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Abstract: We reporr the first measurements of spontaneous Faman
scaftering from silicon wavegudes. Using 2 1.43 pm pump, both forward
apd backward scattering were meazured at 154 pm from Silicon-On-
Inzulator (SO0I) wavegnides. From the dependence of the Stokes power vs.
pump powsr, we exiract a valee of (4.1 = 25} x 107 an™ Srt for the
Faman scarering efficiency. The results suzgest thar a silicon optical
amplifier iz within reach. The swong optcal coofinemsnt in silicon
wavezides i3 an amractive property as it lowers the pump power requirad
for the onset of Faman scatermmg.  The 5iGe material system iz also
discussed.
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1. Introduction

Silicon-On-Insulastor (S0T) is believed to be the platform for next generation electromic
Imtegrated Croronits (ICs) [1]. By reducing the parasitic capacitance and leakage cwrrents, the
msulatmg laver provided by the buried 510 increases cirewit spesd and lowers the power
consumnpiion. Af the same time, the optical wavemuide properties of 50T have been recomized
and exploited to the point that 307 has emerged as an atracive platform for planar lighowarve
cirenits [2]. In this context, the availlability of high quality S0 wafers and the coanplete
compatizility with silicon Integrated Ciromt (IC) techmology have been prime motivations.
200 devices such as Armraved Waveguide Gratings (AWGE) and channel squalizers pow
comnpete with those realized using the silica waveguide and pobaner techoologies [3]. The
large index nusmatch berween the silicon and 5rQy allows for ulma-tizht confinement of the
optical field. This coonbined with advanced silicon paterning and etching echnigues offers
the possibility to realize interesting nucromneter and panometer scale photopic devices [4].

COme manifestation of tight optical confinement is the enhancement of nonlinear optical
effects. Barause of the crystal svinemy, silicon is zenerally believed o be void of nseable
nonlmear properfies. Whls the symaneny dees probibit 2™ order nonlinearities in bulk zilicon,
3" order phenomena do exist. Typically, 3™ order nonliresrities are too weak to be practical
v mtegrated optical devices, because of ther small sizes. Oune inferesting exception is the
Faman scattering. The Baman gain coefficient m silicon s several orders of magnimde Larzer
than fhzt in the amarphous glass fiber becanse of the single crvstal soucmre. In addition, the
tght optical confivement o an SOT wave guide will lowar the threshold for Stnulated Faman
Scattering (SE5). The gain bandwidth for the first-order Faman scattering is in excess of 100
GHz [5). This makes it possible to amplify a 4 WDAL channel at 25 GHz spacing. The actual
andwidth will be larger due to the comvolution of the Faman gam curve with the punp
linewidth.

The mamn feamre in the spontanecuns Faman spectum of silicon corresponds fo first-order
Faman scattering from zone-cewter optical phonons [§). It lies ar 156 THz away from the
panp and with 3 FWHM of 105 GHz &t room temperanwe. The scattenng effictency o a
aiven confisuration depends on the polarizaton of the incidenr and scamered radiation with
raspect to the crystal orentstion. Selection mules which include the wavevectors of inciden:

and scamered radiation cap then be daduced and are sununarized in Table 1 [7]. Here .'fﬁl and

.'f: are the incident and scartered waveveotors, respectively. é. amel é}. are the comesponding
polarization unit vectors, and o is the Raman tensor element [7]. The scatering efficiency is
proportonal to & In silicon, o = the same for both LO (Longimdinal Optical) and TO
(Transverse Crpfical) phonons, becawse of the degeneracy of the [-point 1O and TO phonons.
The moral Famman crass section for 2 given geometry is then the sumn of the mvo conriputions.
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Tabls 1. Scamedng efficiencias for differsot configurastions i= wlicon [100] [O10],
and [001] refer to toe crystallogwphic dmectiong, x, T, and 2, repactively [7].

n e | ]
[100] [010] [001] 'l
[T00] [011] [011] FE
[112] [111] [111] (4/3d*
[111] n70] [12] (2/3)d?
[111] [112] [112] FE
[112] n70] [111] (1/3)d?

The degensracy between the TO and LO phonons also implies a synunetry between the
foraard and backward scatering efficiencies in & waveguwide, This s in contrast to Faman
scattaring in ITT-V compound semiconductors, where the wavegide miroduces an undesirad
asynumetry resulting m a lower efficiency in the forward direction [B]. The symmmetry between
the forward and backward geomemies is arractive since it allows the re-nse of the punp
power whea it is selectively reflectad back into the wavesuide, Thiz ephances the prospects
for realizing an SRS baszed silicon amplifier or lassr.

The possibiliny of wsing the Faman effect m silicow 1o obtain optical smplification ar 1.3
pin i 50T waveziides bas been proposed recently [9]. In this paper, we report the first
experimental observation of Baman scattering o silicon waveguwides, As 3 natural extension of
this, we also discuss the prospects for 3R3 and realization of a silicon optical amplifier.

1. Experimental

The experimental semp nsed is shown in Fig. 1. The pounp laser is a high power Cascaded-
Faman-Cavity (CRC) fiber laser (Stresinline-BL from Spectra-Bhysics), The laser delivers
CW randomly-polarized light a0 1427 mm, with 2 2 om linewidth. The output 15 colliated ot
of the fiber by uzsing a lens (f= 15 mm WA = 0.11) mounted in a precision holder with 5
degreas of freedoan. In the following, this pump-launching port will e referred-1o as Part 1.
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Fig 1. Experinmmizl setap for measurement of spozaneons Faman soativring Som silicon

waTaguides.

A Pelarization Beam Splitter (PBS) was used to split the puanp beam into 5 and P
polarized beams (Fiz. 1). The P-polarized beam is sent mto the wavesnide and acts as the
Faman pumyp.  This polarization iz prefarrad for the pump beam beczuse its wavezuwide
propagation loss is lower (oy ~1 dB) than that of the Thirmode. The Faman sigwal
ackscattered from the waveguids is collected infto Port 2 of the PBS. For further sizmal
filtering and backeronnd rejection, a polarizer (F.), and 3 1530-1550 om bandpass flter (Filter
2} are placed before the fiber port in Port 2. The measured value of the total back-scattermg
collection losses, moluding the PBS, the filter, the polarizer P, and the coupling through the
firer port into the 054 15 15 4dB.

Ioput and cutput wavegwide coupling is performed by two identical, high MA microscope
oiyjective lenses (M=G6030 0.85 WA MNewpon Corp.) each mounted on 3 stage with six-
degress-of-freedom, and with nucro-positionars with <0005 pm precision. The lans focuses the
beam into 3 spot size of approcimately 3.5 pm in dismeter. The SOT waveruide chip is
miwred oo a vaouum chuck aed its positien is adusted using an XY stage. A polarizer (By)
apd 8 bandpass filer (Filter 1) remove the punp simal znd pass the Sorveard scatterad
radiariomn.

The S0I rib waveguude nsed 13 shown in Fiz 2. It was fabmiczted on a [100] 201 substrate
with the wavemnide oriented alonz ons of the m-plane crvstallographic amis [100]. The
waveziide bas 3 Fpum width, and 2 3pm rib beight, with a Spm total thickpess [10]. Beam
Propagation Method (BEMA) sonulations show that the overlap between the TE, (puamp) and
Thiy (siznal) modes in the wavezinde 1s befter than 93%. The sinmlattons were carmisd out
nsing a conumercially available software (BeamProp, B3oft Corporation). The polarizaton
minde crosstalk (TE to T comversion) for this wavegwide is measured to be -18 dB. This iz s
negligible quantity in terms of loss of puomp power for Famsn scattering compared to
wavezinde couplmg lesses. Sall, o miroduces a backerowmd signal that may becoms
mportant and peeds to be taken into account in the specwal analvsis, especially when the laser
iz operating &t maxinuun power. The reason for this polarization mode converston is due to
amperfections o wavemuide fabrication, stwce BPM simulatons oo the waveguide design
show a nach smaller vahie. The measured total losses for this waveguide are 11.5 dB for the
TE,-mode and 123 dB8 for the ThI-mode. These include the coupling losses (imput phas
ouipar) Fresnel reflections, and the propagation loss, The input waveguide facet was not Anii
Feflection (AR) coated. Doing so will reduce the pump lasses by approxianately 1.5 4B.
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Fig 1. 501 Weveguids weed. The {x. 7, =) coordineses are oriemed aleng the ostallogaphic

axce. The resnbimg TAL, mods (=154 pm) from 3 BOM caledlarion ic depscted 1o the nght
The affective mdax of reaction is caloulated assuming v=3_F for bulk silicoe

By measuring the FWHM of the power coupled out of the wavemuide as a functon of o
(the distance from the output facet along the optical axis) the sngular dispersion 15 found o

bef. =22 m the vertical direction, and #; =8%in the horizontal direction.  Using these

values and Spell's lsw for szilicon'air interface, the solid angle of collection within the
wavegude can ba caloulated o be 00013 &r

3. Results

The Famap spectra were measured for both forward and reverse scaftermg geomernes. The
pumip polarization was onented paraliel to the polartzston of the TEq waveguide moda. All
mezsurements were performed at room emperanwe. In order to establish the fact that the
observed emission is from the wavezuide snd not fom bulk silicon, measuwrements were
rapeatad for dofferent offsets of the wavezuide relatmve to the optical axiz. The measured
speca are shown m Fiz 3. The specoa, measured along the pelarzation of the TM,
waveguide mode, show a peak at 1542 nm, corresponding to 3 15,7 THz red-shified from the
pump wavelength, Thesa observations are m excallent agresmsnt with the value of the optical
phonon frequency m silicon.
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Fig 3. Famap spec=a Fom silicom obdaized for difforcer hocizootl offiets of the
wataguide melxtive to the optical axic. Fig. 3a chomes the Sack-scasiered spectra, and Fig 35
zown e Pooward-soatharad specta.

The speciral wedth of 350 Hz is the convelntion of the silicon Faman lmewidth, 105 GHz,
and the 250 GHz (pon-Gaussian) Insondth of the pump laser. Figuore 4 shows the measurad
spatial profils for the Paman emission along with BPM sinmiated mode profiles for the TH,
minde of the waveguide. Assuming Gaussian spartal profiles, vahes of 3.8 = 005 um for the
horizontal distributton and 2.3 = 0.5 um for the vertical distribution are obtamed. The vertical
measured profile is in excellent agreement with the BEM simmlation, altbough the horizontal
profile deviates by approcmataly 23%. This can be anribmnted to the ymcertainty in the width
of the nib section cansed by undercutting durme the etching procass.

-i0 4 -6 4 -2 0 2 4
Posificn jum}

Fig. 4. Marsmmed profiles of the Famz somitsioz fon: the 301 wavegmde in 2edzomted (] orx
i= Fig. 2}, and weetical (L or p in Fig. ) dEmectons. The cormusponding T, mods profle,
cabculated usizg BPM sinwulatices are sups-imposed for comperison Dached lmes 2m
Gaussdaz fits oo the data.
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Figure 5 shows the Faman specira, measured in the forward scanering georuetry at the
owiput end of the wavesnide, 25 a function of punp lsser power, The pump laser power was
measured after the PES (Fig 1) and before the waveguide coupling opiics. The observed
broadening of the linewidth at higher pump powers 15 due to the broadening of the puanp laser
lmewideh. This is 3 wall documentad effect for the pronp laser used [11].

1z

Forsard Soatering —w

==
=

R asvuan Perssd (W nm)
&

Warvelength (mm)

Fag 5. Bemoaz ipecma measered for differect valaes of pamp powar

Fimare & shows the integrated Faman power versus purnp power for both the forward and
the bacloward scartering geoanstries.  As expected, the sponfansous emdssion power bhas a
linsar dependsnce on the pump power. Thare is 3 slight difference in slopes which can be
acoovmted for by the wavezuwide propagzion loss, as shoam below. By comparing the Faman
power m the forward apd backward directions, both the spontapeons scattering efficiency and
the waveguids propagation loss can be exractad. This procedure iz outlined balow.

In the case of spontanecns Famap scattering, the eguations that govern the propagaton of
prmp [Pezd) and signal (Pez) feld power along the waveguids are obtained in a manoner
sidlar wo [12] bt with the effect of the stimnlated emission term omitied. Therafors,

Po(z)=F(0) 7. 1

dF (z)
d-

=FyF(z)ta F.(z). (2

Where the upper (lower) sizn m Equation 2 applies m forward (backward) scatering. Here
yis the propagation Ioss of the wavegnids in units of cm™, and o is the spontaneons Faman
coeffictent for the silicon waveguide, defined as:

a=5Al} 3

With 5 the Baman scatrering efficiency (rm'Sr') in silicon ar 1542 nm. and ALY is the
effective solid angle of collection for the T, waveruide mode and iz AQ = 0013 5. The

#1880 - §15.000s Baceved Septambar 28, 2007, Bandsed Ociober 24, 2002
{53 2002 O5A 4 MNovember 2002 / Vol. 10, Mo 22/ OPTICS EXPRESS 1311



total Faman signal powar, Py, measurad either in forward configuration (ar the ougur end of
the wavemuide) or in backward copfisuration (from Port 2 in the BES) is melatad o the punp
power at the mpuat facet of the wavezuide (Ps) as:

S L ~P
Backward: R l 2? P. 4}
Forward: Fg =£1'L-E“_}£Pp. ()

Whara L iz the langth of the wavemnide. From (4) and (3), it is seen that the ratio berwesn
the slopes of the lines in Fig. 7, m, can be related o y (in the low propagation loss Iomit) by

_smhiyL)
yL

With the value of m obtamed from Fig. § and nsing Equation (6), we get an estimate for the
propagation less, y =084 cm™ = 2.8 dB/cm Mote that the valoe thius obtained is mdependsnt
of the Faman scatternng coefficient and the optical coupling efficiency. Including thes value of
A into Equation (4) and using the measured slope i Fig. 6, with further commection for the
ack-scater collection losses (15 dB) and waveguide conpling losses (4 =2 dB), we obtam o
=(53=32x 10" cm”. With the ahove value for AL} (0.013 5r), the scamering efficiency m
stlicon is obtained to be 5=(21 =2.5) x 107 cm™ Sr°. Falston and Chang [5] have obtained
3 value for § from backscanering measurements oo bulk silicon and at a pump wavelength of
1.06 pan. Since the 1 to 1.5 pm region is far fom any resonances, there will only be a

A~ dependence of § on wavelength This results in a value 5= 5.4 2 107 eoe” S ar 1,54 pm
fronn reference [5] o good asreement with the resulis reportad here.

m ()

12+
g wl + Forward y =110+ 01
E 5 | ™ Backward ¥=158¢-28
B S}
E al
g [
0.0 o2 LU G LEi 10
Pump Powar [W)

Fig. 6. Sponkoecus Fazap intemsity as a functicn of pemp powsr. Foraerd a=d backward
pcatsrng cases ars chown. The pamp powst wes measured bataeso the PBS and the mmpet
conpling lens.

4_ Prospect: for Stmulated Baman Scattering (SES) im Silicon

A key issue in obtaming SES will be the reguired puanp power. To obtain & first-order
esfimate for the pump powsr peedad o observe simmal amplification, we consider an S0OI
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(C) 2002 O5A 4 Novenber 2002 / Vel. 10, Mo 22/ OPTICS EXPRESS 1312



wavezitde with cross sectional area of lon x Jpm aod & lenzth of 2ome The rols of the
wavezide m confining the prunp intensiny and propagzting it through the material with a low
lpss s crecial to enhance the Paman scattered sigmal The anzlysis for SBS in the silicon
wavezide is apalogous o that for fiber Faman amplificatton. The amplified Baman power,
FyL} afier alength I is miven az [13]

Po(L) = Py(0) exp( —y L + £r22t2) 5};‘“” A-exp( -y L. O

Whers 4 is the measured propagation loss (2.8 dB/om), and 5.0 = Pu/014, where Pul) is
the impmt pump power, and 4 15 the modal m‘a’]ap between the propagsting TE, and Th,
wavezitde modes. The stimulated Faman gain cosfficient, g, D wnits of mW is [5]

Brct 41:

& g
& = e @ )N+ DAw i

Whers N is the Bose oconpation factor (0.1 at roorm teruperature), & s the refractve index,
ay, and w, are the punp aod Stokes frequencies, respectively, and Acw is the FWEHM of the
spontanepus lmeshape. Substimting the appropriate values, we obtam g, = 0076 conBIW.

The result of Equatton {7) sugzests that 3 W pup power of LED mW at the front facet of an
AFR-coated wavemnids would be the threshold for stmmulated amplification. Threshold is
defired as the pranp power required to achieve optical mansparency at the siznal wavelenzth.
Zince the threshold pouop powsr depends oo the wavezuide loss, ope challenge in practical
raalization of 2 silicon Paman amplifier wall be fabrication of low loss wavegudas with smoall
cross sectional dimensions. The othar challenge will be efficient coupling of pump power into
such wavegswides, To this end, 3 recent demonstration of S0I waveguides with taperad
couplers is an atmactive development [14].

An alternatrve silicon-based wavegnide 1s the 510515, /51 svstem. It has been snzgested
oy Zoref [15] thar Two Photon Absorpiion (TPA) could be twenty-times larger i Ge than
stlicon. In the context of Baman smplificatton, this is highly undasirable since TPA causes
panp depletion [16]. Furthermore, the measured Faman efictencies for St are a factor of 10
tmmes larger than thar of e ar 488 om [17), bar no experimentzl data exists for the Faman
susceptibility at the low freguency lindt for Ge and so acourste coonparison cannot be mads
withont further mvestization.

5 Summary

In sunmary, we have reported the first messwrements of Faman emizsion from silicon
wavezitdes. Both forward apd backward scattering were measurad st 154 |.|.1.11 From The
de;ﬁ»eu.d&nce of the Stokes power vs. pump power, Wwe extract a valie of (412251107 cm”

for the Paman scattering efficiency. Based on this valus, prospects for stinmlated Faman
scartering were analyzed. I'he rasults sugzest that a silicon Faman amplifier is possible. The
main challenges for reslization of & practical device will be to attain a low wavezuide
propagation loss and 2 hizh punp coupling efficiancy.
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