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GENERAL DESCRIPTION OF DOCTORAL THESIS 

 
Thesis topic rationale 

 

Cancer is the second leading cause of death in the EU Member States after 

cardiovascular diseases; moreover, the mortality rates in Latvia, Lithuania and Estonia are 

among the highest in Europe [36]. In 2014, cancer was the cause of death in 21% of cases in 

Latvia [47]. One of the main methods of cancer treatment is radiation therapy [6]. In Latvia, at 

least 20% of all oncology patients receive radiotherapy as a sole treatment or in combination 

with other treatments [46]. 

During radiotherapy, malignant tumor is irradiated with ionizing radiation. The 

radiation breaks the chemical bonds of DNA molecules of cancer cells, as the result the cells 

can no longer divide and die [22]. However, in the same way radiation affects DNA 

molecules of healthy tissue. Therefore, it is important to increase the accuracy of radiation 

delivery to cancer tissue in order to reduce the dose of radiation absorbed by the surrounding 

healthy tissue. To ensure this, it is important to control the area where radiation is delivered 

and the value of absorbed radiation dose which can be measured with dosimeters. 

Taking into account the effects of radiation on DNA molecule having a diameter of 

2 nm, it is important to know the value of radiation dose absorbed by a nano-sized biological 

object. Currently, there are no dosimeters which are capable of measuring the dose absorbed 

in nano objects having size similar to DNA molecule, therefore the value of absorbed dose is 

simulated, e.g. using Monte Carlo methods [39, 53]. In order to measure the radiation dose 

absorbed by nano-objects and thus to verify and refine simulation results, it is necessary to 

design a nanodosimeter and develop a method of its usage. 

Method of dosimetry of ionizing radiation which allows to measure dose of radiation 

absorbed in objects having nano dimensions has been developed in the doctoral thesis. Lead 

sulphide (PbS) nanoparticles that are embedded in a dielectric nanofilm of zirconium oxide 

(ZrO2:PbS nanostructured film) were studied. Photoelectron emission (PE) spectroscopy has 

been used to read the dose of radiation absorbed in the films [26]. It has been also 

demonstrated in the thesis that it is possible to erase dose of radiation stored in ZrO2:PbS 

nanostructured films by performing annealing of the films. 

 

Purpose and tasks of the thesis 

 

Development of the method of dosimetry of ionizing radiation which allows to 

measure dose of radiation absorbed in objects with nano dimensions. 

 

To achieve the purpose of the thesis the following tasks have been put forward: 

1) To establish the theoretical basis for development of a nanodosimeter. 

2) To offer a practical realization of the nanodosimeter that will be used for further 

experiments. 

3) To develop a method of reading the signal from the nanodosimeter. 

4) To develop a calibration curve that establishes relation between the signal of the 

nanodosimeter and the absorbed dose of radiation. To estimate the error of dose 

measurement using the developed calibration curve. 

5) To develop a restoration method of dosimetric properties of the nanodosimeter after 

irradiation. 

6) To develop recommendations for application of the nanodosimeter in nanodosimetry. 
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Research methods 

ZrO2:PbS nanostructured films were ordered and fabricated by sol-gel technique in 

Hebrew University of Jerusalem (Israel), Institute of Inorganic Chemistry, by the scientific 

group of Prof. Renata Reisfeld. To measure the thickness of the ZrO2:PbS films and diameters 

of PbS nanoparticles scanning electron microscopy (FE-SEM Hitachi S4800 [24]) and etching 

with Ar
+
 ions (Gatan Inc. Precision Etching Coating System, Model 682 [20]) were used. PE 

current was registered using threshold photoelectron emission spectrometry. In order to 

deliver dose of radiation, ZrO2:PbS nanostructured films were exposed to ultraviolet (UV) 

radiation (HAMAMATSU Lightningcure LC5 L8222 UV source with 200 W gas discharge 

lamp L8251 [30, 51]) and ionizing electron beam radiation (medical linear accelerator 

VARIAN CLINAC 2100CD [11]).  

 

Theses to defend 

1) The method of extraction of PE signal associated with the presence of PbS 

nanoparticles out of PE spectra of ZrO2:PbS nanostructured film. Increment of PE 

current of ZrO2:PbS film calculated in a photon energy range from 4,9 to 5,5 eV is 

associated with the presence of PbS nanoparticles in ZrO2 film. PE current increases 

with increase in mole percent of PbS in ZrO2 film. 

2) The method of dosimetry of ionizing radiation based on PE from ZrO2:PbS 

nanostructured film (the nanodosimeter). Absorbed dose of radiation influences 

increment of PE current calculated in a photon energy range from 4,9 to 5,5 eV. In 

order to determine dose of radiation absorbed in ZrO2:PbS nanodosimeter, change of 

the increment of PE current after irradiation has to be compared with the calibration 

curve of the nanodosimeter. 

3) The method of restoration of dosimetric properties of the nanodosimeter made of 

ZrO2:PbS nanostructured film after irradiation. The nanodosimeter can be reused 

after its annealing in vacuum at 150 °C and it is possible to reuse the dosimeter not 

earlier than in 4 days after the annealing. 

 

Scientific novelty 

For the first time: 

1) The possibility to create a nanodosimeter using nanoparticles as radiation-sensitive 

elements and PE as a method of absorbed dose readout has been demonstrated using 

ZrO2:PbS nanostructured film as an example. 

2) The PE signal associated with the presence of PbS nanoparticles was extracted out of 

PE spectra of ZrO2:PbS nanostructured films. 

3) The method of dosimetry of ionizing radiation has been developed that allows to 

measure dose of ionizing radiation absorbed in ZrO2:PbS nanostructured films 

(demonstrated by the example of 9 MeV electron beam radiation in the dose range of 

0–10 Gy). 

4) The method of annealing of irradiated ZrO2:PbS nanostructured films was developed 

and demonstrated which erases dose of radiation stored in the films and restores 

dosimetric properties of the films. 

 

Practical significance 

The developed method of dosimetry will promote the development of nanodosimeters 

based on radiation sensitive nanostructures. The use of nanodosimeters in radiobiology will 

result in deeper understanding of the effects of radiation on biological nanoobjects. This in 

turn will increase efficiency and safety of radiation therapy. 
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Approbation of the thesis 

The results of the thesis were presented at the following scientific conferences: 

1) 6th International Conference on Medical Physics "Medical Physics in the Baltic States 

2008", October 10-11, 2008, Kaunas, Lithuania; 

2) Riga Technical University 49th International Scientific Conference, October 13-15, 

2008, Riga, Latvia; 

3) The NATO Advanced Study Institute “ Technological Innovations in Detection and 

Sensing of Chemical Biological Radiological Nuclear Threats and Ecological 

Terrorism”, June 7-17, 2010, Chisinau, Moldova; 

4) Riga Technical University 51th International Scientific Conference, October 11-15, 

2010, Riga, Latvia; 

5) 15th Nordic-Baltic Conference on Biomedical Engineering and Medical Physics (NBC 

2011), June 14-16, 2011, Aalborg, Denmark; 

6) International Conference "Functional Materials and Nanotechnologies" (FM&NT-

2011), April 5-8, 2011, Riga, Latvia; 

7) 3rd Joint World Congress of Latvian Scientists and 4th Congress of Letonika: section 

"Technical Sciences”, October 24-27, 2011, Riga, Latvia; 

8) Biomedical Engineering 2011, October 27-28, Kaunas, Lithuania; 

9) International Conference “Functional Materials and Nanotechnologies” (FM&NT-

2012), April 17-20, 2012, Riga, Latvia; 

10) 2nd International Conference on Nanotechnologies and Biomedical Engineering 

(ICNBME-2013), April 18-20, 2013, Chisinau, Moldova; 

11) Science, Technology and Innovative Technologies in the Prosperous Epoch of the 

Powerful State, June 12-14, 2013, Ashgabat, Turkmenistan; 

12) International Conference on Bionics and Prosthetics, Biomechanics and Mechanics, 

Mechatronics and Robotics (ICBBM 2013), June 17-21, 2013, Riga, Latvia; 

13) 10th International Conference on Nanosciences & Nanotechnologies (NN13), July 9-

12, 2013, Thessaloniki, Greece; 

14) 15th International Conference-School "Advanced Materials and Technologies", 

August 27-31, 2013, Palanga, Lithuania; 

15) Riga Technical University 54th International Scientific Conference, October 14-16, 

2013, Riga, Latvia; 

16) The 13th International Conference on Global Research and Education "Inter Academia 

2014", September 10-12, 2014, Riga, Latvia. 

 

The doctoral thesis continues the research of Institute of Biomedical Engineering and 

Nanotechnologies of RTU on application of ZrO2:PbS nanostructured films in the dosimetry 

of ionizing radiation started in 2008, the year when the author of the thesis defended her 

bachelor thesis entitled “Photoelectron Spectroscopy of PbS ZrO2 nanofilms” (original title: 

PbS ZrO2 nanokārtiņu fotoelektronu spektroskopija). In 2009 the author defended master 

thesis entitled “Influence of Electron Radiation on Photoemission Spectra and Surface 

Electric Potential of ZrO2:PbS films” (original title: Elektronu starojuma ietekme uz ZrO2:PbS 

plēvīšu fotoemisijas spektriem un virsmas elektrisko potenciālu). 

In the direction of the research the following bachelor theses were developed 

supervised by the author: 

 Borzola, Aleksandra. Penumbra formation in the ZrO2:PbS film covered by a mask 

and irradiated with UV radiation. (Original title: Pusēnas veidošanās pārklātajā ar 

masku ZrO2:PbS kārtiņā, apstarojot to ar ultravioleto starojumu). Riga: [RTU], 2012. 

51 p. 
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 Beļikovs, Vjačeslavs. Elektronu un gamma starojuma ietekme uz ZrO2:PbS filmas 

virsmas elektrisko potenciālu un pjezoatsauci. Riga: [RTU], 2012. 88 p. 

 Krumpāne, Diāna. Influence of electron and gamma radiation on photoemission 

properties of ZrO2:PbS film. (Original title: Elektronu un gamma starojuma ietekme uz 

ZrO2:PbS filmas fotoemisijas īpašībām.) Riga: [RTU], 2012. 52 p. 

 Rešetņikova, Aļisa. Influence of cleaning of ZrO2:PbS nanolayer surface and 

annealing on photoemission.  (Original title: ZrO2:PbS nano pārklājuma virsmas 

attīrīšanas un atkvēlināšanas ietekme uz fotoemisiju). Riga: [RTU], 2013. 66 p. 

 Kovaļovs, Pāvels. Applicability of photoemission from ZrO2:PbS film in 

nanodosimetry of gamma and electron radiation. (Original title: ZrO2:PbS filmas 

fotoemisijas izmantošanas iespējamība gamma un elektronu starojuma 

nanodozimetrijai.) Riga: [RTU], 2013. 72 p. 

 

Publications 

The results of the thesis are published: 

I. Chapter of multi-authored monograph 

1) Dekhtyar Yu., Romanova M., Anischenko A., Sudnikovich A., Polyaka N., Reisfeld 

R., Saraidarov T., Polyakov B. PBS Nanodots for Ultraviolet Radiation Nanosensor. - 

Vaseashta A., Braman E., Susmann P., eds. Technological Innovations in Sensing and 

Detection of Chemical, Biological, Radiological, Nuclear Threats and Ecological Terrorism. - 

Dordrecht: Springer Science+Business Media B.V., 2012. - pp.361-366. ISBN 978-

940072487-7 (SCOPUS) 

2) Dekhtyar Yu., Krumpane D., Perovicha K., Reisfeld R., Romanova M., Saraidarov T., 

Surkova I. Electron Emission Standed Nanodosimetry and Gas Detection. - Vaseashta A., 

Khudarverdyan S., eds. Advanced Sensors for Safety and Security. - Dordrecht: Springer 

Science+Business Media Dordrecht, 2013. - pp.173-180. ISBN 978-94-007-7002-7 

(SCOPUS) 
II. Publications in reviewed scientific journals 

1) Dekhtyar Yu., Krumpane D., Perovicha K., Reisfeld R., Romanova M., Saraidarov T., 

Soudnikovich A., Surkova I. Electron Emission for Nanodosimetry of Ionizing Radiation and 

Gas Sensing// Chemical Sensors. - 2013. - Vol.3. - Article ID6. - pp.1-4. 

III. Proceedings of scientific conferences 

1) Dekhtyar Yu., Kovalovs P., Krumpane D., Reisfeld R., Resetnikova A., Romanova 

M., Saraidarov T., Surkova I. Photoelectron Emission from PbS Nanodots for Dosimetry of 

Ionizing Radiation// Proceedings of the 9th Baltic - Bulgarian Conference on bionics and 

prosthetics, biomechanics and mechanics, mechatronics and robotics: ICBBM 2013, Latvia, 

Riga, 17-21 June, 2013. Riga: ICBBM Conference Committee, 2013. - pp.207-210. 

2) Dekhtyar Yu., Polyaka N., Reisfeld R., Romanova M., Saraidarov T., Soudnikovich 

A. ZrO2 Glass Films Influenced by Ultraviolet Radiation// Medical Physics in the Baltic 

States 2008: Proceedings of the 6th International Conference on Medical Physics, Lithuania, 

Kaunas, 10-11 October, 2008. - pp.27-31. 

3) Dekhtyar Yu., Romanova M., Anischenko A., Sudnikovich A., Polyaka N., Reisfeld 

R., Saraidarov T., Polyakov B. PbS Nanodots For Ultraviolet Radiation Dosimetry// IFMBE 

Proceedings. - 2011. - Vol.34. - pp.133-136. (SCOPUS) 

4) Dekhtyar Yu., Romanova M., Stalidzane K., Katashev A. , Reisfeld R., Saraidarov T. 

PbS Nanodots for Electron Radiation Thin-Film Sensor// Biomedical Engineering 2011: 

Proceedings of the International Conference, Lithuania, Kaunas, 27-28 October, 2011. - 

pp.111-114. 

5) Krumpane D., Dekhtyar Yu., Surkova I., Romanova R. Photoelectron Emission as a 

Tool to Assess Dose of Electron Radiation Received by ZrO2:PbS films// 2nd International 
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Proceedings, Moldova, Chisinau, 18-20 April, 2013. Chisinau: Technical University of 

Moldova, 2013. - pp.649-651. 

IV. Conference abstracts 

1) Dehtjars J., Kataševs A., Romanova M., Stalidzāne K., Reisfeld R., Saraidarov T. 

ZrO2 plānā kārtiņā ievietoto PbS nanodaļiņu pielietošana jonizējošā starojuma dozimetrijā// 

Apvienotais pasaules latviešu zinātnieku III kongress un Letonikas IV kongress: sekcija 

"Tehniskās zinātnes”: tēžu krājums, Latvija, Rīga, 24.-27. oktobris, 2011. - 35. lpp. 

2) Dekhtyar Yu., Anishchenko A., Polyakov B., Romanova M., Reisfeld R., Saraidarov 
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1. REVIEW OF LITERATURE 

1.1.  Nanodosimetry 

 

Dosimetry of ionizing radiation is the field of engineering and applied physics that 

explores physical quantities characterizing the effects of ionizing radiation on biological and 

non-biological objects, as well as methods and tools for the measurement of these physical 

quantities. 

Conventional dosimetry studies the absorption of radiation in objects with macro 

dimensions. The fundamental quantity in the traditional dosimetry is the absorbed dose (D) 

which is defined as energy (E) of ionizing radiation deposited per unit mass (m). In the SI 

system, the absorbed dose is measured in gray (Gy) [27, 32]: 

 

 D = E/m  (Gy = J / kg) (1.1) 

 

However, the irreversible damage to biological cells is mostly triggered by the 

ionizations produced in DNA molecule that has a diameter of 2 nm [22]. Consequently, there 

is a need to measure doses of radiation absorbed in biological targets with dimensions of few 

nanometers. Measurement of radiation absorption in nanometric targets is a task of 

nanodosimetry. 

 

 
Fig. 1.1. Ionizations produced inside the cylindrical target having radius r and height h 

when ionizing particle is passing by at a distance x from the central ass of the cylinder [21] 

 

Currently, it is not possible to measure dose of radiation absorbed in nanoobjects and 

the amount of the absorbed dose is estimated by computer simulations. It is possible to 

represent the shape of DNA molecule as a cylinder having radius r and height h 

(Fig. 1.1.) [21]. The ionizing particle is passing by at a distance x from the central axis of the 

cylinder and produces ionizations on its path. The absorbed dose results from the ionizations 

occurring inside the cylinder, therefore physical quantities in nanodosimetry take into account 

trajectory of ionizing particles in nanometric dimensions [21]. 

 

1.2. Detectors in nanodosimetry 

 

Existing commercial dosimeters have a size of micrometers or millimeters (ionization 

microchambers, silicon diode array, scintillation dosimeters, diamond dosimeters, dosimetric 

films, transistors) [28, 31, 48, 52], therefore, it is not possible to apply them for 

nanodosimetry. 

One of the methods to assess the dose absorbed in a nanovolume is to conduct 

physical modelling using gas dosimeters [5, 12, 13, 19]. A simplified diagram of the gas 
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dosimeter is shown in Fig. 1.2. Primary ionizing particle enters gas-filled chamber, produces 

ionizations in millimeter-sized wall-less cylindrical sensitive target and reaches the detector of 

primary radiation particles. The detector of primary radiation is synchronized with a counter 

of secondary ionizations. The counter is placed in vacuum and is capable of detecting single 

charged particles. When the primary particle hits the detector, the signal from the detector 

triggers the counter of secondary ionizations. Secondary electrons or ions are extracted from 

the chamber by applying appropriate polarity of electrical voltage and counted [34, 39]. The 

cylindrical shape of the sensitive target represents the shape of DNA molecule. 

 

 
Fig. 1.2. A simplified diagram of the gas dosimeter [21] 

 

DNA molecule has higher density than the gas inside the dosimeter. Therefore, density 

scaling is required to calculate the density of the gas applied for dose simulation [21]. Density 

scaling aims is to link the number of ionizations measured in millimeter-sized gas target 

volumes with the number of ionizations expected in nano-sized DNA molecule. 

Disadvantages of gas dosimeters are as follows: 

1) Gas dosimeters do not provide direct dose measurements in nanovolumes. 

Dose absorbed in nanovolume is modelled by measurements in a millimetric sensitive target. 

2) Gas dosimeters can only be used in real-time dosimetry because the ionizations 

in the gas disappear quickly after the radiation is turned off. 

3) Gas dosimeters are not mobile due to the vacuum and gas supply systems. 

The second approach to evaluation of the dose absorbed in nanovolume is based on 

application of luminescence. 

Application of X-ray luminescence for nanodosimetry is described in Reference [49]. 

Nanoparticles of europium-doped yttrium oxide (Y2O3:Eu) with diameter of 150 nm exhibit 

red luminescence upon X-ray exposure. Linear correlation was observed between intensity of 

the main luminescence peak, area under luminescence spectra peaks and the maximal energy 

and current of X-ray. It was possible to visualize millimetric area in a silicone mouse phantom 

irradiated with X-ray using a conventional photo camera. However, it was not demonstrated 

whether it is possible to measure dose of radiation absorbed in nanovolume. Moreover, 

150 nm diameter of Y2O3:Eu nanoparticles exceeds several times 2 nm diameter of DNA 

molecule. 

Potential application of thermoluminescence for nanodosimetry is described in 

Reference [17]. Thermoluminescent nanodosimetry is based on recombination of an electron 

with a hole in luminescent centres with dimensions comparable to DNA due to heating. 

Lithium fluoride doped with magnesium and titanium (LiF:Mg,Ti, commercial name TLD-

100) was exposed to ionizing radiation and a glow curve of the material was recorded after 

the exposure. The glow curve was deconvoluted into single luminescence peaks and it was 
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found that one of the peaks results from recombination of electron and a hole within a 

trapping centre of 2 nm. Ratio of the peak intensity to the main peak intensity increased with 

increase in ionizing density of radiation and the authors hypothesize that this ratio can 

correlate with number of ionization produced in 2 nm large segment of DNA molecule. 

 

2. EXPERIMENTAL PART 

2.1. Preconditions for the development of nanodosimeter 

2.1.1.  Physical basis of nanodosimeter 

 

Ionizing radiation generates free charge carriers (electrons) in the material of the 

dosimeter. Concentration of the free electrons will depend on the absorbed dose of radiation. 

The free electrons will move through conduction band until they are captured by electron 

traps which are localized states located within the band gap (Fig. 2.1). For dose measurements 

it is important to store the trapped charge for a long time, therefore, nanodosimeter must be 

made of dielectric or semiconductor material with a wide band gap. The opposite situation is 

also possible when the trapped electrons already exist in a material before the irradiation and 

ionizing radiation liberates these electrons. The liberated electrons will recombine with holes 

and concentration of the trapped electrons will be reduced. 

 

 
Fig. 2.1. Ionizing radiation excites an electron from valence band to conduction band, the 

electrons is travelling through the conduction band until it is trapped by localized states 

 

In the thesis, radiation sensitive nanoparticles are proposed for active sensitive 

elements of the nanodosimeter. The diameter of the nanoparticles is of several nanometers 

which corresponds to the diameter of DNA molecule and therefore takes into account dose 

delivery mechanisms at nanoscale. 

Nanoparticles must satisfy the following requirements: 

1) In order to effectively absorb ionizing radiation, the nanoparticles must be made 

of material with high atomic number (Z number). 

2) Decrease in the value of the absorbed dose accumulated in the nanodosimeter is 

not permitted in time interval between dose absorption and dose readout, 

therefore nanoparticles must be made of dielectric or semiconductor material 

with a wide band gap in order to store the trapped electric charge for a long time. 

3) In order to ensure chemical and physical stability of nanoparticles, they must be 

embedded in a nanofilm: 

a) the nanofilm must be resistant to external influences; 

b) nanoparticles and nanofilm materials must be mutually inert. 
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2.1.2. Dose readout 

 

It is possible to evaluate the absorbed dose of radiation by measuring the amount of 

charge trapped in localized states. The trapped electrons can be detected either by electrical 

contact or noncontact measurements. Any contact physically attached to a nanostructure will 

form interface with the nanostructure and influence results of measurements by increasing 

error of dose measurement. It is possible to measure the amount of the trapped electrons in a 

noncontact way by recording threshold FE current excited by UV photons having energy 

close to 4–6 eV photoelectric work function of the solids [15]. Photoelectric work function φ 

is the minimum photon energy required to liberate an electron from the solid (Fig. 2.2(a)). If 

the work function equals to 4–6 eV, the liberated electrons receive the kinetic energy of ≤4–

6 eV and they are emitted from the surface depth of 0,3–10 nm (Fig. 2.2(b)) [15, 26, 45]. This 

depth is comparable to the size of the studied nanoobjects (diameter of DNA molecule and 

diameter of nanoparticles). 

 

   
 

Fig. 2.2. Characteristics of photoelectron emission 
(a) photoelectric work function; (b) mean free paths of electrons in solids depending on kinetic energy of the 

electrons [45] 

 

Photoelectric work function equals to 4–6 eV for semiconductors [57]. This defines 

the material of the nanoparticles. 

It is common for semiconductor nanoparticles to have surface defect states. Therefore, 

the nanoparticles used for detection of different kinds of radiation are enclosed in a 

passivating dielectric matrix with a wide band gap. The matrix preserves optical, electrical 

and chemical properties of the nanoparticles [2]. In addition, the dielectric matrix helps to 

preserve the electric charge induced in the nanoparticles under influence of ionizing radiation. 

 

2.2. Samples and research methods 

2.2.1.  ZrO2:PbS nanostructured films for nanodosimetry 

 

For nanodosimetry research ZrO2:PbS nanostructured films were used in the thesis 

with PbS nanoparticles acting as active elements. Lead is a material with a high atomic 

number (Z = 82) and is an effective absorber of ionizing radiation. PbS nanoparticles exhibit 

stable physical and chemical properties and are used in photonics for detection of solar 

(a) (b) 
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energy [29]. The technologies of stabilizing the surface of PbS nanoparticles by embedding 

them in a dielectric ZrO2 matrix are developed [40]. 

ZrO2:PbS nanostructured films were ordered and fabricated in Hebrew University of 

Jerusalem (Israel), Institute of Inorganic Chemistry, by the scientific group of Prof. Renata 

Reisfeld. The sol-gel technique was used for fabrication [42, 44].  ZrO2:PbS films were 

deposited onto a glass substrate (1 mm thick microscope glass slides) (Fig. 2.3). The sol-gel 

technique has the following advantages: fabrication of samples at low temperatures, high 

degree of purity, homogeneity, nanoparticles can be fabricated at predetermined 

concentrations and with predefined diameters, there is no need to form chemical bonds 

between individual nanoparticles to hold them together [8]. 

 

 

Fig. 2.3. Schematic representation of ZrO2:PbS nanostructured films deposited on microscope 

glass slides 

 

ZrO2:PbS films were fabricated in the following steps, described in detail in [44]: 

1) Preparation of ZrO2 precursor solution. 

2) Preparation of PbS precursor solution. 

3) Preparation of ZrO2:PbS solution from ZrO2 and PbS precursor solutions. 

4) Deposition of ZrO2:PbS film onto microscope glass slide substrate. The glass 

substrate is immersed into ZrO2:PbS solution and withdrawn at the rate of 

20 cm/min. The deposition is performed at room temperature. 

5) ZrO2:PbS films are dried at 40 °C for one hour. 

6) Annealing of ZrO2:PbS films at 200 °C during 30 minutes. 

The films were fabricated with PbS mole percent of 20% and 50%. Mole percent for 

PbS is calculated during preparation of ZrO2:PbS solution (Step 3) with respect to total 

amount of moles of ZrO2 + PbS constituents: 

 

 
%100

2





ZrOPbS

PbS

PbS
nn

n
X

, (2.1) 

where  X – the mole percent of a constituent; 

n – the amount of moles of a constituent. 

 

Aggregation of PbS nanoparticles takes place when mole percent of PbS is 

50% [42, 44]. The aggregated nanoparticles cannot be used for nanodosimetry, however, the 

films with such mole fraction were fabricated in order to identify PE properties inherent to 

PbS material. Increase in the mole percent of PbS results in larger PE signal of PbS in PE 

spectra of ZrO2:PbS films. 

In order to identify PE properties inherent to ZrO2 material, ZrO2 films without PbS 

nanoparticles were fabricated and deposited onto microscope glass slide substrate.  

ZrO2 matrix is an amorphous material with 5 eV wide band gap [16, 44]. The band 

gap of PbS nanoparticles depends on the diameter of the nanoparticles (Fig. 2.4) [42]. 
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Fig. 2.4. Dependence of the band gap of PbS nanoparticles on their diameter [42] 

 

Photoelectric work function φ (eV) equals to the sum of band gap Eg (eV) and electron 

affinity EA (eV) [58]: 

 φ = Eg + EA  (2.2) 

EA ≈ 2.5 eV for ZrO2 material [41], EA is from 3.5 to 4.0 eV for PbS nanoparticles 

with size from 2.9 to 4.8 nm [25]. According to Equation (2.2) and Fig.2.4, φZrO2 ≈ 7.5 eV, 

φPbS ≈ 5.2 eV. This means that it is possible to register PE from PbS nanoparticles using 

photon energies of 4–6 eV.  

The fabricated samples were cut to a size of 2510 mm using diamond glass cutter. To 

verify that the cutting process did not damage the surface of the samples, they were controlled 

visually using Motic BA400 optical microscope [33] with a magnification of 200 times. 

After cutting, the samples were cleaned in ultrasonic bath Bandelin Sonorex RK31 

[54] during 10 minutes in a solution containing 96% ethanol and distilled water in a volume 

ratio of 1:2. After ultrasonic treatment, the samples were dried for 3-5 s with compressed 

nitrogen at room temperature. 

 

2.2.2. Characterization of ZrO2:PbS nanostructured films 

 

The thickness of ZrO2:PbS films deposited onto glass substrate and diameter of PbS 

nanoparticles were measured using SEM (scanning electron microscopy). 

In order to discern PbS nanoparticles, the outer layer of ZrO2:PbS film was etched 

using Ar+ ions before performing SEM measurements. Method of ion etching was chosen 

because it provides better purity of the surface of the samples compared to chemical etching 

or mechanical polishing. Energy of Ar+ ions was 5 keV, current 300 mA. 

 

2.2.3. Photoelectron emission as a method of dose readout 

 

PE was measured in vacuum of 510
-5 

Torr at room temperature using photoelectron 

emission spectrometer [1] which provides photostimulation of the sample surface and 

registers the current of the emitted photoelectrons. Electronic system of the spectrometer [1] 

enables detection of single electrons. 

PE was excited by 30 W deuterium arc lamp DDS-30 that emits UV light of 

continuous spectra in a range of 186–360 nm [50, 56]. Wavelengths of 200–270 nm were used 

to excite PE. PE was not observed at wavelengths above 270 nm and the wavelengths below 

200 nm were absorbed by atmospheric oxygen [9] (UV light travels the distance from the 

lamp till the entrance of vacuum chamber at atmospheric pressure). 

PE data was recorded using personal computer with integrated emission counting 

module Hamamatsu M8784 [37]. 
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2.2.4.  Types of radiation for dose delivery 

2.2.4.1.  Non-ionizing ultraviolet radiation 

 

In order to obtain PE signal of ZrO2:PbS nanostructured films which is influenced by 

absorption of radiation, the films were irradiated with non-ionizing UV light and PE spectra 

of non-irradiated and irradiated films were compared. 

UV radiation has higher absorption coefficient than ionizing radiation [38]. As a result 

of this, UV radiation influences absorption-dependent PE signal of ZrO2:PbS films more 

intensively than ionizing radiation. Therefore, UV radiation was used as a model for ionizing 

radiation in order to obtain absorption-dependent PE signal which to be used later in research 

with ionizing radiation. 

Maximum intensity of L8251 UV lamp is in the range of 300-400 nm [30]. Unlike the 

UV radiation of DDS-30 lamp that was used to excite PE from ZrO2:PbS films, UV light of 

L8251 lamp is non-ionizing, because PE from ZrO2:PbS films was not observed when the 

wavelengths exceed 270 nm (see 2.2.3. Chapter). However, transitions of electrons between 

localized states can happen under influence of non-ionizing UV. 

Irradiation of the films was carried out at a distance of 40 cm between the output of 

the light guide and the surface of the films in order to avoid heating up the films. This 

distance was selected in experimental way by measuring temperature of the surface of the 

films using thermocouple. UV intensity at the distance of 40 cm was calculated from technical 

specifications of L8222 lamp and was equal to 5 mW/cm
2
. Time of UV exposure varied from 

5 to 75 minutes. Dose of radiation absorbed in the films was proportional to the time of UV 

exposure. 

 

2.2.4.2.  Ionizing electron beam radiation 

 

ZrO2:PbS films were exposed to 9 MeV electrons in a dose range of 0–10 Gy. Dose 

rate was 3 Gy/min which is one of dose rates used for radiation therapy. 

The films were positioned on the treatment table of linear accelerator at a distance 

SSD = 100 cm (SSD – source-skin distance means the distance from the radiation source to 

the exposed surface), radiation field size was 10×10 cm. The selected parameters are standard 

parameters for dosimetric tests [14]. 

 

    
Fig. 2.5. Maximum dose delivery to the surface of the films 

(a) applying a bolus; (b) percentage depth dose curve for electron beams with different energies [7] 
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Electrons deposit their maximum energy not precisely on the surface of the treated 

object but at a depth of zmax. For the maximum dose delivery exactly to the surface boluses are 

placed on the surface of the treated object – the plates of material with density equivalent to 

the biological tissue and having thickness of zmax (Fig. 2.5(a)). 

The value of zmax depends on the energy of the electron beam (Fig. 2.5(b)). Boluses 

with thickness of 0,5 and 1 cm that can be placed on the top of each other were used for the 

irradiation. The energy of 9 MeV was chosen for the irradiation because in this case     

zmax = 2 cm and it was possible to select precisely the thicknesses of boluses. 

 

2.2.5.  Annealing of ZrO2:PbS nanostructured films 

Before exposing the dosimeter to radiation, it is necessary to remove the dose 

accumulated in the dosimeter after previous exposure times, i.e. to ensure that the dosimetric 

material returns to its initial pre-irradiation condition. This can be achieved by annealing the 

dosimeter. Temperature and time of annealing depend on dosimetric material [18]. 

In the situation when radiation excites electrons to localized levels (Fig. 2.1), thermal 

energy is supplied to the trapped electrons during annealing. As the result, the electrons are 

released from their traps and recombine with holes existing in the valence band. This restores 

the dosimetric material into the initial condition [35]. In the opposite situation, i.e. when 

radiation decreases concentration of the trapped electrons, the initial condition is restored by 

supplying these electrons with energy in order to excite them back to localized levels. 

Annealing technique is used in thermoluminescent dosimeters to read and 

simultaneously to erase the dose absorbed in the dosimeters [18]. 

In the doctoral thesis applicability of annealing method to erase the dose of electron 

radiation stored in ZrO2:PbS films was examined. Annealing of the films was performed in 

vacuum chamber of photoemission spectrometer at vacuum 5×10
-5

 Torr. Annealing in 

vacuum prevented oxidation of surface of the films. 

Annealing process was controlled by temperature controller                                    

Heat Wave Labs 101303-23 [23] of the spectrometer. The films were heated at a linear rate of 

10 °C/min to ensure uniform heating of the surface and prevent formation of mechanical 

stresses. After annealing, the films were cooled to room temperature in a vacuum at their 

natural rate. The cooling rate was lower than the heating rate. 

 

3. RESULTS AND DISCUSSION 

3.1. Theoretical justification for the use of nanoparticles in nanodosimetry 

 

If DNA molecule is modelled as a cylinder (Fig. 1.1), the absorbed dose is formed 

from ionization occurring inside the cylinder. In this case Equation (1.1) can be written as:  
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, (3.1) 

where V – volume of the cylinder, nm
3
; 

 ρ – density of the cylinder, g/nm. 

 

The absorbed dose depends on radius r of the irradiated target (Equation (3.1)) and 

distance x (Fig. 1.1). In this case two possible mechanisms of dose delivery are possible. If 

x > r, the ionizations inside the cylinder are produced by secondary electrons created by 

primary ionizing particle. If x ≤ r, the ionizations inside the cylinder are produced due to the 

primary ionizing particle itself. Therefore, for correct measurements of the dose absorbed in a 
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nanoobject, size of the dosimeter has to be comparable with the nanoobject absorbing the 

dose. Such nano-sized dosimeter takes into account the dose delivery mechanisms.  

The ionizing particles scattered by surface also contribute to the dose absorbed in a 

volume: 

 

 D = Dvol + Dsur, (3.2) 

where Dvol – the dose absorbed in a volume, Gy; 

 Dsur – the dose absorbed in a volume due to scattering of radiation by the surface, Gy. 

Dvol is proportional to the target volume and Dsur is proportional to the target surface 

area: 

 

 Dvol ~ V;          V = πr
2·h (3.3) 

 Dsur ~ S;            S = 2πr · (h + r) (3.4) 

where  S – surface area of the cylindrical target, nm
2
. 

 

Contribution of the surface to the absorbed dose: 

 

 Dsur/Dvol ~ S/V, (3.5) 
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According to Equations (3.5) and (3.6), if r → 0, then (Dsur / Dvol) → ∞. One can 

conclude that decrease of r results in significant increase of contribution of the scattered 

photons to the absorbed dose. Thus, it is not possible to use macro or micro-sized dosimeters 

in case of biological nanoobjects (r → 0) and nano-sized dosimeters must be used instead. 

 

 
Fig. 3.1. The path of electromagnetic radiation in a flat object and a sphere 

 

Dosimeters made of macro-sized material are used in conventional dosimetry. Fig. 3.1 

shows comparison of path of electromagnetic radiation in a macro-sized object and in an 

object with dispersed nano-sized elements that can be represented by spheres. The dose 

absorbed in the spherical object is higher than the dose absorbed in the flat object due to 

multiple internal reflections from the walls of the sphere. What is more, reflections from the 

adjacent spheres also add to the absorbed dose. For that reason, the nanodosimeter must be 

made of nanoparticles in order to take into account dose delivery mechanisms at nanometric 

distances. 
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3.2. Practical realization of the nanodosimeter 

Based on the theoretical justification of the use of nanoparticles and taking into 

account the information available in the literature, arrays of PbS nanoparticles embedded in 

ZrO2 matrix were obtained which were further used for practical research of the 

nanodosimeter. 

Thickness of fabricated ZrO2:PbS films was measured using SEM. The sample of 

ZrO2:PbS film on the glass substrate was cut in half with a diamond cutter and mounted 

vertically in the SEM sample holder with the cut edge at the top. The measured thickness of 

ZrO2:PbS films was 300 nm. 

To analyse the diameters of PbS nanoparticles only the films with 20% mole percent 

of PbS were used (ZrO2:20%PbS) as aggregation of the nanoparticles takes place in the films 

with 50% mole percent of PbS making it impossible to distinguish between individual 

nanoparticles. 

It was found during SEM analysis that PbS nanoparticles were not visible because 

they were covered with ZrO2 matrix. 

In order to liberate PbS nanoparticles from the enclosing matrix the outer layer of 

ZrO2:20%PbS film was etched with Ar
+
 ions. It was found experimentally that the film is 

fully removed from the glass substrate after 360 s of the etching. By using the measured 

thickness of the film the etching rate 330/6 = 55 nm/min was found. Etching of ZrO2 and PbS 

materials takes place at different rates, therefore locations of PbS nanoparticles are revealed in 

ZrO2:20%PbS film which look like pores. By analysing the diameters and mutual alignment 

of the pores it is possible to determine the diameters and mutual alignment of the 

nanoparticles in a single plane. 

SEM images of ZrO2:PbS film taken at different magnifications are shown in Fig. 3.2. 

Location sites of PbS nanoparticles are seen as dark pores. The images demonstrate that the 

nanoparticles are mutually separated and do not form agglomerates. 

    

   

3.2. att. SEM images of ZrO2:20%PbS film surface after 5 min of ion etching taken at 

different magnifications: 
(a) 500 nm scale; (b) 50 nm scale 

 

In order to estimate the diameters and distribution of diameters of PbS nanoparticles, 

SEM image seen in Fig.3.2(b) was processed with ImageJ software. The number of 

nanoparticles and the cross-sectional area of each nanoparticle were obtained. By 

approximating the shape of the nanoparticles as a circle, its diameter can be calculated: 

 

(a) (b) 

500 nm 50.0 nm 
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where  d – diameter of the nanoparticles, nm; 

S – cross-sectional area of the nanoparticles, nm
2
. 

 

The histogram of nanoparticle diameter distribution was obtained using Ms Excel Data 

Analysis/Histogram tool (Fig. 3.3). 
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Fig. 3.3. The histogram of PbS nanoparticle diameter distribution in ZrO2:20%PbS film 

 

It should be taken into consideration that the etching process might result in expansion 

of nanoparticle location sites, therefore the diameters of nanoparticles obtained with SEM 

were compared to data available in the literature for the nanoparticles synthesized using the 

same technique. In references [40, 42, 43, 44] the diameters of the nanoparticles were 

obtained using TEM (transmission electron microscopy) and optical absorption 

measurements. In these references the diameters of PbS nanoparticles in ZrO2:PbS film 

fabricated with 20% mole percent of PbS and annealed at 200 °C after deposition on the glass 

substrate were in a range of 2,5–4,5 nm. The measurements taken using SEM technique show 

that the diameters of PbS nanoparticles (exceeding 5% frequency) are in a range of            

2,5–4,8 nm which corresponds to the data available in the literature. It can be concluded that 

SEM technique can be used for determination of diameters and mutual alignment of the 

nanoparticles. TEM technique cannot be applied for the given samples on the glass substrate 

because the thickness of the sample does not allow electrons to pass through the layers of the 

film and its substrate. 

 

3.3. General processing of photoelectron emission spectra 

Dependence of a number of electrons emitted per unit time I (el/s) on a wavelength 

λ (nm) of UV light exciting the emission is obtained while registering PE current. Energy E of 

light in electronvolts (eV) [3]: 

 

 E = 1240/ λ (3.8) 

 

PE current is proportional to the intensity of electromagnetic radiation (Stoletov’s 

law) [3], therefore, it is necessary to take into account the different relative intensity of    

DDS-30 lamp at different wavelengths. Magnitude of the registered emission current I was 

corrected using Equation (3.9) in order to account for relative intensity of the UV source at 

different wavelengths: 
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where  N – corrected value of PE current, el/s. 

 

PE current was measured from 3 randomly selected points on the sample surface and 

the arithmetic mean of the values measured for each photon energy was calculated. 

The relative standard error of the mean of PE current measurements denoted by SN (%) 

was estimated [4]: 
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where N – the arithmetic mean of PE current measurements, el/s; 

 SN – the standard error of the mean of PE current measurements, el/s. 

 

The standard error of the mean of PE current measurements [4]:  

 
n
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SN  , (3.11) 

where n=3 – the number of measurements; 

 S – the standard deviation of PE current measurements, el/s. 

 

The standard deviation of PE current measurements [4]: 

 1

2

12




















n

n

N

N

S

n

i

i

i

, (3.12) 

 

where  Ni – PE current measured from a single point on the sample surface, el/s. 

 

The relative standard error of the mean of PE current did not exceed 15% in energy 

range of PE exciting photons above 4,8 eV. 

 

3.4. Influence of PbS nanoparticles on photoelectron emission of ZrO2:PbS 

nanostructured films 

In order to extract PE signal associated with the presence of PbS nanoparticles out of 

PE spectra of ZrO2:PbS film, PE spectra of ZrO2, ZrO2:20%PbS and ZrO2:50%PbS materials 

were compared (Fig. 3.4.(a)). PE intensity increases with increase in concentration of PbS 

nanoparticles. PE was also observed for ZrO2 film despite the fact that photoelectron work 

function from ZrO2 material exceeds photon energy used to excite PE (2.2.1. Chapter). 

Perhaps registered PE is associated with defects inherent in the structure of ZrO2 [16]. 

To simplify further calculations, PE spectra were approximated with a fifth-degree 

polynomial using MS Excel Trendline function (coefficient of determination was R
2
=0,99). 

The approximation results in smoothing of PE spectrum and fine components of the spectrum 

are inevitably lost, however, the basic shape of spectrum remains which can be used to 

analyze the behaviour of the spectrum in a wide energy range. As an example, the fifth-degree 

polynomial approximation of PE spectra of non-irradiated ZrO2:50%PbS film is shown in 

Fig. 3.4.(b). 
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3.4. att. PE spectra of the films: 

(a) ZrO2, ZrO2:20%PbS and ZrO2:50%PbS films; (b) approximation of PE spectrum of ZrO2:50%PbS film 

with the fifth-order polynomial 

 

The mean error of polynomial approximation A did not exceed 10% for all 

experiments.  It was calculated as [4]: 
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where Ni – value of PE current measured in the experiment at energy Ei, el/s; 

 Ntheor,i – value of PE current calculated from the equation of polynomial approximation 

by putting into it the corresponding Ei value, el/s; 

 n – number of approximated data points. 

 

Using Equation (3.14) of the polynomial approximation, first-order derivatives of PE 

spectra were calculated (Equation (3.15)). The constants of the polynomial equation were 

calculated using Ms Excel LINEST function. First-order derivatives of PE spectra describe 

concentration of active PE centres [10]. 
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Fig. 3.5. Derivatives of PE spectra of ZrO2:50%PbS, ZrO2:20%PbS and ZrO2 films 

 

In order to evaluate influence of PbS nanoparticles on the formation of active PE 

centres, derivatives of PE spectra of ZrO2:50%PbS, ZrO2:20%PbS and ZrO2 films were 

compared (Fig. 3.5). Derivative of PE spectra of ZrO2:50%PbS film has a maximum at 

5,5 eV, its width is 4,9–6,0 eV. This indicates that the highest concentration of PE active 

(a) (b) 
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centres in the film is at 5,5 eV. Derivative of PE spectra of ZrO2:20%PbS film has an 

inflection point at 5,5 eV which means that the film has active PE centres at 5,5 eV, however 

the concentration of these centres is smaller than in ZrO2:50%PbS film which has the distinct 

maximum at 5,5 eV. The maximum at 5,5 eV is not observed in case of ZrO2 film which gives 

evidence that PE centres at 5,5 eV exist due to the presence of PbS nanoparticles in the film. 

It is possible to conclude from Fig 3.5 that PbS nanoparticles provide different shape 

of derivative than ZrO2 film, changes in concentration of PbS influence height of derivative 

graph, and in order to extract PE signal associated with PbS nanoparticles out of PE spectra of 

ZrO2:PbS films, PE spectra in energy range of 4,9–6,0 eV must be analyzed. 

The area below the derivative of PE spectra calculated in energy range from E1 to E2 is 

directly proportional to the number of electrons emitted within this range [10] and equals to 

the increment of PE current in energy range from E1 to E2 (Fig. 3.6): 
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The standard error of PE current Ni is ±SNi (Equation (3.11)). By using PE spectra 

approximated with the fifth-degree polynomial, energy range from (Ei – ∆Ei) to (Ei + ∆Ei') 

was found that corresponded to the values of PE current from (Ni – SNi) to (Ni + SNi), and the 

arithmetic mean N̄i  was calculated from PE data points that were experimentally measured 

within this energy range. Increment δN of PE current was calculated as difference between 

values of N̄2 and N̄1 : 
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where n – number of PE measurement points in energy range from (E2 – ∆E2) to (E2 + ∆E2'); 

 m – number of PE measurement points in energy range from (E1 – ∆E1) to (E1 + ∆E1'). 

 

 
Fig. 3.6. The area below the derivative of PE spectra calculated in energy range from E1 

to E2 equals to the increment of PE current in energy range from E1 to E2 
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It is possible that the maximum of derivative of PE current is formed by the 

superposition of several active PE centres whose quantity and position on the energy axis is 

not known (Fig. 3.7). For nanodosimetry applications it is important to extract only those 

centres that provide the largest PE signal of PbS nanoparticles. To test the hypothesis that 

some of the emission centres provide larger signal of PbS nanoparticles than the others, the 

maximum seen in Fig.3.5 was divided into half-widths in energy ranges of 4,9–5,5 eV and 

5,5–6,0 eV, and influence of radiation on the each half-width was analyzed separately. The 

full-width 4,9–6,0 eV of the maximum was also analysed as a comparison. 

 

dN/dE

E

 
Fig. 3.7.  Formation of the maximum of derivatives of PE spectra from superposition of some 

smaller maximums 

 

The value of δN (Equation 3.17) was calculated for the each energy range and δN 

between ZrO2:PbS films with 20% and 50% mole rate of PbS were compared (Fig. 3.8). 
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Fig. 3.8. Increments of PE current for ZrO2:PbS films with 20% and 50% mole rate of PbS 

calculated for different energy ranges: 
(a) absolute values; (b) ratio between increments of PE current for films with 50% and 20% mole percent of PbS 

 

Fig. 3.8 demonstrates that concentration of PbS nanoparticles has the greatest 

influence on the increment of PE current in energy range of 4,9–5,5 eV, since this range has 

the highest δN ratio between the films with 50% and 20% mole percent of PbS 

(δN50%PbS/δN20%PbS = 1389/238 = 5,8). This gives evidence that it is precisely the energy range 

from 4,9–5,5 eV for PbS nanoparticles provide the largest PE signal. 

 

 

 

(a) (b) 
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3.5. Influence of radiation on photoelectron emission of ZrO2:PbS nanostructured 

films 

3.5.1.  Influence of non-ionizing ultraviolet radiation on photoelectron emission 

of ZrO2:PbS nanostructured films 

 

PE intensity from ZrO2:PbS films decreases with increase in time of UV exposure. As 

an example, PE spectra of the films with the highest mole percent of PbS (50%) are shown 

(Fig. 3.9). 
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Fig. 3.9. PE spectra of ZrO:50%PbS films after different time of UV exposure 

 

In order to examine whether absorption of radiation has different effect on ZrO2 

matrix and PbS nanoparticles, PE spectra of irradiated ZrO2:50%PbS and ZrO2:20%PbS films 

were compared to PE spectra of irradiated ZrO2 film. Using Equations (3.13) and (3.14) 

derivatives of PE spectra of ZrO2:50%PbS, ZrO2:20%PbS and ZrO2 films were calculated. 

In order to evaluate the influence of UV radiation on ZrO2 matrix and PbS 

nanoparticles, derivatives of PE spectra of non-irradiated and 50 minutes with UV irradiated 

ZrO2:50%PbS and ZrO2 films were compared (Fig. 3.10 (a) and (b)). The derivative 

maximum of ZrO2:50%PbS films at 5,5 eV disappears after UV irradiation, this means that 

UV light decreases concentration of active PE centres. ZrO2 films respond to UV light in the 

opposite way – concentration of active PE centres in ZrO2 increases after UV irradiation 

(shown by the height of dN/dE graph). 
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Fig. 3.10. Derivatives of PE spectra of non-irradiated and 50 minutes UV-irradiated films: 

(a) ZrO2:50%PbS film; (b) ZrO2 film 

 

Derivative of PE spectra of ZrO2:20%PbS film before and after 50 minutes of UV 

irradiation is seen in Fig. 3.11. Concentration of active PE centres in ZrO2:20%PbS film, 

similarly as in ZrO2:50%PbS film, decreases after UV irradiation. 

(a) (b) 
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Fig. 3.11. Derivative of PE spectra of non-irradiated and 50 minutes with UV irradiated 

ZrO2:20%PbS film 

 

From Fig. 3.10 and 3.11 it was concluded that: 

1) UV radiation has different effect on PbS nanoparticles and ZrO2 material, therefore 

it is possible to extract PE signal of PbS nanoparticles out of PE spectra of ZrO2:PbS films 

that is influenced by absorption of radiation. 

2) Absorption of radiation influences PE signal of PbS nanoparticles already at 20% 

mole percent of PbS in ZrO2:PbS film. This means that it is possible to continue research of 

ZrO2:20%PbS films for nanodosimetry of ionizing radiation. (By contrast, it would not be 

possible to use ZrO2:50%PbS films in nanodosimetry as PbS nanoparticles in these films are 

not mutually separated (unlike ZrO2:20%PbS film – Fig.3.3) 

 

3.5.2.  Influence of ionizing electron beam radiation on photoelectron emission 

of ZrO2:PbS nanostructured films 

 

ZrO2:20%PbS films were exposed to electron beam radiation. ZrO2 and ZrO2:50%PbS 

films were no longer researched because these films cannot be used for nanodosimetry and 

experiments with non-ionizing UV radiation showed that PbS nanoparticles already provide 

PE signal at 20% mole percent of PbS. 

In the experiments with ionizing radiation, each ZrO2:20%PbS film was irradiated 

with its own dose of electrons, and PE spectra before and after irradiation were compared for 

each film. PE intensity decreases after irradiation with electron beam, as shown by the ratio of 

PE intensity after and before the irradiation (NGy/N0 < 1) (Fig. 3.12). 
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Fig. 3.12. Ratio of PE intensity of ZrO2:PbS films after and before the irradiation with 

electrons 
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As it was found previously, the greatest PE signal of PbS nanoparticles is provided 

within energy range of 4,9–5,5 eV (Fig. 3.8(b)). However, to verify that ionizing electron 

radiation has the greatest effect on the emission centres of PbS nanoparticles, two other 

energy ranges shown in Fig. 3.8(b) (5,5–6,0 eV and 4,9–6,0 eV) were also examined. 

The increments of PE current before (δN0) and after (δNGy) irradiation were calculated 

in energy ranges of 4,9–6,0 eV, 4,9–5,5 eV and 5,5–6,0 eV by using Equation (3.17). Change 

in increment of PE current after irradiation: 

 

 ΔδN = δNGy – δN0 (3.18) 

 

For each energy range the relation between ΔδN and the delivered dose of radiation D 

was derived. The experimental points were approximated with a theoretical curve 

Dtheor=f(ΔδN). The best approximation between the experimental points and the theoretical 

curve is observed in the energy range of 4,9–5,5 eV which corresponds to PE signal of PbS 

nanoparticles (Fig. 3.12). This confirms the hypothesis that PbS nanoparticles can serve as 

sensitive elements of the nanodosimeter. For the energy range of 4,9–5,5 eV the relation 

between Dtheor and ΔδN is given by the second-degree polynomial: 

 

 Dtheor = 2,168·10
-4

·Δ
2

δN + 2,517·10
-2

·ΔδN + 1,101 (3.19) 
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Fig. 4.9. Calibration curve describing relation between the change in increment of PE current 

of ZrO2:PbS films in energy range of 4,9–5,5 eV and absorbed dose of electron beam 

radiation 

 

Formula (3.19) is the calibration equation of ZrO2:20%PbS film nanodosimeter. By 

putting measured values of ΔδN into this equation, it is possible to determine doses of ionizing 

radiation absorbed in the nanodosimeter. 

 

3.5.3. Electron beam radiation dose measurement error 

 

Theoretical dose Dtheor,i was calculated by putting the measured values of ΔδN into 

Equation (3.19). Theoretical doses Dtheor,i were compared with the delivered doses D. Dose 

measurement error is defined as ∆Di =│Dtheor,i – Di│. Relative error of dose measurement is 

∆Di/Di·100% (Fig. 3.13).

 

 

 

Dtheor=f(ΔδN

) 
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Fig. 3.13. Relative error of dose measurement depending on dose of electron beam radiation 

absorbed in ZrO2:20%PbS films 

 

Relative error of dose measurement decreases from 65% to 11% when the absorbed 

dose increases from 2 to 5 Gy. Relative error of dose measurement does not exceed 11% in 

dose range of 5–10 Gy. 

 

3.6. Restoration of ZrO2:PbS nanostructured films after exposure to electron beam 

radiation 

3.6.1.  Selection of annealing temperature 

 

Annealing of ZrO2:20%PbS films irradiated with electrons must be performed at 

highest possible temperature in order to effectively restore active FE centres to their pre-

irradiation condition. However, the temperature must not be too high to avoid damage of the 

films. 

In order to determine the maximum annealing temperature that does not damage the 

films, the non-irradiated films were annealed. PE from the films was measured before and 

after annealing. If the annealing temperature does not damage the film, PE intensity must also 

remain constant after annealing. 

ZrO2:20%PbS films were annealed at 200 °C for 30 minutes during the fabrication 

(2.2.1 Chapter), therefore, similar annealing temperatures 200 °C and 250 °C were first tested. 

Condition of the films after annealing was controlled both visually and by registering PE 

spectra. The surface of ZrO2:20%PbS films turned brown after annealing (Fig. 3.14(a)). To 

verify that the color change results from damage to the film rather than from other 

uncontrollable factors, the glass substrate was annealed under identical conditions. The glass 

surface did not change visually after annealing (Fig. 3.14(b)), indicating that the changes in 

ZrO2:PbS film resulted from inappropriate annealing temperatures. 

 

 
Fig. 3.14. Visual appearance of the samples annealed at 250 °C for 30 minutes 

(a) ZrO2:20%PbS film; (b) glass substrate 

 

(a) (b) 
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PE measurements also demonstrate that ZrO2:20%PbS films were damaged. PE 

spectra of the films measured after 7 days after annealing are shown in Fig. 3.15(a). PE 

spectra were approximated with a fifth-degree polynomial using MS Excel Trendline function 

(coefficient of determination R
2
=0,99). PE current from the annealed films was 5 times higher 

than PE current from the unannealed films, proving that the films were damaged during 

annealing and this damage was significant, because PE spectra of the annealed films were 

different from PE spectrum of the unannealed film even after 7 days. 
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3.15. att. PE spectra of ZrO2:20%PbS films annealed at different temperatures 

(a) at 200 °C un 250 °C for 30 minutes; (b) at 100 °C un 150 °C for 30 minutes 

 

Lower annealing temperatures 100 °C and 150 °C were tested next. By visual 

observation of ZrO2:PbS films it was found that annealing at 150 °C did not change the color 

of the films. PE measurements also prove that annealing at 100 °C and 150 °C does not 

damage the surface of the films because PE spectra of the annealed and unannealed films 

coincide (shown after 7 days after annealing) (Fig. 3.15(b)). For further experiments 

annealing temperature 150 °C was chosen as optimal. 

 

3.6.2. Time-dependent changes of photoemission spectra after annealing 

 

In order to examine influence of annealing on stability of PE from ZrO2:20%PbS 

films, the following experiments were performed: 

a) PE measurements from the non-irradiated ZrO2:20%PbS films. 

b) Irradiation of the films with 10 Gy dose of electrons. 

c) PE measurements from the irradiated films. 

d) Annealing of the irradiated films at 150 °C during 30 minutes and cooling at a 

natural rate to room temperature. 

e) PE measurements from the annealed films. 

PE intensity from ZrO2:20%PbS film irradiated with 10 Gy of electrons decreases 

(Fig. 3.16(a) – (2)) in comparison with PE intensity from non-irradiated film (1). PE intensity 

from the irradiated and annealed film measured on the next day after annealing (3) is 5 times 

higher than PE intensity from the non-irradiated film (1). In the following days, PE intensity 

decreases and approaches PE intensity from the non-irradiated films ((4) and (5)). On Day 4 

after annealing, PE intensity from the irradiated film (6) coincides with PE intensity from the 

non-irradiated film (1) – the film has returned to its pre-irradiation condition. 
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Fig. 3.16. PE spectra of irradiated films registered at different times after annealing: 

(a) ZrO2:PbS film; (b) ZrO2 film 

 

Analyzing PE spectra in Fig. 3.16(a), it was concluded that ZrO2:20%PbS film returns 

to its pre-irradiation condition after 4 days after annealing and it is possible to irradiate 

ZrO2:20%PbS films with ionizing radiation again no earlier than on Day 4 after annealing. 

For comparison, ZrO2 film was irradiated with the dose of 10 Gy and annealed 

(Fig. 3.16(b)). PE intensity from the annealed ZrO2 film coincided with PE from the non-

irradiated film (1) already on the next day after annealing (3) and did not change in the 

following days ((4) and (5)). This proves that return of PE intensity from ZrO2:20%PbS films 

to the pre-irradiation condition during 4 days after annealing is related to the presence of PbS 

nanoparticles.  

 

3.6.3.  Exposure of ZrO2:PbS nanostructured films to electron beam radiation 

after annealing 

The possibility to irradiate the annealed ZrO2:20%PbS films and use them again for 

dosimetry was examined. The non-irradiated films were irradiated with 10 Gy dose of 

electrons, annealed, and irradiated with 10 Gy again on Day 4 after annealing (Fig. 3.18). 

PE intensity decreases after the first irradiation (2) in comparison with PE intensity of 

non-irradiated film (1). PE spectrum was registered on Day 4 after annealing (3) and it was 

found that PE intensity coincided with the pre-irradiation PE intensity (1). After repeated 

irradiation of the film with 10 Gy of electrons, PE intensity decreased again (4) and coincided 

with PE intensity recorded after the first irradiation (2). 
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Fig. 3.18. Influence of repeated irradiation on PE spectra of annealed ZrO2:20%PbS film 
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In order to determine whether PE intensity recovery effect remains after multiple 

cycles of irradiation and annealing, ZrO2:20%PbS film was irradiated multiple times with 

10 Gy of electrons, each time annealing of the film was performed before the irradiation. PE 

spectra were recorded after each irradiation and annealing (Fig. 3.19). It was found that PE 

intensity recovery effect remains. 
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Fig. 3.19. PE intensity recovery effect for ZrO2:20%PbS film after multiple cycles of 

irradiation and annealing  

 

Recovery of PE intensity after multiple cycles of irradiation and annealing evidence 

that it is possible to restore the nanodosimeter made of ZrO2:20%PbS film to its pre-

irradiation condition multiple times. 
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CONCLUSIONS 
 

1) Nanodosimetry is possible if the active elements of a nanodosimeter are made 

of semiconductor nanoparticles with high absorption coefficient of radiation and a diameter 

comparable to the diameter of the DNA (few nanometers). The nanoparticles must be 

embedded into a dielectric matrix that provides physical and chemical stability of the 

nanoparticles. The nanoparticles together with the dielectric matrix form a nanostructured 

film. 

  

2) It has been demonstrated for the first time that ZrO2 films with embedded PbS 

nanoparticles (ZrO2:PbS nanostructured films) can be used for nanodosimetry of ionizing 

radiation. Dose readout is provided by measurements of photoelectron emission from PbS 

nanoparticles. 

 

3) PbS nanoparticles create photoemission active centres in ZrO2:PbS 

nanostructured film. In order to excite photoelectron emission from the active centres created 

by PbS nanoparticles, photons in energy range of 4,9–5,5 eV have to be used. Concentration 

of the active photoemission centres decreases under influence of ionizing radiation. 

 

4) The method of dosimetry of ionizing radiation based on photoelectron 

emission from ZrO2:PbS nanostructured films has been developed which allows to measure 

dose of ionizing radiation absorbed in a nanoobject. The calibration curve has been obtained 

which allows to measure dose of 9 MeV electron beam radiation absorbed in ZrO2:PbS 

nanostructured films in dose range of 0–10 Gy. Error of absorbed dose measurement 

decreases from 65% to 11% when the dose increases from 2 to 5 Gy and does not exceed 11% 

in dose range of 5–10 Gy. 

 

5) The method of annealing of ZrO2:PbS nanostructured films has been 

developed which allows to erase dose of ionizing radiation stored in the films. It has been 

demonstrated that annealing of the films in vacuum at 150 °C for 30 minutes erases dose of 

ionizing radiation absorbed in the films and restores the photoelectron emission of the film to 

the initial pre-irradiation condition. Restoration of the films to the pre-irradiation condition 

takes place during 4 days after annealing; therefore the repeated irradiation of the films is 

possible not earlier than after 4 days after annealing. PE recovery effect persists after multiple 

cycles of irradiation and annealing. 

 

RECOMMENDATIONS 
 

In order to promote use of ZrO2:PbS nanostructured films and method of 

photoemission in nanodosimetry, the following is suggested: 

1) It is necessary to improve method of dose reading in order to reduce dose 

reading error to 1% especially for doses less than 2 Gy. 

2) Further metrological studies are necessary to assess influence of external 

conditions (humidity, temperature) on long-term storage of the absorbed dose in a 

nanodosimeter. 

3) Exposure of ZrO2:PbS nanostructured films to different types, energies and 

doses of ionizing radiation is required in order to define range of use and possibilities of 

ZrO2:PbS nanodosimeter. 

4) To make calibration of the nanodosimeter based on the radiation-induced 

changes in the DNA molecule. 
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