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Abstract—We present the design, fabrication procedure, and
measurement results of Nb superconducting microstrip transmis-
sion line resonators fabricated using thin-film polyimide HD-4110,
including both nonembedded and embedded versions. These res-
onators were used to characterize the microwave dielectric loss
tangent of 20 µm thick polyimide HD-4110 at deep cryogenic tem-
peratures. We observed high-quality factors (Q) up to 21 040 at
1.2 K in the frequency range of 2–21 GHz for nonembedded res-
onators, indicating that the dielectric loss tangent can be less than
5×10−5. Embedded resonators with an additional 20 µm thick
encapsulation layer also exhibited Q values as high as ∼19 200.
Dielectric and conductor (quasiparticle) loss have been compared
between the two types of resonators. This study provides infor-
mation applicable to the design of future high-density, flexible,
multilayer superconducting cables, which are of great interest for
potential applications in cryogenic electronics systems, including
quantum computers.

Index Terms—Flexible, loss tangent, microstrip, niobium, poly-
imide, resonators, superconducting.

I. INTRODUCTION

ONE of the major limitations in building densely integrated,
cryogenic electronics systems is the electrical intercon-

nect technology, especially for high-speed and microwave sys-
tems [1]–[3]. Polyimide has been widely used for electronics
packaging [4]–[6] and flexible electronics [7]–[11] applications
due to its excellent mechanical and electrical properties. Its
low thermal conductivity is beneficial for constructing flexible
superconducting transmission lines that connect between differ-
ent temperature stages in a dilution refrigerator, such as those
used in quantum computing systems. In [3], we reported the
low-temperature microwave dielectric properties of two com-
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mon types of polyimide, PI-2611 [12] and HD-4100 [13], using
nonembedded flexible microstrip transmission line resonators.
Embedded microstrip is of considerably more practical interest
than nonembedded microstrip, as the former is more mechani-
cally robust and provides a stepping stone in fabricating more
complex controlled-impedance interconnect structures such as
stripline. In previous work [14], [15], we have addressed the
need for embedded structures and reported using nonphotosen-
sitive polyimide PI-2611 to build embedded Nb flexible cables.
Although we were able to make functional embedded resonators
and low-loss transmission lines using polyimide PI-2611, they
suffered from two major drawbacks: the microwave perfor-
mance of these embedded resonators degraded noticeably after
addition of a relatively thin embedding layer (4 or 8 μm), and
the nonphotosensitive property of PI-2611 is an impediment in
building more sophisticated structures (i.e., incorporating vias).
The use of HD-4110 polyimide [13] addresses these issues.
HD-4110 is a photosensitive dielectric and permits relatively
thick (20 μm) layers to be deposited with one spin, which can
simplify the fabrication procedure for constructing multilayer
interconnect structures, such as stripline or multichip modules.

In this paper, we report on the design, fabrication procedure,
and microwave performance of embedded flexible Nb supercon-
ducting microstrip transmission line resonators fabricated using
HD-4110 polyimide, and compare the results with correspond-
ing nonembedded structures. Excellent microwave performance
is achieved for both of these two types of structures. Dielectric
loss tangent and quasiparticle loss for the resonator structures
are also characterized from 2 to 21 GHz at several cryogenic
temperatures between 1.2 and 4.2 K.

II. DESIGN AND FABRICATION PROCEDURE

Half-wavelength, capacitively coupled microstrip transmis-
sion line resonators were designed and fabricated. The layout of
nonembedded and embedded versions of resonators was iden-
tical and a top view of the design is shown in Fig. 1(a). A
three-dimensional perspective image of an embedded resonator
is shown in Fig. 1(b). All dimensions for the two types of
resonators are the same except the embedded resonator has
a 20 μm encapsulation layer of HD-4110. Key dimensions
of the resonator designs are listed in Table I. The resonator
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Fig. 1. (a) Top view of the half-wavelength, capacitively-coupled microstrip
transmission line resonators on thin-film HD-4110. (b) Three-dimensional view
of one end of embedded resonator.

TABLE I
KEY DIMENSIONS OF THE RESONATOR DESIGNS

Symbol Value Description

W 6 mm Width of dielectric
H 20 μm Height of dielectric
t 0.25 μm Thickness of Nb layer
Hem 0, 20 μm Thickness of HD-4110 encapsulation layer
Ws 120 μm Width of solder pad
Ls 1200 μm Length of solder pad
Lf 100 μm Length of feed line
Lc 300 μm Length of coupling gap
Wc 20 μm Width of coupling gap
Wr 47.4 μm Width of resonator
Lr 46.1 mm Length of resonator

length was chosen to yield a fundamental resonant frequency
(f0) of ∼2 GHz. The width of the signal line was designed
to provide a characteristic impedance of 50 Ω, in order to be
representative of corresponding 50 Ω transmission lines.

Fig. 2 schematically illustrates the fabrication procedures for
superconducting Nb microstrip transmission line resonators fab-
ricated using HD-4110 polyimide, including nonembedded [see
Fig. 2(1)–(8a)] and embedded [see Fig. 2(1)–(10b)] configu-
rations. Starting with two oxidized Si handle wafers, 25 nm
thick Cr and 200-nm thick Al were deposited on these wafers
as a sacrificial release layer [16]. Polyimide HD-4110 was spun
onto both wafers to achieve a ∼20 μm thick film, followed by
curing at 375 ◦C in an N2 environment. Resonator signal lines
of ∼250 nm thick Nb connected to Ti(50 nm)/Cu(500 nm)/
Au(10 nm) underbump metal (UBM) pad stacks were formed us-
ing conventional photolithography and film lift-off techniques.
The Nb film was rf sputter deposited with a power of ∼8 W/cm2

and Ar pressure of 4 mTorr [17]. The UBM pads were deposited
by electron-beam thermal evaporation after a 2 min in situ
ion beam milling surface clean. For the embedded microstrip
transmission line resonators, small Kapton tape “dots” were
then used to cover the UBM pad area to be used for electrical

Fig. 2. Schematic of fabrication procedures for nonembedded and embedded
Nb microstrip transmission line resonators.

connection, followed by spin-on deposition of a top HD-4110
encapsulation layer. The embedding layer was cured at lower
temperature (225 ◦C) to protect the superconductivity of the
embedded Nb, and was ∼20 μm thick postcure. Subsequently,
both nonembedded and embedded samples were protected with
a layer of photoresist during a film release process (soaking in a
sodium chloride solution with 0.5 V applied to the Cr/Al release
layer). After release and stripping of the photoresist, the samples
were then inverted and mounted onto Si handle wafers, followed
by a ground plane deposition of ∼250 nm thick Nb. Resonators
were then assembled with end-launch SMA connectors from
Southwest Microwave, Inc. [18] in order to make reliable mi-
crowave connections at low temperature. Fig. 3 shows a pho-
tograph of an assembled nonembedded Nb resonator. We note
that, due to the test fixture configuration, the flexible resonator
is in a slightly bent configuration.

III. RESULTS AND DISCUSSION

S21 and S12 response of nonembedded resonators were mea-
sured at different temperatures (1.2, 2.0, 3.0, and 4.2 K) up to
21 GHz in a pulse-tube-based cryostat using an Agilent
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Fig. 3. Flexible nonembedded Nb microstrip transmission line resonator as-
sembly with Southwest microwave SMA end-launch connectors.

Fig. 4. S21 measurement results of a nonembedded Nb/HD-4110 flexible
microstrip resonator measured at 1.2 K. (a) Broadband view of S21 response
versus frequency from first to tenth mode. (b) Fundamental resonance (first
mode) measurement result and corresponding Lorentz fit. The best-fit center
frequency, 3 dB bandwidth and loaded Q information are provided.

(Keysight) N5227A performance network analyzer. Before res-
onators were loaded into the cryostat, a 2 h dehydration bake
at 90 ◦C in a vacuum was performed to minimize the humidity
effects. Fig. 4(a) shows S21 measurement results of a nonem-
bedded Nb resonator at 1.2 K. In order to precisely determine
loaded quality factor (Ql) information, a sufficient number of

Fig. 5. 1/Ql for multiple resonant frequencies of (a) nonembedded and
(b) embedded Nb resonators at different temperatures, along with corresponding
ADS simulation results with no conductor or dielectric loss. Note the increase
of slopes and variance in the embedded resonators, which indicate higher quasi-
particle losses in the Nb.

data points were taken for each resonance peak. Fig. 4(b) shows
the fundamental resonance, along with a Lorentz fit, of a nonem-
bedded Nb resonator with a Ql value of 20 547 at 1.2 K and at
an incident power of −30 dBm.

Fig. 5(a) shows a plot of 1/Ql versus frequency measured at
multiple temperatures. Sample-to-sample variation and temper-
ature drift in the pulse-tube cryostat have been considered and
each marker in the figure is the average value from ten measure-
ments of three resonators with a 3σ error bar. Keysight ADS
simulation results with zero conductor loss and tan δ = 0 (i.e.,
exhibiting only coupling loss) are also shown in Fig. 5(a) as a
reference. As can be seen from the figure, 1/Ql versus resonant
frequency plots all appear as essentially straight lines at each
temperature, as shown by the dashed linear fit lines.

The following analysis is based on superconducting trans-
mission line resonator theory along with an assumption that
the dielectric loss tangent is relatively constant over the mea-
sured range of frequencies. From this, we find that the slopes
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TABLE II
SIMULATED Qcoupling , MEASURED Ql , AND EXTRACTED UPPER BOUND ON tan δ AT RESONANT FREQUENCIES AT 1.2 AND 2.0 K FOR NONEMBEDDED AND

EMBEDDED NB TRANSMISSION LINE RESONATORS

Qcoupling Nonembedded Embedded

∼f0 (GHz) Ql (tan δ) @ 1.2 K Ql (tan δ) @ 2.0 K ∼f0 (GHz) Ql (tan δ) @ 1.2 K Ql (tan δ) @ 2.0 K

267 846 2.0 21 040 (4.97E−05) 13 010 (8.29E−05) 1.9 19 209 (5.15E−05) 11 588 (8.79E−05)
143 400 4.0 20 427 (4.76E−05) 13 372 (7.69E−05) 3.8 17 723 (5.27E−05) 12 133 (8.03E−05)
105 959 6.0 21 575 (4.19E−05) 14 052 (7.00E−05) 5.7 17 066 (5.22E−05) 11 855 (7.98E−05)
89 884 8.0 21 351 (4.05E−05) 13 821 (6.94E−05) 7.6 15 974 (5.47E−05) 11 454 (8.11E−05)
81 977 10.0 19 436 (4.45E−05) 13 265 (7.17E−05) 9.5 14 507 (6.05E−05) 10 646 (8.70E−05)
77 781 12.0 18 271 (4.75E−05) 13 136 (7.17E−05) 11.4 13 522 (6.52E−05) 10 056 (9.22E−05)
75 337 14.0 15 759 (5.69E−05) 11 810 (8.10E−05) 13.3 12 883 (6.84E−05) 9626 (9.65E−05)
73 659 16.0 13 908 (6.61E−05) 11 239 (8.55E−05) 15.2 12 021 (7.43E−05) 9180 (1.02E−04)
72 186 18.0 13 339 (6.93E−05) 10 663 (9.06E−05) 17.1 10 697 (8.48E−05) 8510 (1.10E−04)
70 578 20.0 12 668 (7.34E−05) 10 208 (9.50E−05) 19.0 10 497 (8.63E−05) 8521 (1.10E−04)

and zero-frequency intercepts of the 1/Q plots correspond to the
superconductor quasiparticle loss (i.e., from BCS theory) and di-
electric loss, respectively. Details in support of these statements
can be found in [3] and [19]. Slopes and the zero-frequency
intercepts are observed to decrease as the temperature decreases
from 4.2 to 2.0 K. Fitting lines of the 1.2 and 2.0 K data
are nearly parallel with the simulation data (tan δ = 0). This
indicates that Nb quasiparticle loss is negligible at these tem-
peratures and the loss in the resonator is dominated by HD-4110
dielectric loss. Low quasiparticle loss is also in agreement with
high intrinsic Nb Q0 reported in [20]. The unloaded quality (Q0)
of the resonators includes the impact of conductor, dielectric,
and radiation loss [21], as shown in (1)

1
Q0

=
1

Qc
+

1
Qd

+
1

Qr
(1)

where Qc , Qd , and Qr are Q associated with conductor loss,
dielectric loss, and radiation loss, respectively. Q0 also can be
expressed as the following equation [22]:

1
Q0

=
1
Ql

− 1
Qe

(2)

where Qe is external Q, which is dominated by coupling Q
(Qcoupling ). Therefore, Ql can be expressed as the following
equation:

1
Ql

=
1

Qc
+

1
Qd

+
1

Qr
+

1
Qcoupling

. (3)

Radiation loss was determined to be negligible for these res-
onators, owing to their very small cross sections. Conductor
loss is also negligible below ∼2.0 K, which is well below the
critical transition temperature. Therefore, Q0 is dominated by
Qd , which can be found from the measured Ql and simulated
Qcoupling . From Qd , the dielectric loss tangent (tan δ) can be
extracted using the following equation [21]:

Qd =
1

tan δ

(
1 +

1 − q

qεr

)
(4)

where εr is the relative permittivity for the polyimide and q
is a microstrip filling factor. An εr value of 3.2 was found
using an iterative process to match ADS simulation results to
measurement results for a Cu resonator. More details can be

found in [23]. The filling factor q of these nonembedded and
embedded microstrip transmission lines are 0.703 and 0.828,
respectively.

Detailed Qcoupling , Ql and tan δ values at 1.2 and 2.0 K
and at each resonant frequency are listed in the second and
third columns in Table II. We note that, since we cannot com-
pletely rule out other parasitic losses not related to the dielectric,
the actual loss tangent could be less than the extracted val-
ues. These results provide important information for cryogenic
high-frequency structure simulation and design with HD-4110.
Furthermore, they indicate that HD-4110 is a promising dielec-
tric material for flexible cryogenic electronics, packaging, and
interconnect structures.

In order to evaluate the performance of embedded resonators
and to determine the influence of the lower temperature cured
encapsulation layer and additional fabrication processing, three
embedded Nb resonators were measured at the same tempera-
tures and in the same frequency range, as shown in Fig. 5(b).
We can see larger variance in this plot compared to nonembed-
ded resonators, which is likely due to the additional embedding
fabrication process. An increase in slope of the 1/Ql versus
frequency lines is also evident, especially at higher tempera-
tures. Through analysis of the results shown in Fig. 5, slope
and intercept values of both types of Nb resonators were ob-
tained (see Fig. 6). As temperature increases from 1.2 to 4.2 K
for each material stack-up, loss due to the HD-4110 dielec-
tric increases gradually, as is evident from the increased inter-
cept values. Growth of conductor (quasiparticle) loss starts from
2.0 K for these resonators, as evident from the increased slopes.
Furthermore, at each temperature, with the use of a 225 °C
cured encapsulation layer, the combined dielectric loss increases
slightly. The authors believe it is possible that solvent and mois-
ture may still exist in lower temperature cured HD-4110, which
may be the source of the additional dielectric loss and increased
variation for the embedded samples. Also, it can be seen that
the quasiparticle loss increases for the embedded structures, and
this may be due to the availability of degrading substances (i.e.,
acids and/or H2O) in the embedding layer during the curing pro-
cess that could lead to the degradation of the superconducting
properties of the Nb, even with a lower temperature curing pro-
cess. Measured Ql and computed tan δ of embedded resonators
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Fig. 6. Comparison of slope and zero-frequency intercept values of linear
fitting lines of 1/Ql versus frequency plot of nonembedded and embedded Nb
resonators at different temperatures. N.E. is for nonembedded and E. is for
embedded.

corrected with Qcoupling and filling factor q at 1.2 and 2.0 K
are shown in Table II. Even with the slight degradation due to
the low-temperature cure of HD-4110 on top of Nb, the per-
formance of embedded transmission lines fabricated with this
process would be quite suitable for propagating microwave sig-
nals in cryogenic and superconducting electronics systems over
meter-scale distances.

IV. CONCLUSION

In this paper, upper bounds on the microwave loss tangent
of polyimide HD-4110 were reported at deep cryogenic tem-
perature for a wide frequency range, showing values as low as
5 × 10−5 . By using a reduced cure temperature for an HD-4110
polyimide embedding layer, we achieved microwave perfor-
mance that is very comparable to that of nonembedded flexible
superconducting microstrip. The data presented in this paper
not only provide design guidance for constructing ultralow-loss
flexible thin-film superconducting interconnects using embed-
ded microstrip, but also show the feasibility of building cables
with more complex structures, such as stripline.
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