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In what follows we provide supplementary information on the 
electrical characterization of the Metal-Oxide-Semiconductor 
(MOS) system, and the derivation of the optical properties of 
the Indium-Tin-Oxide (ITO) layer.

1. Electrical characterization of the MOS system

In order to electrically characterize our MOS system we pre-
pared multilayer samples consisting of SOI-ITO-SiO2-Au 
with different ITO thickness (10, 20 and 40 nm). We mea-
sured the current as a function of voltage (see Figure S1 ) and 
observed a clear trend of a decreasing current with increas-
ing thickness. This behavior verifi es the proper MOS capaci-
tor operation. Notice that the current leakage area of the test 
samples was much larger (area per contact ∼ 3 mm2) than that 
of the actual modulator.

2. Derivation of the optical properties 

of the ITO layer

From the extinction ratio in Figure 2 of the main text we 
can estimate the induced loss change via α   =   4πκ/λ and with 
Beer’s law the attenuation as a function modulator device 
length via T(L)   =   T0exp(-αL), where T is the transmitted sig-
nal, λ is the operation wavelength, κ the imaginary part of 
the complex refractive index, ñ   =   n+ik, and α the incurred 
loss over the device length, L. The experimentally mea-
sured modal loss change Δk

m is 2.7% corresponding to a 
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 Figure S1    Sample consisting of layers of SOI-ITO-SiO2-Au with 
varied tSiO2

 thicknesses of 10, 20, 40 nm were tested to verify the 
changes of the leakage current, supporting the proper MOS capacitor 
operation. Notice, that these samples contact area are much larger than 
the device contact areas, thus different current levels are expected.    

Δkm/ΔVbias   =   1% V-1 as compared to 10-6 V-1 for dielectric mod-
ulator systems [Ref. 3 main text], and highlights the plas-
monic MOS mode enhanced modulation capability. To gain 
further insight into the modulation mechanism and observed 
performance we numerically simulated the modulator. The 
modulation incurring transmission change is simulated as 
a carrier density change in the ITO layer region, leading 
to a change in the real and imaginary parts of the complex 
refractive index of refraction in the ITO fi lm, which we cal-
culated based on the Drude-Lorentz model. This model has 
been previously used for conductive oxides like ITO [Ref. 
15, 16 main text], and allows us to write the complex as
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where γ is the electron scattering rate, ω is the angular momen-
tum in rad/s, ε0 and ε∞   =   1+χ   =   3.9 [Ref. 16 main text] are the 
free space and long-angular-momentum-limit permittivities, 
respectively, ω

p
 the plasma frequency, m* the reduced mass 

of ITO equating to 0.35m0, with m0 being the rest mass of the 
electron, n

c
 the voltage-modulated carrier density for the ITO 

fi lm, and e the electron charge.
By using this permittivity we can map out the real and 

imaginary parts of the permittivity, as well as the real and 
imaginary parts of the refractive index, n and κ for various 
carrier densities of the ITO fi lm (Figure S2 ). If we assume an 
accumulation layer induced carrier density increase inside the 
ITO, then the material should become more metallic, which 
increases the losses of the ITO fi lm and hence of the propa-
gating MOS mode leading to an increased modal absorption. 
From the results in Figure S2, we see that in order to change 
the ITO material behavior from dielectric (ε1   >    1, ε2 small) to 
quasi metallic (ε1∼1, ε2 larger) a carrier density of just below 
n

c
   =   1021 cm-3 is needed at our operating frequency (228 THz, 

dashed vertical line in Figure S2). The black arrows in Figure 
S2 highlight the ITO’s carrier density change from the experi-
mental results (Δnc-ITO   =   6.7x1021 cm-3), where the beginning 
and tip of the error indicate the carrier densities in the ON and 
OFF-state, respectively.

Using the derived values for the complex index of refrac-
tion of the ITO, we simulated the eigenmodes of the MOS 
stack for the ON and OFF states of the modulator (Figure S3 ). 
One notices how the location of the maximum electromagnetic 
fi eld density shifts from residing in the Silicon oxide into the 
ITO for the ON and OFF-state, respectively. This fi eld shift in 
addition to the increased loss of the ITO layer in the OFFstate 
of this plasmonic MOS mode are key features of the observed 
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 Figure S3    Electric fi eld densities for the ON (no Voltage, left 
panel) and OFF (Voltage applied, right panel) state of the modula-
tor. The electric fi eld density is mainly concentrated in the silicon 
oxide in the ON-state and shifts to the strongly absorbing ITO layer 
in the OFF-state.  λ     =    1310 nm, material parameters:  λ     =    1310 nm 
and material parameters:   ñ   Si    =     3.541 - 0.0001 i ,   ñ    ITO-ON 

   =   
   1.964 - 0.001 i , 

  ñ    ITO – OFF      =    1.042 - 0.273 i ,  n   Sio 2     =    1.45,   ñ    Au      =    0.31 - 9.00 i.     

high extinction ratio performance (Figure 2A main text). One 
also notices the signifi cant amount of optical fi eld residing in 
the SOI core in the ON-state which allows for a low insertion 
loss portion arising from the SOI-to-MOS coupling.

3. Mode discussion

The chosen design of this waveguide-integrated modulator 
supports two plasmonic MOS modes due to the thick Silicon 
core of 340 nm. While a single mode modulator could feature 
improved extinction ratios, the thick Silicon is key in achieving 
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 Figure S4    Our chosen modulator design provides two eigenmodes. 
The fundamental mode is has a minor peak of the electric fi eld cen-
tered in the Silicon waveguide core, while the higher order more has 
two minor maxima at the bottom and top of the Silicon core. The dif-
ferent propagation speeds of these two modes leads to the observed 
beating in the Figure 3C of the main text.    
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 Figure S2    Permittivity values from the Drude-Lorentz model for the ITO material vs. frequency for various carrier densities (in units cm -3 ). 
A and B are the real and imaginary parts of the permittivity, respectively, and C and D are the real and imaginary parts of the index of the ITO 
fi lm. The black arrows show the carrier density change of the ITO fi lm corresponding to the experimental data from Figure 2 of the main text 
using the Drude-Lorentz model, measured ITO fi lm parameters and an analytical model. The end of the arrow corresponds to the modulator 
ON-state (no voltage) and the arrow tip to the OFF-state (voltage applied). As can be seen the real part of the index,  n , drops from about 2 to 
close to unity, while the imaginary part,   κ  , increases dramatically from virtually zero to 0.273. The vertical dashed lines note the operation 
wavelength of the experiment in Figure 2 (main text) corresponding to  λ     =    1310 nm.    

low insertion losses since a signifi cant amount of the electric 
fi eld is residing in the silicon core, reducing the impedance 
mismatch between the SOI and MOS portion of the modulator. 
Figure S4  shows the two eigenmodes present in the device.




