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Abstract. An optically controlled high-speed current source located at 4K is likely to improve the
performance of pulse-driven Josephson junction arrays. A custom photodiode module with an Albis PDCS24L
InGaAs/InP PIN photodiode is investigated in order to determine the suitability at 4K. The DC and
frequency response were tested at room temperature and at temperatures down to 4K. For continuous
wave optical input, photocurrents above 15mA were produced at both room temperature and 4K.
I–Vmeasurements show that the threshold voltage increased from 0.5 V at room temperature to 0.8V at 4K.
The transmission coefficient S21 of the optoelectronic system, including cables andmodulated laser source, was
measured using a vector network analyzer. Up to 14GHz, the results showed that the frequency response at 4K
was not degraded compared to room temperature. At room temperature, reverse bias voltages of up to 3V was
required for the highest bandwidth, while at 4K, the photodiode was operated at nearly full speed even at
0V reverse bias.
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1 Introduction

The pulse-driven Josephson Voltage Standard [1] is a
technique for generating quantum-accurate voltages, by
transferring short current pulses through Josephson
junction arrays (JJA), which are often operated by cooling
with liquid helium, at a temperature near 4K. Any voltage
waveform may be generated by modulating the repetition
frequency f(t):

V ðtÞ ¼ Nn
h

2e
fðtÞ; ð1Þ

where N is the number of Josephson junctions in series, h is
Planck’s constant and e is the electron charge. The Shapiro
step number n depends on pulse parameters such as width
and height [2].

Recently, very pure sine waves with voltages up to
1–2V with frequencies up to a few kilohertz have been
demonstrated using this technique [3,4]. Here, several
Josephson junction arrays are operated in parallel, with the
output voltage coupled in series, in order to increase
the output voltage.
nding author: eivind.bardalen@usn.no

pen Access article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproduction
Utilizing optoelectronics to generate the high-speed
pulses is believed to have several benefits compared to a
direct electrical link between room-temperature pulse
pattern generator (PPG) and the cryogenic chamber [5].
As the optical link is electrically isolated from the
signal generator, reduced cable crosstalk and electro-
magnetic interference may be expected. By locating the
photodiode close to the JJA, at 4 K in the cryogenic
chamber, the cable length can be minimized and even
eliminated.

The optoelectronic system consists of a laser source
where the optical output is modulated by the PPG. The
high-speed optical pulses are connected with an optical
fiber to a photodiode, which converts the optical pulses into
current pulses, which are transmitted to the JJA. The
system may also contain other elements such as optical
attenuators to fine-tune the pulse height.

In the following, an optoelectronic system has been set
up for testing the small signal frequency response of a high-
speed photodiode. However, the test setup does not include
the JJA chip. The photodiode, a commercial InGaAs/InP
PIN photodiode, is tested with the purpose of comparing
the performance at 4K compared to room temperature.
Similar photodiodes have been shown to have no decrease
in bandwidth at temperatures below 10K, even operating
with improved performance [6,7].
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Fig. 1. Sample 1. Assembly with adhesively bonded fiber
components and SMP connector. Inset shows microscope image
of photodiode on submount with wire bonds, with a manually
aligned optical fiber.

Fig. 2. Sample 2. The photodiode is located in vacuum and is
illuminated using a focused beam through cryoprobe window.

2 E. Bardalen et al.: Int. J. Metrol. Qual. Eng. 9, 13 (2018)
2 Test setup and sample preparation

A Rohde & Schwarz ZVL vector network analyzer (VNA)
was used to measure the frequency response of the laser-
photodiode setup. The output port of the VNA was
connected to the modulation port of a modulator-
integrated 1310 nm Eudyna FLD3F10NP-A DFB laser,
which is specified to have a minimum bandwidth of 10GHz
and maximum optical output power of around 1mW. The
laser was also biased with a constant DC current. The
optical output consisted of a continuous wave (CW)
combined with a smaller modulated signal as the output
power from the VNA is not sufficient to completely
extinguish the CW.

In addition, a higher powered 1310 nm laser source,
with optical output power up to 30mW, was used to
measure the photocurrent for different CW powers.

The optical output from the laser was coupled via a
single mode optical fiber (SMF) to the photodiode. The
electrical output from the photodiode was connected to a
coaxial cable. A bias tee separated the RF output to the
input port of the VNA and the DC component to a Keithley
6430 source meter, which was also used to apply bias
voltage to the photodiode.

The photodiode used in these tests were Albis
PDCS24L photodiodes mounted on small ceramic sub-
mounts. These photodiodes were selected as they have a
bandwidth of up to 28 Gbps and are available as bare chips,
thus enabling custom packaging for later integration
with the Josephson system. Different configurations of
illumination and sample mounting were tested to uncover
potential limitations in photodiode packaging. The
photodiode is illuminated via an integrated lens, which
makes optical alignment rather easy. The sample config-
urations were as follows.

2.1 Sample 1: Photodiode with direct optical fiber
coupling

In the first configuration, optical fiber-connected samples
were made for directly immersing in liquid helium. The
photodiodes were adhesively bonded to a 2mm thick
Rogers RO4350b sample holder with copper coplanar
waveguide (CPW) transmission lines designed for 50 V
characteristic impedance. The ceramic submount was
glued directly to the sample holder and wire-bonded to the
CPW. Surface-mounted SMP connectors were soldered to
the CPW, where a high-speed coaxial cable was connected,
as shown in Figure 1.

A single mode fiber terminated by glass ferrule
(Thorlabs part no: SMPF021) was inserted into amatching
borosilicate sleeve (Thorlabs part no: 51-2800-1800) that
was aligned to the photodiode and glued directly to the
sample holder with epoxy (Master Bond EP29LPSPAO-1
BLACK).

2.2 Sample 2: Photodiode mounted in cryoprobe

The second sample was mounted inside a cryogenic probe
station, Lakeshore CPX, for operation at temperature
between 4K and room temperature in vacuum.
The ceramic submount was glued to a small alumina plate
that was thermally anchored to the cold plate of the
cryoprobe.

A biconvex lens mounted to a micrometer stage was
used to focus the beam from the SMF fiber through the
outer cryoprobe window, as seen in Figure 2. The inner
cryoprobe window was removed as it blocks infrared
radiation. An RF probe was used to measure the signal
output from the photodiode.



Fig. 3. Transmission for sample 1, sample 2 and the Albis
PQW20A module in different configurations at room tempera-
ture. Reverse bias voltage of 3V is used in all measurements.
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Fig. 4. I–V measurements of sample 1 (4K) and sample 2
(20, 100, 200 and 296K).
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Additionally, for comparison with sample 1 and 2, a
commercial photodiode module, Albis PQW20A, was
tested in the same setup. This module also contains an
Albis InGaAs PIN photodiode but has an integrated
biasing circuit that includes a 50V resistor to ground. This
resistor is likely intended tominimize standing waves in the
electrical output cable. In this case, the bias voltage is
applied directly to the PQW20A module.

3 Results

Sample 1 was measured at room temperature and in liquid
helium, while for sample 2, S21 was measured at temper-
atures 20, 100, and 200K as well as at room temperature.

The transmission coefficient S21 was measured from
frequencies between 100 kHz and 14GHz for various bias
voltages of the photodiode.

3.1 Effects of optical fiber alignment and cable length

The measured transmission coefficients include attenua-
tion and reflections inside the complete system, including
the laser, photodiode and in cables/connectors. To
evaluate the effect of these different factors, the photodiode
was first measured at room temperature with the optical
fiber aligned by a micrometer stage. Next, the optical fiber
was permanently mounted and the assembly was tested
with different cable lengths in order to establish a baseline
for the cryogenic measurements. Figure 3 shows S21 from
frequencies 100 kHz to 14GHz. At frequencies higher than
5GHz, the permanent fiber alignment slightly reduced the
transmission by about 2 dB, compared to the manual
alignment. Inserting a 2m coaxial patch cable between the
bias tee and the SMP connector further reduced S21, in
particular at frequencies above 1GHz.

Sample 2 has a similar response to sample 1. However,
due to the less efficient optical coupling, the frequency
response was reduced by 6–8 dB.

Both sample 1 and sample 2 contained large oscillations
in the frequency response, of around 1–4 dBwith a period of
around 125MHz.

The overall transmission for the PQW20A module was
reduced by more than 3 dB for all frequencies compared to
sample 1. This is consistent with the use of the 50 V
resistor, which theoretically reduces the power output to
the output connector by half. The large oscillations seen in
sample 1 and 2 were reduced significantly, although they
are still present.

The overall system response was less than�30 dB for all
frequencies, which canmostly be attributed to a high loss in
the laser modulation input. In the best case, a �3 dB
bandwidth of the system can be found at approximately
10GHz. However, packaging and coaxial cables reduced
the bandwidth significantly.

3.2 Temperature effects

The 2m patch cable is used following the results in order
to facilitate immersion in the liquid helium Dewar. A
numerical smoothing function was applied to all results in
order to improve the readability of the curves.

The DC response of the photodiode in dark condition is
shown in Figure 4. It can be seen that the threshold voltage
increases, as expected, at lower temperatures.

The photocurrent response to CW input for different
laser currents was measured at room temperature and at
4K for sample 1, as shown in Figure 5. The photodiode was
able to produce currents well above 15mA at both
temperatures. At 4K, the current response was reduced
to by approximately 10% compared to the room tempera-
ture result.



Fig. 7. Transmission measurements of sample 2. Transmission
S21 at room temperature (red lines) and 20K in cryoprobe (blue
lines) for different bias voltages (0, 1, 2, 3V). A numerical
smoothing function was used to remove oscillations seen in
Figure 3. At room temperature, increasing the reverse voltage
above 2V has almost no influence on bandwidth, while at 20K,
0.5V is sufficient.

Fig. 6. Transmission measurements of sample 1 at room
temperature (red lines) and at 4K in liquid helium (blue lines)
for different bias voltages (0, 1, 2, 3V). A numerical smoothing
function was used to remove oscillations seen in Figure 3. At
room temperature, full speed is reached for bias voltages close to
3V. At 4K, the photodiode reaches full speed at a bias voltage
close to 1V.
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Fig. 5. Photocurrent generated by sample 1 for varying laser
current, with 0V bias applied to photodiode.
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Figure 6 shows the frequency response at room
temperature and at 4K for sample 1 for reverse voltages
between 0 and 3V. At room temperature, the frequency
response was maximized at bias voltages of approximately
3V. At 4K, full speed was achieved at very low bias
voltage. Changing the bias voltage from 0 to 3V resulted in
less than 1 dB difference in S21. The responsivity was
reduced by around 1.5 dB at 4K compared to room
temperature.

For comparison, the measurements were repeated in
the cryoprobe for sample 2, using a focused beam as
described in Section 2. The sample stage reached a
temperature of 4K, while the temperature of the cryogenic
probe armwas 20K. Therefore, the temperature is assumed
to be 20K. Figure 7 shows that at 20K, the transmission
curves overlap the curves for room temperature. Further-
more, the measurements show a lower dependence on bias
voltage at both temperatures. At 20K, the gain effect of
increasing bias voltage from 0 to 3V is less than 1 dB.

4 Discussion

The photodiode frequency performance at low temper-
atures is affected by several temperature-dependent
effects. These include incomplete ionization and changes
in physical properties such as bandgap and electrical
mobility. The reduced need for bias voltage at 4K may be
explained by a higher electric field in the absorption layer of
the photodiode due to the increase in bandgap and changes
in the Fermi level, as well as changes in electrical mobility
in InGaAs and InP. The reducedDC responsivity, as shown
in Figure 5, observed at 4K for sample 1, may be partly
explained by increased bandgap in InGaAs. However,
thermal deformations may also have influenced the optical
coupling efficiency between the photodiode and the optical
fiber. This may also explain the lower overall frequency
response at 4K for sample 1.

Operation of JJA would require current pulse ampli-
tudes comparable to the critical current density Ic in the
JJA [2], which may be up to several mA. At higher optical
power input, the frequency response may be reduced due to
space-charge effects [8] and changes in bias voltage caused
by the load resistance [9]. For JJAs, it is common to



E. Bardalen et al.: Int. J. Metrol. Qual. Eng. 9, 13 (2018) 5
terminate the array with a 50 V resistor. Thus, higher
reverse bias may be needed at 4K than the results shown
here indicate.
5 Conclusions and further work

A setup consisting of a modulated laser and a commercial
InGaAs/InP photodiode was characterized at room
temperature and 4K using a network analyzer. The results
show that the cryogenic environment does not negatively
impact the photodiode response, and may even improve
performance as lower bias voltage is required.

This may enable the operation of Josephson arrays
using optical fiber-coupled photodiodes cooled to 4K.
However, further consideration of impedancematching and
transmission line design may be necessary to reduce
unwanted reflections.

The photodiode response to optical pulses with
amplitudes of several mW must be tested using a
high-speed PPG, suitable laser source/modulator and
oscilloscope.

The prospect of closely integrating the photodiode with
the Josephson array is to be investigated. For example,
photodiodes may be flip-chip bonded to a silicon substrate
with superconducting transmission lines, or directly onto
the JJA-integrated circuit silicon chip.

Another interesting prospect is to perform numerical
simulations of both photodiode behavior and the complete
system behavior. Such simulations may enable better
predictions of performance, also enabling improvement in
system design.

This work was partly carried out with funding by the European
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In addition, the work was also partly funded by a PhD scholarship
from University College of Southeast Norway, funded by the
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