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1. Devicedesign and fabrication

The design of the other PhC parameters for the PRB@nd the PhC-EOM are shown in
Figure S1. The lattice constamfor the PhC-PD and the PhC-EOM are 440 nm and 430
nm, respectively. The airhole diameteri? approximately 200 nm. The design of the
airhole shiftsS,, S, andS; for the L3 nanocavity is taken from Ref. 1 andri@saAsP
with an absorption wavelength of 1.8 and a length of 1.pm is embedded in a
nanocavity of the PhC-EOM. The same type of L3 wariy design was investigated
for our previous paper, and the theoretical Q ofertban 18and the experimental Q of
more than 1b have been reported In the same report, we estimated the standard
deviation of 0.54 nm for the resonant wavelengtittfiation. An InGaAs absorber is
embedded for the PhC-PD. Because of the indexrdift2 between the input InP
waveguide and the InGaAs-embedded waveguide, Widihs should be adjusted so
that their guiding bands match. To this end, thevegaide widths of the InP and
InGaAs(P)-embedded regions were changed toWlp Bhd 0.95V, respectively, where
W = V3a is the basic line defect width defined as tineoneal of one row of airholes.

For the fabrication, we used a semi-insulating $nBstrate and grew apim thick
INnAIAs sacrificial layer, a 156-nm thick InGaAsPy& (as a nonlinear material for
EOM), and a 30-nm thick InP cap layer by employmgtal-organic chemical vapor
deposition (MOCVD). Through the patterning/etchimigthe InGaAsP region and the
regrowth of a 20-nm-thick InP buffer and a 143-rinck InGaAs layer, which is based
on our buried-heterostructure (BH) regrowth techaigan InGaAsP region and an
InGaAs region were formed separately in the sutestiehe small absorption region of
the InGaAsP and InGaAs for EOM and PD, respectjwebre simultaneously defined
with a SiNmask using electron-beam (EB) lithography and veenbedded in undoped
InP by the same BH regrowth procedure. Si ion imiaiton and Zn thermal diffusion
were carried out for n-doping and p-doping, respebt thus forming a lateral p-i-n
junction in the undoped-InP layer. The photonicstay airholes were formed by using
EB lithography and Gibased dry etching. Metallization was carried oot the
electrical contact and wiring with electrode paBmally, an air-bridge structure was
formed by wet etching.



Embedded InGaAs Embedded InGaAsP

FigureS1 Devicedesign. (a) PhC-PD, (b) PhC-EOM.

2. Measurement setup and dynamicsfor single PhC-EOM

We measurethe electrical and optical responses for an apli€dvoltag: to evaluat
the static characteristi of the singlePhC-EOM. Figure S2a) shows +V curvesfor the
forward bias voltage region of th-i-n junction.
The resonant optical transmission was also measgstiown itFigureS2b), which is
the same aFig. 1(b) in the main te). The same type of L3 nanocavity design \
investigated for our previous paper, and the themeQ of more than P and the
experiment: Q of more than 1* have been reporte®. For the EOM in this paper, tl
cavity Q depends on the material absorption of the embetidedAsP. The absorptic
wavelength (1.4¢um) of the InGaAsP should be moderately close todperatior
wavelength (1.54pum) for the enhancement of the EO nonlinearity. Tagilted in the
moderate cavityQ of 5400. The maximum resonant transmission was observea
forward voltage of +0.7 V lcause of the elimination of the b~in voltage of the -i-n
junction and the consequent suppression of the IThe -chip optical loss at thi
voltage was 2.+ 0.6 dB, which was estimated by comparing the oupputer with tha
of areference wavegue fabricated on the same cl

The Ph(-EOM was also dynamically driven by applying an AC signal volte
combined with a DC bias voltage via a bias We used an RF probe with a §D
termination to realize impedance matching with glggal generatcand thus eliminat
the signal back reflections and accurately estirttegeapplied voltage across thOM.
(Note that the5C-Q termination will not be required whe¢he EOM isintegrater with a
CMOQOS driver circuit appropriately designed for irdpace matcing.) The wavelengtl
and power of the incident light were fixed at46.6 nm and-10 dBm, respectivel
Figure S2c) shows he eye diagras for bit rates of 40 Gbit/s and 10 Gbit. In this
measuremena forward bias voltagVpias= 0.4 V ancasignal voltageV,, = 0.5 V were
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applied (The swing voltagranges from +0.15 V to +0.65 V in the forward vgk:
region. An NRZ optical signal with a *-1 PRBS frame was repeatedly injected,
128 frames were averaged to exclude the intrinictrical noise of the oscilloscoj
sampling hea
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Figure S2 Measurement results for a single EOM. (a) |-V curve for the forward
bias voltage region. The inset shows a magnified curve of the voltage below +0.7 V.
(b) Transmission spectra for different bias voltages (Same as Fig. 1(b) in the main
text). (c) Eye diagrams for bit rates of 40 Gbit/s and 10 Gbit/s. The incident light
wavelength is 1546.6 nm. A forward bias voltage of Vi« = +0.4 V and a signal
voltage of Vp, = 0.5V areapplied.

3. Energy consumption for single PhC-EOM

The intrinsic energyconsumptionrequired for PhC-EQM originates from (i) the
dissipation energgeneratecby charging and discharging the device capaciti(Ec)
and (ii) thedissipationenergygeneratecby the current floy under anexternal voltags
(Eex)*®, and each contribution is estimated as foll.

Our Ph(-EOM has atheoretice capacitance of onlyCeom = 0.6 fF. Wher
consideringVpy = 0.5 V for the dynamic modulation, thequired charge for tt
capacitance during the modulation is giverAQgom = CeomVpp= 300 aC.Thereis on
averageone completccharge/discharge cycle every 4 in the random bit sequence
anNRZ signa, andEg, is thereby given bAQeomV,py/4, and accordinglithe dissipatior
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energy consumed by charging the capacitance {3 aJ/bit.

On the other hand, the current supply from tkeereal reverse voltage source
results in the energy consumpti&g,. This is given by 16n\Von + loVort)/2fmos Where
Von lon @NdVeg, lofr are the bias voltages and currents in the on #relates, andinogis
the modulation bit rate. We applied a swing voltagéhe +0.15 V to +0.65 V range in
the forward voltage region for the dynamic modualatiseen in Figure S2(c). The
corresponding current swing was estimated from-¥eurve in Figure S2(a), and was
from 100 pA to 250 nA. Accordingly, the dissipatiemergy caused by the external
voltage (ii) is ~ 2 aJ/bit and ~ 8 aJ/bit for kattes of 40 and 10 Gbit/s, respectively.
These values are much smaller than the chargingygeensumption.

For the electro-absorption modulator, the detsgm energy generated by the
photo-generated current and external voltage shalstlbe consideréd However, the
photocurrent dissipation energy is consumed onlyhm reverse voltage range, and
completely eliminated for a forward-biased moduaatisuch as our experiment.
Consequently, we conclude that the total energwwmption of a single PhC-EOM is
only 42 aJ/bit for a 40 Gbit/s modulation.

4. Simulated capacitance and frequency response of O-E-O transistor

The capacitance of the integrated device is caledlavith the three-dimensional
finite-element method (FEM). Figure S3(a) shows smsulation model, including the
PD-EOM and electrode pads with a 8®0 um? area. Figure S3(b) and (c) show the
simulation results, which are separately calculdtedhe PD and EOM, respectively.
The theoretical capacitances &g = 0.85 fF for the PD an@gom = 0.79 fF for the
EOM, hence giving a total capacitan€e= Cpp + Ceom = 1.64 fF. The simulation also
gives a pad-to-pad capacitance of about 5 fF. Heweétvworks as a bypass capacitance
and does not affect the local high-speed respoihged®D-EOM. This is confirmed in
the simulated frequency response of the transimpuegas shown later. In addition, the
large electrical pad should be removed when thé&das actually integrated on a chip.
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Figure S3 Capacitance of the PD-EOM simulated by the three-dimensional FEM.
(&) Simulation model. (b) Capacitance of PD. (c) Capacitance of EOM.

In the PL-EOM, the conversion efficiency from the photocurremtthe voltage
namely transimpedang, is a strict limiting factoras regarc the device performanc
The frequency response of the transimpedance isrndietd by the integrate
capacitance and the Ic resistance, and calculated by using the equivatenuit
shown inFigureS4(a).We usea serial resistance for the PD aan EOM of Rep = Reom
=1 kQ, aload resistancRi,aq Of 24 KQ, anexternal termination resistance of Q, and
a pac-to-pad capacitance & fF. The analytical expression the RC bandwidtHgc is
approximately given £,

- 1
277[ Roea (CPD+ C EAM) +RC PD:| .

The first term ofthe denominatollargely determins frc as long atRpac >> Rep. When
using Cpp = 0.85 fF ancCegom = 0.79 fF which are obtained by simulating the act
device model (See previous section), the calcuffgcis 3.96 GH:z

We also use the circuit simulator to calculfrc for the same modeas inFigure
S4(a) including a large pa-to-pad capacitanceFigure S4(b) shows the frequenc
response of the transiiedance V/I1), where the integrated capacitaiC is changed a
a parameterThe -dB bandwidtl f3qg for C = Cpp + Ceom = 2 fF is 3.2 GHz, whicl
agrees well with the experimental result. W we adoptCpp = 0.85 fF anCgom = 0.79
fF, faqe = 4.0 GHz.This agrees witlthe analytical estimatic of frc. This indicates tha
the large pa-to-pad capacitance does not affect the transimpe for PD-EOM
integratior.
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Figure S4 Transimpedance of the PD-EOM circuit. (a) Equivalent circuit and
calculation parameters. (b) Calculated transimpedance (V/I) for different
capacitances (Cpp + Ceom).

5. Isolated PD response

An isolated Phi-PD witha length of 2.¢um was evaluated. The Fis not connecte to
the load resistor to evaluate the intrinsic PD abtaristic, which arenot restricted b
the high load resistance and consequent RC Figure $(a) shows tle photocurren
spectrur when theinput power for th CW light was fixed at 1.1uW while the
wavelengthwas scanne. A photocurrent was observover awide wavelength rangin
the propagation band of tlinGaAsembeddePhC waveguide. The disappearanci
the photocurreraround 152 nmis due to the c-off of the inputinP-PhCwaveguide
The periodic peaks (2 nm interval) appear due @ Rabr-Perot (FP) interference
between the waveguide facet end and the input fary of the PL In the measureme
for PC-EOM integration, we chose one of the FP peak wavels, at which the optice
responsivitywas approximately 1 A/V. Figure S5( shows theeye diagram for tf
intensity-modulated optical sign, which was obtaine with the optice peak powe
increase to 100 uW to allow us t« clearly obsere the respons. We observed ey
opening for 20 and ~Gbit/s NRZ signals generated witl2*!-1 PRBE.

For compariso, the plasmonic detectors are also good candidate®w-C PD.
Operation bandwidth for the isolated plasmonic Bup to 100 GH:'® and is muct
higher than our Pk-PD, because the RC bandwidth is quite high thaokihe low
series resistance. However, for the OEO configomatvith load resistor of several te
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kQ, the series resistancf our PhCPD (~1 KQ) is dominated by the load resistan
Therefore, the low series resistance does not sonkell. The plasmonic PDs have Ic
efficiency due to the metallic optical absorptiondapoor optical coupling to tf
plasmonic region. We want emphasize that it is essentially important to kb
efficiency when reducing the capacitance, whicthesmain subject of our study. As
consequence, the P-PD is better than plasmonic PD in this Oapplicatior.
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Figure S5 Experimental responses for an isolated PhC-PD without connection to
the load resistor. (a) Photocurrent spectrum. Theinput optical power is1.1 uW. (b)
Eye diagram for 20 and 40 Gbit/s NRZ optical signals. The wavelength and peak
power of theinput light are set at 1550.0 nm and 100 uW, respectively. Thereverse
biasvoltageis-2V.

6. Power-dependent light transmission of EOM

The light transmissioiof the nanocavihEOM depends on the input power becaus
the optical nonlinearity, and is measured withgghtlinjection into the PD, as shown
FigureS6(a). heexternalreverse bias voltage —2 V is dominantly appliedto the PL
due to the resistance of th-i-n junctionbeinghigherthan the load resistancFigure
S6@b) shows theransmission spectifor the EOM depending on the input CW optic
power. Figure S6(c) and (d) show the output power and transmissiespectively, fo
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the input optical poweat a wavelength of 1535 nm. Initially, the buil-in voltage in
the EOM induce: optical absorptin due to the FKE, and the transmission is as lo
-8 dB against the reference waveguide. When incrgagie optical power, tr
photocurrent from thEOM and thehigh load resistanc of 24 kQ results ina forward
voltage across thEOM. This reduces thbuilt-in voltage and suppresses the Fland
as a resu the transmission increases —3 dB. In theO-E-O operationexperimen
shown in the main text, wfixed this power condition for thEOM to obtair the lowes:
insertion lossWhen th powel is increased furth, aresonance redshicaused b the
TO nonlinearity occui in the CW measureme, and thereby the transmissidecrease
again
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Figure S6 CW light transmission of EOM. (a) Measurement condition. (b)
Transmission spectra with different input powers for the EOM. (c) Output power
vs input power characteristic. The dashed line denotes the 1009 transmission
defined by the reference waveguide. (d) Transmission vsinput power characteristic.
The waveength isset at 1530.5 nm.

7. Measurement setup for dynamic O-E-O modulation

FigureS7(a)shows the measurement setln the eye diagra measureme (Fig. 3b in
the main tex;, an optical signal modulated wittan NRZ random pattern ana
wavelength of 1550 nm was injected into the The NRZ optical signal with a *-1
PRBS frame was repeatedgenerated for the modulatic The contrastof this
modulationwas always kept at more than 10 dB, and heperfornec a largesignal
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operation rather than the small-signal measurem&ng a network analyzer. A reverse
bias voltage of-2 V was applied across the PD-EOM. Since the reveiased
resistance of the p-i-n junction of the PD is mieiger than the parallel circuit of the
EOM and the load resistor, this voltage was masplglied to the PD so that fast carrier
extraction was achieved. On the other hand, CW ligth its wavelength tuned around
the resonance was injected into the EOM. Sinceotltecoupling loss between the
waveguide and the optical fiber is as high as 1.@.6 dB, the output signal is
amplified with an erbium-doped fiber amplifier (ERFand a band-pass filter (BPF). In
the observation with a sampling oscilloscope, 3h@ad frames of -1 bits were
averaged to exclude the electrical noise of thdloscope.

When measuring the frequency response (Fig.n3the main text), we used an
optical signal modulation with a sinusoidal wave foe same transmitter setup. The
output signal from the EOM was detected with aneewl high-speed PD with a
responsivitynrer pa Of 0.65 A/W and a bandwidth of 70 GHz. The RF powe this
output signal was evaluated with an RF spectrumlyaeg where the resolution
bandwidth (RBW)frgw Was set at 30 Hz and the integral signal power evaduated.
The signal frequency was changed from 150 MHz fo@Hz, and detected the signal
power for evaluating the frequency response anB 8skration bandwidth.

When measuring the optical conversion efficie(félg. 5a and b in the main text),
we used the same setup. The signal frequency wed fo 200 MHz so that the TO
effect cannot follow. The conversion efficiency westimated from the power ratio of
the output signal to the input signal. The RF sigmaver measured from the PhC-PD
photocurrent (indicated by blue arrows in Fig. Sgajiven by E’inr]pd)stpJRBw, where
Pin is on-chip input power for the PhC-PDsq (= 1 A/W) is the responsivity of the
PhC-PD,Rspe (= 50Q) is the input resistance of the RF spectrum aealy@n the other
hand, the RF signal power from the PhC-EOM outgitt I(indicated by orange arrows
in Fig. S7a) is given byP()utr]cmr]ref_pd)stpJRBW, wherePy,: is on-chip output power
from the PhC-EOM,n¢ (= 17.9 + 0.6 dB) is optical loss including the
waveguide-to-fiber out-coupling loss (10£ 0.6 dB) and other optical-component
losses up to the external PD. The vertical axiBigh 5a in the main text indicates the
measured RF signal power from the PhC-EOM outt liOn-chip optical input and
output powersP;, and Py, respectivelyare estimated from the measured RF signal
power, and the optical signal conversion efficien@s estimated b/ Pin.

Figure S7(b) shows the waveforms observed for th@qgeurrent and the output
signal, which were obtained at the maximum conwersfficiency (conv = 2.3+ 0.3)
for a normally-on operation. The input peak optigalver for the PD is 3@W, which



corresponds to the swing voltage of 1.6 mV obsewith the 5(-Q sampling head. O
the other hand, the EDFA and BPF are used to obgbes output optical signeThe
averaged optical powefor the output ismeasured separately, and the coupling
between the optical fiber and the waveguide (i+ 0.6 dB)is considered to evalua
the or-chip power. As a consequence, the output peakadpgimver is estimateto be
68 £ 9 W, anc anoptical gain of 1.&- 2.4 is estimatelby comparsor with the input
peak power of 3JUW. This agrees with thsignalconversion efficiencestimate with
the RFsignalpower measureme described abo.
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Figure S7 Measurement of AC responses in oscilloscope. (a) M easurement setup.
(b) Observed photocurrent and output signal light waveforms. The maximum
conversion efficiency (2.3 £ 0.3) for a normally-on operation is shown (See Fig. 5b
in main text).

8. Time-of-flight pulse delay measur ement

We tried to evaluate the carrier tra-time bandwidth by using a tir-of-flight
shor-pulse measuremerThe difference between the NRZ response and thelga
response has been reported in I11. The rise and fall time for the NRZ response ¢
as Fi¢. 3b in the main text are both limited by FOn the other hand, the rise time
the impulse response is determined by the quickgatg of circuit capacitance (so it
limited by carrie-transit time from the absorber), while the RC Isrtie fall tine. The
guas-impulse respon: and the signal delay limited by the carrier tratisite for the
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O-E-O transistc weremeasure with the time-of-flight techniqui.. An aptical pulse with
a width of 14 ps was injected into the PD, while dight with a wavelength othe
normally-off condition (153(6 nm) was injected into the EC, as shown inFigure
S8a). The output pulse from the EOM was obserwith the sampling oscilloscop
We evaluatedhe pulse delat for the C-E-O transistotby comparingthis puls: with
the output pulse observed for the reference wade. Figure S8b) shows measud
waveformswith normalized intensies. Theestimatecdelayis T = 25 ps.The risetime
of the output wavefornshould be mainly determined by tcarrier transitime in the
PD rather than the RC time, because the capac of O-E-O transistc circuit is
instantaneously charged and the EOM is driven wherphot-generated carriers a
extracted into the circuiThe operation bandwidth limited by the carrier tiitime *2
would thereforebe frr = 0.45f = 18 GHz. The total bandwidthincluding the
RCHimited bandwidthfrc is given by fiw = (frr 2 + fre )%, and wa estimateco be
3.3 GHz ir Fig. 3 in the main te. Therefore,hefrr (18 GHz) hardl affecis fia, While
thefrc (3.4 GHz)has adominanteffeci.
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Figure S8 Time-of flight measurement of optical pulse delay.

9. Picosecond pulseresponse

Obsenation ofthe shortpulse responscan alscbe used fora secondcheck of device
capacitance. The capacitance is instantaneoustgathdy the optical pulse via the F
and the pulse energy is usto evaluat the dynamic chargAQ and the photovoltac
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Voho @and consequentC = AQ/Vpno In this measuremer2-ps-wide optical pulss with
a center wavelength of 1550 nm and CW light areciigjd into the PD and tlEOM,
respectively.Figure S9a) shows the transient response of EOM output light, anc
Figure S9b) shows the photocurrent response, whichdetected wit the 5(-Q
sampling oscilloscope heaThe extinction ratio fothe output light is plotted irfFigure
S9c). If we take¢ the same extinctic ratic (1.5 dB) as the NRZ modulatidin Fig. 3k in
the main tey, Epuseis as low as 1.+ 0.2 fJ thus contributing to the dynamic charge
AQ = 1.9 £ 0.2 fC with a responsivitynes = 1 A/W. Figure S9(d) shows the
instantaneous photovoltaVyn, estimated by multiplying the peak photocurrent
Road = 24 KQ. A Vpno as high as 0.7+ 0.08 V is obtained for the sanEyuse Finally,
AQ/Npho = NpdEpuisd Vpno is plotted inFigure S9e). Thisremain: almost constant belo
the PD saturation limit Vpno < 1 V), thereby indicatingghat C = 2.(-2.6 fF. This
capacitancagrees with the estimaticobtainedrom the RC bandwid" discussed in th
main tex.
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Figure S9 Short pulse response. (a) Output signal for normally-on operation. (b)
Photocurrent response. The optical pulse energy Epus ischanged from 0.2 to 8.3 fJ.
(c) Extinction ratio, (d) Photovoltage Vyno across the load resistor. (€) Charge over
photovoltage (AQ/Vpno) estimated for the optical pulse energy for the PD. The
shaded area denotes the saturation region of the PD.
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10. Performance comparison as photoreceiver

The O-E-O device includes conversion from opticargy to voltage, and therefore our
experimental results provide a benchmark for a qieceiver. The resistor-loaded
receiver comprises a PD and a serial load resiatat, an EOM is used for optical
probing the generated voltage. The light-to-voltagmversion efficiency for the
resistor-loaded receiver would Be; = VpndPin = NpdRi0ad[V/W]. On the other hand, the
3-dB bandwidth (assuming the RC limitefg)g = frc = (2MCRoad . These two values
have a trade-off relationship. The efficiency-bamitiv product (EBP) is given by
Nuvfaas~ r|,;,d(2T[C)‘1 and hence is limited by the capacitance for tkednp,s = 1 A/W.
Figure S10(a) shows thgy andfsgg mapping, where the total capacitafites changed
as a parameter. The figure also plots previoughpnted values for Ge photoreceivers
integrated with a Si-CMOS transimpedance ampliiekA)/limiting amplifier (LA)
circuit®*® and InGaAs-based photoreceivers integrated with lmP-based
heterojunction bipolar transistor (HBT)/ high elect mobility transistor (HEMT)
circuit®?% This indicates that a resistor-loaded PD witiFadpacitance has an EBP
value comparable to those of most CMOS receivers.cbnventional receivers support
the high EBP thanks to the integrated amplifierswiver, it should be noted that such
amplifiers also consume a huge amount of electrergy at the pJ/bit level, and this
dominates the overall energy consumption. Figur@(l91summarizes the energy
consumption of the EBP in these receivers. Theopaidnce in our previous work on
PD-resistor integration was limited by a parasiipacitance of more than 10 fF due to
the use of metal wirifd. This problem is solved in the present work. Our
resistor-loaded PD consumes an electrical enerdfl/bit as a result of the energy
dissipation induced by the photocurrent and thens bias voltage. This ensures that
our receiver has a similar EBP performance to cotiweal receivers but has a
remarkably low total energy consumption of only @/®it.
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Figure S10 Performance comparison as photoreceiver. (a) Light-to-voltage
conversion efficiency vs 3-dB bandwidth. The red lines show calculated results for
a resistor-loaded receiver, in which the total capacitance C is changed as a
parameter. The plots also show reported values for Si-CMOS-integrated
photoreceivers (green) and InP-based HBT/HEMT-integrated photoreceivers
(blue). (b) Optical + electrical energy consumption vs EBP.

11. Operation bandwidth for normally-on/-off operation

Figure S11 shows the frequency responses and eye diagramsofonally-on/-off
operations. As shown ithe main te», the normall-off operationexhibits f3gs = 3.3
GHz,a 10Gbit/s eye diagram, aranoptical conversion efficiency of 0.6. On the ot
hand, the normal-on operation limits thifzgg to 900 MHz ncony = 2.3) and 2.0 GH
(Nconn = 1.2), depending on the light waveler and the subsequent convers
efficiency. A steep ro-off is observecn the frequency responses for the norn-on
operatior A possible explanation asfollows. For the normall-off operation, optica
absorption and carrier generation in EOM occur whera photovoltageis appliedby
the PD(the input optical bit forhe PD is“1”). The photovoltage quickly extracts 1
carriers and hence tispeed of thoverall C-E-O operatioris not limited by the carrie
traveling time butonly by the RC time.On the other hand, for the norméeon
operation, the optical absorptiand carrier generation o« at a timewhenthere isno
input for the PD (the input optical bit for the RE“0”). In this situation, the carriers
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the EOM are not quickly extracted, and consequently theepmdarge effect woul
make the operation speed slThis will be solved by replacing the embedded In6R
with that havinga shorter absorption wavelength to reduce carriereggion in the
EOM and opeate dominantly with a refractive index modulat
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Figure S11 Frequency responses for normally-on and normally-off states. Eye
diagrams are shown for an NRZ signal with 2"-1 PRBS bits.

12. Performance comparison as all-optical nonlinear switch

The C-E-O device can work as an -optical nonlinear switchFigure S12 compares
various al-optical switches in terms of their switch energy per bit and switching tirr
Gray lines indicate the contour lines given by productof the switching energy ar
the switching time. Thproductwas largel limited to around 172*~10"% for previous
optical switches except for the PhC cavity switcHess clearly seen that ¢ O-E-O
switct can operate wii more than twoorders of magnitude less ene than
previously-reported -E-O switche?*?®, The energ-time product f 2.3 x 10 for our
O-E-O is also two orders of magnitude lower than presswitche:, which is attributec
to the low integrated capacitance. One of the PRty switctes has sukJ/bit
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switching energ®, which is the only switch with dower switching energthar our
present (-E-O deiice. The integrated capacitance is at present determinyedhe
electrical components suchthep/n doping regions and metal wiring. If look a the
device photograptin Fig. 2(a), there is still roonto further miniaturiz. these
componentsand thu reduce the capacitance while maintaining tr-E-O functions.
This shoulcreduct the energ-time product tcthe 102 level.
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Tﬁ\isk\worf{\
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[a] Nozaki, Nature Photon, 2010
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[c] Tanabe, APL, 2007
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[f] Kodama, EL, 2003

10 ps— [m] Ju, OE, 2005
[n] Nielsen, OE, 2006

[o] Ueno, OL, 1998

[g] Waldow, OE, 2007
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Figure S12 Performance comparison as all-optical nonlinear switch. Switching
time vs. switching energy is shown for various on-chip switches. The plots show
reported values for PhC cavities™®3!, O-E-O switches®?, Ring cavities®*, x©
waveguides®™?’, SOA-MZ1s*% and Inter-sub-band transition (ISBT) switches**,

13. Total energy consumption and efficiency for O-E-O transistor

We estimated the total energy consumption, thesteared optical energy, and the tc
efficiency for the (-E-O transistor action. When tlinput optical energy for the PD
Eopt_pr, the electrical energy consumption due to photocurrentenergy dissipation
Eclect IS given byEqgp pd1pdVhias Wherenpq is the optical responsivity arVyss is the
reverse bias voltagWe also consider the input CW light for the EOMd ats optical
energy Eopt eonv IS estimated by the CW light power and thperation bit rat.
Accordingly, the total energy consumption is gi\BNEita = Eopt o+ Eopt pot Eelect
On the other hand, the transferred optical eneggyhb C-E-O transistor is given b
Etrans = NconEopt_pr, Wherencony is the optical signal conversion efficiency. Consaly,
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the total efficiency for transferring the opticafysal is defined byniota= Eyrand Etotal-
Here we estimated these figures for the normallyaoid normally-on conditions as
follows.
(1) Normally-off condition operating at a bit rate df Gbit/s

Eopt po= 1.6 fJ/bit

Eelect= 3.2 fI/bit fompg = 1 A/W andVypias= 2 V

Eopt eom= 16.7 + 3.8 fJ/bit for 10 Gbit/s

Eiotar = 21.5 + 3.8 fJ/bit

Etrans= 0.95 £ 0.15 fJ/bit foncony= 0.6 = 0.1

Nwota= 4.4 £ 0.1 %
(2) Normally-on condition operating at a bit rate d &bit/s

Eopt_pp= 6.4 fJ/bit

Eelect= 12.8 f3/bit fompq = 1 A/W andVpias= 2 V

Eopt eom= 40.9 £ 5.7 fJ/bit for 2.5 Gbit/s

Eiotar = 60.1 £ 5.7 fJ/bit

Eyrans= 14.7 £ 1.9 fJ/bit foncony = 2.3 £ 0.3

Ntotal~ 24.4 £ 0.8 %
Ntwtal fOr the normally-on is higher than that for themally-off. This comes from larger
extinction during the EO modulation of the resoniahsmission (See Fig. 2d in the
main text). Largemww Will be expected by replacing the embedded InGaissthe
EOM with that with a shorter absorption wavelengghoperate dominantly with an
index modulation in the transparent region, becabsewill suppress the absorption
loss in the EOM.
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