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100 GHz silicon–organic hybrid modulator

Luca Alloatti1, Robert Palmer1, Sebastian Diebold2, Kai Philipp Pahl2, Baoquan Chen3, Raluca Dinu3,
Maryse Fournier4, Jean-Marc Fedeli4, Thomas Zwick2, Wolfgang Freude1, Christian Koos1 and Juerg Leuthold1,5

Electro-optic modulation at frequencies of 100 GHz and beyond is important for photonic-electronic signal processing at the highest

speeds. To date, however, only a small number of devices exist that can operate up to this frequency. In this study, we demonstrate that

this frequency range can be addressed by nanophotonic, silicon-based modulators. We exploit the ultrafast Pockels effect by using the

silicon–organic hybrid (SOH) platform, which combines highly nonlinear organic molecules with silicon waveguides. Until now, the

bandwidth of these devices was limited by the losses of the radiofrequency (RF) signal and the RC (resistor-capacitor) time constant of

the silicon structure. The RF losses are overcome by using a device as short as 500 mm, and the RC time constant is decreased by using

a highly conductive electron accumulation layer and an improved gate insulator. Using thismethod, we demonstrate for the first time an

integrated siliconmodulator with a 3dB bandwidth at an operating frequency beyond 100 GHz. Our results clearly indicate that the RC

time constant is not a fundamental speed limitation of SOH devices at these frequencies. Our device has a voltage–length product of

only V
p
L511 V mm, which compares favorably with the best silicon-photonic modulators available today. Using cladding materials

with stronger nonlinearities, the voltage–length product is expected to improve by more than an order of magnitude.
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INTRODUCTION

High-bandwidth electro-optic modulators are key components for a

variety of applications such as photonic transceivers for long-haul and

on-chip communications,1 radio-over-fiber links, low-noise micro-

wave oscillators2 and optical frequency comb generation.3 However,

achieving a small footprint, low power consumption, lowmodulation

voltage and high-speed operation4,5 remains a challenge. Because

unstrained silicon does not possess a x
(2)-nonlinearity,6 state-of-the

art silicon photonic modulators mainly rely on free-carrier dispersion

(a plasma effect) in pin or pn junctions.7–9 Reversed-biased pn junc-

tions are intrinsically faster than forward-biased pin diodes7 and

already enable 50 Gbit s21 on–off keying with a voltage–length prod-

uct of VpL528 V mm.10 Unfortunately, such plasma-effect phase

modulators produce undesired intensity modulation as well, and they

respond nonlinearly to the applied voltage.

An alternative approach uses hybrid integration of III–V epitaxy

stacks grown on InP substrates, which are subsequently transferred to

silicon-on-insulator waveguides to create high-speed electro-absorp-

tionmodulators.11Recently, such a device demonstrated a 3-dB band-

width greater than 67 GHz, representing the fastest modulator

realized on a silicon chip to date. Advanced modulation formats such

as quadrature amplitude modulation, however, require phase modu-

lators with a linear response and a pure phase modulation, rendering

the electro-optic effect (Pockels effect12) particularly attractive. For

low power consumption, devices with small capacitances are required,

and leakage currents as well as driving voltages are to be minimized.13

In this study, we demonstrate for the first time an integrated, silicon

electro-optic modulator with a 3dB bandwidth larger than 100 GHz.

The device has a voltage–length product of VpL511 V mm, which is

the smallest reported value to date for a high-speed silicon-based

modulator. Our modulator exploits the linear Pockels effect, offers

capacitances per device length as small as 100 fF mm21, 13 and has a

parasitic resistance of several GV.

MATERIALS AND METHODS

Silicon–organic hybrid (SOH) modulator

Our device is based on SOH technology. In an SOHmodulator, the optical

quasi-TE (transverse electric) field (dominant electric field parallel to the

substrate plane) is guided by a silicon waveguide, while the electro-optic

effect is provided by an organic cladding with a high x
(2)-nonlinearity

(Pockels effect) as seen in Figure 1a. The optical nonlinear interaction

occurs inside a nanoscale slot, taking advantage of the field enhancement

caused by the lateral discontinuity of the refractive index as seen in

Figure 1b. The external modulation voltage drops across the nanoscale slot

because of the strip-load silicon electrodes, which must be both optically

transparent and electrically highly conductive as seen in Figure 1a.

To reduce the resistance of the silicon strip-loads, we exploit a highly

conductive electron accumulation layer that is induced by an external
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direct current (DC) ‘gate’ voltage14 as seen in Figure 1c. In contrast to

doping, the electron mobility is not impaired by impurity scattering;

therefore, sheet resistances as low as 3 kV sq21 can be obtained along

with small optical losses.15 This is an important technique for achieving

large modulation bandwidths and helps overcome the RC (resistor-

capacitor) speed limitation so that the device’s speed is limited only

by the frequency-dependent radiofrequency (RF) propagation losses.16

Device fabrication

The optical waveguides were fabricated by CEA-Leti based on stand-

ard processes used in the microelectronics industry.18 Silicon-on-

insulator wafers were used, with 220-nm crystalline silicon on top of

2-mm silicon dioxide. The wafers were first n-doped (using arsenic) to

reach a uniform ion concentration of 1017 cm23 and the optical wave-

guide was defined using 193 nm and 248 nm deep ultraviolet litho-

graphy followed by etching with HBr gases.15 The width of the slot is

120 nm and the rail width is 240 nm. Although smaller slot widths

would allow for smaller modulation voltages,13 we chose a width of

120 nm as a compromise between the yield and the modulation effi-

ciency. To avoid any damage to the buried oxide (BOX), thereby

enabling the use of high gate fields, we fabricated the electrode using

a lift-off process. To this end, after defining the resist mask using

contact lithography, the chips were submerged for 15 s in buffered

hydrofluoric acid to remove the remaining oxide. Then, a Cr/Agmetal

stack was deposited using an e-beam physical vapor deposition at a

pressure of 1026 mbar (5 nm of chromium, 400 nm of silver) and

subsequently processed by lift-off after a 1-day acetone bath. We used

electrodes with a length of only 500 mm to overcome the speed limita-

tions caused by the frequency-dependent RF propagation losses,

which were predicted to be as high as 6 dB mm21 at 100 GHz.13

Because the RF propagation losses are mainly determined by the

losses in the silicon strip-loads,13 the use of standard complementary

metal–oxide–semiconductor (CMOS) metal stacks instead of silver

(which is easy to process in a research lab) is not expected to impair

the device’s performance. The signal electrode width is 15 mm, the

ground electrode width is 80 mm and the gap between the signal and

the ground is 4 mm. The optically nonlinear polymer M3 (commercia-

lized by Gigoptix, see Ref. 19) was spin-coated at 3000 r.p.m. for 30 s

and poled at 167 6C for 3 s in a high vacuum (1024 mbar), thereby

obtaining an electro-optic coefficient of r33518 pm V21, which corre-

sponds to a p-voltage of Vp522 V. The material M3 has been success-

fully tested by Telcordia.20 The fiber-to-fiber insertion loss of the device

was (2162) dB, 10 dB of which are attributed to the couplers21 and

11 dB to the remaining 2.6-mm-long waveguide, which is comprised of

tapers, strip-to-slot converters22 and the strip-load slot waveguide. By

comparing the loss of the waveguides on the same chip having different

device lengths (cut-back method), we estimate the insertion loss of the

500-mm-long device to be less than 2 dB. Activating the gate field

increases the fiber-to-fiber insertion loss by (361) dB. This corresponds

to an additional ,0.5 dB for the 500-mm-long device (assuming that

the excess loss is constant along the optical waveguide).

Frequency response measurement

To determine the frequency response of the device, we applied sinus-

oidal signals with frequencies fmod between 0.4 GHz and 100 GHz. We

used three independent RF sources and calibrated electrical power

meters (the RF sources/power sensors were a vector network analyzer

Anritsu 37397C/Anritsu ML2438A in the 40 MHz–65 GHz range, HP

83557A/Agilent V8486A in the 50–75 GHz range and a HP 83558A/

Agilent V8486A in the 75–100 GHz range). The chip was contacted

with two Picoprobes (Models 67A GS/SG 50 P; GGB Industries Inc.,

Naples, USA) with a 50-mm pitch. For frequencies above 65 GHz,

hollow-waveguide to 1-mm adapters, 1-mm cables and 1-mm con-

nector to 1.85-mm connector (V-connector) adapters were used to

connect the RF sources/power meters to the Picoprobes. Any multi-

mode behavior of the Picoprobes beyond the specified range of 67 GHz

could be excluded because we did not observe any oscillatory behavior

in the electrical transmission. The chip was terminated with an external

50-V load. The losses of the RF cables and the Picoprobes were sub-

tracted using a ceramic calibration substrate (CS-8; GGB Industries Inc.,

Naples, USA). The modulation index g (i.e., the amplitude of the sinu-

soidally varying phase shift) was extracted from the relative height of the

sidebands recorded using an optical spectrum analyzer15 (Apex AP2050;

APEX Technologies, Marcoussis, France). After verifying the linearity of

the modulation index with respect to the applied modulation voltage,

the modulation indices were rescaled to a reference 10 dBm RF power

(1 V amplitude at an impedance of 50 V).

RESULTS AND DISCUSSION

The measured frequency response of the modulator is shown in

Figure 2a and varies by less than 30% in the 100 GHz frequency range;

in other words, if the device was mounted on one arm of a Mach–

Zehnder interferometer, the 3-dB bandwidth of the modulator would

be at least 100 GHz.

As we shall show, the RC time constant does not limit the device

bandwidth. To this end, we monitored the modulation index as a

function of the gate field egate5Vgate/dBOX for three different modulation
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Figure 1 Schematic of an SOH modulator. (a) The silicon slot waveguide is

connected to the metal electrodes by thin silicon strip-loads. The EO polymer

cladding covers the waveguide and fills the slot. The shallowly doped silicon

substrate is used as a gate. (b) The cross-section of the waveguide and the

electric field distribution of the optical quasi-TE mode, where the light is concen-

trated in the slot. The figure also shows the equivalent RC circuit for the modu-

lation voltage (slot capacitanceC and strip-load resistanceR). (c)When a positive

gate voltage is applied across the 2-mm thick SiO2 substrate, a highly conductive

electron accumulation layer forms in the strip-loads.17 The thickness of the strip-

loads is 60 nm (not drawn to scale). The gate voltage Vgate bends the energy

bands in the strip-loads.17 EF,C,V are the Fermi energy, conduction and valence

band energy, respectively, and q is the elementary charge. EO, electro-optic; RC,

resistor-capacitor; SOH, silicon–organic hybrid; TE, transverse electric.
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frequencies as seen in Figure 2b. As the gate field increases, the resistance

of the strip-loads decreases because of the formation of the highly con-

ductive accumulation layer. Themodulation index reaches a plateau even

at 90 GHz, indicating that the charging of the slot capacitance is not

impeded by the strip-load resistance as seen in Figure 2b.

Next, we investigated the performance of the 500-mm-long silver elec-

trodes using a vector network analyzer (Anritsu 37397C; Anritsu

Corporation, Kanagawa, Japan) that operates in the range from

40 MHz to 65 GHz as seen in Figure 3. The system was calibrated such

that the reference planes are located on the tips of the Picoprobes. The

scattering matrix element S21 is defined to be the ratio of the voltages of

the outgoing wave on the 50 V Picoprobe and the incoming wave; the

reflection factor S11 is defined as the voltage ratio of the incoming and the

outgoing wave at the same port. As the gate field is increased, the strip-

loads become sufficiently conductive to quickly charge the slot capacit-

ance, which leads to higher RF losses13 (decreasing transmission jS21j).
After traveling along the 500-mm-long electrodes, the forward propagat-

ing wave at 65 GHz remains at 80% of the initial voltage amplitude. The

spatially averaged modulation voltage is therefore approximately 90%,

which is consistent with the measured optical response. The characteristic

impedance increases slightly with frequency.13 Based on our vector net-

work analyzer measurements, we extract a characteristic impedance of

40 V at 10 GHz and 50 V at 60 GHz for the maximum gate field. The

slight oscillation visible both in the electrical (Figure 3) and in the optical

response (Figure 2a) near the modulation frequency of 40 GHz is attrib-

uted to the slight impedance mismatch. With an earlier device genera-

tion,15 which had a similar p-voltage but a smaller bandwidth, we

previously demonstrated a 42.7 Gbit s21 data transmission rate with a

bit error ratio of less than 3310210. The current device is expected to

support on–off-keying data rates of up to 140 Gbit s21. Furthermore, the

half-wave voltage of Vp522 V can be reduced by a factor of 10 in future

device generations as we recently demonstrated.23,24

CONCLUSIONS

We have demonstrated the first silicon hybrid phase modulator with a

3-dB bandwidth of at least 100 GHz. Using a gate voltage, we created

an accumulation layer to reduce the resistance of the connecting sil-

icon region between the electrodes and the optically active region. This

reduces the RC time constant to a value where it does not limit the

device’s bandwidth. Our device is very short (500 mm) and has a

voltage–length product as low as VpL511 V mm, a value which

strongly competes with state-of-the-art, high-speed silicon modula-

tors. The use of materials with a stronger nonlinearity can further

improve this value by an order of magnitude.23,24
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factor |S21 | (voltage ratio). As the gate field increases from 0 V nm21 to

0.1 V nm21, the electrical loss increases at frequencies .10 GHz because of

the increasing influence of the strip-loads.13 For even higher gate fields, the trans-

mission is nearly independent of the gate voltage and is approximately |S21 |50.8

at 65 GHz, indicating that the RF is not unduly attenuated. (b) Electrical reflection

factor |S11 | (voltage ratio) for different gate fields. RF, radiofrequency.
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Figure 2 Modulation index g vs. frequency and gate field. The data are normalized

to a 10 dBm launched power (1 V amplitude at a characteristic impedance of

50 V). (a) Phase modulation index g vs. frequency for a gate field of

0.2 V nm21. The measured modulation frequency range is 0.4 GHz to 100 GHz.

The horizontal dotted black lines represent the maximum value and 70.7% of the

maximum value corresponds to a 3-dB bandwidth of at least 100 GHz. (b)

Modulation index vs. gate field for selected modulation frequencies. Each curve

reaches a plateau at high gate fields indicating that in this region, the charging of the

slot capacitance is not limited by the strip-load resistance. RF, radiofrequency.
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