
1762 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 11, JUNE 1, 2013

Silicon Nano-Particles Doped Optical Fiber:
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Abstract—The fabrication of a new-type of Silicon nanoparti-
cles (Si-n/p) doped silica fiber is reported. The method is entirely
based on the MCVD process, with no solution-doping technique
being required. The TEM, EPMA, EDX, and electron diffraction
analyses as well as the Raman, optical absorption, and fluorescence
spectra’measurements confirm the formation of Si-n/p in the fiber.
When pumped at 406 nm, this fiber fluoresces mainly in the VIS to
near-IR spectral range and the fluorescence shows a multi-peak
spectral structure in several wide bands. As a consequence of the
high nonlinearity of the fiber, effective supercontinuum gen-
eration at 1.6- excitation by tens ns-range, kW-level pulses is
demonstrated.

Index Terms—Fiber optics, MCVD, nanoparticles, nonlinear re-
fractive index, silicon, supercontinuum.

I. INTRODUCTION

N ANO-SIZED Silicon (Si) is known to produce interesting
and invaluable effects for practical applications, in partic-

ular the quantum confinement phenomenon. So far many reports
focused on the functioning features of nano-sized Si in the form
of nanoparticles (Si-n/p) embedded within silica matrix. It was
particularly shown that Si in the form of Si-n/p produces out-
standing enhancement of fluorescence, mainly in VIS to near-IR
spectral region (see e.g. reviews [1]–[4]), and a strong increase
in the nonlinear-optical properties (see e.g. remarkable papers
[5]–[8]).
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Recently, attention has been also attracted by silica fibers
doped with Si-n/p since the main properties of Si-n/p—mea-
sured at the preform stage—may be preserved through fab-
ricating procedure and also observed in a drawn fiber. When
Si-n/p are embedded within fiber’s core (at the scale of tens of
) then the long interaction distance at light propagation [9],

[10] and the strong confinement of an optical field results in
enhancement of the fluorescent and nonlinear-optical properties
of the system.
As far as we know, only few results have been published re-

garding the fabrication and characterization of Si-n/p fibers; see
[11]–[16].
S. Moon et al. [11], [12] and P.R. Watekar et al. [13] re-

ported on fabrication of Si-n/p fiber through the modified chem-
ical vapor deposition (MCVD) process, followed by the solution
doping (SD) technique, where the doping solutions used were
prepared by mixing 0.3 g of the crushed Si-powders (Kojundo:
SIE17PB) and/or and with ethanol
for 12 hours. In this case, the porous layers for the core were
first deposited on the inner surface of a high-purity silica glass
tube by means of the MCVD process using vaporized and

as precursor chemicals. Then the core layers were par-
tially sintered at 1650 by the oxy/hydrogen burner to prevent
the layers breakdown during the SD process. After the partial
sintering of the core layers, the porous region was soaked with
the doping solution for 1 hour at room temperature. In this tech-
nique, no Si-n/p developed within the system in-situ. The exter-
nally used Si-powder in solution was incorporated into silica
glass matrix through soaking process of porous layer, which
is ineffective for the uniform incorporation of Si-n/p along the
fiber length and within its core area unless porosity becomes
uniform along the whole deposition length. Furthermore, the SD
process gives rise to disturbance of porous layer during dipping
into solution, if not maintained the proper uniform temperature.
G. Brasse et al. [14], [15] reported on fabrication of other nanos-
tructured -based fiber with and without rare-earths
through the chemical sol-gel technique where the fabrication
parameters and the material characterization results were pro-
vided. It was shown that the sol-gel technique may be a route
for making of Si-n/p doped fiber, too. However, such a process
seems to be very long-time consuming matter. K. Mantey et al.
[16] reported on using another process, known as wet treatment,
for immobilizing luminescent Si-n/p in industrial fibers to im-
part their optical and chemical functions but also without cre-
ating of Si-n/p in-situ.
On contrary, we have developed the technological process

for incorporation of Si-n/p in-situ, without applying the SD

0733-8724/$31.00 © 2013 IEEE



KIR’YANOV et al.: SILICON NANO-PARTICLES DOPED OPTICAL FIBER 1763

technique. This is the main novelty of our approach. As well,
we present for the Si-n/p fiber the results of transmission
electron microscopy (TEM) analysis together with the data
of energy-dispersive X-ray (EDX) spectroscopy and elec-
tron-diffraction measurements to support the presence of
nanoparticles within the fiber core, which is absent in the above
referred results [11]–[16]. Our main motivation was attempting
an original, simple but effective route to develop Si-n/p doped
fibers. The present paper reports the current state-of-the-art
in the development, characterization in terms of basic optical
properties, and application (supercontinuum generation) of
such fiber. Despite being currently a for-lab instrument, our
facilities are capable for producing at least 2 km of the fiber,
drawn from a 50-cm preform length. The reported results
reveal that such Si-n/p fibers promise to impact telecommu-
nication systems and would become an active medium for
amplifying applications.

II. FABRICATION OF SI-N/P PREFORM AND FIBER

Fabrication of optical fibers doped with Si-n/p sized by few
to tens nm, using the standard MCVD method, exhibits much
interest for future innovative applications. As our preliminary
insight to the matter revealed, this needs certain skills as for
obtaining on-demand optical preforms, as for making final fibers
doped with Si-n/p.
The technologies so far employed for the incorporation of

Si-n/p into optical fibers are essentially different from the one
to be reported below. The main innovation based on the knowl-
edge of material chemistry has allowed us to make Si-n/p doped
preforms by employing solely a MCVD process, not by means
of the SD technique always applied earlier.
It was predominantly clear that suitable dopant precursors

should be chosen for making a fiber preform, which favors the
formation of Si-n/p within the silica matrix using the conven-
tional MCVD technology, followed by an optimized thermal
treatment of the preform. Optimization of a suitable host glass
composition and the preform fabrication parameters was then
made for keeping the size of Si-n/p within a 1–10 nm range.
In the route of a preform’s fabrication, vapor of is

introduced into a rotating silica tube with radial dimensions
20/17 mm, under certain flow of high purity helium gas through
a mass flow controller at 15.0 psig pressure. Aluminium (Al)
vapor is generated by heating the inlet silica tube (at around
1200–1400 ), inside of which Al foil or wires of high purity
(99.999%) is wrapped, using a hand torch burner. Al vapor re-
duces in the presence of high purity helium gas, which
proceeds through the following chemical reaction:

Such deposition process that occurs at temperatures
1400–1450 is illustrated by Fig. 1.
It should be noted that some portion of could form

during the deposition if inside environment of the reaction tube
is not entirely inert. Thus, prevention from oxidation of Si to

was achieved through maintaining possibly high inertial
atmosphere within the deposition tube. Also of mention is that
flow of (10–15%) ought to be used to prevent formation

Fig. 1. Snapshot of a Si-n/p doped preform’s fabricating process.

of carbon, which would come from the thermal decomposition
reaction of hydrocarbon compounds.
After the deposition of a porous un-sintered layer, sintering

temperature is increased gradually from 1500 to 1800 in the
presence of gaseous mixture of 80% He and 20% . There-
after, the deposited tube is collapsed at high temperature (above
2000 ) for making a final optical preform.
Notice that Si-n/p concentration could be managed in the

process through varying the flow rate of helium into the
bubbler as well as of Al vapor.
Finally, a Si-n/p doped fiber was drawn using a conventional

fiber draw tower, applying the standard drawing technique. No-
tice here that the Si-n/p preformwas annealed at around 1000
for 4 hours with heating and cooling rate of 20 into
closed furnace before drawing of the fiber.
Worth noticing that a small amount of Ytterbium was

embedded in the preform core (around 0.005 wt.%) for seeking
an energy transfer between Si-n/p and ions in the final
Si-n/p doped fiber at excitation in or outside the resonant
band.

III. SI-N/P PREFORM’S CHARACTERIZATION

Refractive index (RI) profile of Si-n/p doped preforms was
measured using a preform analyzer. In Fig. 2(a), we show the
result of the RI profile measurement for the preform that was
used to fabricate the Si-n/p fiber we further experimented. It
is seen that the RI difference between the core and cladding
areas of the preform is within a 0.006–0.007 range, allowing an
estimate for numerical aperture (NA) to be made: .
We also performed an electron probe micro-analysis (EPMA)

of the fabricated preforms. An EPMA curve of the same Si-n/p
fiber preform is demonstrated in Fig. 2(b). It is seen that the

content in the preform core area is extremely small,
0.005–0.01 wt.% (the same holds for , see above),

which is the minimum detection limit of the EPMA instrument.
This result clearly indicates that the RI difference (see again
Fig. 2(a)) was established in the preform due to the presence
of Si-n/p, not Al or Yb (these species contribute in the RI dif-
ference at the level of ). The presence of Si-en-
riched areas in core is confirmed by our measurements with the
final Si-n/c fiber; see Section IV.
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Fig. 2. (a) Refractive index profile of the Si-n/p doped preform and (b)
distribution in the core area.

Fig. 3. Absorption spectra of the Si-n/p doped preform (curve1) and analo-
gously made preform free from Si-n/p (curve 2).

Absorption spectra of the Si-n/p doped fiber preform were
measured employing a monochromator and are shown in Fig. 3.
The measurements were done using a modulated white-light
source by guiding the light through a bundle fiber cable and
focusing it onto the core region of the preform sample; the
white-light beam was passed through the monochromator
before being launched into the sample (notice that a pure silica
glass sample of the same thickness as the preform sample
was used as a reference). In turn, transmitted light was col-
lected, through another bundle fiber cable, onto a Silicon
photo-detector. The transmittance spectrum (measured within

the wavelength range 400–1100 nm) was converted, using
analyzing software, into the absorption spectrum.
From Fig. 3, where the Si-n/p preform absorption spectrum

is demonstrated (see curve 1), it is seen a wide absorption band
formed in the preform core region, which covers the wave-
lengths interval spanning from 550 to 900 nm. From the lit-
erature on Si-n/p based materials (see e.g. [17]–[19]), we can
assign this spectrum as belonging to mainly amorphous Si n/p
( -Si). Thus, the production of crystalline Si-n/p phase(s) ( -Si)
at the preform stage seems to be questionable since the absorp-
tion spectra of -Si n/p have different character, viz., they should
demonstrate a smooth dependence against wavelength, with ab-
sorption magnitude strongly rising towards short wavelengths
and slope being defined by a characteristic size of -Si n/p.
In Fig. 3, we also give an absorption spectrum of a preform

fabricated in a similar way but without doping with Si-n/p (see
curve 2). It is seen that in this case no pronounceable absorption
features within the 550–900-nm range which could be related
to Si-n/p are present. So the broad absorption band seen in the
upper curve is justified to arise due to the presence of Si-n/p.
In the meantime it deserves attention that both curves in Fig. 3
have the absorption bands spanned from UV to 500 nm,
which most probably stem from the presence in both fibers of
silica-related defect centers. Such centers (or “point defects”)
are known to be generated from imperfections of the con-
tinuous network, including the oxygen and silicon vacancies.
Several types of such defects are known for silica fibers: surface
-centers, self-trapped excitons, non-bridging oxygen-hole

centers, neutral oxygen deficient centers, two-fold coordinated
silicon lone-pair centers as well as hydrogen-related species
and interstitial -molecules. In our case, in-situ generated
Si-n/p are embedded into the silica glass matrix under highly
inert atmosphere, which may create Si-oxygen deficient centers
and non-bridging oxygen-hole centers, generally showing
absorption peaks within the UV-VIS region. An increased
attenuation in these (400 to 500 nm) peaks in the Si-n/p doped
preform as compared to the preform without Si-n/p (Fig. 3)
indicates that the nanoparticles can be themselves a source of
extra defect centers in silica glass.
The existence of Si-n/p in the fabricated preforms was veri-

fied by TEM measurements. The result of the TEM experiment
with the Si-n/p preform is given in main frame of Fig. 4(a),
from where we reveal that, within the Si-rich core region, Si-n/p
with a diameter of 5–10 nm are formed. Furthermore, an inset
in Fig. 4(a), which demonstrates an electron diffraction pattern
obtained from the same preform sample, allows one to conclude
on whether Si-n/p, at the preform stage, are amorphous or crys-
talline. From the inset it is seen that the above revealed hypoth-
esis about the amorphous nature of Si-n/p in the Si-n/p doped
preform is confirmed; indeed, the electron diffraction pattern
does not show any diffraction pattern ring. On the other hand,
the Raman spectrum of the same Si-n/p doped preform, which is
shown in Fig. 4(b), demonstrates a very broad and smooth peak
at 480 relatively to the probe laser line being 514 nm (an
Argon laser) in our experiments. Both the peak’s spectral po-
sition and shape signify the presence of Si in the amorphous
phase at the Si-n/p preform stage. [In the meantime notice that
after drawing fiber from this preform the situation regarding the
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Fig. 4. TEM image (main frame) and electron diffraction pattern (inset) of the
core region of the Si-n/p doped preform (a); Raman spectrum recorded for the
Si-n/p preform (b).

Fig. 5. Image of the Si-n/p fiber’s cleaved end (obtained with an electron mi-
croscope).

absorption and Raman spectra, diffraction pattern, and other pa-
rameters is significantly changed; see Section IV].

IV. FINAL SI-N/P FIBER’S CHARACTERIZATION

A. Morphological Properties

An image of the Si-n/p fiber drawn from the preform is shown
in Fig. 5. It was obtained using an electron microscope with
sub- resolution. It is seen that the Si-n/p fiber has outer di-
ameter of 122 and the core diameter of 16 .

Fig. 6. (a) TEM image, (b) electron diffraction pattern, and (c) EDX spectrum
taken from the core area of the Si-n/p fiber.

In order to confirm that after drawing the preform Si-n/p are
kept within the fiber core, we have fulfilled a set of experiments,
allowing insight into the morphological properties of the fiber.
A TEM image of the fiber’s core region was obtained, which

demonstrates (see Fig. 6(a)) the presence of small nanoparticles
with an average size measured by a few nm only, thus being
less in size than the particles at the preform stage. One of the
reasons for decreasing the size of Si-n/p may be that the agglom-
erated particles, generated under the thermal annealing process,
became non-agglomerated during the fiber drawing stage at a
30 g drawing tension at .
Furthermore, it can be seen from the TEM picture that the

nanoparticles in the Si-n/p fiber are slightly non-circular shaped
and that most of them are situated near to the core clad-boundary
(see the marked region in Fig. 6(a). Thus, it can be thought
that Si-n/p, after drawing, become concentrated at the core-clad
boundary, forming wires or droplets’ strips.
Another point to be mentioned is that the Si-n/p preform was

annealed before drawing the fiber. At the annealing stage, most
of the amorphous Si-n/p could be converted to the crystalline
ones (not at the fiber’s drawing); however, it seems that at the
drawing stage most of the crystalline Si-n/p diffused into the
core-clad boundary.
In turn, the electron diffraction pattern obtained from the

Si-n/p fiber core area shows that the particles are partially
crystalline in nature: See Fig. 6(b) demonstrating diffraction
rings attributable to polycrystalline nano-objects. This indicates
notable transformations in the morphology of the core glass at
drawing the fiber from the preform (remind that the nature of
Si-n/p at the preform stage was entirely amorphous; refer to
Fig. 4), with a possible reason being rather low crystallization
temperature of Si-n/p [20].
We also made an EDX analysis in spots inside and outside the

core region of the fiber. The EDX spectra taken from the area
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Fig. 7. (a) Relative transmission of the Si-n/p fiber in straight and coiled po-
sitions, revealing the cutoff spectral position (marked by arrow), and (b) the
Si-n/p fiber’s dispersion curve.

inside the core indicate that the particles are mostly Si-rich ones:
Their local structure “embedded” into the core area is character-
ized by a much stronger signal corresponding to Si as compared
with signals corresponding to Al and O (see Fig. 6(c)). Notice
that the signals from Si, Al, and O obtained from the clad area
of the fiber were “conventional”, i.e. there was no prevalence of
the signal from Si species over the ones from Al and O.

B. Wave-Guiding Properties

The wave-guiding properties of the Si-n/p fiber were in-
spected applying the conventional procedures that allow insight
to the modal and dispersive essences of the fiber. The results
are shown in Fig. 7.
Fig. 7(a) demonstrates the experimental result revealing the

cutoff wavelength of the Si-n/c doped fiber. The experiment
comprised the standard procedure of measurements of the fiber
attenuations placed straight and coiled over a small diameter.
After proper processing the data obtained, an oscillating depen-
dence of relative intensity in the wavelengths domain was built,
which is shown in Fig. 7(a). The oscillations’ stop wavelength
(at about 2.13 ) points out the sought cutoff wavelength of
the fiber.
This result, together with the data on the value of Si-n/p fiber

core diameter (Fig. 5), allowed us to determine NA of the fiber
in the step-index approximation and RI differ-
ence . Thus, the fiber’s parameters are slightly
different from those obtained for the preform from which the
fiber originated.

Fig. 8. Attenuation spectrum of the Si-n/p fiber; inset features rise of attenua-
tion, ascribed to Si-n/p, towards shorter wavelengths (other details are featured
in the text).

As for us, this difference is noticeable as being obviously
connected with certain phase transformations in the core glass,
which occur at drawing the fiber. We think that Si contained in
the core region changes its state from entirely amorphous (see
Figs. 3 and 4 in Section III) to at least in-partial crystalline phase
because of the high temperature of the drawing process (it is
well-known that the refractive index of amorphous silicon is
greater than that of crystalline silicon). Some other evidences
for such a scenario to happen are presented below.
Fig. 7(b) demonstrates the other wave-guiding property of the

Si-n/p fiber, viz., its wavelength-dependent dispersion obtained
using also a standard technique. It is seen that the fiber zero
dispersion wavelength is near 1.3 , being compatible with
conventional telecommunication fibers widely used in practice.
The presented data are worthy for understanding the results to
be presented below, which reveal the nonlinear properties of the
Si-n/p fiber.

C. Optical Loss Spectra

Fig. 8 (main frame) provides a view on the absorptive (loss)
properties of the Si-n/p fiber. The loss spectrum was measured
applying standard cutback measurements, using a white-light
fibered source and an optical spectrum analyzer (OSA).
It is seen from the figure that the fiber demonstrates strong at-

tenuation in the near-IR to VIS range. Themain features here are
a drastic increase of attenuation towards shorter wavelengths,
which is a manifestation of the presence of Si-n/p in the form
of -Si in matrix [17], [19], [21], [22], and occurrence, at
the same time, of several characteristic absorption peaks in VIS,
which coincide in spectral positions with the ones presented
in the absorption spectrum of the source Si-n/p fiber preform
(Fig. 3). The last fact is in favor of that -Si n/p be present in
the fiber core.
The other features that deserve noticing are the presence

of OH-groups peaks (at 1250 and 1380 nm) [7] and
resonant-absorption band within a 900–1100 nm range. We
can also propose that considerable rise of loss towards shorter
wavelengths (see inset to Fig. 8) is at least partially associated
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with the presence of scattering, an inevitable factor given by the
presence of nano-scale range inclusions (Si-n/p) in the fiber’s
core.

D. Raman Spectra

We measured Raman response of the Si-n/p fiber, employing
the standard technique [19] adapted to optical fibers. We found
necessary to compare it with the Raman signals from a stan-
dard telecom fiber (SMF-28) and analogous fiber with purely

-based core in order to deduce a contribution in the Raman
signal stemming from the presence of nanoparticles in the core
area of our Si-n/p fiber. [Notice that as SMF-28 fibers also con-
tain Germanium in core, which contributes in the Raman signal,
the use of purely -based fiber for the comparison needs was
essential for making conclusions].
We also measured Raman response from bulk (amorphous,

poly-, and mono-crystalline) Si samples. The excitation wave-
length in all cases was, as in the case of Raman studies with the
Si-n/p preform (Fig. 4), 514 nm. The results are presented in
Fig. 9.
Fig. 9(a) demonstrates the Raman spectrum of the Si-n/p

(curve 1) fiber together with the ones of SMF-28 (curve 2)
and -based (curve 2 ) fibers. The two important points
stem from the figure: (i) the Si-n/p fiber demonstrates rather
strong fluorescence seen as a plateau (dotted line) at which
the detected signal approaches at larger wave numbers (about
the fluorescence details—see below); (ii) the Si-n/p fiber has
certain well-detectable features nearby the main peak of the
Raman signal (at wave numbers 300–700 ).
After normalization of all the spectra shown in Fig. 9(a) (they

were obtained at using different fibers’ lengths) and then sub-
tracting each of the last two spectra from the former (for the
Si-n/p fiber), we obtained the differential Raman spectra shown
in Fig. 9(b) as curves 2 and 2 , which are supposed to shed more
light on the features given by “net” contribution of Si-n/p in the
Si-n/p fiber.
A few well-pronounced peaks are seen in the differential

spectrum, which are located at around 310, 470, and 510 nm
and can be related to the ones known both for -Si and -Si
n/p, being superimposed [23]–[32]. It is interesting to compare
this spectrum with the ones presented in Fig. 9(c) and (d),
where we plot the Raman signals measured in a separate
experiment where we dealt with amorphous, polycrystalline,
and single-crystalline bulk Si samples (c) and also with bulk
samples containing Si nano-crystallites of different types (d).
One can notice, from the direct comparison of the results (b),
(c), and (d), that the Si-n/p fiber demonstrates an averagely
smaller contribution of -Si signal on the background of -Si
signal. This seems to be in agreement with the analysis of the
attenuation spectra of the Si-n/p fiber (Fig. 8), where we argued
about the same matter by noticing the behavior of the fiber’s
losses that tailor to shorter wavelengths.
A reliable conclusion on what could be weight percentages

of -Si and -Si n/p in the core region of the Si-n/p fiber cannot
be made from these experiments, whereas the part of the Raman
signal ascribed by us to the presence of Si—can: It is measured
by 25%. Thus, it is worth to conclude that the core area of the

Fig. 9. (a) Raman spectra recorded for the Si-n/p and Si-free fibers; (b) these
spectra’ difference ascribed to a net Si-n/p contribution, (c) Raman spectra ob-
tained for bulk samples doped with different-kind n/p, and (d) Raman spectra
of amorphous, single- and poly-crystalline bulk Si.

Si-n/p fiber became, in any case, kept strongly enriched with Si
after drawing the fiber from the preform while the nature of this
extra Si is nano-sized (polycrystalline) Si-n/p, thus confirming
the above made conclusion on the morphology of the core glass,
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which was revealed from the TEM, EDX, and electron-diffrac-
tion analyses for the fiber; see Fig. 6.
It also deserves attention a direct comparison of the Raman

spectra obtained from the Si-n/p preform from which the
Si-n/p fiber has been drawn (Fig. 4(b)) and the reference bulk
one (Fig. 9(c)), which look almost equal. Thus, it becomes
confirmed the above proposed hypothesis on the change of the
nanoparticles, from amorphous ( -Si) to partially crystalline
( -Si) phase after drawing the fiber from the preform.

E. Fluorescence Spectra

In Figs. 10–14, we demonstrate the fluorescence spectra of
the Si-n/p fiber after excitation at 406, 633, and 978 nm wave-
lengths.
First, a semiconductor laser oscillating in CW regime at 406

nm (70 mW) was employed to pump the Si-n/p fiber; pump light
was launched into the fiber using a collimator. Fluorescence
spectra were collected from another fiber side; the output radia-
tion was delivered to the OSA using a multimode patch-cord. In
order to get the Si-n/p fluorescence dependence upon the pump
power, we attenuated the pump light by placing neutral filters
between the laser output and the collimator. We were interested
in response of Si-n/p, when they are excited far from the main
absorption bands that are usually thought to belong to -Si (see
Fig. 3), implying that the 406 nm pump can only excite nanopar-
ticles being in -Si phase (see Fig. 8). Note that pump intensity
in the fiber core reached the value of .
The results of the measurements obtained for the Si-n/p fiber

lengths of 4.5 and 17.5 m are presented in Fig. 10(a) and (b),
respectively. For comparison, we have also made similar mea-
surements for a standard 17-m Si-free multimode fiber in the
same arrangement; see Fig. 10(c). Insets to Fig. 10(a)–(c) pro-
vide the values of pump power at the fibers entrance.
Note that besides the pump remnant at 406 nm and the pump

ripples at 812 and 1218 nm, which originate from the OSA in-
ternal gratings (marked by arrows), a few pronounced fluores-
cence bands, spanned from 500 to 1600 nm, are present in the
spectra of the Si-n/p fiber (Fig. 10(a), (b)), but not—in the spec-
trum of the Si-free multimode fiber (Fig. 10 (c)). Evidently, the
wide spectral bands in Fig. 10(a) and (b) should be attributed to
Si-n/p.
The shape of Si-n/p-related fluorescence spectrum has a

very interesting character. Instead of a smooth fluorescence
band centered at approximately 800 nm, reported in many
previous works, in our case the spectral response of Si-n/p
is composed of at least four bands. Hereafter we label these
bands as “I” for the peak centered at 650, “II” at 950, “III” at
1230, and “IV” at 1540 nm (the peak at 800 nm is weak). The
bands I—IV can be compared to the ones found in the work
[33] where authors ascribe such bands to Si-n/p as being in
different phases. For us the most intriguing fact is multi-peak
structure of the bands; such multi-peak structuration is clearly
seen within the bands I and II but it can be also captured—with
a higher OSA sensitivity—within the band III. We suppose that
the physics that would stand behind the multi-peak structure
of the fluorescence bands should involve the phonon spectra
of matrix and Si n/p, which would spectrally “modulate”
the detected fluorescence [33]–[37]. In turn, the appearance

Fig. 10. Fluorescence spectra obtained at 406-nm excitation from the Si-n/p
fiber for (a) 4.5 and (b) 17.5 m lengths and from the Si-free fiber (c). Insets
show pump powers @406 nm launched to the fibers.

of the spectrally segregated bands, from I to IV, might itself
stem from a resonant coupling of sub-systems of Si n/p and

where Si-n/p of a definitive size are excited through the
assistance of phonons having definite energies. We shall discuss
the fluorescence features in more details elsewhere.
As a natural continuation of the data reported in Fig. 10, in

Fig. 11(a) we present the energy diagram obtained after formal
re-calculating the wavelengths, corresponding to each band
(from I to IV) in Fig. 10(a), (b), into the energies’ domain. We
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Fig. 11. (a) Energy diagrams for the bands I to IV (a) and for their multi-peak
spectral structures (b), deduced from the spectra (a) and (b) shown in Fig. 10.

also present, see Fig. 11(b), the results of such re-calculation
for the sub-peaks in the multi-peak structures of the bands I to
III. Each point in the diagram shown in Fig. 11(b) corresponds
to the position of sub-peaks from the left to the right side
throughout the spectra: Numbers 1 to 8 are associated to the
sub-peaks located within band I, numbers 9 to 12 are associated
to the sub-peaks within band II, and numbers 13 to 16—for the
less resolved band III (band IV at 1540 nm could not be treated
as the previous ones because of the absence in it of such struc-
ture). The most important conclusion from Fig. 11(b) is that the
sub-peaks within the bands I to III are almost equidistant: See
the lines of different colors in the figure, which are included as
a guide to the eye.
The most prominent sub-peaks (within the band I) are sepa-

rated by around 1100 and 415 . It is known from the lit-
erature on silica fibers (see e.g. [25], [38]) and it also follows
from Fig. 9(a) (where we report the Raman signal of the Si-n/p
fiber), that these values correspond to phonon energies. In
this way our earlier statement regarding the role of the phonon
spectrum in producing the spectrally “spiked” fluorescence of
the Si n/p fiber is confirmed. This leads us to conjecture that
the Si-n/p fluorescence is assisted by the flow of energy from

phonons, i.e. that the real sources of fluorescence being
the areas at the interface of Si n/p and (such ideas have
been extensively developed in the literature on nano-sized Si in
silica; see e.g. [1], [30], [39]–[46]). Other spectral intervals, 675

Fig. 12. Log-log dependences of integrated output powers within the bands I
to III (see inset) on pump power @406 nm.

and 290 (Fig. 11(b)) can be associated in a similar way:
These values can be related to the phonon spectrum of Si nuclei
of a Si n/p, say, to the 2TA and LA acoustic phonon mode (295

). However a more detailed experimental study is appar-
ently needed for confirming the ideas.
Regarding the bands’ energy diagram shown in Fig. 11(a),

no reliable conclusion on what is their origin can be made
at the present stage of our knowledge. We only propose that
such fluorescence band structure could be an appearance of
small-size (sub-nanometer) emitting objects, say, interfaces of
Si-n/p with matrix (refer again to [1], [30], [39]–[47]), but
not of Si-n/p (their cores) themselves. Or, alternatively, these
bands can be ascribed to some defect centers formed at the fiber
drawing (see e.g. [47]–[50]), say, to non-bridging oxygen-hole
centers, which fluoresce either after direct excitation at 406 nm
or as a result of energy transfer from the excited Si-n/p (whose
“normal” weak fluorescence is seen nearby 800 nm; Fig. 10(b)).
Further information is contained in the integrated powers

within the fluorescence bands. Here we report the integrated
powers of bands I to III as functions of pump power (see
Fig. 12); notice that we plot in the figure the data in a log-log
scale where the inset specifies each of the curves.
One can see that the integrated fluorescence power, in each of

the spectral bands reported, follows a super-linear law; that is,
the slopes of the dependences exceed 1. This behavior indicates
a negligible saturating effect within the available pump range
and net positive gain in the fiber. This is an interesting result
since it points to the potential use of the fabricated Si-n/p fiber
for laser or amplifying applications [1], [18], [51].
The fluorescence data obtained for the Si-n/p fiber at 406-nm

excitation is supported by a photo in Fig. 13, which shows the
fluorescence of the fiber in these pump conditions. The light
from the lateral surface of the fiber is seen to be in the VIS
region, with a maximal emissivity to be in the red spectral range.
Unfortunately, power of the lateral emission was too weak to
be recorded using our OSA; for that reason it was not possible
to make a direct comparison of the fluorescence spectra in the
lateral and frontal (see Fig. 10) detecting configurations.
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Fig. 13. Photo of the Si-n/p fiber fluorescence under excitation by 50 mW at
406 nm.

Fig. 14. Fluorescence spectra obtained at (a) 633 and (b) 978 nm excitation
from the Si-n/p fiber.

From Fig. 13, we also observe that in places where the fiber
is deformed the fluorescence spectrum is a bit modified, one of
explanations of which could be influence of intra-fiber stresses
upon the Si-n/p local structure “embedded” within the
matrix.
We now turn to Fig. 14 where we show the data on the fluo-

rescent properties of the same Si-n/p fiber when it is pumped at

633 nm (a He/Ne laser, 3 mW; Fig. 14(a)) and 978 nm (a diode
laser with a fiber output and power of 400 mW; Fig. 14(b)).
In both cases, a setup was such that the fluorescence spectra

were measured from the fiber’s side, opposite to the pump light
launching. In this way the background offset of the measured
spectra was diminished. Notice that a standard focusing scheme
using an objective (X20) was employed in the first case (for
coupling light @633 nm from the He/Ne laser, with coupling
efficiency of around 40%) and an all-fiber arrangement that in-
volved an isolator and WDM multiplexor—in the second case
(for launching light @978 nm from the diode laser). In both ex-
periments, rather long pieces of the Si-n/p fiber were used (20
and 5 m, respectively) to provide better signal-to-noise ratio in
the spectra.
It is seen from Fig. 14(a) that, in spite of low power deliv-

ered (1.5 mW) by the He/Ne laser to the fiber, Si-n/p fluores-
cence in VIS is well detectable and bands I and II can be seg-
regated at the slopes of an 800-nm maximum. From Fig. 14(b),
it is seen that similar features in Si-n/p fluorescence occur at
978-nm excitation, however at the Stokes side of the spectrum
the emission dominates (remind that the Si-n/p fiber was
weakly doped with , see Fig. 8). It is important to remark
that, in the last case, the origin of the fluorescence bands in VIS
is up-conversion, since they are located at the anti-Stokes side
of the excitation wavelength. This observation could be a di-
rect justification for the existence of an energy transfer process
from the excited ions to Si-n/p, a phenomenon not ob-
served in the existing literature. On the other hand, the reverse
process (energy transfer from Si-n/p to at 406-nm exci-
tation, see Fig. 10) was not observed, probably because of low
Si-n/p concentration in the fiber. The other spectral bands, III
and IV, seen in Fig. 10 (obtained at 406-nm excitation) were not
clearly detected under low-power 633-nm excitation (the He/Ne
laser) whereas we were unable to resolve them under moder-
ated-power 978-nm excitation, in this case because of the pres-
ence of fluorescence in the near-IR region.

F. Nonlinear-Optical Properties

The results of experiments from which we estimated the
nonlinear RI change in the Si-n/p doped fiber are presented in
Figs. 15 and 16. The motivation to conduct these experiments
is promising applications of the nonlinear-optical properties of
the Si-n/p fiber (see e.g. Section V).
There are different approaches to estimate the RI nonlin-

earity. We have chosen the most reliable and at the same time
simple method [52], where the fiber under study is placed
between a couple of long-period fiber gratings (LPGs) forming
a “modal” interferometer within a wavelength domain limited
by tens of nm. We used the setup first proposed in [52] (see
also Fig. 15(a)), so that the model developed by the authors in
order to estimate the RI nonlinearity is applicable to our case.
The interferometer is formed because the guided modes that
propagate within the core region of the fiber under test interfere
with the modes that partially escape (by the first LPG) and
return (by the second LPG) to the core region; so these propa-
gate partially in the clad region. Spectral fringes at the output
of the second LPG are observed under low-power white light
illumination. The fringes occur due to a wavelength-dependent
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Fig. 15. (a) Interferometer optical scheme and (b) example of spectral interfer-
ence of white light passed a couple of LPGs written in SMF-28 fiber.

Fig. 16. Dependences of spectral shift in the SMF-28 (curve 1) and Si-n/p
(curve 2) fibers versus pump power @978 nm. Inset shows how spectral fringes
in the Si-n/p fiber are shifted at increasing the pump power.

phase difference between the mode propagating through the
fiber core and the mode propagating partially through the fiber
clad between the LPGs. Due to the nonlinear properties of the
fiber placed between the LPGs, the RI of core of this fiber can
be changed by launching high-intensity light into it. This will
produce an additional phase change between the two interfering
modes, which shifts the interferometer pattern. Thus, when
the interferometer is pumped both with low-intensity white
light and high-intensity pump (with wavelength out of the
interferometer band), one will observe that the spectral position
of the interference fringes is shifted as the whole. In this way
the nonlinear part of the RI, ( susceptibility) of the
tested fiber’s core can be measured.

The fringes’ pattern shown in Fig. 15(b) was obtained when
the fiber between the LPGs is the same as the one used to fab-
ricate the gratings (SMF-28) with 400 space between the
graves that form the gratings (the LPGs were expected to be op-
timal for 1.44 ; see Fig. 8). The pattern shown in Fig. 15(b)
was obtained with weak white light as a probe launched from
one side of the interferometer and detected at the opposite side
with the OSA. The semiconductor laser at 978-nm with the
maximal output power of 500 mW pumps the fiber under test
from the interferometer’s opposite side where the white-light is
launched. This was achieved by splicing a WDM multiplexor
(980/1550 nm) with the interferometer.
The result of an experiment when an 8.2 cm piece of standard

SMF-28 fiber was placed between the LPGs is shown by curve
1 in Fig. 16.
The result obtained from a similar experiment in which

SMF-28 fiber was replaced with a piece of the Si-n/p fiber
(length, 9.6 cm) is shown in the same figure by curve 2. An
example of how the fringes’ pattern, in the last case, suffers
a spectral shift when the pump power at 978 nm is increased
from 0 to 400 mW is presented in the inset to Fig. 16. Note that
due to the multimode propagation regime at around 1.44 in
the Si-n/p fiber (see Fig. 7(b)) the visibility of the interference
pattern was significantly worse than that for the SMF-28 fiber
(single-mode at this wavelength). However, this was not a
serious obstacle to handle the experiment (see e.g. the inset in
Fig. 16 where the normalized sinusoidal-like patterns of fringes
are clearly seen).
One can note from Fig. 16 that the wavelength shift rises

much faster in the Si-n/p fiber than in the SMF-28 when the
pump power at 978-nm is increased. Furthermore, the maximal
shift of the interference fringes detected for the Si-n/p fiber is
about 5–10 times larger than the one for the SMF-28 fiber (at
the maximal pump power). It should not be overlooked that the
diameters of the fibers differ approximately by a factor of 2 (16
and 8 , respectively). Thus, the RI nonlinearity in the Si-n/p
fiber is revealed to be notably higher than in SMF-28.
Using the parameters of the fibers given in Figs. 15 and

16 and assuming that the RI nonlinearity is mostly of the
third-order for both fibers, we obtain the following estimates
for the nonlinear RI: and

. Notice that the value for
the SMF-28 fiber is below the method’s resolution (see curve
1 in Fig. 16) and therefore this estimate is not trusty. On the
other hand, the value for the Si-n/p fiber is reliable, at least
roughly (see curve 2 in Fig. 16). Our estimation is in agreement
with the independently determined values for other Si doped
fibers [7], [12]. It should not be forgotten that the estimate for
for our Si-n/p fiber was made for 1.44 wavelength,

whereas the nonlinear RI was “created” at the wavelength 978
nm. The resonant absorption at 978 nm as well as the
absorption tail given by Si-n/p, both being quite small (less
than 0.1 dB/m; see Fig. 8), are expected to be harmless for the
obtained value.
It is worth remarking that even if the method we used can pro-

vide a rough estimate of , our results clearly demonstrate that
the nonlinear RI of the Si-n/p fiber is significantly higher than
that of the Si-free fiber. In future we plan to consider fibers with
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Fig. 17. SC spectra obtained from the Si-n/p fiber at 1.59 excitation (details
are featured in the text).

a smaller core region and higher content of Si n/p, in attempt of
getting stronger nonlinearities.

V. APPLICATION: SUPERCONTINUUM GENERATION

A demonstration of the high nonlinear properties of the Si-n/p
fiber is the effective supercontinuum (SC) generation when the
fiber is pumped by a train of short (35 ns) powerful(up to 5.5
kW) pulses with maximal energy of 0.2 . The pulses are de-
livered by a double-clad Erbium doped fiber laser (EDFL, wave-
length, 1.59 ), oscillating in a passive Q-switch regime using
a Thulium doped fiber [53]. Average output power of the EDFL
was 0.95 W and the repetition rate of pulsing (kHz-range) was
dependent on pump power. Output of the EDFL was spliced to
the Si-n/p fiber through a fibered isolator.
Fig. 17 illustrates the optical spectra at the output of the Si-n/p

fiber.
In Fig. 17(a), we present the output spectra of the Si-n/p fiber

obtained at different pump powers but fixed length of the fiber
(curves 1–3), while Fig. 17(b) shows the spectra obtained at dif-
ferent lengths of the fiber but fixed pump power (curves 1 –3 ).
It is seen that the output radiation presents an almost struc-
tureless SC expanded from the pump wavelength mostly to the

Stokes side; the flatness of SC is remarkable, especially at the
optimal conditions corresponding to the maximal pump power
launched into the Si-n/p fiber (the average power is 850 mW)
and its length of about 20 m.
Worth remarking is that several smooth and wide compo-

nents, corresponding to the stimulated Raman scattering (SRS),
are distinguishable in the spectra. Seemingly, this means that
the SC generation is formed by the SRS cascade process (in the
anomalous dispersion region of the Si-n/p fiber, see Fig. 7(a)).
On the other hand, in the vicinity of pump wavelengths where
SC starts, the characteristic spectral oscillations at both Stokes
and anti-Stokes sides develop (see the inset in Fig. 17(a)). This
may mean that a starting mechanism for SC generation is the
offset of modulation instability and self-phase modulation, with
the spectral oscillations on sidebands of the pump (1.59 )
wavelength being enhanced by the pump, thus spreading the
pulse spectrum aside. This process is then boosted up by the
Raman response in the fiber.
The SC extends over the whole transparency region of the

fiber, with its red and blue bounds to happen due to a significant
increase of attenuation in the fiber because of the presence of
OH-groups (see Fig. 8) (anti-Stokes side, ) and silica
matrix absorption (Stokes side, ).
Finally, note the high efficiency of SC generation in the Si-n/p

fiber. The inset in Fig. 17(b) shows that up to 93% of output
power from the Si-n/p fiber is contained in SC (at approximately
20-m length of the fiber and maximal pump power, 850 mW);
the overall SC power at the exit of the fiber was measured to
be 420 mW. To the best of our knowledge, the reported result
on SC generation in Si-n/p fiber is the first demonstration of
such kind of effect (so far, SC generation in a Si-nanowire doped
waveguide was reported only [54]).

VI. CONCLUSIONS

The fabrication of a new-type Si-n/p doped fiber entirely
based upon the MCVD process is reported. The formation of
Si-n/p, at the preform stage and preservation at the fiber stage,
is confirmed by the TEM, EPMA, EDX, electron diffraction,
Raman, optical absorption, and fluorescence spectra measure-
ments. The results reported in this work reveal that: (i) the
wave-guiding properties of the fiber are due to excess of Si
in the core region; (ii) the phase of Si-n/p is changed from
mostly amorphous to partly crystalline after drawing the fiber
from the preform; (iii) the fiber is fluorescence-active due to
the presence of Si-n/p; (iv) the fluorescence has a multi-peak
spectral structure within a few wide bands in the VIS to near-IR
spectral region, which is most probably connected with a
strong interaction of Si-n/p with matrix; (v) a peculiar
property of the fiber is energy transfer between ions and
Si-n/p; (vi) the Si-n/p fiber has a higher nonlinearity than
conventional (Si-free) fibers. It is also shown that the high
value makes this fiber an effective source of supercontinuum. In
conclusion, the study performed in this work shows that Si-n/p
fibers of such type can be of interest for diverse practical appli-
cations as well as in basic research, however further studies are
necessary in order to enhance their properties and for deeper
understanding of the physics behind their performance.
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