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Abstract Doping of α-quartz by ion implantation leads to
amorphization even at low fluences, but subsequent anneal-
ing in air or oxygen can restore the crystalline order (chemi-
cal epitaxy). Here we report on measurements of RBS chan-
neling and cathodoluminescence (CL) spectra during chem-
ical epitaxy of α-quartz irradiated with 50-keV Na-ions and
annealed in 18O2-gas. In particular, the variation of the dam-
age profile and CL spectra (the latter taken at 10 K and
300 K) as functions of the ion fluence will be discussed. The
CL spectra at 10 K are dominated by a 2.90-eV band and dif-
fer greatly from the ones taken at 300 K; the intensity of this
band increases strongly with the Na ion fluence. Some con-
clusions concerning the underlying photoactive defect struc-
tures will be drawn.
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1 Introduction

Motivated by the rapid progress in designing optoelectronic
materials and devices, the amorphous and crystalline forms
of silicon dioxide doped with photoactive ions or nanopar-
ticles have been investigated in much detail [1–3]. Since
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doping quartz by ion beam implantation disturbs or even
destroys its crystalline long-range order, many attempts at
solid-phase epitaxial regrowth of the damaged/amorphized
layers by means of dynamic, chemical, or laser-annealing
epitaxy have been made [4–8]. Alkali-ion implantation of
α-quartz followed by thermal annealing in air or oxygen,
a process called chemical epitaxy, indeed provides com-
plete epitaxy around 1100 K [4, 6–11]. The recrystalliza-
tion is accompanied by alkali out-diffusion and oxygen ex-
change between the annealing gas and the matrix, as veri-
fied by Rutherford backscattering channeling spectroscopy
(RBS-C) and time-of-flight elastic recoil detection analysis
(TOF-ERDA) after annealing the samples in 18O2 tracer gas
[4, 6–8, 10, 11].

The current study focuses on the interplay between the
cathodoluminescence (CL) and chemical epitaxy in Na-
ion implanted α-quartz. For Na-ion fluences of 2.5 × 1016

and 5 × 1016 ions/cm2, full recrystallization occurs around
1150 K [9]. Recent results on CL emission in this and sim-
ilar systems at room temperature gave some insight in the
nature of the photoactive defects [9–11]. The present inves-
tigation aims at studying the epitaxial growth and CL emis-
sion as functions of the implanted Na-ion fluence at the fixed
annealing temperature of 1123 K. In particular CL emis-
sion spectra were investigated at 10 K sample temperature,
to be compared with those previously measured at room
temperature [9]. These are to our knowledge the first low-
temperature CL measurements reported for the process of
chemical epitaxy of ion-irradiated α-quartz.

2 Experiments

Samples of single-crystalline (0001) synthetic α-quartz,
10 × 10 × 1 mm3 in size, were irradiated at liquid-nitrogen
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temperature with 50-keV Na+-ions to fluences of 1014–
1017 ions/cm2 at a beam current of 1.5 µA. All the ion im-
plantations were performed at normal incidence by means
of the Göttingen implanter IONAS [12] and an electric
xy sweeping system. According to calculations with the
SRIM2000 code [13], the ions have a mean projected
ion range of 110 nm when using the atomic density of
6.45 × 1022 atoms/cm3 in amorphous SiO2. To study chem-
ical epitaxy, the amorphized samples were annealed for 1 h
in 18O2 gas at the fixed temperature of 1123 K. Each sample
was enclosed inside a quartz ampoule. RBS-C by means of
a 15-nA beam of α-particles at 0.9 MeV beam energy pro-
vided the information on the radiation damage profiles in
the matrix and the degree of recrystallization.

The CL spectra were recorded at either 10 K or 300 K
sample temperature using a 5-keV 2-µA electron beam
(1 W/cm2), a Czerny-Turner spectrograph (Jobin Yvon
1000M), and a Hamamatsu R928 photomultiplier. For tak-
ing the 10-K data, the sample was attached to a closed-
cycle helium cryostate. The CL spectra were collected for
an integration time of 700 s in steps of 1 nm/s in the wave-
length range between 200 and 700 nm using a grating of
1 200 lines/mm. They were de-convoluted with up to five
Gaussian-shaped sub-bands; their emission intensities were
corrected for the instrument response function, which was
calibrated using a standard halogen lamp. Further details
can be found in [9].

3 Results and discussion

3.1 Epitaxy

The RBS-C spectra illustrated in Fig. 1 indicate that for Na-
ion fluences increasing from 1×1014/cm2 to 1×1017/cm2,

Fig. 1 RBS-channeling spectra of quartz, virgin and random
non-irradiated, after irradiation with 50-keV Na ions and 1-h annealing
in 18O2 gas at 1123 K. Note the progressing epitaxy of the SiO2 matrix
for increasing Na-ion fluence

the amorphized layer recrystallizes progressively during the
1-h annealing at 1123 K. For the lowest fluence, there re-
mains a 200-nm thick amorphized layer, which increases
to some 300 nm thickness for fluences of 1 × 1015 and
1 × 1016 Na-ions/cm2. Starting at a fluence of 2.5 ×
1016 Na-ions/cm2, a recrystallized layer evolves showing
little differences relative to the virgin sample. When further
increasing the ion fluence, the very low degree of damage
remains essentially unchanged. TOF-ERDA had shown that
under these conditions large fraction of the Na ions diffused
out of the sample and evaporated at the surface [9].

The basic mechanism of epitaxial regrowth of ion-
irradiated quartz has been discussed by Roccaforte et al.
[6–8] using ideas developed by Spaepen, Turnbull, and oth-
ers [14–17]. It is noteworthy that, in all the cases with im-
planted alkali ions studied so far, the epitaxy of the amor-
phized layer, the out-diffusion of the alkali ions, and the
oxygen exchange between the SiO2 matrix and the anneal-
ing gas are highly correlated [4, 6]. The most important reac-
tion step consists in binding an implanted alkali ion A to the
dangling oxygen ion, which is produced as radiation dam-
age during the implantation of A (or any other ions) [4, 6].
In the presence of migrating oxygen (O∗), this process can
be described as

O3≡Si–O–Si≡O3 + 2A + O∗

→ O3≡Si–O–A + A–O∗–Si≡O3

→ O3≡Si–O(∗)–Si≡O3 + A2O.

O∗ denotes external 18O and O(∗) refers to either 18O or 16O.
In both crystalline quartz and amorphous silica, the building
blocks are corner-connected tetragons, which we abbrevi-
ate as O3≡Si–O. As the A–O bond is energetically weaker
(≈3 eV) than the Si–O bond (4.57 eV), annealing disrupts
first the A–O bond leading to alkali release and diffusion
and then the Si–O bond, which leads to the photoactive E′
center (O≡Si•).

3.2 Luminescence spectra at 10 K

The CL spectra and deduced intensities measured at 10 K
sample temperature are illustrated in Fig. 2(a) and (b). The
spectra are dominated by a rather broad blue band at 2.90 eV,
which we did not observe in the room-temperature measure-
ments (see below and [9–11, 18, 19]). Decomposition of
these spectra was tried by including the bands at 2.40 and
3.25 eV, which are known to be present at room temperature
in this spectral range (see Sect. 3.3). However, it was found
that the intensity of the 2.40-eV green band was smaller by
two orders of magnitude relative to the 2.90-eV band and
therefore was neglected. Furthermore, the intensity of the
violet band at 3.25 eV turned out by roughly one order of
magnitude weaker than that of the 2.90-eV band as shown
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Fig. 2 (a) CL spectra taken at 10 K as function of the Na-ion fluence
after annealing in 18O2-gas at 1123 K. (b) Variation of the relative CL
intensities at 10 K as function of the Na-ion fluence

in Fig. 2(b). As shown in Fig. 2(b), the 2.90-eV band rises
strongly in intensity with the implanted Na fluence and for
that reason may be tentatively considered of ion-specific na-
ture. Finally, another broad and rather weak UV peak around
5.0 eV appeared in the spectra (see Fig. 2(a)).

In recent years, various authors have reported on the
observation of a 2.9-eV photoluminescence (PL) emis-
sion band in amorphous silica at room or low temperature
[20–22]. Guzzi et al. [20] have measured UV-excited PL
spectra of fused silica at 60–300 K. Their spectra exhibit
an energy shift of the blue line from 3.1 eV at room tem-
perature to a triplet at 60 K having its main component at
2.7 eV; in addition a strong 4.4-eV peak appears at low tem-
perature. Similarly, room-temperature PL measurements on
Ge-doped silica by Anedda et al. [21] exhibit a weak band at
2.90(3) eV having a FWHM of 0.45(5) eV. Finally, Pealari
et al. [22] have recently observed a 2.9-eV PL band in silica
synthesized by a sol-gel method. This band has a long decay
constant of about 800 µs and overlaps with a broader 3.7-eV
PL band of 0.78–0.85 eV FWHM. The total intensity of the

doublet increases by almost an order of magnitude when
decreasing the sample temperature from 300 K to 8 K; the
2.9-eV band appears to be predominant at the PL excitation
with 6-eV photons.

We are not aware of any work reporting on the identi-
fication of the 2.90-eV band in α-quartz during CL or PL
spectroscopy at low temperatures, and there are rather few
data on the temperature dependence of CL and PL emission
in α-quartz after ion, neutron, or γ -ray irradiation [2]. The
PL activity of α-quartz after γ -irradiation has been recently
measured by Cannas et al. [23, 24] at 17.5–300 K using
7.6-eV photon excitation. These PL spectra gave evidence
for two Gaussian-shaped bands, a blue band at 2.7 eV and a
UV band at 4.9 eV. Both energies do not depend on the tem-
perature, but the intensities of the bands do and are thermally
quenched with activation energies of 68 and 28 meV, respec-
tively. At 17.5 K, the time constants of 3.6 ns and 1.0 ns are
definitely much shorter than the µs time constants of the 2.95
and 3.25-eV CL bands measured in α-quartz by Sahoo et al.
[25] at room temperature, or the 800-µs time constant of the
2.9/3.7-eV PL doublet found by Pealari et al. [22] in silica.
A fast PL band centered around 2.7 eV has also been found
in SIMOX structures produced by oxygen ion implantation
in silicon [23, 24] and has been attributed to defects at the
interface between Si clusters and the SiO2 matrix.

3.3 Luminescence spectra at 300 K

For comparison, Fig. 3(a) illustrates the CL spectra pre-
viously taken at room temperature for the samples irradi-
ated with 1014–1017 Na-ions/cm2 and annealed for 1 h at
1123 K [9]. All these spectra exhibit several broad and nar-
row peaks, which have been fitted by adopting the CL “fin-
gerprints” of the known intrinsic and alkali-ion specific sub-
bands listed in Table 1 [9–11, 18, 19, 26–31].

The relative intensities of these bands at 300 K are plot-
ted in Fig. 3(b) versus the Na-ion fluence. We first note
that the intensities of the three “intrinsic” CL bands at
2.40 eV (green), 2.79 eV (blue-violet) and 4.30 eV (UV)
generally vary little with the ion fluence. These “intrinsic”
bands [10, 11, 18, 19, 26–31] are related to the amorphized
or damaged quartz matrix but do not depend on the partic-
ular ion species implanted or more generally on the amor-
phization process. The near-constancy of the intensities of
the intrinsic bands can be easily explained by the fact that
in all the cases the ion fluence was high enough to create an
amorphized layer (see Fig. 1), which upon annealing did not
fully recover even for the highest fluences.

On the other hand, the “ion-specific” [18, 19] violet CL
bands at 3.25 and 3.65 eV are directly correlated with the
implanted alkali ions, and their intensities generally increase
with the ion fluence. CL data have been previously taken for
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Table 1 CL emission bands
observed at RT in Na-implanted
α-quartz annealed in oxygen at
1123 K. The numbers in
parentheses give the
uncertainties

CL band (eV) Wavelength (nm) Width (eV) Defect center

2.40(2) 514(4) 0.16(2) Non-bridging OH centers (NBOHC)

2.79(3) 442(5) 0.40(5) ODC and/or E′ center

3.25(4) 380(4) 0.44(6) Neutral oxygen vacancy, charge-com-

pensated alkali-ion center

3.65(3) 338(3) 0.48(8) Defect related to implanted Na ions

4.30(5) 287(3) 0.58(12) ODC center

Fig. 3 (a) Room-temperature CL spectra of α-quartz samples irradi-
ated to fluences of 1 × 1014–1 × 1017 Na-ions/cm2 and annealed for
1 h in 18O2-gas at 1123 K. An as-implanted CL spectrum for 5 × 1016

Na-ions/cm2 is also given. (b) Variation of the relative CL intensities
at 300 K as function of the Na-ion fluence

a fixed Na fluence of 2.5 × 1016/cm2 as function of the an-
nealing temperature [9]. Under these conditions, the inten-
sity of the 3.65-eV band directly correlates with the fraction
of Na retained in the SiO2 matrix, which of course decreases
for increasing annealing temperature, due to alkali ion out-
diffusion. On the other hand, the intensity of the 3.25-eV
band appears to reflect the degree of epitaxy: it decreases
after full epitaxy at the highest temperature was achieved.

For a more detailed discussion of the ion-specific bands in
α-quartz, see [9–11, 18, 19].

The emission of visible and UV luminescence light of
α-quartz after ion and electron bombardment is quite a com-
plicated process, and for that reason the assignment of pho-
toactive defect structures must be still considered rather
tentative. According to Stevens-Kalceff [26–28] and Skuja
et al. [29–31], the 2.79-eV and 4.30-eV bands are associated
with oxygen-deficiency centers (ODC, O3≡Si–Si≡O3) or
their precursors produced during ion-irradiation. The peak at
2.40 eV was connected either to oxygen vacancy-interstitial
pairs (Vo; (O2C)i) or to irradiation-induced self-trapped ex-
citons (STE) within the a-SiO2 outgrowth at the top of the
sample containing a large number of peroxy linkages (≡Si–
O–O–Si≡). More recently, the 2.40-eV band was confirmed
to originate from the electron bombardment of virgin α-
quartz during the CL measurements [10, 11]. The 3.65-eV
band is intimately related to the O3≡Si–O–A structure men-
tioned before, while the 3.25-eV again appears to be related
to a O3≡Si–Si≡O3 (ODC) configuration [10, 11, 29–31].

4 Conclusions

The present experiments provide a successful attempt at
monitoring cathodolumi-nescence during chemical epitaxy
of α-quartz after Na-ion implantation. We demonstrated that
the degree of epitaxy achieved at the fixed temperature of
1123 K and the CL spectra strongly depend on the implanted
Na ion fluence. For the first time, systematic CL spectra
were taken at 10 K sample temperature, as a function of the
implanted Na ion fluence and after annealing the irradiated
samples in 18O2 gas at 1123 K. The shapes of the CL spectra
vary little with the ion fluence, with a broad 2.90-eV band
dominating and its intensity rising almost proportionally to
the fluence. More information on the luminescence mecha-
nism, local environment, and possible nano-particle forma-
tion is necessary to unambiguously correlate the CL bands
with the defect structures, especially those responsible for
the low-temperature emission. A classification of the light
emitting defects in α-quartz has been recently presented by
Keinonen et al. [33]. Besides the point defects mentioned
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before, these authors also discuss the properties of Si nan-
oclusters embedded in silica based on Molecular Dynamics
simulations.

At room temperature, besides the intrinsic CL bands at
2.40, 2.79, and 4.30 eV, there exist two strong bands in
the blue-violet region (3.25 and 3.65 eV). Their intensities
appear correlated in a characteristic way with the Na out-
diffusion and epitaxy of the matrix. Bands at the same pho-
ton energies and with similar features have also been ob-
served during chemical epitaxy after Rb [10, 11] or double
Rb/Ge ion implantation [25] and after excimer-laser treat-
ment of Rb- or Cs-doped quartz [5].
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