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Many superconducting qubits are highly sensitive to dielectric loss, making the fabrication of coherent quan-
tum circuits challenging. To elucidate this issue, we characterize the interfaces and surfaces of superconducting
coplanar waveguide resonators and study the associated microwave loss. We show that contamination induced
by traditional qubit lift-off processing is particularly detrimental to quality factors without proper substrate
cleaning, while roughness plays at most a small role. Aggressive surface treatment is shown to damage the
crystalline substrate and degrade resonator quality. We also introduce methods to characterize and remove
ultra-thin resist residue, providing a way to quantify and minimize remnant sources of loss on device surfaces.

Improving the coherence times of superconducting
qubits is of central importance for pushing quantum in-
tegrated circuits to a practical level of fault-tolerance
for quantum computation,1–4 as even moderate improve-
ments to coherence can drastically reduce the overhead
required for quantum error correction.1,4 Substantial ev-
idence has pointed to dielectric loss and fluctuations due
to two-level system (TLS) tunneling defects5,6 as a source
of energy relaxation in superconducting qubits and noise
in sensitive superconducting photon detectors.7–18 These
studies strongly suggest that TLS defects are located not
in the bulk, but at the interfaces between device sub-
strate, metal and vacuum, and that they can vary sig-
nificantly with device materials, though the precise rea-
son for this variation is usually a matter of speculation.
The impact of TLS can be mitigated by increasing circuit
dimensions,9,14,19 but this strategy cannot be continued
indefinitely. Nonetheless, the variable nature of the TLS-
hosting circuit interfaces has not been carefully analyzed.

Here, we use superconducting resonators as sensitive
probes to study TLS dielectric loss as a function of the
processing used to construct these circuits, while con-
currently analyzing the substrate-metal (S-M), substrate-
vacuum (S-V), and metal-vacuum (M-V) interfaces. This
allows us to separately extract the contributions of chem-
ical contamination and induced disorder at the S-M inter-
faces of superconducting aluminum coplanar waveguide
(CPW) resonators. In particular, we show how tradi-
tional processing methods can limit internal quality fac-
tors Qi to the range of 105−106 at single-photon operat-
ing powers where TLS effects dominate. In addition, by
characterizing resist residue we predict that without care-
ful post-processing techniques, residual films of e-beam
resist polymer on the vacuum interfaces may soon start
to limit state-of-the-art superconducting qubit lifetimes.

We expect that measurements of resonator Qi will
be predictive of dielectric loss in similarly fabricated
superconducting qubits for two reasons: superconduct-
ing CPW resonator Qi are limited by energy relax-
ation and predict excitation lifetimes T1 at single-photon

powers,10,18,20 and the large single-layer shunt capacitors
of many superconducting qubits, such as the transmon,
have interface participation ratios and hence dielectric
losses comparable to those of a CPW.16,19,21–23

Transmon qubit capacitors have traditionally been fab-
ricated using lift-off aluminum deposited together with
their double-angle-evaporated Josephson junctions: first
a ground plane is etched at the desired location of the
qubit, and then electron-beam lithography is used to
define the qubit pattern that is subsequently evapo-
rated onto the etched substrate.24–26 This means that
the capacitor’s S-M interface sees more processing than
it would if the capacitor were formed by a subtractive
etch alone. Improved coherence times have recently been
found in transmons using lift-off metal for only a small
fraction of the qubit,16,17 where the capacitors are first
formed by an etch and the Josephson junctions are later
evaporated after ion-milling the initial layer to remove
native oxide and establish superconducting contact. In
such a process, only a small fraction (∼ 1%) of the qubit
self-capacitance is formed with lift-off metal,27 and ac-
cordingly any extra dielectric loss induced by lift-off pro-
cessing should be reduced by a similar factor. A system-
atic test to compare these two processes while keeping
all other parameters constant, including metal type and
growth conditions, has not been performed and could re-
veal information useful for improving qubit coherence.

We perform such a controlled study by comparing
the quality factors of CPW resonators fabricated with
transmon-style lift-off versus a pure etch, both on the
same chip, as follows. First, a polished c-plane sap-
phire wafer is solvent-cleaned,28 and a base layer of alu-
minum is deposited in a high vacuum (HV) electron-
beam evaporator after a gentle in situ argon ion beam
clean. Photolithography and a BCl3/Cl2 inductively cou-
pled plasma (ICP) etch are then used to define λ/2 CPW
resonators coupled to a feedline [Fig. 1(a)]. During this
etch the ground plane slot of total width W + 2G is de-
fined for “lift-off resonators”; the center traces of width
W for these resonators are deposited later with a lift-off
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Figure 1. Etch versus lift-off, and descum versus no descum: low-power Qi is degraded using lift-off without descum. (a) Optical
micrograph of a “hanging” λ/2 CPW resonator capacitively coupled to a feedline (left). (b) Schematic of lift-off resonator cross-section.
(c/d) SEM image of center trace edge of an etched/lift-off resonator. Etched metal sidewall is nearly vertical, with slight etching on the
metal due to resist delamination, while lift-off metal sidewall has angle ∼ 25◦ from vertical. (e) Plot of internal quality factor Qi versus
mean photon population for resonators made with lift-off with and without a pre-deposition descum, as well as for etched control resonators.
Different marker types represent distinct resonators. Solid lines are guides to the eye. (f/g) Edge-on cross-sectional HRTEM image of S-M
interface that saw processing similar to that of the lift-off resonators without/with descum. TEM sample (∼ 50 nm thick) prepared via
gallium focused ion beam lift-out. Elemental peaks in C and O from qualitative EELS scans across the interfaces are indicated.

technique [Fig. 1(b)]. During the ICP etch, as an on-chip
control for the experiment the entire CPW structure (in-
cluding the center trace) is defined for purely etched res-
onators. The center traces for the lift-off resonators are
then defined in a way that mimics conventional trans-
mon capacitor fabrication: the wafer is solvent-cleaned
and then dehydration-baked29 and allowed to cool, af-
ter which a bilayer of 950K PMMA atop copolymer
MMA(8.5)MAA e-beam resists are spun, each baked at
160 ◦C for 10 minutes. The center traces are then defined
with e-beam lithography,30 after which the bilayer is de-
veloped with various development times in a 1:3 mixture
of methyl isobutyl ketone (MIBK) to isopropanol (IPA),
followed by a 10 second IPA dip and thorough nitrogen
blow-dry. After development, the surface is optionally
treated with a downstream oxygen ash descum before
center trace deposition. During this descum,31 the sub-
strate is heated to 150 ◦C and sees purely chemical clean-
ing with reactive oxygen, but not ions or plasma. We
note that this cleaning is ex situ with respect to the sub-
sequent center trace deposition. The wafer is then trans-
ferred to and pumped overnight in the same HV e-beam
evaporator used for the initial ground plane deposition,
and the center traces are then deposited without an in

situ clean. The metal is then lifted off in N-Methyl-2-
pyrrolidone (NMP) at 80 ◦C (3 hrs.) and cleaned in IPA.

The resonator chip is wirebonded into an aluminum
sample box, which is mounted on the 50 mK stage of
an adiabatic demagnetization refrigerator equipped with
sufficient filtering and shielding so that radiation and
magnetic vortex losses are negligible.15,32 All resonators
had W,G = 15, 10µm with frequencies near 6GHz. Us-
ing a feedline15 allows us to reproducibly extract Qi

for multiple lift-off and etched resonators on the same
chip. The resulting internal resonator quality factors are
shown in Fig. 1(e). The decrease and saturation of Qi

at low powers for all resonators is consistent with TLS-

dominated loss. A clear difference (factor of 3) is ob-
served in low-power Qi between the etched resonators
and the lift-off resonators without descum. As seen in
Fig. 1(e), the descum increases the low-power Qi back
to or slightly below that of the control resonators. These
measurements suggest that the edge profile of the res-
onators [Fig. 1(c/d)] had a negligible effect on loss at
this level of coherence. It is also apparent that roughness
of the S-M interface had a minimal effect on loss: the
substrate under the center trace of the lift-off resonators
was previously etched,33 and is three times rougher than
that under the center trace of the control resonators (0.3
versus 0.1 nm RMS roughness as measured by AFM).
To help understand the increased loss in the lift-off res-

onators, which we attribute to a contaminated S-M in-
terface, we use cross-sectional high-resolution transmis-
sion electron microscopy (HRTEM) to examine the S-
M interfaces of samples that saw similar34 processing to
the center traces of the lift-off resonators without/with
the descum [Fig. 1(f/g)]. With no descum, we observe
two sublayers at the S-M interface. Directly above the
substrate is a film of average thickness 1.6 nm, presum-
ably residual resist polymer, which shows a peak in car-
bon content when probed with electron energy loss spec-
troscopy (EELS). Above this, a ∼ 2 nm layer with similar
phase contrast to aluminum oxide is observed, accom-
panied by a peak in oxygen content when probed with
EELS. This layer is likely formed by a reaction of the
unpassivated Al with resist and/or solvent residue either
as the metal is evaporated onto the substrate, or during a
later processing step when the wafer is heated. As such,
it may contain contaminants such as hydrogen that may
increase dielectric loss through the introduction of GHz-
frequency TLS defects.7,35–37 Oxide contamination from
residue may be relevant to previous experiments finding
that thermally oxidized submicron Josephson junctions
are made significantly more stable by cleaning the sub-
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Figure 2. Comparison of weak and strong ion beam treatment,
the latter inducing resonator degradation. (a) Qi of etched CPW
resonators whose bare substrates saw weak or strong in situ ion
milling before base metal deposition (five resonators of each). (b/c)
Cross-sectional HRTEM of S-M interface for weak/strong ion mill,
showing thicker disordered interfacial layer for strong mill.

strate with oxygen plasma before metal deposition.38,39

The S-M interface of the descummed substrate on
the other hand shows a decreased average thickness40 of
carbon-containing residue and no observed peak in oxy-
gen content. We note that our data is not sufficient to
determine whether or not the decrease in carbon residue
is in direct proportion to the decrease in resonator loss.
In situ descum techniques such as ion beam clean-

ing may perform similarly to the downstream ash ex-
plored here. However, as this involves physical bombard-
ment, a cleaning which is too aggressive might degrade
the substrate quality at the interface. To test this hy-
pothesis independently from questions of resist residue
contamination, we fabricate etched superconducting λ/4
resonators whose substrates saw different strengths of
in situ argon ion beam cleaning prior to the base alu-
minum deposition: a weak clean (beam energy 200 eV,
dose ∼ 5× 1015 cm−2) and a stronger mill (beam energy
400 eV and dose ∼ 5×1017 cm−2). The stronger parame-
ters are identical to those used to etch away native AlOx

in the fabrication of Xmon transmon qubits16 and similar
to those used for substrate preparation in previous planar
superconducting resonator experiments.41 The resulting
resonator quality factors are shown in Fig. 2(a), and dis-
play a power dependence consistent with TLS-dominated
loss at low powers. We observe a clear difference (factor
of 2) between the low-power internal quality factors, with
the stronger ion beam yielding a lower Qi.

Fig. 2(b/c) shows cross-sectional HRTEM images of
the S-M interface for the weak/strong ion beam treat-
ments. The strong mill creates a ∼ 1.2 nm interfacial
layer, significantly thicker than the weakly-treated inter-
face of unresolvable thickness. EELS reveals no measur-
able elemental peaks at either interface, including Ar, C,
and O. We do not believe the uniform interface is an arti-
fact of surface roughness, as AFM scans reveal no change
in roughness between a bare and a strongly milled wafer,
consistent with literature on sapphire.42 We therefore at-

tribute the excess loss to TLS induced by sapphire amor-
phization. Using finite-element COMSOL simulations,19

assuming a relative permittivity ǫr = 10 for this layer we
extract an intrinsic TLS loss tangent δ0TLS ∼ 1× 10−2.43

Returning to Fig. 1(f), one may ask which of the in-
terfacial sublayers of the lift-off resonators dominates the
added loss, which could help inform future superconduct-
ing qubit fabrication. COMSOL simulations suggest that
the added loss in the lift-off resonators without descum
could be explained by a 2 nm thick interface with ǫr = 2
(e.g., e-beam resist) and δ0TLS = 3×10−3, or with ǫr = 10
(e.g., AlOx) and δ0TLS = 1.5 × 10−2. In light of this,
we more directly extract δ0TLS for the contamination by
trapping it in a parallel plate capacitor, as illustrated
in Fig. 3. The bottom plate of the capacitor (formed
by part of the aluminum ground plane) is thoroughly
cleaned, and then copolymer e-beam resist is spun, ex-
posed and developed, after which the top capacitor plate
is deposited along with the CPW center trace, trapping
any residue. By forming a large (but physically small and
thus lumped element) load capacitance CL at the end of
a λ/4 CPW transmission line resonator, its net capaci-
tance and loss tangent can be extracted from the shift
in resonator frequency and the quality factor. We derive
analytical expressions for the load-dominated frequency
shift and quality factor in the limit CL ≫ CCPW, where
CCPW is the total capacitance to ground of the CPW seg-
ment of the resonator. We model the lossy load capacitor
as an ideal capacitor with an effective series resistance,
RESR = tan δ/ωCL. For a single-dielectric CL,

ωr − ωλ/4 ≈
2

πCLZr
, Q ≈

1

2 tan δ
CCPWCLω

2Z2
r . (1)

Numerical SPICE simulations indicate that these expres-
sion are accurate to 1% and 5%, respectively, for our ex-
perimental conditions. For a capacitor with more than
one dielectric layer, voltage division allows one to extract
the capacitance and tan δ of one layer given those of the
other. Using this fact and taking into account uncer-
tainty in the thickness (3.3 - 4.0 nm),44 ǫr (9 - 10), and
δ0TLS (0.7 − 1.6 × 10−3)7,35,45,46 of the bottom native47

AlOx layer, we conclude that the net δ0TLS of the con-
tamination is in the range 1.6− 3.6× 10−3.

Contamination

Native AlOx

Al

Al

Trap Capacitor

 Cross Section

200 µm

Figure 3. Schematic of “trap capacitor” experiment to charac-
terize resist contamination. Left: capacitor cross-section. Middle:
Optical micrograph of device. Right: Equivalent circuit diagram.
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We can compare this contamination loss tangent with
that of bulk copolymer resist at low temperature and
power. To measure δ0TLS of the bulk resist, we spin-coat
CPW resonators with 500 nm of copolymer, using the
same 160 ◦C bake. From the resulting frequency shifts
and low-power Qi of hanging λ/4 CPW resonators with
multiple geometries, we extract (by simulating the ca-
pacitance per unit length of the coated resonator cross-
sections in COMSOL) for the copolymer ǫr = 2.6 ± 0.1
and δ0TLS = (5.1 ± 0.3) × 10−4. This loss is too small to
quantitatively predict δ0TLS of the contamination layer ex-
tracted from the lift-off resonators or the trap capacitor.
We conclude either that the lift-off loss comes from the
oxide sublayer [Fig. 1(f)] or that δ0TLS of residue exposed
to an e-beam is higher than that of the bulk polymer.
To test the effect of exposure, we expose the resist-

coated chip in deep ultraviolet (DUV) light sufficient to
expose copolymer for development.48 We then repeat the
measurements, observing a modestly increased bulk δ0TLS

of (7.7± 0.5)× 10−4 with no measurable shift in ǫr, still
insufficient to quantitatively explain the contamination
loss. Although PMMA has a very similar polymer frag-
mentation pathway and molecular weight distribution
upon DUV exposure as it does for e-beam exposure,49

ultra-thin polymer films may have significantly different
properties from the bulk, due for example to interaction
with the substrate.50–52 We are thus unable to defini-
tively conclude whether the polymer itself or contami-
nated AlOx dominated the loss in the lift-off resonators.
The question of oxide contamination deserves further

study, but in any case, it would be useful to detect and
remove residual polymer, including on the vacuum inter-
faces. Previous interface participation simulations19 have
focused on interfacial ǫr = 10, for which the S-M and S-V
interfaces participate equally and the M-V interface (i.e.,
surface oxide) is negligible. However, as shown in Fig.
4, the relative dielectric participation of the three CPW
interface types depends strongly on the effective inter-
facial ǫr. Note that S-M contamination is particularly
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Figure 4. Markers: COMSOL simulations of the T1 = Q/ω limit
at 6GHz due to loss at the different types of CPW interfaces (con-
sidering separately “corners” where the interface types intersect19),
as a function of ǫr of the interface, assuming a W,G = 15, 10µm
untrenched CPW resonator with 3 nm thick interfaces of tan δ =
2× 10−3, with ǫsubstrater = 10. Lines are fits to a simple model.19

Table I. Unexposed resist residue thicknesses of e-beam resist
[MicroChem copolymer MMA(8.5)MAA) EL9] and i-line photore-
sist (MegapositTM SPR955-CM) on sapphire, aluminum, and sili-
con, measured by ellipsometry (native oxides are accounted for).

Unexposed Resist Residue Post-strip Post-descum
(±0.3 nm) (nm) (nm)

E-beam resist on Sapphire 4.2a 0.0b

E-beam resist on Sapphire 2.5c 0.0b

E-beam resist on Aluminum 2.8c 0.1b

E-beam resist on Silicon 3.9a 1.6/0.0d

E-beam resist on Silicon 0.4c 0.0b

Photoresist on Sapphire 0.2a 0.1b

Photoresist on Silicon 0.1a 0.1b

Photoresist on Aluminum 0.6a 0.1b

a 5 min. ultrasonic agitation in acetone then IPA; spin dry.
b 1 min. Gasonics downstream oxygen ash at 150 ◦C.
c 1 hour soak in heated NMP (∼ 70 ◦C), followed by 5 min.
ultrasonic agitation in heated NMP then IPA; spin dry.

d UV-Ozone clean for 10/20 min., respectively.

detrimental at low ǫr. We also see that post-processing
residue on the substrate and even on the metal may start
to limit coherence near the 100µs level for planar trans-
mon qubits of modestly large size. It would therefore be
useful to characterize the presence of residual films.
To detect and eliminate post-processing residue, we

use variable angle spectroscopic ellipsometry to measure,
on various surfaces, the ultra-thin residual films left by
unprocessed e-beam resist and photoresist. Here, the re-
sist is spin-coated onto a clean surface, baked, and then
stripped. The results are summarized in Table I and are
reproducible. We observe that the e-beam resist leaves
substantially more residue than the photoresist, perhaps
in part due to its higher bake temperature (160 ◦C ver-
sus 95 ◦C), justifying the assumption of 3 nm for the S-V
and M-V interfaces in Fig. 4, although the nature of left-
over resist residue may depend strongly on any previous
processing steps. Ultra-thin residue at the vacuum inter-
faces, then, may soon start to affect transmon lifetimes.
From Table I it is evident that some form of oxygen

treatment is needed to completely remove the residual
films. We note that UV-Ozone cleaning (row 4) is an
effective alternative method that doesn’t involve heat-
ing the substrate, which may be preferable for post-
processing devices with Josephson junctions.39 We do
not observe any statistically significant change in Qi

at the ∼ 1million level after post-downstream-ashing
the etched control resonators (which saw e-beam resist).
Higher-quality epitaxial aluminum resonators15,53 would
be necessary to detect improvement or degradation due
to this vacuum-interface residue or post-downstream-
ashing. We do however observe a significant decrease
in low-power Qi (to ∼ 200, 000) upon post-treating the
etched resonators in a Technics PE-IIA oxygen plasma
etch system (300mT O2, 100W power for 30 sec., a com-
mon “descum” recipe), for reasons yet to be determined.
In conclusion, we have investigated the effects of inter-

face processing on planar superconducting circuit coher-
ence at the Qi = 105−106 level at single-photon powers.
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At the S-M interface, we showed that contamination from
resist residue and substrate damage from ion bombard-
ment both significantly degrade resonator quality, while
substrate roughness had a minimal effect. At the S-V
and M-V interfaces, without oxygen treatment we ob-
serve post-processing residue at the vacuum interfaces
that may start to limit planar superconducting qubit co-
herence at the level of Qi ∼ several million, but find
that post-treatment with aggressive oxygen plasma sig-
nificantly degrades resonator quality. It would be worth-
while to test the effect of gentler types of post-ashing
techniques on the coherence of superconducting qubits,
about which there have only been anecdotal reports but
no systematic study.54 It would also be important to in-
vestigate the influence, if any, of residual films and sub-
strate damage on SQUID flux noise and other supercon-
ducting qubit dephasing mechanisms.18,55–58 Such post-
processing studies will likely play an important role in
further improving superconducting circuit coherence.
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for helpful discussions. Devices were fabricated at the
UCSB Nanofabrication Facility, a part of the NSF-funded
National Nanotechnology Infrastructure Network, and at
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ical Group in Sunnyvale, CA. This research was funded
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ity (IARPA), through Army Research Office Grant No.
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