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Modeling and analysis of high-speed electro-optic modulation in high
confinement silicon waveguides using metal-oxide-semiconductor
configuration
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We analyze the electrical and optical properties of a silicon electro-optic waveguide modulator using
a metal-oxide-semiconductaiMOS) configuration. The device performance is studied under
different modes of operation of the MOS diode and gate oxide thicknesses. Our calculations indicate
that this scheme can be used for achieving high-speed submicron waveguide active devices on
silicon on insulator. A microring resonator intensity modulator is predicted to exhibit switching
times on the order of tens of picoseconds with modulation depth of 73% by employing a bias
voltage of only 5 V. ©2004 American Institute of Physics. [DOI: 10.1063/1.1814791

I. INTRODUCTION can be varied by injection, accumulation, depletion, or inver-
sion of carriers. P-i-n diode$® and metal-oxide-
Silicon as photonic material has remarkable properties. lkemiconductor field-effect-transistofRefs. 9 and 1pmay
is transparent in the range of optical telecommunicationg,g employed for this purpose. In a previous worke pro-
wavelengths(1.3 um and 1.55um) and has high index of posed and analyzed a waveguide active structure based on a
refraction, which allows for the fabrication of high-index- p-i-n diode. That configuration was predicted to provide high
contrast submicron structurésn addition, the mature Si mi- modulation depth for very low power consumption. The
croelectronicgbipolar or complementary metal-oxide semi- gyjitching time was calculated to be around 1.29 ns, limited
conductof technology enables the implementation of denseoy carrier diffusion(carrier injection proce$sThe use of a
silicon-based integrated systems on-chip. Si-on-insulatogj0s diode should lead to higher speed operation since the
(SOI) strip waveguide technology has been shown to be agayrier distribution in the semiconductor is governed by a
appropriate platform to achieve compasubmicron size  qyift mechanismelectric field.!! Additional advantages of a
p_h_otonic deviceé.The use of crystalline_ Si instead of poly- \0s configuration are negligible dc power consumption and
silicon or amorphous Si as the waveguide core reduces scahe fact that the refractive index change is localized under the
tering and absorption lossés. gate electrode, and therefore no carrier confinement methods
Si photonic structures that bend, split, couple, and filter(such as isolation trenches inpai-n diodelz) are necessary.
light have recently been demonstrated in siliéohbut the | 3 MOS structure, however, in carrier depletion, accumu-
flow of light in these structures is predetermined by thejation, or inversion configuration, significant large concentra-
structure design and cannot be modified. Actioetunablé  {jon variations are possible only within small distances
waveguide devices are essential elements to control light fogayy tens of nanometerdeneath the insulated gate reg?on.
information processinge.g., coding-decoding, routing, mul- Thjs produces a small overlap between the optical mode and
tiplexing, timing, logic operations, efc.in high-density  the nonequilibrium charge distribution in the waveguide,
integrated-optic circuits. In these devices, the complex Eﬁecreading to a smaller effective index variation in a MOS sys-
tive refractive index of the structure is varied in order t0tem than that in P-i-n configuration. A small index change

produce a phase or intensity modulation. ___ requires a very long structure, on the order of millimeter, in
The main methods to alter the refractive index in Si aregder to induce a significant modulation depth.

the thermo-optic effect and the plasma dispersion effect. The | this paper we study a micron-size MOS-based high-
thermo-optic effect is rather slow and can be used only up t¢,dex-contrast SOI waveguide for high-speed electro-optic
1 MHz modulation frequency.For higher speed, electro- modulation in Si based on strong light confinement. The light
optic devices are required. Unstrained pure crystalline Sggnfinement enhances the effect of small index changes on
does not exhibit linear electro-opti®ockels effect and the  the transmission of the device, enabling an ultracompact
refractive index changes due to the Franz-Keldysh effect angycture with high modulation depth. In addition, the studied
Kerr effect are very weak. Therefore, the free carrier disperyigh-index-contrast waveguide structure permits, contrary to
sion effect is used to change electrically both the real refrac‘previous works, negligible losses for a radius of curvature as
tive index and optical absorption coefficient. small as 5um, allowing the implementation of high dense
The free-carrier concentration in Si electro-optic devicesypotonic circuits. Section Il describes the waveguide struc-
ture. Section Il presents the electrical and optical models. In
dElectronic mail: cbarrios@ntc.upv.es Sec. IV, the results from the simulations are presented and
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Ill. DEVICE MODEL
A. Optical model

We used the beam propagation metiB&M) (Ref. 15
for the calculation of the modal-field profile and optical
losses due to carrier absorption in the waveguide. From the
values of the electron and hole concentrations at any point of
the Si core waveguidécalculated with the electrical model

described beloyy the induced real refractive index and opti-

c) Depletion cal absorption coefficient variationdn and Aa, respec-

200 nm__

e s ¥y tively) produced by free-carrier dispersion at a wavelength of
) Gate | 1.55um are calculated by usiﬁ%
Ngox. sio,
psi R > X An=Ang+An,=-[8.8X 10%°AN + 8.5
Gpd 30 (5401 cm) e i —18, 0
e o X 10718AP)°E], (1)
Buried Oxide
Si substrate Aa=Aag+Aa,=8.5X 1018AN+6.0x 10°8AP, (2)
. . . _where
FIG. 1. Schematic cross sections of MOS high-index-contrast SOI rle is th f ive ind h d |
waveguides for 1.5am wavelength. Three doping schemes are shaqan: - Ne IS the reiractive index change due to electron concentra-
for inversion,(b) for accumulation, andc) for depletion operation. tion change;
Any, is the refractive index change due to hole concentration
change;

discussed. In Sec. V, an intensity modulator based on a miy; is the electron concentration change iném
croring resonator is analyzed. Finally, conclusions are given\p is the hole concentration change in &n

in Sec. V. Aay (in cmY) is the absorption coefficient variations due to
AN;
Ay, (in cmiY) is the absorption coefficient variation due to
AP.

Equation(1) indicates that the effect on the refractive index
of holes is approximately three times larger than that due to
Figures 1a)-1(c) show schematic cross sections of theelectrons for the same carrier concentration. Equaf®)n
studied MOS-waveguide configurations. The structures conreveals that the contribution to the absorption coefficient due
sist of a high aspect ratio [rib height200 nm to holes is lower than that due to electrons. These two facts
> slab heights0 nm)] rib SOl waveguide with highly doped justify the use of the hole distribution to vary the refractive

regions(10° cm3) defined in the slab at each side of the rib. index for all the MOS modes of operation illustrated in
The structures illustrated in Figs(d-1(c) operate under Fig. 1.

different mechanisms for modulation: carrier inversibole

inversion que}, hole accgmulatlon, 'and h'ole depletion op- B. Electrical model

eration regimes, respectively. The inversion and accumula-

tion configurations are based on increasing the hole concen- A two-dimensional (2D) simulation packageATLAS
tration under the gate oxide, whereas the depletiofrom SILVACO,"” was employed to achieve the electrical
configuratior®**is based on decreasing the hole concentracalculations. The suitability of this device modeling software
tion in the waveguide core. The justification for the use ofto analyze electro-optic modulators in SOI waveguides has
the hole (instead of electrondistribution in all the three been demonstrated in other wofk€:*®*° This program
modulation mechanisms is explained in Sec. Il A. The sili-simulates internal physics and device characteristics of semi-
con layer(device layey has a background doping concentra- conductor devices by solving Poisson’s equation and the
tion of 10" cm™ in Figs. Xa) (n type) and ib) (p type),  charge continuity equations for electrons and holes numeri-
whereas a uniform doping concentration op=2  cally. The surfaces of the waveguide have been considered
X 107 cm 2 is considered in Fig.(t). We have assumed the oxide passivated. The main parameters used in the simula-
rib cross section height and width dimension to be the onetions are shown in Table I.

typical of a 1.55um wavelength high-index-contrast strip

SOl waveguide, that |s 250 nm and 450 nm, rgspectively, iqv_ RESULTS AND DISCUSSION

order to guarantee single mode operaﬁo‘r‘he distance of

the doped regions to the rib sidewalls is 200 }14100 nm Section IV A discusses the modal and geometry charac-
thick and 450 nm wide n-type highly-doped (8 teristics of the waveguide structure. Section IV B analyzes
X 10" cm3) poly-Si layer acts as a gate electrode, whereashe variation of the effective refractive index and optical
the lateral highly doped regions operate as gro¢@dd) losses of the configurations illustrated in Fig. 1 for two gate
electrodes. A top Si9 cladding layer covers the whole oxide thicknesseshy,=100 nm andhgy,=200 nm, as a
structure. function of the applied bias under steady-state conditions. In

Il. DEVICE DESCRIPTION
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TABLE I. Main parameters used in the simulations at 300 K. 3x10™ ; : : —r— :

- — —a— Accumulation
Si refractive indexngi(A= 1.55 m) o 3.43 210" 1 —o— |nversion 4
n-type (8 108 cm™3) poly-Si refractive index\ 347 —a— Depletion
=1.55um) 1x10™ T ]
SiO, refractive indexngig(A=1.55 um) 1.46 yd A
n-type (8 108 cmi™®) poly-Si absorption coefficient 352.4 cu‘:' 04 « —
(dB/cm) = \

Electron carrier lifetimer,(n9 50° -1%10™ 1 \'k\\A )
Hole carrier lifetimer,(ns) 50° \=\\\\
Si background carrier conécmi3) 1x10% -2x10* A \2\\\'\8 )
%From Eq.(1). - R e = = 1
PFrom ng( 22) and assuming undoped poly-Si absorption losses of 10 Gate Oxide = 100 nm \ﬁ‘
60 dB/cm(Ref. 10. .4x10™ —— 77—
°From Ref. 20. 0 5 10 15 20 25 30
(a) Ivoltagel (V)

Sec. IV C, the dynamic characteristics of the MOS wave-
guide under different operation regimes are discussed. !

—s— Accumulation

2x10"1 —o— Inversion |
A. Optical characteristics 1—a— Depletion /‘“‘“‘\\.\
. A
The geometry of the configurations shown in Fig. 1 is  1x107 e )
similar to that discussed in Ref. 8. All the structures exhibit . 1 /./

single mode operation for both TE-like and TM-like polar- £° 04 ./\ .
ization modes and gate oxide thicknesbgg=100 nm and < ] AN

hgox=200 nm. As indicated in Ref. 8, the considered distance 1x10° \\g»\\ |

of the highly-doped regions to the rib sidewa®90 nm) and i \"\'2\\-\\\0

the slab thicknesg50 nm) avoid excessive optical losses ] _ T
_ox10" 4 Gate Oxide = 200 nm e

from the highly-doped regions and enables implementing
low-loss bent waveguides with a radius of curvature as smal : x \ x ' v r
as 5um. 0 5 10 15 20 25 30
Optical coupling from(to) an optical fiber tofrom) the (b) Ivoltagel (V)

considered high-index-contrast rib waveguide can be effi-

ciently achieved by using an inverse nanotaper as that re-

ported in Ref. 3. In Ref. 3 it is shown that mode delocaliza- . o o _
tion can be used in order to effectively bridge between théZIG. 2. Steady-state effective refractive index variation of the TE-like fun-

. . . . . _damental mode as a function of the absolute voltage of the gate voltage for
mode and index mismatch of index submicron SIZeinversion(square}s accumulation(circles, and depletior{triangleg opera-

waveguides and large fibers using compact structures. tion modes for gate oxide thicknesses @f hy,=100 nm and(b) Ny,
=200 nm. The applied voltage is negative for the inversion and accumula-
B. Static (dc) characteristics tion modes and positive for the depletion mode.

The main difference of the structure studied in this work
and that in Ref. 8 is the presence of a gate electrode. Thi¢y carriers in the latter, and therefore, higher hole concen-
highly-doped region may add significant optical losses if itstration values are obtained in the former. In both Figs) 2
distance to the Si waveguidéy,) is too short, since it and 2b), it is seen for the depletion case that, as the gate
would overlap significantly with the optical mode field. On Vvoltage increaseg\n. initially increases due to the increase
the other handhy,, cannot be very long in order to allow for of the depleted layer region; theing reaches a maximum
small operation voltages. Therefore, a tradeoff must be founét a certain voltage and it decreases as the gate voltage in-
for the value ofhy,. Figures 2a) and 2b) show the calcu- creases. This is because of the formation of an electron in-
lated effective refractive index chanden. for the TE-like  version layer beneath the gate oxide when the threshold volt-
mode as a function of the absolute value of the gate voltagage V; of the MOS diode is exceedestrong inversion
V, for hgex=100 nm anchy,,=200 nm, respectively, for the condition). For the configuration of Fig.(t), V;=7.9 V and
three MOS operation modes. As expected, higher values df4.9 V forhy,,=100 nm anchy,,=200 nm, respectively. The
|An.q| are obtained fohgo=100 nm under the same opera- increase of carriergelectrony produces an opposite effect
tion mode. The bias dependencies of the accumulation- an@ecrease ofis) as that induced by the depleted regiam
inversion-mode configurations are similar for both values ofcrease ofng), reducing the total effective index variation.
hyox In both cases, a thin layer of holes is formed beneatfThe inversion layer formation is illustrated in Fig. 3, which
the gate oxide. The hole concentration in this layer increaseshows the hole and electron two-dimensional distribution in
with the absolute value of the gate voltageegativg. The  the Si core waveguide for the device of Figcjl V,=20 V
values of [Ang| are slightly higher for the accumulation andhgy,=200 nm.
mode than for the inversion mode for the samg because Figure 4 shows the calculated optical losses for the TE-
holes are majority carriers for the former regime and minordike mode due to carrier absorption in the semiconductor and
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FIG. 3. Steady-state carrier 2D distribution in the Si core waveguide for the  (b) : ‘e
depletion-mode operation. The gate voltag®/js20 V andhg,,=200 nm. 06- Si0,
Strong inversion condition is observéelectron inversion layer beneath the e
gate oxide. 04
—_ 1 | —— .
the gate as a function of the gate voltage. The losses fol > fm .
hy0x=100 nm are considerably higher than those Ifigg, 00 = — .
=200 nm. This is because the optical mode overlaps signifi- 0zd o -
cantly with the gate electrode fbu,,=100 nm, as shown in ] B0,
04 e

Fig. 5a. Smaller overlap occurs fohy,=200 nm [Fig.
5(b)]. It is also observed in Fig. 4 that, for both values of
hgoxs the losses for the depletion mode configuration are

08 06 -04 02 00 02 04 06 08
X ()

0.0

higher than those exhibited by the other two configurationsFiG. 5. TE-like fundamental optical mode profile f@) hy,,=100 nm and
due to the background doping concentration of the Si wave®) hgex=200 nm.

guide(2x 10" cm3). One can also see that, ¥gincreases,

the depletion-mode losses initially decre@serease of the are for TE-like polarization. For the TM-like mode the lower

depletion layer width reach a minimuniat approximately
V,), and then increase agafistrong inversion condition

losses achievable are significantly higher, on the order of
20 dB/cnihy=200 nm); therefore, hereafter we consider

Note, however, that, as will be seen in the following section,only the TE-like fundamental mode for the operation of the
the losses for the depletion case can be different under dydevice. A gate oxide thickness of 200 nm will be also as-

sumed hereafter in order to avoid excessive losses due to the

namic operation.

According to these results, under dc operation, theyate electrode.

accumulation- or the inversion-mode configurations should
be desirable since they exhibit losses as low as 3.6 dB/c
for V=0 V(hyox=200 nm). The simulations discussed so far

8. Dynamic characteristics
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1. Small signal response

The small-signal transient response determines the feasi-
bility of the device to be used for high-speed data modula-
tion. In the studied configurations, the small-signal response
will be defined by the MOS total capacitanGg, which is
given by the series combination of the gate oxide capacitance
Cyox @and the semiconductor depletion-region capacitdiice
The value ofCy,, is constant and corresponds to the maxi-
mum capacitance of the system. The valu€efwill depend
on the operation mode of the MOS diotleBelow we dis-
cuss the small signal characteristics for the three modes of
operation.

(A) In the accumulation regimgFig. 1(b)], there is no
depletion region, therefor€;=Cy,,. This capacitance re-
mains the same under high frequency operation. Hgyg
=200 nm, we calculated a value 6f,,=107'® F/um. Thus,
assuming a load impedance BF50 () and C;=Cy,, the

FIG. 4. Optical losses of the TE-like fundamental mode as a function of tha[ime constant 7,=RCy of the device results to be 5
=

absolute value of the gate voltage for inversi@guarey accumulation
(circles, and depletion(triangley operation modes for gate oxide thick-
nesses ofyq,=100 nm andg,,=200 nm.

X107 s/um. For example, for a 2@m long devicer,=1
%X 107! ps indicating the suitability of this configuration for
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T T T T T

high-speed operation. The optical losses will be the same a T T
Ax1 0'4 { —2— Depletion PULSE OPERATION

those calculated in the dc analysis for any operation fre- 0~ Depletion DC OPERATION B
quency and gate voltage under the accumulation mode o 3 axq0* | o Accumuiation BOTH DC and PULSE o
operation. .

(B) For the depletion-mode structure shown in Fi¢g)1 2x10*1 » ““\Z’fgsggxmo[
the total capacitance of the system will depend on the opera 5 110° /Ow—-oma-o\«_\o ]
tion frequency and bias voltage. At low frequencies and S
Vy<V,, the total capacitance will be smaller th@g,, due to 04 o/\ 1
the depletion region capacitance. At low frequencies and N S
V>V, (strong inversiop the formation of the inversion -1x107 E\D\D
layer makes the total capacitance equal to the gate oxid 210" S S

capacitance, as in the accumulation case. At higher frequer . . . . . v .
cies, C; will coincide with that at low frequencies for
Vy<V;; however, forV,>V,, the electron(inversion layey Ivoltagel (V)
concentration will not be able to follow the ac signal and the

depletion region capacitance will lead to smallyt produc-

ing a smaller time constant than in the accumulation regime —_ . T T
For example, we calculateGr=9.47x 107" F/um for V, (b) S 104 fg:gzs::::: kb aling ]
=20V and ac frequency of 1 MHz. This suggests that even i} —0- Accumulation BOTH DC and PULSE O
higher speed operation can be achieved with the depletior \:/ o /o/
mode than with the accumulation mode. Note that, in this 2 84 \e«\\g\ /o semiconductor]
case, since the depletion region width remains constant fo 8 X , breakdown
V>V, (constant capacitangehe optical losses of the struc- < \\..\Af‘_ e
ture will be approximately constant fof, >V, and equal to ‘5 8 /“>—~ﬂ'j_ }
the minimum value obtained in the dc analysis g D//“ e
(7.67 dB/cm. @ a

(C) The threshold voltage of the inversion configuration s 4
[Fig. 1(a)] was estimated to be —1.42 V. This means that the = . r . T T r T

MOS diode will work mainly under strong inversion condi-
tions. Therefore, due to the aforementioned inability of mi- Ivoitagel (V)
nority carriers to follow high frequency electrical signals, we
.yf hat the i . Y g ):t . . 9 FIG. 6. Effective refractive index variation of the TE-like fundamental
Ca_n infer t .at the inversion-mo e con |gurqt|on IS NOt APPrOtyoge as a function of the absolute value of the ON-state gate voltage for
priate for high-speed electro-optic modulation. depletion mode under pulgriangles and dc(circles operation and for the
Thus, for small signal ac operation either the accumulaaccumulation modésquares (b) Optical losses for the same configurations.
tion or the depletion modes could be considered. The form#ashed lines indicate that the Si breakdown electric field has been exceeded.
L. . Lo he gate oxide thickness Ig,,,=200 nm. The applied voltage is negative
exhibits less loss, while the latter may operate at higher frefor the accumulation case and positive for the depletion mode.
qguency.

therefore, the depletion layer can increase beyond its maxi-
. ) , mum steady-state value, resulting in a capacitance that fur-
A large-signal transient study of the accumulation- andy,er gecreases with voltage. The rate of change of the gate

depletion-mode structures was car'ried out by usings. A voltage (pulse ramp sloperequired to observe deep deple-
100 ns long gate voltage pulse with OFF-state gate voltagg,, is given bﬁl

Vg,orr=0V and ON-state gate voltagg on<<0 for accumu-

lation andVy on>0 for depletion, was applied to the simu- dvy - ani /MLVt
lated device. Rise and fall times of the voltage pulse were dt = 2C o’
equal to 10 ps. Figure(8) shows the calculatedin g for the 90x
accumulation- and depletion-mode configurations undewhereq is the electron chargey (=10'° cm™ at 300 K) is

pulse operation as a function ¢, on. The dc operation the intrinsic carrier concentration of SiCy.(=2.22
curve for the depletion mode has been also included for comx 1078 F/cn?) is the oxide capacitance per unit area, and
parison purposes. The variation &, corresponding to the  u,, (=1000 cn?/V s at 300 K) is the electron mobility. Thus,
accumulation is the same for both dc and transient operadVy/dt) should be higher than 5:2210° V/s, which is eas-
tions. However, a significankng; increase is observed for ily accomplished by ramp times employed in high-speed
the depletion case when it is pulse-operated as compared tligital signals.

the dc operation for gate voltages equal or higher than the The absence of the inversion layer in the depletion-mode
threshold voltage(V;=14.9 V). This is because, for those device under pulse operation also leads to a decrease of the
gate voltages, the device is operated under deep depletidransmission losses under deep depletion operation as shown
conditions*! the inversion layer is not or only partially in Fig. &b).

formed since the generation of minority carriers cannot keep It must be mentioned, however, that, for depletion, gate
up with the amount needed to form the inversion layer andyoltages higher than 20 V will lead to an electric field in the

2. Large signal response (pulse operation).

3

n
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TABLE Il. Switching times of the MOS waveguide under accumulation and
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depletion regimes for different gate voltag¥g.is positive for depletion and 0.6 1 OFF(.-\ E
negative for accumulation. f' \
Vg=-5\.-" Py ‘.i
Accumulation 2 il (AN =-6.3x10°) ".{ l'!l
[Vgonl(V)  Turnon(ps) Turn off (ps)  Turn on(ps)  Turn off (ps) é j :
5 25.5 25.5 105 12.7 § f -
10 25.5 25.5 12.5 12.7 E 0.2- i / ‘
15 19.1 36.3 14.7 12.2 S/ ON™
20 19.1 34.9 14.3 11.9 / '
25 19.1 33.1 151 11.6 ] ‘
30 19.1 32.5 16.8 11.3 0.0 =" T T
1549.8 1549.9 1550.0
Wavelength (nm)

semiconductor beneath the gate oxide higher than %IG 6 Spectral t tanceut port for the TE-like fund ol ontical

. . - e . . . 8. Spectral transmittan¢eut por for the TE-like fundamental optica
X 105 Viem, WhI,Ch. IS. the breakdown electric field in Si. mode of the simulated electro-optic MOS Si microring modulg&@cumu-
This imposes a limitation on the allowed gate volt&Be V)  lation configuration for V,=0V (OFF stat¢ and Vy=-5V (An=-6.3
and, therefore, on the maximum effective refractive indexx 1075, ON statg for a ring radius ofR=6.9 um. The circles illustrate the
change (2.5x10% and minimum transmission losses Modulation depth ak,=1550.014 nm.

(6.37 dB/cm that can be obtained under deep depletion

operation. i and a bus waveguidgl is the same for both buseé& MOS
Table Il shows the calculated turn-on and turn-off times ;4o with hyex=200 nm is used to change the refractive in-

of the accumulation and depletion deviqes fqr diffgrent ON-gex in the ring waveguide. The resulting phase change in the
state'gate voltages. The turn-gnrn-off) time IS defined as ._ring is converted into an intensity variation at the output port
the time needed for the carrier concentration to reach St the operatioriprobe wavelength

maximum(minimum) value when the gate voltage is stepped

from Vg orVgon) 10 Vgon(Vgore. Switching times o oing modulator by using the transfer matrix metfdd.

(turn-on time +tum-off timg on the order of tens of picosec- Bending losses were calculated by employing the BPBM,
onds are predicted, the depletion operation being shghtlﬁ‘

faster than th lati ted f th I nd the spacing between ring and bus waveguides was esti-
aster than the accumulation, as expected from the SMall, ated by using the finite difference time domain method.
signal analysis.

The ring radius and the power-coupling coefficiéht?),
which is related todgy, will determine the main resonator
parameters: quality facto® (=wo/Awpwum, With g the
The transmission of an optical resonator is highly sensifesonance frequency addogy the full frequency width at
tive to small index changes, making it ideal for intensity half maximum, cavity lifetime 7,(=Q/ wg), and total inter-
modulation in a short length. Thus, a suitable application ofal 10SSA; [=(ar+ apend 27R, with ar the transmission losses
the studied configuration is a waveguide intensity modulatoRnd ayeng the bending lossésFor optimum performance, it
based on a microring resonator as that shown in FiR i8.  is required: highQ, for high modulation; smalk, for high
the radius of the ring and, is the spacing between the ring switching speed; and low;, for high transmittance. In order
to have a resonance at the probe wavelend{fy,e
=1550 nm, the ring radius must also satisfy the condition
2mR=mM(\propd 2Ner), Where m is an integer andneg
=Nesr orrt ANegr, With N o beiNg the effective index in the
OFF state(Vy=0V) and Ang;; being the variation of the ef-
fective refractive index when a gate voltage is appli@iN
statg. For the unbiased case, a trade off among the afore-
mentioned ring parameters is found flRF6.9 um and|«?|
=0.012, which corresponds to a gap spacityg490 nm.
This results, for the accumulation case, ®=2.82
X 10%, 7,,=23.2 ps, andA;=0.028 dB (a7=3.6 dB/cm and
apen=2.9 dB/cm). For the depletion case, we obta@
=2.14x10*, 7)4,=17.6 ps, and A=0.065dB (ar
=8.6 dB/cm andw.,~6.4 dB/cm. Note that the bending
losses are higher for depletion because the refractive index of
the core waveguide at zero bias is smaidue to the back-
ground doping of X 10" cm™®) than that of the accumula-

FIG. 7. High-index-contrast waveguide electro-optic modulator based on élon case; thus, the index contrast between the Si core and

microring resonator and a MOS diode. The complex refractive index of thdN€ QXide cIaning is reduced, rgsglting in a Weaker optical
resonant region is changed by applying a bias voltage to the gate electrodeonfinement in the bent waveguideigher radiation losses

We estimated the output transmittivigput por) of the

V. ELECTRO-OPTIC MICRORESONATOR MODULATOR

/;‘3 Through
i
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T 3 given wavelength is defined a®Por-Pon)/Porr Where
J s - Pore @and Py are the transmitted output powgut pord in
80 o the OFF and ON states, respectively. Figure 8 shows the
] b semiconductor transmission characteristi¢sutput porj for the aforemen-
60 / / breakdown | tioned ring parameteréR=6.9 um and|«?=0.012 for the
| o accumulation-mode configuration. The refractive index in
-/ 1 the cavity is modulated betweafy=0 V (An=0, OFF statg

: and V,=-5V (An=-6.3x10°5, ON statg. The obtained

Modulation depth (%)

40 A i/
/'/ ] modulation depth and transmittivity at the probe wavelength,
504 5/1/ | 1550.014 nm, are 73.4% and 59%, respectively. We calcu-
/ lated the modulation depth for the accumulation and deple-

J  —=—ACCUMULATION : _ _ _
/ —o— DEPLETION (pulse operation) tion operation modes as a function of the gate voltégjg.

01 ¢© — B 9). Pulse operatioriSec IV O is assumed for both modes.
0 5 10 15 20 25 30 The probe wavelengths, 1550.014 nm for accumulation and
[voltage| (V) 1549.975 nm for depletion, have been chosen in order to

obtain a transmittivityT value of 59% and 23% for the ac-
FIG. 9. Calculated modulation depth of the electro-optic MOS microring cumulation and depletion modes, respectively, in the OFF

resonator for the accumulatigaquaresand depletior{circles modes. TE- gtate. It is seen that modulation depths higher than 73% can

like fundamental mode is considered. The dashed line indicates that the : . .
breakdown electric field has been exceeded. The probe wavelengths aR€ achieved under the accumulation operation mode for

1550.014 nm and 1549.975 nm for the accumulation and depletion casep\/g| =5 V. Note that, despite higher values|ﬂfneﬁ| are ob-
respectively. The transmittivity in the OFF state at the corresponding prob in nder letion than under mulation
wavelength was calculated to be 59% and 23% for the accumulation an?jjlg(i/ [useieFigega)e]t (t)he :I’lsdull:itii?\ dzt[;’)(t:lflj isuh?gtf?er ]lfoﬁlathe

depletion cases, respectively. =T ' ) ]
latter. This is due to the aforementioned higher losses exhib-

than that obtained for the accumulation case. It is also seeff€d Py the depletion configuration, which degrades the qual-
that for the same ring parameters, the depletion device ety factor of the resonator, and therefore, the achievable

hibits a poorerQ than the accumulation device due to the Modulation depth. o
It must be mentioned that, due to the non-negligible

higher lossegboth transmission and benuh the former. : X )
The value ofr,, for the depletion device is higher than Value of the thermo-optic effect in Si(dn/dT~2

p . X A X A -1 . ..

the turn-on and turn-off times due to carrier distribution X 107°K™), temperature effects on the index should be mini-

(Table Il), meaning that the switching speed for this Conﬁgu_mized in the studied configurations. This can be achieved by
ration will be limited by 7,,=17.6 ps. For the accumulation €mploying strain silicon waveguitgintroduced in the fab-
device, the calculated turn-on and turn-off times due to cartication process by, for example, controlling the overclad-
rier dynamicqTable II) at low voltage operatiots V and 10  ding deposition condition& The introduced strain induces a
V) are higher than the photon lifetime of the rif@3.3 pg;  decrease of the refractive index with temperature, which
therefore, the carrier-induced transient times will limit the counterbalances the thermo-optic effect in siliédn.

switching speed of the ring modulator for the accumulation  For the sake of comparison, Table Il shows a list of
configuration. proposed all-silicon electro-optic modulators recently re-

The modulation deptM of the microring modulator ata ported in the literature. The MOS device analyzed in this

TABLE Ill.  All-silicon electro-optic modulators recently proposed in the literatureCAM
=free carrier absorption modulatoM =modulation depth t;=switching time.

Year Author Electrical structure Optical structur®(%) dc Power(mW) ty(ns) Length(um)

1997 Cutoloet al.*  p-i-n Bragg reflector 50 4 24.7 3200
1997 Cutoloet al.” BMFET FCAM 20 126 6 1000
2000 Daineskt al.® p-i-n Mach-Zehnder  >90 210 60 1110
2000 Iraceet al BMFET Y junction 92 ~350 16 5000
2001 Coppolat al.® p-i-n Bragg reflector 94 0.3 5 3200
2003 Pnget alf p-i-n Mach-Zehnder  >90 ~0.56 0.51 >500
2003 Barrioset al.® p-i-n Fabry-Perot 80 0.014 1.3 10
2004 Liuetal." MOS Mach-Zehnder 97.5 ~0.0 ~0.6 10 000
2004 Our device MOS Ring resonator 73 ~0.0 0.051 14

“Reference 25.
PReference 26.
‘Reference 27.
9Reference 28.
°Reference 29.
‘Reference 30.
9IReference 8.

"Reference 10.
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