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We report an experimental study on phosphorus-related point defects in amorphous silica, based on photo-
luminescence, absorption, and electron spin resonance measurements carried out on P-doped SiO2 fiber pre-
forms. By photoluminescence measurements excited by laser or synchrotron light we detect an emission band
peaked at 3.0 eV with a lifetime in the range of ms. The excitation spectrum of the 3.0 eV emission consists
of two transitions peaked at 4.8 and 6.4 eV, the former giving rise also to a measurable absorption band. We
attribute this optical activity to a P-related point defect embedded in SiO2, based on the spatial correlation
between the emission intensity and the P doping level. A detailed spectroscopical investigation allows us to
propose a scheme of the electronic levels of this P-related defect, in which the 4.8 and 6.4 eV excitation
channels arise from transitions from the ground to two-excited singlet states, while the long-lived 3.0 eV
emission is associated to a spin-forbidden transition from an excited triplet to the ground state. Finally, electron
spin resonance measurements on X-irradiated samples lead us to propose a tentative microscopic model of the
defect as a diamagnetic four-coordinated P impurity substitutional to a Si atom.

DOI: 10.1103/PhysRevB.80.205208 PACS number�s�: 71.55.Jv, 78.47.Cd, 82.50.Kx

I. INTRODUCTION

Phosphorus-doped silica is a material of fundamental im-
portance in optical communications and in microelectronics.
P doping is often used in optical fibers to achieve an optimal
refractive index profile1 and to modify the viscosity of the
core and cladding regions.2 Phosphate glasses are potentially
good ultraviolet �UV� transmitting materials allowing the
fabrication of thin glass films for application in microlithog-
raphy and laser systems.2 P-doping allows to greatly increase
the efficiency of rare-earth based optical amplifiers3 and
phosphosilicate glass are promising candidates as radiation
sensors due to their closely linear response to radiation
dose.4 Finally, it has been reported that strong photosensitive
properties can be induced in P-doped silica by hydrogen
loading or high temperature treatment in a hydrogen-oxygen
flame.5,6 A thorough understanding of the microscopic ar-
rangements of P impurities in silica, as well as of the prop-
erties of the resulting P-related point defects, would be po-
tentially useful to optimize the performance of P-doped SiO2
in applications.

Most of the current understanding of P-related defects in
SiO2 derives from electron spin resonance �ESR� experi-
ments on irradiated phosphosilicate glasses. ESR allowed to
identify unambiguously four main P-related paramagnetic
point defects, referred to as P4, P1, P2, and POHC centers.7–9

In P4, P1, and P2, the unpaired electron is localized on
the central P atom, bonded to a different number of oxygen
atoms, 2, 3, and 4, respectively.6,8,10–12 Hence, their

structure can be represented as ��O-�2P•�0 , ��O-�3P•�+ and
��O-�2P•�-O�2�0, respectively, where • represents an unpaired
electron.20 The paramagnetic signal of POHC is ubiquitous
in P2O5-containing glasses. In the simplest model of this
defect, the P atom is bonded to three bridging O atoms and to
a fourth nonbridging O which hosts the unpaired electron:
��O-�3P-O•�+. However, this structure �here referred to as
l-POHC� has been argued to be stable only at low tempera-
ture, while the room-temperature stable form of POHC �here
referred to as r-POHC� was proposed to feature an electron
shared by two nonbridging oxygen atoms bonded to the same
phosphorus ��O-�2P�-O�2

• �0.8 l-POHC and r-POHC suppos-
edly feature two slightly different ESR signals. After clarify-
ing by ESR the microscopic structure of these defects, data
obtained by optical absorption �OA� studies of irradiated
P-doped silica were interpreted by proposing associations be-
tween some of the observed OA bands and the paramagnetic
centers.6,8

In contrast, much less is known about diamagnetic
P-related centers in SiO2. Based on the results obtained by
several independent experimental techniques, including Ra-
man and infrared measurements, phosphosilicate glass is
generally believed to consist of an intermixed random net-
work of ��O-�2Si�-O�2�0 and ��O-�3P=O�0 tetrahedra ran-
domly bonded by sharing O atoms, this being consistent with
the fact that ��O-�3P=O�0 is the basic building block of pure
stoichiometric �P2O5� phosphate glass.13–16 In this model
each P atom is bonded to three bridging O atoms and a single
doubly-bond nonbridging O, and thus each site can be argued
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to be a potential precursor for l-POHC via ionization of the
nonbridging oxygen. In contrast, r-POHC should be formed
by ionization of a defective site ��O-�2P�=O�2�− where the P
atom bonds two bridging oxygen atoms with single bonds
and two more nonbridging oxygen with double bonds.8 Fi-
nally, P4, P1, and P2 centers are supposedly formed by irra-
diation via hole or electron trapping on hypothetical diamag-
netic precursor defects where P is two-, three-, and four-fold
coordinated, respectively:21 ��O-�2P:�−, ��O-�3P:�0, and
��O-�2P�-O�2�+.6,8,10,11 In the intermixed random network
model, also these sites should be considered as randomly
occurring point defects.

From the experimental point of view, the optical proper-
ties of diamagnetic P-related centers in silica are scarcely
known at the moment, since only very little data exist on
optical absorption and luminescence of as-grown phospho-
silicate glasses, expect for the basic evidence that no strong
UV absorption bands are generally induced in these materials
just by P-doping.6,17 The purpose of this work is to contrib-
ute to a better understanding of these topics, by reporting
data obtained by absorption and photoluminescence mea-
surements in the UV and vacuum UV spectral ranges on
P-doped optical fiber preforms.

II. EXPERIMENTAL METHODS

The experimental data reported in this paper were ob-
tained on multistep-index P-doped fiber preforms provided
by iXFiber S.A.S. The samples are made up of an outer
undoped high purity silica layer and four internal cylindrical
layers �core part, zones 1–4� of highly pure synthetic silica
doped with different P amounts. Phosphorus doping profile
grows from the boundaries to the center following a mul-
tiple step distribution as shown in the microscopic image of
Fig. 1.

The layers were deposited inside a tube of undoped fused
silica, which forms the cladding �zone 0�. The core-cladding
part is made with modified chemical vapor deposition
�MCVD� process and does not contain a relevant concentra-
tion of extrinsic impurities, except for chlorine that is present
with a maximum concentration of �0.2 wt. %. The pre-
forms had an initial diameter of 12.84 mm with a 5 mm
doped region and they were subsequently cut into 6�6
�1.5 mm3 samples and polished. Phosphorus and chlorine
concentrations were checked by electron microprobe analy-
sis, giving the results shown in Fig. 1. The preform charac-
teristics are summarized in Table I.

Photoluminescence �PL� time-resolved measurements ex-
cited in the UV range were performed using a pulsed laser
system �VIBRANT OPOTEK� with a pulse width of 5 ns, a
repetition rate of 10 Hz and an energy density per pulse of
�0.27�0.02� mJ /cm2. The emitted light was dispersed by a
spectrograph equipped with a 150 grooves/mm grating,
blazed at 300 nm with a spectral bandwidth of 3 nm, and
then acquired by an intensified charge coupled device �CCD�
camera. The acquisition is gated within a time window of
width WT, which opens starting from a delay time TD with
respect to the laser pulse. All the spectra were corrected for
the spectral response and the spectrograph dispersion.

Excitation �PLE� and emission spectra excited in the
vacuum UV �VUV� range, were carried out under excitation
by pulsed synchrotron radiation in the range 4.5–9.0 eV, with
a pulse width of 130 ps, an interpulse of 500 ns, and a spec-
tral width of 0.3 nm, at the SUPERLUMI station on the
I-beamline of HASYLAB at DESY �Hamburg�. The emitted
light was spectrally dispersed by a 300 grooves/mm grating
blazed at 300 nm and acquired by a liquid nitrogen cooled
CCD camera �1100 Princeton instruments� for PL spectra or
by a photomultiplier �Hamamatsu R2059� for PLE spectra.
PL spectra were corrected both for the spectral response and
dispersion of the detecting system, while excitation spectra
were corrected for the spectral efficiency of the exciting
light. Excitation bandwidth was 0.3 nm, while emission
bandwidth was 20 nm.

OA spectra on preform samples were carried out by the
Jasco V-560 spectrophotometer in the 3.5–6.0 eV spectral
range. VUV absorption spectra in the 6.0–7.5 eV range were
obtained using an ACTON SP-150 single-beam spectropho-
tometer, equipped with a 30 W D2 lamp and two 1200
lines/mm monochromators and working in N2 flux. The ac-
quired spectra were corrected by subtracting the contribution
due to surface reflectance.

During laser-excited luminescence and optical absorption
measurements, we put the sample behind a properly built
mask so as to be sure that laser light excited only the central
region �zone 4� of the preform. On the contrary, synchrotron
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FIG. 1. �a�: P content �full squares� and Cl content �empty
circles� obtained by electron microprobe analysis at various dis-
tances from the preform center. �b�: Enlarged view of the sample.
Numbers from 0 to 4 refer to the various sample zones listed in
Table I with different P amounts. The x scales in the upper and
lower figures coincide.
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excitation did not allow to spatially resolve the different
sample zones. In both the experimental setups, temperature
dependencies �from 10 to 300 K� were investigated using
continuous flow helium cryostats. Finally, ESR measure-
ments were carried out at room temperature by a Bruker
EMX spectrometer working at 9.7 GHz �X band� on the pris-
tine preform and on samples irradiated by 10 keV x-rays at
room temperature using the ARACOR facility at the French
atomic energy center �CEA�.

III. RESULTS

Figure 2 shows the OA spectrum of the central zone of the
sample �zone 4, maximum P content �7 wt. %� in the UV
and in the VUV spectral range.

It is evident the presence of a strong absorption band in
the VUV range centered at about 6.9 eV, an absorption tail
for E�7eV, and a shoulder in the UV region, due to a band
centered at about 4.8 eV �inset of Fig. 2�.

By performing a PL emission measurement at room tem-
perature under synchrotron excitation at the energy corre-
sponding to the UV band �4.8 eV�, we detected a broad
asymmetric luminescence signal centered at 3.0 eV, reported
in Fig. 3�a�. The PLE spectrum of this signal, measured with
emission at Eem=3 eV, is reported in Fig. 3�b� and features
two components: the first one is centered at 4.7 eV �with
FWHM�0.7 eV� and the second one at 6.4 eV �with

FWHM�0.6 eV�. The shape of the emission band turns out
to be approximately the same when excited at 4.8 eV �full
squares� or 6.4 eV �open circles� by synchrotron radiation, or
upon laser excitation at 4.8 eV �solid line�, as shown by the
comparison of the three signals in Fig. 3�a�.

We studied the dependence of the 3.0 eV luminescence
signal intensity on P concentration, by moving the laser ex-
citation spot across the different preform zones via a mi-
cropositioning stage. The spatial resolution of this measure-
ment is limited by the diameter of the laser spot, partialized
by an iris that is about 0.5 mm. As shown in Fig. 4�a�, we
found that the 3.0 eV PL signal is observed only in the
P-doped region of the sample and rapidly disappears when
moving away from the center of the perform. By comparing
with the spatial dependence of P concentration, we see that
the luminescent region is somewhat narrower than the doped
region. Indeed, the 3.0 eV PL is mainly localized on zones
III and IV of the preform. Figure 4�b� shows the PL intensity
on the peak of the 3.0 eV band as a function of P content. It
appears that the luminescence signal shows up only when P
concentration overcomes a �4% threshold.

We performed time-resolved emission measurements
�Fig. 5� on the 3.0 eV band, by acquiring at room tempera-
ture several emission spectra upon laser excitation, with
WT=500 �s and TD going from 1 �s to 25 ms. These data
allow to study the decay kinetics of the PL signal at several
spectral positions within the emission band. Since the decay
turns out to be single exponential at any fixed emission en-

TABLE I. Parameters related to P-doped preform samples. �n refers to the refractive index change at
�=633 nm with respect to silica.

Zone
�P�

�wt. %�
�Cl�

�wt. %�
�n

��10−3�
Preform diam.

�mm�
Fiber diam.

��m�

Cladding 0 0.00 0.23 0.46 12.8 125.0

Core 1 1.63 0.07 1.37 5.0 62.5

2 3.17 0.06 2.58 4.2 52.8

3 5.05 0.05 4.80 3.1 38.8

4 7.09 0.02 7.08 1.6 19.4

FIG. 2. Absorption spectrum of the P-doped preform in the UV-
VUV spectral range �2.5–7.5 eV�. The inset shows the enlargement
of the OA spectrum from 3 to 6 eV.

FIG. 3. �Color online� �a�: Emission spectra measured in the
central sample zone �zone 4�, containing �7 wt. % of phosphorus
at 300 K, obtained exciting at 4.8 eV �full squares� and 6.4 eV
�open circles� under synchrotron radiation and at 4.8 eV under laser
excitation with WT=20 ms and TD =5 ns �solid line�. �b�: Exci-
tation spectrum monitored at Eem=3 eV detected at room tempera-
ture under synchrotron radiation in the range 4–8.3 eV.
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ergy, the lifetimes were obtained by a fitting procedure with
a single exponential function of time-resolved PL data at
several spectral positions, as shown in Fig. 6, where full lines
represent the best fit curves. We found a slight dispersion of
the lifetime inside the emission band: � varies from 6.9 ms at
Eem=2.7 eV to 5.1 ms at Eem=3.2 eV. Such dispersion of
the lifetime corresponds to a progressive red shift of the
emission peak of Fig. 5 during the decay, due to the low-
energy tail of the signal decaying slower than the right tail.

We also studied the dependence on temperature of the
luminescence signal measured by exciting at 4.8 eV in the
central sample region. Figure 7 shows the PL spectra under
laser excitation at 4.8 eV at different temperatures. Notwith-
standing a certain degree of scattering of data points, from
this investigation we can clearly see that the emission inten-
sity excited at 4.8 eV is poorly dependent on temperature in
the range 10–300 K. �inset of Fig. 7�; also the peak position

and width do not depend significantly on temperature. The
lifetime � measured on the peak, at 3 eV, is independent of
temperature as well within experimental accuracy, as shown
in Fig. 8�a�, where several decay curves at various tempera-
tures are reported. Performing the same investigation on the
left tail of the band, a small variation in the � value with the
temperature appears �full circles and triangles in Fig. 8�b��.
This may suggest the existence of another small component
centered at energies �2.8 eV. This secondary effect needs a
specific investigation but it will not be analyzed in the
present paper. It is worth noting, however, that the presence
of this component may contribute to the observed asymmetry
of the emission band.

FIG. 4. �a�: PL intensity at 3 eV measured at room temperature under laser excitation at 4.8 eV with WT=20 ms and TD=5 ns �full
circles, left vertical scale� and phosphorus content �open circles, right vertical scale� as a function of the distance from the preform center.
Vertical lines refer to the different sample zones �from 1 to 4� as listed in Table I and in Fig. 1. �b�: PL intensity at 3 eV as a function of the
phosphorus content.

FIG. 5. �Color online� Time resolved PL spectra measured under
laser excitation at 4.8 eV with WT=500 �s and TD from 1 �s to
25 ms.

FIG. 6. Decay curves detected at room temperature at different
emission energies �Eem� under laser excitation at Eex=4.8 eV
�WT=500 �s and TD from 1 �s to 25 ms�. For viewing purposes,
the initial values of the decay curves are arbitrarily scaled. Full lines
represent the best fit curves by a single exponential equation.
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Additionally, we performed ESR measurements both on
pristine and x-ray irradiated preform samples aiming to ex-
plore the local arrangements of P atoms in the SiO2 matrix,
as well as the radiochemical processes activated by X irra-
diation. The pristine samples did not show any detectable
paramagnetic defects. After a total deposited 10 keV x-dose
of 20 kGy, at a dose rate=0.1 kGy /s, the ESR spectrum
shows a structured signal extended over 10 mT, and shown
in Fig. 9�a�. The measurement was performed with a modu-
lation amplitude of 0.1 mT and a nonsaturating microwave
power of 0.19 mW. By comparison with literature, most of
the observed signal can be ascribed to POHC-type defects.8

Specifically, the negative peaks at 341.9 and 346.5 mT
�marked as �1�� are associated to r-POHC, while the two
additional peaks at 342.8 and 347.3 mT �marked as �2�� are
characteristic features of l-POHC. While these well resolved
peaks allow to clearly identify the two defects, the corre-
sponding positive portions of the ESR signals overlap and

cannot be singled out.8 Specifically, by comparison with the
published lineshapes of r-POHC and l-POHC,8 it can be ar-
gued than the positive portions for B�341.5 mT and for
345.5 mT�B�346.2 mT are due to some linear combina-
tion of l-POHC and r-POHC. The coefficients of this combi-
nation, which could be determined in principle by computer

FIG. 7. PL bands under laser excitation at 4.8 eV in the central
sample zone detected at various temperatures. The inset shows the
temperature dependence of the integrated PL intensity.

FIG. 8. �a�: Decay curves detected at Eem=3 eV at different temperatures under laser excitation at Eex=4.8 eV �WT=500 �s and TD

from 1 �s to 25 ms�. For viewing purposes, the initial values of the decay curves are arbitrarily scaled. Full lines represent the best fit curves
by a single exponential equation. �b�: Temperature lifetimes dependency at different energetic positions inside the 3 eV PL band at Eex

= 4.8 eV under laser excitation.

FIG. 9. Electron spin resonance spectrum detected in P-doped
preform after a total deposited x-dose of 20 kGy. The signal in
panel �a� was acquired by using a modulation amplitude of 0.1 mT
and a 0.19 mW power. �1� and �2� indicate characteristic features of
r-POHC and l-POHC, respectively. The spectrum in panel �b� was
acquired by using a modulation amplitude of 0.5 mT and a 1.9 mW
power. We verified both values of power to be below the saturation
threshold of the respective signals.
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simulation of the measured lineshape, are of no concern for
the present purposes. Both signals are actually hyperfine
doublets with �5 mT splitting, due to the interaction with
the 31P nucleus �100% natural abundance�. It is worth noting
that the observation of l-POHC contrasts with previous sug-
gestions of this center being metastable at room
temperature.8 Finally, the central part of the spectrum also
shows an additional structure around 344 mT of unknown
origin. Since the contribution of the latter defect to the over-
all signal is minor, the overall concentration of POHCs can
be estimated in good approximation by double integration of
the whole spectrum in Fig. 9�a� and comparison with a ref-
erence sample. In this way we get: �POHC�= �1.2�0.1�
�1017 cm−3.22 By scanning a wider magnetic-field range
�Fig. 9�b��, we observe a hyperfine doublet with 112 mT
separation which is consistent with the spectral features of
the P2 defect, i.e., a four-fold coordinated P trapping an un-
paired electron.8 The substantially larger hyperfine splitting
as compared to POHC is due to the much stronger localiza-
tion of the unpaired electron on the P nucleus. This measure-
ment was carried out with a modulation amplitude of 0.5 mT
and a nonsaturating microwave power of 1.9 mW. The con-
centration of P2 centers can be estimated to be �P2�
= �1.4�0.1��1017 cm−3 and thus is consistent with �POHC�
within experimental error. Finally, by PL measurements in
this sample we observed a 42% reduction of the intensity of
the native PL band at 3.0 eV.23 The same measurements were
performed on another sample irradiated with a lower �2 kGy�
dose, where we found similar results: the emission intensity
was reduced of 30%, while from ESR measurements we get:
�POHC�= �P2�= �8.5�0.8��1016 cm−3. In neither sample
we observed the characteristic hyperfine doublets of P1 or P4
centers.8,10 This suggests that in these materials the twofold
and three-fold coordinated configurations of P impurities are
either present in much lower concentration or are much less
sensitive to radiation than the tetrahedrical ��O-�3P=O�0 and
��O-�2P�-O�2�+ configurations acting as precursors for POHC
and P2.

IV. DISCUSSION

Data in Figs. 3–8 demonstrate the existence in as-grown
P-doped silica of an emission signal peaked at 3.0 eV and
featuring two excitation channels at 4.8 and 6.4 eV. The
lowest-energy excitation is detectable as well as a weak ab-
sorption band. The spatial dependence of the signal intensity
in Fig. 4 strongly suggests this emission to be associated to a
P-related defect. The fact that the spatial extension of the
luminescent region is narrower than that of the P-doped
zone, implies that the concentration of the specific center
responsible for this emission is not strictly linearly correlated
with the overall P concentration �see Fig. 4�b��. Specifically,
data in Fig. 4 suggest the emitting center to be formed in
detectable concentrations only when the overall P content
overcomes a threshold of about 4%.

The main spectroscopic features of this PL signal are its
long lifetime in the ms range and its weak dependence on
temperature. The first result suggests the emission to origi-
nate from a spin-forbidden transition from an excited triplet

state �T1�. At the same time, the temperature independence
implies the absence of efficient nonradiative decay channels
from T1 to the ground state, so that the �6 ms lifetime has
to be interpreted as a purely radiative decay lifetime. Finally,
the dispersion of the radiative decay lifetime within the emis-
sion band suggests strong inhomogeneity effects to affect the
overall width of the band, as recently pointed out for other
defects embedded in an amorphous matrix.18 Data analysis
aimed to quantitatively estimate the degree of inhomogeneity
of the band is in progress, being complicated by the possible
presence of another weaker signal on the left side of the
band.

The first-excitation peak at 4.8 eV detected by the PLE
measurement is likely to be related to the 4.8 eV band found
in the OA spectrum of the defect �Fig. 2�. However, it can be
argued that the 3.0 eV luminescent band cannot be the in-
verse transition of the 4.8 eV absorption.

To demonstrate this assertion, we evaluate the oscillator
strength f of the 4.8 eV peak as if the 3.0 eV was its inverse
transition. Using Smakula’s equation19 we evaluate the prod-
uct Nf , where N is the defects concentration:

Nf = n	 E0

Eef f

2

	max
�	 mec

2�2e2�



� n	 E0

Eef f

2

	max
� � 9.111 � 1015�eV−1 cm−2� , �1�

n is the refractive index of our samples, �Eef f /E0�2 is the
effective field correction,19 	max is the amplitude and � is the
full with at half maximum �FWHM� of OA band, 
 is a
numeric coefficient which depends on the bandshape and
me ,c ,� have their usual meaning.

If we consider that 
�1.0645 for a Gaussian shape, and
n�E0 /Eef f�2 for silica is close to unity throughout the IR to
near-UV spectral range, Eq. �1� becomes:

Nf � 	max� � 9.699 � 1015�eV−1 cm−2� . �2�

To evaluate the product 	max�, we performed a Gaussian fit
of the OA peak at �4.8 eV of the inset of Fig. 2, imposing
the same FWHM of the 4.8 eV PLE band �0.7 eV� �Fig.
3�b��, and finding 	max=0.10 cm−1. From this calculation we
obtain:

	max� � 0.07 eV cm−1, �3�

Nf = 6.79 � 1014 cm−3. �4�

The oscillator strength is related to the radiative decay time �
of the inverse emission by:19

f �
1

��
�2�
	 E0

Eef f

21

n
� 2.305 � 10−8

�
1

��
�2�
�

1

n2 � 2.305 � 10−8 = 1.18 � 10−7, �5�

where n=1.466 and �
 represents the zero phonon line en-
ergy position, roughly half way between absorption and
emission: �
 = 3.7 eV.
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From Eqs. �4� and �5�, with � =6 ms, we finally obtain:

N � 6 � 1021 cm−3. �6�

This concentration value is higher than the maximum phos-
phorus concentration in our samples �7.09 wt. % in zone 4
corresponds to �P�=3.0�1021 cm−3�. Also, ESR data dis-
cussed below show that the concentration of the luminescent
defect is in the order of 1017 cm−3. Hence, we consider re-
ally improbable for the 3.0 eV PL band to be the inverse
transition of the 4.8 eV OA. On the contrary, assuming a
nondegenerate singlet ground state S0 for the defect, the 4.8
eV band must arise from an allowed S0→S1 transition. Also,
the second PLE peak at 6.4 eV, whose intensity is compa-
rable to the 4.8 eV component, must be associated to a S0
→S2 transition to an upper excited state. Given the absence
of any other emission signals upon 4.8 or 6.4 eV excitations,
the decay from these two excited levels �S1,S2� to the emit-
ting 3.0 eV state �T1� must occur by a very efficient inter-
system crossing �ISC� process active at all temperatures.
Based on these considerations, we can propose for the
P-related luminescent defect the level scheme in Fig. 10.

Contrastingly, the 6.9 eV absorption band is due to an-
other diamagnetic P-related defect, unrelated to the emitting
center. As a matter of fact, the 6.4 eV peak in the PLE signal
occurs in a spectral region where the absorption is almost
zero �compare Fig. 2 and 3�, while the excitation of the
sample at 6.9 eV did not result in any measurable emission at
any temperature. The 6.4 eV OA band which, based on PLE
data, one may expect to find in the OA spectrum with com-
parable intensity to the 4.8 eV, is likely to be buried under
the intense 6.9 eV peak.

Indications on the microscopic structure of the lumines-
cent P-related defect can be drawn from the explorative ESR
measurements described in the previous section. Several evi-
dences in literature lead to the assumption that in phospho-
silicate glass most of P atoms are arranged as ��O-�3P=O�0

tetrahedra.13–16 The other possible defective arrangements of
P in silica have been proposed based on ESR data, and are
expected to be present only in minor concentrations. ESR
data on each of the two irradiated preforms reveal POHC and

P2 defects induced by x-rays in about the same concen-
tration. This finding is consistent with a scheme in which
the formation of the two paramagnetic defects is correlated,
and occurs by trapping on Si-substitutional P centers
��O-�2P�-O�2�+ of the electron made available by ionization
of ��O-�3P=O�0.24 Similar correlated POHC-P2 formation
under laser irradiation has been observed in a recent study
on P-doped SiO2 glass.6 In this context, the concurrent ob-
servation of a partial bleaching of the 3.0 eV emission band
upon irradiation, leads to tentatively identify the luminescent
center with one of the two precursors, i.e., the most likely
microscopic structure of the emitting diamagnetic defect is
either ��O-�3P=O�0 or ��O-�2P�-O�2�+. A 42% reduction in
the PL accompanied by the formation of �1.2�0.1�
�1017 cm−3 paramagnetic defects implies a concentration
of �2.8�0.3��1017 cm−3 for the luminescent center in
the unirradiated sample.25 Comparing with �P�=3.0
�1021 cm−3 in zone 4, we see that the ��O-�3P=O�0 model
is unlikely, since literature data strongly suggest that this
structure should be present in concentrations much higher
than 1017 cm−3, and possibly close to the total P content.
This conclusion is consistent also with the lack of a strict
linear correlation between the overall concentration of P and
that of the luminescent defect �Fig. 4�b��. Hence, present data
suggest the diamagnetic Si-substitutional P impurity,
��O-�2P�-O�2�+, as a tentative microscopic model of the lu-
minescent center. Our model of the emitting defect and of the
conversion process activated by X radiation is represented in
Fig. 11. By comparing the concentration inferred above with
the intensity of the 4.8 eV band, one can estimate the oscil-
lator strength f �2�10−3 of the S0− �S1 transition. Com-
putational studies may help now to find out if these optical
properties are consistent with those expected for a Si-
substitutional P impurity.

FIG. 10. Electronic levels scheme of the diamagnetic P-related
defect supposed to be at the origin of the observed optical activity.
Solid arrows indicate the radiative transitions in absorption and lu-
minescence. Dashed arrows indicate the ISC nonradiative transi-
tions from S1 or S2 to T1.
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FIG. 11. Graphical representation of the photochemical pro-
cesses activated by x-rays in the P-doped preform sample, and of
the model proposed �upper right structure� for the luminescent de-
fect responsible for the 3.0 eV emission band.
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V. CONCLUSIONS

By luminescence measurements on step-index P-doped
SiO2 fiber preforms, carried out under excitation by laser and
synchrotron UV and VUV light, we detect an optical activity
consisting in a long-lived ��6 ms radiative lifetime� and
temperature-independent luminescence emission peaked at
3.0 eV, featuring two excitation bands centered at 4.8 and 6.4
eV. The 4.8 eV transition can be also revealed as a weak
band in the optical absorption spectrum of the preform. The
spatial profile of the PL intensity on the preform is consistent
with that of P doping, thus allowing the attribution of this
optical activity to a P-related point defect. The detailed study
of the spectroscopic features of the defect allows to propose
a scheme of its electronic transitions, comprising two singlet
�S1,S2� and one triplet �T1� excited levels, where the long-
lived emission is due to the spin-forbidden transition to the

ground state from the excited triplet populated by very effi-
cient nonradiative decay from S1 and S2. PL and ESR mea-
surements on X-irradiated samples allow to propose a micro-
scopic model for the defect consisting in a four-coordinated
diamagnetic P impurity substitutional to Si atoms in the SiO2
matrix.
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