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LiNbO, single crystals (x cut) were implanted with 3.5-MeV Er ions with Auences up to 3X1016
surface layer regrows epitaxially, displaying
Cm -2. Upon annealing the implantation-amorphized
either columnar or planar layer-by-layer growth, depending on the rate at which the samples are
brought to the fmal temperature of 1060 “C. Low heating rates (~10 “C/s) result in columnar
regrowth, and 8-h anneals are necessary for complete dissolution of the grain boundaries. In
contrast, using a rapid warm-up (100 “C/s), annealing for 1 min at 1060 “C is sufficient to restore
a perfect crystal without grain boundaries. The advantage of the short anneal is that it leads to only
minimal diffusion broadening of the Er profile. The maximum concentration of optically active Er
ions is 0.18 at. %.

The success of the Er-doped optical fiber amplifiers has
stimulated activities to use similar concepts in planar integrated optics by incorporating Er into planar waveguide devices. The Er?+ ion shows an optical (intra-4f) transition
around 1.5 ,um, a standard telecommunication wavelength.
LiNbOs is a key material for integrated optics due to its
excellent electro-optical and nonlinear optical properties. In
an Er:LiNbO, waveguide the optical gain produced by the Er
ions could be used to compensate for the intrinsic losses of
an integrated optical device (e.g., a switch or a modulator).
In addition, the electro-optical properties can be used to fabricate advanced laser structures like mode-locked or
&-switched waveguide lasers. Recently, the first modelocked waveguide laser based on Er-doped LiNbOa was
presented.’
The Er lasing scheme is a three-level system, and therefore the 1.5-pm signal is absorbed by the Er3+ ions in the
ground state. Hence the performance of optical waveguide
lasers and amplifiers in Er-doped LiNbO, depends critically
on the shape and the position of the Er depth profile.2 Up to
now the LiNb03 substrates used for the fabrication of active
waveguide devices have been doped by indiffusion from the
surface.3’4 The performance of these devices is still far from
the theoretical optimum, since the indiffused Er profile has
its maximum at the surface. There, on the other hand, the
pump light intensity is close to zero.’ Recently, we showed
that ion implantation of Er into LiNb03 with MeV energies
is a very attractive approach since it allows the adjustment of
the Er depth distribution on a micrometer depth scale, the
typical dimension of optical waveguides.’ Furthermore, implantation allows one to raise the Er concentration beyond
the equilibrium solubility. We showed that annealing of the
Er implanted samples in a tube furnace causes the recrystallization of the amorphized surface layer by columnar solidphase epitaxial regrowth (SPE).6 The resulting grain boundaries do not influence the photoluminescence (PL) of the Es
ions but the low crystal quality of the surface layer is unfavorable for waveguiding operation. Annealing for 8 h at

1060 “C is necessary to remove all grain boundaries, leading
to significant diffusion broadening of the Er profile.
In this letter we show that the columnar SPE regrowth
can be avoided completely by rapidly heating the implanted
LiNbO, samples to the final annealing temperature. Using a
rapid thermal annealer (RTA) at a heating rate of about
100 “C/s, no columns are formed, and an amazingly short
annealing time of 1 min at 1060 “C is sufficient to cause
perfect epitaxial recrystallization. Using this procedure, a
concentration of up to 0.18 at. % optically active Er ions can
be incorporated into the LiNbO, lattice.
X-cut LiNbO, single crystals (Crystal Technology) were
implanted at room temperature with Er ions at 3.5 MeV The
implantation fluences ranged from 5X 1Or5 to 3X 1016
ions/cm2. Thermal annealing was performed either in a RTA
with various heating rates under tlowing oxygen or in a
quartz tube furnace in a wet oxygen atmosphere to suppress
Li outdifision.7 The samples were put into the preheated
furnace, resulting in an initial heating rate of -10 “C/s. Beyond 600 “C, the temperature rise slows down.
The crystal quality after annealing was studied using Rutherford backscattering spectrometry (RBS) and channeling.
In addition, samples were analyzed by transmission electron
microscopy (TEM). The Er concentration profiles were determined by secondary-ion-mass spectrometry (SIMS), using
Of to sputter an area of 150X 150 pm2. PL spectroscopy was
performed at room temperature using the 496.5-nm line of an
Ar-ion laser as an excitation source with a power of 100 mW.
The signal was analyzed with a 48-cm monochromator and
detected by a liquid-nitrogen-cooled Ge detector, yielding a
spectral resolution of 3 run. Time-resolved luminescence decay measurements were carried out using a 1.5-ms, 500-mW
pulse with a cutoff time shorter than 150 pus, obtained by
mechanical chopping.
Figure 1 shows the ion channeling spectra of three selected LiNbO, samples implanted with a fluence of 5X101’
Er/cm2 at 3.5 MeV and subsequently annealed at 1060 “C.

Also shown are the random and channelingspectraof an
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FIG. 1. RJB channeling spectra of Er implanted (3.5 MeV, 5X10’* E&m’)
LiNb03 single crystals (r cut). One sample was annealed for 15 min at
1060 “C in a quartz tube furnace (wet oxygen, initial heating rate -10 “C/s)
while the other samples were annealed for 1 min at 1060 “C using the RTA
(dry oxygen). The warm-up rates for these anneals are given in brackets.
Also shown are random and channeling spectra of the as-implanted sample.
The arrows indicate surface channels of the different elements.

as-implanted sample. For this sample the channeling yield in
the 1.25-pm-thick surface region is identical to the random
yield. TEM shows that this surface layer is indeed fully
amorphous6 healing
one sample in the tube furnace for 15
min at 1060 “C results in a reduction of the channeling yield
by about a factor of 2. A second sample was annealed for 1
min in the RTA using a rapid heating rate of 100 “C/s and
shows a significantly different behavior. The minimum yield
xmin is only (2.3+0.2)%, identical to the value of (2.0
t0.3)% found for virgin crystals. Plan-view TEM confirmed
that this sample is a single crystal without any grain boundaries. To exclude that this dramatic difference is a result of a
difference in ambient during annealing (wet oxygen in the
tube furnace, dry oxygen in the RTA) a third sample was
annealed for 1 min at the same temperature in the RTA, using
a low heating rate of 10 Ws, comparable to that of the tube
furnace. This sample shows a low crystal quality, too (see
Fig. 1).
In an earlier publication6 we have shown that annealing
in the tube furnace causes the amorphous surface region of
the as-implanted sample to regrow by a columnar SPE
growth mode from the substrate. This occurs already at relatively low temperatures (-400-550 “Cj during the slow
warming up of the sample to 1060 “C. Once formed, these
grain boundaries are very stable, and long additional annealing times (8 h) are required to dissolve them. The grain
boundaries cause the high channeling yield in the RBS spectra. Such a columnar growth has not yet been described for
Ti-implanted LiNbO, .x,9
Quite surprisingly, this columnar growth pattern does not
occur when the heating rate is high enough. One possible
explanation is that at high temperatures (where the crystallization takes place after rapid heating), the formation of defects disturbing the planar growth front is slow relative to the
SPE growth rate, whereas it is the other way around at lower
temperatures. Such defects may be a result of bulk nucle226
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FIG. 2. SIMS depth profiles of Er implanted (3.5 MeV, 5X10” Er/cm’)
LiNbOs single crystals, annealed at 1060 “C in the tube furnace (8 h) or the
RTA (1 min, warm-up rate 100 “C/s).

ation in the amorphous layer ahead of the interface (e.g.,
misoriented crystal LiNbO, or Er-oxide precipitates), or they
may be created at the moving
interface itself (e.g., microtwins or stress related defects). Further work to investigate
the thermodynamics and kinetics of the SPE of LiNbO, in
the presence of rare-earth ions is in progress.
Figure 2 shows the Er depth profiles of three LiNbO,
samples implanted with 5X10” Er/cm’ at 3.5 MeV. The asimplanted profile is nearly Gaussian shaped, and peaks at a
depth of 0.78 pm. The peak concentration is 0.11 at. %. Annealing the sample for 8 h at 1060°C in the tube furnace
causes a significant widening of the Er depth profile. Er ions
have diffused into the bulk and towards the surface. In contrast, the sample annealed for 1 mm at 1060 “C using the
RTA shows a much sharper profile. The surface concentration has increased as compared to the as-implanted profile,
but no Er diffusion into the bulk is observed. The different
shape of the two Er depth profiles is a result of the different
annealing times: using the very short annealing time in the
RTA, the Er diffusion into the bulk can be avoided effectively, and only defect enhanced diffusion of Er ions towards
the surface during the recrystallization of the amorphous
phase remains. Gain calculations for a waveguide amplifier
based on a proton-exchanged waveguide predict a reduction
of the threshold pump power by a factor of 2 for the narrower Er profile as compared to the profile of a tube furnace
annealed sample due to the improved matching to the optical
mode.
Room-temperature PL spectra (not shownj for the
samples prepared in both ways are indistinguishable and
identical to the spectra found for other samples annealed in
the tube furnace.6 The measured PL intensity and lifetime
(2.8 msj was the same for both samples, proving that the
fraction of the optically active Er ions is the same for both
annealing procedures.
Using the short annealing in the RTA (1 min 1060 “C,
100 “C/s) allows one to study PL intensity and lifetime for
high Er concentrations. Er fluences in the range from 5 X1015
to 3X10r6 E&m’ were used at 3.5 MeV. RBS/channeling
experiments (not shown) prove that this annealing treatment
Fleuster et a/.
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PIG. 3. Photoluminescence intensity (open circles, left axis) and lifetime at
1533 nm (closed triangles, right axis) as a function of the implanted Er
fluence. All samples have been implanted with 3.5 MeV and annealed for 1
m m at 1060 “C in flowinp oxygen using the RX4 (warm-up rate 100 ‘T/s).
The Er peak concentration is indicated on the top axis. The dashed line
marks the average PL lifetime for all fluences: 2.79 ms. The solid Iine is a
least-mean-square fit, calculated from a model assuming a maximum optically active Er concentration of 0.18 at. %. The inset schematically shows
that the fraction of active Er ions decreases below unity if the Er peak
concentration exceeds this concentration limit. The shadowed region corresponds to the inactive Er fraction.

causes perfect recovery of the LiNbO, lattice up to a fluence
of 2.0 X 1Ol6 E&n?. Samples implanted with higher fluences
are highly disordered, resulting in a channeling yield close to
the random value. The PL spectra of these samples implanted
with different ihrences have different intensities but nearly
identical shapes. Only for the highest fluences (2.5 and
3X 1Or6 E&ma) is the width of the PL lines marginally increased, which is explained by inhomogeneous broadening
due to the reduced crystal quality as found by RBS. Figure 3
shows the integrated PL intensity as function of the implanted Er fluence. The corresponding Er peak concentration
is given on the top axis. Up to a fluence of 1.25X IOr
E&m”, the PL intensity increases linearly with Er fluence.
For higher fluences it levels off. Fluorescence decay measurements at 1533 run showed a single exponential decay for
all samples. The measured lifetime of (2.7940.05) ms is
independent of the implanted Es fluence and is also plotted in
Fig. 3.
As the lifetime, hence the fluorescence efficiency, is constant for the whole concentration range, a linear increase of
the PL intensity as function of the number of optically active
Er ions is expected. The saturation of the PL intensity above
1.25X10r6 E&m’ suggests that there is a limit to the concentration of optically active Er (c,,,). The PL intensity
would then be proportional to the integrated area1 density of
Er below cmax, which can be calculated for each fluence
using the SIMS concentration profile of Fig. 2 scaled with
the fluences (see inset of Fig. 3). Indeed, this simple model
with c,, =(0.18+0.01) at. % shows perfect agreement with
the data as indicated by the solid line in Fig. 3. Earlier measurements have shown that the equilibrium solubility of Er in
LiNbOa is 0.125 at. % at 1060 “C.*’ Given the inaccuracy in

temperature calibration for different experiments, c,, may
be related to the solubility.
There is no indication of energy transfer between adjacent Er ions, and no sign of cooperative upconversion is seen
at the. employed pump powers. Note that this behavior is
totally different from the results found for Er implanted silica
glasses:r1,12for example, in soda-lime-silicate glass, up to 1
at. % optically active Er ions can be incorporated, but the PL
is limited by concentration quenching effects and irradiationinduced defects.r2
In conclusion, we have demonstrated for the mst time
perfect epitaxial regrowth of amorphized, Er implanted
LiNbO, submitted to a single, short (l-min) rapid thermal
treatment at 1060 “C using a heating rate of 100 “C/s. In
contrast, conventional furnace annealing at a slow heating
rate (10 “C/s) leads to a columnar epitaxial growth mode
yielding grain boundaries which are only annealed out at
1060 “C for 8 h. The rate dependence is related to differences
in the balance between nucleation and growth kinetics at or
near to the interface. The short RTA anneals permit the construction of well controlled Er profiles, not significantly affected by diffusion broadening. This is very advantageous for
optical device design and fabrication. The optical spectra
from Er are identical for both annealing procedures. The
maximum concentration for optically active Er ions is 0.18
at. %, and no concentration quenching effects were observed.
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