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Abstract: Ultrafast all-optical switching is demon- fective free carrier lifetimes in semiconductors. De-
strated in an oxygen-ion implanted silicon-on- fect states artificially introduced into the crystalline
insulator microring resonator. The spectral response semiconductor act as trapping centers for fast electron-
of the device is rapidly modulated via femtosecondhole pair recombination [13]. It was recently shown
optical excitation and subsequent recombination of that He-ion implantation can decrease the free carrier
charge carriers at artificially introduced ultrafast re- lifetime in large area Si rib waveguides down to the
combination centers. At an implantation doselof nanosecond scale [14]. The result was an enhancement
10'2 cnt? the carrier lifetime is reduced to 55 ps Raman amplification in that experiment.

which facilitates optical switching of signal lightin the In this contribution, we demonstrate that-@n im-
1.55um wavelength range at modulation speeds larger plantation of silicon waveguides is an extremely valu-
than 5 Gbits. able approach for high-speed switching applications in
SOI microring resonators. Compared to incorporating
p-i-n junctions to the resonator waveguide, the fabrica-
tion of the final device benefits from relaxed process-
ing requirements — since only one sort of ions has to
be implanted and masking issues require less accuracy.
Even higher switching speeds appear feasible via the
implantation approach, since the free carrier lifetime
can be precisely tailored down to the few-picosecond
range via the chosen implantation dose.

Introduction

Silicon-on-insulator (SOI) technology is a promising
platform to realize costfcient CMOS-compatible in-
tegrated photonic on-chip components. Among a va-
riety of passive and active photonics devices demon-
strated in recent years (see, e.g., Ref. 1 for an
overview), compact microring resonators fabricated
from Si strip waveguides have gained noticeable at-
tention [2, 3]. They appear specifically attractive for
active photonic switching, since their spectral trans- Device fabrication

mission characteristics are very sensitive to minimal The investigated device is a waveguide bus-coupled
modifications of the optical phase [4]. silicon microring resonator fabricated from an SOI
In the case of all-optical switching, the transmission substrate. All waveguides are 300 nm high and 400 nm
of a photonic device can be modulated by the opticalwide, the resonator radius is /Bn, and the coupling
Kerr efect or by photoexcitation of electron-hole pairs gap between resonator and adjacent straight wave-
where the latter modify the silicon dielectric func- guides is 300 nm. The photonic structure was de-
tion based on the plasma dispersidteet [5]. All- fined by electron beam lithography (EBL) using hy-
optical carrier-based switching in a silicon microring drogen silsesquioxane (HSQ) as resist. Pattern trans-
resonator has been demonstrated via vertical out-offer is achieved by HBr inductive coupled reactive-ion
plane optical excitation and via resonantly in-plane etching.

coupled excitation upon linear absorption and nonlin- To reduce the free carrier lifetime in the microring res-
ear two-photon absorption, respectively [6, 7]. The onator, the device was implanted with @ns at an
switching speed of this approach is determined by theenergy of 120 keV and a dose ok110*? cm™2. These
effective free carrier lifetime. Bulk and surface recom- parameters were chosen for the following reasons: (i)
bination processes in the silicon waveguide and at sideTaking into account the residual 100 nm thick HSQ
walls as well as carrier ffusion out the modal area are EBL resist layer on top of the waveguide, the depth
the dominating processes [8]. They limited the swit- profile of defect states is calculated to be centered mid-
ching time to approximately 450 ps in both experi- way the waveguide height. (ii) According to previous
ments. studies on the implantation of bulk silicon, an implan-
An increase of switching speed requires the artificial tation dose in the range of110'2 cm2 should result
reduction of the ffective free carrier lifetime in the in carrier lifetimes clearly below 100 ps [13]. To pro-
photonic device. One alternative is the incorporationtect the several millimeter long bus waveguides from
of lateral p-i-n structures to the silicon waveguides for implantation, the sample was covered by an additional
electrical carrier sweep out [9, 10, 11]. By this means, 900 nm thick SiQ layer prior to this process except of
the modulation time of a microring resonator could be a 50x 50 um? rectangular mask centered at the mi-
decreased to about 120 ps [12]. On the other handgroring.

ion-implantation is a well known process to reduce ef-



WE3

Linear characterization drop channelr the field transmission per resonator
roundtrip, and¢ = 2nnes¢L/A the phase shift per

o = round trip with dfective refractive indexess and res-
5t (a) . onator lengthL [15]. The coupling coficients ob-
— as-patterned tained from these numerical fits ate =0.9962 and

o ---implanted ] t, =0.9958 before and after implantation of the de-

vice, respectively. Hence, the the implantation pro-
cess #ects the coupling strength between the waveg-
uides and the resonator only marginally. In contrast,
the transmission cdicient drops fromr; =0.9987 to
7, =0.9908 as consequence of the implantation pro-
cess. The corresponding waveguide losses in the res-
onatora = -2In(r)/L increase from 3.6 dBm to
25.6 dBcm — an &ect which is expected from addi-
e tional scattering centers for the light wave propagat-
-1.0 0.5 0 0.5 1.0 ing in the implanted microring. Nonetheless, Qe
Al (nm) factor of the implanted device is Siciently large, to
allow for optical switching at reasonable carrier densi-
Fig. 1: Transfer function of the investigated microring ties [6, 7].
resonator after EBL patterning (solid lines) and after

additional O ion implantation at energy of 120 keV Timer_&eolveq SNi_tChing charagte'ristics )
and dose of & 102 cm2 (dotted lines). (a) drop port All-optical switching characteristics of the implanted

and (b) through portAd = A — o, with 1o the reso- device are investigated in a pump-probe setup which
nance wavelength allows for a spectral analysis of the switching process

with sub-picosecond resolution (see Fig. 2).

Norm. Transmission (dB)

The linear spectral response of the fabricated device
was measured before and after the implantation pro-
cess. Transmitted light at the through channel (Fig- Ti:sapphire laser
ure 1(a)) and resonator-coupled light at the drop chan-120 fs @ 800 nm
nel (Figure 1(b)) were measured for TM-polarization

ITime delay

(for details of the experimental setup see Ref. 3). specirometer

The transmission spectrum (through port) of the unim- >
planted device exhibits a sharp dip of approximately Synchronously pumped OPO

—15 dB at the resonance wavelengg=1567.72 nm. 220 fs @ 1567 nm

The quality factor of this resonance, defined@s= Fig. 2. Schematic illustration of the experimental setup

Ao/Adagg, is 11450. In comparison, the ransmission ¢, "0 fime_resolved investigation of the switching
spectrum of the implanted microring shows an increase

: : : ) process.
in spectral width and a concomitant decrease in mod-
lati h. Th ifg@-f i : I .
ulation dept e correspondi . aptor is about For optical excitation, laser pulses of 120 fs duration
6200, and in resonance the transmission drops only by . . . .
. i are derived from a Ti:sapphire oscillator at 800 nm
about-5 dB. The corresponding maxima measured at

the drop channels (Figure 1(b)) exceed the backgrounqvavelength' These are focussed onto the microring

level by about 22.5 dB and 13 dB for the as-patterned 0 photqgenergte electron-hole pairs in the resonator
. . . waveguide by linear absorption. The spectral response
and implanted device, respectively.

S . of the device is probed with infrared pulses from a
Implantation induced defects in the resonator waveg- . . .
. : . synchronously pumped optical parametric oscillator.
uide are assumed to increase the waveguide propag

. - o . : aI'he pulse length is 220 fs, the central wavelength is
tion losses by providing additional light scattering cen- _ . S

) L2 adjusted close to the resonance of the microring at
ters. To gain detailed insight into the obserégdactor S

. S 1.567um, and the spectral bandwidth is about 15 nm.

decrease, we quantify the microring’s photon losses )

X L . . These probe pulses are coupled to the device waveg-
per roundtrip before and after ion implantation. To this

end. we fit the analvtical transfer function uides by a polarization maintaining singlemode fiber.
' Y A second singlemode fiber guides the output at the

, t2+122 - 2t2rcosp drop channel to a sub-nanometer resolution optical

e PR coss (1) spectrum analyzer. A motorized translation stage pro-

vides an adjustable time delay between excitation and

to the respective transmission spectra measured at thprobe pulses to temporally resolve the switching dy-
through port of the device. Heré,is the symmetric  namics.

field transmission cdicient at the coupling gaps be- Figure 3 shows the temporal evolution of the spec-

tween resonator and bus waveguides at through andrally resolved intensity measured at the drop channel
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of the implanted microring resonator. The spot diame-Fig. 4(a)),7en=55 ps is obtained which clearly demon-
ter and pulse energy of the excitation laser areu0  strates the capability of Gion implantation to dras-
and 0.75 nJ. At zero time delay, the resonance of thetically reduce the fective free carrier lifetime in the
device clearly shifts to shorter wavelength followed silicon waveguide. Noteworthy, the free carrier life-
by a red-shift to its initial position within 200 ps af- time — measured in the investigated microring device
ter optical excitation. The resonance shiftAt= 0 at the chosen implantation dose ofx110*? cm™ —

is accompanied by a decrease of the resonance antorresponds well to published data of -@nplanted
plitude and, again, subsequent relaxation to approxi-bulk Si [13]. Note, that an increase of the ion im-
mately the initial value within the measured time win- plantation dose is expected to result in a further re-
dow. Both observations are ascribed to the optical ex-duction of the free carrier lifetime where values below
citation of electron-hole pairs and their fast recombi- 10 ps are predicted at an implantation dose of about
nation dynamics. As long as photogenerated free cardx10 cm2. In this case, careful attention will have to
riers are present in the microring waveguide the re-be paid to a further increase of waveguide propagation
sonance wavelength shifts out of equilibrium via the losses which will, in turn, decrease the resonader
plasma dispersionfiect, while the drop port intensity  factor and concomitantly increase required switching
decreases due to an increased free carrier absorption apbwers [16].

the infrared probe wavelength.
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Fig. 3: Spectral response (intensity plot) of the im- Time Delay (ps)
planted microring resonator measured at the drop
channel after optical excitation. Fig. 4: (a) Time resolved shift of the peak resonance

wavelength at the drop waveguide (squares). The grey

The temporal evolution of the resonance wavelengthsfond line is an exponen_tial fit to the data.for .positi\{e
shift, plotted in Fig. 4(a), is determined by the in- time delays. (b) Normalized drop waveguide intensity
trinsic response time of the resonator and the life- &t the resonance wavelengta1566.81 nm.

time of photogenerated electron-hole pairs [7, 12]. Al-

though charge carriers are optically excited within a For a quantitative spectral analysis of the induced
120 fs pulse duration, the temporal evolution of the wavelength shift, Fig. 4(a) depicts resonance peak
wavelength shift out of resonance at zero time delaywavelength as a function of time delay. The maximum
is governed by the photon cavity lifetime,,. For resonance shift at zero time delayAg = —0.74 nm.
the investigated resonance of the device, we calculat€Considering an fective refractive indexgss = 2.27
Teav = Ao/(27cQ) = 5.2 ps, wherec is the vacuum  of the resonator waveguide, this wavelength shift cor-
speed of light. A monoexponential numerical fit to the responds to a carrier-induceffective refractive index
wavelength shift for negative time delays (not shown changeAness = 1.07x1073 or a silicon refractive index

in Fig. 4(a)) results inrcay = 6.2 ps which is in close  changeAns; = 0.97 x 1073, respectively. A photogen-
agreement with the cavity photon lifetime calculated erated charge carrier density®ile, = 2.7x10'7 cm3
from the quality factor. Note here, that = 0 is de-  is required to induce this refractive index change in
fined at the time delay of maximum wavelength shift. an unimplanted silicon microring [5]. From the ex-
At positive time delays, the peak wavelength of the re- perimental parameters, i.e. laser spot size, pulse en-
sonance shifts back to its equilibrium position. In this ergy, and microring dimensions, and the silicon ab-
case, the corresponding time constant is determined bgorption cofficientas; = 1500 cnt at 800 nm wave-
the free carrier lifetimere, in the waveguide. From length, we estimate an optical excitation density of
a monoexponential fit to these data (grey solid line in ANgp = 5.5 x 107 cmi~3 in the resonator waveguides.
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The equivalent optical energy absorbed in the micror-[10] D. Dimitropoulos, R. Jhaveri,R. Claps, J.C.S.
ing amounts to 0.75 pJ which corresponds to aboutone W00, and B. Jalali, Appl. Phys. Let86, 071115
per mill of the laser power incident on the sample. The (2005).

calculated and experimentally obtained carrier densi-[11] Q. Xu, B. Schmidt, S. Pradhan, and M. Lipson,
ties difer by only a factor of 2, thus showing good Nature435, 325 (2005).

quantitative agreement. [12] S.F. Preble, Q. Xu, B.S. Schmidt, and M. Lipson,
To demonstrate the applicability of the fabricated de- Opt. Lett.30, 2891 (2005).

vice as an all-optical switch for a continous-wave sig- [13] F.E. Doany, D. Grischkowsky, and C.-C. Chi,
nal beam, Fig. 4(b) shows the temporal evolution of the ~ APPl- Phys. Lett50, 460 (1987).

normalized drop port intensity at the resonance wave-{14] Y. Liu and H.K. Tsang, Opt. Lett31, 1714
lengthdy = 156681 nm. At zero time delay, the inten- (15] AO\?')'. cel. M. Monster. W. H hel. B, Hari
sity drops by approximately-10 dB and completely . vorckel, M. vonster, W. AHenschel, F. faring
recovers within the following 100 ps. This dynamic %)’IB/%, (azrbdog)..Kurz, IEEE Photon. Technol. Lett.

response facilitates optical switching at data rates be—[16] Q. Xu, V.R. Almeida, and M. Lipson, Opt. Lett

yond 5 Gbits. 30, 2733 (2005).
Conclusion

In conclusion, we demonstrated the capability df-O
ion implantation to reduce the free carrier lifetimes in a
silicon strip waveguide device. High-speed all-optical
light modulation was observed in an SOI microring
resonator at a moderate implantation dose. A further
increase of the optical modulation frequency, which is
essential for future silicon photonic circuits, appears
feasible by reducing the free carrier lifetime at higher
implantation doses.
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