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Correlation between the 3.1 eV emission band and local atomic configuration was systematically
examined for Ge+ implanted silica glass by UV–vis optical absorption spectroscopy and X-ray absorp-
tion fine structure (XAFS) analysis. The 2.7 eV emission band, commonly observed in defective silica,
was replaced by the sharp and intense 3.1 eV emission band for the Ge+ fluence > 2 � 1016 cm�2, in
which UV–vis absorption spectra suggested clustering of Ge atoms with the size �1 nm. XAFS spec-
troscopy indicated that the Ge atoms were under coordinated with oxygen atoms nearly at a neutral
valence state on average. The present results are consistent with the previous ESR study but imply
that the small Ge clusters rather than the O=Ge: complexes (point defects) are responsible for the
3.1 eV emission band.

� 2009 Published by Elsevier B.V.
1. Introduction

Silica glass is now widely used as optical windows, insulating
parts and optical fibers under fission environments and will be
used in future D-T burning fusion apparatus [1–5]. It has been
reported that the photosensitivity of silica windows and fibers
are closely connected with an absorption band around 5 eV and
the corresponding emission band centered at �3.1 eV [6–9],
likely related to Ge impurities. The previous studies, which re-
sorted to photoluminescence (PL), ESR and other spectroscopic
techniques, provide important information about the chemical
and electronic states of point defects. However, those techniques
are insensitive to defects with mesoscopic scale consisting of 10–
100 atoms, while the recent sophisticated diffraction techniques
only provide a statistically averaged structure.

X-ray absorption fine structure (XAFS) probes the local spatial
and electronic structures around a specific element (X-ray absorb-
ing atom), being suitable for the present situation. In addition,
a recent state-of-art combination of intense, energy-tunable
synchrotron radiation source and a high-sensitive detector has
enabled us to obtain a high-quality XAFS spectrum even for an
impurity of a very low concentration. In the present study, we
successfully obtained the Ge K-edge XAFS of Ge+-implanted silica
glass samples containing Ge as low as �0.002 at.% within the
Elsevier B.V.
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X-ray probing depth region. The results were compared with the
optical properties of the samples to gain insight into what is really
responsible for the 3.1 eV emission band.

2. Experimental

The sample used in this study was a synthesized silica glass
(T-4040, OH content: 800 ppm) produced by Toshiba Ceramics,
Japan, 13 mm in diameter and 2 mm in thickness.

Mass analyzed Ge+ ions of 30 keV were injected into the sam-
ples at room temperature normal to the sample surface. The Ge+

fluence ranged from 2 � 1014 to 2 � 1016 cm�2. A Monte Carlo cal-
culation (SRIM code) [10] showed that the implanted Ge atoms
were distributed up to ca. 50 nm, peaking around 25 nm in depth
from the surface.

PL and optical absorption spectra before and after Ge+ implan-
tation were measured at room temperature using a Hitachi
F-4500 spectrometer and a JASCO V-550 optical spectrometer
(transmission mode), respectively.

X-ray absorption experiments were carried out at the beam line
9A at Photon Factory in High Energy Accelerator Research Organi-
zation Institute of Materials Structure Science at Tsukuba, Japan,
using a two-crystal Si(111) monochromator. A XAFS spectrum of
the Ge+ implanted sample was measured in the fluorescence mode
with a high sensitivity 19-element solid-state Ge detector. The
X-ray probing depth was estimated to be approximately 0.1 mm
from the surface.
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Fig. 2. Optical absorption spectra of silica glass before and after Ge+ implantation.
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3. Results and discussion

Fig. 1 shows PL spectra excited by 5 eV light before and after
implantation. A weak and broad band is observed before implanta-
tion, while the new emission band around 2.7 eV appears after the
implantation of 2 � 1015 cm�2. It is likely that the 2.7 eV PL band
likely originates from the displacement damages, because a similar
PL band was observed in silica irradiated by other ions (H+, D+ or
He+) or neutrons [11–14]. The previous studies assigned this PL
band to the B2a oxygen deficient centers [6,7] and/or small Si clus-
ters [15].

When the fluence is more than 2 � 1016 cm�2, a sharp and in-
tense 3.1 eV PL band replaces the 2.7 eV band. Cannizzo et al.
[16] observed 3.1 eV PL for Ge-doped silica fabricated by a sol–
gel method and assigned the PL to a two-fold oxygen-coordinated
Ge atom (O=Ge:). On the other hand, Oku et al. [15] claimed that
the 3.1 eV PL band from a silica glass containing Ge and GeO2 nano-
crystals was due to the quantum size effect of Ge clusters.

Fig. 2 shows optical absorption spectra of the samples. A large
absorption band around 6 eV is seen in the 2 � 1015 cm�2 im-
planted sample. This type of strong absorption peak is commonly
seen in metal-implanted silica, suggesting that Ge atoms are atom-
ically dispersed over the entire implanted range [17,18]. In the
2 � 1016 cm�2 implanted sample, this large band significantly
shrinks suggesting that the isolated Ge atoms begin to produce
clusters as the density of implanted Ge increases. Furthermore,
the 6 eV band shrinking remains weak, while other broad bands
appear at about 4.2 and 5.8 eV. The 5.8 eV band is due to the well
known E’ band [19], while if we assume that the broad 4.2 eV band
is ascribed to small germanium clusters [20], the average cluster
size can be estimated by the Mie’s resonance scattering formula
[21] when the radius, R, of spherical particles is small compared
to the wavelength k of the incident light:

R ¼
Vf k

2
p

2pCDk
ð1Þ

where Dk is the full-width at half-maximum (FWHM) of the optical
absorption peaks, Vf is the Fermi velocity of electrons in bulk metal,
C is the speed of light in vacuum, and kp is the wavelength of the
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Fig. 1. PL spectra excited by 5 eV light for silica glass before and after Ge+

implantation.
absorption peak. The average particle size was then estimated to
be 1–2 nm.

Fig. 3 shows Ge K-edge XANES spectra of the 2 � 1016 cm�2 im-
planted sample, pure Ge and GeO2 powder samples. The XANES
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Fig. 3. Ge K-edge XANES spectra from a GeO2 powder (a), the silica glass implanted
with 2 � 1016 Ge+ cm�2 (b) and a Ge powder (c). The peaks A and B are due to the
long-range periodic nature of the crystal sample, and the peak C is given rise to by
the multiple scattering within the GeO4 tetrahedron.



Table 1
Results of curve-fitting analyses.

Sample Shell CN R(Å) r(Å)

Ge+ 2x1016/cm2 Ge-O 1.9 1.76 0.09
Ge-Ge 1.5 2.47 0.0

Ge powder Ge-Ge 4.0 2.45 0.0

The region of 0.9–2.9 Å in RSFs was inversely Fourier transformed. Theoretical
parameters of Ge-O and Ge-Ge shells reported by Mackel were used for curve-
fitting. The errors in coordination number and interatomic distance are ± 20%
and ± 0.02 Å, respectively. r is the Debye–Waller factor.
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spectrum of GeO2 shows characteristic resonance peaks A, B, and C
in the post-edge region. It is reported that the peaks A and B are
due to the long-range periodic nature of the crystal sample, and
the peak C is given rise to by the multiple scattering within the
GeO4 tetrahedron [22,23]. In the XANES spectrum of the implanted
sample, the peaks A and B are smeared out while the peak C is still
apparent. This feature is similar to that of amorphous GeO2 and a
SiO2–GeO2 glass (not shown here) rather than crystalline GeO2

[23], indicating disordering of the tetrahedral symmetry around
Ge. The Ge K-edge threshold of the Ge+ implanted sample is shifted
to the lower energy side by �4 eV with respect to that of GeO2,
approaching to that of pure Ge. Furthermore, the relative height
and width of the first primary peak exhibit a feature between those
of Ge and GeO2. This suggests that each implanted Ge atom takes
an intermediate valence state between the neutral (Ge(0)) and tet-
ravalent (Ge(IV)) states. This means that on average Ge atoms are
partly bonded to Ge or Si and partly to O.
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Fig. 4. k3-weighted Ge K-edge EXAFS spectra of silica glass implanted with 2 � 1016

Ge+ cm�2 and a Ge powder (a), and their radial structural functions (b).
Fig. 4(a) shows k3-weighted and normalized Ge K-edge EXAFS
spectra obtained from the 2 � 1016 cm�2 implanted sample and
the Ge powder. The main EXAFS oscillation of k = 6–12 Å�1 of the
Ge+ implanted sample is similar to, but its amplitude is much smal-
ler than that of the Ge powder. The smaller amplitude of the EXAFS
oscillation suggests that a large fraction of Ge atoms are under
coordinated, and/or lower symmetry around Ge atoms causes a
fast decay of the amplitude. The Fourier transform (FT) of the Ge
K-edge EXAFS spectrum in the 3–15.0 Å�1 region is shown in
Fig. 4(b), as the radial structure function (RSF). At first sight the
first peak appearing around 1.5 Å should correspond to the Ge-O
bonds and the largest peak observed at 1.8–2.8 Å to the second-
neighbour Ge atoms, judging from the peak positions.

To examine the local structure around Ge atoms in further
length, we performed nonlinear least-square curve-fitting to the
Fourier-filtered EXAFS including the first and the second coordina-
tion shells, and the results are summarized in Table 1. In the Ge+

implanted sample, the Ge-O distance was estimated to be 1.76 Å,
which is much longer than the stable Si-O covalent distance,
1.60 Å. The coordination number (CN) of the adjacent oxygen
atoms was estimated to be �2 rather than 4. These results suggest
that the implanted Ge atoms are not substituted for the Si site in
the SiO4 unit. On the other hand, the average Ge-Ge distance was
estimated to be 2.47 Å, which is in good agreement with that of
pure Ge. The average coordination number (CNGe) for the Ge-Ge
shell was estimated to be 1.5, which is significantly smaller than
that of pure Ge. Considering that the surface atoms (CNGe 6 2) out-
number the core atoms (germanium CNGe 6 4) for a Ge cluster
including less than 100 atoms, these above imply that the size of
the small Ge clusters extends no larger than 1 nm, which is quite
consistent with the UV absorption results.
4. Conclusion

We examined the local spatial and electronic structures of Ge
atoms implanted into silica glass to clarify the origin of the 3.1
emission band by means of optical absorption spectroscopy and
XAFS analysis. We concluded that Ge clusters no larger than
1 nm, embedded in the silica glass matrix, are responsible for the
3.1 eV PL band.
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