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摘 要：采用溶胶–凝胶法结合高温真空烧结制备不同 F 含量的 Yb3+/Al3+/Ce3+/F–掺杂石英玻璃。系统研究了 F 含量变化对这
些玻璃的折射率、光谱性质、耐辐射特性的影响，并联用多种结构解析手段从玻璃微观结构变化角度研究其影响机理。通过
Fourier 转换红外光谱(FTIR)测定玻璃的假想温度(Tf)，该温度与玻璃的结构混乱度有关；采用固态核磁共振(NMR)和 Raman
光谱研究玻璃的网络结构变化；用脉冲电子顺磁共振(EPR)技术研究 Yb3+离子的局部环境；采用连续波 EPR 和光学吸收谱鉴
定 γ 射线辐射诱导玻璃形成的硅相关(Si-E'、NBOHC)、铝相关(Al-E'、Al-ODC、AlOHC)和镱相关(Yb2+)色心。研究结果表明，
掺 F 不但能有效降低玻璃折射率和提高玻璃的耐辐射特性，且不会明显恶化 Yb3+离子的光谱性质；FTIR 测试表明，掺 F 急
剧降低了玻璃的 Tf 和结构混乱度；Raman 和 NMR 测试表明，随着 F 含量增加，三元环和四元环结构下降，六配位铝(AlVI)
明显增加；脉冲 EPR 测试表明，F 原子进入 Yb3+的局部环境。这些结构解析有助于解释 F 含量变化对 Yb3+/Al3+/Ce3+/F-掺杂
石英玻璃宏观性质的影响机理，为制备低数值孔径且抗辐射的掺 Yb3+石英光纤提供了参考。
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Abstract: Yb3+/Al3+/Ce3+/F–-co-doped silica glasses with different fluorine contents were prepared by a sol-gel method combined
with high-temperature sintering. Changes in refractive index, spectroscopic properties and radiation resistance of these glasses caused
by fluorine doping have been correlated with their microscopic structure information, obtained via several structural methods. The
fictive temperature (Tf) as a proper indicator for structural disorder was determined by Fourier transform infrared spectroscopy (FTIR).
The glass network structure was characterized by nuclear magnetic resonance (NMR) and Raman scattering. The local coordination
atom structures of Yb3+ ions in pristine glasses as a function of fluorine content were analyzed by advanced pulse electron
paramagnetic resonance (EPR). The radiation-induced Si-(Si-E', NBOHC), Al-(Al-E', Al-ODC, AlOHC) and Yb-(Yb2+) related color
centers were determined by optical absorption and continuous wave-EPR spectroscopies. The results show that fluorine can
effectively adjust the refractive index and significantly improve the radiation resistance of glasses, but cannot evidently deteriorate the
spectroscopic properties of Yb3+ ions. FTIR confirms that the fictive temperature as well as structural disorder is greatly reduced by
fluorine doping. The three- and four-membered ring structures decrease and the six-coordinated Al increases with increasing fluorine
content as detected by Raman and NMR, respectively. Pulse EPR confirms that fluorine is located at the local coordination sphere of Yb3+
ions. This structure identification could favor to explain the composition-dependent macroscopic properties of Yb3+/Al3+/Ce3+/F--doped
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silica glasses, besides, this work provides an available solution to obtain the radiation-resistive Yb3+-doped silica fibers with a low
core numerical aperture as well.
Keywords: fluorine-doped silica glass; structural relaxation; radiation resistance; rare earth local structure

1 Introduction
Ytterbium-doped silica fiber (YDF) lasers have
emerged as a very attractive technology to implement
space optical communication, space laser radar, space
trash disposal, and space laser weapon, owing to their
reduced weight and size, and high power, beam quality[1].
When YDF is used in space missions, excess optical
losses can be induced by external ionizing radiations,
resulting in a drastic decrease of laser slope efficiency.
Co-doping with Ce3+ is one of the most effective methods
to improve the radiation resistance of rare earth (RE)
doped silica-based optical fibers[2–3]. Al3+ is generally
adopted in silica glass to increase RE ions solubility and
maintain laser efficiency. However, incorporation of Yb3+,
Al3+, and Ce3+ into silica glass will increase the refractive
index of the fiber core, leading to high core numerical
aperture (NA), as well as deteriorating the beam quality of
the YDF.
Reducing the refractive index difference between
Yb3+-doped silica-core glass and cladding silica glass is
efficient to obtain high beam quality in large mode area
YDF. Several studies have shown that co-doping with F–
is one of the most effective methods to reduce the
refractive index of Yb3+-doped silica-core glass[4–8].
Heraeus fabricated a F– doped silica-core glass through
reactive powder sintering of silica (REPUSIL)
technology, showing a refractive index difference of
–8×10–3 to pure silica[6]. Yb3+/Al3+/F–-co-doped silica
with a NA as small as 0.025 has been successfully
prepared using a proprietary RE vapor delivery system
coupled with a standard modified chemical vapor
deposition (MCVD) lathe[8]. Our research group focused
on the preparation of large Yb3+-doped silica-core glass
rod with low refractive index and high optical homogeneity
by modified sol-gel method combined with high-temperature
sintering. Using this approach, we have achieved a nearly
diffraction-limited laser output in Yb3+/Al3+/F–-co-doped
double cladding silica fiber with 50 μm core diameter and
0.02 core NA[9], and a quasi-single-mode laser output in
Yb3+/Al3+/P5+/F– co-doped photonic crystal fiber with 50 µm
core diameter and 0.027 core NA[10]. In addition, our
previous study showed that introduction of F led to a slow
decrease in the absorption and emission cross sections of
Yb3+/Al3+/F–-doped silica glass[4], however, the
microscopic structural origin of this phenomenon is not
still very clear.
Previous studies reported that the resistance of pure
silica to ultraviolet (UV) light and harsh radiation can be
remarkably improved by F-doping, which is due to the
precursor of Si-related color center, that is broken by
F-doping[11–12]. Schuster et al.[6] found that the

photodarkening resistance of Yb3+/Al3+-doped fiber can
be significantly enhanced by co-doping with F. However,
whether F can improve the radiation resistance of
Yb3+/Al3+-doped silica glasses has not been still fully
elucidated.
Furthermore,
Deschamps
et
al.[13]
demonstrated that the Al-related color center (AlOHC) is
primarily responsible for the radiation-induced darkening
in Yb3+/Al3+-doped silica glass, suggesting that the role of
F in the radiation response of Yb3+/Al3+-doped silica
glass may be different from that one in pure silica.
The effect of fluorine on the structure of Yb3+-doped
silica glass has been rarely studied [5,7]. Li et al[5] studied
the Raman and X-ray Photoelectron Spectroscopy (XPS)
spectral changes caused by F-doping in Yb3+/Ce3+
co-doped aluminosilicate prepared by MCVD, while the
low F content (<0.3%, mass fraction) limits a deeper
structural analysis; the Raman peak centered at 940 cm−1
due to the Si–F stretching vibration mode has been
observed in Yb3+/F--doped silica-core glass with a high F
content (1.2%) prepared by sol–gel [7]. To the best of our
knowledge, the effect of F-doping on the local structure
of Yb3+-doped silica glass has never been studied.
Youngman et al.[14] confirmed that there are two distinct
types F environment in F single-doped silica glass by
nuclear magnetic resonance (NMR): SiO3F tetrahedral
units and SiO4F species with a five-fold coordinated
silicon. Saito et al.[15] found that the incorporation of F
into silica glass significantly enhances the structural
relaxation. As a metastable substance, the structural
relaxation refers to a slow change in atomic arrangement
inside glass toward the stable structure at a proper
temperature, resulting in the physical and chemical
properties of glass are largely dependent on its thermal
history. Besides, fictive temperature (Tf) can be
determined by Fourier-transform infrared spectroscopy
(FTIR)[17], however, no study has reported the effect of
structural relaxation on spectroscopic properties and
radiation resistance of Yb3+-doped silica-core glass.
In this study, sol–gel method combined with high
temperature
sintering
was
used
to
prepare
Yb3+/Al3+/Ce3+/F–-doped silica glasses with different F
contents. Compared with the traditional modified
chemical vapor deposition method, this method is highly
appropriate to prepare large-sized and homogeneously
doped glass samples with a high F content (>1%). Effects
of F content on the refractive index, spectroscopic
properties, and radiation resistance to γ-ray were
systematically studied. Solid-state NMR and Raman
spectra were employed to study the network structure of
glass samples, whereas advanced pulsed electron
paramagnetic resonance (EPR) has been utilized to
characterize the local environments of Yb3+ ions as a
function of the F content. In addition, Tf has been
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determined by FTIR, and radiation-induced color centers
were detected by continuous wave (CW)-EPR. Based on
the experiments mentioned above, the structure−property
relation in Yb3+/Al3+/Ce3+/F–-doped silica glasses has been
established as well.

2

Experimental procedure

Tetraethoxysilane (TEOS), C2H5OH, AlCl3·6H2O,
YbCl3·6H2O, CeCl3·7H2O and (NH4)2SiF6 were used as
precursors. Ethanol was utilized as a solvent. Deionized
water was added to sustain the hydrolysis reaction. All
the chemical reagents were analytically of pure grade.
The preparation process of Yb3+-doped silica glass using
the sol-gel method has been previously described[4,10].
The sol was heated in an oxygen atmosphere from
70 to 1 100 °C to decompose the hydroxyl and organics.
Then, the sol powder was sintered into glass at 1 750 °C
for 3 h in a vacuum state. The mean compositions of the
glass samples are listed in Table 1. SiO2 was introduced
with TEOS and (NH4)2SiF6; F was introduced by
(NH4)2SiF6. Five samples with mean F/Si mass ratio of
0%, 2%, 4%, 8% and 12% were prepared and named
YACF0, YACF2, YACF4, YACF8, and YACF12,
respectively. Al3+ single-doped (named Al) and Al3+/Yb3+
co-doped (named Al/Yb) samples were prepared using
the sol–gel method. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) indicated that the
contents of Yb2O3, Al2O3, and Ce2O3 in these silica
glasses were close to the theoretical values as shown in
Table 1. The F content was determined by electron
probe microanalysis (EPMA, model JXA8230; JEOL
Ltd., Tokyo, Japan), with the test error being less than
10%. A Heraeus Quarzglas quartz tube with a F-doping
concentration of 65 000×10–6 (mass fraction) was used
as a reference as well. The actual content of F was
remarkably lower than the corresponding theoretical
value due to F volatilization during high-temperature
sintering process (Table 1).
Table 1.

Mean theoretical and actual compositions in
glasses
Mean theoretical compositions,

Mean actual compositions,

x/%

w%

Sample
Al2O3

Yb2O3

Ce2O3

F/Si

Yb

Al

Ce

F
–

Al

1

0.0

0.0

0

–

0.85

–

Yb/Al

1

0.1

0.0

0

0.48

0.83

–

–

YACF0

1

0.1

0.05

0

0.49

0.86

0.20

0.00

YACF2

1

0.1

0.05

2

0.49

0.77

0.19

0.44

YACF4

1

0.1

0.05

4

0.48

0.81

0.18

0.85

YACF8

1

0.1

0.05

8

0.49

0.82

0.18

1.1

YACF12

1

0.1

0.05

12

0.50

0.85

0.19

0.19

x is molar fraction; w is mass fraction.

Bulk glasses were irradiated at room temperature with
γ-rays from a 60Co radiation source (Shanghai Institute of
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Applied Physics, Chinese Academy of Sciences,
Shanghai, China) up to total accumulated doses of 1 700
Gy at a dose rate of 100 Gy/h. Bulk glasses were cut and
polished to thickness of 2 mm (ϕ15 mm) for the
spectroscopic property tests. Powder samples with the
weight of approximately 200 mg were used for the EPR
and NMR tests.
The refractive indices at wavelength of 1 064 nm with
thickness of 0.5 mm (ϕ15 mm) were measured using the
prism coupling method. The absorption spectra were
recorded using a model Lambda 950 UV-Vis-NIR
spectrophotometer (PerkinElmer, Waltham, MA, USA) at
the range of 190–1 100 nm. The emission spectra excited
at 896 nm by a xenon arc lamp and the fluorescence
lifetimes excited at 896 nm for Yb3+ ions using a
microsecond-pulsed xenon flash lamp were measured
using Fluorescence lifetime and steady-state spectrometer
(model FLSP 920; Edinburgh Instruments Ltd., Livingston,
UK). Raman spectroscopy was conducted by an inVia
Raman microscope (Renishaw, Wotton-under-Edge, UK)
using a 488 nm argon-ion laser as an excitation source.
Infrared (IR) absorption spectrum was measured by a
FTIR spectrophotometer (model Nicolet 6700; Thermo
Fisher Scientific, Waltham, MA, USA). The Tf was
determined from a peak location of IR absorption
spectrum appeared around 2 260 cm–1, accompanying
with a higher accuracy better than 5 °C using Eq. (1)[17]:
(1)
  2 228.64  (43 809.21 / Tf )
where ν is the peak position at 2 260 cm–1.
All the EPR experiments were undertaken on an
model ELEXSYS E 580 FT/CW X-Band spectrometer
(Bruker, Billerica, MA, USA). The CW-EPR spectra for
paramagnetic point defects were recorded at room
temperature. The two-pulsed (π/2-τ-π-τ-echo) echo-detected
field-swept EPR (EDEPR) spectra were recorded at 4 K,
and the π/2 and π pulse lengths were 8 and 16 ns,
respectively. The time delay between the pulses was set
to τ = 140 ns. The four-pulse two-dimensional hyperfine
sublevel correlation (2D-HYSCORE) spectrum was recorded
at 4 K using the pulse sequence π/2-τ-π/2-T1-π-T2-π/2-τ-echo
with a time delay of τ = 140 ns under an external
magnetic field of 450 mT.
All the NMR experiments were performed on a
Bruker Avance III HD 500 mol/L spectrometer (11.7 T;
Bruker, Billerica, MA, USA). 27Al magic angle spinning
(MAS) was acquired with short pulses of 1 μs length and
a relaxation delay of 1 s at a resonance frequency of
130.3 MHz (27Al) using a 4 mm MAS-NMR probe
operated at a rotor frequency of 12.0 kHz. Chemical
shifts are reported relative to the spectra of a 1 mol/L
Al(NO3)3 aqueous solution. 19F MAS NMR spectra were
undertaken at 470.54 MHz, using a 2.5 mm probe
operated at a spinning rate of 25.0 kHz. In addition, 90°
pulses with 2.35 μs length were used with a relaxation
delay of 32 s, ensuring full signal recovery. Chemical
shifts were referenced to CFCl3 by using AlF3
(−172.5×10–6) as a secondary reference. Line shape
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analysis and deconvolutions were performed using
DMFIT software[18].

3

Result and discussion

3.1 Doping homogeneity and refractive index
Figure 1(a) shows the typical Yb, Al, Ce, and F
concentration profiles in YACF8 sample, determined by
EPMA line scanning technique. It can be seen that the
doping distribution profiles of Yb, Al, Ce, and F are
uniform, and the F content is as high as 1.1%.
Figure 1(b) shows the refractive index (RI) at 1 064
nm and actual F content against the mean mass ratio of
F/Si. The RI of pure silica glass is presented in Fig. 1b
for making comparison (black pentagram) as well. The
EPMA indicates that the actual F content in

(a) EPMA line scan: Yb, Al, Ce, and F
concentration profile of YACF8 sample

Fig. 1

Yb3+/Al3+/Ce3+/F–-co-doped glasses initially increases
until F/Si ratio reaches 8%, and then decreases with the
further increase of F/Si ratio. Besides, the similar
phenomenon was observed in our previous research[4], in
which it can be justified as F-Si bonds are generated on
the surface of SiO2 particles in sol-gel process. However,
increase of F/Si ratio decreases specific surface area of
SiO2 particles. Therefore, the high F/Si ratio employed in
sol–gel process may hinder the generation of F-Si bonds
and decrease the residual F content in the resultant
samples[4]. The RI initially decreases and then increases as
the F/Si ratio increases, which are negatively associated
with the F content of glass samples. The minimum RI
was observed in YACF8 sample, that is approximately
equal or even lower than that of pure silica glass.

(b) Refractive index (RI) and F content in glass
versus mean F/Si mass ratio

Determination of residual F content in glass versus mean F/Si mass ratio

Spectroscopic properties of Yb3+/Al3+/Ce3+/F–-codoped glass
Figure 2(a) shows the absorption spectra of
Yb3+/Al3+/Ce3+/F–-co-doped samples, in which it can be
clearly seen that the F content has a significant impact on
the UV absorption band (200−500 nm) and the
absorption coefficients of Yb3+ ions (850−1 050 nm). The
UV absorption edges of the samples show a slow blue
shift as the F content increased, in which similar result
was observed in F-single doped silica glasses as well[15]
this phenomenon is associated with the reduction of
structure disorder, see section 3.4. In addition, a slow
decrease in the absorption coefficients of Yb3+ ions
(850−1 050 nm) as well as a redshift at the broad shoulder
around 915 nm were observed with the increase of F
content.
Figure 2(b) shows the photoluminescence (PL) spectra
of Yb3+/Al3+/Ce3+/F–-co-doped samples, along with a
slow decrease in the PL intensity of Yb3+ ions (900−1
150 nm), and a slight blue shift at the broad shoulder
around 1 030 nm with the increase of the F content. The
absorption and PL spectral changes of Yb3+ ions were
associated with the changes of Yb3+ local environment and
degree of structural disorder (see Sections 3.4 and 3.5).
3.2

2019 年

Figure 2(c) illustrates the absorption cross-section at 975
nm (σabs) and the emission cross-section at 1 030 nm (σem),
which were calculated according to the Beer-Lambert law
and Füchtbauer-Ladenburg (F-L) equation, respectively[19].
With the increase of F content, absorption cross-section
(λ = 975 nm) was decreased by 18.9% with the variation
from 2.96 to 2.4 pm2, and the emission cross-section (λ =
1 030 nm) was decreased by 16.5% (variation: 0.85−0.71
pm2). The decay lifetime (tau, λex = 975 nm) of Yb3+
emission at 1 030 nm is also presented in Fig. 2c, it increases
from 1.153 to 1.360 ms as the F content increases. The
YACF8 sample has the lowest absorption and emission
cross sections as well as the longest fluorescence
lifetime.
Figures 3(a)–(b) present the Lorentz decompositions
of the representative absorption and emission spectra for
Yb3+ in YACF0 sample. Based on this method, the
Lorentz peak values are listed in Fig. 3(c). It is
noteworthy that there is no significant difference on Stark
splitting of Yb3+ in glass matrix between low-temperature
and room temperature, which is different from crystal
materials[20–21]. Therefore, absorption and emission
spectra at room temperature were used for analysis of the
level of Stark splitting.
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(a) Absorption spectra

· 5 ·

(b) Emission spectra

(c) Absorption cross section at 975 nm (σabs), emission cross section at 1 030 nm (σem) and excited state lifetime (tau, λex = 896 nm, λem = 1 030 nm)

Fig. 2

Spectral properties of Yb3+ ions as a function of F content

(a) Lorenz decomposition of absorption spectra

(b) Lorenz decomposition of emission spectra

(c) Energy level diagram of Yb3+ ion (Δ1 = E6–E5, Δ2 = E7–E5-(Δ1)/2, Δ3 = E4–E1; Ei represents the energy of Stark ith level, i = 1,4,5,6,7)

Fig. 3

Stark splitting levels of Yb3+ ion as a function of F content

· 6 ·
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As displayed in Fig. 3(c), it can be clearly seen that
the zero-phonon line in (1→5) absorption and in (5→1)
emission transitions along with the maximum intensity is
typically located around 10 262 cm–1 (975 nm). However,
the values in wavenumbers of (1→6, 7) absorption
transitions and (5→2, 3, 4) emission transitions decreased
as the F content increased, which were associated with
the red shifting of absorption (1→6, 7) transitions and
the blue shifting of (5→2, 3, 4) emission transitions,
respectively.
3.3 Radiation resistance of Yb3+/Al3+/Ce3+/F–-co-doped
glass
Figure 4(a) illustrates the radiation-induced absorption
(RIA) spectra, which were obtained by subtracting the

absorption spectra of the pristine samples from those of
the irradiated samples. For making comparison, the RIA
of Al3+ single-doped and Yb3+/Al3+-co-doped samples as
well as the absorption spectrum of Yb2+ ions are depicted
in Fig. 4a as well. It is obvious that the RIA intensity of
Yb3+/Al3+/Ce3+-co-doped sample (YACF0) was significantly
lower than that of Al3+ single-doped and Yb3+/Al3+-co-doped
samples, in which the associated suppression mechanism
by Ce co-doping in Yb3+/Al3+/Ce3+-co-doped silica fibers
has been systematically studied[3]. Furthermore, the RIA
intensity of Yb3+/Al3+/Ce3+/F–-co-doped sample further
decreased with the increase of F content. This behavior
indicates that the radiation resistance of Yb3+/Al3+/Ce3+/F–co-doped glasses can be further improved by F co-doping.

(a) RIA spectra obtained by subtracting the absorption spectra of pristine
samples from those of 1.7 kGy γ-ray-irradiated samples

2019 年

(b) Gaussian decomposition for
RIA spectrum of Al3+ single-doped sample

(c) EPR spectra for 1.7 kGy γ-ray-irradiated samples

Fig. 4

Radiation resistance of glasses as a function of F content

By subtracting the absorption spectra of the reduced
and oxidized Yb3+/Al3+-co-doped samples, additional
absorption bands at the range of 190−500 nm were
observed (see the dotted curve in Fig. 4(a)), which can be

attributed to 4f 14 → 4f 135d 1 transition of the Yb2+ ions
and expected to appear in irradiated Yb-containing
samples. As shown in the inset of Fig. 4(a), a “hole” at
Yb3+ absorption wavelength of 975 nm in the
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Yb-containing samples can be observed, whereas it is
absent in the Al3+ single-doped sample. This phenomenon
suggests that a minor part of the Yb3+ ions can be reduced
into Yb2+ ions under irradiation, and this result has been
further supported by the low-temperature of EPR in our
previous researches[3,22].
In addition to the absorption of Yb2+ ions, the
absorption of point defects also plays an important role in
radiation-induced darkening. Besides, RIA and CW-EPR
spectra are helpful to identify the nature of these defects
as well. To rule out the effect of Yb3+ ions, the RIA
spectrum of defects was obtained in Al3+ single-doped
silica glass, as displayed in Fig. 4(b). This RIA spectrum
was decomposed into five Gaussian components peaking
at 2.14, 2.98, 4.16, 4.94, and 5.81 eV, including a tail
extending from more than 7 eV. Based on our previous
studies[3,22], these Gaussian components mainly originate
from AlOHC (2.15 and 2.96 eV), Al–E’ (4.17 eV), Si–E’
(5.78 eV), and ODCs (I) (7.6 eV) defects, respectively.
The origin of the 4.94 eV band (full-width at half
maximum (FWHM) = 0.64 eV) was not herein very clear,
in which it may be due to the superposition of NBOHC
and Al–ODC defects according to the other studies[22–23].
Figure 4(c) shows the CW-EPR spectra for 1.7 kGy
γ-ray-irradiated samples. The intense axial line is
attributed to the Si–E′ center (an unpaired electron
trapped in a Si atom coordinated with three oxygen atoms,
denoted as (O)3–Si•). Except for the well-known Si–E′
center, a sextet signal with a separation of about 0.9 mT
assigned to AlOHC (i.e., a hole trapped in an oxygen
atom bonded to Al, denoted as (O)3−Al−O°, where “°”
represents a hole) was observed in all irradiated samples
as well. The Al–E′ centers were not here detected by
CW-EPR method because of the presence of
experimental limitations, even they were present in
irradiated Al-containing silica glass, as reported by
Hosono et al.[24]. Both Al–ODC and ODC (I) defects
were EPR silent centers, and their existence can be
confirmed by PL spectra (data were not shown). The EPR
result is well consist with the RIA finding as well.
Compared with the Ce-free (Al and Yb/Al) samples,
incorporation of Ce3+ led to a significantly decrease in the
EPR intensity of Si-E′ and AlOHC defects, in addition,
increasing the F content results in a further decrease in
the EPR intensity of Si–E′ and AlOHC defects in
Yb3+/Al3+/Ce3+-co-doped silica glasses.
3.4 Glass structure of Yb3+/Al3+/Ce3+/F–-co-doped glass
Figures. 5(a)–(b) show the MAS-NMR spectra for 19F
and 27Al, respectively. The 19F MAS-NMR spectrum of
Heraeus F-doped quartz tube (called Heraeus) was used
as a reference. Each 19F MAS-NMR spectrum was
de-convoluted into two Gaussian components with
chemical shifts of –137×10–6 and –146×10–6, respectively.
According to the Youngman et al.’s study[14], the fluorine
resonance at –146×10–6 is due to the SiO3/2F group, and
the second fluorine peak at –136×10–6 is due to the
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formation of penta-coordinated silicon with a single
non-bridging fluorine atom added to the four bridging
oxygen ligands, donated as SiO4/2F. The 27Al MAS-NMR
spectra were characterized in the presence of three
asymmetric resonances within 50, 25, and 4×10–6, which
were assigned to AlIV, AlV, and AlVI, respectively[25–26].
An evident increase in the intensity of AlVI was observed
with the increase of F content, in which this phenomenon
was also reported in F-doped aluminophosphate glass[27],
implying the formation of Al-F bonding. As a
consequence, the concentration of four-coordinated
aluminum (AlIV) decreased with the increase of F
content.
Figure 5(c) depicts the Raman spectra as a function of
F content. These spectra were normalized to the
maximum value of the Raman intensity (around 800 cm–1).
The Raman spectra display a strong broad band within
440 cm–1 and weak bands at 490, 600, 800, 1 060, and
1 200 cm–1. All these vibrational modes originate from a
fully polymerized [SiO4/2] tetrahedron network structure.
Among them, the peaks at 490 and 600 cm–1 were
assigned to four-membered (D1) and three-membered
rings (D2), respectively[28], and their intensities decreases
as the F content increased. Compared with the F-free
sample (YACF0), a new Raman peak centered at 945 cm–1
was also found in F-containing samples (YACF4 and
YACF8), and its intensity increased with increase of F
content. According to the Shimodaira et al.’s study[29],
this peak is attributed to the stretching vibration of Si-F
bond of [SiO3/2F] group. This finding is well consistent
with the NMR result.
Figure 5(d) shows the dependence of F content on the
IR absorption spectra, and the spectra related to YACF0
sample are shown in the lower part of Fig. 5(d). The blue shift
of peak within 2 260 cm–1 and the narrow width of its peak
with increase of F content were clearly observed as well.
In order to better interpret the IR data in Fig. 5(d), the
tails of absorption bands at wavenumbers lower than
2 100 cm–1 were eliminated by two exponential functions,
in which the peak position and FWHM of 2 260 cm–1
band were achieved, as shown in Fig. 5(e). In addition,
the Tf was calculated by using the Eq. (1) (see Fig. 5(e)).
The observed peak around 2 260 cm–1 was also assigned
to the interatomic vibrational mode of Si–O–Si bonding,
the peak position and FWHM of 2 260 cm–1 band were
correlated with the distribution of Si–O–Si bond angle,
and Tf was a proper indicator for structural disorders. The
larger wavenumber of 2 260 cm–1 peak were corresponded
to the larger bond angle; the smaller FWHM of 2 260
cm–1 implies the smaller distribution of Si–O–Si bond
angle; and the lower Tf demonstrates the lower degree of
structural disorder[15]. As illustrated in Fig. 5(e), the peak
position shifts to a high wavenumber, the FWHM and Tf
decrease as the F content increases, suggesting that with
increase of F content, the average Si–O–Si bond angle
increases, the distribution of the bond angle narrows, and
structural disorder decreases as well.
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(a) 19F MAS NMR

(b) 27Al MAS NMR

(c) Raman spectra

(d) FTIR spectra

(e) Fictive temperature (Tf), Peak position and FWHM of 2 260 cm–1 band in (d)

Fig. 5

2019 年

(f) Schematic illustration of Si–O–Si bond angle distribution

Glass network structure evolution as a function of F content

Figure 5(f) schematically shows the diagram of
distribution of Si–O–Si bond angle in SiO2 glass, as well
as its narrowing, and the breaking of strained Si-O-Si
bond by F-doping. Previous studies reported that the
Si–O–Si bond angle has a fixed value (144°) in α-quartz,
while it is widely distributed between 120° and 180° with
an average value of 153° in silica glass[30–31]. Accompanied
with the angular distributions, the number of tetrahedral
[SiO4/2] units in a ring in SiO2 glass is in the range of
three- to nine, while that is 6 or 8 in α-quartz[31]. Molecular

orbital calculation suggested the more deviation in the
Si–O–Si bond angles than the average value, and the
higher strain energy in the n-membered ring structure
(n = 3–9)[28,32]. The distributions of Si–O–Si bond angle
and n-membered ring structure mainly depend on the
thermal history, which can be determined by the Tf.
Raman spectra indicate that the D1 and D2 rings, which
are extremely unstable in thermodynamics due to their
very small bond angles (136° for D1 and 128° for D2[28]),
are attacked and cut by F co-doping, resulting in formation
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of Si-F bonds as confirmed by NMR. Furthermore, FTIR
confirmed that the F-doping has an obvious effect on
decrease of Tf , and the Si–O–Si bond angle is adjusted
toward the direction of its average value in the glass
melting process as shown in Fig. 5(f). Therefore, co-doping
with F can effectively reduce the structural disorder.
Figure 6(a) displays the echo-detected field sweep
(EDFS) EPR line shape, recorded by mapping the echo
intensity as a function of the magnetic field strength at 4
K. The spectra were composed of broad asymmetric lines.
No specific features were attributable to 171Yb and 173Yb
(natural abundances of 14.3 and 16.1%, respectively),
and nuclear hyperfine interaction can be discerned. The
EDFS spectral line shape is primarily dominated by the
g-anisotropy and site heterogeneity for the Yb3+ ions,
therefore, the EDFS spectra can be taken as “fingerprint”
data sensitive to the local environments of the rare-earth
ions into account. For example, large variations in the
EDFS line shapes as a function of P/Al ratio were
observed in Yb3+/Al3+/P5+-doped silica glass[22],
suggesting that the mentioned method is sensitive to
ligand environments of Yb3+ ions. As shown in Fig. 6a,
there is a systematic shift to higher magnetic fields with
increase of F content, demonstrating that the mild
modification of local environment around Yb3+ ions with
the increase of F content. Besides, this up-field shift with
increase of F content was also observed previously in
Yb3+-doped fluorophosphate and fluoroborate glasses[33–34].

To explore the local environment of Yb3+ ions, an
advanced pulsed EPR experiment (2D-HYSCORE) was
performed at 4 K. This type of experiment, which is
based on the hyperfine interaction between the electronic
spin and its surrounding nuclear spin, enabled us to
explore the local environment of electronic spin centers
via the spin echo modulation at the Larmor frequency of
the neighboring nuclei.
Figure 6(b) shows the 2D-HYSCORE spectrum
recorded at a magnetic field of 450 mT for YACF8
sample. The three diagonal peaks located at 3.8, 5, and 18
MHz were corresponded to the Larmor frequencies of the
nuclides of 29Si (natural abundance ∼4.68%), 27Al
(natural abundance ∼100%), and 19F (natural abundance
∼100%), respectively. All the resonances were observed
in the (+,+) quadrant of the spectra, where the hyperfine
coupling constant (A) was small, when compared with
the nuclear Larmor frequency (ν) (A <2 ν). Moreover,
there were no visible off-diagonal cross peaks. These
results indicated that the hyperfine interaction between
three types of nuclei and unpaired electrons of Yb3+ ions
satisfied the weak coupling conditions. Therefore, we can
conclude that these resonance signals belong to the nuclei
in the second-or higher-order Yb3+ coordination spheres
(distance range 4−8 nm). Oxygen atoms, fully occupying
the first coordination sphere of Yb3+, were not observed
as well, owing to the extremely low natural abundance
(∼0.038%) of 17O.

(a) EDFS spectrum

Fig. 6
3+

· 9 ·

(b) HYSCORE spectrum for YACF8
3+

Local structure evolution of Yb ions as a function of F content

In Yb -doped fluorophosphate and fluoroborate
glasses with a very high F content (>5%), there were two
distinct types of 19F signal: a diagonal peak, originated
from a weak couple between Yb and F; and a pair of
off-diagonal cross peaks, which is due to the strong
couple of direct Yb-F bonds. No off-diagonal cross
peaks of 19F were observed in this study, and we
speculate this result is primarily due to the relatively
low F content (~1.1%) in our sample, therefore, the
possibility of direct Yb-F bonds cannot be ruled out.
This speculation is also supported by Zhang et al.’s
research[33], in which the Yb-F bonds can only be
detected in Yb3+-fluoroborate glass with high F content

(> 2%).
According to the results obtained from pulsed EPR,
NMR, Raman, and FTIR spectroscopies, the schematic
structures of Yb3+/Al3+/Ce3+-doped silica glasses with or
without F co-doping are presented in Figs.7(a)–(b).
3.5 Structure-property relations in Yb3+/Al3+/Ce3+/F–co-doped glasses
Effects of F content on the macroscopic spectroscopic
properties and radiation resistance of Yb3+/Al3+/Ce3+/F–
co-doped glasses were recorded and systematically
analyzed in Sections 3.2 and 3.3, which should be
correlated to their microcosmic structural information, as
described in Section 3.4.
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(a) YACF0

(b) YACF8

Fig. 7 Schematic diagram of glass structure, the Arabic numbers represent the number of [SiO4/2] or [AlO4/2] units in a ring structure

It is well known that the 4f-4f electric-dipole
transition of RE ions, which is forbidden in case of a
free-ion, is allowed under asymmetric ligand fields, and
its probability depends on the local environment of the
RE ions characterized by both the site asymmetry and its
crystal field strength. According to previous
researches[21,35], the ratio of Δ1 to Δ2 in Fig. 3(c) can be
applied to calculate the asymmetry degree of Yb3+
ligands deviated from the octahedral symmetry. In
addition, the crystal field strength can be assessed by the
value of the scalar crystal field parameters NJ[21]. For
Yb3+-doped glass sample, NJ can be calculated through
the equation of NJ=Δ3/0.245, where Δ3 is the Stark
splitting energy of 2F7/2 energy-level, as shown in Fig. 3c.
Based on the data shown in Fig. 3c, the asymmetry
degree and crystal field strength of sample were then
calculated and shown in Fig. 8. It was revealed that the
asymmetry degree and crystal field strength decrease as
the F content increases. Early studies reported that the
transition probability between 2F7/2 and 2F5/2 of Yb3+ ions
is determined by asymmetry degree of its ligands[4,35]. NMR,
Raman, and FTIR, as shown in Fig. 5, confirmed that the
doping of F could cut the Si–O–Si bonds of D1 and D2 rings
and transfer them into six- or seven-membered rings, thus,
the ring changes, as shown in Fig. 7, leading to the
decrease of asymmetry degree of Yb3+ ligands. Therefore,
it can be the main reason for the decrease of absorption
and emission cross-section of Yb3+ ions.
Yang et al.[21] demonstrated that the crystal-field
strength parameter of the different ligands follows the
sequence of Ge>Si>B>Bi>FP>Te>F>P. Additionally,
HYSCORE, as displayed in Fig. 6b, confirmed that some
F atoms have located at the Yb3+ local coordination
structure (e.g. Yb–O–Si–F), thus, change of this local
structure of Yb3+ ions causes the decrease of Yb3+ site
crystal-field strength, demonstrating the decrease of
interaction intensity between Yb3+ and its ligand. Hence,
it may the main reason for the narrowing of Stark
splitting energy characterized by the red shifts of
absorption (1→6, 7 transitions) and blue shift of emission
SiO3/2  e  
  Si  O  Si 0  Yb3 


 D1 or D2 rings 
Si  E 

0

(5→2,3,4 transitions) of Yb3+ ions (Figs. 2(a)–2(b)).

Fig. 8 Scalar crystal-field parameters NJ and Yb3+ asymmetry
degree in samples versus the mean F content

Figure 9 shows a model describing the formation of
Yb-, Al-, and Si-related color centers caused by γ-ray
irradiation in F-free Yb3+/Al3+ doped silica glass. Besides,
HYSCORE, as shown in Fig. 6(b), indicates that the Yb3+
ions are surrounded by Al- and Si-related groups,
including tetrahedral [SiO4/2]0, [AlO4/2]–, and octahedral
[AlO6/4]3+ units, as previously reported by Funabiki et
al.[36] in Nd3+/Al3+-doped silica glass. Our previous
studies[3,22] demonstrated that the [AlO4/2]– is the precursor
of Al-related color center (AlOHC), and the creation of
which is always accompanied by Yb-related color center
(Yb2+ ions), in which it can be described as follows:


AlO4/2  h
h

 AlO4/2   Yb3 

 0

  Yb2

(2)
(AlOHC)
On the other hand, as the strain energy of the Si-O-Si
bond increases more strongly with decrease of the
Si–O–Si angle from the most relaxed angle (140°–150°)
than with increasing the angle[32], therefore, we speculate
that the small-angle 3-(128°) and 4-membered (136°)
rings of the [SiO4/2] tetrahedral units are the precursor of
Si-related color centers (NBOHC and Si–E), and their
formation can be expressed as follows:


SiO4/2  h  
  Yb2

 NBOHC 

(3)
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With increase of F content, the radiation resistance of
glass was remarkably improved because of the reasons
are demonstrated in the following. Firstly, NMR as
shown in Fig 5(b), indicates that co-doping with F makes
some [AlO4/2]- units (AlIV) transform into [AlO6/2]- units
(AlVI), which prevents the creation of AlOHC to some
extent. Secondly, the Si–F bond is stronger than the Si–O

Fig. 9

4
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bond, and Raman (see Fig. 5(c)) indicates that the
strained and unstable Si–O–Si band of D1 and D2 rings is
gradually replaced by stable Si-F band with the increase
of F content, inhibiting the formation of NBOHC and
Si–E′ defects. Although the F-related defects are expected
to be formed under irradiation, neither optical nor EPR
spectra support the existence of the F-related defects.

A model for the formation of Yb-, Al-, and Si-related color centers in a F-free sample caused by γ-ray radiation

Conclusions

In this study, a homogeneous Yb3+/Al3+/Ce3+/F–co-doped silica glass with a refractive index roughly
equal to that of pure silica glass has been achieved using
the sol–gel method combined with high-temperature
sintering. By combining several complementary techniques,
such as optical absorption and emission, Raman
scattering, FTIR, NMR, and CW-EPR, the effect of F
content on the spectroscopic properties, radiation resistance,
global network structure, as well as local structure of Yb3+
ions were systematically studied, and structure-property
associations could be successfully presented.
The results showed that the radiation resistance can be
significantly improved in presence of limited decreases of
absorption (~18.9%) and emission (~16.5%) cross-sections
with increase of F content from 0 to 1.1%. Raman and
FTIR confirmed that introduction of F tends to depolymerize
the silica network by cutting the Si-O-Si bond, resulting in
a drastic drop in Tf and structural disorder, as well as the
asymmetry degree of Yb3+ ions. Pulsed EPR confirmed
that some F atoms were located at the local coordination
environment of Yb3+ ions, decreasing the crystal-field
strength of Yb3+ ions. The reduction in asymmetry degree
and crystal-field strength of Yb3+ ions is responsible for the
decrease of absorption and emission cross-sections.
Furthermore, CW-EPR confirmed that the Al- and
Si-related color centers were significantly decreased as the
F content increased, this benefits from that their precursors
four-coordinated Al (AlIV), three- and four-membered ring
silica structures decrease with increasing F content as
revealed by NMR and Raman. The present research work
provides a reliable solution to achieve radiation-resistive
Yb3+-doped silica fibers with low core NA.
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