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Flexible Cryo-Packages for Josephson Devices
Charles J. Burroughs, Samuel P. Benz, Paul D. Dresselhaus, Yonuk Chong, and Hirotake Yamamori

Abstract—We have developed a method of bonding super-
conductive integrated-circuit chips to interchangeable, mi-
crowave-compatible, flexible cryo-packages. This “flip-chip on
flex” technology will greatly improve the service life and reliability
of our Josephson systems because the present press-contacts to
the chip are replaced with directly soldered connections. The
new method eliminates the most common failure mode for our
Josephson chips, which has been the degradation and variation of
the contact resistances of the chip pads due to mechanical wear
upon repeated thermal cycles from 4 K to room temperature.
The superior microwave properties of this packaging provide
improved operating margins for our devices. We have demon-
strated the reliability of the bonds with repeated thermal cycling
for 100% operational chips with 40 connections (67 410 Josephson
junctions).

Index Terms—Chip bonding, cryo-packaging, Josephson arrays,
Josephson voltage standard.

I. INTRODUCTION

W
E have developed a new packaging technology for

our superconductive Josephson devices in which we

directly solder our chips to flexible carriers. The primary de-

sign considerations for these cryo-packages are long service

life, improved microwave performance, and stable, reliable

chip-to-carrier contacts. For the past 10 years [1], we have been

designing and fabricating a variety of circuits based upon super-

conductor—normal metal—superconductor (SNS) Josephson

junctions including chips for programmable Josephson volt-

ages standards (PJVS) [2]–[4], pulse-driven Josephson arbitrary

waveform synthesizers (JAWS) [5], and Johnson noise ther-

mometry (JNT) [6]. Recent efforts have been focused upon

increasing the operating margins and long-term reliability of

these devices so that they may be used for many years in their

respective applications.

Traditionally, our cryoprobes at NIST have been based upon

printed circuit boards with beryllium-copper spring-fingers that

connect to the chip. This technology is convenient for research

and development since the chips can be mounted or removed

from the cryoprobe in seconds. The probes allow us to test

many chips per day, but they are not a viable long-term package

because the chip pads become mechanically worn over time,

which eventually degrades the contacts. Furthermore, most of

our circuits are used in high-accuracy voltage metrology appli-

cations where worn contacts with nonlinear behavior or a few
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Fig. 1. Two flexible carriers prior to chip solder bonding. The flex are
manufactured side by side as illustrated, on panels containing 12 to 20
individual circuits. These two flexes are used for PJVS chips, and they illustrate
two different microwave launch structures: (a) has a wide 70 microstrip
splitter, and (b) has a narrow 35 microstrip splitter.

ohms of resistance can be a source of small but unacceptable

errors including thermal voltages, rf-induced dc-offsets, output

waveform distortion, and biasing inaccuracies due to unpre-

dictable contact resistances. In fact, when routinely used chips

exhibit reduced performance or become difficult to operate,

the cause of the problem has generally been mechanically

worn contact pads on the chip. We are able to determine that

the problem occurs at the interface between the chip-pad and

spring-finger because the four-wire measurement configuration

of our circuits allows us to make isolated measurements of the

individual contacts.

To resolve the contact issue, we have developed a “flip-chip

on flex” method of permanently bonding our chips to a flex-

ible cryo-package. This technology has a number of advantages

over our traditional packaging including long-term stability of

the contact electrical properties, high reliability with repeated

thermal cycling, and superior microwave properties that im-

prove chip operating margins and signal bandwidth.

II. FLEX BONDING PROCEDURE

The procedure for bonding our chips to flexible cryo-pack-

ages has been streamlined into a few simple steps, starting with

preparation of the flexible carrier (which we will refer to as

simply the flex throughout this paper). Fig. 1 shows a typical flex

consisting of a 250 thick sheet of microwave-compatible di-

electric with 50 thick copper wiring layers on both sides,

plated-through vias, and four precisely located 3 mm holes that

mechanically align the flex to the chip when mounted in our

custom-built bonding machine. The copper wiring contacts to

the chip have a finished width of 250 . The flex has a solder

mask covering its entire surface except over the area to be occu-

pied by the chip and the pads around the edge of the flex where
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Fig. 2. The bonding head of the custom-built bonding machine with (a) the
chip installed on the heater block (in the alignment pocket that positions the
chip from all four sides), and (b) with the bonding head fully assembled and the
flex aligned face down in contact with the chip, ready to solder the bonds.

copper wires and microwave connectors are installed. Immedi-

ately prior to bonding, we apply InSn solder (52% indium, 48%

tin) to the flex contacts by dipping the front surface of the flex

into a solder bath at 140 for a few seconds. We use a liquid

flux for this process to ensure quick and uniform wetting of the

solder. The back-side of the flex is also masked to prevent solder

from flowing onto the back-side ground plane.

The next step in the bonding process is the most important

one—inspection and touch-up of the InSn bumps under a 10X

magnifying lens. The solder bumps must be the proper size on

every flex contact even though each chip design uses several dif-

ferent types of contacts including microwave center conductors,

plated-through vias to back-side ground, and dc connections. To

ensure 100% yield of the bonds, a few flex contacts usually need

to have a little solder added using InSn solder paste or removed

with a tiny scalpel. This manual step is necessary because the

solder bath dip procedure does not provide perfectly uniform

solder bumps and because the flex contacts all have slightly dif-

ferent areas. Although this step requires user intervention and

oversight, it is still the method of choice because other tech-

niques (such as solder paste using a template) are presently te-

dious and time consuming for these small contacts. The pads on

the chip do not require preparation because their top surface is

palladium-gold, which is readily wetted by the solder.

Once the flex is prepared, the procedure to bond the chip

is quick and straightforward. The chip is installed face-up on

the heater block of the bonding machine as shown in Fig. (2a),

where an alignment pocket precisely holds the chip in place

from all four sides. A liquid flux is applied to the face of the chip,

and the flex is immediately installed face down on top of the

chip using the 3 mm diameter pins for precision alignment. Fi-

nally, as illustrated in Fig. (2b), the remaining mechanical pieces

are installed over the flex that apply a reproducible, adjustable

force that presses the flex into contact with the chip. An auto-

matic heating cycle is initiated to ramp the heater temperature to

140 where it holds for a few seconds and subsequently cools

down to room temperature in about a minute. After bonding, the

chips are tested at room temperature to verify chip-to-flex con-

tinuity. Then the flex is epoxy-bonded to a “stiffener” frame to

make the flex rigid where the microwave launches and copper

wiring will be soldered. The final package is illustrated in Fig. 3.

Fig. 3. Completed “flip-chip on flex” cyro-package including an SMA
connector to the 4-way microstrip splitter, 40 front-side pads for attaching
copper wires for dc biases, and a back-side stiffener frame under all soldered
regions around the perimeter of the flex.

Fig. 4. Photograph of the solder bonds on the chip pads, after the flex has been
peeled away. The imprint of the flex contact is clearly visible, as is the 50 �m
of solder that was between the chip pad and the flex contact.

The custom-built bonding machine provides a quick and

convenient way to permanently solder our chips to flex with a

minimum amount of heat applied to the chip, while precisely

aligning the flex contacts to the chip pads (typically within

). Since the solder bonding process is quick and at

a relatively low temperature, we measure no changes to the

chip maximum current capacity, SNS junction parameters, or

critical currents.

III. FLEX BOND ANALYSIS

To date, we have bonded a number of different Josephson

chips to flex with a variety of chip-pad and flex-contact config-

urations. The strongest bonds produced so far are for the 40-pad

PJVS circuit of Fig. 1. In this case we carefully control the final

shape of the solder bonds by making the chip pads wider than the

flex contacts by 50 to 75 per side, and by confirming that

the proper amount of solder has been applied to each flex con-

tact. We also install height adjustment shims under the bonder

alignment plate to mechanically prevent the pressure of the flex

on the chip from squeezing all of the solder out of the contacts.

This technique creates a small “pocket” of InSn on each chip pad

in which the flex contact sits, and there is a measurable layer of

InSn (about 50 ) remaining between each chip pad and flex

contact. Fig. 4 shows the flex-contact imprint in the remaining

solder of a flex-bonded chip pad; the flex was deliberately peeled

apart from the chip for inspection. These InSn bonds on our

PJVS chips are very strong and withstand numerous thermal cy-

cles as well as stress tests where the cryopackage is warmed and

cooled to liquid helium temperature in 10 seconds.
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TABLE I
CHIP OPERATING MARGINS BEFORE AND AFTER BONDING

These data are for a 2.6 Volt PJVS chip measured in our standard coplanar
spring-finger cryoprobe (before bonding), and then measured again after being
permanently bonded to a flexible cryopackage. In both cases the applied mi-
crowave frequency was 18.5 GHz and the microwave power level was optimized
so that the output step height for the entire chip was approximately the same for
the zero and positive current steps.

IV. MEASUREMENT RESULTS

The “flip-chip on flex” technology not only solves our

problem with long-term contact reliability, but it also produces

considerable improvement in operating margins for our PJVS

chips. This improvement is most likely due to the excellent

microwave characteristics of the flex and its ability to imple-

ment compact microstrip splitters and launches with precisely

controlled dimensions. Table I shows the operating margins for

all thirteen Josephson-array segments of a 2.6 Volt PJVS chip

[7]. The chip was measured first in our traditional coplanar

spring-finger probe, and then under the same conditions after

flex-bonding. These data are for a microwave drive frequency of

18.5 GHz and are representative of the typical improvement in

operating current range that we have observed for many similar

chips. In this case, the largest array cells show significantly

improved operating margins, 61% to 77% larger current range,

over which the output voltage exhibits the required flatness.

We have measured two different microstrip splitters on flex to

determine which type works best for our PJVS application. Both

splitters are four-way circular-sector-shaped power dividers [8]

designed with a radius of 7 mm for an optimum center fre-

quency of 16 GHz. In the first design, shown in Fig. (1a), we

placed the four-way structure as close to the chip as possible,

which requires a fairly wide 70 arc sector and the four launches

to the chip to be oriented 20 apart. The data for this config-

uration, shown in Fig. 5, are of the operating current margin

for an entire PJVS chip (all 67 410 junctions simultaneously)

when it was measured in a coplanar probe, and then again after

flex-bonding. At most frequencies, the measured current margin

is significantly better using the flex package, and in some cases

the margin on flex is two to three times larger.

The second design is also a four-way splitter, but elongated so

that the four transmission lines to the chip are spaced as closely

as possible, every 10 . This design uses a narrow 35 arc sector,

Fig. 5. Operating-current margin of a 2.6 Volt PJVS chip using all segments.
Data points with open circles were measured in a coplanar spring-finger probe,
and solid points correspond to the same chip on flex with a “wide 70 arc sector”
microstrip splitter. Data in the shaded region below 0.5 mA are considered too
small and unusable. The best region for chip operation is where the current
margin is 1 mA or larger, and 78% of the data points for the flex package fall in
that region compared to only 33% for the coplanar package.

Fig. 6. Operating-current margin of a 2.6 Volt PJVS chip using all segments.
Data points with open circles were measured in a coplanar spring-finger probe,
and solid points correspond to the same chip on flex with a “narrow 30
arc sector” microstrip splitter. Data in the shaded region below 0.5 mA are
considered too small and unusable. The best region for chip operation is where
the current margin is 1 mA or larger, and 74% of the data points for the flex
package fall in that region compared to only 27% for the coplanar package.

as depicted in Fig. (1b), and the measured data for this geom-

etry (using a different chip of course) are presented in Fig. 6.

From 14 GHz to 20 GHz, it is clear that both flex designs work

significantly better than our traditional coplanar spring-finger

package. The measured operating ranges for both flex packages

are much larger than those observed for the coplanar spring-

finger package, which suggests that the flex packages provide

better microwave uniformity delivered to the 8800 junctions in

each Josephson array. The improved performance is largely due

to the fact that the flex dielectric properties allow us to imple-

ment our microwave splitters and launches as microstrip (in-

stead of coplanar waveguide), resulting in structures with five

times shorter length, better impedance control, and a backside

ground under the entire structure. More flex packages need to

be measured to elucidate any significant differences between the

two different flex designs.
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Fig. 7. Interchangeable module for flex-mounted chips. This version mounts
on a cryocooler, and a nearly identical version has been created for operation in
liquid helium.

One interesting similarity between Figs. 5 and 6 is the re-

gion between 17.7 GHz and 18.5 GHz, where the chip works

perfectly over the entire frequency range for both flex-bonded

packages. We believe that this behavior is a characteristic of the

chip itself, and in most applications this is the range where we

choose to operate.

V. CONCLUSION

Our “flip-chip on flex” technology has demonstrated dramatic

improvements in the performance of our superconductive chips

in terms of contact reliability and microwave uniformity. We ex-

pect to apply this technology in many other applications where

our chips will benefit from improved operating margins and in-

creased service-life. In related developments, Fig. 7 shows an

interchangeable carrier for the flexes that connects to them se-

curely without the requirement of a back-side stiffener. This

configuration allows flex-mounted chips to be conveniently in-

stalled and removed in seconds, and can be mounted directly to

a cryocooler or utilized in a traditional liquid helium cryoprobe.

This cryopackage has been designed and manufactured, but has

not yet been tested on real devices.
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