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Abstract. Fabrication of coplanar waveguide resonators with internal quality
factors near 10% remains challenging. Here, high-purity single crystal
superconductors are implemented through metamorphic epitaxial aluminum that
is grown via molecular beam epitaxy on silicon and sapphire substrates. X-
ray diffraction and scanning transmission electron microscopy indicate an abrupt
highly ordered interface that results in crystal relaxation within a few monolayers
of the substrate interface and no measurable interfacial contamination. Quarter-
wave coplanar waveguide resonators are fabricated using optical lithography and
measured at temperatures below 100 mK. Post measurement characterization
with charge contrast imaging in a scanning electron microscope identifies
processing artifacts at the waveguide sidewalls, on the exposed substrate area
and on the exposed aluminum surface. Of primary importance are processing
induced corrosion defects on aluminum sidewalls, nanoparticle contamination, and
photoresist residue that is difficult to remove without affecting the superconductor
material. Likely correlations between these artifacts and the measured quality
factor are discussed in context of device to device variations in resonator
performance.
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1. Introduction

With the implementation of circuit quantum electro-
dynamic (cQED) architectures, the ability to fabri-
cate planar resonators with microfabrication technolo-
gies is a critical technology necessary to produce high
coherence quantum circuits on a chip. Circuit quan-
tum electrodynamic architectures couples a resonator
to a Josephson junction qubit to produce a qubit sys-
tem. [1]. Therefore, improvements in the resonator life-
time directly contributes to a more stable qubit system.
A number of on-chip resonators have been successfully
implemented in this fashion [2-4].

The practical limit to cavity lifetimes of on chip
resonators is ultimately defined by the microwave loss
of the microwave waveguide or lumped circuit compo-
nents. In addition to quantum information technolo-
gies, extremely low microwave loss on-chip resonators
are also a critical characteristic of superconducting sin-
gle photon detectors [5].

The quality factor, Q, of two-dimensional res-
onators as a function of temperature and applied mi-
crowave power have been studied by numerous groups.
Several reports focus on comparisons of materials that
can be produced with internal quality factors greater
than 10%. Consolidated studies of different supercon-
ductor and substrate materials used in coplanar waveg-
uide resonators show large variations [6]. Comparison
of the deposition technology used to produce the super-
conductor film has shown that higher purity processes
produce higher-Q resonators [7].

Complementing these studies that measure waveg-
uide resonators, examination of the loss associated with
dielectric materials deposited in a parallel plate ge-
ometry show material trends related to deposited di-
electrics that may be used as the insulating barrier in
Josephson junctions or isolating wire cross-over bridges
necessary for more complicated circuits [8,9].

To date, coplanar waveguide resonators made
from epitaxial aluminum and titanium nitride have
demonstrated quality factors in excess of 10° at
applied powers that are applicable to use in quantum
information systems. However, trends have emerged
that thin interfacial layers, such as the native oxide
on silicon, can impact the resonator performance
[10], and specific process steps can also directly
impact microwave loss [11,12]. Numerical studies
have shown that trench etching into the substrate
affects the electric field distribution [13] and that the
superconductor/substrate interface, in addition to the
center conductor sidewall of a co-planar waveguide are
specific areas of great sensitivities to loss resulting from
thin layers of lossy material. Several approaches to
manipulating the coplanar gap geometry have been
implement and shown to impact resonator performance

[14,15].

Dielectric loss has been identified as a leading
source of microwave loss in superconductor waveguide
resonators. This dielectric loss is described in the
abstract context of a quantum two level system (TLS)
that resonantly couples to the microwave energy. The
energetic description of two local potential minima that
are sufficiently close to allow tunneling was originally
described for bulk amorphous materials [16]. More
recent connections of a broad distribution of TLS
defects contributing to loss in waveguide resonators
have been made [17-19]. Density functional theory
(DFT) has been used to connect possible microscopic
origins of oxygen vacancies [20], or interstitial hydrogen
impurities [21] to TLS loss in bulk AlyOs.

Here, aluminum is used as the superconduct-
ing material of study because of its extensive use in
the quantum computing community as passive inter-
digitated capacitors, meandering inductors, transmis-
sion lines, and Josephson junctions. Having a two-
dimensional sheet of potentially very low loss mate-
rial and a consistent superconductor/substrate inter-
face is a critical foundation that is needed to explore
variations in loss that may result from processing ar-
tifacts and fabrication variations of the tested waveg-
uides. With the goal of producing such an interface,
low loss substrates of silicon and sapphire are exten-
sively cleaned before high-purity growth protocols as-
sociated with molecular beam epitaxy (MBE) are ap-
plied to the deposition of 100-nm thick aluminum. As
a result of these procedures a relaxed single crystal
aluminum film is grown that exhibits a highly ordered
and abrupt metamorphic epitaxial interface. With the
entropic perspective that contamination and loss will
increase during device fabrication, the bulk and interfa-
cial structure of these materials are described for con-
text to the field, while detailed analysis of the inter-
face is considered outside the scope of this article. The
measurement and analysis techniques are described to
identify resonator performance and specific device de-
fects that may correlate with microfabrication process
variations.

Interest in epitaxial superconductors extends
beyond their use as low-loss passive materials in
cQED experiments. Thin epitaxial superconductors
grown on semiconductor substrates and nanowires are
of interest to study proximity affects; such as spin-
orbital superconductivity interactions [22-24] between
superconductor nanofilms on III-V substrates, and
the proximity-induced superconductivity of aluminum
on InAs nanowires [25]. The later having been
implemented as a voltage tunable Josephson junction
in a cQED qubit devices [26].
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2. Resonator Assessment

The measurement and analysis of quarter-wave
microwave coplanar resonators follows conventional
approaches, [27, 28] which is summarized here for
completeness. That is, the complex transmission of
the devices are measured in one of three cryogenic
systems. Two systems are dilution refrigerators that
have been used to perform spectroscopy of numerous
qubit devices, [29,30] and the third is an adiabatic
demagnetization refrigerator that is set-up following
the designs of Barends, et al. [31].

The frequency resolved complex ratio of the
transmitted voltage to the input voltage, Sa1(f),
around the resonance frequency, f,, is modeled using
a description that allows for complex coupling of
the resonator to the waveguide, and incomplete path
length compensation:
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The observed total quality factor, Q;l = Qal +
Q;l is determined by the coupling quality factor Q¢,
and the internal quality factor ;. Determination of
the various parameters is completed in both parametric
and complex spectral transmission modalities as fitting
benefits from both perspectives towards creating
a robust analysis method. Initial fitting of the
parametric description using a geometric Taubin fit of
So1 allows for fitting of the coupling phase, ¢, resonator
phase angle, 6, path length compensation, xL, and
initial estimates of the resonance frequency, and quality
factors Q7 and Q¢c. These values are used as the
starting points for the linear least square fit of the
real or imaginary components of Sa; (f) where accurate
determination of the values and uncertainty of f,, Q¢,
and @1 are found and used to determine the internal
quality factor within a framework that enables error
analysis.

A simulated image of the electric field magnitude
in the folded, shunted, quarter-wave, coplanar waveg-
uide is shown in figure 1(a). In the panels to the right,
representative resonator data (blue dots) and fit (red
line) results of one resonator are shown in both the
parametric plot (figure 1(b)), magnitude (figure 1(c))
and phase (figure 1(d)) of So;.

Measurement of the complex transmission through
these devices are completed with a range of applied RF
power with the goal of observing saturable absorption
related to TLSs [6,19]. The loss tangent of dielectric
loss is often associated with resonant two-level defects
with a power dependence described as tan(d) =
tan(0rrs)[1 + (n/ne)]~Y?, where tan(drps) is the
magnitude of the loss tangent associated with the
resonant coupling of the defect states and the quantum
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Figure 1. (a) Simulated electric field strength of a shunted
quarter-wave coplanar waveguide resonator. The resonator
is capacitively coupled to a coplanar bus waveguide running
horizontally across the simulation near the top of the figure.
Measured S21 (points) and fit (line) from one resonator is shown
in the (b) parametric representation and the (c) magnitude and
(d) phase in the spectral representation.
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Figure 2. Power dependence of the internal quality factor for
five resonators fabricated on a single chip.

device states; n, is the excited state population that
is related to the magnitude of the applied driving field
that couples with the dipole moment of the TLS defect;
and n. is the critical number that defines the saturation
of the TLS defects. Descriptions that express this
saturation behavior in terms of the number of photons
stored in the resonator, or the local electric field can be
written in similar forms. The power dependent internal
quality factor of five resonators with different center
widths from one particular resonator chip fabricated
on silicon using dry etch process detailed later is shown
in figure 2.
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Of immediate notice are the different power
dependencies for each resonator. These trends are
representative of normal variations seen on nearly
every chip that is processed and measured. There
are two practical considerations that cause this
relationship regarding the applied microwave power
to not be observed. The first is the contribution
from a number of parallel loss channels. That is, the
internal quality factor is the sum of all contributions,
i.e. (Q;l)toml =5 (Q;l)i. Often the inverse internal
quality factor is equated to be the microwave loss
tangent, i.e. Q;l = tan(d). Here, the discussion is
kept in terms of the inverse internal quality factor to
explicitly acknowledge all forms of loss. Some of these
loss mechanisms are linear (constant in power), such as
loss from vortices [32] and loss from background stray
fields and radiation from sub-wavelength waveguides
[6].

One might expect that vortex and quasi-particle
loss is likely to affect each resonator equally, and
that radiation will depend on the size of the center
conductor that ranges from 2 um to 22 um in the
studied resonators. For this particular chip, resonators
R2 and R4 are on one side of the chip transmission
line, while resonators R1, R3, and R5 are on the other
side. It is relatively direct reasoning that interprets
the different behavior as an experimental variation
that is not representative of the material or waveguide
width, but is likely an indication of inconsistency
in the fabrication process across the chip. Indeed,
sometimes defect trends are found that correlate to
variations in the observed loss trend such as this. Given
this potential for variation, the power dependent loss
including linear and saturable loss may be expressed in
terms of the magnitude of the local electric field as

_ A 1y |E(25,5,25)
(Q[ 1)total - (Q[ 1)A+%:(Q] 1)1 {1 + [ (Ec)z

Where contributions from resonant TLS entities
that may have different microscopic origins, designated
with the subscript i, share a common dipole moment
and therefore each type of TLS loss should have a
common loss (Q;l)i. It is assumed that the majority of
TLS defects will not be strongly coupled to the cavity
or other quantum states, allowing the spontaneous
emission rate to be considered consistent across similar
defects and will accordingly have a common critical
field, (E.);. For those TLS defects that do not
satisfy this criteria, unique critical numbers will need
to be assigned to each specific defect. For each
individual defect, identified through the subscript, j
the spatial variation of the electric field E(z;,y;,2;)
that establishes the excited state population is not
necessarily consistent between any two defects.

)

As shown graphically in figure 1(a) through finite
element simulations of the electric field strength, the
shunted quarter wave resonator has a node at the
grounded end, and an antinode at the end that is
capacitively coupled to the transmission waveguide.
This results in a significant longitudinal variation in the
electric field strength which results in different degrees
of saturation based solely on the absolute physical
location on the resonator. In the situation where
there is more than one defect, the strong geometrical
dependence of the local electric field encourages use of a
phenomenological power dependence that is reasonably
evaluated with a suitable empirical relationship. [33]
The relationship used here is

(1B
(%)

This analysis is applicable to coplanar waveguide
resonator devices that have strong field variations
along the length of the resonator but may not need
to be applied to other geometries such as parallel plate
geometries where the electric field is considerably more
uniform across a homogenous distribution of similar
defects.

Table 1 summarizes the extracted loss parameters
from several resonators fabricated using a variety of
etch processes. The photoresist was removed using a
short 5 second dip in FUJIFILM OPD 4262, a metal-
ion-free tetramethylammonium hydroxide (TMAH)
photoresist developer followed by ultrasonication and
extensive soaks in hot N-methyl-2-pyrrolidone (NMP).
All samples are made from epitaxial materials and
results are presented for all five resonators that
are fabricated on a single chip. Strong chip-to-
chip variation have been observed in addition to
£hd Significant performance variations for neighboring
devic }eported in the table.

(Q;l)total = (Q;l)A + (Q;l)sat . (3)

3. Superconductor growth

Detailed cross-sectional analysis of the electric field dis-
tribution indicates that the superconductor/substrate
interface is one region where the electric fields are
concentrated, and therefore more likely to generate
loss through coupling to resonant defects with non-
negligible dipole moments. En-route to creating the
cleanest substrate surface on which to deposit the su-
perconductor metal ez-situ chemical cleans are com-
bined with ultra-high vacuum (UHV) in-situ thermal
treatments.

The process for growth on commercial (0001)
oriented edge-defined film-fed growth sapphire wafers
begins with an initial degrease prior to introduction
into an ultra-high vacuum (UHV) MBE system where
water is desorbed at 150°C for a few hours. Additional
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Figure 3. X-ray diffraction w — 20 of two metamorphic single crystal aluminum samples grown on silicon (111) (shown in blue) and

c-plane sapphire (shown in red).

Table 1. Low-photon number losses exhibit both linear loss
representing an aggregation of sources, (Q;l)A, empirical TLS
loss, (Q;l)mt, with a saturation photon density (n.) for 50 Q
coplanar waveguide resonators of various center widths (w).

Sample w (QI_I)A (Ql_l)sat gz
(um) (x107%)  (x107%)
3 0.0 4.3 2.4
Silicon 6 1.0 14 64
(111) 10 0.8 760 0.0
Wet-etch 16 21 3.5 6200
22 5.8 0.2 107
3 4.9 4800 0.0
Silicon 6 0.7 1.7 6.2
(111) 10 2.1 0.9 9.4
Dry-etch 16 0.5 1.1 8.0
22 2.1 0.5 0.3
3 1.6 1.5 27
Sapphire 6 0.6 2.6 1.3
(0001) 10 1.3 7.4 0.0
Dry-etch 16 0.8 2.1 15000
22 0.5 0.4 6500
3 0.0 2.2 2.7
Sapphire 6 7.2 5.3 255
(0001) 10 2.6 5.2 0.2
Wet-etch 16 6.4 0.5 2100
22 5.5 2.0 2.7

surface contamination is removed after transfer to the
growth chamber where the substrate was heated to
850°C in a UHV environment that has a base pressure
below 1x1071° mbar. The sample is cooled to 140°C at
which point ultra-high purity aluminum (>6N purity)
is evaporated from a pyrolytic boron nitride crucible
that is heated in a thermal effusion cell at a rate of
approximately 0.25 A /s

The process for growth on (111) orientated float-
zone refined high-resistivity silicon is similar except

that an ez-situ chemically etch is used to removed the
native oxide with 5% HF followed by 40% NH4F both
for 1 min. The hydrophobic wafers are loaded into a
UHV MBE system and the identical pre-growth UHV
in-situ treatment is completed. During this process
an optical pyrometer measures the wafer temperature
to insure that the wafer surface exceed 750°C. The
surface reconstruction is verified with reflection high
energy electron diffraction to be 7x7, indicating a clean
silicon surface following the desorption of the residual
oxygen, flourine, and hydrogen [34]. All steps of
this process are necessary to avoid growth of multiple
crystal orientations that have been observed in past
reports [35, 36].

All as-grown wafers are evaluation with x-ray
diffraction, where a wide-angle w — 26 symmetrical
scan is used to identify the aluminum phases and
orientation that are present. The well defined (111)
diffraction peak of silicon and the (0006) diffraction
peak of sapphire are used as calibration signals to
correct for fine misalignment of the sample in the x-
ray system. All wafers that are prepared with the
described procedures consist of (111) single crystal
aluminum that is crystallographically aligned with the
substrate. Data from aluminum films grown on both
silicon and sapphire wafers are shown in figure 3.

Apparent in figure 3 is the crystallographic
alignment of the aluminum (111) peaks in both
samples. This angle 38.43° agrees with the bulk (111)
spacing of aluminum, indicating that the aluminum is
completely relaxed on both substrates. The nominally
150 arcseconds FWHM of the aluminum peak is
narrow, indicating that the relaxed aluminum film does
not contain a strain gradient.

Further XRD analysis of these samples indicate
that the aluminum films are highly oriented and
twinned. Two examples of the twinned aluminum
is shown in figure 4, where the diffractometer is
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Figure 4. Unwrapped pole figure of x-ray diffracted intensities
resulting from measurement of off-axis 111 aluminum planes.
The inset polar figures present the intensities corresponding to
complementary twin regions.

configured to measure the off-axis (111) aluminum
planes and the sample is rotated around, ¢, which is the
rotation axis that is parallel with the surface normal.
Face centered cubic materials such as aluminum should
be three-fold symmetric in this measurement. The
existence of a pair of three-fold symmetric patterns
that are mirror images of each other are evident in the
inset figures of 4. The 1 mm x 5 mm illumination
area of the diffractometer enable the relative area
fraction of the two orientations (designated A & B)
to be estimated by the ratio of the diffracted intensity.
As shown in the line graphs in figure 4 the relative
intensities of the B/A twins vary from sample to
sample ranging from 0 to 1. The twin ratios are
independent of the substrate material on which they
are grown and do trend with growth temperature, with
twin ratios proportional to the growth temperature as
measured in the 50°C to 300°C window. The existence
of twins is not surprising because of sensitivity to
surface contamination [35], annealing history [36], and
surface reconstruction [37]. However, in contrast
to unstructured grain boundaries, twin boundaries
are highly oriented and extremely localized with
few dangling bonds. They are therefore unlikely
sources of enhanced diffusion of contaminants during
device processing, nor likely to negatively impact the
superconducting properties because of the relatively
long coherence length of cooper pairs compared to the
lateral extent of twin boundaries.

4. Superconductor - Substrate Interface

To directly image the superconductor/substrate inter-
face and verify the absence of interfacial layers, two

samples were examined with an aberration corrected
scanning transmission electron microscopy (STEM).
Both sample were prepared with focused ion beam
(FIB) milling to an imaging thickness of approximately
50 nm. For the aluminum grown on silicon the cross-
sectional sample for STEM is prepared such that the
imaging beam propagates parallel to the (110) direc-
tion, while for the sapphire substrate material the sam-
ple was prepared for the electron beam to propagate in
the (1010) direction. Representative images are shown
in figure 5.

The choice of substrate orientation was selected to
allow aluminum to grow on a close packed plane. For
imaging, the specific crystal directions of the samples
were chosen such that the edge of one set of misfit
dislocations can be imaged as a result of the electron
imaging beam propagating down its length. These
images indicate that there are no undesired species
at the interface, amorphous interfacial layers, and
that the strain is immediately relaxed within a few
monolayers of the substrate interface.

The combined information from large area XRD
and high resolution STEM indicate that the relaxed
aluminum single crystal is an abrupt interface
metamorphic material, where the strain relaxation
occurs through a periodic array of misfit dislocations
that are arranged at the aluminum/substrate interface
whose spacing, S, is determined by the ratio of the
magnitude of the Burger’s vector to the misfit strain.
For aluminum on silicon the misfit spacing is 1.1 nm,
and for aluminum growth on sapphire the spacing is
5.6 nm. This spacing is evident in the illustrated
portion of figure 5(a) as the distance between the red
lines that represent the extra plane of aluminum atoms.
Yellow lines are drawn on atomic planes that are not
perfectly registered between the aluminum film and
silicon substrate, and green lines are drawn to indicate
the planes that are aligned. The misfit spacing is too
large to fit into the field of view in figure 5(b). The
presented magnification is selected to be identical for
both panels in figure 5 and show the highly ordered
interfaces.

It should be noted that for growth on silicon there
is a thermal growth budget related to the formation of
aluminum silicides. If the aluminum layer is grown
at an elevated substrate temperature the aluminum
significantly roughens as aluminum reacts and spikes
into the silicon substrate. This reaction between
aluminum and silicon is observed at temperature
significantly lower than the eutectic temperature of
577.6°C most likely because of the excess thermal
energy of the adsorbed aluminum that is evaporated
from a molten source maintained near 1150°C.
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Figure 5. Atomic resolution scanning transmission electron
microscopy of single crystal aluminum (111) grown on (a) silicon
(111), and (b) sapphire (0001). Images are shown at similar
magnification and scale. The arrow points to the first monolayer
of the aluminum thin film. In the top image, red lines represent
the extra plane of aluminum atoms, yellow lines on atomic planes
that are not perfectly registered, and green lines are drawn to
indicate the planes that are aligned.

5. Resonator fabrication

Resonators are fabricated through standard micro-
fabrication processing using projection optical lithog-
raphy and Novolac-based i-line positive photoresist
(PR). The exposed resonator pattern is developed in a
(TMAH)-based developer and then transferred to the
sample using a boron trichloride (BCls) dry etch in an
inductively coupled reactive ion etch (ICP-RIE) sys-
tem, or through wet chemical etching using commercial
aluminum etchant consisting of a mixture of phospho-
ric acid, acetic acid, and nitric acid.

Of particular concern for the samples that are
etched in the ICP-RIE is the post-etch residue
[38] composed of passivating non-volatile chlorinated
byproducts [39] that form on the etched feature
sidewalls [40]. These residues are important to dry
etching as they have the positive role of creating
anisotropic etch profiles. However, for aluminum, this
etch residue is of concern because the chlorine free-
radicals have the potential to corrode aluminum when
the Al,Cly and Si,Cl; compounds react with water to
form hydrochloric acid [41].

Figure 6(a) shows the cross-sectional scanning
electron microscopy (SEM) image and figure 6(b)
shows the energy dispersive x-ray (EDX) spectroscopy
map of a sample grown on a silicon substrate
following pattern transfer using the ICP-RIE. The
different colors in the EDX image indicate regions
primarily composed of silicon (blue), aluminum (red),
chlorine (green) and photoresist (purple). The chlorine
containing compounds that are deposited on the etch
feature sidewall are evident in both images. For
the results presented here treatment of the post-etch
residue is conducted entirely ezx-situ after removal from
the ICP-RIE tool. The impact of several mitigation
strategies are discussed later.

Following removal of the post-etch residue the
photoresist is stripped using a variety of procedures
that include a series of hot chemical baths and ultra-
sonication to chemically and mechanically remove pho-
toresist residue. Acetone is a common photoresist sol-
vent that unfortunately leaves significant photoresist
residue on the sample. However, most commercial pho-
toresist strippers based on dimethyl sulfoxide (DMSO)
and proprietary hydroxylamine-based solutions also at-
tack aluminum. Alternatively NMP solvents do not at-
tack aluminum the same way as commercial strippers.
Unfortunately, NMP solvents are also not as effective in
removing residues as commercial strippers, thus neces-
sitating ultrasonication and long 6-hour soaks at 80°C
with sequential solvent changes to insure the cleanest
possible devices.

As shown in figure 7, the cleaning procedures often
result in aluminum-etch-back and surface roughening.
Aluminum-etch-back is apparent in the series of plan
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Figure 6. A (a) cross-sectional scanning electron microscopy
image and (b) matching energy dispersive x-ray spectroscopy
map of an aluminum film grown on a silicon substrate following
pattern transfer using the ICP-RIE.

view SEM images because the samples are slightly over
etched creating a silicon feature that is on the order
of 100-nm-high, which acts as a convenient baseline
of the receding aluminum edge. With the exception
of (a) showing a NMP PR-strip, and (b) a quick 5-
second dip in TMAH developer followed by the same
NMP PR-strip the remaining procedures in figure 7
follow a hot HyO dip to dissolve the post-etch sidewall
residue followed by a PR-strip that consists of (¢) NMP,
(d) DuPont™ SAC™ EKC256™, (e) AZ Electronics
Materials AZ Kwik Strip, or (f) DuPont™ SAC™
EKC652™., Variations in the sidewall etch-back, and
sidewall roughness are evident. The moddled features
in figure 7(c) are the result of excessive aluminum
etching of the exposed aluminum surface.

6. Superconductor sidewall

With sufficient time, water adsorption from the
atmosphere can impact the line edge defect density.
The corrosion pits vary in morphology and size (50-
500 nm) and to different degrees are observed in all

ra's

Figure 7. Accidental etch-back of aluminum from a variety of
photoresist strip processes including: (a) NMP-based Solvent, ()
TMAH Developer dip + NMP-based Solvent, (¢) Hot HoO dip
+ NMP-based Solvent, (d) Hot H2O dip + EKC256T™ (e) Hot
H>O dip + AZ Kwik Strip and (f) Hot H2O dip + EKC652™,
All images are acquired at the same magnification

Aluminum Aluminum

Silicon
100nm

Figure 8. Accidental corrosion of aluminum sidewalls resulting
from of chloride compounds contained in post-etch residues
reacting with atmospheric moisture.

aluminum sidewalls that are etched in the ICP-RIE
for this study. Two representative sidewall defects are
shown in the tilted-view SEM images in Figure 8.

The defects shown in Figure 8 show defects in epi-
taxial aluminum samples. Epitaxial aluminum tends to
have smaller sidewall defects then polycrystalline alu-
minum evaporated in a conventional e-beam because
the corrosion resulting from the post-etch residue is
accelerated along grain boundaries causing the “mouse
bites” shown here to become “worm trails”.

A deionized (DI) water post-etch rinse washes
away corrosive chlorine compounds [42,43] and the
impact of corrosion can be determined by monitoring
the line edge defect density. For some samples a
post-etch rinse in TMAH developer effectively removed
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the residue and resulted in an extremely low line
edge defect density and noticeable aluminum-etch-
back. While the generation rate of line edge defects
are not directly transferable between labs the amount
of time that the sample is exposed to atmosphere
and the humidity in the lab both directly correlate to
observable defect densities.

Fluorine-containing plasmas have also been used
to quench the corrosiveness of the post-etch residue
[42,43]. Fluorine-plasmas are successful because the
higher electronegative fluorine atoms replace chlorine
in Al,Cl; compounds. The resulting Al Fy products
remain water soluble but they are not as reactive and
do not generate the same corrosive compounds.

Here, plasma techniques are compared alongside
a direct water rinse using a baseline recipe where the
sample is exposed to atmosphere for 60s before being
submerged into the DI water rinse followed by PR-
strip. The first plasma process variation has a 40s
exposure to atmosphere before the sample is under
vacuum in the plasma tool where a low-energy CHF3
and Os plasma followed by a DI water rinse and
PR-strip. The last process variation also with a 40s
transfer time but with an applied low-energy SFg +
O, plasma which is also followed by DI water and PR-
strip. The baseline process yields a sidewall defect
density of 9.0 defects/mm, while the CHF3 process
produces sidewalls with 41.6 defects/mm, and the SFg
process produces sidewalls with only 1.4 defects/mm.

7. Areal defects at air interfaces

While all samples look pristine under optical differen-
tial interference contrast microscopy that is routinely
used to inspect devices in the cleanroom, charging con-
trast under low beam currents enable the SEM to be
an effective tool to detect PR residue. Charge con-
trast electron imaging offers a more thorough screening
protocol than optical micrograph. However, contami-
nation concerns related to various samples imaged in
most SEMs, carbon deposition on the sample from the
field emission tip, and potential electron beam damage
can lead to permanent sample damage seen by ghost-
ing from imaged areas. This hindrance limits the SEM
as a post-measurement inspection tool.

Areal defects coverage is examined on the super-
conductor surface and semiconductor clear field. De-
fects generally appear to be homogeneously distributed
across the die surface in both the clear field and dark
field regions. Specific characteristics of hardened pho-
toresist residue near etched features, polishing contam-
ination, and etch polymer by products are all readily
discernible. Figure 9 illustrates process improvements
resulting from routine use of charge-contrast imaging
in the SEM to remove gross contamination from incom-

Figure 9. (a) SEM charge contrast imaging of photoresist
contamination for a resonator with a cleaning procedure
optimized using optical microscopy. (b) A similar resonator that
is significantly cleaner following optimization using the SEM to
detect the presence of photoresist residue.

6.5nm
6.0

5.0

Figure 10.
epitaxial aluminum films and (b) nanoparticle defects deposited
on the aluminum surface following resonator fabrication

(a) Nanometer scale topography of as-grown

plete removal of photoresist residue. The most notable
residue in figure 9(a) is along the left half of the bot-
tom line and along the right-side bends in the regions
that appear to break the higher intensity double lines
from the spaces that define the coplanar waveguide.

In addition to the SEM, atomic force microscopy
is used to determine the nanometer-scale particulate
contamination. Figure 10 shows a small region of the
mounded aluminum surface before (a) and after (b)
resonator fabrication. There is consistent nanoparticle
contamination of the devices surfaces with a particle
density that is on the order of 50 yum~2. Generally, the
particle density is inhomogeneously distributed with
mean particle radii of 15 & 6 nm and mean particle
height of 3.35 4+ 0.8 nm.

8. Discussion

The intent of this study is to explore variations of
resonator performance and identify categories of defect
features that transcend processing recipes. While
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there are a few hero devices, there is significant
scatter in the measured resonator performance across
all process variations that were explored. Interestingly,
the aluminum-etch-back that was noted in section 5 did
not appear to negatively impact the internal quality
factor of the superconducting resonators.

Through extensive inspection of numerous res-
onator chips and quantification of defect densities some
correlations have begun to emerge. All resonators with
losses less than 1x10°® (internal quality factors above
1x109) also have low coverage areas of areal defects.
However, the converse statement is not true, in that
a low areal defect is not an independent and sufficient
metric for high performance resonators. Alternatively,
resonator performance is not found to correlate to line
edge defect density. Further work is needed to defini-
tively conclude that sidewall defects are not important
to loss because of the strong spatial variations of the
local electric field for the quarter-wave coplanar waveg-
uides resonators studies here. One approach could be
a complete mapping of the specific global location of
each sidewall defect in order to determine a suitable
participation factor for each defect.

The specific loss associated with the metamorphic
epitaxial interface is currently unknown. However, this
interface offers a canonical material to study as the
periodic and highly ordered nature of this interface
may allow the atom positions to be extensively
simulated through molecular dynamic simulations [44],
corroborated through atomic resolution STEM, or
cross-sectional scanning tunneling microscopy (STM),
and evaluated from an electronic structure perspective
using DFT.

Large variability of the unsaturable background
loss and variability indicate that tested devices are
most likely process limited, particularly when the chip
shows strong variation between neighboring devices.
Only one particular photoresist was evaluated here,
and it is possible that other photoresist materials may
have other additives and accelerants that do not leave
lossy residues.

9. Summary

Aluminum has been shown to be grown to a high
degree of crystallinity and low contamination. Process
artifacts continue to frustrate high coherency results
due to the reactiveness of the aluminum material
with photoresist solvents. Fabrication artifacts of
high-Q resonators were identified through scanning
electron microscopy. The observed artifacts may also
plague aluminum Josephson junctions fabricated with
e-beam lithography. Therefore, process optimization
and improved inspection of resist residues is of utmost
importance to the improvement of qubit lifetimes.
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