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Ultralow-threshold erbium-implanted toroidal microlaser on silicon
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We present an erbium-doped microlaser on silicon operating at a wavelengthwoh1tat operates

at a launched pump threshold as low as A4W. The 40um diameter toroidal microresonator is
made using a combination of erbium ion implantation, photolithography, wet and dry etching, and
laser annealing, using a thermally grown $ifdm on a Si substrate as a starting material. The
microlaser, doped with an average Er concentration>ofl@® cm™3, is pumped at 1480 nm using

an evanescently coupled tapered optical fiber. Cavity quality factors as high a4@.%re
achieved, corresponding to a modal loss of 0.007 dB/cm, and single-mode lasing is observed.
© 2004 American Institute of Physic§DOI: 10.1063/1.1646748

The design and fabrication of a silicon-based laser, intewas implanted with 2 MeV Er ions to a total fluence of 4.2
grated with optical and electronic components on a single<10*® cm™2. The implantation leads to a Gaussian Er depth
chip, is one of the main challenges in silicon-based optoprofile peaking at a depth of 560 nm, at a peak concentration
electronic technology. Such a laser must have small size, lowf 0.35 at. %. To optically activate the Er, the implanted wa-
pump threshold, and must be integrated with fiber and/ofer was annealed at 800 °C for 60 min. in vacuum. Next,
planar waveguide architectures on Si. Erbium-doped, &0 circular disks with diameters in the range 40—10® were
an ideal gain medium for such a laser, as Si©a low-loss defined in the Er-implanted oxide using standard photoli-
waveguide medium and &Ff ions show optical transitions thography and etching. These were then isolated from the Si
around 1.5um, the standard optical telecommunication Substrate using isotropic dry etching in XgHeaving an
wavelength. Recently, a new technique was developed tgrPium-doped silica disk suspended by a circular Si pillar.
fabricate ultrahigh quality @) SiO, microresonators on &i  Finally, the microdisks were irradiated with a gdaser
that have cavity quality factors as high a$1When coated P€am(A=10.6 um). As has been demonstrated befbibjs

with erbium using a sol-gel technicuthese resonators show ![eadi to 'r;]elltw;]g and s'?r?fiquentdgollaps.mg ocfi tpe Sd'“ga SASK
optical gain at 1.5um. However, the sol-gel process is not © a toroidal shape, with imiting cimensions detined by the

compatible with standard Si fabrication processing, and ha\évIdth of the Si support pillar. Insets in Fig. 1 show scanning

limited control over Er depth profile and concentration. Also,electron microscopy Images of the planar '_“'C“’d's" as well
: L . . s the toroidal resonator after laser annealing.
the coupling conditions that lead to optimized gain have nof'i

been studied. In this paper. w tbium ion implantion Figure 1 shows photoluminescence spectra of the Er-
een studiec. S Paper, we Use erbium lonh Implantatio ‘implanted disk before and after laser-annealing, taken using
a standard Si processing technique, in combination with th

Bptical excitation at 488 nm under normal incidence. A spec-
ultrahigh Q cavity fabrication technique to fabricate a Si- P P

based microl . o h trum that is characteristic for intraf4emission of E¥" in
ased microlaser operating at Ix5n. By optimizing the SiO, is clearly observed. Luminescence decay traces at

coupling distance between the tapered pump fiber and the 535, m are shown in the inset of Fig. 1 for both disk and
resonator we are able to observe single-mode lasing at @6 and show similar lifetimes of 10~12 ms. This implies
launched power pump threshold as low as AW, much  hat the local environment around the implanted Er ions is
lower than any Er-doped laser. We propose several applicgot affected by the laser annealing process.
tions of the combination of ion implantation with the micro- To couple light in and out of the Er-implanted toroid’s
resonator geometry. whispering gallery mode, a tapered optical fiber was aligned
Erbium-doped silica toroidal resonators on Si were fab-n the toroid’s equatorial plareThe fiber was attached to a
ricated using a combination of ion implantation, optical li- piezoelectric stage which allows for precise positioning of
thography, etching and laser annealing. First, an intrinsighe taper with respect to the toroid. The air gap between taper
Si(100 wafer with a 2um thick thermally grown Si@film  and toroid was varied in 20 nm steps over the range 0—1200
nm. In this geometry, the details of which have been studied

aElectronic mail: polman@amolf.nl recently the evanescent field of the taper couples to a reso-
PElectronic mail: vahala@caltech.edu nator mode, the coupling efficiency being determined by the
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FIG. 1. Photoluminescence spectra of Er-implanted microresonators before e . .

and after laser annealinghe spectrum for the disk is shifted vertically for FIG. 3. pmdwecﬂonal lasing power as a functlon_of launched power fora
clarity). The right inset shows photoluminescence decay traces measured 3¢ um diameter Er-implanted mlcrotor_0|d. The lasing threshold is 1540
A=1535 nm for both a disk and a toroid. The left insets show scanningkpump:l%s nm’)"aSi"9=15.58 nm. The inset shows a measurement made on
electron microscopy images of a microresonator disk and toroid. Scale baffe best resonator, showing a pump threshold ofA%

are both 43um.

_ ) sitions are favored between the highest Stark levels of the
gap width and the degree of phase matching. At the samground manifold and the lowest levels in the first excited

time, the fiber taper serves to couple lasing power from th&ate manifold, leading to gain at the long wavelength side of
resonator. A.single-frequency tunable external-cavity diodgpe spectrum. At smaller coupling gaps and thus stronger
Laser o4perat|ng around 1ﬁ80 nm was used to pump thgayequide-resonator coupling the main lasing transition

1577~ % 13> transition in E? and a spectrum analyzer was ghitts to progressively shorter-wavelength modes. Detailed
used to measure any transmitted pump as well as the lasingeasyrements of this effect and modeling that accurately re-
spectrum at the fiber output. _ , produces the found trends will be published elsewfere.

~ The quality factor of the Er-implanted toroids deter- - 14 fyrther show the relation between coupling conditions
mined from the spec_tral width of a transmission resonancgnq optical gain characteristics, Fig. 2 shows the lasing
around A=1411 nm (;.e., well outside the Er absorption , eshold as a function of gap width between the fiber taper
band wasQ=3.9x'10" for the best resonators. This demon- 54 the toroid. The distance was varied over a range of 500
strates that ion implantation is well compatible with the pla—nm around a central gap distance-6800 nm. In the under-
nar micro-resonator fabrication process. Indeed, the value fc%foupled regime, with the taper far away from the resonator, a
Q fgund here translates to a modal propagation loss of th?asing threshold of-100 uW is observed. Reducing the gap
excited toroidal mode as low as 0.007 dB/cm. width, power is more efficiently coupled in the resonator and

The inset in Fig. 2 shows a lasing spectrum of an Erye threshold reduces to a value-e25 uW for this particu-

implanted toroid pumped at 1465 nm. Single-mode 1asing ig, resonator. Then, as the gap distance is further reduced, the

observed at 1557.03 nm. At a given pump power, the 1asing o gver-coupling reduces the cavity and thus the

Wav_elength depends on the coupling conditions. If th_e OPlihreshold increases. Note that both in the under-coupled and

cal fiber is weakly coupled to the resonant mode, gain trang,er_coupled cases the actual power coupled into the resona-
tor is much lower than the launched power.

250 Figure 3 shows a measurement of lasing power as a
= function of launched input power, measured at an optimized
E 200' -~ coupling distance. The lasing threshold is 1@/ and the
) g- differential quantum efficiency above threshold is 0.16%
% [ E!;, (taking into account bidirectional lasingThe power ab-
£ 150_ o - sorbed in the resonator at minimum thresh@iteasured by
a 1500 1850 1600 monitoring the transmitted pump powes 11.7 uW. The
E 100F Wavelength (nm) inset shows a measurement taken on a different resonator,
g sol taken over a less extended power range than in the main
= figure. It shows a lasing threshold as low at 4%/ (ab-

3 0 overcoupled T>=___—~  undercoupled sorbed power 2 to gW).
0 100 200 300 400 500 600 To obtain further insight in the threshold characteristics

Relative distance (nm) of these Er-implanted toroidal resonators, a model was de-
veloped that solves the rate equations governing inversion
FIG. 2. Launched pump power threshold for lasing as a function of relativeand amplification in the pumped resonator. Assuming an in-

coupling gap distance between fiber taper and Er-implanted microtoroiq,.: : _ Y ; ; el
(diameter 45um). N\ pym=1480 NM,\ 45ing=1578 nm. The drawn line is a qr_msu? Q 2X 10, a toroid dlameter of s%m’ an Er emis
quide for the eye. The inset shows a single-mode lasing spectrum measur&On lifetime of 10 ms, and optimal coupling of the taper and
under 1465 nm pumping. resonator we find that the optimum Er concentration for
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achieving the lowest threshold i<210*® cm™3, close to the  process is fully compatible with Si integrated circuit process-
value chosen in this work, assuming all Er has homogeing technology, and results in microcavity quality factors as
neously spread through the resonator. For this concentratidtigh as 3.%10". Single-mode lasing is achieved, and the
the calculated minimum lasing threshold under optimizedasing threshold depends strongly on coupling conditions.
(slightly under-coupledconditions is 2.0uW. This value is  We believe that the demonstration of the compatibility of ion
close to the lowest minimum threshold found here experibeam processing and high-cavity formation will inspire a
mentally. Given the high quality factor of the resonators, thisvealth of new experiments in microresonator science and
lowest achievable threshold is fully determined by the poweitechnology. It implies that alternative dopants such as Tb or
required to invert the B ions, and not the cavity loss. This Eu can be implanted to fabricate Si-based lasers that operate
implies that a further reduction in threshold may be achievedn the visible range of the spectrum. Also, any nanostructure
by reducing the toroidal mode volume: For toroid diameterghat can be made using ion implantation into Si€an now
below 35um a subuW threshold is predicted. The linear be incorporated into a higQ- resonator on Si. Examples are
increase of lasing power with pump power above thresholdmplantation of noble metalCu,Ag,Au) to form nanocrys-
observed in Fig. 3 is also in agreement with theory. Thetals with well-defined surface plasmon resonance and asso-
differential quantum efficiency is a very sensitive function of Ciated non-linear propertiés,or Si implantation to form op-

the coupling distancé.Indeed, by changing the coupling tically active Si nanocrystals that act as sensitizers for Er of
conditions, a bi-directional output power as high as/3%  show optical gairt? Eventually this work can lead to the
was achieved, corresponding to a slope efficiency of 10%ntegration of Si-based active microresonators with opto-
Modeling results indicate that quantum efficiencies wellélectronic components on a single silicon chip.

above 15% can be achieved by using higher Er concentra-

tions. o .
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