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Erbium doped materials are of great interest in thin film integrated optoelectronic technology, due
to their EP" intra-4f emission at 1.54um, 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 glaggese SiQ, phosphosilicate,
borosilicate, and soda-lime glasgeseramic thin filmgAl,O3, Y504, 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 Physids§0021-897@07)07013-9
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3+ . . .
er freeion in solid that optical telecommunication networks are as well devel-

oped as they are today, and the Er transition atunbhas
FIG. 1. Schematic energy level diagram of Erin the free ion the energy ~ Clearly set the telecommunication wavelength standard at 1.5
levels are sharp; in a solid the levels are split due to the Stark effect. Pumpm.” Recently, a multiwavelength optical signal transmis-
(1.48 um) and signa(l.SQMm) wavelengths are indicated, together with the gjon rate as high as 100 Gbits/s was demonstrated in a 6300-
Russell-Saunders notation of the energy levels. - : . . -

km-long fiber link with fiber amplifiers to compensate for the

signal attenuation after each 45 km section of ffbBracti-

cal pump wavelengths for Er-doped materials are 980 nm, at
responding optical frequency bandwidth off461z (1 TH2). which relatively inexpensive lasers are commercially avail-
To fully exploit such high frequencies, it is important to able, or 1.48um. In the latter case, a quasitwo-level system
develop new materials that can be used for the generatiolis achieved.
guiding, switching, and amplification of light. Such materials A logical next step in optical amplifier development is
can then be used in components in the optical communicahe planar amplifier, in which Er-doped channel waveguides
tion network. are made on a planar substrate. Planar amplifiers offer the

Rare-earth ions, specifically erbium, have played an imimportant advantage that they can be integrated with other
portant role in the development of optical communicationwaveguide devices such as splitters, switches, or multiplex-
technology in the past few years. Trivalent erbi(iime pre- ers on a single chip. A schematic example of such a structure
ferred bonding stajehas an incomplete f4electronic shell is given in Fig. 2, which shows aX4 splitter (SPL), com-
that is shielded from the outer world by closed &d 5  bined with an Er-doped amplifie(AMP) section, which
shells® As a result, rather sharp optical intrd-#ransitions compensates for the fourfold intensity loss after the splitter.
can be achieved from erbium doped materials. The transitiomhe waveguide is rolled up in a spiral geometry in order to
from the first excited state to the ground state iA'Evccurs ~ fit onto a small aredtypically mn?). Wavelength division
at an energy of 0.8 eV, corresponding to a wavelength ofmultiplexers are used to couple and decouple the signal and
1.54 um. This is an important telecommunication wave- pump beams.
length since standard silica-based optical fibers have their The radiative lifetime of the first excited state offEiis
maximum transparency at this wavelength. An energy levelisually in the millisecond range, depending on the material.
diagram for E¥" is plotted in Fig. 1, which also shows the As a result, the emission and absorption cross sections are
Stark splitting of the Er manifolds, due to the electric field in relatively small(typically 10”22~ 10 2° cn?). Therefore rea-
the host. sonable values of optical gaif3 dB, a factor of 2 can
In 1987 it was discoveréd that Er-doped silica fibers only be reached when the signal beam encounters a large

could be used as optical amplifiét8 operating at 1.54um.  amount of excited Bt (10°°- 1¢?* Er/cn?). Given the small
A continuous pump laser is used to create population invertength of a planar amplifiefcompared to a typically 20-m-
sion between the ground and first excited state i Er long Er-doped fiber amplifi¢ra high Er density, typically in
whereupon stimulated emission can serve to amplify a highhe range of 0.1-1 at. %, is required. At such high Er con-
frequency telecommunication signal at 1.,6%. Such opti- centrations, the distance between the Er ions is small and
cal amplifiers are necessary to compensate for the losses @bectric dipole—dipole interactions between excitedi Hons
the processing and distribution of optical signals, whilecan reduce the gain performance of the amplifier.
maintaining the high bandwidth and low crosstalk. Erbium-  In order to synthesize and optimize planar Er-doped
doped optical amplifiers can show a linear gain responseyaveguide films it is essential to study materials issues such
temperature and polarization insensitivity, and low niste. as luminescence spectra, lifetimes, concentration depen-
is mostly due to the availability of Er-doped fiber amplifiers dence, and quenching effects, nonlinear upconversion ef-
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fects, interactions with defects and impurities, and annealing new technique to make two-dimensional spatial images of
behavior as well as quantum electrodynamic effects on sporeptical modes in a planar waveguide. Er implantation is also
taneous emission. This article reviews our work over the pagterformed on ¥Oj; thin films, which have a similar crystal
six years on the synthesis of several Er-doped thin films usstructure as AlO;. Er-doped ¥%0O; waveguides show stron-
ing ion implantatior®. Results on several different silica ger upconversion than ADs;, which is due to the long lumi-
glasses, ceramic oxide thin filn{&l,05 Y,03), as well as nescence lifetimes in Y05 as a result of the low-energy
an electro-optic material (LiNb§) are studied and com- phonon spectrum of this material.

pared. In Sec. V, Er implantation into single crystal LiNQ@s

Erbium doping of silicon has also become an intensivelydiscussed. High temperature annealing is required to recrys-
studied subject. If efficient light emission from Er in Si could tallize the implantation-amorphized LiNB@rystal. A rather
be achieved, the integration of electrical and optical funccomplex recrystallization scenario involving competition be-
tions on a single Si chip may be realized. This article alsdween columnar solid phase epitaxy, random nucleation and
reviews our recent work on Er-doped silicon. A more exten-growth, and polycrystal alignment is derived. Sharply peaked
sive review on Er-doped Si will appear elsewh&ta com- Er*" luminescence spectra with a luminescence lifetime of
plete record of the state of the art in rare-earth doped semR.9 ms are observed. The maximum Er concentration that
conductor research can be found in Ref. 11. can be optically activated is 0.18 at. %.

In this review we focus on ion implanted materials only, ~ Section VI reviews work on Er implantation into silicon.
since several materials issues, including the effect of implanCrystal Si is easily amorphized by an Er ion beam. Solid
tation defects, annealing behavior, diffusion, and optical acPhase epitaxy at 600 °C leads to segregation and trapping of
tivation, are specific to ion implantation. However, many is-up to 2<10°° Ericn? in the crystal. The segregation and
sues that are discussed also apply to other methods. The affi@Pping behavior is temperature and concentration depen-
of this review is to assemble and compare work done in thiglent. While high Er concentrations can be trapped in the
area in the past several years by the author and co-workers.gtystal, the maximum Er concentration that can be optically
should be noted that several other research groups have coetivated in Czochralski-grown Er is only>x@0"" Er/cn?,
tributed to work on Er-doped optical waveguide materialsand the excitation quantum efficiency isf0 The presence

and silicon. A brief description of that work and a list of Of impurities such as oxygen increases the active Er concen-
references are given near the end of this article. tration and the quantum efﬁciency, and also serves to reduce

In Sec. II, experimental techniques required for the fab-the luminescence quenching that is observed at temperatures
fication and optical characterization of Er-implanted thin=100 K. An impurity Auger model for the excitation and
films are listed. Er ion sources and the details of photolumideexcitation of Er in Si is discussed. Optimized Er-implanted
nescence spectroscopy equipment are described. In Sec. light-emitting diodes codoped with oxygen show room tem-
various silica glasses are doped with Er by implantation aPerature electroluminescence at 1. with an internal
energies in the range 400 keV—5.0 MeV. The annealing beduantum efficiency of 10%. Experiments are also performed
havior and the effect of radiation damage on th&"Bumi- on amorphous Si as this material can accommodate much
nescence are discussed. Due to concentration quenching &gher Er concentrations than crystal Si due to its network
fects the luminescence lifetime is strongly dependent on ERNd its defect structure. By codoping with oxygen, a tem-
concentration; it ranges from 1 to 15 ms. Extended x-rayP€rature quenching between 10 and 300 K by only a factor 3
absorption fine structure measurements show that in thedg OPserved, resulting in clear room temperature emission at
silica glasses Er is bound to four to six oxygen atoms as first->4 #M. Er-implanted amorphous Si light-emitting diodes
neighbors. Er-implanted channel waveguides in soda-lim&how room temperature electroluminescence with an internal

glass show upconversion effects due to interactions betweef@ntum efficiency of 10°. Porous Siis also implanted with
excited E?* ions, and the upconversion coefficient is deter-Er» @nd shows room temperature luminescence, with charac-
mined. Upconversion limits the optical gain performance,te”St'CS similar to those of Er-implanted amorphous Si.

and pump powers>100 mW are required to reach the net

gain in these glasses. Also, quantum electrodynamical effec{$ ERgIUM ION IMPLANTATION AND OPTICAL

on the spontaneous emission rate of‘Enear a dielectric CHARACTERIZATION

interface are investigated.

Section IV describes Er implantation into polycrystalline
Al,O;5 thin films. By thermal annealing, Er concentrations up lon implantation is a convenient way to incorporate Er
to 1 at. % can be optically activated in this material and havéons into thin films, as the Er concentration depth profile can
a luminescence lifetime of 4—8 ms. Miniature channel wave-be tailored by varying the ion energy and fluence. In this
guide structures are made; these have much better confineeview, experiments were performed using either a 1.7 MV
optical modes than those in silica glass due to the high retandem accelerator from National Electrostatics Corporation
fractive index of AbO;. The EFT absorption and emission or a 1 MV single-ended Van de Graaff accelerator from High
cross section spectra, upconversion coefficient, and excitedoltage Engineering Europa B.V. In the tandem accelerator,
state absorption cross section are determined. An optimizerO™ ions were extracted in a sputter ion source, using a
Er-doped channel waveguide is then designed and fabricate@s-covered cathode containing a mixture of Er and Al pow-
It shows an optical gain of 2.3 dB when pumped at a poweders. The negative molecules were dissociated and charge
of 9 mW at 1.48um. Upconversion luminescence is used inexchanged in a gas-stripper canal in the high-voltage termi-

A. Er implantation
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nal. In the single-ended machine, positive Er ions were ex- Energy (MeV)

tracted from a sputter ion source with solid Er as a cathode,

and a Wien filter at the high-voltage terminal was used for &IG. 4. lon range and straggle for different Er implantation energies mea-
coarse mass separation before acceleration. For both mgtred using RBS fofa) SiO; thin films and(b) crystal Si.

chines, the accelerated Eiions were mass selected in a

S.WitChing magnet. In general, it is difficult to make N€9a-, it is found thatTRiMe9 underestimates both range and
tively charged Er ions so that beam currents from a tandengtraggle by up to a factor of 2

accelerator are usually lower than from a single-ended ma- '
chine. Ef ion currents up to 1A are typical for a Van de
Graaff accelerator.

Due to the high stopping cross section, the Er penetra- Photoluminescence spectroscopy measurements were
tion depth in a material is relatively small. Implantation en-used throughout to optically characterize the Er-implanted
ergies of several MeV are required to reach projected iorfilms. In most experiments, an Ar ion laser was used as an
ranges in the micron range typical of optical waveguide maexcitation source since its emission is resonant with the
terials. This is illustrated in Fig. 3 which shows an Er depth*l 5;,—~2H11, and 4l,5,—%S;, absorption transitions in
profile}? measured using Rutherford backscattering specEr’*. Depending on the exact shape of the absorption spec-
trometry (RBS), of an SiQ film implanted with 3.5 MeV Er trum, which varies from material to material, a specific laser
ions to a total fluence of 810 ions/cnf. The Er profile line (476, 488, 496, 502, or 515 pnwas used to obtain
peaks at a depth of 1.2em and has a full width at half- optimum emission. Some experiments were performed using
maximum(FWHM) of 0.56 um. The corresponding straggle a Ti:sapphire laser that was tuned across 4he,— %S4,
or standard deviation ie=0.24 um. The peak Er concen- transition in EF* around 980 nm. Both Ar laser and Ti:sap-
tration is 0.1 at. %. phire excitation were performed using near normal incidence

SiO, films were implanted with Er at different energies of the laser beam to the sample surface. In comparing lumi-
in the range 0.25-5 MeV, and the depth distributions wereescence intensities among different thin films, it should be
measured using RBS. The Er projected range and straggtealized that the laser beam generates a standing wave pat-
derived from these data are plotted in Figa)das a function tern in the film. Hence the Er excitation efficiency depends
of implantation energy. A roughly linear increase with ion on where the ions are located relative to the node/antinode
energy is found for both the range and the straggle. Thisnterference pattern in the waveguide.
linear increase is due to the fact that for a heavy ion the total Experiments on optical waveguides were performed us-
energy loss by atomic and electronic collisions is not verying excitation with a Philips 1.4g&m InGaAsP diode laser,
dependent on energy in the MeV energy range. the output of which was first coupled into one end of an

lon range and straggle were also measured for Er imeptical fiber. The othettaperedl end was then aligned to the
planted into crystal Si. During implantation, the wafer waswaveguide using piezo-electric actuators. Details of such a
tilted 7° off the ion beam direction to avoid channeling. Thesetup are reported elsewhéfeA HP 8168 laser, tunable
results are shown in Fig.(Hd), and they show slightly smaller around 1.53um, was used to generate the signal in the op-
ranges and straggle than they do for Si®his is in agree- tical gain measurements.
ment with the difference in energy loss in the two materials.  In all experiments, a standard single-grating monochro-
A Monte Carlo program nametriM89™® is often used to mator was used to disperse the luminescence light onto a
estimate depth profiles and straggle after ion implantationdetector. A Northcoast EO-817S detector was used for most
Comparing such calculations with the measured data in Figneasurements in the 0.9—1um wavelength range. It has a

B. Optical characterization
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FIG. 5. Room-temperature PL spectrum for an Er-implantés FIG. 6. PL _decay measurements at 1.53%, measured at room tempera-
X 10" Erfen?, 3.5 MeV, peak concentration 0.1 at) %iO, film on a Si  ture, of as-implanted5x 10" Er/cn?, 3.5 MeV, 0.1 at. % peakand an-

substrate. (\ pymy=488 Nm, pump power 250 MW, spectral resolution nealed(900 °C, 1 h thermally grown SiQ films. The timing of the excita-
=1nm, from Ref. 15. tion pulse is indicated schematicallzrom Ref. 15,

time resolution of 30us, sufficient for most luminescence It is interesting that the as-implanted sample shows a
lifetime measurements. A Northcoast EO-817P detectormeasurable PL intensity at room temperature. This should be
with less sensitivity but faster response time X us), was compared with results on ceramic oxides or some Er-
also used. A Hamamatsu 7102 near-infrared sensitive photdmplanted semiconductors in which an annealing treatment is
multiplier tube was used for measurements in the 0.3—1.&lways necessary to obtain optically active’Efsee Secs.

um wavelength range. In addition, an ANDO AQ6312B |V-VI). Apparently, the bonding nature of the Si@etwork

spectrum analyzer was used for the optical gain measureyrovides the environment for the Er to be incorporated into

ments. an active configuration. Receirt situ measurements have
shown that the effective viscosity of a Si@®Im during ion

lIl. SILICA GLASSES irradiation is equal to the thermal viscosity at 1000The
high atomic mobility related to such a low viscosity may be

A. Pure silica the reason that the Er can find an optically active site in the

silica network during irradiation.
Figure 6 shows luminescence lifetime measurements for
Silica glass(amorphous Sig) films, 10 um thick, were  an as-implanted SiQsample and a sample annealed at
grown on Sf100) substrates by thermal oxidation in a high 900 °C. In both cases a single-exponential decay is observed.
pressure steam ambiehitThe films were implanted at room The lifetime for the as-implanted sample is 5.5 ms. Anneal-
temperature with & 10'°3.5 MeV Er/cnf. The RBS spec- ing at 900 °C increases the lifetime to 14.1 ms. The lifetime
trum after implantation is shown in Fig. 3. Thermal anneal-increase is attributed to the annealing of irradiation damage
ing was performed fol h in astandard tube furnace for that can couple to the Et ion and cause nonradiative decay.
temperatures in the range 300-1200 °C. A RBS spectrurgarlier studies have shown that annealing temperatures
after annealing at 1200 °C is also shown in Fig. 3, and itabove 400 °C are required to anneal implantation damage
shows no measurable diffusion of Er. such as dangling bonds and vacancy compléses,E’ and
Figure 5 shows a room temperature photoluminescencg, oxygen vacancy centeras well as bond angle and length
(PL) spectrum for an as-implanted sample measured with @istortions in the silica network 2%
spectral resolution of 1 nm. An Arion laser(488 nm, 250 Figure 7a) shows the PL peak intensity at 1.535 as
mW) was used for excitation. A sharp PL spectrum is ob-a function of annealing temperature. Annealing did not lead
served with a main peak at 1.53@m and a side peak at to a change in spectral shape. It did lead to an increase in the
1.551 um. The spectrum is characteristic &f3,—%152  PL intensity for temperatures up to 900 °C. Lifetime mea-
transitions in Et* (see Fig. 1 The spectral width of the surements were also made at different annealing tempera-
main peak(1l nm FWHM and the wide tails of the spec- tures and are plotted in Fig(h). In a simple model the PL
trum are a result of Stark splitting of the excited and groundntensity is given by
state in the host electric field, plus additional homogeneous
and inhomogeneous broadening. The two peaks are the only | o[ Efacd L, (1)
resolved Stark structure. Tra

1. Optical activation of Er
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FIG. 7. (8) Room-temperature PL peak intensity afij PL lifetime for The lifetimes for films after Er implantatiofas implantefland after anneal-
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SiO, films measured at 1.54m for samples annealed at different tempera- (From Ref. 21)
tures. Annealing was performed in vacuum for 1 h. The lines are a guide for
the eye.(From Ref. 15).
1200 °C fa 1 h and shows the area around the peak of the
implant at a 1.25um depth. Clearly, 10—20-nm-diam pre-
cipitates can be observed. Energy-dispersive x-ray analysis
revealed that these precipitates contain Er. They were not
observed for a sample annealed at 1050 °C. It is likely that
these precipitates do not exhibit optical transitions, i.e., do
not contribute to[ Er,.] in Eg. (1). The precipitation phe-
omena are then not reflected in the lifetime d&tig. 7(b)]

with [ Er,.] the optically active Er concentratiom,the mea-
sured luminescence lifetime, ang,y the radiative lifetime
(the lifetime in the absence of nonradiative processEke
data in Fig. 7 show an intensity increase up to 900 °C con
comitant with the lifetime increase, indicating that the inten-
sity increase is mainly due to an increase in the luminescen

quantum efficiency, and not due to an increase in the activgs these are only a probe of the optically active ions dis-

Er concentration. . .
. . . . . _. persed in the silica network.
The rapid decrease in PL intensity above 1000 °C in Flg.p

7(b) is explained by precipitation of Er, as can be seen in the a4 S

transmission electron microscoJEM) micrograph of Fig. 2- Er" as a probe for ion irradiation damage

8. This micrograph was taken on a sample annealed at As the EF" luminescence is sensitive to irradiation dam-
age in the glasgsee Sec. Il Al, the luminescence lifetime
can also be used as a probe of such defédis-implanted
SiO, films (5x 10'° Er/cn?, 3.5 MeV) were first annealed at
900 °C to increase the &r PL lifetime to 14.1 mgsee Fig.

6). Radiation damage was then introduced into the annealed
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 beyond
the Er depth profile so no chemical interaction between the
Er and the implanted species took place. Figure 9 shows
lifetime measurements taken after irradiation by each of
these ions for fluences in the range!®010'® cm™2. In all
cases, the lifetime is decreased by irradiation with fluences as
low as 16 ions/cnt and continues to decrease with fluence
until saturation occurs above 10'* ions/cnt.

From the C, Si, and Ge data in Fig. 9 the threshold
fluences¢, have been estimated and are defined as the flu-
ence necessary to reduce the lifetime to a value halfway be-
; ; tween the initial and final values. The fluengeis listed in

s ® .- Table | for the three irradiation conditions and ranges from
FIG. 8. Cross sectional TEM micrograph of an Er-implantésl 3.0x10%to 7.8< 10 jons/ent. To quantify these numbers,
X101 ér/crr?, 3.5 MeV, 0.1 at. % pea)ktk?err?wally grown SiQ f?lm an- the energy loss proﬂées for C, Si, and G.e in giere cal-
nealed at 1200 °C for 1 h. The micrograph is taken at the peak of the EFUlated usingrrIM89" and convoluted with the Er concen-
profile at 1.25um depth.(From Ref. 15). tration profile measured with RBS. In this way the average

Ospin
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TABLE I. Threshold fluencesd;) determined from the curves in Fig. 9,

together with the calculated average nuclegy) (and electronic {.) energy

deposition rates. The saturation lifetime for high fluence irradiatiag) (is 40
also listed.
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3.5Mev 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

N
(@]

as implanted

annealed
700 °C

PL Intensity (a.u.)

lattice vacancy formation rate due to nuclear displacements
(vn) and the average ionization rate due to electronic energy
loss (ye) around the Er ions were calculated. These results
are also listed in Table I.

—
o
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For a given implantation fluence,, varies by a factor of O s s 18 1'"60
28 for the three different ions whereag varies by only a Wavelength (um)
factor of 1.6. Given the fact thag; varies only by a factor of
~2.6, it is concluded that electronic interactions play aFiG. 10. Room-temperature PL spectra for as-implant¢8.8
dominant role in determining the lifetime changes after ionx10'° Er/cn?, 2.9 MeV, 0.1 at. % peakand annealed700 °C, 1 h phos-
irradiation. For each iofC, Si, or Gé the electronic energy Phoi"fate FglaSSR ';""115' (\pumg=488 M, power250 mW, - resolu-
deposition density at which the threshold fluence is reached”" nm) From Ref. 5.
can be estimated, i.ey.¢; . Using the parameters in Table I,
values in the range (0.6-18Y0eVicn?, ie., B.Phosphosilicate glass
~0.9-1.5 eV/atom are found. This number is in good agree-
ment with the energy density at which radiation induced

1.65 1.70

Phosphosilicate glass is a well-known waveguide core
compactioﬁ2 as well as the density dt centerd® saturate material as its rgfractive index is several percent higher than
after irradiation of SiQ that of a pure silica clgddlng. These Iaygrs can bg deposited

Figure 9 clearly shows the difference in saturation dam-by low-pressure F:r?;mlcal vapor dep_osmon fgom silane, oxy-
age for the four different irradiation conditions as reflected inJeM: and phosphin€.Layers doped with 7 at. % P were used

the saturation lifetimerg,. The fact that the high-energy 'Q 13;5‘\5269 eazs/”g ?Cnnﬂ%é' They were implanted with 3.8

heavy ions create “heavier” damage than the lower-energy Room temperature PL spectra are shown in Fig. 10 for

lighter ions may be explained by differences in the collision : R
i . . . . . an as-implanted sample and for a sample annealed at 700 °C
cascade density, differences in damage interaction with pre- : ) .
: C oo i ; . or 1 h. As can be seen, annealing leads to a 40% increase in
cursor damage in the siliéd? or differences in the interac- . : ;
. . eak intensity at 1.54m as well as a change in spectral
tion of damage produced by electronic and nuclea A : :
Stoppinc?2?® These results are corroborated by work b shape. The latter indicates a change in the local environment
PPIng. y yaround Er upon annealing. The FWHM spectral width of

Chengruet al,?® who have shown that the maximuli de- ” : .
fect density increases with increasing ion mass and energy Wese spectra for phosphosilicate glass is typically 25 nm.
; The annealing temperature dependence of the Lrb4

is important to realize that the irradiation fluence for 1 MeV . . . - . B
L . e integrated PL intensity and lifetime is plotted in Fig. 11.

He that causes a significant decrease in the lifetime is a typi- . . ?
Only a very weak dependence is seen for the intensity, and

cal fluence requweq fpr te_tklng a RBS sp_ectrum using a ]the lifetime remains constant at 12 ms for all samples. This
MeV He beam. This implies that the optical properties Ofbehavior is quite different from that of pure silid&ec.

these Er-doped materials are severely affected by RBS analYl'l A), in which annealing was required to optimize both the

sis. The observation that the luminescence lifetime can be . e R
. » . S . Intensity and the lifetime. This indicates that the
tuned” to the desired value using ion irradiation may be of . I : .

. . : .. implantation-induced defects in the phosphosilicate glass
use if electroluminescence devices based on Er-doped silica o .
are fabricated network structure are annealed out during implantation or

These radiation damage studies are important in severgl]ey do not couple to the Ef ions.

technological fields. Si©dielectric layers are routinely used
in the fabrication of microelectronic devices, and their
threshold voltage and leakage behavior can be influenced by Soda-lime silicate glass is a multicomponent glass con-
irradiation. Silica-based containers are used in nuclear wastaining approximately 70 mol% SiQ 14 mol % NaO,
container technology because of the known mechanical red mol % Ca0O, and small quantities of other constituents.
sistance of these glasses to irradiafibfurthermore, silica- Optical waveguides can be made in this glass using a rela-
based optical fibers are the standard in telecommunicatiotively simple Na —K ™ ion exchange proceséBy immers-
technology, and radiation defects can give rise to significaning the glass in a KN@solution at 375 °C, Naions from a
transmission losses in the fibéfs> surface layer are replaced by Kresulting in a typically 1%

C. Soda-lime silicate glass
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FIG. 11. (a) Room-temperature integrated PL intensity #hdPL lifetime,
both measured at 1.54m, for Er-implanted(3.8x 10'° Er/cn?, 2.9 MeV,
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FIG. 13. PL peak intensityopen data points, left axiend lifetime (solid

data points, right axjsat A = 1.54 um of Er-implanted 500 ke\) soda-lime
glass as a function of Er fluence. All samples were annealed at 512 °C. The
Er peak concentration is indicated on the top axis. The solid line is a guide
for the eye; the dotted line is calculated using EQ. (From Ref. 33

0.1 at. % peakphosphosilicate glass samples annealed at different tempera-

tures for 1 h. The solid lines are guides for the efgom Ref. 15).

increase in refractive index. Depending on the ion exchang
time, diffusion depths as large as 10n can be achieved,
enough to produce a waveguide with a well-confined mod
at a wavelength of 1..um. All Er implants described here-

after were performed on 1-mm-thick commercially available

soda-lime silicate glas@-isher premium samples that were
coated with a 40 nm Al film to prevent charging during
implantation. The Al film may also prevent outdiffusion of
Na, which has been observed to occur during ion implant
tion in some cases.

: . L
Soda-lime glass was implanted at room temperature WI'[I?

500 keV Er ions’®3* Figure 12 shows a room temperature
PL spectrum of a sample implanted with a fluence of 3.
X 10 Er/cn? (Er peak concentration 0.4 at)%annealed at
512 °C. The spectrum peaks at 1.53m with a FWHM of

i | | |
1.537,

6 AN -
’“.
3
2 (1.545,um
p—s
24 -
(2]
C
2
£
2 2f .

0 | 1

1.45 1.50 1.55 1.60 1.65 1.70

Wavelength (um)

FIG. 12. Room-temperature PL spectrum of Er-implanted soda-lime silicat
glass(3.7x 10" Er/cn?, 500 keV, 0.4 at. % pealafter thermal annealing at
512 °C. (Apymp=514.5 nm, power70 mW, resolutior-2.3 nm). From
Ref. 33.
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19 nm. The spectrum is broader than that of Er-implanted
ﬁure silica(Sec. Il A), which is characteristic for a multi-
component glass. An advantage of a large spectral width is

fhat optical amplification is possible over a large bandwidth.

Annealing is necessary to optimize the EPL intensity
in soda-lime glass. For this particular glass, the transforma-
tion temperature lies around 650 °C, and the best intensities
are observed for annealing just below this temperature. Note
that in Sec. Illl A it was found that pure silica, which has a

&ransformation temperature of around 1100 °C, shows an op-

imum anneal temperature of 900 °C. Hence we conclude
hat in general the transformation temperature is a character-
istic annealing temperature for the activation of Er in these

silica glasses.

Figure 13 shows the PL peak intensity as well as lumi-
nescence lifetime as a function of Er fluengeak concen-
tration range 0.15-2.0 at.26All samples were annealed at
512 °C. The PL intensity levels off for higher Er concentra-
tion, and the luminescence lifetime decreases with concen-
tration. A threefold increase in fluence, fronx@0™ to 1.8
X 10® Er/cn?, leads to nearly the same PL intensity and a
threefold decrease in lifetime from 4.0 to 1.3 ms.

These data can be fully described by Ef), assuming
that (a fixed fraction of all implanted Er is optically active.
Using the measured lifetimeat each Er fluence, Eql) can
be fitted through the intensity data as a function of fluence
(or concentration This is shown as the solid line, which fits
the data perfectly. The fact that the data can be fitted with
Eqg. (1) assuming a linear increase [dr,] with Er fluence
implies that in this soda-lime silicate glass no precipitation of
Er occurs at concentrations up to 2.0 at. %. It is known that
multicomponent glasses can accommodate large impurity
concentrations. In principle, these high Er densities enable

‘high optical gain but, as we will see further on, interactions

between excited Er ions will reduce the gain at high concen-
trations.

Appl. Phys. Rev.: A. Polman
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FIG. 14. Schematic of the concentration quenching processes in Er- 0 L | i L | L
implanted soda-lime glags) and borosilicate glas®). (From Ref. 38, The 0 2 4 & 2 510 12
open circles indicate Bf ions. In(a), excitation migrates among ¥rions Total Fluence (107°/cm®)
until a quenching center, such as an OH impurity, is metbnEr™ can
also couple to nearby irradiation damag#osed circles FIG. 15. Erbium PL decay rates at 1.54n in Er-implanted(500 ke\}

soda-lime glass as a function of total implanted fluence after annealing at
] o 512 °C. Data are shown for samples implanted with Er dolgsed circles
To study the concentration dependence of the lifetime ineplotted from Fig. 18 and for samples implanted first with 1.4

more detail, the lifetime data in Fig. 13 are replottddts in x 10" Er/cn? and then with 1.8 MeV Au to fluences ranging from 1
Fig. 15 as luminescence decay ratesrJ1/A nearly linear X 10" to 1X 10 Er/cn? (crosses All samples were annealed at 512 °C
L2 i . . fter the irradiations were complete@rom Ref. 38).

increase with Er fluence is seen. The increase can be due {0

two effects:(1) an increased defect density in the glass at

higher Er fluencegeven though the samples were annealed

at 512 °Q or (2) a concentration quenching phenomenon,Fig. 15. Possible quenching centers in these silicate glasses
also known to occur in bulk glass&s®’ In the latter case, are hydroxyl group8° since the second harmonic of the
energy migrates through the material by a resonant interad?H stretch vibration is resonant with the Er 1sn emis-
tion between Er ions until a quenching center is met. This ission. A systematic comparison between Er-implanted silicate
plotted schematically in Fig. 1d). This migration will be- glasses with different OH impurity content showed a corre-
come more efficient at smaller Er—Er distances, hence highdation between OH content and luminescence lifetithe.

concentrations, but will only reduce the lifetime if the mate- ~ The OH content in soda-lime glass was meastired
rial actually contains impurities or defects that couple to arusing infrared absorption spectroscopyQ]=8x 10"
Er ion. OH/cn?. Hence the coupling consta@g, g=2.3x 10 3°

To distinguish between these two options the followingcm® s~ can be found. Extrapolation of the data in Fig. 15 to
experiment was performefi.A soda-lime glass sample was [Ef]=0 leads to an estimate of the radiative decay rate
first implanted with a relatively low Er fluence of 1.4 (in the absence of concentration quenchimy =42 s*

X 10" Er/cr?. Subsequently, radiation damage was intro-(7=22 ms). This value is in agreement with an independent
duced in the Er-doped region by 1.8 MeV Au irradiation atmeasurement that will be shown in Sec. Ill F.

various fluences. The Au energy is such that the projected The dependence of the luminescence decay rate on the
range is well beyond the depth of the Er profile so that therd=r concentration was also studied for an Er-implani@0

is no chemical interaction between Au and Ezimso simu-  keV) alkali-borosilicate glas® The data are plotted in Fig.
lations show that the Er and Au irradiations produced similarl6, together with the data for soda-lime glass from Fig. 15.
irradiation damage densities in the Er-doped region. AftefFor all concentrations a higher decay rate is found for boro-
the combined Er and Au irradiation the samples were ansilicate glass than for soda-lime glass. Above 3
nealed at 512 °C. x 107° Er/cr?® the PL decay rate in borosilicate glass de-

Luminescence decay measurements were made for vafpends linearly on Er fluence. Below3L0? Er/cn? the de-
ous Au fluences and are plotted in Fig. (Cfosses As can cay is a steeper function of Er density than above 3
be seen, the additional radiation damage does not affect the 10?° Er/cn. The high dose data for Er-implanted borosili-
Er decay ratéafter annealing This implies that the increase cate can be described using EB) and the known value for
in decay rate for increased Er concentratjvlr-only” data  [Q] (2.6x10™ OH/cn®).®® It is found that W,=718
in Fig. 15 is not due to additional radiation damage but, =2 s * and Cg,_g=(8.6=0.5)x 10~ *° cm¥s (solid line in
rather, due to a concentration quenching effect. Within &ig. 16. This model, however, which assumes a constant
simple picture, the total decay rate as a function of Er connumber of sinks [(Q]) and a constariiV, does not explain
centration can then be written®s the low concentration data.

It is suggested that, for the case of borosilicate glass, ion

W(En=Wo+8mCe,el ErILQ], @) implantation-induced defects that couple directly to the Er
with W, the decay rate in the absence of migratipresum-  (i.e., not through a migration procgsprovide additional
ably equal to the radiative decay raté,y), [ Q] the density quenching sites for the Er. This is schematically shown in
of quenching centers, ar@g,_g, a coupling constant. Equa- Fig. 14b), where the black dots represent beam-induced de-
tion (2) describes the linear behavior with Er fluence seen irfects. In this model the ratd/; is equal toW, g+ W;, with

J. Appl. Phys., Vol. 82, No. 1, 1 July 1997 Appl. Phys. Rev.: A. Polman 9
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FIG. 16. PL decay rate at 1.54m as a function of implanted Er fluence for

two different glasses: soda-lime silica@nnealed at 512 °C, the same data

as in Fig. 15, and borosilicate glasg@nnealed at 400 °C The solid and
dashed lines are fits to concentration quenching modetem Ref. 38).

W,,4 the purely radiative decay rate ait a nonradiative
term due to direct coupling to the defects. A simple damages)
overlap model can be used to estimate the density of irradia-

tion induced defects; it follows an exponentially saturating

function of fluencep proportional to[ 1 —exp(—¢/¢)] with

¢ a characteristic fluencg.W, can then be written as a

function of ¢ as

Wi(@)=Ws[ 1—exp(—¢/¢c)].

SubstitutingWy=W,,4t+ W, in Eq. (2) (with the ion flux
¢ converted to Er peak concentratjeend fitting to the data

)

ment. We findg.=(6.8+0.4)x 10" Er/cn?, in agreement
with a typical fluence at which the density of irradiation coordination numbers are summarized in Table II.
Measurements for sodium-silicate glass doped with Er in

defects in silica glass would saturdte>

FT Intensity (a.u.)

TT T [ T T T[T T

Si0.:Er (melt)

st ales
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(a)

T T T F LT

SiOy:Er (imp)

(b)
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(c)
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Distance (R)

FIG. 17. Fourier transform EXAFS data f@) pure silica doped with 0.3
at. % Er in the melt, (b) Er-implanted thermally grown SiO (3.4

X 10'® Er/cn?, 2.9 MeV, peak concentration 1.0 at. %, annealed at 900 °C
and(c) sodium-silicate glass doped with 1.15 at. % in the m@&tom Ref.

account measurements on various Er-doped model com-
pounds, show that in the pure silica samples Er has a nearest
neighbor shell at a distance of 0.228 r(loulk doped or
0.225 nm(implanted, consisting of 6.0 or 5.5 O atoms,
respectively. A second nearest neighl§8i) at a distance

of 0.311

nm (mean-square displacement o?=2.3

X 10~ nn) is observed for the melt-doped sample. It could
in Fig. 16 leads to the dashed line, which shows good agreaiot be seen in the implanted sample due to the lower statis-

tics in that measurement. The Er—O distances?, and the

The different behavior for borosilicate glass is attributedthe melt(1.15 at. % are also included in Fig. 17. In this

to the presence of boron in the network. Electron spin resomaterial 6.3 O atoms are found at 0.226 nm from the Er, with
nance studies have shown that B enhances the irradiatiomo detectable standard deviation. These data are also in-
sensitivity for electronic damage in silica by orders of mag-cluded in Table II. No second nearest neighbor is observed in
nitude due to the formation of B-related point defétdd-  the EXAFS data for the sodium-silicate glass.
ditional measurements on different types of borosilicate  Several conclusions can be drawn from these data. First
glasses have also shown a correlation between the quenching all, the implanted and bulk-doped samples show very
rate and the B contert. similar results. Erbium is coordinated with alh@O atoms

in a first shell. The relatively large standard deviation for the

D. Local environment of Er second neighbor Si distance for the bulk-doped sample indi-

EXAFS measurements were perforfiedn thermally
grown SiQ fiims implanted with 3.&410'® 2.9  TABLE II. Nearest neighbor distanceRf,_) with standard deviation
MeV Er/cr? (1.0 at. % peak and annealed at 900 °C. A (Ao?), and_ coc_)rdination numbgiCN) as determined from EXAFS mea-
bulk pure silica sample, doped with Er in the m@t3 at. 9 ~ Surements in Fig. 17.

was also analyzed. The Fourier transforms of the EXAFS Ao?

spectra are shown in Fig. 17. Sample Rero (107 nnd) CN
Let us note here that relative differences in the distance——

scale between these spectra may be compared, but phasé:ozgg (mely 82;;2 2:213 g'g

shifts have to be taken into account to convert these spectra goga-iime 0.226 0 6.3

to radial distribution functions. Detailed analyses, taking into
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FIG. 18. Schematic of an Er-implanted soda-lime silicate glass waveguide. 107 ] ! A l ! Mod
The Er depth profile measured by RBS is indicated by open circles, the 0 5 e 15 20 25
refractive index profile by the solid line, and a calculation of the optical Time (ms)

mode profile is shown by a dashed line. The inset shows a cross sectional

view of the waveguide; the shaded area is the Er-implanted region, thg g, 19. PL decay curves, measured at 1464, that follow pumping to
_hatched region engloseq by the surface{ and the dotted ellipsoid indicates tgsady state using 1.48m excitation at 0.018, 0.133, 1.33, and 22.6 mW in
ion exchanged region, i.e., the waveguiderom Ref. 44, an Er-implanted soda-lime glass channel wavegui@le 10" Er/cn? at
3.0 MeV+1.2x10° Er/cn? at 5.0 MeV, annealed at 512 fCThe dashed
line shows a single exponential decay with-7.2 ms, and the solid line
cates that the Er is not directly bonded to Si but is, insteadrough the data for 22.6 mW is calculated using an upconversion coeffi-

connected through a bridging atom, such as O. The low starsient C,,=3.2<107*® cm/s. (From Ref. 44)
dard deviation(disordey in the Er—O bonds for the soda-
lime glass may be understood by the known effect of alkali

ions as network modifiers. It may be that the'Nans break gljixsg(;gf_l:ﬁn:ﬂ?;sl::(:ef Csr:)e;név%r:ﬁéa?r\:: (;gstr:]ee d Iﬂggxin?jfi_
up the Si—O network and thus allow the Er€omplex to 9 o

relax to its lowest-energy state. This decoupling can ther(fates the 1.54m optical mode density. The mode peaks at

lead to a narrower Er—O bond length distribution than in2 depth(2.5 um) slightly deeper than the Er profile. The

pure silica. In this model, the Si would be decoupled frommOde width is 3um FWHM in depth and 1G:m FWHM in

the Er, and indeed no Er—Si shell is observed. In none of th}ahe lateral _dlmensmn. The Inset of Fig. 18 shows a schematic
cross section of the waveguide.

three samples did the EXAFS analysis give evidence of di-
rect Er—Er bonds. PL §pectroscopy _meas_urements were performed on the
waveguides by pumping with an InGaAsP diode laser oper-
ating at 1.48um. The pump light is absorbed high in the
#4113/, manifold of EF". The energy then almost instanta-
Erbium-doped optical waveguides were made in the fol-neously equilibrates over th#l 5, sublevels(see Fig. 1
lowing way** First, soda-lime silicate glass was implanted The Er luminescence signal was collected perpendicular to
on one side with &10® 3MeVErcnf and 1.2 the waveguide plane.
X 10' 5.0 MeV Er/cnt. During implantation the sample Figure 19 shows 1.54m luminescence decay measure-
was kept at 300 °C to avoid surface rougherihgilhe ments on the waveguides at four different pump powers
sample was then annealed at 512 °C in air. Subsequently,ranging from 18uW to 22.6 mW in the waveguide. For low
thin Al film was deposited and, by use of photolithographicpump powers the decay is single exponential with a lifetime
techniques, Swm-wide channels were etched into the Al. of 7.2 ms. This corresponds to the lifetime found in Fig. 13
Channel waveguides were then defined by N&K ™ ion ex-  (Sec. lll O for a concentration of 0.2 at. %. For the highest
change. Waveguides were made in Er-implanted glass gsump power in Fig. 19 a clear nonexponential decay with a
well as in unimplanted glass for reference. The Al mask wadast initial component is observed.
then etched off and a transparent silicone resin cladfieg These data can be explained by an upconversion effect
fractive indexn=1.43 was deposited. Finally, the end faces due to an interaction between excited Eions. This is in-
of the 3.0-cm-long waveguide were polished. Single-modedicated schematically in Fig. 20, which shows three possible
silica optical fibers were then aligned with the end faces andhteractions between Er ions. Figure(20shows the excita-
a fixed by an ultravioletUV)-hardening acrylate. The fiber- tion migration effect involving a single excited Erion, as
to-sample coupling loss was estimated to be 2—3 dB at 1.@as discussed in Sec. lll C. Figure (BD shows a coopera-
um. tive upconversion interaction between two®*Erons both
The geometry of the Er-implanted waveguide is shownexcited to the first excited state, in which one is demoted
schematically in Fig. 18. The open circles show the Er depttback to the ground state and one is promoted to*ile
profile in the waveguide, determined using RBS. The Edevel. Depending on whether this doubly excited ion will
peak concentration is roughly 0.2 at. % at a depth ranginglecay back to the first excited state or to the ground state,
from 1 to 2um. The solid curve shows the typical refractive this upconversion interaction depletes the first excited state

E. Upconversion and optical gain estimates
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TABLE IV. Measured upconversion coefficient@i s+ 15m— 4 op+ 4150

3r N ® 2H9/2 - 410 transition for various hosts.
(a) Energy migration
(b) Coc'perctuve upconverflon %) iH w2 | 520 Cup
<,L (¢) Excited state absorption (6) "2 545 ¢ Material (1078 cm¥/s) Reference
Ol (5) *Foyy | 860 = . — .
@ i (4) 4|9/2 800 5@ Soda-l!me s!l!cate glasémplanted 3 44
@ (3) "1y | 980 H Soda—llme‘ ;lllcate glassputteregl 3 48
it 1L [ Phosphosilicate glass 90 48
- (@) *hs | 1530 2 Ge/A/P-doped fused silica fiber 3 49
F Barium-silicate glass 2 50
| I I I Aluminophosphosilicate glass 10 50
oL —— (1) Yy - Polycrystalliney-Al ,04 4 65
(@ (b) (© Y Al01(YAG) 54 67
Polycrystalline %04 0.5 14
FIG. 20. Schematic of three different concentration quenching effects in LiNbO5 <0.14 96

Er-doped materialsia) energy migration(b) cooperative upconversiofg)
excited state absorption.

population by one or two ions. This upconversion interactionglected. This is justified by the fact that the lifetime of the

depends on the excited Er concentration, and will thereforé|, , level is short. Table Ill lists the various parameters in

lead to nonexponential decay. these equations for the case of soda-lime silicate glass, as
Assuming that the lifetime of th8l o, level is short, the  determined above, or taken from the literatffé’

upconversion effect can be included in a two-level rate equa-  Using the data in Fig. 19 and the numbers listed in Table

tion for the fractionn, of Er ions in thel ;3,, level: lll, Eq. (4) can be fitted, andC,, determined to be 3
dn, n, X 108 cm?/s. This is an important number as it enters in all
T Ri(1—ng—Rny— 7—[Er]Cupn§. (4)  the rate equations for optical gain calculations. The upcon-

version coefficient is listed in Table 1V, together with coef-
Here 7 is the spontaneous decay time resulting from ra-ficients measured on other materials. The value for soda-lime
diative and nonradiative decay without upconversRpand  glass is similar to that found for Er in sputter-deposited
R, are the rates of absorption and stimulated emission of thglasses (X 10718 cm¥ls),*® indicating that the local envi-
pump light, andC,, is the cooperative upconversion coeffi- ronment and distribution of Er are similar in implanted and
cient. Upconversion is described by a quadratic term since gputtered materials. In contrast, Er-implanted phosphosilicate
involves two exited ions. R;=I,0,/hv, and R,  glass showsC,,=9x10 *"cm ¥s, 30 times higher than
=lpoc/hv,, with o, and o, respectively, the absorption that for soda-lime glas® A similarly high upconversion co-
and emission cross sectiofghich are knowm35"‘6hvp the efficient was reported for Er-doped fused silica codoped with
pump photon energy, anid, the pump intensity, which can Ge, Al, and P, a glass typically used for fiber amplifiers
be estimated from the total power using the known mod€C, = 1076 cm¥s).*® The calculated upconversion coeffi-
profile *® Note that the stimulated emission teRon, hasto cient for Er-doped bariumsilicate and alumino-
be included in Eq(4) because the pump laser spectrum mayphosphosilicate glasses &,,=2—10x 10718 cm/s >0
partly overlap with the*l ;5—%l 15, emission spectrum of The difference inC, for the different glasses may be
Er*. Note that in all calculations excited state absorptionexplained by a difference in overlap between the
which brings an excited Ef ion to the*lq, level by the  *1,3,—% 5, emission and'l3,—*l4, absorption spectra.
absorption of a second pump photimee Fig. 2(c)], is ne-  The phosphosilicate glasses, which all show high upconver-

TABLE Ill. Parameters used in the upconversion and optical gain calculations in soda-lime glass.

Parameter Symbol Value Reference
Pump wavelength Np 1.48 um/980 nm
Signal wavelength Ns 1.536 um
Pump absorption cross section o 1.0x10" 2L cm?/1.0x10 %t en? 46
Pump emission cross section o 0.5x10 2 cn?/0 46
Signal absorption cross section o2 4.1x10 % cn? 46
Signal emission cross section  o¢ 5.0 10" %! cn? 46
Density of soda-lime glass PsLs 0.67x 10% at./cn?
OH concentration [OH] 8% 108 OH/cn?
Concentration of implanted Er  [Er] 1.4x 10?° Er/en?
Er" first excited state lifetime (42 s 1+[ErJ[OH]x5.8x10 ¥ cmPs 1)1 This work, Sec. IlI C
Cooperative upconversion Cup 3x10 8 cm/s
coefficient
Waveguide amplifier length 3.0cm
Waveguide loss a 1.0 dB/cm
Optical mode size B 10 um?
12 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997 Appl. Phys. Rev.: A. Polman
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FIG. 21. Transmission change of a 1.536 signal measured as a function FIG' 22. The calculat_ed net gain at 1'5’3.61 asa function of pump power

of 1.48 um pump power in the soda-lime glass waveguidpen circles in a 3-cm-long soda-llme glass waveguide W|th_ the Er depth proflle‘ sp_reaq
The solid line is a calculation using the measured upconversion coefficienf!! trough the waveguide depth at a concentration of 0.2 at. %. The intrinsic
The dotted line indicates the point at which the signal absorption rate equal\Q’a‘Vegulde losgno Ep of 1.0 dB/cm is indicated by an arrow. Results are
the stimulated emission rate. The dashed line shows a calculation withodt'©Wn for two pump wavelengths: 980 nm and 1,48. (From Ref. 51)
upconversion(From Ref. 44)

The pump powers required to achieve net optical gain
sion coefficients, show a higher spectral overlap. In additionare still relatively high and are attributed to three effects.

it was found that in some phosphosilicate glasses Er cluster- . I . .
. 48 e . . (1) The Er luminescence lifetime is relatively low due to
ing occurs;® this will lead to efficient upconversion. Our

data in Sec. Il C have shown that such clustering does not ﬁggg)entranon quenching effedtsigration to OH impu-
occur in Er-implanted soda-lime glass. S o he effective deca

Figure 21 shows the transmission change of a 1,636 @ Cooperauve. UPCONVErSIOoN INCreases t. € efiec y

. . . rate when high densities of Er are excited.
signal, measured as a function of 1.48 pump power in h i de profile is relatively wide (3
the Er-implanted waveguidéEr peak concentration 0.2 (3) The waveguide mode p . y
. ) : X 10 um) due to the small index contrast between core

at. 9%9. Without pumping, the absorption by the Er leads to a and cladding, resulting in low pump intensities
loss of 1.2 dB. For pump powers above 1 mW, the transmis- ' '
sion increases, and a signal change of 0.8 dB is found at the An improvement in the gain performance could be
maximum available pump power of 28 mW. The calculatedachieved by lowering the OH quenching impurity density.
level at which the absorption and stimulated emission arélowever, calculatior’$ have shown that the main limiting
equal is indicated by the dashed line in Fig. 21. It shows thafactor at high pump powers is upconversion. It is therefore
no net gain is achieved in this case. The line drawn througlimportant to engineer the glass composition to obtain an up-
the data is a calculation based on rate equations includingonversion coefficient that is as low as possible. Such glasses
upconversion; the dashed line assur@gs=0. In comparing  should have narrow and nonresonant emission and absorp-
the two calculations, it can be seen that upconversion shiftdion cross section spectra for thélz,—*l15, and
the 0 dB power point by a factor of 3, thereby increasing the'l 15, *1 o/, transitions, respectively. Since the mismatch be-
pump power necessary for net gain to 70 mWw. tween these spectra can be accommodated by the annihila-

Several improvements in waveguide design are possibldion or generation of phonons, glasses with low-energy pho-
First of all, the total achievable gain could be increased bynon spectra are desirable.
extending Er doping to a greater depteeping the peak The effect of upconversion can also be reduced by low-
concentration the sameGain calculations were performed ering the Er concentration. This is illustrated in Fig. 23, in
for this case! using an optical propagation model describedwhich three gain calculations are shown for Er concentra-
in Ref. 52, and using the input parameters listed in Table llltions of 0.06, 0.2, and 1.0 at. %. A waveguide loss of 1
The result is shown in Fig. 22. A small net gain can bedB/cm is assumed.
achieved at rather high pump powefrs 300 mW at 1.48 All other parameters were kept fixed, except for the 1.54
am). um PL decay rate, which depends on the Er derj&ity due

An improvement in the gain could be achieved by usingto the concentration quenching as shown in Fig. 13 and Eqg.
a 980 nm pump that is resonant with the second excited stat®). In Fig. 23 it can be seen that the maximum achievable
(*loj, level). This avoids the problem of pump stimulated gain increases for the increasing Er concentration that is ex-
emission which effectively lowers the maximum achievablepected if enough pump power is available to excite all the Er.
inversion. A gain calculation for this case is also shown inThe gain threshold, however, shows more complicated be-
Fig. 22. The gain threshold is roughly 100 mW, and a mod-havior as a function of Er density. For a very low Er con-
erate gain of 3.0 dB1.0 dB/cn) is possible at a pump power centration(0.06 at. % the gain threshold is higf800 m\Wj
of 200 mW. because almost all Er must be inverted in order to produce
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FIG. 23. Calculations of the net optical gain in a soda-lime silicate glassFIG. 24. PL decay traces of the 1.5 emission from an Er-implanted

channel waveguide for a 1.536m signal as a function of 980 nm pump (peak concentration 0.25 at.)%oda-lime silicate glass sample. The open

power. Results are shown for three Er concentrations: 0.06, 0.20, and 1@rcles were measured with the sample in air, and the closed circles are with

at. % Er. The arrow indicates the intrinsic waveguide I¢6som Ref. 44), a methylene-iodide filmr{=1.70) covering the surface. The inset shows the
measurement geometrgFrom Ref. 53

sufficient gain to overcome the waveguide loss of 1.0 dB/cm,ShOWS the measurement geometry. With the sample kept in
When the Er concentration is increased to about 0.2 at. ‘V%“r a decay time of 9.7 ms was measured. When the surface
the net gain may be reached for a lower degree of inversion, .. ored with a methylene-iodide 1.70) film, the life-
resulting in a lower gain threshol@é mw). At even higher time reduces to 8.6 ms. When the methylene-iodide film is

) 0 . e
Er concentration(1.0 at. %9 the luminescence lifetimer blown off the surface, the lifetime returns to 9.7 ms.

strongly decreases due to concentration quenching and coop- Additional measurements were performed using other

ergtlv;tupcon;]/grsmn._ There:;otrr? r:;]orehptljgw_p power Its rzel ansparent liquids with refractive indices in the range
g]u\;\r/e 0 reach inversion, and the threshold increases 1o 2124 31 7 pL decay rates for these samples are plotted in

W lude that th . ‘ f th Fig. 25. The decay rate shows a clear increase with increas-

i E ca(r; conciu .3 a i ('at %aé)n ger orTa:pce ?E O?S(’r‘ng refractive index. These data are one of the simplest dem-
slica-based waveguldes 1S imited by deexcriation ot Er dU&, \qiyations of Fermi's golden rule, which states that the
to cooperative upconversion if the Er concentration exceed

o ontaneous emission rate is proportional to the final densit
roughly 0.1 at. % (% 10'*° Er/cn?). A reduction in the up- D brop y

: n ) . ) of states(DOS). In the case of Er luminescence, the final
conversion coefficient, for instance, by choosing a differen

; ; +
host for the Er, can lead to a large reduction of the pumr‘POS 's composed of an electronic pathe EF" ground

threshold for net gain. Further improvements may be pos-

sible by reducing the waveguide propagation loss as well as 140
by reducing the optical mode dimensions. Taking all these N p
things into consideration, the choice of the optimum Er con- ~120L // N
centration is primarily determined by the amount of pump ‘o, i e//’/
intensity that is available for a particular waveguide geom- © ! .z .
etry. 5 'OF e ]
c P Weoa | 43 87 ]
L gk~ ]
F. Spontaneous emission near a dielectric interface 8 r 1
An important consequence of using ion implantation for 5 60 |- .
optical doping is that the optically active ions are always § [ |
placed near the surface. As will be shown now, the presence ® ok ]
of a dielectric interface can have a pronounced effect on the 2 r Wognorod | 67 87
spontaneous emission rate of Br. e 1
A soda-lime silicate glass sampleefractive indexn o 200 ]
=1.50 was covered with a 120-nm-thick Al film and then A |
implanted with 500 keV Er ions. After implantation, the Al 0 gy e
layer was etched off, and the sample was annealed at 512 °C. Refractive index

The Er depth profile, measured using RBS, showed an Er
surface concentration of 0.25 at. % that gradually decreasedG. 25. Measured PL decay rates at 1.587 as a function of refractive
0 index of the covering liquidclosed circles The index of soda-lime glass is
to 0 at. ./0 ata dept_h O.f rothly 200 nm. 1.50.(From Ref. 53) The dashed line is a calculation assuming pure radia-
Luminescence lifetime measurements at 1.p87 were

> ) _ tive decay, and the solid line assumes both radiative and nonradiative com-
performed on the sample and are shown in Fig. 24. The insgbnents in the decay.
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From these rates the PL quantum efficiency, defined as
W, /W, can be determine®. it amounts to 45%. These
data provide the first experimental determination of the lu-
minescence quantum efficiency of 3Erluminescence in
silica glass, a parameter of great interest in all optical gain
calculations and optical amplifier design routines. Note that
the purely radiative rate oW, =45s! (r=22 ms) corre-
sponds nearly exactly to the value derived by extrapolating
the concentration dependence of the Er decay rate to zero
concentration, as shown in Fig. 15. From this we conclude
that the optimum lifetime achievable for Er in soda-lime
glass is 22 ms and that concentration quenching effects due
to energy migration and coupling to quenching sites reduce
the lifetime to a lower value, depending on the Er concen-
tration.

FIG. 26. The local classical density of optical states on both sides of an

interface between two dielectric media. The refractive index on the right-IV. Al,O3, Y,03

hand side im=1.50. Calculations are shown far=1.00 andn=23.00 on . L

the left-hand side. Data are normalized to the density of states for a mediut‘ﬁ" Optical activation

with n=1.50. (From Ref. 53 Al,O; is an interesting host for Er because the wave-
guide fabrication technology is well developed for this ma-
terial. High-quality, low-loss AIO; waveguide structures are

state and a photon field. The latter is influenced by the pres+eadily made on silicon substrates using standard litho-

ence of a dielectric layer on the surface, near the Er. graphic technique¥. The advantage of AD; (n=1.64)

In order to make a quantitative estimate of the effect ofwaveguide cladded with SiiQ(n=1.45) is that the high in-
the index on the Er PL decay rate, one can define a localex contrast between core and cladding results in high con-
DOS by coherently summing a complete set of plane wave§nement of the optical mode in the guide, leading to efficient
coming in and reflecting and refracting at the interface. Thgpumping and amplification. In addition, the high index con-
result of such a calculation, using an isotropic combinatiorirast allows for the use of small waveguide bending radii
of polarizations, is given in Fig. 26. The DO$,(y) is plot-  (<100xm),* making compact waveguide devices possible.
ted relative to the DOS in an infinite medium with index Furthermore, the similarity in valence and crystal structure
=1.50. The distance from the glass surface is given in unitbetween AJO; and EsO3; may allow for incorporation of
of N/27r, where\ is the wavelength in vacuum. high concentrations of Er in the D5 crystal structure.

As can be seen, the DOS is discontinuous at the inter- Al,O; films were deposited on thermally oxidized
face. This discontinuity is caused by the polarization compoSi(100) substrates by radio-frequency magnetron sputtering
nent parallel to the interface. The oscillations on either siddrom an ALO; target. The Si@thickness was @um, and the
of the interface have a periodicity of/2n and are due to Al,O5 thickness 430 nm. The deposition was carried out at a
interference between incoming and reflecting waves. Fopressure of 0.8 Pa in an oxidizing ambient of 90% Ar and
large distances from the interface the DOS is proportional td 0% O,. The resulting structure of AD; is a cubic polycrys-

n. talline phase. Details of the sputtering process and film prop-
The normalized DOS in Fig. 26 determines the radiativeerties can be found elsewhéfe. Single-mode ridge
decay rate for Er, at a distaneefrom the interface when a waveguides have been realized using these films, and their
liquid with index n covers the glass, relative to the rate in optical loss can be minimized to 0.35 dB/cm by thermal

bulk soda-lime glass. The distanzean be integrated out by annealing at 825 °C.

weight averaging it over the known Er depth profifeln Figure 27 shows a RBS spectrum of an@ film im-
addition to radiative decay, Er may also show nonradiativeplanted with 800 keV Er to a fluence of 230" Er/cnr?.
decay, which is not sensitive to changes in the optical DOShe Er depth profile is Gaussian in shape, and peaks at a
as it does not involve a photon field. The total PL decay ratelepth of 140 nm with a FWHM of 80 nm. The Er peak
can then be written as concentration is 0.23 at. %. A concentration of 0.4 at. % Ar
is also observed throughout the alumina film due to the sput-

Wiol(N) =W (MW, ®) tering process. Neither the Er profile nor the Ar concentra-
whereW,, is the nonradiative decay rate av{ the radiative tion in the film changed significantly with annealing.
decay rate in the absence of an interface=(0.50). The The PL spectrum of the Er-implanted sample after an-

dashed line in Fig. 25 shows the result of a calculation ofealing in vacuum at 950 °C is shown in Fig. 28. The spec-
W, assumingV,,=0 andW, =110 s 1. As can be seen, the trum peaks at 1.53%m with a FWHM of 55 nm. This is
measured decay rate shows a much weaker dependence substantially broader than for Er-implanted $id1 nm

n than the calculation. Therefore a nonradiative componenFWHM), phosphosilicate glas&5 nm FWHM), or soda-
has to be introduced: The solid line is obtained usilig  lime silicate glas§19 nm FWHM (see Secs. Il A-l1lI G,
=45s ! andW,,;=65s %, and fits the data very well. and offers a larger bandwidth for wavelength division mul-
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FIG. 27. Rutherford backscattering spectrum of an Er-implan2a
X 10'® Er/cn?, 800 keVj Al,O, film on a SiQ buffer layer on Si.(From
Ref. 60)
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tiplexed signal amplification. Spectra for samples implantedriG. 29. PL(a) peak intensity anb) lifetime atA =1.533 um measured as
at different fluences and annealed at different temperaturesfunction of anneal temperature for Er-implant@3x 10'° Er/cr?, 800
have different intensities but similar shapes with Sma”kev, 0.23 at. % peakAl,O; films. Thermal annealing was performed for 1
L . .. . cre . h in vacuum. The solid lines are guides for the efgom Ref. 59.
variations in relative intensity between the different lines.
Figure 29a) shows the PL peak intensity as a function of

anneal temperature for samples with an Er peak concentra- g gpserved annealing behavior may be split into two
tion of 0.23 at. %. A gradual increase of the PL intensity IS ifferent regimes. Below-700 °C, similar increases in PL

seen upon annealing to 600 °C, after which the intensity i§yiensity and lifetime are seen, indicating that the increase in

six times higher than that for the as-implanted case. A furyyengity is predominantly caused by the increase in lifetime.
ther, and more rapid, increase with temperature is seen aboxf%e increase in lifetime is explained by a decrease in the

600 °C; another factor of 6 is gained after 950 °C annealing,,mper of nonradiative decay channels as a result of the
The discontinuous behavior around 800 °C is repmduc'blyannealing of implantation-induced defects in the@y crys-

seen in different sample sets. The luminescence decay Wag sircture. Previous studies have indeed shown that tem-

also monitored, and found to be single exponential in eachq 4t res up te- 700 °C are required to anneal implantation-
case. Figure 2®) shows the ¥ lifetime determined from induced damage in AD;5%57 In the temperature regime

the luminescence decay as a function of anneal temperaturgy .o 700 °C. the increase in PL intensity is not accompa-

The lifetime increases from-1ms for the as-|mpla°nted nied by a strong increase in lifetime. The intensity increase is
sample to 67 ms for samples annealed above 700 °C. o efore attributed to an increase in the fraction of optically
active Er ions. The discontinuous behavior around 825 °C
coincides with the attainment of minimum optical loss in
Energy (eV) Al, O, waveguides after annealing at 825 %8 Apparently
0.85 0.80 0.75 the microstructural changes taking place around 825 °C af-
T T T fect the PL intensity.
——%H,1/ Figure 30 shows the Er concentration dependence of PL
- intensity and lifetime after annealing at 825 °C. In these ex-
- periments uncladded A0, films were implanted with 800
— keV Er at room temperaturd:?® Implantation fluences
Iﬂwz ranged from X 10 to 1x 10 Er/cn?, corresponding to

15F 1.533 pm— T

514.5 nm
i

peak concentrations in the range 0.01-1.0 at %. The bottom
axis in Fig. 30 shows the Er implantation fluence on a loga-
rithmic scale; the corresponding Er peak concentration is
shown on the top axis. The PL intensiiglosed data points,
left axis) increases by a factor of 50 as the concentration is
increased from 0.01 to 1 at. %.

The lifetime (open data points, right axisdecreases
FIG. 28. PL spectrum, taken at room temperature, of an Er-impla@téd SIOW_Iy Wlt_h '”Creasf'”,g congerytraﬂon from 8 to 4 mg. The
X 10%5 Er/cn?, 800 keV, peak concentration 0.23 af) 86,05 film annealed ~ SUDlinear increase in intensity is accounted for approximately
at 950 °C.(\ pymg=514.5 nm, resolution 2 nmFrom Ref. 59. by the decrease in lifetime. This becomes clear from a cal-

1.53 um|

4 —
l1s/2

PL Intensity (a.u.)

1 1
1.4 1.5 1.6 1.7
Wavelength (um)
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. . ) o ) . . at. % peak Al,O; planar waveguidegFrom Ref. 63\
FIG. 30. PL peak intensityleft axis) and lifetime(right axi9 as a function

of implanted Er fluencé800 ke\). The corresponding Er peak concentra-
tion is indicated on the top axis. All samples were annealed foat 825 °C . . .
in vacuum. The dashed line through the lifetime data is a guide for the eye. ~ Prism coupling measurements can be used to determine

The solid line is calculated from the dashed line using @y. (From Ref. ~ the optical absorption of Er-implanted /&; planar
59) waveguides as a function of wavelen§thn these measure-
ments, light from a tunable laser is coupled into an Er-
] . ] o ) implanted planar waveguide using a prism, travels through
culation of the PL intensity(solid line) using the curve ihe waveguide film, and is coupled out through a second
through the lifetime datédashed ling assuming that the PL prism. By varying the distance between the prisms, the ab-
intensity is proportional to the active Er fluence multiplied sorption in the waveguide can be determined. Since the op-
by the lifetime[see Eq.(1) in Sec. lll Al). The reasonable ica| mode profile and Er depth profile are known, the ab-
agreement with the intensity data suggests thafffetion  sorption cross section spectrum can be derived from such
of active Er ions does not change with concentration. data. Results for a 0.6m-thick Al,O; planar film implanted

The decrease in lifetime is explained by an increase iyt 77 Kk with 1.35 MeV to a fluence of 23510 Er/cr?
the number of nonradiative decay channels, which may i”(peak concentration 1.5 at.)%nd annealed at 825 °C are
volve implantation-induced defects or concentration quenchgpawn in Fig. 31.

ing at high Er concentrations. It should be noted that much e emission spectrum, measured using standard PL

longer lifetimes at high Er concentration are achieved ingneciroscopy and normalized so that it matches the emission
Al;0z than in, e.g., soda-lime silicate glass, which showed &pectrum calculated using McCumber theBtig shown also
decrease in lifetime from 22 mow concentration limito iy Fig 31. The peak cross section for absorption is found to
1.5 ms upon increasing the Er concentration to 1.0 at. %e 5 8¢ 102 cn? at 1.530um. At the commonly used 1.48
(Sec. Il ©. The difference is attributed to the relatively high um pump wavelength for Er-doped amplifiers, the absorp-
density of quenching centers in soda-lime glass. Apparentlyi, cross section is®=3.0x 10~ 2L cn?.

such quenching centers are not present DAl In addition, The peak emission cross section iw®=6.1
energy exchange between Er ions, which results in migration: 1g-21 cp2  in the same range as that found in, e.g.
followed by luminescence quenching, is less efficient in 21,0, codoped silica glass fiber (44102t cn?).® The
material with widely spread Stark levels. In fact, the PL 1555 sections that we have determined here will be used to

spectra for Er-implanted AD; are two to three times ke optical gain estimates in Sec. IV C.
broader than those for silicate glass.

C. Upconversion in Al ,04

B. Absorption and emission cross sections For determination of the optimum Er concentration in an

The performance of an Er-doped amplifier depends orkEr-doped A}O; waveguide amplifier it is first necessary to
the magnitude and wavelength dependence of the emissiatetermine the upconversion coefficient as well as the excited
and absorption cross sections. Together with the Er concerstate absorptiofESA) cross section in AD;. In order to do
tration profile, the optical intensity profile, and the wave-such measurements, 9-mm-long Er-dopedQAil channel
guide loss, knowledge of these parameters enables a firstaveguides were made. The, 8 films were 600 nm thick
order estimate of the potential optical gain. Direct measureand the ridges 1..um wide. Details of the fabrication are
ment of both emission and absorption cross sections is diffidescribed in Ref. 65. Two samples were made with Er peak
cult; in practice it is easier to measure absorption by standardoncentrations of 0.12 and 1.4 at. %. The end faces of the
techniques, and calculate the emission cross section from tiveaveguides were mechanically polished and a Ju#8 In-
absorption results. This is referred to as McCumber theoryGaAsP laser diode pump beam was coupled into the wave-
or the method of reciprocit§*®2 guide through a tapered optical fiber that was aligned using
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FIG. 32. PL spectrum of an Er-implanted,®; ridge waveguid€l.4 at. % o
Er) pumped at 1.48&m at a power of 2 mW in the waveguide. The transi- w10

10 10° 10* 10° 10°

tions are indicated by their initial statésee Fig. 20 for a level diagramAll Pump Intensity (W/sz)

but one of the transitions terminate at the ground state; the one exception is

also indicated by its final state. Note the multiplication factors5(x 25,

X 250). (From Ref. 65 FIG. 33. Population fractions or Er in the *l 5, state(1.53 um) and
411> State(980 nm) vs 1.48um pump intensity. Data are shown on loga-
rithmic scales for the low concentratid0.12 at. % Ey ridge waveguide
(solid dotg. The solid lines are fits to the data including effects of coopera-

tive upconversion and ESA. The dashed line shows the contribution of co-
piezo actuators. Powers of up to 10 mW were coupled intQperative upconversion to the 980 nm luminescefieeom Ref. 65

the guides, resulting in pump intensities of up to 4
X 10° Wicn?.

Figure 32 shows the PL spectrum obtained by coupling 2
mW of 1.48 um pump light into the AJO; waveguide(high The luminescence around 1.538n, originating from the
concentration sample: 1.4 at % )ErA spectral range of first excited state, initially shows a linear dependence on
0.35-1.6um was covered using a photomultiplier and a lig- pump intensity, i.e., a slope of 1 in Fig. 33. As higher inten-
uid nitrogen-cooled Ge detector, and the PL spectra wersities are reached, the luminescence deviates from linear be-
corrected for detector sensitivities. The luminescence peakavior, and eventually saturates. This is expected because the
around 1.53um is characteristic of Ef emission in its first population of Ef" ions in the ground state is depleted, and
excited state, and is identical to that in Fig. 28. The peak aless EF' is left to be excited. Above the pump intensity
1.48 um is due to scattering of the pump laser light. In where the 1.53:m emission starts to deviate from a straight
addition, several other luminescence peaks can be distifine, luminescence around 980 niti {;,;) appears. Its inten-
guished, each characteristic of an intrh-&ransition in  sity increases much more strongly with pump power than the
Er*, as can be seen in Fig. 32. The occurrence of thes#.53 um emission in this range.
emission peaks is indicative of upconversion. The behavior shown Fig. 33 can be modeled by solving

The 980 nm line can be attributed to both cooperativerate equations that govern the populations in each level, as is
upconversion and ESAsee Figs. 2() and 2Qc)]. Addi- discussed in detail in Ref. 65. In these calculations both co-
tional measuremerftsof the pump power dependence of the operative upconversion and excited state absorption were
980 nm and 1.53um luminescence show a quadratic relationtaken into account, with the upconversion coefficient and
between the 980 nm and the 1.a& luminescence, indicat- ESA cross section as free parameters. The upconversion co-
ing that cooperative upconversion is the dominant effectefficient is as defined in Eq4). The Er luminescence life-
Similarly, it can be showf? that the luminescence at 520 nm time under low power conditions was 7.8 ms. The measured
(*Hy1» and 545 nm {S;),) is attributed to a second order lifetime of the third excited staté980 nm luminescengavas
cooperative upconversion interaction betweefi"Bons in 30 us (and will be discussed furtherThe cross sections
the %l ,,,, state(populated from thél, statg. The lumines- determined in Sec. IV B were used. Using the fit of these
cence at 660 nm is due to transitions from flie,, level  calculations through the data, the measured PL intensity was
(populated from higher lying level¢o the ground state. The converted to a population scale. As can be seen, for the high-
measurements indicate that in a waveguide with a high Eest pump intensity used in the measurement, the population
concentration(1.4 at. % cooperative upconversion is the in the first excited state is 70%. Note that the maximum
dominant upconversion process. achievable degree of inversion at this pump wavelength is

The low concentration sampl@.12 at. % Ey exhibits a  limited to 78% due to the stimulated emission of the pump.
luminescence spectrum similar to that in Fig. 32 but now the At the highest pump power used in Fig. 33 nearly 5% of
intensities of the higher order emission peaks are stronglthe Er is in the third excited state, emitting 980 nm lumines-
reducedP® Figure 33 shows the 1.58m and 980 nm lumi- cence. If this 980 nm emission were a result of cooperative
nescence intensity observed in the low concentration samplgpconversion only, its intensity would depend quadratically
as a function of pump intensity, on logarithmic scales. Theon the 1.53um intensity. Such behavior is indicated in Fig.
luminescence intensity at each wavelength is proportional t83 by the dashed line, and it clearly does not fit the data.
the fraction of excited Ef ions in the corresponding energy Therefore, for this low concentration sample, both ESA and
level, and the measured data were converted to these fraaell as cooperative upconversion determine the total upcon-
tions as is discussed in detail in Ref. 65. version behavior. The upconversion coefficient determined
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FIG. 34. Luminescence decay of the 980 nm luminescedots after
switching off the pump source for a pump intensity in the waveguide of 5
X 10* W/cn?. Data are shown for the ridge waveguide with 0.12 at. %
The solid line is a fit to the data taking into account Egast decaying
component and cooperative upconversiofslow decaying component
(From Ref. 65

FIG. 35. Difference between the concentration of Er in the first excited state
and that in the ground statd, — N, vs the concentration in the waveguide.
Er. Results are shown for three pump powers in the wavegUidi8 um). The
right axis shows the corresponding optical gain at JuB8 excluding wave-
guide losses. Upconversion and ESA are taken into acc(fnaim Ref. 65).

a factor of 10 smaller than the maximum absorption cross
from the fits in Fig. 33 wa€,,,= (4+1)x10 *® cm¥s, and  section for excitation of the first excited state.
the ESA cross sectioorgga=(0.9+0.3)x 10" 2 cn?. The upconversion coefficient of X410 8 cm®s mea-

Figure 34 shows the luminescence decay of the 980 nrsured here for Er in AD; is similar to that found for Er-
emission after pumping at an intensity o<a.0* W/cn?. doped soda-lime glass and much lower than that for P-doped
Initially the decay proceeds very rapidly, then the decay ratesilica glassegsee Table IV. It is also much lower than that
decreases, and after 38 30% of the original population is for Er-doped YAG, which has a similar crystal structure as
still present. This is due to the two different mechanisms tha#\l ,03 (C,,=5.4+10"7 cn/s) .o’
populate thé'l ;,,, state: ESA and cooperative upconversion.  One possible way to lower the upconversion coefficient
At the moment the pump is switched off, ESA stops, and thas by adding heavy elements to the,®5 matrix in order to
Er population that was excited through ESA will decay with lower the phonon energy. On the other hand, a lower phonon
the lifetime of the*l ;;,, state. Upconversion, however, con- energy would also result in a longer lifetime for tAig;,
tinues to populate this state even after the pump is switchednergy level, causing a buildup of population in this level,
off due to the long lifetimg7.8 m9 of the first excited state. and thus reducing the population of the first excited state.
Therefore, a long tail can be observed in the 980 nm decayMeasurements on Er-implanted,®;, a low-phonon host,
The ratio between the intensities of the fast and slow decawill be discussed in Sec. IV D.
components of the 980 nm light reflects the contributions of  The coefficients determined in our discussion here may
each upconversion mechanism to the population of th@ow be used to calculate the optimum Er concentration for
4111/ State:~60% by ESA and~40% by cooperative up- an Er-doped optical amplifier operating at 1,681. The op-
conversion. tical gain is given byr®N,— o®N; times the fraction of sig-

A quantitative analysis of the decay curve in Fig. 34 isnal light that propagates in the core of the waveguileand
obtained by solving the rate equations numerically. The reN, are the Erconcentrationsn the ground and first excited
sult is show as the solid line. From this fit, the lifetime of the states, respectively. At 1.58m, o®~ o? (see Fig. 3}, so the
third excited state is deduced: 3. Comparison of this important parameter becomis—N; . Figure 35 shows cal-
number to typical radiative decay rates forEfseveral ms  culations of N,—N; versus the Er concentration in an
indicates that the decay of té,,,, energy level is domi- Al,O; waveguide for three different pump powers based on
nated by multiphonon emission rather than by radiative deall the parameters discussed above.
cay. The right axis in Fig. 35 shows the corresponding calcu-

A detailed analysf§ of the absorption and emission lated optical gain at 1.53m (excluding waveguide logs
spectra of Et" shows that both the ESA and cooperative The Er concentration is assumed to be constant within the
upconversion effects are not exactly resonant; they have migore of the guide, and 40% of the signal is confined in the
matches on the order of 100—1000¢m These processes, core. As can be seen, for each pump power there is an opti-
therefore involve the emission of phonons at such energiesnum Er concentration that increases with increasing pump
which is possible in AIO; because the highest phonon en- power. For low pump power the maximum achievable opti-
ergy is 870 cm* (0.1 e\) for transverse optical phonofi$. cal gain is small, and above a certain concentration threshold
As roughly one phonon is necessary to accommodate thiéhe optical gain begins to decrease because there is not
mismatch, the probability for upconversion and ESA mayenough pump power to excite all the®Er The higher the
still be appreciable, but considerably lower than for resonanpump power, the higher this concentration threshold, and the
excitation. The ESA cross section determined above is nearlgigher the optical gain. Figure 35 shows that high values of

J. Appl. Phys., Vol. 82, No. 1, 1 July 1997 Appl. Phys. Rev.: A. Polman 19

Downloaded-15-Sep-2003-t0-131.215.237.132.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/japol/japcr.jsp



7 [ L} l L} 1 1 l L] T L) l L) L) T ‘ L] T zlz I T L} 1 v _

H =5 7]

6 . -

~ i ]

3 l 7]

o5 i ]

- : Y1312 ]

| ]

E‘ 4 i _

[ . —

~ [ g,’ N

@ 10 :

o3 [ -

42 il ]

O ! ]

T2 { 3

8 A ]

1 t \ ]

T N

i _ -

0 } T T T T T .
03 04 05 06 0.7 08 0.9 1.0 1.1 1.50 1.60

Wavelength (um)

FIG. 36. Room-temperature PL spectrum of an Er-implartied 10'® Er/cn?, 800 ke\) Y,0j, film. A 1.48 um pump laser was coupled into the planar
waveguide and the luminescence was detected through a fiber positioned normal to the sample surface, close to the input (fnom fibef. 14).

optical gain at 1.53:m (0.5—-3 dB/cm) can be achieved even and 1534 nm that is attributed to transitions from the
for low pump powerg2—10 mW. Note that the calculations 2Hg,, 2Hi1p, *Saizs *Foas los 110, @and?lyg, to the
are performed in the small signal limit, i.e., the signal powerground state manifold, respectivelgee Fig. 20 for a level
is much smaller than the pump power. Optical gain measurediagran). The peak around 860 nm can be ascribed to radia-
ments in ALO; waveguides will be discussed in Sec. IV E. jye decay from théS,, state to the first excitel 5/, state.
The sharply resolved manifold lines indicate that inhomoge-
D. Upconversion in Y ,04 neous broadening is small, even at room temperature. This
Y,0, is an interesting host material for Er because IMplies that the EY" ions are located on well-defined posi-
Er,0, and Y,0; have the same crystal structure with nearlyions in the ¥,0; crystal. Note that the Ef emission from
the same lattice constant, and the ionic radii 6f"Yand ~ Er-implanted polycrystalline AD; films showed a much
Er* are very similaf0.0892 nm vs 0.0881 nmY,0O; wave-  broader spectrurFig. 28. The difference may be attributed
guide fiims can be made using, e.g., reactive sputtetO the larger size mismatch for Er and Al compared to that
depositior?®® and channel waveguides with optical lossesfor Er and Y. A difference in the grain structure of the two
of around 0.5 dB/cm can be made using ion beam etching.types of films may also affect the PL line shape.
Polycrystalline %05 films 500 nm thick were deposited PL lifetime measurements were performed on the Er-
on a 3um-thick thermally grown Si@ film on a S{100 implanted Y,0; planar waveguide at different wavelengths,
wafer and subsequently implantédvith 800 keV Er to a  and are shown in Fig. 37. The 1.534n decay shows non-
fluence of 1x 10" Er/cn?. The Er profile peaks at a depth of exponential behavior similar to that observed for soda-lime
140 nm with a FWHM of 100 nm and a peak concentrationg|ass.(gec_ Il B and ALO; (Sec. IV O channel waveguides
of 0.75 at. %. The implanted layer was annealed in Vacuumt high pump powers. The d/decay time is 6.0 ms. The
at 700 °C for 1 h. The end faces of the sample were mechanjgcay traces for the 980, 660, and 560 nm emissions showed
cally polished and a 1.4gm pump beam was coupled into yocay times of 2.5, 0.9, and 0.9 ms, respectively.
the planar waveguide through a tapered optical fiber. Figure All emission peaks, apart from the one at 1.52%, are

36 shows a room-temperature PL spectrum of the Er-dope(gue to upconversion interactions between thé"Eions.

lanar waveguide collected using an optical fiber positione .
P 9 i 9 P P rom a systematic study of both the power dependence of all
normal to the waveguide surface, close to the input pump

fiber. The laser power in the input fiber was 43 mw corre-emiSSion line¥* and the lifetime measurements in Fig. 37 it
spoﬁding to an input power density on the or'der Offollows that the higher energy emissions are due to first and

10° Wicn?. As no channel waveguide was made to confingSecond order cooperative upconversion, promotirig ms
the light in one dimension, the power density rapidly de-1 the “lg, and*Fy; levels, respectively. From the higher
creases along the waveguide due to diffraction. lying levels, direct decay to the ground state or decay to
The infrared part of the spectrufi.1—1.6 um) shows lower lying states will take place, resulting in the various
the typical EF* luminescence peaking at 1.534n superim-  e€mission lines in Fig. 36. The very small ultraviolet contri-
posed on a background due to scatter from the pump laser htition at 410 nm can be attributed to ESA of arf'Eion in
1.48 um. The spectrum also shows clear and manifoldthe 4s,,, state, or from upconversion involving Erions in
peaked luminescence around 410, 525, 550, 660, 800, 98the S;/, and*l 5, States.
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FIG. 38. Layout of a 4-cm-long Er-doped spiral waveguide amplifier inte-
1072k grated with wavelength division multiplex¢€$/DMs). P andS indicate the

pump and signal in- and outputs. In the actual device, the waveguide be-
tween the spiral and output WDM is longer than drawn here. The inset
shows a cross section through the waveguide. Th®-Atore dimensions

are 0.6<2.0 um. (From Ref. 80.
FIG. 37. Room-temperature PL decay measurements for Er-implanted

Y,0; (1X 10' cm™2, 800 keV, 0.75 at. % peak, annealed at 700, ¥6ken
at 560, 660, 980, and 1534 nm. The laser pulse timing is indicated sche-
matically. (From Ref. 14).

Time (ms)

1500 ke Er implantation to a total fluence of 1.2
X 10 Er/cn?. In this way, the top half of the waveguide

A rough estimate of the upconversion coefficient inwas doped at a constant Er concentration of 0.28 at. % Er
Y,0; was made in Ref. 14; it amounts t€,=5 (2.7X10°°Er/cnT). Using photolithography and etching, a
X101 cm?¥/s, an order of magnitude smaller than that inSpiral waveguide structure was made; it is shown sketched in
Al,O; (see Table IV. This may be explained by the com- Fig. 38.
bined effect of(1) the narrow emission and absorption spec-  Several optical functions are combined in this photonic
tra in Y,0O3 which make the upconversion effect off resonant,integrated circuit. Pump and signal beams are coupled into
and(2) the low phonon energies in,®; which cause mul- separate waveguides indicated in Fig. 38bgndsS, respec-
tiple phonons to be required to bridge the mismatch for uptively. Pump and signal are then combined into a single
conversion. The strongest fundamental lattice vibrations iwaveguide using a wavelength division multipleXé¢DM).
Y ,05 occur in the 300—380 cnt range’® much lower than  The amplifying section consists of a 4-cm-long waveguide,
in, for example, AJO; (870 cniY)"! or silica (1100 cnil).  rolled up to fit into an area 1 mmAfter amplification, two

Despite the low value fo€,,, however, the data in Fig. WDM structures are used to separate the pump and signal
36 show that upconversion is actually rather efficient inbeams. The WDMs operate on the multimode interference
Y,0,. Stronger upconversion emission is observed j®y  principle; their design is discussed in Sec. IV’ The en-
than in ALOs;, although the measurements opOf were tire device fits within an area of 1x89.5 mnf. The pump
made on planar waveguides, with much less confined optica@nd signal beams were coupled in through tapered optical
modes than the channel waveguides fos@y| In fact, the fibers that were aligned with the input waveguides using
small UV emission at 410 nm is only observed igO4 and  piezo actuators.
not in Al,O5. The efficient upconversion in 05 is a conse- Measurements of the enhancement of the BBopti-
quence of the long luminescence lifetimes of thé'Hevels. ~ cal signal intensity as a function of 1.48m pump power
For example, while the 980 nm emission lifetime ipO4 is ~ were performed and are shown in Fig. 39. The pump power
2.5 ms, it is<1 us in silica and 3Qus in AlLLO,. This indi- in the waveguide was derived from the measured pump
cates that fast nonradiative relaxation of excited'Hons is  power in the input fiber using a fiber-to-chip coupling loss of
not prevalent in ¥O,;. This is due to the relatively low- 7 dB, described in Ref. 80. Figure 39 shows that as the pump
phonon energy in this material. The long lifetimes igO4§  power is increased the signal rapidly increases; the net opti-
will lead to the buildup of large populations of the higher cal gain is reached at a pump power of 3 mW in the wave-
lying levels due to upconversion. guide. For higher pump powers, saturation of the gain is

Although upconversion processes put a limit on the perobserved; at 9 mW a ndsmall-signal gain of 2.3 dB is
formance of optical amplifiers operating at uf, they may — achieved.
be used to fabricate visible and possibly even ultraviolet la-  Calculations of the optical gain were performed based on
sers pumped with readily available infrared pump sourcesa rate equation model for the Erions. All calculations
Several reports have already shown upconversion lasing iinclude a waveguide loss of 0.35 dB/Cfhin the calculation,
bulk rare-earth-doped materi&s’®and optical fiberé” Re-  the EF* population in the ground state and in the first and
ports on upconversion lasing in planar waveguides are begirsecond excited states is considered, and upconversion, ef-
ning to appear as weff"® fects of pump and signal emission, and absorptialso
through ESA are taken into account. The changes in pump
and signal intensities are integrated numerically along the
length of the waveguide. The parameters used in the calcu-

Optical gain measurements were perforfiflash ALLO; lation were all determined earlier in this article and are listed
channel waveguides doped with Er by multiple enefy0—  in Table V.

E. Optical gain in Al ,04
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guide amplifier(length 15 cm for a 1.48 um pump. The waveguide is
FIG. 39. Measurement of thsmall-signal optical gain at 1.5%m in the  doped with 2.% 10%° Er/cn? throughout the core of the waveguid&rom
waveguide structure of Fig. 38 as a function of pump power in the inputRef. 80)
fiber (top axi9 and in the waveguidébottom axi3. The pump wavelength
was 1.48um and the waveguide is doped with XT0?° Er/cn? (0.28

at. %). Calculations of the data are included for two cases: with and WithOUtcalculation the Er was distributed throughout the complete

upconversion(From Ref. 80\

The solid line in Fig. 39 is a calculation of the optical
gain as a function of pump power for this particular ampli-
fier. Also shown is a calculation in which the effects of co-
operative upconversion are set to zédashed ling In this
case, the net gain would be achieved at 0.5 mW, and a high%r
saturation value would be reached. This shows that cooperg;
tive upconversion is one of the main limiting factors in the
performance of Er-doped waveguide amplifiers. Note tha
the saturation gain is determined by the maximum degree o
inversion that is achievable using a pump wavelength of 1.48
um: 78%. Measurements as a function of signal wavelength
show a net gain bandwidth of 50 nm at 9 mW pump poffer.

Several improvements are possible in the design of the
waveguide. Figure 40 shows a calculation of the small-signal
optical gain of an optimized Er-doped A&); waveguide am-
plifier based on the experimental results of this study. In thi

TABLE V. Parameters used in the upconversion and optical gain calcula~

tions in ALO,.

S

Parameter Symbol Value
Er concentration [Er] 2.7X 10%° Er/en?
Pump wavelength Np 1.48 um
Signal wavelength Ns 1.53 um
Pump absorption cross section op 2.7x10" 2! cn?
Pump emission cross section op 0.77x10 % cn?
Signal absorption cross section al 5.8x 107! cn?
Signal emission cross section as 6.1x10 %t cn?
ESA cross section*( 5+ pump—24le,)  ogsa 0.85x 10 %t cn?
Er* first excited state lifetime®( 3/, T 7.8 ms
Er** second excited state lifetimélg,,) 30 us

Cooperative upconversion coefficient  C,,
("yzizt gz Mot 151)

Waveguide amplifier length

Waveguide loss

Optical mode size

Overlap mode intensity with Er profile

4x107 8 cmils

4 cm
0.35 dB/cm
0:82.0 um?
36%
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core of the waveguide, rather than in the top half of the
waveguide as was the case for the Er-implanted films above.
This may be achieved by, e.g., cosputtering Er angOAl
during the fabrication of the waveguide films rather than
using ion implantation. The waveguide is chosen to be 15 cm
long, and the Er concentration is the same as above (2.7
x107° cm™3). As can be seen, a net optical gain of nearly 20
B is possible at a pump power of 50 mW. The proposed
5-cm-long spiral amplifier can fit within the same area
f1.5>< 9.5 mnt) as the 4-cm-long amplifier fabricated here.
Fig. 40 the effect of excited state absorption is also appar-
nt: For pump powers above 50 mW the gain decreases be-
cause ESA depletes the population of they, level. The
saturation signal output power is calculated to be 7 dBbm
mw).
The Er-implanted AIO; waveguides described here
show the best performance of a planar amplifier reported so
far. Optical gain has been demonstrated in Er-doped channel
waveguides, doped with relatively low Er concentrations.
Consequently, the waveguide length required to achieve rea-
sonable gain was rather larg&0 cm and larger®>~8° Be-
cause of the large optical mode dimensions of these devices,
high pump powers £100 mW) are necessary to reach the
net gain. In addition, due to their large waveguide bending
radius (= cm) these amplifiers take up a large area on a
planar substrate.

F. Optical mode imaging

While upconversion is an unwanted effect in Er-doped
waveguide amplifiers, it can be used in an advantageous way
to probe the local optical mode densities in optical wave-
guide structures, as will now be described. Direct imaging of
the light intensity distribution in a waveguide is difficult,
since the light propagates along the waveguide, and only a
small fraction of the intensity is scattered in other directions.
Imaging of this scattered light is possible, but because scat-
tering occurs at inhomogeneities in the waveguide, the scat-
tered light does not directly relate to the intensity distribu-
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x observed due to the interference of six different optical

-z Ve / mod.es that are coheren_tly excited at the entrance of thg MMI
Y el section. Because the different modes propagate at different
50, Minput =—— 73 phase velocities, phase shifts between the modes occur and
= ALO, ——— = 154 — lead to interference. An interesting feature of multimode in-
Si0, Er 1.44 terference is its self-imaging property: At certain positions in

the waveguide single or multiple images of the input inten-

FIG. 41. Schematic of an Er-implanted,@, multimode interf sity distribution are reproduced. Self-imaging and other in-
. . Schematic of an Er-implante multimode Iinterference wave- . . . . _
guide. The 21lum-wide multimode section is center fed by gufi-wide terference effects are applied in many integrated optic de

input waveguide. The refractive indices of the layers are indicated, togetheYIC€S for the routing, splitting, switching, and multiplexing
with the Er depth profile(From Ref. 82). of |ight.81’87_90

Figure 42Zb) shows the calculated upconversion lumi-

. h hods f dving i it distributi ._nescence intensity profile. It is based on the coherent super-
tion. Other methods for studying intensity distributions in position of the six modes, which gives the total 1,46

waveguides such as imaging of the cleaved end faces of thgie ity that is then converted to green intensity profiles
waveguide only give the field intensity distribution at the endusing the upconversion rate equations and coefficients deter-

face, ar_1d thgy are d'estruc.tlve. . mined in Sec. IV C. The calculated intensity distribution re-

By imaging the isotropically emitted 540 nm upconver- sembles the measured profile quite well.
sion luminescence from the Erions, the intensity distribu- Note that the technique of using upconversion lumines-
tion, and therefore the optical modes of the 148 pump  conce in principle allows for probing the 1.48m mode
light in the waveguide, can be measured. A multimode intery, o gty in the waveguide at the diffraction limit of the lu-
ference('glel) coupler structure is used to demonstrate thisinescence light. For the 540 nm light used here, this means
principle. A 600-nm-thick AbOs film was doped with Er  yno heasuring resolution is 3 times better than if the 1.48
using 1.3 MeV Er ion implantation, with the sample held at,um pump light propagating in the waveguide were imaged
" KG during the |m_plant. The Er fluence was 1',62 directly. This technique can now be used to study optical
X 10 Er/crpz. The Er implantation profile ha; a Gaussian e "gensities in more complicated waveguide structures
shape and is peaked at a depth of 270 nm with a FWHM Ognd in photonic bandstructifematerials.

160 nm, as shown by RBS measurements. The Er peak con-

centration is 1.4 at. %. A 2lsm-wide MMI section, center

fed by a 2um-wide input waveguide was used and is de-V. LiNbO,

scribed elsewher& Figure 41 shows a schematic of the A. Amorphization and recrystallization
MMI structure.

Approximately 5 mW of 1.48um light from an In- LiNbO; is a key material in integrated optics due to its
GaAsP pump laser was coupled into the single-mode sectiogXcellent nonlinear optical properties. Optical switches and
The luminescence emission from the multimode section wagodulators have been made in LiNp@nd are commercially
imaged using an optical microscope that was mounted no@vailable.  Rare-earth-doped waveguide amplifiers in
mal to the sample surfade& dimension in Fig. 41 LiNbO; could be used to compensate for the intrinsic optical

Figure 42a) shows a two-dimensional image of the 21- losses in such splitters and modulators. In addition, the
um-wide Er-doped AJO; MMI waveguide section pumped €lectro-optical properties can be used to fabricate rare-earth-
with 1.48 um laser light. The original image is clearly vis- doped mode-lockedQ-switched, or tunable waveguide
ible to the eye, and the emission spectrum peaks in the gredsers:>*® Planar and channel waveguides can be made in
at 540 nm. In Fig. 4@) the green intensity distribution is LINbO3z by Ti indiffusion or proton exchange, and they show

converted to a gray scale. A distinct interference pattern i@ptical losses as low as 0.1-0.2 dB/én. _
lon implantation is an attractive technique by which to

dope LiNbQ, with Er as it enables adjustment of the Er depth

(3L/4)/N profile to the shape of the optical mode profile. Experiments
1 4 3

were performe¥~* on commercially availablex-cut
LiNbOj single crystals that were implanted at room tempera-
(@ ture with 5X10'® Er/cn? at 3.5 MeV. Figure 43 shows a

N

RBS channeling spectrum of an Er-implanteb
(b) X 10 Er/cn?, 3.5 MeV) LiNbO; single crystal.

T As can be seen in Fig. 43, a 1.28n-thick fully disor-
50 100 150 200 250 dered surface layer has formed after implantation. The TEM

Distance. (um) diffraction image of this layer is shown in Fig. &} and
FIG. 42. (a) Optical microscope image of the upconversion IuminescenceShOWS !t IS .fully amorphou_s. Channeling sp(_actra ar.e also

from an Er-doped1.4 at. % Ey multimode interference coupler pumped at shown in Fig. 43 after rapid thermal annealif@TA) in
1.48 um. The originally green intensity distribution was converted to gray rowing 0O, at 500 °C for 20 and 40 s. As can be seen, the
scale.(b) Calculation of the optical mode density by using the rate equationslayer recrystallizes in a Iayer-by-layer fashion. at a rate of

governing the infrared-to-green upconversion process. The arrows indicatg o . . . . ’ .

the positions of the inputl), and of two- three-, and fourfold images of the 2+5nm/s, Iea_lvmg behind highly any q'sorderEd material.
input field. (From Ref. 82 Longer annealing at 500 °C does not improve the crystal
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FIG. 45. RBS channeling spectra of Er-implant@X 10'° Er/cm 2, 3.5

MeV) single crystal LINb@. Spectra are shown after implantation and after MeV) x-cut LiNbO; single crystals annealed for different times at 1060 °C

RTA at 500 °C for 20 or 40 s(From Ref. 95).

in a wet oxygen atmosphere. Also shown is the random spectrum of the
as-implanted sampléFrom Ref. 95).

quality. No segregation or redistribution of Er is observed

after annealing at 500 °Ghot shown.

Figure 45 shows channeling spectra of implantedum. The diffraction patterrjFig. 43c)] demonstrates that

samples (3.5 MeV, 5x10' Er/cn?) after annealing at

the layer is fully crystalline and that all crystals have the

1060 °C in a vacuum tube furnace for times up to 4 h. An-same orientation. These data indicate that tube furnace an-

nealing for 15 min results in the formation of a highly dis-

ordered layer with a minimum yielg,,,=40%—60%. The

nealing at 1060 °C results in a columnar epitaxial crystalli-
zation process. The large density of grain boundaries then

plan-view bright-field TEM image of this sample is shown in explains the high yield in the channeling RBS spectra. Pro-
Fig. 44b). It reveals grains with a typical size of 0.5-1.5 longed annealing for 1ro4 h leads to a further reduction in

FIG. 44. Plan-view TEM image of an Er-implanté8x 10'° Er/cn?, 3.5
MeV) x-cut LiNbO; single crystal. Electron diffraction patterns are shown
(a) after implantation andc) after annealing for 15 min at 1060 °Ch) A
plan-view bright-field image after annealing at 1060 fErom Ref. 95,

24 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997

the channeling yield(Fig. 45 that is attributed to grain
growth. After annealing at 8 knot shown the channeling
data are identical to those for a virgin sample. Secondary ion
mass spectrometrySIMS) data on annealed samplésot
shown®® showed significant diffusion of Er after annealing
at 1060°C, and a diffusion coefficient of X810 4
cn?/s

By combining the data for the 500 and 1060 °C anneals
(Figs. 43 and 4f the following can be concluded. Solid
phase epitaxySPB of the amorphous LiNb@layer takes
place at 500 °C and leads to the formation of crystalline col-
umns. This columnar epitaxy will also take place during the
heating transient in the tube furnace as it is heated up to
1060 °C. Note that the typical heating rate in the particular
furnace is 10 °C/s and SPE at 500 °C takes place in typically
40 s. The prolonged annealing at 1060 °C then serves to
cause grain growth and epitaxial alignment of the columnar
structure, leading to a perfect crystal afeeh at1060 °C.

High temperature anneals were also performed in a RTA
at higher heating rates than were achievable in a tube fur-
nace. Figure 46 shows a RBS channeling spectrum for a
sample annealed in the RTA at 1060 °C for 1 min using a
heating rate of 100 °C/min. In this spectrumy,, is only
2.3+0.2%, identical to the value found for virgin samples.
Plan-view TEM showe®¥f that the sample is single crystal
with no grain boundaries. The channeling spectrum from
Fig. 45 for the 15 min furnace anneal at 1060 °C is also
plotted for comparison, and shows much higher disorder than
the RTA annealed sample. A sample annealed in the RTA at
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FIG. 46. RBS channeling spectra of Er-implant@ 10'° Er/cm 2, 3.5 0.0 o3
MeV) x-cut LiNbO; single crystals. One sample was annealed for 15 min at '1 45 1 '50 1 '55 1 |60 1.65
1060 °C in a tube furnace, and two others were annealed for 1 min at ’ ) ) : )
1060°C in a RTA at two different heating raték0 or 100°C/s Random Wavelength (um)
and channeling spectra for an as-implanted sample are also skierom
Ref. 94) FIG. 47. Room-temperature PL spectra of Er-implantgs 10'° Er/cn?,

3.5 MeV) LiNbO; single crystals annealed for different times at 500 °C in
flowing oxygen using RTA. The “0 s” sample was heated to 500 °C and

. ° . then quenched; the 20 and 40 s samples were each held at 500 °C for their
a lower heating rat€l0 °C/9, comparable to that in the tube respective times and then quenche@hpumy=496.5 nm, pump power

furnace, also shows high disordeee Fig. 46 =100 mW, resolutior3.2 nm). The spectra were shifted vertically for
These data indicate that the heating rate during annealingarity. (From Ref. 95

is crucial in determining the final crystal quality. Additional

TEM data by Fleustéf have shown that slow heating results

in a large grain structure with high disorder that is hard to@S is shown in Fig. 43. Crystallization leads to incorporation

anneal(long anneal times are required at 1060.°@ con- of Er on a well-defined lattice site and hence a sharper PL

trast, fast heating initially leads to the random nucleation of &Pectrum. Work on melt-doped and indiffused LiNpas

fine grained structure that has no orientation relation to théhown that Er is incorporated on an octahedral position close

substrate. As the annealing continues, this fine grain polyt® the Li sit€”**that is surrounded by six oxygen atoms.

crystalline layer is epitaxially aligned, a process that takes ~The sample annealed at 500 °C for 40 s shows a 10 times

less time than alignment of a coarse grained columnar strudligher PL intensity than the as-implante@inorphouslayer.

ture, and as a result nearly perfect epitaxy is achieved aftet the same time the PL lifetime at 1.533m (data not

only 1 min, and with only very slight Er diffusion or Shown increased from 1.65(amorphous to 2.9 ms

segregatiof® Samples crystallized at 1060 °C for 1 min (crystallized.®® Both the spectrum and lifetime after anneal-

show essentially the same PL intensity and lifetime as thos#'d are very similar to that of bulk Er-doped LiNg@rown

annealed for longer times at 1060 °C. from the melt ¢=3.0 ms). o _
The tenfold intensity increase upon annealing is attrib-

uted to this lifetime increase as well as to an increase in the
optically active Er concentration. It should be noted that ad-
Figure 47 shows room-temperature PL spectra of Erditional annealing at 1060 °@Qwhich increases the crystal
implanted (5 10'° Er/cn?, 3.5 MeV) LiNbOj single crys-  quality, as shown in Sec. V)Adid not significantly increase
tals annealed in the RTA in flowing oxygen for different the PL intensity or lifetime. Annealing at such a high tem-
times at 500 °C® All measurements were performed using aperature did, however, lead to significant diffusion of the
496.5 nm pump beam. The spectrum for an as-implanteémplanted Ef® Therefore, to take advantage of the
sample shows a clearly measurable signal at room temper&aussian-implanted Er depth profile in planar waveguide
ture. It is rather broad48 nm FWHM), and peaks at 1.533 structures, low temperatufe.g., 500 °Q anneals should be
pum. It was found that the PL intensity increased by a factomused. More research is needed to study the optical properties,
of 5 as the laser irradiation continuedrfd h during a PL such as scattering loss and absorption in such low-
measurement. This indicates that irreversible photoinducettmperature annealed films, which are full of grain bound-
structural changes take place in amorphous Lill@Qring  aries as shown in Fig. 44.
laser irradiation. Figure 48 shows the concentration dependence of the
Thermal annealing at 500 °C at increased lengths of timé..53 um PL intensity and lifetime in LiNb@®* Samples
causes an increase in intensity and a sharpening of the Rkere implanted with 3.5 MeV Er at fluences ranging from
spectrum. This is consistent with the fact that prolonged an5x 10' to 3x 10'® Er/cn?, corresponding to peak concen-
nealing at 500 °C causes a gradual crystallization of the layetrations from 0.05 to 0.44 at. %. After implantation all

B. Optical activation
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FIG. 48. PL intensity and lifetime as a function of Er fluer{8&5 MeV) in

x-cut LINbO; after annealing at 1060 °C for 1 min in RTéeating rate 15 49 RBS channeling spectra for Er-implant@i 101 Er/cr?, 250

100°C/s) The corresponding Er peak concentration is plotted on the OPkev) CZ-Si(100) at 90 K. Spectra are shown after implantation and after

axis. The inset shows a schematic of the Er depth profile and the limit to th%nnealing at 600 or 900 °C. The Er portion of the spectra was magnified by

Er concentration that can be optically activated in LiNb@rom Ref. 95). a factor of 5.(From Ref. 100. The surface channels of O, Si, and Er are
indicated by arrows.

samples were annealed in a RTA at 1060 °C for 1 min
(100 °C/s rise timgin flowing O,. The PL intensity shows a excited and subsequently decays by the emission of a pho-
linear increase with fluence for Er fluences up to 1.5ton. In this way, it may be possible to obtain efficient light
X 10" Er/cn?, and levels off above this fluence. The lumi- emission from Si that is otherwise impossible due to its in-
nescence lifetime at 1.5am is independent of concentra- direct band gap. If sufficiently high Er concentrations
tion: 2.8 ms. The leveling off of the PL intensity at high Er (~10'°-10° Er/cn?) could be incorporated and optically
concentration suggests that there is a limit to ¢bacentra-  activated in Si, it would become possible to fabricate light-
tion of Er** ions that can be optically activated in LINBO  emitting diodes, lasers, or optical amplifiers based on
[Erlmax- Any Er at concentrations aboy&r]m,,would then  silicon®® By integrating these devices with electrical func-
remain inactive. Using measured Gaussian Er depth profilegons in the Si chip, opto-electronic integrated circuits may
for each fluence, the total areal density of optically active Ee fabricated.
can then be determined by calculating the integrated areal The equilibrium solubility of Er in Si is not known, but
density of Er below Er]y., as indicated schematically by by analogy with the transition metals it is estimated to be
the inset in Fig. 48. The areal density should then be propori0'4- 10t cm 3. Therefore, nonequilibrium incorporation
tional to the Er PL data in Fig. 48. Such a procedure wasnethods have to be used to incorporate sufficiently high Er
performed using the Er depth profiles for the different flu-concentrations. lon implantation is such a method. The in-
ences, measured using SINSyith [Er] . as a free param-  corporation of and the optical properties of Er in crystal and
eter. The result for the best fit is shown as the line drawn iramorphous Si will now be discussed and measurements of
Fig. 48 and corresponds to a value f&r] ., 0f 0.18 at. %.  electroluminescence in Er-doped $in diodes will be
This is close to the equilibrium solubility of Er in LINbO  given. It should be noted that the field of Er doping of Si is
Estimates of the cooperative upconversion coefficient forapidly expanding, and we shall not provide a complete rep-
Er-implanted and annealed LiNgOwvere also made and resentation of the state of the art at this time. References to
showed thaC,,;<1.4x 10~ cm?s.% This is much smaller other work on Er in Si are given in Sec. VII. A review
than that for Er-doped silica glasses ob®@4 (see Secs. Il E  specifically devoted to Er in Si wil be published
and IV O). This may be attributed to the rather narrow emis-elsewheré?® The latest work on rare-earth-doped semicon-
sion and absorption spectra of Er in LiNp@at causes the ductors in general is reported in Ref. 11.

upconversion energy transfer process to be less resonant. .
1. Incorporation

VI. SILICON a. Solid phase crystallization and segregatiorCzo-
chralski(C2)-grown S{100) was used in these experiments,
with an oxygen background concentration as measured using
Erbium doping of silicon has recently become an extenSIMS of (1.7£0.5)x10® O/cn?. The Si wafer was
sively studied subject because of the possibility of obtainingmplanted® on one side with 250 keV Er to a total fluence
light emission from Si at 1.5m. In a semiconductor, opti- of 9 10* Er/cn?. During implantation the sample was kept
cally or electrically generated charge carriers can recombinat 90 K. RBS channeling spectra, shown in Fig. 49 show that
at an Er-related trap site in the crystal and transfer their rea 160-nm-thick amorphou&@-Si) surface layer has formed
combination energy to the & ion, which then becomes after implantation. The Er profile peaks at a depth of 70 nm

A. Crystal Si
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with a FWHM of 60 nm. After annealing for 15 min in a Channel

vacuum tube furnace at 600 °C, theSi layer has recrystal- 15 300 320 340 360
lized by SPE, leaving a thin~410 nm) disordered layer at ()

the surface. The channeling minimum yield in the recrystal- A Al et RN
lized layer isymin<<56%, indicating good crystal quality. The '\’,f‘ v /,-‘"' ‘ﬂ
Er was redistributed, with 65% of the Er remaining trapped 1w}/ 5.4x10% /7 [
in crystal Si(c-Si) and the remainder in the surface disor- 3 _-'

dered layer. Detailed measurements of the time dependence L o

AR
of the segregation procé8Shave shown that the Er is seg- ;i 3 7 ,‘i“
|

Si

regated in a narrounm) segregation spike in the amorphous

Si in front of the moving interface. After crystallization the . Ve ~ 0.9
. . . . Ko 2T e T K4 I

Er profiles are identical under both channeling and random T ’

conditions, indicating that the Er is not on substitutional lat-

tice sites nor on tetrahedral interstitial sites.

The crystallization process is very sensitive to the anneal
temperature as can be seen in Fig. 49, which also shows a
channeling spectrum after annealing at 900 °C. In this case, ;
the initial regrowth is epitaxial, but 60 nm from the surface i i
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the quality of the regrown crystal deteriorates rapidly. In the 2r ,’ iy ,‘E
epitaxial region(deeper than 60 nmEr is trapped at con- i ‘-\'\.\ ,t',‘ g
centrations similar to those for the 600 °C anneal. Once dam- o /! H 1 }' ¢
aged crystal growth begins, Er starts being trapped at higher A T ¥ bt

Er/cm?®
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e
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concentrations. The sample is recrystallized to the surface as
evidenced by both the moderate channeling in the Si signal
and the redistribution of some Er to the surface. TEM has o .
showrt® that the damaged surface layer for the 900 °C an- 420 440 460 480
nealed sample is heavily twinned, which causes the high Channel

yleld in the RBS channellng spectrum in .Flg. 4,9' FIG. 50. The(a) Si and(b) Er portions of RBS channeling spectra after
The twinning may be due to disruption of the gooe°c anneals of Cz-§i00 implanted with 0.4, 0.9, 1.3, 2.4, and 5.4

a-Si/c-Si growth front by Er precipitation or silicidation in  x10' Er/cm™2 at 250 keV. The channel scales are plotted so that Si and Er

the segregation spike in front of the interface. However, ng'ave the same relative depth scales. The dotted lingjirindicates the

evidence for the presence of precipitates or silicides wa§ical concentration where epitaxy is disruptéBrom Ref. 100.

found by high resolution TEM. Alternatively, a high Er con-

centration in the spikéexceeding the solubilifynay cause it  reached. Additional measurements have shown that this criti-
to be energetically favorable to nucleate twins, to use th&al concentration depends on the anneal temperatafre
twin boundaries as trapping sites for Er. 500 °C: 2X 10?° Er/cm®; at 900 °C: 6x 10'° Er/cm?).1!

The recrystallization process is sensitive not only to the  In experiments under conditions below the threshold for
anneal temperature but also to the Er concentration. Figurepitaxial breakdown, it was found that the Er segregation
50 presents RBS channeling spectra for five different Ekoefficient is very Er concentration depend&htVery low
doses(0.4, 0.9, 1.3, 2.4, and 5:410" Er/cn?) at 250 keV.  Er densities are nearly completely segregated out of the crys-
Each of these implants creates a 140—-160-nm-thi@i sur-  tal, while at higher Er densities significant partitioning takes
face layer. Thermal annealing was then performed for 15 mimplace at thea- Si/c- Si interface with a segregation coefficient
at 600 °C. The Si portion of the channeling spedtfig.  of 0.2. These findings were explained in terms of a mdel
50(a)] shows that the two lowest fluence Er samples exhibiin which defects in tha-Si near the interface act as traps for
good epitaxy with x,n<<6%. The higher concentration the Er. At low Er densities, all the Er would be soluble in
samples all initially regrow epitaxially, but for each samplethese traps, and it can therefore escape from the growing
epitaxy is disrupted at a certain degthdicated by arrows  crystal. At high Er fluences, when all traps in theSi are
The higher the Er dose, the sooner epitaxial growth is disfilled, Er is forced to go into either the crystal or the amor-
rupted. phous layer, and as a result both segregation and trapping are

Figure 5@b) shows the Er parts of the RBS spectra plot-observed.
ted on the same depth scale as the Si parts. The two low b. Impurity effects. It has been shown that impurities
fluence samples have Er profiles similar to those shown imay affect the segregation and trapping of'#r'% Figure
Fig. 49, with Er trapped in high quality crystal and a narrow51(a) shows RBS spectra for 610" 1.5 MeV Er/cnt im-

Er peak at the surface. The high-dose samples all show rapjglants into CZ-Si[(1.7+0.5)x 10'® O/cn?], both as im-
increases in Er concentration once epitaxy is disrupted. Thplanted, and after annealing at 550 °C. The SPE results in
comparison of the Er concentrations for each sample at theignificant segregation, with the Er segregation spike reach-
depth where single crystal regrowth is interrupfedlicated ing all the way to the surface. Note that the depth scales are
by arrows demonstrates that epitaxy is disrupted once avery different from the experiments described above that
fixed Er concentration, 1:210%° Er/cn?, in the crystal is were performed at a low implantation ener@g0 ke\).
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The Er part of the spectrum is multiplied by a factor of Prom Ref. 105.

0.4 .
paint to a copper block held at a constant temperature of
320 °C.

02f ] Figure 52 shows RBS spectra of the Er-implanted
sample after IBIEC. A spectrum for the as-implanted sample
is also shown. The channeling spectrum after IBIEC shows

0.0 hia L | Mae that the a-Si has regrown to the surface with a

800 600 400 200 0

<20-nm-thick disordered layer remaining at the surface.
xmin Of the regrown layer is around 10%. A highly disor-
FIG. 51. The Er portion of RBS spectra ) 780-nm-thick Er-implanted dered reglo_n is observed in the spectrum below Chann?' 250,
a-Si (1.6x 10 Er/cn?, 1.5 MeV), as implanted and after SPE at550ca  corresponding to the deep damage caused by the Si beam
h), (b) after SPE(1 and 11 hfor a similar a-Si layer but coimplanted with during IBIEC. The most striking feature in Fig. 52 is that the
5% 10" 160 keV O/cm. The O depth profile is indicated by the dotted line. Shape of the Er prof”es before and after IBIEC is identical.
(From Ref. 102 No segregation has occurred at the mova&i/c-Si inter-
face. In this way an Er concentration as high as 1.5
x 10?° cm ™2 was incorporated into the crystal Si.

Depth (nm)

Some samples were coimplanted withkx 50" 160 keV
oxygen. This energy was chosen to place the O profiles ) o )
slightly closer to the surface than the Er profile; this is showr?- OPtical activation and codoping
schematically in Fig. 5(b). After SPE at 550 °C, the Er pro- a. PL spectra and annealing behaviorFigure 53
file coincides almost completely with that for the as-shows a PL spectrurtmeasured at 77 Kof Er-implanted
implanted sample, indicating that the presence of oxygei©Z-Si (9x 10'* Er/cn?) after SPE at 600 °¢°%® The spec-
causes a dramatic reduction in the segregation. One explan@m shows four clear features around 1.131, 1.20, 1.36, and
tion is that Er forms complexes with oxygen, and that thesel.54 um, respectively. The first two peaks correspond to
complexes are less easily segregated from the crystal. EXshonon-assisted near-band edB&) luminescence of S’
AFS measurements on Er- and O-doped Si have shown thahe broad band around 1.3m is very similar to defect
Er is indeed coordinated by four to six O atoM$Another  bands found earlier for ion-damaged Si after annedfig.
explanation for the effect of oxygen is that it fills the defect The peak around 1.54m represents the characteristic lumi-
traps in thea-Si in front of the moving interface, and thereby nescence from BEF.
increases the trapping. A spectrum for the sample regrown by SPE and subse-
c. lon beam induced epitaxial recrystallizationlon ir- quently annealed at 1000 °C for 15 s is also shown in Fig.
radiation through am- Si/c-Si interface can be used to cause53. As can be seen, the defect band has now disappeared and
crystallization at much lower temperatures than are requiretioth the Er and the band edge luminescence have increased.
for pure thermal crystallization. lon beam induced epitaxialPL decay measurements were performed and they show a
crystallization(IBIEC) experiments were performed on 250 slight nonexponential behavié®® The typical 1& decay
keV 4x 10' Er/cnt-implanted sample¥” IBIEC was per- time for both samples in Fig. 53 was 0.8 ms.
formed usig a 1 MeV Si beam, which has a range well The data in Fig. 53 show that the Er PL intensity can be
beyond the Er-doped-Si surface layer. The total Si fluence increased five-fold by subsequent thermal annealing at
was 1x 10Y ions/cnf. The sample was attached with silver 1000 °C. Anneals were also performed at other temperatures
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2.0 P T +1000 °Q. The pump power was fixed at 10 mW at each
wavelength and the data were taken at 77 K. As can be seen,
the Er luminescence signal is a slightly monotonically de-
I i creasing function of pump wavelength.
151 = For comparison, a PLE spectrum of an Er-implanted
- : SiO, film (500 keV, 1.7 10 Er/cn?, annealed at 900 °C
[ ] for 30 min) is also shown; it was measured using the same
] pump power of 10 mW. The peak in this spectrum corre-
- sponds to thél ;5,,—*1 11/, absorption transition in Bf. Af-
1 ter excitation to this level, the ion first decays nonradiatively
] to the*l 13/, level whereupon it decays to the ground state by
] emission of a 1.54um photon(see inset in Fig. 54 From
. the fact that the peak at 980 nm is not observed in the spec-
1 trum for Er-doped Si, it is concluded that the luminescence
from Er in Si is due to a photocarrier mediated process,
SPE ] rather than to direct absorption. This implies that the minor-
ity carrier lifetime in the Si host is a crucial factor that de-
termines the Er excitation efficiency. This is important in the
analysis of Fig. 53, where it can be seen that the additional
FIG. 53. PL spectra taken at 77 K for Er-implanted CZ-8 _1000 _°C anneal incrgases the_ band ed_ge !umine;cer_lce_ which
X 101 Erfcr?, 250 ke after SPE at 600 °C and after subsequent annealingiS @ signature of an increase in the minority carrier lifetime.
at 1000 °C for 15 s. The upper spectrum was shifted upward for clarity. The increased Er luminescence intensity upon annealing is
Q%“%S“‘S nm, power160 mW, spectral resolutiens nm.) From  then attributed to a more efficient excitation due to the in-
et 208 creased carrier lifetime.
¢. Maximum active Er concentration in CZ-Siln order

in the range 600—1300 °QL5 § and it was found that an- to study the concentration dependence of the Er lumines-

nealing at 1000 °C results in the optimum Er PL intensity atcence in CZ-Si, samples with four different Er concentra-

1.54 um tions were made. A surface layer of a CZ4%i0) wafer was

b. Er excitation Erbium may be excited in Si either by fi'St preamorphized using a 350 keV Si implant at 77 K.
direct absorption or through a photocarrier mediated proces§u%sl‘fquemg’l’2 250 k;;/ Er was OiTplan;g‘d at fluences of 8
To distinguish between the two mechanisms, photolumines2<1 , 8X10%, 8107, or 8x 10" Er/cnt. The Er-doped

cence excitatiofPLE) spectroscopy was performed using aa-Si I_ayers were then all recrystallized by SPE at 600 °C for

Ti-sapphire laser tuned at wavelengths in the rangel5 min and further annealed at 1_000 °C for 15 s. _SIMS mea-
925-1030 nm. Note that the Si band gap energy at 77 1urements of the Er depth profité&for the four different

corresponds to a wavelength of 1063 nm. Figure 54 showsamples after annealing show trapped Er concentrations in
the 1.535um Iuminescence intensity as a function of pumpthe range of ¥ 10'°-7x 10" Er/en?.

wavelength for the Er-implanted CZ-Si sampkSPE The Si band edge PL intensity was the same for all four
samples, indicating that the minority carrier lifetime was the

same in each sample. This shows that the Er ions themselves
arenotthe dominant recombination centers for electrical car-

L CZ-Si:Er, 77 K 4

PL intensity (a.u.)

SPE+1000 °C

a1 nlfir Ll
1.0 11 1.2 1.3 14 15 1.6 1.7

Wavelength {(um)

/3?2'5: L riers. It implies that only a small fraction of the photogener-
S C ] ated carriers is actually used to excite Er ions, and therefore
2 20F E the internal quantum efficiency for excitation is rather low.
@ ] The quantum efficiency will be further discussed in Sec.
27 E VI A2e.
: [ ] In order to obtain a measure of the concentration of op-
a1.0fF - tically active Er in each sample, the 1.24n PL intensity
c ] was divided by the PL lifetime for each case. The lifetime
3 05 L i varied from 0.7 to 1.1 ms for the four concentrations. The PL
3 L Ccz—siEr ] intensity/lifetime ratio is plotted in Fig. 55, as a function of
Lf_? P P P SIS PO hrsaran s g Er fluence. All data were taken at 77 K. An initial linear
920 940 960 980 1000 1020 1040 increase with concentration is seen, followed by a leveling
Pump Wavelength (nm) off above a fluence of 10 Er/cnt.

The data can be analyzed by assuming that there is a
FIG. 54. PL excitation spectrum of Er-implanted CZ{Six 10** Er/cn?, maximum Erconcentratiorthat can be optically activated in
250 keV, 600 °C, 15 mi#1000 °C, 15 sat 77 K and of an Er-implanted CZ'S|, [Er]max_ Any Er trapped at concentrations above

SiO, film (500 keV, 1.8 10 Er/cn?+900 °C, 30 min at 77 K. The PL S : :
intensity at 1.53um is measured as a function of the pump wavelength. The[ Er]max would then remain inactive. Using measured Er

pump power was 10 mW. The inset shows the Er energy level diagram.qepth pro_files for each sample, the t(_)t&| areal denSitY of op-
(From Ref. 106. tically active Er can then be determined by calculating the
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FIG. 55. PL intensity divided by the PL lifetime, which is a relative measure 4 6 8 —

of the total areal density of optically active Er, plotted as a function of the Er 1 OOO/T (K )
implantation fluence at 250 keV. Implants were made into CZ-Si and an-

nealed at 600 °C for 15 min and 1000 °C for 15 s. The lines drawn arer|g, 56, Arrhenius plot of the 1.54m PL intensity for Er-doped CZ-Si
calculated from SIMS profiles, using a model in which it was assumed thatg>< 104 Er/cr?, 250 ke 600 °C+ 900 °C) and Er and O codoped CZ-Si
there is a maximum Er concentration that can be activated in CZ~&im (1x 10" Er/c?, 1x107%° Ofen?). (Apump=514.5 nm, power 200 mW)

Ref. 106) From Ref. 108.

integrated areal density of Er beldr],,,x. This areal den- cally active sites also follows from O codoping
sity should then be proportional to the Er PL data in Fig. 55.experiments#!3that showed that O enhances both the op-
Using such a procedure, the details of which are described itically and electrically active fraction.
Ref. 106, the data in Fig. 55 can be fitted. The continuous More measurements will be required to determine the
lines are results of this procedure using three different valuesature of the large opticallyand electrically inactive frac-
for [Er]max- The best fit for the maximum optically active tion of Er in CZ-Si. X-ray absorption spectroscopy measure-
Er" concentration is obtained usingEr],.=(3+1) ments on samples in which only 1% of the Er is optically
X 10" Er/en®. This is much lower than the maximum Er active show that all Er is in the trivalent charge stafeThis
concentration that can be incorporated into CZ-Si by SPEuggests that the inactive Er has either a very small lumines-
(2x 107 Er/cn?). cence quantum efficiencdighort luminescence lifetimeor a

d. Erbium configuration in Si EXAFS measure- small excitation efficiency, and therefore does not contribute
ment$® on Er-implanted CZ-Si have shown that Er forms to the PL spectra.
clusters with four to six O atoms in the first neighbor shell. e. Quantum efficiency Using the data in Fig. 55 a
Using this coordination number and the known O content irrough estimate can be made of the internal quantum effi-
the CZ material used above, (1D.5)x 10 O/cn?, and  ciency for carrier-mediated excitation of Er in Si. Comparing
assuming that in the Er-doped region all Er is bound to oxythe PL intensities for the Er-doped Si and $&amples at a
gen, we can derive a separate estimate[ Bf],,,=2—-6 pump wavelength of 980 nm and taking into account the
x 10t Er/en®. This number is in good agreement with the known cross sections and collection efficiencies, a lower
number found from Fig. 55. One can consider Er a microdimit for the internal quantum efficiency d@=3x10 6 is
scopic getter in Si that binds with any O within a relatively found This is a small number, and indicates that the main
large distance. The effective solubility of Er in 8Ref. 109 carrier recombination route is not through Er ions. Clearly,
is then determined by the O background level in the waferthe structural defects remaining after SPE, such as, for ex-
Experiments have shown that the addition of oxygen to Erample, end-of-range dislocations, dominate the electrical
implanted CZ-Si can enhance the Er PL inten$if§t1%!!!  characteristics in these samples. Future work should focus on
This enhancement may then, at least partly, be attributed teeduction or passivation of these defects. The quantum effi-
an increase in the density of O-coordinatgdptically ac-  ciency could be further increased if the Er active fraction
tive”) Er. The addition of O also reduces the PL quenchingcould be increased. By coimplanting additional oxygen and
at elevated temperatures as will be shown. by increasing the Er depth using MeV implantation energies,

It is interesting to compare these data on the optical acthe quantum efficiency may possibly be improved to
tivation of Er in CZ-Si with those on electrical activation. Er 10 3-10 2.
exhibits donor behavior in Si and it was fodht*3that the f. Luminescence quenchingFigure 56 shows the tem-
maximum carrier concentration in CZ-Si was reached for arperature dependence of the 1.ndn PL intensity in Er-
Er concentration of (4— 710" Er/cn?, very similar to the  implanted CZ-St% The sample was prepared by 250 keV Er
value found above for optical activation. These data suggesimplantation at a fluence of®10* Er/cn?, recrystallized at
that the optically and electrically active Er sites in Si may be600 °C, and subsequently annealed at 900 °C for 15 s. A
the same. Such a correlation between optically and electrieontinuous PL quenching is observed for all temperatures

30 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997 Appl. Phys. Rev.: A. Polman

Downloaded-15-Sep-2003-t0-131.215.237.132.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/japol/japcr.jsp



electron Er—related T(K)

+ defect 15075 50 35 20 3
T T T T T 10
hole level L 3
c L 4 100
S A
o ‘o
< 107! = 3
> E
= E @
V @ r €
© i S
€ 10721 o
- E o 1072L 135 meV 1 3
z b4 b 210 mev g0 410°
? -3 3 3
1073 © ° .
F_ 4 5 6 7 8 9 10 q
L | | | PR BT 10-‘

20 40 60 80

intra—4f 1000/T (K™")

transition

o o o FIG. 58. Arrhenius plot of the integrated ErPL intensity (open circley
FIG. 57. Model for the excitation and deexcitation of Er in Si. and lifetime (crosses for Er and N-implanted CZ-Si1.6x 101 Er/en? at
1.46 MeV, 1x 10" N/cn? at 225 keV, both annealed at 600)°Che lines
through the data are guides for the eye. The inset shows the high tempera-
ture data in detail(\ pymp=514.5 nm) From Ref. 116.
above 90 K and no measurable signal is found at room tem-

perature.

Measurements were also performed on a sample COimﬁons after SPE of %10 Er/cn® and 6x 10%° N/cm?
planted with O. In this case multiple energy Er and O im'respectivelylm ’

plants were performed on CZ-Si, leading to uniform depth . . . .
profiles of 1x 10'° Er/cn? and 1x 10?° O/cn? in the depth Figure 58 shows the 1.54m integrated EY" lumines
cence intensity as a function of temperature. As can be seen,

range between 0.3 and 2m. The ter_npe_rature dependence the PL intensity quenches by three orders of magnitude be-
for the O codoped sample shows quite different behavior. Uifween 12 and 150 K

to 150 K a gentle decrease in intensity is found, character- The luminescence lifetime, which is also plotted in Fig.

ized by an gcnvatlon energy of up to 20 meV. Abqve .150 K’58, decreases from 4205 at 12 K to 1us at 170 K. In fact,
a more rapid quenching is observed with an activation en:

ergy of roughly 150 meV. A small PL signal can be observedﬂ.]e _quenchlng bghawor for Ilfet|_me_ and mtens!ty show a
similar trend. This shows that lifetime quenching, i.e., a
at room temperature.

The temperature quenching can be understood by takinbacktran:sfer procegsee Fig. 57, plays a significant role in

into account an excitation and deexcitation model that is € g]:i?)rllc?g glul%n \?vr:;?l?e d out a rate equation model based
sketc;hed in Fig. 57. It. IS assgmed that an Er-0 compleﬁn the processes indicated in Fig. 57. Including a tempera-
provides a defect level in the Si band gap. Indeed, deep IeV(?ure dependence of the lifetime in this model, the Er PL
transient spectroscofPLTS) measurements have indicated '

the presence of such levéf$:1'°An electron may then be intensity as a function of temperature is given by
trapped(T in Fig. 57 at the level, a hole may subsequently W W, ag

be bound, and if the electron-hole pair recombines, the en- Lo (T) e [1+A exp —E;/kT)] W(T) Ner,
ergy may be transferred through an Auger process to the
Er** ion which then becomes excitél in Fig. 57). The Er W(T)=W,a¢+Wg exp( —Eg/KT), ®

ion can then decay by the emission of a 1% photon. N
There are two possible quenching processes in this A= ———
model: (1) the bound electron-hole complex may dissociate
(D in Fig. 57 before the energy is transferred to the Efr  with W(T) =the measured Er decay rate f}l/ W,,4 the ra-
the Er ion, once excited, decays by a nonradiative processliative decay rate\,, the transfer rate for procedsin Fig.
for example, a backtransfer proceg&in Fig. 57) in which 57, o, and o, the electron and hole trapping cross sections,
the Er decays to the ground state and an electron from the &espectivelyNc the effective density of states at the bottom
valence band is promoted to the defect level. Both quenchingf the conduction bandG_ the optical carrier generation
processes require the annihilation of one or more phononsate, andr; the minority carrier lifetimeE+ is the dissocia-
and therefore become more probable at high temperature. tion activation energyprocessD, in Fig. 57, andW; is a
In order to study both quenching processes, combinegrefactor for the backtransfer process that is characterized by
intensity and lifetime measurements were made. The diss@n activation energ¥g .
ciation process will lead to a decrease in PL intensity but will ~ The inset of Fig. 58 shows the quenching behavior for
not affect the PL lifetime, while the backtransfer process willhigh temperatures in more detail. According to Eg). the
decrease both intensity and lifetime. Implants of 1.6slope for the high temperature lifetime data should yield
X 10*1.46 MeV Er/cnd and 1x 10750 keV N/cnf were  Egr and the slope for the intensity data should yi&lg;
made in CZ-S(100 and lead to Er and N peak concentra- +E+. Linear fits to the five highest temperature data points

oG 7’
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AL A S AR estimate the efficiency of the backtransfer process, taking
I ] into account the Er density and a typical absorption cross
section for Er. It was found® that the probability for deex-
citation of an excited Ef ion at room temperature through a
backtransfer process may be as high as 50%.

More measurements are needed to systematically study
the relative strength of dissociation and backtransfer pro-
cesses in Er-implanted Si codoped with different impurities
at different concentrations. Comparing the existing data for
N-codoped CZ-Si(lifetime quenching by a factor of 500

between 10 and 200 K, see abpwnd O-codoped CZ-Si
A ] (lifetime quenching by a factor of 18% it can already be
Wavelength (nm) seen that backtransfer is very much dependent on the impu-
rity and hence local environment of the Er. Future work
FIG. 59. Spectral response at 300 K of Er-implantéck 10° Er/en? or ~ Should focus on impurity and defect engineering to reduce
3x 10" Er/cn?, 3.5 MeV) PERL crystal Si solar cells, annealed at 1000 and the lifetime quenching.
1060 °C.(From Ref. 118, Recent measurements by Libertiabal }'® have shown
that an equally important effect of impurity codoping is to
remove deep traps in the Si band gap created by the Er im-
result in Eg=135+=5meV and Eg=75+10 meV. Fitting pIantatioq it:?‘elf. deopeq samplgs Wi” therefore show
the lifetime data yields an estimate Wig=10P—101s L, Ipnggr minority carrler_llfetlmes. This will lead to a reduc-
Below 75 K the intensity shows a very small quenchingtIon mtheA paramete_r in Eq(6), and hence less temperature
characterized by an activation energy of 1-10 meV, which jguenching of the luminescenct.
not seen in the lifetime quenching and is attributed to a sec-
ond detrapping process, possibly the dissociation of the
weakly bound hole.

The energy difference between the Si band ¢gaji2
eV) and the Er excitation energ{.81 eV} is around 300
meV. However, in this experiment the observed activation  Er-dopedp-n diode structures were mad&by implant-
energies add up to onligr+ E1=215+10 meV. This sug- ing 5x 10'® 40 keV B/cnf, and 5 10'> 2 MeV P/cnt into
gests that the excitation and deexcitation processes involv@n epitaxialn-type Si layer on a highly-type (0.01Q cm)
different defect levels. Also, it is possible that the levels areSi substrate. Constant depth profiles of 10'° Er/cn?® and
broader than indicated in Fig. 57. 1x 10%° O/cn? were made by multiple energy Er and O im-

In order to study the backtransfer process in more detailplantation into the 0.3—2.@2m depth region. The implanted
crystal Si solar cells were doped with Er by ion layer was recrystallized by SPE at 620 °C and subsequently
implantationt!® In these experiments, passivated emitter,annealed at 900 °C for 30 min in,Nvith a partial G pres-
rear locally (PERL) diffused solar cells were used, which sure to grow a thin surface oxide passivation layer. Alumi-
(when not implanted with Brshow the highest efficiency num contacts were made on the front and bottom. The diode
reported for Si solar cells® These cells show a near-unity area was 0.25 c¢fn The device showed good electrical char-
internal quantum efficiency; all carriers generated in the celhcteristics in both forward and reverse bias, with Zener
are collected by the metal contacts. breakdown occurring in reverse bias abové V. Details of

Figure 59 shows spectral response measurements at 3@k device geometry and electrical characteristics are given
K of PERL solar cells implanted with either 1 in Ref. 120.

X 10 Er/fcn? or 3x 10 Er/cn? at 3.5 MeV, and subse- Figure 60 shows electroluminescen¢EL) measure-
guently annealed at 1060 °C for 60 min and 1000 °C for 75ments of the Er-doped diodes measured at room temperature.
min. In these measurements the short circuit current waMeasurements are shown both in forward bias Vv, 600
measured as a function of the illumination wavelength andnA) and in reverse bia6-5.2 V, 600 mA.

converted to quantum efficiency, defined as the number of The EL signal under forward bias is attributed to
electron-hole pairs created per absorbed photon. A spectralectron-hole recombination resulting in excitation of 'Er
shape typical for Er absorption is observed for wavelength$n contrast, the reverse bias signal, which is observed only
around 1.54um. The dashed lines indicate a background thaunder breakdown conditions, is attributed to impact excita-
is also seen in Si-implanted solar cells and is attributed tdion of EF** by hot electrons accelerated across the junction.
implantation defect$!® These data indicate that optically ex- The electric field in the space charge region under break-
cited Er generates free carriers that are collected in the solalown is estimated to be 1.8 MV/cm. Assuming an electron
cell. This is direct experimental evidence for the existence ofnean free path of 5 nm, this implies that the electrons can
a nonradiative quenching process in which excited Er decayacquire an energy of typically 0.9 eV, sufficient to excite
by the generation of a free electron-hole pair at room temEr" to the first excited state. The internal quantum effi-
perature. ciency of this Er-doped Si light-emitting diodeED) is es-

These spectral response measurements can be usedtitnated to be 10%.
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3. Electroluminescence
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FIG. 60. Room-temperature EL spectra under forward bias and reverse bi%ample (pump power 50 mW\ A very weak temperature

for an Er- and O-dopeg-n diode structure. The current was 600 mA in quenching by only a factor of 3 is observed. For comparison,

both cases(Spectral resolution 6 nm, from Ref. 120. . . . . .
the quenching in Er-implanted crystal Si samples from Fig.
56 (with and without codoping with 0.2 at. % O, pump

B. Amorphous Si power 200 mW is also shown. Clearly, the amorphous film
shows higher PL intensities over the whole temperature
1. Optical activation range and with much less quenching.

Luminescence lifetime measurements at 1,64 were

Amorphous silicona-Si) is also a promising host mate- i
Iso made. The decay curves showed a double exponential

rial for Er. Being amorphous, it allows one to side step the?
problem of limited solubility of Er in crystalline Si and to
incorporate more of the impurities such as oxygen and car-

bon that are known to enhance the luminescence. Experi- Temperature (K)

ments on Er doping of pure amorphous Si have shown lumi- 300 200 100

nescence only at low temperaturé77 K).!?! The N SPpos

disadvantage of this material is that its electrical quality is - 0T o7 sit

rather poor, so it is therefore more interesting to investigate 5

amorphous materials with better electrical quality. Hydroge- > 10° €z si ]

nated amorphous %a-Si:H) is a well characterized, mature ®

semiconductor that has possibility of being directly deposited £ 107 | i

on optical materials. Er implantation of two types of _

a-Si:H will be discussed next; they are made by low-pressure . o2k (a) |

chemical vapor depositiofLPCVD) and plasma enhanced ; ; ; , |

CVD (PECVD. 1000 | ) T
a. LPCVD aSi. a&Si:H layers 340 nm thick were T

deposited?® on Si100 by LPCVD from SiH, and NO at @ 800 - e slow class |

620 °C. The H and O contents in these films were 10 at. % S 600t ]

and 31 at. %, respectively. This material is sometimes re- £

ferred to as semi-insulating polycrystalline @IPOS, al- L 400 .

though the material used in the present experiments had an 200 epeverte o o .fﬂstf'fs‘f o

amorphous structure. Erbium was implanted at 500 keV to a * *

dose of 1x10% Er/cn?. The peak Er concentration, at a Ot

depth of 150 nm, was 0.2 at. %. 1000/T (K™

Figure 61 shows a room-temperature PL spectrum for
the Er-implanted LPCVD film annealed at 400 °C. The SpecF|G. 62. (a) Arrhenius plot of the 1.54m PL intensity of Er-implanted
trum shows the characteristic Erluminescence, peaked at (1x10" Er/cn?, 500 keV, peak concentration 0.2 at.%, annealed at
1.54 um. Implanted films were also annealed at temperatureéoc_’ Ql Ll:%Vchaé'S“OaH E(Pumg gowe_f 5|0 T\’g é%f?é!afed to thatzg%f
o : : r-implante -Si and Er an coimplante Ump power
below or above 400 °C, but all OShOW,ed Ie(ﬁ‘) intensity mW). (b) Temperature dependence of the two lifetime components in the
than the one annealed at 400 °C. Figurdapzhows the |yminescence decay measurement for LPCVE-Si:O,H. (N pump

temperature dependence of the 1% PL intensity of this  =514.5 nm; from Ref. 122.
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avelength  (um) FIG. 64. Arrhenius plot of the normalized, integrated PL intengiyen

circles and solid lingand lifetime (solid circles and dashed linef Er-
FIG. 63. Room-temperature PL spectra of Er-implantést 10* Er/cn?, implanted(4x 101 Erfcn?, 125 keV) PECVD a-Si:H,0 (0.3 at. % O an-
125 keV, peak concentration 0.2 at) RECVD a-Si:H (0.3 and 1.3 at. %  nealed at 400 °C. The inset shows the curves in a smaller temperature range.
0), annealed at 400 °C. The inset shows the L&4 PL intensity as a  Data for the high-O sampl..3 at. % Q are also shown in the inséErom
function of annealing temperaturgzrom Ref. 124. Ref. 124)

behavior with lifetimes of around 160 and 8@ %2 inde-

pendent of temperature in the range 77-300 K, as can b&amples annealed at 500 °C. The increasing and decreasing
seen in Fig. 6&). This lifetime behavior is quite different trends in the inset are attributed to the competing effects of
from that of O or N codoped crystal Si which showed athe removal of irradiation-induced defects and of outdiffu-
lifetime quenching by a factor of 10 or 500, respectively,sion of hydrogen as the annealing temperature is increased.
between 10 and 200 Ksee Figs. 56 and 388116 Figure 64 shows the temperature dependence of both the
The small lifetime quenching data for LPCV@sSi:H  integrated Et* PL intensity and the lifetime for the Er-
indicates that there is no nonradiative deexcitafjprocess implanted low-O PECVa-Si:H film (0.3 at. % O annealed
B in Fig. 57 of excited EF* at higher temperatures. This at 400 °C. The inset shows the data above 160 K in detail, as
may be associated to the fact that this material, due to itsvell as data for the high-O samp(&.3 at. % O. All inten-
high O content, has a large band g&@0 eV),}*® and as a sity data are normalized to the value at 10 K. Between 10
result a large energy mismatch gap has to be bridged for and 110 K, the integrated Er PL intensity shows a slight
deexcitation process to defect levels near the conductiomcrease as the temperature increases. At the same time, the
band. The smallfactor of 3 quenching in the intensity mea- lifetime decreases. Above 110 K, a 15-fold reduction in the
sured in Fig. 62 is then attributed to a small decrease in th&r** luminescence intensity is observed as the temperature is
excitation rate due to carrier detrapping as the temperature iacreased to 300 K. Up to 250 K, the temperature quenching
increased. The fact that this effect is small implies that theof the EF* luminescence intensity correlates well with that
Er-related level is positioned relatively deep in the forbiddenof the lifetime (see inset of Fig. 64 No lifetime measure-
band. ments could be made at temperatures above 250 K as the
b. PECVD aSi. aSi:H films were also prepared by luminescence lifetime became shorter than the system re-
PECVD of SiH, on glasgCorning 7059 at 230 °C***The H  sponse time(30 us). However, extrapolating the lifetime
content in the 250-nm-thick films was 10 at. %, and a backdata to higher temperatures, it becomes clear that most of the
ground concentration of 0.3 at. % O was also present. Ernntensity quenching above 160 K can be attributed to lifetime
bium was implanted at 125 keV to a dose of 4 quenching. The high-O sample shows less quencfinty a
X 10'* Er/cn?, corresponding to a peak concentrati@t a  factor of 7 between 10 and 300 Kand again the trend in the
depth of roughly 35 nmof 0.2 at. %. In some samples, ad- intensity is correlated with the change in lifetime.
ditional O was implanted at 25 keV to a dose of 7 The lifetime quenching for PECVA-Si:H observed in
X 10'° O/cn?, resulting in a total O peak concentration of Fig. 64 indicates that in this material nonradiative deexcita-
1.3 at. %, which overlaps with the Er profile. tion of Er can take place at elevated temperature. Indeed, this
Figure 63 shows the room-temperature PL spectra of thenaterial has a smaller band géh6 e\) than the LPCVD
Er-implanted PECVDa-Si:H films annealed at 400 °C dis- material and as a result the nonradiative deexcitation of an
playing characteristic Bf luminescence at 1.54m. The excited Ef" ion may involve a smaller energy mismatch.
inset shows the Bf luminescence intensity at 1.54m as a  The magnitude of the lifetime quenching accounts for most
function of the annealing temperature. As can be seemf the intensity quenching, which implies that the detrapping
samples annealed at 300—400 °C display the optimutfi Er rate of carriers is only slightly temperature dependent. This
luminescence. No erbium-related luminescence can be olaso implies that in the PECVD material the Er-related level
served from either the as-implanted samples nor from thés positioned relatively deep in the forbidden band.
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FIG. 66. Room-temperature EL spectrum in reverse bias of an Er-implanted
(5% 10" Er/en?, 35 keV) LPCVD a-Si:H,0O/c-Si diode structure annealed
at 400 °C(—20V, 260 mA. (From Ref. 130.

FIG. 65. Room-temperature PL spectra of virgin porous Si and Er-
implanted(1 X 10" Er/cn?, 250 ke\j porous Si before and after annealing
at 400 °C.[\ pymg=455 nm, power5 mW (spectrurcl um) or 50 mwW
(spectrun» 1 um), spectral resolution6 nm; from Ref. 129.

very similar results to those of Er-implanted LPCVD
a-Si:H,O (see Sec. VI Bl Given the fact thap-Si contains
similarly high O and H concentrations as the LPC\AESi
material, this seems plausible. It must then be assumed
that—at least in thep-Si materials used in the present
study—the Er-related luminescence is from Er located in
damorphous regions in the porous layer, andasrelated to

. . quantum confinement effects in the Si nanograins. This is
lI-VI semiconductors doped with EfRef. 129 that has supported by the fact that the annealing behavior of the vis-

shown the trend that the luminescence quenching is reduce . )
- ible and Er-related luminescence did not show any correla-
as the band gap is increased.

c. Porous Si Porous Si(p-Si) has been extensively in- tion. In addition, the PL quenching behavior of the visible

: . . o2 . Y 7" and Er-related luminescence also showed no correltion.
vestigated in the past five years since it can quite efficiently

emit light under optical excitation, presumably due to a )
quantum confinement effect in the Si crystal nanograing Eléctroluminescence
present inp-Sil?® It is a disordered material that also con- Electroluminescence measurements were made on Er-
tains amorphous regions and high concentrations of oxygeimplanted a-Si:H,0 films made by LPCVD(SIPOS, see
and hydrogen. above. A p-type S(100 wafer doped with B by ion implan-
It has been suggested thatSi would be a good host for tation on both sides was used as a substrate. A 30-nm-thick
Er since spatial confinement of carriers in the Si nanograina-Si:H,O sample was then deposited on one side, and im-
could cause them to recombine near the incorporated Er aralanted with 35 keV Er under an angle 60° off the surface
thus result in very efficient excitation of £rin p-Sit?"!2®  normal, at a total fluence of 610" Er/cn?. The Er peak
A 5-10-um-thick p-Si layer was producé® by anodic  concentration was 1.5 at. %. After implantation, the sample
etching of a silicon wafer in a 2:3:5 HF/B/2-propanol so- was annealed at 400 °C, and metal contacts were deposited.
lution for 10 min at a current density of 20 mA/émThe  The light was coupled out through a 0.16 mhole in the
resulting porosity was 65%. The Si:O ratio, as measured bypackside contact. Details of the LED geometry are given in
RBS, was 1:1. Thep-Si film was then implanted with 1 Ref. 130.
X 10' Er/cn? at an energy of 250 keV, and annealed in Figure 66 shows a room-temperature EL spectrum of the
vacuum at 400 °C for 2 h. diode under reverse bids 20 V, negative voltage on the Si
Figure 65 shows a room-temperature PL spectrum of theubstrate sideat a current of 260 mA. A clear Er-related
virgin p-Si layer and the implanted layer before and afteremission around 1.54m is observed. No signal was ob-
annealing. A 455 nm pump was used. Prior to implantationserved in forward bias for this particular diode. Diodes an-
the spectrum peaks around 740 nm. In fact, visible luminesnealed at 500—600 °C did show weak forward bias EL, but
cence is clearly seen by the naked eye, confirming the goothese diodes showed much weaker reverse bias EL than the
quality of thep-Si layer. No Er-related luminescence is seenones annealed at 400 °C.
from the as-implanted sample. However, after annealing at Detailed analyses were made of the electrical character-
400 °C, a clear Er-related peak around 164 is observed. istics of the diodé® It was found that in large reverse bias
Additional studies were performed on Er-implantedthe electric field is shared by theSi:H,0/Si junction and
p-Si, including its dependence on annealing temperature, ithe Si. For a reverse bias abowel4 V, the field in the Si
PL intensity quenching as a function of temperature, and itseaches 1 MV/cm, and breakdown will take place by a com-
dependence on excitation wavelenithand they all showed bination of avalanche and Zener mechanisms. This results in

The fact that in both LPCVD and PECVB-Si:H the
excitation rate is only slightly temperature depender.,
carrier detrapping is not very efficienis in contrast to the
behavior of Er in crystalline Si, where it was shown that the
carrier detrapping effect is importaféee Sec. VI Af. The
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A. Er-implanted waveguide films

Er implantation of LiNbQ for optical purposes was pio-
neered by Buchakt al. Single mode Ti-diffused channel
waveguides were made on a 300 keV Er-implanted and an-
nealed LiINbQ wafer, and optical amplification was
demonstrated® They also made careful studies of the dif-
fusion of Er implanted in LINb@** information that was
later used in the optimization of Er-indiffused LiNg@ave-
guide lasers.

Other perovskite-type materials have also been im-
' . . . planted with rare-earth ions: Nd-implanted Sri€howed
13 4 8 e v characteristic photoluminescence of Ndat 1.05-1.08
um, 24 while Th-implanted %Al :0;,(YAG) showed cathod-
FIG. 67. Room-temperature EL spectrum in forward h&d5 V, 19 mA oluminescence at 544, 590, and 620 nm. Sapphire single
of an Er-implanted PECVI@-Si:H p-i-n diode coimplanted with 1.0 at. % Crystals implanted with Eu showed photoluminescence at
o. 622 nm, particularly after additional laser anneaftfy.

SikN, thin films were also doped with Er by ion
implantation>**® This material has a relatively high refrac-
the creation of a large density of hot electrons on the Stive index (1=1.97), and therefore waveguides with small
crystal side of the junction, and the hot electrons are themimensions and highly confined optical modes can be made.
accelerated towards and into the Er-doge®i:H,O layer. PL from EF* was observed after annealing and had lumi-
The Er is then excited through impact excitation. An esti-nescence lifetimes at 1.54m of 7 ms at low Er concentra-
mate of the impact excitation cross section was magde: tion. Combined Er and Yb implantations were performed
>6x10 '®cn? and the internal quantum efficiency of the into silicon oxynitride waveguides. In such codoped
Er-doped LED was around 10. waveguides, the aim is to take advantage of the relatively

Electroluminescence measurements were also made dfigh absorption cross section of the 3bion, which can
PECVD depositea-Si:H films3' A layer structure, consist- then resonantly transfer its energy te*Er7
ing of 20-nm-thick p-type a-Si:H/500 nm intrinsic (i) Cavity quantum electrodynamic effects on the spontane-
a-Si:H/20 nmn-type a-Si:H was deposited onto a barium- ous emission rate of Ef were studied by Vredenberg
borosilicate glass substrate covered with a transparent coet al,**®13%®who implanted Er into a Fabry—Re microcav-
ducting oxide layer. Next 700 keV Er was implanted into theity. By varying the thickness of the SiCactive layer in the
layer structure at a fluence ob&10' Er/cn?. Oxygen was  cavity, the cavity resonance was tuned on or off th&"Er
coimplanted at 80 keV (3:210" O/cnf) and 120 keV  emission wavelength. Luminescence lifetimes of 9.8 and
(5.5x 10" Ofcnt), resulting in a roughly constant O con- 14.8 ms were found for on-resonance and off-resonance
centration of 1.0 at. % at the Er projected range in the middleavities, respectively. Due to the high cavity quality factor,
of the intrinsic layer. The diode structure was annealed irthe EF* emission intensity could be significantly enhanced
vacuum at 400 °C for 30 min, and Ag contacts were evapoand the spectral width reduced.
rated. The light was coupled out through the transparent con-  Finally, we mention the work by Townsend and co-
ducting layer and the glass substrate. workers who have used light ion irradiation to modify the

Figure 67 shows a room-temperature EL spectrum mearefractive index in the near-surface region of virtually any
sured under forward biagt.45 V, 19 mA. A clear EF*  material™®® Using masked ion implantation, channel
luminescence peak is seen at 1/, superimposed on a waveguides were written in an Er-doped YAG laser crystal,
broad background that is attributed to defect electroluminesand waveguide lasing was then achie¥&dlon irradiation
cence froma-Si:H. A PL spectrum measured at a pump serves as a useful tool in making waveguides in materials for
power of 40 mW is shown for reference in Fig. 67. It alsowhich no simpler waveguide fabrication metho@sich as
shows the EY" luminescence on top of a defect backgrounddiffusion, deposition, or ion exchangexist!42
signal.

PL Intensity (a.u.)

Wavelength (um)

VIl. OTHER MATERIALS AND OTHER RARE-EARTH B. Er-implanted Si

IONS . .
Work on rare-earth-doped semiconductors was pio-

This review paper described the work by the author ancheered by Enneat al., who reported in 1983 and in 1985 the
collaborators on erbium-implanted thin film photonic mate-first (low temperature photoluminescené¢® and
rials. Several other groups have contributed to this field oelectroluminescené& spectra of Er in Si that was grown by
research, and references to the main achievements are givetolecular beam epitaxy witim situ ion implantation. Due to
in Sec. VII. Only materials made by ion implantation are the lack of room-temperature emission from Er in Si at that
discussed. It should be noted that, specifically in the area dime, this field of study remained silent for several years,
optical waveguide synthesis, several techniques other thamtil it was reinspired by the successful experiments on Er
implantation are also being used. implantation into SiQ.°
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Groups at AT&T Bell Laboratories and later at Massa-temperature electroluminescence at 1/64. The emission
chusetts Institute of Technology studied the enhancement d@fficiency may be increased by optimization of the local en-
the luminescence of Er-implanted Si by codoping with itvironment of the Et".
impurities such as oxygen, nitrogen, fluorine, and

carbont!1%and also studied the solubili}’ and phase dia- ACKNOWLEDGMENTS

f Si—Er* the electrical iel? h .
gram of Si-ER® the electrical properties® and the This work was part of the research program of the Foun-
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