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Abstract—This paper presents a theoretical analysis of a sil-
icon all-optical modulator based on free-carrier injection by two-
photon absorption (TPA) in a highly light-confining structure.
In spite of the weak optoelectronic properties of silicon, strong
light confinement allows high modulation depths in very compact
devices requiring low-energy pump pulses. This analysis is applied
to 1-5 pm radius silicon ring resonators with the pump pulse
coupled on-chip and including in the model the scattering loss
due to sidewall roughness originating from the fabrication process.
The calculations show that using this scheme, modulation depths
greater than 80 % can be achieved, with no more than 3 pJ of pump
pulse energy, at speeds on the order of 10 GHz.

Index Terms—All-optical modulation, free-carrier plasma
effect, ring resonators, two-photon absorption.

I. INTRODUCTION

LL-OPTICAL switches and modulators, where light is

controlled by light, enable ultrafast signal processing by
overcoming the limitations of optical-to-electronic conversion.
In particular, all-optical control on a silicon chip is of great
importance toward developing highly integrated optical com-
munication components because of the potential for monolithic
integration of optics on CMOS-compatible platforms [1]. Sili-
con photonic structures that bend, split, couple, and filter light
have recently been demonstrated [2]; however, in these struc-
tures, the flow of light cannot be modified. For active or tunable
waveguide devices, the complex effective index of the structure
must be varied in order to produce phase or intensity modu-
lation. Because the optical Kerr effect is very weak in silicon
[3], the preferred mechanism for achieving fast index changes
is the free-carrier plasma dispersion effect [4], [5]. In all-optical
devices, free carriers are generated by linear (single-photon)
absorption or two-photon absorption (TPA) of an intense pump
beam that thereby controls the flow of a weak probe signal.
However, the large indirect bandgap, small TPA coefficient [3],
and weak index dependence on free-carrier concentration [5]
make all-optical control in silicon very challenging. Conse-
quently, most all-optical Silicon devices demonstrated to date
require intense pump beams, out-of-plane excitation, or large
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sizes, and are not suitable for monolithic integration on-chip
[6]-[10].

The limitations of silicon as an optoelectronic material can
be overcome using resonant structures that strongly confine
light. The field enhancement inside a high-finesse resonator
and the strong wavelength dependence of the transmission
can increase the modulation effects by orders of magnitude.
This principle has been demonstrated using ring resonators
in III-V materials [11]-[13] and more recently in silicon
[14], [15]. Such devices are suitable for monolithic integration
when the pump beam is coupled into the system through
the same on-chip waveguides as the probe beam. In silicon,
this can be achieved using the Raman effect [16]-[21], the
Kerr effect [22], or TPA [15]. Here, we concentrate on the
strongest of these effects, TPA, significant around 1550 nm,
which allows excitation of free carriers by pump photons with
energies well below the bandgap. In this paper, we analyze
the performance and dynamics of silicon all-optical modula-
tors for different regimes of excitation and degree of light
confinement.

This paper is organized as follows. In Section II, we intro-
duce waveguide-based resonators as building blocks for all-
optical modulators. In Section III, we discuss the mechanisms
for all-optical modulation in silicon. In Section IV, the dynamic
analysis of a resonator-based all-optical modulator under short
pulse excitation is presented and is applied to specific examples
of ring resonators. Finally, our conclusions are presented in
Section V.

II. RESONATORS AS MODULATORS

Resonators are ideal building blocks for all-optical modula-
tors because of their compactness, strong light confinement, and
wavelength sensitivity. Traveling wave resonators such as ring
and disk resonators are particularly attractive due to their sim-
plicity and very low bending losses achievable with miniature
sizes (radii 1-5 pm) in high index contrast systems [23]. In this
section, we show the effects of light confinement in a resonator
on the degree of modulation. The basic structure considered
here consists of a ring resonator of radius R evanescently
coupled to a single waveguide as shown in the schematic in
Fig. 1(a).

The amplitude of the field coupled into the ring resonator
waveguide is given by

—jKA;

A, = .
1— V1 — Kg2e bW

(1a)
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Fig. 1. (a) Schematic of a ring resonator side coupled to a waveguide.
(b) General shape of the transmission spectrum.

where A; is the input field amplitude in the waveguide. The
output field amplitude in the waveguide is given by

A, =V1-kK2A; — jﬁATeij(”)L

where L = 27 R is the roundtrip length of the cavity, k is the
coupling coefficient, and 3(w) = B(w) — ja,/2 is the complex
propagation constant. In (1a) and (1b), the field amplitudes are
normalized so that |4;|? and |A4,|? are the input and output
powers, respectively, of the waveguide mode, and |A,|? is
the power coupled into the ring waveguide. The transmission
response of this resonant system is

A, VIR — i@
T(w)=—= — . 2)

Ai 1—+v1-— ng—Jﬁ(w)L
The resonance condition is 3(wem, )L = 27m, where m is
an integer, i.e., the ring circumference equals m guided wave-
lengths at w,,,. At each resonance, |T(w)|?> has a minimum,
with the value determined by the relation between « and a,.
Expanding ((w) to first order around a resonance frequency
wo as fB(w) = B(we) + (w — wo)/vy, Where v, is the group
velocity, we can express the transmission response (2) as a peri-
odic function of w with free spectral range Awpsr = 2mvy/L.
The general shape of the transmission spectrum is shown in
Fig. 1(b). For small roundtrip loss (a,L < 1), weak coupling
(HQ < 1), and frequencies w — w, < w,, (1) and (2) can be

written as

(1b)

—J\/Te

ar = mi‘li (3a)
Ao =Ai = j\/rear (3b)
T(w):j(w_a)o)_z 4)

j(w_a)o)—i_?

where &, = w, + jr,/2 is the complex resonance frequency,
with r, = a,v, being the energy decay rate in the cavity due to
absorption and scattering, and r. = r%v,/ L is the energy decay
rate due to external coupling. The cavity photon lifetime is 7, =
1/(ro + re). The amplitude a,. in (3) is normalized so that |a,. |2
is the energy in the cavity mode. In a low-loss ring resonator,
the amplitudes a,. and A, are related by

v
|Ar* = Flar? 5)

and |A,|*> now represents the average mode power carried
along the ring waveguide. This relation results from the fact
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that the power of a waveguide mode is equal to its energy
per unit length times the group velocity. Note that (3) and
(4) describe any resonant system with a single coupling port.
Working with the energy-normalized amplitude is more suitable
for small low-loss resonators and leads to a simpler analysis
that is independent of the exact geometry of the resonator
[24], [25].

The full-width at half-maximum (FWHM) bandwidth of
the Lorentzian responses in (3) and (4) is Awpwam = 1/7p
and the total quality factor is Q) = w,/Awpwnm. The resonator
finesse is defined as F = Awpsr/Awrwnm. On resonance,
the power coupled into the ring is enhanced by |A,/A;|* =
(kF/m)? and is maximized under the critical coupling condi-
tion [25], [26]

—a,L
V1—k2=e%2 or

Under this condition, T'(w,) = 0, i.e., on resonance the input
power is completely extracted from the waveguide and trans-
ferred to the resonator with enhancement |A,./A4;|?> = F/.

The transmission response of the resonant system is highly
sensitive to the index of the resonator waveguide the stronger
the light confinement in the resonator is. Therefore, efficient
amplitude modulation is possible by changing the refractive
index of the ring resonator. A small complex index change
An = An — jeAa/2w,, where « is the material absorption,
results in a small shift of the complex resonance frequency
A&, = Aw, + jAr,/2. This can be calculated using pertur-
bation theory as

Te N To. (6)

[[[ nAR|E[? dz dy d=

Awy = — )

v
e [[[ n2|E)? dz dy d=
o0

where V' is the volume of the resonator, and V' = LA, where
A is the cross-sectional area of the ring waveguide core. The
electric field in the ring waveguide has the form

E= are(x,y)efjgz ®)

with energy normalization

1 N
560///712\E|2dxdydz: |la,|?. 9)

Here, z is defined along the ring circumference and x and y
in the cross-section of the ring waveguide. Since o, L < 1, we
can make the approximation [[[dxzdydz ~ L [[ dzdy.If, in
addition, n and A7 are uniform in the waveguide core, (7) can
be written as follows. For the real part (resonance frequency
shift)

A
Aw, = —w,l = (102)
Ny
and for the imaginary part (energy decay rate change)
A
Ar, =T=2 (10b)
Ny
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Fig. 2. Example showing the shift of the transmission spectrum for a ring
resonance with @@ = 4000, as a result of a refractive index change An ~
—0.001 in the ring waveguide core.
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where n, is the value of n in the ring waveguide core, and

I" is the confinement factor defined here in terms of energy
density as

[ n? ’g(x,y)f dx dy
A

2 el y)|? dedy’

(1)

Equation (10a) shows that a small reduction of the refractive
index blue-shifts the resonance. As seen in Fig. 2, this shift
causes the transmission of a signal that is initially at or slightly
above a resonant wavelength to change from a low to a high
value (ON operation) and the transmission of an input signal
that is initially below the resonant wavelength to change from
a high to a low value (OFF operation). For the example in
Fig. 2, we have considered a silicon ring critically coupled to
a waveguide, with quality factor Q =~ A\,/AApwam = 4000
and confinement factor I' = 0.9, typical for Si/SiOy single-
mode waveguides. Using (10a) with core index n, = 3.48, we
find that a refractive index change by An = —0.001 can cause
a spectral shift of A\, = AApwum and thus a change of the
transmission of a probe signal at A,;one = Ao (ON operation)

and Aprobe = Ao — AXpwam (OFF operation) by more than
80% as shown in Fig. 2.

III. MODULATION MECHANISM IN SILICON

Due to the weak nonlinearity of silicon, the preferred mecha-
nism for changing the refractive index at high speed is the free-
carrier plasma dispersion effect. This effect causes a (linear)

change in the refractive index and the absorption according
to [5]

An*
Aot

—8.8x 1072AN -85 x 107'8(AP)%®
8.5 x 1078AN 4+ 6.0 x 107 2AP

(12a)
(12b)
where AN and AP are the free electron and hole concentra-

tions, respectively, in cm~3. These changes result in a linear
shift of the complex resonance frequency of a cavity by Aol =

1435

AwE + jArE /2, according to (7) or (10). Since An’ < 0, the
free-carrier plasma effect always blue-shifts the resonance.

The required free-carrier concentration can be generated
electrically or optically. In all-optical applications, free carriers
are generated by a pump beam with sufficient photon energy
and intensity. The resulting index and absorption changes
cause modulation of the transmission of a weak probe signal.
The mechanism of free-carrier photo-excitation is either linear
(single-photon) or nonlinear (two-photon) absorption (TPA) of
the pump photons.

All-optical modulation using a silicon microring resonator
can be achieved in a compact device that is suitable for mono-
lithic integration, where the pump beam is coupled into the
resonator through the same silicon waveguide and in the same
wavelength range as the probe signal [15]. Due to silicon’s
transparency in telecom wavelengths, this pump scheme can
only be employed with Raman, Kerr, or TPA, which is the
strongest of these effects. In silicon, TPA is significant at around
1550 nm, allowing excitation of free carriers with photon ener-
gies well below the bandgap. This mechanism also causes small
nonlinear index and absorption changes AnN and AaNT,
respectively, which are given by

NL
An = ’I’LQIIpump

NL
Aa = ﬁTPA Ipump

(13a)
(13b)

where nor = 0.79 cm? /W, and Brpa = 0.45 x 10713 cm/GW
are the Kerr and TPA coefficients, respectively, of silicon
reported in [3]. Iump 1S the pump intensity coupled into the
ring given by Ipump = 1/2c£,n|EP™™P|2, where the pump field
EPumP hag the form of (8) with amplitude a?"™P.

Substituting (13a) and (13b) in (7) with the assumption of
uniform core refractive index and normalization (9), we can
write the nonlinear contributions to A&, as

enay [ap[?

NL _
Aw) ™ = — w, nZ Vi (14a)
02 agump 2
ATONL = /BTPAE % (14b)
r [S]

where V.g is the effective volume. With the approximation

Jf[dxdydz~ L [[ dxdy, Ve = LAeqr, wWhere Aeq is the
effective area defined here in terms of energy density as

2
[[n? ‘g(x,y)F dx dy

[ n* ’g(a:,y)|4 dx dy
A

Aet = 15)

In (14) and (15), we have assumed for simplicity that the
pump and probe beams have approximately the same field
distribution over z, ¥, as is the case when the two beams are
near the same resonance frequency.

Since An™NL > 0, the Kerr effect causes a small red-shift of
the resonance; however, |Awl| < |AwL], so the blue shift
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dominates. The free-carrier concentration AN = AP = Ny,
in (12) is generated by TPA according to the rate equation

dN e 1

= ArlY
dt  2hwpmp  °V

L lagmme)”

Ny

ch

(16)

where Awpump 18 the pump photon energy, and 7. is the free-
carrier lifetime. In general, 7, < 7., so the modulation speed
is determined by the carrier lifetime. In [14] and [15], the value
for 7., which is obtained from pump and probe experiments in
a silicon ring with 5-um radius, is about 400 ps: much shorter
than typical bulk silicon values. This short lifetime is attributed
to fast recombination mechanisms on the unpassivated side-
walls of the structures and can be further shortened by shrinking
the cavity size, manipulating the degree of surface passivation
or by ion implantation [27].

As discussed in Section II, the enhancement of the pump
power coupled from the waveguide into the resonator is
proportional to the finesse. Since the finesse of Si/SiOs ring
resonator systems is a few tens, the input pump power required
for a given carrier concentration can be reduced by at least an
order of magnitude compared with a nonresonant structure.
Ignoring the weak Kerr effect in the example in Section II, the
index change needed for detuning the resonance by AApwim
is achieved by a free-carrier concentration Ny, = 3.5 X
107 cm~2. In order to estimate the required pump power for
modulation, we consider a Si/SiO5 ring waveguide with cross-
section 0.48 pym x 0.24 ym and ' = 0.9, A.g = 0.14 pm? at
1.55 pm calculated from the modal field. The group index is
ng = 4.1, so the spectral range of a ring with R =5 pm is
AMNpsr = 18.65 nm and the finesse is F' = 48. Using (14b) and
(5) in (16) at steady state (dNy./dt = 0) with 7;. = 400 ps,
we find that the average pump power required inside the ring is
532 mW. This corresponds to an input pump power in the
waveguide down to 35 mW due to power enhancement,
which under critical coupling is equal to F'/m ~ 15.28. This
estimate is valid for pump pulses that are much longer than the
free-carrier and cavity photon lifetimes. When very short pump
pulses are used, the modulation effects are more accurately
described by the full-dynamic analysis presented in the next
section.

IV. DYNAMIC ANALYSIS OF RESONATOR-BASED
ALL-OPTICAL MODULATORS

A. Theory

In high-speed all-optical modulation applications, the du-
ration of the pump pulse is only a few picoseconds and is
comparable to the cavity photon lifetime and much shorter
than the free-carrier lifetime. Therefore, a full dynamic analysis
must be performed in order to obtain the transient response of
the system. In general, this is done by solving the nonlinear
propagation equations for the pump and probe fields in the
ring waveguide, coupled with the rate equation for the carrier
concentration, for given pump and probe inputs [11], [12]. Such
an approach takes into account both the temporal dependence
and the spatial variation along the ring of all the quantities
involved. In the work presented here, we are considering low-
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Fig. 3. Schematic of a modulator based on a ring resonator coupled to a
waveguide with (a) pump and probe at different resonant wavelengths and
coupled in the same direction and (b) pump and probe at the same resonant
wavelength and coupled from opposite directions.

loss ring resonators with roundtrip times much shorter than
the duration of the optical pulses. It is therefore possible to
simplify the analysis by eliminating the spatial variation of the
fields along the ring circumference based on the discussion
in Section II. The dynamic behavior of the system is then
expressed only in terms of the temporal variation of its optical
and material properties.

In the analysis presented below, free carriers and nonlinear
effects are generated only by the pump since the probe is much
weaker, and there is no coupling between the two beams. The
pump is a short pulse centered at a frequency wpump and is
assumed to have a Gaussian envelope with 1/e width equal
t0 Tpulse; While the probe is a weak continuous-wave signal
at Wprobe- SiNCE Tpulse 1S only a few picoseconds, any thermal
effects are neglected. If wpump and wprobe are around two
different resonances, the two signals can copropagate in the
resonator and be separated at the output by a filter, as shown
in Fig. 3(a). If, instead, the pump and the probe are around
the same resonance, they can only be separated based on their
direction of propagation, each being coupled to one of the two
counter-propagating waves in the ring as shown in Fig. 3(b).
Here, we consider the latter case with wWyump, Wprobe = Wo, SO
we can assume that the two beams have approximately the same
field distributions and therefore “see” the same coupling, loss,
and confinement.

The rate equations for the energy-normalized pump and
probe amplitudes in the cavity aP"™P and aP™P® can be
derived from (3a) by setting j(w — wpump) — d/dt and j(w —
Wprobe) — d/dt, respectively, and with the substitution @, —
Wo + Awk + AwlY + j(r, + Arl + Arlit) /2.

d
. qPump (¢
as o
=—jJ [Wpump — Wo — Awf (t) — Aw})\IL (t)] agump(t)
_ % I:TO + ATLE/ (t) + ATONL (t)] agump(t)
— Deapen () — jr AR (1) (17
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d
' _probe
rEaC
= 7] [wprobe — Wy — Awg (t) — Aw(l)\IL (t)] a/ErObe(t)
1
- 5 [To + Arf (t) + ATEIL (t)] agrobe(t)
_ %agrobe(t) o j\/EAfrC)be(t). (17b)

In (17), Awk(t) and ArZ(t) are obtained from (10), where
An’ and Ao’ are given by (12) and the free-carrier concen-
tration varies in time according to (16). The nonlinear changes
AwNE () and ArNE(t) are obtained from (14). The output of
interest in the transmitted probe amplitude is given as
ABRVe(t) = APP(E) — el (1), (1)
To calculate the complex resonance frequency as a function
of time and the corresponding transmission spectrum, we inte-
grate (17a) numerically coupled with (10), (12), (14), and (16).
The transient transmission response given by (18) is obtained
by numerical integration of (17b) to get aP™P¢(t), using the
newly obtained @, at every time step.

B. Examples

We now apply the above analysis to ring resonators of differ-
ent sizes, critically coupled to a silicon waveguide. The purpose
is to find the dependence of modulation depth and pump ener-
gy requirements on resonator size. We consider a silicon ring
waveguide (ng; = 3.48) with SiO; cladding (ngio, = 1.46)
and with core dimensions 0.48 pym x 0.24 pm. Using a mode
solver configured for analyzing ring resonators [28], we obtain
the resonance frequency, scattering loss, confinement factor,
and effective area for ring radii 1-5 pm.

Ideally, the bending loss for such high index contrast wave-
guides is negligible for radii down to about 1.5 pm, but, in prac-
tice, surface roughness originating from the fabrication process
causes scattering loss that reduces (). To account for this in our
numerical model, we include absorption at the sidewalls such
that the quality factor of the uncoupled resonator Q, = w, /7,
for a 5-pm radius ring is approximately 7500 (under critical
coupling @ = @,/2). This value is consistent with the mea-
surements in [14] and [15] for similar ring resonators. In order
to analyze the effect of bending and scattering loss on light
confinement, we calculate certain basic resonator parameters as
a function of ring radius. The results are shown in Fig. 4(a)
and (b), where it can be seen that quality and confinement
factors do not change noticeably when the radius is reduced
down to 2 pm, while the resonance shifts to longer wavelengths.
As the ring radius becomes smaller than 2 pm, the quality and
confinement factors drop significantly, reducing the wavelength
sensitivity and the finesse of the resonator. We will therefore
examine rings with radii 2-5 pm.

For given resonator and pump pulse parameters and free-
carrier lifetime, there are two optimal probe wavelengths—one
for ON and one for OFF operation—that lead to maximum
modulation of the transmitted signal. To obtain them, we take
the difference A|T'|? between the transmission spectrum at the
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Fig. 4. (a) Resonant wavelength and quality factor of the uncoupled resonator.
(b) Confinement factor and effective area as a function of radius for Si/SiO2
ring resonators with waveguide cross-section 0.48 ym x 0.24 pm.

moment of maximum blue shift of the resonance, and the trans-
mission spectrum in the absence of the pump. A|T'|? is a func-
tion of wavelength with a maximum above A\, and a minimum
below A,, corresponding to optimal probe wavelengths for
ON and OFF operations, respectively. As maximum modulation
increases, the optimal wavelength moves closer to A, in the ON
case and further away from )\, in the OFF case. This is shown
in the example in Fig. 5 ,where A|T'|? has been plotted as a
function of Aprobe — Ao for a critically coupled ring with radius
5 pm and different pump pulse energies E, when Apump = Ao,
Tpulse = 12 ps (FWHM =~ 20 ps), and 77, = 400 ps. We rely
on such curves to determine the optimal probe wavelengths and
corresponding modulation in all the examples below.
Modulation depth is defined here as
(T

max

T3

max

B |T|r2nm>

MD =

19)

Fig. 6 shows the maximum MD (i.e., at the optimal probe
wavelength) as a function of pump pulse energy for different
ring radii. From this graph, it is clear that a reduction of the ring
size significantly lowers the pump energy required to achieve a
given modulation depth since, with () being roughly the same,
the power enhancement factor is inversely proportional to the
ring size. This is illustrated in the transient responses in Fig. 7.
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Fig. 5. Difference of the transmission spectra at the point of maximum
spectral blue shift for different pump pulse energies Ep as a function of
the deviation of the probe from the initial resonant wavelength of a 5-pum
radius ring.
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Fig. 6. Maximum modulation depth as a function of pump pulse energy for
different ring radii, showing the effect of resonator size.

In each case in Fig. 7, the pump has Apump = Ao, and
Tpulse = 12 ps, and the probe is chosen for maximum ON
(Aprobe — Ao & 0.06 nm) and OFF modulation (Aprobe — Ao &
—0.23 nm), where A, = 1558.6 nm for the 5-um radius and
Ao = 1561.24 nm the 2-pm radius ring. We can see that the
pump energy required for achieving approximately the same
transient response is almost proportional to the ring radius, i.e.,
E,=3pl] for R=5 ym and E, =1.25 p] for R =2 um
when 7¢. = 400 ps. The modulation depth as defined in (19)
is MD ~ 90%. The corresponding maximum resonance wave-
length shifts are A\, &~ —0.176 nm and A\, ~ —0.183 nm,
and the peak values of the free-carrier concentration are Ny, ~
1.04 x 10'7 cm™ and 1.09 x 10'7 cm~3. The dissipated pump
energy that generates the required free carriers by TPA is only
0.1 pJ for R =5 pm and 0.042 pJ for R = 2 pm, which is
almost proportional to the ring radius. These values are consis-
tent with the estimates obtained from the experimental result
in [15], i.e., 0.12 pJ for MD > 90% in a 5-pm ring.

Since cavity lifetime and pump pulse are much shorter than
the free-carrier lifetime, the latter determines the modulation
speed. The value 77, = 400 ps in our examples is based on pre-
vious experimental results on Si ring resonators [14], [15] and
is much shorter than in bulk Si. This is attributed primarily to
fast recombination mechanisms on the unpassivated sidewalls
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Fig. 7. Transient transmission responses in ON and OFF operation for rings of
radius 2 and 5 pm and probe wavelengths chosen for maximum modulation in
each case.
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Fig. 8. Transient responses for ON and OFF operation at optimal probe
wavelengths with pump energy 1.25 pJ and different carrier lifetimes in a
critically coupled ring resonator of radius 2 pm.

of these structures. A further reduction of 7. and increase of
the modulation speed are possible by shrinking the cavity size,
manipulating surface passivation, or by using ion implantation
[27]. Since the pump pulse is much shorter than 7., reducing
the carrier lifetime is not expected to significantly affect the
concentration of free carriers and, consequently, the modulation
depth. This is shown in Fig. 8, where transient responses have
been plotted for a critically coupled ring of 2-um radius and
free-carrier lifetimes 7¢. = 400, 200, and 100 ps. The pump
pulse is the same as in previous examples, and the optimal probe
wavelengths have been used for each free-carrier lifetime.

The small dips and peaks observed in the ON and OFF re-
sponses, respectively, coinciding with the pump pulse duration,
are due to the weak Kerr effect, which instantaneously shifts
the transmission spectrum in the opposite direction than the
free-carrier plasma effect. An additional peak appears in the ON
curves only, right after the expiration of the pump pulse. This
is attributed to the very fast release into the waveguide of the
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energy that was stored in the resonator before the arrival of the
pump pulse in a time scale comparable to the resonator lifetime.

V. CONCLUSION

Using a simplified theoretical model suitable for small low-
loss resonators, we have analyzed the modulation performance
of a ring-resonator-based silicon all-optical modulator. Our
results have shown that in spite of the weak optoelectronics
properties of silicon, highly confining microcavities enable
fast all-optical modulation with very low pump energies and
bandwidth determined by the free-carrier lifetime. Shrinking
the cavity size without compromising the quality factor can
significantly lower the pump energy required for certain modu-
lation depths. This principle applies to any type of highly con-
fined microcavities. For example, using high-@) photonic crystal
microcavities with sub-micrometer modal volumes (as opposed
to several micrometers of the rings), we can expect a further
reduction of the required energy for a given modulation depth.
Furthermore, our results show that it is possible to increase the
modulation speed by reducing the free-carrier lifetime without
compromising the modulation depth.
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