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Soda-lime-silicate glass has been implanted with 500 keV Er ions at fluences between 8.6~ 1Ol4 
and 1.8~ 1016/cm2 with the aim to optically dope the material in the near surface region. The 
ion range was 100 nm, and Er concentrations in the range 0.09-1.9 at. % were obtained. The 
characteristic photoluminescence (PL) of Er3+ around 1.54 ,um is observed at room 
temperature in as-implanted glass. The PL intensity increases by an order of magnitude after 
annealing above 500 “C, as a result of annihilation of implantation-induced defects. Annealing 
causes an increase in PL lifetime. As a function of Er fluence, the PL intensity first increases, but 
levels off above - 6~ 1015 Er/cm” (0.6 at.. % Er peak concentration). The PL lifetime decreases 
from 13 to 1.5 ms for increasing Er concentration. The decrease in PL efficiency with 
concentration is attributed to concentration quenching caused by Er-Er interactions. The 
optimal combination of PL intensity and lifetime is reached at ~0.4 at. % peak concentration, 
for which the lifetime is 6 ms. For high Er concentrations and high pump intensities ( -3 
kW/cm2) an additional, intensity dependent quenching mechanism (possibly cooperative 
upconversion) is observed. 

I. INTRODUCTION II. EXPERIMENT 

Erbium-doped materials have recently become of great 
interest because of their use as optical gain media.’ Erbium 
shows an optical transition (in&a-4f) around 1.5 ,um (Fig. 
1)) a standard wavelength in silica-based optical fiber com- 
munication systems. Optical fibers have been doped with 
Er to fabricate lasers, and in 1987 the first Er-doped fiber 
amplifiers operating around 1.5 ,um were reported.2 While 
fiber compatibility is important for long-distance commu- 
nication systems, on a local scale where optical switching 
and multiplexing are performed using planar waveguide 
structures,3 it would be desirable to integrate a planar Er- 
based amplifier. For example, a planar amplifier with a 
moderate gain could compensate for the intensity decrease 
in a one-to-two beam splitter. 

Various methods have been used to fabricate Er-doped 
planar silica waveguides, and in some cases optical gain has 
been demonstrated.M In this article we use ion implanta- 
tion to dope soda-lime-silicate glass with Er. An important 
advantage of this glass over other materials is that low-loss 
fiber-compatible planar waveguides can be fabricated by 
the relatively simple Na++-+ K+ ion-exchange process.7’8 
A further advantage of using a multicomponent glass is 
that it may accommodate larger concentrations of Er”’ 
than, for example, pure silica in which precipitation effects 
have been observed at concentrations of 0.1 at. %.l” 

In this work we investigate 500 keV Er-implanted 
soda-lime-silicate glass. The dependence of photolumines- 
cence spectra, intensity, and lifetime on Er concentration 
and post-implantation anneal temperature are studied. An- 
nealing above 500 “C is required to annihilate the 
implantation-induced defects. For high Er concentration 
the luminescence is quenched, possibly due to Er-Er inter- 
actions. The optimum combination of luminescence life- 
time and intensity is obtained at an Er peak concentration 
of ~0.4 at. %. 

Commercially available soda-lime-silicate glass 
(Fisher Premium), 1 mm thick, was implanted at room 
temperature with 500 keV Er ions. The ion current density 
on sample was -0.5 @/cm2, and the implanted fluences 
ranged from 8.6 X 1014 to 1.8 X 1016/cm2. To avoid electri- 
cal charging of the glass during ion irradiation, a 420 A Al 
film was evaporated on the glass surface. It was etched off 
in a NaOH solution after implantation. Thermal annealing 
was performed in a tube furnace at a base pressure below 
5X 10m7 mbar, at temperatures ranging from 300 to 
650 “C. All anneals were done for one hour. 

Erbium concentration profiles were determined by Ru- 
therford backscattering spectrometry (RBS) using 2.0 
MeV 4Hef and a scattering angle of 169”. Photolumines- 
cence (PL) spectroscopy was carried out. at room temper- 
ature, with the 514.5 nm line of an Ar-ion laser as excita- 
tion source. This line is absorbed in the 
“HI I/Z manifold of Er3+ (see Fig. 1). Powers between 70 
and 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 analyzed with a 48 cm 
monochromator, and detected with a liquid-nitrogen- 
cooled Ge detector, yielding a spectral resolution of 2.3 
nm. The pump beam was chopped at 12 Hz and spectra 
were recorded using a lock-in amplifier. Time-resolved lu- 
minescence decay measurements were performed using a 
1.5 ms, 1.4 W pump pulse with a cutoff time shorter than 
150 ps. Decay data were recorded and averaged using a 
digitizing oscilloscope system. 

111. RESULTS 

Figure 2 shows an RBS spectrum of soda-lime-silicate 
glass after implantation of 5.4X 1015 Er/cm2. The sharp 
peak at channel 269 corresponds to the Al coating. This 
coating causes a shift over five channels of the edges in the 
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FIG. 1. Energy-level diagram of Er’+ free ion (see Ref. 12). When E?* 
is incorporated in a solid, the levels are splitted into manifolds due to the 
Stark effect. 

spectrum with respect to the indicated surface channels. 
The composition of the multicomponent glass as deter- 
m ined from this spectrum, agrees with the specified com- 
position (in mol % : 72.2 SiOz, 14.3 Na20, 6.4 CaO, 1.2 
K20, and small quantities of Al2O3, MgO, and others). 
Earlier experiments” have shown that ion implantation of 
alkali silicate glass can cause a depletion of alkali atoms in 
the surface region. However, no Na loss is observed in our 
experiments, which may be a consequence of the presence 
of the Al coating. The Er profile is nearly Gaussian shaped, 
and peaks at about 100 nm depth from the glass surface; 
with a full width at half-maximum (FWHM) of 90 nm, 
assuming a soda-lime-silicate glass density of 7.8 X 1O22 
atoms/cm3. The peak concentration is 0.6 at. % . Samples 
implanted at other fluences show similarly shaped profiles, 
with peak concentrations ranging from 0.09 to 1.9 at. % . 

Figure 3 shows a PL spectrum of Er-implanted 
(3.7 X 10” /cm2) soda-lime-silicate glass, after annealing 
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FIG. 2. RBS spectrum of Er-implanted (5.4~ 10’s Er/cm’) soda-lime- 
silicate glass with a 420 A  Al coating. The arrows indicate surface chan- 
nels of the various glass constituents. 
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FIG. 3. Room-temperature photoluminescence spectrum of Er-implanted 
(3.7x 10’5/cm2, 0.4 at. %  peak concentration) soda-lime-silicate glass 
after thermal annealing at 512°C. Pump power=70 mW,  /lp,,p=514.5 
nm, spectral resolution=2.3 nm. 

at 512 “C! for 1 h. The spectrum shows peaks at the wave- 
lengths (/2) of 1.537 and 1.545 pm and broad shoulders 
extending from roughly 1.45 to 1.67 ,um. This emission is 
characteristic for the intra-4f transitions between the 4113I2 
and 44~~2 manifolds of Er3+ (see Fig. 1) .12 The width of 
the spectrum is 19 nm FWHM. Spectra were also mea- 
sured for samples implanted at other fluences and annealed 
at different temperatures. The shape of these spectra does 
not significantly deviate from the spectrum shown in Fig. 
3. 

’ The PL intensity depends strongly on the temperature 
of the annealing treatment after implantation. Figure 4 
shows peak intensities, measured at ;1= 1.537 ,um, for sam- 
ples annealed at temperatures in the range 300-600°C. 
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FIG. 4. Room-temperature photoluminescence peak intensity at 
A.- 1.537 pm as a function of anneal temperature for samples implanted 
with 1.3, 3.7, and 18x 10” Er/cm’ (0.15, 0.4, and 1.9 at. 46 peak con- 
centration). The lines serve as guides for the eye. The dotted line shows 
the background luminescence of unimplanted samples. The dashed verti- 
cal line at 650°C marks the point at which the glass surface starts to 
deform. 

Downloaded 15 Sep 2003 to 131.215.237.184. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



Er peak concentration (at.%) 

1aO.O 0.5 1.0 1.5 2.0 I I I , 15 

FIG. 5. Photoluminescence peak intensity (open data points, left axis) 
and lifetime (solid data points, right axis) at A= 1.537 pm as a function 
of Er fluence. All samples were annealed at 512 “C! in vacuum. The Er 
peak concentrations are indicated on the top axis. The solid line is a guide 
for the eye, the dashed line is calculated from the solid line using Eq. ( 1). 

Data are shown for samples with Er peak concentrations of 
0.15, 0.4, and 1.9 at. %. As can be seen, unannealed sam- 
ples show a relatively low PL intensity. Thermal annealing 
at temperatures up to 5 12 “C increases the PL intensity. A 
smaller further increase is observed for 600 “C annealing. It 
should be noted that the unimplanted glass also shows a 
very low PL signal, as a result of trace levels of Er in the 
bulk ( < 0.1 ppm). This background signal was the same 
for all samples, and is indicated in Fig. 4 by the dotted line. 
The dashed vertical line at 650 “C! indicates the tempera- 
ture at which macroscopic deformation of the glass was 
observed. The softening point specified for this glass is 
692 “C. 

It is clear from Fig. 4 that the maximum PL intensity 
after 512 “C annealing does not scale linearly with the Er 
fluence. Increasing the Er peak concentration from 0.15 to 
1.9 at. % only doubles the PL intensity. Figure 5 shows the 
PL intensity of implanted samples annealed at 512 “C as a 
function of Er fluence (open datapoints). The PL intensity 
increases almost linearly with fluence for fluences smaller 
than 2~ 1015/cm2. At higher Er fluences the intensity in- 
crease levels off, and a saturation is observed above -6 
x lO”/cm”, corresponding to an Er peak concentration of 
0.6 at. %. 

Figure 6 shows PL decay measurements for samples 
with Er peak concentrations of 0.15, 0.4, and 1.9 at. %, 
annealed at 512 “C!. As can be seen, the PL decay depends 
strongly on the Er concentration. First, the lifetime de- 
creases with increasing concentration. The e-’ decay-times 
for the curves in Fig. 6, together with data for other Er 
fluences, are plotted as solid data points against the right- 
hand scale in Fig. 5. Second, the shape of the decay curves 
changes. For low concentrations, the decay is nearly single 
exponential, but as the Er concentration increases, the 
curves deviate from single exponential behavior. This is 
partly a result of the fact that the Er concentration profiles 
are Gaussian shaped: the PL decay curve is composed of 
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FIG. 6. PL decay curves after a 1.5 ms excitation pulse. The samples were 
implanted with 1.3, 3.7, and 18~10’~ Er/cm’ (0.15, 0.4, and 1.9 at. % 
peak concentration) and annealed at 512 “C. The luminescence intensity 
at /1= 1.537 pm is plotted on a logarithmic scale. The excitation pulse is 
indicated schematically. 

signals with different decay times corresponding to differ- 
ent concentrations. However, attempts to fit the curves in 
Fig. 6 by integrating over the Gaussian profile using a 
function relating lifetime to concentration did not yield 
results consistent for all decay curves. Therefore, other 
processes leading to nonexponential decay at high concen- 
tration must also play a role. 

Figure 7 shows the dependence of PL intensity on 
pump power, measured for three Er peak concentrations 
(0.15, 0.4, and 1.9 at. %) after annealing at 5 12 “C. The 
dashed lines show the linear extrapolation of the first six 
datapoints. At higher pump intensity the measured curves 
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FIG. 7. PL intensity at /1=1.537 pm measured as function of pump 
power at 514.5 nm. The samples were implanted with 1.3, 3.7, and 18 
x lOI Er/cm* and were annealed at 5 12 “C. The dashed lines are linear 
extrapolations of the tirst six datapoints. The solid line drawn for 0.15 
at. % is calculated using Eq. (2); the other two solid lines guide the eye. 
A power of 2.0 W corresponds to an intensity of -3 kW/cm*. 
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start to deviate from the linear extrapolation. At 2.0 W 
(corresponding to an intensity of -3 kW/cm2) the signal 
from the sample with 0.15 at. % Er peak concentration is 
12% lower than the linear extrapolation. This deviation 
increases with Er fiuence, and for 1.9 at. % Er the PL 
signal is 20% lower than the linear extrapolation. The PL 
lifetimes (data not shown) do not depend on pump power 
up to 2.0 w. 

IV. DISCUSSION 

The experimental results show that soda-lime-silicate 
glass can be optically doped with Er by ion implantation. 
The spectral shape (Fig. 3) is a result of transitions be- 
tween different Stark levels of the 411,,, and 41,,,, mani- 
folds,12 in combination with homogeneous and inhomoge- 
neous broadening. The ’11sj2 manifold is populated 
through successive nonradiative relaxation from the ‘H, ij2 
pump level. The spectrum is broader than observed for 
Er-implanted pure silica,” which is characteristic for a 
multicomponent host glass.g An advantage of the relatively 
large spectral width is that optical amplification will be 
possible over a large bandwidth. The low-wavelength 
shoulder peaks at 1.48 ym, a wavelength at which com- 
mercial pump lasers are available. This may allow for res- 
onant pumping. 

Ion implantation in glass creates structural damage, 
either by nuclear collisions, or by electronic excitations.” 
Structural defects can quench the parity-forbidden (intra- 
4f) -and therefore long lived-radiative transition, as 
they cause nonradiative decay channels.t3 As a result the 
PL decay time and intensity decrease. In first approxima- 
tion, for a concentration C, of optically active (trivalent) 
Er, the measured lifetime (7) and PL intensity (I) are 
given by 

;= w,+ wn, and IpLCa, 
Tr 

where W,= l/7; and W, are the radiative- and nonradia- 
tive decay rates, respectively. Assuming that IY,. is con- 
stant,14 Eq. (1) shows that a high nonradiative decay rate 
leads to a low lifetime (T) and a proportionally low PL 
intensity. -This proportionality is observed for the samples 
used in Fig. 4. For each sample the PL lifetime after an- 
nealing at 5 12 “C is twice as long as after 400 “C! annealing 
(data not shown), which indeed corresponds to the ob- 
served doubling of PL intensity above 400 “C!. The fact that 
the changes in intensity fully correspond to the observed 
lifetime changes implies that the active fraction of Er (C,) 
does not change on annealing. The lifetime increase on 
annealing is attributed to annihilation of ion-beam-induced 
defects in the silicate network.“s’3*15 The required anneal- 
ing temperature to optimize the Er luminescence 
( - 500 “C!) is lower than that for Er-implanted pure sil- 
ica. lo This may be related to the fact that soda-lime-silicate 
glass has a lower transformation temperature than pure 
silica. *’ 

The saturation of the PL intensity for increasing Er 
fluence (Fig. 5) can be attributed to changes in the non- 

radiative decay rate. The intensity from a sample with 1.8 
x lOI &/cm’ is almost equal to the intensity at 6~ 1015 
Er/cm2, although three times more Er was implanted. The 
lifetime, however, has decreased by a factor of three, 
thereby keeping the product rC, in Eq. ( 1) constant. The 
dashed line in Fig. 5 was derived from the solid line 
through the lifetime data, by calculating the product rC, . 
It shows perfect agreement with the PL intensity data over 
the full concentration range. The decrease in PL lifetime 
for high concentration is attributed to processes in which 
the excitation migrates through the glass by resonant ex- 
change between closely spaced Er ions until a quenching 
center is met. These effects have been studied in detail in 
other materials doped with rare earths’71’8 and usually be- 
come significant at concentrations above 0.1 at. %. This 
concentration quenching effect limits the concentration of 
Er that can be incorporated usefully in soda-lime-silicate 
glass. The optimum product of lifetime and intensity is 
reached at an Er peak concentration of ~0.4 at. %. 

For future use of these heavily doped silica glass films 
in planar optical waveguides, the behavior as a function of 
pump intensity is an important parameter (Fig. 7). As a 
first approach the sublinear increase of PL with pump in- 
tensity is a result of the depletion of Er ions in the ground 
state. The fraction of excited Er ions, N,, in a simple two- 
level system pumped at a rate R is 

RT I 
N2=- 1+11-r’ 

with R=P a,. 
hv (2) 

Here, hv is the energy of the pump photons, Ip denotes the 
pump intensity, and a, the absorption cross section. Equa- 
tion (2) shows that N2 (and therefore the 1.54 pm PL 
intensity) is sublinear in Ip, and that the sublinearity is less 
for samples with shorter lifetime 7. However, Fig. 7 shows 
an opposite behavior: The samples with a high concentra- 
tion, i.e., short lifetime deviate more from the straight line 
than the samples with a low concentration, i.e., long life- 
time. This suggests that another nonradiative process, 
which is related to both pump intensity and Er concentra- 
tion, must be present. One possible explanation is that co- 
operative upconversion takes place,i7 in which energy is 
transferred nonradiatively from one excited Er ion to a 
neighboring excited Er ion, promoting the latter to the 
419,2 level (see Fig. 1). From 41s,2 the most probable decay 
is back to the 4113,2 manifold, via the 4111,2 level. As a 
result, the d = 1.54 pm PL is quenched at high pump in- 
tensities. From the data in Fig. 7 an upperlimit of the 
absorption cross section for I+‘+ in soda-lime-silicate glass 
at 514.5 nm can be obtained by fitting Eq. (2) through the 
data for the lowest Er concentration. This yields 
ua=2x 1o-2’ cm’, a typical vaiue for Er in a multicom- 
ponent glass.’ 

V. CONCLUSIONS 

Erbium-implanted (500 keV) soda-lime-silicate glass 
shows clear photoluminescence (PL) around 1.54 pm with 
a relatively large spectral width of 19 nm. Thermal anneal- 
ing at a temperature above 500 “C, causing annihilation of 
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implantation-induced defects, is necessary to optimize PL 
properties. The PL intensity first increases with Er fluence, 
but saturates above -6x 1015/cm2. The saturation is ex- 
plained by a decrease of PL lifetime with increasing con- 
centration. The lifetime decrease is attributed to concen- 
tration quenching, as a result of energy exchange among 
closely spaced Er ions. The optimum Er concentration is 
found to be ~0.4 at. %, for which the PL lifetime is 6 ms. 
The dependence of PL intensity on pump intensity shows 
evidence for an additional quenching mechanism related to 
high concentrations of excited Er3+, possibly cooperative 
upconversion. With these parameters, Er-implanted soda- 
lime-silicate glass waveguides with a length of typically 
several cm may produce optical gain. 
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