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Abstract: Nanostructures of various materials and arrangements have been shown to be highly  

effective in the detection of chemical and biological matters. In this paper, a novel self-assembled 

3-D nanofilm is described. We present a new computer-aided modelling approach applying a latest 

scientific knowledge in the field of microfluidics to improve a complex gas sensor design.  

The right questions are: What kind of 3-D structure is the best and how can we reach the best  

sensing parameters? Presented computer-aided modelling of gas diffusion in the 3-D nanofilm  

reveals an opportunity to substantially enhance sensor performance by the appropriate top electrode 

design. 
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1. INTRODUCTION 

The ability to detect small concentrations of specific chemical substances is fundamental for  

a variety of industrial and scientific processes as well as for medical applications and  

environmental monitoring [1,2]. Semiconducting metal oxides can exhibit a conductivity changes 

due to the adsorption or reactions of molecules from the gas phase with the surface [3,4]. Over the 

last decades, scientists are ardently investigating new possibilities how to enhance all sensing  

parameters by using available nanotechnology, nanomaterials and nanostructures in general [5,6].  

Nanostructured gas sensor developed by our research group is formed mainly by anodic oxidation 

of a valve metal and electrodeposition of a noble metal within anodized self-assembled nanoporous 

alumina template forming an array of spatially-ordered upright-standing Nb2O5 nanorods with gold 

‘nanocaps’ (see Fig.1). These nanorods are placed in between two parallel patterned electrodes and 

work as long semiconducting nanochannels for chemisorption reactions in a gas atmosphere 

(Fig.1). Particular fabrications steps and the sensing properties have been described in recent  

publications [7-9].  

Figure 1: A 3-dimensional (3-D) nanostructured gas sensor with a Nb2O5 active layer [7-9]. 
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During research and development of the new 3-D nanostructured gas sensor, basic questions about 

speed and magnitude of gas diffusion under the patterned top electrode have been introduced.  

A microfluidics theory has been included into our design process as a strong tool at the present  

scientific level.  

2. A TINY MICROFLUIDICS BACKGROUND 

Theoretical microfluidics deals with the theory of flow of fluids and of gases in micro- and  

nano-sized systems influenced by external conditions. Recent development of microfluidics has 

been enhanced mainly thanks to the lab-on-a-chip (LOC) systems and microelectromechanical  

systems (MEMS) [10-11]. 

2.1. SCALING LAWS IN MICROFLUIDICS 

Scaling law indicates that when scaling down to the microscale in LOC or MEMS, the volume 

forces, which are very common in our daily life, become rely unimportant. Instead, the surface 

forces become dominant, and as a result, we must rebuild our imagination and be prepared for 

some surprises on the way [10-11].  The physics of gas interaction with gas sensor differs from the 

continuum flow problems. At the nanometer scale, the mean free path of gas molecules becomes 

comparable with the system size, and gas begins to act as rarefied. As quick method to quantify 

proper flow regime, the Knudsen number can be computed. The Knudsen number is  

a dimensionless number defined as 

 ][
L

Kn


, (1) 

where  is the mean free path of gas molecules, and L is the representative physical length scale of 

the system. This number indicates what type of flow is considerable as it is shown in Table 1 [10-

11].  

(Kn < 0.01) Continuum flow 

(0.01 < Kn < 0.1) Slip flow 

(0.1 < Kn < 10) Transitional flow 

(Kn > 10) Free molecular flow 

Table 1: Flow regimes according to Knudsen number [10-11]. 

3. EXPERIMENTAL 

According to the equation (1), the encountered flow regime for our gas sensor (see Fig. 1) is Free 

Molecular Flow where the gas molecules interact with the surfaces only, and where no collision  

between the molecules themselves occurs. For modeling purpose, the Free Molecular Flow module 

in COMSOL Multiphysics 5.0 software (COMSOL, Inc., US) was used. The module employs  

finite element method (FEM). An issue is a modeling setup by specifying the appropriate boundary 

and initial conditions. A various top electrode designs and prepared mashes for the solver are 

shown in Figure 2. 

Figure 2: Two-dimensional meshes created for finite element analysis: (a) a solid top electrode, b) a 

perforated top electrode, (c) a porous material. 
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The used model requires the Particle Tracing Module. Particle trajectories are computed using 

Newton’s law of motion 
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where t is the time, m is the mass of the molecule and q is the kinetic energy of the molecule.  

The particle velocity is given by 
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The transmission probability for the molecular flow interface is given by the following equation: 

 𝜒 =
∫ (𝐽−𝐺)d𝑙
𝑜𝑢𝑡𝑙𝑒𝑡

∫ (𝐽−𝐺)d𝑙
𝑖𝑛𝑙𝑒𝑡

 ,    (4) 

where G is the molecular flux striking a surface, J is the outgoing flux from a surface and l is  

the path.  

The speed constants for adsorption and desorption of molecules on the surface [12-14] are also  

accounted for evaluation in this models, as the delay constants play marginal role in the diffusion 

process.  

4. RESULTS AND DISCUSSION 

4.1. PARTICLE TRACING 

Particle tracing provides a description of a problem by solving ordinary differential equations using 

Newton’s law of motion (2). This model requires specification of the particle mass, and all forces 

acting on the particle. The results from direct simulation Monte Carlo (DSMC) with randomly 

spread CO2 molecules over a 3-D structured sensor covered by the top electrode are shown in  

Figure 3. The mean speed of molecules was calculated for a pressure of 100 kPa and a temperature 

of 300 K. The distribution of particle trajectories and their speeds are depicted in Figure 3a.  

The relative magnitude of impacted surface is shown in Figure 3b. This simulation may reveal most  

exposed surface, which plays a crucial role in the response rising in the beginning of the gas  

detection.    

Figure 3: MonteCarlo 3-D CO2 particle trajectories tracking (pressure 100 kPa, temp. 300 K). 
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4.2. FREE MOLECULAR FLOW IN THE 3-D NANOFILM 

The models were developed for two types of the top electrode layout and for the porous material 

with the equivalent pore diameter of 150 nm. The simulated gas propagation over the complete  

50 m wide solid lines, as it was formerly used in our sensor design, is depicted in Figure 4a.  

The simulated gas propagation for the perforated (hole-having) line is shown in Figure 4b. From 

the results it is clear that, after about 15-20 min a small number of the columns is still affected by 

gas of a relatively high concentration. Evacuation of the target gas should lead to even slower out-

flow and resulting recovery time. This may be the reason for a longer recovery time of our 3-D  

nanostructured gas sensor in comparison with the faster response time. A time propagation of  

diffusion for three types of top electrode structure are shown in Figure 5.  

Figure 4: Gas propagation in time under (a) the solid top electrode, (b) the perforated electrode (pres-

sure 100 kPa, temperature 300 K). 

Figure 5: Gas propagation in time for three different type of the nanostructured gas sensors (pressure 

100 kPa, temperature 300 K). 

5. CONCLUSION 

The simulation study of gas diffusion in the 3-D structured metal oxide nanofilm has been carried 

out. This study reveals how the diffusion under the top electrode affects the penetration of gas to 

the sensor active layer. Our results would allow to establish advanced design rules for the 

nanostructured gas sensors. Computer-aided modelling and simulation is still in progress including 

more variables for a better interpretation of gas behavior on the surface [12-14] to enhance the  
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performance of the nanostructured gas sensors. Samples with an adequate design of the top  

electrode are prepared to validate this simulation results. COMSOL software is also possible to be 

used to study how the changes of surface charges may contribute to the electric conductivity.   

ACKNOWLEDGEMENT 

The article was supported by project no. FEKT-S-14-2300 A - new types of electronic circuits and 

sensors for specific applications. 

REFERENCES 

[1] McGrath, M., Scanaill, C. N., Sensor technologies: healthcare, wellness, and environmental 

applications, New York, Springer Science Business Media 2014, ISBN 14-302-6013-0.  

[2] Fleischer, M., Lehmann, M., Solid State Gas Sensors – Industrial Application, Brlin,  

Springer Berlin Heidelberg 2012, ISBN 978-3-642-28092-4. 

[3] Korotcenkov, G., Metal oxides for solid-state gas sensors: What determines our choice?,  

Materials Science and Engineering B-Solid State Materials for Advanced Technology, 2007, 

vol. 139, DOI 10.1016/j.mseb.2007.01.044. 

[4] Comini, E., Faglia, G., Sberveglieri, G., Solid State Gas Sensing, New York, Springer 2009, 

ISBN 978-0-387-09664-3. 

[5] In, H. J., Field, C. R., Pehrsson, P. E., Periodically porous top electrodes on vertical  

nanowire arrays for highly sensitive gas detection, Nanotechnology, 2011, vol. 22,  

DOI 10.1088/0957-4484/22/35/35501. 

[6] Sun, Y. F., Liu, S. B., Meng, F. L., et al., Metal Oxide Nanostructures and Their Gas Sensing 

Properties: A Review, Sensors, 2012, vol. 12, p. 2610-2631, DOI 10.3390/S120302610. 

[7] Mozalev, A., Pytlíček, Z., Bendová, M., Vazquez, R. M., Llobet, E., Hubálek, J.: 3-D 

nanostructured tungsten-oxide gas-sensing film via anodizing sputter-depositied Al/W metal 

layers, IEEE Sensors 2015, p. 170-173, DOI 10.1109/ICSENS.2015.7370205. 

[8] Mozalev, A., Vazquez, R. M., Bendová, M., Pytlíček, Z., Llobet, E., Hubálek, J.: Porous-

alumina-Assisted Formation of 3-D Nanostructured Niobium Oxide Films for Advanced 

Sensing Applications, Procedia Engineering, 2015, vol. 120, p. 435-438,  

DOI 10.1016/j.proeng.2015.08.660. 

[9] Mozalev, A., Bendová, M., Vazquez, R. M., Pytlíček, Z., Llobet, E., Hubálek, J.: Formation 

and gas-sensing properties of a porous-alumina-assisted 3D niobium-oxide nanofilm,  

Sensors and Actuators B: Chemical, 2016, vol. 229, p. 587-598,  

DOI 10.1016/j.snb.2016.02.024. 

[10] Bruus, H., Theoretical microfluidics, Oxford, Oxford University Press 2008,  

ISBN 978-0-19-923508-7. 

[11] Karniadakis, G., Beskök, A., Aluru, N. R., Microflows and nanoflows: fundamentals and 

simulation, New York, Springer 2005, ISBN 978-0387-22197-7.  

[12] Dabrowski, A., Adsorption – from theory to practice, Advances in Colloid and Interface  

Science, 2001, vol. 93, p. 135-224, DOI 10.1016/S0001-8686(00)00082-8. 

[13] Ducere, J. M., Hemeryck, A., Esteve, A., Rouhani, M. D., et al., A computational chemist 

approach to gas sensors: Modeling the response of SnO2 to CO, O2, and H2O Gases, Jurnal 

of Computational Chemistry, 2012, vol. 33, p. 247-258, DOI 10.1002/Jcc.21959. 

[14] Roque-Malherbe, R. M. A., Adsorption and diffusion in nanoporous materials, Boca Raton, 

CRC Press 2007, ISBN 978-1-4200-4675-5. 

644




