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Abstract— A novel concept of vacuum pressure sensor based 

on thin film technology is presented. The sensor is designed as 

a 1 µm thick aluminium film patterned as a structure of 

wedges facing each other along a sharp tip. The distance 

between the wedge tips is 3 µm. This structure is obtained by 

laser writing in vector mode. Parts of the sensor structure are 

fabricated and measured. Analytical consideration of the 

proposed structure is given together with the concept of the 

experimental set up for testing of the sensor. 

 

Index Terms—Pressure sensor; DC discharge; Electrical 

conductivity of gases. 

 

I. INTRODUCTION 

Vacuum technology is very important in many scientific 

disciplines and industrial processes [1]. Measurement of the 

vacuum pressure depends on the range of vacuum, namely 

rough vacuum, medium vacuum, high or ultra-high vacuum 

(UHV). For measurements of rough vacuum, from 

atmospheric pressure down to 0.1 Pa, gauges like Pirani or 

mechanical manometers are used [2, 3, 4]. For high vacuum, 

or pressure lower than 0.1 Pa ionization gauges are used [5].   

In this work, an ionization sensor of vacuum is designed, 

modelled by analytical formulas, and part of it is fabricated. 

Fabrication in the proposed technology of direct laser 

writing is feasible but it takes relatively long time for the 

machine to finish one production cycle.  

Aim of this work is to examine whether it is possible to 

determine gas pressure by measuring the conductivity of 

gases with a microdevice. In the following, proposed sensor 

design and discussion of the proposed design pattern are 

given. Characteristics of fabricated sensor part are examined 

by Atomic Force Microscopy measurements. Afterwards, 

some theoretical background of electrical conductivity in 

gases is considered and calculations for proposed structure 

are performed. Last part of paper gives proposal for 

measurement set-up and schematic for calibration of the 

sensor.   
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II. SENSOR DESIGN AND FABRICATION 

The sensor is designed in four bunches, each with two 

pads. Each bunch consists of four stripes on one pad and 

five on another, with wedges which make a fringe pattern 

between them, Fig. 1. Each stripe is patterned on both sides 

with a series of wedges which are facing the wedges of the 

opposite stripe along the sharp tip. Enlarged detail of fringes 

(red rectangle in Fig. 1) is given in Fig. 2. The shortest 

distance between the tips is 3 µm. 

 

 
 

Fig. 1. Proposed design of the vacuum pressure sensor. Red rectangle is 

shown in Fig. 2. All units are in micrometers. 

 

 
 

Fig. 2. Enlarged detail of the proposed design (red rectangle in Fig.2). Units 

are in micrometers. 
 

The technology needed for the fabrication of this type of 

the designed structures was already developed at ICTM-

CMT [6]. With this technology, it was possible to fabricate 

the lines with the period of 6 µm and clearance between 2 

µm and 3 µm using Laser Writer (LW405, MicroTech, 

Italy) in vector mode. Vector mode enables a machine to 

draw continuous lines and the width of the line is defined by 

the time of photoresist exposure and subsequent 

development. 
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A part of the proposed pattern for the vacuum pressure 

sensor is shown in Fig. 3.  

 

 
 

Fig. 3. A detail of proposed pattern and marked area where AFM scan was 

performed (red square). 

 

The white line in Fig. 3 represents areas of wafer which 

will be exposed to laser radiation. After photolithography, 

we get structure similar to the structure shown in Fig. 2.  If 

lines are 2 µm wide and are crossing each other on 90 

degrees angle, calculated distance between wedge tips 

(electrodes) is 2.83 µm. Pattern was drawn using CleWin 

software [7]. 

The sensor was fabricated in a planar technology used for 

microelectronic devices. On a 3 inch wafer, 380 µm thick, 

<100> orientation, 3-5 Ωcm resistivity, n-type, one side 

polished, SiO2 layer was grown by thermal oxidation at 

1100 ℃ for 105 minutes. After thermal oxidation aluminium 

with 1% of silicon (Al 1% Si) was sputtered by DC 

Magnetron Sputtering. The wafer was than coated with 

photoresist AZ 1505 (MicroChemicals, Germany), 0.5 µm 

thick by spin coating. The wafer prepared in this way was 

then exposed to laser radiation (405 nm wavelength) using 

direct laser writer (LW405, MicroTech, Italy, 405 nm 

wavelength) in vector mode. After exposure, photoresist was 

developed using MIF 726 (MicroChemicals, Germany) 

developer for 25 seconds. Afterwards, photoresist was baked 

at 115oC for 50 seconds. The next procedure was removal of 

aluminium from the exposed areas. This was done with a 

solution made of acetic acid, phosphoric acid and nitric acid. 

After this, the remained photoresist was removed with 

acetone.  

In order to explore characteristics of lines fabricated in 

vector mode, Atomic Force Microscopy (AFM) 

measurement was performed. The structure on which AFM 

measurement was performed is marked as red square in Fig. 

3. A 3D AFM scanning along the transition area between 

sputtered Al 1% Si and SiO2 is shown in Fig. 4. Fig. 5 gives 

2D image of the same structure. The profile of the transition 

(red line in Fig. 5) is shown in Fig. 6.  

Thickness of sputtered Al 1% Si is estimated to be around 

0.7 µm from Fig. 6 and surface roughness is around 73 nm, 

Fig 6. 

 

 

 
 

Fig. 4. 3D AFM picture of the obtained structure 

 

 
 

Fig. 5. 2D AFM image with the profile line marked red. 

 

 

 
Fig. 6. profile of the characteristic line. 

 

III. ANALYTICAL MODEL OF SENSOR FUNCTIONALITY 

Under normal conditions gas is behaving as an electrical 

insulator. Under certain conditions gas can conduct 

electricity [8]. The flow of the electrical current through 

gases is known as electrical discharge. There are three 

different types of electrical discharge – Townsend (dark) 

discharge, glow discharge and arc discharge. These types 

can be distinguished by current-voltage characteristics.  



 

For the functionality of this sensor, the region of interest 

is Townsend discharge. In this region the applied voltage 

accelerates free ions and electrons so that certain number of 

them will reach the electrodes. The current is proportional to 

the applied voltage and gas acts as an Ohmic resistor. 

Further increasing of voltage allows all charged particles to 

reach the electrode and current enters the saturation. If the 

applied voltage is further increased, the current rapidly 

increases. This is a consequence of creating new ions in gas 

by collisions. 

Ionization in this region is a consequence of three 

processes [9]:  

-While moving toward anode electrons collide with gas 

particles and generate more electrons and ions; 

-Positive ions moving toward the cathode collide with gas 

particles, ionize and also generate certain numbers of 

electrons and positive ions; 

-Particles such as positive ions strike the cathode to emit 

secondary electrons. 

Each of these processes is quantitatively characterized by 

three Townsend coefficients: α, β and γ respectively. 

Townsend coefficient α is the electron ionization coefficient 

for the volume of gas. If the number of accelerated electrons 

is 𝑛𝑒0 and the gap between the electrodes is x than the 

number of produced electrons is [9]: 

 

  𝑛𝑒 = 𝑛𝑒0𝑒𝛼𝑥, (1) 

 

and discharge current reaching the anode is [9]: 

 

 𝑖𝑒 = 𝑖𝑒0𝑒𝛼𝑥. (2) 

 

Coefficient α depends on the mean free path of electrons, 

𝜆𝑒 , and intensity of the electric field E. It can be calculated 

using equation [9]: 

 

 α =
1

𝜆𝑒
exp (−

𝑉𝑖

𝐸𝜆𝑒
), (3) 

 

where 𝑉𝑖 is ionization energy of gas component. 

Mean free path is the average distance travelled by 

particle between colliding. With approximation of the ideal 

gas state, mean free path can be calculated using equation 

[10]: 

 

 𝜆𝑒 =
𝑘𝑇

√2 𝑝𝜋𝑑2 , (4) 

 

where k is the Boltzmann constant, T is the gas 

temperature, p is the gas pressure and d is the effective 

diameter of the particle.  

Equations (3) and (4) show that, for a specific gas α is a 

function of the gas pressure and the electric field intensity.  

Coefficient β is a positive ion ionization coefficient. 

Required energy for positive ions to ionize neutral particles 

is thousands of electron volts. In a normal discharge process 

ions do not have this energy so a contribution of β is 

negligible [9]. 

Coefficient γ is the electrode surface ionization coefficient 

for positive ions. It shows how many electrons are emitted 

from the cathode when positive ion strikes it. If 𝑛0(𝑒𝛼𝑥 − 1) 

positive ions strike a cathode, the number of electrons 

emitted from cathode will be 𝛾𝑛0(𝑒𝛼𝑥 − 1). Coefficient γ is 

a function of cathode material and kinetic energy of impact 

ions. Ions must have enough energy to overcome the 

electron binding energy of cathode material. Given that the 

kinetic energy of ions is determined by the intensity of the 

electric field and gas pressure, one can tell that coefficient γ 

is a function of gas pressure, intensity of the electric field 

and cathode material. Coefficient γ can be calculated using 

Baragiola empirical equation [11]: 

 

 𝛾 = 0.032(0.78𝑉 − 2𝜑), (5) 

 

or Hagstrum’s semi empirical equation [11]: 

 

 𝛾 =
0.2(0.8𝑉−2𝜑)

𝜀𝐹
. (6) 

 

In both equations, V is the energy of incident ion, φ is the 

work function, and 𝜀𝐹 is the Fermi energy.  

Total discharging current is [9]: 

 

  𝑖𝑒 =
𝑖𝑒0𝑒𝛼𝑥

1−γ(𝑒𝛼𝑥−1)
 (7) 

Total discharge current is a function of Townsend 

coefficients, thus, it is a function of pressure and intensity of 

electric field. 

Total discharge current as a function of pressure was 

calculated for various values of the electric field intensity 

and for various gases. Total discharge current was calculated 

using (7). The work function of aluminium is 4.25 eV [12] 

so electrode surface ionization coefficient (γ) contribution is 

negligible for the considered voltages. Electron ionization 

coefficient was calculated using (3), and mean free path was 

calculated using (4). 

Total discharge current versus pressure for argon and 

molecules of nitrogen and oxygen is shown in Fig. 7. 

Pressure range is between 1·105 Pa and 7·105 Pa. Ionization 

energies are 15.763 eV for argon [13], 12.0697 eV for 

oxygen [14] and 15.581 eV for nitrogen [15]. Kinetic 

diameters are 340 pm for argon [16], 346 pm for oxygen 

[17], and 364 pm for nitrogen [17]. 
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Fig. 7. Current versus pressure for O2, N2 and Ar for intensity of electric 

field of 1·107 V/m. 
 

Total discharge current for various intensities of the 

electric field is shown in Fig. 8. 
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Fig. 8. Total discharge current versus pressure for different intensity of the 

electric field for  Ar, O2, and N2. 

 

Influence of the intensity of the electric field (i.e. applied 

voltage) can be understood from the plot of total current vs. 

pressure for various intensities of electric field, Fig. 8. 

Fig. 8. shows that current has maximum values on 

2300 Pa, 4500 Pa and 9000 Pa for intensity of the electric 

field of 5·106 V/m, 1·107 V/m, and 2·107 V/m, respectively.  

Applying different voltage on sensor pads can provide 

required pressure range. 

Current in Fig. 7, and Fig. 8 is calculated for one pair of 

wedges (Fig. 2). In a single bunch there are 2110 pairs of 

wedges and in whole sensor, there are 9240 pairs of wedges, 

so current has to be multiplied by these factors.  

IV. PROPOSAL OF THE EXPERIMENT 

Fig. 9 shows simplified scheme of measurement set-up. 

 

 
 

Fig. 9. Simplified scheme of the measurement principle.  

Principle of operation can be understood from Fig. 9. 

Voltage is applied on pads of one bunch. If, for given 

voltage, gas pressure is above pressure upper limit for which 

gas between wedges is conductive there will be no current 
flow through a circuit (resistance of gas between opposite 

wedges is infinite) and output voltage will be the same as 

the input voltage, 𝑈𝑜𝑢𝑡 = 𝑈𝑖𝑛. If the applied voltage is 

increased, or if the pressure is reduced, gas between wedges 

will become conductive and there will be current flow 

through the circuit. The output voltage will be lower and 

could be calculated using the equation: 

 

 𝑈𝑜𝑢𝑡 = 𝑈𝑖𝑛 − 𝐼𝑅, (8) 

 

where I is the current through the circuit and R is the 

resistance, Fig. 9. Current in a circuit is a total discharge 

current (7). Further reduction of the pressure will alter 

Townsend coefficients and change discharge current and, 
according to (8), the change in current will give different 

output voltage. 

In the proposed design sensor consists out of four bunches 

identical with one on Fig. 9 (labelled as sensor). These 

bunches can be connected in parallel if the current in one 

bunch is not large enough to be detected. 

 

Schematic for calibration of the sensor is shown in 

Fig. 10. 

 

 
 

Fig. 10. Block scheme of sensor calibration experiment. 

 

Calibration of the sensor could be done by a recording of 

the sensor voltage drop as a function of the pressure for a 

given intensity of the electric field. The pressure should be 

slowly reduced using a vacuum pump and control valve. 
The pressure value can be controlled by the commercial 

pressure sensor. Voltage drop should be measured for 

different pressure values using appropriate electronics. As a 

result, the voltage vs. pressure curve could be obtained 

which may serve as a calibration curve for the sensor. 

V. CONCLUSION 

Design and analytical model for planar pressure sensor 

have been presented. It was shown that it is feasible to 

fabricate the desired structure using direct laser writing. 

Calculations based on the presented analytical model have 

been done for different gases and for various intensities of 

the electric field. Calculations showed that measurable 

current-dependence of pressure can be accomplished for a 

wide range of pressure by applying different voltages. The 

proposed sensor design seems to be a competitive 

microscopic device for measuring pressure in a wide 

vacuum range. 
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