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Raman Scattering Enhancement Characteristic of Hf-Doped Silica Fiber
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Abstract Stimulated Raman scattering is one of the most important problems in the field of nonlinear fiber optics.
The Raman scattering enhancement characteristic of Hf-doped silica fiber and Hf/Al co-doped silica fiber are
researched. The Raman spectra of Hf-doped silica fiber and Hf/Al co-doped silica fiber are measured by using 785 nm
exciting light, and compared with conventional single-mode fiber (SMF). The experimental results show that
Hafnium doping or Hafnium/Aluminum co-doping can enhance the optical fiber Raman scattering intensity, and
achieve a good Raman scattering enhancement effect.
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1 Introduction

Stimulated Raman scattering (SRS) is one of the
important nonlinear effects in the optical fiber.
Recently the Raman fiber laser and Raman fiber
amplifier have attached much more attentions with their
special characters” ?'. The Raman scattering is
extremely weak, and it is a cumulative process, the
interaction time between the incident light and
materials is very short, so it is difficult to accumulate

the Raman scattering signal for the general material.
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While in the optical fiber, exciting light transmits in the
optical fiber, and the interaction time between the fiber
material and light wave is much longer. Raman
scattering effect is more obvious, so the Raman
spectrum of optical fiber can be observed more easily® .
Nevertheless, the fiber Raman scattering signal in the
fiber is still not strong enough for some applications of
optical fiber Raman technology. At present, people
have studied the Raman spectrum properties of plastic

optical fiber, liquid-core optical fiber and multi-
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component glass fiber . Compared with conventional
fiber, Raman spectra of plastic optical fiber only has
some differences in the Raman frequency shift, its
Raman enhancement property remains to be further
studied. Although the Raman scattering enhancement
effect of liquid-core optical fiber is very obvious,
because of its unique structure, which has some organic
or inorganic solution in the core layer, it is difficult to
Multi-

component glass fiber is difficult to be applied to silica

be applied to long distance communication.

fiber for its chemical stability and mechanical strength
limitation . Therefore, looking for a special silica fiber
with enhanced Raman scattering effect is necessary.

In this paper, a new kind of Hafnium (Hf) doped
special silica optical fiber was fabricated with the
method of modified chemical vapor deposition (MCVD)
and atomic layer deposition (ALD) technologies. Raman
spectra of Hf-doped silica fiber and Hf/Al co-doped silica
fiber were measured and compared with conventional

single-mode optical fiber.

2 Fabrication

The SiO, layer was deposited on the inner-surface of
pure silica tube with MCVD method. Then the silica
tube was taken into the chamber of ALD and doped with

8791 " In the process of the

HfO, to form the core layer
precursor deposition, the substrate temperature was
around 220 C ~350 C . The tube was collapsed to form
the Hf-doped preform with MCVD by heating it up to
2000 C. The preform was drawn into the Hf-doped
optical fiber. The Hf-doped fiber is a single-mode fiber
with the index difference between the core and the
cladding An = 5.5 X 107°.
cladding are 7. 78 pm and 126. 12 pm, respectively.
For Hf/Al co-doped silica fiber, HfO, and Al O; were

deposited in the silica tube alternatively with ALD

The diameters of core and

technology. The Hf-doped film and Al-doped film were
grown at 300 C. After ALD deposition, the Hf/Al co-
doped silica preform was made, and then drawn into the
Hf/Al co-doped special fiber with conventional fiber
drawing tower. The Hf/Al co-doped fiber is also a
single-mode fiber with the index difference between the
core and the cladding An = 7 X 107*. And the diameter
of core and cladding are about 7. 97 ym and 120. 69 pm,
respectively.

3 Experiments and Results
3.1 Raman spectrum of doped silica fiber

Raman spectra include Stokes lines and anti-Stokes
lines. the Stokes line intensity is about several hundreds
or even thousands times higher than the anti-Stokes line

intensity, so Raman spectrum is measured on the basis
of Stokes line. The quantitative characterization of
molecular vibration spectrum can be presented by
Raman spectrum peak position and intensity. The
relationship Raman  shift
wavelength is described by Av = 1/A — 1/A,,» where A
and A, are the wavelength of scattered light and incident

between and Raman

exciting light, respectively, and Av is Raman shift
whose unit is cm '. Raman scattering intensity is the
embodiment of Raman scattering cross section (RSCS)
in Raman scattering spectrum measurement. It
indicates the probability of particles within spatial angle
scattered by the incident exciting photons. The larger
RSCS is, the greater the proportion of the incident
exciting light is scattered ""'. The following equation
indicates their physical meanings and relationships =" .
J S(r)dA
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where P,, is the excitation light intensity, P, is the
Raman Stokes line intensity, L is length of optical fiber
where Raman spectrum be collected, Aw is bandwidth of
Raman spectrum peaks. (2 is the solid angle of Raman
scattering, and S(7) is the distribution function of the
refractive index. q,.a, are the fiber attenuations at the
wavelength and the pump wavelength,
respectively. According to Eq. (1), Raman intensity of

Raman

optical fiber is related with the length and refractive
index of optical fiber. Doping different materials in optical
fiber can change the optical fiber refractive index. In this
paper. the Raman scattering enhancement characteristic of
Hf-doped silica fiber is researched.
3.2 Raman spectrum measurement setup for Hf-
doped special silica optical fiber

Hf-doped silica fiber Raman spectrum measurement
setup is shown in Fig. 1. This measurement system is
objective, Raman
The exciting light is

mainly included laser source,
spectrometer and computer.
coupled into one end of Hf-doped special silica optical
fiber by a 10 X len. The other end of the fiber is
immersed into glycerol. The Raman scattering signal is
collected by a commercial confocal micro-Raman
spectroscopy ( Renishaw inVia plus) and the Raman
spectroscopy is displayed on the computer. Hf-doped
optical fiber has a strong absorption at 785 nm, which
helps exciting nonlinear effect, and mean while avoiding
the fluorescence interference by using 785 nm exciting
light. According to the experimental measurement
system, Raman spectra of different length optical fibers

were obtained.
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Fig.1 Raman spectroscopy measurement setup
3.3 Raman spectra of Hf-doped silica optical fiber
and conventional single-mode optical fiber

The shape of Raman spectra is independent of the
wavelength of the exciting light, Raman scattering is
extremely weak, the shorter the wavelength of exciting
light is, the more easily excited fluorescence. In order
to avoid fluorescence interference, 785 nm exciting
light source was adopted in the measurement. The
power of exciting light is 25 mW ., the Raman spectra of
conventional single-mode optical fiber and Hf-doped
fiber are measured under the same test conditions with
the length of 10 m. The measuring results are shown in
Fig.2. There are several obvious Raman spectrum peaks
located at 440.5, 489.5, 601.2, 823.6,1005.1,1294.2,
1452.4, 1610.5, 1728.9, 2872.4, and 2931.9 cm ™.
Compared with the Raman spectrum of conventional
single-mode silica fiber, their Raman spectrum peaks
But the Raman
scattering intensity of Hf-doped special silica optical

are almost in the same position.

fiber is much stronger than that of conventional single-
mode optical fiber at these peaks. For 10 m length
fiber, Raman peak intensity of Hf-doped special silica
optical fiber is approximately 2.8 times more than that of
conventional single-mode optical fiber at 440.5 cm™', 1.8
times at 823.6 cm™', 2.3 times at 1452.4 ¢cm ', 1.9
times at 2872.4 ¢cm™', and 3 times at 2931.9 c¢cm ™ '.
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Fig.2 Comparison between Raman spectra of Hf-doped
silica fiber and conventional single-mode optical fiber

The experimental results indicate that Hf-doped special
silica optical fiber can enhance the Raman scattering
intensity in these bands.
3.4 Raman spectra of Hf/Al co-doped silica optical
fiber and conventional single-mode optical fiber
The Raman spectrum of Hf/Al co-doped fiber is
measured, and compared it with conventional single-mode
fiber. As shown in Fig.3, there are several obvious Raman
spectrum peaks located at 440.5, 490.6, 603.2, 823.6,
1005.1, 1294.2, 1452.4, 1610.5, 1728.9, 2872.4, and
2931.9 cm™'. At these positions, the Raman scattering
intensity of Hf/Al co-doped silica fiber is significantly
enhanced, Raman peak intensity of Hf/Al co-doped
special silica optical fiber is approximately 2. 4 times
more than that of conventional single-mode optical fiber
at 440.5 cm ', 2.3 times at 490.6 cm ', 2.1 times at
600.7 cm™', 2.4 times at 823.6 ¢cm 'and 1005.1 cm ™',
2.5 times at 1452.4 cm™', 2.3 times at 1610.5 cm™', 4
times at 2872.4 cm™', and 3.3 times at 2931.9 cm ™ '. It
indicates that doped hafnium ion and aluminum ion can
enhance the Raman scattering intensity. Compared with
Hf-doped fiber, Raman scattering enhancement effect of
Hf/Al co-doped silica fiber is more obvious. When the
core is doped with aluminum ions, Raman scattering

-1

intensity is significantly enhanced at 490. 6 cm™' and

600.7 cm™'.
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Fig.3 Comparison between Raman spectra of Hf/Al co-
doped silica fiber and conventional single-mode
optical fiber
It can be seen from the experimental results that
different materials doped in the core of silica fiber will
change the optics property of the optical fiber, because
the molecular structure and energy level structure of
the fiber materials are different. This is performed as
the different RSCS at the micro, and the different
RSCS
directly related to the Raman scattering intensity,
the probability of the
scattering in the space angle. Thus doping different

refractive index distribution at the macro.

indicates incident photon
materials will affect the Raman scattering intensity,

selecting doped special materials, and using appropriate
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fabricating technology will obtained the special Raman
enhancement optical fiber. By doping Hafnium in the
core of the silica fiber, the refractive index profile of
the optical fiber is changed and the RSCS is increased,
thereby a good Raman scattering enhancement effect
could be achieved.

4 Conclusion

In conclusion, the Raman spectra of Hf-doped silica
fiber and Hf/Al co-doped silica fiber are measured and
compared with conventional single-mode fiber. The
experimental results indicate that the silica optical fiber
doped Hf ions in the core has obvious Raman
enhancement effect. This reveals that selecting a
specific doping material such as rare earth metals, and
using appropriate process to be incorporated into the
conventional silica fiber could be possible to obtain a
special Raman enhancement optical fiber, which is very
valuable for the application of non-linear optical devices.
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