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Cooperative upconversion as the gain-limiting factor in Er doped miniature
Al,O3 optical waveguide amplifiers
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Erbium doped AJO; waveguide amplifiers were fabricated using two different doping methods,
namely Er ion implantation into sputter depositeg@d, and co-sputtering from an Ed;/Al,O4

target. Although the Er concentration in both materials is almost ider{ficz8 and 0.31 at. 9%the
amplifiers show a completely different behavior. Upon pumping with 18 the co-sputtered
waveguide shows a strong green luminescence fromi3kelevel, indicating efficient cooperative
upconversion in this material. This is confirmed by pump power dependent measurements of the
optical transmission at 1.53&um and the spontaneous emission at 1.53 and Qu&8 All
measurements can be accurately modeled using a set of rate equations that include first order and
second order cooperative upconversion. The first order cooperative upconversion coéfigisnt

found to be 3.5 10 ® cm®s™! in the co-sputtered material, two orders of magnitude higher than
the value obtained in Er implanted A; of 4.1x10 ¥ cmPs i It is concluded that the
co-sputtering process results in a strongly inhomogeneous atomic scale spatial distribution of the Er
ions. As a result, the co-sputtered waveguides do not show optical gain, while the implanted
waveguides do. €2003 American Institute of Physic§DOI: 10.1063/1.1565697

I. INTRODUCTION II. EXPERIMENT

Erbium doped waveguide amplifiers can be used in op- One waveguide structure was fabricated using radio-
tical integrated circuits to compensate for signal losses bjrequency Ar sputtering of a powder-presseg@y/Al,0;
absorption, scattering, splitting, coupling, etc. Such wavesputter target onto an oxidized Si substrate (Siickness
guide amplifiers use stimulated emission from the first ex-~5 #M). The target contained 2.8 wt. %8, correspond-
cited state {l 157 to the ground state*(;5/) of EF* at 1.53 N9 to 0.31 at. % Er. The composition of thg deposited film
um [see Fig. 18)]. The intra-4 transition is parity forbid- was meglsured by Rutherford backscat.terlng spectromcoatry
den, and as a result the emission cross section is quite sm .BS) using 2 Me\/ He ions at a scattering angle.(_)f 165
(~10-2 cn?). Consequently, high Er concentratici@sl—1 ig. 2). The film thickness and the sample composition were

) . L .. .. . determined from a fit to the daiaolid line). The peak ob-
at. %9 are required to achieve significant amplification in served at channet170 is related to the appearance of counts

waveguide structures on a cm length scale. At these high Ej e to silicon atoms in the Sidilm beneath the AlO;. The
concentrations the closely spaced®Erions can interact. film thickness is found to be 570 nm, assuming an atomic
This causes several effects, such as energy migr&fian,  density of 9.64 10?2 cm™3. The Er concentration is con-
which an excited Er ion excites a neighboring unexcited Erstant over the full film thickness, and amounts to 0.31 at. %.
ion (which may in turn be coupled to a nonradiative quench-The Al concentration is found to be 38 at. %, close to the
ing site, and cooperative upconversiort in which an ex-  stoichiometric composition of AD;. The film also contains
cited Er ion promotes a neighboring excited Er ion into aa small amount of Ar(0.25 at.% which is incorporated
higher lying state. Both processes are detrimental to the opfluring the sputtering process. This material was annealed

tical gain, as they reduce the population in the first excited®t 900°C for 1 h in vacuum at a base pressure of 2
state. X 10" " mbar to optimize the Er luminescence intensity and

We compare the optical gain characteristics of two dif-"fet'm.e' . . .
. . o . Ridge waveguides were formed in a 520-nm-thick layer
ferent optical waveguide amplifiers on silicon that have beerllJsin standard photolithoaranhy and Ar beam etching 1o a
fabricated either by EO5;/Al,O5 co-sputtering or by Er ion 9 P graphy g

imol L i sh hat althouah th depth of 260 nm. The etch mask contained straight
implantation into A}Oz. We will show that although the Er waveguides of-1 cm length, as well as a waveguide spiral

concentrations in the two amplifiers are almost identical, thegeometry that confines a 3-cm-long waveguide on an area of
gain characteristics are entirely different, which is attributed; mp?. Subsequently, a fm-thick Si0, top cladding was

to a difference in the atomic scale Spatial distribution of thedeposited to reduce Scattering losses. Figure 3 shows a scan-
Er ions. ning electron microscopy image of au@dn-wide Al,O5 ridge
waveguide, after removal of the Sj@ladding layers. Before

dAuthor to whom correspondence should be addressed: electronic maiV..VavegUide fabric‘_"‘tion the Er phOtOluminesfier@d‘—) life-
kik@caltech.edu time at 1.535um in annealed co-sputtered films was found
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FIG. 1. (3) Schematic representation of the Stark-split'Eenergy levels,
showing excitation at 1.4@m and emission at 1.58m. The energy levels

are indexed using Russell-Saunders notation, and the corresponding popu-
lationsN; are indicated. The emission wavelength due to radiative relaxatiorFIG. 3. Scanning electron microscopy image of an Er dope®Aridge
to the ground state is also includgt)) Cooperative upconversion from the waveguide, fabricated by means of,85/Al,05 co-sputtering. The SiO
Er®* first excited state, bringing one ion in thky, state. This is followed  cladding layers have been removed.

by rapid relaxation to thél ,,,, level, causing luminescence at 0.6. (c)

Cooperative upconversion from the*Ersecond excited state, bringing one

S 2 . ;

ion in the“H 4, state that luminesces in the green. fier, at a Coupled pump power of only 9 mWA detailed

characterization of the optical properties of this material can

to be 6.2 ms. The waveguide fabrication reduces the lifetim®€ found in Refs. 9, 11 and 12.

to 1.7 ms, possibly due to the introduction of defects or ~ TO compare the optical gain characteristics of the co-
impurities such as OH that are known to reduce the Er lifeSPuttered and ion implanted waveguides, all measurements
time. on the two sample types were performed under identical con-

pure ALO;, sputter target, followed by Er ion implantation. Power of 60 mW in the fiber. The pump light was butt
An almost constant Er concentration of 0.28 at.% wascoupled to the waveguides using a single-mode tapered fiber.

achieved from 25 to 450 nm below the,@l; surface using Optical images of the waveguides were taken using a charge
multiple implants at energies in the range 100 keV—1.5 Mevcoupled device camera in combination with an optical micro-
Waveguides were fabricated by etching to a depth of 300 nnscope. Photoluminescen¢el) measurements were done by
This material was previously shown to exhibit a net opticalcollecting the spontaneous emission from the waveguides

gain of 2.3 dB at 1.5%m in a 4-cm-long waveguide ampli- Normal to the sample using a multimode fiber placed ap-
proximately 1 mm above the sample surface. The collected

luminescence was sent to a 48 cm grating monochromator.

Energy (keV) PL measurements in the range 1.0—&# were done using
400 800 1200 1600 2000 a 600 g/mm grating blazed at 1200 nm and a liquid nitrogen
s T ' ' ' ' ' ' cooled Ge detector, in combination with standard lock-in
. techniques. PL lifetime measurements at visible frequencies

were done using a 1200 g/mm grating blazed at 500 nm and
a TE cooled AgOCs photomultiplier tube in combination
. with a photon counting system. Optical gain measurements
were performed by adding a low power 1.53®n signal
from a NewFocus 6262 external cavity tunable diode laser to
the input fiber, and monitoring the transmitted signal power
as a function of applied pump power using a lock-in tech-
nigue. The signal power in the input fiber was kept below 0.1
mW. The transmitted signal was collected by imaging the
Er ] waveguide end facet onto a multimode fiber using &40
microscope objective, and detected as in the PL measure-
ments. A bandpass filter in the range 1.51-1/46 was
placed in front of the monochromator entrance slit in order to
suppress any pump related background signal.

FIG. 2. Rutherford backscattering spectrometry measurement at a scattering

angle of 165° of a 570-nm-thick Er doped A& film on SiO, made by
Er,O5/Al,05 co-sputtering. The surface channels of the various eIementé”' RESULTS AND DISCUSSION

are indicated. The solid line represents a fit assuming a constant Er concen- P . . .
tration of 0.31 at. % over the full film thickness. The peak around channel Figure 4a) shows an optlcal image of an Er ImplantEd

170 is the result of overlapping signals from aluminum in the topaal ~ Al20s spiral waveguide. The waveguide is pumped at 1.49
layer and silicon in the lower SiQayer. pm at a power of 60 mW in the input fiber. At this pump
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Er implanted Al,O,
waveguide (1 cm)

FIG. 4. (Color (a) Optical image of a spiral waveguide amplifier doped
with 0.28 at. % Er using ion implantation into £);. The waveguide is

pumped at 1.4%um at a pump power of 60 mW in the input fiber. The
waveguide emits green light as a result of two subsequent cooperative up-

Er,0, / ALO, co-sputtered

Signal tfransmission change (dB)

s ; > > : o’ ide (0.
conversion interactiongb) Optical image of a similar waveguide doped . waveguide (0.8 cm)
with 0.31 at. % Er using EO;/Al,O; co-sputtering. The intense upconver- 0 , , , , , ,
sion luminescence is ascribed to a strongly inhomogeneous atomic scale Ei 0 10 20 30 40 50 80

distribution.
Power in fibsr (mW)

FIG. 5. Measured transmission change at lu&8as a function of 1.49m
power the waveguide can be seen to emit a faint green lumpump power in a 1-cm-long Er doped A); waveguide made by ion im-
nescence. Photoluminescence spectroscopy measurement%S tation(®) and in a 0.8-cm- long Er doped 40; waveguide made by
2

. . . . ,/Al,O5 co-sputtering(O). The drawn lines are based on population
the visible emissioiinot shown indicate that the green emis- caicylations using the parameters in Table I. Thglg/Al,O; co-sputtered

sion originates from théH,,,, and“S;, levels of EF*. The  waveguide shows a lower signal change due to strong cooperative upcon-
luminescence seen in Fig. 4 also contains red emission frornygrsion.

the*Fo, level at 670 nm. These higher lying levels are popu-
lated via a two-step cooperative upconversion process, a§ote that the shape of the two curves in Fig. 5 is quite
depicted in Figs. () and Xc). First, two Erions inthél s, different, the ion implanted waveguide showing a stronger
state interact to yield an ion in th# o, state[Fig. 1(b)],  curvature. This is a consequence of the strong upconversion
which is followed by a nonradiative relaxation to the1,  in the co-sputtered sample, as will be shown below.
level. Second, two ions in ttf#,,, level interact to yield an To investigate the upconversion in the waveguides quan-
ion in the®H;, level [Fig. 1(c)], which relaxes to th€Ss, titatively, we have measured the spontaneous emission at
level. Figure 4b) shows an image of the HD;/Al;O3 cO- 1 53 and 0.98:m normal to the waveguide as a function of
sputtered waveguide taken under the same pumping condymp power. The luminescence was collected from the
tions. This waveguide shows a very intense upconversioiddle of the sample to avoid collection of pump light scat-
luminescence, even though the Er concentration is onlyered from the input and output facets. The luminescence
slightly higher than in the ion implanted sample.31 vs  intensities found in both sample types are plotted in Fig. 6.
0.28 at. %. At low pump power, the 1.5&m luminescence from the ion
The amount of optically active Ef in the co-sputtered  jmplanted waveguidésolid squaresincreases linearly with
waveguide was determined from transmission measuremengymp power. At pump powers above 1 mW in the fiber the
in the range 1.4-1.7m (not shown. The Er related peak intensity in both samples starts to show significant saturation,
absorption in the co-sputtered waveguide was found to bgs was observed befot2An entirely different pump power

3.1 dB/cm. Using the calculated overldpof the optical  gependence is seen in the co-sputtered waveguide. Within
mode with the Er depth profilel(=49%), and the Er peak

absorption cross sectiom;, of 5.8x 10 %! cn? taken from e
Ref. 11, the concentration of optically active Er in the wave- 10°F 410°
guide is found to be 2:810°° cm ™2, 17% less than the total F ]
Er concentration determined by RBS. This suggests that 83%
of the Er is in the optically active 8 valence state. The Er 10°
related peak absorption in the ion implanted waveguide is i
only 2.5 dB/cm, due to the lower mode overlap with the
(shallowey Er implantation profile.

Figure 5 shows the measured signal transmission chang
at 1.530um as a function of applied pump power at 1 4
for a 1-cm-long straight waveguide made by ion implanta- ]
tion, and a 0.8-cm-long straight waveguide made by co- [ C 0.98 pm
sputtering. A maximum signal transmission change of 2.5 dB )l
. . . ) . 0.01 041 1 10
is observed in the Er implanted waveguide, corresponding to Pump power in fiber (MW)
the onset of Er related gain. Indeed, net optical gain was
observed in this waveguide under slightly more optimizedF'G- 6. Photoluminescence from Er doped,®4 waveguides pumped at

. . . 1.49 um. Solid symbols refer to ion implanted material, open symbols to
pumping conditions. At the same pump power, the signal Er,0;/Al,05 co-sputtered material. The drawn lines are calculations of the

transmission in the co-sputtered waveguide ha_‘s _chang_ed B¥ction of excited EY* obtained using the parameters listed in Table I. The
only 1.2 dB, and consequently no Er related gain is obtainedight axis indicates the corresponding fraction of excited Er.
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the full range of applied pump powers, the 166 lumi-  phonon emission, and hence a sinGlg term appears in Eq.
nescence exhibits an almost perfect square-root dependenc® [compared to a €,,N, term in Eq.(2)]. The solutions of
on pump power. Furthermore, the maximum 148 lumi-  Egs. (1)—(3) can be used to calculate the Er related signal

nescence intensity in the co-sputtered waveguide is found tohangeG at 1.530um according to

be significantly lower than in the ion implanted waveguide.

This is consistent with the gain measurements in Fig. 5, G(dB/cm)=10x"log(e)X (o3N;— 05N~ 5N,)
which showed that the maximum achieved signal transmis- < f <T @)
sion change in the co-sputtered waveguide is lower than in Es+to
the ion implanted waveguide. Figure 6 also shows the pumQit, 5 the cross section for a signal induced transition
power dependence of the 0.98n luminescence from the . ¢ the fraction of Er in the optically active-8 state,

“111/2 state for the implantettlosed circlesand co-sputtered 54T the overlap of the optical mode with the Er doped core
(open circles waveguide. While the relative power depen- ot ihe waveguide.

dgnce is s?milar, the _co—spl_Jttered waveggide shows a much  The rate Eqs(1)—(3) were first solved analytically for
higher luminescence intensity at 0.2&. This clearly shows  gieaqy state using the parameters as determined for ion im-
that the co-sputtered sample exhibits stronger upconversiqianted ALO, from Refs. 11 and 12. Upconversion from the

th.an the ign implanted samp[e. These findings are consistelbond excited stateoefficientC,,) is assumed to be neg-
with the intense green luminescence emitted by the COjgipje in this case, since the green upconversion lumines-

sputtered waveguidgFig. 4(b)], which is the result of up-  cence is very faint. The measured 1.53 and 0,88 PL
conversion from Er ions that are in tey, , state. intensities for the ion implanted waveguides were then mul-
In order to analyze the data in Figs. 5 and 6, we modeliyjieq by a scaling factor to match the fitted populatiohs
the EP" as a three-level system. This generally yields good, g N while the coupling efficiency(7) was used as a
results for the populations in the lower lying levels, becausqitting parameter for the power scale. Optimum agreement
the population buildup in the levels above the,; level is  popyeen the calculations and the measurements for the im-
small as a result of their low<<1 us) lifetimes!® The short planted sample is obtained for=0.03. Using these param-
lifetime was confirmed for théH,/, and*Sy, green emit-  gtors the 1.53:m luminescence is described very well. The
ting states, both of which showed a decay time<®5 us (.98 ,m luminescence at high power, however, is overesti-
limited by the time resolution of our system. The rate equamated, suggesting that the used cross section for excited state
tions that determine the Er populations are absorptiontaken from Ref. 1lis too high for this sample. A

dN good fit is obtained usingr5,=0.25x10 %! cm?. Using
d_t3 = —(W3+C3/N3)N3+ (Ryst CyyN,)N,, (1)  these parameters the gain measurement for the ion implanted
sample can be fitted assuming an optically active Er fraction
dN of 83%. All parameters used are summarized in Table I. The
d_t2 = — (W,+ Rygt Ryy+ 2C,,N5) Ny + W5N5 calculations for the implanted sample are included in Figs. 5
and 6(drawn lineg. The three experimental data sets in Figs.
+RN;, 2) 5 and 6 are reproduced for all applied pump powers.

A similar analysis was done for the co-sputtered wave-
1 guide. The luminescence intensity curves in Fig. 6 were cal-
ot = T (WatRayCalNo)N2— RNy +CaNs (3) culated using the cross sections found for the ion implanted
sample and the luminescence lifetimes and r; as mea-
with N; (cm™~3) the concentration of Er in level[see Fig. sured in the co-sputtered waveguigee Table ) The up-
1(a), Wi:Ti_l (s'1) the measured spontaneous decay rateonversion coefficient€,, and Cs,, and the coupling effi-
from leveli, R;; (s~ 1) a pump induced transition from level ciency 5 were used as fit parameters. Using the values listed
i to levelj, andCj; (cm®s™1) the cooperative upconversion in Table |, the experimental data are reproduced quite well.
coefficient from level, producing one ion in the ground state In order to achieve the square root-like behavior over the full
and one ion in leve]. We have assumed that spontaneousange of pump powers, a high upconversion coefficies
decay from level 3 is dominated by nonradiative relaxationof 3.5x 10”16 cm®/s is required. The square root-like behav-
to level 2. The pump rateR;; are related to the photon flux ior can be understood as follows: in case of strong upconver-
¢ (cm?sY in the waveguide and the cross sectionsion, the population in the first excited state will remain low
a'ipj (cm?) for a pump induced transition from—j accord-  at most applied pump powers, and the Er decay rate will be
ing to RijzaﬁXgo. Note that stimulated emission and ex- dominated by the term@,,N, in Eq. (2). In the low popu-
cited state absorption by the pump are included. The mealation limit, we haveN,xR;,7,~R;5/(2C,4N,). This gives
photon fluxe is given bye= 17X Pyp/(Epnee< A) with 7 the N, (R;)*2 which indeed produces the observed square
coupling efficiency between the fiber and the waveguRlg, root-like dependence dfl, on pump power.
(W) the power in the input fibeE no{(J) the photon energy, The upconversion coefficien€,, found for the co-
andA (cn) the effective optical mode area. The sum of all sputtered sample (3610 *®cm®s™?) is two orders of
populations is equal tdNy, the concentration of optically magnitude higher than the value measured in ion implanted
active Er in the waveguide. Note that an Er ion excited to thevaveguides (4. 10" cm®s™1). This strong Er—Er inter-
N- level by second order upconversion from g level is  action at low Er concentration suggests that the Er in the
assumed to relax back to tig state immediately via multi- co-sputtered material is not distributed homogeneously. Re-
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TABLE |. Parameter values used in the gain calculations in Fig. 5 and the  The success of ion implantation in this comparison lies

calculations of the pump power dependent photoluminescence intensities ¥ the nonequilibrium nature of the implantation process al-

Fig. 6. Values marked by were obtained using the fitting procedure de- lowi f lativelv h Er distributi =
scribed in this article. The remaining values relating to the ion implanted owing 1or a refaliveély homogeneous Er distribution. For

sample were taken from Ref. 10. commercial applications of miniature optical amplifiers, dif-
_ ferent growth methods and different materials compositions
Parameter lon implanted Co-sputtered should be further investigated. A low upconversion coeffi-
Ce, (cm ™) 2 7% 107° 3.0x 10%° cient may, for example, be obtained by increasing the Er
fems (%) 83 83 solubility by varying the waveguide composition. Alterna-
2 (M9 7.8 17 tively, depositing at low temperature or at a high deposition
3 (“S)fl 80 18 S rate will minimize effects such as diffusion, and may also
C,, (cm®s™h 4.1X10 3.5x10 d the effect of .
Car (cnPs ) 8x 1016 reduce the effect of upconversion.
ok, (cm?) 2.7x10°% id.
ab, (cmf) 0.77x10° % id.
o, (criP) 0.25¢ 10-2 id. IV. CONCLUSIONS
s —21 i . . .
I12 (Cﬁ) g'ii 18721 !3' We have fabricated two types of miniature optical wave-
o2 Egmzi 0 25>< 102" :d' guide amplifiers, by Er ion implantation into AD3, and by
Uﬁ“(cm) Ty 0.8 Er,0;/Al,05 co-sputtering. It is found that the cooperative
7 (%) 3 7 upconversion coefficient,, in the co-sputtered material is
T (%) 36 49 two orders of magnitude higher than in the ion implanted

material. As a result the co-sputtered material shows no op-
tical gain, while the implanted material does. The high up-
conversion coefficient is attributed to a strongly nonhomoge-

gions with a high local Er concentration could form in dif- neous Er distribution resulting from the co-sputtering
ferent ways. The use of an f;/Al,O; powder-mixed Process.
sputter target could, for example, result in the deposition of
Er,O3 molecules, which y|ellds a small _Er—Er separatlon aty CKNOWLEDGMENTS
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