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Supplementary information 10 

Supplementary Note 1 – Applications and requirements of cryogenic PICs 11 

Cryogenic PICs have been envisioned since many years. However, few such concepts have ever been 12 

implemented, largely due to the lack of a functional technology platform in which to implement them. There 13 

are plenty of concepts and applications of cryogenic PICs which have been published, such as photonic 14 

quantum computing, superconducting supercomputing, electro-optic transduction of qubits, trapped ion 15 

quantum computing, particle detectors, and focal plane arrays. Additional applications not yet presented in 16 

scientific literature are likely to be triggered with the availability of such cryogenic photonic technology. 17 

What all these applications have in common is a need for electro-optic switches and/or modulators as part 18 

of the photonic technology. The specific requirements on such devices varies widely between the different 19 

applications. Below we will discuss the general concept of each application of cryogenic PICs and the 20 

requirements they impose on the electro-optic switches and modulators. Today, most of these applications 21 

only exist as theoretical concepts. We therefore focus on qualitative aspects of the device requirements 22 

rather than quantitative as that is dependent on the practical implementation. 23 

Photonic quantum computing relies on single photons as carriers of quantum states. The most promising 24 

platform to realize such a concept is silicon photonicsS1. While most of the components needed for photonic 25 

quantum computing can operate at room temperature, single-photon detectors rely on superconducting 26 

materials, which requires the system to operate at few-K temperatures1. The use of single photons as qubits 27 

makes it critical to minimize the loss in every component of the PIC in order to preserve the quantum 28 

information17. To make a deterministic source of single photons, large-scale heralding is required3. In such 29 



architectures, a fast and efficient electro-optic switch to route the heralded photons is a critical component. 30 

Because of the large number of components required to build a photonic quantum computer, the power 31 

consumption of each component is a vital aspect. Low-power phase shifters are essential to tune the PIC 32 

and to compensate for process variations17. The most important requirements for electro-optic switches in 33 

photonic quantum computing are low optical losses, low power consumption, and high electro-optic 34 

bandwidth. 35 

Superconducting supercomputing, or rapid single flux quantum (RSFQ) computing uses quantum effects 36 

at low temperature to build efficient supercomputers based on classical computing paradigms. These 37 

computers need to transmit data to the room-temperature environment at high data rates and with low heat 38 

leakage into the cryogenic environmentS2. Optical interconnects are perfectly suited for this applicationS3. 39 

Because RFSQ uses low amplitude micro-wave signals (<10 mV), directly driving an electro-optic 40 

modulator would require extremely efficient modulation. To reach more realistic driving voltages 41 

(~100 mV), cryogenic amplifiers can be used to amplify the data signalS4. Even with amplification of the 42 

driving voltage, very efficient modulators are required. Because power dissipation is an important factor, 43 

also low optical losses are essential in addition to a low electric switching energy. 44 

Electro-optic transduction of qubits is a proposed concept to convert microwave qubits to single-photons 45 

in order to preserve the quantum information for long-distance quantum communication7. Because 46 

microwave qubits require mK temperatures, they cannot be used to transmit quantum information to room 47 

temperature, or over larger distances, e.g. to interconnect multiple quantum systems7. The only viable 48 

carrier of quantum information under these conditions are photons. Electro-optic transduction is therefore 49 

needed to convert the microwave qubit to an optical qubit. The proposed devices for direct electro-optic 50 

transduction relies on the use of an optical resonator with a Pockels material coupled to a microwave 51 

resonator8. The conversion efficiency is directly dependent on the quality (Q) factor of the optical resonator, 52 

and on the Pockels coefficient of the material. To reach high Q-factors, low-losses are an intrinsic 53 

requirement, making that the most important parameter along with a large magnitude of the Pockels 54 

coefficient (SN 2). 55 

Trapped ion quantum computing is one of the leading concepts for universal quantum computing based on 56 

quantum states of trapped ions. It has recently turned outS5 that cryogenic temperatures (4 K) are essential 57 

in order to achieve long ion lifetimes, which is key for realizing and operating systems with hundreds to 58 

many thousands of ions. One of the main technological challenges in developing such scalable platforms 59 

lies in the optical manipulation and measurement that is necessary on the level of individual ions. To this 60 

end, integrated photonics has been proposed as a scalable solution10. Because of the energy levels of the 61 

transitions in the ions, operation from the near ultraviolet to the near infrared wavelength range (above the 62 



bandgap of silicon) is required. Initial demonstrations of the concept rely on SiN photonics with off-chip 63 

control of the light. But to scale this approach to larger number of ions where light delivery and on-chip 64 

detection using superconducting nanowires need to be controlled and multiplexed on chipS6, low-power 65 

modulators and tuning elements for visible light need to be integrated with SiN waveguides. However, 66 

Pockels modulators operating at visible wavelengths have only been demonstrated at room temperatureS7,S8. 67 

Particle detectors as used for example at high-energy particle colliders often need to operate at cryogenic 68 

temperatures in order to reduce electrical noise. The same holds for focal plan arrays (FPAs) used in radio 69 

astronomy. Like superconducting supercomputers, optical interconnects can provide low-power and low 70 

heat-leakage interconnects to transmit the recorded data to room-temperature11,12. To minimize the power 71 

dissipation, low-losses and low-power operation are the most important criteria. 72 

Beyond these examples of known applications, new opportunities might arise in new fields such as space 73 

applications, or sensing at ultra-low temperatures with the availability of a viable technology for cryogenic 74 

integrated photonics. 75 

76 



Supplementary Note 2 – BaTiO3 for cryogenic interconnects 77 

As discussed in the main text, one of the potential applications for cryogenic PICs is cryogenic 78 

interconnects. Such interconnects are needed both for transmitting classical information (e.g. from RSFQ 79 

systems6) and for quantum information (from quantum computers). In most cryogenic computing systems, 80 

the signal amplitude is on the order of mV, presenting a challenge in terms of driving voltage for electro-81 

optic transmission. However, a fundamental difference exists between classical and quantum systems, in 82 

that the signals from classical systems can be electrically amplified at cryogenic temperatureS4, whereas 83 

amplification of quantum signals results in a loss of the quantum state. 84 

For transmission of classical signals, cryogenic amplifiers are commercially available which can amplify 85 

mV signals to the order of ~100 mV. The high-speed modulator presented in this work used a driving signal 86 

of ~1 V, which would need to be reduced by one order of magnitude to reach the required voltage levels. 87 

A direct way to reduce the drive voltage would be to increase the Q-factor of the resonator, since the drive 88 

voltage scales inversely with the Q-factor. The current device has a Q = 6’000, which means Q = 60’000 89 

would enable the required drive voltage, while maintaining a bandwidth in the GHz range. An alternative 90 

approach to reduce the drive voltage while maintaining a large bandwidth is to use a Mach-Zehnder 91 

modulator (MZM). At room temperature, MZMs with a bandwidth of 100 GHz and driving voltage of 92 

~200 mV have been demonstrated using lithium niobate (LN)20. The significantly larger Pockels coefficient 93 

of BaTiO3 (200 pm/V at 4 K) is expected to enable the design of even more efficient devices. 94 

For direct quantum-coherent electro-optic conversion of microwave qubits at cryogenic temperatures to 95 

single optical photons (quantum transduction), a microwave resonator is coupled to an optical resonator via 96 

the Pockels effect in a non-centrosymmetric material8. While this can be implemented using any Pockels 97 

material, for efficient conversion, a high electro-optical coupling rate is required, and this coupling rate 98 

depends linearly on the Pockels coefficient. Moreover, the optical pump power required for optimal 99 

conversion depends inversely on the square of the coupling rate and thus inversely on the square of the 100 

Pockels coefficient. The Pockels coefficient of r ~200 pm/V in BaTiO3 at low temperature therefore 101 

provides a significant advantage over alternative materials such as LN (r ~30 pm/V at room temperature) 102 

or AlN (r ~1 pm/V at room temperature) for this specific application. 103 

Through these improvements BaTiO3 offers a clear path to functional cryogenic interconnects for both 104 

classical and quantum systems. 105 

106 



Supplementary Note 3 – Propagation losses 107 

To investigate whether there is any significant contribution to propagation losses from the BaTiO3 (BTO) 108 

layer we fabricated different length waveguide structures of identical dimensions with and without the 109 

BaTiO3 layer present. The non-distinguishable (within error) propagation losses in both structures 110 

(Figure S1a) indicates that the propagation losses of our devices are limited by our SiN waveguide 111 

fabrication process. This conclusion is corroborated by the fact that losses are lower in the Si-BaTiO3 112 

waveguides which uses a fabrication process-flow that has undergone greater optimisation in our 113 

cleanroom. Since SiN waveguides with much lower propagation losses can in principle be manufacturedS9, 114 

the SiN-BaTiO3 waveguide losses are expected to be improved significantly with an improved fabrication 115 

process. 116 

The fixed loss per unit length of the waveguide structures leads us to believe that sidewall roughness is the 117 

dominant cause of loss in our devices. It is expected therefore that the loss should be temperature 118 

independent. To verify this we measured the propagation loss of SiN-BaTiO3 devices at 4 K and compared 119 

the device results with room temperature (300 K) and found no distinguishable (within error) difference 120 

(Figure S1b). 121 

 122 

Figure S1. Comparison of waveguide losses. Cut-back loss-measurements of a SiN and SiN-BaTiO3 as well as Si and Si-BaTiO3 waveguides 123 

showing no measurable losses caused by BaTiO3, and b SiN-BaTiO3 waveguides at 300 K and 4 K showing a change within measurement error in 124 
losses with temperature. 125 

Using the measured losses of simple waveguide structures, we can estimate the insertion loss of the 2x2 126 

switch reported in the manuscript. Accounting for coupling loss, the 2x2 Mach-Zehnder interferometer 127 

exhibits an on-chip insertion loss of 1.6 dB. The 2-mm-long access waveguides contribute 1.1 dB of 128 

propagation loss resulting in an insertion loss of the switch of 0.5 dB. Variation in the coupling efficiency 129 

caused by manual fibre alignment and limited mechanical stability of the cryogenic probe station introduced 130 



some degree of uncertainty to this value. However, considering the waveguide length of the switch 131 

(~600 µm), the negligible electrode loss (ensured by the large electrode gap), and the low-loss nature of 132 

multi-mode interference splitter, an insertion loss of <1 dB is estimated.  133 

In the case of the resonant modulator used for data modulation, the losses can be analysed based on the loss 134 

and coupling coefficients (α, t) of the resonatorS10: 135 
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Where ER, FSR, and FWHM are the extinction ratio, free spectral range and full width at half maximum, 140 

respectively, of the resonator. Using the parameters measured for the resonant modulator (Figure S2) results 141 

in loss and coupling coefficients α, t = 0.92 (α = t when critically coupled). When combined with the 142 

circumference of the resonator this value results in a propagation loss of 23 dB/cm. This is significantly 143 

higher than the access waveguide loss of 2.9 dB/cm (Figure S1) due to the close proximity of the electrodes 144 

to the waveguide. 145 

 146 

Figure S2. Normalised transmission spectrum of the resonant modulator used for high-speed data modulation experiment. The annotations 147 
indicate the determined extinction ratio (ER), full width at half max (FWHM) and free spectral range (FSR) of the resonator. 148 



From the coupling and loss coefficients it is also possible to calculate the off-resonance insertion loss of 149 

the modulatorS11: 150 

(𝛼 + 𝑡)2

(1 + 𝛼𝑡)2
= 0.993 = −0.3 dB 151 

152 



Supplementary Note 4 – Determination of reff 153 

We extract the effective Pockels coefficient of BaTiO3 from the measurements of nonlinear optical 154 

hysteresis in ΔnBTO as a function of electric field. Because domain switching effects contribute to the NLO 155 

response in the DC regime (resulting in the hysteresis observed in Figure 2a), extraction of the Pockels 156 

coefficient must take such effects into account. The ferroelectric hysteresis of BaTiO3 is directly related to 157 

ΔnBTO through the fraction of poled domains, ν, according to: 158 

∆𝑛BTO = −
1

2
𝑟𝑒𝑓𝑓𝜈𝑛0,𝐵𝑇𝑂

3 𝐸 159 

(1) 160 

where E is the applied electric field, and n0,BTO is the refractive index of BaTiO3 with no field applied. The 161 

poling fraction of a ferroelectric material can be described byS12: 162 

𝜈 =
sinh(𝐴(𝐸 ± 𝐸𝐶))

𝐴/𝐵 − 1 + cosh(𝐴(𝐸 ± 𝐸𝐶))
 163 

(2) 164 

where EC is the coercive field, A and B are material parametersS12. Inserting the expression for ν in eq. (1) 165 

we can determine the material parameters in eq. (2) as well as reff by fitting to the measured ΔnBTO. To 166 

model the optical response at large electric fields, we introduced a parameter, k, for the third-order nonlinear 167 

optical response: 168 

∆𝑛BTO = −
1

2
𝑟𝑒𝑓𝑓𝜈𝑛0,𝐵𝑇𝑂

3 𝐸 + 𝑘𝐸2 169 

(3) 170 

In this work we derived the Pockels coefficients from our data using eq. (3) as the fit. An example of the 171 

quality of the fit is shown in Figure S3; the fitting parameters of which are given in Table S1. By including 172 

the ferroelectric hysteresis in the evaluation, we can separate the contributions from domain switching and 173 

the Pockels effect. This ensures that the true reff can extracted, separate from domain switching effects. 174 



 175 

Figure S3. NLO hysteresis measured in a BaTiO3-SiN device at 300 K and the fitted model based on equation (3). 176 

 177 

Table S1. Parameters for the fit showed in Figure S3. n0,BTO was fixed to 2.29 based on ellipsometry measurements at room temperature. 178 

reff (pm/V) EC (106 V/m) A (10-6 m/V) B (10-6 V/m) k (10-18 m2/V2) 

321 0.606 1.09 0.762 16.7 

 179 

180 



Supplementary Note 5 – Electrical characterisation 181 

Electrical I-V and C-V measurements were performed on dedicated test structures consisting of 2-mm-long 182 

electrodes separated by 1.25 µm (C-V) or 2 µm (I-V) which were patterned on top of 80-nm-thick BaTiO3. 183 

The test structures were mounted in a cryogenic probe station and characterised at temperatures in the range 184 

4 K to 300 K. At 4 K, the current measured in the I-V sampling is dominated by capacitive charging and 185 

ferroelectric switching. Above 150 K, thermally activated leakage current starts to dominate (Figure S4). 186 

The leakage mechanism in titanate perovskites such as BaTiO3 can typically be described by a modified 187 

Schottky emission equationS13 which describes a thermally activated charge transport. Indeed, we observe 188 

such thermal activation for temperatures above 150 K. Below that temperature, the experimentally 189 

measured leakage is linked to ferroelectric switching currents and capacitive charging. 190 

 191 

Figure S4. Leakage current through BaTiO3 at various temperatures showing a reduction by more than 104 from 300 K to 4 K.  192 

The different contributions to the measured current and their relation to ferroelectric switching are 193 

illustrated in Figure S5. ① When the applied field is at a maximum the material domains and dielectric are 194 

fully polarised and the current flowing is only that associated with leakage. ② When the applied field is 195 

reduced to zero (a fraction of) the ferroelectric domains alone remain polarised. ③ When a small opposing 196 

field is applied the ferroelectric domains begin to switch their polarisation, the dielectric is also charging 197 

and these combine to form a current maximum. ④ The material is now in the reversed state to ① and the 198 

current is dominated by a leakage current flowing in the reverse direction. 199 



 200 

Figure S5. Change in polarisation and resulting electrical current in BaTiO3 capacitors. a Polarisation states in ferroelectric capacitor at 201 
different field strengths. b The calculated polarisation and, c, current showing contributions from ferroelectric domain switching, dielectric charging, 202 
and leakage. The numbered points 1-4 are described in the text above. 203 

204 



Supplementary Note 6 – Field induced phase transition 205 

As described in the main manuscript, the electrical and electro-optic data suggests the presence of a field-206 

induced phase transition in BaTiO3 at temperatures below ~100 K (Figure 3). At temperatures below 100 K, 207 

the electro-optic response of the device changes sign when the electric-field strength exceeds 208 

10-15×104 V/cm (Figure S6). This change indicates the appearance of negative elements in the Pockels 209 

tensor, which can only be caused by a change in the crystal symmetry – a phase transition. 210 

 211 

Figure S6. Optical hysteresis curves at temperatures below 100 K. Induced resonance shifts at various temperatures from 10 to 100 K in a 212 

device oriented along the 45° direction (BaTiO3[011]) showing evidence of a field-induced phase transition below 100 K at an electric field strength 213 
of 10-15×104 V/cm. 214 

Indeed, in the case of the phase transitions of bulk BaTiO3 the low-temperature transition from 215 

orthorhombic (space group Pmn21) to rhombohedral (space group R3m) structure includes the appearance 216 

of negative elements (r22)S14: 217 

(

 
 
 

0 0 𝑟13
0 0 𝑟23
0 0 𝑟33
0 𝑟42 0
𝑟51 0 0
0 0 0 )

 
 
 

𝑃𝑚𝑛21

⟹

(

 
 
 

0 −𝑟22 𝑟13
0 𝑟22 𝑟13
0 0 𝑟33
0 𝑟42 0
𝑟42 0 0
−𝑟22 0 0 )

 
 
 

𝑅3𝑚

 218 

A transition to a rhombohedral phase at large electric fields, something not observed in bulk BaTiO3, 219 

could trigger the change in the electro-optic behaviour as described above. 220 

Phase transitions are also expected to affect the dielectric properties of a material and we expect to see a 221 

peak or kink in permittivity around the phase transition temperature. Because of the micro-domain structure 222 

of BaTiO3 thin-films, such peaks can be significantly broadened. C-V data (as shown in Figure 2e) acquired 223 



at various temperatures was used to extract the permittivity of the BaTiO3 layer. The permittivity was 224 

extracted by performing electro-static simulations where the BaTiO3 permittivity was varied to match the 225 

measured capacitance as described in more detail in the supplementary information of ref. 3. 226 

Indeed, we observe a kink in the permittivity at large bias fields around 100 K (Figure S7). We can also see 227 

that there is a peak around 240 K, corresponding to the phase transition observed in the temperature 228 

dependent EO response (Figure 3) 229 

 230 

Figure S7. Temperature dependence of BaTiO3 permittivity at different electric-field strengths along the <100> (0°) direction. A clear peak 231 
around 240 K is observed for all field-strengths, and at high field strengths a kink appears around 100 K, matching the phase transitions observed 232 

in the electro-optic response (Figure 3). The kinks in the 10 and 20 MV/cm curves are indicated by dashed lines. The grey areas indicate the 233 
temperature regions of the two phase-transitions. 234 

235 



Supplementary Note 7 – Switching energy 236 

The Mach-Zehnder interferometer (MZI) used for switching (Figure 4a,b) consists of 500 µm long 237 

electrodes separated by 9 µm. Mapping our experimentally determined capacitance values (Figure 2e) to 238 

the geometry of the MZI results in a total device capacitance of ~11 fF. For a full π phase shift ±50 V are 239 

applied to the device. The switching energy of a capacitor is given by  240 

𝐸 =
1

2
𝐶𝑉2 241 

When applying a voltage swing from -V to +V the total switching energy is given by  242 

2
1

2
𝐶𝑉2 = 𝐶𝑉2 243 

resulting in a switching energy of 28 pJ. Optimisation of the device geometry using thicker BaTiO3 244 

(240 nm) to increase the optical overlap (~55 %), a smaller electrode gap (4.5 µm), and a longer phase 245 

shifter (1 mm) would reduce the voltage by a factor 12 while simultaneously increasing the capacitance by 246 

a factor 12. These changes would be expected to result in a reduction of the switching energy to only 2.3 pJ. 247 

Highly-doped p-n junctions cannot be used for low-loss switching because of the large propagation losses 248 

and the simultaneous modulation of the (real part of the) refractive index and the absorption. Thermo-optic 249 

switches do not have such optical loss issues and are better suited for switching. However, in thermo-optic 250 

switches the power consumption is dominated by the static current through the device. It is therefore 251 

necessary to specify the time needed for switching the state of the device. Due to the low bandwidth, 252 

thermo-optic devices are typically limited to ~1 µs switching speed. Switching at this time scale 253 

corresponds to the lowest switching energy that can be achieved. During that switching period the switch 254 

will require ~0.25 µJ, assuming Pπ = 0.5 W14 and 50 % of the maximum current as average current applied 255 

during the switching operation. The switching energy of 0.25 µJ is ~104 times larger than the value we 256 

report for BaTiO3 device, and 105 times larger than the value expected for an optimised BaTiO3 device. 257 

Please note that in addition to this dynamic switching energy, also the static power consumption needed to 258 

hold the state requires significant power in thermo-optic devices (~0.5 W) and is almost negligible 259 

(<10 pW) in BaTiO3 -based switches. 260 

261 



Supplementary Note 8 – Data modulation experiment 262 

The cryogenic probe station used in the experiments is equipped with dual RF connections for sending a 263 

signal to a GSGSG RF probe mounted inside the system. In order to account for the impact of this 264 

connection on the electro-optical measurements, we carefully characterised the electrical performance of 265 

the RF connectors both by measuring the frequency response, and by sending data signals. We used a 266 

dedicated sample with metal lines similar to those used in the EO devices to connect the signal lines of the 267 

GSGSG probe inside the cryogenic probe station. The S21 parameter in that configuration show an 268 

attenuation of 10-20 dB in the frequency range of 10-30 GHz when the signal is transmitted through the 269 

cryogenic probe station (Figure S8). We compensate for the attenuation in the S-parameter measurements 270 

of the photonic devices (Figure 2c) by calibrating the setup using a calibration kit. For data transmission 271 

measurements (see below) such calibration is not possible. 272 

 273 

Figure S8. S-parameter measurements of the transmission through the cryogenic probe station. a, the experimental configuration used to 274 

perform the measurements. The calibration plane was adjusted to the connections to the cryostat. b, the measured transmission S-parameters through 275 
the cryostat. We observe large frequency dependent losses with 10-15 dB attenuation in the 10-20 GHz range. 276 

To evaluate the performance of the BaTiO3 photonic modulator, we analysed the signal integrity and 277 

estimated the actual voltage applied to the electrodes of the modulator when performing data modulation 278 

experiments. 279 

We also characterized the frequency response of the modulator, using electro-optic S-parameter 280 

measurements (Figure S9), to ensure its suitability for high-speed operation. The S21-response shows a cut-281 



off at 30 GHz which corresponds very well with the expected bandwidth limitation of 32 GHz caused by 282 

the Q-factor of ~6’000. 283 

 284 

Figure S9. Electro-optic S21-parameter measurements of the modulator used for data transmission experiments. The cut-off at ~30 GHz 285 
(indicated by dashed line) is caused by the photon lifetime in the resonator and matches very well with the theoretical value (32 GHz) based on the 286 
measured Q-factor of ~6’000. 287 

As discussed above, RF losses in the setup severely impact the electrical signal applied to the electrodes in 288 

the sample. We compensated for part of bandwidth limitations in the electrical path by pre-distorting the 289 

electrical signal generated in an arbitrary waveform generator (AWG) (Figure S10a). However, the eye 290 

diagram (Figure S10a) still shows significant noise and a limited time-response which indicates the limitations 291 

to our electro-optical characterisation setup. 292 



 293 

Figure S10. Characterisation of modulation voltage in cryogenic probe station. a, by measuring the signal amplitude after being sent through 294 

the cryogenic probe station, with and without amplification we can extract the contribution of the individual components in the system. b, we find 295 
that the RF amplifier provides 23 dB of gain, and that transmitting the signal through the cryogenic probe station an attenuation of -13 dB. c, we 296 

can extract the real drive voltage based on the values for the RF amplifier and the cryogenic probes station. Assuming equal losses in to and out of 297 
the probe station results in 6.5 dB attenuation of the RF signal at the device. Combing all gain/attenuation values results in 2.5 dBm RF power on 298 
the device, which corresponds to ~1.7 Vpp on an open termination. 299 

Besides the electrical noise in the drive signal, the electro-optic eye-diagram shows additional high-300 

frequency noise. This additional noise is a consequence of low optical input power (due to low coupling 301 

efficiency in the cryogenic probe station) on the optical amplifier used in the experiment (schematic in 302 

Figure 4c). Because of the low input power, the optical amplification results in additional noise. This noise 303 

is unrelated to the modulated signal as is evidenced by the large high-frequency noise also at lower bit rates 304 

(Figure S11). This limitation to our experimental setup results in the observed degradation of the electro-optic 305 

eye diagram but is not related to the modulator performance. 306 



 307 

Figure S11. Electro-optic eye diagram at 1 Gbps showing the same high-frequency noise as the eye diagram recorded at 20 Gbps (Figure 4d). 308 
This eye diagram was recorded without pre-emphasis to compensate for the electrical bandwidth limitation. 309 

By comparing the magnitude of the electrical signal transmitted through the cryogenic probe station (as 310 

described in Figure S10), with and without amplification, to the magnitude of the source output, we could 311 

determine the contributions of the individual components in the setup (Figure S10b). Based on the 312 

contributions of the individual components in the setup, we can extract the real drive voltage applied to the 313 

device during the electro-optic data modulation experiments. We estimate the drive voltage applied to the 314 

EO modulator to be Vpp ~1.7 V (Figure S10c). Using an estimated device capacitance of 62 fF (based on an 315 

identical sample stack used in ref. 3 and assuming the same reduction of permittivity with temperature as 316 

observed in this work), we determine the modulation energy to be 45 fJ/bit according to 317 

𝐸𝑏𝑖𝑡 =
1

4
𝐶𝑉2 318 

319 



 320 

Supplementary Note 9 – Coercive field of BaTiO3 321 

The temperature dependent electro-optic measurements allow us to extract the effective coercive field of 322 

BaTiO3 as a function of temperature (Figure S12). The effective coercive field is the measured orientation-323 

dependent coercive field, which scales from the intrinsic coercive field of BaTiO3 depending on the 324 

orientation of the applied electric field (because of the domain structure of BaTiO3). The effective coercive 325 

field along the 90° direction is equal to the intrinsic coercive field.  326 

 327 

Figure S12. Temperature dependence of the effective coercive field of BaTiO3 extracted from electro-optic measurements (SN 3).  328 

We observe a general trend that the coercive field increases with decreasing temperature. In addition, we 329 

observe a sharp drop in the coercive field in the same temperature range where the field-induced phase 330 

transition appears (SN 6). Along the direction of the most efficient electro-optic modulation (45°), the 331 

effective coercive field at 4 K is ~8×106 V/m. 332 

333 
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