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Lifetime of photogenerated carriers in silicon-on-insulator rib waveguides

D. Dimitropoulos, R. Jhaveri, R. Claps, J. C. S. Woo, and B. Jalali®
University of California, Los Angeles, Department of Electrical Engineering,
Los Angeles, California 90095-1594

(Received 2 August 2004; accepted 14 January 2005; published online 10 February 2005

The lifetime of photogenerated carriers in silicon-on-insulator rib waveguides is studied in
connection with the optical loss they produce via nonlinear absorption. We present an analytical
model as well as two-dimensional numerical simulation of carrier transport to elucidate the
dependence of the carrier density on the geometrical features of the waveguide. The results suggest
that effective carrier lifetimes o1 ns can be obtained in submicron waveguides resulting in
negligible nonlinear absorption. It is also shown that the lifetime and, hence, carrier density can be
further reduced by application of a reverse pagunction. ©2005 American Institute of Physics
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Silicon integrated optics has emerged as an attractivsilicon 8~ 7 x 1071 cm/W2** For every photon pair that is
technology for realizing passive devices because of the effiabsorbed an electron-hole pair is generated so tituinits
cient silicon-on-insulator (SOI) guiding structures and of cm™) is the electron density, then the generation rate is
foundry compatible processing technology. Recently nonlinG=dN/dt=—(1/2E)dI/dz=(1/2E)BI% whereE is the pho-
ear optical processes have been observed in SOI waveguidis energy. The mode of the rib waveguide has a nonuniform
under high optical intensities at telecom wavelendffis, transversal distribution and thus the generation rate itself is
highlighting the potential for active devices that rely on thenonuniform over the waveguide cross section. To model this
nonlinear optical response. Although silicon has negligibleeffect we used Gaussian distribution of the optical intensity
optical absorption around this wavelength, at high opticakwhich highly resembles the mode profileith a half-width
intensities, optical absorption and consequently photogener#at matched the actual mode profile. The peak of the
tion can occur due to two-photon absorpti@PA).>’ Under distribution is chosen so that the integral of the distribution
steady state illumination the carrier density can reach valueglong the transverse dimensions equaBXwH (G

as high as~10% cm2 and cause Significant opticai loss, =10 cm3s 1). We define an effective lifetime to character-

which prohibits the exploitation of useful optical nonlineari- ize the carrier density ag=N/G, whereN is the carrier
ties. Since the steady state carrier density is proportional tgensity. Once the carrier density is known the optical disper-
the lifetime, the latter represents the critical parameter tha$ion and loss are readily determingce.g., at 1.554m the

will determine the magnitude of free carrier absorption at 40SS isa(cm™)=1.45x 107X N(cn™). _ _

given optical intensity. In this letter, we study the carrier ~ The processes that balance the carrier generation and
lifetime in silicon rib waveguides and its dependence on lathence determine the carrier density &pediffusion and(ii)

eral waveguide dimension. We present a simple analyticdfeCOmbination at traps at the Si—Sitnterface and at the
expression for the lifetime which includes carrier recombina-Silicon surface. Because the rib width is much smaller than
tion at the Si/SiQ interface and at the silicon surface, as the diffusion length we expect the carrier distribution to be

well as carrier diffusion. The model shows excellent agree@PProximately uniform under the rib. This is a very good
ment with two-dimensional numerical simulations and pro_apprOX|mat|on for all the cases studied in this letter and per-

vides a convenient tool for calculating the TPA induced freeMitS US to derive an analytical expression for the effective

carrier losses in silicon waveguides. We also study thé|fet|me. _ . . .
effectiveness of a reverse biageajunction in sweeping out . In St‘?adY statan/ét=0) the two-dimensional continu-
the photogenerated carriers in waveguides with varioudy €quation is
dimensions.

To quantify the carrier density we performed simulations jé f- pdl :i (G-n/m,)dA. (1)
with a commercial softwaréATLAS, ATHENA v. 5.6.0.R

Silvaco International The geometry of a rib waveguide that Here, j is a vector perpendicular to the path of integra-

we analyzed is shown in Fig. 1. These structures can bgon gl and dA are differentials of the contour length and

either single-mode or multin;ode depending on the ratio ofyreq respectivelyG is the generation rate ang is the bulk
the dimensionsv/H andh/H.” In all cases we consider the

optical intensity to propagate in the lowest order TE mode.

The two-photon absorption process results in an intensity y
dependent loss of the formdl/dz=-pI%, wherez denotes pd / .
distance in the waveguide amds the optical intensity. The / Alr /
constantg is called the two-photon absorption coefficient h H Si

and depends on the material and the optical frequency. For r o | :
wi2 w2 510, x

¥Electronic mail: jalali@ucla.edu FIG. 1. Rib waveguide geometry.

0003-6951/2005/86(7)/071115/3/$22.50 86, 071115-1 © 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.1866635

071115-2 Dimitropoulos et al. Appl. Phys. Lett. 86, 071115 (2005)

recombination lifetime. In the bulf=-DVn, whereas at the 107 = s H-ozamiim)
Si/SiO, interface,f-p=Sn whereS is the interface recom- —— ﬁ:l:t.__.ﬁ s Wetmmy
bination velocity. Similarly for the silicon surfadep=S'n, < 10t Il
whereS' is the surface recombination velocity. If we evalu- £ S - = =H=05um ENe)
ate the continuity equation for the rib area we obtain = < ———— T amEme
n dn £ 100 —_ ====5 =
WH|{G-— | =-2hD— +wSn+[w+ 2(H-h)]S'n. S ——
Th dx - - —a P
) "
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Outside the rib(x>w/2) the carrier density has the form hiH
n(x) = n(w/2)exd - (x—w/2)/L'] (3) FIG. 2. Dependence of the effective carrier lifetime over the rafid for

- H=0.25, 0.5, 1, and xm (w/H=1 in all cases Both simulated results and
where L’=\D7 is the diffusion length and k/=1/7,  the predictions of Eq(4) are also shown.
+(S+9')/h. Using Egs(2) and(3) we can obtain an expres-
sion for the effective lifetime in the waveguide scribed by Eq.(4). We note that add is reduced towards
submicron dimensions the recombination at the interface be-
1. 6.1 + S + ws/ comes more effective and the lifetime is reduced. For a given

Tf N 7 H wH heightH the lifetime decreases &sincreases, since the car-
; riers can diffuse more effectively away from the waveguide
h /[D({1 S+S . . . X
+2—/ | —+ . (4) core and into the surrounding slab regiof@ssuming the
H Vw7 h surface recombination can be neglegteBor submicron

In the earlier equation, both the diffusion coefficient andWaveguides witw=H=0.5 um, lifetime is around 1 ns.
the interface recombination velocity are dependent upon the '€ explicit dependence of lifetime on waveguide width
carrier densities and the latter is given by a Read—Shocklelf SUmmarized in Fig. 3. Here, the rib height is kept to con-
type expressiof’ For high injection conditions where the Stantvalues oH=5um andH=0.5um. Asw decreases the
generated carrier density is above the doping level, the anlifetime decreases. This behavior comes about because when

bipolar diffusion coefficient must be uséﬂSimilarIy if Sis w becomes smaller the transit time for the carriers to diffuse

the minority carrier interface recombination velocity, the ©ut Of the rib region decreases. o ,
Read-Shockley expression gives an effective interface re- 1€ model predicts a reduction of effective lifetime with
combination velocity=S/2 under high injection leveld scaling of Wavegwde Cross s_ectlon, a welcoming trend_ as it
Another effect that results in the dependence of lifetimelOWers TPA induced free carrier loss. As an example, if we
on carrier density is the Auger effect. The Auger recombinaconsider a channel waveguide witiw=450 nm and
tion rate has the fornR,=Fn and for siliconF is between H=250nm  with unpassivated ~surfaces such that
3% 1073 and 10% cf/s 13 This recombination rate is sig- S=8'=8000 cm/s, the model predicts an effel%tlve lifetime
nificant when it is of the same order of magnitude as the®f 1 ns. For such dimensions, both Almeietaal."” and Es-
generation rate. This happens when- Fn® which givesn pinolaet al.”" have reported lifetimes on the order of 1 ns.

~ 3% 10 cm3. WhenG andn have these values the effec- To achieve even lower densities an electric field will
tive lifetime is 300 ns. As long as<3x 108 cm3 or r; ~ Nave to be introduced to sweep the carriers out. A similar

<300 ns the Auger term is negligible. While the analytical approach has been effectively used to reduce the effective

model does not include the Auger effect, the effect is in-lifétime in saturable absorbe_%.A p-i-n junction can be
cluded in the numerical simulations. formed by placingn+ and p+ junctions in the slab region

In many cases of practical interest the surface recombisurrounding the rib, with the resulting structure resembling

nation is negligible when compared to the recombination at’® commercially —available SI|ICOI’]_3 variable optical
the interface. High quality passivated surfaces have surfad’éttenuatoré- Dopant densities of f@cm ® can create con-
recombination velocities of the order of tens of cm/s whereas'derable built-in - junction field intensities in submicron
when the surface is not treated recombination velocities cal¥@veguides. The doped regions must be far enough from the
be several thousand cmfsOn the other hand, interface re- rib so it does not have significant overlap with the optical

combination velocities between 3@nd 16 cm/s are com-

mon in the Si/SiQ interface'® 107 T A= s
In both the numerical simulations and the analytical

model, we use mobility values gf,=1332 cnd V~1s™L, u;, ——— -H=osmEmn 4)

=455 cnt Vs (these values correspond to doping density

~2x10% cm3), bulk recombination lifetimesr,.=3 us,

Toh=10 us, and interface recombination velocit$p=8

X 10° cm/s. As stated earlier we assume high quality wave-

guide surfaces such that the surface recombination velocity

is negligible. 16
We first simulated the dependence of the lifetime on the o5 0.5 1

ratio of slab height to rib heighth/H) with the constraint wiH

w=H. The lifetime is _Comp_Uted fpr different Value_s bfj FIG. 3. Dependence of the effective carrier lifetime over the rib widith

The results of numerical simulations are shown in Fig. 2-0 g4, H=5 um). Both simulated results and the predictions of &j.are

along with the same predicted by the analytical model dealso shown.
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100 EVV———_—en- amazom guide lateral dimensions are reduced the carrier density de-
. ::::: ;"s':;n"::':m creases significantly. This is due to the carrier recombination
% at the Si—SiQ interface, which becomes more effective as
o the rib height is decreased, as well as lateral diffusion into
z the slab regions surrounding the rib. Further decrease of the
§A N carrier density can be achieved by introducing an electric
§"§ 10" S = o field by means of g-i-n junction along the waveguide.
8= =~
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