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ABSTRACT 

The kinetics of color-center formation and decay in electron-irradiated cubic yttria-stabilized 

zirconia (ZrO2: Y3+) is followed by on-line UV-visible absorption spectroscopy. Growth and time decay 

of absorption spectra was measured upon electron irradiation and subsequent beam shut-off for 

energies of 0.8, 1.0, 1.75, and 2.5 MeV. For a high beam current intensity, spectra are fitted by two 

broad absorption bands centered at 3.0 eV and 3.8 eV. Such bands are assigned to the so-called T-

center, i. e. Zr3+ ions in a trigonal point symmetry, which is produced by ionization processes either by 

photon irradiation or charged particle irradiation. A red-shift of absorption spectra is observed for 

lower current intensities regardless of electron energy. Such a modification is attributed to a change 

in the local environment of Zr3+ ions due to the formation of neighboring oxygen vacancies by elastic 

collisions, depending on the electron energy and enhanced by a higher flux. A common behavior of 

increase of the differential absorbance to similar saturation values after accumulation of the 

irradiation dose and time-decays to similar non-zero asymptotic values are observed, regardless of the 

electron energy. However, the rise time and lifetime deduced from growth and decay curves of the 

absorbance are depending on the electron energy. The increase and saturation of the T-center growth 

rate with electron energy is attributed to competitive channels of hole trapping on the oxygen and 

zirconium vacancies induced by elastic collisions. The present on-line experiments reveal the complex 

process of point-defect generation resulting from the interplay of displacement damage and electronic 

excitations. 
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I. INTRODUCTION 

Yttria-stabilized zirconia (ZrO2: Y) or YSZ was widely used as a substrate for the growth of high 

Tc superconductor epitaxial films [1] and also for catalysis applications [2]. It is also envisioned as a 

solid oxide fuel cell (SOFC) material [3], owing to its large oxygen deficiency and high ionic conductivity. 

It is indeed a very good ionic conductor at high temperature with a maximum of conductivity for 8 

mol% Y2O3 [4]. The high-temperature cubic fluorite (CaF2) structure is stabilized at room temperature 

for yttria contents above 7 mol% [4]. The substitution of Y3+ ions (YZr’) for Zr4+ ions generates oxygen 

vacancies with the 2+ charge (VO
°°) by charge compensation [4]. Those vacancies stabilize the cubic 

structure above a critical concentration value of [VO
°°] = ½ [YZr’] about 7 at% [4].  

    YSZ can also be considered as a non-radioactive surrogate of actinide dioxides with the same 

crystalline structure, such as UO2.0 for the 4+ oxidation states of U and Zr. Actually, all those dioxides 

with the fluorite-like structure such as UO2 and CeO2 are radiation-resistant materials that cannot be 

amorphized either by accumulation of point defects in atomic collision cascades or by track overlap 

due to electronic excitations, even for high ion fluences and high stopping powers [5]. The 

polygonization of YSZ found after irradiation by swift heavy ions [6] is similar to that of urania exposed 

to fission fragments [7]. Among other oxide materials such as MgO, YSZ is recognized as a potential 

matrix for minor actinide transmutation in a nuclear reactor [8]. The knowledge of point defect 

formation in the fluorite-like dioxides such as YSZ is thus a key issue for the nuclear applications.   

 The damage in YSZ after charged particle or neutron irradiations was extensively studied by 

various experimental techniques such as transmission electron microscopy [9] X-ray diffraction [5 10, 

11], Rutherford backscattering-channeling spectrometry spectrometry [9, 11], electron paramagnetic 

resonance (EPR) spectroscopy [12], and UV-visible absorption spectroscopy [12, 13]. The formation of 

point defects induced by UV-rays and X-rays was also studied at length [14-18]. Two main types of 

paramagnetic color centers are found in YSZ after charged particle irradiations: i) the so-called T-

centers (or Zr3+ ions, ZrZr’ in a trigonal point symmetry, C3v, surrounded by two oxygen vacancies VO
.. 

along a <111> direction) induced by ionization or electronic excitations, and ii) F+-type centers (oxygen 

divacancies [VO
. 
 VO

x]. or F2
+ centers in an axial <100> symmetry) induced by elastic collisions or 

nuclear collisions [5, 19]. The T-center is also formed by single excitations for UV-ray or X-ray 

irradiations [14-18]. Photo-bleaching and thermal annealing was also studied for those two color 

centers [20, 21]. Minor paramagnetic hole centers (OO
.) such as the neutral oxygen hole centers OHC 

([YZr’  OO
.]x) were also detected for photon [15] or charged particle irradiations [21]. 

 The kinetics of growth and decay of color centers was also followed as a function of irradiation 

time for X-ray irradiation and 2.5-MeV electron irradiation by using EPR spectroscopy and on-line UV-
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visible absorption spectroscopy [22]. The aim of the present study is to extend those results by 

following the growth and time decay of the on-line UV-visible absorbance of YSZ for various electron 

energies. The present data show a common behavior of point-defect growth to saturation and time 

decay to non-zero asymptotic values after beam shut-off for all electron energies. The evolution of 

absorption bands of the color centers and the dependence of their rise time and lifetime on the 

electron energy is addressed on the basis of combined effects of ionization and elastic collisions.  

 

II. EXPERIMENTAL PROCEDURES 

We have used YSZ single crystal plates (9.5 mol% yttria) of 500 µm in thickness and 10 x 10 

mm² in size supplied by Crystal GmbH (Berlin, Germany) with low impurity contents [23]. The as-grown 

crystals were polished on both sides and were transparent and colorless. On-line UV-visible absorption 

measurements were carried out at the SIRIUS accelerator (Ecole Polytechnique, Palaiseau, France) by 

using electron energies of 0.8, 1.0, 1.75, and 2.5 MeV [24]. The ? optical spectrometer with a ? detector 

of ? channels was calibrated with a Hg lamp for each set of experiments.  The resolution was of  

0.1-0.2 nm for a wavelength of  375 nm. 

The picture of the experimental set-up inside the irradiation chamber is shown in Fig. 1. The 

target plate was set on an iris of 10 mm in diameter at 45 deg. angle off the electron beam axis and 

the optical absorption spectrum was collected at 90 deg. off-axis. The irradiated side of the sample 

was facing the spectrometer (bottom side in Fig. 1) with the light source in the opposite direction (top 

side in Fig. 1). The electron beam was collimated by a diaphragm of 8 mm in diameter at the entrance 

of the chamber (left side on Fig. 1). A beam diameter of 33 mm (surface of S  8.55 cm²) was measured 

on a glass plate mounted on the target holder regardless of electron energy. The beam current was 

measured with a Faraday cup outside the chamber after crossing the target (right side in Fig. 1). The 

beam current intensity (I) on target was ranging between 0.03 µA and 0.5 µA, i. e. with beam current 

densities (i = I/S) ranging from i 0.003 µA cm-2 to i 0.06 µA cm-2, and electron flux ( = it/e) ranging 

from  2x1010 e cm-2 s-1 and  4x1011 e cm-2 s-1.  

For each new virgin sample, the “blank” (100 %) transmission spectra and “dark” spectra were 

recorded before starting the irradiation. The cut-off wavelength of the blank spectrum was of  285 

nm. The spectra were actually recorded versus wavelength between 194 nm and to 462 nm. The 

integration time of each spectrum was set to values of t = 188 ms or t = 256 ms depending on the 

power of the light source. Smoothing of each spectrum was carried out on 7 pixels. No averaging of 

spectra was done. The transmission spectra of irradiated samples were recorded in the differential 

mode with respect to the virgin spectrum and corrected for the dark spectrum. Several scans were 

then carried out in-beam as a function of time until the spectrum exhibits saturation of the differential 
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transmittance (T) up to a given irradiation time. The corresponding deposited dose (Q = It, in C) and 

irradiation fluence (t, in e cm-2) can be estimated from the beam current intensity or electron flux 

and the elapsed irradiation time (t) for each spectrum. Larger doses were of course reached with the 

larger integration time (t) and beam current intensity (I). Time decay was then followed on-line after 

beam shut off. The same time step (t) was also used for the sequential recording of spectra. The 

spectra were processed by plotting the differential absorbance A =  log (T) as a function of photon 

energy in eV. The variation of reflectivity (R) at the air/sample interfaces deriving from change in 

refractive index (n) of the irradiated samples is overlooked. Reflectivity can be estimated from the 

standard Fresnel’s equation for the normal incidence: R = (n  1)²/(n + 1)² giving R 13.5% in the visible 

range for n = 2.1585 for  = 500 nm. The same value is found for the incidence and output angles of 45 

deg. and R 4.3% for the output angle at 0 deg. These reflectivity losses can anyway be neglected.    

The total inelastic stopping power (Sinel =  dE/dx) and range of impinging electrons in ZrO2 

computed with the ESTAR code [25] are displayed in Table 1 for the various energies. The stopping 

power is almost constant in this electron energy range. For all four energies, the electrons were 

transmitted through the targets in thickness of 0.5 mm.  

         

III. RESULTS 

The raw absorption spectra are shown for the four electron energies for various doses or 

irradiation times up to the saturation of the differential absorbance (Figs. 2 a-b-c-d). The colorless 

samples turned to a yellow color after irradiation corresponding to a maximum absorbance at 3.0 eV 

( 400 nm), i. e. in the blue range. The null differential absorbance value for the virgin sample 

corresponds to the blank spectrum for T = 100%. It is seen that different shapes of absorption spectra 

are obtained for the 2.5-MeV electrons depending on the beam current intensity. For the high 

intensities (0.5 µA) and high doses, spectra are fitted with two broad Gaussian bands centered at 3.0 

eV and 3.8 eV with FWHM of 0.7 eV and 1.3 eV, respectively (Fig. 2 a). The spectra for low beam 

intensities (0.05 µA) are red-shifted with respect to the higher ones, regardless of the electron energy 

(Figs. 2 b-c-d). As a result the shapes of spectra look different with a shifted maximum. The deviations 

of fits near 4.2 eV for all spectra mainly stem from the subtraction of band tailing on the differential 

absorbance near the fundamental absorption edge of YSZ (band-gap energy of EG = 4.2 eV for 9.5 mol% 

Y2O3) [26].  

The spectra exhibit a growth of the absorbance up to saturation then decay to the same 

spectrum after beam shut-off (Fig. 3 a-b-c-d). There is decay to an irreversible absorbance of the 

sample corresponding to the change in color. The growth of the differential absorbance (A) versus 
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irradiation time (t) for the reference photon energies of 3.0 eV and 3.3 eV is least-square fitted with 

the saturation function: 

   A =  As (1 −  e−t/τ)    (1) 

 

where As is the saturation value, and  is the rise time. A quicker rise is found for higher electron 

energies. Saturation occurs at about 5 s for 2.5 MeV and 10 s for 0.8 MeV. The time decays of the 

differential absorbance are shown for the four energies (Figs. 3 a-b-c-d), taken after shutting off the 

beam for about the same initial absorbance of A0  As 0.1. They were also taken for the same photon 

energies of 3.0 eV and 3.3 eV. A faster decay is found for higher electron energy. Good least-square 

fits of the decay curves (Figs. 3, insets) are obtained with an exponential decay function with non-zero 

asymptotic values versus decay time (t’): 

 

A =  A∞ + (A0 −  A∞) e−t′/τ′
      (2) 

 

where A0 is the initial value of the differential absorbance before beam shut-off, A is the asymptotic 

value, and ’ is the lifetime. The asymptotic values are reached in about 10 s. The value of A0 0.1 

corresponds to a differential absorbance of T0 80 %. Best-fit parameters are reported in Table 1 for 

the various electron energies. The lifetime and rise time are decreasing with the electron energy for 

similar As and A0 values, that are increasing with the electron energy. Similar  and ’ values are found 

at 3.8 eV for the high current intensity with 2.5-MeV electron beams.  

 

IV. DISCUSSION 

On-line in-beam and off-beam optical absorption measurements allow following the defect 

formation in solids or liquids. For instance, radiolytic products of water, such as the solvated electron 

(eaq
), were detected by on-line optical absorption features [27]. In-situ picosecond and femtosecond 

pump-probe spectroscopy experiments were also applied to study the formation and time decay of 

color centers in alkali halides, such as NaCl and LiF [28], and binary oxides, such as MgO and SiO2, upon 

pulsed laser irradiation [29]. Transient species, such as the self-trapped exciton (STE), and their 

evolution were followed on a very short time scale for those oxides [29]. To our knowledge, no such 

time-resolved experiments were carried out for complex oxides such as YSZ with a large amount of 

oxygen deficiency. 

However, on a much longer time scale, on-line measurements for 2.5-MeV electron irradiation 

of YSZ have reported the growth of the 3.3-eV absorption band (375 nm) versus irradiation time up 

to saturation and sequential time decay after beam shut-off [22]. Both growth and decay data were 
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least-square fitted with exponential rise or decay curves to asymptotic values like in Eqs. (1)(2). There 

is an overall qualitative agreement on the behavior of the absorption bands that can be assigned to 

the color-center formation by electron irradiation in YSZ. The fitted value of the rise time ( = 10 min) 

and lifetime (’ = 18 min) of the 3.3-eV band for 2.5-MeV electrons [22] are larger than the present 

results, but they lie in the same range. This means that the recombination processes associated to the 

decay of the associated optical absorption are quite slow as opposed to the fast decay of transient 

species such as STEs or some hole centers [28-29]. 

This 3.3-eV band was ascribed to T-center (Zr3+) formation by ionization processes with X-rays 

and swift electrons [14-19, 23]. We have suggested a kinetic rate model for the growth and decay of 

T-centers upon irradiation [22, 23]. Basically, the model for growth involves trapping of a free electron 

on Zr4+ (ZrZr
x) lattice sites and subsequent free hole trapping on Zr3+ (ZrZr’) leading to an equilibrium 

state leading to Eq. (1). For the decay, a similar model yields a non-zero asymptotic value according to 

Eq. (2). The large values of  and ’ found for all energies hint to some slow hopping process of charge 

transport in this insulating material. The decay rate ( ’1) is definitely smaller than the growth rate 

( -1) owing to the low mobility of holes with respect to electrons. Within the above-mentioned 

model, it was established from rate equations that 1 = r , where r is the thermally-activated 

recombination cross section of holes on ZrZr
x [22]. Hole trapping is the limiting factor of T-center 

growth. From the classical free-carrier generation-recombination theory used for semiconductor 

photoconductivity modeling [30], we can also write that 1 = n0 v r, under steady state conditions, 

where n0 is the total concentration of recombination centers, and v is the mean free-carrier thermal 

velocity. As a result, it is found that r will vary as 1/, for a given trapping center and given 

temperature. 

However, the shape of the absorption spectra is clearly changed with the beam current 

intensities. The absorbance at 3.8 eV is increased for higher intensities. Moreover, the dependence 

of the rise time and lifetime on the electron energy for a similar irradiation time and dose cannot be 

accounted for by a difference in inelastic stopping power (Sinel), since it is almost constant in the studied 

energy range (Table 1). 

The 1 and ’1 values for photon energies of 3.0 eV and 3.3 eV are plotted versus electron 

energy (Fig. 4). The parameters of the absorption band at 3.8 eV for a high flux are close to those two 

bands (Table 1). It shows an increase of the 1 values (Fig. 4, left scale) as a function of electron energy 

with an increase at 1 MeV and a saturation above 1.5 MeV according to a sigmoid curve. An almost 

constant value of ’1 is found up to 1.75 MeV, then a small increase for 2.5 MeV (Fig. 4, left scale). The 

As value is also increasing versus electron energy regardless of the dose (Table 1) according to a 

saturation function like Eq. (1) (Fig. 4, left scale). The good agreement between the three bands shows 
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the consistency of measurements. Moreover, it is seen that the ’ value for all bands does not depend 

on flux for the 2.5-MeV energy, even though the spectrum has a different shape for a higher beam 

current and a higher dose (Table 1, Fig. 4, left scale). As mentioned above, the ’-1 values are clearly 

lower than 1 values. However such a dependence of those parameters on electron energy does not 

fit our simple model. 

Actually, for increasing electron energy, a large number of F+-type centers ([VO
.  VO

x]. involving 

paramagnetic oxygen vacancies, VO
.) are produced by elastic collisions [5, 19]. EPR data have shown 

that the threshold displacement energy of oxygen atoms is quite high (Ed(O) 120 eV) in agreement 

with the Molecular Dynamics (MD) simulations [31]. This likely derives from the high recombination 

rate of oxygen Frenkel pairs (FPs), owing to the large native oxygen vacancy content 10 at%. However, 

the absorption band of those F+-type centers is centered at about 2.4-2.5 eV at RT with little impact in 

the photon energy range of the present spectra from 2.7 eV to 4.2 eV. Moreover, MD simulations have 

also shown that stable Zr FPs can also be generated for Ed(Zr) = 80 eV. The displacement cross section 

of O atoms (d(O)) and Zr atoms (d(Zr)) are computed with the SMOTT/POLY code [32] and plotted in 

barn units as a function of electron energy (Fig. 4, right scale). The atomic concentration of displaced 

atoms is given by d t for both atoms. The similar increase of d for both atoms and 1 above 1 MeV 

is hinting to a possible correlation between the T-center growth rate and vacancy formation. The plot 

of d(Zr) exhibits a much steeper increase than d(O) as a function of electron energy for 1.5 MeV. 

Three broad absorption bands centered at 3.1, 3.45 and 4.05 eV were previously deduced from 

spectra at 8 K after swift heavy ion irradiations [33]. They showed a similar growth rate with ion fluence 

and were assigned to the T-centers with a different distortion parameter of the cubal D3d point 

symmetry leading to the lower axial C3v point symmetry. However, no such large shift to 2.6-eV was 

ever evidenced for the T-center absorption band to our knowledge. Rather, the 2.73-eV band was 

attributed to oxygen di-vacancies (F+-type centers). A possible explanation is a variation of the T-center 

from the standard [VO°° – ZrZr’  VO°°]°°° defect produced by X-rays or UV-rays to another charged 

species, such as for instance [VO°° – ZrZr’]°, i. e. the so-called C-center [14, 15], with shifted absorption 

bands. The latter color center is produced by thermal annealing at high temperature [14, 15]. A band 

centered at 2.6 eV was actually assigned to those C-centers which do not show any EPR signal. The 

oxygen vacancies in the local environment of the Zr3+ ions with the 4d1 configuration change the point 

symmetry and shift the energy levels of the 4d electron split by the crystal field. The spectra may reflect 

the different contributions of those point defects with a variable local environment of the Zr3+ ions. 

An estimation of the T-center concentration (N0) at saturation can be made from the well-

known Markham-Smakula’s equation for a Gaussian band shape [34]: 
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   N0f =  0.87x1017  
n

(n2+2)2  α0W    (3) 

 

where f is the oscillator strength of the associated electronic transition, W is the FWHM of the 

absorption band in eV, and 0 = 2.3 A0/t = 4.6 cm1 is the corresponding absorption coefficient by using 

the Beer-Lambert’s law with an optical path length equal to the sample thickness t = 0.05 cm and for 

A0 = 0.1 at the saturation. One finds N0 8.5x1016 cm3 for n = 2.1585 (for a photon energy of 2.5 eV) 

and W 1 eV assuming a value of f = 0.23 for the 3.3-eV band, as deduced from combined EPR and 

optical absorption measurements [33]. For a total atomic density of Na 8.5x1022 cm3, this yields N0/Na 

1x106, i. e. 1 at. ppm which is quite low. A larger concentration at saturation (1.6x1017 cm3) was 

directly measured by EPR spectroscopy for 2.5-MeV electron irradiation [12]. A closer value to the EPR 

evaluation can be obtained for a twice larger FWHM, or else the f-value of 0.23 is likely overestimated. 

Actually, a lower value of f = 0.11 was deduced for the F+-type centers [33].  

A value of f = 0.03 was indeed obtained for the X-ray induced T-center (with the 3.3-eV 

absorption band) [17, 18], in agreement with crystal field calculations including a variable distortion 

parameter () of the D3d cubal symmetry giving rise to the C3v axial symmetry along a <111> axis. Those 

low f-values are consistent with the parity-forbidden electric dipole transitions between crystal field 

levels for the 4d1 configuration of Zr3+ ions, according to Laporte’s rules. The large FWHM of 1.6 eV 

of the 3.3-eV absorption band was accounted for by a distribution of  values corresponding to 

different relaxed positions of the oxygen atoms near the two neighboring oxygen vacancies for T-

centers [17, 18]. The large FWHM (1.4 eV) of the 2.6-eV band of C-centers can also be ascribed to such 

relaxation for a single vacancy [15]. It is to be noted that the absorption bands of T-centers, as well as 

the F+-type centers, are insensitive to temperature since the band-width is dominated by the static 

disorder or not by phonon generation [12, 17]. 

On the basis of the present experimental results, it turns out that the rate equations used for 

point-defect growth and decay must be revisited by including extra bodies, i. e. the vacancies induced 

by the irradiation. It is actually seen that d(O) and 1 are both increasing versus electron energy with 

a similar rate (Fig. 4). Obviously, oxygen vacancy formation is enhancing the T-center growth. This is 

consistent with the increase of As and A0 values with electron energy regardless of the irradiation dose 

(Table1, Fig. 4 left scale). The increase of absorbance near 3.8 eV for a larger beam current must also 

be considered. However, the  and ’ values at 3.8-eV are close to those at 3.0-eV and 3.3-eV for the 

2.5-MeV electrons (Table 1). As a result, no clear flux effect is found on those parameters even though 

the spectra look different. 
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 As mentioned above in the previous simple model, we have considered the two following 

reactions of trapping of the free electrons and free holes generated by above band-gap excitations: 

 

  ZrZr
x +  e′  →  ZrZr

′    (4) 

 

  ZrZr
′ +  h°  →  ZrZr

x    (5) 

 

By solving the corresponding rate equations, we have concluded that hole trapping on ZrZr’ is the 

limiting factor of T-center growth [22, 23]. This yields that 1 = r  k’, where k’ is the rate constant 

of reaction (5). Hole trapping onto oxygen (OO
x) lattice ions (or YZr’ sites) could also lead to hole-center 

formation. However, those native trapping sites bear no relationship with the electron irradiation. 

Therefore, the increase of the growth rate with electron energy is likely related to point-defect 

formation. Indeed, trapping of free holes on the O and Zr vacancies can limit the trapping on the ZrZr’ 

sites, according to the following competitive reactions:  

  

    VO
° +  h°  →  VO

°°   (6) 

 

       VZr
′′′′ +  h°  →  VZr

′′′  (7) 

 

Further channels of trapping holes may be possible on the Zr vacancies, such as VZr’’’, thereby 

stabilizing those highly charged vacancies with large formation energies [35, 36]. It is to be noted that 

the five charge states of VZr (4, 3, 2, 1, 0) have a similar high formation energy depending on the 

Fermi level position [35, 36]. 

In addition, the following free-electron trapping reaction on the Zr and native O vacancies must 

also be taken into account: 

 

     VO
°° +  e′  →  VO

°    (8) 

 

VZr
′′′ +  e′  →  VZr

′′′′   (9) 

 

The concentrations of VO° and VZr’’’’ are increasing with electron energy owing to the increase of d for 

both atoms (Fig. 4, right scale). Since [VO
°°] = ½ [YZr’] = Constant, the reactions (6) and (8) may be 

overlooked in the steady-state conditions, i. e. for 
d[e′]

dt
=  −

d[h°]

dt
= 0, where brackets denote 

concentration, in the intrinsic case for which [e′][h°] = C, where C is a constant depending EG. 
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Calculations show that VO° would be unstable with respect to VO
°° and VO

x due to a negative Hubbard 

U effect [35]. As a result, hole trapping may also occur on VO
x in equilibrium conditions. However, such 

equilibrium can be ruled out in the in-beam steady-state conditions for which there is a constant input 

of oxygen vacancies into the solid.  

It is seen that oxygen vacancy formation by irradiation is dominant up to 1.5 MeV (Fig. 4). The 

saturation of 1 above 1.5-MeV is likely arising from the equilibrium between those reactions under 

in-beam steady-state conditions. It is striking to notice that saturation takes place at the crossing point 

between the d(O) and d(Zr) curves, i. e. for an equal number of Zr and O vacancies.  However, a 

quantitative analysis of the kinetics based on rate equations is a complex issue due to the number of 

reactions involved in the defect formation process. 

A more simple approach was used for the analysis of cathodoluminescence of YSZ for high-

energy electrons from 0.4 to 1.25 MeV [37]. The rate equations featured the competition between 

free-electron and free-hole trapping on a single trapping level corresponding to the F+ center (VO°). 

However, the trapping cross section of holes (t, p) is likely much lower than that of electrons (t, n). For 

example, t, p = 3.9x10-16 cm² for hole capture on defects in SiO2, which is independent of the electric 

field [38], whereas t, n for trapping on VO° is ranging between 1015 and 1013 cm2 in SiO2 [39] and t, n 

= 2.6x10-14 cm² in ZnO [40] as deduced from DLTS or photo-conductivity data. An estimate of t, p for 

Zr3+ (ZrZr’) ions can also be derived from data of doped n-type or p-type semiconductors, since those 

charged defects can be considered as ZrZr
x/ZrZr’ impurity levels in the band gap of YSZ.  Typical values 

for doped Si range between 1015 and 1014 cm2 for t, n and between 1016 and 1015 cm2 for t, p at RT 

in the cases of dopants such as Mo [41] and Pt [42]. The ratio of electron to hole capture rates or 

capture cross sections is of 40 for Ni-doped Ge [43] and Ti-doped Si at RT [44]. Hole trapping cross 

section on ZrZr’ is most probably as low as for those various dopants. We thus surmise that reactions 

(5), (6), (8) and (9) can be neglected in a first approximation. Therefore, it turns out that hole trapping 

on VZr’’’’ according to reaction (7) and electron trapping on ZrZr
x according to reaction (4) seem the 

most likely channels.  

According to the mass-cation law, the equilibrium for those reactions yields: 

 

[VZr
′′′′][h°]

[VZr
′′′]

=  K7   (10) 

 

[ZrZr
x ][e′]

[ZrZr
′ ]

=  K4   (11) 
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where K4 and K7 are the respective equilibrium constants of reactions (4) and (7). Some simple algebra 

gives: 

 

    [ZrZr
′ ] =  

C [ZrZr
x ][VZr

′′′′]

K2K4[VZr
′′′]

   (12) 

 

This shows that the T-center concentration increases with the Zr vacancy concentration, thereby 1 

increases with the electron energy. Such an increase is limited by electron trapping on VZr’’’ according 

to reaction (9) and hole trapping on ZrZr’ (Zr3+) according to reaction (5) since the capture cross sections 

are low, yet non null. Considering the mass-action law for reaction (5) with constant K5, gives: 

 

     
[ZrZr

′ ][h°]

[ZrZr
x ]

=  K5   (13) 

 

Assuming that [e′] =  [h°] = C1/2 in equilibrium conditions, it comes from Eqs. (12)-(13) with simple 

algebra that a saturation takes place for a ratio depending on reaction (9):  

 

     
VZr

′′′′

VZr
′′′ =  

K2K4K5

C3/2    (14)    

 

Regarding the decay rates, the previous model has shown that it involves both reactions (4) 

and (5), i. e. ’-1 = k + k’, where k is the rate constant of reaction (4), by assuming an equilibrium between 

the free electrons and T-centers [22, 23]. In the present data, a rather small increase is found for the 

2.5-MeV energy (Fig. 4, left scale). Like for the hole trapping reactions, there is an increase of ’-1 but 

with a competition between reactions (4) and (9), thereby limiting the increase of the rate constant k.  

 

V. CONCLUSION 

We have used on-line UV-visible absorption spectroscopy to study the growth and time-decay 

of color centers in yttria-stabilized zirconia under electron beam. The differential absorbance induced 

by electrons of 0.8, 1.0, 1.75, and 2.5 MeV was followed in-beam as a function of irradiation time and 

of decay time after beam shut off. The absorbance centered near 3.3 eV is assigned to the formation 

of T-centers (i. e. Zr3+ ions in a trigonal point symmetry) by electronic excitations. High beam current 

intensities induce an increase of absorbance near 3.8 eV which is interpreted by a modification of the 

local environment with neighboring oxygen vacancies. The rise time is deduced from the growth curves 

showing saturation and the lifetime from the exponential decay curves to non-zero asymptotic values. 

Both characteristic times increase with electron energy. The dependence on electron energy is 
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assigned to the contribution of oxygen and zirconium vacancies induced by elastic collisions to the T-

center formation process.  
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Table 1: Total inelastic stopping power (Sinel) and range of electrons in ZrO2 (mass density of 5.81 g cm-

3 and mean ionization energy of 294.9 eV) for the various electron energies (E) computed with the 

ESTAR code [25].  Fitting parameters of the growth and decay curves versus time of the differential 

absorbance of YSZ at 3.0-eV, 3.3 eV and 3.8 eV: saturation value of growth (As), and rise time (), up to 

a saturation charge of Qs; initial value before beam shut-off (A0), asymptotic value (A), and lifetime 

(’). The beam current intensity (I) during growth of absorbance prior to time decay is also given. 

 

E (MeV) 0.8 1.0 1.75 2.5 2.5 

Sinel (MeV µm-1) 7.82x10-4 7.77x10-4 7.98x10-4 8.12x10-4  8.12x10-4  

Range (mm) 0.82 1.08 2.03 2.95 2.95 

I (µA) 0.03 0.03 0.04 0.06 0.17 

Qs (µC) 2 15 4 6 36 

As (3.0 eV) 0.0660 0.0796 0.1141 0.1209 0.1191 

 (s) (3.0 eV) 5.02 4.43 2.26 2.13 2.41 

As (3.3 eV) 0.0556 0.0696 0.0950  0.1030 0.1196 

 (s) (3.3 eV) 5.05 4.62 2.16 2.32 2.69 

As (3.8 eV) / / / / 0.0942 

 (s) (3.8 eV) / / / / 3.07 

A0 (3.0 eV) 0.0655 0.0806 0.0931 0.100 0.120 

A0 (3.3 eV) 0.0561 0.0686 0.0795 0.0873 0.121 

A0 (3.8 eV) / / / / 0.0945 

A (3.0 eV) 0.0297 0.0445 0.0520 0.0449 0.0833 

A (3.3 eV) 0.0276 0.0393 0.0488 0.0436 0.0924 

A (3.8 eV) / / / / 0.0739 

’ (s) (3.0 eV) 13.77 7.81 8.95 6.12 6.78 

’ (s) (3.3 eV) 10.32 8.55 8.49 4.85 5.14 

’ (s) (3.8 eV) / / / / 6.82 
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Figure 1: Picture of the experimental set-up: the electron beam entrance port of the irradiation 

chamber is on the left side with the diaphragm of 0.8 mm in diameter, the target sample is mounted 

at the center of the chamber at 45 deg. off-axis. The optical absorption measurements are carried out 

at 90 deg. off-axis. 
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Figure 2: UV-visible absorption spectra of YSZ single crystal at RT: in-beam spectra for various 

irradiation times and various electron energies: 2.5 MeV (a, c), 1.75 MeV (d), 1.0 MeV (e), and 0.8 MeV 

(f). Solid lines are fits using Gaussian profiles. Growth curves versus irradiation time for 2.5-MeV 

electrons (b). Insets: Growth curves versus irradiation time; solid and dashed curves are least-square 

fits with Eq. (1).  
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Figure 3: UV-visible absorption spectra of YSZ single crystal at RT: off-beam spectra after irradiation 

for various electron energies: 2.5 MeV (a, b), 1.75 MeV (c), 1.0 MeV (d), and 0.8 MeV (e), as a function 

of decay time. Solid lines are fits using Gaussian profiles. Insets: Decay curves versus time; solid and 

dashed curves are least-square fits with Eq. (2).  
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Figure 4: Growth rate (1), decay rate (’1), and saturation absorbance (As) with X 4 magnification (left 

scale), and displacement cross sections (d) for Zr and O atoms (right scale), for threshold displacement 

energies of Ed(Zr) = 80 eV and Ed(O) = 120 eV, as a function of electron energy. 

 

 


