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Formation, excitation and passivation of defects by absorbed hydrogen have been extensively reported in
the literature. Here we present a basic luminescence-diffusion model to simulate creation and chemical
annealing behavior of non-bridging oxygen hole centers in silica by their treatment under a long-time
hydrogen implantation. The model is in a good agreement with experimental data and explains the
uncommon nonmonotonic time dependence of the non-bridging oxygen hole centers luminescence dur-
ing the hydrogen implantation. The proposed model establishes the quantitative relation between the
intensity dependence of luminescence on its intrinsic diffusivity, hydrogen concentration, defect
concentration and cross-section of their creation. Possibilities to estimate these parameters based on
the experimental data for the efficiency of silica luminescence are also discussed.
� 2015 CERN for the benefit of the Authors. Published by Elsevier B.V. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Balance of hydrogen in silica is very important for fabrication of
optical fibers and modern interfaces [1]. Hydrogen saturation of
silica can be performed by both implantation and thermodiffusion
under hydrogen gas exposure of the sample.

There are a number of up-to-date models for formation, excita-
tion and passivation of defects by absorbed hydrogen. The corre-
sponding thermodiffusion process through the surface of bulk
silica has been studied in [2] at different temperatures. Hydrogen
can easily diffuse through the glass, however due to the reaction
with the defect centers its effective o is smaller than the intrinsic
one at the given temperature. The explanation of the experimental
data has been also performed in [2] by solving the complete reac-
tion–diffusion problem based on the hydrogen diffusivity, defects
and hydrogen concentrations. In this case new defects are not
formed and a chemical annealing of the existing defects is
occurred. Let’s note that the hydrogen implantation differs from
the Tandon case of hydrogen gas exposure.

Along with the other methods ion implantation technique is
widely used to develop novel functional materials based on silica
[3]. D. Fink et. al. studied hydrogen diffusion induced by ion
implantation by a special Nuclear Reaction Analysis often referred
to as the ‘‘1 s N technique” [4]. The hydrogen implantation profiles
were also measured in [4] and the hydrogen diffusion coefficients
were calculated with «DIFFUS» code on the basis of the measured
profiles.

The implantation is accompanied by formation, excitation and
annealing of the defect structure in the matter. The defects can
affect the performance of modern silica technologies (microelec-
tronic devices, optical fiber communications and others) [2 and
the references there in]. In particular, the understanding of radia-
tion effects in silica-based materials is all-important for optical
functional applications of materials [5].

Silica optical properties are to a considerable degree depend on
the concentration and profile of different defect type [6]. It is well
known that there are two types of intrinsic silica defects: ODC
(oxygen deficiency center) and NBOHC (non-bridging oxygen hole
center) (see [6] for example). It has been determined that in the
visible spectrum range ODC and NBOHC are luminescent light
source reaching the maximum intensity at 460 nm (2.7 eV) and
645 nm (1.9 eV), respectively.

According to [7,8] the hydrogen ion implantation changes lumi-
nescent spectra. At the present time, large experimental data array
for defect formation under the ion beam exposure and concomitant
ionoluminescence in silica has been obtained and models for defect
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formation and luminescent light generation have been suggested
[9–11]. Defect formation occurs along the entire ion track resulting
in luminescent light generation under the ion bombardment.
Dynamics of luminescence efficiency are quite various at different
regions of silica sample due to the opposite processes of defect for-
mation and annealing. The chemical annealing of the oxygen hole
centers by reacting them with hydrogen results in the formation of
hydroxyl having a different absorption wavelength in comparison
to NBOHC.

Luminescent light spectrum changes are associated with a
defect balance taking into account hydrogen diffusion through
the sample. In our case this diffusion toward the surface of the
sample has radiation-enhanced character with diffusion coefficient
larger than the one for the thermal case [4] especially for the
higher absorption doses. Luminescent spectrum treatment not
only permits to separate an influence of the defect on the lumines-
cent spectrum, but also to obtain luminescent temporal character-
istics under a long-time irradiation [12].

Long-time irradiation by the hydrogen ion causes changes in the
luminescent radiation spectra of silica [5,9,13]. It was found, that
the luminescent bands responsible for ODCs and NBOHCs change
in different ways under a long-time irradiation since the implanted
hydrogen ions interact with these defects in different ways. As
mentioned above, several processes take place: not only the forma-
tion and excitation, but alsomodification and passivation of defects.
These processes are closely connected and should be studied by
solving the complete system of luminescence-diffusion equations.
To determine the relation between luminescent radiation (LR)
and defect formation processes one can use the model [8] for
instance.

In this paper we develop a model of LR temporal changes asso-
ciated with the cross-sections of the above-mentioned processes
and a hydrogen diffusion from the implanted layer. By solving the
complete luminescence-diffusion problem, we are looking to
explain the experimental data and the uncommon nonmonotonic
time dependence of luminescence during the hydrogen implanta-
tion observed in [14]. We also determine parameters, which can
be estimated based on the LR time dependence for different combi-
nations of defect concentration and the hydrogen ions flux density.
2. Theoretical models and results

2.1. Dynamics of hydrogen implantation

We consider the time dependence of hydrogen atoms concen-
tration nHð~r; tÞ during the implantation process. As noted in [4],
in the case of low temperature and low-fluence implantation the
depth distributions of energetic ions implanted into solids are
accurately determined by the dedicated computer codes like
SRIM/TRIM [15]. At high fluence implantation the secondary effects
such as radiation enhanced mobility become important and lead to
same deviations from the well-known distributions [4]. As a result,
the dynamical equation for time dependence on hydrogen concen-
tration should contain two major terms. The first one is to describe
the initial local accumulation of hydrogen atoms in the sample of
silica and the second one to account for their simultaneous diffu-
sion. In the most simplified model of the one-dimensional implan-
tation, which agrees well with experiments in [7], the proper
dynamic diffusion equation can be written in the following form

@nHðx; tÞ
@t

¼ DH
@2nHðx; tÞ

@x2
þ ð2DRpÞ�1/½hðx� Rp þ DRpÞ

� hðx� Rp � DRpÞ�; ð1Þ

where x is the coordinate along the ion beam axe, DH is the diffusion
coefficient of hydrogen, / is the flux density of ions, hðxÞ is the
Heaviside function and DRp is the width of initial hydrogen distribu-
tion so that the region of initial hydrogen accumulation due to the
implantation is defined by the two-sided inequality

Rp � DRp 6 x 6 Rp þ DRp:

Taking into account the well-known ratio [4,16]

DRp=Rp � 1; ð2Þ
which is satisfied for high-energy ions, the realistic distribution
profile can be neglected and is replaced by the difference of the
Heaviside functions [11] giving the uniform distribution in the
region of initial localization, as shown in Fig. 1a.

For hydrogen implementation (1) is a subject to the initial and
boundary conditions as follows:

nHðx;0Þ ¼ 0; ð3Þ

nHðx; tÞjx¼0 ¼ 0; @nHðx; tÞ=@xjx¼RpþDRp ¼ 0: ð4Þ
We assume here that the ions are implanting through the sam-

ple surface with coordinate x ¼ 0, at which the concentration of
hydrogen is constantly zero due to vaporization. The boundary
conditions can also be simplified at x ¼ Rp þ DRp, where the flux
of hydrogen is negligibly small since the radiation-enhanced diffu-
sion coefficient DH is very large in comparison with the one of the
thermal hydrogen mobility in the area x > Rp þ DRp. In other
words, the leak of the hydrogen into the unirradiated area is very
small, as it is proved below.

Conditions (3) and (4) result in the following solution of Eq. (1)
[17]:

nHðx; tÞ ¼
X1
n¼0

Z t

0
e
�DH

p
2ðRpþDRpÞ

h i2

ð2nþ1Þ2s
f nds

2
4

3
5 sin

pð2nþ 1Þ
2ðRp þ DRpÞ x; ð5Þ

where

f n ¼ 1
Rp þ DRp

DR�1
p /

Z RpþDRp

0
½hðx� Rp þ DRpÞ � hðx� Rp � DRpÞ�

� sin
pð2nþ 1Þ
2ðRp þ DRpÞ xdx

¼ 1
Rp þ DRp

DR�1
p /

Z RpþDRp

Rp�DRp

sin
pð2nþ 1Þ
2ðRp þ DRpÞ xdx:

Due to the strong inequality (2) the coefficients f n can be
rewritten as

f n ¼ 2
Rp

/ sin
p
2
þ pn

� �
¼ 2

Rp
/ð�1Þn: ð6Þ

Substituting (6) into (5) and performing the integration with
respect to s gives

nHðx; tÞ ¼ 2/
RpDH

X1
n¼0

ð�1Þn 2Rp

pð2nþ 1Þ
� �2

� sin
pð2nþ 1Þ

2Rp
x � 1� e

�DH
p

2Rp

� �2

ð2nþ1Þ2t
2
4

3
5 ð7Þ

As follows from the Eq. (7), the general dependence of the hydro-
gen distribution on time of the implantation t is exponential and in
the considered case the diffusion time scale can be defined as

tD ¼ D�1
H

2Rp

p

� �2

: ð8Þ

In accordance with (7) the flux density of ions governs only the
magnitude of the hydrogen distribution. For t � tD the final distri-
bution can be obtained directly from the Eq. (7):
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nHðxÞ ¼ 2/
RpDH

X1
n¼0

ð�1Þn 2Rp

p

� �2 sinð2nþ 1Þ px
2Rp

ð2nþ 1Þ2
: ð9Þ

The sum of the functional series in (9) is tabulated [18], so that
the final distribution is given by the following formula:

nHðxÞ ¼ /
DH

x: ð10Þ

This result, shown in Fig. 1b, has a clear physical meaning – the
equilibrium state is established when the radiation induced afflux
of hydrogen atoms is compensated by the leak due to their diffu-
sion and further vaporization from the surface of the sample. The
total number of hydrogen atoms per m2 in the irradiated part of
the sample is given by the expression:

NH ¼
Z RpþDRp

0

/
DH

xdx ¼ /ðRp þ DRpÞ2
2DH

¼ 1
2

p
2

� �2
/tD: ð11Þ

In the general case, other processes, such as diffusion into the
unirradiated bulk of sample, can also contribute to the leak of
hydrogen. The proper dynamic diffusion equation and the bound-
ary condition for unirradiated bulk can be written in the following
form:

@nðuÞ
H ðx; tÞ
@t

¼ D
@2nðuÞ

H ðx; tÞ
@x2

; ð12Þ

nðuÞ
H ðRp þ DRp; tÞ ¼ nHðRp þ DRp; tÞ; ð13Þ

where D is the diffusion coefficient of the thermal hydrogen
mobility. The boundary condition (13) stands for the continuity of
the hydrogen’s distribution function and means that the irradiated
part of the sample represents an infinite source of hydrogen for the
unirradiated bulk.

As a rule, the linear size of the unirradiated area is much larger
than the representative value Rp of the irradiated area. Taking this
into account, we use a well-known solution [17] for the semi-
infinite space,which is defined by the following integral expression:

nðuÞ
H ðx;tÞ¼ D

2
ffiffiffiffi
p

p
Z t

0

x�Rp�DRp

½Dðt�sÞ�3=2
e�

ðx�Rp�DRpÞ2
4Dðt�sÞ nHðRpþDRp;sÞds: ð14Þ

Integrating (14) with respect to x gives us the number of hydro-
gen atoms per m2:

NðuÞ
H ðtÞ ¼

ffiffiffiffi
D
p

r
�
Z t

0

nHðRp þ DRp; sÞffiffiffiffiffiffiffiffiffiffiffi
t � s

p ds: ð15Þ
Fig. 1. Space distributions in the silica irradiated by ion beam: (a) hydrogen
concentration for initial model; (b) final equilibrium distribution of hydrogen; (c, d)
model damage distributions governed by two different cross-sections of the
radiation production of NBOHCs.
Using Eq. (15) and involving expression (10) one can estimate
the number of atoms as follows:

NðuÞ
H ðtÞ <

ffiffiffiffi
D
p

r
/ðRp þ DRpÞ

DH

Z t

0

dsffiffiffiffiffiffiffiffiffiffiffi
t � s

p ¼ 2

ffiffiffiffiffiffi
Dt
p

r
/ðRp þ DRpÞ

DH
: ð16Þ

Now we determine a time of the implantation t, at which the
leak of the hydrogen into the unirradiated area is very small:

NðuÞ
H ðtÞ � NH . Using Eqs. (6) and (11) we obtain

t � p
4

� �3 DH

D
tD:

Obviously, the latter condition is easily satisfied experimentally
because the ratio DH=D is of the order of 103 � 104 as it was shown
in [4].

2.2. Dynamics of LR

Specific character of LR is conditioned by the fact that the
luminescence centers are both created and excited by the radiation
energy that can be deposited from the nuclear collisions or
delivered by ionization stopping. This means that the physical
mechanisms responsible for the defect production and lumines-
cence excitation at any instant can differ essentially. As a rule
the exciton luminescence in silica dioxide is treated as a result of
the electronic excitation mainly [11]. Nevertheless, independently
on the nature of the defect production and luminescence excita-
tion, the following permanent factors are the most important in
the explanation of the luminescence excited by hydrogen ions:
creation of luminescence centers due to the radiation production
of defects, for example in the shape of NBOHCs, and a passivation
of non-bridging oxygen by atoms of hydrogen. Hence, the descrip-
tion of the luminescence dynamics can be done by using the
kinetic equation

@nOðx; tÞ
@t

¼ fn2 � nOðx; tÞgrðxÞ/� knHðx; tÞnOðx; tÞ ð17Þ

and the initial condition

nOðx;0Þ ¼ n: ð18Þ

Here, n2 is the total concentration of oxygen atoms, n2 � nO is
the concentration of target oxygen atoms, rðxÞ is the cross-
section of the radiation production of non-bridging oxygen, k is
the reaction rate constant for non-bridging oxygen passivation by
the hydrogen and n is the initial concentration of non-bridging
oxygen atoms in the silica sample. The cross-section in Eq. (17)
depends on the coordinate x due to the dependence on the ion
energy that changes as a function of the ion path. In the absence
of the passivation term, (17) coincides with the usual equation
for the radiation induced reactions [16].

The interpretation of LR dynamics is more complicated compar-
ing with the hydrogen implantation because of the mentioned
two-staged process. The intrinsic feature of the first stage is the
negligible effect of passivation during the implantation time that
we define for convenience as t < tD. Contrary to the first stage,
which is characterized by increasing of luminescence due to the
radiation damage, the second stage, when t > tD, may lead to the
inhibition of the local luminescence.

To simplify the model we assume that for t < tD there is no
hydrogen diffusion and passivation of NBOHCs, whereas for
t > tD the final hydrogen distribution (10) sets up immediately.
Under these assumptions the solution of Eq. (17) takes the form



nOðx; tÞ ¼
n2 þ ðn� n2Þe�rðxÞ/t ; 0 6 t 6 tD

n2
rðxÞ

rðxÞþkD�1
H x

þ ½nOðx; tDÞ � n2
rðxÞ

rðxÞþkD�1
H x

�e�½rðxÞ/þk/D�1
H x�ðt�tDÞ; t > tD

(
ð19Þ
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The limit of nOðx; tÞ when t ! 1, i.e. the saturation level of
NBOHC concentration, equals to

nOðx;1Þ ¼ n2
rðxÞ

rðxÞ þ kD�1
H x

< n2;

which is less than the saturation value n2 in the absence of passiva-
tion. Moreover, the saturation value may become lower than con-
centration of NBOHCs for t ¼ tD or even for t ¼ 0 resulting in the
nonmonotonic dependence of the local concentration on time, as
shown in Fig. 2 for two different values of nOðx;1Þ.

For realistic values of ion flux density and cross-section of the
radiation defects production, the strong inequality rðxÞ/tD << 1
is satisfied giving the linear time dependence of solution (19) for
t < tD. Hence, the local concentration at the moment of time
t ¼ tD is larger than nOðx;1Þ if

nþ n2rðxÞ/tD > n2
rðxÞ

rðxÞ þ kD�1
H x

: ð20Þ

Finally, I(x,t), the luminescence efficiency along the track at any
instant, is a product of the NBOHCs concentration (19), which is
formed by the processes of hydrogen diffusion and further passiva-
tion of luminescence centers, and the excitation efficiency iðxÞ:
Iðx; tÞ ¼ iðxÞnOðx; tÞ. As a rule [10,11], the full width for exciton pro-
duction is assumed to be larger and smoother than the one for
damage. If so, the excitation density profile may be approximated
for simplicity by the uniform distribution iðxÞ ¼ i. Then the total
output luminescence per m2 is the integral of the luminescence
over the irradiated region:

IðtÞ ¼ iS
Z RpþDRp

0
nOðx; tÞdx ¼ iSNOðtÞ; ð21Þ

where NOðtÞ is the number of non-bridging oxygen per m2 and S is
the area of the sample. Thus, the number of defects determines the
dynamics of luminescence.

3. Discussion

The shape of the rise curve conforms to a model of lumines-
cence at a simple exponential rate (see Fig. 2, solid curve). The pre-
sent dynamic model of the hydrogen implantation and LR assumes
a nonmonotonic time dependence of the luminescence observed in
Fig. 2. Time dependence of the local NBOHC concentration: monotonic (solid line)
and nonmonotonic (dashed line) dependence on time in the absence and the
presence of hydrogen diffusion, respectively; realistic rise curve (dash-dot line).
silica [14]. According to the Eqs. (20) and (21), the nonmonotonic
rise of luminescence will be observed, if

N þ N2/tDðRp þ DRpÞ�1
Z RpþDRp

0
rðxÞdx

> N2ðRp þ DRpÞ�1
Z RpþDRp

0

k�1DHrðxÞ
k�1DHrðxÞ þ x

dx;

where N ¼ Nð0Þ ¼ nðRp þ DRpÞ and N2 ¼ n2ðRp þ DRpÞ. As expected
this inequality is easily satisfied in the limiting case, when the pas-

sivation reaction rate constant is infinitely large, i.e. k�1 ! 0.
Based on the available experimental data the developed model

allows estimation of the parameters necessary to describe the pro-
cesses of hydrogen implantation and LR in silica. For example, the
Eq. (8) can be rewritten in the form

DH ¼ 2Rp

p

� �2

t�1
D ; ð22Þ

giving the estimated value of the diffusion coefficient, which is
defined by the time tD corresponding to the peak luminescence.

Furthermore, exploiting the strong inequality rðxÞ/tD << 1 the
following ratios can be derived directly from Eq. (19):

NðtDÞ
N

¼1þN2

N
/tDðRpþDRpÞ�1

Z RpþDRp

0
rðxÞdx¼1þN2

N
r/tD; ð23Þ

Nð1Þ
N

¼ N2

N
ðRp þ DRpÞ�1

Z RpþDRp

0

k�1DHrðxÞ
k�1DHrðxÞ þ x

dx: ð24Þ

Thus, (23) gives us the information about r the average value of
the cross-section, if the initial portion of defects N=N2 is known. At
the same time the right-hand side of the Eq. (24) only depends on

the product k�1DHrðxÞ, which may be used to estimate the reaction
rate constant k .

A more accurate analysis of the experimental data is required as
it could be explained in terms of the variation in the value of the
cross-section rðxÞ. The initial increase in luminescence intensity
takes place mainly due to the build up of defects by nuclear
collisions in a region centered around Rd, where the light ions
are brought to rest [9]. The value of Rd is slightly smaller than Rp,
i.e. closer to the surface. At the same time there is a small contri-
bution of defects created and retained in the region where the ions
are traveling at high energy. In this region the defect production
rates from the electronic events and nuclear collisions may be
comparable, although the efficiency of electronic events in produc-
ing damage is three orders of magnitude less than in the nuclear
collisions [19–21]. However, by the time the average ion energy
is reduced down to 100 keV the nuclear damage rate will be 10
times larger than the electronic one rising monotonically when
approaching to Rd.

For these reasons the monotonic increase of the cross-section
through the projected range may be roughly approximated by
the linear function for Hþ and Hþ

2 ions with the energies of about
200 and 400 keV, respectively. In this approximation, shown in
Fig. 1c, the cross-section of the radiation production of NBOHCs
takes the form:

rðxÞ ¼ rx=ðRd þ DRdÞ; 0 6 x 6 Rd þ DRd

0; Rd þ DRd < x

	
;
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where r ¼ 2r. Substituting of this equation into (24) and integrat-
ing give

Nð1Þ
N

¼ N2

N
Rd þ DRd

Rp þ DRp

2k�1DHr
2k�1DHrþ Rd þ DRd

:

Taking into account the evident strong inequality N2=N >> 1
we have

k ¼ DHr
Rd þ DRd

N
Nð1Þ

N2

N
Rd þ DRd

Rp þ DRp
� 1

� �
ffi N

Nð1Þ
N2

N
DHr
Rp

: ð25Þ

Another approach may be used for implantation of Hþ and Hþ
2

ions with energies of about 50 and 100 keV, respectively. Accord-
ing to [20], the reasonable assumption for these beam conditions
is that the energy deposited from the nuclear collision events is rel-
atively uniform throughout the projected range. As a consequence,
the cross-section can be chosen as a constant value equal to
rðxÞ ¼ r ¼ r (see Fig. 1d). In this case we have the transcendental
equation

N
Nð1Þ

N2

N
Rp þ DRp

Rd þ DRd
X ¼ lnð1þ XÞ; X ¼ kðRd þ DRdÞ

Dr
; ð26Þ

which can be numerically solved with respect to k in each particular
case. At that the lower limit of the reaction constant can be easily
estimated as follows:

X ¼ N
Nð1Þ

N2

N
Rd þ DRd

Rp þ DRp
lnð1þ XÞ > N

Nð1Þ
N2

N
Rd þ DRd

Rp þ DRp
;

so that

k >
N

Nð1Þ
N2

N
DHr
Rp

: ð27Þ

Note, that the values of the Rp parameter are different in (25)
and (27) since it depends on the initial velocity of ions [16].

4. Summary

We have presented a basic luminescence-diffusion model to
simulate the creation and chemical annealing behavior of non-
bridging oxygen hole centers in silica by their treatment with
hydrogen under a long-time hydrogen implantation. This model
can also be used to simulate the transport of hydrogen through
the sample of silica accounting for the leak of hydrogen into unir-
radiated part of the sample. The predictions based on the model
are in a good agreement with the experimental data presented in
[14] and explain the uncommon nonmonotonic time dependence
of luminescence for the non-bridging oxygen hole centers during
the hydrogen implantation. The proposed model establishes the
quantitative relation between the dependence of intensity of lumi-
nescence on its intrinsic diffusivity, hydrogen concentration, defect
concentration and cross-section of their creation. Estimation of
these parameters based on the experimental data for the lumines-
cence efficiency is discussed.
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