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Abstract The electro-optical frequency response of thin-film barium titanate (BTO) has been 

characterized in hybrid plasmonic-photonic phase shifters across the spectral range from 20 to 270 GHz. 

A flat frequency response was found. ©2022 The Author(s) 

Introduction 

Materials with a large linear electro-optical 

coefficient across the largest possible frequency 

range are key enablers of future terahertz 

applications. They are needed in Mach-Zehnder 

modulators [1,2] and IQ modulators [3] to operate 

next generation networks, and they are essential 

in future millimetre and THz sensors or 

transceivers [4–6]. 

Ferroelectrics are a popular class of electro-

optic (EO) materials due to their large Pockels 

coefficients [7,8]. Their inorganic nature is 

attractive for integration in electronic and 

photonic integrated circuits. Lithium niobate (LN) 

has been the traditional choice for commercial 

products. More recently its availability as LN-on-

insulator wafers has led to impressive modulator 

demonstrations [9,10]. Alternatively, barium 

titanate (BTO) is gaining popularity because its 

Pockels coefficient is reported to be an order of 

magnitude larger than LN and has also recently 

become available as BTO-on-insulator 

substrates [11–14]. In each of these 

demonstrations, however, the measured 

frequency response has been limited to < 70 GHz 

except for [14], where the device was 

characterized up to 150 GHz. Yet, the material 

response was not completely separated from the 

device’s electrical response. 

Previous work on the frequency response of 

BTO has predicted roll-offs in the Pockels 

coefficients of ferroelectrics at characteristic 

frequencies relating to piezoelectric, ionic and 

electronic responses to external electric fields 

[15]. Some evidence of this drop has been 

observed in experiments [12,14,16] within the 

first 20-30 GHz. Apart from these experiments, 

other work has been dedicated to measuring 

dispersion in BTO’s dielectric constant which can 

be linked to its nonlinearity through Miller’s rule 

[17]. Measurements of dielectric relaxations in 

BTO have shown a drop in the dielectric constant 

in the sub-GHz range before stabilizing in the 

low-GHz range [18–20]. Above these frequencies 

the dielectric and electro-optic properties are 

expected to remain relatively constant until 

optical phonon frequencies above 1 THz [15,21]. 

Beyond theory guided assumptions, the range 

from 70 GHz to 1 THz is largely unexplored. 

In this work we measure the electro-optic 

frequency response of BTO between 20 GHz and 

270 GHz. We achieve this by measuring hybrid 

plasmonic-photonic phase-shifters where BTO is 

used as the active material. Our measurements 

indicate that BTO a flat electro-optic response. 

Phase Shifter Design 

We designed hybrid plasmonic-photonic 

phase shifters based on metal-loaded 

waveguides [22]. Fig. 1(a) shows a schematic of 

a typical device’s cross-section. The device was 

fabricated on the BTO-on-insulator platform 

provided by Lumiphase. The oxide layer 

separating the BTO and the metals was 

deposited with plasma-enhanced chemical vapor 

deposition. The gold electrodes were deposited 

in a lift-off process using electron-beam 

evaporation. Amorphous silicon grating couplers 

were used to couple light in and out of the chip. 

Adiabatic mode converters served as an interface 

between the phase shifter and photonic 

Fig. 1: (a) Schematic cross-section of the hybrid 

plasmonic-photonic phase shifter. “G” and “S” represent 

the ground and signal electrodes, respectively. 

(b) Equivalent circuit representation of the phase shifter. 
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waveguides. 

The design benefits from the metals serving 

as electrodes and as waveguides, similar to 

plasmonic slot waveguides [1,12]. This allows for 

a smaller separation between the metals in 

comparison to photonic modulators and leads to 

larger applied electric fields for nonlinear optical 

effects. Unlike the plasmonic slot waveguides, 

however, this design avoids an interface between 

the metal and the electro-optic material. Avoiding 

interfacial effects is important because they may 

modify the in-device Pockels coefficient [11,12]. 

We used short phase shifters of only 50 µm in 

length such that the electrodes are short enough 

to be treated as electrical lumped elements. This 

eliminates the influence of RF propagation loss 

and RF-optical velocity mismatch on the electro-

optic response. BTO’s large electro-optic 

coefficient gives a modulation response in the 

short device that is efficient enough to be 

measured with the technique of comparing 

sideband powers to the carrier power in an optical 

spectrum analyzer (OSA). 

Measurement Method 

We use optical spectrum analysis to measure the 

modulation efficiency of the phase shifters. 

Phase modulation generates two sidebands 

around the carrier frequency at 𝜔0 ± 𝜔m where 

𝜔0 is the carrier frequency and 𝜔m is the 

modulating frequency. The ratio between the 

carrier peak and the first sidebands is related to 

the modulator’s 𝑉𝜋 and therefore its 

efficiency [23]. Eq. (1) indicates that the peak-to-

sideband ratio (P2SB) scales approximately 

quadratically with the inverse of 𝑉𝜋 in the small 

signal limit. 

 

𝐼(𝜔0 ± 𝜔m)

𝐼(𝜔0)
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𝜋
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)
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The carrier and sideband intensities are 

represented by 𝐼(𝜔0) and 𝐼(𝜔0 ± 𝜔𝑚), 

respectively. 𝑉m is the peak drive voltage of the 

modulating signal. A modulator’s 𝑉𝜋 is inversely 

related to the Pockels coefficient of the electro-

optic material [24]. Thus, the P2SB scales 

approximately quadratically with the Pockels 

coefficient. After normalization of the driving 

voltage delivered to the phase shifter at each 

frequency, we can infer the electro-optic 

response of BTO through the P2SB. The P2SB’s 

quadratic dependence on the Pockels coefficient 

lends extra sensitivity to the measurement of any 

changes in the material response. 

To measure the frequency response we 

generated modulating signals over the full 

20-270 GHz range with three different 

experimental configurations. Fig. 2. shows the 

general configuration of the measurement setup 

where the only difference between each 

measured frequency band is the method of 

generating the RF signal. From 20 to 70 GHz we 

use an analog signal generator. From 70 GHz to 

110 GHz, we use the same signal generator but 

fed the analog signal into a 6x frequency 

multiplier followed by an amplifier. From 110 GHz 

to 180 GHz, we use the signal generator fed into 

a 3x frequency multiplier followed by an amplifier. 

Finally, from 200 GHz to 270 GHz we use optical 

heterodyning into a UTC photodiode followed by 

an amplifier. The method is described in further 

detail in [25]. 

 
Fig. 3: Measured frequency response of BTO. The colors represent different measurement setups used to measure partial 

frequency ranges. 

Fig. 2: Schematic representation of the measurement 

configuration. 
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Measured Frequency Response 

The measured frequency response of the BTO 

phase shifter is presented in Fig. 3. The P2SB is 

calculated from the raw spectra measured by the 

OSA and then corrected based on calibration 

measurements of the modulating signal’s power. 

The calibration measurements include losses 

incurred in RF cables/waveguides, connectors 

and probes as well as the reflection of the driving 

signal at the device. 

Below we discuss the calibration in more 

detail. In typical plasmonic modulators, the 

device may be assumed to be an open circuit and 

the driving signal is completely reflected at the 

device leading to a doubling of the voltage across 

the electrodes. However, here we have some 

RC-limitations that will reduce the voltage across 

the electrodes at higher frequencies. An 

equivalent circuit model of the device is depicted 

in Fig. 4(b). To find fitting parameters of the 

equivalent circuit we measured the S11 parameter 

of the phase shifter using a vector network 

analyzer (VNA) from 10 GHz to 50 GHz. The 

frequency range was limited by available 

equipment. The best fit was obtained with 

CSG = 21.9 fF, Csub = 18.3 fF and Rsub = 330 Ω.  

The fitted model was then used to extrapolate the 

reflection coefficient Γ up to 300 GHz as shown 

in Fig. 4(a). The extrapolated curve from the 

measured results was further verified by a finite 

element simulation of the device. The result of 

this simulation is also plotted in Fig. 4(b). We 

attribute the difference between the circuit model 

and the simulation to the use of lossless 

dielectrics in simulation, which is not the case for 

the measured values used to fit the model. The 

modulating voltage delivered to the device is then 

determined by 𝑉in(1 + Γ) where 𝑉in is the voltage 

of the incoming wave to the device and Γ = S11 is 

the reflection coefficient. The extrapolated roll-off 

in the voltage across the electrodes of the device 

is plotted in Fig. 4(b). Finally, we used this model 

in combination with calibration data from the RF 

path to the device to normalize the electro-optic 

response. This effectively eliminates all 

contributions to the measured modulation 

response except for the electro-optic response of 

the BTO.  

Conclusions 

The first measurements on the electro-optic 

response of thin-film BTO extending from 20 GHz 

to 270 GHz have been performed. We fabricated 

hybrid plasmonic-photonic phase shifters using 

BTO as the active material and the measured 

material response shows minimal dispersion 

across the measured frequency range after 

accounting for the electrical response of the 

device. This indicates that the electro-optic 

response of BTO does not degrade in this 

frequency range. The present work lays a 

foundation to build upon for the design of THz 

electro-optic devices using inorganic materials. 
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