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Abstract 

A percolation model of gas sensors is proposed, on the basis of which the effect of material porosity, pore size and pore 
size distribution on the gas detection threshold is analyzed. It is shown that micropores exert the greatest influence on gas 
sensitive properties. An increase in the percolation threshold leads to an increase in the detection threshold of reducing 
gases. The developed percolation model is used to explain high sensitivity values of sensor structures obtained by the 
chemical co-precipitation method. 
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1. Introduction

Modern chemo-resistive gas sensors consist of
nanocrystalline grains of oxide semiconductors, the size of 
which is usually 2-200 nm [1 – 5]. Currently, the main 
direction of research is the use of such semiconductor 
materials with a hierarchical architecture. They are 
promising for manufacturing of a new generation of 
multisensor systems and sensors designed for detection of 
ultra-small concentrations of analyte gases (toxic, narcotic, 
explosives, etc.) [6 – 15]. 

At present, when considering nanoobjects, they are 
generally classified into 0, 1, 2, 3-dimensional and fractal 
structures. Hierarchical porous structures can arise in the 
range of 1-100 nm due to the processes of self-organization 
and self-assembly. Physically, this is due to the tendency of 
the system to reduce the surface free energy, as well as the 
possibility of the existence of objects in highly non-
equilibrium states. Certainly, a future progress in this area is 

connected with the study of techniques that allow self-
assembly controlling while finding the system near the 
bifurcation point. 

One of the simplest models of self-assembly products is 
the Julienne model [16] with the Hausdorff-Besicovitch 
dimension equal to ln13/ln3 in a three-dimensional space. 
This simplified model schematically reflects the 
organization of porous materials. It does not consider the 
nature of the forces responsible for the assembly in various 
conditions. Nevertheless, it gives the opportunity to compare 
various functional pores’ roles in materials, on the basis of 
which modern instruments and devices are being created, 
including ones of ultrahigh sensitivity [17, 18]. Macropores 
can serve for feeding the analyzed gas and for the output of 
products of chemical reactions. Micropores, apparently, 
participate in adsorption processes and chemo-resistive 
effects in semiconductor gas sensors. In lattice patterns, the 
existence of a micropore system gives the possibility to 
block or remove the conductivity. Based on the above, the 
appearance of percolation clusters and change of the 
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percolation threshold in porous hierarchical structures is of 
great practical interest. 

The operating principle of chemoresistive gas sensors is 
the change in the concentration of free charge carriers in a 
semiconductor during the chemisorption of gases having 
oxidizing or reducing properties [1 – 4]. As a rule, with a 
decrease in the average size of the crystallites of the gas 
sensitive layers, the sensor sensitivity usually will increase. 
However, simultaneously with this, the detection threshold 
of analyte gases increases, below of which the sensor does 
not recognize the analyzed samples. This effect is associated 
with percolation phenomena in the material and the 
accompanying conductor-dielectric transition [19 – 22]. The 
same phenomena can contribute to the occurrence of 
extremely high sensitivity values (more than 105) of gas 
sensors operating at the threshold of percolation. 

In real hierarchical materials, the analysis of percolation 
processes is complicated by the existing pore system of 
various sizes, which play various functional roles. 
Therefore, the study of influence of the pore size 
distribution law on the size detection threshold of analyte 
gases is of particular interest, since modern molecular 
design technologies make it possible to produce the 
composites with pores of controlled and reproducible size in 
a wide range. Thus, the problem of calculating the detection 
threshold of gases by a sensor is closely related to the 
problem of percolation threshold pc calculating in a material 
with a hierarchical pore system. The main goal of the paper 
is a model study of the influence of pore size distribution on 
the percolation threshold in a semiconductor material. 
Currently, such data are not available in publications. 

2. Calculations

To achieve the goal, an original specialized program has
been developed in the Delphi environment [23]. A planar 
square lattice is chosen for modeling, with either a 
semiconductor crystallite of 2r diameter, or a pore placed in 
each node. Since a percolation cluster at the percolation 
threshold exhibits self-similarity properties, than the size of 
the unit cell does not affect the derivations [24]. 
Nevertheless, further reasoning is carried out within the 
framework of the flat zones model, i.e. depletion or 
enrichment occur throughout the grain. This situation is 
realized under the condition r << LD, where LD is the Debye 
screening length, the value of which is tenths of a 
micrometer in the materials under investigation. Therefore, 
the simulation is limited to a grain diameter of 1-2 nm, 
which allows us to consider the smallest pores as 
micropores. Simultaneously, larger pores will fall into the 
meso- and macropores’ range.  

Let’s consider the interaction of a sensitive layer of a 
selective gas sensor with a reducing gas. The oxygen 
molecules present in the environment in high concentrations 
(> 20%) will be adsorbed along with the analyzed gas on the 
sensor surface. Depending on the temperature during 
adsorption on the oxide surface, the oxygen molecule can 
dissociate into atoms and acquire a negative charge by 

grasping one or two electrons from the oxide conduction 
band. Formed oxygen ions can play an important role in 
chemical reactions on the surface of a gas-sensitive oxide 
layer. The molecules of the reducing gas, on the other hand, 
acquire a positive charge due to the fact that during 
adsorption on the surface of the layer one electron passes 
into the conduction band of the semiconductor oxide. In this 
case, the number of free electrons neff belonging to the grain 
of the sensory layer can be calculated by the formula:  

𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 4
3
𝜋𝜋𝑟𝑟3𝑛𝑛0 − (4𝜋𝜋𝑟𝑟2 − 𝑘𝑘)(𝑁𝑁0 − 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟),        (1) 

where r is the grain radius [cm]; n0 is the concentration of 
intrinsic charge carriers in the semiconductor [cm-3]; NO is 
the surface density of chemisorbed oxygen [cm-2]; Nred is the 
surface density of the chemisorbed reducing gas [cm2]; k is 
the coefficient that takes into account the decrease in the 
effective surface area due to the influence of neighboring 
grains, surface imperfections, etc. [cm2]. An analysis of (1) 
makes it possible to consider three cases: 

• neff ≥ 1. In this case, all the grains are conductive, and
the resistance of the layer will vary in proportion to the
concentration of the analyzed reducing gas.

• neff ≤ 0. In this case, there are no free charge carriers in
the grains, and the gas-sensitive element is a dielectric.
Accordingly, the resistance of the layer will not
change below a certain concentration of the reducing
gas. In this case, the detection threshold is reached.

• 0 <neff< 1. In this case, neff value can be considered as
the p probability of the existence of at least one free
electron inside the grain.

In the latter case, the sensory structure will be conductive 
only when the fraction of the conductive p grains will be 
equal to the pc percolation threshold or above it (p≥ pc). 
Even with a qualitative analysis of the condition 0 < neff <1, 
it can be seen that the surface density of the chemisorbed 
reducing gas for small size grains (1-2 nm) can vary by an 
order of magnitude, as neff increases from 0 to 1. 
Consequently, the detection threshold can also vary over a 
wide range. Therefore, the determination of the percolation 
threshold is an important task in the field of gas sensors’ 
research, and the percolation model makes it possible to 
explain the features of gas sensitivity at ultralow 
concentrations of detectable gases. 

The percolation threshold values are determined for all 
types of primitive lattice [27-28], but they do not take into 
account a hierarchical structure of the pores, which is the 
main feature of gas sensitive layers. A typical structure of a 
gas sensitive material with a hierarchical pore structure 
obtained by the sol-gel method is shown in Fig. 1. 

It was experimentally established [25] that the main 
contribution to the porosity of such materials is made by 
micropores of less than 2 nm, whose fraction is by 2-3 
orders of magnitude greater than the pores of all other types 
(meso- and macropores). Since different types of pores play 
a different functional role, the influence of pore size 
distribution on the percolation threshold is determined. 
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Figure 1. A simplified model of self-assembly products 
(Julienne fractal) 

When developing mathematical models for determining the 
percolation threshold, the following assumptions were 
made: 

• the investigated crystal lattice is flat;
• there are no tunnel transitions through potential

barriers; 
• charge carriers cannot overcome the existing potential

barriers.
The program developed by the authors [23] makes it 

possible to calculate the percolation threshold pc for porous 
square lattice of arbitrary size and various porosity. Types of 
pores are divided into several ranks. The pores of the first 
rank are due to the absence of grains at the corresponding 
point of the lattice. The pores of the second, third and higher 
ranks are empty places containing four, nine, etc. points of 
the lattice. 

The percolation threshold, determined only by the pores 
of the i-th rank, is denoted as pci. The total porosity of the ω 
structure in this case corresponds to the pentagonal fraction 
of the i-th rank pores, ωi. The obtained pci results for various 
ωi are used to calculate the percolation threshold pc of 
hierarchical porous structures with different pore size 
distributions. The total porosity ω for materials of this type 
is the sum of the pore volume fractions of the i-th rank, i.e.: 

𝜔𝜔 = �𝜔𝜔𝑖𝑖
𝑖𝑖

 

(2) 
The value of the percolation threshold for various pore 

size distributions can be obtained by the sum of the values 
of the percolation thresholds obtained for lattice containing 
pores of the i-th rank multiplied by the volume fraction of 
pores of the corresponding rank: 

𝑝𝑝𝑐𝑐 = �𝜔𝜔𝑖𝑖𝑝𝑝𝑐𝑐𝑐𝑐(𝜔𝜔𝑖𝑖)
𝑖𝑖

 

(3) 

3. Results and discussion

Fig. 2 shows the results of percolation threshold simulation 
for a flat square lattice of 100x75 with a porosity of 0 to 
35%, containing pores of a certain i-th rank. The values of 
the percolation threshold are determined as the average of 

20 experiments. Approximation was carried out by the 
method of least squares. 

Figure 2. Influence of the pore rank and porosity on 
the percolation threshold 

The value of the percolation threshold depends linearly on 
porosity for pores of all ranks. It is also established that the 
higher the rank of the pores, the lower the percolation at the 
same value of porosity. 

The effect of the pore size distribution on the percolation 
threshold is investigated in the presence of different pore 
ranks in the lattice. The accuracy of determining the 
percolation threshold for all cases is not less than ± 0.005. 
Table 1 presents the obtained values of the percolation 
threshold pc for lattices with a porosity of 15% and 30% and 
different pore size distribution laws. Computations are 
performed according to the four pore distribution laws for 
each of the two porosity values. 

Table 1. Dependence of the percolation threshold for 
various pore size distribution laws with a total porosity 

of 15 and 30%. 

ω1,% ω2,% ω3,% ω4,%     рс 
Total porosity, ω = 15% 

85 10 4 1 0.659 
25 25 25 25 0.624 
10 40 40 10 0.619 
1 4 10 85 0.602 
85 10 4 1 0.752 
25 25 25 25 0.680 
10 40 40 10 0.669 
1 4 10 85 0.634 

It is seen from the results obtained, that the percolation 
threshold increases with increasing the porosity. The nature 
of the pore distribution also has a significant effect on the 
percolation threshold value, which is maximum if the pores 
of the first rank predominate. In this case, the effect of 
porosity on the pc value is stronger in comparison with the 
case in which the pores of the fourth rank predominate in the 
lattice. The results obtained are of interest for the analysis of 
gas sensitive nanomaterials obtained by the sol-gel 
technology. It is known that the concentration of micropores 
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in these materials is by several orders of magnitude higher 
than the concentration of pores of other types [27]. As it can 
be seen from Table 1, the effect of porosity on the 
percolation threshold is particularly high, and the gas 
detection threshold can be maximally possible for gas 
sensitive nanomaterials obtained by the sol-gel method with 
predominated micropores. 

Let’s consider the effect of porosity and pore size on the 
detection threshold of reducing gases by sensory structures. 
Combining (1) and (3), one can obtain the dependence of the 
surface concentration of the chemisorbed molecules of the 
reducing gas on the porosity of the sensory structures in the 
range from 0 to 35%. The calculations were carried out for 
grains of 1 and 10 nm, having assumed that the structure 
contained only one rank pores. The obtained dependence is 
shown in Fig. 3. 

It is seen from Fig. 3 that the porosity has a strong effect 
on the percolation threshold when the grains have a small 

size. For example, if the structure contains pores of the first 
rank and the grain size is 1 nm, the sensitivity threshold 
increases by almost 20% (with percolation threshold 
increasing) in the selected porosity range. When the grain 
size is increased to 10 nm, the above effect becomes 
insignificant, and the change in the sensitivity threshold is 
only 1%. However, there is a threshold value for the grain 
size, below which the sensor will not detect the gas. 

The results obtained by the method of mathematical 
modeling are consistent with the known fact that as the size 
of semiconductor grains decreases, the sensitivity of sensors 
and the detection threshold of analyte gases increase. 

Figure 3. Dependence of the surface concentration of chemisorbed molecules of the reducing gas on the porosity 
of sensory structures 

The extension of the obtained model representations 
allowed explain the high sensor sensitivity values 
operating at the percolation threshold. Figure 6a shows a 
porous lattice obtained in the developed program on 
which a percolating spanning cluster with a structure 
slightly exceeding the percolation threshold is formed. 
Red circles in the Figure simulate chemisorbed oxygen 
forms that deplete individual semiconductor grains and 
block the flow of electrical current. A solid black line 
shows the path of least resistance for the flow of electric 
current. Thus, the length of this broken line actually 
characterizes the resistance of the structure without the 
action of the analyte gas possessing reducing properties. 

Fig. 4b shows the same structure, but under the action 
of a reducing gas, which, interacting with chemisorbed 
oxygen, leads to the removal of the blockade of 
previously blocked paths. In this case, the broken black 
line also characterizes the path of least resistance to the 

flow of electric current. Thus, this example shows a 
decrease in resistance by 3-5 times characterized by a 
ratio of the lengths of broken lines. Obviously, with an 
infinite increase in the lattice dimensions, the relative 
change in the resistance of the structure at the percolation 
threshold is formally unlimited. This explains an ultra-
high sensitivity of sensors with a structure at the 
percolation threshold. 

But it should be noted that when approaching the 
percolation threshold, the reproducibility of sensor 
characteristics deteriorates, and the developed devices 
having the ultrahigh sensitivity will possess individual 
parameters. This is the main drawback of such sensors, 
and it is due to the fact that the percolation threshold 
values will have a wide range for structures of a limited 
size.  
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a) 

b) 
Figure 4. The path of least resistance of percolation 
structures to electric current 

Another feature of sensory structures of the percolation 
type is that the dependence of electric current flow path, 
and, accordingly, the sensitivity, will depend on 
unlocking probability of individual adsorption centers. 
This is illustrated in Fig. 5, where the path of flowing 
current when blocking certain adsorption centers is shown 
by the example of the Mandelbrot-Given fractal. If the 
oxygen-blocked centers occupy another position in the 
structure, the current path will change, leading to a change 
in sensitivity. 

Figure 5. Current flow path at various positions of 
blocked adsorption centers 

The developed model concepts are confirmed by the 
results obtained by the authors [28]. Table 2 presents data 
on gas sensitivity values of S samples of ZnO, Fe2O3, and 

ZnFe2O4 to ethanol and acetone vapors of 1000 ppm 
concentration. 

Table 2. Gas sensitivity values of S samples of ZnO, 
Fe2O3, ZnFe2O4 to ethanol and acetone vapors of 

1000 ppm concentration. 

Sample S (ethanol) S (acetone) 
ZNO 35 80 
FE2O3 8 1500 
ZNFE2O4 200 100000 

All samples were obtained by chemical co-precipitation 
out of aqueous solutions of metal salts according to the 
scheme described in [28]. The structure of all samples is 
percolating, but the obtained values of gas sensitivity 
indicate that only in a sample of zinc ferrite a percolating 
spanning cluster is formed, slightly exceeding the 
percolation threshold. These data are consistent with the 
insufficient reproducibility of the structures at the 
percolation threshold. As it can be seen from the results, 
the sensitivity of a mixed sample exceeds the sensitivity 
of individual oxides by 6 times to ethanol, and by 67 
times to acetone. 

5. Conclusion

A percolation model of gas sensors is proposed, on the 
basis of which the effect of material porosity, pore size 
and pore size distribution on the gas detection threshold is 
analyzed. It is shown that micropores exert the greatest 
influence on gas sensitive properties. An increase in the 
percolation threshold leads to an increase in the detection 
threshold of reducing gases. The developed percolation 
model is used to explain high sensitivity values of sensor 
structures obtained by the chemical co-precipitation 
method. The next stage in the development of the model 
is to take into account not only the percolation thresholds 
but also the percolation level. 
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