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Photoluminescence (PL) of sapphire single crystals as received and preirradiated by low energy Ar+ ions and

electrons has been studied to reveal a relationship between sapphire charging under electron beam irradiation and

radiation-induced defect formation. The photoluminescence spectra were obtained using a confocal microscope

excitation wavelength of 445 nm as well as by a nonconfocal method with excitation at a wavelength of 355 nm.

The lines observed in PL spectra for all samples are associated with both intrinsic and impurity defects. It has been

established that preliminary ion irradiation leads to disordering of the near-surface region of the sample resulting

in a significant increase in the photoluminescence intensity. Preliminary electron irradiation can lead to a change in

the charge state of defects that initially exist in the crystal.
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Introduction

Sapphire, the single-crystalline α-Al2O3, is widely used in

many areas — optics and microelectronics, heterogeneous

catalysis and dosimetry. In various technical applications it is

exposed to charged particles — electrons, ions and protons.

Since sapphire is a dielectric, that conducts electricity poorly

(its resistivity is 1016 �·cm at T = 25◦C), its irradiation

with charged particles of low and medium energies leads

to the accumulation of an electric charge in the near-

surface region, as a result of which a negative or positive

potential appears on the surface. The charging of the crystal

surface in many cases is a negative factor leading to the

appearance of strong internal fields and even to electrical

breakdown.

In previous experiments [1–3] on the study of the kinetics

of charging dielectric massive single-crystalline samples of

sapphire and quartz, it was found that the surface potential

of sapphire begins to grow only a few minutes after

switching-on the electron irradiation. Moreover, the start

time of sample charging depended both on the energy and

on the current density of the irradiating electrons. For the

incident electron energy E0 = 15 keV, for example, it was

∼ 20min. At the same time the charging kinetics of a

single-crystal quartz sample had a different character: the

surface of single-crystalline quartz began to be negatively

charged almost immediately after the electron beam was

switched on, and the time to reach the equilibrium charge

potential was 30 s. To explain this fact, it was suggested that

the charging kinetics is largely determined by the number

of electron traps (defective or impurity nodes) both initially

existing in the crystal and created in the crystal by electron

irradiation itself.

It was assumed that initially the sapphire sample has

a very small number of defects, so it does not charge.

However, in the process of electron irradiation, radiation

defects can form in the near-surface layer of the dielectric,

which serve as traps for primary electrons. With the

accumulation of such radiation defects in a sapphire sample,

the capture of injected electrons on the created traps

begins, that determines the observed kinetics of surface

charging and the time it takes to establish the equilibrium

potential.

The assumptions put forward were confirmed by the ex-

perimentally observed fact that after preliminary irradiation

of the samples with electrons and low-energy ions, the

sapphire began to charge immediately after switching-on the

electron irradiation [1,2], that can be explained by the fact

that the preliminary irradiation creates radiation defects in

the sample near-surface region, which intensively capture

the injected electrons.

At present luminescent research methods are successfully

used to control the degree of stoichiometry and purity of

materials, the presence of electrically active and inactive

impurities and defects in them. Luminescence spectra

contain information about the mechanisms of radiative

recombination in an object, that allows obtaining detailed

information about the nature of defects, their distribution

over the surface and volume of the material, as well as

radiation-induced changes.

The purpose of this study was to study the changes oc-

curring in the sapphire near-surface region under the effect
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of electrons and low-energy ions using a photoluminescence

(PL) method.

Samples and experimental procedure

For the experiments we used polished single-crystalline

sapphire samples with a thickness of 0.33mm and lateral di-

mensions of 10× 5mm, produced by Monocrystal (Russia).
Three samples were studied: sample � 1 — initial sample

Al2O3, two other samples were preliminarily irradiated in

high vacuum conditions (p ∼ 10−8 Torr) at room tempera-

ture by low-energy electrons and ions, respectively. Electron

irradiation was carried out in the ultrahigh-vacuum chamber

of the Varian Auger spectrometer, using an electron gun

with the following parameters: the size of the electron beam

on the sample was 0.3−3mm, depending on the operating

mode; electron energy 300 eV−3keV; current — from 0.4

to 200µA. Sample � 2 was irradiated with electrons with

energy Eel = 2 keV and electron beam current I = 50µA,

and the irradiation region had an elliptical shape with

dimensions of 3−4mm, irradiation time tel = 120min,

fluence 2 · 1019 el/cm2. Sample � 3 — Al2O3 irradiated

with Ar+ ions. Irradiation was carried out in a vacuum

facility equipped with an Ardenne duoplasmatron at a

residual pressure of 10−6 Torr. Ion energy Eion = 9 keV,

ion beam current I ion = 40µA, irradiation region Ø4mm,

exposure time 30min.

The PL spectra were measured using Ntegra Spectra NT-

MDT confocal microscope at an excitation wavelength of

λ = 445 nm with a laser pulse duration of FWHM < 80 ps.

The use of laser confocal microscopy allowed to detect

radiation only from the near-surface layer of the sample

with a thickness of no more than 2µm, that minimized the

effect of the unirradiated part of the crystal. In addition,

the PL spectra were recorded in a standard (non-confocal)
geometry at an excitation wavelength of 355 nm (pulse
duration 6 ns) using a Shamrock SR303i spectrometer, in

which Andor DU420A CCD camera was used to record

radiation.

Experimental results and discussion

PL spectra upon excitation at a wavelength

λex = 355nm Figure 1 shows the PL spectra of single-

crystalline samples Al2O3 obtained upon excitation by a

laser with a wavelength of λex = 355 nm. The curve 1

(black) represents the PL spectrum of the initial sample,

the curves 2 (red) and 3 (green) — spectra from the

samples previously irradiated with electrons and ions,

respectively Ar+ .

The narrow intense line observed in the PL spectrum

in the Fig. 1 at the wavelength λ = 693 nm consists of

two narrow bands and is a well-known doublet of Cr3+

R lines. It is known that chromium, iron, magnesium

and some other elements can be present in Al2O3 crystals
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Figure 1. Panoramic spectra of PL samples α-Al2O3 taken at laser

excitation wavelength λ = 355 nm. Curve 1 — initial sapphire

sample, 2 — sample pre-irradiated with electrons, 3 — sample

after irradiation with Ar+ ions.
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Figure 2. Luminescence R1- and R2 lines of Cr3+ ions in crystals

Al2O3. Curve 1 — initial sapphire sample, 2 — sample pre-

irradiated with electrons, 3 — sample after irradiation with Ar+

ions.

in low concentrations (< 10−3 mas %) as natural impuri-

ties [4]. Some of these uncontrolled impurities, in particular

chromium and titanium, can significantly affect the optical

and luminescent properties of sapphire monocrystals, even

at low concentrations. The Figure 2 shows the lines R1-

and R2 separately on a larger scale, the positions of which

in the sapphire PL spectrum correspond to the wavelengths

λmax = 692.7 nm and λmax = 694.2 nm. These lines are well

studied and correspond to the transition 2E →
4 A2 in Cr3+

ions replacing Al3+ ions in a sapphire lattice.

It should be noted here that the intensity of the R lines in

the samples preliminarily irradiated with electrons (curve 2)
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Figure 3. Decomposition of the PL spectra into Gaussian components for the initial sample (a) and the samples preliminarily irradiated

with electrons (b) and ions (c).

and ions (curve 3) is less than that of the initial sapphire

sample (curve it1), that may indicate an increase in light

absorption in the irradiated samples.

It is also seen from the Fig. 1 that all samples under

study α-Al2O3 have a low-intensity luminescence band

in the wavelength range 365−650 nm (1.9−3.4 eV). The

luminescence spectra in this range have a complex shape

and consist of several broad components associated with the

excitation of intrinsic defects in sapphire —neutral oxygen

vacancies (F -centers) and aggregate centers in various

charge states (F2 -, F+
2 -, F2+

2 - centers) [5–7]. It has been

established [8,9] that, regardless of the methods of synthesis

of α-Al2O3, it always has a lack of oxygen, which is

confirmed by the presence of luminescence lines associated

with oxygen vacancies, even in the initial sample (curve 1).

A similar PL spectrum was also observed in the study [10]

for single-crystalline α-Al2O3.

It should be noted that the luminescence intensity of the

sample pre-irradiated with electrons (curve 2 in Fig. 1)

is greater than that of the initial sample in the entire

wavelength range, while the intensity of the peak at the

wavelength λmax = 420 nm (2.9 eV) decreases after the

Al2O3 sample is irradiated with Ar+ ions.

For the convenience of analysis, each of the PL spectra

was decomposed into Gaussian components. To do this, the

PL spectrum was converted to the energy scale [11], where

the intensity was calculated by the formula I(E) = I(λ) λ2

hc ,

after which the decomposition into Gaussian components

was carried out. The Figure 3 shows the decomposition

results for the initial sample (a) and the samples previously

irradiated with electrons (b) and ions (c).

As can be seen from the Fig. 3, three Gaussian

components were used to approximate the experimentally

observed PL spectra of the α-Al2O3 samples. According

to the literature data, the band with the maximum position

λmax = 423 nm (2.93 eV) observed in the PL spectra of all

samples can be interpreted as the F center emission band,

which is one of the main types defects in the sapphire

anion sublattice and is a neutral oxygen vacancy, which

has captured two electrons [5]. The dip observed in the

spectrum in the 430 nm region can be associated with

intense absorption of the emitted light by impurity Cr3+

ions, since the emission band of the F center overlaps
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with one of the absorption bands of Cr3+ ions (transition
4A2 →

4 T1) [12]. It is also possible that this dip is a

measurement artifact. The ratios of the integrated intensities

of the F-center bands obtained from the PL spectra for

the initial sample and samples preliminarily irradiated with

electrons and ions are Sel/S init ≈ 1.29 and S ion/S init ≈ 0.40.

The emission band λmax = 500 nm (2.48 eV) observed

in the spectra cannot be interpreted unambiguously. In the

literature this band is associated either with the emission

of interstitial Al+i -centers with a maximum at 516 nm

(2.4 eV) [13,14], or with the emission of F2-centers, which

are two neutral anion vacancies located at neighboring

nodes, which have captured four electrons [15,16]. In the

study [17] the 520 nm emission band was observed for

α-Al2O3 :Mg crystals and associated with the formation in

F2+
2 (2Mg) complex defect crystal, which represents two

positive F+ oxygen vacancies compensated by two Mg2+

ions.

Decomposition of the spectrum into Gaussian compo-

nents shows that the position of this line in the PL spectrum

shifts slightly towards lower energies (longer wavelengths)
after irradiation with both electrons and ions. For the initial

sample E = 2.53 eV (λmax = 489 nm), for pre-irradiated

samples E = 2.46 eV (λmax = 504 nm). This may indicate

that this band is a composite one: after preliminary irra-

diation, the intensity of the longer-wavelength component

increases. Therefore, it seems most probable that the

luminescence at 500 nm can be associated both with F2

centers and with the presence of F2+
2 (2Mg).

The formation of F2 centers in sapphire is usually

observed in oxides with a high concentration of oxygen

vacancies, which are formed, for example, during high-

temperature treatment of samples [15,18] or after their irra-
diation with neutrons, heavy ions, or high-energy electrons.

energy [5,19,20]. In our case this band is observed even

in the spectrum of the initial sample, which may indicate

a rather large number of anion vacancies in the initial

sapphire crystal. It can be seen from the Fig. 3, a that the

observed PL bands of single and aggregate F -type centers

are characterized by similar intensities, which indicates the

presence of F -centers and their aggregates in crystals in

close concentrations.

The integrated intensity of the band for the ion-irradiated

sample increases insignificantly (S ion/S init ≈ 1.22), while for

the electron-irradiated crystal it increases by more than 2

times (Sel/S init ≈ 2.22).
Low-energy electron irradiation cannot lead to the gener-

ation of new defects in the samples under study, but it can

stimulate the formation of electron-hole pairs and change the

charge state of trapping centers and recombination. During

electron irradiation of the crystal, first shallow (up to 0.1 eV

below the bottom of the conduction band) and then deep

traps associated with various kinds of defects contained

in the initial sapphire sample are filled with electrons.

After switching-off the electron irradiation, shallow traps are

quickly released due to the thermal energy of the crystal and

the electric field of the charge embedded in the dielectric,
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Figure 4. PL spectra of samples α-Al2O3 recorded at laser

excitation wavelength λ = 455 nm. Curve 1 — initial sapphire

sample, 2 — sample pre-irradiated with electrons, 3 — sample

after irradiation with Ar+ ions.

while the charge relaxation time in deep traps at room

temperature can be measured in days and weeks [2].

The subsequent emptying of electron traps under the

action of light leads to the transition of electrons to the

conduction band of the crystal, as a result of which the

probability of their capture by emission centers increases,

and the number of radiative recombination events at emis-

sion centers increases.

Thus, the increase in intensity observed in the PL spectra

at a wavelength of 420 nm can occur as a result of the

capture of an electron from the conduction band by the F+

center with the formation of an F center in an excited state

and subsequent radiative relaxation of this state according

to reaction

F+ + e = F∗ = F + hν.

Similarly, the reaction can respond for the increase in the

band intensity at 493 nm

F+
2 + e = F∗

2 = F2 + hν.

In the PL spectra of ion-irradiated samples the peak

intensity λmax = 423 nm (2.93 eV) decreases compared to

the initial sample, that may be caused by the ionization of

F-centers in the course of ion irradiation (neutralization of

the positive ion Ar+ as a result of its capture of an electron

from the F -center).

The nature of the appearance of the PL band observed in

the spectra of all samples at 590 nm is not entirely clear.

It should be noted that this band was also observed in

the spectra of single-crystalline α-Al2O3 by other authors,

for example, in the study [10]. It is possible that the

appearance of a peak at these wavelengths is associated

with the absorption of radiation by impurity Cr3+ ions.
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PL spectra upon excitation at a wavelength

λex = 445nm Figure 4 shows the PL spectra of sapphire

samples obtained with an Ntegra Spectra NT-MDT confocal

microscope at an excitation wavelength of λex = 445 nm. As

noted above, this technique allowed to obtain PL data only

from the near-surface layer of the sample with a thickness

of no more than 2µm, which minimized the effect of the

unirradiated crystal part.

The PL spectra of these samples are a broad peak

centered at the wavelength λmax = 570 nm, on which a

narrow peak is observed at λmax = 693 nm, related as

already noted, with impurity PL of Cr3+ ions.

It can be seen from the Fig. 4 that the PL intensity from

pre-irradiated samples is higher than for the initial sapphire

sample. In the case of an electron-irradiated sample, the

integrated PL intensity increases by a factor of 1.5. In this

case an increase in the PL intensity is observed mainly in

the wavelength range 470−570 nm. This may indicate the

formation of additional emission centers associated with the

formation of oxygen vacancies and their complexes in a

thin near-surface sample layer. Indeed, despite the fact that

aluminum oxide has a high radiation resistance, that allows it

to be used in many areas of radiation physics, in particular

in dosimetry, there are experimental data that under the

action of low-energy electron bombardment (1−3 keV ) the
surface of Al2O3 oxide can be destroyed due to electron-

stimulated desorption of oxygen [21]. To explain the de-

struction mechanism of Al2O3, the Knotek−Feibelman [22]
model developed for oxides with the maximum degree of

valency was used. However, the cross section of the process

of electron-stimulated desorption for sapphire is small and

at an energy of incident electrons 2 keV according to the

data [20] is 2.7 · 10−22 cm2.

After irradiation of sapphire with Ar+ ions, an increase

in the integrated PL intensity in the wavelength range of

470−670 nm by a factor of 4.1 is observed. According to

the results of the calculation performed using SRIM [23]
software, the depth of Ar+ ions run with the energy

9 keV in a monocrystal Al2O3 is about 10 nm. Thus, the

observed significant increase in the PL intensity indicates

the generation of new defects in this near-surface region

under ion bombardment.

Conclusion

The PL spectra of the initial sample of single-crystalline

sapphire and samples previously irradiated with electrons

and low-energy ions were obtained using a confocal mi-

croscope with an excitation wavelength of 445 nm, as well

as in a standard (nonconfocal) geometry with excitation at

a wavelength of 355 nm. The PL spectra of all samples,

including the initial sample, show lines associated with

intrinsic defects in the crystal —neutral oxygen vacancies

and their complexes, as well as impurity defects –Cr3+ ions.

The observed spectra indicate the presence of a fairly large

number of intrinsic defects in the crystals, especially in the

crystal near-surface region.

Preliminary ion irradiation results in the disordering of

the sample near-surface region, that manifests itself in a

significant increase in the PL intensity in the wavelength

range 500−750 nm. Preliminary electron irradiation dam-

ages the sample near-surface region to a much lesser extent;

however, it can lead to a change in the charge state of the

defects which initially exist in the crystal, that is reflected

in an increase in the intensity of the PL bands from these

samples.
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