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Light-emitting centers in alkali-ion-implanted � quartz have been investigated with respect to the

solid phase epitaxial growth of the ion irradiation induced amorphous zone. Cathodoluminescence

was studied under the conditions of chemical epitaxy in annealing the samples, implanted with

2.5�1016 50 keV Na ions/cm2 or 175 keV Rb ions/cm2, in 18O2 atmosphere in the temperature

range of 673–1173 K. In addition to the known intrinsic subbands at 2.40, 2.79, and 4.30 eV, which

previously were associated with specific defects in the silica matrix, a strong violet band at 3.65 eV

and a band at 3.25 eV have been identified. Both are intimately correlated with the presence of the

implanted alkali atoms and recrystallization process. With respect to the 3.25 eV band reported in

the literature, they are discussed to be correlated with the presence of nanoclusters in Si-enriched,

and Ge- and Sn-implanted SiO2 structures. © 2006 American Institute of Physics.

�DOI: 10.1063/1.2215615�

The amorphous and crystalline forms of silicon dioxide

doped with group-IV or rare earth atoms and nanoclusters

are important materials for optoelectronics, photonic, and

microelectronic device fabrication.
1–4

Defect production and

annihilation by energetic ion bombardment and thermal an-

nealing are essential technological issues for understanding

the defect dynamics responsible for the optical properties of

SiO2. Doping � quartz with ions substituting Si in the crys-

talline SiO2 matrix may be a challenging step to tailor novel

optical properties suitable for quantum semiconductor

devices.
5

As quartz amorphizes easily under the impact of

low fluences of heavy ions,
6

attempts of dynamic, chemical,

or laser-induced solid phase epitaxial growth of such amor-

phized layers have been made in order to remove radiation

damage induced during implantation.
7–20

In this work, we report on a defect center obtained in

alkali-ion-implanted � quartz. It is related to the implanted

alkali ions Na and Rb and recrystallization of the matrix. We

discuss the cathodoluminescence �CL� spectra obtained dur-

ing the epitaxy. We identify CL emission bands associated

with the implanted ions and the recrystallization process and

distinguish them from the intrinsic bands, which are related

to defect structures of the matrix due to any ion or electron

bombardment or any other defect production mechanism.

Our experimental approach is different from that used in

previous works, where luminescence related to the structures

of the interface between Si, Ge, and Sn nanoclusters and

SiO2 matrix was studied, e.g., Refs. 21–23. We implanted �

quartz with alkali ions followed by annealing in oxygen at-

mosphere, a process called chemical epitaxy, because it pro-

duces full planar recrystallization of the amorphous region

under specific processing conditions.
9–12

This was expected

to provide information on the microscopic structure of defect

centers in strongly damaged SiO2.

Single-crystalline �-quartz �0001� substrates, 10�10

�1 mm3 in size, were homogeneously implanted at liquid

nitrogen temperature to a fluence of 2.5�1016 ions/cm2

with 50 keV Na+ ions and 175 keV Rb+ ions from the Göt-

tingen implanter IONAS. The beam current was 1.5 �A. To

obtain chemical epitaxy, the amorphized samples were an-

nealed for 1 h in 18O2 atmosphere �98% enriched in 18O�

between 673 and 1173 K. Each sample was enclosed inside a

quartz ampoule. The recrystallization of the radiation-

damaged profile in the matrix, which is connected to the

lattice locations of the atoms, was observed by means of

Rutherford backscattering spectrometry and channeling

�RBS-C� measurements using a 15 nA beam of 0.9 MeV �

particles from IONAS. Depth profiles of the implanted Na

and Rb atoms, Si, 16O, and 18O, and 12C, 1H and other pos-

sible impurities were obtained in time-of-flight elastic-recoil-

detection �TOF-ERD� analysis at the 5 MV tandem accelera-

tor of the University of Helsinki.
24,25

For details of the

RBS-C and ERD analysis, see Ref. 11 and references therein.

The dependence of the volume fraction �fV� of the amor-

phized zone �initially about 200 nm in Na implantations and

280 nm in Rb implantations� on the annealing temperature is

shown in Fig. 1�a�. In the Rb-implanted samples the crystal-

lization front started to move towards the surface at about

950 K. At TX=1060 K, half the amorphous volume had re-

crystallized and full solid phase epitaxial growth �SPEG�

was completed at 1123 K. Also when annealing the Na-

implanted samples, a planar recovery of the damaged region

was observed at a typical temperature of TX�930 K.

Figure 1�b� illustrates the outdiffusion of the implanted

Rb atoms. Heating of the samples led to rapid migration of

the implanted Rb to the surface, where it evaporated. At

1000 K any possible concentration left was below the RBS

detection limit of 0.1 at. %. We define the outdiffusion tem-

perature TD, at which half the implanted ions have left the

samples: TD�Rb�=860 K. Also when annealing the Na-

implanted samples, the back edge of the implanted Rb profile

located at the amorphous/crystalline �a /c� interface was

pushed out of the recovering zone, giving TD�Na��930 K.

For both Na- and Rb-implanted samples, a large amount of
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the external 18O annealing gas was found to diffuse inside

the SiO2 matrix and a corresponding amount of 16O to dif-

fuse out of the matrix. However, no change in the total oxy-

gen concentration was observed.
11,12

The temperature depen-

dence of this exchange process after Rb implantation is

illustrated in Fig. 1�c�.
The CL measurements were performed using a 5 keV

electron beam, whose current �power density� was main-

tained at 2 �A �1 W/cm2�. The sample temperature was

kept at room temperature �RT�. The luminescence light was

detected by a Hamamatsu R928 photomultiplier after focus-

ing it into a Czerny-Turner spectrograph �Jobin Yvon

1000M�. CL spectra were collected in the wavelength range

from 200 to 900 nm at a speed of 1 nm/s with a

1200 lines/mm grating. The 300 nm range of the CL

analysis covers the amorphous zones produced in the

implantations.

The measured CL spectra are illustrated in Figs.

2�a�–2�c�. Figure 2�a� shows the intrinsic peaks taken for

samples of pure � quartz, fused silica, a-SiO2 on Si, and �

quartz amorphized by the irradiation of 800 keV Ba ions.

Note that the range of the Ba ions is far beyond the range of

the CL analysis. Figures 2�b� and 2�c� illustrate the CL spec-

tra measured after Rb and Na implantations, respectively,

and annealing in 18O2 gas. The shapes and intensities of

these spectra exhibit rather dramatic changes as a function of

the annealing temperature. The CL spectra, including several

broad and narrow peaks, were deconvoluted with Gaussian-

shaped subbands. The CL emission intensities of all the sub-

bands were corrected for the instrument response function,

which was determined by using a standard halogen calibra-

tion lamp. In the fits we adopted the CL fingerprints of the

known intrinsic subbands at 2.40, 2.79, and 4.30 eV, which

are shown in Fig. 2�a� and were introduced in Refs. 26–29.

In addition, we obtained violet bands at 3.25 and

3.65 eV. They belong to the second category of lumines-

cence centers, where defects are correlated with particular

species in the SiO2 matrix introduced by ion implantation. A

strong 3.25 eV band was previously identified in connection

with Si, Ge, and Sn nanoclusters in SiO2 �Refs. 14, 17, and

21–23�. Up to now, the 3.65 eV band has not been reported

in the literature. The temperature dependence of the 3.25 and

3.65 eV band intensities is shown in Figs. 3�b� and 3�c� for

the Rb and Na-implanted samples, respectively. The charac-

teristic temperatures for alkali-ion outdiffusion �TD� and full

epitaxy of the matrix �TX� are indicated. The fact that the

decrease in the intensity of the 3.65 eV band strongly corre-

lates with the fraction of alkali ions retained in the matrix is

of outmost importance. The rise in the 3.25 eV intensity cor-

relates with the increase in the crystalline volume fraction

�1− fV� of the implanted region.

As discussed by Stevens-Kalceff and collaborators
26–28

particular defect configurations and luminescence mecha-

nisms were proposed for the intrinsic bands.
26–31

. The facts

that we have only observed a 2.40 eV line in the case of

virgin � quartz �Fig. 2�a�� and that it is present with a con-

stant intensity in all the annealed samples indicate that this

band is connected to the electron-beam-induced vacancy in-

terstitial pairs �VO ;O2� �Ref. 30� in the CL electron bom-

bardment. The 2.79 and 4.30 eV bands observed in the cases

of Ba-irradiation-amorphized quartz, SiO2 grown on Si, and

fused quartz are related to ODC-type defects.
27,28

They are

FIG. 1. Temperature dependence of �a� the volume fraction fV of amorphous

SiO2 in the implanted region, �b� the retained fraction of implanted Rb ions,

and �c� the increase in the 18O atomic fraction and decrease in the 16O

atomic fraction in the implanted region.

FIG. 2. �a� CL spectra showing the intrinsic bands for samples of pure �

quartz, fused silica, a-SiO2 on Si, and � quartz amorphized by the implan-

tation of 800 keV Ba ions. �b� CL spectra of Rb-implanted samples taken

after annealing at different temperatures. �c� As �b� but for Na-implanted

samples.

FIG. 3. Temperature dependence of the intensities of the intrinsic 2.40, 2.79,

and 4.30 eV bands as obtained in the Rb-implanted samples �a�, of the 3.25

and 3.65 eV bands in Rb-implanted samples �b�, and in Na-implanted

samples �c�.
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present in all strongly damaged SiO2 structures and did not

anneal out in the temperature region used.

We assume the 3.65 eV band to be due to the defect

center O3wSi–O–A, i.e., an atomic configuration, where

the alkali ion �A� is connected to a dangling oxygen bond of

the nonbridging oxygen-hole center �OwSi–O · �. This con-

figuration is produced during the epitaxial regrowth, where

the effect of implanted alkali ions and migrating oxygen �O��

is described as
9,11

O3 w Si – O – Si w O3 + 2A + O�

→ O3 w Si – O – AA – O� – Si w O3

→ O3 w Si – O��� – Si w O3 + A+ – O2− – A+.

O� denotes external 18O and O��� refers to either 18O or 16O.

Note that as the A–O bond is energetically weaker �

�3 eV� than the Si–O bond �4.57 eV�, annealing disrupts

first the alkali-oxygen bond leading to alkali diffusion and

then the silicon-oxygen bond, which leads to E� center

�OwSi · �. There are several hints, which support this

interpretation:

�a� The 3.65 eV band has only been observed after alkali-

ion implantation, but neither after Ge nor Ba ion

implantation.
13,14

�b� The 3.65 eV band disappears to the extent the alkali

ions diffuse out of the samples, as Figs. 3�b� and 3�c�

indicate for Rb and Na. This has also been found after

Cs-ion implantation and partial epitaxy induced by

excimer-laser annealing.
19

The intense photoluminescence �PL� at 3.25 eV from

nanoparticles in gas-suspended SiOx,
21

and Ge- and Sn-

implanted SiO2 layers,
22,23

has been attributed to the forma-

tion of neutral oxygen vacancies �NOVs� in wSi–Siw,

wGe–Gew, wGe–Siw, wSn–Snw, and wSi–Snw

structures. These moleculelike luminescence centers have a

three-level energy system, in which blue-violet emission

��3.2 eV� and UV emission ��4.25 eV� are due to triplet-

to-singlet �T1→S0� and singlet-to-singlet �S1→S0� transi-

tions, respectively. In the current experiment, the 3.25 eV

line also appears connected to the formation of the NOV

structure wSi–Siw. During chemical epitaxy, the matrix

network is modified in such a way that E� centers �O

wSi · � are produced and join to form the NOV structure.

Annealing the Na-implanted samples at temperatures

clearly above TX led to the dissociation of the NOVs. Such

temperatures were not reached for the Rb-implanted samples.

In Ge-implanted �-quartz samples, a saturated increase in the

3.25 eV CL intensity has been observed when only about

40% of the full SPEG was achieved and the content of im-

planted Ge atoms stayed constant.
14

In double implanted

Rb/Ge samples, no loss of Ge atoms but a complete loss of

Rb atoms and full SPEG led to a high CL intensity of the

3.25 eV line.
17

The PL emission from single-crystal Ge and

Sn nanoparticles, revealed by high-resolution transmission

electron microscopy, was related to NOVs around the

nanoparticles.
22,23

We conclude that the formation of the

NOV structures between group-IV atoms indicated by the

intensive 3.25 eV light relates to a strongly damaged SiO2

matrix.

In conclusion, we have identified a photoactive defect

structure indicated by the intense 3.65 eV violet band in the

CL spectra in the chemical epitaxy of alkali-ion-implanted

�Na, Rb� � quartz. We also tentatively explain how the for-

mation of NOV structures in these samples, corresponding to

the 3.25 eV band, is connected to the recrystallization of the

implanted region in chemical annealing. Finally, we have

observed that the 2.4 eV CL band is due to electron-

irradiation-induced defects in quartz.
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