aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Determining Interface Dielectric Losses in Superconducting
Coplanar-Waveguide Resonators
W. Woods, G. Calusine, A. Melville, A. Sevi, E. Golden, D.K. Kim, D. Rosenberg, J.L. Yoder,
and W.D. Oliver
Phys. Rev. Applied 12, 014012 — Published 8 July 2019
DOI: 10.1103/PhysRevApplied.12.014012


http://dx.doi.org/10.1103/PhysRevApplied.12.014012

Determining interface dielectric losses in superconducting

coplanar waveguide resonators

W. Woods,'»* G. Calusine,!"* A. Melville,>* A. Sevi,! E. Golden,!
D. K. Kim,! D. Rosenberg,’ J. L. Yoder,"! and W. D. Oliver"?23
YMIT Lincoln Laboratory, 244 Wood Street, Lezington, MA 02421, USA

2 Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3 Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Superconducting quantum computing architectures comprise resonators and qubits that experi-
ence energy loss due to two-level systems (TLS) in bulk and interfacial dielectrics. Understanding

these losses is critical to improving performance in superconducting circuits.

In this work, we

present a method for quantifying the TLS losses of different bulk and interfacial dielectrics present in
superconducting coplanar waveguide (CPW) resonators. By combining statistical characterization
of sets of specifically designed CPW resonators on isotropically etched silicon substrates with
detailed electromagnetic modeling, we determine the separate loss contributions from individual
material interfaces and bulk dielectrics. This technique for analyzing interfacial TLS losses can be
used to guide targeted improvements to qubits, resonators, and their superconducting fabrication

processes.

I. INTRODUCTION

Two-level systems (TLS) have been identified as criti-
cal contibutors limiting performance in superconducting
qubits and resonators.'* While the microscopic origin of
many TLS are unknown, it is well established that ensem-
bles of TLS contribute to energy loss in superconducting
devices through their interaction with the electric fields
present in the bulk dielectric materials and interfaces. Ef-
forts to mitigate these losses have employed techniques
from materials science, fabrication process engineering,
and microwave device design. Materials improvements
have focused on lowering TLS defect densities in bulk
materials® or removing TLS-containing dielectrics®. Fab-
rication process advancements have included steps aimed
at reducing TLS loss through substrate preparation”?
and chemical residue removal.” Design changes to qubits
and resonators have reduced or shifted the electromag-
netic (EM) fields interacting with surrounding material
interfaces with the goal of minimizing TLS losses.'0 17
Collectively, these advances have led to qubit 737 times
exceeding 50 ps'® 2% and planar superconducting copla-
nar waveguide (CPW) resonators internal quality fac-
tors (Q;) in excess of 2 million at single-photon energy
levels.'6

Further progress in reducing TLS losses has been hin-
dered by an inability to isolate the contributions from
separate sources of TLS loss. Several previous efforts to
quantify interface losses have attemped to shift and re-
duce surface participation by using anisotropic substrate
trenching. While this did reduce overall TLS loss and
thereby improve T} and @;,%1%16:21 anisotropic trench-
ing reduces multiple sources of TLS loss by a similar
amount, such that their relative contributions to total
resonator loss are largely unknown. In contrast, EM sim-
ulations showed that the losses associated with certain

TLS-containing regions could be separately accentuated
or suppressed through the use of isotropic etching.'® Nev-
erthless, previous work has only studied changes in ag-
gregate TLS loss or put bounds on individual interface
losses and it has not been possible to distinguish and
quantify loss contributions from individual dielectrics
and material interfaces. Other efforts have succeeded in
characterizing the loss contributions from bulk deposited
dielectrics®?? and superconducting metals??, but these
devices differ significantly from the modern planar cir-
cuits that are of interest for superconducting quantum
computing circuit architectures. In general, no method
has yet been identified that can accurately quantify the
individual contributions to aggregate dielectric losses in
superconducting quantum circuits.

In this work, we use statistical characterization of sets
of four different CPW resonator designs with isotropi-
cally etched substrates, combined with detailed EM mod-
eling, to determine the individual contributions to aggre-
gate TLS losses of multiple material interface dielectrics
and the bulk silicon substrate. We then perform addi-
tional characterization of a series of devices with widely
varying losses and EM participation ratios in order to ver-
ify a participation ratio-based loss model. Additionally,
we apply this technique to assess the increased losses that
result from oxygen plasma ashing the device metal sur-
face and perform analysis to estimate the measurement
resources required to isolate individual interface losses
within a certain tolerance. These results present the first
demonstration of the simultaneous extraction of multi-
ple separate interface and bulk dielectric contributions
to aggregate device loss. Ultimately, this technique can
provide critical insight into the origins of loss sources in
modern superconducting quantum circuits.



FIG. 1.

Cross-sectional SEM images of (a) an anisotropi-
cally etched TiN resonator, and (b) an isotropically etched
TiN resonator. Dielectric regions are false-colored: metal-to-
substrate interface (MS, red), substrate-to-air/vacuum inter-
face (SA, blue), metal-to-air/vacuum interface (MA, purple),
and bulk silicon substrate (Si, green). The trench depth is d.

II. RESULTS
A. Dielectric loss model

TLS-related losses in superconducting CPW res-
onators can be analyzed by applying an EM participa-
tion ratio model similar to those used in Refs,12:14716:24,
In this model, the losses associated with TLS, Q:Fi&
in a given device are a linear combination of the prod-
uct of the loss tangents (tand;) associated with each
dielectric region ¢, and the participation ratio p;, the
fraction of the total electric field energy stored in that
region. Each interface contains an unknown combina-
tion of dielectrics and fabrication residues, and in our
analysis, we assign a unique tan d; to each interface that
is exposed to a distinct fabrication process. We repre-
sent our device interfaces using four dielectric regions, as
shown in the cross-section in Fig. 1: metal-to-substrate
(MS, red), substrate-to-air/vacuum (SA, blue), metal-
to-air/vacuum (MA, purple), and the bulk silicon (Si,
green). These regions are generally expected to have dis-
tinct dielectric values, thicknesses, and loss tangents. In
this work, we alternatively describe device region losses
using scaled participation ratios P; and “loss factors”
xz; which are normalized by the dielectric constant and
thickness of the defect regions, as detailed in Ref.'® or
the Supplemental Material?®, and represented in equa-
tion 1:

QTLS

1 = Zpl- tan d; = Z Piz; (1)

The z; are of the form

o (ti/tnom,i) )
Ti|| = (Gnomyi/Gi) tan d; (2)
or
Tl = M tan d; (3)

(ei/enom,i)

for the electric field components parallel and perpendicu-
lar to the dielectric interfaces, respectively. ¢; and ¢; rep-
resent the true interface thicknesses and dielectric con-
stants while ¢,,0m,; and €,om,; are the values used in the
COMSOL participation ratio simulations. These ‘scaled’
loss tangents can be written as coefficients of the par-
ticipation vector components because the surface field
approximation®? holds for the thin layers present on su-
perconducting device interfaces. The loss factors are
equal to the material loss tangent when the true layer
thickness and dielectric constant match the simulated
values. Regardless, for the purpose of isolating the overall
loss contributions from distinct sources, it is the product
P;x; that is of interest; the details of the layer thickness
and dielectric constant are only relevant for determining
the dielectric layer’s loss tangent.

We can generate a matrix representation of Eq. 1 for
multiple distinct device geometries sharing a common set
of interface properties. For this case, a column vector of
device inverse Qrrs’s is determined by a participation
matrix P consisting of rows of device participation ra-
tios multiplied by a loss factor column vector #. The
device Qrrs’s are derived from measurement, while the
participation ratios of the dielectric regions in our devices
are determined from two-dimensional electrostatic simu-
lations using COMSOL?26. With these values, we extract
the loss factors in Eq. 1 using a linear least-squares fit
contrained such that each z; > 0.

We previously used the EM participation model (Eq.
1) to analyze aggregate TLS losses in CPW resonators
with anisotropically etched silicon substrates' such as
the one shown in Fig. 1(a). Anisotropic trenching leads
to lower overall surface participation, but the participa-
tion ratios of each of the dielectric regions is reduced by
a similar amount as the trench depth d is increased. This
nearly proportional scaling of the participation ratios re-
sults in an ill-conditioned participation matrix used to
solve Eq. 1. As a result, generated loss factor solutions
are highly sensitive to variations in the input Q7 g, lead-
ing to large uncertainty when estimating the losses asso-
ciated with an individual dielectric region. Accordingly,
the precise assignment of loss factor values to individual
interfaces is practically unfeasible. While it is technically
possible to reduce the solution uncertainty by reducing
the error in the estimates of Qrpg, this improves only
as VN, where N is the number of devices measured, re-
sulting in prohibitively large measurement resource re-
quirements. In this work, we instead focus on creating a
better conditioned participation matrix through the use
of isotropically etched CPW resonators.

An example cross-section of an isotropically etched
TiN resonator is shown in Fig. 1(b). The false-colored
scanning electron microscope (SEM) image also depicts
the four dielectric regions that we analyzed: MS, SA,
MA, and Si. The simulated participation ratio vectors
associated with isotropically etched resonators indicate
that these vectors scale with device geometry (center
trace width w, gap to ground g, and etch depth d) less



FIG. 2. Cross-sectional SEM images of isotropically etched
TiN CPW resonators (a) MS-heavy resonator (w, g, d) =
(6 pm, 3 um, 0.28 um) and the corresponding COMSOL sim-
ulation mesh. (b) SA-heavy resonator, (w, g, d) = (6 pm,
1pm, 4.5 ym). (c) MA-heavy partially suspended resonator,
(w, g, d) = (8 pum, 1 pm, 4.5 pm). (d) Si-heavy resonator, (w,
g, d) = (28 um, 14 pm, 10.9 pm).

proportionally than anisotropically trenched devices of
comparable size.'31%24 See the Supplemental Material?®
for details. This non-proportional scaling has a signifi-
cant impact on the metrics that quantify the singularity
of the participation matrix, in particular the condition
number k(P). The condition number x(P) of the par-
ticipation matrix P in Eq. 1 relates the uncertainty in
the mean Q! values to the uncertainty in the extracted
loss factors. For the case of four geometries and four
loss factors, the ideal participation matrix is a 4x4 iden-
tity matrix with condition number = 1. In this case,
the uncertainty in the extracted loss factors is equal to
the uncertainty of the mean measured Q! values in Eq.
1. In general, participation matrices with larger condi-
tion numbers generate solutions with greater uncertainty
than would be determined solely by measurement statis-
tical variance.?”

For the case of trenched CPW resonators, we deter-
mined that isotropic trenching greatly reduces our par-
ticipation matrix condition number x(P) as compared
to the case of anisotropically trenched devices. We per-
formed a constrained search over the range of geome-
tries accessible to our isotropic etch fabrication process
(trench depth d < 11 pm) in order to determine a set
of four structures that minimize x(P). The cross-section
of these four CPWs are shown in Fig. 2 (a-d). Fig.
2(a) shows the (w, g, d) = (6 um, 3 pm, 0.28 um) CPW
cross-section designed to be ‘MS-heavy’ because it max-
imizes the MS interface region participation relative to
the other regions. The shallow trenching in this geome-
try forms an essentially planar structure comparable to
untrenched planar qubits?® and CPW resonators.” The
CPW cross-sections shown in Fig. 2(b) ((w, g, d) =
(6 um, 1 pm, 4.5 um)) and Fig. 2(d) ((w, g, d) = (28 pm,

14 pm, 10.9 um)) rely on deep trenching to achieve ‘SA-
heavy’ and ‘Si-heavy’ structures, respectively, by varying
the center trace dimension and gap-to-ground spacing.
The ‘MA-heavy’ cross-section shown in Fig. 2(c) ((w,
g, d) = (8um, 1pm, 4.5um)) differs compared to the
others shown in Fig. 2 in that its signal line is com-
pletely undercut for a significant fraction (~ 85%) of
the total resonator length, and the suspended structure
is supported with periodically placed Si posts. These
suspended CPWs shift a greater fraction of the total
participation to the MA interface than is possible with
anisotropic or isotropic etching alone. See the Sup-
plemental Material?® for details. The condition num-
ber k(P) of the participation matrix generated by these
four isotropically etched CPW resonator geometries is re-
duced to k(P) =2001 from x(P) =110,201 for an optimal
set of anisotropically trenched devices, an improvement
of approximately a factor of 55.

B. Experimental methods

The isotropically etched CPW devices shown in Fig.
1 and Fig. 2 were fabricated using a subtractive etch
process on high-resistivity (> 3500 -cm) 200mm (001)
silicon substrates, similar to the process described in!6.
In this work, however, we used a metal thickness of 450
nm or 750 nm, and adjusted the total chlorine-based etch
time such that, regardless of the TiN thickness, the sub-
strate was minimally etched. Then, instead of immedi-
ately stripping the photoresist, we rinsed the wafer in
deionized water and subjected it to a second, fluorine-
based plasma etch to isotropically etch the underlying
silicon substrate. The total isotropic etch time was ad-
justed to control the trench depth d and the amount
of undercutting. The remaining photoresist was then
stripped using a combination of ashing and wet resist
stripper. The final wet resist strip etches the metal sur-
face very slightly (a few nm), justifying the assumption
that the entire MA interface exhibits the same surface
properties after processing. Aside from varying the etch
time and using two metal thicknesses, we used a nomi-
nally identical fabrication process for all devices. After
fabrication, each device geometry was characterized us-
ing cross-sectional SEM to refine the simulation geometry
input into COMSOL. This improves the physical accu-
racy of the participation matrix P in Eq. 1. We did not
observe any variability in the etch cross-section between
several devices taken from different positions across the
wafer. The cross-section in Fig. 2 (a) also shows the
COMSOL mesh used for the CPW in the right-half of
the figure.

In order to account for device-to-device variation and
generate the statistics necessary to estimate the uncer-
tainty in the extracted interface losses, we characterized
many nominally identical copies of each resonator. This
was achieved by frequency-multiplexing five resonators
in the 5 to 6 GHz range with the same width, gap, and
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FIG. 3. Extracted loss tangents of the metal-to-substrate (MS), substrate-to-air/vacuum (SA), metal-to-air/vacuum (MA),

and the silicon substrate (Si) dielectric regions.

trench depth on 5 mm x 5 mm chips and measuring
many such identical chips within individual microwave-
connectorized, gold-plated copper enclosures in a sin-
gle dilution refrigerator cool down. The dilution refrig-
erator contained two independent measurement chains
consisting of microwave attenuators, filters, 1x6 coaxial
switches, isolators, directional couplers, and amplifiers
(one Josephson Traveling Wave Parametric Amplifier?”
and one High Electron Mobility Transistor amplifier). A
vector network analyzer was used to measure each res-
onator’s microwave transmission spectrum over a range
of internal circulating photon numbers n, at 25 mK in
a magnetically shielded, light-tight environment. These
transmission spectra were then fitted to determine the
intrinsic quality factor of the resonator in the low-power
limit (n, ~ 1) where @; is mostly dominated by TLS-
related losses, and the high-power limit (n, ~ 10°),
where ); is dominated by power-independent losses such
as vortices®’, quasiparticles®32) or radiation/package
losses*. In order to reduce the systematic and variable
losses contributed by these power-independent mecha-
nisms and thereby determine the aggregate losses that
are solely due to interface and substrate TLS, we sub-
tracted the high-power losses from the low-power losses
to determine a TLS-limited quality factor Qrrs. Addi-
tional details on the measurement apparatus, techniques,
and data analysis can be found in Ref.'S.

C. Dielectric loss extraction and verification

We combined the measured Qs values with the sim-
ulated participation matrix P to extract the loss factor
vectors 7 in Eq. 1 using a linear least-squares fit. To
estimate the uncertainty in the resulting solutions, we
used Monte Carlo error analysis. Each input trial case
for the Monte Carlo analysis was selected from the esti-
mated distribution of Q7rrs we determined by measur-
ing approximately 30 CPW resonators for each of the 4

geometries. The mean and standard deviation of these
input distributions were determined from the mean and
standard error of the measured Qrps values. A range
of loss factor vectors & was then extracted using the 4x4
participation matrix P and the matrix representation in
Eq. 1 from N=10000 repetitions of the Monte Carlo sim-
ulation.

For quantifying and predicting the losses that set
Qrrs, the loss factors in Eq. 1 are sufficient. However,
it is often desirable to estimate the loss tangents of the
dielectric regions using reasonable assumptions for the
interface dielectric thickness ¢ and permittivity e. Using
values similar to those typically assumed in the literature
for thicknesses and dielectric values of the TLS defect re-
gions, e.g. Refs.?1%16:24 ¢, o = 2 nm, tg4 = 2 nm,
tpa = 2 nm, ey = 11.4eg, €s4 = 4eg, epra = 10¢g, we
can ascribe loss tangents to the individual defect regions.
The output histograms resulting from the Monte Carlo
estimation of these loss tangents are shown in Fig. 3 and
the mean values and associated 95% confidence intervals
are given in Eq. 4:

tan dys 4.8x10*;1i 2x1o*;1
_ | tandsa | _ | 1.7x107%+ 4x10-

[tan dlRange = | tanona | = | 3.3x10-%= 4510~ (4)
tan ds; 2.6x10~ 7+ 4x10~%

The Gaussian output distributions for each loss tan-
gent indicate that this combination of values represent a
stable, unique estimation of the losses for each dielectric
region in our devices.

In order to verify this participation-based loss model,
we used the loss factors presented in Eq. 2 to predict the
aggregate losses for nine additional, distinct resonator ge-
ometries with interface participation and total Q7 s that
differ significantly from the device set used for loss fac-
tor extraction. These additional devices had center trace
widths w ranging from 6 ym to 28 um, gaps to ground g
ranging from 1 pm to 14 pm, and trench depths d rang-
ing from 280 nm to 10.9 yum. The resulting Qrrs ranged
from ~ 1 x 10% to ~ 2.7 x 10° (see the Supplemental
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FIG. 4. (a) Measured vs. predicted Qrrs and (b) corre-
sponding loss contributions of thirteen measured resonators.

Material?® for dimensions and Qrrs). A comparison be-
tween the predicted and measured Qs for all thirteen
resonator geometries is shown in Fig. 4(a). The green
dashed line in Fig. 4(a) represents the ideal case where
the measured Qs is equal to the predicted Qrrs. The
red error bars represent the 95% confidence interval for
the mean measured Q7 s while the blue error bars show
the 95% confidence interval of the predicted Q7rg as de-
termined by Monte Carlo simulations. The bar graph
in Fig. 4(b) shows the absolute contributions to losses
Qris = 2 Qp' = Pewy, k € {MS,SA, MA,Si} in
each of the thirteen CPW resonators whose quality fac-
tors are shown in Fig. 4(a). This confirms that the four
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CPW resonator test cases used to extract the individual
region losses each emphasize a different single dielectric
while minimizing the others; the devices labeled 1-4 (the
extraction set) in Fig. 4(b) and shown in Fig. 2(a-d),
respectively, have the largest contribution to their aggre-
gate losses from the MS, SA, MA, and Si dielectric layers,
respectively, relative to the other devices.

To demonstrate the effectiveness of using this tech-
nique to resolve changes in interface losses resulting from
different fabrication conditions, we repeated this sam-
ple fabrication, measurement, and analysis process on a
set of devices with a deliberately altered MA interface.
These devices were made using the same fabrication pro-
cess as the previous devices except that the starting film
was subjected to an oxygen plasma ash prior to pho-
tolithographic patterning. As compared to the previ-
ous process, the X-ray photoelectron spectrosopy (XPS)
spectrum of this film, shown in Fig. 5(a), shows no N
1s peak associated with surface nitrogen and an a corre-
sponding increase in the intensity of the oxygen-related
O 1s and O KLL peaks. As XPS is primarily sensitive
to materials surfaces, this data is consistent with a con-
version of the titanium nitride surface to titanium ox-
ide. Since metal-oxides are a known source of TLS’s?,
we see a corresponding decrease in the Qrpg of this set
of devices with the MA-heavy test case decreasing from
Qrrs = 1.46 x 106 to Qrrs = 9.79 x 10°.

The loss factor exaction results comparing the two pro-
cesses are shown in Fig. 5(b). The devices subjected
to the oxygen ash demonstrate a statistically significant
60% increase in the MA loss factor over the standard pro-
cess. The other dielectric regions’ loss factors, however,
are unchanged within the margin of their associated error
bars. When combined with the simulated device partici-
pations, we can determine the magnitude of the increase
in MA interface losses that contribute to the aggregate
device loss Q;i g for the MA-heavy test case, as depicted
in Fig 5(c). This result is consistent with the expected
decrease in device Qs resulting from the presence of
additional TLS in the MA surface oxide, and demon-
strates the utility of this technique as a general tool for
characterizing the dielectric losses introduced by super-
conducting qubit fabrication processes.

III. DISCUSSION AND CONCLUSION

The unique estimation of the interface loss tangents
shown in Fig. 3 was enabled by three aspects of this
analysis. First and foremost, we designed a set of isotrop-
ically etched CPWs to form a participation matrix P
that is significantly better conditioned than is possible
with planar designs or anisotropic trenching. Second, we
measured many nominally identical copies of the same
device to compensate for device-to device variation. This
allowed us to generate an accurate estimate of the mean
Qrrs associated with each geometry and to determine
the Qrrs statistics required for estimation of the loss

factor uncertainty using Monte Carlo techniques. Finally,
cross-sectional imaging of each device geometry greatly
refined the accuracy of the electrostatic simulations used
to determine each geometry’s interface participation.

The good agreement between the measured and pre-
dicted Qs for devices with a wide range of total Qrrg
and participation ratios shown in Fig. 4(a) demonstrates
the accuracy and utility of the loss factor analysis. In
addition to this predictive power, this technique can be
used as a diagnostic tool for assessing the relative contri-
butions to total losses from different interfaces for a given
geometry, as shown in Fig. 4 (b). Resonator 12, for ex-
ample, with (w, g, d) = (22 um, 11 gm, 0.41 pm), has a
cross section that is the most similar to many untrenched
resonator and qubit capacitors used in superconducting
qubit circuits.?® For this case, Fig. 4(b) demonstrates
that although the SA and silicon dielectric regions have
the largest contributions to the aggregate losses, all four
regions have non-negligible contributions.

In order determine the feasibility of using this tech-
nique as a general tool for superconducting fabrication
process qualification and development, we performed
simulated experiments to estimate how many devices
must be measured in order to obtain a unique set of
loss tangents. These simulations projected the stability
of the output solutions generated from inputs consisting
of a variable number of measured devices with the loss
tangents shown in Eq. 2 and Qrrs standard deviations
similar to what we observe in experiment. Furthermore,
to demonstrate the utility of the isotropically etched ge-
ometry, we compared the isotropic resonator designs la-
beled 1-4 in this work with the four anisotropic cases that
produce the lowest condition number participation ma-
trix from the device set measured in Ref.'®. The results,
shown in the Supplemental Material?®, demonstrate that
while the anisotropic device simulations converge very
slowly and tend to generate unstable solutions with no
lower bound, the isotropically etched devices produce a
bounded solution centered on the correct values within
approximately 120 total devices measured.

In summary, we have combined statistical characteri-
zation of sets of specially designed, isotropically etched
CPW resonators with detailed EM modeling and Monte
Carlo error analysis in order to uniquely determine the
individual interface losses in superconducting microwave
resonators. To the best of our knowledge, this is the
first time that TLS-related losses of the silicon substrate
and individual interface dielectrics have been determined
for a superconducting quantum circuit. The determina-
tion of these values enables the construction of a pre-
dictive, participation-based model for aggregate device
losses that we verified using a series of superconduct-
ing CPW resonators with a range of participation ratios
and total Qrrs. This technique for distinguishing the
relative contributions from individual material interface
losses could be utilized to drive improvements in qubits
and resonator design. Alternatively, the knowledge gen-
erated using this process can provide interface-specific



feedback for improving fabrication processes or qualifying
fabrication process changes. In general, this technique
stands to significantly enhance our ability to compare
different materials and fabrication process for improving
the performance of superconducting quantum circuits.
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