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An understanding of the origins of power loss in superconducting interconnects is essential for the
energy efficiency and scalability of superconducting digital logic. At microwave frequencies, power
dissipates in both the superconducting wires and the dielectric and these losses can be of compa-
rable magnitude. We describe an approach to accurately disentangle such losses by exploiting their
frequency dependence in a multimode transmission-line resonator. This is supported by the concept
of a resonator geometric factor extracted from the Ansys High Frequency Structure Simulator (HFSS),
a commercial three-dimensional finite-element method (FEM) that we adopt for solving a supercon-
ductor interior. Using the technique, we have optimized a planarized fabrication process of reciprocal
quantum logic (RQL) for the minimum interconnect loss at 4.2 K and gigahertz frequencies. The
microstrip interconnects are composed of niobium (Nb) insulated by silicon dioxide (SiO;) made from a
tetraethoxysilane (TEOS) precursor. Two process generations use damascene fabrication and the third one
uses Cloisonné fabrication. For all three, SiO; exhibits a dielectric loss tangent tan § = 0.0012 % 0.0001,
independent of the Nb wire width over 0.25-4 pm. The intrinsic microwave resistance R; of Nb
varies with both the process and the wire width. For damascene fabrication, scanning transmission
electron microscopy (STEM) and energy-dispersive x-ray spectroscopy (EDS) reveal that plasma oxi-
dation and grain-growth orientation increase R; above the Bardeen-Cooper-Schrieffer (BCS) resistance
Rpcs ~ 17 w2 at 10 GHz. For Cloisonné fabrication, we demonstrate R, = 13 + 1.4 w2 down to
0.25 wm wire width, which is below Rgcs and arguably the lowest microwave resistance reported for Nb

at4.2 K.
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L. INTRODUCTION

Single-flux-quantum (SFQ) digital superconductor
electronics (SCE) employs Josephson junctions to form the
logic gates and superconducting interconnects to deliver
clock and power to various circuits on the chip and
to propagate bits of information between them [1-3].
Unlike the voltage-biased complementary metal-oxide-
semiconductor (CMOS) transistor switching between
open- and short-circuit states, the current-biased Joseph-
son junction has zero resistance except during switching
events. The junction switch produces a picosecond pulse
of a millivolt amplitude that carries a magnetic flux quan-
tum &y A 2.067 x 1075 Wb [4]. The presence or absence
of the pulse corresponds to a digital “1” or “0.” Exploiting
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the pulse energy of only 10~!° J and the available clock
rate up to 120 GHz [5], to compete with CMOS computing
technologies, the SFQ-logic community is focusing on the
energy efficiency and scalability [6,7].

Energy-efficient SFQ-logic families, including the quan-
tum flux parametron (QFP) [8], reciprocal quantum logic
(RQL) [9], energy-efficient single flux quantum (eSFQ)
logic [10] and the adiabatic quantum flux parametron
(AQFP) [11], minimize or eliminate a static power dissi-
pation hampering the original rapid single-flux-quantum
(RSFQ) logic [1,2]. Nevertheless, analogous to Cu-low-k
interconnects dominating a CMOS logic power budget [12,
13], superconducting interconnects can notably impact the
power dissipation of the energy-efficient SFQ logic. This is
associated with data transfer, rf bias, and clock-distribution
networks. For instance, RQL has been reported to con-
sume 300 times less power than CMOS logic, including
the cooling overhead in large-scale systems [9]. How-
ever, a metamaterial zeroth-order resonator (ZOR) for the
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clock and power distribution at gigahertz frequencies dis-
sipates twice the logic power, due to the transmission-line
loss [14].

The interconnect density is one of the main factors lim-
iting the scalability of all forms of superconducting logic
[15]. The performance capability of a chip increases with
the total number of logic gates, calling for more layers of
high-speed low-loss interconnects with smaller pitch (the
sum of the wire width and spacing) [7,16,17]. Chemical
mechanical polishing or planarization (CMP) [18] allows
one to fabricate a logic chip with up to ten wiring lay-
ers [19], by removing topography left from the previous
layer patterning and deposition [20—22]. However, due
to the high affinity of Nb for oxygen (O), carbon (C),
hydrogen (H), and nitrogen (N) [23], processes including
CMP, chemical vapor deposition (CVD) of silicon diox-
ide (Si10,) insulator from a tetracthoxysilane Si(OC,Hs)4
precursor (TEOS), reactive ion etching (RIE), and oxygen-
plasma treatment may contaminate Nb [24] and exacerbate
its microwave loss, which has not been investigated. In
our work, both damascene (metal CMP) and Cloisonné
(dielectric CMP) planarized fabrication will be utilized
and compared. An elemental material analysis will reveal
sources of extraneous resistive loss in the submicron Nb
interconnects.

The microstrip transmission line (MTL) [25] and strip
line are the ubiquitous superconducting interconnects,
with 700-GHz analog bandwidth. They enable a basic
building block for clock- and power-distribution systems
[14,26,27], a passive transmission line (PTL) for low-
bandwidth data (35-50 GHz) with 7—10 flux quanta per
bit [27], a PTL for high-bandwidth data (350 GHz) with
a single flux quantum per bit [28,29], and a delay-line
memory [30]. Unlike the power dissipation of CMOS
interconnects governed by the metal (Al or Cu) loss, the
power dissipation of SCE interconnects is governed by
both the superconductor and dielectric losses, which can
be of comparable magnitude. Affecting the circuit inte-
gration, the propagation distance of the SFQ pulse on
PTL scales with a transmission-line resonator figure of
merit, the quality factor (Q factor) [29]. Our paper is
concerned with simultaneously extracting the supercon-
ductor microwave resistance R; and the dielectric loss
tangent tan 6 from Q-factor data on MTL resonators, at an
SFQ-logic operating temperature of liquid helium (LHe)
of 4.2 K.

Resonant structures provide the most sensitive measure-
ments of R; [31-43] and tan § [34,44-48] at microwave
frequencies. We shall employ finite-length sections of
MTL, with specified boundary conditions at the ends, to act
as MTL resonators, enabling precise measurements of loss
and inductance [49—51]. A resonator Q factor is defined as
O =2xnf,W/P > 1, where f, is the resonant frequency, W
is the energy stored in the resonator, and P is the net power
lost by the resonator [52]. In practice, one measures the

loaded Q factor

IR U
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where Q; is the internal (unloaded) Q factor associated
with the resonator intrinsic losses, Q. is the external (cou-
pling) O factor associated with the resonator excitation,
and Q., Q4, and Q, are the partial Q factors associated
with the conductor, dielectric, and radiation power loss,
respectively. Besides the primary conductor and dielectric
forming the resonator, O, and Q,; may include “extrane-
ous” contributions from materials such as niobium oxides
terminating the wall of the Nb cavity [23,53] or two-level
systems (TLSs) residing at the dielectric surface and inter-
face of superconducting quantum circuits [48,54-56]. The
coupling contribution Q. can be removed by the modern
analysis techniques [57—59]. The radiation loss is often
small and can be ignored [60,61]. Since Q! and Q;l
are additive, the conductor and dielectric loss contribu-
tions are inseparable. To deduce just one of them, the
other loss must be either supposed or minimized by the
resonator temperature, frequency, and/or geometry. The
0. < Qg regime favors the measurement of R, whereas
the Q; <« Q. regime favors the measurement of tan 4.
Cavity [32,33,37,38] and quasioptical [40,61] resonators
exploit the 0. < Q; regime, to measure R, of bulk or
thin-film superconductors. Klein ez al. have proposed a
copper pill-box cavity where the superconducting end
plate contributes 40% of the net resistive loss at 86 GHz
[62]. A superconducting dielectric resonator with Q. < Q,
involves supposing tan § for the dielectric rod, to deduce
Ry of superconducting films [41,63]. Conversely, Krupka
et al. have optimized a dielectric resonator for O; < Q.,
to measure tan 6 of low-loss dielectrics [64] and high-
resistivity silicon [65] at cryogenic temperatures. Kaiser
has ignored the Nb loss in the lumped-element resonator
with O; <« Q., to investigate the frequency dependence
of tan & for amorphous thin-film dielectrics at 4.2 K [46].
Quantum computing circuit resonators exploit Q; < Q,,
to characterize a TLS dielectric loss at millikelvin temper-
atures, where the superconductor loss is negligible [48,54—
56,66]. Tuckerman et al. has exploited Q; < Q. to mea-
sure tan § of Nb/polyimide flexible transmission-line tapes
below 1.2 K [47]. At 3—4.2 K and 2-20 GHz, they observe
both the dielectric and superconductor losses, extracting
tan 6 but not R;. Golosovsky et al. have noted that at 4.3
K and 1.8 GHz, the losses in an Nb/Mylar microstrip res-
onator are dominated by the dielectric and radiation losses
[67]. Likewise, Oates et al. have reported that at 4 K and
2.3-4.5 GHz, losses in Nb/SiO, submicron strip-line res-
onators are dominated by the dielectric loss, except for
the narrowest strips [68]. However, the last two papers
do not report tan § or R;. To overcome these limitations,
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Taber has proposed to vary the dielectric spacer thick-
ness (geometric factor) of the superconducting parallel-
plate resonator, which allows the deduction of Ry, tan §,
radiation loss [39] and the magnetic penetration depth XA
[42,69]. However, this approach is impractical for inter-
connect characterization.

In contrast to existing work, we shall extract both the
superconductor and dielectric losses by exploiting their
frequency dependence in a multimode MTL resonator. In
fact, we take advantage of both losses in our resonators
being of comparable magnitude, Q. ~ Q,, owing to inter-
play between the loss and geometry. Fitting an analytical
model to the experimental dependence of O} ! on the reso-
nant frequency, we quantitatively deconvolve R and tan §
in a single measurement.

The modeling of superconductor interconnects [28,70—
74] has relied on the Leontovich boundary condition [75—
77], often referred to as a surface-impedance boundary
condition (SIBC) [78]. It approximates the transmitted
wave as a wave propagating normal to the surface of
an imperfect conductor, regardless of the incident angle.
The SIBC is immensely fruitful for electrically large sys-
tems with a superconductor surface curvature radius much
greater than the magnetic penetration depth A [33,35,37,
41-43,79]. However, the SIBC is inapplicable to deep-
submicron interconnects with a wire cross section com-
parable to or smaller than A ~ 100 nm. To overcome
this, we shall deal the intrinsic or wave impedance Z; =
R, + iX; = {/inow/o, where R, and X, are the resistance
and reactance, ji is the vacuum permeability, ® = 2xf is
the angular frequency with f* being the linear frequency,
o = o1 — io, is the superconductor complex conductiv-
ity [80,81], and the time-harmonic convention is e,
A good superconductor with oy < o, or Ry << X has Ry =
w*ugror(w)/2 and X; = wpo. Since, for a bulk conduc-
tor, the intrinsic and surface impedances are equal, we shall
retain the Ry symbol for the intrinsic resistance.

To relate Ry and Q., and tan § and Q,, we shall define
the respective conductor and dielectric geometric factors
of a transmission-line resonator. The former is exclusively
determined by the line cross-section geometry and A and
the latter is determined by the geometry and &,. Involv-
ing fields and currents inside the conductor, the geometric
factor calls for a three-dimensional (3D) finite-element
method (FEM) capable of solving a superconductor inte-
rior [29,82]. Adapting the Ansys High Frequency Structure
Simulator (HFSS) [83] to solve inside the superconductor,
we shall overcome a limitation of the SIBC-based mod-
eling [70—74] to interconnects with a much bigger cross
section than A. FEM can also address interconnects of
complex geometry, including fabrication effects such as
an irregular shape and rounded edges of the wire, mis-
targeting and variation of critical dimensions, intermixing
of materials at the interface, dummy metal fill, etc. Com-
bining HFSS modeling with focused-ion-beam (FIB) or

scanning-transmission-electron-microscopy (STEM) cross
sectioning, we find the geometric factors of actual MTLs,
to investigate R, and tan § as functions of the Nb wire
width down to 0.25 pm.

This paper is organized as follows. First, we will
describe the design, fabrication, and characterization of a
multimode MTL resonator. After presenting data for the
frequency dependence of internal Q factor, we will derive
a theoretical form to fit them. Next, the resonator geomet-
ric factors involved in the theory will be obtained using
HFSS. Finally, the superconductor and dielectric losses will
be deduced from the fit and their dependence on the MTL
geometry and processing conditions will be scrutinized
with the aid of a microscopic elemental analysis.

II. RESONATOR DESIGN, FABRICATION, AND
CHARACTERIZATION

A. Design and layout

To implement the proposed concept, we have designed
a chip with five half-wavelength open-circuited MTL res-
onators, as shown in Fig. 1(a). The MTL is formed by
a Nb ground plane and conducting strip, embedded into
TEOS-derived SiO;. The conducting-strip width w varies
from 0.25 to 4 wm, representative of RQL interconnects.
Meandering the microstrip conserves space. The meander
sections are spaced far apart (35 pwm center-to-center), to
minimize the inductive coupling [84]. Via walls surround
the conducting strip, as shown in Fig. 1(b). They are placed
at least 15 times the dielectric thickness away from the
conducting-strip edge, to minimize the near-field coupling
and loss contribution to MTL.

A superconducting MTL supports a slow TMgy, wave
[28,85,86], which is dispersionless up to 100 GHz for our
geometries [29]. Solving a resonant condition fl.s = mn
yields the resonator eigenfrequencies

n n

C S
Jn= 2 VIC 21%/8—,\/ s + 2 coth(d/)”

(M

where 8 = 27f +/LC is the phase constant, L and C are
the MTL series inductance and shunt capacitance per unit
length, per Eqgs. (A1b) and (Ald) in Appendix A, I is
the resonator geometrical length, » = 1,2,3 ... is the lon-
gitudinal mode index, c is the speed of light in vacuum, &,
is the relative dielectric constant, s is the dielectric spac-
ing between the conducting strip and the ground plane,
and d is the superconductor thickness. The approximation
on the right of Eq. (1) is for wide microstrip with w > s
(parallel-plate line) [42].

The resonator has been designed assuming the nomi-
nal fabrication thicknesses s = 150 nm and d = 200 nm,
and the typical constitutive parameters ¢, = 4.2 for SiO,
[87] and A =90 nm for Nb. The latter has also been
verified by superconducting quantum interference device
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FIG. 1. (a) The chip layout, with five MTL resonators of conducting-strip width w varying from 0.25 to 4 wm, fabricated by a three-
metal-layer planarized process. Each resonator formed by meandering MTL takes up an area 0.5 x 1 mm? and is reactively coupled
to a microstrip feed line running between two sets of ground-signal-ground contact pads. The enlargement shows the layout and 3D
concept of a “plaid” coupling capacitor, formed by a crossbar array of wires sandwiching a rhombus grid of plug or stud vias. The
capacitor connects the MTL resonator to a 50-2 feed line conceptually connected to a vector network analyzer (VNA). (b) A diagram
of the fabrication stack and MTL cross section for processes B or C (not to scale). The MTL is embedded into the dielectric. Via
walls shield the conducting strip. MO (gray), M1 (blue), and M2 (pink) are the Nb metal layers of thickness d = 200 nm. 10 and 11
are the SiO; interlayer dielectric layers of thickness s = 150 nm, with Nb plug or stud vias (brown). Each layer is planarized and the
stack is passivated with SiN,. (c) A conceptual diagram of the resonator-excitation network. A coupling capacitor C. connects the
open-circuited half-wavelength resonator held at 4.2 K to the 50-$2 feed line. The VNA applies rf power and measures the complex
transmission coefficient Sy;. (d) Representative |S,; | spectra for five MTL resonators from a chip fabricated by process A. The resonant
dips marked by the mode index » = 1-4 correspond to the first four TMg, modes. The sloped background is due to loss in a cryogenic

dip probe.

(SQUID) inductance measurements [88] and agrees with
Ref. [17]. The selected resonator length /. = 15 mm is a
trade-off between fitting many resonators on a 5 x 5 mm?
chip and accommodating many resonant modes within the
test-setup bandwidth. Equation (1) predicts a fundamental
frequency f; = 3.27 GHz, which agrees with the measured
f1 =3.20 £ 0.07 GHz of a 4-pum-wide resonator within
0.8%, justifying our assumed values for ¢, and X.

Figure 1(c) shows the resonator-excitation network.
Each MTL resonator is reactively coupled to a microstrip
feed line via a capacitor, shown in the enlargement in
Fig. 1(a). We model this as a transmission line loaded
by the shunt impedance Zy seen at the T-junction look-
ing toward the coupling capacitor [14]. Such network has
transmission coefficient Sy, = 2Z;,/(Zy + 2Z,;,), where
Zy =50 Q2 is the feed-line characteristic impedance. At
resonance, Zy, = Ry, is purely real and Sy, = (1 +g)7!,
where g = Q,/0Q. is the resonator coupling coefficient
[89], which leads to 2R, /(Zy + 2Rg,) = (1 + g)~!. Insert-
ing here the input resistance for a capacitively coupled
open-circuited half-wavelength microstrip resonator [52]
Ry = 87f,>C2ZyrO:)~", the resulting equation yields
the coupling capacitance

1 g

Co=— |——, 2
210\ 2o Zyr O; @)

where Zy7; = +/L/C is the MTL characteristic impedance.
To overcome the parasitic ripple in the transmission coeffi-
cient caused by impedance discontinuities in the measure-
ment system [see Fig. 1(d)], we want about 6-dB insertion
loss at a resonance. For the reactively coupled resonator,
this corresponds to a critical coupling g = 1 (R, = Zy/2).
We evaluate Zy;7; and Q; in Eq. (2) using the parallel-plate
approximations of Egs. (Al) and (Bla) in Appendices A
and B. Assuming representative Ry = 2 W2 and tan § =
1073 at f1, Eq. (2) results in a C, of 50250 fF for the MTL
width of 0.25—4 pwm, respectively.

To implement such capacitors in a planarized process,
where large metal patches are disallowed because of the
CMP requirement to maintain the metal coverage den-
sity at about 50%, we have designed the “plaid” capacitor
depicted in the enlargement in Fig. 1(a). It comprises a
crossbar array of wires in two adjacent metal layers, M1
(blue) and M2 (pink), sandwiching a rhombus grid of vias
in interlayer dielectric layer 11 (brown). The vias con-
nect every other wire in M1 to every other wire in M2.
This creates two interwoven electrodes of about the same
capacitance per unit area as a parallel-plate capacitor.

B. Fabrication

The MTL resonators have been fabricated by three
generations of a three-metal-layer process with 0.25-um
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minimum feature size, referred to as processes A, B, and
C below. In all of them, the Nb is made by physical vapor
deposition and Si0O, is made by plasma-enhanced chemical
vapor deposition (PECVD) from a TEOS precursor. The
latter has been done at lower temperature <150 °C [90],
to minimize the Nb contamination. Process A is a dama-
scene process, using an inverted microstrip geometry with
the ground plane on the M2 layer. Processes B and C are a
damascene and a Cloisonné process, respectively, using a
noninverted microstrip geometry with the ground plane on
the MO layer. Figure 1(b) represents the fabrication stack
and the MTL cross section for processes B and C.

The damascene process begins with depositing a uni-
form layer of dielectric on a planarized surface. After the
trenches or vias for interconnect wiring are defined by pho-
tolithography and subtractively patterned by reactive ion
etching (RIE), a metal is deposited to fill and overfill (over-
burden) them. Finally, CMP removes the excess metal until
the intermetal dielectric, embedding the wires or plug vias,
is exposed. The surface is now smooth and ready for fab-
ricating the next layer. To promote adhesion of SiO, to
Nb, the planarized metal layer is treated with an oxygen
plasma.

The Cloisonné process begins with depositing a uni-
form layer of metal on a planarized surface. After the
interconnect wires or stud vias are defined by photolithog-
raphy and subtractively patterned by RIE, a dielectric is
deposited conformally over them. Once the metal fea-
tures are completely embedded with dielectric, CMP
removes the excess dielectric until the wires or vias are
exposed. The surface is now smooth and ready for the next
layer.

C. Experimental

Figure 1(c) shows a conceptual diagram of the
microwave test setup. Measurements have been taken at
4.2 K in a LHe Dewar using an rf dip probe equipped with
a 32-contact-pad test fixture [14,26,27,29]. To avoid wire
bonding and provide for fast sample exchange, a flip-chip
press-contact technology is used, where the chip contact
pads are pressed against nonmagnetic Cu-Au bumps in the
fixture PCB, interfacing with the probe semirigid coaxial
cables. A ground-signal-ground configuration facilitates
isolation between the PCB traces. During the experiment,
the fixture and the roughly 30 cm of the probe were
immersed in a LHe bath. The complex transmission coef-
ficient Sp; was measured by a Keysight N5222A two-port
vector network analyzer (VNA), calibrated to the top of
the probe. To minimize the possibility of nonlinear effects
[67,91,92], the microwave power in the chip feed line was
kept below 10 pW.

Figure 1(d) shows the transmission-coefficient magni-
tude |S;;| versus the frequency for one of the chips made
by process A. The signal fidelity limited the measurements
to the first four modes » = 1—4 of the MTL resonators. To
extract the internal Q factor Q; and resonant frequency f,
from the S, data, we have employed a diameter-correction
method (DCM) [57,58,93]. A critical resonator coupling
g = 1, targeted in our design, minimizes the DCM circle
fit error [59]. Depending on the process, the MTL width,
and the mode index, we have observed Q; between 170 and
700 and g from 0.1 to 3.8. The DCM fit error was found
to be rather insensitive to the g value: 96% of the resonant
peaks gave an error of < 1%, while the rest gave an error of
< 3%. Reinserting the same chip several times into a test

(a) 0.006+ _ () 0.006 : () 0.006 _
MTL width (um) MTL width (um) MTL width (um)

4 o2 4 o025

0.0051 0.0051 * o5 0.0051 * o5

& 10 & 10

2 2.0

0.004 1 < 0.004 1 0.0041+ @ 40
&; 0.003 &; 0.003 &; 0.0034
0.002 1 0.002 1 0.002 1
0.001 0.001+ 0.001
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Frequency (GHz)

Frequency (GHz)

FIG. 2. The inverse internal Q factor Q,-_1 of the MTL resonators at 4.2 K versus the resonant frequency f, for the first four modes
n = 1-4. Each plot shows results for all five MTL widths w = 0.25—4 pum, fabricated by (a) process A, (b) process B, and (c) process
C. O; has been extracted from the S,; spectra as shown in Fig. 1(d). Each data point is the arithmetic mean for several chips per
process. The solid lines are linear fits of Eq. (7) to the data for each MTL width fabricated by the respective process. The fit slope
A is proportional to the intrinsic resistance R taken at a reference frequency fy and the fit y intercept B = Q;l is proportional to the
dielectric loss tangent tan § at gigahertz frequencies. I'. and I'; are the geometric factors associated with conductor and dielectric loss,
respectively.
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fixture gave the maximum spread in Q; and f;, of less than
10% and 0.1%, respectively.

For each process, between six and nine chips were
selected within the inner 80-mm diameter of the 150-mm
wafer. Figure 2 shows data obtained from four wafers on a
total of 22 chips (five resonators per chip). Each panel of
Fig. 2 shows Ql-_1 as a function of the resonant frequency
for all five MTL widths, for a particular fabrication pro-
cess. Each data point and error bar represent the arithmetic
mean and one standard deviation for a sample of six to nine
chips per process, to statistically describe the loss variation
for each MTL width for each process. The increased error
bars for modes n = 3,4 in processes A and B are due to
the parasitic ripple in S; seen in Fig. 1(d).

I1I. DATA-ANALYSIS METHOD

To explain the frequency dependence of Qi_l in Fig. 2,
the transmission-line resonator geometric factor concept of
Appendix A yields

O;7' =T 'Ry + T tan s, A3)

where I'. and Ty are the geometric factors associated with
the conductor and dielectric loss, respectively. The inverse
quantities ' and T’ ;1 are referred to as the filling or par-
ticipation factors: the greater the filling factor, the more the
material contributes to power loss. All quantities in Eq. (3)
may depend on frequency. 4 priori assumptions about the
frequency scaling will enable the fitting of Eq. (3) to the
data of Fig. 2, to extract the superconductor and dielectric
losses.

For low temperatures 7' < 0.57,, where T, is the transi-
tion temperature, the Mattis-Bardeen microscopic theory
[80] predicts oy(w) o sinh (hw/2kgT)Ky(hw/2kgT)/w,
where h and kg are the respective Plank and Boltzmann
constants and K is the modified Bessel function [94].
At low frequencies hw < 2kzT, the above gives, for
the Bardeen-Cooper-Schrieffer (BCS) surface resistance,
Rpcs(w) o< w? In (4kpT/e? hw), where y is Euler’s con-
stant [35,95]. At T=4.2 K, this holds up to 25 GHz,
covering the (3—13)-GHz spectrum of our resonators.
Then, ignoring the residual resistance compared to Rpcs
at 4.2 K [35,37,96], an R, frequency dependence can be

approximated by
2+4a
R = Ry <ﬁ) , o)
wo

where R,y = R,(wp) is the intrinsic resistance taken at
a reference frequency wy and a = In[In(e” hw/4kpT) /
In(e” hwo /4kpT)] / In(w/wp) SO is  the  frequency-
dependent deviation from a pure quadratic dependence
R, < w? of the phenomenological two-fluid model. For
representative wy = 2w x 10 GHz, the BCS theory pre-
dicts 2 + a reducing from 1.75 to 1.6 over 1-13 GHz, at

4.2 K. In practice, smearing the singularity in the density
of states (DOS) near an energy gap [97] removes the BCS
divergence of oj(w) at w = 0 [98], preserving a ~ 0 in
Eq. (4) into the gigahertz range [35]. This can be addressed
by replacing kgT/hw — kgT/yp in the Rpcs(w) depen-
dence [98], where a phenomenological Dynes parameter
yp < A quantifies the quasiparticle finite lifetime, where
A is the energy gap. For example, Bauer et al. have
reported 2 +a = 2 £ 0.1 over 1.7-7.8 GHz for a Nb cav-
ity [96], whereas Philipp and Halbritter have found that
2 + a reduces from 1.8 to 1.65 over 12—18 GHz, depend-
ing on Nb cavity oxidation [99]. Thus, the expected range
of the frequency-scaling exponent in Eq. (4) is 1.6 < 2 +
a<?2.l1.

A dielectric loss tangent can be expressed as tan § =
o4/€0€-w, wWhere o, is the material conductivity and &g
is the vacuum permittivity [52]. According to Jonscher’s
universal relaxation law, o, scales with frequency as o, =
o4 + Fa?, where o, is the dc conductivity, F is the pref-
actor, and the exponent p falls in the range of 0 < p <1
[100]. Thus, at high frequencies where o, < Fw”,atan §
frequency dependence can be approximated by

o\ !
tan § = tan § (—) , Q)

wo

where tan §, = ng_l/soer(wo) is the loss tangent at a
reference frequency wg. Jonscher has proposed that low-
loss dielectrics with tan § < 0.1 exhibit a nearly “flat loss”
over several decades of frequency [100], corresponding to
p ~ 1inEq. (5). However, Kaiser has reported 0.57 < p <
0.68 for various amorphous thin-film dielectrics at 4.2 K
and 0.1-20 GHz [46]. Conversely, tan § of some low-loss
crystals, ceramics, glasses, and polymers has been reported
to increase linearly with frequency over 1-30 GHz at room
temperature [44,101], corresponding to p = 2. Thus, the
expected range of the frequency-scaling exponent in Eq.
B)is—-1l<p-1<1.

Concerning the geometric factors in Eq. (3), Egs. (AS)
of Appendix A infer that I'. o @ while T’y is frequency
independent. These rely on dispersionless A and ¢,, as evi-
denced by the equidistant spectrum of resonant frequencies
in Fig. 2. It then follows from Egs. (3)~(5) that

1 _Rso(a)>l+a+tan80<w)pl ©)
Oi T \wo Iy \wo ’
where the parameters subscripted with “0” are taken at
a reference frequency wy = 2mfy. We will choose fy =
10 GHz within the resonator spectrum.
The nearly linear dependence of O; ! on frequency in
Fig. 2 can be interpreted as a &~ 0 and p &~ 1 in Eq. (6).

The former supports a smearing of the DOS singularity in
Nb, while the latter supports Jonscher’s “flat loss” in SiO,.
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According to the Kramers-Kronig relations, the “flat loss”
coincides with dispersionless ¢, evidenced by the equidis-
tant resonant-frequency spectrum. Such a dependence has
also been observed by Tuckerman et al. for a Nb/polyimide
multimode microstrip resonator at 3—4.2 K over 220 GHz
[47]. Thus, setting a = 0 and p = 1 reduces Eq. (6) to the
linear form

oty = Rl S s @)

= -
FCO.ﬁ) 1—‘d

where A = R/ I'fyp and B = tan §/ T'y. Fitting Eq. (7) to
the data sets in Fig. 2, with 4 and B as the fitting param-
eters, the fit slope 4 is proportional to Ry and the fit y
intercept B is proportional to tan §. For instance, process
A has a larger fit slope, and hence a higher superconductor
loss, than processes B and C, for all MTL widths. For MTL
width 1 wm and under, process B has a higher supercon-
ductor loss than process C, while for the 2- and 4-pm-wide
MTLs, processes B and C have similar losses. All pro-
cesses and line widths give roughly the same y intercept
B =~ 0.0012, corresponding to O ~ 830.

For an MTL with conducting-strip and ground-plane
partial resistances R® and R, Eq. (A3) of Appendix A
gives, for the first addend in Eq. (3),

R_ RS Rgl’
I, TIe ' I8

where R, is understood as an averaged quantity and I'** and
I'¥” are the partial geometric factors associated with the
conducting-strip and ground-plane resistive losses. Like-
wise, for an MTL with inhomogeneous dielectric per
Fig. 1(b), Eq. (A3) gives, for the second addend in Eq. (3),

tan 5  tan &St N tan §5102 N tan §SIN __ tan 85i02
T, rs ngoz SN S0z

d
)

where tan § is the averaged quantity and the partial loss
tangents tan " and geometric factors I'/) are superscripted
with the respective material, including an Si wafer sub-
strate, an SiO, interlayer dielectric, and an SiN, passi-
vation layer. Excluding the liquid helium from consider-
ation makes I'; > 1. The approximation on the right of
Eq. (9) ignores all the losses except for SiO,, exploiting
tan 8502 > tan 65, tan 85N [46] and ') « I'S|, TSN,
Note that 1/ I'$IN & 0 for the inverted MTL of process A,
and 1/ Fg‘i ~ 0 for the noninverted MTL of processes B
and C.

Fitting Eq. (7) to the data gives the Nb and SiO, losses
as

RSO :fOFCOAa

i SiO
tan §592 ~ T2 B,

(10a)
(10b)

where Eq. (10b) follows from a general relation tan § =
['yB using Eq. (9). For the wide MTL of w > s, the
geometric factors in Egs. (10) can be found from a parallel-
plate approximation per Appendix B:

Lo s+ 2x coth (d/A)
w0 = 0 Teoth (d/n) + (d/2) sinh? (d/2)]’
(11a)
s o

For the narrow MTL of w < s, finding "9 and ' requires
FEM modeling, to account for the current concentration
at the edges of the conducting strip [82,102], field fring-
ing [103], and the irregular cross section of the conducting
strip [104].

IV. HFss MODELING

One can find geometric factors by numerically integrat-
ing Egs. (AS) of Appendix A, which involve the fields
and currents inside a superconductor. Sheen et al. is the
only work to simulate these, in a superconducting strip
line, using a proprietary FEM solver [82]. We employ
the Ansys HFSS software [83] to extract geometric fac-
tors from the solved network parameters, circumventing
the integration. HFSS is a full 3D FEM simulator, capa-
ble of solving fields, currents, and network parameters for
an arbitrary electromagnetic structure. However, HFSS nei-
ther includes a lossy superconductor material nor allows
superconducting ports [105]. Thus, the peculiar aspects of
modeling a superconductor network in HFSS are (i) defining
the lossy superconductor by a negative permittivity and a
real conductivity [81]; (ii) using perfect electric conductor
(PEC) to connect superconductor members to the excita-
tion ports; and (iii) enforcing the solve-inside option for
the superconductor members, to override the HFSS default
of only solving inside a material when the conductivity
< 10° S/m.

A. Defining a superconductor in HFSS

Inserting the superconductor local current-field con-
stitutive relation J = (o7 — ioy)E into Maxwell’s curl-H
equation gives

V x H=o0E + iwgg <8—2)E,
Eow
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where the parentheses enclose a superconductor relative
permittivity &, = & — (02/&ow), in which ¢ is the ordi-
nary dielectric constant associated with the displacement
current. The superconductor is modeled as a collision-
less electron plasma with the dielectric function ¢, =1 —
(a)p/a))2 =1 — (c/w))?, where wp = c/A is the plasma
frequency of the superfluid electrons [81,106,107] and the
ionic contribution is ignored. Comparing & and &, infers
that ¢ = 1 is the permittivity in the limit w > w, and 0, =
1/wuor? is the London conductivity. Therefore, a lossy
superconductor can be defined as a material with the per-
mittivity &, = 1 — (02/&9w) and conductivity oy = oy,
applicable over the entire range of temperatures and fre-
quencies of interest. Ignoring the displacement current due
to 03/gow > 1, a superconductor permittivity is substan-
tially a negative quantity &, = —o,/gow [108,109].

In Ref. [29], the authors have implemented a supercon-
ductor material in HFSS using the Mattis-Bardin theory to
define ¢, and o, as piece-wise functions of frequency
[29]. Here, we define them analytically, exploiting o, <
0. Modeling o, as the London conductivity gives !S5 =
—(c/w))?, where A is the experimental penetration depth.
A two-fluid model gives o155 = 2Ry /wd u22?, where Ry
is the experimental intrinsic resistance at a reference fre-
quency wy. These implicitly produce RS oc w?, to agree
with Fig. 2 and Eq. (7).

B. Modeling a superconducting MTL in HFSS

The MTL resonators in Fig. 1(a) exceed the HFSS limit
of 10* for the ratio of the model largest to smallest dimen-
sion. Moreover, to solve inside a superconductor material
with very high conductivity o, ~ 10’S/m and permittivity
lese| ~ 10°, FEM creates a very-high-density mesh, mak-
ing very large structures prohibitively long to simulate.
To overcome these limitations and determine I'. and I'y,
we simply model a small longitudinal segment of uniform
MTL, at a reference frequency fy = 10 GHz. Figure 3(a)
shows the HFSS model of a two-port network formed by a
superconducting microstrip, with PEC ports of the same
cross-section geometry [29]. The superconducting MTL
segment of length / = 5-20 um is electrically short 8/ «
1. The PEC port length /,.. = 1 pm is a small fraction of /.
After solving the model with the terminal network-analysis
solution type [83], PEC ports are deembedded, to extract
the network parameters of the MTL segment only.

Figure 3(b) shows the magnetic field intensity looking
into the MTL cross section, for all five MTL widths, in
the case of the nominal geometry and material parameters
for processes B or C. For a 2-um-wide MTL and above,
the magnetic field has a parallel-plate-like distribution. For
I wm MTL and below, the magnetic field penetrates the
majority of the conducting strip but only a small fraction
of the ground plane.

To provide accurate results, the HFSS convergence
criterion has been set at 0.1-1% for the telegrapher’s
RLGC parameters R = Re(Z), L = Im(Z)/w, G = Re(Y),
and C =Im(Y)/w [110], where Z and Y are the series
impedance and the shunt admittance of a general trans-
mission line [111]. For the electrically short network,
Appendix C gives the following approximations:

Z~ 22y — Zi)l (12a)

Y~z (12b)
where Z,; = Z», and Z;; = Z,; are the elements of the
Z-parameter matrix solved by HFSS. All geometries and
material definitions have been parametrized and swept
using the OPTIMETRICS option [83]. It is tractable to com-
plete about 100 parametric sweeps in a few hours. The use
of an SIBC for the MTL ground plane can speed up the
simulations.

C. Extracting geometric factors from HFSS

To extract the conductor and dielectric geometric fac-
tors from the HFSS solution, recall that Q. = wL/R and
Q4 = wC/G for a transmission-line resonator [52]. Then,
combining Egs. (3) and (12) yields

[ = RIFSS Im(Zy, — le)’
T Re(Zi — Zn)
—1
Im(le )
—1 >
Re(zlz )

(13a)

Iy = tan §"1FSS (13b)

where RIS = @2 12230178 /2 is the intrinsic microwave
resistance corresponding to the HFSS superconductor mate-
rial definitions and tan §"FSS is the HFsS defined dielectric
loss tangent. The partial geometric factor of just the con-
ducting strip I'¢y is obtained by setting the ground-plane
loss to zero in the HFSS model and vice versa for the
ground-plane partial geometric factor I'). Likewise, the
partial geometric factor Fs’loz of just SiO, is obtained
by setting all other dielectric losses to zero in the HFSS
model. A geometric factor concept substantially accel-
erates the data analysis: each MTL geometry requires
only a single HFSS simulation, using any conductivity

o lTFSS « wyege!lSS (resistance RIS < wopuoh), and any

sc

loss tangent tan §"75S « 1.

Figure 3(c) shows the net conductor geometric factor
Too=(1/T% +1/ Fff))_l and the partial geometric fac-
tor ratio IS/ T versus the MTL width, for nominal
and actual MTL geometry, for all three processes. Both
quantities decrease with the MTL width. For instance, the
conducting-strip participation in the MTL net resistive loss
increases from 57% for the 4-pm-wide MTL to 85% for
the 0.25-pwm-wide MTL. The simulated I".y has been ver-
ified to be independent of RS over 0.1-100 wQ. The
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FIG. 3. (a) The HFSS model of a superconducting MTL. A dielectric (transparent) embeds a conducting strip (blue) of width w and

a ground plane (gray), separated by the spacing s. Both conductors have thickness d and simulation length /. The MTL is enclosed
by a simulation box with all faces set as radiation boundaries. To excite the model, PEC members (yellow) of length /.. connect the
wave ports to the superconductor members. (b) The magnetic field intensity looking into MTL cross section, simulated at 10 GHz. The
MTL width varies from 0.25 to 4 wm, top to bottom. Here, s = 150 nm, d = 200 nm, the Nb penetration depth and intrinsic resistance
are A = 90 nm and R, = 20 w2, the SiO, relative dielectric constant and loss tangent are 4.2 and 1073, respectively, and the SiN,
relative dielectric constant and loss tangent are 7.5 and 10~*, respectively. (c) The conductor geometric factor I'.o at 10 GHz versus the
MTL width, found from Eq. (13a) for the nominal cross-section geometry (black circles) and for the fabricated geometries for all three
processes (red, green, and blue circles). The dashed black line is a parallel-plate approximation using Eq. (11a). The black squares

show the conducting-strip to ground-plane geometric factor ratio ') / I'*'. The solid lines are a guide to the eye.

HFSS results have been further validated by comparing
I".o to the parallel-plate approximation given in Eq. (11a).
For the nominal MTL geometry, ',y (black solid line)
approaches I'.gpp (black dashed line) within 1.5% at 2-
pm MTL width and above. This is evidenced by Fig. 3(b),
where the fringing fields above the conducting strip seg-
regate near the edges for 2-pum width and above. Hence
Egs. (11) can be used for preliminary data analysis in wide
MTLs with w/s > 13.

The HFSS simulations also show that, depending on the
process, the dielectric geometric factor Fsloz increases
from about 1.02 to 1.04 as the MTL width decreases. Such
Fsloz 2 1 is justified for an MTL embedded into mostly
SiO; and agrees with Eq. (11b) for the wide MTL. Thus,
the y intercept of linear fits in Fig. 2 nearly equals tan§>i02.

Solving just a short segment of the MTL, our HFSS
model ignores the meandering of the microstrip on a chip.
The nonmitered right-angle bend and inductive coupling
between the long parallel sections reduce the inductance,
whereas inductive coupling between the short collinear
sections increases the inductance [84]. It is intuitively clear
that a bend reduces both the inductance and resistance,

maintaining their ratio at nearly the same value. Consider
a quarter-period-long segment of meander with a bend.
The bend makes the conducting strip effectively wider by
Aw ~ w? /I, where [; ~ 250 um is the segment geometric
length. By Fig. 3(c), the increase in the geometric factor
is Alg ~ (0T o/0w)Aw, giving AT o/ o < 1% for all
widths. The inductive coupling can be ignored due to a
very large spacing >>w, s, d between the adjacent meander
sections and the via walls surrounding the conducting strip.

V. RESULTS AND DISCUSSION

The cross-section geometries for each process and MTL
width were measured by FIB or STEM. These actual
geometries, including the slanted sidewalls of the con-
ducting strip, were modeled in HFSS to find the geometric
factors using Eqs. (13). Finally, such actual geometric fac-
tors were utilized to deduce the Nb averaged intrinsic
resistance Ry and the SiO, loss tangent tan 8502 from the
linear fits in Fig. 2 using Egs. (10).

Figure 4 shows the results versus the MTL width. The
error bars are obtained by applying the error-propagation
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FIG. 4. (a) The Nb averaged intrinsic resistance per Eq. (8) at

4.2 K and 10 GHz versus the conducting-strip width and fabrica-
tion process, deduced from the fit slope in Fig. 2 using Eq. (10a).
The black dashed line represents the minimal theoretical BCS
surface resistance Rgcs &~ 17 w2 [96,112]. (b) The SiO, dielec-
tric loss tangent at 4.2 K and gigahertz frequencies versus the line
width and fabrication process, deduced from the fit y intercept in
Fig. 2 using Eq. (10b). The solid lines in both plots are a guide to
the eye.

analysis to Egs. (10), neglecting correlations. The uncer-
tainties in the fit slope 4 and y intercept B are estimated
from the linear regression in Fig. 2. The uncertainties in
I'. and T'; are found using HFSS to model the effects of
MTL-geometry variations across the wafer [110].

Figure 4(a) reveals that the Nb resistive loss decreases
from process A to process B to process C. To compare
the process-C Ry ~ 13 w2 to the literature, we use R;

f2. Scaling 13 wQ to the dielectric resonator frequency
27.5 GHz gives 100 €2, which is 23% below a 130-p.€2
surface R reported for 200-nm-thick Nb thin films at 4.2 K
[63]. Scaling 13 n<2 to the parallel-plate resonator fre-
quency 12.5 GHz gives 20 n€2, which is 13% below a
23-nQ2 surface R, reported for 350-nm-thick sputtered Nb
films at 4.2 K [39]. Scaling 13 w2 to the cavity-resonator
frequency of 1.5 GHz gives 290 n€2, which is 21% below
a BCS surface resistance Rgcs = 365 n<2 reported for 1.5-
pm-thick Nb film on Cu backing at 4.2 K [37]. Remark-
ably, 13 nQ is also 24% below a minimum theoretical
Rpcs ~ 17 n2 predicted for Nb with the optimum mean
free path at 10 GHz and 4.2 K [96,112]. This can be
attributed to the DOS smearing [98,99], which is consistent
with the quadratic frequency dependence of R, implied by
Fig. 2. We note that if the actual frequency dependence of
the resistive loss is weaker than quadratic, fitting the Fig. 2
data with Eq. (7) may slightly underestimate Ryy. A pre-
sumed A value could be another source of systematic error:
however, a 10% error in A only produces an approximately
2% error in I'. and so Ry. Thus, processes B and C demon-
strate that planarized Nb interconnects can be scaled down
to deep-submicron dimensions with minimal resistive loss.

Figure 4(b) shows that all three processes yield approxi-
mately the same SiO; loss tangent tan § ~ 0.0012, roughly
independent of the MTL width. Such a value corroborates
Oates et al., who have reported Q ~ 600 for submicron
Nb/SiO, strip-line resonators at 4 K and 2.3-4.5 GHz
[68], which implies tan § < 0.0016 for a (200—-300)-nm-
thick planarized PECVD SiO,. Our result also compares
to Kaiser [46], who have reported tan § = 0.0003—0.0007
for sputtered SiO, films over 1-9 GHz at 4.2 K. Note
that depending on the actual frequency dependence of Nb
Ry, fitting Eq. (7) to the data may slightly overestimate
tan 6. Thus, the SiO, loss is not sensitive to significant dif-
ferences between the three processes, permitting a large
fabrication window.

According to Eq. (3), a resonator optimized for charac-
terization of both superconductor and dielectric loss has
IR, = F;l tan §. The optimum geometric factor ratio
r=T,./T4is then r* = R,/ tan §. The representative Ry ~
20 n2 and tan § ~ 1073 of Fig. 4 call for 7 ~ 20 mS.
At the same time, for the fabrication stack in Fig. 1(b),
Egs. (11) and Fig. 3(c) give » ~ 10 m£2, comparable to *.
Thus, our resonators are sensitive to both types of loss.

A. Ry variation with process

To understand the Nb resistive loss variation with pro-
cess seen in Fig. 4(a), we have performed a STEM analysis
complemented by an EDS mapping on the 0.25- and
I-wm wide MTLs, for all three processes. The electron
beam was 0.1—1 nm in diameter and the detection limit was
>1 at.%. Figures 5(a)-5(c) show representative STEM
cross sections of the conducting strip looking into the
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STEM cross sections of the conducting strip for representative 0.25-pm MTL resonators fabricated by (a) process A,

(b) process B, and (c) process C. The sketches depict corresponding MTL cross sections, showing NbO,-layer locations in both
the conducting strip (CS) and the ground plane (GP). (d) EDS profiles of the O:Nb content ratio just below the Nb surface as a function
of the electron-beam relative position, corresponding to line cuts shown by the colored arrows in (a)~(c). The zero-beam position is
set at the SiO,-Nb interface. The MTL ground plane is assumed to have the same O:Nb profile as the respective conducting strip.

0.25-pm-wide MTL, for all three processes. The STEM
and FIB cross sections reveal that processes A and B have
a 10-nm-thick layer of oxidized Nb (NbO,) on the top of
both the conducting strip and the ground plane, due to the
oxygen-plasma treatment. Process C has no visible NbO,
layers.

Oxidation can degrade Nb superconductivity by creat-
ing, in an inward direction, insulating niobium pentox-
ide (NbyOs), semiconducting niobium dioxide (NbO,),
metallic or superconducting niobium monoxide (NbO),
and clustered or interstitially dissolved O [23,53,99,113].
Figure 5(d) shows EDS profiles for the O:Nb content ratio
near the top and bottom faces of a 0.25-pm-wide conduct-
ing strip, for all three processes. Comparison of EDS maps
for 0.25-pum and 1-pm conducting strips suggest that all
widths have a similar O:Nb profile. At the time of EDS
data collection, it was deemed that only the conducting
strip was of interest, so the ground-plane mapping was not
performed. However, since it is created by the same depo-
sition recipe, the ground plane likely incurs the same O:Nb
profile as the respective conducting strip. This is supported
by the FIB cross section of the entire MTL, which reveals
that NbO, has the same thickness in both the ground plane

and the conducting strip, for all MTL widths. Hence, the
plot legend in Fig. 5(d) itemizes the ground-plane O:Nb
profile, inferred from the respective conducting strip, in
parentheses.

Figure 3(b) demonstrates that the majority of the rf
current flows near the ground-plane and conducting-strip
surfaces facing each other and the strip corners next to
the ground plane [82]. Hence, the O content in these
regions may affect the MTL resistive loss. Figure 5(d)
reveals that for process A, O extends about 10 nm into
the top of the conducting strip but diminishes within just
a few nanometers into the bottom of the ground plane;
the O content overlaps with the current-density peaks at
the strip corners, due to an inverted microstrip geometry.
For process B, O extends about 10 nm into the ground-
plane top but diminishes within a few nanometers into
the conducting-strip bottom; the O content does not over-
lap with the current-density peaks at the strip corners. For
process C, O diminishes within a few nanometers into
both the ground-plane top and the conducting-strip bottom.
For process A, the O:Nb ratio shows a hump around 48
nm into the conducting-strip top. These observations are
consistent with the about 2 times difference in Ry, between
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FIG. 6. The NbO/Nb bilayer microwave resistance R;;, nor-
malized by Rpcs, as a function of the NbO-layer thickness using
the process-A conducting strip (CS), the process-B ground plane
(GP), and process C. The black dashed line and the solid symbol
at t = 0 represent a theoretical BCS resistance Rgcs &~ 17 W2
for pristine Nb [112] using the parameters of Ref. [96]. The
gray solid line is a guide to the eye. Large error bars represent
estimated values for the thickness.

processes A and B, as well as with process C having a
lower Ry, than process B. Considering that Ryy < Rgcs for
process C, neither SiO, PECVD nor REI nor CMP degrade
the Nb resistive loss, despite RIE causing the rough sur-
face of the conducting strip [see Figs. 7(c) and 7(d)]. This
makes a planarized Cloisonné process very attractive for
fabricating low-loss Nb interconnects.

Figure 4 allows one to evaluate a partial loss associ-
ated with the NbO, layer. First, assume that the entire
layer is insulating, e.g., Nb,Os. Since the measured tan &
is roughly independent of the MTL width, consider a wide
MTL. Modeling the dielectric spacer as two parallel-plate
capacitors filled with SiO, and Nb,Os, and connected in
series, gives the averaged loss

Nb,O Sio
tan §5102¢, 255 4 tan §NP205¢2"2¢
tan § = szos 510, , (14)
s+é& °t
Nb,O - -
where &, 2>, tan §N%295 and ¢ are the dielectric con-

stant, loss tangent, and thickness of the Nb,Os layer, 02

is the SiO, dielectric constant, and it is assumed that
tan §N2205 tan §%02 « 1. Using &, Si02/ « eN2205¢ que to
295 33 [46], Eq. (14) reduces to

SlOz

tan 8 A tan 6502 & tan §"205,  (15)

NbO

where the participation factor > 2¢/ep2%s ~ 0.01 for

t=10 nm and s =150 nm. Thus, the MTL res-
onator is rather insensitive to the Nb,Os loss. Assuming
10% measurement sensitivity and tan 8502 = 1073 infers
tan §N%205 < 0.01 as an upper bound. This agrees with

Kaiser, who reports tan § = 0.002—0.001 for a thin-film
Nb,Os made by Nb anodizing, over 1-15 GHz at 4.2 K
[46]. Thus, the NbO, layer in processes A and B could be
comprised of Nb,Os.

To resolve the difference in resistive loss between pro-
cesses A and B of Fig. 4(a), now assume that the NbO,
layer is metallic, e.g., NbO, which becomes a supercon-
ductor below 1.4 K [114]. Since the measured Ry, is
roughly independent of the MTL width, consider a wide
MTL subject to the SIBC and ignore the host finite-
thickness effects due to d > 2. Modeling the oxidized Nb
as a normal-metal/superconductor (N/S) bilayer gives the
surface resistance [115,116]

Rbl = (1)2/1,% ()\.h + t)z toy + Rh: (16)

where ¢ and o, are the N-layer thickness and normal con-
ductivity, A, and R, are the S-host penetration depth and
surface resistance, and proximity coupling [117] between
the N and S regions is ignored. It is also assumed that
t is small enough to provide a uniform superfluid den-
sity in the N layer, in the case of the proximity coupling.
The first addend, representing an N-layer contribution, has
quadratic frequency dependence, which is consistent with
Fig. 2 and Eq. (7). A term in parentheses, Ay = Aj + ¢,
represents the bilayer global penetration depth, as the
decoupled N layer provides no screening [115]. In prac-
tice, proximity coupling makes A, < Ap < A + ¢, which
justifies using the same A in the HFSS modeling of all
processes.

Created by the same Nb-deposition recipe as process C,
the process-A ground plane and the process-B conducting
strip should have the same partial resistance of 13 <2, as
the damascene effects are negligible for line widths w > d
(see Sec. V B). Taking 27 €2 and 15 w<2 for the averaged
Ry of processes A and B per Fig. 4(a) and using geometric
factors per Fig. 3(c), Eq. (8) thus yields RS = 38 w2 and
R =18 nQ for the process-A conducting strip and the
process-B ground plane, respectively. Considering these as
Ry, using w = 2 x 10 GHz, A, = 90 nm, ¢ = 10 nm, and
again assuming that R, = 13 w2 per process C, Eq. (16)
yields 0, = 4.0 x 10’ S/m and o, = 7.4 x 10° S/m for
the respective N layers of processes A and B. The former
is remarkably close to the conductivity of 5.56 x 107 S/m
for an as-cast NbO alloy at 4.2 K [114]. Both N-layer con-
ductivities being lower than this, however, infer that the
NbO layer comprises only a fraction of the NbO, layer,
which is consistent with NbO typically residing between
a Nb host and higher oxides [23,53,99,113]. Then, insert-
ing 0, = 5.56 x 10’ S/m into Eq. (16) and solving for
the thickness gives & 7.5 nm and ¢~ 1.6 nm for the
respective N layers of processes A and B, which agrees
with Fig. 5(d). Thus, a 2 times difference in the resistive
loss between processes A and B can be attributed to a 5
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STEM cross sections of the conducting strip for representative (a) 0.25-um- and (b) 1-pm-wide MTL resonators from

process A and (c¢) 0.25-wm- and (d) 1-pwm-wide MTL resonators from process C. The sketches depict the corresponding MTL geometry.
The image contrast in (a), (b), and (d) has been enhanced to highlight features, making NbO, invisible in (a). The orange arrows in
(a) and (b) indicate the grain phase boundary between two Nb growth directions due to a damascene process. The yellow arrows in (a)
and (b) indicate voids and/or vacancies in Nb. The white arrows in (c) and (d) indicate the “undercut” of the Nb during RIE.

times difference in the NbO thickness. Our results com-
pare to those of Pambianchi er al., who have observed a
sevenfold increase in the surface resistance while there
was no increase in the penetration depth of an N/S bilayer
formed by 10-nm-thick Al sputtered onto 1-wm-thick Nb
versus bare Nb film, at 4.2 K and 11 GHz [118]. Thus,
Fig. 4 is consistent with the NbO, layer comprising both
insulating Nb,Os and metallic NbO: mostly NbO for
process A and mostly Nb,Os for process B.

To interpret the surprising Ry < Rpcs for process C,
assume that the Nb has a very thin NbO layer of thick-
ness 1€ due to O diffusion from SiO, justified by Fig. 5(d).
It is then intuitively clear that 0 < € < 2 < ¢ < 10 nm,
where % and #! are the NbO thicknesses for the process-B
ground plane and the process-A conducting strip, deter-
mined above. Assuming that 1 ~ 0.5 nm and using
13 p€2, 18 n2 and 38 w2 for the respective bilayer sur-
face resistances of processes C, B, and A, Fig. 6 shows
Ry normalized by Rgcs = 17 w2 as a function of 7. The
nonmonotonic dependence supports the Gurevich-Kubo
theory that the pair-breaking mechanisms at the surface
can bring Ry < Rpcs [95,115]. This is associated with
the N-layer effects broadening the gap peaks of ideal
quasiparticle DOS [97], to remove a o] (w) divergence at
o = 0, which is consistent with the R; quadratic frequency

dependence of Fig. 2(c). Depending on the N/S regions
contact resistance and the N-layer normal conductivity, a
minimum of Ry (f) is expected for # ~ 1 nm, where the N-
layer contribution increasing Ry, is small compared to the
S-host contribution decreasing Rp; [119]. Our result also
corroborates Oseroff ef al., who have decreased the surface
resistance of bulk Nb by replacing the native oxide with a
0.1-nm-thick gold (Au) film, at 1.64.2 K and 4 and 5.2
GHz [120].

B. R upturn at 0.25-pm width

Another data trend seen in Fig. 4(a) is the 20-30%
increase in Ry for processes A and B at 0.25-pm MTL
width. The STEM cross sections in Figs. 7(a) and 7(b)
show that the damascene process entails two Nb growth
directions in the conducting strip: vertical growth from the
trench bottom and horizontal growth from the trench side-
walls [121]. The two grain phases, a bottom grain and
a sidewall grain, meet at an about 60° angle from the
wafer plane. There are two such grain phase boundaries
in both processes A and B, indicated by orange arrows
in Figs. 7(a) and 7(b). Although EDS elemental analy-
sis shows no Nb contamination at the boundaries, they
possess voids and vacancies, indicated by yellow arrows.
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Conversely, Figs. 7(c) and 7(d) confirm that the Cloisonné
process C has only a vertically grown grain.

Aligned with the rf current flow, the grain phase bound-
aries may not affect its distribution in the straight segments
of the conducting strip while can impede at the right-
angle bends. Besides, the sidewall grain morphology along
with the voids and vacancies can reduce the electron mean
free path /5. Since Rpcs o Ly (1 + &o/Lugp)>/? has a min-
imum at [, = &/2, where & ~ 33-39 nm is the Nb
microscopic coherence length [37,95], reducing /,,;, below
that increases R;. Voids can also provide Nb hydride for-
mation sites [122,123], where H diffusion creates normal-
conducting precipitates. Subject to the proximity effect,
hydrides suppress superconductivity in a host Nb.

Decreasing the conducting-strip width w increases the
sidewall grain and void fractions, the geometry of which
is determined by the trench depth d. For instance, the
grain fraction increases from 20% in a 1-um-wide strip
up to 50% in a 0.25-pm-wide strip. Since for a 0.25-pm-
wide MTL the conducting strip dominates the averaged
resistance, its upturn in Fig. 4(a) can be attributed to the
damascene effects.

VI. CONCLUSIONS AND OUTLOOK

We have successfully disentangled and quantified com-
parable superconductor and dielectric microwave losses
by exploiting their frequency dependence in a multi-
mode microstrip resonator. The adoption of HFSS to solve
a superconductor interior overcomes a limitation of the
SIBC-based modeling to interconnects much bigger than
A. From the HFSS solution, we obtain the resonator geo-
metric factor, which allows us to extract Ry and tan §
with only a single simulation per MTL geometry. The
method is representative of SCE interconnects and applies
to any transmission line including a strip line and a copla-
nar waveguide, as well as a via chain, to analyze the via
loss. The technology is suitable for optimization and sta-
tistical process control of both digital and quantum SCE
fabrication.

Using the method, we have optimized a 0.25-pm
Nb/SiO; planarized process for minimum interconnect loss
in the gigahertz range. The superconductor intrinsic resis-
tance R, and dielectric loss tangent tan § have been directly
compared between different processing conditions, stack
geometries, and line widths. Correlating R, with the STEM
and EDS analysis has revealed the extraneous loss mecha-
nisms for damascene processing, including the Nb plasma
oxidation and grain-growth orientation. A difference in R;
between the two damascene processes is explained by the
difference in the NbO thickness. This has led us to a Cloi-
sonné process, free of the above effects, demonstrating
Ry =13 £ 1.4 n2 down to 0.25-pm line width, which is
even lower than the Nb minimum BCS resistance Rpcs ~
17 w2 at4.2 K and 10 GHz [96,112]. This corroborates the

Gurevich-Kubo theory that a very thin metallic overlayer
(NbO 1in our case) can reduce the superconductor R; below
Rpcs [115]. Thus, contrary to our initial expectations, nei-
ther CMP nor RIE nor SiO; poisoning may increase the
Nb resistive loss. With tan § = 0.0012 % 0.0001 indepen-
dent of processing conditions and MTL geometry, the
TEOS-derived SiO; is a very attractive insulator for highly
integrated SCE, the fairly high dielectric loss of which can
be attributed to a low-temperature PECVD.

With the Nb wires already at or below the theoretical
minimum loss, future SCE interconnect optimization calls
for lower loss materials. For instance, a dielectric with
tan § = 10~* would improve the energy efficiency of an
RQL resonant clock network [14] from 30% to 80—90%.
Since SiO; does not poison Nb, increasing the deposition
temperature may reduce the tan §, without affecting Nb.
Furthermore, the use of a very thin metallic overlayer could
reduce the Nb R, [98,120]. Conversely, higher-T, super-
conductors such as NbTiN can be explored [7]. Depending
on the ratio of the conductor and dielectric geometric fac-
tors, optimizing one material could be more beneficial than
another.

Our loss-data deconvolution method relies on conjec-
tured frequency dependencies for R and tan §. Using a
longer resonator to increase the spectrum and the mode
density, while allowing a and p as fitting parameters in
Eq. (6), one may unambiguously determine frequency-
scaling exponents for R; and tan §, to gain new insights
into their mechanisms.
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APPENDIX A: GEOMETRIC FACTOR OF

TRANSMISSION-LINE RESONATOR

The telegrapher’s RLGC parameters of a superconduct-
ing transmission line are as follows [52,82,125]:

R= % /RSMJPda ~ MTe"f, (Ala)
A

L= |’;—|°2/ (2 + 3231) da ~ MO”%& (Alb)
A

= T;/]—Sg / tan § 8,|E|2da X wepe, tan 82—‘}, (Alc)
A

— ”%/e,mﬁda ~ sosr%, (Ald)
A

where R, L, G, and C are the respective resistance, induc-
tance, conductance, and capacitance per unit length of the
line, &y and ¢ are the vacuum permittivity and permeabil-
ity, o is the angular frequency, / and V' are the current
and voltage, the integrals are over the line cross section
A, R, and A are the intrinsic microwave resistance and
penetration depth, ¢, and tan § are the relative dielec-
tric constant and the loss tangent, J, H, and E are the
vector current density, magnetic field, and electric field,
and o] < o0, is assumed in Egs. (Ala) and (Alb). The
first addend in the integrand of Eq. (A1b) is due to the
magnetic energy stored both outside and inside the super-
conducting wires, while the second addend is due to the
kinetic energy stored in the superconducting carriers [82].
To provide a simple analytical reference, the approxima-
tions on the right of Egs. (A1) pertain a parallel-plate line
(wide microstrip) formed by a dielectric spacer of thick-
ness s sandwiched between two superconducting plates of
thickness d and width w > s [42]. The effective surface
resistance R = Ry [coth (d/)) + (d/))/ sinh? (d/ k)] and
the effective penetration depth L. = A coth (d/X) address
the finite plate thickness [79], where the transmission loss
is ignored.

The internal Q factor of a transmission-line resonator
can be expressed as [52]

1 R G
—=—+4+ —, (A2)
0O oL oC

where the first and second addends represent the conduc-
tor and dielectric loss, respectively, and the radiation loss
is ignored. For a resonator comprising M conductors and
N dielectric layers or tubes, substituting Egs. (Al) into

Eq. (A2) gives

(A3)

Here, the global partial intrinsic resistance of the mth con-
ductor and the dielectric loss tangent of the nth dielectric
are

Iy RA|J)da
sm) = — A4
< [, 3Pda (Ada)
tan 8 &,|E|*da
(tan §,) = fA” (A4b)

[, eEPda

where A4,, and A, are the respective cross sections of the
mth conductor and the nth dielectric. For the spatially
homogeneous loss, (Ry,) = Ry, and (tan §,) = tan §,,
while A and &, can be inhomogeneous. Furthermore, in
Eq. (A3), the partial geometric factors associated with
respective loss in the mth conductor and nth dielectric are

[ (IH? + 22|J1?) da

Cep = > A5
R AP YN T (852)
& |E|*da
= fAL_ (A5b)
fAn &-|E|2da

The conductor geometric factor I'. has units of ohms and is
exclusively determined by the line cross-section geometry
and A. A good superconductor with o] < o, has disper-
sionless A, making I'. o w. The dielectric geometric factor
['y is unitless and is exclusively determined by the line
cross-section geometry and &,. For the dispersionless ¢,,
'y is frequency independent. Setting M =2 and N = 3 in
Eq. (A3) leads to Egs. (3), (8), and (9).

For reference, let us compare the geometric factors of
the transmission-line resonator to those of voluminous res-
onators. Equation (A5a) is analogous to a cavity partial
geometric factor [35,38,126],

[, H|*dv

e (A6
me |H.|ds )

G, = WL

where the integrals are over the cavity volume / and the
mth wall surface S,,, the fields are taken from a perfect-
conductor cavity of the same geometry, and H; is the
tangential magnetic field at the wall. Giving a cavity
inverse Q factor 0! = YV Re(Z,)/G,, the definition
in Eq. (A6) uses a perturbation approach involving the
Leontovich boundary condition (SIBC) E, = ZH; x n,
where E; is the tangential electric field at the impedance
surface, Z; is the intrinsic impedance, and n is the inward
unit vector normal to the surface [75-78]. Likewise,
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Ocav = wioD/Rg, where D is the characteristic length
scale about the smallest dimension of a cavity [126]. For
instance, D = s/2 for a parallel-plate resonator [39]. Thus,
assuming that the wall-curvature radius is much greater
than XA, Eq. (A6) is inapplicable to submicron MTL with
w ~ d ~ ). Besides, neglecting the magnetic and kinetic
energies stored inside a superconductor, Eq. (A6) requires
D > A, which conflicts with D ~ s ~ A. Equation (A5b)
is analogous to the inverse of a dielectric resonator (DR)
electric energy-filling factor [45],

1 &,|E[*d
o Jy &lElPdv

where the integrals are over the resonator volume / and
the nth dielectric member volume V,, and ¢, is the spatially
dependent dielectric constant. The inverse Q factor of DR
is QB}3 = Zﬁ:’zl pntan §,. A compound resonator thus has

0" = 02! + Opp. analogous to Eq. (A3).

APPENDIX B: Q FACTOR OF PARALLEL-PLATE
RESONATOR

Substitution of the approximations from Egs. (A1) into
Eq. (A2) gives the partial O factors of a parallel-plate
transmission-line resonator [42]:

Ourp = wpo[s + 2A coth (d/1)] (Bla)
7 2R, [coth (d/1) + (d/)/ sinh? (d/3)]’
Qapp = 1/tan §, (B1b)

where the first addend in the denominator brackets of
Eq. (Bla) accounts for the magnetic energy stored between
the plates (external geometric inductance) and the second
addend accounts for both the magnetic energy stored in
the magnetic field penetrating the plate (internal geometric
inductance) and the kinetic energy stored in the supercon-
ducting carriers (kinetic inductance) [127]. The internally
stored energies are equal in the thick-plate case d > A,
whereas the kinetic energy dominates the thin plate d <
A [128]. The supercurrent kinetic energy dominates the
inductive energy in our MTL resonators, due to s < 2.
Multiplying both sides of Eq. (Bla) by R leads to Eq.
(11a). Equation (B1b) leads to Eq. (11b).

In the limit s >> 2., Eq. (B1a) reduces to witos/2Refr,
following from Eq. (A6). In the limit s < 2A.g, Eq. (Bla)
gives the surface-impedance quality factor wpohes/Refr X
X;/Rs [129]. Decreasing s to few nanometers transforms
the electromagnetic oscillations into the Josephson plasma
oscillations [130]. Applying Eq. (A7) to the parallel-plate
resonator also gives Eq. (B1b).

APPENDIX C: DERIVATION OF EQS. (12)

Consider a two-port network formed by a transmission
line of length /. The ABCD (transmission) matrix of such a

network is [131]

Zyp sinh (v 1)
cosh (y1)

A B| | cosh(y)
C D| ™ |z sinh(y])

where y is the propagation constant, and Zzy; is the
characteristic impedance. For the electrically short net-
work, a quadratic Taylor expansion about y/= 0 gives
cosh (yl) ~ 1+ (y)?/2 and sinh(yl) ~ yl. A general
transmission line has y = +/ZY and Zy; = /Z/Y, where
Z and Y are the series impedance and shunt admittance per
unit length [111]. Substituting those into Eq. (C1) gives

}, (CD)

A B| _[1+432ZYP Zl
[c D}N[ Yl 1+ 4zvP | €2

By reciprocity, the elements of the Z-parameter matrix
[52] corresponding to the ABCD matrix of Eq. (C2) are
Zu=2Zn= QD" +2ZI/2 and Z\, = Z»; = (Y)~'. Solv-
ing these equations for Z and Y leads to Egs. (12).

APPENDIX D: SURFACE IMPEDANCE OF N/S
BILAYER

Consider an N/S bilayer formed by an N layer of thick-
ness ¢ on top of an S host. Assume that the N layer is
subject to local electrodynamics and that there is no prox-
imity coupling between the N and S regions. Then, an
impedance-transformation method [52] gives the bilayer
surface impedance,

) Zy + Z, tanh(y,t
Zy = Ry + Xy = Z, h " 0 )
Z, + Z tanh(y,1)

(D1)

Here, Ry and X3 = wuohy are the bilayer surface resis-
tance and reactance, in which X, is the global penetration
depth, Z, = wueds (1 +1i)/2 and y, = (1 +i)/5g; are the
metal wave impedance and propagation constant, oy =
2/wigo, is the metal skin depth, in which o, being
the bulk conductivity, and Z, = Rj, + iwpo)y, is the S-host
surface impedance, in which R, and A, are the surface
resistance and the penetration depth, respectively. Using
tanh(y,?) = y,t for t < &4, separating the real and imag-
inary parts, and dropping small terms due to ¢ << &y
and R, < wpodsr ~ wiory, Eq. (D1) leads to the bilayer
surface resistance and reactance

Ry = @*pighy (ki + 0 to, + Ry,
Xpi = opo(ry +1).

(D2a)
(D2b)
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