
Abstract. The photoinduced room-temperature-stable inc-
rease in the refractive index by � 5� 10ÿ4 at a wavelength of
1.55 lm was observed in phosphosilicate ébres without their
preliminary loading with molecular hydrogen. It is shown that
irradiation of preliminary hydrogen-loaded ébres by an ArF
laser at 193 nm enhances the eféciency of refractive-index
induction by an order of magnitude. The induced-absorption
spectra of preforms with a phosphosilicate glass core and
optical ébres fabricated from them are studied in a broad
spectral range from 150 to 5000 nm. The intense induced-
absorption band (� 800 cmÿ1) at 180 nm is found, which
strongly affects the formation of the induced refractive index.
The quantum-chemical model of a defect related to this band
is proposed.

Keywords: photosensitivity, induced absorption, ébre Bragg gra-
ting, phosphosilicate ébre.

1. Introduction

The use of optical ébres with a phosphosilicate core instead
of common germanosilicate ébres considerably simpliées
the design of Raman lasers and ampliéers and enhances
their eféciency. Therefore, the development of the method
for writing refractive index gratings in ébres is an urgent
problem requiring the study of the mechanism of photo-
induced variations in the glass network caused by UV laser
radiation.

It is assumed that the refractive-index induction in
glasses is caused by structural transformations at the level
of microscopic defects [1]. Unlike a germanosilicate glass [2],
the intrinsic and photoinduced defects in a phosphosilicate
glass are studied inadequately. In this paper, we study the
induced absorption in a phosphosilicate glass core of
preforms for drawing optical ébres and analyse the dyna-

mics of refractive-index induction in ébres exposed to UV
radiation at 193 nm.

2. Experimental

We studied preforms with the 12% molar concentration of
P2O5 in the core obtained by the MCVD method in which
the core is formed by the deposition of SiO2 and P2O5

particles on the internal surface of a rotating quartz tube. A
single-mode ébre was drawn from a preform at temperature
1940 8C. The difference Dn of refractive indices in the ébre
core and cladding at a wavelength of 633 nm was 0.011, the
cut-off wavelength lc was 1070 nm and optical losses in the
spectral range from 1100 to 1600 nm did not exceed
3 dB kmÿ1.

Absorption spectra in the 2000 ë 5000-nm range were
investigated for cross-section cuts of a 2-mm-thick preform
core. The spectra were recorded with a Bruker IFS-113v
Fourier spectrometer. The UV absorption spectra in the
150 ë 350-nm range were studied for samples fabricated from
the `uncollapsed' part of a preform. The thickness of a layer
doped with P2O5 in these samples was 70 mm. The UV
absorption spectra were recorded with a McPherson
VUVAS 1000 vacuum spectrophotometer.

Some samples were kept in the hydrogen atmosphere at
temperature 100 8C and pressure 120 atm before UV irra-
diation. Fibre samples were kept in the hydrogen
atmosphere for 16 h and preform cuts ë for 30 days. In
this way, ébres and preform cuts were preliminary loaded
with molecular hydrogen H2.

A CL-5000 ArF excimer laser (Physics Instrumentation
Center, A.M. Prokhorov General Physics Institute, Troitsk)
was used for excitation of samples at 193 nm. Fibres were
irradiated by 8-ns, 200-mJ cmÿ2 laser pulses at a pulse
repetition rate of 20 Hz.

The photoinduced refractive index was measured by two
methods described in the literature. In the érst method, the
average value Dnind of the refractive index induced in the
ébre core was calculated by the wavelength shift DlBr of the
reêection peak of the Bragg grating written in the ébre [3]

Dnind �
neffDlBr
ZlBr

; (1)

where lBr is the wavelength of the ébre Bragg grating
(FBG) reêection maximum; neff is the effective refractive
index for the HE11 mode; and Z is the fraction of the HE11

mode energy propagating in the ébre core. Fibre Bragg
gratings were produced by using a phase mask with a
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period of 1068 nm, corresponding to the FBG reêection
peak at � 1.55 mm. The measurement error of the induced
refractive index was 1� 10ÿ5.

The second method is based on the use of a Mach ë
Zehnder interferometer [4] which is produced in a ébre by
writing in it two long-period gratings spaced by a distance of
� 5 cm. The gratings were written through an amplitude
mask of length 15 mm and period 300 mm, which gave rise
to the interference pattern near a wavelength of 1.5 mm. The
induced refractive index was calculated from the wavelength
shift Dl of interference fringes measured during irradiation
of the ébre by the expression

Dnind �
lDl

LMZLMZZ
; (2)

where LMZ is the length of the irradiated region between
gratings and LMZ is the interference pattern period. The
accuracy of measuring the shift of interference fringes was
0.1 nm, corresponding to the measurement accuracy of the
induced refractive index equal to 5� 10ÿ6.

3. Results and discussion

The mechanisms of interaction of the 193-nm radiation
with phosphosilicate ébres and the refractive-index induc-
tion in them by this radiation were studied in several
experimental and theoretical papers [5 ë 7]. It was shown
that a phosphosilicate glass and ébres made of this glass
have very low photosensitivity upon irradiation at 193 nm
(the photoinduced change in the refractive index was below
the detection limit, which was � 10ÿ6 in most of the
experiments). In [7], the photoinduced refractive index
equal to 9� 10ÿ6 was achieved in phosphosilicate ébres,
which were fabricated by the êash condensation method [8].
However, the induced refractive index proved to be ther-
mally unstable even at room temperature, and a FBG
written in the ébre was destroyed within a few minutes.

We induced a room-temperature stable refractive index
in a phosphosilicate ébre without any preliminary process-
ing of the ébre [curves ( 1 ) and ( 2 ) in Fig. 1]. The maximum
value of the photoinduced refractive index was 4:7� 10ÿ4

for the 15-kJ cmÿ2 radiation dose. The difference of our
results on the refractive-index induction in phosphosilicate
ébres from the results obtained in [7] can be explained by the
difference in the structure of phosphosilicate glasses fab-
ricated by the MCVD and êash condensation methods.
Note that optical losses in phosphosilicate ébres manufac-
tured by the latter method are considerable and achieve
� 1000 dB kmÿ1 [8]. Such high losses can appear, in
particular, due to scattering caused by the phase separation
of a phosphosilicate glass of the ébre core [9]. We can also
assume that high losses in these ébres are related to the
presence of impurities in the ébre core due to insufécient
puriécation of initial reagents. Thus, the inhomogeneous
composition of the ébre core material can signiécantly affect
the dynamics of the refractive-index induction in ébres
fabricated by the êash condensation method.

The photosensitivity of phosphosilicate glasses at
193 nm considerably increases when they are preliminary
loaded with molecular hydrogen [6, 7, 10]. As follows from
curves ( 3 ) and ( 4 ) in Fig. 1, the refractive index induced in
a hydrogen-loaded ébre at the radiation dose � 103 J cmÿ2

achieves 10ÿ3, which is sufécient for producing FBGs with

the reêection coefécient exceeding 99.9%. Note that the
different slope of curves ( 3 ) and ( 4 ) at comparatively low
radiation doses (below 500 J cmÿ2) is probably explained by
the inadequate accuracy of determining the position of the
FBG reêection peak at the initial stage of its writing. Note
for comparison that the refractive index induced in a ébre
without preliminary loading with hydrogen was only
7� 10ÿ5 at the radiation dose of 103 J cmÿ2. Therefore,
the photosensitivity of ébres loaded with molecular hydro-
gen increased in our experiments by more than an order of
magnitude.

Let us analyse variations in the absorption spectra of
bulk samples induced by UV radiation at 193 nm. Figure 2
shows the spectra of two samples irradiated by the same
dose 1 kJ cmÿ2.

One can see that in a sample irradiated without
preliminary loading with hydrogen, a weak absorption
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Figure 1. Dose dependences of the refractive index induced by UV
radiation in a phosphosilicate glass. The induced refractive index is
calculated at a wavelength of � 1.5 mm. The values of Dnind were
measured for hydrogen-unloaded ( 1 , 2 ) and hydrogen-loaded ( 3, 4 )
samples by using a Mach ëZehnder interferometer ( 1, 3 ) and a ébre
Bragg grating ( 2 , 4 ).
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Figure 2. IR absorption spectra of the core of a phosphosilicate glass
preform before ( 1 ), after irradiation by the 1-kJ cmÿ2 dose ( 2 ) and after
hydrogen loading and irradiation by the 1-kJ cmÿ2 dose ( 3 ).
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� 0.2 cmÿ1 is induced in the 3700 ë 2700-cmÿ1 range (2700 ë
3700 nm). The absorption spectrum of a hydrogen-loaded
sample changes stronger compared to the initial spectrum.
According to [11], variations in the spectrum are caused by
the induced absorption bands of hydroxyl centres: the
silanol O3Si ëOH centre (the 3672-cmÿ1 band) and the
O3Si ëOH ���O=PO3 centre (the 3280-cmÿ1 band).

The maximum induced absorption was detected in the
UV region. One can see from Fig. 3 that absorption induced
by the 193-nm radiation in a hydrogen-loaded sample
amounts to a few hundreds of cmÿ1. This induced absorp-
tion band has a maximum at 6.9 eV (180 nm) and is also
observed in the absorption spectrum of the sample before
irradiation.

By using the method for calculating the induced
refractive index from the induced absorption described in
[12], we estimated the contribution of induced absorption in
the 160 ë 300-nm range to the induced refractive index at a
wavelength of � 1500 nm. The calculated value of Dnind was
10ÿ4. Let us compare it with our values of the refractive
index induced in the ébre (Fig. 1) and the value
nind � 2� 10ÿ4 measured at a wavelength of 1500 nm in
[13] for a preform with 12% of P2O5. It seems that due to
stresses produced during ébre drawing, the refractive index
is induced in phosphosilicate ébres more eféciently than in
samples cut from the initial preform irradiated by the same
UV light. It was shown earlier for germanosilicate ébres that
the use of tensile stresses during UV irradiation enhanced
the eféciency of refractive-index induction approximately by
a factor of éve [14]. Thus, we assume that the induced UV
absorption and especially the 6.9-eV absorption band
observed in our experiments make a considerable contri-
bution to Dnind in a phosphosilicate glass.

Note that the physical nature of the 6.9-eV band in a
phosphosilicate band is not clear so far. The absorption
band near 7 eV observed in the spectra of well-studied
germanosilicate glass and pure silica is assigned, as a rule, to
absorption by oxygen-deécient centres. Thus, it is assumed
that the 6.9-eV absorption band in pure silica is related to
the transition in the oxygen-deécient =Si: centre (two-

coordinated silicon atom) to the second excited singlet state
[15]. In this case, the spectrum should exhibit the intense 5.1-
eV absorption band corresponding to the transition to the
érst singlet state, which, however, is not observed in Figs 3
and 4. In [15, 16], the model of the oxygen-deécient
� Siÿ Si � centre (oxygen vacancy) with the 7.6-eV absorp-
tion band is also described.

It is reasonable to assume that the 6.9-eV absorption
band observed in the spectrum of a phosphosilicate glass
belongs to the oxygen-deécient defect. This assumption is
indirectly conérmed by experiments on the thermal anneal-
ing of preliminarily hydrogen-loaded samples. It is known
that the increase in the annealing temperature initiates
thermochemical reactions between hydrogen and intera-
tomic bonds in the glass network [17], and one of the
énal products of such reactions can be oxygen-deécient
centres [18]. Figure 5 shows that the intensity of the 6.9-eV
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Figure 3. UV absorption spectra of the core of a phosphosilicate glass
preform before ( 1 ), after irradiation by the 1-kJ cmÿ2 dose ( 2 ) and after
hydrogen loading and irradiation by the 1-kJ cmÿ2 dose ( 3 ).
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Figure 4. Induced UV absorption spectrum of the hydrogen-loaded core
of a preform irradiated by the 1-kJ cmÿ2 dose.
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Figure 5. UV absorption spectra of the core of a hydrogen-loaded
phosphosilicate glass preform ( 1 ) and of this preform annealed at 400 8C
for 30 min ( 2 ).
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absorption band of the hydrogen-loaded sample consider-
ably increases after annealing of the sample at 400 8C for
30 min. The absorption band intensity increased after
annealing by 130 cmÿ1, corresponding to � 20% of the
initial band intensity. The study of the thermal stability of
the 6.9-eV absorption band of the hydrogen-loaded sample
showed that the band intensity increased with increasing the
annealing temperature up to 600 8C, while at temperatures
above 600 8C the band intensity gradually decreased.

We also assume that, because the 6.9-eV band is absent
in the absorption spectrum of pure silica, it belongs to an
oxygen-deécient centre containing phosphorous. We pro-
pose here two models of such phosphorous oxygen-deécient
centre (PODC), which are shown schematically in Fig. 6.
According to our assumption, the type I PODC is a three-
coordinated phosphorous atom in silica, and the type II
PODC is a three-coordinated phosphorous atom bonded
with a two-coordinated silicon atom in silica.

We calculated the energy of excited electronic states for
both models in Fig. 6 by using the GAMESS (US) program
[19]. The properties of PODC of types I and II were
simulated by using the P � (Oÿ SiO3)3 and
(Oÿ SiO3)3 � P ��� Si(Oÿ SiO3)2 clusters. Dangled bonds
on cluster surfaces were loaded with hydrogen atoms.

We used in calculations the bases and effective core
potentials proposed in [20] and [21]. The bases were addi-
tionally supplemented with polarisation functions of the d

type, one for each oxygen, silicon, and phosphorous atom
[z � 0:8000, 0.3950, 0.5500 aÿ10 (a0 is the Bohr radius),
respectively]. As shown in [22] and [23], the basis chosen in
this way provides good description of the properties of such
systems. For hydrogen atoms, the standard 3-21G basis was
used. The cluster geometry was completely optimised by the
Hartree ëFock method. Once the equilibrium geometrical
conéguration has been obtained, we calculated the energy
and oscillator strength of electronic transitions by the
method of conéguration interaction by using 12 one-
electron levels, from which 4 levels in the electron coné-
guration corresponding to the ground state in the Hartree ë
Fock method are doubly élled and 8 levels are not élled. The
interaction matrix was constructed by taking into account
all possible electron conégurations corresponding to elec-
tronic transitions between these levels. In this case, the
accuracy of calculation of the excited-state energy should be
15%ë20% and the oscillator strengths can be estimated by
an order of magnitude. We calculated 15 lowest many-
electron states.

The calculation performed for the type I PODC showed
that transitions from the ground state of the three-coordi-
nated phosphorous atom to the two érst excited states with
energies 8.00 and 8.43 eV are allowed dipole transitions. The
wavelengths of these transitions are 155 and 147 nm, and
the oscillator strengths are � 0.3 and � 0.2, respectively.
One can see that the calculated energies and wavelengths
substantially differ from these quantities corresponding to
the absorption band under study (6.9 eV or 180 nm).

The calculation performed for the type II PODC
revealed better agreement with experimental data. It was
found that the energies of allowed dipole transitions from
the ground state of the O3P ��� SiO2 cluster to the two érst
excited states were 6.82 and 6.99 eV, respectively. The
wavelengths of these transitions are 182 and 177 nm, and
the oscillator strengths are � 0.02 and � 0.10, respectively.
These wavelengths well agree with the wavelength 180 nm of
the absorption band under study. Therefore, we will assign
the 6.9-eV absorption band to the transition to the excited
state of the type II PODC. The distance between the three-
coordinated P atom and the two-coordinated Si atom in this
model of the defect is 2.53

�
A, the bond order is ÿ0:48, and

the Mulliken charges of atoms P and Si are �0:85e and
�0:45e, respectively. Thus, a weakened single covalent bond
is formed between atoms P and Si. On each of these atoms a
nonbonding electron is localised, and the ground state of the
system is a singlet state.

We assumed that the refractive-index induction in
hydrogen-loaded phosphosilicate ébres is caused to a great
extent by the photoinduced increase in absorption by the
type II PODC. In this case, the formation of new PODCs in
the phosphosilicate glass network probably occurs only
when hydrogen is involved in photochemical reactions.
In the core of ébres that have not been loaded preliminary
with hydrogen, no new PODCs are formed and the
refractive index is probably induced due to absorption
by other centres, for example, phosphorous electronic
centres (PECs) and phosphorous oxygen ë hole centres
(POHCs) [24]. The low photosensitivity detected in hydro-
gen-unloaded phosphosilicate ébres can be explained by a
comparatively low intensity (< 10 cmÿ1) of the absorption
bands of PECs and POHCs [25].
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Figure 6. Structural models of the PODC: the three-coordinated
phosphorous atom in silica (type I PODC) (a) and the three-coordinated
phosphorous atom bonded to the two-coordinated silicon atom in silica
(type II PODC) (b).
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4. Conclusions

We have observed room-temperature stable photoinduced
increase in the refractive index by � 5� 10ÿ4 in hydrogen-
unloaded phosphosilicate ébres irradiated by an ArF laser
at 193 nm. It has been shown that the eféciency of
refractive-index induction in hydrogen-loaded ébres irradi-
ated at 193 nm is an order of magnitude higher.

The induced absorption spectrum of hydrogen-loaded
phosphosilicate preform samples irradiated at 193 nm
exhibits the intense 6.9-eV (180-nm) band. Based on the
numerical simulation, the 6.9-eV band was assigned to the
phosphorus oxygen-deécient centre. The quantum-chemical
model of the PODC in the form of the three-coordinated
phosphorous atom bonded with the two-coordinate silicon
atom in silica has been proposed. It has been shown that
absorption in the PODC induced by irradiation at 193 nm
makes a considerable contribution to the refractive-index
induction.
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