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Abstract. The properties of nanosized ZnO:Ho thin films deposited by explosive 

evaporation method have been studied. This work is aimed at studying the effect of high 

deposition rate on the oxide characteristics interesting from the viewpoint of photocatalysis, 

namely: morphology and structure, electrical and optical properties, lifetime of charge 

carriers. Explosive deposition of films defines the novelty of this work as compared to 

majority of previous studies devoted to nanosized ZnO:Ho photocatalysts, which used 

equilibrium methods for their synthesis. Methods of scanning electron microscopy, XRD 

analysis, photoluminescence, and Raman scattering have shown that in ZnO:Ho films 

deposited using explosive evaporation, with increasing holmium content, amorphization of 

their structure and morphology are observed. It is related with random incorporation of 

holmium atoms into the crystalline lattice of ZnO as well as with the fact that the ionic 

radius of Ho
3+

 exceeds that of Zn
2+

. It is accompanied by a shift of the edge of ZnO 

absorption toward the long-wave (blue) spectral range, the decrease of the bandgap as well 

as an increase in the resistivity and lifetime of charge carriers. All these changes are 

favourable for the photocatalytic process involving nanostructures based on ZnO:Ho. 
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1. Introduction 

Zinc oxide ZnO, due to the successful combination of 

chemical inertness, transparency, bactericidal properties, 

relatively cheaper and easier production is widely used in 

paint-and-vanish, rubber, chemical, pharmaceutical, oil 

refining, glass, and electronic industries. In particular, 

doping of ZnO with the rare-earth metal holmium and 

other elements has shown that doped ZnO exhibits 

ferromagnetic [1, 2], ferroelectric [3], thermoelectric [4], 

photoluminescent [5–8], electroluminescent [9], and 

photocatalytic [10–13] properties, which are of 

undoubted interest for practical applications. The current 

studies allow revealing new properties of ZnO films 

doped with holmium. 

Studies of this material have revealed that most of 

these properties largely depend on the size and shape of 

the crystals, their structure, impurity concentration, 

presence and nature of defects, as well as on  

other  parameters  related  to  manufacturing  technology. 

The synthesis of ΖnO:Ho is usually performed using such 

known methods as co-precipitation from solution [3, 14], 

sol-gel treatment [1, 5, 6, 15], sonochemical synthesis 

[10, 12], solid-state reactions [2, 4, 9, 13, 16, 17], thermal 

evaporation [18], which can be roughly attributed to 

equilibrium methods, which provide the time required for 

ascertaining the structure of the obtained material. At the 

same time, it is of interest to study the properties of 

ZnO:Ho films, which are caused by very rapid 

evaporation of the initial material. It is expected that the 

high deposition rate should positively affect the 

properties of nanosized films. 

This work is aimed at studying the properties of 

nanosized ZnO:Ho films deposited on silica substrates by 

using the explosive evaporation mode in the electron-

beam method of growing. The main attention was paid to 

the properties that are important for the process of 

photocatalysis, namely: morphology, structure, optical 

properties and lifetime of charge carriers. 
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2. Experimental 

ZnO:Ho thin films were deposited on silica substrates by 

using explosive evaporation of a mixture of fine Zn and 

Ho powders taken in the required ratio. The mixture of 

powders was delivered to the region of evaporation 

triggered by an electron beam with the energy of 

electrons 6 keV and the flux density close to 1 A/cm
2
 in 

the VU-1A vacuum setup. The obtained Zn:Ho films 

were annealed in air in a muffle furnace for 1 hour at 

300 °С up to formation of ZnO:Ho films. The Ho content 

was 0, 1, 2, 3, 4, and 5 at.%. 

The films were deposited under the following 

conditions: pressure in the operation chamber p =  

5·10
–3

 Pa, substrate temperature Ts = 40 °C, maximum 

film deposition rate Vmax = 90 nm/min. After the 

oxidation procedure, the film thickness increased by 

20%, reaching the average value close to 80 nm for 

ZnO:Ho films. The samples were cooled together with 

the muffle furnace without hardening. 

Examination of sample morphology was performed 

using the scanning microscope MIRA3 TESCAN. The 

optical transmission spectrum was recorded using the 

StellaNet Minispectrometer SilverNova. The lifetime of 

charge carriers was determined by the frequency method 

[19]. XRD analysis was performed using an upgraded 

DRON-3M diffractometer with Cu-Kα radiation.  

The Raman measurements were carried out in a 

quasi-backscattering geometry at room temperature using 

the Horiba Jobin-Yvon T64000 triple spectrometer with 

integrated micro-Raman setup – Olympus BX-41 

microscope (objective ×50, aperture 0.90) equipped with 

a motorized XYZ stage and Peltier-cooled CCD detector. 

Samples were excited by Ar/Kr laser (488 nm). 

Photoluminescence (PL) of deposited ZnO films was 

excited using a He-Cd laser (325 nm). 

 

 

3. Results and discussion 

3.1. Моrphology of films 

Undoped ZnO films deposited using explosive 

evaporation of Zn and oxidized by annealing at 300 °C 

consisted of crystals, the longest of which had the shape 

of rods with the average length of 125 nm and the width 

of 23 nm (Fig. 1a). The smallest crystals were globular 

with the diameter 17 nm. Medium-sized crystals had an 

intermediate ellipsoid shape. 

The rod-like shape of large crystals may be, to some 

extent, a consequence of the hexagonal structure of ZnO. 

The curved shape of the rods indicates presence of 

structural defects caused by non-equilibrium growth 

conditions. 

As the Ho content in ZnO films increases, the 

length of the rods decreases, and the thickness increases. 

This brings the crystals closer to a spherical shape. In this 

case, the volume of crystals increases with increasing Ho 

content by the parabolic law, due to its relation with the 

increasing rod diameter by a quadratic function (Fig. 2). 

3.2. The structure of films 

XRD analysis of films obtained from pure zinc allows us 

to conclude that in this case ZnO with a hexagonal 

structure is formed (Fig. 3). A significant difference 

between the obtained diffraction pattern and the standard 

one consists in the change in the intensity distribution of 

the diffraction peaks. The standard series of relative 

intensities Ι(100), I(002), I(101) for the ZnO structure, 

coinciding with the peak gravity centers, is recorded as 

569:415:999. Our experiment demonstrates this series as 

403:999:843. As seen, the change in the ratio of the peak 

intensities I(100)/I(101) does not exceed 10% compared 

to the standard,  and  the relative intensity (002) is 100%. 

 

 

 

a) 

 

b) 
 

Fig. 1. Morphology of ZnO:Ho films with holmium content of 0 (a)  and 5 (b) at.%. 
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Fig. 2. Dependence of the volume V of the largest crystals in 

ΖnO:Ho films on the holmium content CHo. 
 

 

 
 

Fig. 3. Fragments of XRD pattern from ZnO film. 

 

 

This effect can be attributed to formation of a film with 

the initial orientation of the (002) plane of crystallites 

(coherent scattering region) relative to the silica substrate 

plane. 

The size of crystallites was calculated using the 

Scherer formula: 
 






cos

9.0

W
D ,

 

(1)

 
 

where D is the crystallite size, W – broadening of the 

line, θ – Bragg angle, λ – wavelength of X-ray radiation. 

The sizes of crystallites calculated according to this 

formula in the direction of the c-axis in the crystal lattice 

are close to 20.6 nm, and in the perpendicular direction – 

27.6 nm. Oxidation of coatings containing holmium leads 

to formation of ZnO films with low crystallinity. The 

intensity of the diffraction peaks (100), (002), and (101) 

decreases, and their broadening increases, which 

indicates, in the general case, changes in the crystallite 

sizes. With increasing the Ho content, the crystallite size 

decreases. In the region of Ηo content 2…3%, the 

dimensions along the c-axis are about 12 nm, and in the 

base plane – up to 19 nm. In the Ho content range of 4 to 

5%, these dimensions are close to 10…13 nm. This 

indicates that the shape of the crystallites is preserved, 

but the size ratio oscillates around 0.7 (Fig. 4). 

The nature of the obtained dependences for the 
change in the crystallite size may be interpreted in terms 
of a decrease in the growth rate of ZnO nuclei with 
increasing content of holmium. The growth of nuclei of 
zinc oxide-based solid solution is hampered by 
differences in ion sizes and valences of the metals. 

When holmium is introduced, the crystal lattice 
parameters and the volume of the unit cell change as 
well. It should be noted that, as known, the holmium ion 
Ho

3+
 radius is larger than that of Zn

2+
 by about 6% [20]. 

In the case of replacement of zinc atoms by holmium 
atoms or the latter entry into the interstitial sites of the 
ZnO crystal lattice, one can expect an increase in the zinc 
oxide lattice parameters. The results of calculations of 
lattice parameters a, c, and its volume showed some 
increase with increasing the Ho content.  

At the Ho content within 0 to 2 at.%, the parameters 
a and c do not exceed 3.2521 and 5.2152 Å, respectively. 
The volume of the unit cell does not exceed 47.766 Å

3
. 

With further increasing the Ho content, these parameters 
increase: the parameter a approaches to 3.258 Å, c does 
5.22 Å. This is reflected in the volume change, which 
increases up to 48 Å

3
 (Fig. 5). 

 
 

 
 

Fig. 4. Dependence of crystallite sizes of Ho doped ZnO on the 

Ho content: 1, 3 – in the direction of a- and c-axes of the 

crystalline lattice respectively, smoothed by β-splines; 2, 4 – 

approximation lines. 
 

 

 
 

Fig. 5. Dependence of the crystal lattice volume on the  

Ho content: 1 – dependence smoothed by β-spline;  

2 – approximation line. 
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Thus, we can assume that holmium ions are 

embedded into the ZnO crystal lattice. Herein, with 

increasing content of doping metal, as mentioned above, 

there is observed amorphization of the film material: the 

intensity of the diffraction peaks decreases, and their 

blurring increases, which is due to the reduction in the 

crystallite sizes. 

3.3. Electrical properties and lifetime of charge carriers 

The resistivity of undoped ZnO films is 500 Ohm·m, 

which is lower than that of bulk samples for this oxide 

[21]. The lower resistance is probably a consequence of 

their defective structure, which leads to the 

corresponding distortion of the crystal morphology (see, 

please, Fig. 1a). 

With increasing the Ho content from 0 up to 5 at.%, 

the resistivity increases (Fig. 6). 

On the one hand, this may be a result of weakening 

the contacts between the crystals, which takes place with 

increasing their volume. However, a more probable 

reason is the capture of charge carriers by traps, which 

here may be holmium atoms. This explains the linear 

increase in the resistivity ρ depending on the Ho content 

in ZnO. 
 

 

 
 

Fig. 6. Dependence of the resistivity ρ of ZnO:Ho films on the 

holmium content СНо. 
 
 

 
 

Fig. 7. Dependence of the lifetime of charge carriers τn on the 

Ho content СНо in ZnO:Ho films. 

The ρ (CHo) dependence increase is also noticeable 
in the images of the surface of ZnO:Ho films obtained 
using a scanning microscope (see Fig. 1). As shown, with 
increasing CHo the sharpness of the images deteriorates 
under the same conditions. This indicates that the 
electrons introduced into the films by electron beam are 
increasingly captured by the traps, creating a scattering 
field for the secondary and reflected electrons involved in 
creating the surface image. 

The increase in the number of charge carrier traps, 
which is observed with increasing CHo, affects the 
lifetime of the carriers. The lifetime of charge carriers 
was determined using the frequency method in accord 
with the formula [19]: 
 

 
  22

1

0
nII

tI





,      (2) 

 

where I( t) and I(0) are amplitudes of the variable 
component of the photocurrent in the sample at the 

modulation frequency  and   0, respectively; τn is 
the lifetime of charge carriers. 

Fig. 7 shows that, with increasing CHo, the lifetime 
of electrons τn increases almost linearly due to their 
presence in traps. 

3.4. Optical properties 

The bandgap width Εg of ZnO:Ho films was determined 
using the formula corresponding to the direct transitions 
between the valence and conduction bands in zinc oxide 
[22]: 

 

  21
gEhB  ,      (3) 

 

where α is the absorption coefficient, B – constant, hν – 
energy of light quantum. 

The evaluation according to this formula showed 

that with increasing CHo from 0 to 5 at.%, the bandgap Eg 

decreases from 3.2 to 3.1 eV (Fig. 8). I.e., when CHo 

grows from 0 to 5 at.%, the absorption edge is shifted 

from λ = 388 nm toward the blue spectral range up to 

λ = 400 nm. 

 

 
 

Fig. 8. Dependence of the optical width of forbidden band Еg of 

ΖnO:Ho films on the Ho content СНо. 
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The decrease in Eg can also be associated with 

increasing the number of Ho ions randomly introduced 

using explosive sputtering into the ZnO structure, i.e., 

with amorphization of films and increase in CHo. This 

amorphization leads to blurring of the edges of the band-

gap Еg caused by the defect levels and to the 

corresponding decrease in the gap width. 

3.5. Photoluminescence studies 

The effect of doping ZnO films with Ho
3+

 ions on the 

edge, impurity, and intra-center optical radiation were 

studied using the photoluminescence method. Fig. 9 

shows the room temperature photoluminescence spectra 

of undoped and 3 at.% Ho-doped ZnO thin films. In the 

PL spectra of both samples, there are intense bands of 

radiation in both the ultraviolet and visible ranges of the 

spectrum. 

In the edge photoluminescence spectrum of the 

undoped ZnO film (curve 1) in case of interband 

excitation (Eexс = 3.81 eV), there is an intense short-wave 

radiation band with the maximum at ~ 377.4 nm and 

half-width of approximately 12 meV, which is caused by 

radiative recombination of free excitons [23]. The shape 

of this photoluminescence band is characterized by a 

low-energy asymmetry and is modeled by three Gaussian 

contours with the peaks at 377.4, 385.6 and 394.2 nm and 

the distance that is multiple to the longitudinal optical 

(LO) phonon energy in ZnO crystal (~ 73 meV), which 

indicates the efficiency of radiative recombination 

processes with participation of LO phonons. The 

difference in the positions of the edge band maxima of 

ZnO films, as compared to that in bulk ZnO (368 nm) 

[24], is due to the presence of elastic deformations 

caused by mismatch of lattice parameters and coefficients 

of thermal expansion of the film and substrate [25]. 

The broad band peaking at 539 nm and the high-

frequency wing at 605 nm are associated with radiative 

recombination processes that occur at deep energy levels 

in the bandgap and are caused by various types of 

intrinsic defects, such as ionized oxygen vacancies VO 

and interstitial oxygen atoms Oi [26, 27]. 

In the photoluminescence spectra of Ho-doped ZnO 

thin films, a significant decrease in the intensity of the 

edge radiation band (by 6.5 times) and an increase in the 

intensity of the defect band are observed. The ratio of 

radiation intensity of the edges of the ultraviolet 

luminescence to that of defect luminescence (an optical 

indicator of structure quality) varies from 1.77 to 0.32, 

which indicates a significant increase in the number of 

intrinsic and impurity-caused structural defects with 

holmium doping [28]. In this case, XRD analysis showed 

(Fig. 4) a decrease in the size of the coherent scattering 

regions in ZnO, which leads to increasing the surface 

fraction and, accordingly, an increase in the 

concentration of surface centers of nonradiative 

recombination [29]. Also, the edge photoluminescence 

band of ZnO:Ho
3+

 significantly expands (G = 18 meV) 

from the low-energy side. This broadening in comparison 

with that in undoped ZnO films is probably caused by the 

 
 

Fig. 9. Room temperature photoluminescence spectra of 

undoped (1) and Ho3+-doped (2) ZnO thin films grown on silica 

substrates by electron-beam evaporation method. 

Eexc = 3.81 eV. T = 300 °C. 
 
 

processes of elastic scattering of free (localized) excitons 

by potential fluctuations, intrinsic defects, and Ho
3+

 

impurity centers. The shift of the edge radiation band 

from 377 to 380 nm upon doping with Ho
3+

 ions is 

related with presence of elastic tensile strains and 

variation of particle sizes. A larger ionic radius of Ho
3+

 

(0.89 Å) as compared to that of Zn
2+

 ions (0.83 Å) [20] 

leads to significant distortion in the crystal structure of 

ZnO, which increases the concentration of defects in this 

material and, thus, the level of elastic strains. This band 

is well modeled considering two Gaussian bands with the 

peaks at 380 and 397 nm. The low-energy band at 

397 nm may be related to radiative transitions of 

interstitial zinc atoms (Zni), which create a donor level 

below the conduction band by 0.22 eV [30], from which 

electrons are subsequently injected through the 

conduction band to the level of oxygen vacancies VO 

[31]. The broad band at 446 nm, which is absent in the 

undoped ZnO film is associated with Zni as well, and its 

presence is determined by the growth conditions and 

thermal annealing (enrichment with Zn) [32]. 

Besides, the small bands at ~ 454 and 482 nm are 

observed in the photoluminescence spectra of the 

ZnO:Ho
3+

 film, which correspond to the intra-center 

electronic transitions of the Ho
3+

 center 
5
G6 → 

5
I8 and 

5
F3 → 

5
I8, respectively. The broad structureless band at 

640…750 nm with a maximum at 680 nm and the band 

740…760 nm can be associated with 
5
F5 → 

5
I8 and 

(
5
F5, 

5
S2) → 

5
I7 intra-center transitions, respectively; they 

can be markedly broaden due to significant 

inhomogeneity of the crystal field and high temperature 

[33]. Therefore, the appearance of additional radiation 

bands, which are absent in undoped ZnO films, confirms 

incorporation of Ho atoms into the ZnO lattice and 

replacement of Zn
2+

 ions by Ho
3+

 to some extent. The 

low intensity of the radiation bands associated with Ho
3+
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ions may be caused by the inefficiency of the excitation 

energy (325 nm). This issue requires further low-

temperature studies. 

3.6. Raman scattering spectroscopy 

The method of combinational scattering of light, the so-

called Raman scattering, allows one to gain information 

about structural perfection, internal elastic deformations, 

degree of homogeneity by component composition and 

other properties of ZnO films and nanostructures. 

According to the theoretical group analysis, optical 

phonons of ZnO are described by irreducible 

representations in the Brillouin zone center: Gopt = 

A1 + 2B1 + E1 + 2E2 [34]. Polar A1 and E1 phonon 

vibrations are split into longitudinal optical (LO) and 

transverse optical (TO) phonon modes, which are 

manifested in the Raman spectra and infrared (IR) 

spectra. Inelastic scattering by 
High

E2  and 
LowE2  phonon 

vibrations is permitted in the Raman spectra while 

scattering by B1 symmetry vibrations (silent modes) is 

forbidden and does not manifest itself in the optical 

spectra of structurally perfect crystals. Fig. 10 

demonstrates the Raman spectra of undoped and Ho-

doped ZnO films. The spectrum of the undoped film 

contains well-known low-intensity 
LowE2  and 

High
E2  

phonon bands at ~ 99.5 cm
–1

 and 438.8 cm
–1

 

(G ~ 13.0 cm
–1

), respectively [35]. The frequency of 
High

E2  phonons of the ZnO film is shifted toward higher 

values by ~ 1.8 cm
–1 

as compared to that in the bulk ZnO 

crystal (437.0 cm
–1

), which corresponds to the elastic 

compressive stresses in the film growth plane because of 

the mismatch of lattice parameters of the film and the 

substrate. The low intensity of all vibration bands indi-

cates a low structural quality of the undoped oxide film. 

After holmium incorporation into the ZnO lattice, 

the Raman spectrum of the ZnO:Ho
3+

 film undergoes a 

number of changes, which is primarily due to the effects 

of disordering the crystal structure. Phonons 
LowE2  and 

High
E2  correspond to the vibrations of zinc and oxygen 

atoms in the cationic and anionic sublattices of wurtzite 

ZnO in the plane perpendicular to the c-axis and, 

accordingly, are sensitive to the disorder of the crystal 

structure of ZnO [36]. Doping the zinc oxide with 

holmium leads to broadening and low-frequency 

displacement of the 
High

E2  band maximum by ~ 4.0 cm
–1

 

relatively to the frequency of undoped ZnO film due to 

significant tensile deformations (Fig. 10). This signi-

ficantly increases the intensity of the asymmetric wing at 

the high-frequency side of 
LowE2  band. The wing consists 

of two broad bands with the maxima at 115 and 137 cm
–1

 

and is caused by transverse acoustic (TA) phonons 

around the M and K points of the Brillouin zone. Nume-

rous internal and surface defects, in line with the 

presence of the dopant, break the translation symmetry of 

the crystal, which leads to the violation of the conser-

vation law for wave vectors and participation of phonons 

with wave vectors 0q   in the Raman scattering. 

 
 

Fig. 10. Raman spectra of undoped (1) and Ho3+-doped (2) ZnO 

thin films grown on quartz substrates by electron-beam 

evaporation method. 
 

 

Moreover, in the Raman spectra of undoped and 

Ho-doped ZnO films, there is an additional broad band 

with a complex structure in the frequency range of 500 to 

700 cm
–1

. The increase in its intensity with holmium 

doping indicates its relation with addition of holmium or 

with an increase in the concentration of structural defects 

generated by this doping. The shape and position of this 

band is the result of the sum of several bands: i) band at 

540 cm
–1

, which is due to scattering by 2LA (H) 

phonons; ii) high-frequency band at 580 cm
–1

, related to 

longitudinal E1 (LO) phonons, and its position is 

determined by the superposition of scattering processes 

by A1 (LO) phonons at 574 cm
–1

 and E1 (LO) phonons at 

586 cm
–1

; iii) band at ~ 550 cm
–1

 may also correspond to 

the silent 
HB1  mode forbidden by the selection rules 

[35]. In addition, in the Raman spectrum of Ho-doped 

ZnO film, a band is observed at 288 cm
–1

, which may 

correspond to the 
LB1  ZnO mode. The high level of 

impurities or structural defects leads to weakening the 

selection rules for Raman scattering, and registration of 

this “forbidden” band becomes possible. 

Hence, these studies have shown that the addition of 

Ho atoms to the ZnO matrix leads to structural disorder 

of the crystalline lattice and the appearance of additional 

scattering bands. 

4. Conclusions 

The obtained results show that in ZnO:Ho (0 to 5 at.%) 

thin films, deposited on silica substrates by using the 

electron-beam explosive evaporation method for 

growing, amorphization of their structure and changes in 

morphology are observed with increasing the holmium 

content, which is associated with the random 

incorporation of Ho atoms into the oxide crystal lattice. It 

is accompanied by decreasing the crystallite sizes from 
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20…27 down to 10…13 nm, shift of the absorption ΖnO 

edge toward the blue spectral range from 388 up to 

400 nm, decrease in the bandgap from 3.2 to 3.1 eV, 

increase in the resistivity from 5·10
2
 up to 

1.9·10
6 
Ohm·m, increase in the lifetime of charge carriers 

from 7·10
–5

 to 18·10
–5

 s. All these changes are known to 

be favorable for the process of photocatalysis involving 

nanostructures based on ZnO, and may be the basis for 

further research in this area. 
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Властивості нанорозмірних плівок ZnO:Ho, нанесених вибуховим випаровуванням 
 

А.М. Касумов, В.В. Стрельчук, О.Ф. Коломис, О.І. Биков, В.О. Юхимчук, М.М. Загорний,  

К.А. Коротков, В.М. Караваєва, С.Ф. Коричев, А.І. Євтушенко 
 

Анотація. Досліджено властивості нанорозмірних плівок ZnO:Ho, нанесених вибуховим випаровуванням. 

Метою даної роботи є вивчення впливу великої швидкості осадження на характеристики даного оксиду, які 

використовуються для процесу фотокаталізу, такі як морфологія і структура, електричні та оптичні 

властивості, час життя носіїв заряду. Вибухове осадження плівок зумовлює новизну даної роботи стосовно 

більшості попередніх досліджень нанорозмірних фотокаталізаторів ZnO:Ho, де було використано рівноважні 

методи їх синтезу. Методами скануючої електронної мікроскопії, рентгеноструктурного аналізу, 

фотолюмінесценції та раманівського розсіяння показано, що при вибуховому нанесенні плівок ZnO:Ho зі 

збільшенням вмісту лігатури спостерігається аморфізація їх структури і зміна морфології, які пов’язані з 

хаотичним вбудовуванням атомів Но в кристалічну ґратку ZnO, а також перевищенням іонного радіуса Ho
3+

 

над Zn
2+

. Аморфізація супроводжується зсувом краю поглинання ZnO у довгохвильову (синю) область 

спектра, зменшенням ширини його забороненої зони, зростанням питомого опору та часу життя носіїв заряду. 

Всі ці зміни є сприятливими для процесу фотокаталізу за участю наноструктур на основі ZnO:Ho. 
 

Ключові слова: плівки, оксид цинку, гольмій, фотокаталізатор, вибухове випаровування. 


