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1. Introduction

Nanopore and nanotubular massives of the Zirconium

dioxide (ZrO2-nt) are used in various areas of science and

engineering, thanks to a high chemical, mechanical and

temperature stability and the surface area [1–3]. They are

used as the basis for manufacture of batteries, condensers,

fuel elements, solid electrolytes, catalysts, dose meters and

memristors [4–7].

It is known, that point defects (F-, F+- and Zr3+-centers)
and their aggregates (e.g., T-defects [8], vacancies clus-

ters [9], etc.) are optically active centers that form peculiar-

ities of the Zirconium dioxide response to various external

effects. Earlier, the nanotubes ZrO2-nt made by anodic

treatment, were studied by using spectral methodologies

of photoluminescence (PL) [10–17] and galvanolumines-

cence [18]. In addition, a series of works referred to

the methods of thermally-stimulated luminescence (TSL)
within the spectral range 400−650 nm for the study of

monoclinal ZrO2 powders in the original state and after

high-temperature treatments in the air [7,9–24], in the

vacuum [35] or in argon atmosphere [26]. Experimental

confirmations were obtained as to the presence of the

charge carrier traps that are active below the room tem-

perature (223−293K) [26] and within a wide tempera-

ture range from 300 to 750K [7,19–25] after exposure

of samples to electron beam [7,19,25], β- [20–23] or

UV-radiation [24,26]. The studies of nanotubular structures

of the Zirconium dioxide by TSL method are unknown

as for now.

Therefore, the purpose of this work was to study the

thermal activating processes in the synthetic massives of

nanotubes ZrO2 after exposure to UV-radiation.

2. Samples and methods

Nanotubular massives of the Zirconium dioxide ZrO2-nt

was synthetically produced by anode treatment of Zr-foil

with the admixture of Hf< 1% [27]. Zr-foil with the

thickness of 100 µm was preliminarily degreased, sub-

merged into ultrasonic bath, treated by solution of acids

HF :HNO3 : H2O= 1 : 6 : 20, washed with distilled water and

dried on the air. Anode treatment was done in two-electrode

electrochemical cell at constant voltage of 20V and the

anode temperature 10◦C during 6 hr.

Electrolyte was a solution of ethylene glycol containing

5wt.% H2O and 1wt.% NH4F.

The morphological parameters of synthetically produced

layers were studied by means of scanning electron mi-

croscope (SEM) SIGMA VP made by Carl Zeiss. On

the SEM image given in Fig. 1 one can see the oxi-

de layer consisting of self-ordered nanotubes with the

diameter of 50 nm. In case of anode oxidation of

Zr-foil under the abovementioned conditions the thick-

ness of the synthetically produced massifs ZrO2-nt makes

∼ 5µm [27].

After the synthesis the layers of ZrO2-nt were heated

up to 800K in the air in order to remove residues of

electrolyte. The samples for TSL studies represented a

rectangular Zr-substrate with the size of 12× 7mm with

the layer of ZrO2-nt on one side of the metal.

TSL curves measurement was performed at luminescent

spectrometer Perkin Elmer LS 55 with high-temperature

add-on [28]. TSL studies were performed within the

range of temperatures T = 300−773K at the heating rate
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100 nm

Figure 1. Image of synthetically produced nanotubes ZrO2-nt.

β = 2K/s. Prior to TSL measurement the samples were

heated to 773K for emptying the traps, and cooled down

to the room temperature inside the obscured spectrometer

chamber. Thereafter the studied samples were subjected

to impact of monochromic UV-radiation with the wave

length λ = 300 nm (4.1 eV) during 10min. at the room

temperature. The UV-dose was 1mJ/cm2. Spectrum-

resolved TSL was measured within the range of the wave

lengths from 390 to 550 nm with the pitch of 20 nm, slot in

the recorder monochromator was 20 nm.
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Figure 2. Experimental TSL curves at various recording wave lengths.

Experimental curves of TSL were analyzed within the

framework of formalities of the kinetics of total order [29]:

I(T ) = s ′′ n0 exp

(

−
Ea

kT

)

×

[

1 +
s ′′(b − 1)

β

T
∫

T0

exp
(

−
Ea

kT ′

)

dT ′

]
b

b−1

, (1)

where I(T ) — intensity of TSL; s ′′ — efficient frequency

factor, s−1; n0 — initial concentration of filled traps after

exposure, m−3; Ea — energy of thermal ionization, eV;

k — Boltzmann’s constant, eV/K; T — temperature, K;

b — kinetics order; β — heating rate, K/s; T0 = 300K —
initial temperature, K.

Energetic and kinetic characteristics of the entrapment

centers were determined by approximation of the TSL

curves shape by superposition of several independent peaks

of the total order kinetics according to exp. (1). This

methodology is successfully applied in TSL of dosimetry

of ionizing radiation during the study of wide-bandgap

materials [20–23,30,31].

3. Results and discussion

3.1. TSL curves in different luminance bands

Fig. 2 shows TSL curves measured in the studied

luminance bands. It can be seen that all thermoactivation
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curves have one peak with the maximum at the temperature

about 340K, and in the interval of 400−550K a less

intensive shoulder is recorded for each of them. Note,

that all experimental curves in the studied spectral interval

have similar shape and that the highest intensity of TSL is

observed within the band 490 nm. Then, for interpretation

of the nature of recombination centers participating in the

recorded thermoactivation processes within the studied tem-

perature range, we built and analyzed the TSL luminance

spectrum.

3.2. Spectral characteristics of TSL

Fig. 3 shows dependence of the TSL light sum on

the energy of photons for ZrO2-nt. Every point of the

spectrum corresponds to the area under experimental TSL-

curve (Fig. 2) within the mentioned temperature range for

the studied luminance bands.

It can be seen that TSL spectrum is satisfactorily

described by two peaks of Gaussian shape G1 and G2

with the energies of the maximum Emax = 2.47± 0.02

and 2.72± 0.03 eV and half-width ω = 0.23± 0.04 and

0.39± 0.12 eV, accordingly. The obtained results coin-

cide with our studies of PL properties of nanotubular

layers ZrO2 [10], for which also two luminance bands

are recorded with the Gaussian shape Emax = 2.43± 0.01

and 2.68 ± 0.03 eV, as well as ω = 0.35± 0.01 and

0.48± 0.02 eV, accordingly. Moreover, in indepen-

dent studies of the samples of powders of monoclinal

ZrO2 in the TSL spectra [7,19–26], PL [7,23,25,26]
and impulse cathode luminescence [7,25] a wide non-

elementary luminance band is recorded within the range

400−650 nm (3.10−1.91 eV) with the maximum in the

interval 480−500 nm (2.58−2.48 eV).
Therefore, close spectral composition of luminescence at

different types of excitation ZrO2-nt and powders of mono-

clinal ZrO2 may indicate predominance of monoclinal phase

in the studied samples. The mentioned fact also coincides

the studies of nanotubes ZrO2-nt by using the method of

X-ray diffraction, for which formation of monoclinal phase

is recorded as a result of annealing at 400◦C during 1 hr

in the air [32]. At the same time one may conclude on

participation of two centers of the irradiation recombination

in the studied thermoactivation processes.

Analysis of publications has shown, that luminance within

the band G1 (∼ 2.4 eV) is related with recombination of

holes from the valence band with electrons entrapped by

ions of Zr3+ [8]. As for today, there is no definitive

opinion on the nature of the band G2 (2.5−2.7 eV) [25].
Someone associate the luminescence with relaxation of

admixed ions Ti3+, which can be available in ZrO2 in

very low concentrations [33]. In our case the presence

of admixed ions Ti in the studied samples is excluded

at the synthesis stage. Someone other — associate it

with relaxation of oxygen vacancies within the volume or

on the surface of the sample [34,35]. There are also

opinions on participation of complex defects that include
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Figure 3. Breakdown of the TSL spectrum into Gaussian peaks.

associated oxygen vacancies [36] or ions Zr3+, related with

two neighboring oxygen vacancies (T-centers) [8].
Possible participation of T-centers in the mechanisms of

recorded TSL satisfactorily correlates with the position of

the level of excited state of T-defects, which is located

4.2 eV above the top of the valence band [8]. Note, that

the applied method of synthesis of the samples ZrO2-nt

and their developed surface contributes into accumulation

of a high number of oxygen vacancies and ions Zr3+,

accordingly. At the same time the probability of formation

of T-centers is increased, which is confirmed by comparable

intensities of Gaussian components in the TSL spectrum

(Fig. 3).

3.3. Assessments of energetic and kinetic

parameters

Fig. 4 shows approximations of experimental TSL curves

in the bands λem = 490 and 430 nm, related to luminance in

the bands G1 and G2, accordingly. Breakdowns were done

by using superposition of 4 peaks (P1−P4) of the total order
of kinetics according to exp. (1). Table presents the obtained
values of approximation parameters with coefficients of

determination R2 > 0.999.

Analysis of Table has shown, that the values Tmax for

TSL peaks in the band λem = 430 nm are shifted to the

low-temperature band by 2−10K relative to the values

Tmax of corresponding peaks in the band λem = 490 nm.

In TSL mechanisms determining the peaks P1−P3, there

is predominance of the processes of the second order of

kinetics, and for the peaks P4 — of the first order. All

observed peaks feature close values Ea. For the peaks P1

and P2 the values of effective frequency factor vary within

the range s ′′ = (8.5−6.2) · 109 s−1, and for the peaks P3

and P4 — s ′′ = (9.7−0.9) · 107 s−1. Therefore, similar

nature of description of the TSL curves mean that the same

charge carrier traps determine the studied TSL processes in

the studied luminance bands.
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The obtained values of parameters of the thermoacti-

vation processes (Table) satisfactorily correlate with the

TSL studies of the powder of monoclinal ZrO2 within

the band 350−450 nm after β-exposure to the dose of

10Gy [22]. In this work, the TSL curves were described

as four peaks of the first order of kinetics with close

values Ea = 0.69−0.74 eV and s = 3 · 108−9 · 109 s−1. The

authors of the work [22] associated the TSL peaks with four

electron traps.

Note, that in our case the values of the parameter s ′′

for the peaks P1 and P2 are hundredfold higher than

similar values for the peaks P3 and P4 with close values

Ea = 0.71−0.80 eV and change of the values Tmax of peaks

from 334 to 496K. According to the data of the works

[37,38], oxygen vacancies ZrO2 are electron traps with

Ea ≈ 0.7 eV. At the same time, according to the analysis

work [39] the intra-node ions O2−
i surrounded by three

Zr-ions, represent hole traps and have the hole affinity

energy equal to 0.78 eV. This, in turn, also corresponds to

the range of the obtained values Ea for the peaks P1−P4

(Table).
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Figure 4. Breakdown of the TSL curve in the bands a) 490

and b) 430 nm into elementary components of the total order of

kinetics.

Values of the temperature of the maximum Tmax, ionization

energy Ea, frequency factor s ′′ and order of kinetics b for the

peaks P1−P4 in the bands 490 and 430 nm

Peak λem, nm Tmax , ±2K Ea, ±0.03 eV s ′′, s−1 b

P1
490 343 0.73 8.3 · 109 1.9

430 334 0.76 8.5 · 109 1.6

P2
490 377 0.80 8.0 · 109 2.0

430 367 0.78 6.2 · 109 2.0

P3
490 425 0.76 9.7 · 107 2.0

430 416 0.71 2.1 · 107 1.8

P4
490 496 0.80 8.6 · 106 1.1

430 494 0.80 1.0 · 107 1.0

Therefore, found spectral peculiarities of TSL and ob-

tained parameters of the entrapment centers (see Table),
as well as their comparison to independent experimental

and theoretical works [8,25,32–39] allow proposing a model

of the mechanisms for the studied TSL processes in

nanotubular massifs of Zirconium dioxide with participation

of both electron, and hole traps.

In case of intra-band excitation of the samples ZrO2-nt by

monochromic UV-radiation with the energy of 4.1 eV the

following TSL processes go on. With absorption of a photon

with the energy of 4.1 eV e goes from the valence band to

the excitation level of T-defect with further non-irradiating

relaxation e to the level Zr3+-center. At the same time, h
generated in the valence band is entrapped by the intra-node

ion O2−
i . Next, in case of repeated absorption of a photon

with the energy of 4.1 eV e goes to the conductivity band

and is entrapped by oxygen vacancy (VO). Then, heating of

UV-irradiated samples results in appearance of free e and h
in the conductivity and valence bands, accordingly. Further,

irradiative recombination is recorded with participation of

Zr3+-centers (within the band G1), as well as F-, F+-centers

and their complexes (within the band G2).

4. Conclusion

Nanotubular layers of ZrO2-nt with the thickness of 5µm

and internal diameters of nanotubes of 50 nm were synthe-

tically produced by using the anode treatment method.

A series of the TSL curves was measured in fixed luminance

bands within the range of 390−550 nm of the samples

ZrO2-nt after exposure to UV-radiation.

Two Gaussian components G1 and G2 with the max-

imums at 2.47 and 2.72 eV, accordingly, were found in

the TSL luminance spectrum. Analysis of publications has

shown, that luminance within the band G1 is related with

recombination of holes from the valence band with electrons

entrapped by ions of Zr3+, and within the band G2 — with

participation of F-, F+-centers and their complexes.
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Breakdown of TSL curves was made by superposition

of four peaks of total order of kinetics. Energetic and

kinetic characteristics of the recorded TSL processes were

determined. Conclusions were made that electron traps

are oxygen vacancies, and the hole traps — are intra-

node ions of oxygen with the values of energies of thermal

ionization Ea = 0.7−0.8 eV. Based on the obtained data

and performed analysis of publications the mechanisms are

proposed for the observed thermoactivation processes in

nanotubes ZrO2 after exposure to UV-radiation.
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