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Ultraviolet-light-induced processes in germanium-doped silica

M. Kristensen
Research Center COM, DTU, Building 345 west, DK-2800 Kgs. Lyngby, Denmark

~Received 8 May 2001; published 17 September 2001!

A model is presented for the interaction of ultraviolet~UV! light with germanium-doped silica glass. It is
assumed that germanium sites work as gates for transferring the excitation energy into the silica. In the material
the excitation induces forbidden transitions to two different defect states which are responsible for the observed
refractive index changes. Activation energies@1.8560.15 eV and 1.9160.15 eV# and rates@(2.761.9)
31013 Hz and (7.264.5)31013 Hz# are determined for thermal elimination of these states. Good agreement is
found with experimental results and new UV-induced effects are predicted.

DOI: 10.1103/PhysRevB.64.144201 PACS number~s!: 71.55.2i, 78.20.2e, 81.40.2z, 82.50.2m

I. INTRODUCTION

Since the discovery of light-induced refractive index
changes in silica glass materials1 and the invention of the
side-writing method,2 UV writing of gratings in optical fibers
has become an important technological field of great com-
mercial importance for telecommunications and optical sen-
sors. However, fundamental understanding of the UV-
induced processes in glass materials has lagged far behind
the technological development. In brief, there are two com-
peting classes of models for UV-induced index changes in
germanium-doped silica. Microscopic models are based on
the assumption that defects formed in the glass lead to a
higher refractive index.3–7 A large number of defects have
been identified using different spectroscopic methods and
theoretical calculations. However, no satisfactory quantita-
tive agreement has been found with experimentally observed
index changes. The second class of models is based on mac-
roscopic changes in the glass.8–11 In these models it is as-
sumed that the UV light induces compaction or stress
changes in the glass, leading to refractive index changes. In
some cases good qualitative agreement is found with experi-
mental results, but there seem to be problems establishing a
general quantitative agreement for cases with different ge-
ometry or different types of germanium-doped silica. In ad-
dition, a macroscopic model lacks the ability to explain what
happens on the microscopic level and the ability to give pre-
dictions about how to improve the base materials. Two of the
most important parameters for UV induced index changes
are the UV sensitivity and the stability of the induced
changes. A large number of publications discuss how to in-
crease the UV sensitivity of glasses, but there is no consen-
sus on what UV-sensitivity really is. The reason is probably
that in most cases the amount of UV-induced index change
depends on several parameters such as wavelength, power
level, fluence and polarization of the UV light, and tempera-
ture and previous treatment of the sample with, e.g., hydro-
gen. The dependences on fluence and loading seem to be the
best studied, because of their commercial importance. The
index change is not even a simple, linear function of fluence,
but rather a complicated curve which does not allow a
straightforward definition of the UV sensitivity. Concerning
loading there is consensus that treatment of the samples with
hydrogen or deuterium increases the UV sensitivity.

The other important aspect of UV-induced processes in
glass is the decay of the refractive index changes. As com-
mercial products based on UV writing find increasing appli-
cation in telecommunications and as optical sensors, acceler-
ated aging tests have been performed to determine their
stability. Most of the results are analyzed using a model that
assumes the index changes are due to a very broad spectrum
of defects with activation energies from 0.5 eV to 3.5 eV.12,13

However, to the best of my knowledge no articles discuss
whether such a broad smooth spectrum is physically reason-
able and only limited work has been done to relate the an-
nealing results to the models for UV-induced processes. This
paper is devoted to the development of a model which de-
scribes UV writing near 242 nm, the influence of hydrogen
loading, and the thermal erasure in germanium-doped silica.
In addition the model gives an explanation of many spectro-
scopic observations during and after UV irradiation.

The model is based on the assumption that germanium
sites in the glass, work as gates for the transfer of energy
from the light to the glass matrix. When a germanium site
has absorbed a photon, the energy may be transferred to
other sites in the glass, leading to rearrangement of the local
structure. As will become apparent later the energy transfer
happens predominantly through dipole-quadrupole transi-
tions, leading to anr 28 dependence of the transition prob-
ability as a function of the distancer from the germanium
site.14,15 In addition, some multiphoton processes are pos-
sible using the excited germanium-site state as intermediate
level. It is assumed that two different metastable defect states
are formed in the silica matrix. One of these is possibly
identical to the triplet state identified throughab initio cal-
culations by Sulimovet al.16 Formation of the first type of
defect in the glass increases the refractive index because it is
situated higher in the band gap, bringing its fundamental
transitions closer to visible wavelengths. On the other hand,
formation of other defects with very small overlap integrals
reduces the refractive index, since transitions from these
states to more normal electronic glass states are forbidden.

Quantitative agreement is found between the model pre-
dictions and a large number of experimental results. For non-
sensitized glass the model predicts with good accuracy the
scaling of the UV-induced index changes with germanium
concentration and even the detailed dynamics during writing.
Sensitization includes H2 loading, flame brushing, and spe-
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cial oxygen-deficient deposition. Effects of H2 loading are
included in the model, but other sensitization effects are ne-
glected. The anneal in oxygen-enriched atmosphere, which
has the opposite effect of sensitization, is also not described
by the model. It is possible to include results for sensitized
glass by assuming that sensitization has a catalytic effect,
which leads to reduced steric hindrance of all the induced
processes in the glass or to increased absorption near 242
nm. Finally, it is possible to use the model to get quantitative
agreement with anneal experiments performed on gratings in
different fibers and to extract activation energies and trial
rates for thermal elimination of the two types of UV-induced
defects.

In the following the model will be described in detail.
Then five examples will be given on how to use it to analyze
experimental results. During this procedure the free param-
eters in the model will be determined. Finally, some predic-
tions of effects will be given.

II. ENERGY LEVELS AND TRANSFER MECHANISMS

The most basic assumption of the model is that energy is
initially absorbed in close vicinity of the germanium atoms
and later transferred to other sites in the glass where defects
are created. In this respect the new model belongs to the
class of microscopic models.3–7 It is well known that germa-
nium sites in silica have an absorption spectrum consisting of
two strong singlet-singlet transitions near 242 nm and 180
nm.17 The 242-nm absorption is strong for oxygen-deficient
germanium-doped silica@e.g., with germanium-related
oxygen-deficient centers~GODC’s! such as two-coordinated
germanium18# and very weak or absent for fully oxidized
silica. In addition, there is a weak singlet-triplet transition
near 327 nm. Most UV writing uses wavelengths near the

242 nm absorption,19–21some work has been performed with
193-nm excimer lasers making use of the tail of the 180-nm
absorption,22,23 and a few experiments have been performed
near 327 nm.24 In Fig. 1~a! these observations are collected
in a simple level scheme for germanium sites with a ground
state defined at 0 cm21 and excited states at 30 600 cm21

(3T1), 41 300 cm21 (1S1), and 55 600 cm21 (1S2). The
states are broad due to phonon broadening and the existence
of different germanium sites.5

The model assumes that two metastable defect sites with
long lifetimes exist in the glass. One of these defects is re-
sponsible for positive index changes. Based on the argu-
ments and experimental data presented below it is probably
situated near 26 000 cm21. This defect will be namedD1,
whereD stands for defect as illustrated in Fig. 1~b!. TheD1

defect is possibly related to the nonbridging oxygen hole
center~NBOHC defect!.25 Since large fluence is needed to
induce significant refractive index changes and these are
relatively stable despite the moderate activation energy, there
is good reason to believe that the transition fromD1 to the
ground state must involve significant rearrangement of the
glass matrix close to a germanium atom and possibly a spin
flip. This makes the zero-temperature excited-state lifetime
virtually infinite. In practice all transitions from the defect
state to the ground state take place via thermal excitation to
a transition state. Analysis of results from anneal experi-
ments and accelerated aging tests indicate that this transition
state (D1* ) is situated approximately 14 900 cm21 ~1.85 eV!
higher at 40 900 cm21 as will be elucidated later. This is
close in energy to the excited germanium-site state1S1. The
close energy match means that excitation energy may easily
be transferred between these states through a nonradiative
transition. This is actually the main reason to assign the en-

FIG. 1. Level scheme for the germanium sites~a! and the defectsD1 ~b! andD2 ~c! involved in the UV-induced processes in silica glass.
Energy levels are drawn as horizontal lines with the energy in cm21 and in parentheses in electron volts~eV! to the right. Optical transitions
are drawn as vertical lines labeled with the wavelength in nm. Nonradiative transitions are shown as vertical zigzag lines with the energy in
eV. Absorption edges are labeled ‘‘AE,’’ band-gap energies labeled ‘‘BG,’’ and the ground state labeled ‘‘GS.’’ Dashed horizontal lines
indicate transition states.X is a localized state above the band gap and resonant with the singlet-triplet transition energy in the hydrogen
molecule.
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ergy 26 000 cm21 to the D1 state. In addition to theD1*
transition state, which is hard to reach directly due to steric
hindrance, there are other excited states of theD1 defect. If
one measures the absorption spectrum of UV-irradiated silica
glass with positive index changes, one finds some compli-
cated changes in the absorption near 242 nm.26 In addition
there is a weak absorption near 435 nm and a very weak
absorption near 600 nm.27,28The complicated changes in the
absorption near 242 nm have been assigned to the combina-
tion of an absorption near 275 nm, another absorption cen-
tered at 213 nm, and a reduced absorption at 242 nm.26 Some
papers make a more detailed distinction between different
contributions. The increased absorption below 242 nm may
well be due to the absorption edge reached from the defect
stateD1, and 213 nm will then correspond to excitation to
the top of the band gap. This is a considerably simpler and
more straightforward interpretation than the assignments
sometimes found in other papers26 and an additional reason
to assign the energy 26 000 cm21 to D1. The 435-nm and
275-nm absorptions are most likely due to excited defect
states. If this is correct, there should be statesD1

1 at 49 000
cm21 andD1

2 at 62 400 cm21. UV-induced index changes at
193 nm may well proceed through interactions with these
states. When using the value 26 000 cm21 for theD1 energy
and assuming complete structural relaxation after excitation
above the band gap, theD1 absorption edge is predicted to
be at 67 300 cm21, and the band-gap energy is found at
73 000 cm21, which is in perfect agreement with the known
band-gap energy in silica.

The 600-nm absorption is assumed to be due to a second
metastable defectD2, which may be responsible for negative
index changes.29,30 Negative index changes only occur in
stable, germanium-doped glass if it is exposed for a very
long time or if very intense UV light close to the damage
threshold irradiates it. When using very high intensity, nega-
tive index changes may be obtained with a moderate fluence.
During very long exposures with moderate intensity one first
observes the normal positive index change and later~after
many hours or even days of exposure! a negative index
change. However, various unstable or overdense types of
silica may show negative index changes after short time even
under normal experimental conditions.31 These observations
indicate that negative index changes cannot be made directly,
but must occur through some transition state, which may
either be multiply excited~as is probably the case when us-
ing extreme intensity! or, for instance, the above-mentioned
defect stateD1. This can be explained conveniently if theD2
defect state is either formed by further rearrangement, if it is
a high-spin state, or both. The best agreement and self-
consistency are obtained in the first case. It is of course dif-
ficult to determine its exact absolute energy, but there are
some rather good reference points. First of all, data from
thermal elimination of UV-induced defects13 point to a tran-
sition state around 15 400 cm21 ~1.91 eV! above the meta-
stableD2 state. This is, by the way, quite close to the above-
mentioned 600-nm absorption and an emission observed at
650 nm during very long UV exposures.32–34In analogy with
the situation for the first defect state it is likely that the tran-

sition state is close to resonance with an energy level which
may be excited near 242 nm fromD1, probably through a
nonradiative transfer of excitation energy from a germanium
site. This means around 67 000 cm21. This is close to the
absorption edge and it is possible that the two are identical. I
therefore estimate that theD2 energy is 51 500 cm21 as il-
lustrated in Fig. 1~c!. This immediately fixes the first excited
state D2

1 to 66 900 cm21. This can be reached fromD1

through a nonradiative dipole-dipole excitation followed by a
radiative or nonradiative decay. Finally, there is reason to
believe that excitation energy from 242-nm light may excite
D2 defects to some state near 92 800 cm21 ~11.5 eV!, well
above the band gap as will be discussed later. This energy is
by the way close to resonance with the singlet-triplet transi-
tion energy in the hydrogen or deuterium molecule~11.8
eV!. This coincidence may be an important part of the cata-
lytic effect of hydrogen loading, since it facilitates the UV-
induced elimination of index reducing defects. The effect is
greatly enhanced by heating which excites some of the mol-
ecules to their first vibration level (v51) and effectively
reduces the H2 singlet-triplet transition energy to 11.5 eV.

III. RATE EQUATIONS FOR UV-INDUCED TRANSITIONS

Based on the assumptions and assignments above it is
possible to write down rate equations describing the UV-
induced processes. Ideally these equations should describe
all observations of UV-induced changes, both dynamic and
static, and the thermal decay. In addition one may expect that
they will agree with the observed optical luminescence dur-
ing UV writing and the induced changes in absorption. Fi-
nally, one may hope that they can predict new effects.

The concentration of the index increasing defectD1 will
be namedx and the concentration of the index decreasing
defect D2 will be namedy. Assuming thaty!x,1 it is
possible to write simple rate equations for the defect concen-
trations at different positions in the glass:

dx

dt
5c1~12x!2c2x,

dy

dt
5c3x2c4y. ~1!

This gives the time dependence of the defect concentrations,

x5x0 exp@2~c11c2!t#1
c1

c11c2
$12 exp@2~c11c2!t#%

y5y0 exp~2c4t !1
c1c3

~c11c2!c4
$12 exp~2c4t !%

1
c3

c42c12c2
S x02

c1

c11c2
D $exp@2~c11c2!t#

2 exp~2c4t !%, ~2!

wherex0 is the initial concentration of the index increasing
defect D1 and y0 is the initial concentration of the index
decreasing defectD2. Herec1 , c2 , c3, andc4 are parameters
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which describe contributions from different excitation migra-
tion processes35,36 which convert photon energy initially ab-
sorbed at germanium sites to internal energy in the form of
defects in the glass.

The first question is now which kind of interaction
mechanism transfers the energy from the germanium site to
the place where theD1 defect is formed. The simplest choice
is to assume a dipole-dipole interaction~with r 26 depen-
dence as a function of distance from the excited site! as is
often done with success in chemical models.35 However,
there are in principle many other possibilities. These include
dipole-quadrupole (r 28), quadrupole-quadrupole (r 210), and
direct electronic interaction (e2kr).14,15,37During the devel-
opment of the model, I have tried each of these possibilities
to describe the radial dependence of thec parameters. It
turned out that only the dipole-quadrupole interaction gives a
correct description of the scaling of the UV-induced refrac-
tive index changes with germanium concentration. It also
allows the best agreement with other experimental observa-
tions. This is of course an important argument in favor of the
dipole-quadrupole mechanism, but it is desirable if one can
give independent arguments for why it could be like this.
One way to get a dipole-quadrupole mechanism is if one of
the interactions is spin forbidden and the defect state re-
sembles an atomicLS-coupling state.38 However, most de-
fects are somewhat delocalized electronic states of molecular
nature for which it is impossible to use atomicLS-coupling
arguments to establish a direct link between spin forbidden
transitions and ther 28 dependence14,37 unless the defect
states have special symmetries.39–41 The transition may
therefore be spin forbidden but still dipole allowed. Indepen-
dent of the details, the excited-state lifetime will increase as
1/aF

2 , whereaF is the fine structure constant. This is impor-
tant to allow sufficient time for a rearrangement of the local
glass structure while the electronic excitation is present. It is
therefore possible thatD1* andD1 may be triplet states and
that this can be the reason for ther 28 dependence.

Based on these arguments, I believe that the most impor-
tant contribution to the formation ofD1 defects, as described
by c1, is a nonradiative dipole-quadrupole process which
transfers the germanium-site excitation energy into the gen-
eration of an excited defect nearby. I therefore name the
model the ‘‘UV dipole-quadrupole model.’’ The dipole-
quadrupole process is catalyzed by hydrogen for two rea-
sons. First of all, hydrogen increases the absorption near 242
nm, particularly after thermal activation. Second, hydrogen
is generally known to catalyze many processes in the glass,
particularly those which involve rearrangement42 such as the
transition fromD1* to D1.

In addition to the dipole-quadrupole effect there will also
be a nonlinear contribution from two-photon processes cre-
ating highly excited states well above the band gap using a
singly excited germanium site as resonant intermediate state.
Because the density of states is very high above the band
gap, the whole process will probably be of resonant nature.
This will lead to a long-range behavior43 possibly in the form
of a resonant dipole-quadrupole process. It could also in-
volve long-range effects from free charges, but this will not
be considered further here.

Annihilation of D1 defects, described by the parameter
c2, can take place in two ways. The first possibility is
through a second dipole-quadrupole process which creates a
state near the band-gap energy. This will quickly decay to the
singlet ground state. A second possibility is that aD2 defect
is generated. This particular process is described byc3. It
will most likely take place through a dipole-dipole interac-
tion with an excited germanium site. However, at very high
laser power it may also happen through a three-photon
mechanism initiating a similar process via the continuum.

Annihilation of D2 defects can take place in three differ-
ent ways. The first possibility is another dipole-quadrupole
process with an excited germanium site. This creates a short-
lived state well above the band gap. A second possibility is
that a relatively long-lived stateX exists in this area.X may
then be reached either by position-independent direct optical
excitation or by a resonant dipole-dipole process which is
also of long-range nature.43 In conclusion,c1 , c2 , c3, andc4
are given by

c15
e

r 8
@As1~11k1PH2

!1a2r 4I laser
2 #,

c25
e

r 8
$A@s2~11k2PH2

!1s3~11k3PH2
!r 2#1a3r 2I laser

3 %

1kxS r 1

r D 10

expS 2
DEx

RT D ,

c35
e

r 8
$A@s2k2PH2

1s3~11k3PH2
!r 2#1a3r 2I laser

3 %

c45eAFs4

r 8
1S s5

r 3
1s6D ~11k4PH2

!G
1kyS r 1

r D 10

expS 2
DEy

RT D , ~3!

where r is the distance from the nearest germanium atom,
e5GaF

25G/1372 is the probability for electric quadrupole or
spin-forbidden transitions,G is the decay rate for an allowed
optical transition,A is the optical excitation probability for
the initial transition,s1 , s2 , s3 , s4 , s5, and s6 are the
branching rates~including the effect of steric hindrance dur-
ing rearrangement!, k0 , k1 , k2 , k3 , k4, and k5 are the
hydrogen catalysis coefficients,PH2

is the H2 loading pres-
sure with which equilibrium has been obtained at room tem-
perature,a2 is the two-photon probability,a3 is the three-
photon probability,kx andky are the thermal trial rates,r 1 is
the distance to the nearest neighbor,DEx and DEy are the
thermal activation energies,R is the gas constant, andT is
the absolute temperature. It is assumed that the two-photon
transition from the ground state is resonant (}r 24) but
weak, since it can reach above the band gap of silica where
mixing is likely and the level density is high but the overlap
integrals are small. It is also assumed that excitations ofD1
to the D2 system takes place through simple dipole-dipole
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transitions (}r 26) followed by a decay at the local site.
Another possibility is to annihilateD1 defects directly by
dipole-quadrupole transfer of energy from an excited germa-
nium site. This is described by the coefficients2. Hydrogen
loading may catalyze some of these excitations to decay in a
different way, leading to the formation ofD2 defects. This is
described byk2. Excitation of theD2 defect at 242 nm~5.12
eV! brings it well above the band gap which leads to its
elimination. Therefore, the elimination mechanism is either a
direct optical transition to a relatively long-lived excited
stateX as described bys6 or a resonant dipole-dipole transi-
tion (}s5r 23) to the same state with the energy absorbed by
a germanium site nearby. Because the levelX and the singlet-
triplet transition in the hydrogen molecule are almost reso-
nant, the decay ofX is strongly enhanced by the presence of
hydrogen as described byk4. In analogy with the situation
for the D1 defect there is also the possibility of annihilation
through a nonresonant dipole-quadrupole transition which is
described bys4. Finally, it is assumed that all thermal elimi-
nations take place through quadrupole-quadrupole interac-
tions (}r 210) with transitions in the central germanium
atom. This last choice is somewhat arbitrary since the reac-
tion path is not known in detail. However, satisfactory agree-
ment with experimental data can only be achieved with ex-
ponents greater than or equal to 10. The optical excitation
probability A near 242 nm for an oxygen-deficient germa-
nium site is given by

A5

I laser expF2S l2labs

Dlabs
D 2G~11k0PH2

!

I sat12I laser expF2S l2labs

Dlabs
D 2G~11k0PH2

!

Plaser ,

~4!

where I laser is the UV laser intensity,l is the laser wave-
length,labs is the center wavelength for the germanium site
absorption,Dlabs is the spectral width of the absorption
~having almost Gaussian shape!, I sat is the effective satura-
tion intensity for the absorption, andPlaser is the fraction of
the writing time with the laser on~only relevant when using
pulsed lasers!. Hydrogen loading is presumed to catalyze the
absorption both because of the presence of a nearby OH
transition44 and because it may modify the germanium sites
in such a way that they become oxygen deficient and in-
crease the 242-nm transition probability. Both these catalytic
effects may demand initial activation and therefore be facili-
tated by heat treatment. The multiphoton probabilities are
given by

a25a2,0~11k5PH2
!2Plaser , a35a3,0Plaser , ~5!

wherea2,0 anda3,0 are the unperturbed probabilities without
hydrogen loading. Hydrogen catalysis of the three-photon
process is ignored since no plausible mechanism exists for it
and since the available experimental data indicate no such
effect. Because the probabilities for energy transfer decay so
rapidly with distancer, it is normally not necessary to take
into account the influence of second nearest neighbors. How-
ever, two exceptions are the resonant dipole-dipole annihila-

tion of D2 states (}r 23) mediated by the H2 triplet state and
the resonant two-photon dipole-quadrupole excitation from
the ground state (}r 24). In these cases it is necessary to
replacer 23 and r 24 with

1

r 3 F11S r

2r max2r D
3G ,

1

r 4 F11S r

2r max2r D
4G , ~6!

respectively to include first-order effects of the next-nearest
neighbor.r max is given by

VGe2Vm54pE
0

r max
r~r !r 2dr,

Vm5
MSiO2

3rSiO2
NA

,

VGe5
100MSiO2

nGerSiO2
NA

,

nGe5100
NGe

NSi1NGe
, ~7!

wherer(r ) is the radial density function starting in an aver-
age germanium atom,VGe5Vsample/NGe is the germanium
molar volume~assuming the germanium atoms share the en-
tire volume of the sample,Vsample), Vm is the average molar
volume ~including all atoms!, MSiO2

is the molar mass of

SiO2 , rSiO2
is the density of undoped silica,NA is

Avogadro’s number,nGe is the mole % of germanium,NGe is
the number of germanium atom’s andNSi is the number of
silicon atoms.

It is now possible to calculate the index change by inte-
gration over the germanium molar volume. During this inte-
gration it is of course implicitly assumed that the distribution
of germanium atoms is equidistant. This may not be entirely
correct, but it is the simplest and most reasonable approxi-
mation. The result can formally be written

Dn5
4p

VGe2Vm
E

0

r max
@Dnmax

x x~r !1Dnmax
y y~r !#r~r !r 2dr,

~8!

whereDnmax
x is the index change induced by unit density of

index increasing defects andDnmax
y is the index change in-

duced by unit density of index decreasing defects. The radial
density functionr(r ) is determined from experimental x-ray
diffraction data for silica45,46 starting at a silicon atom, e.g.,
the sum of the Si-Si and Si-O pair function distribution
curves. This implies that the defect generation is considered
to be equally likely at all atoms in the glass. There is no basic
reason to make this assumption, but trial and error has shown
that it is the only way to obtain good agreement with the
experimental data. This becomes particularly obvious when
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considering the red luminescence curves described below,
where any other assumption would not agree with the num-
ber of steps and their observed height.32,47 It may be an im-
portant clue to the exact nature of the defect states.

When the local index change is determined using Eq.~8!
it is possible to calculate the effective index change in fibers
or waveguides and the strength of Bragg gratings. One par-
ticularly interesting case is the strengthSof a uniform Bragg
grating of lengthLexp. Conventionally this is measured as
the relative reduction~in dB! of the transmitted light on reso-
nance which is given by

S5210log10F12tanh2S phuDnmax2Dnminu
2~ne f f1hDnavg!Lmask

LexpD G ,
~9!

whereDnmin andDnmax are the index changes at minimum
and maximum local intensity in the UV interference pattern
with visibility vg formed by a phase mask with period
Lmask, Dnavg is the average index change,h is the confine-
ment factor~core overlap! for the waveguide mode, andne f f
is the effective refractive index for the waveguide mode.

Another important aspect of the UV induced processes is
the luminescence emitted during UV exposure. It is an im-
portant test of the quality of any model for UV-induced ef-
fects that it is able to describe the properties of the lumines-
cence. During most exposures of germanium-doped silica
some kind of visible luminescence is emitted. An exception
is silica annealed in oxygen-enriched atmosphere for pro-
longed time. In this case the 242-nm absorption is very weak
and virtually no luminescence is emitted. At the same time
the refractive index remains practically unchanged. Ignoring
this special case for a moment, the predominant lumines-
cence from germanium-doped silica is blue with a relatively
narrow spectrum around 400 nm. It is believed to be due to
optical decay at GODC sites48,49 probably through the triplet
state (3T1→1S0 at the emission site!. The blue luminescence
decays gradually after some exposure time following a curve
similar to a stretched exponential function plus a
constant.32,50 When the silica is loaded with a high concen-
tration of hydrogen, a spectrally broad~white! luminescence
is sometimes observed.27 It does not decay with exposure
time before the hydrogen diffuses out and it almost looks like
a blackbody Planck spectrum corresponding to a temperature
of more than 2000 K. Based on the model in this paper it is
very likely that this spectrum is the luminescence from the
metastable triplet state in the hydrogen molecule generated
during destruction ofD2 defects to the repulsiveb state.
Finally, after very long exposures an extremely weak red
luminescence occurs. It has a relatively narrow spectrum
around 650 nm. I believe it is due to optical decay of excited
D2 defects. In addition to these types of visible luminescence
some groups have observed UV luminescence.49 The UV
luminescence is most likely due to in-band luminescence
from the 242-nm band.

Here I will only consider the blue and red luminescence in
detail. There are five factors determining the intensity of
these two types of luminescence. These are the probability of
exciting the upper state, the nonradiative quenching due to

the presence of other defects, the number of available sites,
the collection efficiency, and the absorption loss. Starting
with the last two and simplest parts, the combined effect of
collection efficiency and absorption loss is determined by the
numerical aperture, the length of the exposed area,Lexp, and
the absorption per unit length,al . Most observations have
been made in fibers and waveguides with numerical aper-
tures in a narrow interval, so no further treatment will be
given of this factor. The combined effect of evenly distrib-
uted emission and absorption loss during uniform exposure
of Lexp gives a prefactor

1

al
@12 exp~2alLexp!#, ~10!

whereal is primarily due to the tail of the 435-nm absorp-
tion at 400 nm and the tail of the 600-nm absorption at 650
nm. This can be summarized as

a4005a400
0 4p

VGe2Vm
E

0

r max
x~r !r~r !r 2dr

a6505a650
0 4p

VGe2Vm
E

0

r max
y~r !r~r !r 2dr ~11!

wherea400
0 is the 400-nm absorption coefficient per concen-

tration unit forD1 anda650
0 is the 650-nm absorption coef-

ficient per concentration unit forD2. This expression must be
multiplied by the coupling coefficientacpl to the detection
system, e.g., a standard fiber, which in the Gaussian
approximation51 is given by

acpl5
r cr det

2~r c
21r det

2 !2
, ~12!

wherer c is the core radius andr det is the core radius for the
interfacing detection fiber~4.4 mm for standard SMF28 fi-
ber!. For silica which is not annealed in oxygen it is a good
assumption that the number of available sites for induced
luminescence will be proportional to the germanium atom
density per unit length,pr c

2nGe . For the blue luminescence
the quenching is due to nonradiative dipole-dipole interac-
tion with D1 defects and therefore the emission rate is pro-
portional to

Pblue
q 5

1

11ablue
q ~x2xnn!r

26
, ~13!

whereablue
q is the quenching factor andxnn is the number of

nearest neighborD1 defects. The nearest neighbors are
coupled so strongly to the site that their effect is different.
The best agreement with experiments is obtained if it is as-
sumed that radiative decay is still the most probable decay
mechanism for these nearest neighbors. For all other defects
nonradiative decay will dominate. The red luminescence is
due to optical decay ofD2 defects from their first excited
level to their ground level. Excitation ofD2 defects to their
second excited level takes place via direct optical excitation
or via a resonant dipole-dipole interaction with an optically
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excited germanium site. Population of the first excited level
takes place through radiative or nonradiative decay which is
catalyzed by nearbyD1 defects through their first transition
which is almost resonant in energy with the transition be-
tween the first and second excited levels of theD2 defects. In
addition there will be a quenching effect due to nearbyD2
defects which tend to mix the first excited states near the
absorption edge in such a way that nonradiative decay is
facilitated. Another effect with similar consequence is the
catalysis of nonradiative transitions to the ground level ofD2
via Auger mechanisms involving levels above the band gap
if both D2 defects are excited simultaneously.52 This can be
summarized as

I red}E
0

r max
y~r !S 1

r 3
1

s6

s5
D 11r catxnn

11a red
q ~y2ynn!

r~r !r 2dr,

~14!

wherer cat is the factor forD1 catalysis of the transition from
second to first excited level inD2 , a red

q is theD2 quenching
factor for the red transition, andynn is the local population of
D2 defects~which must be subtracted since there is no self-
quenching!. For the nearest neighbors to the germanium site
the catalysis is dominated by catalytic effects from the site.
These effects must be closely related to the blue lumines-
cence. For simplicity I take this into account by replacing
r catxnn by Pblue

q for the nearest neighbors. Finally, the exci-
tation probability for both the blue and red luminescence is
proportional to the optical excitation probability for germa-
nium sites,A, and the total luminescence is given by propor-
tionality factorsAblue for the blue luminescence andAred for
the red luminescence.

IV. RESULTS

Equation~2! describes the local defect density induced by
UV light in germanium-doped silica. The average properties
of the glass can be calculated by integrating this over the
entire volume using the interpretations in Eq.~3!. Equations
~4!–~14! can then be used to calculate various properties of
the glass and of particular fibers or waveguides irradiated by
UV light. Integration over the radial coordinate is performed
using Romberg’s method of order 2K, whereK52 is Sim-
pson’s rule,53 to an accuracy around 10210. During UV ex-
posures at room temperature the thermal contributions to
Eqs.~3! can often be ignored. On the other hand, all contri-
butions except the thermal ones can normally be ignored
during decay and accelerated testing. It is therefore relatively
simple to use Eqs.~2! and~3! to make an additional integra-
tion over the thermal history of a sample and predict decay
curves.

In total the model has 25 free parameters and 7 fixed
parameters which can be estimated from first principles. Ap-
proximate values of the free parameters have been deter-
mined in such a way that a few selected UV experiments are
reproduced well. This includes five different UV exposures
following the change in effective refractive index, the
strength of UV-induced gratings, and the luminescence. Two
of these exposures were performed using unloaded fiber, low

UV power, and widely different germanium concentrations
in the core~3.2% and 25%!. One measurement of the red and
blue luminescence in standard fiber~3.2% germanium! with
intermediate UV power (6 kW/cm2) and short exposure
length Lexp was used to determine the parameters for the
visible luminescence without significant influence from pho-
todarkening during the exposure.32,54,55The fourth measure-
ment used for optimization of the exposure parameters was
performed at high power and high germanium concentration
~22.8%!, primarily assessing the nonlinear effects. In addi-
tion, one experiment with hydrogen-loaded standard fiber
was used to adjust thek parameters related to the influence
of hydrogen loading.k5 was found by adjusting it to fit the
observed refractive index change during an excimer laser
exposure of deuterium loaded fiber with 9% germanium in
the core. Finally, the optimization included the result of one
accelerated aging experiment13 for a fiber with intermediate
germanium concentration in the core~15%! in order to de-
termine the thermal parameters. The resulting parameter val-
ues are collected in Table I. It should be noted that no special
curve fitting was used to optimize the parameter values, so
further improvement may well be possible using, e.g., least-
squares fitting to a large number of experimental results. The
key parameters for the selected spectra used for the optimi-
zation are listed in Table II.

The first basic test of the model is if it is able to reproduce
the selected spectra with good accuracy and with physically
acceptable values of the basic parameters. Figure 2 shows a
typical example of one of these spectra. The deviations are
generally 10%–15%, sometimes less. This level of agree-
ment is fully satisfactory considering the crude optimization
of parameter values and that the experimental accuracy is
around 5%. One particularly encouraging result is that the
model reproduces the very complicated and hitherto unex-
plained temporal dependence of the red luminescence32 as
shown in Fig. 3. The model’s explanation of the steps in the
curve is that each step represents the contribution from one
layer of neighbors to a germanium atom. The distance to
these layers is determined from x-ray spectroscopy,46 so the
good agreement concerning the relative time for these steps
is not due to the combined effect of the many free parameters
but is an intrinsic property of the model. The number of steps
is given by the x-ray pair function distribution curves and the
relative timing and step height are predominantly determined
by the r 28 dependence. However, three of the free param-
eters can influence the exact shape of the steps and the scal-
ing of the time axis. Here may be room for some further
improvement. Another encouraging result is that the decay of
the blue luminescence is well represented. It has been be-
lieved for several years that this decay follows a stretched
exponential curve perhaps with an additional constant
contribution.32,50 This curve form indeed gives a good fit to
most spectra. The present model predicts instead that the
curve form is a radial integral over an exponentially saturat-
ing quenching contribution. This curve fits qualitatively even
better to the data, since some very small kinks experimen-
tally observed in the luminescence curve are reproduced due
to the radial variation of the density. In addition a parameter
set of only three parameters for the blue luminescence is able
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to reproduce most known spectra with acceptable accuracy.
At the moment one typically uses four free parameters per
spectrum. It should also be noted that the stretched exponen-
tial function is actually the first approximation to such a
process with no typical length scale in the limit of a smooth
radial distribution.56

The optimized parameter values in Table I seem to be
physically reasonable. The maximum positive index change
Dnmax

x is estimated to be 431022 based on the assumption
that the main source for the index change is the closer prox-
imity of the UV-absorption lines because theD1 level is
situated at elevated energy in the band gap. The number is
simply calculated by shifting the refractive index curve for

silica by 3.22 eV~corresponding to theD1 excitation energy!
and subtracting the original value at 1550 nm. This estimate
may well be up to 50% off because it ignores changes in
absorption strength and part of the densification effects, but it
is very unlikely to be as much as an order of magnitude off.
Because of the correlation between the parameters, it is im-
possible to determineDnmax

x directly from experimental data.
An independent determination can only be performed if it is
possible to measure the absolute concentration of defects, but
for the moment the only option is to use the simple estimate
from first principles. The situation is similar but somewhat
worse forDnmax

y because there is more uncertainty about the
exact nature of theD2 defect. The simplest assumption is
that it is so decoupled from most other states that one can
ignore its absorption. This would yield a value of20.45 for
Dnmax

y . Some experimental data obtained under extreme
conditions~long exposures with 193 nm! ~Ref. 57! indicate a
large negative value forDnmax

y , but not that extreme. I chose
to use a crude round number of20.1. X-ray data fix the
value of r 1 to 1.61 Å.45,46 Finally, I estimate the saturation
intensityI sat to be around 10 MW/cm2 and the decay rateG
to be around 109 s21. With these basic values fixed it is
possible to obtain the values of all the free parameters. For
the branching ratessn , one naively expects values between
1023 and 1 depending on steric hindrance. All values except
s2 ands6 lie within this interval. There may be two possible
reasons thats2 is as large as 8.35. One possibility is that the
estimate of the front factore is too crude, since it ignores a
number of geometrical factors and uses a crude value of
109 s21 for the decay rate for allowed optical transitions.
There may well be more than an order of magnitude devia-
tion from the expected range due to these reasons. Another
possibility is that the estimate ofDnmax

x is somewhat too
large. However, independent of these explanations the high
value clearly indicates that most UV-excitedD1 defects de-
cay to other states. The smallness ofs6 is of no concern since
it describes a direct optical excitation with a presumed very
small overlap integral. For thek parameters it is hard to
predict exact values. However, it is expected that hydrogen
loading at a few hundred atmospheres will increase most
rates significantly and that catalysis of the initial process and
the resonant elimination ofD2 defects are the most efficient
processes. This is exactly the pattern followed by the actual
values. The thermal rates and activation energies are ex-
pected to be comparable to the average of values determined
for presumed broad energy distribution.12 This is indeed the
case. It is expected that the higher-order coefficients (ea2,0
andea3,0) are very small but still somewhat larger thanx (3)

for pure silica, which is confirmed by the actual values. Fi-
nally, the coefficients for the two transitions at 400 nm and
650 nm should be of similar order of magnitude. This is also
the case.

A more serious test of the model is if it is able to repro-
duce other spectra not used during the parameter optimiza-
tion. Figure 4 shows a typical result. The agreement is gen-
erally worse than for the selected spectra. Typical deviations
are 15%–20% and in a few extreme cases up to 50%, par-
ticularly for the absolute grating strength in the beginning of

TABLE I. List of the parameters for the model determined by
optimizing its performance for a few selected UV exposures listed
in Table II and one accelerated aging experiment described in Ref.
13. The fixed parameters were estimated from first principles.

Fixed parameters
labs 242 nm
Dlabs 15 nm
I sat 1011 W/m2

G 109 s21

Dnmax
x 0.04

Dnmax
y 20.1

r 1 1.61 Å
Branching ratios

s1 0.65
s2 8.35
s3 0.0145
s4 0.2
s5 0.0035
s6 0.00002

Loading parameters
k0 0.0085 atm21

k1 0.3 atm21

k2 0.06 atm21

k3 0.06 atm21

k4 30 atm21

k5 0.0065 atm21

Non-linear parameters
a2,0 1.25310224 m4/W2

a3,0 5.1310236 m6/W3

Luminescence parameters
Ablue 1.353102 W/m3/%Ge
Ared 4.13103 W/m3/%Ge
ablue

q 675.0
a red

q 1.7
r cat 2.25
a400

0 1.03103 m21

a650
0 0.53103 m21

Thermal parameters
DEx (1.8560.15) eV
DEy (1.9160.15) eV
kx (2.761.9)31013 Hz
ky (7.264.5)31013 Hz
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the exposure. This may be due to the incomplete treatment in
the model of the bleaching of the 242-nm transition. A more
complete treatment of the bleaching could also further im-
prove the agreement for the red luminescence curve. The
imperfect agreement with the grating strength observed in
some experiments may also be due to experimental problems
such as undesired chirp or non-uniformity in the grating pat-
tern. I consider the agreement acceptable given the remarks
about parameter optimization and experimental uncertainty
above.

Perhaps the most interesting question is if the model is
able to make predictions about new effects and future results.
It is already clear that it is possible to run the parameters of
any germanium-doped fiber and predict most results for stan-
dard UV-writing experiments with reasonable accuracy. The
same will be possible for germanium-doped silica
waveguides. These predictions make up the core applications
for the model. However, the model is still limited to standard
silica glass materials using germanium doping and loading

with hydrogen or deuterium. It does not include the effects of
other dopants such as, e.g., phosphorous, aluminum, boron,
or rare-earth elements, which are known to have significant
effects on UV-induced index changes. It also excludes spe-
cially treated material such as glass deposited under oxygen-
deficient conditions, oxygen-annealed glass~unless the oxy-
gen treatment is followed by high-pressure hydrogen or
deuterium loading and activation of the gas!, and glass ex-
posed to flame brushing.58

In this context it is probably most interesting if qualita-
tively new effects can be predicted. One example is the spec-
trally broad luminescence observed during exposure of
hydrogen- or deuterium-loaded germanium-doped glass. In
this case the model predicts that the spectrum should be that
of the bound-free transition in the hydrogen molecule rather
than a Planck spectrum. However, it should be noted that it is
necessary to include some molecular corrections because the
transition can only be observed in the glass host. In free

TABLE II. Key experimental parameters for the five spectra used for optimization of the model.nGe is the
germanium concentration in the core,l the laser wavelength,Pdur the duration of laser pulses~when
adequate!, andvg the estimated visibility of the UV pattern.

Expt. nGe ~%! l ~nm! I laser Pdur Rate~Hz! Lexp ~mm! vg Part used

1 3.2 244 150 W/cm2 cw cw 3.0 1.0 Grating strength
Index change

2 25 244 100 W/cm2 cw cw 3.0 1.0 Grating strength
3 3.2 244 6 kW/cm2 cw cw 0.04 0.0 Luminescence
4 22.8 248 300 mJ/cm2 25ns 20 2.7 0.91 Grating strength

Index change
5 3.2 244 120 W/cm2 cw cw 4.0 1.0 Grating strength

(H2 loading!

FIG. 2. One of the five spectra used for optimization of the
model. The experiment was performed with an excimer laser at 248
nm, 300 mJ/cm2 energy per pulse, 25-ns pulse duration, and 20-Hz
repetition rate in an unloaded fiber with 22.8% germanium in the
core. The solid circles connected with a dash-dotted line are the
measured grating strengths in transmission~dB!. The triangles con-
nected with a dashed line are the measured shifts in effective re-
fractive index during exposure~multiplied by 104). The solid lines
are the predictions from the model.

FIG. 3. The red luminescence measured with an optical spec-
trum analyzer for a standard fiber with 3.2% germanium in the core
during an exposure with the focused spot from a 244-nm frequency-
doubled argon ion~FRED! laser ~Ref. 32!. The intensity is
6 kW/cm2 and the exposure length is 40mm. The dashed, noisy
line is the measured result and the full line is the prediction from
the model. The relative time and height of the steps in the lumines-
cence are reproduced well by the model even though the shape is
rounded too much. The absolute timing is;50% off, perhaps due
to difficulties measuring the laser spot size.
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space thec3Pu
1 H2 molecules are predissociated by the re-

pulsive b state and the remainingc-state molecules decay
very slowly through a forbidden transition.59 It is of course
also necessary to correct for the glass absorption and some
geometrical factors when comparing this prediction with ex-
periments. Another related prediction is that after very long
exposure time for loaded glass a significant fraction of the
hydrogen will have undergone dissociation due to the bound-
free triplet transition. Part of the energy of the fragments will
almost certainly go into chemical reactions and result in
damage to the glass structure. Most likely there will be sig-
nificant structural changes and high concentration of OH
groups and therefore strong scattering and absorption in the
glass. In this limit the model may not describe the effects
accurately. The same limit will probably not be reached for
unloaded glass except when very high UV intensities are
used, whereby the glass is directly damaged. Another com-
pletely unrelated prediction is that the material dispersion for
the UV induced part of the refractive index will be much
higher than for the intrinsic part of the refractive index due to
the closer proximity of the UV-absorption for the defects.

V. DISCUSSION AND CONCLUSION

A dipole-quadrupole model has been presented for UV-
induced processes in germanium-doped silica glass, includ-
ing the effects of hydrogen or deuterium loading. The model
is intrinsically of microscopic nature, but it should be em-
phasized that this does not rule out that part of the effect can
be a compaction of the glass, since defects may well work to
increase the density. The model assumes that germanium at-
oms work as gates for transferring energy into the material.

By making plausible assumptions about the transfer mecha-
nisms it has been possible to give a quantitative description
of a very large number of UV exposure experiments. The
model assumes that two types of defects are formed. The
absolute energies, thermal activation energies, and rates for
both these defects are determined. Their contributions to the
index change are estimated. However, an absolute determi-
nation of these contributions must await independent mea-
surements of the absolute defect concentrations. This may,
for instance, be possible using29Si NMR spectroscopy.

Generally, good agreement is found with experimental
data, thereby justifying the basic assumptions of the model.
It is able to describe results of UV exposures using wave-
lengths within the range of the 242-nm absorption, at least
one order of magnitude variation of the germanium concen-
tration, most experimentally accessible hydrogen or deute-
rium concentrations, and more than ten orders of magnitude
variation in the UV intensity. Furthermore, it describes the
refractive index change including the properties of UV-
written gratings, the change in absorption, and the UV-
induced visible luminescence. Finally, it gives a good de-
scription of accelerated aging experiments and normal
thermal decay, and it is therefore able to predict the long-
time stability of UV-written gratings. For this purpose Eq.~3!
reduces to the following simple expression:

c15c350,

c25kxS r 1

r D 10

expS 2
DEx

RT D ,

c45kyS r 1

r D 10

expS 2
DEy

RT D . ~15!

A more detailed treatment of the thermal properties will be
given in a later publication.

The most significant achievement is that the model uses
one universal parameter set to describe all the results in a
self-consistent way. Another very important result is that it
can explain the complicated structure of the red lumines-
cence spectra and relate this to the fundamental structure of
the glass determined from x-ray spectroscopy. Finally, it
gives a more reasonable explanation for the thermal decay of
UV-induced defects compared to conventional methods. In-
stead of assuming an unreasonably broad spectrum for the
thermal activation energies, it relates the behavior to the ra-
dial dependence of the transition probabilities and the exis-
tence of two competing defects with opposite influence on
the refractive index.

The model is able to make several new predictions of both
detailed UV-writing experiments and of qualitatively new ef-
fects. This paper gives a few examples of different types of
predictions to serve as illustration and as tools which can be
used to corroborate or reject the model based on new experi-
mental results.

The model may also be used to make a more general
definition of the term photosensitivity. One simple possibility
could be to define the photosensitivity as the initial slope of
the index change curve which is proportional to thec1 pa-

FIG. 4. Comparison of model prediction and experiment for an
exposure not included in the model optimization. The experimental
parameters are 18% Ge,l5248 nm, 20-Hz repetition rate,I laser

5300 mJ/cm2 andLexp55 mm. The solid circles connected with a
dash-dotted line are the measured grating strengths in transmission
~dB! and the open triangles connected with a dashed line are the
measured changes in effective refractive index~multiplied by 2
3104). The solid lines are the predictions from the model. The
agreement with the effective index change is excellent, but the
agreement with the absolute grating strength is imperfect. However,
the qualitative shape is correct.
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rameter according to Eq.~1!. Within the validity range of the
model this would give only three ways to increase the pho-
tosensitivity in good agreement with intuition. The first one
is to increase the germanium concentration which will de-
crease the average size ofr and give rise to a nonlinear
increase of the photosensitivity. Another possibility is to in-
crease the UV intensity which will give rise to second-order
terms proportional toa2I laser

2 . Finally, loading with hydro-
gen or deuterium can be used. This increasesc1 in several
ways. It should be emphasized that this definition is not the
only possibility within the model and that beyond the valid-
ity range of the model many other possibilities exist for defi-
nitions and ways to get an increase. The most prominent
increases beyond those described by the model have been
obtained by doping with other materials or by oxygen-
deficient glass deposition. In the future it will be natural to
extend the model to take some of these effects as well as the
thermal activation of hydrogen and deuterium in the glass
into account.

In conclusion, the UV dipole-quadrupole model presented
here is a very useful tool for both physicists and chemists
studying UV-induced processes and for engineers who would
like to predict the performance of a new type of fiber or
waveguide. The free parameters in the model have been de-
termined by simple adaptation~without curve fitting! to a
few spectra covering a large parameter range. Despite this
simple procedure, the model gives good, quantitative predic-

tions in all cases where it has been tried. If one should later
choose to perform curve fitting of the model to a selected
data set within a narrow parameter range, it is likely to be a
valuable tool delivering precise and physically reasonable
approximations to experimental spectra. In this way, extrapo-
lations to nearby regimes will still be accurate, which may be
important for production purposes.

The most severe argument against the model is that it
contains many free parameters. This is typical for a detailed
description of a complicated amorphous material such as
glass. The many parameters are also to a very large degree
resulting from the need to describe many different types of
effects, each demanding a few parameters~e.g., for normal-
ization!. Of course it would be preferable if most of the free
parameters could be determined from first principles. At the
moment this is not possible, but for several of the parameters
such as branching ratios, absolute energy levels, and the ac-
tivation energies, there is good reason to expect that they can
be determined from quantum chemical calculations in the
near future.
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