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Photonic integrated circuits (PICs) at cryogenic temperatures enable a wide range of applications in scalable classi-
cal and quantum systems for computing and sensing. A promising application of cryogenic PICs is to provide optical
interconnects by upconverting signals from the electrical to the optical domain, allowing a massive data transfer from
4 K superconducting (SC) electronics to the room temperature environment. Such a solution can overcome a major
bottleneck in the scalability of cryogenic systems that currently rely on bulky coaxial cables that suffer from limited
bandwidth, a large heat load, and poor scalability. A key element to realize a cryogenic-to-room temperature optical
interconnect is a high-speed, electro-optic (EO) modulator operating at 4 K with a modulation voltage at the mV scale,
compatible with SC electronics. Although several cryogenic EO modulators have been demonstrated, their driving volt-
ages are substantially large (several hundred mV to a few V) compared to the mV scale voltage provided by SC circuits.
Here, we demonstrate a cryogenic modulator with ~10 mV peak-to-peak driving voltage and Gb/s data rate, with an
ultralow electric energy consumption of ~10.4 aJ/bit and an optical energy consumption of ~213 fJ/bit. We achieve
this record performance by designing and fabricating a compact optical ring resonator modulator in a heterogeneous
InP-on-Si platform, where we optimize a multi-quantum-well layer of InAIGaAs to achieve a strong EO effect at 4 K.
Unlike other semiconductors such as silicon, our platform benefits from the high-carrier mobility and minimal free-
carrier freezing of III-V compounds at low temperatures, with a moderate doping level and a correspondingly low loss
(intrinsic resonator Q ~ 272,000). These modulators can pave the path for complex cryogenic photonic functionalities
and massive data transmission between cryogenic and room-temperature electronics. © 2022 Optica Publishing Group
under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION The stringent cooling power requirement of cryogenic systems
is another constraint that demands a data interconnect link with
minimal energy consumption at low-temperatures. In concrete

terms, each watt of power dissipated at 4 K temperature translates

A class of next generation classical and quantum computing sys-
tems [1-4] and sensors [5,0] will operate at cryogenic temperatures

(~4 K) based on superconducting and optical technologies. A
major challenge in these platforms is providing high-speed, energy
efficient transfer of massive amounts of data (e.g., hundreds of
Gb/s to Tb/s) to room temperature. Commonly used coaxial cables
have limited communications bandwidth, a large propagation
loss, and add an excessive heat load to the cryogenic stage [3,4].
Thus, they will not be a scalable solution for the data transmission
from cold to room temperature, as the heat load counteracts the
energy efficiency gained by using superconducting and other low-
temperature circuits, and can easily exceed the cooling power of
available cryocoolers as systems scale.

2334-2536/22/101176-07 Journal © 2022 Optica Publishing Group

to roughly several hundred watts of power dissipated at room tem-
perature in practical lab-scale cooling equipment [7]. Therefore, it
is highly desirable to implement a scalable data interconnect link
between 4 K and room temperature, with majority of the energy
consumption imparted on the room temperature components of
the link.

To overcome these limitations, a promising solution is to
use integrated electro-optic (EO) modulators in a photonic
integrated circuit (PIC) platform ata temperature of 4 K to upcon-
vert/multiplex data from the electrical to the optical domain and
transmit them to room temperature via optical fibers [3,8,9].
This approach has two main advantages: (i) it provides wide data
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bandwidth with a potential aggregate data capacity of tens of Tb/s
to Pb/s, extremely low loss, and negligible heat transfer; and (ii) it
allows substantial reduction of interconnect energy consumption
inside the cryocooler, and imparts the majority of the energy con-
sumption on the room temperature components of the link (e.g.,
room temperature amplifiers).

To achieve this goal, the modulator must operate efficiently ata
temperature of ~4 K and respond to high-speed, low-voltage dig-
ital signals, typically on the scale of millivolts [1,5,10-12]. There
have been several recent demonstrations of cryogenic EO modu-
lators based on different material platforms [8,13-18]. However,
these EO platforms operate at modulation voltages 2—3 orders of
magnitude higher than the typical voltages provided by SC circuits
(< ~10 mV). In addition, not all EO platforms can operate reli-
ably at low temperatures. Common EO materials such as polymers
and lithium niobate are prone to photorefractive instability at low
temperatures, making them ill-suited to interface with SC circuitry
[19,20]. Long-established silicon (Si) EO modulators based on
free-carrier plasma dispersion become inefficient below a few tens
ofkelvin due to free carrier freeze-out [21]. Although this effect can
be compensated to some degree by increasing the doping concen-
tration in the Si, it does not improve the voltage sensitivity of the
modulator [8,15]. It also does not address the increased insertion
loss due to excess free carriers. A recent promising publication
about cryogenic Si modulators uses a monolithically integrated
cryogenic voltage amplifier before the modulator to provide the
large modulation voltage required for the modulator, but at the
cost of substantially increasing the total energy consumption due
to dissipation in the cryogenic amplifier [16]. Si modulators based
on the DC—Kerr induced Pockels effect have been demonstrated at
4 K; however, the required modulation signal is on the scale of volts
[17]. Plasmonic slotted waveguide modulators filled with EO poly-
mer have been demonstrated at room temperature with high speed
and low electrical energy consumption (<100 aJ/bit), but they
operate at several hundred millivolts of modulation and suffer from
a large optical material loss as well as a large coupling loss due to
mode mismatch between the straight ridge waveguide region and
the slotted waveguide [22,23]. Additionally, the material stability
of EO polymersata4 K temperature is not well known and suscep-
tible to degradation over time. 2D material-based modulators [22]
have been investigated at 4 K, but the modulation voltage is still
more than two orders of magnitude higher than what is required to
interface with SC circuitry [18].

Here, we demonstrate a cryogenic InP-on-Si photonic (CRISP)
ring modulator (Fig. 1) which achieves a Gb/s data rate with a
low modulation voltage (10 mV/,;). The electrical and optical
energy consumption is 10.4 aJ/bit and 213 fJ/bit, respectively,
at a temperature of 4 K. The CRISP modulator is fabricated in a
heterogeneous platform that combines the strong EO properties of
InP—and its associated I11-V alloys—with scalable and compact Si
photonic circuitry [24-27]. Unlike all-Si modulators, the CRISP
modulator suffers minimally from free carrier freezing at low
temperatures. This allows it to operate efficiently with moderate
doping levels in the InP layer, thus enabling high Q resonators.
We design the modulators for operation at 4 K and a wavelength
range within 1500-1600 nm. Since the interconnect link is short
distance (e.g., <10-meter fiber), there is less restriction on the
operation optical wavelength. The demonstrated results in this
workare for L-band (~1600 nm wavelength).
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2. DEVICE DESIGN AND FABRICATION

A schematic of the CRISP modulator is shown in Fig. 1(a), where
the stack of III-V compounds sits on a Si ring, which is evanes-
cently coupled to a Si rib waveguide. The III-V region is a P-N
junction diode with the QW heterostructure sandwiched in it.
Two strong modulation mechanisms are present in the III-V com-
pounds used in the modulator: band-filling (Burstein—-Moss) [28]
and quantum-confined Stark effects (QCSE) [29,30] , with some
additional contributions from plasma dispersion [28]. We design a
multi-quantum well (QW) layer to enhance the EO effects, which
leads to a large modulation. To further increase the modulation
sensitivity to millivolt-scale voltages, we take advantage of a ring
resonator configuration with a sharp resonance spectrum. This
enables intensity modulation of the light with modulation voltages
assmall as ~10 mV,, and even lower.

Part of the III-V heterostructure is grown as a multi-quantum
well (QW), and this structure is essential to achieve high-sensitivity
modulation at 4 K. The doping of the QW layer is optimized to
achieve large band-filling and plasma effects with negligible optical
absorption, while the III-V composition and the geometry of
the QW' are engineered to maximize the QCSE. Specifically, the
QCSE is caused by the interaction of light with exciton quasipar-
ticles (electron-hole bound states) and becomes much stronger at
lower temperatures due to the sharper exciton spectrum [29].

A simplified cross-section of the InP-on-Si modulator is shown
in Fig. 1(b), where the EO layer consists of a stack of 15 alternate
QWs and quantum barriers (QBs). Each QW has a thickness of
8 nm and is sandwiched between 5 nm thick QBs. This multi-
QW/QB layer is also inserted between two 125 nm thick separate
confinement heterostructures (SCHs) that confine electrons and
holes in the EO layer. This design allows for a large overlap between
electron and hole wave functions [inset in Fig. 1(c)], which max-
imizes the QCSE effect. The QWs, QBs, and SCHs are made of
In,Al; ., Ga,As, which provides a large bandgap offsetuseful
for energy band engineering [31]and higher fabrication yield than
In; . Ga,As;,P,.

We optimize the dimensions of the Si and the InP layer for
maximum optical modal overlap, as shown in Fig. 1(d). For this
purpose, we chose a Si layer with a thickness of 500 nm and etched
it down to 260 nm to produce a rib-type waveguide optical index
matching to the InP layer. For the resonator modulator fabrication
[see Fig. 1(e)], we designed a ring with an external radius of 42
pum and a Si ring width of 1.0 pm and 1.2 um. See Section S1 of
Supplement 1 fora detailed discussion about the design.

Figure 2 shows the details of the III-V epitaxial layer stack
designed for the CRISP modulator. The quaternary composi-
tion of QW, QB, and SCH is chosen to maximize the EO effects
in the modulator for operation at 4 K according to the follow-
ing considerations: (i) the lattice constants match InP to avoid
undesirable strain when the device is cooled down to 4 K; (ii) the
exciton energy (i.e., photoluminescence) in the QWsis ~100 meV
larger than the energy of the operating wavelength to prevent
optical absorption (A~ 1550 nm corresponds to ~800 meV)
[32]; and (iii) the energy gap and bandgap offset of QW and QB
are designed to confine electrons and holes in the QW to maximize
the QCSE as well as the band-filling and free-carrier dispersion
effects [33,34]. By considering all these aspects, the alloy compo-
sition In,Al;_,_,Ga,As used for QW, QB, and SCH are chosen
to be (x=0.5296, y=0.4512), (x =0.5296, y =0.3130),
and (x =0.5296, y =0.3365), respectively. See Section S2 of
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Fig. 1. Heterogeneously integrated InP-on-Si resonator modulator for operation at 4 K. (a) InP ring incorporating a stack of quantum wells bonded to
a Si ring, forming an InP-on-Si ring resonator that is coupled to a Si waveguide. (b) Cross section of the stack of materials for the InP-on-Si modulator with
metal contacts. (c) Energy bands of the electro-optic (EO) layer that contains a stack of quantum wells (QWs) and quantum barriers (QBs) in an alternating
pattern, sandwiched between two separate confinement heterostructure (SCHs). The inset shows the wave functions of electrons () and heavy holes ()
in the conduction and valence band, respectively. The conduction band energy level (£,) and the valence band energy level (£,) are shown with respect to
their distances from the Si layer. The layer doping is optimized for large band-filling and plasma effects, while the QW geometry is engineered to maximize
electron—hole interaction (excitons) to produce a strong quantum-confined Stark effect (QCSE). (d) Cross-section of optical mode profiles for the InP-on-
Siresonator with a nominal external radius of 42 ptm and for the Si waveguide, showing the mode overlap between the waveguide and the resonator modula-
tor. (¢) Optical microscope image of a fabricated ring modulator, showing metallic pads in ground—signal-ground (GSG) configuration for electric signals,

and Siwaveguide in a pulley coupling scheme with respect to the ring resonator.
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Fig. 2. III-V epitaxial layer designed and optimized for the 4 K oper-
ation of the CRISP modulator. (a) Schematic cross section of the CRISP
ring resonator. (b) Epitaxial layers and their parameters.

Supplement 1 for more details on the material stack optimization.
In addition, the three regions are lightly z-doped with a concen-
tration of ~1 - 10! /cm? to obtain a larger change in the refractive
indexofIn;_,,Al,Ga,As through plasma and band-filling effects
[35].

A microscope image of the final device is shown in Fig. 1(e),
where the gold electrodes and the rib waveguide bus are identified.
There is a 2 pm thick SiO; layer under the Si waveguides (buried
oxide layer-BOX), and the samples are coated with a 1.5 pm thick

SiO; cladding layer. See Section S3 of Supplement 1 for the details
of the device fabrication process.

3. DEVICE CHARACTERIZATION

We characterize the EO performance of the CRISP modulator at
a temperature of 4 K in a cryogenic probe station. We use lensed
fibers to couple light into and out of the on-chip waveguides. The
devices have a typical fiber-to-chip coupling loss of ~12 dB /facet.
This excess loss can be reduced to a 2.5 dB/facet by optimizing the
fabrication process [36]. See Section S9 of Supplement 1 for more
details. At the output of the chip, we use optical and electronic
amplifiers at room temperature to amplify the received signal for
the measurement. See Sections S4-S6 of Supplement 1 for more
details on the measurement.

Two key features of the resonator spectrum are needed to
achieve a large optical modulation amplitude with a low driving
voltage: (i) a large extinction ratio (ER) and (ii) a resonance with
narrow FWHM. As shown in Fig. 3, the optical spectrum of the
modulatorhas ER > 20 dB for A near 1600 nm and for all applied
voltage values between 0 V and —3.0 V. At this wavelength, the
resonator has a loaded quality factor of ~53,000 corresponding to
a FWHM of ~30 pm (~3.5 GHz). With such a slim resonance,
a minimal applied voltage is sufficient to bring the ring out of the
resonance while the large ER produces a high optical modulation
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Fig. 3. CRISP modulator optimized for 10 mV scale operation at 4 K. (a) Spectrum of the resonator modulator at different reverse voltage bias values,
with a FWHM for the resonance linewidth of ~30 pm. (b) Wavelength shift of the modulator resonance with respect to reverse bias voltage. The fits
(lines) of measured data (circles) highlight the contributing modulation mechanisms. The resonance shift is proportional to V'/2 for the band-filling
and the plasma effects, while it varies as V3/2 for the QCSE. The fitting parameters are the constants @ = 14.79 pm/ JV, B =12.45 pm/ V3, and
y = —76.36 pm. (c) The electro-optical frequency response (S, coefficient) of the modulator, with a pole at ~ 3.5 GHz that defines the bandwidth.
(d)—(g) Demonstration of millivolt scale modulation at a 1 Gb/s data rate acquired by applying PRBS 23! —1 and PRBS 27 —1 data streams to the modula-
tor. For an input amplitude of 30 mV,, we achieve BER <1e™ limited by the noise floor of our BER equipment. The labels in (d)—(g) show the applied
peak-to-peak modulation voltage (V,,,,), bit error rate (BER), PRBS length, and the data rate. In (d) and (f), the electric energy consumption is 92 aJ/bit,
and in (e) and (g) it is 10.4 aJ/bit. The modulator optical energy consumption in (d)—(g) is 213 fJ/bit. (h) BER versus PRBS length fora 1 Gb/s data rate and
20 mV,, modulation amplitude. (i) The BER of the input signal decreases with an increasing modulation amplitude and the transmission is error free at
30 mV,, and above. The modulator bias voltage for these experiments is —2 V and the on-chip optical power at the input of the modulator is 213 uW. The

insertion loss of the chip is about 25 dB, mainly due to the fiber-to-chip coupling (~ 12 dB/facet).

amplitude. Since ER and FWHM depend on the ring-waveguide
coupling coefficient [37], the modulator can be designed to operate
at a different wavelength by optimizing the coupling coefficient at
that wavelength.

The high sensitivity to electrical signals is shown in Fig. 3(b),
where the resonance shift is plotted with respect to the applied
reverse bias voltage. When the magnitude of the reverse bias is
small, the spectrum shifts mainly because of the band-filling and
the carrier depletion effects (AA oc V1/2). For much larger reverse
bias voltages, the QCSE becomes the dominant contribution
(AX o< V3/2). Taken together, these effects produce a nonuniform
spectral shift with applied bias voltage [35]. From Fig. 3(b), we
chose the optimal voltage bias point to provide large modula-
tion sensitivity and minimum optical absorption. Although the
resonance shift is much stronger in the QCSE regime, we bias
the modulator where band-filling and plasma effects are domi-
nant since we observed negligible absorption and no resonance
linewidth broadening in this regime. An optimal future design can
potentially bring down the absorption in the QCSE regime and
thus allow its large resonance shift to be exploited.

Our modulator devices show a Gb/s modulation rate with a
<10 mV,,, applied signal and ~10.4 aJ /bit electric energy con-
sumption. We adjust the laser wavelength at the FWHM of the
resonance, which has the maximum modulation sensitivity. The
EO frequency response is shown in Fig. 3(c) and indicates a modu-
lation bandwidth of around ~3.5 GHz. This value is limited by
the optical resonance bandwidth of ~3.5 GHz due to the large
loaded quality factor of the ring resonator (Q ~ 53,000). For the
modulator data rate measurement, we apply pseudo-random bit
sequences (PRBS) in the non-return-to-zero (NRZ) mode with
lengths of 23! —1 and 27—1 and peak-to-peak voltage amplitude
(Vpp) in the millivolt range. Figures 3(d)-3(g) show the measured
eye diagrams for data rates of 1 Gb/s and different modulation
amplitudes ranging down to 10 mV,,. The total electric energy
consumption per bit is given by CTVPZP + | Voias Ioias| /74, Where
C is the modulator capacitance, Vi, is the bias voltage, iy is
the leakage current of the modulator, and 74 is the data rate. We
measure a capacitance of C ~ 406 fF with a weak dependence on
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bias voltage, as discussed in Section S6 of Supplement 1, result-

2

ing in % ~10.1aJ/bit for Vi, =10 mV. For this device, we
observe a static leakage current of 0.14 nA, which corresponds to
an energy consumption of 0.3 aJ/bit for a bias of —2 V and a data
rate of 1 Gb/s. See Section S7 of Supplement 1 for more details.
Therefore, we estimate the total electric energy consumption to
be E; =10.4a]/bit. We believe that sub-aJ/bit electric energy
consumption can be reached by reducing the electrode size and
introducing an intrinsic region between the p and 7 doped areas,
thus reducing the diode capacitance as well as the energy consump-
tion [38]. Furthermore, we measured the bit error rate (BER) for
each eye diagram shown in Figs. 3(d)—3(g). This metric quantifies
the modulator performance for different input parameters such
as bit sequence length, data rate, and modulation amplitude. We
measure a BER ~ 1073 for Vpp =10mV, and a BER < 107
for V,, =30 mV using PRBS with sequence lengths of both
231—1 and 27—1 bits. Figure 3(h) shows the BER for various bit
sequence lengths for 20 mVy, of modulation amplitude, demon-
strating similar BER (1077). Similarly, a plot of BER versus V,,
[Fig. 3(i)] shows the expected behavior of a decreasing BER with an
increasing signal amplitude, and we observe error-free operation
at amplitudes above 30 mV,, for sequence lengths up to 2! —1
bits. With an on-chip optical input power of 213 uW, the optical
energy consumption is 213 {J/bit for these measurements. In our
calculations, we have considered a more pessimistic case where all
the on-chip optical power is lost in the resonator.

Figure 4 shows further experiments with the modulator device
of Fig. 3, but for data rates up to 2 Gb/s and with 30 mV,, modu-
lation. We achieve error-free operation under these conditions
using a PRBS with 2”—1 bits. The BER versus V,, curves clearly
indicate an increase in BER with an increasing data rate [Fig.
4(c)]. Although this modulator has a bandwidth of ~3.5 GHz,
the limited bandwidth of our low-noise electronic amplifier (1.3
GHz), used to boost the room temperature photodetector signal,
did not allow us to measure eye diagrams beyond 2 Gb/s for low
modulation voltages.

A distinct advantage of the CRISP modulator is its lack of free
carrier freeze-out, which leads to a wide modulation bandwidth at
low temperatures. To verify this, we repeat the experiments with a
second device that has a lower- Q resonator; hence, we get a larger

()

1E=2 — 2 Gbps
—— 1.5 Gbps
—— 1 Gbps
o 1E-4
L
m
1E-6
1E-8

10 20 30 40 50
Vpp(mV)

Fig.4. Biterror rates for data rates up to 2 Gb/s at 4 K. A data rate of (a)
1.5 Gb/s and (b) 2 Gb/s, with a PRBS 27 —1 pattern applied to the modu-
lator device with characteristics shown in Fig. 3. The electrical energy con-
sumption in both (a) and (b) is 92 aJ/bit, and the optical energy consump-
tions are 142 fJ/bitand 107 {]/bit, respectively. (c) BER versus modulation
voltage showing an increased error rate as the date rate goes up for a sim-
ilar modulation voltage amplitude. The bias voltage and on-chip optical
powerare —2 Vand 213 puW, respectively.
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resonance linewidth, and thereby a larger modulation bandwidth.
We select a ring resonator with Q ~ 20,000 corresponding to a
resonance linewidth of ~80 pm [Fig. 5(a)]. Figure 5(b) shows the
EO frequency response with a 3 dB bandwidth of ~9 GHz, which
is much wider than the results shown in Fig. 3(c). Note that we
used a different electronic amplifier for this experiment (10 GHz
bandwidth) after the photodetector.

Because of its larger resonance linewidth, this low-Q device
requires a higher input voltage amplitude than the high- Q device
to achieve a comparable optical modulation amplitude. Figures
5(c) and 5(d) show the measured eye diagrams at 4 Gb/s data rates
for a modulation voltage of 110 mV,,, and at different PRBS
lengths (27—1 and 2'°—1). The electrical energy consumption
for this device is ~1.3 ] /bit, which is still small compared to prior
demonstrations in the literature.

In a 4 K cryogenic system, the total energy consumption is
dominated by that of the cryocooler, which scales with the power
dissipation at the lowest temperature stage. For large-scale super-
conducting systems, where optical interconnects can offer a
significant advantage, each watt dissipated at 4 K requires several
hundred watts to be consumed by the cryogenic equipment [7].
Because of this steep penalty, dissipation by components located at
the 4 K stage is the most critical metric to optimize, and power con-
sumed by electrical and optical components at room temperature
can be neglected.

Table I summarizes a comparison of the CRISP modulator with
other demonstrated cryogenic EO modulators. As shown in the
table, the CRISP modulator outperforms other EO modulators,
operating at a significantly smaller driving voltage and with mini-
mal electrical energy consumption. For all devices shown in Table
1, the optical energy consumption is comparable to or higher than
the electrical one. Therefore, it is essential to reduce any optical
dissipation and insertion loss. Table 1 excludes fiber-to-chip cou-
pling loss, and only reports the inherent energy consumption of
the modulator, which is the focus of this paper. Since fiber-to-chip
coupling loss occurs inside the fridge, it can significantly impact
the energy consumption budget at low temperatures. As the focus
of this work is on inherent energy consumption of the modulator, a
separate future work should address the optimization of the fiber-
to-chip coupling with improved precision lithography and design
strategy.

Since the CRISP modulator is resonator-based, tuning of the
laser wavelength to the resonance wavelength is important for the
optimal operation of the modulator. To reduce any energy load in
the cryocooler, it is preferable to tune the wavelength of the laser
that resides outside the fridge rather than tuning the resonator
that is in the fridge. For a high throughput high data rate inter-
connect, we envision a bank of tunable lasers will be used at room
temperature to drive a bank of modulators inside the fridge.

The radius of the CRISP resonators presented here is 42 pum,
and it is possible to reduce this value in future devices. This will
make the resonance shift more sensitive to low modulation voltage
amplitudes, and it will also reduce the electrode capacitance, which
increases the modulator bandwidth. However, proper designs of
the InP and Si layer dimensions are required to prevent excessive
bending loss when the resonator size is reduced. In this work, the
highest intrinsic Q that we were able to achieve was ~272,000, as
discussed in Section S8 of Supplement 1. The large intrinsic Q of
such resonator modulators can enable other applications, includ-
ing sensing at cryogenic temperatures. This is a general advantage
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onance linewidth (~80 pm) for multiple applied bias voltages levels. (b) The measured modulator frequency response has its lowest-frequency pole at
~9 GHz, which sets the limit to the usable bandwidth. (c)-(d) The eye diagrams for data rates (modulation voltages) of 4 Gb/s (V,,, = 110 mV) for PRBS
27—1 and PRBS 2'°—1, respectively. The modulator is biased at Vs = —6 V (Iius = 0.08 nA), operating predominantly in the QCSE regime. The eye
diagrams and bandwidth are obtained for an on-chip optical power of 1.3 mW. The modulator electrical and optical energy consumption is 1.3 fJ/bit and
325 {]/bit, respectively. The optical insertion loss of the chip is about 17 dB, mainly due to the fiber-to-chip coupling loss ~8 dB /facet.

Table 1. Comparison of CRISP Modulator with Other Demonstrated Cryogenic EO Modulators

Bit Rate Modulation Voltage Electrical Optical
Material and Modulator Structure BW (GHz) (Gb/s) (Vpp) Energy Energy‘ Ref.
LiNbO3 waveguide phase modulator 5 5 SV - - [14]
BaTiO3 microring, Pockels effect 30 20 1.7V 45 f]/bit - [13]
Graphene on SiN microring 14.7 20 3V 20 fJ/bit - [18]
Si microdisk 4.5 10 1.8V 80 f]/bit 8 f]/bit (8]
SiMZI, DC Kerr 1.5 — 2V 100 f]/bit — [17]
Siring 2.5 5 0.5V 43 f]/bit - [15]
Siring 2.5 20 1.5V 54 f]/bit - [15]
Simicroring with electric pre-amp 2.2 1 100 mV(4 mV)* 50 ﬂ/bitb 320 f]/bit [16]
Simicroring with electric pre-amp 2.2 - 250 mV(10 mV)” 300 f]/bitb 800 f]/bit [16]
InP-on-Siring, QW Device #1 (Fig. 3) 4 1 10 mV 10 aJ/bit 213 f]/bit This work
InP-on-Siring, QW Device #2 (Fig. 5) 9 4 110 mV 1.3 f]/bit 275 f]/bit This work

“The numbers in parenthesis are the amplitudes applied to the pre-amplifier input. The amplifier gain is ~28 dB.

"This is the power consumed by the cryogenic pre-amplifier that boosts the signal before it enters the modularor.

“This is the inherent optical energy consumption of the modulator, and it excludes the fiber-to-chip coupling loss.

compared to conventional Si modulators, where Q is limited to
~10% due to high doping-induced loss. Because of the high carrier
mobility and lack of free carrier freezing in the InP layer of the
CRISP architecture, the doping requirements are modest, which
results in alow optical loss and high resonator Qs.

4. CONCLUSION

In summary, we have demonstrated a high-speed InP-on-Si
electro-optic resonator modulator that operates at a temperature of
4 K with a record modulation voltage (~10 mV,,,) performance
and electric energy consumption (~10.4 aJ /bit). We achieve these
results by combining the EO properties of I1I-V-based QWs with
the photonic integration capability of Si. The lack of free carrier
freeze-out in InP and its compounds is a central feature since it
enables efficient EO modulation with moderate doping, low loss,
and a wide modulation bandwidth at cryogenic temperatures.
With this active semiconductor platform, we achieve intrinsic Qs
as high as 272,000 at 4 K, with much higher Q for larger radius
resonarors.

Although in this work, we demonstrate an individual resonator
modulator device, the aggregate interconnect data bandwidth can
be increased by integrating arrays of modulators with wavelength

multiplexing. In the single-channel data links presented here, the
external laser can be tuned to operate close to the ring resonance.

The demonstrated modulation voltage in this work is in the
10—30 mV,, range, which is still large compared to SC digital
logic circuits that have a voltage of a few millivolts. We believe
the modulation voltage can be further reduced by optimizing the
ITI-V epi structure of the CRISP modulator. It is also possible to
boost the voltage using an all-superconducting amplifier [39]
with a modest gain to amplify the SC signal before sending to the
modulator. These modulators ultimately must be integrated with
SC circuits. Interconnecting CRISP modulators and SC circuits
can be accomplished using superconducting interposer modules.
Recently, indium-based thermocompression flip-chip bonding has
been used to couple SC circuitry with CMOS chips [40], and this
technique also can be employed to interconnect PICs.

Our proposed solution paves the way for energy-efficient, high-
bandwidth optical data links between cryogenic and room temper-
ature environments. We believe this approach will resolve a critical
bottleneck in the scaling of emerging cryogenic systems for classical
and quantum information processing and sensing applications.
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