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Abstract

Single crystals of sapphire (a-Al,O3) were irradiated at GANIL with 0.7 MeV/amu
xenon ions corresponding to an electronic stopping power of 21 keV/nm. Several fluences
were applied between 5x10'' and 2x10' ions/cm?2. Irradiated samples were characterized
using optical absorption spectroscopy. This technique exhibited the characteristic bands
associated with F and F' centers defects. The F centers density was found to increase with the
fluence following two different kinetics: a rapid increase for fluences less than 10" ions/cm?
and then, a slow increase for higher fluences. For fluences less than 10" jons/cm?, results are
in good agreement with those obtained by Canut et al. [Phys. Rev. B 51 (1995) 12194]. In the
fluences range: 10" to 10" ions/cm?, the F centers defects creation process is found to be

different from the one evidenced for fluences less than 10* ions/cm2.
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L Introduction

Defects creation and structural transformations induced in sapphire (a-Al;O3) by ion
irradiation have been intensively studied by many investigators [1-5]. As a consequence of the
energy deposition by projectiles, atoms can be displaced from their equilibrium position either
directly by elastic collision or via electronic excitation destroying the local order in a
crystalline matrix. Sapphire [6-9], like other materials (LiNbOs [10, 11], Gd3GasOi; [12], LiF
[13] ...), reacts by a change of its volume. Among the defects, created in sapphire by
irradiation, are oxygen vacancies, which may contain either two electrons (F centers), or one
electron (F' centers). Both defects show optical absorption in the near ultraviolet: at 6.1 eV
for F centers defects and at 4.8 and 5.4 eV for the transitions of the anisotropic F' defects [14,
15]. Other absorption feathers have been attributed to F, (Two oxygen vacancies) located at
4.1eV, F," (Two oxygen vacancies with three trapped electrons) at 3.49 eV and F,*" (two
oxygen vacancies with two trapped electrons) at 2.7 eV [16-18]. According to Dalal et al.
[19], an absorption band located at 6.8 eV is attributed to complex defects of the oxygen
sublattice formed in the high damage density cascade caused by heavy ions implants.

In this work, we will show that, at high fluences, the F centers defects production
process, in swift heavy ions irradiated sapphire, is different from the one evidenced for low

fluences.

I1. Experimental details
Single crystals of sapphire (a-Al;O3) of 10 mm diameter and Imm thickness with
optical polished surfaces were irradiated with xenon ions after pre-annealing in air at 1723 K
for 120 hours. The irradiations were performed at the IRRSUD facility of the GANIL
accelerator (Caen - France) with 0.7 MeV/amu energy corresponding to an electronic stopping
power of 21 keV/nm and a projected range of 7.6 pm (from TRIM2003). Samples were

irradiated at room temperature under normal incidence with fluences ranged from 5 x10'' to 2



x10" jons/cm?. The flux was ~ 5 x 10® ions/cm2.s and half of each sample was masked by a
thick aluminium foil to stop the incident ions and keep virgin part of samples.

Optical absorption spectra were obtained using a double beam Shimadzu 1700
spectrophotometer in the 190 — 310 nm wavelength range. In these experiments, the incident
light crossed the sample parallel to the direction of the ion beam and the virgin part spectrum
was subtracted from irradiated part spectra. As a result, all the absorption centers induced by
the irradiation will contribute to the resulting optical density. The density of F centers per
squared centimeter (noted Ny) was determined by using the Smakula’s formula [21] given by:

n
— . OD>XW, (1)

N, =2.05x10" f(n2 +2)

where f = 0.92 is the oscillator strength of the optical transmission (taken from [15]), » is
the refractive index of sapphire at the wavelength corresponding to the absorption band peak
and Wy, represents the width (in eV) at half maximum of the optical absorption band

characterized by a maximum optical density (OD).

1.  Results and discussion

Optical absorption spectra of irradiated sapphire, in the near ultraviolet wavelength
domain, are illustrated in figure.1. The intensity of the absorption band around 6.1 eV, which
is attributed to F centers defects, increases with the fluence without any shift its position. Its
asymmetry could be explained by the presence of the absorption band located at 6.8 eV [19].
Two other weaker bands at 5.4 and 4.8 eV, related to F' centers created in the irradiated
sapphire, are also found to increase with the fluence. It was found that F centers are easier to
produce than F' centers [23] and this agrees with the reported result that F centers defects
were preferentially produced by heavy ions irradiation [5].

Figure 2 represents the decomposition of a typical optical absorption spectrum by

taking into account the presence of the four absorption bands mentioned above. The F center



density was determined using expression (1) by taking the refractive index n= 1.8 from [22]
and replacing the term (OD x W), in this expression, by the area of the Gaussian used to fit
the F centers defects related absorption band. The fluence evolution of the F centers density,
shown in figure.3, exhibits two different kinetics: a rapid increase for fluences less than 10"
ions/cm? followed by a slow increase for higher fluences.

In the case of ionic compounds such as alumina, it is considered that the formation of
such F-type defect centers of the F and F" is accompanied with the formation of the interstitial
O and O respectively. Thus, and in agreement with Moritani et al. [24], the following

production mechanism of irradiation induced defects in sapphire can be suggested:

ALO; — ALO;” - F+0 (a)
ALOs — ALOs —» F' + 0O (b)
F + O — recombination )
F'+ O" — recombination (d)
F+F — Fy (e
F + Fx — Fy ®
F'+Fy — Fy (8)

Reactions (a) and (b) represent the production of an excited Al,Os (Al,O3') by ion
beam irradiation, which is de-excited to F and F'. Reactions (c) and (d) represent the
recombination of the F with the O and the F* with the O". Reactions (e), (f) and (g) represent
the formation of cluster defects (noted Fy).

Following Canut et al. [20], the major part of F centers defects is generated by elastic
processes near the end of the ion range. We assume that along it’s trajectory, each ion creates
a number Fy of F centers defects which is the difference between the created defects and the

part of those defects that disappears either by recombination (Reaction (c)) or by cluster



defects formation (Reactions (e) and (f)). For low fluences, there is no cascade overlap and

the F center density varies linearly with the irradiation fluence:

dN,
=F 2
o Lo 2

From the linear fit of the N variation with fluences less than 5 x 10'? ions/cm?
(figure.3), we have deduced that one xenon ion, of 0.7 MeV/amu energy, creates
approximately a number Fo = 3000 F centers defects which represents ~8 % of displaced
atoms calculated using the Kinchin-Pease model [25] with an oxygen displacement energy of
75 eV. This result is very close to the value 8.5% determined by Canut et al. [20] for uranium
irradiations in sapphire. The number of F centers defects, compared with the displaced atoms
number, is low. In fact, only a fraction of the displaced oxygen atoms generates stable oxygen
vacancies, and F centers are not the only created defects in the irradiated samples, other
defects like F* and F,-type centers are also present.

In the fluences range 10" to 10" ions/cm?, the F centers density (figure.3), as well as,
the swelling step height and the disordered region thickness (determined from RBS-C spectra)
[26], varies linearly with the fluence and this strongly suggests that the disordered layer
growth involves also F centers defects creation.

From a linear fit of the swelling step height in this fluences domain (figure.4), the step
height increase is ~ 4.2 nm per 10" ions/cm®. This value can be compared to the growth
velocity v=13 * 3 nm per 10" ions/cm? of the disordered region. Such a step height
evolution with the disordered region thickness can be related to density modifications in the
near surface region (~300 nm). If we consider that in this fluences domain, the step height
increase corresponds to the volume expansion of the disordered near surface region, we
deduce a density decrease of the order of 30 %, which is of the order of the density difference

between sapphire and alumina.



IV.  Conclusion

Irradiation of sapphire in a large fluences domain of 0.7 MeV/amu xenon ions induces
disorder; F-type centers defects and swelling of the bombarded surface. In this work, we have
evidenced the fluence dependence of the created F centers defects. The F centers density, as
function of the fluence, evolutes following tow different kinetics: a rapid increase for fluences
less than 10" ions/cm? followed by a slow increase for higher fluences.

In the low fluences domain, results are in good agreement with those obtained by
Canut et al. [20] for uranium irradiations. This team has shown that observed effects are
related to nuclear energy loss predominating near the end of ions range.

For higher fluences, in the range 10" - 10" ions/cm?, comparing with our previous
work [26], we observe a correlation between F centers creation, swelling and the near surface
region disorder. This fluences domain corresponds to the tracks overlap regime where we
have observed, by RBS-C, a near surface structure change. This last could be responsible of
the F centers defects production rate change. It has therefore to be considered that the F
centers defects creation process at high fluences is different from the one evidenced for low

fluences.
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Figures caption

Figure.1: Near ultraviolet optical absorption spectra of 0.7 MeV/amu energy xenon ions

irradiated sapphire. Attributed F and F' centers defects absorption bands are showed.

Figure.2: Gaussians fit for a typical spectrum of optical absorption of 0.7 MeV/amu energy

xenon ions irradiated sapphire.

Figure.3: Fluence dependence of the F centers defects density (Ng). (Dot line for the linear fit
of Nr at fluences less than 5 x 10'? ions/cm?. Dash line for the linear fit at the fluences range

10" — 10" jons/cm?.)

Figure.4: Swelling step height versus the xenon ions fluence for sapphire [26]. Dot line for

the swelling step height linear fit at the fluences range 10" — 10" ions/cm?.
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