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Abstract: The paper presents the results of modeling a proton beam with energies of 100 keV on 
zinc oxide particles, with star and flower shapes, in the Geant4 software package. A high ability to 
accumulate primary defects was demonstrated for star-type particles in comparison with flower-type 
particles. A comparative analysis of the calculated data on the study of defects as a result of modeling 
with experimental data is carried out.
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Аннотация. Представлены результаты моделирования пучка протонов с энергиями 100 кэВ 
на частицах оксида цинка в форме звезды и цветка в программном комплексе Geant4. 
Продемонстрирована высокая способность к накоплению первичных дефектов для частиц 
звездчатого типа по сравнению с частицами цветочного типа. Проведен сравнительный 
анализ расчетных данных по исследованию дефектов в результате моделирования с 
экспериментальными данными.
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Introduction

ZnO is a versatile semiconductor with excellent optical and electrical properties. The presence 
of a relatively large band gap and binding energy, combined with high optical stability when 
irradiated with charged particles, makes it promising for use in the space environment as thermal 
control coatings.

However, with prolonged exposure to sunlight quanta and ionizing study, a number of radiation 
defects and color centers are formed in zinc oxide grains [1–2]. This leads to degradation of 
optical properties due to absorption in the ultraviolet and visible regions, as well as to an increase 
in solar absorption. Therefore, it is important to investigate the effects of morphology on the 
behavior of the degradation of optical properties and related radiation defects.

Nanostructured particles have a number of differences from bulk materials: an increase in the 
specific surface of particles, as well as non-stoichiometry and high free surface energy, which 
provides a driving force for the diffusion of defects; structural distortions caused by size determine 
the stability of nanostructures; quantum limitation associated with electronic characteristics. The 
balance of the above properties and the concentration of point defects determine the stability of 
the optical properties under the action of ionizing radiation.

Studies of the radiation resistance and optical properties of pigments in thermal control coatings 
based on the direct-gap semiconductor II-IV of the semiconductor group ZnO have shown that 
the particle morphology plays an important role in the accumulation of radiation defects [3–4]. 
Therefore, we set ourselves the goal of comparing the resistance of ZnO particles with the ‘star’ 
and ‘flower’ form factors to the effects of low-energy protons, using both a model approach and 
a direct experimental one.

Materials and Methods

All chemicals used in this experiment were of analytical grade without purification.
Star-type particles were synthesized by the following method [5]: 0.9 mmol of  Zn(CH3COO)2∙2H2O 

was dissolved in 1 mol of deionized water under magnetic stirring, then 14 mol of NH4OH  
(25% aqueous solution) was added, after which 5.5 mmol of KBH4 was added, continuing mixing. 
The solution was labeled in a Teflon lined autoclave. The closed autoclave was kept at 140°C for 
8 hours. The autoclave was then cooled to room temperature naturally. The white product was 
collected without centrifugation and washed successively several times with deionized water and 
ethanol. The solution was dried in air at 60 °C without heat treatment.

To obtain flower type particles, 1 mol of deionized water and 1 mol of ethanol were mixed 
with 4 mmol of Zn(CH3COO)2∙2H2O, followed by the addition of 25 mmol of NH4HCO3 and 
0.8 mmol of γ-methacryloxypropyltrimethoxysilane. The solution was poured into a Teflon-
coated autoclave, which was kept at 100° C for 6 hours. After cooling, the autoclave was opened, 
the white product was collected and washed successively several times with deionized water and 
ethanol. Finally, the thick solution was air dried at 60 °C and then heat treated at 650 °C for 3 
hours.

The surface morphologies of the powders were analyzed by using a scanning electron 
microscope (SEM) Helios NanoLab 600i. The specific surface area of the powder was determined 
by the Brunauer–Emmet–Teller (BET) method with physical adsorption of nitrogen using an  
AutoSorb 6iSA technique.

Modeling was carried out in the GEANT4 software package, the star-type target geometry is 
a set of 13 cylinders 0.25 µm in diameter, crossed with each other, with a total swept diameter 
of 5 µm. The geometry of the flower-type target was half a sphere with a radius of 3 µm with 
segments of spheres included in it, forming petals with a thickness of 0.05 µm. The particles under 
consideration were packed into an ensemble sized 35×35×14 µm for star type particles, 36×36×9 
µm for flower type particles.

Irradiation was carried out relative to the normal to the target surface by a monoenergetic 
proton beam with an energy of 100 keV and a fluence of 5×109 cm–2. The threshold displacement 
energy for the zinc atom was chosen to be 52 eV, and 57 eV for the oxygen one [6].

When modeling, the processes used in the QGSP_BIG_EMY physics set were taken into 
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account, including: ionization of the medium, multiple scattering, elastic and inelastic scattering 
of hadrons, bremsstrahlung, etc.

The Frenkel defect concentration calculated in GEANT4 was determined using the modified 
Kinchin-Pisa formula [7]:

                                                                                                                                                                            
 (1)

where Ed is the threshold displacement energy, Edis is the dissipated energy in nuclear collisions.
Samples were tested using the Space Environment Simulator, which was composed of a system 

of vacuum pumps, chamber 0.06 m3 in useful volume, a source of electromagnetic solar radiation, 
electron and proton Van de Graaff accelerators, and an in situ optical reflectance measurement 
system. The samples were irradiated by protons with an energy of 100 keV fluence 5×1015 cm−2 

with a flux of 5×1011 cm−2s−1 in vacuum 2.5×10−4 Pa, while the initial vacuum was 5× 10×5 Pa.
The comparison was made with synthesized ZnO star and flower particles obtained by the 

hydrothermal method described above.

Results and Discussion

The SEM micrographs of synthesized particles are presented in Fig. 1. Star-type particles have 
a hierarchical structure with an average size of about 4 – 7 µm and consist of a radial arrangement 
of hundreds of nanorods. Flower-type particles with a size of 4 – 8 µm have rounded shapes, 
consisting of sheets located in an arbitrary direction. The yield of star and flower type particles is 
about 80%. The resulting nanostructured particles are micron in size, but consist of nanoparticles; 
accordingly, such particles have a combination of properties at the micro- and nanoscales. The 
average specific surface area measured by the BET method is 44.3 ± 2.9 m2g–1 for star-type 
particles and 68.4 ± 6.6 m2g–1 for flower-type particles.
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Fig. 1. SEM images of star (a) and flower (b) ZnO particles

The process of a proton beam with an energy of 100 keV with a fluence of 5×109 cm–2 passing 
through particles of the star and flower type is visualized in Fig. 2 and 3, respectively.

Fig. 2. Simulation in Geant4: zinc oxide particles 
star shape irradiated by protons

Fig. 3. Simulation in Geant4: zinc oxide particles 
flower shape irradiated by protons

Numerical calculations of the effect of radiation on a star-type particle give the proton mean 
free path equal to 1.41 Å The total number of primary knocked-on atoms (PKA) is 4.7×106 cm–3. 
Concentration of formed primary defects (Frenkel pairs) is 1.88×1017 cm–3. These parameters 

   a)    b)
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Fig. 4. Reflection spectra of synthesized particles before and after irradiation for flower (1, 3) and 
star types (2, 4)

take the following values for a flower-type particle: mean free path of 1.65 Å; PKA of  
1.3×106 cm–3; concentration of primary defects of 4.82×1016 cm–3.

The reflectance spectra of the synthesized particles (Fig. 4) show a close match of the main 
absorption edge. The diffuse reflection coefficient before (ρλ0) and after irradiation (ρλф) of flower-
type particles is higher than that of star-type particles in the wavelength range from the edge of the 
main absorption to the near infrared (NIR) region. The difference between the spectra of synthesized 
particles in the near infrared region of the spectrum is due to free electrons and chemisorbed gases.

The induced absorption spectra (Fig. 5) of the synthesized particles after irradiation with 
protons (Δρλ = ρλ0 – ρλФ) show the main peak in the UV and visible spectral region. The induced 
absorption bands in the region from 350 to 630 nm of synthesized star and flower particles are 
similar in intensity and have a maximum value of 60%. As for the near-IR region, there is a 
decrease in the induced absorption spectrum for flower-type particles, in comparison with star-
type particles. The difference in the intensity of the absorption bands in this region reaches 5%.

Fig. 5. Induced absorption spectra of synthesized particles for star (1) and flower (2) types

The ratio of intensities between different types of particles is associated with different 
concentrations of radiation defects Zni, VZn, Oi and VO in different charge states, which are 
absorbed in different parts of the spectrum. The absorption of light quanta in the UV region is due 
to centers associated with Zni, but the absorption in the visible region of the spectrum with VZn, 
Oi, VO and related complexes VZn-Oi and VZn-H, which is formed during implantation of hydrogen 
into the crystal lattice of ZnO. The absorption intensity in the near infrared region of the spectra 
after irradiation increases due to the Urbach tail.

The basic processes leading to the formation and accumulation of such defects are denoted as 
follows: X

ZnZn , X
OO  refer to atoms of zinc and oxygen in the lattice; ••

iZn , iZn  , ''
ZnV , '

ZnV , ''
iO , 

'
iO , OV , OV  to interstitial ions and vacancies of oxygen and zinc in different charge states; (H•)*, 

H• correspond to accelerated and thermalized protons; e′, h• to electron and hole.
The formation and separation of charge carriers by irradiation with accelerated protons may 

occur during the reactions of the formation of interstitial zinc and oxygen:

                                                                                                                     (2)
X X • ' •• X
Zn O Zn i OZn + O + (H )* V + Zn + O + H,→
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 (3)

 (4)

 (5)
The numerous knocked-out atoms can induce the cascade of atomic collisions. As a result, no 

equilibrium and inhomogeneous distribution of point defects: in the center vacancies predominate, 
on the periphery–interstitial atoms. For nanostructured particles at high energies of impinging 
particles normally only a small part of the projectile energy is deposited onto the nanosystem, in 
contrast to the case of irradiation of bulk systems when all the energy is eventually dispersed in the 
sample [8]. The following stage is defect recovery, i.e., the mutual recombination of vacancies and 
interstitial atoms, resulting in both point defects disappearance. Other processes simultaneously 
occur, such as vacancies being captured by pores and dislocations of the unoccupied type, the 
interstitial atoms being absorbed by dislocations, and the association of vacancies with complexes.

The numerous knocked-out atoms can induce the cascade of atomic collisions. As a result, no 
equilibrium and inhomogeneous distribution of point defects: in the center vacancies predominate, 
on the periphery–interstitial atoms. For nanostructured particles at high energies of impinging 
particles normally only a small part of the projectile energy is deposited onto the nanosystem, in 
contrast to the case of irradiation of bulk systems when all the energy is eventually dispersed in the 
sample [8]. The following stage is defect recovery, i.e., the mutual recombination of vacancies and 
interstitial atoms, resulting in both point defects disappearance. Other processes simultaneously 
occur, such as vacancies being captured by pores and dislocations of the unoccupied type, the 
interstitial atoms being absorbed by dislocations, and the association of vacancies with complexes.

Thermalized hydrogen and oxygen can diffuse from the lattice to the pigment surface with the 
subsequent desorption. The remaining defects after this stage are stable to exist for a long time. 
These defects will further define optical properties of a pigment. These peaks can be attributed to 
the surface molecules oxygen or hydrogen, or its association with lattice cation vacancies such as 
(VZn-H) [8].

Thermalized protons can interact with zinc vacancies or interstitial oxygen:

 
(6)

The process of release begins with the surface oxygen and subsequently the oxygen in the 
lattice, which is then accompanied by appearance of anion vacancies and interstitial zinc in 
differently charged states. The molecular oxygen reaction can occur in the vacuum volume:

 (7)

 
(8)

 (9)

Conclusion

It has been established that ZnO particles of the flower type have a higher radiation resistance 
to the action of protons compared to ZnO particles of the star type This is indicated by the 
calculated values obtained in the simulation, which demonstrate a higher concentration of primary 
defects for star-type particles, i.e., 1.88×1017 cm3 compared to 4.82×1016 cm–3 for flower-type 
particles. The synthesized flower-shaped particles have a higher reflectivity, which indicates a 
lower concentration of intrinsic pre-radiation defects, which, in turn, can become one of the 
factors determining a lower concentration of radiation defects compared to star-shaped particles. 
The induced absorption spectra of synthesized particles demonstrate a high concentration of 
induced defects for star-type particles, which directly correlates with the data obtained from 
the simulation. To summarize, we can conclude that ZnO particles of the flower type are more 
radiation-resistant to the effects of protons compared to ZnO particles of the star type.

' ••
Zn i Zn iV + Zn V Zn ,X→ + 

X X • X '
Zn O Zn O iZn + O + (H )* Zn V + O + H,→ + 

' X
O O O iV + O V + O .↔ 

' '
Zn i Zn iV + H V H .X→ +

'
O Zn i 22O +Zn Zn +2e +O ,↔ 

X '
O O 2

1O V 2e + O ,
2

↔ +

''
2 O ZnO 2O +V +2h .↔ 
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