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Abstract—In this work, we investigated how different underand capping layers on patterned Nb films impacted the rf losses
of flexible thin-film superconducting microstrip transmission line
resonators measured in a frequency range from 2-20 GHz. We
studied how different thicknesses of Ti(10 and 50 nm) underlayer, used for adhesion, impacts conductor losses. We also
studied Cu(20, 50, 100, and 200 nm) capping layers and how
they affect conductor loss. These studies were carried out on
20 µm thick spin-on polyimide (PI-2611) thin films and characterized at various cryogenic temperatures between 1.2 K and
4.2 K. The results indicate normal-superconductor (Ti/Nb) and
superconductor-normal (Nb/Cu) bilayer structures have increased
surface resistance, which leads to an increase in microwave
loss when compared to Nb-only signal traces. We quantified
this additional loss by extracting resonator quality factors for
weakly coupled resonators with various conductor stack-ups.
Our experimental results can help inform decisions regarding
material stack-ups when designing multi-conductor, multi-layer
superconducting flexible cables intended for use with ultra-low
temperature electronic systems.
Keywords—microwave, conductor loss, superconducting proximity effect, polyimide.

I. I NTRODUCTION
In order to improve adhesion and enhance reliability, superconducting bilayer structures have been used [1]–[5]. When a
normal thin-film metal and a superconducting thin-film metal
are deposited on top of one another, proximity effects can
affect the behavior of the bilayer structure. Depending on
thickness, some or all of the normal metal layer can show
superconductor-like behavior, e.g., zero dc resistance when it
is below a transition temperature and the normal metal begins
to exhibit a Ginzburg-Landau coherence length [6], [7]. This
proximity effect can be beneficial, as it reduces the rf losses
that would otherwise be caused by the presence of the normal
metal. This work is aimed at providing experimental information regarding materials choices for conductor stack-ups that
are candidates for use in high performance superconducting
flexible cables with multiple conductor layers and multiple
signal traces.
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Fig. 1. (a) A ∼4.7 cm long flexible Ti/Nb microstrip resonator. (b) A ∼27.2
cm long (serpentine) flexible Nb/Cu resonator. (c) Design details of the launch
and coupling structure of these resonators: Ls = 1200 µm, the width of the
solder pad trace is 120 µm, Lc = 300 µm, Wcgap = 20 µm, WrM Line =
47.6 µm

We first describe our investigation of Ti/Nb bilayers carried out using superconducting microstrip transmission line
resonators. Titanium is a material commonly used as a thinfilm under-layer to improve adhesion, and so we explored its
use between polyimide and niobium. The pre-deposition of
a Ti layer can also reduce the oxygen level in a deposition
chamber by gettering and thereby improve the quality of
the subsequently deposited Nb layer [2]. Although Ti is not
normally a superconductor at 4.2 K, this type of bilayer
(normal-superconductor) can exhibit proximity effects leading
to the whole structure exhibiting superconductivity, particularly
when the normal metal is thin and has good contact with
the superconductor [8]. Even though this bilayer becomes
superconducting, the thin normal metal layer is still expected to
introduce additional rf losses since it is expected to be a poorer
superconductor. In order to quantify the additional conductor
loss caused by this thin Ti adhesion layer, we constructed a
set of microstrip resonators with two different Ti thicknesses
(10 nm and 50 nm) and measured the quality factors (Q) from
2 to 20 GHz.
We also investigated Nb/Cu bilayer metallization, since it
can improve the mechanical reliability. Several groups have
reported on the Ginzburg-Landau coherence length in a normal
metal when in contact with a superconductor. Pambianchi, et
al., reported the characterization results of Nb/Cu loss at 11.7
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Fig. 2. Cross-section of a thin-film flexible superconducting Nb (250 nm
thick) microstrip transmission line resonator with optional Ti under-layers (10
nm or 50 nm thick) to improve adhesion.

GHz [9]; this single fixed frequency was a limitation of their
measurement setup. Similar to our Ti/Nb studies, we characterized thin-film Nb/Cu structures using flexible microstrip
resonators, providing rf loss data at multiple frequencies up to
11 GHz for varying copper thicknesses (20, 50, 100, and 200
nm) and varying temperatures.
II.

D ESIGN AND FABRICATION

In this work, we used two different lengths of edge-coupled,
half-wavelength microstrip resonators with the same launch
structure and coupling gap design. A ∼4.7 cm long resonator
design corresponding to a fundamental resonant frequency at
approximately 2 GHz was used in the Ti/Nb study and is shown
in Fig. 1a. The second design was a ∼27 cm long resonator
with a fundamental resonant frequency of ∼350 MHz, shown
in Fig. 1b; this design was used to study the impact of Cu
cladding atop Nb. Design details of the solder pad and coupling
structures are shown in Fig. 1c.
The polyimide film that was used in this work was PI-2611
from HD MicroSystems. Si “handle” wafers were prepared
with an evaporated Cr/Al metallization layer, onto which the
polyimide was spun on to produce a nominal cured thickness of
20 µm. Following curing of the polyimide layer, a conventional
photolithography process was used to define signal traces
and then solder pad structures that were used to interface to
edge-launch SMA connectors. The samples were then released
from the Si handle wafer following the process outlined by
Metz et al. [10]. The ground plane was then deposited onto
the back-side of the released (free-standing) films. A more
detailed process flow description is provided in [11]. All Nb
metallization was nominally 250 nm thick.
For the Ti/Nb studies, a schematic cross-section of the end
of these resonators is shown in Fig. 2. Fig. 3 plots the sheet
resistivity vs. temperature of the Ti layer (10 or 50 nm thick),
as measured on thermally oxidized silicon “witness” coupons
that experienced the same metallization deposition parameters
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Fig. 3. Sheet resistance vs. temperature of 10 and 50 nm thick Ti films,
measured on thermally oxidized silicon coupons using a pulse-tube cryostat.

as those used for depositing the Ti layers beneath the Nb layers
on our polyimide films. Our thin-film polyimide resonators
used the same thickness of Ti on both the signal and ground
layers, which were e-beam deposited immediately prior to the
Nb sputter-deposition.
For the Nb/Cu studies, we followed a fabrication flow that
kept the Nb/Cu interface the same for all the samples. We
sputter-deposited a 250-nm thick Nb film on four wafers,
followed by electron-beam physical vapor deposition of a
20 nm Cu layer. Then, one wafer was removed from the
deposition chamber and stored in a controlled N2 environment.
A second pump down of the chamber containing the three
remaining wafers was performed, followed by a one minute
ion-milling clean to remove any oxidized Cu. Next, a second
Cu deposition was performed to deposit an additional 30 nm
of Cu (50 nm total Cu). One wafer was again removed from
the deposition chamber and stored. This procedure was was
repeated, to yield wafers with 100 and 200 nm Cu layers. In
this way, we obtained four wafers with the same Nb layer
but different Cu layer thickness: 20, 50, 100, and 200 nm.
The benefit of depositing the Cu metal this way was that all
samples had identical Nb layers and identical Nb/Cu interfaces,
thus ensuring that Cu thickness was the only variable between
wafers. In order to prevent Cu from oxidation during later
processing, we removed all four wafers from the N2 storage
and placed them back into the deposition chamber to receive a
one-minute ion clean process, followed by deposition of a thin
(10 nm) protective Au layer. Then, all four wafers underwent
the same solder pad (under-bump metal (UBM) layer definition
and deposition, film release process and ground-plane Nb
deposition process. Furthermore, to reduce variations in the
ground plane deposition, we sputter-deposited the Nb ground
plane on all four released substrates during the same run.
Based on the theory of proximity effect, the thicker Cu
coatings might cause some suppression of the Nb superconductivity. However, the measured critical temperatures of witness
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Fig. 4. Measured dc sheet resistance vs. temperature of Nb(250 nm)/Cu(20
nm, 50 nm, 100 nm or 200 nm)/Au(10 nm) films on SiO2 witness die. All
versions transitioned at ∼ 9.1 K.

SiO2 samples from the Nb/Cu combinations, shown in Fig. 4,
were all consistent at approximately 9.1 K.
III. R ESULTS AND DISCUSSION
We characterized the microwave performance of the different samples in a pulse-tube based cryostat capable of reaching
a temperature as low as 1.2 K. In order to reduce the effect of
humidity on the polyimide dielectric, we performed a dehydration bake in a vacuum oven at 90 ◦ C for two hours immediately
before loading samples into the cryostat. Our measurement
temperature ranged from 4.2 K to 1.2 K, but we were only
able to efficiently record a limited number of data points at
1.2 K (since this requires actively pumping on condensed He
in the sample chamber). Fig. 5 shows S21 response of one of
the resonators (Nb/Cu(20 nm)/Au) measured at 1.2 K.
A. Characterization of the impact of Ti adhesion layer on
conductor losses
For the set of Nb resonators with titanium under-layers,
we measured the quality factor Q at temperatures including
4.2, 3.6, 3.0, and 1.2 K. We plot 1/Q for various resonant
frequencies in Fig. 6. Each of the Q-factor results is an
average of 10 measurements, which reduces errors caused by
temperature drift of the cryostat.
From Fig. 6, we can clearly see the sample with the thickest
Ti(50 nm) under-layer shows the lowest Q value and therefore
the highest surface resistance, while the sample with only Nb
shows the highest Q value at all the measurement temperatures.
These results indicate that the underlying Ti layer introduces
additional loss and this loss increases with increase of Ti layer
thickness. This additional loss is not only thickness dependent,
but also temperature dependent. The conductor loss decreases
when the measurement temperature is decreased. At 1.2 K, the
Q values of all three samples are high and quite comparable,

Fig. 5. S21 measurement results of a Nb/Cu(20 nm)/Au resonator measured
at 1.2 K. (a) Broad frequency view and (b) zoomed-in view of one of the
resonant harmonics along with Lorentz function fit used to calculate quality
factor Q.

which indicates the Ti layer does not contribute significantly
to the conductor loss at this temperature.
A possible explanation for this is that, at 1.2 K, the number
of unpaired electrons in the Nb layer is reduced and leads to
a more proximitized normal metal layer that exhibits a longer
superconducting coherence length [12]. In this case, the overall
number of unpaired electrons in this bilayer structure is lowest
compared to other temperatures, resulting in lower conductor
loss and higher Q. Also shown in Fig. 6 is a simulation
result for lossless superconductors with lossless dielectric (i.e.,
exhibiting only coupling losses), from which we infer that the
remaining losses at 1.2 K are primarily related to the non-zero
loss tangent of the polyimide dielectric.
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Fig. 6. 1/Q vs. resonant frequencies of Nb, Ti(10 nm)/Nb and Ti(50 nm)/Nb
resonators at (a) 4.2 K, (b) 3.6 K, (c) 3 K, and (d) 1.2 K. Simulation results
showing only coupling losses (i.e., for lossless superconductors and zero
dielectric loss tangent) are also shown in (d).
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Fig. 7. 1/Q vs. resonant frequencies at various temperatures. Results for
conductor stacks of: (a) Nb/Cu(200 nm)/Au, (b) Nb/Cu(100 nm)/Au, (c)
Nb/Cu(50 nm)/Au and (d) Nb/Cu(20 nm)/Au. Inset plot is a close-up view of
the 1/Q vs resonant frequency plot of Nb/Cu(20 nm)/Au.

ASC2016-3EPO2C-02

1E-3

5

DOI: 10.1109/TASC.2016.2631840
-4

x10

4.2K
3.6K
3K

4.2 K

20

1E-4

15

S

R (

)

-1

Slope (GHz )

(a)

25

1.2K

1E-5

10
5
0

1E-6

Nb/Cu20

Nb/Cu50

Nb/Cu100

25

Nb/Cu200

(b)
3.6 K

Metal stack up

20
15

S

R (

)

Fig. 8. Slope of 1/Q vs. resonance frequency plots of Nb/Cu(20, 50, 100,
and 200 nm) resonators at 4.2, 3.6, 3, and 1.2 K.

10
5
0
25

(c)
3 K

15

S

R (

)

20

10
5
0
25

Nb/Cu20/Au

1.2 K

Nb/Cu50/Au
Nb/Cu100/Au

20

Nb/Cu200/Au

)
S

R (

B. Characterization of the impact of Cu cladding layer on
conductor losses
Q-factor measurement results of the series of Nb/Cu resonators is shown in Fig. 7 at various measurement temperatures. We plot 1/Q vs. resonant frequency for each of the Cu
thicknesses at 4.2 K, 3.6 K, 3 K and 1.2 K. In order to compare
the different samples, we set the scale to be the same for
these plots. To observe the temperature impact on the thinnest
Cu sample clearly, we include an inset of re-scaled Nb/Cu(20
nm) resonator response at each of the temperatures. All of the
Nb/Cu samples show a significant reduction of the conductor
loss as measurement temperature is decreased. Furthermore,
all of the Nb/Cu samples followed the rule of: (1/Q) × f =
constant, similar to the Ti/Nb resonators, as would be expected
from Bardeen-Cooper-Schrieffer (BCS) theory [13], [14].
Based on the ideas of proximity effect, the Cu region begins
to show superconductivity as the measurement temperature decreases, leading to lower conductor loss [15]. Since all of these
samples underwent the same initial deposition of Nb/Cu(20
nm), we yield four samples with the same superconductor
(Nb) layer and the same superconductor-normal metal (Cu)
interface. This allows us to quantify the proximity effect in
these samples with different Cu thickness.
In Fig. 8, we summarized the slope information from the
1/Q vs. resonant frequency plots for each of the measurement
temperatures. From Fig. 8, we note that these slopes exhibit
an approximate square law relationship with the thickness
of the Cu cladding layer. We can assume the depth of the
proximity effect on all of these samples is similar at each
of the measurement temperatures, since the Nb layer and
Nb/Cu interface are identical. Then we can explain the slope
difference arising directly from the different thickness of the
Cu layers; the thicker Cu layers will have substantial nonproximitized conductor, contributing to the extra rf losses. [9].
In order to characterize the rf surface resistance (Rs ) of the
set of Nb/Cu(20, 50, 100, and 200 nm) resonators, we used
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Fig. 9.
Surface resistance of Nb/Cu(20 nm, 50 nm, 100 nm, 200 nm)
resonators at (a) 4.2 K (b) 3.6 K (c) 3 K and (d) 1.2 K.
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the calculation methodology shown in the paper of Takemoto,
et al. [16]. The results for different thicknesses of Cu on the
Nb resonators at different temperatures are shown in Fig. 9.
We can clearly see that the surface resistance is reduced as
the temperature is decreased from 4.2 K to 1.2 K. Since the
un-paired electrons contribute to the surface resistance, this
reduction in the conductor loss can be attributed to a decrease
of the quasi-particles in the Nb and increased thickness of
the proximitized Cu layer. At 1.2 K, which is far below the
Nb transition temperature (Tc ∼9.2 K), the un-paired electron
density in the Nb layer is significantly lower, such that it can
be ignored. Therefore the surface resistance difference should
solely be due to the top Cu cladding layer. Since we have
the same Nb layer and Nb/Cu interface, the coherence length
in the Cu layer of all of the four samples at this temperature
should be the same. Therefore, the additional surface resistance
seen in the thicker Cu samples can be attributed to the nonproximitized electrons in the Cu layer.
IV. C ONCLUSION
In this work, we investigated the impact of a Ti underlayer and Cu over-layer on Nb superconducting transmission
line structures, and how these impact the microwave loss
of superconducting resonators. We focused on thin Ti(10
and 50 nm) under-layer and different thickness of Cu(20,
50, 100, and 200 nm) as top cladding layers. All of these
different metal stack-ups exhibited superconductivity at nearly
the same transition temperature of ∼9 K. The quality factor
measurement results showed that all the normal metal layers
introduce additional conductor losses. These losses are reduced
significantly with both decreasing normal conductor layer
thickness and decreasing temperature, qualitatively consistent
with how the proximity effect would be expected to behave.
When the Cu layer is thin enough (below ∼50 nm), it does
not introduce significant metal loss at ∼1.2 K. Results from
these experiments may be useful for design and fabrication of
robust and reliable flexible superconducting cables.
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