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The luminescence spectra of non-stoichiometric zirconium oxide film series with different oxygen

vacancies’ concentrations show the blue photoluminescence band centered near a 2.7 eV peak.

There is a broad band at 5.2 eV in the luminescence excitation spectrum for blue emission. The

ab-initio quantum-chemical calculation gives a peak in the optical absorption at 5.1 eV for the oxy-

gen vacancy in cubic ZrO2. It was concluded that the 2.7 eV blue luminescence excited near 5.2 eV

in a zirconium oxide film is associated with the oxygen vacancy. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905105]

I. INTRODUCTION

A promising direction of the silicon microelectronics

element base evolution is the application of high-j dielec-

trics, such as HfO2, ZrO2, Ta2O5, etc.1 Zirconium oxide

(ZrO2) is a prospective candidate for the role of an active

medium in the next generation Resistive Random Access

Memory (ReRAM).2 The optical and transport properties of

ZrO2, as well as other high-j dielectrics, are determined by

the presence of defects in the structure. So, at present, one of

the most widespread hypothesis about switching mechanism

in the oxide based ReRAM consists in generating of oxygen

vacancy chain that forms a conductive filament.3,4

An effective and informative experimental method for

obtaining information about the nature of the defects in

dielectrics is the luminescence analysis.5,6 According to the

literature, a blue luminescence band with an energy maxi-

mum of about 2.7 eV is observed in zirconia.7–12 The blue lu-

minescence is excited in the broad band near 5.2 eV.12,13

However, the origin of the luminescence emission is unclear.

Oxygen vacancies are the most probable and spread defects

in oxide high-j dielectrics.14 Oxygen vacancies’ lumines-

cence is typical for many oxide dielectrics, such as SiO2,15,16

Al2O3,17,18 HfO2.12,19,20 It has been shown that the blue lu-

minescence of zirconia is due to intrinsic defects.9 Thus, it

leads to an assumption that oxygen vacancies are responsible

for the zirconia blue luminescence band at 2.7 eV. However,

previously, it has been suggested that the 2.7 eV zirconia lu-

minescence is not related to oxygen vacancies.12 In other

studies, the origin of this peak has not yet been interpreted.

Appropriate ab initio calculations may clarify this prob-

lem. However, the simulation of the defects’ luminescence in

solids is an extremely difficult task. At the same time, it is

possible to simulate the optical absorption spectra. For the

most important and studied dielectrics, such as SiO2 and

Al2O3, the maximum of the optical absorption in the oxygen

vacancy coincides with the corresponding maximum photolu-

minescence excitation (PLE) spectrum. Thus, the oxygen

vacancy in SiO2 has PL band 4.4 eV and the PLE of this band

with maximum at 7.6 eV.15,16 The SiO2 optical absorption

spectrum also has its maximum at 7.6 eV.16,21 In alumina, the

oxygen vacancy related luminescence band at 3.0 eV is

excited at 6.0 eV.17,18 It has been shown that the PLE band of

oxygen vacancies in Al2O3 coincides with the maximum opti-

cal absorption of oxygen vacancies (6.0 eV).18,19 We believe

that the same phenomenon takes place in HfO2.20

There are many theoretical ab initio investigations of oxy-

gen vacancies’ electronic structure in ZrO2.22–28 Nevertheless,

oxygen vacancies optical properties have not been simulated.

It should be noted that optical absorption peaks at 2.8 eV and

3.3 eV have been predicted in first principle calculation of ox-

ygen divacancy in yttrium-stabilized zirconia (YSZ).28 At the

same time, experimental peak in YSZ absorption spectra have

rather wide variation from 3.3 eV to 5 eV.29,30

Thus, the aim of this paper is verification of our hypoth-

esis that oxygen vacancies are responsible for the blue lumi-

nescence band at 2.7 eV and this luminescence excitation

band at 5.2 eV in ZrO2 by comparison of PLE and optical

absorption spectra.

II. MATERIALS AND METHODS

For zirconia defects’ luminescent properties investiga-

tions, a set of non-stoichiometric zirconium oxide films with

oxygen depletion (ZrOx, x� 2) was synthesized. The ZrOx

films were deposited on a silicon substrate by the ion beam

sputtering deposition method. The substrate was placed near

the zirconium target (Zr> 99.6%). High-clean oxygen

(O2> 99.999%) was delivered in the substrate area while the

target was bombarded by Arþ ions. The flow of dispersed

particles from the target precipitated on the substrate surface

forming a ZrOx film. The Arþ ions energy was equal to

1.2 keV, whereas the density of the ion current on the Zr tar-

get was equal to 1.5 mA/cm2. The stoichiometry of the films

(value “x”) was varied by the oxygen partial pressure from

(0.44–3.7)� 10�3 Pa in the growth chamber. Unfortunately,

we have not performed additional experiments to determine

the stoichiometry of these films. The ZrOx films were growna)Electronic mail: timson@isp.nsc.ru

0021-8979/2014/116(24)/244109/4/$30.00 VC 2014 AIP Publishing LLC116, 244109-1

JOURNAL OF APPLIED PHYSICS 116, 244109 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

84.237.75.95 On: Wed, 31 Dec 2014 04:29:03

http://dx.doi.org/10.1063/1.4905105
http://dx.doi.org/10.1063/1.4905105
http://dx.doi.org/10.1063/1.4905105
mailto:timson@isp.nsc.ru
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4905105&domain=pdf&date_stamp=2014-12-30


at room temperature. The substrate heating, due to the inter-

action with hot carriers from the target, did not exceed

70 �C. The ZrOx films thickness ranged from 70 to 90 nm

according to the ellipsometric data. According to electron

microscopy, synthesized films are amorphous.

To excite the photoluminescence (PL), a N2 laser with

the maximum power of 50 W/cm2 operating at wavelength

337 nm (3.7 eV) and an Nd:YAG laser (2 W/cm2, 263 nm,

and 4.7 eV) were used. The laser beam spot on the sample

was about 300 nm. At the excitation by the nitrogen laser,

the spectrometer with a single diffraction monochromator

equipped with the silicon CCD matrix was used to detect the

PL. At the excitation by the Nd:YAG laser, we used the

spectrometer with a double diffraction monochromator

equipped with the cooled photomultiplier. The measure-

ments were made at room temperature.

The PLE spectra for ZrOx films were measured at room

temperature in the 200–430 nm range. A 400 W deuterium

lamp LDD combined with an MDR2 diffraction monochro-

mator was used as a light source. The light was focused on

the sample, and the PL emission from the film was recorded

through the color glass filters SS5þZhS16 by an FEU 100

photomultiplier. The filters pass the light in the 440–520 nm

range. The PLE spectra were corrected with the Phodamin

630 dye for the spectral distribution of quanta.

Absorption spectra simulations were performed in terms

of the DFT using the Quantum-ESPRESSO software pack-

age.31 Hybrid functional B3LYP was adopted to reproduce

the accurate bandgap values. The Bloch functions of elec-

trons in the crystal were represented by plane wave expan-

sions with the cutoff energy of 60 Ry. The cutoff energy and

grid density were selected to ensure the total cell energy con-

vergence to within 0.005 eV/atom. The 81-atom cubic zirco-

nia (c-ZrO2) supercells were used to simulate the oxygen

vacancy. The choice of the cubic phase was justified accord-

ing to its simple structure and the expense of a significant

amount in the required computational facilities and computa-

tion time for this kind of calculation.

III. RESULTS AND DISCUSSION

The PL spectra for ZrOx samples prepared at a different

oxygen pressure, recorded at the excitation of Nd:YAG laser

and N2 laser, are given in Fig. 1. The PL spectra show a

wide band with the average maximum at 2.7 eV, correspond-

ing to blue emission. The peak position varies slightly

(between 2.6 and 2.8 eV) depending on the samples. This

effect is probably due to a different ZrOx films stoichiome-

try. In the PL spectra of ZrOx films prepared at the maximum

oxygen pressure (1.5� 10�3 Pa and 3.7� 10�3 Pa), the addi-

tional narrow band with a maximum at 3.26 eV (380 nm)

appeared (Fig. 1(b)). A similar PL peak of 3.17 eV was

observed earlier.13 There is no unambiguous interpretation

of that peak, but it was suggested that it might be associated

with the charged oxygen vacancy states.

The maximum of the PLE spectrum for the blue emission

of ZrOx films prepared at a different oxygen pressure is located

at 5.1–5.2 eV (Fig. 2). Since the blue PL may be excited by the

3.7 eV photons with the energy significantly lower than the

ZrO2 bandgap (5.5–5.6 eV),30,32 one can conclude that the blue

PL is caused by radiative transitions on the defective state into

the gap. The experimental PLE peaks well agree to the optical

FIG. 1. The PL spectra measured at excitation by the YAG:Nd laser (a) and

N2 laser (b) of ZrOx films grown at different oxygen pressures: (A)

0.44� 10�3 Pa, (B) 1.04� 10�3 Pa, (C) 1.5� 10�3 Pa, and (D)

3.7� 10�3 Pa.

FIG. 2. Photoluminescence excitation spectra of the 2.7 eV emission band

for ZrOx films grown at different oxygen pressures: (A) 0.44� 10�3 Pa, (B)

1.04� 10�3 Pa, (C) 1.5� 10�3 Pa, and (D) 3.7� 10�3 Pa. Curve (S) corre-

sponds to simulated optical absorption spectra for the oxygen vacancy in c-

ZrO2. Curves are shifted on axis Y with the scale retained for convenience.
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absorption maximum at 5.1 eV calculated from the first princi-

ples for the cubic phase of zirconium oxide with oxygen

vacancies. The comparison of the spectra for crystalline zirco-

nia with the experimental one for amorphous films is justified

by the fact that the type of atoms and short-range order deter-

mines most of the solids physical properties. Since the excita-

tion peak of the 2.7 eV photoluminescence band in zirconium

oxide corresponds to the peak of oxygen vacancies optical

absorption, we can conclude that the blue PL band of 2.7 eV is

associated with oxygen vacancies.

It can be seen that the experimental PLE spectra have an

appreciable intensity at energies much smaller than 5.2 eV.

Previously, the similar PLE spectra behavior was observed

for ZrO2 powders of different types.33 This phenomenon is a

subject for further investigations. As shown by the theoreti-

cal simulation, there is no optical absorption in this energy

range. Generally speaking, optical absorption is of different

physics than the excitation of luminescence and we only

know that the coinciding maxima of these spectra are caused

by oxygen vacancies.

The calculation also shows the presence of absorption

maxima at 5.4 eV. Interesting to note that the experimental

optical absorption spectrum of the yttrium stabilized cubic

zirconia has a peak absorption at energies near 5 eV.30 At the

same time, the spectrum of zirconia films’ optical absorption

shows a peak at 5.4 eV.34

As can be seen in Fig. 1, a decrease of the oxygen pres-

sure, at which the ZrOx films are grown, leads to an increase

in the intensity of the 2.7 eV PL band. At the same time,

with a decrease of the oxygen pressure in the growth cham-

ber, the zirconia composition is becoming closer to the stoi-

chiometric and the films’ oxygen vacancy concentration

increases. Thus, the blue PL band at 2.7 eV in the zirconia is

caused by oxygen depletion.

A configurational diagram of the optical transitions in

the neutral oxygen vacancy of ZrO2 is shown in Fig. 3. The

ground and excited states of the defect are shown. The transi-

tion with energy 5.2 eV corresponds to the optical electron

excitation from the equilibrium ground state to the excited

one. The relaxation from the excited state to the ground one

corresponds to the radiative transition with energy 2.7 eV.

This knowledge, as well as the empirical rule that thermal

energy Wt is equal to half of the Stokes trap shift in the

luminescence, allows us to estimate Wt on the oxygen vacan-

cies in ZrO2. So, the thermal trap energy in ZrO2 is equal to

Wt¼ (5.2–2.7)/2¼ 1.25 eV (Fig. 3). This information is im-

portant because the charge transfer in ZrO2 is realized by

traps.35 Value 1.25 eV, consistent with the trap thermal

energy value of 1.15 eV, was obtained in experiments in the

electron transport of ZrO2.35 Furthermore, it is close to the

theoretical value of 1.23 eV that was obtained from the

quantum-chemical calculation for the negatively charged ox-

ygen vacancy in zirconia.27 This result gives one more vali-

dation of the findings in the present paper. Moreover, our

results confirm that oxygen vacancies are electron traps and

they are responsible for the charge trapping and conductivity

in ZrO2 as well as in HfO2.36

IV. CONCLUSIONS

To sum it up, in this paper, a comparison of the 2.7 eV

blue luminescence PLE spectra of non-stoichiometric zirco-

nia with the calculated oxygen vacancies optical absorption

in crystalline ZrO2 has allowed us to indirectly identify the

defect responsible for the blue luminescence of ZrO2. It is

shown that the blue PL with energy 2.7 eV and the corre-

sponding excitation band 5.2 eV of zirconium oxide are due

to optical transitions in the oxygen vacancies. The blue lumi-

nescence band of 2.7 eV increases with the increasing degree

of oxygen depletion (i.e., due to the increase in the oxygen

vacancies concentration). The obtained value for trap ther-

mal energy 1.25 eV in ZrO2, consistent with theoretical trap

thermal energy value 1.23 eV, was received for the nega-

tively charged oxygen vacancy in zirconia.
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