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AL Ox Rlms on oxidized Si substrates were optically doped by jon implantation with

800 keV Er ions to peak concentrations ranging from 60} 10 316 at %

The samples

exhibit broad room-temperatare photolnminescence aronnd A = 1 513 jon, correspond-

ing to intra-4f transitions in 't

“Che photoluminescence intensity increases roughly

linearly with Bt concentration, while the luminescenee lifetime decreases from 8 s at

low Er concentrations to 4 ms at | at.%

AL 36 at % the hfetune s 6 ms Cooperalive

upconversion effects are observed at high Er concentrationg and pump powers.

L INTRODUCTION

Erbium doping of planar optical waveguide ma-
terials has received considerable attention since the

realization of Er-doped fiber amplifiers {1, 2}. An,

advantage of planar Er-doped amplifiers and lasers
is that they may be easily integrated with other de-
vices. For example, passive devices such as opti-
cal multiplexers and splitters are readily made in
waveguide materials on Si substrates {3, 4]. The re-
alization of planar optical amplificrs demands high
concentrations {~ 1 at.%) of Er in the waveguide
structures.

In this paper optical doping of Al,Oy with high
concentrations of Er by ion implantation is stud-
ied. The use of jon implantation as a means for in-
corporating Er into wavegnide materials has several
advantages. Firstly, there is no limit to the Er con-
centration. Also, the implant profile has a Gaussian
shape at a controllable depth, offering the possibility
of matching the Er distribution to the optical mode
profile in a waveguide. Lastly, ion implantation is a
standard technique in silicon processing technology,
and is compatible with the techniques used for defin-
ing waveguides. Several studies have concentrated
on Er ion implantation into optical waveguide mate-
rials [5, 6, 7); most of these dealing with silica-based
materials.

Al303 is 8 promising candidate as host material
for Er doping by means of ion implantation. The
similarity in valency and lattice constants between

ALOy and EraOy {8 may aliow for incorporation of
high coneentrations of Erin the AlaOj crystal struc-
tare. Also, AlbQy is know to be a radiation hard ma-
terial [9]. Furtherore, in view of its ionic nature,
AlaQOy is an inferesting material to study, as it may
exhibit different propeeties than silica-based materi-
als with respect to optical doping  Barlier work has
shown that high quality, low-loss waveguide struc-
tures are readily made on silicon substrates using
standard lithographic teclmigues [10, 1. The rel-
atively high-index Al20y wavegiides cladded with
Si0y confine light very well, making simall deviee
structures possible

The photoluminescence (PL) inteasity and life-
time of Er-implanted AlyOj films is studied as Tune-
tion of Er concentration. The samples show clear,
broad PL around 1.53 jm, measured at room-
temperature.  Coneentration guenching and coop-
erative upconversion effects are observed in highly
doped samples

II. EXPERIMENTAL

The AlO3 films were fabricated by radio-
frequency magnetron spultering of AlaOj onto ther-
mally oxidized Si (100) substrates {oxide thickness
~ 2 pm). The process results in a cubic polycrys-
talline phase for the Al;O3 film. Details of the
sputtering process and film properties can be foun.
elsewhere [10, 11]. After deposition of a top SiQ
cladding layer, single mode waveguides at, 1.55 um
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Fi1G. 1 RBS spectrum of an Al Oa film implanted with
2.3 x 10" 800 keV Er ions/cm?.

can be realized. ‘The optical loss of the waveguides is
ntinimized to 0.35 (B/em after thermal annealing at
825 °C {or 1 hour in vacuum. Lateral confinement of
the light may be achieved by etching a ridge in the
guide prior to deposition of the top cladding {10, 11].

Al Q3 films without the top SiO, cladding layer
were implanted with 800 keV Fr to fluences in the
range I x 101 3.7 x 10'% ions/cn?, with the sam-
ples held at roomn-temperature. Post-huplantation
thermal anneals at 825 and 950 °C were done in vac-
wum (base pressure < 107% mbar) for 1 hour. The
Al2O3 layer thickness and Er concentration profiles
were measured by Rutherford backscattering spec-
trometry (RBS) using 2.0 MeV *He* and a scatter-
ing angle of 130°. Photoluminescence measiurements
were performed at room-temperature by exciting Er
ions into the 711“/2 manifold using the 514.5 nm
line of an Art ion laser. The pump light was di-
rected onto the sample normnal to the surface, and
the pump power in the ~ 0.4 mm diameter spot was
fess than 500 mW in each case. ‘The pump beam
was mechanically chopped at 12 z. The lumines-
cence was spectrally analyzed with a single-grating
monochromator, again normal to the surface. The
analyzed light was detected with a liquid-nitrogen-
cooled germaniurn detector and the signal amplified
using a lock-in amplifier. Lifetime measurements
were performed by monitoring the decay of the lu-
minescence after pumnping to steady-state and e-
chanically switching off-the light source (cutoff time
a 0.2 ms). The decay curves were averaged using a
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FIG. :2:  Room-temperature photoluminescence spec-
trum !(spectral resolution = 2 nm} of an Er-inplanted
ALO{ film (3.7 x 10'* Erfcm?; peak concentration 3.6
at.%)|annealed at 825 °C. A 514.5 nm excitation source
at 50 mW was used. The inset shows the schematic
energ%' level diagram for Er®t.

!
digitizing oscilloscope system.

IIL RESULTS AND DISCUSSION
|

Figure 1 shows the RBS spectrum of an Er-
implanted Al,O3 film, implanted to an ion fluence
of 2.3 x 10'® jons/cm?. Analysis of the spectrum
shows the AlyO3 layer thickness to be 430 nm. Fur-
thermore, 0.4 at.% Ar is observed throughout the
alumina film, due to the sputtering process. The
Er pq'oﬁle is Gaussian, peaking at a depth of 140
nm with a full width at half maximun (FWHM) of
80 nm. The Er peak concentration determined from
the spectrum is 0.23 at.%. Other samples implanted
at different fluences showed Er peak concentrations
in the range 0.01-3.6 at.%. Neither the Er profile
nor the Ar concentration in the film changed signif-
icantly with annealing.

Figure 2 shows the PL spectrum of an Er-
implanted sample (3.7 x 10 ions/cm?; peak con-
centration 3.6 at.%) after annealing at 825 °C. Our
previous work has shown that thermal annealing at
this temperature is necessary to optimize the PL
intensity and lifetime [12], as well as the optical
transparency of the waveguides {10, 11]. The spec-
trum peaks at 1.533 pum, corresponding to intra-4f
transitions between the 4113/2 (first excited) state
and the *l;5/2 {ground) state of Er®t [13]. The in-
set shows the schematic energy level diagram of the
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FIG. 3: Photoluminescence peak intensity {left axia) and
lifetime (right axis) as function of implanted Er fljence
‘The samples were annealed at 825 °C {or | hour it vac-
uum. The corresponding Er peak concentration is plot-
ted on the top axis. The dashed line through the lifetime
data is a guide to the eye. The solid line is calenlated
from the dashed line using Eq. 1.

Er3* free ion. The peak structure of the spedirum
is attributed to Stark splitting of the degenerate 4f
levels, characteristic of Er* embedded in a solidl.
This, as well as homogeneous and inhomogenecons
broadening results in a FWHM of ~ 55 min. Spec-
tra for samples implanted at different fluences have
different intensities but similar shapes, with small
variations in relative intensity between the different
lines.

The Er concentration dependence of PL intensity
and lifetime is shown in Fig. 3. All samples were
annealed at 825 °C. The bottom axis shows the Er
implantation fluence on a logarithmic scale; the cor-
responding Er peak concentration is shown on the
top axis. The PL intensity (filled data points, left
axis) increases by a factor of 50 as the concentiation
is increased from 0.01 to 1 4t.%. Above | at.% the
intensity is seen to increase further. The lifetime
{open data points, right axis) decreases slowly with
increasing concentration from 8 ms at low concen-
trations to 4 ms at 1 at.%. At an Er peak concen-
tration of 3.6 at.%, however, the lifetime increases
again to 6 ms.

The behaviour of the PL intensity as function of
Er concentration may be explained from the life-
time data. To a first order approximation {assuming
that exitation into the 2H,yy; manifold is followed
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by rapid deeay to the first excited state 'ly5,0 {13])
the PL intensity (Zpg ) of the Ty, -—~"h_r,/r_. transi-
tion can he written as

Ipg o fNopnprVoaa ()

where f is the fraction of active Pr jons, N the
areal density (ftuence) of Er ions, a, the punp ab-
sorption cross-section, lpymp the pump intensity, 7
the mmeasured lifetime, and W, .4 the radiative de-
cay rate.  Non-radiative decay channels will lead
to a reduction of the measured lifetime, decreasing
the PL intensity. Assuming constant, f, o4, anu
Wrad: iU is possible to calculate the PL intensity
(solid line) in Fig: 3 using the curve through the
lifetime data {dashed tine}). The reasonable agree-
ment with the intensity data suggests that the frac-
tion of active Er ions (f) does not change with con-
centration up to ~ 1 at.%. The decrease in lifetime
below 1 at.% is explained by an increase in the num-
ber of non-radiative decay channels, which may in-
volve implantation-induced defects or concentration
quenching {2] at high Er concentrations.

The unexpected behaviour at Er concentrations
above 1 at.% is intriguing. One possible explana-
tion that the high-fluence Er implant causes amor-
phization of the Al,O3. Indeed, earlier work on ion-
implanted single crystal sapphire has shown that
Al;O3 can be amorphized at fluences above ~ 106




e P {89 Subsequent thermal annealing at temper-
atures around 800 °C causes reerystallization to a
cubic phase of Al
AlOy films may also recrystablize, and thus might
incorporate Br i a dilferent fashion than in the case

In this way the Er-doped

of low-fhience, nou-amorphizing implants. This may
lead to changes in fifetime and optically active frac-
tion of the Br ions. Structral analysis of the (poly-
erystalline) Fr-implanted films is underway. The
fact that relatively high lifetimes are obtained even
at very high Er concentrations is very pronising.
For the future application of Al2QO3 films on a
planar substrate as optical gain medium, the he-
hiavionr of hletime amd PL intensity under high
piinp intensities must be investigated. Preliminary
results show that whereas the lifetime decreases only
slightly with increasing pump power, the intensity
depends sub-linearly on pump power. in addition,
for high pump intensities, lnininescence at 980 nmn,
corresponding to transitions from the 41“/2 man-
ifold to the ground state (see inset Fig. 1), is ob-
served. Figure 4 shows the the luminescence at 980
nm as function of the 1.533 pmy huminescence for
an AlbQ3 film implanted to 3.7 x 10'® jons/cin?
(Er peak concentration 3.6 at.%) alter annealing
at. 950 °C. The solid line is a fit through the data
using a second-order polynomial. This quadratic
behaviour is indicative of cooperative upconversion
[14], leading to less efficient pumping of Er to the
"Im/? level, and will be studiced in more detail.

II. CONCLUSION

In conclusion, Er-implanted Al,Os shows clear
room-temperature photoluminescence at 1.53 pm.
Lifetimes are as high as 8 ms at low Er concentra-
tions. Increasing the Er concentration to 1 at.%
lowers the lifetime to 4 ms. At 3.6 at.% the lifetime
increases to 6 ms. The concentration dependence
of the PL intensity is described by the lifetime as
function of concentration. Upconversion processes
can play a role at high Er concentrations and pump
intensities.  These highly doped Al;Og films are
promising candidates as optical gain media, which
may be implemented in planar optical amplifiers and
lasers in integrated optics.
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