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Erbium doped materials are of great interest in thin film integrated optoelectronic technology, due
to their Er31 intra-4f emission at 1.54mm, a standard telecommunication wavelength. Er-doped
dielectric thin films can be used to fabricate planar optical amplifiers or lasers that can be integrated
with other devices on the same chip. Semiconductors, such as silicon, can also be doped with
erbium. In this case the Er may be excited through optically or electrically generated charge carriers.
Er-doped Si light-emitting diodes may find applications in Si-based optoelectronic circuits. In this
article, the synthesis, characterization, and application of several different Er-doped thin film
photonic materials is described. It focuses on oxide glasses~pure SiO2, phosphosilicate,
borosilicate, and soda-lime glasses!, ceramic thin films~Al2O3, Y2O3, LiNbO3!, and amorphous and
crystalline silicon, all doped with Er by ion implantation. MeV ion implantation is a technique that
is ideally suited to dope these materials with Er as the ion range corresponds to the typical micron
dimensions of these optical materials. The role of implantation defects, the effect of annealing,
concentration dependent effects, and optical activation are discussed and compared for the various
materials. ©1997 American Institute of Physics.@S0021-8979~97!07013-8#
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I. INTRODUCTION

Optical technologies are becoming more and more
portant in areas that have traditionally been the domain
electronics. The enormous bandwidth that is available us
optical communication enables data information transfer
processing at rates that are orders of magnitude higher
what is the limit of electronic technologies. For example
1.5 mm optical signal with a bandwidth of 8 nm has a co
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responding optical frequency bandwidth of 1012 Hz ~1 THz!.
To fully exploit such high frequencies, it is important
develop new materials that can be used for the genera
guiding, switching, and amplification of light. Such materia
can then be used in components in the optical commun
tion network.

Rare-earth ions, specifically erbium, have played an
portant role in the development of optical communicati
technology in the past few years. Trivalent erbium~the pre-
ferred bonding state! has an incomplete 4f electronic shell
that is shielded from the outer world by closed 5s and 5p
shells.1 As a result, rather sharp optical intra-4f transitions
can be achieved from erbium doped materials. The transi
from the first excited state to the ground state in Er31 occurs
at an energy of 0.8 eV, corresponding to a wavelength
1.54 mm. This is an important telecommunication wav
length since standard silica-based optical fibers have t
maximum transparency at this wavelength. An energy le
diagram for Er31 is plotted in Fig. 1, which also shows th
Stark splitting of the Er manifolds, due to the electric field
the host.

In 1987 it was discovered2,3 that Er-doped silica fibers
could be used as optical amplifiers4–6 operating at 1.54mm.
A continuous pump laser is used to create population inv
sion between the ground and first excited state in Er31,
whereupon stimulated emission can serve to amplify a h
frequency telecommunication signal at 1.54mm. Such opti-
cal amplifiers are necessary to compensate for the losse
the processing and distribution of optical signals, wh
maintaining the high bandwidth and low crosstalk. Erbiu
doped optical amplifiers can show a linear gain respon
temperature and polarization insensitivity, and low noise.6 It
is mostly due to the availability of Er-doped fiber amplifie

FIG. 1. Schematic energy level diagram of Er31. In the free ion the energy
levels are sharp; in a solid the levels are split due to the Stark effect. P
~1.48mm! and signal~1.53mm! wavelengths are indicated, together with th
Russell–Saunders notation of the energy levels.
2 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997

Downloaded¬15¬Sep¬2003¬to¬131.215.237.132.¬Redistribution¬subje
n,

a-

-

n

f

ir
el

r-

h

in

-
e,

that optical telecommunication networks are as well dev
oped as they are today, and the Er transition at 1.5mm has
clearly set the telecommunication wavelength standard at
mm.7 Recently, a multiwavelength optical signal transm
sion rate as high as 100 Gbits/s was demonstrated in a 6
km-long fiber link with fiber amplifiers to compensate for th
signal attenuation after each 45 km section of fiber.8 Practi-
cal pump wavelengths for Er-doped materials are 980 nm
which relatively inexpensive lasers are commercially ava
able, or 1.48mm. In the latter case, a quasitwo-level syste
is achieved.

A logical next step in optical amplifier development
the planar amplifier, in which Er-doped channel waveguid
are made on a planar substrate. Planar amplifiers offer
important advantage that they can be integrated with o
waveguide devices such as splitters, switches, or multip
ers on a single chip. A schematic example of such a struc
is given in Fig. 2, which shows a 134 splitter ~SPL!, com-
bined with an Er-doped amplifier~AMP! section, which
compensates for the fourfold intensity loss after the split
The waveguide is rolled up in a spiral geometry in order
fit onto a small area~typically mm2!. Wavelength division
multiplexers are used to couple and decouple the signal
pump beams.

The radiative lifetime of the first excited state of Er31 is
usually in the millisecond range, depending on the mater
As a result, the emission and absorption cross sections
relatively small~typically 10221–10220 cm2!. Therefore rea-
sonable values of optical gain~;3 dB, a factor of 2! can
only be reached when the signal beam encounters a l
amount of excited Er31 (1020–1021 Er/cm2). Given the small
length of a planar amplifier~compared to a typically 20-m
long Er-doped fiber amplifier! a high Er density, typically in
the range of 0.1–1 at. %, is required. At such high Er co
centrations, the distance between the Er ions is small
electric dipole–dipole interactions between excited Er31 ions
can reduce the gain performance of the amplifier.

In order to synthesize and optimize planar Er-dop
waveguide films it is essential to study materials issues s
as luminescence spectra, lifetimes, concentration dep
dence, and quenching effects, nonlinear upconversion

p

FIG. 2. Schematic of a planar optical amplifier~AMP! integrated with a 1
34 splitter ~SPL! on a planar substrate. Wavelength division multiplexe
~WDMs! to couple the pump and signal are also integrated. In this de
the amplifier spiral serves to compensate for the fourfold intensity loss
to the splitting.
Appl. Phys. Rev.: A. Polman
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fects, interactions with defects and impurities, and annea
behavior as well as quantum electrodynamic effects on sp
taneous emission. This article reviews our work over the p
six years on the synthesis of several Er-doped thin films
ing ion implantation.9 Results on several different silic
glasses, ceramic oxide thin films~Al2O3, Y2O3!, as well as
an electro-optic material (LiNbO3) are studied and com
pared.

Erbium doping of silicon has also become an intensiv
studied subject. If efficient light emission from Er in Si cou
be achieved, the integration of electrical and optical fu
tions on a single Si chip may be realized. This article a
reviews our recent work on Er-doped silicon. A more exte
sive review on Er-doped Si will appear elsewhere.10 A com-
plete record of the state of the art in rare-earth doped se
conductor research can be found in Ref. 11.

In this review we focus on ion implanted materials on
since several materials issues, including the effect of imp
tation defects, annealing behavior, diffusion, and optical
tivation, are specific to ion implantation. However, many
sues that are discussed also apply to other methods. The
of this review is to assemble and compare work done in
area in the past several years by the author and co-worke
should be noted that several other research groups have
tributed to work on Er-doped optical waveguide materi
and silicon. A brief description of that work and a list o
references are given near the end of this article.

In Sec. II, experimental techniques required for the fa
rication and optical characterization of Er-implanted th
films are listed. Er ion sources and the details of photolu
nescence spectroscopy equipment are described. In Sec
various silica glasses are doped with Er by implantation
energies in the range 400 keV–5.0 MeV. The annealing
havior and the effect of radiation damage on the Er31 lumi-
nescence are discussed. Due to concentration quenchin
fects the luminescence lifetime is strongly dependent on
concentration; it ranges from 1 to 15 ms. Extended x-
absorption fine structure measurements show that in th
silica glasses Er is bound to four to six oxygen atoms as
neighbors. Er-implanted channel waveguides in soda-l
glass show upconversion effects due to interactions betw
excited Er31 ions, and the upconversion coefficient is det
mined. Upconversion limits the optical gain performan
and pump powers.100 mW are required to reach the n
gain in these glasses. Also, quantum electrodynamical eff
on the spontaneous emission rate of Er31 near a dielectric
interface are investigated.

Section IV describes Er implantation into polycrystallin
Al2O3 thin films. By thermal annealing, Er concentrations
to 1 at. % can be optically activated in this material and ha
a luminescence lifetime of 4–8 ms. Miniature channel wa
guide structures are made; these have much better con
optical modes than those in silica glass due to the high
fractive index of Al2O3. The Er31 absorption and emissio
cross section spectra, upconversion coefficient, and exc
state absorption cross section are determined. An optim
Er-doped channel waveguide is then designed and fabrica
It shows an optical gain of 2.3 dB when pumped at a pow
of 9 mW at 1.48mm. Upconversion luminescence is used
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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a new technique to make two-dimensional spatial image
optical modes in a planar waveguide. Er implantation is a
performed on Y2O3 thin films, which have a similar crysta
structure as Al2O3. Er-doped Y2O3 waveguides show stron
ger upconversion than Al2O3, which is due to the long lumi-
nescence lifetimes in Y2O3 as a result of the low-energ
phonon spectrum of this material.

In Sec. V, Er implantation into single crystal LiNbO3 is
discussed. High temperature annealing is required to rec
tallize the implantation-amorphized LiNbO3 crystal. A rather
complex recrystallization scenario involving competition b
tween columnar solid phase epitaxy, random nucleation
growth, and polycrystal alignment is derived. Sharply peak
Er31 luminescence spectra with a luminescence lifetime
2.9 ms are observed. The maximum Er concentration
can be optically activated is 0.18 at. %.

Section VI reviews work on Er implantation into silicon
Crystal Si is easily amorphized by an Er ion beam. So
phase epitaxy at 600 °C leads to segregation and trappin
up to 231020 Er/cm3 in the crystal. The segregation an
trapping behavior is temperature and concentration dep
dent. While high Er concentrations can be trapped in
crystal, the maximum Er concentration that can be optica
activated in Czochralski-grown Er is only 331017 Er/cm3,
and the excitation quantum efficiency is 1026. The presence
of impurities such as oxygen increases the active Er conc
tration and the quantum efficiency, and also serves to red
the luminescence quenching that is observed at tempera
.100 K. An impurity Auger model for the excitation an
deexcitation of Er in Si is discussed. Optimized Er-implant
light-emitting diodes codoped with oxygen show room te
perature electroluminescence at 1.54mm with an internal
quantum efficiency of 1024. Experiments are also performe
on amorphous Si as this material can accommodate m
higher Er concentrations than crystal Si due to its netw
and its defect structure. By codoping with oxygen, a te
perature quenching between 10 and 300 K by only a facto
is observed, resulting in clear room temperature emissio
1.54 mm. Er-implanted amorphous Si light-emitting diode
show room temperature electroluminescence with an inte
quantum efficiency of 1024. Porous Si is also implanted with
Er, and shows room temperature luminescence, with cha
teristics similar to those of Er-implanted amorphous Si.

II. ERBIUM ION IMPLANTATION AND OPTICAL
CHARACTERIZATION

A. Er implantation

Ion implantation is a convenient way to incorporate
ions into thin films, as the Er concentration depth profile c
be tailored by varying the ion energy and fluence. In t
review, experiments were performed using either a 1.7 M
tandem accelerator from National Electrostatics Corpora
or a 1 MVsingle-ended Van de Graaff accelerator from Hi
Voltage Engineering Europa B.V. In the tandem accelera
ErO2 ions were extracted in a sputter ion source, using
Cs-covered cathode containing a mixture of Er and Al po
ders. The negative molecules were dissociated and ch
exchanged in a gas-stripper canal in the high-voltage ter
3Appl. Phys. Rev.: A. Polman
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nal. In the single-ended machine, positive Er ions were
tracted from a sputter ion source with solid Er as a catho
and a Wien filter at the high-voltage terminal was used fo
coarse mass separation before acceleration. For both
chines, the accelerated Er1 ions were mass selected in
switching magnet. In general, it is difficult to make neg
tively charged Er ions so that beam currents from a tand
accelerator are usually lower than from a single-ended
chine. Er1 ion currents up to 10mA are typical for a Van de
Graaff accelerator.

Due to the high stopping cross section, the Er pene
tion depth in a material is relatively small. Implantation e
ergies of several MeV are required to reach projected
ranges in the micron range typical of optical waveguide m
terials. This is illustrated in Fig. 3 which shows an Er dep
profile,12 measured using Rutherford backscattering sp
trometry~RBS!, of an SiO2 film implanted with 3.5 MeV Er
ions to a total fluence of 531015 ions/cm2. The Er profile
peaks at a depth of 1.25mm and has a full width at half-
maximum~FWHM! of 0.56mm. The corresponding straggl
or standard deviation iss50.24mm. The peak Er concen
tration is 0.1 at. %.

SiO2 films were implanted with Er at different energie
in the range 0.25–5 MeV, and the depth distributions w
measured using RBS. The Er projected range and stra
derived from these data are plotted in Fig. 4~a! as a function
of implantation energy. A roughly linear increase with io
energy is found for both the range and the straggle. T
linear increase is due to the fact that for a heavy ion the t
energy loss by atomic and electronic collisions is not v
dependent on energy in the MeV energy range.

Ion range and straggle were also measured for Er
planted into crystal Si. During implantation, the wafer w
tilted 7° off the ion beam direction to avoid channeling. T
results are shown in Fig. 4~b!, and they show slightly smalle
ranges and straggle than they do for SiO2. This is in agree-
ment with the difference in energy loss in the two materia
A Monte Carlo program namedTRIM’8913 is often used to
estimate depth profiles and straggle after ion implantat
Comparing such calculations with the measured data in

FIG. 3. Erbium part of a Rutherford backscattering spectrum~4 MeV He,
scattering angle 170°! for an Er-implanted~3.5 MeV, 531015 Er/cm2!
SiO2 film. The energy scale on the top axis is converted to a depth scal
the bottom axis. The vertical scale is converted to Er concentration. Th
surface energy (depth50) is indicated by an arrow.~From Ref. 15.!
4 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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4, it is found thatTRIM’89 underestimates both range an
straggle by up to a factor of 2.

B. Optical characterization

Photoluminescence spectroscopy measurements
used throughout to optically characterize the Er-implan
films. In most experiments, an Ar ion laser was used as
excitation source since its emission is resonant with
4I 15/2→2H11/2 and 4I 15/2→4S3/2 absorption transitions in
Er31. Depending on the exact shape of the absorption sp
trum, which varies from material to material, a specific las
line ~476, 488, 496, 502, or 515 nm! was used to obtain
optimum emission. Some experiments were performed us
a Ti:sapphire laser that was tuned across the4I 15/2→4S11/2
transition in Er31 around 980 nm. Both Ar laser and Ti:sap
phire excitation were performed using near normal incide
of the laser beam to the sample surface. In comparing lu
nescence intensities among different thin films, it should
realized that the laser beam generates a standing wave
tern in the film. Hence the Er excitation efficiency depen
on where the ions are located relative to the node/antin
interference pattern in the waveguide.

Experiments on optical waveguides were performed
ing excitation with a Philips 1.48mm InGaAsP diode laser
the output of which was first coupled into one end of
optical fiber. The other~tapered! end was then aligned to th
waveguide using piezo-electric actuators. Details of suc
setup are reported elsewhere.14 A HP 8168 laser, tunable
around 1.53mm, was used to generate the signal in the o
tical gain measurements.

In all experiments, a standard single-grating monoch
mator was used to disperse the luminescence light on
detector. A Northcoast EO-817S detector was used for m
measurements in the 0.9–1.7mm wavelength range. It has

on
Er

FIG. 4. Ion range and straggle for different Er implantation energies m
sured using RBS for~a! SiO2 thin films and~b! crystal Si.
Appl. Phys. Rev.: A. Polman
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time resolution of 30ms, sufficient for most luminescenc
lifetime measurements. A Northcoast EO-817P detec
with less sensitivity but faster response time (,1ms), was
also used. A Hamamatsu 7102 near-infrared sensitive ph
multiplier tube was used for measurements in the 0.3–
mm wavelength range. In addition, an ANDO AQ6312
spectrum analyzer was used for the optical gain meas
ments.

III. SILICA GLASSES

A. Pure silica

1. Optical activation of Er

Silica glass~amorphous SiO2! films, 10mm thick, were
grown on Si~100! substrates by thermal oxidation in a hig
pressure steam ambient.15 The films were implanted at room
temperature with 531015 3.5 MeV Er/cm2. The RBS spec-
trum after implantation is shown in Fig. 3. Thermal anne
ing was performed for 1 h in a standard tube furnace fo
temperatures in the range 300–1200 °C. A RBS spect
after annealing at 1200 °C is also shown in Fig. 3, and
shows no measurable diffusion of Er.

Figure 5 shows a room temperature photoluminesce
~PL! spectrum for an as-implanted sample measured wi
spectral resolution of 1 nm. An Ar1 ion laser~488 nm, 250
mW! was used for excitation. A sharp PL spectrum is o
served with a main peak at 1.535mm and a side peak a
1.551 mm. The spectrum is characteristic of4I 13/2→4I 15/2
transitions in Er31 ~see Fig. 1!. The spectral width of the
main peak~11 nm FWHM! and the wide tails of the spec
trum are a result of Stark splitting of the excited and grou
state in the host electric field, plus additional homogene
and inhomogeneous broadening. The two peaks are the
resolved Stark structure.

FIG. 5. Room-temperature PL spectrum for an Er-implanted~5
31015 Er/cm2, 3.5 MeV, peak concentration 0.1 at. %! SiO2 film on a Si
substrate. ~lpump5488 nm, pump power5250 mW, spectral resolution
51 nm, from Ref. 15.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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It is interesting that the as-implanted sample show
measurable PL intensity at room temperature. This should
compared with results on ceramic oxides or some
implanted semiconductors in which an annealing treatmen
always necessary to obtain optically active Er31 ~see Secs.
IV–VI !. Apparently, the bonding nature of the SiO2 network
provides the environment for the Er to be incorporated i
an active configuration. Recentin situ measurements hav
shown that the effective viscosity of a SiO2 film during ion
irradiation is equal to the thermal viscosity at 1000 °C.16 The
high atomic mobility related to such a low viscosity may
the reason that the Er can find an optically active site in
silica network during irradiation.

Figure 6 shows luminescence lifetime measurements
an as-implanted SiO2 sample and a sample annealed
900 °C. In both cases a single-exponential decay is obser
The lifetime for the as-implanted sample is 5.5 ms. Anne
ing at 900 °C increases the lifetime to 14.1 ms. The lifetim
increase is attributed to the annealing of irradiation dam
that can couple to the Er31 ion and cause nonradiative deca
Earlier studies have shown that annealing temperatu
above 400 °C are required to anneal implantation dam
such as dangling bonds and vacancy complexes~e.g.,E8 and
B2 oxygen vacancy centers! as well as bond angle and leng
distortions in the silica network.17–20

Figure 7~a! shows the PL peak intensity at 1.535mm as
a function of annealing temperature. Annealing did not le
to a change in spectral shape. It did lead to an increase in
PL intensity for temperatures up to 900 °C. Lifetime me
surements were also made at different annealing temp
tures and are plotted in Fig. 7~b!. In a simple model the PL
intensity is given by

IPL}@Eract#
t

t rad
, ~1!

FIG. 6. PL decay measurements at 1.535mm, measured at room tempera
ture, of as-implanted~531015 Er/cm2, 3.5 MeV, 0.1 at. % peak! and an-
nealed~900 °C, 1 h! thermally grown SiO2 films. The timing of the excita-
tion pulse is indicated schematically.~From Ref. 15.!
5Appl. Phys. Rev.: A. Polman
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with @Eract# the optically active Er concentration,t the mea-
sured luminescence lifetime, andt rad the radiative lifetime
~the lifetime in the absence of nonradiative processes!. The
data in Fig. 7 show an intensity increase up to 900 °C c
comitant with the lifetime increase, indicating that the inte
sity increase is mainly due to an increase in the luminesce
quantum efficiency, and not due to an increase in the ac
Er concentration.

The rapid decrease in PL intensity above 1000 °C in F
7~b! is explained by precipitation of Er, as can be seen in
transmission electron microscopy~TEM! micrograph of Fig.
8. This micrograph was taken on a sample annealed

FIG. 7. ~a! Room-temperature PL peak intensity and~b! PL lifetime for
Er-implanted~531015 Er/cm2, 3.5 MeV, 0.1 at. % peak! thermally grown
SiO2 films measured at 1.54mm for samples annealed at different temper
tures. Annealing was performed in vacuum for 1 h. The lines are a guide
the eye.~From Ref. 15.!

FIG. 8. Cross sectional TEM micrograph of an Er-implanted~5
31015 Er/cm2, 3.5 MeV, 0.1 at. % peak! thermally grown SiO2 film an-
nealed at 1200 °C for 1 h. The micrograph is taken at the peak of the
profile at 1.25mm depth.~From Ref. 15.!
6 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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1200 °C for 1 h and shows the area around the peak of
implant at a 1.25mm depth. Clearly, 10–20-nm-diam pre
cipitates can be observed. Energy-dispersive x-ray anal
revealed that these precipitates contain Er. They were
observed for a sample annealed at 1050 °C. It is likely t
these precipitates do not exhibit optical transitions, i.e.,
not contribute to@Eract# in Eq. ~1!. The precipitation phe-
nomena are then not reflected in the lifetime data@Fig. 7~b!#
as these are only a probe of the optically active ions d
persed in the silica network.

2. Er31 as a probe for ion irradiation damage

As the Er31 luminescence is sensitive to irradiation dam
age in the glass~see Sec. III A1!, the luminescence lifetime
can also be used as a probe of such defects.21 Er-implanted
SiO2 films ~531015 Er/cm2, 3.5 MeV! were first annealed a
900 °C to increase the Er31 PL lifetime to 14.1 ms~see Fig.
6!. Radiation damage was then introduced into the anne
films using 1 MeV He, 3.5 MeV C, 5.5 MeV Si, or 8.5 MeV
Ge ions. The ion ranges for these implants were well bey
the Er depth profile so no chemical interaction between
Er and the implanted species took place. Figure 9 sho
lifetime measurements taken after irradiation by each
these ions for fluences in the range 1010–1016 cm22. In all
cases, the lifetime is decreased by irradiation with fluence
low as 1011 ions/cm2 and continues to decrease with fluen
until saturation occurs above;1014 ions/cm2.

From the C, Si, and Ge data in Fig. 9 the thresho
fluencesf t have been estimated and are defined as the
ence necessary to reduce the lifetime to a value halfway
tween the initial and final values. The fluencef t is listed in
Table I for the three irradiation conditions and ranges fro
3.031012 to 7.831012 ions/cm2. To quantify these numbers
the energy loss profiles for C, Si, and Ge in SiO2 were cal-
culated usingTRIM8913 and convoluted with the Er concen
tration profile measured with RBS. In this way the avera

or

r

FIG. 9. PL decay times at 1.54mm of Er-implanted~531015 Er/cm2, 3.5
MeV, 0.1 at. % peak, annealed at 900 °C! thermal SiO2 films after irradia-
tion 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 the fluence
The lifetimes for films after Er implantation~as implanted! and after anneal-
ing are indicated by dashed lines. The solid lines are guides for the
~From Ref. 21.!
Appl. Phys. Rev.: A. Polman
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lattice vacancy formation rate due to nuclear displaceme
(gn) and the average ionization rate due to electronic ene
loss (ge) around the Er ions were calculated. These res
are also listed in Table I.

For a given implantation fluence,gn varies by a factor of
28 for the three different ions whereasge varies by only a
factor of 1.6. Given the fact thatf t varies only by a factor of
;2.6, it is concluded that electronic interactions play
dominant role in determining the lifetime changes after
irradiation. For each ion~C, Si, or Ge! the electronic energy
deposition density at which the threshold fluence is reac
can be estimated, i.e.,gef t . Using the parameters in Table
values in the range (0.6–1.0)31023 eV/cm3, i.e.,
;0.9–1.5 eV/atom are found. This number is in good agr
ment with the energy density at which radiation induc
compaction22 as well as the density ofE centers23 saturate
after irradiation of SiO2.

Figure 9 clearly shows the difference in saturation da
age for the four different irradiation conditions as reflected
the saturation lifetimetsat. The fact that the high-energ
heavy ions create ‘‘heavier’’ damage than the lower-ene
lighter ions may be explained by differences in the collisi
cascade density, differences in damage interaction with
cursor damage in the silica,24,25or differences in the interac
tion of damage produced by electronic and nucl
stopping.22,26 These results are corroborated by work
Chengruet al.,23 who have shown that the maximumE8 de-
fect density increases with increasing ion mass and energ
is important to realize that the irradiation fluence for 1 Me
He that causes a significant decrease in the lifetime is a t
cal fluence required for taking a RBS spectrum using
MeV He beam. This implies that the optical properties
these Er-doped materials are severely affected by RBS an
sis. The observation that the luminescence lifetime can
‘‘tuned’’ to the desired value using ion irradiation may be
use if electroluminescence devices based on Er-doped s
are fabricated.

These radiation damage studies are important in sev
technological fields. SiO2 dielectric layers are routinely use
in the fabrication of microelectronic devices, and th
threshold voltage and leakage behavior can be influence
irradiation. Silica-based containers are used in nuclear w
container technology because of the known mechanica
sistance of these glasses to irradiation.27 Furthermore, silica-
based optical fibers are the standard in telecommunica
technology, and radiation defects can give rise to signific
transmission losses in the fibers.28–30

TABLE I. Threshold fluences (f t) determined from the curves in Fig. 9
together with the calculated average nuclear (gn) and electronic (ge) energy
deposition rates. The saturation lifetime for high fluence irradiation (tsat) is
also listed.

Ion
f t

(1012 cm22) gn ge tsat

3.5 MeV C 7.8 1.6 1330 7.7
5.5 MeV Si 4.5 12 2140 7.3
8.5 MeV Ge 3.0 45 2100 6.6
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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B. Phosphosilicate glass

Phosphosilicate glass is a well-known waveguide c
material as its refractive index is several percent higher t
that of a pure silica cladding. These layers can be depos
by low-pressure chemical vapor deposition from silane, o
gen, and phosphine.31 Layers doped with 7 at. % P were use
in these experiments.15 They were implanted with 3.8
31015 2.9 MeV Er/cm2.

Room temperature PL spectra are shown in Fig. 10
an as-implanted sample and for a sample annealed at 70
for 1 h. As can be seen, annealing leads to a 40% increas
peak intensity at 1.54mm as well as a change in spectr
shape. The latter indicates a change in the local environm
around Er upon annealing. The FWHM spectral width
these spectra for phosphosilicate glass is typically 25 nm

The annealing temperature dependence of the 1.54mm
integrated PL intensity and lifetime is plotted in Fig. 1
Only a very weak dependence is seen for the intensity,
the lifetime remains constant at 12 ms for all samples. T
behavior is quite different from that of pure silica~Sec.
III A !, in which annealing was required to optimize both t
intensity and the lifetime. This indicates that th
implantation-induced defects in the phosphosilicate gl
network structure are annealed out during implantation
they do not couple to the Er31 ions.

C. Soda-lime silicate glass

Soda-lime silicate glass is a multicomponent glass c
taining approximately 70 mol % SiO2, 14 mol % Na2O,
6 mol % Ca2O, and small quantities of other constituen
Optical waveguides can be made in this glass using a r
tively simple Na1↔K1 ion exchange process:32 By immers-
ing the glass in a KNO3 solution at 375 °C, Na

1 ions from a
surface layer are replaced by K1, resulting in a typically 1%

FIG. 10. Room-temperature PL spectra for as-implanted~3.8
31015 Er/cm2, 2.9 MeV, 0.1 at. % peak! and annealed~700 °C, 1 h! phos-
phosilicate glass films. ~lpump5488 nm, power5250 mW, resolu-
tion51 nm) From Ref. 15.
7Appl. Phys. Rev.: A. Polman
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increase in refractive index. Depending on the ion excha
time, diffusion depths as large as 10mm can be achieved
enough to produce a waveguide with a well-confined mo
at a wavelength of 1.5mm. All Er implants described here
after were performed on 1-mm-thick commercially availab
soda-lime silicate glass~Fisher premium! samples that were
coated with a 40 nm Al film to prevent charging durin
implantation. The Al film may also prevent outdiffusion o
Na, which has been observed to occur during ion implan
tion in some cases.19

Soda-lime glass was implanted at room temperature w
500 keV Er ions.33,34 Figure 12 shows a room temperatu
PL spectrum of a sample implanted with a fluence of
31015 Er/cm2 ~Er peak concentration 0.4 at. %!, annealed at
512 °C. The spectrum peaks at 1.537mm with a FWHM of

FIG. 11. ~a! Room-temperature integrated PL intensity and~b! PL lifetime,
both measured at 1.54mm, for Er-implanted~3.831015 Er/cm2, 2.9 MeV,
0.1 at. % peak! phosphosilicate glass samples annealed at different temp
tures for 1 h. The solid lines are guides for the eye.~From Ref. 15.!

FIG. 12. Room-temperature PL spectrum of Er-implanted soda-lime sili
glass~3.731015 Er/cm2, 500 keV, 0.4 at. % peak! after thermal annealing a
512 °C. ~lpump5514.5 nm, power570 mW, resolution52.3 nm). From
Ref. 33.
8 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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19 nm. The spectrum is broader than that of Er-implan
pure silica~Sec. III A!, which is characteristic for a multi-
component glass. An advantage of a large spectral widt
that optical amplification is possible over a large bandwid

Annealing is necessary to optimize the Er31 PL intensity
in soda-lime glass. For this particular glass, the transform
tion temperature lies around 650 °C, and the best intens
are observed for annealing just below this temperature. N
that in Sec. III A it was found that pure silica, which has
transformation temperature of around 1100 °C, shows an
timum anneal temperature of 900 °C. Hence we conclu
that in general the transformation temperature is a charac
istic annealing temperature for the activation of Er in the
silica glasses.

Figure 13 shows the PL peak intensity as well as lum
nescence lifetime as a function of Er fluence~peak concen-
tration range 0.15–2.0 at. %!. All samples were annealed a
512 °C. The PL intensity levels off for higher Er concentr
tion, and the luminescence lifetime decreases with conc
tration. A threefold increase in fluence, from 631015 to 1.8
31016 Er/cm2, leads to nearly the same PL intensity and
threefold decrease in lifetime from 4.0 to 1.3 ms.

These data can be fully described by Eq.~1!, assuming
that ~a fixed fraction of! all implanted Er is optically active.
Using the measured lifetimet at each Er fluence, Eq.~1! can
be fitted through the intensity data as a function of fluen
~or concentration!. This is shown as the solid line, which fit
the data perfectly. The fact that the data can be fitted w
Eq. ~1! assuming a linear increase of@Eract# with Er fluence
implies that in this soda-lime silicate glass no precipitation
Er occurs at concentrations up to 2.0 at. %. It is known t
multicomponent glasses can accommodate large impu
concentrations. In principle, these high Er densities ena
high optical gain but, as we will see further on, interactio
between excited Er ions will reduce the gain at high conc
trations.

a-

te

FIG. 13. PL peak intensity~open data points, left axis! and lifetime~solid
data points, right axis! at l51.54mm of Er-implanted~500 keV! soda-lime
glass as a function of Er fluence. All samples were annealed at 512 °C.
Er peak concentration is indicated on the top axis. The solid line is a g
for the eye; the dotted line is calculated using Eq.~1!. ~From Ref. 33.!
Appl. Phys. Rev.: A. Polman
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To study the concentration dependence of the lifetime
more detail, the lifetime data in Fig. 13 are replotted~dots! in
Fig. 15 as luminescence decay rates (1/t). A nearly linear
increase with Er fluence is seen. The increase can be du
two effects:~1! an increased defect density in the glass
higher Er fluences~even though the samples were annea
at 512 °C! or ~2! a concentration quenching phenomeno
also known to occur in bulk glasses.35–37 In the latter case,
energy migrates through the material by a resonant inte
tion between Er ions until a quenching center is met. Thi
plotted schematically in Fig. 14~a!. This migration will be-
come more efficient at smaller Er–Er distances, hence hig
concentrations, but will only reduce the lifetime if the mat
rial actually contains impurities or defects that couple to
Er ion.

To distinguish between these two options the followi
experiment was performed.38 A soda-lime glass sample wa
first implanted with a relatively low Er fluence of 1.
31015 Er/cm2. Subsequently, radiation damage was int
duced in the Er-doped region by 1.8 MeV Au irradiation
various fluences. The Au energy is such that the projec
range is well beyond the depth of the Er profile so that th
is no chemical interaction between Au and Er.TRIM’89 simu-
lations show that the Er and Au irradiations produced sim
irradiation damage densities in the Er-doped region. A
the combined Er and Au irradiation the samples were
nealed at 512 °C.

Luminescence decay measurements were made for
ous Au fluences and are plotted in Fig. 15~crosses!. As can
be seen, the additional radiation damage does not affec
Er decay rate~after annealing!. This implies that the increas
in decay rate for increased Er concentration~‘‘Er-only’’ data
in Fig. 15! is not due to additional radiation damage b
rather, due to a concentration quenching effect. Within
simple picture, the total decay rate as a function of Er c
centration can then be written as37

W~Er!5W018pCEr–Er@Er#@Q#, ~2!

with W0 the decay rate in the absence of migration~presum-
ably equal to the radiative decay rateWrad!, @Q# the density
of quenching centers, andCEr–Er a coupling constant. Equa
tion ~2! describes the linear behavior with Er fluence seen

FIG. 14. Schematic of the concentration quenching processes in
implanted soda-lime glass~a! and borosilicate glass~b!. ~From Ref. 38.! The
open circles indicate Er31 ions. In ~a!, excitation migrates among Er31 ions
until a quenching center, such as an OH impurity, is met. In~b! Er31 can
also couple to nearby irradiation damage~closed circles!.
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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Fig. 15. Possible quenching centers in these silicate gla
are hydroxyl groups39,40 since the second harmonic of th
OH stretch vibration is resonant with the Er 1.5mm emis-
sion. A systematic comparison between Er-implanted silic
glasses with different OH impurity content showed a cor
lation between OH content and luminescence lifetime.38

The OH content in soda-lime glass was measure38

using infrared absorption spectroscopy:@Q#5831018

OH/cm3. Hence the coupling constantCEr–Er52.3310239

cm6 s21 can be found. Extrapolation of the data in Fig. 15
@Er#50 leads to an estimate of the radiative decay r
~in the absence of concentration quenching! Wrad542 s21

(t522 ms). This value is in agreement with an independ
measurement that will be shown in Sec. III F.

The dependence of the luminescence decay rate on
Er concentration was also studied for an Er-implanted~400
keV! alkali-borosilicate glass.38 The data are plotted in Fig
16, together with the data for soda-lime glass from Fig.
For all concentrations a higher decay rate is found for bo
silicate glass than for soda-lime glass. Above
31020 Er/cm3 the PL decay rate in borosilicate glass d
pends linearly on Er fluence. Below 331020 Er/cm3 the de-
cay is a steeper function of Er density than above
31020 Er/cm3. The high dose data for Er-implanted borosi
cate can be described using Eq.~2! and the known value for
@Q# (2.631019 OH/cm3).38 It is found that W05718
62 s21 andCEr–Er5(8.660.5)310240 cm6/s ~solid line in
Fig. 16!. This model, however, which assumes a const
number of sinks (@Q#) and a constantW0 does not explain
the low concentration data.

It is suggested that, for the case of borosilicate glass,
implantation-induced defects that couple directly to the
~i.e., not through a migration process! provide additional
quenching sites for the Er. This is schematically shown
Fig. 14~b!, where the black dots represent beam-induced
fects. In this model the rateW0 is equal toWrad1Wi , with

r-

FIG. 15. Erbium PL decay rates at 1.54mm in Er-implanted~500 keV!
soda-lime glass as a function of total implanted fluence after annealin
512 °C. Data are shown for samples implanted with Er only~closed circles
replotted from Fig. 13! and for samples implanted first with 1.
31015 Er/cm2 and then with 1.8 MeV Au to fluences ranging from
31014 to 131016 Er/cm2 ~crosses!. All samples were annealed at 512 °
after the irradiations were completed.~From Ref. 38.!
9Appl. Phys. Rev.: A. Polman
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Wrad the purely radiative decay rate andWi a nonradiative
term due to direct coupling to the defects. A simple dama
overlap model can be used to estimate the density of irra
tion induced defects; it follows an exponentially saturati
function of fluencew proportional to@12exp(2w/wc)# with
wc a characteristic fluence.41 Wi can then be written as
function ofw as

Wi~w!5Wsat@12exp~2w/wc!#. ~3!

SubstitutingW05Wrad1Wi in Eq. ~2! ~with the ion flux
w converted to Er peak concentration! and fitting to the data
in Fig. 16 leads to the dashed line, which shows good ag
ment. We findwc5(6.860.4)31014 Er/cm2, in agreement
with a typical fluence at which the density of irradiatio
defects in silica glass would saturate.22,23

The different behavior for borosilicate glass is attribut
to the presence of boron in the network. Electron spin re
nance studies have shown that B enhances the irradia
sensitivity for electronic damage in silica by orders of ma
nitude due to the formation of B-related point defects.42 Ad-
ditional measurements on different types of borosilic
glasses have also shown a correlation between the quenc
rate and the B content.38

D. Local environment of Er

EXAFS measurements were performed43 on thermally
grown SiO2 films implanted with 3.431016 2.9
MeV Er/cm2 ~1.0 at. % peak!, and annealed at 900 °C. A
bulk pure silica sample, doped with Er in the melt~0.3 at. %!
was also analyzed. The Fourier transforms of the EXA
spectra are shown in Fig. 17.

Let us note here that relative differences in the dista
scale between these spectra may be compared, but p
shifts have to be taken into account to convert these spe
to radial distribution functions. Detailed analyses, taking in

FIG. 16. PL decay rate at 1.54mm as a function of implanted Er fluence fo
two different glasses: soda-lime silicate~annealed at 512 °C, the same da
as in Fig. 15!, and borosilicate glass~annealed at 400 °C!. The solid and
dashed lines are fits to concentration quenching models.~From Ref. 38.!
10 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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account measurements on various Er-doped model c
pounds, show that in the pure silica samples Er has a nea
neighbor shell at a distance of 0.228 nm~bulk doped! or
0.225 nm ~implanted!, consisting of 6.0 or 5.5 O atoms
respectively. A second nearest neighbor~Si! at a distance
of 0.311 nm ~mean-square displacementDs252.3
31026 nm2! is observed for the melt-doped sample. It cou
not be seen in the implanted sample due to the lower sta
tics in that measurement. The Er–O distances,Ds2, and the
coordination numbers are summarized in Table II.

Measurements for sodium-silicate glass doped with E
the melt ~1.15 at. %! are also included in Fig. 17. In thi
material 6.3 O atoms are found at 0.226 nm from the Er, w
no detectable standard deviation. These data are also
cluded in Table II. No second nearest neighbor is observe
the EXAFS data for the sodium-silicate glass.

Several conclusions can be drawn from these data. F
of all, the implanted and bulk-doped samples show v
similar results. Erbium is coordinated with about 6 O atoms
in a first shell. The relatively large standard deviation for t
second neighbor Si distance for the bulk-doped sample i

FIG. 17. Fourier transform EXAFS data for~a! pure silica doped with 0.3
at. % Er in the melt, ~b! Er-implanted thermally grown SiO2 (3.4
31016 Er/cm2, 2.9 MeV, peak concentration 1.0 at. %, annealed at 900 °!,
and~c! sodium-silicate glass doped with 1.15 at. % in the melt.~From Ref.
43.!

TABLE II. Nearest neighbor distance (REr–O) with standard deviation
(Ds2), and coordination number~CN! as determined from EXAFS mea
surements in Fig. 17.

Sample REr–O

Ds2

(1026 nm2) CN

SiO2:Er ~melt! 0.228 0.8 6.0
SiO2:Er 0.225 1.1 5.5
Soda-lime 0.226 0 6.3
Appl. Phys. Rev.: A. Polman
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effi-
cates that the Er is not directly bonded to Si but is, inste
connected through a bridging atom, such as O. The low s
dard deviation~disorder! in the Er–O bonds for the soda
lime glass may be understood by the known effect of alk
ions as network modifiers. It may be that the Na1 ions break
up the Si–O network and thus allow the ErO6 complex to
relax to its lowest-energy state. This decoupling can th
lead to a narrower Er–O bond length distribution than
pure silica. In this model, the Si would be decoupled fro
the Er, and indeed no Er–Si shell is observed. In none of
three samples did the EXAFS analysis give evidence of
rect Er–Er bonds.

E. Upconversion and optical gain estimates

Erbium-doped optical waveguides were made in the
lowing way.44 First, soda-lime silicate glass was implant
on one side with 631015 3 MeV Er/cm2 and 1.2
31016 5.0 MeV Er/cm2. During implantation the sample
was kept at 300 °C to avoid surface roughening.16 The
sample was then annealed at 512 °C in air. Subsequent
thin Al film was deposited and, by use of photolithograph
techniques, 5-mm-wide channels were etched into the A
Channel waveguides were then defined by Na1↔K1 ion ex-
change. Waveguides were made in Er-implanted glass
well as in unimplanted glass for reference. The Al mask w
then etched off and a transparent silicone resin cladding~re-
fractive indexn51.43! was deposited. Finally, the end fac
of the 3.0-cm-long waveguide were polished. Single-mo
silica optical fibers were then aligned with the end faces
a fixed by an ultraviolet~UV!-hardening acrylate. The fiber
to-sample coupling loss was estimated to be 2–3 dB at
mm.

The geometry of the Er-implanted waveguide is sho
schematically in Fig. 18. The open circles show the Er de
profile in the waveguide, determined using RBS. The
peak concentration is roughly 0.2 at. % at a depth rang
from 1 to 2mm. The solid curve shows the typical refractiv

FIG. 18. Schematic of an Er-implanted soda-lime silicate glass wavegu
The Er depth profile measured by RBS is indicated by open circles,
refractive index profile by the solid line, and a calculation of the opti
mode profile is shown by a dashed line. The inset shows a cross sec
view of the waveguide; the shaded area is the Er-implanted region,
hatched region enclosed by the surface, and the dotted ellipsoid indicate
ion exchanged region, i.e., the waveguide.~From Ref. 44.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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index profile after ion exchange45 relative to the index of
bulk soda-lime glass (n51.50), while the dashed line indi
cates the 1.54mm optical mode density. The mode peaks
a depth~2.5 mm! slightly deeper than the Er profile. Th
mode width is 3mm FWHM in depth and 10mm FWHM in
the lateral dimension. The inset of Fig. 18 shows a schem
cross section of the waveguide.

PL spectroscopy measurements were performed on
waveguides by pumping with an InGaAsP diode laser op
ating at 1.48mm. The pump light is absorbed high in th
4I 13/2 manifold of Er31. The energy then almost instanta
neously equilibrates over the4I 13/2 sublevels~see Fig. 1!.
The Er luminescence signal was collected perpendicula
the waveguide plane.

Figure 19 shows 1.54mm luminescence decay measur
ments on the waveguides at four different pump pow
ranging from 18mW to 22.6 mW in the waveguide. For low
pump powers the decay is single exponential with a lifeti
of 7.2 ms. This corresponds to the lifetime found in Fig.
~Sec. III C! for a concentration of 0.2 at. %. For the highe
pump power in Fig. 19 a clear nonexponential decay wit
fast initial component is observed.

These data can be explained by an upconversion ef
due to an interaction between excited Er31 ions. This is in-
dicated schematically in Fig. 20, which shows three poss
interactions between Er ions. Figure 20~a! shows the excita-
tion migration effect involving a single excited Er31 ion, as
was discussed in Sec. III C. Figure 20~b! shows a coopera
tive upconversion interaction between two Er31 ions both
excited to the first excited state, in which one is demo
back to the ground state and one is promoted to the4I 9/2
level. Depending on whether this doubly excited ion w
decay back to the first excited state or to the ground st
this upconversion interaction depletes the first excited s

e.
e
l
nal
e
the
FIG. 19. PL decay curves, measured at 1.54mm, that follow pumping to
steady state using 1.48mm excitation at 0.018, 0.133, 1.33, and 22.6 mW
an Er-implanted soda-lime glass channel waveguide~631015 Er/cm2 at
3.0 MeV11.231016 Er/cm2 at 5.0 MeV, annealed at 512 °C!. The dashed
line shows a single exponential decay witht57.2 ms, and the solid line
through the data for 22.6 mW is calculated using an upconversion co
cientCup53.2310218 cm3/s. ~From Ref. 44.!
11Appl. Phys. Rev.: A. Polman
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population by one or two ions. This upconversion interact
depends on the excited Er concentration, and will theref
lead to nonexponential decay.

Assuming that the lifetime of the4I 9/2 level is short, the
upconversion effect can be included in a two-level rate eq
tion for the fractionn2 of Er ions in the4I 13/2 level:

dn2
dt

5R↑~12ns!2R↓n22
n2
t

2@Er#Cupn2
2. ~4!

Heret is the spontaneous decay time resulting from
diative and nonradiative decay without upconversion,R↑ and
R↓ are the rates of absorption and stimulated emission of
pump light, andCup is the cooperative upconversion coef
cient. Upconversion is described by a quadratic term sinc
involves two exited ions. R↑5I psa /hnp and R↓
5I pse /hnp , with sa andse , respectively, the absorptio
and emission cross sections~which are known!,35,46hnp the
pump photon energy, andI p the pump intensity, which can
be estimated from the total power using the known mo
profile.45 Note that the stimulated emission termR↓n2 has to
be included in Eq.~4! because the pump laser spectrum m
partly overlap with the4I 13/2→4I 15/2 emission spectrum o
Er31. Note that in all calculations excited state absorpti
which brings an excited Er31 ion to the 4I 9/2 level by the
absorption of a second pump photon@see Fig. 20~c!#, is ne-

FIG. 20. Schematic of three different concentration quenching effect
Er-doped materials:~a! energy migration,~b! cooperative upconversion,~c!
excited state absorption.
12 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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glected. This is justified by the fact that the lifetime of th
4I 9/2 level is short. Table III lists the various parameters
these equations for the case of soda-lime silicate glass
determined above, or taken from the literature.46,47

Using the data in Fig. 19 and the numbers listed in Ta
III, Eq. ~4! can be fitted, andCup determined to be 3
310218 cm3/s. This is an important number as it enters in
the rate equations for optical gain calculations. The upc
version coefficient is listed in Table IV, together with coe
ficients measured on other materials. The value for soda-l
glass is similar to that found for Er in sputter-deposit
glasses (3310218 cm3/s),48 indicating that the local envi-
ronment and distribution of Er are similar in implanted a
sputtered materials. In contrast, Er-implanted phosphosilic
glass showsCup59310217 cm23/s, 30 times higher than
that for soda-lime glass.48 A similarly high upconversion co-
efficient was reported for Er-doped fused silica codoped w
Ge, Al, and P, a glass typically used for fiber amplifie
(Cup510216 cm3/s).49 The calculated upconversion coeffi
cient for Er-doped bariumsilicate and alumin
phosphosilicate glasses isCup52–10310218 cm3/s.50

The difference inCup for the different glasses may b
explained by a difference in overlap between t
4I 13/2→4I 15/2 emission and4I 13/2→4I 9/2 absorption spectra
The phosphosilicate glasses, which all show high upconv

in

TABLE IV. Measured upconversion coefficients~4I13/214I13/2→4I9/21
4I15/2

transition! for various hosts.

Material
Cup

(10218 cm3/s) Reference

Soda-lime silicate glass~implanted! 3 44
Soda-lime silicate glass~sputtered! 3 48
Phosphosilicate glass 90 48
Ge/A/P-doped fused silica fiber 3 49
Barium-silicate glass 2 50
Aluminophosphosilicate glass 10 50
Polycrystallineg-Al2O3 4 65
Y3Al5O12~YAG! 54 67
Polycrystalline Y2O3 0.5 14
LiNbO3 ,0.14 96
TABLE III. Parameters used in the upconversion and optical gain calculations in soda-lime glass.

Parameter Symbol Value Reference

Pump wavelength lp 1.48mm/980 nm
Signal wavelength ls 1.536mm
Pump absorption cross section sp

a 1.0310221 cm2/1.0310221 cm2 46
Pump emission cross section sp

e 0.5310221 cm2/0 46
Signal absorption cross section ss

a 4.1310221 cm2 46
Signal emission cross section ss

e 5.0310221 cm2 46
Density of soda-lime glass rSLS 0.6731023 at./cm3

OH concentration @OH# 831018 OH/cm3

Concentration of implanted Er @Er# 1.431020 Er/cm3

Er31 first excited state lifetime t ~42 s211@Er#@OH#35.8310238 cm6 s21!21 This work, Sec. III C
Cooperative upconversion
coefficient

Cup 3310218 cm3/s

Waveguide amplifier length 3.0 cm
Waveguide loss a 1.0 dB/cm
Optical mode size 6310mm2
Appl. Phys. Rev.: A. Polman
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sion coefficients, show a higher spectral overlap. In additi
it was found that in some phosphosilicate glasses Er clus
ing occurs;48 this will lead to efficient upconversion. Ou
data in Sec. III C have shown that such clustering does
occur in Er-implanted soda-lime glass.

Figure 21 shows the transmission change of a 1.536mm
signal, measured as a function of 1.48mm pump power in
the Er-implanted waveguide~Er peak concentration 0.2
at. %!. Without pumping, the absorption by the Er leads to
loss of 1.2 dB. For pump powers above 1 mW, the transm
sion increases, and a signal change of 0.8 dB is found a
maximum available pump power of 28 mW. The calculat
level at which the absorption and stimulated emission
equal is indicated by the dashed line in Fig. 21. It shows t
no net gain is achieved in this case. The line drawn thro
the data is a calculation based on rate equations inclu
upconversion; the dashed line assumesCup50. In comparing
the two calculations, it can be seen that upconversion sh
the 0 dB power point by a factor of 3, thereby increasing
pump power necessary for net gain to 70 mW.

Several improvements in waveguide design are poss
First of all, the total achievable gain could be increased
extending Er doping to a greater depth~keeping the peak
concentration the same!. Gain calculations were performe
for this case51 using an optical propagation model describ
in Ref. 52, and using the input parameters listed in Table
The result is shown in Fig. 22. A small net gain can
achieved at rather high pump powers~.300 mW at 1.48
mm!.

An improvement in the gain could be achieved by us
a 980 nm pump that is resonant with the second excited s
~4I 9/2 level!. This avoids the problem of pump stimulate
emission which effectively lowers the maximum achieva
inversion. A gain calculation for this case is also shown
Fig. 22. The gain threshold is roughly 100 mW, and a mo
erate gain of 3.0 dB~1.0 dB/cm! is possible at a pump powe
of 200 mW.

FIG. 21. Transmission change of a 1.536mm signal measured as a functio
of 1.48mm pump power in the soda-lime glass waveguide~open circles!.
The solid line is a calculation using the measured upconversion coeffic
The dotted line indicates the point at which the signal absorption rate eq
the stimulated emission rate. The dashed line shows a calculation wit
upconversion.~From Ref. 44.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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The pump powers required to achieve net optical g
are still relatively high and are attributed to three effects.

~1! The Er luminescence lifetime is relatively low due
concentration quenching effects~migration to OH impu-
rities!,

~2! Cooperative upconversion increases the effective de
rate when high densities of Er are excited.

~3! The waveguide mode profile is relatively wide (
310mm) due to the small index contrast between co
and cladding, resulting in low pump intensities.

An improvement in the gain performance could
achieved by lowering the OH quenching impurity densi
However, calculations51 have shown that the main limiting
factor at high pump powers is upconversion. It is therefo
important to engineer the glass composition to obtain an
conversion coefficient that is as low as possible. Such gla
should have narrow and nonresonant emission and abs
tion cross section spectra for the4I 13/2→4I 15/2 and
4I 13/2→4I 9/2 transitions, respectively. Since the mismatch b
tween these spectra can be accommodated by the ann
tion or generation of phonons, glasses with low-energy p
non spectra are desirable.

The effect of upconversion can also be reduced by lo
ering the Er concentration. This is illustrated in Fig. 23,
which three gain calculations are shown for Er concen
tions of 0.06, 0.2, and 1.0 at. %. A waveguide loss of
dB/cm is assumed.

All other parameters were kept fixed, except for the 1
mm PL decay rate, which depends on the Er density@Er# due
to the concentration quenching as shown in Fig. 13 and
~2!. In Fig. 23 it can be seen that the maximum achieva
gain increases for the increasing Er concentration that is
pected if enough pump power is available to excite all the
The gain threshold, however, shows more complicated
havior as a function of Er density. For a very low Er co
centration~0.06 at. %! the gain threshold is high~300 mW!
because almost all Er must be inverted in order to prod

t.
ls
ut

FIG. 22. The calculated net gain at 1.536mm as a function of pump power
in a 3-cm-long soda-lime glass waveguide with the Er depth profile spr
all through the waveguide depth at a concentration of 0.2 at. %. The intri
waveguide loss~no Er! of 1.0 dB/cm is indicated by an arrow. Results a
shown for two pump wavelengths: 980 nm and 1.48mm. ~From Ref. 51.!
13Appl. Phys. Rev.: A. Polman
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sufficient gain to overcome the waveguide loss of 1.0 dB/c
When the Er concentration is increased to about 0.2 at
the net gain may be reached for a lower degree of invers
resulting in a lower gain threshold~76 mW!. At even higher
Er concentration~1.0 at. %! the luminescence lifetimet
strongly decreases due to concentration quenching and c
erative upconversion. Therefore more pump power is
quired to reach inversion, and the threshold increases to
mW.

We can conclude that the gain performance of th
silica-based waveguides is limited by deexcitation of Er d
to cooperative upconversion if the Er concentration exce
roughly 0.1 at. % (731019 Er/cm3). A reduction in the up-
conversion coefficient, for instance, by choosing a differ
host for the Er, can lead to a large reduction of the pu
threshold for net gain. Further improvements may be p
sible by reducing the waveguide propagation loss as we
by reducing the optical mode dimensions. Taking all the
things into consideration, the choice of the optimum Er co
centration is primarily determined by the amount of pum
intensity that is available for a particular waveguide geo
etry.

F. Spontaneous emission near a dielectric interface

An important consequence of using ion implantation
optical doping is that the optically active ions are alwa
placed near the surface. As will be shown now, the prese
of a dielectric interface can have a pronounced effect on
spontaneous emission rate of Er.53

A soda-lime silicate glass sample~refractive indexn
51.50! was covered with a 120-nm-thick Al film and the
implanted with 500 keV Er ions. After implantation, the A
layer was etched off, and the sample was annealed at 512
The Er depth profile, measured using RBS, showed an
surface concentration of 0.25 at. % that gradually decrea
to 0 at. % at a depth of roughly 200 nm.

Luminescence lifetime measurements at 1.537mm were
performed on the sample and are shown in Fig. 24. The i

FIG. 23. Calculations of the net optical gain in a soda-lime silicate g
channel waveguide for a 1.536mm signal as a function of 980 nm pum
power. Results are shown for three Er concentrations: 0.06, 0.20, an
at. % Er. The arrow indicates the intrinsic waveguide loss.~From Ref. 44.!
14 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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shows the measurement geometry. With the sample kep
air, a decay time of 9.7 ms was measured. When the sur
is covered with a methylene-iodide (n51.70) film, the life-
time reduces to 8.6 ms. When the methylene-iodide film
blown off the surface, the lifetime returns to 9.7 ms.

Additional measurements were performed using ot
transparent liquids with refractive indices in the rangen
51.3–1.7. PL decay rates for these samples are plotte
Fig. 25. The decay rate shows a clear increase with incr
ing refractive index. These data are one of the simplest d
onstrations of Fermi’s golden rule, which states that
spontaneous emission rate is proportional to the final den
of states~DOS!. In the case of Er luminescence, the fin
DOS is composed of an electronic part~the Er31 ground

s

.0

FIG. 24. PL decay traces of the 1.537mm emission from an Er-implanted
~peak concentration 0.25 at. %! soda-lime silicate glass sample. The op
circles were measured with the sample in air, and the closed circles are
a methylene-iodide film (n51.70) covering the surface. The inset shows t
measurement geometry.~From Ref. 53.!

FIG. 25. Measured PL decay rates at 1.537mm as a function of refractive
index of the covering liquid~closed circles!. The index of soda-lime glass is
1.50.~From Ref. 53.! The dashed line is a calculation assuming pure rad
tive decay, and the solid line assumes both radiative and nonradiative
ponents in the decay.
Appl. Phys. Rev.: A. Polman

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



s

o
c
e
h
o

i

e
o
d

o
t

v

n

v

t

o

e
e

as

lu-

ain
hat

ing
zero
de
e
due
uce
n-

e-
a-
e
ho-

on-
nt
n-
ii
le.
re

d
ing

t a
nd

op-

their
al

at a
k
Ar
ut-
ra-

n-
ec-

ul-

a
h

iu
state! and a photon field. The latter is influenced by the pre
ence of a dielectric layer on the surface, near the Er.

In order to make a quantitative estimate of the effect
the index on the Er PL decay rate, one can define a lo
DOS by coherently summing a complete set of plane wav
coming in and reflecting and refracting at the interface. T
result of such a calculation, using an isotropic combinati
of polarizations, is given in Fig. 26. The DOS (f 1.5) is plot-
ted relative to the DOS in an infinite medium with indexn
51.50. The distance from the glass surface is given in un
of l/2p, wherel is the wavelength in vacuum.

As can be seen, the DOS is discontinuous at the int
face. This discontinuity is caused by the polarization comp
nent parallel to the interface. The oscillations on either si
of the interface have a periodicity ofl/2n and are due to
interference between incoming and reflecting waves. F
large distances from the interface the DOS is proportional
n.

The normalized DOS in Fig. 26 determines the radiati
decay rate for Er, at a distancez from the interface when a
liquid with index n covers the glass, relative to the rate i
bulk soda-lime glass. The distancez can be integrated out by
weight averaging it over the known Er depth profile.63 In
addition to radiative decay, Er may also show nonradiati
decay, which is not sensitive to changes in the optical DO
as it does not involve a photon field. The total PL decay ra
can then be written as

Wtot~n!5Wnr1 f 1.5~n!Wr , ~5!

whereWnr is the nonradiative decay rate andWr the radiative
decay rate in the absence of an interface (n51.50). The
dashed line in Fig. 25 shows the result of a calculation
Wtot assumingWnr50 andWr5110 s21. As can be seen, the
measured decay rate shows a much weaker dependenc
n than the calculation. Therefore a nonradiative compon
has to be introduced: The solid line is obtained usingWr

545 s21 andWrad565 s21, and fits the data very well.

FIG. 26. The local classical density of optical states on both sides of
interface between two dielectric media. The refractive index on the rig
hand side isn51.50. Calculations are shown forn51.00 andn53.00 on
the left-hand side. Data are normalized to the density of states for a med
with n51.50. ~From Ref. 53.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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From these rates the PL quantum efficiency, defined
Wr /Wtot , can be determined;53 it amounts to 45%. These
data provide the first experimental determination of the
minescence quantum efficiency of Er31 luminescence in
silica glass, a parameter of great interest in all optical g
calculations and optical amplifier design routines. Note t
the purely radiative rate ofWr545 s21 (t522 ms) corre-
sponds nearly exactly to the value derived by extrapolat
the concentration dependence of the Er decay rate to
concentration, as shown in Fig. 15. From this we conclu
that the optimum lifetime achievable for Er in soda-lim
glass is 22 ms and that concentration quenching effects
to energy migration and coupling to quenching sites red
the lifetime to a lower value, depending on the Er conce
tration.

IV. Al2O3, Y2O3

A. Optical activation

Al2O3 is an interesting host for Er because the wav
guide fabrication technology is well developed for this m
terial. High-quality, low-loss Al2O3 waveguide structures ar
readily made on silicon substrates using standard lit
graphic techniques.54 The advantage of Al2O3 (n51.64)
waveguide cladded with SiO2 (n51.45) is that the high in-
dex contrast between core and cladding results in high c
finement of the optical mode in the guide, leading to efficie
pumping and amplification. In addition, the high index co
trast allows for the use of small waveguide bending rad
(,100mm),55 making compact waveguide devices possib
Furthermore, the similarity in valence and crystal structu
between Al2O3 and Er2O3 may allow for incorporation of
high concentrations of Er in the Al2O3 crystal structure.

Al2O3 films were deposited on thermally oxidize
Si~100! substrates by radio-frequency magnetron sputter
from an Al2O3 target. The SiO2 thickness was 6mm, and the
Al2O3 thickness 430 nm. The deposition was carried out a
pressure of 0.8 Pa in an oxidizing ambient of 90% Ar a
10% O2. The resulting structure of Al2O3 is a cubic polycrys-
talline phase. Details of the sputtering process and film pr
erties can be found elsewhere.54 Single-mode ridge
waveguides have been realized using these films, and
optical loss can be minimized to 0.35 dB/cm by therm
annealing at 825 °C.

Figure 27 shows a RBS spectrum of an Al2O3 film im-
planted with 800 keV Er to a fluence of 2.331015 Er/cm2.
The Er depth profile is Gaussian in shape, and peaks
depth of 140 nm with a FWHM of 80 nm. The Er pea
concentration is 0.23 at. %. A concentration of 0.4 at. %
is also observed throughout the alumina film due to the sp
tering process. Neither the Er profile nor the Ar concent
tion in the film changed significantly with annealing.

The PL spectrum of the Er-implanted sample after a
nealing in vacuum at 950 °C is shown in Fig. 28. The sp
trum peaks at 1.533mm with a FWHM of 55 nm. This is
substantially broader than for Er-implanted SiO2 ~11 nm
FWHM!, phosphosilicate glass~25 nm FWHM!, or soda-
lime silicate glass~19 nm FWHM! ~see Secs. III A–III C!,
and offers a larger bandwidth for wavelength division m

n
t-

m

15Appl. Phys. Rev.: A. Polman
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tiplexed signal amplification. Spectra for samples implan
at different fluences and annealed at different temperat
have different intensities but similar shapes, with sm
variations in relative intensity between the different lines

Figure 29~a! shows the PL peak intensity as a function
anneal temperature for samples with an Er peak concen
tion of 0.23 at. %. A gradual increase of the PL intensity
seen upon annealing to 600 °C, after which the intensity
six times higher than that for the as-implanted case. A f
ther, and more rapid, increase with temperature is seen a
600 °C; another factor of 6 is gained after 950 °C anneali
The discontinuous behavior around 800 °C is reproduc
seen in different sample sets. The luminescence decay
also monitored, and found to be single exponential in e
case. Figure 29~b! shows the 1/e lifetime determined from
the luminescence decay as a function of anneal tempera
The lifetime increases from;1 ms for the as-implanted
sample to 6–7 ms for samples annealed above 700 °C.

FIG. 27. Rutherford backscattering spectrum of an Er-implanted~2.3
31015 Er/cm2, 800 keV! Al2O3 film on a SiO2 buffer layer on Si.~From
Ref. 60.!

FIG. 28. PL spectrum, taken at room temperature, of an Er-implanted~2.3
31015 Er/cm2, 800 keV, peak concentration 0.23 at. %! Al2O3 film annealed
at 950 °C.~lpump5514.5 nm, resolution 2 nm!. From Ref. 59.
16 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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The observed annealing behavior may be split into t
different regimes. Below;700 °C, similar increases in PL
intensity and lifetime are seen, indicating that the increas
intensity is predominantly caused by the increase in lifetim
The increase in lifetime is explained by a decrease in
number of nonradiative decay channels as a result of
annealing of implantation-induced defects in the Al2O3 crys-
tal structure. Previous studies have indeed shown that t
peratures up to;700 °C are required to anneal implantatio
induced damage in Al2O3.

56,57 In the temperature regime
above 700 °C, the increase in PL intensity is not accom
nied by a strong increase in lifetime. The intensity increas
therefore attributed to an increase in the fraction of optica
active Er ions. The discontinuous behavior around 825
coincides with the attainment of minimum optical loss
Al2O3 waveguides after annealing at 825 °C.

54,58Apparently
the microstructural changes taking place around 825 °C
fect the PL intensity.

Figure 30 shows the Er concentration dependence of
intensity and lifetime after annealing at 825 °C. In these
periments uncladded Al2O3 films were implanted with 800
keV Er at room temperature.59,60 Implantation fluences
ranged from 131014 to 131016 Er/cm2, corresponding to
peak concentrations in the range 0.01–1.0 at %. The bot
axis in Fig. 30 shows the Er implantation fluence on a log
rithmic scale; the corresponding Er peak concentration
shown on the top axis. The PL intensity~closed data points
left axis! increases by a factor of 50 as the concentration
increased from 0.01 to 1 at. %.

The lifetime ~open data points, right axis! decreases
slowly with increasing concentration from 8 to 4 ms. Th
sublinear increase in intensity is accounted for approxima
by the decrease in lifetime. This becomes clear from a c

FIG. 29. PL~a! peak intensity and~b! lifetime atl51.533mm measured as
a function of anneal temperature for Er-implanted~2.331015 Er/cm2, 800
keV, 0.23 at. % peak! Al2O3 films. Thermal annealing was performed for
h in vacuum. The solid lines are guides for the eye.~From Ref. 59.!
Appl. Phys. Rev.: A. Polman
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culation of the PL intensity~solid line! using the curve
through the lifetime data~dashed line!, assuming that the PL
intensity is proportional to the active Er fluence multiplie
by the lifetime@see Eq.~1! in Sec. III A1!. The reasonable
agreement with the intensity data suggests that thefraction
of active Er ions does not change with concentration.

The decrease in lifetime is explained by an increase
the number of nonradiative decay channels, which may
volve implantation-induced defects or concentration quen
ing at high Er concentrations. It should be noted that mu
longer lifetimes at high Er concentration are achieved
Al2O3 than in, e.g., soda-lime silicate glass, which showe
decrease in lifetime from 22 ms~low concentration limit! to
1.5 ms upon increasing the Er concentration to 1.0 at
~Sec. III C!. The difference is attributed to the relatively hig
density of quenching centers in soda-lime glass. Appare
such quenching centers are not present in Al2O3. In addition,
energy exchange between Er ions, which results in migra
followed by luminescence quenching, is less efficient in
material with widely spread Stark levels. In fact, the P
spectra for Er-implanted Al2O3 are two to three times
broader than those for silicate glass.

B. Absorption and emission cross sections

The performance of an Er-doped amplifier depends
the magnitude and wavelength dependence of the emis
and absorption cross sections. Together with the Er con
tration profile, the optical intensity profile, and the wav
guide loss, knowledge of these parameters enables a
order estimate of the potential optical gain. Direct measu
ment of both emission and absorption cross sections is d
cult; in practice it is easier to measure absorption by stand
techniques, and calculate the emission cross section from
absorption results. This is referred to as McCumber the
or the method of reciprocity.61,62

FIG. 30. PL peak intensity~left axis! and lifetime~right axis! as a function
of implanted Er fluence~800 keV!. The corresponding Er peak concentr
tion is indicated on the top axis. All samples were annealed for 1 h at 825 °C
in vacuum. The dashed line through the lifetime data is a guide for the
The solid line is calculated from the dashed line using Eq.~1!. ~From Ref.
59.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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Prism coupling measurements can be used to determ
the optical absorption of Er-implanted Al2O3 planar
waveguides as a function of wavelength.63 In these measure
ments, light from a tunable laser is coupled into an E
implanted planar waveguide using a prism, travels throu
the waveguide film, and is coupled out through a seco
prism. By varying the distance between the prisms, the
sorption in the waveguide can be determined. Since the
tical mode profile and Er depth profile are known, the a
sorption cross section spectrum can be derived from s
data. Results for a 0.6-mm-thick Al2O3 planar film implanted
at 77 K with 1.35 MeV to a fluence of 2.531016 Er/cm2

~peak concentration 1.5 at. %! and annealed at 825 °C ar
shown in Fig. 31.

The emission spectrum, measured using standard
spectroscopy and normalized so that it matches the emis
spectrum calculated using McCumber theory,63 is shown also
in Fig. 31. The peak cross section for absorption is found
be 5.8310221 cm2 at 1.530mm. At the commonly used 1.48
mm pump wavelength for Er-doped amplifiers, the abso
tion cross section issa53.0310221 cm2.

The peak emission cross section isse56.1
310221 cm2, in the same range as that found in, e.
Al2O3 codoped silica glass fiber (4.4310221 cm2).64 The
cross sections that we have determined here will be use
make optical gain estimates in Sec. IV C.

C. Upconversion in Al 2O3

For determination of the optimum Er concentration in
Er-doped Al2O3 waveguide amplifier it is first necessary
determine the upconversion coefficient as well as the exc
state absorption~ESA! cross section in Al2O3. In order to do
such measurements, 9-mm-long Er-doped Al2O3 channel
waveguides were made. The Al2O3 films were 600 nm thick
and the ridges 1.5mm wide. Details of the fabrication are
described in Ref. 65. Two samples were made with Er p
concentrations of 0.12 and 1.4 at. %. The end faces of
waveguides were mechanically polished and a 1.48mm In-
GaAsP laser diode pump beam was coupled into the wa
guide through a tapered optical fiber that was aligned us

e.

FIG. 31. Absorption and emission cross sections derived from prism c
pling measurements on Er-implanted~2.531016 Er/cm2, 1.35 MeV, 1.5
at. % peak! Al2O3 planar waveguides.~From Ref. 63.!
17Appl. Phys. Rev.: A. Polman
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piezo actuators. Powers of up to 10 mW were coupled i
the guides, resulting in pump intensities of up to
3105 W/cm2.

Figure 32 shows the PL spectrum obtained by couplin
mW of 1.48mm pump light into the Al2O3 waveguide~high
concentration sample: 1.4 at % Er!. A spectral range of
0.35–1.6mm was covered using a photomultiplier and a li
uid nitrogen-cooled Ge detector, and the PL spectra w
corrected for detector sensitivities. The luminescence p
around 1.53mm is characteristic of Er31 emission in its first
excited state, and is identical to that in Fig. 28. The peak
1.48 mm is due to scattering of the pump laser light.
addition, several other luminescence peaks can be di
guished, each characteristic of an intra-4f transition in
Er31, as can be seen in Fig. 32. The occurrence of th
emission peaks is indicative of upconversion.

The 980 nm line can be attributed to both cooperat
upconversion and ESA@see Figs. 20~b! and 20~c!#. Addi-
tional measurements65 of the pump power dependence of th
980 nm and 1.53mm luminescence show a quadratic relati
between the 980 nm and the 1.53mm luminescence, indicat
ing that cooperative upconversion is the dominant effe
Similarly, it can be shown65 that the luminescence at 520 n
(2H11/2) and 545 nm (4S3/2) is attributed to a second orde
cooperative upconversion interaction between Er31 ions in
the 4I 11/2 state~populated from the4I 9/2 state!. The lumines-
cence at 660 nm is due to transitions from the4F9/2 level
~populated from higher lying levels! to the ground state. The
measurements indicate that in a waveguide with a high
concentration~1.4 at. %! cooperative upconversion is th
dominant upconversion process.

The low concentration sample~0.12 at. % Er! exhibits a
luminescence spectrum similar to that in Fig. 32 but now
intensities of the higher order emission peaks are stron
reduced.65 Figure 33 shows the 1.53mm and 980 nm lumi-
nescence intensity observed in the low concentration sam
as a function of pump intensity, on logarithmic scales. T
luminescence intensity at each wavelength is proportiona
the fraction of excited Er31 ions in the corresponding energ
level, and the measured data were converted to these
tions as is discussed in detail in Ref. 65.

FIG. 32. PL spectrum of an Er-implanted Al2O3 ridge waveguide~1.4 at. %
Er! pumped at 1.48mm at a power of 2 mW in the waveguide. The trans
tions are indicated by their initial states~see Fig. 20 for a level diagram!. All
but one of the transitions terminate at the ground state; the one except
also indicated by its final state. Note the multiplication factors (35,325,
3 250). ~From Ref. 65.!
18 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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The luminescence around 1.53mm, originating from the
first excited state, initially shows a linear dependence
pump intensity, i.e., a slope of 1 in Fig. 33. As higher inte
sities are reached, the luminescence deviates from linea
havior, and eventually saturates. This is expected becaus
population of Er31 ions in the ground state is depleted, a
less Er31 is left to be excited. Above the pump intensi
where the 1.53mm emission starts to deviate from a straig
line, luminescence around 980 nm (4I 11/2) appears. Its inten-
sity increases much more strongly with pump power than
1.53mm emission in this range.

The behavior shown Fig. 33 can be modeled by solv
rate equations that govern the populations in each level, a
discussed in detail in Ref. 65. In these calculations both
operative upconversion and excited state absorption w
taken into account, with the upconversion coefficient a
ESA cross section as free parameters. The upconversion
efficient is as defined in Eq.~4!. The Er luminescence life-
time under low power conditions was 7.8 ms. The measu
lifetime of the third excited state~980 nm luminescence! was
30 ms ~and will be discussed further!. The cross sections
determined in Sec. IV B were used. Using the fit of the
calculations through the data, the measured PL intensity
converted to a population scale. As can be seen, for the h
est pump intensity used in the measurement, the popula
in the first excited state is 70%. Note that the maximu
achievable degree of inversion at this pump wavelength
limited to 78% due to the stimulated emission of the pum

At the highest pump power used in Fig. 33 nearly 5%
the Er is in the third excited state, emitting 980 nm lumine
cence. If this 980 nm emission were a result of coopera
upconversion only, its intensity would depend quadratica
on the 1.53mm intensity. Such behavior is indicated in Fi
33 by the dashed line, and it clearly does not fit the da
Therefore, for this low concentration sample, both ESA a
well as cooperative upconversion determine the total upc
version behavior. The upconversion coefficient determin

is

FIG. 33. Population fractions or Er31 in the 4I 13/2 state ~1.53 mm! and
4I 11/2 state~980 nm! vs 1.48mm pump intensity. Data are shown on loga
rithmic scales for the low concentration~0.12 at. % Er! ridge waveguide
~solid dots!. The solid lines are fits to the data including effects of coope
tive upconversion and ESA. The dashed line shows the contribution of
operative upconversion to the 980 nm luminescence.~From Ref. 65.!
Appl. Phys. Rev.: A. Polman
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from the fits in Fig. 33 wasCup5(461)310218 cm3/s, and
the ESA cross sectionsESA5(0.960.3)310221 cm2.

Figure 34 shows the luminescence decay of the 980
emission after pumping at an intensity of 53104 W/cm2.
Initially the decay proceeds very rapidly, then the decay r
decreases, and after 300ms 30% of the original population is
still present. This is due to the two different mechanisms t
populate the4I 11/2 state: ESA and cooperative upconversio
At the moment the pump is switched off, ESA stops, and
Er population that was excited through ESA will decay w
the lifetime of the4I 11/2 state. Upconversion, however, co
tinues to populate this state even after the pump is switc
off due to the long lifetime~7.8 ms! of the first excited state
Therefore, a long tail can be observed in the 980 nm de
The ratio between the intensities of the fast and slow de
components of the 980 nm light reflects the contributions
each upconversion mechanism to the population of
4I 11/2 state:;60% by ESA and;40% by cooperative up
conversion.

A quantitative analysis of the decay curve in Fig. 34
obtained by solving the rate equations numerically. The
sult is show as the solid line. From this fit, the lifetime of t
third excited state is deduced: 30ms. Comparison of this
number to typical radiative decay rates for Er31 ~several ms!
indicates that the decay of the4I 11/2 energy level is domi-
nated by multiphonon emission rather than by radiative
cay.

A detailed analysis65 of the absorption and emissio
spectra of Er31 shows that both the ESA and cooperati
upconversion effects are not exactly resonant; they have
matches on the order of 100–1000 cm21. These processes
therefore involve the emission of phonons at such energ
which is possible in Al2O3 because the highest phonon e
ergy is 870 cm21 ~0.1 eV! for transverse optical phonons.66

As roughly one phonon is necessary to accommodate
mismatch, the probability for upconversion and ESA m
still be appreciable, but considerably lower than for reson
excitation. The ESA cross section determined above is ne

FIG. 34. Luminescence decay of the 980 nm luminescence~dots! after
switching off the pump source for a pump intensity in the waveguide o
3104 W/cm2. Data are shown for the ridge waveguide with 0.12 at. %
The solid line is a fit to the data taking into account ESA~fast decaying
component! and cooperative upconversion~slow decaying component!.
~From Ref. 65.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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a factor of 10 smaller than the maximum absorption cr
section for excitation of the first excited state.

The upconversion coefficient of 4310218 cm3/s mea-
sured here for Er in Al2O3 is similar to that found for Er-
doped soda-lime glass and much lower than that for P-do
silica glasses~see Table IV!. It is also much lower than tha
for Er-doped YAG, which has a similar crystal structure
Al2O3 (Cup55.4610217 cm3/s).67

One possible way to lower the upconversion coefficie
is by adding heavy elements to the Al2O3 matrix in order to
lower the phonon energy. On the other hand, a lower pho
energy would also result in a longer lifetime for the4I 11/2
energy level, causing a buildup of population in this lev
and thus reducing the population of the first excited sta
Measurements on Er-implanted Y2O3, a low-phonon host,
will be discussed in Sec. IV D.

The coefficients determined in our discussion here m
now be used to calculate the optimum Er concentration
an Er-doped optical amplifier operating at 1.53mm. The op-
tical gain is given byseN22saN1 times the fraction of sig-
nal light that propagates in the core of the waveguide.N1 and
N2 are the Erconcentrationsin the ground and first excited
states, respectively. At 1.53mm,se'sa ~see Fig. 31!, so the
important parameter becomesN22N1 . Figure 35 shows cal-
culations of N22N1 versus the Er concentration in a
Al2O3 waveguide for three different pump powers based
all the parameters discussed above.

The right axis in Fig. 35 shows the corresponding calc
lated optical gain at 1.53mm ~excluding waveguide loss!.
The Er concentration is assumed to be constant within
core of the guide, and 40% of the signal is confined in
core. As can be seen, for each pump power there is an o
mum Er concentration that increases with increasing pu
power. For low pump power the maximum achievable op
cal gain is small, and above a certain concentration thresh
the optical gain begins to decrease because there is
enough pump power to excite all the Er31. The higher the
pump power, the higher this concentration threshold, and
higher the optical gain. Figure 35 shows that high values

.

FIG. 35. Difference between the concentration of Er in the first excited s
and that in the ground state,N22N1 , vs the concentration in the waveguide
Results are shown for three pump powers in the waveguide~1.48mm!. The
right axis shows the corresponding optical gain at 1.53mm, excluding wave-
guide losses. Upconversion and ESA are taken into account.~From Ref. 65.!
19Appl. Phys. Rev.: A. Polman
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FIG. 36. Room-temperature PL spectrum of an Er-implanted~131016 Er/cm2, 800 keV! Y2O3 film. A 1.48 mm pump laser was coupled into the plan
waveguide and the luminescence was detected through a fiber positioned normal to the sample surface, close to the input pump fiber.~From Ref. 14.!
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optical gain at 1.53mm ~0.5–3 dB/cm! can be achieved eve
for low pump powers~2–10 mW!. Note that the calculations
are performed in the small signal limit, i.e., the signal pow
is much smaller than the pump power. Optical gain meas
ments in Al2O3 waveguides will be discussed in Sec. IV E

D. Upconversion in Y 2O3

Y2O3 is an interesting host material for Er31 because
Er2O3 and Y2O3 have the same crystal structure with nea
the same lattice constant, and the ionic radii of Y31 and
Er31 are very similar~0.0892 nm vs 0.0881 nm!. Y2O3 wave-
guide films can be made using, e.g., reactive spu
deposition,68,69 and channel waveguides with optical loss
of around 0.5 dB/cm can be made using ion beam etchin

Polycrystalline Y2O3 films 500 nm thick were deposite
on a 3-mm-thick thermally grown SiO2 film on a Si~100!
wafer and subsequently implanted14 with 800 keV Er to a
fluence of 131016 Er/cm2. The Er profile peaks at a depth o
140 nm with a FWHM of 100 nm and a peak concentrat
of 0.75 at. %. The implanted layer was annealed in vacu
at 700 °C for 1 h. The end faces of the sample were mech
cally polished and a 1.48mm pump beam was coupled int
the planar waveguide through a tapered optical fiber. Fig
36 shows a room-temperature PL spectrum of the Er-do
planar waveguide collected using an optical fiber position
normal to the waveguide surface, close to the input pu
fiber. The laser power in the input fiber was 43 mW, cor
sponding to an input power density on the order
106 W/cm2. As no channel waveguide was made to confi
the light in one dimension, the power density rapidly d
creases along the waveguide due to diffraction.

The infrared part of the spectrum~1.1–1.6mm! shows
the typical Er31 luminescence peaking at 1.534mm superim-
posed on a background due to scatter from the pump las
1.48 mm. The spectrum also shows clear and manif
peaked luminescence around 410, 525, 550, 660, 800,
20 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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and 1534 nm that is attributed to transitions from t
2H9/2,

2H11/2,
4S3/2,

4F9/2,
4I 9/2,

4I 11/2, and
4I 13/2 to the

ground state manifold, respectively~see Fig. 20 for a level
diagram!. The peak around 860 nm can be ascribed to rad
tive decay from the4S3/2 state to the first excited

4I 13/2 state.
The sharply resolved manifold lines indicate that inhomo
neous broadening is small, even at room temperature.
implies that the Er31 ions are located on well-defined pos
tions in the Y2O3 crystal. Note that the Er31 emission from
Er-implanted polycrystalline Al2O3 films showed a much
broader spectrum~Fig. 28!. The difference may be attribute
to the larger size mismatch for Er and Al compared to t
for Er and Y. A difference in the grain structure of the tw
types of films may also affect the PL line shape.

PL lifetime measurements were performed on the
implanted Y2O3 planar waveguide at different wavelength
and are shown in Fig. 37. The 1.534mm decay shows non
exponential behavior similar to that observed for soda-li
glass.~Sec. III E! and Al2O3 ~Sec. IV C! channel waveguides
at high pump powers. The 1/e decay time is 6.0 ms. The
decay traces for the 980, 660, and 560 nm emissions sho
decay times of 2.5, 0.9, and 0.9 ms, respectively.

All emission peaks, apart from the one at 1.535mm, are
due to upconversion interactions between the Er31 ions.
From a systematic study of both the power dependence o
emission lines14 and the lifetime measurements in Fig. 37
follows that the higher energy emissions are due to first
second order cooperative upconversion, promoting Er31 ions
to the 4I 9/2 and

4F7/2 levels, respectively. From the highe
lying levels, direct decay to the ground state or decay
lower lying states will take place, resulting in the vario
emission lines in Fig. 36. The very small ultraviolet cont
bution at 410 nm can be attributed to ESA of an Er31 ion in
the 4S3/2 state, or from upconversion involving Er31 ions in
the 4S3/2 and

4I 13/2 states.
Appl. Phys. Rev.: A. Polman
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A rough estimate of the upconversion coefficient
Y2O3 was made in Ref. 14; it amounts toCup55
310219 cm3/s, an order of magnitude smaller than that
Al2O3 ~see Table IV!. This may be explained by the com
bined effect of~1! the narrow emission and absorption spe
tra in Y2O3 which make the upconversion effect off resona
and ~2! the low phonon energies in Y2O3 which cause mul-
tiple phonons to be required to bridge the mismatch for
conversion. The strongest fundamental lattice vibrations
Y2O3 occur in the 300–380 cm21 range,70 much lower than
in, for example, Al2O3 (870 cm

21)71 or silica (1100 cm21).
Despite the low value forCup, however, the data in Fig

36 show that upconversion is actually rather efficient
Y2O3. Stronger upconversion emission is observed in Y2O3

than in Al2O3, although the measurements on Y2O3 were
made on planar waveguides, with much less confined op
modes than the channel waveguides for Al2O3. In fact, the
small UV emission at 410 nm is only observed in Y2O3 and
not in Al2O3. The efficient upconversion in Y2O3 is a conse-
quence of the long luminescence lifetimes of the Er31 levels.
For example, while the 980 nm emission lifetime in Y2O3 is
2.5 ms, it is,1ms in silica and 30ms in Al2O3. This indi-
cates that fast nonradiative relaxation of excited Er31 ions is
not prevalent in Y2O3. This is due to the relatively low-
phonon energy in this material. The long lifetimes in Y2O3

will lead to the buildup of large populations of the high
lying levels due to upconversion.

Although upconversion processes put a limit on the p
formance of optical amplifiers operating at 1.5mm, they may
be used to fabricate visible and possibly even ultraviolet
sers pumped with readily available infrared pump sourc
Several reports have already shown upconversion lasin
bulk rare-earth-doped materials72–76and optical fibers.77 Re-
ports on upconversion lasing in planar waveguides are be
ning to appear as well.78,79

E. Optical gain in Al 2O3

Optical gain measurements were performed80 on Al2O3

channel waveguides doped with Er by multiple energy~100–

FIG. 37. Room-temperature PL decay measurements for Er-impla
Y2O3 ~131016 cm22, 800 keV, 0.75 at. % peak, annealed at 700 °C!, taken
at 560, 660, 980, and 1534 nm. The laser pulse timing is indicated s
matically. ~From Ref. 14.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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1500 keV! Er implantation to a total fluence of 1.
31016 Er/cm2. In this way, the top half of the waveguid
was doped at a constant Er concentration of 0.28 at. %
(2.731020 Er/cm3). Using photolithography and etching,
spiral waveguide structure was made; it is shown sketche
Fig. 38.

Several optical functions are combined in this photo
integrated circuit. Pump and signal beams are coupled
separate waveguides indicated in Fig. 38 byP andS, respec-
tively. Pump and signal are then combined into a sin
waveguide using a wavelength division multiplexer~WDM!.
The amplifying section consists of a 4-cm-long waveguid
rolled up to fit into an area 1 mm2. After amplification, two
WDM structures are used to separate the pump and si
beams. The WDMs operate on the multimode interfere
principle; their design is discussed in Sec. IV F.81,82The en-
tire device fits within an area of 1.539.5 mm2. The pump
and signal beams were coupled in through tapered op
fibers that were aligned with the input waveguides us
piezo actuators.

Measurements of the enhancement of the 1.53mm opti-
cal signal intensity as a function of 1.48mm pump power
were performed and are shown in Fig. 39. The pump po
in the waveguide was derived from the measured pu
power in the input fiber using a fiber-to-chip coupling loss
7 dB, described in Ref. 80. Figure 39 shows that as the pu
power is increased the signal rapidly increases; the net o
cal gain is reached at a pump power of 3 mW in the wa
guide. For higher pump powers, saturation of the gain
observed; at 9 mW a net~small-signal! gain of 2.3 dB is
achieved.

Calculations of the optical gain were performed based
a rate equation model for the Er31 ions. All calculations
include a waveguide loss of 0.35 dB/cm.54 In the calculation,
the Er31 population in the ground state and in the first a
second excited states is considered, and upconversion
fects of pump and signal emission, and absorption~also
through ESA! are taken into account. The changes in pum
and signal intensities are integrated numerically along
length of the waveguide. The parameters used in the ca
lation were all determined earlier in this article and are lis
in Table V.

ed

e-

FIG. 38. Layout of a 4-cm-long Er-doped spiral waveguide amplifier in
grated with wavelength division multiplexes~WDMs!. P andS indicate the
pump and signal in- and outputs. In the actual device, the waveguide
tween the spiral and output WDM is longer than drawn here. The in
shows a cross section through the waveguide. The Al2O3 core dimensions
are 0.632.0mm. ~From Ref. 80.!
21Appl. Phys. Rev.: A. Polman
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The solid line in Fig. 39 is a calculation of the optic
gain as a function of pump power for this particular amp
fier. Also shown is a calculation in which the effects of c
operative upconversion are set to zero~dashed line!. In this
case, the net gain would be achieved at 0.5 mW, and a hi
saturation value would be reached. This shows that coop
tive upconversion is one of the main limiting factors in t
performance of Er-doped waveguide amplifiers. Note t
the saturation gain is determined by the maximum degre
inversion that is achievable using a pump wavelength of 1
mm: 78%. Measurements as a function of signal wavelen
show a net gain bandwidth of 50 nm at 9 mW pump powe80

Several improvements are possible in the design of
waveguide. Figure 40 shows a calculation of the small-sig
optical gain of an optimized Er-doped Al2O3 waveguide am-
plifier based on the experimental results of this study. In t

FIG. 39. Measurement of the~small-signal! optical gain at 1.53mm in the
waveguide structure of Fig. 38 as a function of pump power in the in
fiber ~top axis! and in the waveguide~bottom axis!. The pump wavelength
was 1.48mm and the waveguide is doped with 2.731020 Er/cm2 ~0.28
at. %!. Calculations of the data are included for two cases: with and with
upconversion.~From Ref. 80.!

TABLE V. Parameters used in the upconversion and optical gain calc
tions in Al2O3.

Parameter Symbol Value

Er concentration @Er# 2.731020 Er/cm2

Pump wavelength lp 1.48mm
Signal wavelength ls 1.53mm
Pump absorption cross section sp

a 2.7310221 cm2

Pump emission cross section sp
e 0.77310221 cm2

Signal absorption cross section ss
a 5.8310221 cm2

Signal emission cross section ss
e 6.1310221 cm2

ESA cross section (4I 13/21pump→4I 9/2) sESA 0.85310221 cm2

Er31 first excited state lifetime (4I 13/2) t 7.8 ms
Er31 second excited state lifetime (4I 9/2) 30 ms
Cooperative upconversion coefficient
(4I 13/21

4I 13/2→4I 9/21
4I 15/2)

Cup 4310218 cm3/s

Waveguide amplifier length 4 cm
Waveguide loss 0.35 dB/cm
Optical mode size 0.632.0mm2

Overlap mode intensity with Er profile 36%
22 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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calculation, the Er was distributed throughout the compl
core of the waveguide, rather than in the top half of t
waveguide as was the case for the Er-implanted films abo
This may be achieved by, e.g., cosputtering Er and Al2O3

during the fabrication of the waveguide films rather th
using ion implantation. The waveguide is chosen to be 15
long, and the Er concentration is the same as above
31020 cm23). As can be seen, a net optical gain of nearly
dB is possible at a pump power of 50 mW. The propos
15-cm-long spiral amplifier can fit within the same ar
(1.539.5 mm2) as the 4-cm-long amplifier fabricated her
In Fig. 40 the effect of excited state absorption is also app
ent: For pump powers above 50 mW the gain decreases
cause ESA depletes the population of the4I 13/2 level. The
saturation signal output power is calculated to be 7 dB m~5
mW!.

The Er-implanted Al2O3 waveguides described her
show the best performance of a planar amplifier reported
far. Optical gain has been demonstrated in Er-doped cha
waveguides, doped with relatively low Er concentration
Consequently, the waveguide length required to achieve
sonable gain was rather large~10 cm and larger!.83–86 Be-
cause of the large optical mode dimensions of these devi
high pump powers ('100 mW) are necessary to reach t
net gain. In addition, due to their large waveguide bend
radius (' cm) these amplifiers take up a large area on
planar substrate.

F. Optical mode imaging

While upconversion is an unwanted effect in Er-dop
waveguide amplifiers, it can be used in an advantageous
to probe the local optical mode densities in optical wav
guide structures, as will now be described. Direct imaging
the light intensity distribution in a waveguide is difficul
since the light propagates along the waveguide, and on
small fraction of the intensity is scattered in other directio
Imaging of this scattered light is possible, but because s
tering occurs at inhomogeneities in the waveguide, the s
tered light does not directly relate to the intensity distrib

t

t

FIG. 40. Calculation of the optical gain at 1.53mm in an optimized wave-
guide amplifier~length 15 cm! for a 1.48mm pump. The waveguide is
doped with 2.731020 Er/cm2 throughout the core of the waveguide.~From
Ref. 80.!

a-
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tion. Other methods for studying intensity distributions
waveguides such as imaging of the cleaved end faces o
waveguide only give the field intensity distribution at the e
face, and they are destructive.

By imaging the isotropically emitted 540 nm upconve
sion luminescence from the Er31 ions, the intensity distribu-
tion, and therefore the optical modes of the 1.48mm pump
light in the waveguide, can be measured. A multimode in
ference~MMI ! coupler structure is used to demonstrate t
principle.82 A 600-nm-thick Al2O3 film was doped with Er
using 1.3 MeV Er ion implantation, with the sample held
77 K during the implant. The Er fluence was 1.6
31016 Er/cm2. The Er implantation profile has a Gaussi
shape and is peaked at a depth of 270 nm with a FWHM
160 nm, as shown by RBS measurements. The Er peak
centration is 1.4 at. %. A 21-mm-wide MMI section, center
fed by a 2-mm-wide input waveguide was used and is d
scribed elsewhere.82 Figure 41 shows a schematic of th
MMI structure.

Approximately 5 mW of 1.48mm light from an In-
GaAsP pump laser was coupled into the single-mode sec
The luminescence emission from the multimode section
imaged using an optical microscope that was mounted
mal to the sample surface~x dimension in Fig. 41!.

Figure 42~a! shows a two-dimensional image of the 2
mm-wide Er-doped Al2O3 MMI waveguide section pumped
with 1.48mm laser light. The original image is clearly vis
ible to the eye, and the emission spectrum peaks in the g
at 540 nm. In Fig. 42~a! the green intensity distribution i
converted to a gray scale. A distinct interference pattern

FIG. 41. Schematic of an Er-implanted Al2O3 multimode interference wave
guide. The 21-mm-wide multimode section is center fed by a 2-mm-wide
input waveguide. The refractive indices of the layers are indicated, toge
with the Er depth profile.~From Ref. 82.!

FIG. 42. ~a! Optical microscope image of the upconversion luminesce
from an Er-doped~1.4 at. % Er! multimode interference coupler pumped
1.48mm. The originally green intensity distribution was converted to gr
scale.~b! Calculation of the optical mode density by using the rate equati
governing the infrared-to-green upconversion process. The arrows ind
the positions of the input~1!, and of two- three-, and fourfold images of th
input field. ~From Ref. 82.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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observed due to the interference of six different opti
modes that are coherently excited at the entrance of the M
section. Because the different modes propagate at diffe
phase velocities, phase shifts between the modes occur
lead to interference. An interesting feature of multimode
terference is its self-imaging property: At certain positions
the waveguide single or multiple images of the input inte
sity distribution are reproduced. Self-imaging and other
terference effects are applied in many integrated optic
vices for the routing, splitting, switching, and multiplexin
of light.81,87–90

Figure 42~b! shows the calculated upconversion lum
nescence intensity profile. It is based on the coherent su
position of the six modes, which gives the total 1.48mm
intensity, that is then converted to green intensity profi
using the upconversion rate equations and coefficients de
mined in Sec. IV C. The calculated intensity distribution r
sembles the measured profile quite well.

Note that the technique of using upconversion lumin
cence in principle allows for probing the 1.48mm mode
intensity in the waveguide at the diffraction limit of the lu
minescence light. For the 540 nm light used here, this me
the measuring resolution is;3 times better than if the 1.48
mm pump light propagating in the waveguide were imag
directly. This technique can now be used to study opti
mode densities in more complicated waveguide structu
and in photonic bandstructure91 materials.

V. LiNbO 3

A. Amorphization and recrystallization

LiNbO3 is a key material in integrated optics due to
excellent nonlinear optical properties. Optical switches a
modulators have been made in LiNbO3 and are commercially
available. Rare-earth-doped waveguide amplifiers
LiNbO3 could be used to compensate for the intrinsic opti
losses in such splitters and modulators. In addition,
electro-optical properties can be used to fabricate rare-ea
doped mode-locked,Q-switched, or tunable waveguid
lasers.92,93 Planar and channel waveguides can be made
LiNbO3 by Ti indiffusion or proton exchange, and they sho
optical losses as low as 0.1–0.2 dB/cm.93

Ion implantation is an attractive technique by which
dope LiNbO3 with Er as it enables adjustment of the Er dep
profile to the shape of the optical mode profile. Experime
were performed94–96 on commercially availablex-cut
LiNbO3 single crystals that were implanted at room tempe
ture with 531015 Er/cm2 at 3.5 MeV. Figure 43 shows a
RBS channeling spectrum of an Er-implanted~5
31015 Er/cm2, 3.5 MeV! LiNbO3 single crystal.

As can be seen in Fig. 43, a 1.25-mm-thick fully disor-
dered surface layer has formed after implantation. The T
diffraction image of this layer is shown in Fig. 44~a! and
shows it is fully amorphous. Channeling spectra are a
shown in Fig. 43 after rapid thermal annealing~RTA! in
flowing O2 at 500 °C for 20 and 40 s. As can be seen,
layer recrystallizes in a layer-by-layer fashion, at a rate
3265 nm/s, leaving behind highly any disordered mater
Longer annealing at 500 °C does not improve the crys
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23Appl. Phys. Rev.: A. Polman

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



ed

e

n
s-

in
5

e
an-
li-
en
ro-

ion

g

ls

l-
e
to
ar
lly
to
ar

A
ur-
r a
a

.
l
m
so
an
at

er

n

C
the
quality. No segregation or redistribution of Er is observ
after annealing at 500 °C~not shown!.

Figure 45 shows channeling spectra of implant
samples ~3.5 MeV, 531015 Er/cm2! after annealing at
1060 °C in a vacuum tube furnace for times up to 4 h. A
nealing for 15 min results in the formation of a highly di
ordered layer with a minimum yieldxmin540%–60%. The
plan-view bright-field TEM image of this sample is shown
Fig. 44~b!. It reveals grains with a typical size of 0.5–1.

FIG. 43. RBS channeling spectra of Er-implanted~531015 Er/cm2, 3.5
MeV! single crystal LiNbO3. Spectra are shown after implantation and aft
RTA at 500 °C for 20 or 40 s.~From Ref. 95.!

FIG. 44. Plan-view TEM image of an Er-implanted~531015 Er/cm2, 3.5
MeV! x-cut LiNbO3 single crystal. Electron diffraction patterns are show
~a! after implantation and~c! after annealing for 15 min at 1060 °C.~b! A
plan-view bright-field image after annealing at 1060 °C.~From Ref. 95.!
24 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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mm. The diffraction pattern@Fig. 43~c!# demonstrates that
the layer is fully crystalline and that all crystals have th
same orientation. These data indicate that tube furnace
nealing at 1060 °C results in a columnar epitaxial crystal
zation process. The large density of grain boundaries th
explains the high yield in the channeling RBS spectra. P
longed annealing for 1 or 4 h leads to a further reduction in
the channeling yield~Fig. 45! that is attributed to grain
growth. After annealing at 8 h~not shown! the channeling
data are identical to those for a virgin sample. Secondary
mass spectrometry~SIMS! data on annealed samples~not
shown!95 showed significant diffusion of Er after annealin
at 1060 °C, and a diffusion coefficient of 8310214

cm2/s.95

By combining the data for the 500 and 1060 °C annea
~Figs. 43 and 45!, the following can be concluded. Solid
phase epitaxy~SPE! of the amorphous LiNbO3 layer takes
place at 500 °C and leads to the formation of crystalline co
umns. This columnar epitaxy will also take place during th
heating transient in the tube furnace as it is heated up
1060 °C. Note that the typical heating rate in the particul
furnace is 10 °C/s and SPE at 500 °C takes place in typica
40 s. The prolonged annealing at 1060 °C then serves
cause grain growth and epitaxial alignment of the column
structure, leading to a perfect crystal after 8 h at1060 °C.

High temperature anneals were also performed in a RT
at higher heating rates than were achievable in a tube f
nace. Figure 46 shows a RBS channeling spectrum fo
sample annealed in the RTA at 1060 °C for 1 min using
heating rate of 100 °C/min. In this spectrum,xmin is only
2.360.2%, identical to the value found for virgin samples
Plan-view TEM showed96 that the sample is single crysta
with no grain boundaries. The channeling spectrum fro
Fig. 45 for the 15 min furnace anneal at 1060 °C is al
plotted for comparison, and shows much higher disorder th
the RTA annealed sample. A sample annealed in the RTA

FIG. 45. RBS channeling spectra of Er-implanted~531015 Er/cm22, 3.5
MeV! x-cut LiNbO3 single crystals annealed for different times at 1060 °
in a wet oxygen atmosphere. Also shown is the random spectrum of
as-implanted sample.~From Ref. 95.!
Appl. Phys. Rev.: A. Polman
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a lower heating rate~10 °C/s!, comparable to that in the tub
furnace, also shows high disorder~see Fig. 46!.

These data indicate that the heating rate during annea
is crucial in determining the final crystal quality. Addition
TEM data by Fleuster96 have shown that slow heating resu
in a large grain structure with high disorder that is hard
anneal~long anneal times are required at 1060 °C!. In con-
trast, fast heating initially leads to the random nucleation o
fine grained structure that has no orientation relation to
substrate. As the annealing continues, this fine grain p
crystalline layer is epitaxially aligned, a process that ta
less time than alignment of a coarse grained columnar st
ture, and as a result nearly perfect epitaxy is achieved a
only 1 min, and with only very slight Er diffusion o
segregation.96 Samples crystallized at 1060 °C for 1 m
show essentially the same PL intensity and lifetime as th
annealed for longer times at 1060 °C.

B. Optical activation

Figure 47 shows room-temperature PL spectra of
implanted~531015 Er/cm2, 3.5 MeV! LiNbO3 single crys-
tals annealed in the RTA in flowing oxygen for differe
times at 500 °C.95 All measurements were performed using
496.5 nm pump beam. The spectrum for an as-implan
sample shows a clearly measurable signal at room temp
ture. It is rather broad~48 nm FWHM!, and peaks at 1.533
mm. It was found that the PL intensity increased by a fac
of 5 as the laser irradiation continued for 2 h during a PL
measurement. This indicates that irreversible photoindu
structural changes take place in amorphous LiNbO3 during
laser irradiation.

Thermal annealing at 500 °C at increased lengths of t
causes an increase in intensity and a sharpening of the
spectrum. This is consistent with the fact that prolonged
nealing at 500 °C causes a gradual crystallization of the la

FIG. 46. RBS channeling spectra of Er-implanted~531015 Er/cm22, 3.5
MeV! x-cut LiNbO3 single crystals. One sample was annealed for 15 min
1060 °C in a tube furnace, and two others were annealed for 1 mi
1060°C in a RTA at two different heating rates~10 or 100°C/s!. Random
and channeling spectra for an as-implanted sample are also shown.~From
Ref. 94.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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as is shown in Fig. 43. Crystallization leads to incorporat
of Er on a well-defined lattice site and hence a sharper
spectrum. Work on melt-doped and indiffused LiNbO3 has
shown that Er is incorporated on an octahedral position cl
to the Li site97,98 that is surrounded by six oxygen atoms.

The sample annealed at 500 °C for 40 s shows a 10 ti
higher PL intensity than the as-implanted~amorphous! layer.
At the same time the PL lifetime at 1.533mm ~data not
shown! increased from 1.65~amorphous! to 2.9 ms
~crystallized!.95 Both the spectrum and lifetime after annea
ing are very similar to that of bulk Er-doped LiNbO3 grown
from the melt (t53.0 ms).

The tenfold intensity increase upon annealing is attr
uted to this lifetime increase as well as to an increase in
optically active Er concentration. It should be noted that a
ditional annealing at 1060 °C~which increases the crysta
quality, as shown in Sec. V A! did not significantly increase
the PL intensity or lifetime. Annealing at such a high tem
perature did, however, lead to significant diffusion of t
implanted Er.95 Therefore, to take advantage of th
Gaussian-implanted Er depth profile in planar wavegu
structures, low temperature~e.g., 500 °C! anneals should be
used. More research is needed to study the optical proper
such as scattering loss and absorption in such lo
temperature annealed films, which are full of grain boun
aries as shown in Fig. 44.

Figure 48 shows the concentration dependence of
1.53 mm PL intensity and lifetime in LiNbO3.

94 Samples
were implanted with 3.5 MeV Er at fluences ranging fro
531014 to 331016 Er/cm2, corresponding to peak concen
trations from 0.05 to 0.44 at. %. After implantation a

t
at

FIG. 47. Room-temperature PL spectra of Er-implanted~531015 Er/cm2,
3.5 MeV! LiNbO3 single crystals annealed for different times at 500 °C
flowing oxygen using RTA. The ‘‘0 s’’ sample was heated to 500 °C a
then quenched; the 20 and 40 s samples were each held at 500 °C for
respective times and then quenched.~lpump5496.5 nm, pump power
5100 mW, resolution53.2 nm). The spectra were shifted vertically fo
clarity. ~From Ref. 95.!
25Appl. Phys. Rev.: A. Polman
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samples were annealed in a RTA at 1060 °C for 1 m
~100 °C/s rise time! in flowing O2. The PL intensity shows a
linear increase with fluence for Er fluences up to 1
31015 Er/cm2, and levels off above this fluence. The lum
nescence lifetime at 1.53mm is independent of concentra
tion: 2.8 ms. The leveling off of the PL intensity at high E
concentration suggests that there is a limit to theconcentra-
tion of Er31 ions that can be optically activated in LiNbO3,
@Er#max. Any Er at concentrations above@Er#max would then
remain inactive. Using measured Gaussian Er depth pro
for each fluence, the total areal density of optically active
can then be determined by calculating the integrated a
density of Er below@Er#max, as indicated schematically b
the inset in Fig. 48. The areal density should then be prop
tional to the Er PL data in Fig. 48. Such a procedure w
performed using the Er depth profiles for the different fl
ences, measured using SIMS,94 with @Er#max as a free param
eter. The result for the best fit is shown as the line drawn
Fig. 48 and corresponds to a value for@Er#max of 0.18 at. %.
This is close to the equilibrium solubility of Er in LiNbO3.

Estimates of the cooperative upconversion coefficient
Er-implanted and annealed LiNbO3 were also made and
showed thatCup,1.4310219 cm3/s.96 This is much smaller
than that for Er-doped silica glasses or Al2O3 ~see Secs. III E
and IV C!. This may be attributed to the rather narrow em
sion and absorption spectra of Er in LiNbO3 that causes the
upconversion energy transfer process to be less resonan

VI. SILICON

A. Crystal Si

Erbium doping of silicon has recently become an ext
sively studied subject because of the possibility of obtain
light emission from Si at 1.5mm. In a semiconductor, opti
cally or electrically generated charge carriers can recomb
at an Er-related trap site in the crystal and transfer their
combination energy to the Er31 ion, which then becomes

FIG. 48. PL intensity and lifetime as a function of Er fluence~3.5 MeV! in
x-cut LiNbO3 after annealing at 1060 °C for 1 min in RTA~heating rate
100°C/s.! The corresponding Er peak concentration is plotted on the
axis. The inset shows a schematic of the Er depth profile and the limit to
Er concentration that can be optically activated in LiNbO3. ~From Ref. 95.!
26 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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excited and subsequently decays by the emission of a p
ton. In this way, it may be possible to obtain efficient lig
emission from Si that is otherwise impossible due to its
direct band gap. If sufficiently high Er concentrations
(;1019–1020 Er/cm3) could be incorporated and opticall
activated in Si, it would become possible to fabricate lig
emitting diodes, lasers, or optical amplifiers based
silicon.99 By integrating these devices with electrical fun
tions in the Si chip, opto-electronic integrated circuits m
be fabricated.

The equilibrium solubility of Er in Si is not known, bu
by analogy with the transition metals it is estimated to
1014–1016 cm23. Therefore, nonequilibrium incorporatio
methods have to be used to incorporate sufficiently high
concentrations. Ion implantation is such a method. The
corporation of and the optical properties of Er in crystal a
amorphous Si will now be discussed and measurement
electroluminescence in Er-doped Sip-n diodes will be
given. It should be noted that the field of Er doping of Si
rapidly expanding, and we shall not provide a complete r
resentation of the state of the art at this time. Reference
other work on Er in Si are given in Sec. VII. A review
specifically devoted to Er in Si will be publishe
elsewhere.10 The latest work on rare-earth-doped semico
ductors in general is reported in Ref. 11.

1. Incorporation

a. Solid phase crystallization and segregation.Czo-
chralski~CZ!-grown Si~100! was used in these experiment
with an oxygen background concentration as measured u
SIMS of (1.760.5)31018 O/cm3. The Si wafer was
implanted100 on one side with 250 keV Er to a total fluenc
of 931014 Er/cm2. During implantation the sample was ke
at 90 K. RBS channeling spectra, shown in Fig. 49 show t
a 160-nm-thick amorphous~a-Si! surface layer has formed
after implantation. The Er profile peaks at a depth of 70

p
e

FIG. 49. RBS channeling spectra for Er-implanted~931014 Er/cm2, 250
keV! CZ-Si~100! at 90 K. Spectra are shown after implantation and af
annealing at 600 or 900 °C. The Er portion of the spectra was magnifie
a factor of 5.~From Ref. 100.! The surface channels of O, Si, and Er a
indicated by arrows.
Appl. Phys. Rev.: A. Polman
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with a FWHM of 60 nm. After annealing for 15 min in
vacuum tube furnace at 600 °C, thea-Si layer has recrystal
lized by SPE, leaving a thin (;10 nm) disordered layer a
the surface. The channeling minimum yield in the recrys
lized layer isxmin,5%, indicating good crystal quality. Th
Er was redistributed, with 65% of the Er remaining trapp
in crystal Si ~c-Si! and the remainder in the surface diso
dered layer. Detailed measurements of the time depend
of the segregation process101 have shown that the Er is seg
regated in a narrow~nm! segregation spike in the amorpho
Si in front of the moving interface. After crystallization th
Er profiles are identical under both channeling and rand
conditions, indicating that the Er is not on substitutional l
tice sites nor on tetrahedral interstitial sites.

The crystallization process is very sensitive to the ann
temperature as can be seen in Fig. 49, which also show
channeling spectrum after annealing at 900 °C. In this c
the initial regrowth is epitaxial, but 60 nm from the surfa
the quality of the regrown crystal deteriorates rapidly. In t
epitaxial region~deeper than 60 nm!, Er is trapped at con-
centrations similar to those for the 600 °C anneal. Once d
aged crystal growth begins, Er starts being trapped at hig
concentrations. The sample is recrystallized to the surfac
evidenced by both the moderate channeling in the Si sig
and the redistribution of some Er to the surface. TEM h
shown100 that the damaged surface layer for the 900 °C
nealed sample is heavily twinned, which causes the h
yield in the RBS channeling spectrum in Fig. 49.

The twinning may be due to disruption of th
a-Si/c-Si growth front by Er precipitation or silicidation in
the segregation spike in front of the interface. However,
evidence for the presence of precipitates or silicides w
found by high resolution TEM. Alternatively, a high Er con
centration in the spike~exceeding the solubility! may cause it
to be energetically favorable to nucleate twins, to use
twin boundaries as trapping sites for Er.

The recrystallization process is sensitive not only to
anneal temperature but also to the Er concentration. Fig
50 presents RBS channeling spectra for five different
doses~0.4, 0.9, 1.3, 2.4, and 5.431015 Er/cm2! at 250 keV.
Each of these implants creates a 140–160-nm-thicka-Si sur-
face layer. Thermal annealing was then performed for 15
at 600 °C. The Si portion of the channeling spectra@Fig.
50~a!# shows that the two lowest fluence Er samples exh
good epitaxy with xmin,5%. The higher concentratio
samples all initially regrow epitaxially, but for each samp
epitaxy is disrupted at a certain depth~indicated by arrows!.
The higher the Er dose, the sooner epitaxial growth is d
rupted.

Figure 50~b! shows the Er parts of the RBS spectra pl
ted on the same depth scale as the Si parts. The two
fluence samples have Er profiles similar to those shown
Fig. 49, with Er trapped in high quality crystal and a narro
Er peak at the surface. The high-dose samples all show r
increases in Er concentration once epitaxy is disrupted.
comparison of the Er concentrations for each sample at
depth where single crystal regrowth is interrupted~indicated
by arrows! demonstrates that epitaxy is disrupted once
fixed Er concentration, 1.231020 Er/cm3, in the crystal is
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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reached. Additional measurements have shown that this c
cal concentration depends on the anneal temperature~at
500 °C: 23 1020 Er/cm3; at 900 °C: 63 1019 Er/cm3!.101

In experiments under conditions below the threshold
epitaxial breakdown, it was found that the Er segregat
coefficient is very Er concentration dependent.102 Very low
Er densities are nearly completely segregated out of the c
tal, while at higher Er densities significant partitioning tak
place at thea-Si/c-Si interface with a segregation coefficie
of 0.2. These findings were explained in terms of a mode102

in which defects in thea-Si near the interface act as traps f
the Er. At low Er densities, all the Er would be soluble
these traps, and it can therefore escape from the grow
crystal. At high Er fluences, when all traps in thea-Si are
filled, Er is forced to go into either the crystal or the amo
phous layer, and as a result both segregation and trappin
observed.

b. Impurity effects. It has been shown that impuritie
may affect the segregation and trapping of Er.101,103Figure
51~a! shows RBS spectra for 1.631015 1.5 MeV Er/cm2 im-
plants into CZ-Si @(1.760.5)31018 O/cm3#, both as im-
planted, and after annealing at 550 °C. The SPE result
significant segregation, with the Er segregation spike rea
ing all the way to the surface. Note that the depth scales
very different from the experiments described above t
were performed at a low implantation energy~250 keV!.

FIG. 50. The~a! Si and ~b! Er portions of RBS channeling spectra afte
600 °C anneals of CZ-Si~100! implanted with 0.4, 0.9, 1.3, 2.4, and 5.
31015 Er/cm22 at 250 keV. The channel scales are plotted so that Si and
have the same relative depth scales. The dotted line in~b! indicates the
critical concentration where epitaxy is disrupted.~From Ref. 100.!
27Appl. Phys. Rev.: A. Polman
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Some samples were coimplanted with 531015 160 keV
oxygen. This energy was chosen to place the O profi
slightly closer to the surface than the Er profile; this is sho
schematically in Fig. 51~b!. After SPE at 550 °C, the Er pro
file coincides almost completely with that for the a
implanted sample, indicating that the presence of oxy
causes a dramatic reduction in the segregation. One exp
tion is that Er forms complexes with oxygen, and that the
complexes are less easily segregated from the crystal.
AFS measurements on Er- and O-doped Si have shown
Er is indeed coordinated by four to six O atoms.104 Another
explanation for the effect of oxygen is that it fills the defe
traps in thea-Si in front of the moving interface, and thereb
increases the trapping.

c. Ion beam induced epitaxial recrystallization.Ion ir-
radiation through ana-Si/c-Si interface can be used to cau
crystallization at much lower temperatures than are requ
for pure thermal crystallization. Ion beam induced epitax
crystallization~IBIEC! experiments were performed on 25
keV 431015 Er/cm2-implanted samples.105 IBIEC was per-
formed using a 1 MeV Si beam, which has a range we
beyond the Er-dopeda-Si surface layer. The total Si fluenc
was 131017 ions/cm2. The sample was attached with silv

FIG. 51. The Er portion of RBS spectra of~a! 780-nm-thick Er-implanted
a-Si ~1.631015 Er/cm2, 1.5 MeV!, as implanted and after SPE at 550 °C~11
h!, ~b! after SPE~1 and 11 h! for a similar a-Si layer but coimplanted with
531015 160 keV O/cm2. The O depth profile is indicated by the dotted lin
~From Ref. 102.!
28 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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paint to a copper block held at a constant temperature
320 °C.

Figure 52 shows RBS spectra of the Er-implant
sample after IBIEC. A spectrum for the as-implanted sam
is also shown. The channeling spectrum after IBIEC sho
that the a-Si has regrown to the surface with
,20-nm-thick disordered layer remaining at the surfa
xmin of the regrown layer is around 10%. A highly diso
dered region is observed in the spectrum below channel 2
corresponding to the deep damage caused by the Si b
during IBIEC. The most striking feature in Fig. 52 is that th
shape of the Er profiles before and after IBIEC is identic
No segregation has occurred at the movinga-Si/c-Si inter-
face. In this way an Er concentration as high as
31020 cm23 was incorporated into the crystal Si.

2. Optical activation and codoping

a. PL spectra and annealing behavior.Figure 53
shows a PL spectrum~measured at 77 K! of Er-implanted
CZ-Si (931014 Er/cm2) after SPE at 600 °C.106 The spec-
trum shows four clear features around 1.131, 1.20, 1.36,
1.54 mm, respectively. The first two peaks correspond
phonon-assisted near-band edge~BE! luminescence of Si.107

The broad band around 1.3mm is very similar to defect
bands found earlier for ion-damaged Si after annealing107

The peak around 1.54mm represents the characteristic lum
nescence from Er31.

A spectrum for the sample regrown by SPE and sub
quently annealed at 1000 °C for 15 s is also shown in F
53. As can be seen, the defect band has now disappeare
both the Er and the band edge luminescence have increa
PL decay measurements were performed and they sho
slight nonexponential behavior.108 The typical 1/e decay
time for both samples in Fig. 53 was 0.8 ms.

The data in Fig. 53 show that the Er PL intensity can
increased five-fold by subsequent thermal annealing
1000 °C. Anneals were also performed at other temperat

FIG. 52. RBS channeling spectra for Er-implanted~431015 Er/cm2, 250
keV! CZ-Si before and after IBIEC with 131017 1 MeV Si/cm2 at 320 °C.
The Er part of the spectrum is multiplied by a factor of 2.~From Ref. 105.!
Appl. Phys. Rev.: A. Polman
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in the range 600–1300 °C~15 s! and it was found that an
nealing at 1000 °C results in the optimum Er PL intensity
1.54mm.

b. Er excitation. Erbium may be excited in Si either b
direct absorption or through a photocarrier mediated proc
To distinguish between the two mechanisms, photolumin
cence excitation~PLE! spectroscopy was performed using
Ti-sapphire laser tuned at wavelengths in the ran
925–1030 nm. Note that the Si band gap energy at 77
corresponds to a wavelength of 1063 nm. Figure 54 sh
the 1.535mm luminescence intensity as a function of pum
wavelength for the Er-implanted CZ-Si sample~SPE

FIG. 53. PL spectra taken at 77 K for Er-implanted CZ-Si~9
31014 Er/cm2, 250 keV! after SPE at 600 °C and after subsequent annea
at 1000 °C for 15 s. The upper spectrum was shifted upward for cla
(lpump5514.5 nm, power5160 mW, spectral resolution56 nm.) From
Ref. 106.

FIG. 54. PL excitation spectrum of Er-implanted CZ-Si~931014 Er/cm2,
250 keV, 600 °C, 15 min11000 °C, 15 s! at 77 K and of an Er-implanted
SiO2 film ~500 keV, 1.831015 Er/cm21900 °C, 30 min! at 77 K. The PL
intensity at 1.53mm is measured as a function of the pump wavelength. T
pump power was 10 mW. The inset shows the Er energy level diag
~From Ref. 106.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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11000 °C!. The pump power was fixed at 10 mW at ea
wavelength and the data were taken at 77 K. As can be s
the Er luminescence signal is a slightly monotonically d
creasing function of pump wavelength.

For comparison, a PLE spectrum of an Er-implant
SiO2 film ~500 keV, 1.731015 Er/cm2, annealed at 900 °C
for 30 min! is also shown; it was measured using the sa
pump power of 10 mW. The peak in this spectrum cor
sponds to the4I 15/2→4I 11/2 absorption transition in Er

31. Af-
ter excitation to this level, the ion first decays nonradiative
to the4I 13/2 level whereupon it decays to the ground state
emission of a 1.54mm photon~see inset in Fig. 54!. From
the fact that the peak at 980 nm is not observed in the sp
trum for Er-doped Si, it is concluded that the luminescen
from Er in Si is due to a photocarrier mediated proce
rather than to direct absorption. This implies that the min
ity carrier lifetime in the Si host is a crucial factor that d
termines the Er excitation efficiency. This is important in t
analysis of Fig. 53, where it can be seen that the additio
1000 °C anneal increases the band edge luminescence w
is a signature of an increase in the minority carrier lifetim
The increased Er luminescence intensity upon annealin
then attributed to a more efficient excitation due to the
creased carrier lifetime.

c. Maximum active Er concentration in CZ-Si. In order
to study the concentration dependence of the Er lumin
cence in CZ-Si, samples with four different Er concent
tions were made. A surface layer of a CZ-Si~100! wafer was
first preamorphized using a 350 keV Si implant at 77
Subsequently, 250 keV Er was implanted at fluences o
31011, 831012, 831013, or 831014 Er/cm2. The Er-doped
a-Si layers were then all recrystallized by SPE at 600 °C
15 min and further annealed at 1000 °C for 15 s. SIMS m
surements of the Er depth profiles106 for the four different
samples after annealing show trapped Er concentration
the range of 331016–731019 Er/cm3.

The Si band edge PL intensity was the same for all fo
samples, indicating that the minority carrier lifetime was t
same in each sample. This shows that the Er ions themse
arenot the dominant recombination centers for electrical c
riers. It implies that only a small fraction of the photogene
ated carriers is actually used to excite Er ions, and there
the internal quantum efficiency for excitation is rather lo
The quantum efficiency will be further discussed in Se
VI A2e.

In order to obtain a measure of the concentration of
tically active Er in each sample, the 1.54mm PL intensity
was divided by the PL lifetime for each case. The lifetim
varied from 0.7 to 1.1 ms for the four concentrations. The
intensity/lifetime ratio is plotted in Fig. 55, as a function
Er fluence. All data were taken at 77 K. An initial linea
increase with concentration is seen, followed by a level
off above a fluence of 1013 Er/cm2.

The data can be analyzed by assuming that there
maximum Erconcentrationthat can be optically activated in
CZ-Si, @Er#max. Any Er trapped at concentrations abov
@Er#max would then remain inactive. Using measured
depth profiles for each sample, the total areal density of
tically active Er can then be determined by calculating

g
.

e
.

29Appl. Phys. Rev.: A. Polman
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integrated areal density of Er below@Er#max. This areal den-
sity should then be proportional to the Er PL data in Fig.
Using such a procedure, the details of which are describe
Ref. 106, the data in Fig. 55 can be fitted. The continu
lines are results of this procedure using three different va
for @Er#max. The best fit for the maximum optically activ
Er31 concentration is obtained using@Er#max5(361)
31017 Er/cm3. This is much lower than the maximum E
concentration that can be incorporated into CZ-Si by S
(231020 Er/cm3).

d. Erbium configuration in Si. EXAFS measure-
ments104 on Er-implanted CZ-Si have shown that Er form
clusters with four to six O atoms in the first neighbor she
Using this coordination number and the known O conten
the CZ material used above, (1.760.5)31018 O/cm3, and
assuming that in the Er-doped region all Er is bound to o
gen, we can derive a separate estimate of@Er#max52–6
31017 Er/cm3. This number is in good agreement with th
number found from Fig. 55. One can consider Er a mic
scopic getter in Si that binds with any O within a relative
large distance. The effective solubility of Er in Si,~Ref. 109!
is then determined by the O background level in the wa
Experiments have shown that the addition of oxygen to
implanted CZ-Si can enhance the Er PL intensity.108,110,111

This enhancement may then, at least partly, be attribute
an increase in the density of O-coordinated~‘‘optically ac-
tive’’ ! Er. The addition of O also reduces the PL quench
at elevated temperatures as will be shown.

It is interesting to compare these data on the optical
tivation of Er in CZ-Si with those on electrical activation. E
exhibits donor behavior in Si and it was found112,113that the
maximum carrier concentration in CZ-Si was reached for
Er concentration of (4–7)31017 Er/cm3, very similar to the
value found above for optical activation. These data sugg
that the optically and electrically active Er sites in Si may
the same. Such a correlation between optically and ele

FIG. 55. PL intensity divided by the PL lifetime, which is a relative meas
of the total areal density of optically active Er, plotted as a function of the
implantation fluence at 250 keV. Implants were made into CZ-Si and
nealed at 600 °C for 15 min and 1000 °C for 15 s. The lines drawn
calculated from SIMS profiles, using a model in which it was assumed
there is a maximum Er concentration that can be activated in CZ-Si.~From
Ref. 106.!
30 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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cally active sites also follows from O codopin
experiments112,113that showed that O enhances both the o
tically and electrically active fraction.

More measurements will be required to determine
nature of the large optically~and electrically! inactive frac-
tion of Er in CZ-Si. X-ray absorption spectroscopy measu
ments on samples in which only 1% of the Er is optica
active show that all Er is in the trivalent charge state.114 This
suggests that the inactive Er has either a very small lumin
cence quantum efficiency~short luminescence lifetime! or a
small excitation efficiency, and therefore does not contrib
to the PL spectra.

e. Quantum efficiency. Using the data in Fig. 55 a
rough estimate can be made of the internal quantum e
ciency for carrier-mediated excitation of Er in Si. Compari
the PL intensities for the Er-doped Si and SiO2 samples at a
pump wavelength of 980 nm and taking into account
known cross sections and collection efficiencies, a low
limit for the internal quantum efficiency ofQ5331026 is
found.106 This is a small number, and indicates that the m
carrier recombination route is not through Er ions. Clear
the structural defects remaining after SPE, such as, for
ample, end-of-range dislocations, dominate the electr
characteristics in these samples. Future work should focu
reduction or passivation of these defects. The quantum
ciency could be further increased if the Er active fracti
could be increased. By coimplanting additional oxygen a
by increasing the Er depth using MeV implantation energi
the quantum efficiency may possibly be improved
1023–1022.

f. Luminescence quenching. Figure 56 shows the tem
perature dependence of the 1.54mm PL intensity in Er-
implanted CZ-Si.108The sample was prepared by 250 keV
implantation at a fluence of 931014 Er/cm2, recrystallized at
600 °C, and subsequently annealed at 900 °C for 15 s
continuous PL quenching is observed for all temperatu

r
-
e
at
FIG. 56. Arrhenius plot of the 1.54mm PL intensity for Er-doped CZ-Si
(931014 Er/cm2, 250 keV1600 °C1900 °C! and Er and O codoped CZ-S
(131019 Er/cm3, 131020 O/cm3!. ~lpump5514.5 nm, power5200 mW.!
From Ref. 108.
Appl. Phys. Rev.: A. Polman
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above 90 K and no measurable signal is found at room t
perature.

Measurements were also performed on a sample co
planted with O. In this case multiple energy Er and O i
plants were performed on CZ-Si, leading to uniform dep
profiles of 131019 Er/cm2 and 131020 O/cm3 in the depth
range between 0.3 and 2mm. The temperature dependen
for the O codoped sample shows quite different behavior.
to 150 K a gentle decrease in intensity is found, charac
ized by an activation energy of up to 20 meV. Above 150
a more rapid quenching is observed with an activation
ergy of roughly 150 meV. A small PL signal can be observ
at room temperature.

The temperature quenching can be understood by ta
into account an excitation and deexcitation model tha
sketched in Fig. 57. It is assumed that an Er–O comp
provides a defect level in the Si band gap. Indeed, deep l
transient spectroscopy~DLTS! measurements have indicate
the presence of such levels.112,115An electron may then be
trapped~T in Fig. 57! at the level, a hole may subsequen
be bound, and if the electron-hole pair recombines, the
ergy may be transferred through an Auger process to
Er31 ion which then becomes excited~E in Fig. 57!. The Er
ion can then decay by the emission of a 1.54mm photon.

There are two possible quenching processes in
model: ~1! the bound electron-hole complex may dissoci
(D in Fig. 57! before the energy is transferred to the Er or~2!
the Er ion, once excited, decays by a nonradiative proc
for example, a backtransfer process~B in Fig. 57! in which
the Er decays to the ground state and an electron from th
valence band is promoted to the defect level. Both quench
processes require the annihilation of one or more phon
and therefore become more probable at high temperatur

In order to study both quenching processes, combi
intensity and lifetime measurements were made. The di
ciation process will lead to a decrease in PL intensity but w
not affect the PL lifetime, while the backtransfer process w
decrease both intensity and lifetime. Implants of 1
31014 1.46 MeV Er/cm2 and 131015 750 keV N/cm2 were
made in CZ-Si~100! and lead to Er and N peak concentr

FIG. 57. Model for the excitation and deexcitation of Er in Si.
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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tions after SPE of 531018 Er/cm3 and 631019 N/cm3,
respectively.116

Figure 58 shows the 1.54mm integrated Er31 lumines-
cence intensity as a function of temperature. As can be s
the PL intensity quenches by three orders of magnitude
tween 12 and 150 K.

The luminescence lifetime, which is also plotted in F
58, decreases from 420ms at 12 K to 1ms at 170 K. In fact,
the quenching behavior for lifetime and intensity show
similar trend. This shows that lifetime quenching, i.e.,
backtransfer process~see Fig. 57!, plays a significant role in
the intensity quenching.

Priolo et al.117 worked out a rate equation model bas
on the processes indicated in Fig. 57. Including a tempe
ture dependence of the lifetime in this model, the Er
intensity as a function of temperature is given by

IPL~T!}
Wtr

@11A exp~2ET /kT!#

Wrad

W~T!
NEr ,

W~T!5Wrad1WB exp~2EB /kT!,
~6!

A5
snNc

spGLtc
,

with W(T)5the measured Er decay rate (1/t), Wrad the ra-
diative decay rate,Wtr the transfer rate for processT in Fig.
57, sn andsp the electron and hole trapping cross sectio
respectively,NC the effective density of states at the botto
of the conduction band,GL the optical carrier generation
rate, andtc the minority carrier lifetime.ET is the dissocia-
tion activation energy~processD, in Fig. 57!, andWB is a
prefactor for the backtransfer process that is characterize
an activation energyEB .

The inset of Fig. 58 shows the quenching behavior
high temperatures in more detail. According to Eq.~6! the
slope for the high temperature lifetime data should yie
EBT and the slope for the intensity data should yieldEBT

1ET . Linear fits to the five highest temperature data poi

FIG. 58. Arrhenius plot of the integrated Er31 PL intensity ~open circles!
and lifetime ~crosses! for Er and N-implanted CZ-Si~1.631014 Er/cm2 at
1.46 MeV, 131015 N/cm2 at 225 keV, both annealed at 600 °C!. The lines
through the data are guides for the eye. The inset shows the high tem
ture data in detail.~lpump5514.5 nm.! From Ref. 116.
31Appl. Phys. Rev.: A. Polman

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



ng
h
e
th

io

ol
ar

ta
n
er
h

y
ce

t 3

-
7
wa
n
r
ct
th
ha
t

x-
o
o
a
m

ed

ing
oss

a

tudy
ro-
ies
for

i

pu-
rk
ce

to
im-
w
-
re

-

ntly

i-
ode
r-
er

iven

ture.

to

nly
ita-
on.
ak-
on
can
ite
ffi-

nd
result in EB513565 meV andEB575610 meV. Fitting
the lifetime data yields an estimate ofWB5108–1010 s21.
Below 75 K the intensity shows a very small quenchi
characterized by an activation energy of 1–10 meV, whic
not seen in the lifetime quenching and is attributed to a s
ond detrapping process, possibly the dissociation of
weakly bound hole.

The energy difference between the Si band gap~1.12
eV! and the Er excitation energy~0.81 eV! is around 300
meV. However, in this experiment the observed activat
energies add up to onlyEBT1ET5215610 meV. This sug-
gests that the excitation and deexcitation processes inv
different defect levels. Also, it is possible that the levels
broader than indicated in Fig. 57.

In order to study the backtransfer process in more de
crystal Si solar cells were doped with Er by io
implantation.118 In these experiments, passivated emitt
rear locally ~PERL! diffused solar cells were used, whic
~when not implanted with Er! show the highest efficiency
reported for Si solar cells.119 These cells show a near-unit
internal quantum efficiency; all carriers generated in the
are collected by the metal contacts.

Figure 59 shows spectral response measurements a
K of PERL solar cells implanted with either 1
31013 Er/cm2 or 331013 Er/cm2 at 3.5 MeV, and subse
quently annealed at 1060 °C for 60 min and 1000 °C for
min. In these measurements the short circuit current
measured as a function of the illumination wavelength a
converted to quantum efficiency, defined as the numbe
electron-hole pairs created per absorbed photon. A spe
shape typical for Er absorption is observed for waveleng
around 1.54mm. The dashed lines indicate a background t
is also seen in Si-implanted solar cells and is attributed
implantation defects.118 These data indicate that optically e
cited Er generates free carriers that are collected in the s
cell. This is direct experimental evidence for the existence
a nonradiative quenching process in which excited Er dec
by the generation of a free electron-hole pair at room te
perature.

These spectral response measurements can be us

FIG. 59. Spectral response at 300 K of Er-implanted~131013 Er/cm2 or
331013 Er/cm2, 3.5 MeV! PERL crystal Si solar cells, annealed at 1000 a
1060 °C.~From Ref. 118.!
32 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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estimate the efficiency of the backtransfer process, tak
into account the Er density and a typical absorption cr
section for Er. It was found116 that the probability for deex-
citation of an excited Er31 ion at room temperature through
backtransfer process may be as high as 50%.

More measurements are needed to systematically s
the relative strength of dissociation and backtransfer p
cesses in Er-implanted Si codoped with different impurit
at different concentrations. Comparing the existing data
N-codoped CZ-Si~lifetime quenching by a factor of 500
between 10 and 200 K, see above! and O-codoped CZ-S
~lifetime quenching by a factor of 10!,108 it can already be
seen that backtransfer is very much dependent on the im
rity and hence local environment of the Er. Future wo
should focus on impurity and defect engineering to redu
the lifetime quenching.

Recent measurements by Libertinoet al.115 have shown
that an equally important effect of impurity codoping is
remove deep traps in the Si band gap created by the Er
plantation itself. Codoped samples will therefore sho
longer minority carrier lifetimes. This will lead to a reduc
tion in theA parameter in Eq.~6!, and hence less temperatu
quenching of the luminescence.117

3. Electroluminescence

Er-dopedp-n diode structures were made120 by implant-
ing 531015 40 keV B/cm2, and 531015 2 MeV P/cm2 into
an epitaxialn-type Si layer on a highlyn-type ~0.01V cm!
Si substrate. Constant depth profiles of 131019 Er/cm3 and
131020 O/cm3 were made by multiple energy Er and O im
plantation into the 0.3–2.0mm depth region. The implanted
layer was recrystallized by SPE at 620 °C and subseque
annealed at 900 °C for 30 min in N2 with a partial O2 pres-
sure to grow a thin surface oxide passivation layer. Alum
num contacts were made on the front and bottom. The di
area was 0.25 cm2. The device showed good electrical cha
acteristics in both forward and reverse bias, with Zen
breakdown occurring in reverse bias above25 V. Details of
the device geometry and electrical characteristics are g
in Ref. 120.

Figure 60 shows electroluminescence~EL! measure-
ments of the Er-doped diodes measured at room tempera
Measurements are shown both in forward bias~0.7 V, 600
mA! and in reverse bias~25.2 V, 600 mA!.

The EL signal under forward bias is attributed
electron-hole recombination resulting in excitation of Er31.
In contrast, the reverse bias signal, which is observed o
under breakdown conditions, is attributed to impact exc
tion of Er31 by hot electrons accelerated across the juncti
The electric field in the space charge region under bre
down is estimated to be 1.8 MV/cm. Assuming an electr
mean free path of 5 nm, this implies that the electrons
acquire an energy of typically 0.9 eV, sufficient to exc
Er31 to the first excited state. The internal quantum e
ciency of this Er-doped Si light-emitting diode~LED! is es-
timated to be 1024.
Appl. Phys. Rev.: A. Polman

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



-
th
o
ca
e
m

i
a
e
e
te
of
ur
d

. %
re

d
to
a

fo
ec
t
re

on,
ig.
p
m
ure

ntial

b
in

at

the
B. Amorphous Si

1. Optical activation

Amorphous silicon~a-Si! is also a promising host mate
rial for Er. Being amorphous, it allows one to side step
problem of limited solubility of Er in crystalline Si and t
incorporate more of the impurities such as oxygen and
bon that are known to enhance the luminescence. Exp
ments on Er doping of pure amorphous Si have shown lu
nescence only at low temperature~77 K!.121 The
disadvantage of this material is that its electrical quality
rather poor, so it is therefore more interesting to investig
amorphous materials with better electrical quality. Hydrog
nated amorphous Si~a-Si:H! is a well characterized, matur
semiconductor that has possibility of being directly deposi
on optical materials. Er implantation of two types
a-Si:H will be discussed next; they are made by low-press
chemical vapor deposition~LPCVD! and plasma enhance
CVD ~PECVD!.

a. LPCVD a-Si. a-Si:H layers 340 nm thick were
deposited122 on Si~100! by LPCVD from SiH4 and N2O at
620 °C. The H and O contents in these films were 10 at
and 31 at. %, respectively. This material is sometimes
ferred to as semi-insulating polycrystalline Si~SIPOS!, al-
though the material used in the present experiments ha
amorphous structure. Erbium was implanted at 500 keV
dose of 131015 Er/cm2. The peak Er concentration, at
depth of 150 nm, was 0.2 at. %.

Figure 61 shows a room-temperature PL spectrum
the Er-implanted LPCVD film annealed at 400 °C. The sp
trum shows the characteristic Er31 luminescence, peaked a
1.54mm. Implanted films were also annealed at temperatu
below or above 400 °C, but all showed less~PL! intensity
than the one annealed at 400 °C. Figure 62~a! shows the
temperature dependence of the 1.54mm PL intensity of this

FIG. 60. Room-temperature EL spectra under forward bias and reverse
for an Er- and O-dopedp-n diode structure. The current was 600 mA
both cases.~Spectral resolution56 nm, from Ref. 120.!
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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sample ~pump power 50 mW!. A very weak temperature
quenching by only a factor of 3 is observed. For comparis
the quenching in Er-implanted crystal Si samples from F
56 ~with and without codoping with 0.2 at. % O, pum
power 200 mW! is also shown. Clearly, the amorphous fil
shows higher PL intensities over the whole temperat
range and with much less quenching.

Luminescence lifetime measurements at 1.54mm were
also made. The decay curves showed a double expone

ias

FIG. 61. Room-temperature PL spectrum of Er-implanted~1
31015 Er/cm2, 500 keV; peak concentration 0.2 at %! LPCVD a-Si:H,O,
annealed at 400 °C.~lpump5515 nm, spectral resolution56 nm; from Ref.
122.!

FIG. 62. ~a! Arrhenius plot of the 1.54mm PL intensity of Er-implanted
(131015 Er/cm2, 500 keV, peak concentration 0.2 at. %, annealed
400 °C! LPCVD a-Si:O,H ~pump power 50 mW!, compared to that for
Er-implanted CZ-Si and Er and O coimplanted CZ-Si~pump power 200
mW!. ~b! Temperature dependence of the two lifetime components in
luminescence decay measurement for LPCVDa-Si:O,H. ~lpump

5514.5 nm; from Ref. 122.!
33Appl. Phys. Rev.: A. Polman
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behavior with lifetimes of around 160 and 800ms,122 inde-
pendent of temperature in the range 77–300 K, as can
seen in Fig. 62~b!. This lifetime behavior is quite differen
from that of O or N codoped crystal Si which showed
lifetime quenching by a factor of 10 or 500, respective
between 10 and 200 K~see Figs. 56 and 58!.108,116

The small lifetime quenching data for LPCVDsa-Si:H
indicates that there is no nonradiative deexcitation~process
B in Fig. 57! of excited Er31 at higher temperatures. Thi
may be associated to the fact that this material, due to
high O content, has a large band gap~2.0 eV!,123 and as a
result a large energy mismatch gap has to be bridged f
deexcitation process to defect levels near the conduc
band. The small~factor of 3! quenching in the intensity mea
sured in Fig. 62 is then attributed to a small decrease in
excitation rate due to carrier detrapping as the temperatu
increased. The fact that this effect is small implies that
Er-related level is positioned relatively deep in the forbidd
band.

b. PECVD a-Si. a-Si:H films were also prepared b
PECVD of SiH4 on glass~Corning 7059! at 230 °C.

124The H
content in the 250-nm-thick films was 10 at. %, and a ba
ground concentration of 0.3 at. % O was also present.
bium was implanted at 125 keV to a dose of
31014 Er/cm2, corresponding to a peak concentration~at a
depth of roughly 35 nm! of 0.2 at. %. In some samples, a
ditional O was implanted at 25 keV to a dose of
31015 O/cm2, resulting in a total O peak concentration
1.3 at. %, which overlaps with the Er profile.

Figure 63 shows the room-temperature PL spectra of
Er-implanted PECVDa-Si:H films annealed at 400 °C dis
playing characteristic Er31 luminescence at 1.54mm. The
inset shows the Er31 luminescence intensity at 1.54mm as a
function of the annealing temperature. As can be se
samples annealed at 300–400 °C display the optimum E31

luminescence. No erbium-related luminescence can be
served from either the as-implanted samples nor from

FIG. 63. Room-temperature PL spectra of Er-implanted~431014 Er/cm2,
125 keV, peak concentration 0.2 at. %! PECVD a-Si:H ~0.3 and 1.3 at. %
O!, annealed at 400 °C. The inset shows the 1.54mm PL intensity as a
function of annealing temperature.~From Ref. 124.!
34 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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samples annealed at 500 °C. The increasing and decrea
trends in the inset are attributed to the competing effects
the removal of irradiation-induced defects and of outdiff
sion of hydrogen as the annealing temperature is increas

Figure 64 shows the temperature dependence of both
integrated Er31 PL intensity and the lifetime for the Er
implanted low-O PECVDa-Si:H film ~0.3 at. % O! annealed
at 400 °C. The inset shows the data above 160 K in detai
well as data for the high-O sample~1.3 at. % O!. All inten-
sity data are normalized to the value at 10 K. Between
and 110 K, the integrated Er31 PL intensity shows a sligh
increase as the temperature increases. At the same time
lifetime decreases. Above 110 K, a 15-fold reduction in t
Er31 luminescence intensity is observed as the temperatu
increased to 300 K. Up to 250 K, the temperature quench
of the Er31 luminescence intensity correlates well with th
of the lifetime ~see inset of Fig. 64!. No lifetime measure-
ments could be made at temperatures above 250 K as
luminescence lifetime became shorter than the system
sponse time~30 ms!. However, extrapolating the lifetime
data to higher temperatures, it becomes clear that most o
intensity quenching above 160 K can be attributed to lifeti
quenching. The high-O sample shows less quenching~only a
factor of 7 between 10 and 300 K!, and again the trend in the
intensity is correlated with the change in lifetime.

The lifetime quenching for PECVDa-Si:H observed in
Fig. 64 indicates that in this material nonradiative deexc
tion of Er can take place at elevated temperature. Indeed,
material has a smaller band gap~1.6 eV! than the LPCVD
material and as a result the nonradiative deexcitation of
excited Er31 ion may involve a smaller energy mismatc
The magnitude of the lifetime quenching accounts for m
of the intensity quenching, which implies that the detrapp
rate of carriers is only slightly temperature dependent. T
also implies that in the PECVD material the Er-related le
is positioned relatively deep in the forbidden band.

FIG. 64. Arrhenius plot of the normalized, integrated PL intensity~open
circles and solid line! and lifetime ~solid circles and dashed line! of Er-
implanted~431014 Er/cm2, 125 keV! PECVD a-Si:H,O ~0.3 at. % O! an-
nealed at 400 °C. The inset shows the curves in a smaller temperature r
Data for the high-O sample~1.3 at. % O! are also shown in the inset.~From
Ref. 124.!
Appl. Phys. Rev.: A. Polman
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The fact that in both LPCVD and PECVDa-Si:H the
excitation rate is only slightly temperature dependent~i.e.,
carrier detrapping is not very efficient! is in contrast to the
behavior of Er in crystalline Si, where it was shown that t
carrier detrapping effect is important~see Sec. VI Af!. The
present data also correlate with previous work on III–V a
II–VI semiconductors doped with Er~Ref. 125! that has
shown the trend that the luminescence quenching is redu
as the band gap is increased.

c. Porous Si. Porous Si~p-Si! has been extensively in
vestigated in the past five years since it can quite efficie
emit light under optical excitation, presumably due to
quantum confinement effect in the Si crystal nanogra
present inp-Si.126 It is a disordered material that also co
tains amorphous regions and high concentrations of oxy
and hydrogen.

It has been suggested thatp-Si would be a good host fo
Er since spatial confinement of carriers in the Si nanogra
could cause them to recombine near the incorporated Er
thus result in very efficient excitation of Er31 in p-Si.127,128

A 5–10-mm-thick p-Si layer was produced129 by anodic
etching of a silicon wafer in a 2:3:5 HF/H2O/2-propanol so-
lution for 10 min at a current density of 20 mA/cm2. The
resulting porosity was 65%. The Si:O ratio, as measured
RBS, was 1:1. Thep-Si film was then implanted with 1
31015 Er/cm2 at an energy of 250 keV, and annealed
vacuum at 400 °C for 2 h.

Figure 65 shows a room-temperature PL spectrum of
virgin p-Si layer and the implanted layer before and af
annealing. A 455 nm pump was used. Prior to implantati
the spectrum peaks around 740 nm. In fact, visible lumin
cence is clearly seen by the naked eye, confirming the g
quality of thep-Si layer. No Er-related luminescence is se
from the as-implanted sample. However, after annealing
400 °C, a clear Er-related peak around 1.54mm is observed.

Additional studies were performed on Er-implant
p-Si, including its dependence on annealing temperature
PL intensity quenching as a function of temperature, and
dependence on excitation wavelength,129and they all showed

FIG. 65. Room-temperature PL spectra of virgin porous Si and
implanted~131015 Er/cm2, 250 keV! porous Si before and after annealin
at 400 °C.@lpump5455 nm, power55 mW (spectrum,1mm) or 50 mW
(spectrum.1mm), spectral resolution56 nm; from Ref. 129.#
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997

Downloaded¬15¬Sep¬2003¬to¬131.215.237.132.¬Redistribution¬subje
d

ed

ly

s

n

s
nd

y

e
r
,
s-
od

at

its
ts

very similar results to those of Er-implanted LPCV
a-Si:H,O ~see Sec. VI B1a!. Given the fact thatp-Si contains
similarly high O and H concentrations as the LPCVDa-Si
material, this seems plausible. It must then be assum
that—at least in thep-Si materials used in the prese
study—the Er-related luminescence is from Er located
amorphous regions in the porous layer, and isnot related to
quantum confinement effects in the Si nanograins. This
supported by the fact that the annealing behavior of the
ible and Er-related luminescence did not show any corre
tion. In addition, the PL quenching behavior of the visib
and Er-related luminescence also showed no correlation129

2. Electroluminescence

Electroluminescence measurements were made on
implanted a-Si:H,O films made by LPCVD~SIPOS, see
above!. A p-type Si~100! wafer doped with B by ion implan-
tation on both sides was used as a substrate. A 30-nm-t
a-Si:H,O sample was then deposited on one side, and
planted with 35 keV Er under an angle 60° off the surfa
normal, at a total fluence of 531014 Er/cm2. The Er peak
concentration was 1.5 at. %. After implantation, the sam
was annealed at 400 °C, and metal contacts were depos
The light was coupled out through a 0.16 mm2 hole in the
backside contact. Details of the LED geometry are given
Ref. 130.

Figure 66 shows a room-temperature EL spectrum of
diode under reverse bias~220 V, negative voltage on the S
substrate side! at a current of 260 mA. A clear Er31-related
emission around 1.54mm is observed. No signal was ob
served in forward bias for this particular diode. Diodes a
nealed at 500–600 °C did show weak forward bias EL,
these diodes showed much weaker reverse bias EL than
ones annealed at 400 °C.

Detailed analyses were made of the electrical charac
istics of the diode.130 It was found that in large reverse bia
the electric field is shared by thea-Si:H,O/Si junction and
the Si. For a reverse bias above'14 V, the field in the Si
reaches 1 MV/cm, and breakdown will take place by a co
bination of avalanche and Zener mechanisms. This resul

-
FIG. 66. Room-temperature EL spectrum in reverse bias of an Er-impla
~531014 Er/cm2, 35 keV! LPCVD a-Si:H,O/c-Si diode structure anneale
at 400 °C~220 V, 260 mA!. ~From Ref. 130.!
35Appl. Phys. Rev.: A. Polman
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Er
the creation of a large density of hot electrons on the
crystal side of the junction, and the hot electrons are t
accelerated towards and into the Er-dopeda-Si:H,O layer.
The Er is then excited through impact excitation. An es
mate of the impact excitation cross section was mades i

.6310216 cm2 and the internal quantum efficiency of th
Er-doped LED was around 1024.

Electroluminescence measurements were also mad
PECVD depositeda-Si:H films.131A layer structure, consist
ing of 20-nm-thick p-type a-Si:H/500 nm intrinsic ~i !
a-Si:H/20 nmn-type a-Si:H was deposited onto a barium
borosilicate glass substrate covered with a transparent
ducting oxide layer. Next 700 keV Er was implanted into t
layer structure at a fluence of 531014 Er/cm2. Oxygen was
coimplanted at 80 keV (3.231015 O/cm2) and 120 keV
(5.531015 O/cm2), resulting in a roughly constant O con
centration of 1.0 at. % at the Er projected range in the mid
of the intrinsic layer. The diode structure was annealed
vacuum at 400 °C for 30 min, and Ag contacts were eva
rated. The light was coupled out through the transparent c
ducting layer and the glass substrate.

Figure 67 shows a room-temperature EL spectrum m
sured under forward bias~4.45 V, 19 mA!. A clear Er31

luminescence peak is seen at 1.54mm, superimposed on a
broad background that is attributed to defect electrolumin
cence froma-Si:H. A PL spectrum measured at a pum
power of 40 mW is shown for reference in Fig. 67. It al
shows the Er31 luminescence on top of a defect backgrou
signal.

VII. OTHER MATERIALS AND OTHER RARE-EARTH
IONS

This review paper described the work by the author a
collaborators on erbium-implanted thin film photonic ma
rials. Several other groups have contributed to this field
research, and references to the main achievements are
in Sec. VII. Only materials made by ion implantation a
discussed. It should be noted that, specifically in the are
optical waveguide synthesis, several techniques other
implantation are also being used.

FIG. 67. Room-temperature EL spectrum in forward bias~4.45 V, 19 mA!
of an Er-implanted PECVDa-Si:H p- i -n diode coimplanted with 1.0 at. %
O.
36 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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A. Er-implanted waveguide films

Er implantation of LiNbO3 for optical purposes was pio
neered by Buchalet al. Single mode Ti-diffused channe
waveguides were made on a 300 keV Er-implanted and
nealed LiNbO3 wafer, and optical amplification wa
demonstrated.132 They also made careful studies of the d
fusion of Er implanted in LiNbO3,

133 information that was
later used in the optimization of Er-indiffused LiNbO3 wave-
guide lasers.

Other perovskite-type materials have also been
planted with rare-earth ions: Nd-implanted SrTiO3 showed
characteristic photoluminescence of Nd31 at 1.05–1.08
mm,134 while Tb-implanted Y3Al5O12~YAG! showed cathod-
oluminescence at 544, 590, and 620 nm. Sapphire sin
crystals implanted with Eu showed photoluminescence
622 nm, particularly after additional laser annealing.135

Si3N4 thin films were also doped with Er by ion
implantation.15,136This material has a relatively high refrac
tive index (n51.97), and therefore waveguides with sm
dimensions and highly confined optical modes can be ma
PL from Er31 was observed after annealing and had lum
nescence lifetimes at 1.54mm of 7 ms at low Er concentra
tion. Combined Er and Yb implantations were perform
into silicon oxynitride waveguides. In such codope
waveguides, the aim is to take advantage of the relativ
high absorption cross section of the Yb31 ion, which can
then resonantly transfer its energy to Er31.137

Cavity quantum electrodynamic effects on the sponta
ous emission rate of Er31 were studied by Vredenber
et al.,138,139who implanted Er into a Fabry–Pe´rot microcav-
ity. By varying the thickness of the SiO2 active layer in the
cavity, the cavity resonance was tuned on or off the E31

emission wavelength. Luminescence lifetimes of 9.8 a
14.8 ms were found for on-resonance and off-resona
cavities, respectively. Due to the high cavity quality facto
the Er31 emission intensity could be significantly enhanc
and the spectral width reduced.

Finally, we mention the work by Townsend and c
workers who have used light ion irradiation to modify th
refractive index in the near-surface region of virtually a
material.140 Using masked ion implantation, chann
waveguides were written in an Er-doped YAG laser crys
and waveguide lasing was then achieved.141 Ion irradiation
serves as a useful tool in making waveguides in materials
which no simpler waveguide fabrication methods~such as
diffusion, deposition, or ion exchange! exist.142

B. Er-implanted Si

Work on rare-earth-doped semiconductors was p
neered by Ennenet al., who reported in 1983 and in 1985 th
first ~low temperature! photoluminescence143 and
electroluminescence144 spectra of Er in Si that was grown b
molecular beam epitaxy within situ ion implantation. Due to
the lack of room-temperature emission from Er in Si at th
time, this field of study remained silent for several yea
until it was reinspired by the successful experiments on
implantation into SiO2.

15
Appl. Phys. Rev.: A. Polman
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Groups at AT&T Bell Laboratories and later at Mass
chusetts Institute of Technology studied the enhancemen
the luminescence of Er-implanted Si by codoping with
impurities such as oxygen, nitrogen, fluorine, a
carbon,111,145and also studied the solubility109 and phase dia-
gram of Si–Er,146 the electrical properties,112 and the
quenching behavior of Er in Si.147 Optimized Er and O
doped Si LEDs were made and they showed roo
temperature electroluminescence at 1.54mm.147,148 These
light-emitting diodes were then integrated into a Si-bas
waveguide modulator structure, and a modulation freque
of 20 kHz was achieved.149

Simultaneously, a group at Catania University stud
the effect of codoping on the quenching of E
luminescence,108,117and on the electrical properties of the
host.103,117,150 Room-temperature electroluminescence w
achieved120 as was reported earlier in this article. Recent
this group found that the modulation frequency of the LE
was not fundamentally limited by the Er31 spontaneous
emission rate, as free carriers in the depletion layer of
device cause an effective shortening of the lifetime, presu
ably due to an Auger quenching effect.147,151This effect may
be further optimized and may lead to LED modulation fr
quencies in the MHz range.

Several other groups have studied the lattice location
site symmetry of Er in crystal Si,152,153 IBIEC of Er-doped
a-Si,154 the effect of impurity codoping,110,155,156the local
environment,104 excitation mechanisms,157 as well as the
theory of excitation of Er in Si.158–161It should be noted tha
the work on Er implantation into Si has also triggered furth
work on growth using molecular beam epitaxy.11 Room-
temperature electroluminescence at 1.54mm was recently
achieved in Si:Er grown by molecular beam epitaxy.162

Er doping of a-Si was first reported by Oestereic
et al.163 and later by others. Some experiments involve
doping by implantation,121,164but other techniques have als
been used.165 Finally, the surprising increase in the numb
of papers published on Er-doped porous Si, many of wh
can be found in Ref. 11, should be mentioned.

VIII. CONCLUSIONS

In conclusion, the different Er-implanted thin film pho
tonic materials described in this article each have very ch
acteristic optical and structural properties. Each of these
be used in an advantageous way. Optimization of Er-do
silica films may lead to the development of fiber-compati
planar optical waveguide amplifiers. Er-doped silica is a
ideally suited for further fundamental studies related
quantum-electrodynamical effects on spontaneous emiss
Optimum optical gain performance is observed in E
implanted Al2O3 channel waveguides, with which th
world’s smallest (1 mm2) Er-doped optical amplifier, operat
ing at the lowest pump power~9 mW!, is made. Efficient
cooperative upconversion is observed in Er-implanted Y2O3

films, and green, blue, or UV waveguide lasers may be m
in this material. In LiNbO3, a new method is discovered t
incorporate high Er concentrations using rapid thermal
nealing. And, Er-doped Sip-n diodes show room-
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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temperature electroluminescence at 1.54mm. The emission
efficiency may be increased by optimization of the local e
vironment of the Er31.
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