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Abstract— This paper presents the results of a performance
evaluation of a photonic link in a cryogenic environment. The
transmission from room temperature to 4.7K was achieved
using a 904 nm and 1310 nm lasers with a bandwidth exceeding
1GHz using both silicon-based and InGaAs-based commercial
photodiodes. A reduction in DC photocurrent was observed.
Moreover, the frequency response measurements demonstrate
that both photodiodes improve their maximum bandwidth even
when unbiased at cryogenic environment. Furthermore, this
work presents a demonstration of photonic control of cryogenic
electronics for quantum computing applications.

Keywords — photonic system, cryogenics, laser, photodiodes,
quantum, data link.

I. INTRODUCTION

The latest generation of quantum processors boasts an
increased number of qubits, enhanced coherence times, and
optimized error correction capabilities. The issue of scalability
remains a significant challenge for all platforms, particularly in
regard to interconnects and control systems [1]. As the number
of qubits increases, the cables that are crucial for transmitting
microwave signals become unwieldy. This poses limitations
due to physical space, heat dissipation, and interference
management. The complexity and the associated microwave
control hardware also increase with the addition of each
new qubit, creating foreseeable bottlenecks in signal integrity
and synchronization. To address these issues, research is
being conducted into innovative solutions such as cryogenic
multiplexing and advanced materials for cabling. Furthermore,
cryogenic CMOS technology is of great significance for
quantum hardware, as it allows for the low-temperature control
of qubits [2]. Advances in cryogenic amplifiers, memory
elements, and control systems have the effect of minimizing
thermal noise and power consumption, thereby enhancing
qubit fidelity and reducing wiring complexity [3]. Another
promising development is the use of deep cryogenic photonic
links, which employ lasers and optical fibers for qubit control
[4]. Meanwhile, radio frequency (RF) photonics, which was
previously a niche technology, has become a vital component
in communications [5]. This is due to the fact that RF photonic
systems have high bandwidth and low interference, which are
essential for next-generation wireless communication [6] and
even quantum computing. In this paper, Section II describes
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Fig. 1. Concept of photonic link with a qubit and electronics at 4K as
presented in [7]

the implementation of a cryogenic photonic link and the theory
of photodiode behaviour in a cryogenic environment, while
Section III shows the experimental setup. Section IV presents
the corrrsponding measurement results and Section V provides
a conclusion.

II. CRYOGENIC PHOTONIC LINK

By leveraging on the well-established field of RF
photonics and its dependable room temperature performance,
a cryogenic photonic system presents a promising solution
to the challenges inherent to quantum computing and
other high-performance applications that necessitate ultra-low
temperatures for qubit functionality [4]. This approach benefits
from the high bandwidth, low latency, and immunity to
electromagnetic interference which are crucial for guaranteeing
qubit coherence and fidelity [7]. In the proposed design,
the transmission process entails modulating a laser at room
temperature and transmitting the optical signal to the cryogenic
temperature level. Commercial photodiodes are employed to
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Fig. 2. Detailed measurement setup. a) For DC measurement and frequency response measurement by direct modulation. b) For controlling cryo electronics

via photonic link.

convert the signal to a baseband signal, which is then utilized
for electronic and qubit interactions as shown in Fig. 1. The
key performance factors for the cryogenic photodiode include
efficiency, power consumption, and heat dissipation. In this
work we focus on the down-link path into the 4K stage.
The behavior and performance of different photodiodes in
terms of DC characteristics and high-frequency response at low
temperatures under various biasing conditions are investigated.

A. Theory of photodiodes characteristics in cryogenics

Performance factors for photodiodes include efficiency,
responsivity, dark current, response time, and bandwidth. The
IV curve allows for the extraction of open-circuit voltage
(V) and short-circuit current (I5.), with I, directly linked to
both responsivity and quantum efficiency 7. V,., on the other
hand, is indirectly influenced by these parameters through /..
Theoretically, I,. stays relatively constant with temperature
for a typical photodiode at a given optical power and
wavelength due to minimal temperature effects on quantum
efficiency . However, the reduced phonon population at lower
temperatures decreases quantum efficiency in indirect bandgap
photodiodes. Additionally, as temperature drops, the saturation
current (I,) declines, which leads to an increase in V,. due
to its logarithmic dependence on Is./I, [8]. At cryogenic
temperatures, V,. rises while I,. decreases, with the reduction
more pronounced in indirect bandgap materials like silicon.

The photodiode bandwidth is influenced by transit time
and the RC time constant. The transit-time limited bandwidth
depends on the carrier’s saturation velocity, while the RC
limited bandwidth is inversely related to the RC constant,
fre = 1/2nRC where R represents load resistance and C
is dominated by the junction capacitance C; [9]. The overall
bandwidth is determined by the lesser of the two limits, but
at cryogenic temperatures, improved carrier mobility tends to
make the RC limit more critical. C; varies with the depletion
width and area of the photodiode, decreasing as reverse
bias (V3;4s) increases due to the widening depletion width,
d o< /V; — Vpias. At cryogenic temperatures, the depletion

width expands further due to a higher built-in potential,

V;  In (7322, caused by a lower intrinsic carrier concentration
(n;) [10], enhancing the electric field across the junction. Thus,
at cryogenic conditions and given a certain bias, even at zero

bias, photodiode bandwidth significantly improves.
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Fig. 3. Experimental setup showing photodiode characterization and photonic
control electronic system in the cryostat.

III. SETUP

The experimental setup utilized an Attocube attodry800
closed cycle helium cryostat, achieving a base temperature of
4.7K for sample cooling. An 904nm and 1310nm laser was
employed, operating within the milliwatt range, and a bias tee
enabled direct modulation up to 1 GHz, limited by the used
Thorlabs LDM9ILP modulator. Two commercial photodiodes
from Thorlabs, silicon-based FDS02 and InGaAs based
FGAO1 were tested inside the cryostat at variable temperatures.
For DC measurements, the photodiode’s output was connected
to high resolution source measure unit (SMU) of Keysight
B1500A Semiconductor Device Analyzer, facilitating IV curve
generation. For AC measurements, the photodiode’s output
was linked to port 2 of Agilent Technologies PNA-X N5242A
Vector Network Analyser (VNA), which included an integrated
bias tee for external biasing, while port 1 of the VNA
controlled the laser’s direct modulation biasing, as shown in
Fig. 2a. The S21 measurement path for direct modulation
comprised the laser, fibers, connectors, cryostat feedthrough,
and photodiode. Measurements were conducted from 10 MHz
to 1 GHz in 5MHz increments, with fourfold averaging and
smoothing applied, with insertion power losses of —3.85dB
in fibers, connectors, and feedthrough. The temperature was
varied from 300K to 4.7K, and a negative bias voltage
range of OV to 4V was applied to the photodiode inside
the cryostat. Junction capacitance values for the photodiode
were derived from S22 at —20 dBm, averaged around 500 MHz
for different bias voltages. To demonstrate the operation of
a photonic-controlled cryogenic electronic circuit, the UART
Tx output is connected to a laser, as depicted in Fig. 2b. An
unbiased photodiode interfaces with the cryogenic IC, which
includes an analog frontend consisting of TIA and amplifier
along with a RISC-V processor [11]. The analog output is
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Fig. 4. DC measurement results a) and b) are IV curves of Si and InGaAs
photodiodes under investigation both in the dark and with 1 mW laser power.
¢) and d) are IV curves in logarithmic current as well as e) and f) are linearity
of the response as laser power varies respectively.

subsequently connected to an oscilloscope for monitoring
purposes. A predefined task is programmed into the processor
through a photonic link, and the on-chip JTAG interface is
employed to read out the corresponding data.

IV. RESULT

From Fig. 4a and 4c, a marked increase in V. is observed,
rising from 0.7V at room temperature to 1.2V, while I,
decreases from ~165 pA to ~60pA at 4.7 K and 1 mW optical
power. Additionally, dark current is reduced. Fig. 4e shows
a noticeable drop in DC current at 4.7K due to reduced
phonon availability in the indirect bandgap nature of silicon.
Similarly, as in Fig. 4b and 4d for the InGaAs photodiode, the
open-circuit voltage increases from 0.4 V at room temperature
to 0.8 V at 4.7 K, with reductions in both dark currents and I,
from ~400 pA to ~300 pA under 1 mW optical power. Fig. 4f
shows less DC current reduction at cryogenic temperatures
compared to the Si photodiode due to its direct bandgap.
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Fig. 5. Frequency response measurement results a) and b) are S21 of Si
and InGaAs photodiodes under investigation respectively under OV reverse
bias voltage. ¢) and d) are S21 of Si and InGaAs under 4V reverse bias
voltage. The measurements are done at 1 mW of optical power with —5dBm
RF power from VNA. e) and f) Junction capacitance extracted from S22 for
Si and InGaAs photodiode under investigation.

The S21 measurements from direct laser modulation, as
shown in Fig. 5a, demonstrate an increase in bandwidth for
the silicon photodiode at cryogenic temperatures, particularly
at 0V bias, alongside a reduction in received power. Applying
a 4V reverse bias, as shown in Fig. 5b, further enhances both
the bandwidth and power. Similarly, the S21 measurements
for the InGaAs photodiode, shown in 5c and 5d, reveal a
comparable trend, though with reduced measured power. The
reduction in received RF power which are more pronounced
in the Si photodiode improves with applied bias voltage. As
illustrated in Se and 5f, the junction capacitance of both diodes
decreases with lower temperatures and higher bias voltages. At
0V, the silicon photodiode’s capacitance drops from ~10.5 pF
at room temperature to ~2.5 pF at 4.7 K. Similarly, the InGaAs
photodiode shows a reduction from ~32 pF to ~4.8 pF. Table 1
shows the recent application of photonic links in cryogenics:
as a current source, a qubit driver, photonic ICs and this work.
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Fig. 6. Digital data sent via UART Tx (red) from room temperature to
photonics and received in UART Rx (blue) inside cryostat, see Fig. 2b. An
initial demonstration; a lower data rate was utilized, as the RISC-V processor
was not specifically designed to support high data rates. The experiment shows
a working optical link into the RISC-V processor.

Table 1. Comparison of photodiode parameters at cryogenic temperatures.

Parameters [12] 2018 | [4] 2020 | [13] 2024 | This work
Temperature 4K 20mK 11K 47K

PD type InGaAs |InGaAs | Ge on Si | Si & InGaAs
Wavelength (nm) | 1310 1490 1550 904 & 1310
Bandwidth 14GHz |5GHz - > 1 GHz

Fig. 6 presents the oscilloscope data successfully transmitted
to the processor via the photonic link. The signal remains
sufficient to write data to the processor. The written data is
subsequently retrieved using the JTAG interface.

V. CONCLUSION

In this work, a cryogenic photonic link that demonstrates
the behavior of commercial Si and InGaAs photodiodes
at 47K, also an interface of unbiased photodiode with
the cryogenic IC is demonstrated. The IV characteristics,
linearity, and frequency response of these photodiodes
were assessed using a network analyzer and semiconductor
device analyzer. Findings show that bandwidth increases
at cryogenic temperatures with reduced current, especially
at OV bias, mainly due to the temperature-dependent
reduction in junction capacitance. Overall, in cryogenic
environments, both photodiodes exhibit increased bandwidth,
with InGaAs showing lower power reduction compared to
Si, while Si technology remains more cost-effective and is
readily integrated into photonic chips. Recent measurements
utilizing an optical attenuator demonstrate that photodiodes
maintain optimal performance at reduced optical power levels
down to 1uW, ensuring scalability at 4.7 K. However, the
measurements presented here were previously conducted at
1 mW without attenuation. Although results at 4.7K are
promising, further evaluation of photodiode performance
at the milli-Kelvin stage is needed, where managing heat
load becomes increasingly critical. This cryogenic system
demonstrates a potential pathway for scaling quantum
processors to support a significantly larger number of qubits.
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