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The effect of MeV ion irradiation- damage on the luminescence lifetime of erbium-doped silica
glass films has been studied. The 10-um-thick films were first implanted with 3.5 MeV Er at a
fluence of 5% 10 cm~2 When optically pumped at 488 nm, the films show a clear
photoluminescence spectrum centered around 1.535 pm, corresponding to the =T
transition of Er** (4!, with a luminescence lifetime of 5.5 ms. After thermal annealing at
900 °C, the lifetime increases to 14.1 ms. Radiation damage was then introduced in the annealed
films using 1 MeV He, 3.5 MeV C, 5.5 MeV Sj, or 8.5 MeV Ge jons. The lifetime is decreased
by irradiation with fluences as low as 10! jons/cm? and continues to decrease with fluence until
saturation occurs above ~ 10 ions/cm?. The saturation lifetime is ion-mass dependent and
ranges from 6.6 to 8.5 ms. The lifetime changes are explained in terms of nonradiative energy
transfer processes caused by irradiation-induced defects in the silica. A model for lifetime
changes as a function of ion fluence is derived, assuming an inverse relation between the
nonradiative lifetime and the defect density. Fits to the data show that the defect generation rate
is a sublinear function of the ion fluence. The ion damage effects are governed by the electronic

component of the energy loss along the ion trajectories.

I. INTRODUCTION

An understanding of the effects of ionizing radiation
on silica glass is important in several technological fields.
SiO, dielectric layers are routinely used in the fabrication
of microelectronic devices, and their threshold voltage and
leakage behavior can be influenced by irradiation. Silica-
based containers are used in nuclear waste container tech-
nology because of the known mechanical resistance of
these glasses to irradiation.! Furthermore, silica-based op-
tical fibers are the standard in telecommunication technol-
ogy, and radiation defects can give rise to significant trans-
mission losses in the fibers.>™

In this article the effect of MeV ion irradiation damage
on the optical properties of Er-doped silica films is studied.
Erbium-doped silica glass has recently attracted attention
because of its use in optical fiber amplifiers.>® Erbium,
when incorporated as a trivalent ion, shows an optical
transition at 1.5 pm, coinciding with the wavelength for
minimum loss of standard optical telecommunications sil-
jca fiber. We have recently shown’™ that planar silica films
can also be doped with Er, using MeV ion implantation.
Such films have the potential to be used for the fabrication
of a planar optical amplifier, which can then be integrated
with passive devices on the same substrate.'® After proper
annealing treatment, Er-implanted silica films. show
sharply peaked photoluminescence spectra centered
around 1.5 um with relatively long luminescence lifetimes
on the order of 10 ms. As will be shown in this work, the
Er luminescence lifetime is a very sensitive measure of the
defect structure in silica after ion irradiation.

Radiation damage in silica glass caused by electrons,
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neutrons, x rays, y rays, ultraviolet (UV) radiation, and
keV-MeV ions has been studied since the early 1950’s. The
measurements include!’ optical absorption and electron
spin resonance spectroscopic data that determine the na-
ture and structure of point defects and network distortions
in silica,!1*1® as well as studies of refractive index
changeslﬁ'17 and macroscopic deformation upon irradia-
tion.’#1% A variety of radiation-induced defects in SiO,
have now been characterized, such as for instance E’ and
B, oxygen vacancy centers, peroxy radicals, and nonbridg-
ing oxygen-hole centers. ‘

In the present work, changes in the optical properties
of the rare-earth dopant are used to study the evolution of
radiation damage in silica, introduced by MeV He, C, Si,
or Ge ions. By using a wide range of ion masses, the radi-
ation damage behavior is correlated to electronic and nu-
clear stopping processes. Structural changes affecting the
lifetime are observed at an extremely low irradiation flu-
ence (=~ 10" jons/cm?) and eventually saturate at a higher
fluence ( > 10'* jons/cm?). The role of defects on radiative
and nonradiative luminescence decay processes is dis-
cussed, and a model is derived that relates the lifetime
changes to the damage evolution during irradiation.

il. EXPERIMENT

Amorphous SiO, films, 10 pm thick, were grown on
Si(100) substrates by thermal oxidation in a high-pressure
steam ambient.?’ Subsequently, 3.5 MeV Er ions were im-
planted at room temperature to a total fluence of 5X 10'
Er ions/cm?. The Er concentration profile as a function of
depth was measured with Rutherford backscattering spec-
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FIG. 1. Er concentration as a function of depth as measured by Ruther-
ford backscattering spectrometry for a silica film implanted with 3.5 MeV
Er ions/cm? at a fluence of 5.0 10'® jons/cm?. Also shown are TRIMs9
calculations of the ion ranges for the He, C, Si, and Ge irradiations used
in this study (for a fluence of 5.0 10" ions/cm?).

trometry (RBS) and is shown in Fig. 1. It is approximately
Gaussian, centered at a depth of 1.25 ym, with a full width
at half-maximum of 0.56 pum. The peak Er concentration
was 0.11 at. %. After implantation, samples were annealed
in vacuum for 1 h at 900 °C. This did not result in any
measurable change in the Er profile. Radiation damage was
introduced after annealing, using 1 MeV He, 3.5 MeV C,
5.5 MeV Si, or 8.5 MeV Ge ions from a 5SDH-4 National
Electrostatics Corporation tandem accelerator. The im-
plantation profiles for these ions have been calculated using
Monte Carlo simulations (TRIM89)21 and the results are
indicated in Fig. 1. As can be seen, the ion ranges are 3.3,
3.4, 2.9, and 4.5 pm, respectively, and there is no overlap
between the Er profile and the implanted He, C, Si, or Gé¢
profiles. TRIM simulations also show that for these high-
energy irradiations, the nuclear and electronic stopping
profiles as a function of depth (not shown) are relatively
constant in the Er-doped region.

Samples were analyzed with photoluminescence (PL)
spectroscopy using the 488 nm line of an Ar* laser as a
pump source. This line is absorbed near the *F;,, manifold
of Er**. The luminescence was detected using a 0.75 m
SPEX monochromator and a liquid-nitrogen-cooled Ge
detector, the total system resolution being 10 A. The 150
mW pump signal was mechanically chopped at 10 Hz and
the signal was collected using a lock-in amplifier. Lumines-
cence decay measurements were performed at a wave-
length of 1.535 um using a 1.5 W, 2.0 ms pump pulse with
a 800 us fall time, also obtained using mechanical chop-
ping. Decay curves were averaged and recorded using a
digital storage oscilloscope. Decay measurements were also
performed as a function of temperature in the range 78—
298 K using a liquid-nitrogen cooled cryostat.

{tl. RESULTS

Figure 2 shows a PL spectrum of the silica film after Er
implantation. The spectrum shows luminescence around
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FIG. 2. Room-temperature photoluminescence spectrum for an Er-
implanted (5.0 10" ions/cm?, 3.5 MeV) silica film (A, =488 nm,

pump
spectral resolution 10 A).

1.54 pm, characteristic of transitions between the first ex-
cited manifold *I 1372 and the 4r 15,2 ground manifold of
Er** (4f') (Ref. 22). The spectrum is relatively sharp
because the 4f orbitals of Er’* are effectively shielded
from the host by the outerlying closed 5s° and 5p° shells.
The spectral width and double peak structure are due to
Stark splitting and additional homogeneous and inhomo-
geneous broadening. The PL spectrum for the sample after
annealing at 900 °C was essentially the same, except for the
integrated PL intensity which was 3—4 times higher for the
annealed sample. This will be discussed later.

Figure 3 shows luminescence decay measurements of
the as-implanted and the annealed sample, both measured
at 1.535 um. As can be seen, a single exponential decay is
observed in both cases, with 1/e decay times of 5.5 and
14.1 ms for the as-implanted and annealed samples, respec-
tively. We have previously studied the annealing charac-
teristics of these Er-implanted films in detail,” and found
that changes in lifetime occur in a temperature window in
which implantation-induced point defects (e.g., E’' and B,
centers) are known to anneal out. Therefore, we believe
that the luminescence lifetime is related to the structure
and density of the Er implantation-induced defects.

After having produced Er-doped silica films in the
high-lifetime state by annealing out the defects, defects
were reintroduced in a controlled manner using irradiation
with He, C, Si, or Ge ions with fluences varying over seven
orders of magnitude (1010—1017 ions/cmz). Figure 4 shows
the luminescence lifetimes measured after C, Si, or Ge ir-
radiation as a function of ion fluence. During 5.5 MeV Si
irradiation, the lifetime remains unaltered at 14.1 ms up to
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FIG. 3. Luminescence decay measured at A=1.535 um of as-implanted
and annealed (900°C, 1 h) 8iO,:Er films. The timing of the excitation
pulse (A==488 nm) is indicated schematically.

fluences of 10'° ions/cm?. At higher fluences, the lifetime
decreases and eventually saturates at 7.4 ms after
irradiation with more than 10" Si ions/cm? Similar
behavior is seen for C and Ge implants. However, the
lifetime at saturation and the fluence required for
saturation are different for each ion. There are two
important features: (1) The damage rate for light ions is
smaller than for heavier ions, and (2) the lifetime at
saturation decreases with increasing ion mass. The lifetime
of the unannealed Er-implanted sample (5.5 ms indicated
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FIG. 4. (a) Luminescence decay times of annealed SiO,:Er films after
irradiation with 1 MeV He (triangles), 3.5 MeV C (closed circles), 5.5
MeV Si (open circles), or 8.5 MeV Ge (squares) ions, as a function of
fluence. The lifetimes for as-implanted and annealed films are indicated
by dashed lines. The drawn lines are calculated using Eq. (7).
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The lifetime of samples irradiated with 1 MeV He ions at
fluences of 10'® and 10'7 cm™~? was also measured. A sat-
uration value of 8.5+1 ms was found for both fluences.
This value is also indicated in Fig. 4. In addition, low-
temperature measurements of the lifetime were performed
on samples that were as-implanted, annealed and reirradi-
ated (310" Si/cm?). In all samples, the lifetime in-
creased by around 1.5 ms on cooling from 300 to 78 K.
This will be discussed later.

V. ANALYSIS
A. Radiative versus nonradiative lifetime

These data show that the luminescence lifetimes are
sensitive probes of the defect structure of the irradiated
samples. The intra-4 f transitions are forbidden from elec-
tric dipole radiation by the parity selection rule, but as a
result of the mixing of other states into the 4! states,
finite, but relatively long lifetimes are observed. The typical
radiative lifetime for the I3, —*Is/, transnlon of Er** in
silica-based glasses is in the order of 10-15 ms. ¢ However,
the measured lifetime may be lower as a result of fast non-
radiative processes that quench the luminescence. For in-
stance, phonon-assisted decay can reduce the lifetime. This
decay has a distinct temperature dependence that depends
on the number and energy of phonons necessary for the
*I,3/,—*I,s,, transition. As the lifetime does not show a
strong temperature dependence, it is concluded that these
phonon-assisted processes do not play an important role in
the Er-implanted silica films. Measurements on other Er-
doped materials have shown a similar result.%3 Also, the
lifetime can be reduced by concentration quenching effects
that include energy transfer between Er ions and coopera-
tive upconversion at high Er concentration and pump
power.® These processes can be neglected at the low Er
concentrations and pump powers used in the present ex-
periments.

Furthermore, a nonradiative decay, reducing the mea-
sured lifetime, can occur if energy is transferred from ex-
cited Er’™ jons to acceptor states in the host®* such as
defects introduced by the ion beam. The nonradiative in-
teraction term can take various functional forms depending
on the interaction mechanism and in general, if the inter-
action depends on the distance between donor and accep-
tor, will lead to a nonexponential decay of the PL intensity
I(z) after pulsed excitation. As can be seen in Fig. 3, the
decays in our experiments are purely exponential. This cor-
responds to a special case, in which the interaction has no
radial dependence, described by the Stern—Volmer
model.2* In this case 7 (2) takes the simple form

I(8)=I(:=0)e " (0
with

1 1 1

—=—t—, (2)

T T, Tnr

in which 7, 7,, and 7, are the measured, the radiative, and
the nonradiative lifetimes, respectively.
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TABLE I Threshold fluences (¢, defined in Sec. IV B) determined from the curves in Fig. 4, together with calculated average nuclear (y,) and
electronic (y,) energy deposition rates. The fit results for 7, #, and ¢ in Eq. (7) are also indicated.

t Yn - Ye Tsat <
Ion (102 cm™3) - ——(eV/ion A) (eV/ion A) (ms) n (cm?)”
3.5 MeV C ) 7.8 .. ... .. 016 133 __° R & 0.63. 2.1x10~°
5.5 MeV Si 4.5 1.2 214 7.3 0.62 3.5x107°
8.5 MeV Ge 3.0 _ 45 210 6.6 0.83 1.6x 10~

From rate equation arguments,** it follows that the PL
intensity is proportional to 7/7, Our previous annealing
studies of the present implanted films have shown that an
increase in the measured lifetime 7 is always accompanied
by a similar increase in PL intensity.” This then indicates
that 7, does not change upon annealing. Hence, from Eq.
(2) it follows that changes in lifetime are mainly due to
changes in the nonradiative lifetime 7. In further support
of this argument is the observation that the shape of the PL
spectrum does not change upon annealing.

B. Electronic versus nuclear stopping

From the C, Si, and Ge data in Fig. 4, the threshold
fluences ¢, have been estimated, defined as the fluence nec-
essary to reduce the lifetime to a value halfway between the
initial and final values. The fluence ¢, is listed in Table I for
the three irradiation conditions and ranges from 3.0 10"
to 7.8 X 10'? ions/cm?. To quantify these numbers, the en-
ergy loss profiles for C, Si, and Ge in SiO, Wwere calculated
using TRIM89 and convoluted with the Er concentration
profile as measured with RBS (Fig. 1). In this way, the
average lattice vacancy formation rate due to nuclear dis-
placements (y,) and the average ionization rate due to
electronic energy loss (¥,) around the Er ions were calcu-
lated. The results are listed in Table I. For a given implan-
tation fluence, vy, varies by a factor 28 for the three differ-
ent ions while y, varies by only a factor 1.6. Given the fact
that ¢, varies only by a factor ~2.6, it is concluded that the
electronic interactions play a dominant role in determining
the lifetime changes after ion irradiation. For each ion (C,
Si, or Ge), the electronic energy deposition density can be
estimated at which the threshold fluence is reached, i.e.,
Y9, Using the parameters in Table I, values in the range
(0.6-1.0) X 10% eV/cm® ie., =0.9-1.5 eV/atom are
found.

C. Damage model

In order to quantitatively analyze the irradiation-
induced lifetime changes as a function of fluence, assump-
tions need to be made about the relation between the life-
time and the defect concentration, and on the defect
concentration as a function of ion fluence. In the Stern—
Volmer model, the nonradiative lifetime is inversely pro-
portional to the defect concentration d:

an—d, j_z_,;(3)
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with a a proportionality constant. There are several models
for the dependence of d on the ion fluence ¢. In the most
simple model, each ion damages a certain volume of the
material to its maximum damage level. In the low-fluence
approximation, the volume fraction of material damaged to
saturation is then f'=b¢, with b a proportionality constant.
A more complicated model takes into account damage an-
nihilation by interaction between damaged regions. This
interaction causes the damage produced per ion to decrease
as the material becomes more damaged leading to a sub-
linear increase of f(¢), which is often modeled by a power
dependence f=b¢", with 0<#n < 1. Furthermore, in the
limit of high-fluence irradiation, as saturation is ap-
proached,?® the damage increase with fluence must be cor-
rected for the fraction of material that has already been
damaged to saturation: (1— f ). In a general formulation,
the damage rate can then be described by

ﬁ~c¢""‘kiif ), 0<n<l 4
d ¢ - b b

with f the damaged fraction, ¢ a proportionality constant,
and » determining the degree of nonlinearity (n=1 corre-
sponds to a constant damage rate as a function of dose).
This leads to

f=1—exz>(—§¢")- (5)

Note that the exponential term, known as a stretched ex-
ponential, is often used in amorphous materials to describe
property changes and interactions governed by a spectrum
of activation energies or relaxation times. From Eq. (5) it
follows that the defect concentration is given by

d(¢)=dsat{1—exp(—§ ¢") , (6)

with d,, the saturation defect density. By substituting Eq.
(6) in Eq. (3), and Eq. (3) in Eq. (2), it follows that

T(¢)=Tsat/1+(%—1)exp(_§ ¢,n)_ N

This equation has three free parameters: 7,,, the saturation
lifetime for high-fluence irradiation, », and c¢. In the
present experiments, the initial lifetime 7o=14.1 ms. The
best fits of this equation to the curves in Fig. 4 are shown
as drawn lines in the figure. The fit parameters are listed in
Table 1.

‘As can be seen, the model in Eq. (7) describes the data
quite well. The relatively slow decrease of the lifetime over
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FIG. 5. Same data for Si irradiation as in Fig. 4, with fits according to Eq.
(7) for n=0.62 and n=1.

a dose range of three orders of magnitude results in #
values smaller than 1, i.e., the damage increases sublinearly
with ion fluence. To illustrate the sensitivity of the fit re-
sults, Fig. 5 shows the data for Si again, with fits using
n=0.6 (best-fit value) and n=1. It is clear that the latter
curve does not describe the data well. As can be seen from
Table 1, the deviation from linearity is larger for the lighter
ions (r=0.6 for C and Si) than for the heavier ion (#=0.8
for Ge).

V. DISCUSSION AND COMPARISON WITH OTHER
EXPERIMENTS

The nonlinear increase of damage with ion fluence is in
agreement with earlier work by EerNisse ez al.!® who have
found a sublinear (7=0.9) compaction in silica caused by
electron irradiation. Indeed, in the present experiments,
electronic excitation is the main energy loss factor (see
Table I) and in fact the largest sublinearity (lowest n) is
found for irradiation conditions where electronic energy
loss is most dominant. Similar sublinear behavior is also
observed for electrons and x rays®® as well as for v irradi-
ation®'? of silica.

As discussed in Sec. IV B, the electronic energy depo-
sition density at which the irradiation-induced effects start
to saturate is in the order of 10?* ¢V/cm>. This number is
in very good in agreement with the energy density at which
radiation-induced compaction,'® as well as the density of
E’ centers,® saturate after irradiation.

Figure 4 clearly shows the differences in saturation
damage for the four different irradiation conditions as re-
flected in the saturation lifetime 7. The fact that the high-
energy heavy ions create heavier damage than the lower-
energy lighter ions may be explained by differences in the
collision cascade density, differences in damage interaction
with precursor damage in the silica,'** or differences in
interaction of damage produced by electronic and nuclear
stopping.m’26 These results are corroborated by work by

1673 J. Appl. Phys., Vol. 73, No. 4, 15 February 1993

Chengru et al.,,'” who have shown that the maximum &’
density increases with increasing ion mass and energy. It is
important to realize that the irradiation fluence for 1 MeV
He, which causes a significant decrease in the lifetime, is a
typical fluence required for taking an RBS spectrum using
a 1 MeV He beam. This implies that the optical properties
of these Er-doped materials are severely affected by RBS
analysis. The observation that the luminescence lifetime
can be “tuned” to the desired value using ion irradiation
may be of use if electroluminescence devices based on Er-
doped silica would be fabricated.

Finally, it is interesting to compare these results with
those on radiation damage in amorphous Si (a-Si), which
is also covalently bound, but semiconducting rather than
insulating. Roorda et al.?” have studied the derelaxation of
a-Si as a function of ion fluence and mass using Raman
spectroscopy. This derelaxation of the a-Si network results
from the introduction of defects and scales with the nu-
clear stopping power. The changes in defect structure were
observed at 10-400 times higher ion fluence for the same
irradiation conditions as described in the present article.
Stolk et al.?® have studied this phenomenon in further de-
tail by measuring the carrier lifetime in ion-damaged a-Si
and found that changes in lifetime were quite well de-
scribed by a model as in Eq. (7) with n=1. Comparing
with these data it is concluded that the response of the SiO,
network to ion damage is quite different than that of a-Si.

Vi. CONCLUSIONS

Ion irradiation damage by MeV He, C, 8i, and Ge ions
in Er-doped silica glass has been studied using measure-
ments of the luminescence lifetime of the intra-4f transi-
tion of Er** at 1.535 um. The annealed, undefected mate-
rial shows a lifetime of 14.1 ms. The lifetime is decreased
by irradiation with fluences as low as 10! ions/cm? and
continues to decrease with fluence until saturation occurs
above = 10'* jons/cm?. The saturation lifetime is jon-mass
dependent and ranges from 6.6 to 8.5 ms. The defect gen-
eration rate is a sublinear function of the ion fluence and
described by a stretched exponential with » in the range
0.6-0.8 and the ion damage effects are governed by the
electronic component of the energy loss along the ion tra-
jectories.
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