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Abstract�In this article, developments and techniques related
to optical-fiber-coupled devices operating at cryogenic tempera-
tures are reviewed. These devices include superconducting electronics
and photodetectors. Superconducting circuits have a number of suit-
able characteristics in terms of speed and efficiency, lower power
consumption, and traceability to fundamental quantum properties.
Thus, applications are found in a number of technologies, such as
communication and metrology. Often, the devices are coupled by
an optical fiber link to an external source. A suitable design of the
optical coupling at cryogenic temperatures entails considerations
of electromagnetic behavior, geometry, components, material choices,
and customized packaging schemes. Minimizing thermomechanical
stresses and deformation is a challenge due to the extreme tem-
perature span, from room temperature to below 10 K. Due to the
thermomechanical properties at low temperatures, with high con-
traction and brittleness of some materials, careful design and testing
is dictated for the method of mechanical attachment and alignment
techniques to avoid failure. Solutions for the efficient, robust optical
coupling remain a challenge for some of these devices.

Keywords�Packaging and interconnection, cryogenic opera-
tion, superconductive circuit, photodetector, photodiode, optical
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INTRODUCTION

Superconducting devices, cooled to very low temperatures,
typically below 10 K, have unique properties and may

outperform semiconductor devices in terms of speed, sensitivity,
and efficiency. For example, superconducting electronic circuits
based on Josephson junctions have the potential of reaching
high speeds, up to 100 GHz [1]. For such devices, an optical
coupling from room-temperature sources to system, located at
cryogenic temperature, is an interesting prospect for improv-
ing performance. Replacing electrical wirings, which have high
capacitances and inductances and are sensitive to noise, with
optical couplings has a number of benefits, such as reduced
thermal load and better high-frequency characteristics.
Similarly, ultrasensitive photon detectors based on thin super-

conducting films have the potential of detecting single photons
and resolving the number of photon in weak optical pulses,
enabling various quantum optical technologies [2].
For the realization of these devices, an efficient optical cou-

pling between single-mode fibers and the active area is crucial.

The bonding and packaging of the fiber is a challenge, due to
the thermal stresses developed near material interfaces when
cooling down to cryogenic temperatures. Therefore, packaging
aspects, such as choosing a design, materials, and components,
are important for developing a robust, efficient system. In this
review, we describe optically coupled superconducting devices,
optical coupling techniques, and methods for interconnection
and packaging of these devices In the last section, we discuss
relevant material properties for some commonly used materials
and bonding techniques.

CRYOGENIC OPTOELECTRONIC DEVICES

At cryogenic temperatures, superconducting phenomena
can enable a range of devices with excellent characteristics. In
addition, thermal fluctuations are suppressed, changing the char-
acteristics and performance of many well-known devices. In
practice, the superconducting state is achieved by cooling
the devices to temperatures below 10 K, such as in a cryostat
cooled by liquid helium to 4.2 K (e.g., [3]) or in cryogen-free
coolers (e.g., [4]).

Development of high-speed optically coupled cryogenic
devices may lead to practical applications in several technolo-
gies, such as communications, computing, and metrology. In
general, the devices are characterized by small sizes, with active
areas typically <30 mm in diameter, coupled to single-mode
fibers. In the following, the development of some of these
devices is briefly described.

A. Superconducting Photon Detectors

Highly sensitive photodetectors, with the ability to detect
individual photons or the number of photons in a pulse, has
applications in many fields, including quantum computing, com-
munications, astronomy, and metrology. (see e.g., [5-7] and ref-
erences therein). Recently, there has been an effort to develop
optical sensors based on superconducting materials. Basi-
cally, the detection mechanism is due to the absorption of
optical power in the superconducting material, which induces
a phase shift to the normal state, followed by a subsequent
recovery to the superconducting state, which can be detected by
external circuitry.

Two notable examples of these are the following: nanowire
single photon detectors (SNSPDs), as seen in Fig. 1, and tran-
sition edge sensors (TES). These detectors are fabricated as
structures of thin layers, around 100 nm of superconducting
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materials. Recently, an optical link between a moon orbiting
satellite and an SNSPD sensor on earth have been demon-
strated, with download data rates up to 622 Mbps [9].

The performance of these devices is described in terms of
detection efficiency, recovery time, timing jitter, and dark count
rates [2]. The efficiency of these detectors depends on the pack-
aging and optical coupling from source to the detector, the
intrinsic detection efficiency, and the external circuitry. Accord-
ing to [10], a useful equation describing this, the “system detec-
tion efficiency” can be written as:

�sde ¼ �coupling 3 �absorption 3 �registering ð1Þ
The TES consist of a thin superconducting film operated in
the narrow temperature region between the superconducting
and normal state [11], typically a few hundred millikelvin. By
applying a voltage bias over the detector in parallel to a shunt
resistance, the temperature of the film can be kept near the
superconducting transition through Joule heating. Absorp-
tion of a photon causes the temperature to increase, which
leads to a change in resistance as the material is heated to
above the equilibrium temperature to the normal state. The
recovery to the normal state is due to heat flow to the sub-
strate [12]. The pulse height of the current depends on the
number of photons absorbed and is read by external cir-
cuitry, such as a SQUID (superconducting quantum interfer-
ence device) array [13].

TES based on tungsten films were demonstrated to measure
the number of photons in single pulses of light at a wavelength
of 1,550 nm [14], though fiber alignment and surface reflection
limited the detection efficiency to 20%. Later, the detection
efficiency was improved to 95% by incorporating a backside
reflecting mirror, antireflective (AR) layers, and precise align-
ment [5]. TES operation based on Ti/Au has been demon-
strated for 690 nm and 1,310 nm [15], while a titanium-based
TES [6] has been developed for 850 nm, with 98% detection
efficiency achieved by directly coupling the optical fiber and
incorporating AR layers and a dielectric mirror.

Although TES have very small dark count rates and low
jitter, they are relatively slow, demonstrated with recovery times
below 170 ns for small area sensors [16]. The high quantum
efficiency photon-resolving capabilities, however, motivates
research for applications in quantum technologies, such as quan-
tum communications and quantum computing (see e.g., [5]).

Furthermore, a fiber-coupled picowatt radiometer based on
TES has been developed [7].

SNSPDs, similarly, are based on a phase change in a super-
conducting material as the detection mechanism: when a photon
is absorbed in a narrow superconducting wire, a local hotspot
is formed, increasing the superconducting current density in the
surrounding areas. When the critical current density is reached,
the film switches into a resistive state [17]. This concept was
demonstrated with 0.2-mm NbN ultrathin (5-nm) films with
relaxation times of around 100 ps [18]. An advantage of
SNSPDs is that they operate at higher temperatures than TES,
often near 4 K [9].

However, the absorption rate in SNSPDS are typically lower
than for TES. To increase the optical coupling, thin NbN
nanowires in meander structures, such as shown in Fig. 1,
have been demonstrated to have higher detection efficiencies. A
3.3 mm 3 3.0 mm device, with an optical cavity and AR coating
to minimize reflections, was demonstrated with a detection effi-
ciency of �50% [8].

The detectors described above are illuminated from above
the substrate, typically via an optical fiber. Integrating these
sensors in photonic integrated circuits (PICs) may be the next
step in achieving practical modules for experiments and devices
in quantum optics, communications, and other related fields (see
e.g., references in [19]). The efficiency of SNSPDs is improved
by evanescent coupling by a waveguide integrated in the chip,
as the wave may interact with the detector over a longer dis-
tance. For example, 91% chip detection efficiency has been
demonstrated for SNSPD wires on top of a silicon waveguide
[20], while on-chip measurement of entangled photon pairs
were demonstrated in [19].

Similarly, 88% detection efficiency has been demonstrated
for a PIC with three TES in series on top of a silica waveguide
[21]. A challenge remains, however, in the fiber-to-waveguide
coupling, where significant coupling losses may occur [20, 21],
as discussed in more detail in the section “Interconnections, Pack-
aging, and Integration.”

B. Optically Controlled Superconducting Electronics

In a number of studies, optically controlled superconduct-
ing systems are described. Here, current pulses are generated
by semiconductor photodiodes/photoconductors, connected
to superconducting electronic circuits. These systems exploit
macroscopic quantum phenomena, which emerge as a result
of the behavior of Josephson junctions. Such systems have
been proposed as a candidate for next-generation computing
and communications systems, due to the high speed and low
power consumption and are based on so-called rapid single flux
quantum (RSFQ) circuits, where information “is stored in a
superconducting loop as a flux quantum” [1]. Josephson junc-
tions consist of an ultrathin insulating barrier between two
superconducting sections. In the superconducting state, the cur-
rent has the ability to tunnel through the junction, with no power
loss. The superconducting current, Js, is determined by the phase
difference across the junction [22]:

Js ¼ Jc sin �ð Þ ð2Þ
By controlling the superconducting current with short pulses,
the phase difference develops, leading to the formation of a

Fig. 1. An NbN SNSPD sensor on an MgO substrate. Reproduced from [8].
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voltage across junction, which can be determined by the phase-
voltage relation [22]:

U tð Þ ¼ �h

2e

@�

@t
ð3Þ

The operation of Josephson junctions in RSFQ circuits is based
on switching the phase of the junction by a current pulse.
As the phase difference after the pulse must be a multiple

of 2p, the time integral of the voltage is quantized, given by
fundamental physical constants:

ð
Udt ¼ �h

2e
� 2p � n ¼ h

2e
n ð4Þ

where n is a quantum step number. N ¼ 1 corresponds to
a magnetic flux quantum, F0 ¼ h / 2e, transferred across the
junction. A family of digital logic/memory based on this prin-
ciple is described in [23].
Related, in metrology, Josephson junction arrays (JJAs)

consisting of several 100s to 1,000s of Josephson junctions in
series have been developed for voltage standard applications.
The generation of quantum accurate direct current voltages
by JJAs is today in use [24], based on biasing the Josephson
junctions by microwave radiation, with commercial suppliers
of these devices.
A method of generating arbitrary voltage waveforms by

pulsed operation of JJAs was proposed [25]: a current pulse
switches the phase of the junction by 2p. Thus, the time-
averaged voltage over each Josephson junction is given by
fundamental constants:

V ¼ h

2e
f ð5Þ

By modulating the frequency f of the input pulses, quantum
accurate voltage waveforms can be produced. A combination of
positive and negative pulses enables the generation of bipolar
waveforms. Optical generation of the electrical pulses by a
pair of photodiodes, rather than a direct electrical input, has
several advantages, such as optical isolation from the pulse
generator and possibility of adjusting the optical power by
optical attenuators [26].
Also for RSFQ circuits, an optical input offers advantages

over coaxial cables. As Josephson junction circuits are capable
of high speeds, several 10s of GHz, an electrical input is a
major obstacle for the realization of these devices. Although
high-speed coaxial Cu cables have been demonstrated up to
10 Gbps, they have a high thermal load on the system [27].
Development of systems based on optical generation of elec-
trical pulses is in part motivated by the high loss, dispersion,
and high thermal load of high-speed electrical cables [4, 28].
In contrast, an optical input, with a cooled photodiode near the

circuit, coupled to an external source via an optical fiber, has a
low heat impact on the system, and is capable of high speeds, as
the electromagnetic signals are immune to cross talk. However,
there are several challenges that must be taken into account
when designing an optical input at cryogenic temperatures.
A suitable high-speed photodetector with high performance

at 4 K must be selected. The relevant properties of semicon-
ductors at these low temperatures obviously change from room

temperature, including an increase in the band gap, decrease in
thermal conductivity, and risk of charge-trapping effects [29].

Photodiode may either be integrated on a substrate or be con-
nected as an external module by wiring. Metal-semiconductor-
metal (MSM) photodiodes may be integrated on substrates by
lithography, while commercial diodes, such as PIN diodes, may
be mounted on the superconducting chip by flip chip bonding or
adhesive bonding.

In structure, MSM diodes are simple in structure and consist
of interdigitated metal fingers on the top of a semiconducting
substrate. As such, it can be processed in a few lithographic
steps. One example of an integrated silicon MSM diode, with
the diode close to Josephson junctions on a single substrate, is
seen in Fig. 2.

In part, the area of the diode and the width of the fingers and
spacing determine the response time of the diode. By reducing
the finger length and spacing, the response time decreases [31].
Different types of high-speed photodiodes such as MSM diodes
and PIN diodes have been shown to perform well at cryogenic
temperatures. The development of optoelectronic interfaces for
digital superconducting electronics until 2001 is described in
detail in [32]: silicon MSM diodes emerged as the natural choice
for Nb-based superconducting chips, as these chips are fabri-
cated on silicon substrates. Integrated Si and GaAs MSM
photodiodes and laser diodes at 77 K was studied in [33], for
the feasibility of optical input/output to Josephson junction cir-
cuits. In another study [34], silicon, GaAs, and InGaAs PIN and
MSM diodes, in addition to InGaAsP laser diodes, were tested at
4.2 K, with multimode optical fiber input/output. Furthermore,
successful operation of a superconducting circuit with optical
input/output was demonstrated. The silicon PIN diode experi-
enced carrier freeze out at 4 K. In contrast, InGaAs PIN diodes
operated well at 4.2 K and with increased speed.

In [28], a pulsed signal was delivered to an RSFQ circuit via
a single-mode fiber to a 20 mm 3 20 mm silicon MSM diode
with finger width and spacing of 1 mm. At a repetition frequency
of 20.6 GHz, the voltage readout confirmed correct operation.

A test of several photodiodes at 77 K showed that the
responsivity of a silicon PIN diode was reduced by only 8%,
while noise was reduced considerably [35]. Investigation of

Fig. 2. A silicon MSM photodiode coupled with two Josephson junctions,
used to generate single-flux pulses. Reproduced from [30].
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a high-speed (>20 GHz) GaInAs/InP PIN diode showed that
dark current was suppressed by a factor of 1,000 at cryogenic
temperatures. In addition, no degradation of performance was
found when cooled [36]. A commercial InGaAs MSM photo-
diode with an electrode gap width of 5 mm was demonstrated
to drive JJA with 100 JJAs in series with a pulse repetition
frequency of 50 MHz and pulse width of 100 fs [3]. A pulse
width of 80 ps of the generated waveform was estimated inside
the cryostat, indicating a 6.3 GHz operation possibility for the
pulse trains. An optical input module based on an InGaAs sub-
strate has been demonstrated at 4.2 K speeds reaching 1.5 GHz,
with possibilities for speeds up to 10 GHz [37].

Uni-traveling carrier photodiodes (UTC-PDs) is a relatively
new kind of photodiode, designed for high-speed and high-
power output applications at long wavelengths, with a reported
bandwidth as high as 310 GHz [38]. These have been used as
the optoelectronic driver in superconducting systems, includ-
ing 40 Gbps operation of single flux quantum (SFQ) circuits
[4] and operation of JJA at 10 Gbps [39]. In these studies,
modified commercial UTC-PD modules were connected to
the superconducting circuits with coaxial cables.

OPTICS AND OPTICAL COUPLING

Optoelectronic coupling involves guiding the electromag-
netic wave from a source to the detector surface. Essentially,
the energy in the wave can be described as a beam traveling
from the source, exhibiting the usual phenomena of reflection
and interference, before the energy is absorbed in the detector
material. For high-speed semiconducting and superconducting
devices, the desired low response time generally implies small
detector areas, with typical diameters/widths ranging from 5 mm
to 25 mm for surface-illuminated detectors.

The interface between the optical fiber and the cooled detec-
tors, which are typically on the micrometer scale, requires a
high alignment accuracy to ensure high coupling efficiency,
whether the application is photon detection or for an optoelec-
tronic driver.

Optical fibers/waveguides, mirrors, and lenses are the com-
mon components used to design coupling structures, and appear
in the form of individual elements, or integrated structures on
the device.

Single-mode fibers appear frequently in these types of high-
speed optoelectronic circuits, as they provide a link between an
external optical source and the cooled detector system. They are
extremely useful due to their flexibility and ability to guide the
optical pulses without loss. Optical fibers consist of a core and
cladding of a flexible material, typically silica (SiO2). The core
has a slightly higher refractive index than the cladding, result-
ing in a guided mode within the fiber. Although most devices
described here use single-mode fibers, multimode optical fibers
are used in some applications: to achieve coupling of visible
light from free space, a 50-mm multimode fiber terminated with
a gradient index (GRIN) lens was coupled to an SNSPD in [40].
Compared with a coupling by a single-mode fiber, multimode
fibers result in higher jitter in SNSPDs [40, 41], caused by
modal dispersion of light pulses due to the difference in propa-
gation velocities among modes.

Achieving efficient optical coupling is synonymous to limit-
ing losses, which may be caused by several effects: when cou-

pling to the detector area, unwanted losses occur due to
reflections at interfaces and divergence of the optical beam,
i.e., “reflections” are caused by the mismatch in refractive index
between materials and can be calculated by the Fresnel equa-
tions [42]. The fiber-air interface is an obvious example: �4%
of the optical power is back-reflected.

Furthermore, in the coupling from the fiber to the detector,
the electromagnetic wave is transmitted through several inter-
faces, where each interface leads to some back reflection. Two
or more back-reflected waves may interfere destructively or
constructively, influencing the total transmitted power. Thus, the
total back-reflected power is dependent on the thickness and
refractive indices of the layers, in addition to the wavelength.

To reduce the back reflection, an AR layer is often applied
at the interfaces. In the case of transmission through an inter-
mediate AR layer, interference between the back-reflected and
incoming waves in the AR layer reduces the overall back-
reflected power. When the thickness of the AR layer is a
quarter wavelength (d ¼ (l0/4pn), the reflection coefficient,
R, is [42]:

R ¼ n0n2 � n21
� �2
n0n2 þ n21
� �2 ð6Þ

Choosing an AR layer with n21 ¼ n0n2, in theory, the reflection
is reduced to zero. For example, by applying an AR coating to
the fiber end, the reflection can be reduced from 4% to 1% [5].

An additional cause of losses is due to divergence of the
beam when propagating unguided in a material, such as in an
air gap. To avoid losses due to this spreading of the beam, a
minimum distance for free-space coupling can be calculated by
considering the beam as a Gaussian function, which is a useful
approximation for estimating the size of the wave. The Gaussian
beam is characterized by a “beam waist,” which is the radius
of the beam where the amplitude is 1/e2 of the maximum
amplitude. In free space, the beam waist, w, expands according
to the equation:

oðzÞ ¼ o0 1þ lz
po0

� �1
2 ð7Þ

The optical path length between the layers can be determined
by sweeping the wavelength and observing the reflected power.
The spacing between fringes allows determining the fiber-detector
distance and possible misalignment [5], as shown in Fig. 3.

In most cases, the active area of the detectors is pro-
duced parallel to a substrate. The optical beam must either
couple directly, perpendicular to the substrate, or evanescently,
with the wave traveling parallel to the substrate, using inte-
grated waveguides.

In many cases, the optical coupling efficiency is optimized
by orienting the optical fiber perpendicular to the detector sur-
face, with a small gap in between.

The coupling efficiency in this kind of setup depends on
the indices of refraction of the materials and the thicknesses
in various layers; multiple reflections occur at the interfaces
between materials with dissimilar refractive indices. Filling the
volume between the fiber end and detector with a polymer
eliminates the air gap, as in [6], shown schematically in Fig. 4,
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where the fiber was attached with UV-curable resin (N ¼ 1.56)
with thickness below 1 mm to the device. With this technique,
98% coupling efficiency to a TES was achieved.
In addition, direct coupling between optical fiber and detec-

tors, bonded with adhesives, has been demonstrated at cryogenic
temperatures for devices, such as photoconductive switches
[43, 44], MSM photodiodes [37], and SNSPDs [8, 41].
As the use of adhesives is often a concern due to the high

stress transfer to brittle materials, detector and risk of mis-
alignment when cooled, support structures for the fiber, such
as metallic housings, allow coupling to the fiber via an air
gap (e.g., [45, 46]). These are discussed further in the section
“Interconnections, Packaging, and Integration.”
Other requirements, such as compactness and multiple fiber

inputs, put constraints on the size and geometry of the pack-
aged device. Orienting the optical fiber parallel to the substrate
is a useful strategy to minimize the size. In addition, fabrica-
tion can be simplified by aligning the fibers in v-grooves pat-
terned in a substrate or block of material, allowing high-density
fiber optic input modules.
In the case of a top-/bottom-illuminated photodetector, this

requires bending the light onto the active area. In [47], as
shown in Fig. 5, with the fiber in a v-groove etched in the

substrate, a CrAu-coated facet at a 55� incline in the substrate
reflects the light to a PIN photodiode mounted on top of the
substrate. This method showed “virtually no coupling loss.”

Alternatively, cleaving the fiber at a large angle, ideally the
wave is reflected totally and exits the fiber at the side of the
fiber. When the fiber is surrounded by air, the maximum cleav-
ing angle is simply determined by Snell’s law:

yT IR ¼ sin�1 1

1:46

� �
� 43� ð8Þ

In [48], to achieve TIR (total internal reflection) at a 45� cleav-
ing angle, a reflecting aluminum surface was deposited on a
multimode optical fiber and glued to a receiver. Compared with
direct coupling, additional coupling losses occurred, attributed
mainly to wave spreading, surface roughness, reflectivity of the
mirror, and other effects such as misalignment.

Coupling to a photodiode by 90� reflection can be avoided
by using side-illuminated photodiodes, where the edges of the
photodiode are angled and the incoming wave is refracted
toward the active area [49].

In photonic chips, where optical fiber are connected to
waveguides, rather than detectors, the waveguides often have
dimensions down to some hundred nanometers. Thus, coupling
tolerances may be even lower.

Coupling losses in an SNSPD integrated circuit occurred
at the grating coupler from a fiber to a 750 nm 3 110 nm
waveguide [20].

A lensed fiber is used to couple to 500-nm-thick waveguides
in an SNSPD photonic circuit [19]. Here, a loss of 3.7 dB
occurred at the fiber-waveguide interface. However, the align-
ment of the fiber is not permanently fixed, but controlled by a
precision stage.

Inverse tapering of waveguides was demonstrated in [50], to
allow direct coupling between optical fibers and the waveguide
with improved modal overlap, resulting in 1.9-dB loss after
fixing the fiber module with adhesive.

INTERCONNECTIONS, PACKAGING, AND INTEGRATION

As seen above, the optical coupling between an optical fiber
and a detector requires considerations of the electromagnetic
behavior and the geometry of the optical coupling. Possible
designs will be limited by the available techniques for bonding

Fig. 4. Schematic diagram of an optical fiber bonded and coupled to a TES
with a transparent resin. Reproduced from [6].

Fig. 5. Optical fiber coupled to photodiode via mirror etched in substrate.
Reproduced from [47].

Fig. 3. Interference fringes used to find the fiber-chip distance and fiber-chip
misalignment in [5].
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and packaging. Furthermore, requirements of size, materials,
and cost will put constraints on the packaging scheme.

In optoelectronics, reducing the cost of fabrication and
enabling high-volume production is a goal for next-generation
devices [51], as accurate alignment and fixing of the fiber often
is a time-consuming process. For devices operating in cryo-
genic environments, choosing suitable materials is especially
important. In general, materials with low expansion should be
chosen to reduce the influence of thermal deformations and
stresses. Many standard commercial components may, there-
fore, be unsuited, as they do not fulfil these conditions. For
example, certain plastic components, such as fiber holders may
shrink considerably during the cooling, which may cause loss
of optical coupling. In the following, some of the challenges
and requirements of cryogenic optoelectronic devices is dis-
cussed, and some realized designs of the optical fiber-optical
packaging is reviewed.

A. Optical/Electronic Integration and Interconnections

In some developments of superconducting devices, there is
a trend toward developing integrated devices. Generally, this
drive is motivated by the need to reduce influence of noise and
propagation losses in high-speed electrical wiring. Addition-
ally, external electrical wiring to the cooled system increases
the thermal load on the system, increasing the power needed
for cooling. Thus, certain developments are aimed at integra-
tion between optical and electronic components on a single-
chip module or multichip module (MCM).

For example, for SNSPD arrays, as the potential counting
rates is several gigahertz, replacing the conventional room-
temperature readout with integrated SFQ electronics was pro-
posed [52] and later demonstrated in [53, 54]. By wire bonding
the detector directly to the SFQ circuit, as shown in Fig. 6, this
is achieved.

For optically driven Josephson junction systems, the inter-
face between the photodiode and the superconducting circuit
poses a similar problem. In early developments, integrated
MSM detectors fabricated on silicon substrates near to the
Josephson junctions were demonstrated in a number of studies
(e.g., [28, 30, 33]).

Later, in the development of JJA systems, commercial photo-
diode modules were used to drive the circuits: a photodiode
was located outside the cryostat in [26], to drive a JJA via a 1-m

coaxial cable, while a cooled MSM photodiode module was
connected via coaxial cables to the JJA in [3].

In several studies, cooled UTC-PD modules were used: the
UTC module was connected by a 23-cm Cu coaxial cable to
the SFQ circuit in [4], reaching speeds of 40 Gbps. In another
study of an integrated module for a high Tc superconducting
sampler [52], the sampler chip is wire bonded to a photodiode
chip, both located in the metal housing holding the two chips,
as seen in Fig. 7.

Further improvements in high-speed performance can be
achieved by developing such system into MCM with flip chip
connections between the chips, further reducing the wire
length. To allow multiple optical fiber inputs, an optical input
module/carrier for an SFQ chip, with an InGaAs MSM diode
fabricated on an InP substrate, has been designed [37], as
seen in Fig. 8. The superconducting circuit is then flip chip
bonded on top of the substrate. Alternatively, commercial pho-
todiodes may be flip chip bonded to the superconducting chip,
allowing integration of the diodes on the superconducting chip,
as proposed in [34, 36].

The bonding and alignment of the optical fiber is a particular
challenge in the device assembly, due to the high alignment
accuracy needed. As the optical fiber often require adhesive
bonding, or rely on complex housing structures for alignment,
robustness and minimization of the device are often difficult to
achieve. As the devices are cooled to cryogenic temperatures,

Fig. 6. SNSPD wire bonded to SFQ readout circuit. Reproduced from [54].

Fig. 7. Integrated UTC-PD/sampler module. Reproduced from [55].

Fig. 8. Optical input module for superconducting chip. Reproduced from [56].
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thermomechanical effects, shrinking of materials, may cause
loss of optical connection. In particular, the high “coefficients of
thermal expansion” (CTEs) of bonding materials, such as adhe-
sives, are sources of high stress concentrations and deformation,
since they are used to adhere to low-expansion substrate mate-
rials, such as silicon. Additional criteria for the package, such as
multiple optical fiber input and size requirements put further
constraints on the design of the optical input.
A traditionally packaged photodiode module, such as tran-

sistor outline cans and butterfly packages, fixes and aligns a
single fiber to a metallic housing, with possibility of applying
focusing with one or more ball lenses. Some limitations may
follow from these designs. For example, alignment of multiple
optical fibers and input may be difficult with this design, while
development of MCMs, for example, might require planar/
parallel fiber input to reduce size.
These challenges are shared with the recent developments in

silicon photonics, which aims to replace electrical connections
with high-speed optical connections. Thus, there is an effort to
develop new technologies for optical fiber connections, in an
effort to reduce cost and improve performance in terms of
higher speed, multiple electrical input/outputs, reduced size and
achieve high coupling efficiency [51].
For example, a quad flat no-lead package with a Si-Ge pho-

todiode has been demonstrated, with the fiber directly cou-
pled to photodiode by gluing with a UV-curable resin [57].
A self-aligning, passive alignment packaging of a vertical-
cavity surface-emitting laser diode was demonstrated by etching
a hole for the optical fiber through the silicon substrate [58].
The fiber, held in a ferrule, was aligned by a pick-and-place
machine and glued to the substrate, achieving high alignment
accuracy and reliable performance when thermally cycled
between �40�C and �85�C.
In a number of papers, the techniques for fiber alignment

and bonding for cryogenic applications are described. In the
following, we review some practical solutions, which been
demonstrated, differentiating between devices with single and
multiple optical input.

B. Single Fiber Packaging

A substrate such as a Si wafer may contain one or more
photodetectors, either bonded or produced directly by microfab-
rication. If only a single optical fiber input is required, a number
of techniques for optical fiber assembly has been demonstrated.
Several demonstrations of cryogenic detectors apply direct,

perpendicular bonding of the optical fiber using some adhesive.
In [6], as shown previously in Fig. 4, a fiber with a mode field
diameter of 4 mm is attached by filling the small (�300-nm)
gap with a UV-curable index resin, also acting as an AR layer.
The misalignment in this setup was <1 mm, resulting in negli-
gible coupling loss. Similarly, in [8], as shown in Fig. 9, a 15-m
m core fiber was attached directly to a 50 mm 3 50 mm NbN
SNSPD grown on MgO substrate using a UV curing resin.
In [28], the optical fiber rests inside a glass capillary glued

to the surface of a 50-mm-thick quartz spacer, which is sub-
sequently glued to a 20 mm 3 20 mm integrated MSM diode.
The function of the quartz spacer is to protect the detector
surface and to provide space for the wave to spread out to
reduce local saturation effects in the detector.

Similarly, a single-mode fiber was aligned and cemented
50 mm above a 10 mm 3 10 mm GaAs photoconductive switch
grown on a GaAs substrate [43]. The deformations during
curing of the epoxy caused coupling loss of 35% of the ampli-
tude of the sampled voltage pulse. In a similar setup, sam-
pling measurements of a fiber-coupled photoconductive switch
showed that mechanical displacement caused by the mismatches
of CTEs during cooling affected the peak amplitude of the
current [44].

As high-expansion adhesives, such as some UV-curable adhe-
sives, are prone to stability problems, overcoating the adhesive
with a silicone polymer or “cryo-type” epoxy may enhance
robustness at cryogenic temperatures [59].

Alignment of the single-mode and multimode optical fibers
to small-area (10 mm 3 10 mm) SNSPD with a micromechani-
cal photoresist ring is described in [41, 60]. The ring is aligned
with marks in the substrate allowing better than 1-mm align-
ment of the fiber, as pictured in Fig. 10. Additional mechanical
support of the optical fiber is provided with aluminum holders
glued to the bottom copper flange. A maximum coupling effi-
ciency of 33% is reached with this design: Significant mis-
alignment due to contraction and tilting in the initial cooldown
is suggested as the cause. Furthermore, for some detectors,
microcracks in the fiber occurred, reducing the coupling effi-
ciency to a very low value.

Fig. 9. Fiber glued to SNSPD detector. Reproduced from [8].

Fig. 10. Optical fiber aligned with micromechanical resist ring. Reproduced
from [41].
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The use of adhesives is often seen as problematic in terms
of reliability and stability, although systematic studies of these
issues seems to be missing. Using structural components such
as metal housings, ferrules, and alignment sleeves to hold the
substrate and fiber, adhesive bonding of the fiber to the detector
can be avoided.

In a “self-aligning” package described in [61], seen in Fig. 11,
alignment is achieved by machining a substrate into a circular
shape to fit a standard alignment sleeve holding an optical fiber
inside a zirconia ferrule. This scheme resulted in an average
alignment error of 3.1 mm, consistent with the undersizing of
the machined substrate.

“Housing modules,” where the substrate is bonded to
machined metal blocks, provide a simple and reliable way to
align single optical fibers to detectors. Two similar approaches
for aligning the fiber-coupled SNSPDs are described in [46]
and [62]. Here, optical fibers are glued inside ferrules, which
are attached to the lid. By adjusting the position of the lid,
the fiber is aligned by observing the optical beam. In [46],
Invar 36 is chosen as the housing material due to its very low
thermal expansion, with borosilicate as the ferrule material,
while in [62], as seen in Fig. 12, the housing material is copper,
with a zirconia ferrule. The SNSPD is illuminated through
the sapphire substrate, achieving 98% coupling efficiency for
a 45-mm substrate thickness.

To reduce the spot size at the detector, focusing lenses may
be used. In [63], an SNSPD is illuminated through an MgO
substrate. GRIN lenses were fused directly to the fiber end
inside a ferrule to focus onto the detector.

A housing module, incorporating ball lenses and a spectral
filter, was designed for fiber coupling to SNSPD arrays [64].
This allows an adjustable spot size, and multiple microlenses
are etched into the Si substrate for coupling to an array of
SNSPD detectors.

Another example of a detector module based on a metallic
housing is found in [65]: Optical coupling to a UTC photodiode
with a 30 mm2 absorption area is achieved from an optical fiber

via two aspheric lenses. The optical components and photodiode
are welded to Invar holders in a Kovar package, showing good
coupling stability when thermally cycled. To use such a module
for driving superconducting electronics, a commercial module
was modified, removing ferromagnetic material used to hold
the lenses in [66]. Instead, the module was customized with a
lensed fiber glued to a ferrule and brought close to the photo-
diode, as seen in Fig. 13.

Although packaging schemes using metallic housings may
provide relatively simple and reliable alignment, the size and
heat capacity may increase the cost of cooling. In addition,
such solutions may be limited to a single fiber optical input.

Rather than permanently fixing and aligning the optical
fiber, the beam may be directed to its target by precision
stages, either coupled in free space by lenses from outside
the cryostat through an optical window [30, 67] or aligned
inside the cryostat by a micromechanical stage [19]. Having
an optical window, however, increases the dark count rate due
to radiation leakage [19].

For coupling a lensed fiber to a 500-nm-wide waveguide,
the fiber is aligned by a slip-stick stage in the cryostat in [19].
Similarly, an optical fiber with fiber focuser was clamped

Fig. 11. “Self-aligned” SNSPD package, showing the (a) optical fiber, (b) align-
ment sleeve, (c-e) detector on machined silicon substrate, wirebonded to pins,
and (g) an image of the optical beam. Reproduced from [61].

Fig. 12. Schematic diagram of SNSPD sensor housed in copper package.
Reproduced from [62].

Fig. 13. Modified packaging of a UTC module: lensed optical fiber fixed with
epoxy and coupled to side-illuminated photodiode. Reproduced from [66].
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to a nanopositioner and coupled to a circular, 9-mm-diameter
SNSPD [68].
The optical fibers are terminated by brass ferrules and

focused by lenses in [45]: Motion control X-Y piezoelectric
stages control the position of the ferrules to achieve align-
ment of the beam to photoconductive switches. This approach
is chosen to avoid the destruction of the device and misalign-
ment during curing and cooling of the glue.
As seen above, a ferrule is often used in the attachment of the

fiber. Ceramic, glass, and metal ferrules are common materials.
For multimode fibers, focal ratio degradation may impact

the output beam: Microbends in the fiber scatter the axial angles
of incidence of guided rays [69]. Focal ray degradation due
to thermal deformation at 77 K was studied in [70]. Results
showed little effect on transmission for bare fibers, and only
steel ferrules had an impact on focal ray degradation, while glass
ferrules are better suited as the CTE matches that of the fiber.

C. Multiple Fiber Packaging

For some applications, multiple fiber input is needed. For
example, a pair of balanced diodes are required for the genera-
tion of bipolar voltages in Josephson junction voltage standards.
In these cases, the schemes described above are less practical,

as the vertical arrangement and bonding of optical fibers is
space demanding; to save space and simplify alignment, planar
structures, where one or more fibers is fixed parallel to the
substrate, has advantages. A common technique to achieve this
is to use so-called v-grooves in substrates: Multiple fibers may
be passively aligned by simply press-bonding them into the
grooves. An advantage of using v-groove holders is that the size
of the device can be reduced. In addition, the assembly proce-
dure can be simplified. However, the alignment of the fiber
holder may be challenging and require specialized equipment.
V-grooves can be fabricated with high precision in a silicon

substrate by wet etching [71] or sliced in glass components
[72]. Studies of adhesively bonded optical fibers have shown
that the placement and thickness of the adhesive influence the
misalignment due thermal expansion of the epoxy [73], as the
fiber may not properly touch the walls during the bonding of
the fiber (Fig. 14).
To deal with the concern of the long-term improved resis-

tance to creep and thermal cycling of adhesively bonded fibers,

solder bonding of optical fibers to silicon v-groove modules,
by depositing multilayered coatings on the SiO2 surface and
optical fiber, has been demonstrated [74]. Anodic bonding of
optical fibers to silicon v-grooves has also been demonstrated,
requiring coating the fiber with high Na+ glass [75].

Commercial v-groove modules have been used to couple
optical fibers to waveguides in cryogenic photonic chips. As
seen in Fig. 15, glass modules are aligned and bonded with a
cryogenic type adhesive [50], showing good stability against
thermal cycling. In a similar setup, for a TES photonic chip,
misalignment was reported between the fiber holder and wave-
guide, when cooled [21].

V-groove holders may also be used to couple vertically onto
a detector surface. This, however, may require an additional
coupling step, with the bending of the wave. A patent of a
cryogenic optical/electric interconnect module is described
in [76], as shown in Fig. 16. The beam is reflected internally
in the optical fiber onto the active area of a detector, with the
optical fibers bonded by epoxy in v-grooves in a silicon fixture,
which in turn is glued to a silicon fixture holding a photodiode
array. Furthermore, these are bonded via an intermediate layer to
a conductive base material. In this design, materials are chosen
to match the CTE.

An example of the requirement of a dual optical input in
metrology is mentioned in [15]: Two optical fibers, held in
silicon v-groove modules, are coupled perpendicularly to a pair
of TES detectors. This is achieved by gluing the v-groove
holder to a copper angle bracket with an epoxy. Furthermore,
the copper bracket was soldered to the substrate with an indium
alloy, as shown in Fig. 17. Although the design theoretically

Fig. 14. Scanning electron microscopic image of optical fiber adhered with
epoxy in silicon v-groove. Reproduced from [73].

Fig. 15. Optical fibers coupled to silicon waveguides. Reproduced from [50].

Fig. 16. Schematic diagram describing a cryogenic optical input module.
Reproduced from [76].
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allowed geometrical optical coupling by 100%, only 60% was
reached due to defects in the bracket and the thickness of
the solder.

MATERIAL PROPERTIES AND BONDING

AT CRYOGENIC TEMPERATURES

A. Low-Temperature Material Properties

As seen, fixing and aligning an optical fiber with high
accuracy is a challenge in the design and assembly process,
especially at cryogenic temperatures. Epoxies are commonly
used for fiber bonding, while chips are often bonded in a
flip chip process, with bonding materials, such as solders. The
cooling of devices to cryogenic temperatures potentially puts
large thermomechanical stresses on the package. Interfaces
between adhesives and low expansion substrates/components
are of particular concern, as they are locations for large stress
concentrations. Selecting suitable adhesive or other bond-
ing materials to minimize stress is an important part of the
design process.

In microelectronic packaging, a main concern is often the
shearing and peeling stresses at interfaces, as shown that can
cause adhesive or cohesive failure, or cracking in brittle mate-
rials [77]. Thus, the design of the joint geometry should be
made to minimize peel and tensile stresses as this reduces the
chance of crack initiation at the interfaces. The strength and
robustness to thermal cycling is a condition for the realization
of these kinds of cryogenic devices. When cooled, stresses and
deformations are induced in the materials due to differences in
thermal expansion (contraction) of the components. Although
optical components and substrates typically have low expan-
sion, solders and adhesives commonly used for bonding have
higher expansion.

The CTE, relates the change in length, dL, with a tempera-
ture change, dT:

a ¼ 1

L

dL

dT
ð9Þ

As a is a temperature-dependent property, the total contrac-
tion DL is found by integration:

DL ¼
ð
adT ð10Þ

In general, a increases with increasing temperatures and is
reduced to 0 at absolute zero. For example, silicon, which is
commonly used as the substrate material, has a low thermal
expansion and, notably, a negative CTE from �0 K to 120 K
[78], as seen in Fig. 18. Negative thermal expansion is also
found in other materials, such as silica [78] and borosilicate
glass (Pyrex) [79].

B. Polymers, Such as Epoxies, Are Fundamentally Different
from “Harder” Materials, Such as Metals

In metals, thermal expansion is due to the anharmonic bind-
ing potential, while in polymers the situation is more compli-
cated: The binding forces in polymers are a combination of
intra- and intermolecular forces, covalent bonds binding the
atoms in a chain, and van der Waals forces acting between
chains. The thermal expansion in polymers is a combination
of negative and positive contributions [80], i.e., a small nega-
tive expansion due to transversal vibration of the chains, a
small positive expansion due to covalent binding, and a large
expansion due to interchain modes. At low temperatures, the
expansion is dominated by van der Waals forces between
the molecules, while at higher temperatures, stretching of the
covalent bonds within the chains become dominant [81], lead-
ing to a temperature dependence of the CTE, which is charac-
teristic for many polymers, as shown in Fig. 19.

At room temperature, the CTE for a pure epoxy depends on the
type of resin and degree of crosslinking [81], but typically varies
from 50 ppm to 80 ppm at room temperature, giving a total
contraction from room temperature to 4 K of �1%-1.5% [80, 82].

The thermally induced stresses will largely depend on the
“elasticity” of the materials. The elasticity of a material describes
its stiffness: The force required to deform an object:

E ¼ tensile stress

extensional strain
¼ �

o�
ð11Þ

Fig. 18. Thermal expansion of silicon at low temperatures. Reproduced
from [78].

Fig. 17. Optical fibers coupled to TES detector, fixed in silicon v-groove
holder. Reproduced from [15].
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For brittle materials, fracturing occurs at stresses higher than
the yield strength, while ductile materials deform plastically
before fracturing at the tensile strength. These properties too
are temperature dependent. The elastic modulus and strength
of materials generally increase at lower temperatures. Notably,
polymers, such as epoxies, are brittle at low temperatures,
while many solders and metals may remain relatively ductile.
For many materials, however, the increase may be modest. For
example, a 10% increase can be expected for some metallic
alloys [83], while some solders may experience significant
changes in strength and ductility at low temperatures [84].
Epoxies are characterized by a significant increase in both

stiffness and strength when cooled: the increase in strength and
elastic modulus of pure epoxy at lower temperatures is related
to the shrinking, i.e., during cooling, the free space between
molecules in the epoxy matrix disappears, leading to an
increase in the molecular intermolecular forces [85]. Although
epoxies may show some plasticity at room temperature, and
increasingly near the glass transition temperature, they become
increasingly brittle when cooled, as shown for a neat epoxy
in Fig. 20. However, some epoxies may show a small amount
of plastic behavior even at 4 K [82].
To reduce the thermal expansion, cryo-type epoxies are

typically modified with low-expansion fillers. For example,
modifying an epoxy with 4 wt.% SiO2 nanoparticles may
reduce the CTE from �62 ppm to �45 ppm at room temper-

ature [87]. Likewise, 3 wt.% carbon black reduces the thermal
expansion of the neat epoxy by 40% [86].

However, the mechanical properties, such as the elastic
modulus and strength, also change when fillers are added. In
[82], mechanical properties of several types of epoxies were
tested from Tg to 4 K, of which two of the epoxies had fillers.

The cost of reducing thermal expansion by fillers, however,
is often an increase in elastic modulus and brittleness. There
is a significant increase in the modulus when cooled from
room temperature, and the filled epoxies showing a larger
increase than the unfilled, as seen in Fig. 21. For all the sam-
ples, the maximum strain before fracture decreases steadily at
lower temperatures.

The addition of nanosized filler particles to the epoxy resin
may enhance the mechanical strength at cryogenic tempera-
tures, due to an increase in interfacial adhesion between the
resin and particles [87, 88]. For example, adding silica nano-
particles will increase both the tensile strength and elastic modu-
lus at 77 K, while reducing the thermal expansion [87]. However,
above an optimal weight percentage, the strength may decrease,
for different reasons: For carbon-black-filled epoxies, it was
observed that the tensile strength decreased at increasing con-
centrations [86]. It was speculated that the particles “prevented
the shrinkage of the polymer networks, which interfered with
the intermolecular forces at the cryogenic temperature.”

A number of commercial epoxies are marketed as suitable
for cryogenic environments. For example, Stycast 1266 and
2850FT are often referred to as “work horses” for low-
temperature physics [89]. In [90], the mechanical properties
of Stycast 1266, modified with quartz particles were studied:
Adding silica fillers increased the elastic modulus while lower-
ing the yield strength at cryogenic temperatures.

C. Bonding at Cryogenic Temperatures

The reliability and thermomechanical behavior of micro-
electronics packaging has been extensively studied, although
there may be a less understanding of the reliability of cryogenicFig. 20. Stress-strain curves of neat epoxy. Reproduced from [86].

Fig. 21. Elastic modulus at low temperatures. A, B, and C are pure epoxies,
while D and E are filled. Reproduced from [82].

Fig. 19. Characteristic dependence of the CTE for polymers. Reproduced
from [81].
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packaging. Some results of adhesively bonded optical compo-
nents at cryogenic temperatures are discussed in the previous
section, with some authors reporting issues with adhesively
bonded components, although systematic reliability studies
seem to be lacking.

Nevertheless, principles and results from packaging of
“ordinary” electronics may be transferred to cold electronics.
For example, in an adhesively bonded die to substrate, the
difference in expansion between die and substrate lead to
bending, with resulting peel and shear stresses. Increasing the
thickness of the adhesive leads to lower shear and peel stresses
at elevated chip temperatures. As a thicker adhesive layer leads
to a decrease in the heat conductivity, an optimum adhesive
thickness can be found [91].

On the other hand, thick adhesive layers can lead to unac-
ceptable stress transfer to brittle materials such as a silicon
substrate, leading to fracturing. The bonding between two silicon
wafers with epoxy for a cryogenic application is discussed in
[90]: Epoxy with high elastic modulus caused cracking in the
silicon wafers for thick adhesive layers (>500 mm) when ther-
mally cycled to 77 K.

Similarly, in [92], it was shown that thicker adhesive layers
led to lower shear strength of single-lap joints with metal adher-
ents. The explanation suggested was that the “plastic zone
around the crack tip was not confined by the adherents,” giving
a lower fracture toughness. In addition, the higher thermal
stresses in the adhesive due to CTE mismatches would give
lower shear strength.

In addition to the thickness, the elastic modulus of the adhe-
sive is an important property to consider. A study of a laser-fiber
assembly found that “maximum vonMises stress varied inversely
with the thickness and proportionally with the modulus” [93].

To reduce stress transfer to brittle substrates, a compliant
epoxy, meaning one with low elastic modulus should be used.
This selection criteria was used to select an adhesive for bond-
ing a charge coupled device intended for a space telescope [94]
and for bonding cryogenic optics [95], and to select an epoxy
used for bonding microwave-integrated circuits operating at
cryogenic temperature [96].

As seen previously, the tensile strength of epoxy increases at
low temperatures. Adhesive double lap joints at low tempera-
tures (�150�C) were studied in [97]. Tensile tests showed that
joint strength increases at �150�C, while failure was caused by
the crack initiating and propagating from the adherent interface.

The significant thermal residual stresses due to the cooling
may reduce the bonding strength: The shear strength in an
adhesively bonded (carbon-black-filled epoxy) double joint
was reduced at cryogenic temperatures compared with room
temperature [86], due to the thermal residual strains at this
temperature. After thermal cycling of this epoxy to �150�C,
the shear strength was reduced, depending on the filler weight
percentage [86], as shown in Fig. 22.

Such “fatigue failure” may be responsible for 90% of all
structural and electrical failures [98] in microelectronic packag-
ing. The effect of cryogenic temperature cycling of some adhe-
sives was tested in [89]: a thin layer of epoxy between two glass
plates was subjected to thermal cycling to 77 K, and then the
bond strength was tested in a simple test by applying a torque.
Although some adhesives released at a high torque, others frac-
tured internally in the cooling, as opposed to debonding.

Thermal fatigue in epoxies is caused by crack growth. At
existing, small flaws in the material, such as a scratch, there
will be a local stress concentration from which cracks grow.
The ability to withstand fractures due to preexisting cracks is
measured by the “fracture toughness,” K, with the unit Pa

ffiffiffiffi
m

p
.

The fracture toughness and creep deformation in epoxies
at cryogenic temperatures were studied in [82], finding that
for decreasing flaw sizes, the strength of specimens level of to
that of plain specimens. The fracture toughness of four resins
at low temperatures is shown in Fig. 23 [82]. While decreas-
ing temperature, the fracture toughness reaches a maximum
�80 K, and then decreases at lower temperatures, reaching
room-temperature values.

Modifying the epoxy influences the fracture toughness:
Epoxies filled with nanoclay and carbon-black-filled epoxies
increased the fracture toughness at room temperature. How-
ever, at cryogenic temperature, the fillers reduces the fracture
toughness and there was a decrease compared with the pure
epoxy at cryogenic temperatures, from which it was concluded
that “the intermolecular forces between polymer networks of
the epoxy were much dominant than the toughening effect of
the mixed nanoparticles at the cryogenic temperature” [99].

The curing schedule of the adhesive is important for good
bonding. A high degree of curing, achieved by curing at higher
temperatures, leads to a higher degree of crosslinking, which
maximizes glass transition temperature and strength, while
minimizing CTE [100]. However, a high curing temperature
leads to higher residual strains when cooled. A study of a
single lap adhesive showed that a high degree of curing
increased the bonding strength at both cryogenic and room

Fig. 22. Lap shear strength in an epoxy-bonded double lap joint after several
thermal loadings. Reproduced from [86].

Fig. 23. The fracture toughness of three neat epoxies and a filled (squares)
epoxy. Reproduced from [82].
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temperatures [101]. Furthermore, “smart cure cycles,” consist-
ing of “gradual heating, rapid cooling, and reheating steps”
could be used to minimize thermal residual stress.
In single-chip module or MCM, such as that seen in Fig. 8,

the chip is mounted on a substrate. In flip chip bonding, metal
bonds are formed between the backside of chip and the sub-
strate with matching bond pads, providing both mechanical
attachment and interconnections. As such connections have
lower cross talk than wire bonds, they are commonly used in
high-speed circuits. Solders are commonly used for optoelec-
tronic chip attachment, such as photodiodes, due to their self-
aligning ability. When melted, the surface tension in the solder
bumps will act to minimize the surface, thereby aligning the
chip with 1 mm precision with respect to the bond pads [102].
When choosing a solder material, several properties must be

considered, such as melting temperature, Young’s modulus,
CTE, Poisson ratio, fatigue behavior, and creep rate [103]. A
distinction can be made between “soft” solders, such as PbSn,
InSn, and InPb, which are characterized by low melting tem-
perature, increase in strength, and decrease in ductility at low
temperature, and “hard” solders, such as AuSn, AuGe and
AuSi, which do not undergo stress relaxation [104] (and refer-
ences therein). A study on some Sn-based solders at cryogenic
temperature found that the tensile strength increased, and then
decreased when the temperature decreased [84]. Furthermore,
tensile testing showed that fracturing was ductile at higher
temperature, but brittle fracturing occurred at low temperature.
In chip attachment for superconducting modules, some stud-

ies on the mechanical reliability are reported, primarily using
so-called soft solders, sometimes with an adhesive underfill:
PbSn bumps, formed by a wire bonder, were demonstrated as
connections between a superconducting Si chip and Al2O3 sub-
strate, surviving several thermal cyclings to 4 K [105]. Further-
more, it was shown that the shear strength depended on the pad
metallization, with Nb/Pd pads performing better than Nb/Au.
InSn solder bumps seem to be a commonly used solder

material in many superconducting applications, as seen in sev-
eral reports: for example, Josephson chips bonded directly to
flexible carriers with InSn solder eliminated previous prob-
lems with mechanically worn spring-finger contacts, as reported
in [106]. Additionally, InSn bumps are used in several super-
conducting MCMs, such as for bonding SFQ chips on a carrier
(see e.g., [4, 66]).
A flip chip process for forming solder bumps and attaching

superconducting dice was described in [107], with the bonding
process shown in Fig. 24. InSn solder bumps are first formed
on the pads, which have a Ti/Pd/Au layer onto Nb by immer-
sion in liquid solder. The solder bumps, which become

superconducting <10 K, adhere only to the wettable pads,
forming bumps with an average height �12 mm. After ther-
mal cycling, the bonding had low failure rate (300 ppm),
high reliability, and acceptable thermal resistance.

Thirty micrometer InSn bumps formed by immersion was
used to bond superconducting chips in [108], transferring
SFQ pulses at over 10 Gbps. Another group, however, in
[109], reported that this technique did not provide sufficient
mechanical stability for a superconducting MCM module, and
the bonding was enhanced with a nonconducting adhesive,
showing stability against thermal cycling. Expanding on this,
the thermal conductivity of the adhesive can be increased using
thermally conductive fillers. Single-walled carbon nanotubes
are used as fillers in [110] to enhance the thermal conductivity
of a commercial epoxy “without compromising its electrical
properties.” In [111], thermal simulations showed that this adhe-
sive, when used as underfill for an InSn electrically bonded
superconducting MCM, the temperature difference between the
chip and substrate reduced the temperature difference by 86%.

Chip attachment by indium in cryogenic environments has
been studied, due to its low melting point and high ductility,
i.e., the reliability of indium joints for chip attachment of
SiGe modules for Martian and lunar exploration were studied
in [112], finding satisfying lifetime for such missions. Elec-
troplated indium bumps were produced and their high-speed
characteristics tested up to 100 GHz in [113], for a flip chip
bonded chip, in combination with an adhesive, surviving over
100 thermocycles.

SUMMARY AND CONCLUSIONS

Fiber-coupled devices operating at cryogenic temperatures
are being developed, with applications in several technologies.
Superconducting optical detectors have applications in quantum
communications and research, while an optical signal input is
often desirable for superconducting electronics. In both cases,
the design and packaging of the fiber-to-detector coupling may
be a challenge.

Ideally, the manufacturing of these devices should yield
cheap, robust devices with small size, with possibility of inte-
gration between optical and electronic components. However,
compromises must often be made to obtain a practical device.
For example, direct bonding of optical fibers with transparent
adhesives might enable low-cost, simple assembly, although
the long-term stability of adhesive bonds is typically lower
than other methods.

Eliminating the use of such adhesive bonds is useful for reduc-
ing the thermal residual stresses. However, this requires more
complex supporting structures for the optical fiber, typically
using housing components, increasing the size of the package.

Another strategy for reducing the size of the package is to
develop planar structures, although this strategy might require
a more complicated optical coupling, resulting in more manu-
facturing steps and lower tolerances for alignment accuracy.
Few demonstrations of such packages have been demonstrated,
except for some integrated optical circuits with the fibers
coupled to waveguides.

Developing suitable adhesive and metallic bonding techniques
is critical for enabling a reliable and robust package. The increase
in stiffness in all materials at cryogenic temperatures means that

Fig. 24. Schematic diagram showing the principle behind flip chip attach-
ment of die to substrate with In/Sn reflow soldering: a solder bump is deposited
on the substrate, and the die is bonded by aligning the die and heating to the
melting point of the solder. Reproduced from [107].
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the bonding material must be chosen with care. Several possible
failure mechanisms are plausible at cryogenic temperatures, such
as cracking in brittle substrates or debonding at material inter-
faces. Thus, generally, bonding materials of low thermal expan-
sion with high compliance should be chosen. In addition, the
joint geometry and layer thicknesses should be optimized.

Further progress in these technologies may lead to closer
integration between the optical input and electronic circuitry.
In addition, standardization of coupling techniques and the
development specialized optical fiber components would be wel-
comed, opening up for the commercialization of such devices.
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