas concentrations up to some hun-
dreds ppm [1, 3], whereas according to Fig. 3 the re-
sponse signal can be as high as ~107 when the normal-
ized trapped charge diminishes by about 10 -+ 20%.
This implies that in practice the gas-induced mod-
ifications in the trapped charge density are much
lower than that, reaching perhaps some ppm, namely
(Nio—N7)/Niy = 107°. In this case our simulations
yield nyy/neyo = 129 for the most sensitive sensor
(with D = 5 nm), which is a reasonable value for SnO,
gas sensors with similar characteristics [1, 3]. Thus, the
gas-induced modifications in the trapped charge den-
sity, which are mostly related to the receptor function
of the sensor, are probably quite low under the nor-
mal operating conditions of gas sensors (that is when
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the gas concentration is of the order of some tens or
hundreds ppm). But it turns out from our simulations
that these small variations are greatly amplified by the
transducer function of the sensor, so that the output
response signal is quite high eventually. Moreover, the
results depicted in Fig. 4, which demonstrate that the
normalized sensitivity is proportional to 1/D, suggest
that the amplification power of the sensor depends on
its surface to volume ratio.

5. Summary and Conclusions

The effective carrier concentration in nanosized SnO,
crystallites was calculated as a function of the sur-
face state density for various grain sizes between 5 and
80 nm. The simulations demonstrated a sharp decrease
in the carrier concentration when the surface state den-
sity reaches a critical value that corresponds to a condi-
tion of fully depleted grains, that is when nearly all the
electrons are trapped at the surfaces of the crystallites.
This critical value is proportional to the grain size D.

Assuming that the variations in the surface state den-
sity are induced by chemisorption and surface interac-
tions with the gas phase, these simulations enable to
evaluate the normalized response curves of nanocrys-
talline SnO, gas sensors. It was found that the con-
ductivity increases linearly with decreasing trapped
charge densities. This implies that the sensor’s trans-
ducer function is linear. Thus, the nonlinearity in the
overall response function (namely, the conductivity as a
function of the test gas concentration) of SnO, gas sen-
sors, which is often reported in the literature, seems to
arise from the surface interactions between the sensor
and the gas phase, or in other words from the sensor’s
receptor function.

Our simulations indicate that even very small
(~1 ppm) variations in the trapped charge den-
sity can induce significant changes in the sensor’s

conductivity when the grain size is small (~5 nm).
Namely, the gas-induced modifications in the trapped
charge density are greatly amplified by the sensor’s
transduction function. Furthermore, the calculations
show that the (normalized) sensitivity is proportional
to 1/D, which suggests that the amplification power is
proportional to the surface to volume ratio of the sensor
material. This result has important implications on the
design of chemo-resistive metal-oxide gas sensors for
optimizing their gas sensitivity.
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