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ABBREVIATIONS AND TERMS USED IN THE WORK 

Abbreviation Explanation 

β current amplification factor 
r relative humidity 
t ambient air temperature 
v confidence probability 
ΔI increase in output current 
Δτ time interval of the increase in output current 
K vapour concentration 
U voltage of the electric circuit 
Φ intensity of optical radiation 
AVID injection device for concentration of certain acetone vapour  
VOC volatile organic compound 
HgXe mercury-xenon (lamp) 
LED light-emitting diode 
MOP metal-oxide-semiconductor 
ppm parts per million 
UV ultraviolet (radiation) 
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GENERAL DESCRIPTION OF THE DOCTORAL THESIS 

Topicality 
Acetone is one of the ketones and is metabolised by liver, while acetone vapour is a volatile 

organic compound (VOC) that has been identified as a biomarker. Based on several studies, acetone 
levels outside the specified range may indicate a metabolic disease [1]‒[4]. 

Acetone vapour is produced in various concentrations in the production and storage of 
consumer goods, commercial goods, construction materials, etc. Elevated acetone vapour 
concentrations can adversely affect working conditions and the environment, so determination of 
acetone vapour concentrations is required [5]‒[7]. 

In the range of modern sensors, semiconductor structures are best suited for determining VOC 
concentrations. These sensors are compact devices suitable for detecting low vapour concentrations 
[8]‒[10], however, this type of sensor has a drawback – its operation requires maintaining the 
sensitive part of the sensor (the part of the sensor whose electrical properties change in the presence 
of the target gas/vapour) at high temperatures. To prevent this, in recent years, semiconductor 
sensors have been stimulated with UV radiation, which changes the concentration of charge carriers 
in the semiconductor on which the gas/vapour molecules are absorbed and as a result the current 
of the sensor output. This current depends on the amount of gas/vapour molecules absorbed. With 
such sensors, the concentration of acetone vapour can be measured without heating the sensitive 
part of the sensor, but this method has a relatively high detection threshold, which makes it difficult 
to determinate VOCs in the patient's exhalation in cases of gastrointestinal diseases, diabetes or 
other pathologies. 

The sensitivity of the sensor can be increased by using an exponential relationship between the 
number of molecules absorbed and the photogenerated current through the p-n junction of the 
semiconductor device. 

The Thesis is devoted to the development of a method for the detection of low concentrations 
of acetone vapour (less than 100 ppm) and the design of a suitable sensor using optical stimulation 
of p-n junction without heating the sensing part of the sensor. 

As a result of the Thesis, a method for determination of acetone vapour concentration using a 
novel p-n junction optically stimulated sensor was implemented, allowing to determine acetone 
vapour concentration in the range from 16.3 ppm to 13 060 ppm (relative to a 1 mm2 sensitive part 
from 0.636 ppm to 509 ppm) in air. 

The aim of the Thesis 
To develop a method for the determination of acetone vapour concentration using a novel 

sensor based on optical stimulation of the p-n junction. 
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The following tasks were set to achieve the goal of the Thesis: 
1. Rationale for a method which provides a variation of the photogenerated output current with 

the concentration of acetone vapour in air. 
2. Sensor development based on a substantiated method. 
3. Development of a study methodology and a vapour delivery apparatus for the time-resolved 

recording of the sensor current versus acetone vapour concentration in air. 
4. Investigation of the operating modes of the sensor and determination of the associated 

parameters: 
• optical stimulation mode; 
• voltage of the electrical circuit; 
• optical degassing of the surface; 
• current amplification factor. 

5. Determination of the time interval between the increase of the sensor current and the increase 
of the sensor current as a function of the concentration of acetone vapour in air. 

6. Implementation of the method for the determination of acetone vapour concentration in air 
using the new p-n junction based optically stimulated sensor. Method application procedure. 

7. Possibilities of using the method: system size reduction, system operability outside standard 
conditions, selective sensor concept. 

Theses for defence 
1. A method for the determination of acetone vapour concentration in air is developed with a new 

sensor in which the p-n junction, a bipolar germanium alloy, is optically stimulated (HgXe 
lamp radiation, light flux Φ = 4.65 mW/cm2). 

2. The sensor operates over a concentration range of 16.3 ppm to 13 060 ppm of acetone vapour. 
3. The emitter current of a p-n junction-based optically stimulated sensor depends exponentially 

on the concentration of acetone vapour in air. 
4. The detection threshold for acetone vapour is 0.636 ppm (per 1 mm2 of sensing area) using the 

following operating mode parameters: HgXe lamp; Φ = 4.65 mW/cm2; Φdegassing = 
77.5 mW/cm2; U = 12 V; β = 152; coupling circuit – emitter repeater with common base, 
ambient conditions: t = 20 ± 1 °C; r = 45 ± 5 %. 

5. A new method for the determination of acetone vapour concentration using a sensor based on 
optical stimulation of the p-n junction allows to determine a minimum concentration of acetone 
vapour in air of 0.636 ppm (relative to a sensing area of 1 mm2) with an uncertainty of 2.0 % 
(95 % confidence probability). 

Scientific novelty of the Thesis 
1. A method for the determination of acetone vapour concentration in air has been implemented, 

which by optical stimulation of a sensor on a p-n junction provides measurements of acetone 
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concentration in the range of 16.3 ppm to 13 060 ppm with an uncertainty of 2.0 % (95 % 
confidence probability; t = 20 ± 1 °C; r = 45 ± 5 %) by measuring the increase in output current. 

2. It has been shown that by measuring the time interval of the increase in output current of a 
sensor on a p-n junction under optical stimulation, it is possible to measure acetone 
concentrations between 16.3 ppm and 13 060 ppm with an uncertainty of 11 s (95 % confidence 
probability; t = 20 ± 1 °C; r = 45 ± 5 %). 

3. The emitter current of a p-n junction-based optically stimulated sensor has been shown to 
depend exponentially on the concentration of acetone vapour in air. A sensor based on optical 
stimulation of the p-n junction, which does not need to be heated, has been developed to detect 
the concentration of acetone vapour in air. The lower threshold for the detection of acetone is 
0.636 ppm, and the upper threshold is 509 ppm per 1 mm2 of sensing area. The minimum 
detectable concentration is 79 times lower compared to the concentration detection methods 
using optically stimulated sensors currently available on the market. 

Practical significance of the Thesis 
A method for the detection of acetone vapour concentration using a p-n junction based optical 

stimulation sensor that can be used to detect acetone vapour concentrations in air up to a threshold 
of 0.636 ppm (relative to a sensing area of 1 mm2) has been developed. The method can be used 
for medical (biomarker detection), occupational, environmental and anti-terrorism purposes. 

Approbation of the Thesis 
The results of the Thesis were presented at the following conferences: 

1. 9th International Conference On BIONICS and PROSTHETICS BIOMECHANICS and 
MECHANICS MECHATRONICS and ROBOTICS, 17–21 June 2013, Riga, Latvia. 

2. 54th International Scientific Conference of Riga Technical University, 14–16 October 2013, 
Riga, Latvia. 

3. 55th Student Scientific Technical Conference of Riga Technical University, 29 April 2014, 
Riga, Latvia. 

4. 1st European Biomedical Engineering Conference for Young Investigators, 28–30 May 2015, 
Budapest, Hungary. 

5. 56th International Scientific Conference of Riga Technical University, 14–16 October 2015, 
Riga, Latvia. 

6. XIV Mediterranean Conference on Medical and Biological Engineering and Computing, 31 
March – 2 April 2016, Pathos, Cyprus. 

7. 57th International Scientific Conference of Riga Technical University, 14–18 October 2016, 
Riga, Latvia. 

8. The joint conference of the European Medical and Biological Engineering Conference 
(EMBEC) and the Nordic-Baltic Conference on Biomedical Engineering and Medical Physics 
(NBC), 11–15 June 2017, Tampere, Finland. 
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9. World Congress on Medical Physics & Biomedical Engineering, 3–8 June 2018, Prague, 
Czech Republic. 

10. 59th International Scientific Conference of Riga Technical University, 10–12 October 2018, 
Riga, Latvia. 

11. XV Mediterranean Conference on Medical and Biological Engineering and Computing, 
September 26–28, 2019, Coimbra, Portugal. 

Publications 
Scientific publications and contribution by the author of the Thesis: 
1. Dekhtyar, Y., Komars, M., Sneiders, M., Selutina, M. Towards Optically Induced 

Semiconductor Gas Sensor: Sensing of Acetone. IFMBE Proceedings, 2015, 50, 63‒65. 
Available from: doi:10.1007/978-981-287-573-0 (SCOPUS) 
 M. Šneiders’ contribution: research method, experiments, writing the publication. 

2. Dekhtyar, Y., Selutina, M., Sneiders, M., Zunda, U. Towards Optically Induced 
Semiconductor Human Exhalation Gas Sensor. IFMBE Proceedings, 2016, 57, 482‒485. 
Available from: doi:10.1007/978-3-319-32703-7 (SCOPUS) 
M. Šneiders’ contribution: research method, experiments, writing the publication. 

3. Dekhtyar, Y., Komars, M., Morozovs, F., Sneiders, M. Optically Induced Semiconductor Gas 
Sensor: Acetone Detection Range using Continuous and Cyclic Optical Irradiation Types. 
IFMBE Proceedings, 2018, 65, 330‒333. Available from: doi:10.1007/978-981-10-5122-7 
(SCOPUS) 
M. Šneiders’ contribution: research method, experiments, writing the publication. 

4. Dekhtyar, Y., Komars, M., Sneiders, M. Semiconductor Ethanol Sensor Inducted with Visible 
Light. IFMBE Proceedings, 2019, 68/3, 3‒6. Available from: doi:10.1007/978-981-10-9023-
3 (SCOPUS) 
M. Šneiders’ contribution: research method, experiments, writing the publication. 

5. Dekhtyar, Y., Komars, M., Sneiders, M. Optical Metrology of Novel Optically Stimulated 
Semiconductor Gas Sensor. IFMBE Proceedings, 2020, 76, 462‒468. Available from: 
doi:10.1007/978-3-030-31635-8 (SCOPUS) 
M. Šneiders’ contribution: research method, experiments, writing the publication. 

Patent 
1. RIGAS TEHNISKĀ UNIVERSITĀTE. Gāzes detektēšanas sensors, izmantojot diožu optisko 

stimulāciju. Jurijs Dehtjars, Maksims Komars, Maksims Šneiders (inventors). Int. Cl.: G01N 
21/33; G01N 21/59; H01L 21/02; H01L 23/20; H01L 23/467. Date of submission 2020-12-
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M. Šneiders’ contribution: research method, experiments, writing the patent. 
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1. LITERATURE REVIEW 

1.1. Methods of gas and vapour detection 

There are different methods for detecting and analysing a wide range of VOCs. They are 
implemented using sensors that work on different principles [11]–[14]. Within the range of modern 
methods for detecting acetone vapour concentrations, sensors based on semiconductor structures 
are best suited for detecting low vapour concentrations. This method has the additional advantage 
of lower energy consumption and smaller sensor dimensions (Table 1.1). 

Table 1.1 
Comparison of Gas/Vapour Detection Methods [8], [9] 

Parameter Gas/vapour detection method 

semiconductor catalytic 
combustion 

electro-
chemical 

thermal 
conductive 

infrared 
absorption 

Sensitivity excellent good excellent bad  excellent 
Accuracy good excellent good good excellent 
Selectivity poor bad  good bad  excellent 
Response time excellent good poor good good 
Stability excellent good bad  good good 
Maintenance excellent good bad  good poor 
Cost excellent excellent good good poor 
Concentration few ppm from 10 ppm 1–1000 ppm 1–100 % 1 ppm–100 % 

 
Compared to the previous group of sensors (see Sections 1.2 and 1.3 of the Thesis), a sensor 

capable of detecting low concentrations of acetone vapour must be developed. One of the possible 
solutions is to create a sensor for which the current value changes non-linearly depending on the 
vapour concentration – an increase in the vapour concentration causes an exponential increase in 
the current value. The nonlinear relationship can be achieved by providing a tunnelling effect. 
Based on the literature review, tasks were set to achieve the goal (see Chapter General Description 
of the Thesis). 

2. PHYSICAL PRECONDITIONS FOR USING OPTICAL 
STIMULATION OF P-N JUNCTION  

Polarized gas/vapour molecules, upon contact with the surface of a semiconductor, change the 
concentration of free charge carriers in the leading layer of the semiconductor (Debye length). 
Assuming that the charge of the adsorbed molecules is evenly distributed over the surface, an 
equivalent charge with the opposite sign appears in the semiconductor layer. As a result, the energy 
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zones bend in the semiconductor layer. The depth of interaction of the adsorbed molecules in the 
semiconductor is limited by the depth of the Debye length. 

When the semiconductor is irradiated, electron/hole pairs are generated, which shift the Fermi 
level towards the centre of the semiconductor restricted energy zone. In this case, the probability 
for electron f(E) to reach a level with energy E is subject to the Fermi-Dirac distribution function 
[15]. The distribution function has two parameters: Fermi level and temperature. 

 

  
Fig. 2.1. Overcoming the electron p-n junction potential barrier: a ‒ at optical stimulation; 

b ‒ at additionally adsorbed polarized molecules. 
Symbols: 1 – optical stimulation; 2 – free charge carriers;  

3 – test gas/vapour molecules; F – Fermi level; h. – p-n junction potential barrier height. 

Adsorption of a polarized molecule causes changes in the height of the p-n junction potential 
barrier (Fig. 2.1), which changes the probability of photogenerated electrons to cross the p-n 
junction potential barrier. In the light of the above, it is possible to design a method based on an 
optically stimulated p-n junction and having a nonlinear (exponential) dependence of the current 
on the number of adsorbed molecules. 

3. METHODOLOGY AND TOOLS 

As discussed in the chapter on physical preconditions, a semiconductor with a p-n junction was 
required, for which optical stimulation photons can overcome the band gap in the semiconductor. 
The surface of the semiconductor should not be covered with a thick protective layer that could 
shield the interaction of the adsorbed molecule and the semiconductor, for example, for silicon 
semiconductors the thickness of the oxide layer (SiO2) can reach 0.6 µm, which exceeds the Debye 
length [16]. The optical stimulation energy used had to be in the range of a few eV but higher than 
the average heat energy to avoid possible thermal noise. 

The method of manufacturing a semiconductor without an additional protective layer is called 
fused technology. In order to meet the requirements described above, a fused bipolar transistor 
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(sensor) [17], was taken as a sensor, the construction of which includes opposite closed p-n 
junctions. The use of a transistor made it possible to amplify the current without developing and 
constructing an additional amplification circuit. 

The parameters for determining the sensor's performance were: the increment in output current 
(ΔI) and the time interval of the increment in output current (Δτ). The first parameter describes the 
density of the adsorbed molecules, the second parameter addresses the rate of adsorption. 

The studies were performed under standard conditions (t = 20 ± 1 °C; r = 45 ± 5 %), maintained 
in the laboratory premises of the BIN Institute. 

3.1. Vapour delivery device 

In order to achieve the goal set in the Thesis, a vapour delivery device was created. 
An electrical circuit was set up to ensure the recording of the sensor emitter current 

(hereinafter – current). The circuit is designed as an emitter repeater with a common base. A current 
limiting resistor R4 was added to meet the requirements of the transistor manufacturer. It was 
experimentally determined that the drift of the registered current value is lower if the collector is 
placed in place of the emitter, and vice versa. This circuit has a high current amplification factor 
and high temperature stability [18]. 

AVID (Fig. 3.1) was formed from two cylinders with freely movable pistons. The digital caliper 
was used to determine the displacement of the piston, then it was converted to the volume of the 
injected vapour (the coefficient was checked through the weighed mass of water distillate). The 
acetone evaporation system consisted of an evaporation flask placed in a water bath. Using silicone 
tubes, shut-off valves, and t-shaped transitions, AVID was assembled in one circuit and connected 
to the test chamber. 

In case the study had to be performed in a saturated acetone vapour environment, chemically 
pure acetone with a volume of V = 6.0 ml (EMSURE Acetone for analysis) was poured into the 
bottom of the chamber (feed duration t = 5 s). Evaporation of acetone in the chamber space 
provided a saturated acetone vapour environment. In this case, work with AVID was not required. 

The determination of the acetone vapour concentration, which is lower than the saturated 
acetone vapour concentration, was based on the method of diluting the vapour mixture between the 
two cylinders until the desired value is reached [19]. 
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Fig. 3.1. AVID functional scheme. 

Symbols: A1 – primary cylinder; A2 – secondary cylinder; B – evaporation flask in a heating bath with 
water; C – pipe; D1, D2 – shut-off valve; D3 – clip; E – t-type connector; F – test camera; G – pressure 

equalization variable volume; H – digital calliper. 

First, acetone saturated vapour was prepared in cylinder A1. For this purpose, an evaporating 
flask filled with chemically pure acetone V = 2.3 ml was immersed in a heating bath with water 
above the boiling point of acetone (tboil = 56.5 ° C). The acetone was evaporated in an evaporating 
flask and mixed with the previously prepared volume of air in cylinder A1 forming an acetone-
saturated vapour, the concentration of which was estimated using Equation (3.1) [20[, [21]: 

𝐾𝐾0  =  
𝑃𝑃(sat)
𝑃𝑃(atm)

 ∙  106, (3.1) 

where K0 – concentration of saturated acetone vapour, ppm; P(sat) – the pressure of saturated 
acetone vapour, bar; and P(atm) – atmospheric pressure, bar. 

The pressure of the saturated acetone vapour was calculated using the Antoine equation [22]. 
The deviation of the theoretical results from the experimental data using this equation was 
estimated to be less than 0.1% (at room temperature) [23]. 

𝑃𝑃(sat)  =  10 �𝐴𝐴 − 𝐵𝐵
𝑇𝑇(atm) + 𝐶𝐶�, (3.2) 

where A, B, C are Antoine equation constants and Т(atm) is ambient temperature, °C. 

Before proceeding, the temperature of the saturated acetone vapour in cylinder A1 was reduced 
to ambient temperature (monitored by measuring the surface temperature of cylinder A1 and 
visually observing the condensation of acetone inside cylinder A1). Subsequent steps were 
designed to achieve the desired vapour concentration by diluting the vapour mixture between 
cylinders A1 and A2 (feed volume less than diluent volume; mixture feed time t = 5 s) with the 
prepared portion of air in the target cylinder. Each subsequent vapour concentration was estimated 
using Equation (3.3) [24]: 

𝐾𝐾(new)  =  𝐾𝐾(feed)  ∙  
𝑉𝑉(feed)

𝑉𝑉(air)  +  𝑉𝑉(feed), (3.3) 
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where K(feed) is acetone vapour concentration in the feed cylinder, ppm; V(feed) is the volume of 
mixture in the feed cylinder, ml; and V(air) is the pre-prepared volume of air in the target cylinder, 
ml. 

The desired concentration was obtained by varying the volume of mixture delivered and the 
volume of air prepared in the cylinders. Concentration calculations took into account that vapour 
dilution occurs when the vapour mixture is fed to the test chamber. 

Maximum relative inlet acetone vapour concentration error achieved at minimum inlet acetone 
vapour volume using one dilution cycle: 

ε𝐾𝐾(new)  =  2.9 %.  

The calculated relative error value was also used for the other injected acetone vapour 
concentrations. 

3.2. Research methodology 

In a series of studies on Δτ, it was experimentally determined that it is reached within 180 s 
after the moment of acetone injection into the test chamber [25], [26], thus each stage is taken to 
be 180 s long. The research procedure consisted of 5 stages. 

Mean values, confidence probability, standard deviations, ΔI and Δτ were calculated using 
Microsoft Excel 2016 64-bit (version: 16.0.11231.20122). 

In the study, the first three measurements were not included in the results because ΔI and Δτ 
are outside the confidence probability. It was experimentally determined that the next 7 
measurements (4–10) were within the confidence interval. 

3.2.1. Recording and processing of sensor output current  

The recorded output current was experimentally determined to have zero drift (Fig. 3.2, left). 
The nature of zero drift is not the subject of the Thesis and was not investigated. Before the sensor 
current was measured, the digital multimeter data (recorded output current) was processed. 
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Fig. 3.2. Recorded output current with a defined baseline (left); 

reduced output current with overlap point (right). 

Digital multimeter data were processed in OriginLab OriginPro 2018 (64-bit) SR1 (version: 
b9.5.1.195). A graph was created from the data, the baseline subtraction function (Peak Analyzer, 
Goal: Substract Baseline) was selected in the program. A minimum of 7 points (Baseline Mode: 
User Defined) during the optical simulation period from 380 s to 535 s were selected for manual 
baseline (BSpline) detection. The time period from 360 s to 380 s was not taken into account due 
to uncontrolled transition processes. The reduced recorded current (Fig. 3.2 on the right) is the 
difference between the recorded current and the baseline. 

Noise compensation of the reduced current value (Fig. 3.2 on the right) was performed with a 
9th order polynomial approximation constructed for a period of ±20 s from the transition point. 

The ΔI of the sensor is equal to the current value at the excess point (Fig. 3.2 to the right) 
obtained after the acetone vapour injection in relation to the recorded current value in the reference 
medium before the acetone vapour injection into the test chamber [19]. 

Δ𝐼𝐼 =  
𝐼𝐼(ac)
𝐼𝐼0

 ∙  100 %, (3.4) 

where I0 is raw current value before acetone vapour injection, μA, and I(ac) is the value of the 
reduced current at the excess point – reached after the injection of acetone, μA. 

In addition, Δτ after the moment of acetone injection into the test chamber was investigated. 

Δτ =  τ(𝑠𝑠𝑠𝑠𝑠𝑠)  −  τ(inj), (3.5) 

where τ(inj) is the start of acetone vapour injection into the test chamber, s, and τ(sat) is the 
moment when the overlay point is reached in the reduced and recorded current phase, s. 
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3.2.2. Connecting the sensor 

The type of connection of the sensor was studied for the efficiency of the selected electrical 
circuit. The results showed that with increasing concentration, the change in current ΔI increases. 
Acetone vapour concentration range was 1700 ppm to 7100 ppm. The change in current ΔI with 
two p-n junctions was greater than with one p-n junction. 

4. DETERMINATION OF SENSOR OPERATING MODES AND 
PARAMETERS 

4.1. Optical stimulation 

4.1.1. Light intensity 

Continuous optical stimulation was chosen for the study [26], [27], [29]. 
In the results, two pronounced extremes were identified at optical radiation intensity values 

Φ1 = 3.10 mW/cm2 and Φ2 = 15.5 mW/cm2. ΔI changes with decreasing acetone vapour 
concentration, as well as at high values of optical radiation intensity. 

The maximum Δτ was determined when the minimum of the studied radiation intensity was 
equal to Φ = 1.55 mW/cm2. Δτ decreases with decreasing acetone vapour concentration and with 
increasing intensity of optical stimulation. 

The maximum ΔI was observed at the lowest optical radiation intensity Φ = 1.55 mW/cm2, 
however, at this intensity it was not possible to determine Δτ. In order to study Δτ, the value of 
radiation intensity Φ = 4.65 mW/cm2 was chosen in the following studies. 

4.1.2. Spectral band 

Analysing the results, the same ΔI was found both at the UV radiation band and at the full 
(unfiltered) radiation spectrum of the HgXe lamp. Under the influence of radiation, ΔI was the 
same in both the infrared and visible light spectral bands of HgXe lamps, but differed using the UV 
spectral band of HgXe lamps – the result was 11 times lower. 

The difference in ΔI between the full spectrum of optical stimulation radiation and the UV 
radiation band was not significant, therefore further studies were performed using optical 
stimulation without a light filter. 
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4.2. Electrical circuit voltage 

The aim of the studies was to find the optimal voltage that was applied to the electrical circuit 
(similar to [28]). To achieve the goal, 5 separate studies with circuit voltages U = 3; 6; 9; 12; 15 V 
were performed using DC power supply IPS-1 (ИПС-1). 

The maximum ΔI was found at a voltage of U = 15 V. As the circuit voltage decreased, ΔI 
decreased to U = 6 V and began to increase at a lower voltage. As the circuit voltage decreased, Δτ 
also decreased. 

Given that U = 15 V is the maximum allowable operating supply voltage and ΔI approaches 
saturation, the circuit voltage was assumed to be U = 12 V for further studies. 

4.3. Optical surface degassing 

The procedure of the study (see Section 3.2) was changed and an additional stage – surface 
optical degassing (hereinafter – degassing) was added. Degassing took place after switching on the 
power supply but before the start of the optical stimulation. The degassing stage was performed for 
60 s at the optical stimulation intensity Φdegassing = 77.5 mW/cm2. An HgXe lamp was used as the 
source of optical degassing. The lamp was switched off for further 20 s. The following stage of 
optical stimulation was performed – reduced to 100 s. 

During the degassing stage, the average ΔI increases 2.6 times. The mean Δτ did not show a 
statistically significant deviation (p = 0.34). 

4.4. Current amplification factor 

The variance of this coefficient was observed in the sensors. Analysing the effect of changes in 
the current amplification factor on the results, two transistors of the same brand with the lowest 
and highest found current amplification factor were taken. 

Using the sensor with the highest coefficient (β = 316 versus β = 33), the mean ΔI increased 
3.4 times. The mean Δτ in this case decreased 3.0 times. 

5. DETERMINATION OF THE ACETONE VAPOUR 
CONCENTRATION THRESHOLD 

5.1. Without degassing and with low current amplification factor 

Figure 5.1 shows the effect of different acetone vapour concentrations on ΔI and Δτ using the 
following operating parameters of the sensor: U = 12 V; Φ = 4.65 mW/cm2. ΔI and Δτ varied 
exponentially with acetone vapour concentration. 
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Fig. 5.1. Estimation of acetone vapour concentration using a sensor. 

Research conditions: v = 95 %; β = 33. 

The minimum ΔI = –2.4 % was reached at an acetone vapour concentration of K = 2110 ppm. 
When recalculating the minimum concentration value for a sensitive area of the sensor of 1 mm2, 
Equation (5.1) was used to determine 

𝐾𝐾1mm2  =  
𝑆𝑆jut

1 mm2  ⋅  𝐾𝐾 =  
0.0390

1
 ⋅  2110 =  82.3 ppm, (5.1) 

where Ssens is the area of the sensitive part of the sensor, mm2. 

As the concentration of acetone vapour increased, ΔI increased exponentially. When graduating 
from sensor ΔI, the uncertainty did not exceed 1.4 % (95 % confidence probability). 

As the concentration of acetone vapour increased, Δτ increased exponentially. The minimum 
Δτ = 76 s was reached at the minimum acetone concentration value. When graduating from sensor 
Δτ, the uncertainty did not exceed 6.7 s (95 % confidence probability). 

5.2. With degassing and high current amplification factor 

The results of the same brand of transistors with increased current amplification factor and 
previous degassing are shown in Fig. 5.2. 
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Fig. 5.2. Estimation of acetone vapour concentration using a sensor. 

Research conditions: v = 95 %; β = 152. 

The minimum ΔI = ‒4.86 % was reached at an acetone vapour concentration of K = 16.3 ppm. 
By recalculating the minimum concentration value for an area of 1 mm2 of the sensitive part of the 
sensor, based on Expression (5.1), the following was determined: 

𝐾𝐾1mm2  =  0.636 ppm.  

As the concentration of acetone vapour increased, ΔI increased exponentially. When graduating 
from the ΔI of the sensor, the uncertainty did not exceed 2.0 % (95 % confidence probability). 

As the concentration of acetone vapour increased, Δτ increased exponentially. The minimum 
Δτ = 41.1 s is reached at the set minimum acetone concentration. When graduating from sensor Δτ, 
the uncertainty did not exceed 11 s (95 % confidence probability). 

For previously available and semiconductor-based optically stimulated sensors (see Section 
1.1), the recalculated concentration threshold at an active surface area of 1 mm2 was determined 
based on Expression (5.1): 

𝐾𝐾1mm2  ≈  50 ppm.  

6. METHOD FOR THE DETERMINATION OF ACETONE 
VAPOUR CONCENTRATION USING A SENSOR BASED ON 

OPTICAL STIMULATION OF A P-N JUNCTION 

6.1. Comparison of the method with available analogues worldwide 

A new method for the determination of acetone vapour concentration has been developed. The 
method is implemented using a sensor based on p-n junction optical stimulation. The essence of 
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the method is based on the development of a semiconductor vapour detection method with optical 
stimulation of p-n junction. 

The physical conditions of the method allow the implementation of a sensor for the 
determination of acetone vapour concentration without the disadvantage of the semiconductor 
vapour detection method ‒ heating of the sensitive part of the sensor, which is necessary for the 
operation of the method, and consequently no heating of the sensitive part of the sensor and 
diffusion of adsorbed vapour molecules into the sensor material, which limits the long-term or 
multiple use of the semiconductor vapour detection method. Compared to photo-stimulated 
semiconductor sensors, the threshold of minimum detectable concentration is lower. 

A new sensor can be used for the detection of acetone vapour and its concentration. Such 
sensors are used, for example, for the assessment of atmospheric pollution, for the monitoring of 
various vapour leaks, and in the medical sector. 

The minimum detectable concentration of acetone vapour is 79 times smaller (in terms of 
sensing area) compared to photo-stimulated semiconductor sensors currently available on the 
market. 

The method can be used, for example, to assess atmospheric pollution, to monitor leaks of 
various vapours/gases, in the medical sector to analyse patients' breath to detect and evaluate 
possible gastrointestinal diseases, or to assess the metabolism of cells in the body, etc. 

6.2. Procedure for the use of the acetone vapour concentration method 

The measurement of the increase in the photogenerated current of the sensor output shall be 
used to determine the concentration of acetone vapour. A new sensor allows the detection of a 
minimum concentration of acetone vapour in air of 0.636 ppm (relative to a sensing area of 1 mm2) 
with an uncertainty of 2.0 % (95 % confidence probability) using the following operating mode 
parameters: HgXe lamp; Φ = 4.65 mW/cm2; Φdegassing = 77.5 mW/cm2; U = 12 V; β = 152; coupling 
circuit – emitter repeater with common base; ambient conditions: t = 20 ± 1 °C, r = 45 ± 5 %. 

The developed method for estimating the concentration of acetone vapour is based on the 
measurement of ΔI, because this parameter shows the smallest deviation when estimating the 
concentration of acetone vapour (see Section 5.2). In order to be able to estimate the concentration 
of acetone vapour using a sensor based on optically stimulated p-n transitions, is the following 
procedure is necessary. 
1. Before using the sensor, if the sensor has been stored for a long time (more than 1 week), lower 

it into the acetone bath for 100 s and then rinse with an acetone jet for 10 s. The cleaning 
procedure should be repeated 2‒3 times; after the procedure wait 2 hours before performing 
the following points. 

2. Connect the sensor electrical circuit (Fig. 6.1, right) and prepare the measuring stand (Fig. 6.1, 
left). To provide the sensor with supply voltage U = 12 V, optical stimulation of the sensor 
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surface with intensity Φ = 4.65 mW/cm2 using HgXe source. The ambient parameters must 
be: t = 20 ± 1°C; r = 45 ± 5 %. 

 

  
Fig. 6.1. Functional diagram of the vapour recovery device (left) and  

electrical circuit for the sensor (right). 
Designations: R1=22 kΩ; R2=33 Ω; R3=100 kΩ; R4=0.11 kΩ. 

3. Measurement procedure: 
3.1. Sample stabilization. At this stage, the supply contacts of the electrical circuit ("+" and 

GND) are connected together (short circuit). 120 s after the start of the test, the sample 
is placed in the test chamber. 175 s after the start of the test, the power supply contacts 
are disconnected. 

3.2. Switching on the power supply. At this stage, the electrical circuit is switched on for 
180 seconds after the start of the test. 

3.3. Optical surface degassing (hereinafter ‒ degassing). The degassing stage is performed 
for 60 s at the optical stimulation intensity Φdegassing = 77.5 mW/cm2. An HgXe lamp is 
used as the source of optical degassing. The lamp is switched off for the next 20 s. 

3.4. Initiation of optical stimulation. Optical stimulation is initiated at 440 seconds after the 
start of the experiment. 

3.5. Acetone vapour injection. Optical stimulation continues. Acetone vapour introduced 
(feed time t = 8 s) ‒ occurs at 540 seconds after the start of the test. 

3.6. Completion of research. At 720 seconds, the experiment is stopped. The source of 
optical stimulation is switched off, the voltage supply to the sample is switched off, the 
chamber is opened. 

4. The measurement procedure (Step 3) is repeated four times (the first three are outside the 
confidence interval). For the fourth time, the current is recorded during the acetone vapour 
injection stage. 

5. The registered raw data is processed in OriginLab OriginPro 2018 (64-bit) SR1 (version: 
b9.5.1.195) using the following procedure: 

5.1. Import of raw data of the recorded current from the data log stored in the digital 
multimeter to the program environment (time and values of the recorded current). 
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5.2. A graph is created from the data, the program uses the baseline subtraction function 
(Peak Analyzer, Goal: Substract Baseline). At least 7 points are used to manually 
determine the baseline (BSpline) (Baseline Mode: User Defined). 

5.3. The treated registered current is the difference between the registered current and the 
baseline. 

5.4. Noise compensation of the treated current value shall be performed by a 9th order 
polynomial approximation constructed over a period of ±20 s from the transition point. 

6. The value of emitter ΔI is calculated using the expression: 

Δ𝐼𝐼 =  
𝐼𝐼(ac)
𝐼𝐼0

 ∙  100 %, (6.1) 

where I0 is the raw current value before acetone vapour injection, μA, and I(ac) is the value 
of the treated current at the excess point ‒ reached after the injection of acetone, μA. 
7. Using the sensor measurement curve, estimate the acetone vapour concentration using the 

calculated ΔI value (6.1). 

7. RECOMMENDATIONS. POSSIBILITIES OF USING THE 
METHOD 

It is beneficial to reduce the overall dimensions of the system. To achieve the goal, these 
methods were evaluated. 
• The system size was reduced by replacing the HgXe lamp with an LED (similar to [26], [29]). 

The volume of the sensor system studied in this work was about 30 l, the volume of the 
recommended system is about 1.5 l. 
The maximum ΔI was determined at λ = 367.5 nm, moreover, ΔI decreased with increasing 
wavelength of optical stimulation radiation. As the number (intensity) of incident photons of 
optical stimulation radiation increased, ΔI also decreased. A decrease in Δτ was observed with 
increasing wavelength of optical stimulation. The effect of the number of falling photons on 
optical stimulation radiation on Δτ is not clear. The study of the effect of LED radiation was 
performed in a saturated acetone vapour environment, because at lower vapour concentrations 
(for example, 13 000 ppm) it was not possible to study ΔI due to increased noise (recorded at 
current value). At optical stimulation with λ = 367.5 nm ΔI was lower than with the HgXe 
lamp with UV spectrum band, so the effective wavelength of optical stimulation was less than 
λ = 367.5 nm. 

• System performance under different environmental conditions was carried out, as the sensors 
can be deployed outside the conditions in which the studies in this thesis were carried out. 
The study of the effect of environmental parameters (relative humidity and ambient 
temperature) is important because their change affects the performance of the semiconductor 
sensor [29], [31]. The relative humidity of the air is proportional to the amount of water 
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molecules that are adsorbed on the surface of the sensor. Changes in ambient temperature 
affect the processes that take place in the semiconductor material, so these factors can affect 
the results of acetone vapour concentration determination. As the temperature increased, ΔI 
increased, while Δτ decreased. As the relative humidity increases, ΔI, Δτ also increases. 

• Selective sensor concept to enable the method usage in gas/vapour mixtures. 
The main drawback of the semiconductor gas/vapour concentration detection method is the 
lack of selectivity (see Table 1.1) ‒ the difficulty of using the sensor in mixed gas/vapour 
environments. 
The study of the new acetone vapour concentration detection method led to the conclusion that 
the sensitivity of the method depends on its main operating mode parameters (see Section 6.2): 
optical stimulation, electric circuit current voltage, surface optical degassing, current 
amplification factor. A correlation between ΔI and the dipole moment of the applied vapour 
was observed, leading to the conclusion that the electrophysical properties of an optically 
induced semiconductor depend on the dipole moment of the gas. 
A solution to the selective sensor concept was proposed: to use a set of sensor elements 
(matrix) that provide adsorption of specific gases. 

CONCLUSIONS 

1. A method for the determination of acetone vapour concentration using a novel sensor based 
on optical stimulation of the p-n junction has been developed. 

2. A method that ensures that the output photogenerated current varies with the concentration of 
acetone vapour in the air has been justified. 

3. The sensor is based on a substantiated method. 
4. A procedure has been developed and a vapour delivery apparatus has been set up to record the 

sensor current depending on the concentration of acetone vapour in the air. 
5. Studies have been carried out on the sensor increase in output current, mode of operation of 

the increase in output current time interval, and parameterisation: 
• optical stimulation mode; 
• voltage of the electrical circuit; 
• optical degassing of the surface; 
• current amplification factor. 

6. Studies have been carried out on the dependence of the sensor increase in output current and 
the time interval of the increase in output current on the concentration of acetone vapour in 
air. 

7. A method for the determination of acetone vapour concentration in air using the new sensor 
based on p-n transient optical stimulation has been achieved. A procedure for the application 
of the method is proposed. 
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8. The applicability of the method, the possibility of reducing the size of the system, the 
operability of the system outside standard conditions are evaluated. The concept of a selective 
sensor is proposed. 

9. For the determination of acetone vapour concentrations in air, a method was developed with a 
new sensor in which the p-n junction, a bipolar germanium alloy, is optically stimulated (HgXe 
lamp radiation, light flux Φ = 4.65 mW/cm2). 

10. The sensor operates over a concentration range of 16.3 ppm to 13 060 ppm of acetone vapour. 
11. The emitter current of a p-n junction based optically stimulated sensor depends exponentially 

on the concentration of acetone vapour in air. 
12. The threshold for detection of acetone vapour concentration of the sensor is 0.636 ppm (per 

1 mm2 sensing area) using the following operating mode parameters: HgXe lamp; 
Φ = 4.65 mW/cm2; Φdegassing = 77.5 mW/cm2; U = 12 V; β = 152; coupling circuit – emitter 
repeater with common base; ambient conditions: t = 20 ± 1 °C; r = 45 ± 5 %. 

13. A new method for the determination of acetone vapour concentration using a sensor based on 
optical stimulation of the p-n junction allows the determination of a minimum concentration 
of acetone vapour in air of 0.636 ppm (relative to a sensing area of 1 mm2) with an uncertainty 
of 2.0 % (95 % confidence probability). 
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