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1. Device design and fabrication 

The design of the other PhC parameters for the PhC-PD and the PhC-EOM are shown in 

Figure S1. The lattice constant a for the PhC-PD and the PhC-EOM are 440 nm and 430 

nm, respectively. The airhole diameter 2r is approximately 200 nm. The design of the 

airhole shifts Sa, Sb, and Sc for the L3 nanocavity is taken from Ref. 1 and 2. InGaAsP 

with an absorption wavelength of 1.48 µm and a length of 1.3 µm is embedded in a 

nanocavity of the PhC-EOM. The same type of L3 nanocavity design was investigated 

for our previous paper, and the theoretical Q of more than 105 and the experimental Q of 

more than 104 have been reported 2. In the same report, we estimated the standard 

deviation of 0.54 nm for the resonant wavelength fluctuation. An InGaAs absorber is 

embedded for the PhC-PD. Because of the index difference between the input InP 

waveguide and the InGaAs-embedded waveguide, their widths should be adjusted so 

that their guiding bands match. To this end, the waveguide widths of the InP and 

InGaAs(P)-embedded regions were changed to 1.12W0 and 0.95W0, respectively, where 

W0 = √3a is the basic line defect width defined as the removal of one row of airholes. 

For the fabrication, we used a semi-insulating InP substrate and grew a 1-µm thick 

InAlAs sacrificial layer, a 156-nm thick InGaAsP layer (as a nonlinear material for 

EOM), and a 30-nm thick InP cap layer by employing metal–organic chemical vapor 

deposition (MOCVD). Through the patterning/etching of the InGaAsP region and the 

regrowth of a 20-nm-thick InP buffer and a 143-nm-thick InGaAs layer, which is based 

on our buried-heterostructure (BH) regrowth technique3, an InGaAsP region and an 

InGaAs region were formed separately in the substrate. The small absorption region of 

the InGaAsP and InGaAs for EOM and PD, respectively, were simultaneously defined 

with a SiN mask using electron-beam (EB) lithography and were embedded in undoped 

InP by the same BH regrowth procedure. Si ion implantation and Zn thermal diffusion 

were carried out for n-doping and p-doping, respectively, thus forming a lateral p-i-n 

junction in the undoped-InP layer. The photonic-crystal airholes were formed by using 

EB lithography and Cl2-based dry etching. Metallization was carried out for the 

electrical contact and wiring with electrode pads. Finally, an air-bridge structure was 

formed by wet etching.  
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energy consumed by charging the capacitance (i) is ~ 40 aJ/bit.  

   On the other hand, the current supply from the external reverse voltage source 

results in the energy consumption Eext. This is given by (IonVon + IoffVoff)/2fmod, where 

Von, Ion and Voff, Ioff are the bias voltages and currents in the on and off states, and fmod is 

the modulation bit rate. We applied a swing voltage in the +0.15 V to +0.65 V range in 

the forward voltage region for the dynamic modulation seen in Figure S2(c). The 

corresponding current swing was estimated from the I-V curve in Figure S2(a), and was 

from 100 pA to 250 nA. Accordingly, the dissipation energy caused by the external 

voltage (ii) is ~ 2 aJ/bit and ~ 8 aJ/bit for bit rates of 40 and 10 Gbit/s, respectively. 

These values are much smaller than the charging energy consumption. 

   For the electro-absorption modulator, the dissipation energy generated by the 

photo-generated current and external voltage should also be considered4,7. However, the 

photocurrent dissipation energy is consumed only in the reverse voltage range, and 

completely eliminated for a forward-biased modulation such as our experiment. 

Consequently, we conclude that the total energy consumption 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 calculated with the three-dimensional 

finite-element method (FEM). Figure S3(a) shows the simulation model, including the 

PD-EOM and electrode pads with a 30 × 30 µm2 area. Figure S3(b) and (c) show the 

simulation results, which are separately calculated for the PD and EOM, respectively. 

The theoretical capacitances are CPD = 0.85 fF for the PD and CEOM = 0.79 fF for the 

EOM, hence giving a total capacitance C = CPD + CEOM = 1.64 fF. The simulation also 

gives a pad-to-pad capacitance of about 5 fF. However, it works as a bypass capacitance 

and does not affect the local high-speed response of the PD-EOM8. This is confirmed in 

the simulated frequency response of the transimpedance, as shown later. In addition, the 

large electrical pad should be removed when the device is actually integrated on a chip.  
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operation rather than the small-signal measurement using a network analyzer. A reverse 

bias voltage of −2 V was applied across the PD-EOM. Since the reverse-biased 

resistance of the p-i-n junction of the PD is much larger than the parallel circuit of the 

EOM and the load resistor, this voltage was mostly applied to the PD so that fast carrier 

extraction was achieved. On the other hand, CW light with its wavelength tuned around 

the resonance was injected into the EOM. Since the out-coupling loss between the 

waveguide and the optical fiber is as high as 10.7 ± 0.6 dB, the output signal is 

amplified with an erbium-doped fiber amplifier (EDFA) and a band-pass filter (BPF). In 

the observation with a sampling oscilloscope, 32 sampled frames of 211−1 bits were 

averaged to exclude the electrical noise of the oscilloscope.  

   When measuring the frequency response (Fig. 3c in the main text), we used an 

optical signal modulation with a sinusoidal wave for the same transmitter setup. The 

output signal from the EOM was detected with an external high-speed PD with a 

responsivity ηref_pd of 0.65 A/W and a bandwidth of 70 GHz. The RF power of this 

output signal was evaluated with an RF spectrum analyzer, where the resolution 

bandwidth (RBW) fRBW was set at 30 Hz and the integral signal power was evaluated. 

The signal frequency was changed from 150 MHz to 6.5 GHz, and detected the signal 

power for evaluating the frequency response and 3-dB operation bandwidth. 

   When measuring the optical conversion efficiency (Fig. 5a and b in the main text), 

we used the same setup. The signal frequency was fixed to 200 MHz so that the TO 

effect cannot follow. The conversion efficiency was estimated from the power ratio of 

the output signal to the input signal. The RF signal power measured from the PhC-PD 

photocurrent (indicated by blue arrows in Fig. S7a) is given by (Pinηpd)
2RspefRBW, where 

Pin is on-chip input power for the PhC-PD, ηpd (= 1 A/W) is the responsivity of the 

PhC-PD, Rspe (= 50 Ω) is the input resistance of the RF spectrum analyzer. On the other 

hand, the RF signal power from the PhC-EOM output light (indicated by orange arrows 

in Fig. S7a) is given by (Poutηcplηref_pd)
2RspefRBW, where Pout is on-chip output power 

from the PhC-EOM, ηcpl (= 17.9 ± 0.6 dB) is optical loss including the 

waveguide-to-fiber out-coupling loss (10.7 ± 0.6 dB) and other optical-component 

losses up to the external PD. The vertical axis in Fig. 5a in the main text indicates the 

measured RF signal power from the PhC-EOM output light. On-chip optical input and 

output powers Pin and Pout, respectively, are estimated from the measured RF signal 

power, and the optical signal conversion efficiency was estimated by Pout/Pin.  

Figure S7(b) shows the waveforms observed for the photocurrent and the output 

signal, which were obtained at the maximum conversion efficiency (ηconv = 2.3 ± 0.3) 

for a normally-on operation. The input peak optical power for the PD is 32 µW, which 
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10. Performance comparison as photoreceiver 

The O-E-O device includes conversion from optical energy to voltage, and therefore our 

experimental results provide a benchmark for a photoreceiver. The resistor-loaded 

receiver comprises a PD and a serial load resistor, and an EOM is used for optical 

probing the generated voltage. The light-to-voltage conversion efficiency for the 

resistor-loaded receiver would be ηLV = Vpho/Pin = ηpdRload
 [V/W]. On the other hand, the 

3-dB bandwidth (assuming the RC limited) f3dB = fRC = (2πCRload)
−1. These two values 

have a trade-off relationship. The efficiency-bandwidth product (EBP) is given by 

ηLVf3dB ~ ηpd(2πC)−1 and hence is limited by the capacitance for the fixed ηpd = 1 A/W. 

Figure S10(a) shows the ηLV and f3dB mapping, where the total capacitance C is changed 

as a parameter. The figure also plots previously reported values for Ge photoreceivers 

integrated with a Si-CMOS transimpedance amplifier (TIA)/limiting amplifier (LA) 

circuit13-18 and InGaAs-based photoreceivers integrated with an InP-based 

heterojunction bipolar transistor (HBT)/ high electron mobility transistor (HEMT) 

circuit19-24. This indicates that a resistor-loaded PD with a fF-capacitance has an EBP 

value comparable to those of most CMOS receivers. The conventional receivers support 

the high EBP thanks to the integrated amplifiers. However, it should be noted that such 

amplifiers also consume a huge amount of electric energy at the pJ/bit level, and this 

dominates the overall energy consumption. Figure S10(b) summarizes the energy 

consumption of the EBP in these receivers. The performance in our previous work on 

PD-resistor integration was limited by a parasitic capacitance of more than 10 fF due to 

the use of metal wiring25. This problem is solved in the present work. Our 

resistor-loaded PD consumes an electrical energy of 3.2 fJ/bit as a result of the energy 

dissipation induced by the photocurrent and the reverse bias voltage. This ensures that 

our receiver has a similar EBP performance to conventional receivers but has a 

remarkably low total energy consumption of only 4.8 fJ/bit.  
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the total efficiency for transferring the optical signal is defined by ηtotal = Etrans/Etotal. 

Here we estimated these figures for the normally-off and normally-on conditions as 

follows. 

(1) Normally-off condition operating at a bit rate of 10 Gbit/s 

Eopt_PD = 1.6 fJ/bit 

Eelect = 3.2 fJ/bit for ηpd = 1 A/W and Vbias = 2 V 

Eopt_EOM = 16.7 ± 3.8 fJ/bit for 10 Gbit/s 

Etotal = 21.5 ± 3.8 fJ/bit 

Etrans = 0.95 ± 0.15 fJ/bit for ηconv = 0.6 ± 0.1 

ηtotal = 4.4 ± 0.1 %  

(2) Normally-on condition operating at a bit rate of 2.5 Gbit/s 

Eopt_PD = 6.4 fJ/bit 

Eelect = 12.8 fJ/bit for ηpd = 1 A/W and Vbias = 2 V 

Eopt_EOM = 40.9 ± 5.7 fJ/bit for 2.5 Gbit/s 

Etotal = 60.1 ± 5.7 fJ/bit 

Etrans = 14.7 ± 1.9 fJ/bit for ηconv = 2.3 ± 0.3 

ηtotal ~ 24.4 ± 0.8 % 

ηtotal for the normally-on is higher than that for the normally-off. This comes from larger 

extinction during the EO modulation of the resonant transmission (See Fig. 2d in the 

main text). Larger ηtotal will be expected by replacing the embedded InGaAsP in the 

EOM with that with a shorter absorption wavelength to operate dominantly with an 

index modulation in the transparent region, because this will suppress the absorption 

loss in the EOM. 
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