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Abstract 

A comparison is made of photoluminescence properties of six sodalime and alkali-borosilicate glasses implanted with Er 
to concentrations as high as 1.4 × 1021 at./cm 3. Clear photoluminescence (PL) spectra around 1.54 l~m, due to the 
4113/2 ~ 4It5/2 transition in E r  3+ a r e  observed, of which the shape depends on the host glass composition. PL lifetimes in 
the range of 0.9-12.6 ms are found, depending on glass and Er concentration. In borosilicate glass, implantation-induced 
defects remain after annealing and cause quenching of the Er luminescence due to a direct coupling to the Er. Such defects 
are not present in Er-implanted sodalime glass after annealing. In both types of glass the luminescence lifetime decreases 
strongly with concentration due to a concentration quenching effect in which energy migration takes place due to energy 
transfer between Er ions, followed by quenching at hydroxyl groups. Concentration quenching via this mechanism is less 
strong in the borosilicates than in the sodalime glasses, but because of the quenching effect of implantation-induced defects 
in borosilicates these glasses are not suitable for optical doping by ion implantation. 

1. Introduction 

Erbium-doped materials have recently become of  
great interest because of  their use as an optical gain 
medium [1]. Trivalent Er shows an optical transition 
(intra-4f) around 1.54 I~m, a standard wavelength in 
silica-based optical fiber communication systems. 
Erbium-doped fiber amplifiers operating around 1.54 
Ixm are now commercially available, and a need has 
arisen for p l a n a r  amplifiers that can be integrated 
with planar optical devices such as optical splitters, 
switches, and multiplexers [2]. Sodium containing 
silicate glasses are suitable substrates for these appli- 
cations, because fiber compatible waveguides can be 
fabricated using a simple ion-exchange process, 
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where Na ÷ from the glass is replaced by ions that 
raise the refractive index, such as K ÷ or Ag ÷ [3-5]. 

To achieve sufficient gain in a few centimeters, as 
opposed to the meters used for Er-doped fiber ampli- 
fiers, the Er concentration needs to be on the order of  
an atomic percent. Ion implantation can be used to 
incorporate such high concentrations with well-con- 
trolled doping profiles in the center of  an optical 
waveguide, where the pump intensity is high. In this 
way, population inversion between the first excited 
and the ground state can be achieved if the lumines- 
cence lifetime is sufficiently long. However, high 
concentrations can give rise to undesirable effects 
like concentration quenching and cooperative upcon- 
version [6-8],  which reduce the lifetime. 

reserved 
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This article will focus on concentration quench- 
ing, resulting from interaction between excited and 
unexcited Er ions. Due to this interaction, energy can 
migrate through the glass until a quenching center is 
met and the excitation is lost. The efficiency of this 
process depends on the mean Er -Er  distance, the 
energy exchange rate, and the density of quenching 
sites. In this article, a comparison is made of photo- 
luminescence properties of six different Er implanted 
sodalime silicates and alkali-borosilicate glasses, with 
the aim to find the glass with the lowest lumines- 
cence quenching. This glass may then be used to 
design a planar optical amplifier operating at 1.54 
I~m. 

The experiments show two types of Er-fluence 
dependent luminescence quenching: (a) concentra- 
tion quenching due to energy migration at high Er 
concentration followed by de-excitation at a quench- 
ing site (hydroxyl groups), (b) an additional effect 
only observed in alkali-borosilicate glass, namely 
quenching by direct coupling of Er ions to implanta- 
tion-induced defects in the glass. 

Table 1 
Compositions of the used silicates in at.%. The question marks 
indicate that B cannot be detected with RBS 

FP a Pilk b Ca- BGG Pyrex e CRN 
rich ¢ 31 d 0211 f 

Si 25.6 25.0 24.6 17.6 25.4 22.4 
Na 9.8 11.5 6.5 6.8 2.5 4.7 
Ca 2.4 3.0 7.0 
K 0.6 < 0.01 0.2 3.1 
AI 0.5 7.1 0.9 0.8 
B ? ? 6.0 7.0 5.3 
Mg 0.6 
Fe < 0.01 
Ti < 0.4 0.8 
Zn 1.0 1.8 
As 0.06 
F 4.2 
O 60.4 60.3 60.1 58.3 64.0 61.2 

a Fisher Premium sodalime silicate, Ref. [4]. 
b Pilkington sodalime silicate, from RBS data. 
¢ Ca-rich sodalime silicate, from RBS data. 
d Integrierte Optik-Technologie alkali-borosilicate, Ref. [5]. 
e Pyrex 7740 alkali-borosilieate (Coming), Ref. [9]. 
f Coming 0211 alkali-borosilicate, Ref. [4]. 

2. Experimental 

In this study, six commercially available silicate 
glasses were investigated: three different sodalime 
glasses (Fisher Premium, Pilkington, and a Ca-rich 
sodalime glass), and three different sodium contain- 
ing borosilicates (IOT-BGG 31, Coming 0211, and 
Pyrex). The glass compositions, which are tabulated 
in Table 1, are taken from the literature [4,5,9], 
except for the Ca-rich sodalime and Pilkington sodal- 
ime silicates. For the latter two, compositions were 
determined using Rutherford backscattering spec- 
trometry (RBS) [10], because the specifications were 
not available. As can be seen in Table 1, all glasses 
contain Na at different concentrations as the most 
important network modifying cation, and B is found 
in BGG 31, Pyrex, and Coming 0211. Note that 
B203 is a network former, like SiO 2. The concentra- 
tion of hydroxyl groups ( -OH)  in all six glasses was 
estimated using infrared (IR) transmission and reflec- 
tion measurements between 2000-4000 c m - l  (2.5-  
5.0 Ixm), using a Perkin-Elmer 811 IR spectrometer. 

All six glasses were implanted with 400 or 500 
keV Er ions at room temperature. The ion current 

density on sample was ~ 0.5 ixA/cm 2, and the 
implanted fluences ranged from 8.6 × 1014 to 1.8 × 
1016//cm 2, corresponding to Er peak concentrations 
up to 2.0 at.%. RBS measurements show that the Er 
concentration depth-profiles are Gaussian shaped, 
with a mean depth of ~ 100 nm, and a full width at 
half maximum of ~ 100 nm. To avoid electrical 
charging of the glasses during ion irradiation, a 420 
A AI film was evaporated on the glass surface. It 
was etched off in a NaOH solution after implanta- 
tion. Thermal annealing was performed in a tube-fur- 
nace at a base pressure below 5 × 10 -7  mbar, at 
temperature up to 600°C. All anneals were done for 
one hour. 

Photoluminescence (PL) spectroscopy was carried 
out at room temperature, with the 514.5 nm or the 
488.0 nm line of an At-ion laser as excitation source. 
Powers of 350 mW were used in a ~ 0 . 3  mm 
diameter spot, for which no beam heating of the 
samples was observed. The luminescence signal was 
spectrally analysed with a 48-cm monochromator, 
and detected with a liquid-nitrogen-cooled Ge detec- 
tor, yielding a spectral resolution of 2.3 rim. The 
pump beam was chopped at 12 Hz and spectra were 
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recorded using a lock-in amplifier. Time-resolved 
luminescence decay measurements were performed 
using a 1.5 ms, 1.4 W pump pulse with a cutoff time 
shorter than 150 Ixs, and averaged using a digital 
oscilloscope. 

3. Results and discussion 

3.1. Photoluminescence 

First, we will compare the six different silicate 
glasses implanted with Er to a fixed peak concentra- 
tion of 0.2 at.%. All samples were annealed to obtain 
maximum PL intensity and lifetime. The annealing 
temperature dependence of the PL intensity in each 
examined glass was qualitatively the same as shown 
in Ref. [11] for Fisher Premium sodalime. The maxi- 
mum PL intensity was reached after annealing above 
500°C, except for BGG 31 where 400°C was suffi- 
cient, and Pyrex where 600°C was required. 

Fig. 1 shows the PL spectra of the Er-implanted 
samples, normalized to integrated signal. All samples 
show broad PL spectra around 1.54 Ixm, characteris- 
tic for t he  4113/2 --> 4115/2 intra-4f transition of Er 3+ 
[12]. The spectra in BGG 31 and Pyrex are clearly 
broader than the spectra in the other hosts. This is 
ascribed to the relatively low concentration of net- 
work modifiers (Na, Ca, K, Mg) in these glasses in 
addition to the presence of B (a network former). 
This leads to a more inhomogeneous distribution of 
Er sites, leading to more inhomogeneous broadening 
of the spectra. 

The PL lifetimes (~') measured at 1.535 Ixm after 
annealing are indicated in the top !eft-hand comers 
of Figs. la- f .  As can be seen, the PL lifetime 
depends strongly on host material: 12.6 ms is mea- 
sured in the Ca-rich sodalime glass, and only 0.9 ms 
in Pyrex. The measured PL decay rate is the sum of 
radiative and non-radiative decay rates. Our earlier 
work has shown that the radiative decay rate of Er 
implanted in sodalime glass is W r = 45 s-1 ( c o r r e -  
s p o n d i n g  to 22 ms), independent of Er concentration 
and annealing treatment [11,13]. Because of the 
shielding of the 4 f  electrons by the outer lying 
5s25p 6 shells [12], it can be assumed that the radia- 
tive decay rate in similar multicomponent silica-based 
materials is approximately the same. Therefore, the 
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Fig. 1. Room temperature PL spectra of six different Er-implanted 
sodium containing silicate glasses: Fisher Premium (a), Pilkington 
(b), and Ca-rich (c) are sodalime glasses; BGG 31 (d), Pyrex (e), 
and Coming 0211 (0 are alkali-borosilicates. The Er concentration 
was 0.2 at.% in each case, and the PL lifetimes at 1.535 Ixm are 
indicated in the figures. All samples were annealed at 400-600°C. 

observed strong variation of PL lifetime with host is 
ascribed to relatively large differences in non-radia- 
tive decay rate, as will be discussed hereafter. 

3.2. Hydroxyl impurities 

Fig. 2 shows IR-absorption spectra in the range 
from 2200 to 4000 cm-I  for all the six unimplanted 
glasses. The strong absorption below 2400 cm-[  is 
due to excitation of Si -O vibrations [9,14]. For the 
borosilicates (Figs. 2d-f)  three clear absorption bands 
at 2500, 2700, and 3600 cm- ] are visible. The bands 
at 2700 and 3600 cm-]  are also seen in the three 
sodalime glasses (Figs. 2a-c), but much weaker. All 
bands are ascribed to absorption by hydroxyl groups, 
and in particular the 3600 cm-[  (2.8 Ixm) band is 
due to the stretch vibration of free -O H  [9,14,15]. 
Using an absorption cross section of 1.2 X 10 -[9 
cm 2 for this band [16], an estimate of the density of 
free -O H  (NoH) can be made from the measured 
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absorption coefficient at 3600 cm -1. The results of  
these estimates are indicated in Fig. 2 for each glass 
in units of - O H / c m  3. The - O H  concentrations range 
from 0.8 × 1019 a t . / cm 3 in Fisher Premium soda- 
lime glass to 3.9 × 1019 a t . / cm  3 in Pyrex. 

It is known that free - O H  is one of the important 
quenching centers in Er-doped glasses [17-19]. The 
energy of  the 4113/2 ~ 4115/2 transition in Er 3+ ( ~  
6500 cm -~) corresponds to the energy of  the second 
harmonic of  the - O H  stretching vibration. Therefore, 
if an Er 3+ ion is coupled to - O H ,  non-radiative 
relaxation of  the 4113/2 Er 3÷ level can occur by 
excitation of  two - O H  vibrational quanta. 

Fig. 3 shows the Er PL decay rate (i.e. I / T )  
plotted against the density of  free - O H  in the six 
glasses, using the data depicted in Figs. 1 and 2. 
Although the data show a trend relating the mea- 
sured Er PL lifetimes in the various glasses to the 
estimated density of  free - O H ,  no clear correlation 
is found. This will be discussed in detail further on, 
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Fig. 3. Correlation between the PL decay rate of the six different 
Er-implanted (400 or 500 keV, 1.4× 1020 Er/cm 3) silicate glasses 
(after annealing), and the density of free -OH in these glasses. 
Circles are used for sodalime glasses, and black dots for alkali- 
borosilicates. The dotted lines are calculated with Eq. (1), using 
W r = 42 s- l, NE r = 1.4× 102° at./cm 3, and either CEr.E r = 2.3 X 
10 -51 m 6 / s  (a) or 0.86x 10 -sl m6/s (b). 
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Fig. 2. Infrared absorption spectra in each of the unimplanted 
glasses: Fisher Premium (a), Pilkington (b), and Ca-rich sodalime 
(c); BGG 31 (d), Pyrex (e), and Coming 0211 (f). The OH 
densities given in the figure for each glass in units of -OH/cm 3 
are calculated using an absorption cross section of 1.2× 10 -19 

cm 2 . 

using additional data on the Er-concentration depen- 
dence of  the PL lifetimes. 

3.3. Concentration quenching and defects 

In two glasses - Fisher Premium as an example 
of  a sodalime glass, and BGG 31 to represent the 
alkali-borosilicates - the Er implant fluence was 
varied up to 1.8 × 1016 E r / c m  2 (peak concentration 
of  2.0 at.%). Photoluminescence decay rates were 
measured at room temperature after annealing. 

3.3.1. Sodalime glass 
The dots in Fig. 4 show the PL decay rate (i.e. 

1/~-) of  Er in Fisher Premium sodalime glass as a 
function of  Er concentration (the atomic density at 
the peak of  the Gaussian implantation profile), after 
annealing at 512°C. The data show that the PL deca~ 
rate increases almost linearly with Er density. 

This concentration quenching effect and the role 
of  defects and impurities can be understood from 
Fig. 5, which shows a schematic picture of  the three 
ways how an excited Er ion can de-excite: (i) by 
emission of  a photon (wavy arrow), (ii) by non-radia- 
tive relaxation through coupling to a quenching site 
(for instance -OH) ,  or (iii) by energy transfer to a 
neighboring Er ion (straight lines) [20]. In the latter 
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Fig. 4. Erbium photoluminescence decay rate versus Er peak 
density (after annealing). The dots show data for Er in Fisher 
Premium sodalime glass. The dashed line is a linear fit through 
the data below 5× 1020 Er / cm 3, and intercepts the y-axis at 42 
s - ] .  The triangles show data for Er implanted BGG 31 alkali- 
borosilicate glass after annealing. The solid line is a linear fit 
through the data above 2× 1020 Er / cm 3, and the - . -  line is a fit 
based on a model which includes the effect of  irradiation damage. 

way the excitation can migrate through the glass, and 
when an Er ion is met which is coupled to an - O H  
group the excitation is lost. 

For a homogeneous distribution of Er ions, and a 
low density of quenching sites, and assuming that the 
energy exchange between Er ions takes place via 
dipole-dipole interaction, the total concentration-de- 
pendent decay rate is given by [8,21-23] 

W = W r --I'- W i --1- 8 ~ "  C E r , E r / V q / V E r  . ( 1 )  

Here W, is the radiative decay rate, W~ is the intemal 
non-radiative quench rate, CEr,E r is an Er-Er  interac- 
tion constant [8], and Nq and NEr are the density of 
quenching sites and Er ions, respectively. Note that 
W r + W~ is the decay rate in absence of migration. It 
is assumed in Eq. (1) that the absorption spectrum of 
a quenching site is identical to the absorption spec- 
trum of an Er 3+ ion in sodalime glass. This simplifi- 
cation may be made in the case that the quenching 
mechanism is via excitation of vibrations in -OH 
closely bound to a limited number of Er ions. 

Eq. (1) is used to fit the data for Er in sodalime 
glass in Fig. 4. Below 5 × 10 20 a t . /cm 3 excellent 
agreement is achieved: the dashed line is the result 
of a linear fit with a slope of (4.6 + 0 .4)×  10 -25 
m3/s. The extrapolated PL decay rate for zero Er 
density is 41.9 + 1.1 s -1. This value is very close to 
the experimental value of the radiative decay rate 
W r = 45 s-1 which we found in an earlier indepen- 
dent experiment [13]. This implies that the internal 
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Fig. 5. Schematic representations of the possible luminescence decay mechanisms in Er-implanted silica glass. (a) After excitation, each Er 
i o n  (circle) has a probability to emit a photon (wavy arrow), or to transfer the excitation to a neighboring Er ion (straight line). Rapid 
quenching takes place at a small fraction of Er ions that are closely bound to an -OH group. In (b), a third decay mechanism is added; the 
probability for each Er ion to directly loose the excitation to an implantation-induced defect (black dot). As is discussed in the text, (a) 
corresponds to Er-implanted sodalime glass, while (b) refers to effects in Er-implanted borosilicate glass. 
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non-radiative decay rate W i -- 0 1, which means that 
in absence of quenching due to migration all Er ions 
(except those coupled to -OH) decay in a purely 
radiative fashion. The data in Fig. 4 can be described 
assuming a constant density of quenching centers 
Nq, which implies that this density is independent of 
Er fluence, and therefore these quenchers are not 
related to the damage created by the ion beam. 

To supply support for the latter conclusion, sam- 
pies were prepared in which irradiation damage was 
provided independently from the Er concentration in 
the following way. A sample was first implanted 
with a low fluence of Er at 500 keV (1.4 × 1015 

Er /cm 2, corresponding to 1.0 X 1020 Er/cm3), and 
subsequently irradiated with 1.8 MeV Au to fluences 
in  t h e  1 X 1014 -1  X 1016 A u / c m  2 r a n g e .  T h e  p r o -  

j e c t e d  range of the Au ions is well beyond the Er 
profile, so that ion irradiation damage is provided all 
through the Er-doped region 2, without changing the 
chemical environment of the Er. All samples were 
annealed at 512°C after the irradiations were com- 
pleted. The crosses ( x )  in Fig. 6 show the Er PL 
decay rate of the Au co-irradiated sample as a func- 
tion of total irradiation fluence (Er + Au). As can be 
seen, the PL decay rate remains almost constant with 
Au fluence. For comparison, Fig. 6 also includes the 
Er PL decay rate as a function of fluence in the case 
that only 500 keV Er is implanted (filled data, 
points, same data as in Fig. 4). As the additional Au 
fluence, which produces a similar amount of irradia- 
tion damage per ion as the Er [24], does not cause a 
large increase in the Er PL decay rate, it is confirmed 
that the strong increase of PL decay rate with in- 
creasing Er fluence is not explained by accumulation 
of beam-induced damage, but by an Er concentration 
quenching effect, i.e. migration followed by quench- 
ing at a fixed density of quenching sites. 

If it is assumed that all free -OH contributes to 
quenching, then Nq = N o n  = 8 × 10lS/cm 3 (as esti- 

i Using W r = 45 s -  i, Wi would be - 3 s -  1, which is unphysi- 
cal, and possibly related to the fact that the linear behavior in Eq. 
(1) is only valid when the density of quenching sites is low 
compared to the density of  Er, which is not the case in the limit 

E~2 --, O. 
The nuclear energy loss per ion of both Er and Au averaged 

in the Er-doped region is 300 eV/ ,~  and the electronic energy loss 
30 and 140 eV/,~,  respectively [Monte Carlo simulation TRIM'g9 
[24]]. 
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Fig. 6. Erbium PL decay rates in sodalime glass as a function of 
total implanted fluence, after annealing. The solid data points 
show the Er PL decay rate when only 500 keV Er is implanted. 
The crosses ( × )  show the Er decay rate in a sample first 
implanted with l A X  1015 E r / c m  2 and subsequently with 1.8 
MeV Au to fluences ranging from 1 × 1014 to 1 × 1016 A u / c m  2. 
All samples were annealed at 512°C after all irradiations were 
completed. 

mated in Section 3.2) can be inserted in Eq. (1). 
From the slope of the fit, CEr,E r ~- 2.3 X 10 -sl m3/s  
is then extracted. This implies that for an Er concen- 
tration of approximately ~ 3 X 1018 Er / cm 3 the 
Er-Er  energy transfer rate equals the radiative decay 
rate. The value for CEr.E r will be compared with 
other data in Section 4. 

A final detail observed in Fig. 4 is that for Er 
densities above 5 × l02° at . /cm 3 the measured PL 
decay rates in sodalime glass deviate from the linear 
behavior predicted by Eq. (1). This effect may be 
related to the fact that at high fluence ion irradiation 
the high density of displaced atoms can cause local 
non-uniformities in the Er concentration. This then 
would enhance concentration quenching. Micro- 
scopic redistribution of impurities in ion irradiated 
S i O  2 has been observed before; for instance, Ag [25] 
or Au [26] coalesce into metallic nano-clusters, and 
metals such as Fe [27] can form oxide clusters in 
silica when sufficient mobility is provided by an ion 
beam. 

3.3.2. Alkali-borosilicate glass 
The triangles in Fig. 4 show the measured PL 

decay rate of Er implanted BGG 31 alkali-borosili- 
cate glass as a function of Er density after annealing 
at 400°C. The used Er fluences range from 0.09 to 
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1.2 X 10 16 ions/cm 2. For all concentrations, the de- 
cay rate is higher than what is found for Er im- 
planted sodalime glass. As can be seen, above 3 x 
10 20 Er / c m 3, the PL decay rate depends linearly on 
the Er density. Below 3 X 102° E r / cm a the decay 
rate is a steeper function of Er density than above 
3 x 102° E r / c m a. This behavior is clearly different 
from what is observed in sodalime glass. The high 
dose data for Er implanted BGG 31 can be described 
using Eq. (1). A slope of (5.6 _ 0.5) x 10 -25 m 3 / s  

and W0=718: i :2  s -1 are found. However, this 
model which assumes a constant number of sinks 
(Nq) and a constant W i, does not explain the low 
fluence data. 

We suggest that for the case of BGG 31, ion 
implantation induced defects, of which the density is 
Er-fluence dependent, play a role in the quenching of 
the Er luminescence. Therefore a modification in the 
concentration quenching model has to be made to 
account for beam induced effects. CEr,E r and Wr are 
independent of Er fluence. The parameters Nq and 
W i in Eq. (1), however, may possibly increase (de- 
crease is very unlikely) with Er fluence. Let us first 
consider that Nq - which is the density of quenching 
centers that couples only to a small fraction of the Er 
ions - would increase during ion irradiation due to 
the formation of beam-induced defects. According to 
Eq. (1), the slope in Fig. 4 would then increase with 
Er density (fluence). The low-fluence data, however, 
show a decrease of the slope, and therefore cannot 
be explained by an increase in Nq. The other possi- 
bility is that W i increases with Er fluence, i.e. an 
increase in the internal quench rate of each Er ion 
with increasing fluence th. This means that Er ions 
directly couple to irradiation induced defects, and all 
Er ions have a certain probability to lose the excita- 
tion to such a defect. This is schematically indicated 
in Fig. 5b, where the black dots represent beam-in- 
duced defects. Using a damage creation model - in 
which the density of irradiation induced defects fol- 
lows an exponentially saturating law proportional to 
[ 1 -  exp(-~b/~bc)] [28], with q~c a characteristic 
fluence - W~ can be written as a function of Er 
fluence: 

W i ( ( ~ )  = [Wsa t - -  W r - W i ( 0 ) ]  [1 - e x p ( -  q~/thc)] 

d" W i ( 0  ) . ( 2 )  

Here W~a t is the Er PL decay rate in absence of 

energy migration when irradiation damage has satu- 
rated, and Wi(0) the internal quench rate before 
irradiation damage is done. 

The - .-  line in Fig. 4 shows the result of a fit 
using Eqs. (1) and (2). The fit describes the data very 
well. The fit parameters are: the = (6.8 + 0.4) X 1014 
E r / cm  2, 8~'CEr,ErN q = (5.6 + 0.5) × 10 -25 m3/s,  
and Wsa t = 715 + 3 s-  1. The intercept with the y-axis 
(W r + Wi(0)) could not be determined accurately due 
to the fact that no PL lifetime data were available for 
very low Er fluences. These data imply that in the 
absence of excitation migration, Er ions decay by 
both radiative decay and non-radiative decay due to 
coupling to irradiation-induced defects. Using the 
concentration of free -O H  in BGG 31, Nq = 2.6 X 
10t9/cm 3 (see Section 3.2), we find CEr,E r = 8 . 6  X 

10 -52 m 6 / s  from the fit results. This value for CEr,E r 

is lower than in the case of Er in Fisher Premium 
sodalime glass, which will be discussed in Section 4. 

The effect of ion irradiation damage on the Er 
luminescence lifetime which is observed in BGG 31 
alkali-borosilicate glass, and not in sodalime glass, is 
attributed to the presence of boron in the network. 
Electron-spin-resonance (ESR) studies have shown 
that B enhances the irradiation sensitivity for elec- 
tronic damage in silica by orders of magnitude, due 
to formation of B-related point defects [29]. The 
suggestion that B enhances Er PL quenching is 
supported by Fig. 3, where it can be seen that all 
three Er-implanted alkali borosilicates (black dots) 
show significantly higher PL decay rates than the 
sodalime glasses (circles). To illustrate this the dot- 
ted line (a) is drawn in Fig. 3 which show the PL 
decay rate as a function of OH density according to 
Eq. (1) with CEr.E r ---- 2.3 X 10 -51 m6/s found for Er 
in Fisher Premium sodalime glass. A similar line, but 
then using the value CEr,Vr = 0 . 8 6  X 1 0  -51  m6//s as 
found for Er in BGG 31 alkali-borosilicate is also 
shown [dotted line (b)]. As can be seen, neither of 
these lines describe the high decay rates found exper- 
imentally for the borosilicate glasses, indicating that 
additional irradiation induced damage plays a role in 
these borosilicates. 

4. Comparison to other work 

In the previous section it was found that the 
excitation transfer constant (CEr.E r) in Fisher soda- 
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lime glass is 2.3 z 10 -51 m6/s, and in BGG 31 
alkali-borosilicate glass 0.86 x 10 -51 m6//s. The dif- 
ference can be explained to some extent by the fact 
that due to inhomogeneous broadening, the Er PL 
spectrum in alkali-borosilicate glass is broader than 
in sodalime glass (Fig. 1). Therefore, the mean over- 
lap integral of the emission and absorption spectrum 
between nearest neighbors is smaller in BGG 31 than 
in sodalime, or put differently, the effective distance 
between well matching Er ions becomes larger. Also, 
differences in the phonon spectra of the glasses may 
cause differences in transfer rate. The values of 
CZr0E r found here are in the same range as values 
found by Gapontsev et al. (0.7 x 10 -51 m6//s) by 
varying the - O H  concentration in phosphate glass 
samples with fixed Er density [17,30]. 

The results presented in this article concern the 
energy transfer between excited and non-excited Er 
ions, which leads to lowering of the PL decay time 
when a small fraction of Er ions is excited. However, 
in an actual Er-doped optical amplifier, where a high 
fraction of excited Er ions is needed, a second 
quenching mechanism becomes important: coopera- 
floe upconversion. In this process, energy is trans- 
ferred between two excited Er ions, leaving one of 
both ions de-excited [6-8]. In an earlier publication 
we showed that the de-excitation rate of Er in sodal- 
ime glass at a concentration of 0.2 at.% (=  1.4 × 1020 
at . /cm 3) can increase four-fold due to upconversion 
[31]. The upconversion coefficient is highest in 
glasses in which Er shows broad PL spectra, because 
the upconversion process is resonant only in the long 
wavelength part of the transition [31]. Therefore we 
predict that glasses such as BGG 31 and Pyrex in 
which Er 3+ shows broad PL spectra (see Fig. 1), 
will suffer from relatively strong cooperative upcon- 
version, whereas the sodalime glasses with the nar- 
rower spectra will show less upconversion. 

The 4 f  levels are relatively fixed, because they 
are electronically shielded by outer lying 5s25p 6 
shells [12]. Therefore, neither energy migration, nor 
cooperative upconversion can be completely avoided 
by choice of host. The final choice should be made 
by comparing the effects of migration-quenching and 
upconversion-quenching. In an Er-based optical am- 
plifier operating at 1.54 ixm, the rate of de-excitation 
is found by solving the rate equation for the fraction 
n of excited Er ions: d n / d t = - - n / ~ ' - - C N E r  n2, 

where C is the upconversion coefficient. In the limit 
n ~ 0, the 'spontaneous' de-excitation rate is given 
by l / z ,  and in the limit n ~ 1 by the sum 1/~-+ 
CNEr. In sodalime glass, C = 3 X 10 -24 m3/s  [31], 
and for Er concentrations above 1.5 × 1019 at . /cm 3 
( ~  0.02 at.%) CNEr > 1//'r, i.e. upconversion is the 
dominant de-excitation mechanism. For planar am- 
plifiers, where concentrations are usually higher than 
1.5 X 1019 at . /cm 3, the most suitable host is there- 
fore the host which shows least upconversion, i.e. 
narrowest PL spectrum. From the point of view of Er 
luminescence properties, the three sodalime glasses 
which were examined in this article are equally well 
suited. When upconversion is not the dominant de- 
cay mechanism, for instance in fiber amplifiers, broad 
PL spectra (as for instance in borosilicates) are more 
preferred. However, for the borosilicates, ion implan- 
tation is not a suitable technique for optical doping 
due to the effect of implantation-induced damage on 
the Er luminescence lifetime. 

5. Conclusions 

Six different silicate glasses (three sodalime 
glasses and three alkali-borosilicates) were implanted 
with Er and annealed. For each glass, the PL spec- 
trum around 1.54 I~m, the PL lifetime, and the 
concentration of free -O H  were measured. The PL 
lifetime depends strongly on host glass. This is 
attributed to differences in non-radiative decay rates; 
- O H  is one of the quenching sites. For two glasses 
the Er concentration (implant fluence) was varied in 
the range of 7 × 1019-1.5 X 10 21 at . /cm 3. In both 
cases the PL decay rate increases with Er density. 

(a) Sodalime glass. The increase in PL decay rate 
with Er density is described using a simple concen- 
tration quenching model with energy migration due 
to Er-Er  interactions as rate-limiting process. The 
Er -Er  energy  transfer coefficient CEr.E r = 2.3 X 
10- 51 m6//s. After annealing, implantation-induced 
defects cause no quenching in sodalime glass. The 
extrapolated radiative decay rate is 42 s-1 (corre- 
sponding to r = 24 ms). 

(b) Alkali-borosilicate glass. The increase in PL 
decay rate with Er density is due to both implanta- 
tion-induced defects - of which the density depends 
on fluence - and Er-concentration dependent energy 
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migration. The energy transfer coefficient is C E r , E  r = 

0.86 X 10 -5~ m6//s. Implantation-induced damage 

causes significant internal non-radiative quenching 
for each Er ion. This damage production is attributed 
to the presence of boron in the glass, which increases 
the sensitivity for ionization damage. 

Resonant Er-to-Er energy transfer in borosilicate 
glass is less efficient than in soda-lime glass, which 

is partly due to the stronger inhomogeneous broaden- 

ing of the 4 f  manifolds in borosilicate glass. There- 
fore, the effect of concentration quenching is lower 

in borosilicates than in sodalime glass. However, ion 
implantation is not a suitable technique to dope 

borosilicates with optically active ions, due to the 
effect of irradiation damage leading to low lumines- 

cence lifetimes. In the design of planar amplifiers, 
not only concentration quenching due to energy mi- 
gration, but also cooperative upconversion should be 
taken into account. In many cases the latter will be 
the dominant decay process. 
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