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ABSTRACT 

We present an electro-optic slot waveguide phase modulator on the InP membrane on Silicon (IMOS) platform. 

For the first time, it is developed and fabricated on an InP based membrane.  Low-frequency characterization of 

this modulator shows that it can achieve 𝑉𝜋𝐿𝜋 as low as 3 V.mm. Here, working principle, design and fabrication 

of this modulator is presented.  
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1. INTRODUCTION 

A high-speed modulator is an essential component for photonic integrated circuits (PICs) to enable high 

data rate communications. Many researchers around the world are trying to find a way to improve the efficiency 

and bandwidth of the modulators. One of the solutions to achieve such a high-speed modulator is to use a slot 

waveguide filled with electro-optic (EO) polymer, which can induce a phase shift in the optical signal when an 

electric field is applied. This type of modulator is called: electro-optic slot waveguide phase modulator and has 

already been introduced on silicon platforms. 

Recent advances in silicon organic hybrid (SOH) modulators have 

shown the great potential of these devices to reach a very fast, on-off-

keying (OOK) signals at a data rate beyond 100 Gbit/s,  and energy-

efficient, fJ/bit power consumption, phase modulators [1-3]. These 

modulators can achieve very high modulation efficiencies with low 

voltage-length products (𝑉𝜋𝐿𝜋). State-of-the-art SOH modulator 

shows 𝑉𝜋𝐿𝜋 below 0.1 V.mm [2], which position it among the most 

efficient modulators. However, as it is depicted in Figure1, InP in 

comparison to Si features lower optical loss and higher carrier mobility 

at the same doping level. These properties enable InP based devices to 

achieve higher doping concentration levels to reduce the electrical 

resistance of the device while keeping the insertion loss low and 

mobility high. This eventually leads to wider modulation bandwidth 

and better the modulation efficiency [4]. 

InP membrane on Silicon substrate (IMOS) [5, 6] is a versatile platform to realize a slot waveguide modulator, 

since apart from utilizing  the superior performance of InP materials, both passive and active components, such as 

lasers, can be fabricated in one optical layer, in contrast to silicon-based platforms. Furthermore, the high refractive 

index contrast of the IMOS platform leads to high mode confinement and reduced dimensions of components, 

compared to traditional substrate-based InP photonic integrated circuits (PICs). 

In this paper, first the working principle of the slot waveguide modulators will be explained and then the design 

and fabrication of this device will be described. Finally, the low-frequency characterization of a fabricated device 

will be reported. 

2. WORKING PRINCIPLE 

      In Figure 2 the design of the Mach-Zehnder interferometer (MZI) modulator, with slot waveguides phase 

shifters in the branches, is illustrated. The TE fundamental mode is coupled to the chip with a surface grating 

coupler. It is split in a symmetric 1x2 Multi-Mode Interferometer (MMI) over the two arms. There the light is 

converted to the mode of the slot waveguide. These waveguides  confine the optical mode in the slot which contains 

Figure 1. (Right Y axis) Mobility of InP compare to 

Si as a function of doping concentration. InP 
mobility is near 10 times higher in high doping 

concentrations. (Left Y axis) Carrier absorption 

coefficient of InP compare to Si vs doping 
concentration. The carrier absorption coefficient 

of InP is nearly half of that of Si. 
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an EO polymer, see Figure 2 (c). Confinement in the slot leads to 

a high overlap of the optical mode with the EO polymer. 

These polymers are able to induce a phase shift to the optical mode 

coming from refractive index change while applying an electric 

field, according to equation 1.  

Δ𝑛 = −1 2⁄ . 𝑟33. 𝑛3. 𝑉 𝑤𝑠𝑙𝑜𝑡 . Γ⁄      (1) 

Where, 𝑟33, 𝑛, 𝑉, 𝑤𝑠𝑙𝑜𝑡  𝑎𝑛𝑑 Γ are the electro-optic coefficient of the 

polymer, effective refractive index, applied voltage, width of the 

slot and confinement factor of the optical mode in the slot, 

respectively.   

In our MZI modulator, the InP slot waveguides are electrically 

contacted with a highly n-doped (2×1018) InP layer (30 nm) which 

is connected to the electric pads. These pads are placed 2µm away 

from the slot waveguide, to prevent unwanted losses due to overlap 

of the optical mode with the high optical loss metals. In the other 

hand, this distance has designed to have a reasonably low electrical 

resistance. 

 

3. DESIGN AND FABRICATION 

 
      The optical properties of the MZI are optimized with Finite-

Difference Eigenmode (FDE) and Time-Domain (FDTD) solvers 

to reach low loss and high confinement of the light in the slot. The 

obtained optical loss of the optimized design is 0.014 dB/cm with 

the confinement factor (Γ) equal to 17%. 

It is predicted  to have an electro-optic coefficient (𝑟33) around 70 

𝑝𝑚/𝑉 in our slot. If it is assumed that the maximum voltage is 

limited to 4 V, from equation 1 it can be shown that a minimum 

electrode length of 670 µm is needed to have a π phase shift. These 

long electrodes are comparable to the wavelength of the radio 

frequency (RF) electrical signal required for driving this 

modulator. Therefore, a traveling-wave electrode design was considered to reduce RF reflection, loss and velocity 

mismatch. Electromagnetic field simulation software was used to design traveling-wave electrodes. Three 

parameters mainly influenced the electrode performance: electrode height, electrode width and distance of the 

electrode to the center of the slot. The performance of the device is the consequence of these three parameters 

together.  A set of parameters was obtained to satisfy the desired RF properties.   In Figure 3 (a), the Impedance 

of the line is shown to be around 30 Ohm for the frequency range between 10 to 100 GHz.  Figure 3 (b) shows the 

RF loss in the frequency range. RF loss at maximum (100 GHz) reaches 75 dB/cm. In figure 3 (c), effective 

refractive index of the RF signal is indicated. In order to reduce velocity mismatch it is demanded to have a match 

between the electrical phase and optical group velocities. This imposes both effective refractive index of the RF 

and group effective refractive index of the optical mode, be equal. In our design, it is not possible to match these 

two values but it is tried to make them as close as possible (𝑛𝑇𝐸 = 2.04 𝑎𝑛𝑑 𝑛𝑅𝐹 = 3.2 𝑎𝑡 100 𝐺𝐻𝑧). Figure 3 

(d), illustrate the S21 component of the transfer matrix for two different length of the electrode (100 µm and 250 

µm). Due to simulation time costs it is not possible to simulate the whole 670 µm long electrode. Therefore, it is 

inferred from the trend, that around 40 GHz 3 dB modulation bandwidth can be expected for 670 um electrode 

length.   

Figure 2. (a) Illustration of the MZI device where the 

two arms are made of slot waveguides. Inset shows the 

magnified view of one of the arms. [6] (b) cross section 
of the MZI arm with dimensions. (c) Electric field 

distribution of the optical mode over the slot. 
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Figure 3. (a) Optimized impedance of the transmission line vs frequency of the RF signal. (b) RF loss vs frequency of the RF signal. (c) 

Propagation constant vs frequency. (d) S21 component of the transfer matrix of the transmission line for two different lengths of the optimized 
device arms. In all graphs, red curve is for 100 µm long electrode and green is for 250 µm long electrode. 
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The MZI structures are patterned using electron beam 

lithography (EBL). Fabrication was done on an InP 

membrane bonded to a silicon substrate (IMOS) with  BCB 

polymer [5]. The thickness of the InP membrane is 300 nm. 

The fabrication involves four EBL exposures. The first 

exposure is to define the markers of the pattern for alignment 

purposes. Then, the exposed pattern of the markers is etched 

in the semiconductor with an etch depth of 270 nm. In the 

second exposure, both waveguides and focusing grating 

couplers are defined and subsequently etched in the 

semiconductor (The etch depth is again 270 nm). At the third 

exposure, the 30 nm of the semiconductor remaining is 

removed from the slot areas and around the metal electrodes, 

to electrically isolate the structure. The last exposure is to 

define the metal contacts, which consists of 30 nm Ni / 50 nm 

Ge / 250 nm Au (Figure 4 (a)). The last step is to spin coat a 

layer of EO polymer on top of the fabricated sample. Figure 

4 (b) shows that the EO polymer filled the narrow slot 

without leaving any voids.  

 

4. LOW-FREQUENCY CHARACTERIZATION   

 

      EO polymer needs to be poled in order to obtain the 

electro-optic properties. Poling is a process in which 

polymeric chains are aligned in the direction of the applied 

electric field. As shown in Figure 5 (a), this process includes 

raising the temperature until the glass transition temperature 

(Tg) of the polymer and cool down slowly with an electric 

field applied. 

After the EO polymer is poled it can induce phase shift if an 

electric field is applied. 

Due to charge screening in the EO polymers, it is not possible 

to characterize the MZI performance in the DC regime, thus, 

a kHz-frequency measurement is used instead. In this 

measurement, a signal with a fixed voltage amplitude (4V) is 

applied to the electrode and the optical output signal for 

different bias voltages is recorded. In Figure 5 (b) a sinusoidal 

behavior of the device under different bias values is 

illustrated. From the figure it can be inferred the Vπ is around 

3V for 1000 µm long device . Furthermore, from equation 1 

the corresponding r33 is around 63  𝑝𝑚 ⁄ 𝑉.  

5. CONCLUSIONS 

For the first time, an electro-optic slot waveguide phase 

modulator in the IMOS platform has been demonstrated. Low-

frequency measurements showed we can achieve 𝑉𝜋𝐿𝜋 equal to 

3 V.mm. Currently, high frequency characterization is underway. 
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Figure 3. (a) Poling current of the EO polymer vs time. 

Temperature is increased with the rate of 7.5 degree/min 

and after reaching the 𝑇𝑔, then left to cool down to ambient 

temperature while the electric field is applied to the slot. 

(b) Optical output power vs bias voltage. 𝑉𝜋 is the half of 
the voltage difference between two successive peaks. 
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Figure 2. (a) Fabricated MZI modulator on IMOS platform. (b) 

FIB cross section cut to check the adhesion properties of the EO 

polymer to InP surface. Dark gray color is EO polymer. It can 

be seen that EO polymer completely filled the narrow slot. 
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