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Doping a-quartz with photoactive ions without destroying its crystalline structure appears to be a

promising way to tune its luminescent and structural properties. We have achieved dynamic solid

phase epitaxial regrowth and cathodoluminescence of 175 keV Ba-ion irradiated a-quartz in the

temperature range from 300 to 1170 K. Rutherford Backscattering Channeling analysis showed that

the amorphous layer produced by 131015 Ba ions/cm2 at 300 K had almost disappeared at an

implantation temperature of 1123 K. Room temperature cathodoluminescence exhibited dramatic

changes in the optical spectra as a function of the implantation temperature and allowed to

distinguish between color centers related to quartz, ion-irradiated silica and implanted Ba. Between

770 and 1100 K, room-temperature cathodoluminescence showed a predominant blue and other

weak bands connected to various known defects in the wSi-O-Siw network. However, after

achieving almost complete solid phase epitaxial recovery, only a violet band at 3.4 eV remained,

which we attribute to Ba-related luminescence centers. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1784538]

Due to its high chemical and thermal stability, amor-

phous and crystalline silicon dioxide (a-SiO2, silica, c-SiO2,

quartz), a wide-band gap material, is extensively used in fab-

ricating various optoelectronic and photonic devices such as

optical waveguides, resonators, switches, and splitters.
1–3

Due to its high technological importance, various fundamen-

tal properties have been studied.
4–7

Major efforts are also

undertaken to construct light-emitting devices by doping

SiO2 with semiconducting and metal elements using various

processing techniques.
3,8–13

For example, strong blue and

violet photoluminescence has been reported after Ge-ion im-

plantation into a-SiO2 and vacuum annealing.
8,10,13

Both

pure amorphous and crystalline SiO2 show weak intrinsic

luminescence light in the visible range. The luminescent

properties and associated centers are very sensitive to the

preparation methods of the samples, depending on intrinsic

and radiation-induced defects, flexibility of the SiO2 network

structure, microstructure of the implanted species, mechani-

cal stress, temperature treatment, and many other

factors.
3,14–19

Many of these problems could be avoided by introducing

the dopants directly into the quartz matrix without destroying

its crystalline structure. For instance, the formation of small

Si or Ge clusters or nanocrystals embedded in a-quartz

would be possible and may offer attractive optical applica-

tions in future. However, because of its structural constraints,

quartz gets easily amorphized during implantation of the

dopants at low temperature. The critical energy density Ec,

which needs to be deposited to achieve amorphization is

given by Ec=FcFD
max, where Fc is the critical fluence for

amorphization and FD
max is the maximum deposited energy,

which depends on the energy and mass of the incident ions

and target atoms.
20–23

The attempts to achieve complete solid

phase epitaxial regrowth (SPEG) of such amorphous layers

via thermal vacuum postannealing have not been successful.

Only recently, we developed two methods to achieve com-

plete SPEG of ion irradiated synthetic a-quartz (or thin

a-SiO2 films on quartz): (1) in dynamical SPEG,
21

the Ne

ions are implanted in vacuum into the heated a-quartz in

such a fashion that the radiation damages are removed during

the implantation process itself and crystalline quartz is re-

stored; (2) in chemically guided SPEG,
24–27

quartz is irradi-

ated with alkali ions and then postannealed in oxygen or in

air. While the alkali ions diffuse out of the sample, this pro-

cess can also lead to full epitaxy.

In the present letter we report almost complete dynamic

epitaxy of a-quartz during Ba ion implantation. In contrast to

previous studies of epitaxy after irradiation with noble gas

and alkali ions, which diffuse out during the respective ther-

mal treatments, the implanted species sBad remain in the

matrix during the recrystallization process. By measuring the

cathodoluminescence (CL) spectra during the epitaxy, we

demonstrate that the luminescence properties are highly cor-

related to the structural transformations of the matrix during

implantations in the temperature range between 300 and

1170 K. This provides the possibility to distinguish between

various color centers (related to either quartz or ion-beam

amophized silica or the implanted Ba ions themselves). Be-

sides achieving epitaxy after the implantation of optical dop-

ants, this work adds to answering the fundamental questions

of the origin and thermal behavior of luminescence centers in

SiO2.

Polished a-quartz samples, (0001) oriented were irradi-

ated with 175 keV (and 800 keV) Ba+ ions (beam current

,0.5 mA) to a fixed fluence of 131015 / cm2 at temperatures
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between 300 and 1170 K. The damage and Ba depth distri-

butions were monitored by means of Rutherford

backscattering-channeling (RBS-C) with a 0.9 MeV a-beam

obtained from Göttingen ion implanter IONAS. The RBS

data were analyzed with the program RUMP
28

and DAMAGE.
20

CL measurements were performed using a 5 keV, 2 mA

s1 W/cm2d e-beam (specs EQ-22) in the temperature range

from 12 K to room-temperature (RT), using a closed-cycle

helium refrigerator. The luminescence light was detected by

a Hamamatsu R928 photomultiplier after focusing into a

Czerny-Turner spectrograph (Jobin Yvon 1000M). CL spec-

tra from different spots on the samples were collected for

700 s (speed 1 nm/s) in the wavelength range from 200 to

900 nm.

First we present the results on the dynamic epitaxy of

a-quartz after 175 keV Ba+ implantation as function of the

sample temperature [see Fig. 1(a)]. After Ba implantation at

RT, the height of the RBS signals from both the Si and the O

sublattice in the near-surface region reached the random

level indicating the formation of a 175-nm-thick homoge-

neous amorphous layer. For increasing sample temperature,

the thickness of the amorphous layer decreased indicating a

gradual and planar recrystallization process. Above 1100 K,

radiation-induced damage and dynamic thermal recrystalliza-

tion compensated each other and hence (almost) no damage

remained in the sample for this fluence. The Ba profiles in all

the cases were Gaussian-shaped; the measured average pro-

jected range of 75 nm compares rather well with the value

64 nm, calculated with the program SRIM.
29

It may be noted

that SPEG (figure is not shown here) did not occur after Ba

implantation at liquid nitrogen temperature followed by

vacuum annealing up to 1370 K. From the damage profiles,

the regrowth speed of the epitaxially recovered layers was

determined as a function of temperature and is plotted in Fig.

1(b). It shows Arrhenius behavior with an activation energy

of EA=0.24±0.02 eV, which is very close to the value

obtained
21

in the case of 50 keV Ne implantations in quartz

s0.26 eVd. This suggests similar defect annealing mecha-

nisms in both cases and can be explained by the vacancy

outdiffusion model.
21

The room-temperature CL spectra shown in Fig. 2(a)

were converted to the energy scale and decomposed into up

to five Gaussian-shaped peaks (full width at half maximm

,0.3–0.7 eV) as described in Refs. 15 and 30. The CL emis-

sion intensities of all the subbands were corrected for the

instrument response function, which was determined using a

standard halogen calibration lamp. In Fig. 2(b), the inte-

grated intensities of the four bands are plotted as a function

of the sample temperature during the Ba implantations.

The nonimplanted sample, i.e., pure a-quartz, is charac-

terized by a very weak and broad peak at 2 eVs620 nmd in

the red region. The origin of this peak is due to electron

irradiation induced defects in the SiO2 matrix. This peak is

attributed either to the nonbridging oxygen hole centers

(NBOHC, OwSiuO), or to the three coordinated silicon

with a trapped electron swSi:d or to the other associated

precursors.
15–17,19

The intensity of this weak band is insensi-

tive to the presence of Ba ions and the implantation tempera-

ture and is therefore not shown in Fig. 2(b).

After Ba implantation at RT (and up to 1100 K) leading

to amorphization, the CL spectrum showed peaks at 3.4 eV

s363 nm,V=violetd, 2.79 eV s442 nm,B=blued, 2.42 eV

s510 nm,G=greend, and at 4.2 eV s294 nm,UVd. As illus-

trated in Fig. 2, all these peaks, except the violet one, were

also observed in a quartz sample amorphized by 800 keV

Ba++-ion irradiation. As the projected range s260 nmd is

larger compared to the electron penetration depth

s,100 nmd, CL arises only from the top amorphous SiO2

layers. In particular, the peaks at 2.79 eV (B) and 4.2 eV

(UV) are associated with oxygen deficiency centers (ODC,

OwSi-SiwO) or with their precursors produced during

irradiation.
15–19

The blue one is the most dominant peak

whose intensity reaches its maximum at 1020 K and which

FIG. 1. (a) RBS-channeling spectra showing dynamic SPEG of the SiO2

matrix for increasing sample temperature during 175 keV Ba+ ions implan-

tation at a fluence of 131015 ions/cm2. The channeling and random spectra

of a nonirradiated sample are also given. (b) Regrowth speed of Ba-doped

quartz as a function of sample temperature.

FIG. 2. (a) Cathodoluminescence spectra taken at RT in Ba-irradiated quartz

at different implantation temperature between 300 and 1170 K. (b) Tem-

perature dependence of the intensities of the extracted subpeaks.
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almost disappears at 1120 K where complete SPEG is

achieved [Fig. 1(a)]. The green peak at 2.42 eV may be con-

nected to oxygen vacancy-interstitial pairs sVOsO2Cdid,

where VO is the oxygen vacancy,
14,18

or it may be due to

irradiation-induced STE within the a-SiO2 outgrowth at the

top of the quartz crystal containing a large amount of peroxy

linkages sSi–O–O–Sid.
15

Therefore, all these peaks are as-

sociated with various defect centers in the SiO2 matrix.

In contrast to the CL bands from the SiO2 matrix, the

violet band at 3.4 eV s363 nmd grows in intensity with in-

creasing sample temperature during irradiation and saturates

above 1100 K, where complete SPEG occurs. The

temperature-dependent CL exhibits this violet peak above

100 K and saturates at about 200 K. At this point it is inter-

esting to note that the implanted Ba distribution [Fig. 1(a)] is

independent of the implantation temperature. These facts

suggest that the violet peak is associated with Ba-related de-

fects in the SiO2 network, such as –O–Si–O–Ba2−. Also, it

may be connected with the formation of Ba clusters or Ba

colloids since Ba can capture oxygen from the silica network

structure due its large electron affinity compared to Si.
3

We

noted that the energy of the violet peak changed slightly with

the implantation temperature s3.34–3.50 eVd and that this

peak has twice the width of the other peaks.

Finally, it is interesting to note that the UV peak at

4.2 eV has only been observed
19

in the crystalline tetragonal

stishovite phase or in amorphous SiO2, but not in the hex-

agonal phase. Therefore, the disappearance of this peak

above 1100 K indicates that the Ba-doped quartz has re-

gained its hexagonal phase after the regrowth process. There-

fore, the CL and RBS-C results clearly demonstrate that the

luminecent properties of the dopant can be tuned by elimi-

nating radiation-induced defect luminescence in the SiO2

matrix via dynamic SPEG and this method is expected to

work for doping a-quartz with other elements.

In conclusion, we have demonstrated that Ba can be in-

corporated via dynamic SPEG in single-crystalline a-quartz

hardly affecting its crystalline structure. CL studies showed

visible and UV peaks at 2.42, 2.79, 3.4, and 4.2 eV, all of

which are associated with defect centers in the SiO2 network.

After achieving (almost) complete SPEG above 1100 K,

these peaks either disappeared completely or decreased dras-

tically in favor of a violet peak at 3.4 eV, which we tenta-

tively connect to Ba-related optical centers in the SiO2 net-

work. These findings open up new possibilities to produce

semiconductor or rare-earth or metallic small clusters and

nanostructures in a-quartz for fundamental studies and pho-

tonic applications.
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