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As superconducting quantum processors increase in complexity, techniques to overcome con-
straints on frequency crowding are needed. The recently developed method of laser-annealing
provides an effective post-fabrication method to adjust the frequency of superconducting qubits.
Here, we present an automated laser-annealing apparatus based on conventional microscopy com-
ponents and demonstrate preservation of highly coherent transmons. In one case, we observe a
two-fold increase in coherence after laser-annealing and perform noise spectroscopy on this qubit to
investigate the change in defect features, in particular two-level system defects. Finally, we present
a local heating model as well as demonstrate aging stability for laser-annealing on the wafer scale.
Our work constitutes an important first step towards both understanding the underlying physical
mechanism and scaling up laser-annealing of superconducting qubits.

INTRODUCTION

Superconducting quantum processors are a promis-
ing platform for realizing large-scale universal quantum
computation [1]. In comparison to other physical plat-
forms [2–6], superconducting quantum processors are
lithographically configurable, which allows a rich vari-
ety of qubit structures and feasible scalability, currently
up to ∼ 100 qubits [7, 8]. Superconducting qubits re-
quire the Josephson junction (JJ), a nonlinear inductive
element composed of two superconductors with a tun-
neling barrier in between [9, 10]. A capacitively-shunted
JJ forms the transmon qubit, a widely utilized supercon-
ducting qubit with advantages ranging from high coher-
ence to simple coupling and readout [11, 12]. As quan-
tum processors scale up further, precise fabrication of the
JJ is required to avoid qubit frequency allocation prob-
lems that can lead to frequency collisions or slow en-
tangling gates [13–15]. However, the dispersion of state
of the art JJ fabrication methods, currently ∼ 1% for
a 1 cm2 chip, does not suffice the frequency constraints
for a fixed-frequency multiqubit processor with even a
few tens of qubits [16]. One effective technique to cir-
cumvent this problem is post-fabrication laser-annealing,
in which a laser beam is applied to the JJ in order to
tune the qubit frequency [17, 18]. In this work, we build
upon this technique and present a laser-annealing appa-
ratus with conventional confocal microscopy components,
allowing integration into various qubit preparation pro-
cesses. We demonstrate that high coherence of fixed-
frequency transmon qubits is maintained after frequency
shifting by laser-annealing. In one case, we observe a
two-fold increase in coherence after laser-annealing. We
perform noise spectroscopy to investigate this increase in
coherence by comparing the change in two level system

defect features and suggest that the increase in coherence
may be correlated to the decrease in spectrally neighbor-
ing TLS’s after laser-annealing. Lastly, we successfully
perform laser-annealing on the wafer scale with varying
parameters and explain the results by using a local heat-
ing model, as well as demonstrate the stability of laser-
annealing with respect to JJ aging.

LASER-ANNEALING APPARATUS AND
CHARACTERIZATION

In order to facilitate integration into various qubit
preparation processes, we present a laser-annealing appa-
ratus based on confocal microscopy (schematically shown
in Fig. 1(a)). A continuous, collimated laser beam
(532 nm) follows the optical path depicted by the green
arrows and first passes through a shutter that serves as
a switch and then a neutral density filter that adjusts
the beam power. The beam is then expanded and fo-
cused onto the sample stage in order to minimize the
beam spot. The motorized stage automatically positions
the sample on the focal plane using image detection al-
gorithms. Imaging is performed with a CMOS camera
and a white light source (not shown). This automation
enables laser-annealing of both individual chips as well
as 100 mm wafers with 3000 JJs.

The sample under investigation is composed of four in-
dependent transmon qubits each at different frequencies
and capacitively coupled to a coplanar waveguide res-
onator (RO). A representative qubit-RO pair is shown in
Fig. 1(b). The qubit consists of a niobium (Nb) coplanar
capacitor that shunts an Al/Al-Ox/Al JJ (Fig. 1(c)). The
JJs are shadow evaporated using the Manhattan style
technique with typical areas of ∼ 0.1µm2. The JJ areas
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FIG. 1. (a) Schematic of laser-annealing apparatus. The con-
tinuous wave, 532 nm, 40 mW diode-pumped solid state laser
beam follows the optical path shown by the green arrows and
is focused down to a beam waist of 0.81 µm. Abbreviated op-
tical components are labeled as follows: Neutral Density (ND)
filter, Beam Splitter (BS), and Numerical Aperture (NA). (b)
Optical image of fixed-frequency transmon qubit, consisting
of Al/Al-Ox/Al Josephson junction (JJ), shunted by niobium
(Nb) planar capacitor. The qubit is capacitively coupled to
a Nb quarter-wavelength coplanar waveguide resonator (RO)
and read out through the bus. (c) Optical magnification of
JJ. Laser spot depicted by green circle and drawn to scale.
(d) Predicted (gray dashed line derived from Ambegaokar-
Baratoff (A.B.) formula) and measured qubit frequency shift
(∆f/f0) with respect to change in room temperature resis-
tance (∆R/R0) due to laser-annealing (L.A.). Unannealed
samples are labeled U.A.

are varied to differ the frequencies of the four qubits.
To isolate the effects of laser-annealing, we minimize
resonator-induced decay and drive the qubit through the
readout bus (RO) [7]. Further details regarding the setup
and fabrication are given in the Supplemental Materials
(S.M.).

We apply laser-annealing to the JJ’s of five transmon
qubits and investigate the response in normal state resis-
tance RN at room temperature and the resulting shift in
qubit frequency fQ at ∼ 20 mK. We measure RN using
a lock-in voltage probe with the probing needles electri-
cally contacting the Nb capacitors. From RN, we utilize
the Ambegaokar-Baratoff formula to calculate the critical
current IC, nominally around 35 nA [19]. Applying the
transmon-regime approximation with IC, the predicted
qubit frequency in the superconducting state is given by:

hfQ =
√

(h∆AlEC)/(e2RN)− EC (1)

where h is Planck’s constant, e the electron charge, ∆Al

the Al superconducting gap (=170 µeV), and EC the
charging energy of the transmon (EC/h ∼ 275 MHz) [7].
We expect laser-annealing to increase RN and resultantly
shift down fQ, while ∆Al and EC remain constant.

The normalized change in qubit frequency (∆f/f0) is
plotted as a function of change in normal state resis-
tance (∆R/R0) in Fig. 1(d), where f0 and R0 are the
initial frequency and resistance. The prediction (gray
dashed line) is given by: ∆fPQ/f

P
Q,0 = −(1/1.9)∆R/R0.

This is derived from Eq. 1 using ∆R/R0 � 1 and ap-
plying a 5% correction to the slope due to EC. Both
unannealed (black cross) and laser-annealed (green cir-
cles) qubits follow the trend of the prediction, with a con-
trolled frequency downshift for the laser-annealed qubits.
The frequency shift of the four unannealed qubits, due
to air reexposure during the laser-annealing step and fre-
quency fluctuations across cryostat cooldowns, average
to zero with a variation of ±0.3% [20]. The resistance
drift of the unannealed qubits as well as the discrepan-
cies between prediction and measurement may be due
to differences between the expected and actual values of
∆Al and EC, as well as electrical contact variations across
multiple resistance probings.

HIGH COHERENCE AND TWO-LEVEL SYSTEM
SPECTROSCOPY

We have so far demonstrated tunability of qubit fre-
quency using laser-annealing. We now evaluate the qual-
ity of laser-annealed qubits. In particular, the qubit re-
laxation (T1) and phase coherence (T2) times are mea-
sured since these metrics are highly sensitive to degra-
dation in materials quality [21]. To study the statistical
features, we acquire the T1 and T2 of the transmons for
∼ 17 hours before and after laser-annealing. The T1 ac-
quisitions are shown in Fig. 2(a). Apart from Q5, the co-
herence medians of laser-annealed qubits Q1L-Q4L (stars
in green boxes) lie within three standard deviations of
the medians of Q1-Q4 (caps of white boxes), indicating
no statistically significant differences. Similarly, the T2
coherence times do not exhibit any statistically signifi-
cant differences after laser-annealing (see Fig. 2(b)). On
average, the T1 of Q1L-Q4L meet the current standards
for high coherence times of ∼ 100 µs [22]. These results
verify that our setup successfully performs controlled fre-
quency shifts while preserving high qubit coherence.

In the case of Q5, we observe a statistically signif-
icant increase in both T1 (46.5 µs to 95.0 µs) and T2
(29.0 µs to 49.8 µs) coherence after laser-annealing. In
contrast to Q1-Q4, Q5 has an additional CPW to drive
the qubit, enabling noise spectroscopy that can help in-
vestigate the increase in coherence. Several different
noise sources can hinder coherence, such as dielectric loss,
quasi-particle tunneling, and cosmic radiation [22–24].
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(a)

(b)

FIG. 2. Comparison of (a) T1 and (b) T2 coherence times of
four qubits before (Q1-Q5) and after laser-annealing (Q1L-
Q5L). Each boxplot consists of the mean (star), interquar-
tile range (box boundaries), three standard deviation range
(caps), and outliers (white circles) of the 17 hour acquisitions
of each qubit. The T2 measurements of Q2 yielded poor re-
sults and large fitting errors, leading to low statistics. Q5
exhibits a two-fold increase in coherence and is used for TLS
spectroscopy.

In particular, losses due to dielectrics at the metal-air,
metal-substrate, and substrate-air interfaces of supercon-
ducting qubits can transversely couple and potentially
induce energy relaxations [21]. These dielectric losses
can be modeled as two-level systems (TLS) with transi-
tion frequencies fTLS and coupling g to the qubit. The
qubit relaxation rate Γ1 = 1/T1 increases the closer fQ
is to fTLS. In particular, Γ1 follows a Lorentzian pro-
file with respect to qubit-TLS detuning ∆ = fQ − fTLS:
Γ1 = (2Γg2)/(Γ2 + ∆2) + Γ1,Q where Γ is the sum of TLS
and qubit energy relaxation and dephasing rates and Γ1,Q

the frequency-independent qubit energy relaxation rate
[21, 25]. Hence a spectral and temporal sweep of qubit
T1, or TLS spectroscopy, can probe the noise environ-
ment of a transmon qubit [26–28]. We perform TLS spec-
troscopy on Q5 before and after laser-annealing in order
to detect changes in TLS features. We do so by AC Stark
shifting the qubit using an off-resonant tone of frequency
fQ ± 80 MHz [27]. The frequency shift is proportional to
the square of the tone amplitude, hence the drive CPW is
required to deliver higher power in comparison to driv-
ing through the RO [29]. With this configuration, we
are able to reliably shift fQ by ±33 MHz, measured by a
Ramsey sequence. For fast acquisition, we measure the

(a) (b)

FIG. 3. (a) Spectral and temporal profile of Q5. Colorbar is
scale for excited state population P |1〉. Here, P |1〉 is measured
at 40 µs. Time-averaged spectral profile is shown on top with
fit using Lorentzian around the constant TLS. From the fit,
fTLS = fQ + 7.81 MHz. (b) Spectral and temporal profile of
laser-annealed qubit (Q5L). Here, P |1〉 is measured at 80 µs.
fQ,L = fQ − 94 MHz. Time-averaged spectral profile on top.
No persistent defects are visible.

average excited state population P|1〉 around T1.

TLS spectroscopy of 160 hours is shown both before
(Fig. 3(a)) and after (Fig. 3(b)) laser-annealing. In
Fig. 3(a), one consistent and several fluctuating (dark ar-
eas) TLS features are observed close to the initial qubit
frequency fQ. Fitting to the Lortenztian, we find the con-
sistent TLS is coupled to the qubit with g = 76 kHz and
lies 7.81 MHz away from fQ, which is more than three
linewidths away from fTLS. The low coupling and large
spectral distance make it unlikely for this single TLS to
solely limit the qubit coherence. If the dominant deco-
herence channel originates from TLS, it may be due to
multiple TLS’s that are weakly coupled to the qubit over
a wide frequency range around fQ. In contrast, we ob-
serve reduced TLS features in the spectral vicinity of the
qubit in Fig. 3(b) after fQ is downshifted by 94 MHz.
We repeat TLS spectroscopy for two more cooldowns to
evaluate the spectral features of the qubit due to thermal
cycling, and do not observe significant differences with re-
spect to Fig. 3 (see Fig. S1) [30, 31]. We suggest that the
increase in coherence may be correlated to the decrease in
spectrally neighboring TLS’s after laser-annealing. Ad-
ditional studies with a wider spectral range are needed
to investigate this. However, our observation opens pos-
sibilities to healing a defective qubit on a multiqubit pro-
cessor using laser-annealing and TLS spectroscopy under
the condition that the TLS features are consistent across
cooldowns.
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LASER-ANNEALING MECHANISM

In this section we investigate the response of RN to las-
ing parameters at the wafer-scale in order to understand
the laser-annealing mechanism. This is enabled by the
automated JJ image recognition of our setup, which po-
sitions and focuses the JJ with respect to the beam within
20 s [32]. We utilize JJ test wafers with 3000 junctions
similar to Ref. [16]. Across multiple wafers, we study four
lasing parameters: power, spot displacement from the JJ,
exposure time, and exposure repetition, as well as stabil-
ity to aging (see Fig. 4, Fig. S2, and Table. 1). Table. S1
in the S.M. provides all parameters of each study.

Based on previous studies of JJ thermal annealing,
we hypothesize that laser-annealing locally heats the JJ
and thickens the tunneling barrier, thereby increasing
RN [33–35]. We first verify local heating by measur-
ing the normalized resistance change (∆R/R0) of JJs
with three different areas with respect to lasing power
(Fig. 4(a)). The normalized resistance change follows
an exponentially plateauing function (red dashed line)
that caps at ∆R/R0 = 1.8%. This trend is similar to
that of low temperature (< 150 °C) thermal annealing
of JJs demonstrated by [33, 36–38]. In order to cor-
relate JJ temperature to laser power, we simulate the
temperature (T ) of a JJ directly illuminated by a Gaus-
sian beam with waist 0.81 µm of varying power (P ) us-
ing COMSOL Multiphysics. We observe a linear in-
crease T (P ) = 2.47P + 20 °C that reaches ∼ 120 °C at
P = 40 mW. The resistance change at this temperature
is similar to ∆R/R0 observed in the literature [36, 37].
Extending the comparison with thermal annealing, for
lasing powers > 50 mW for our setup, which corresponds
to JJ temperatures > 150 °C as given by T (P ), we expect
a rapid increase in RN. This is because in this tempera-
ture regime, accelerated growth of RN has been observed
[36–38].

Next we investigate the heat absorption mechanism
by studying the normalized resistance change with re-
spect to laser spot displacement (D) from the JJ. The
displacement is measured from below the junction cen-
ter, as shown in the inset of Fig. 4(b). We observe that
the measured ∆R/R0 (blue points) is maximized at a
displacement of 4 µm, which corresponds to the extension
length of the Al electrodes beneath the JJs. This is due to
two competing effects: increased reflection from Al/Al-
Ox as displacement is reduced and decreased heat trans-
fer from the Si substrate as displacement is increased.
We model the power loss from reflection by calculating
the absorbed power with respect to beam displacement
using Gaussian beam integration. We then multiply this
absorption function with an exponentially decaying func-
tion (H(D) = A exp(−D/D0) + B) that models heat
transfer, where D0 is the characteristic decay length for
thermal conduction (see Fig. S2) [39, 40]. We use this

product function to fit the data (red dashed line). The
reflection is minimized at D > 4 µm and D0 = 9.5 µm,
resulting in a maximum fitted ∆R/R0 at D = 5µm. The
kink at D = 4 µm is due to the increased absorption as
the spot moves away from the Al electrode and onto the
Si. It can also be seen that when the beam is placed more
than 30 µm away from the JJ, the change in resistance
approaches that of unannealed JJs (gray dashed line).
In other words, RN is unaffected by a beam displaced
more than 30µm. This demonstrates locality of the laser
heating on the sub-millimeter length scale.

Based on the measurements, we suggest that the laser
beam locally heats the JJs through the Si substrate. Heat
absorption has been proposed to thicken the JJ tun-
nel barrier in studies based on thermal annealing [33].
Therefore, we measure the barrier thickness using high
resolution transmission electron microscopy and fit the
area-normalized RN to the exponential of barrier thick-
ness (see Fig. S3 and Table. S2) [41]. From the fit, we
estimate that a 30% change in RN can orginiate from a
∼�A change in tunnel barrier thickness. However, due to
the non-uniformity of the barrier (dispersion∼ 0.4 nm),
we are unable to detect the corresponding increase in
thickness (0.04 nm) of a < 10% change in RN caused by
laser-annealing. This non-uniformity makes it unlikely
for a simple barrier thickening model to fully explain the
microscopic mechanism. Instead, consideration of other
microscopic factors, such as barrier height and chemical
composition changes at the Al/Al-Ox interface, is needed
[35].

Lastly, we study how robust laser-annealing is with re-
spect to aging. JJ aging refers to the increase in RN with
exposure to air in time [33, 42]. While the drift in RN due
to aging is currently unavoidable, it is important that the
resistance difference between laser-annealed and unan-
nealed JJs is conserved for an extended period of time.
For superconducting qubits, this translates to maintain-
ing frequency differences between different qubits, which
is important for frequency allocation. We study the ro-
bustness against aging as follows. We prepare two wafers,
one with newly fabricated JJs (Wafer1) and the other
with 130 day aged JJs (Wafer2). Wafer2 serves to show
the drift in RN when aging effects are minimal. For each
wafer, we probe the resistance of unannealed and laser-
annealed JJs for a period of 30 days, stored in atmo-
sphere. All four data groups are fit to an exponentially
plateauing aging function, with the fit parameters given
in Table. 1 [16]. As can be seen in Fig. 4(c), aging ef-
fects are pronounced for Wafer1 (16%) in comparison to
Wafer2 (7%). Furthermore, the standard deviation in-
creases with respect to time, implying varying degrees
of aging even amongst nominally identical JJs. How-
ever, on average, the difference in resistance change be-
tween unannealed and laser-annealed JJs for each wafer
is maintained even after 30 days of aging. This demon-
strates that laser-annealing is robust against aging. The
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D=0
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FIG. 4. Wafer scale characterization of laser-annealing. Different wafers are utilized for each subfigure. (a) Percent JJ resistance
change vs laser power. Fit using exponential plateau function of simulated temperature at junction. Each point is the average
of ∼ 20 JJs, with the standard deviation given by the errorbars. Unannealed JJs shown by the gray dashed line, with standard
deviation shown by the gray shaded region. (b) Percent JJ resistance change vs laser spot displacement from JJ. Maximum
resistance change when the spot is displaced 4 µm from the junction. Fit using product of heat transfer and absorbed power.
(Inset) Schematic of experiment. Distance (D) is measured from below the center of the JJ. (c) Stability of laser-annealing
with respect to JJ aging in atmosphere. Each dashed line is data fit to exponentially plateauing function. Wafers 1 and 2 each
correspond to new and aged junction wafers, with annealed junctions labeled by subscript L. Day 0 corresponds to the day of
laser-annealing.

wafer-scale study we have conducted in this section con-
stitutes a first step in both wafer-scale applicability of
laser-annealing, as well as investigating the underlying
physical mechanism.

Sample
Final
Resistance
Change

Initial
Resistance
Change

Aging Constant

Wafer1L 21 ± 1.2 % 9 ± 1.7 % 10.40 ± 2.5 days
Wafer1 16 ± 1.1 % 3 ± 1.6 % 8.72 ± 1.7 days
Wafer2L 11 ± 5.4 % 3 ± 7.6 % 41.15 ± 39.4 days
Wafer2 7 ± 4.0 % 0 ± 5.6 % 27.95 ± 21.5 days

TABLE 1. Fit parameters for Fig. 4(c). The fit is done using
an exponential plateau function ∆R/R0 = A−B exp(−t/τ),
where A corresponds to the Final Resistance Change, (A-B)
the Initial Resistance Change, and τ the Aging Constant. The
large fitting errors for Wafer2 are due to fitting an exponential
at the tail.

CONCLUSION

We have constructed an automated laser-annealing
apparatus using conventional microscopy components
and demonstrated reliable frequency tuning of fixed-
frequency transmon qubits. The high coherence of our
transmons is preserved after laser-annealing. We have
further observed an instance of coherence increase af-
ter laser-annealing, and performed TLS spectroscopy to

investigate the change in defect features. These meth-
ods should be further explored towards treating defective
qubits on multiqubit quantum processors.

Furthermore, we have scaled up laser-annealing and
studied effects of lasing parameters at the wafer scale.
With this, we have put forth a model of local heat-
ing through the Si substrate. Additional studies with a
change or etching of substrate underneath the JJ can help
verify this model [43–45]. We have also demonstrated
that laser-annealing is robust against aging, which is im-
portant for superconducting qubits since the time be-
tween laser-annealing and qubit measurement is non-
negligible. Further studies are needed to correlate nor-
malized RN to JJ barrier thickness. This can be realized
using different JJ geometries or different JJ materials.
Efforts in this direction are necessary since a thorough
understanding of each fabrication and treatment step is
ultimately required as qubit coherence times are pushed
higher into the millisecond regime.
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SUPPLEMENTAL MATERIALS

Laser-Annealing Automation

Automation of laser-annealing is based on JJ image recognition and auto-focusing. For a wafer of 3000 JJs spaced on
a grid, we record the coordinates of 10 JJs and perform an affine coordinate transformation to obtain the coordinates
of the other JJs. Each JJ is auto-focused by evaluating the image sharpness, which is calculated using the pixel width
of macroscopic features such as the Al electrode arms. Afterwards, the JJ is centered to the laser using cross detection
of Canny edges of the junction image. The centered, focused JJ is laser-annealed with the input parameters. Images
of the JJs are captured for post-processing to exclude those that are improperly focused or centered. This process
is also automated using an image structural similarity function that compares any given image with the image of a
properly laser-annealed JJ. Images with a structural similarity index less than 0.97 correspond to poorly annealed
JJs, and are hence excluded from the data set.

Device Parameters and Fabrication

Microwave properties (eigenmode, linewidth, coupling) of the bus, ROs, and qubits are simulated using Ansys
HFSS. For the device shown in Fig. 1(b), qubit-resonator coupling g is 50 MHz and the resonator line-width κ is
between 50 and 200 kHz. For the device used for TLS spectroscopy, g is 80 MHz and the κ is 2.5 MHz.

The devices are fabricated on a Si substrate of resistivity > 10 kΩ. After surface cleaning of the Si using piranha
and buffered-oxide etch (B.O.E.), a 200 nm layer of Nb is sputtered, on which the bus, ROs, and qubit capacitors are
defined by electron-beam lithography and reactive ion etching. After an additional B.O.E. cleaning, Al/Al-Ox/Al JJs
with nominal critical current densities of 500 nAµm−2 are evaporated in the Manhattan style to form the transmon
qubit. Galvanic contact between the Nb capacitor and the JJ is done by a bandaid process [46]. The diced device
chips are cleaned using N-Methylpyrrolidone and then wirebonded to a copper cryopackage. A detailed process is
given in Ref. [47]. For the JJ test wafers, we remove the piranha cleaning and Nb deposition steps. These test wafers
undergo a single deposition step of Al. Thus the JJs are shunted to large Al paddles which are used for resistance
probing. A detailed process is given in Ref. [16].

TLS Spectroscopy Cooldown Variations

We calibrate the AC Stark shift by measuring the detuned frequency using a Ramsey sequence at each Stark tone
amplitude. The Stark shift follows the frequency shift of an off-resonant Rabi drive in the driving frame:

√
Ω2 + ∆2,

where Ω is the drive amplitude and ∆ is the detuning of the drive. Using ∆ = ±80 MHz, we fit our calibration to the
function: ±(

√
(AΩ′)2 + ∆2−∆), where A is a fitted conversion parameter for the drive amplitude Ω′. The calibration

of the Stark shift before laser-annealing the transmon is shown in Fig. S1(a). A = 432 MHz for ∆ = −80 MHz and
A = 416 MHz for ∆ = +80 MHz. We calibrate each time before conducting TLS spectroscopy. Here, we measure
P|1〉 at 40 µs which is around the T1 of this transmon. The thermal cyclings of Fig. 3(a) are shown in Figs. S1(b)
and (c). The TLS spectroscopy was performed in the following order: Figs. S1(b), Figs. S1(c), and then Fig. 3(a).
The consistent TLS mentioned above is seen across all three thermal cycles, with a frequency fluctuation of less than
1 MHz.

We calibrate the Stark shift after laser-annealing the transmon. A = 459 MHz for ∆ = −80 MHz and A = 416 MHz
for ∆ = +80 MHz, shown in Fig. S1(d). We measure P|1〉 at 80µs which is around the T1 after laser-annealing.
The thermal cyclings of Fig. 3(b) are shown in Figs. S1(e) and (f). The TLS spectroscopy after laser-annealing was
performed in the following order: Fig. 3(b), Figs. S1(e), and then Figs. S1(f). No persistent TLS features are seen
across all three thermal cycles. For Fig. S1(e), the horizontal orange lines at 50 and 60 hours are acquisition errors
since P|1〉 = 1 at all frequencies. We observe telegraphic TLS described in Ref. [26] in Fig. S1(f) at +20 MHz from 0
to 10 hours.

Wafer Scale Characterization

For the COMSOL simulation, we utilize a Heat Transfer in Solids model with convection cooling and a Gaussian
beam heat source to thermally simulate laser-annealing. 37.4% of power reflected by silicon is taken into account.
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(b) (c)

(e) (f )(d)

(a)

FIG. S1. (a) Calibration of AC Stark shift of transmon before laser-annealing. ∆ = ±80 MHz refers to Stark tone posi-
tively/negatively detuned from qubit: fstark = fQ ± 80 MHz. (b) TLS spectroscopy after thermal cycling of Fig. 3(b). The
TLS feature lies at fTLS = fQ + 6.68 MHz. (c) TLS spectroscopy after second thermal cycling. fTLS = fQ + 7.89 MHz. (d)
Calibration after laser-annealing. (e) TLS spectroscopy after thermal cycling of Fig. 3(c). No persistent TLS features are seen.
(f) TLS spectroscopy after second thermal cycling.

Convection cooling with room temperature of 20°C is input into the simulation. The beam is centered on the junction
of interest, while another junction is placed 1.2 mm away to observe the temperature of neighboring junctions. The
simulated temperature of the neighboring junction is 22.9 °C. We fit the simulated temperature to the resistance
data given in Fig. 4(a) using the function: ∆R/R0 = m − b exp (−T/T0), where m is the final resistance change, b
determines the initial resistance, and T0 is the characteristic temperature (red dashed line of Fig. 4(a)).

The lasing parameters for each wafer-scale study are described in Table. S1. For each study, we vary a single
parameter and keep all other parameters fixed. The normalized resistance change ∆R/R0 with respect to exposure
time and repetition are shown in Figs. S2(a) and (b). Both exhibit an exponentially plateauing increase, similar to
Fig. 4(a). This suggests that the total amount of heat deposited on the JJ, which is a function of lasing power, exposure
time, and exposure repetition, determines the increase in resistance. Each datapoint shown in Figs. 4 and Fig. S2
exhibits uncertainty ∼ 1%. This implies identically laser-annealed JJs will vary in resistance change. Therefore for
precise tuning of RN, JJs need to be iteratively annealed while RN is monitored. This will require multiple resistance
probings of the qubit capacitor pads. The effects of this on qubit frequency and quality should be investigated.

In Fig. S2, the calculated absorption with respect to displacement (blue dashed line) as well as H(D) (black
dashed line) used for fitting Fig. 4(b) are shown. The absorption plateaus until D = 4µm, which corresponds to the
displacement in which the beam moves away from the Al and onto the Si as mentioned in the main text. Due to this
plateau, a kink arises when the absorption is multiplied with H(D), as shown by the red line (equal to the fit shown
in Fig. 4(b), but scaled down for clarity). Further analysis of the thermal conduction to the JJ (H(D)) with respect
to beam displacement is needed.
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Study Power Displacement
Exposure
Time

Exposure
Repetition

Aging
(Wafer1)

Aging
(Wafer2)

Applied Power Varied 40 mW 40 mW 40 mW 40 mW 40 mW
Applied Displacement 0 µm Varied 0 µm 0 µm 0 µm 0 µm
Applied Exposure Time 60 s 60 s Varied 60 s 60 s 60 s
Applied Exposure Repetition 1 1 1 Varied 1 1
Utilized Wafer Age 69 d 88 d 75 d 71 d 0 d to 30 d 135 d to 170 d

TABLE S1. Lasing parameters for each wafer-scale study.

(a) (b) (c)

FIG. S2. (a) Percent JJ resistance change vs laser exposure time. (b) Percent JJ resistance change vs exposure repetition. (c)
Calculated absorption and H(D) used to produce the fit given in Fig. 4(b). The product is shown by the solid red line, which
is identical to that shown in Fig. 4(b) but scaled down for clarity.

Microscopic Imaging

In order to correlate barrier thickness to resistance, we measure the surface area and barrier thickness of unannealed,
laser-annealed, and thermally annealed JJs using scanning electron microscopy (SEM) and high resolution transmission
electron microscopy (HRTEM). The SEM is a Zeiss Gemini Ultra SEM and the HRTEM is performed using the
Transmission Electron Aberration-corrected Microscope 1 (TEAM1) at the National Center for Electron Microscopy
(NCEM). The TEAM1 has a resolution of 0.1 nm. For barrier thickness measurements, we utilize electron energy loss
spectroscopy (EELS) using a Gatan Tridiem EELS spectrometer on the HRTEM results. The EELS measurements
provide the JJ barrier thickness dispersion discussed in the main text. We utilize JJs on a 1x1 cm2 diced section
of our JJ test wafers. The SEM and HRTEM images are shown in Fig. S3. The measured RN, area, and barrier
thickness are given in Table. S2.

We fit the area-normalized RN to exp(t/τ), where t is the measured barrier thickness and τ is the characteristic
barrier thickness. We obtain τ = 0.39± 0.23 nm, which implies an increase of 1�A in t will increase RN by ∼ 30% as
stated in the main text. However, the fit is limited due to the lack of statistics and large dispersion. This dispersion is
due to the curvature of the tunneling barrier in our HRTEMs. Additional statistics are needed to properly correlate
JJ barrier thickness to RN.
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Top Al

Bottom Al

Bottom Al

AlOx

Top Al

Si

AlOx

Carbon

200 nm 10 nm

(b)(a)

AlOx

FIG. S3. (a) Scanning electron microscopy (SEM) of laser-annealed JJ. The red dash corresponds to the area on which a
focused ion beam (FIB) is applied to acquire the cross-section of the JJ for high resolution transmission electron microscopy
(HRTEM). (b) HRTEM of JJ shown in (a). Each layer is given a corresponding label. The top layer of carbon is due to the
FIB process. SEM and HRTEM images for the other four JJs given in Table. S2 appear similar to that given here.

Sample Resistance Area
Barrier
Thickness

Unannealed 7781 Ω 0.0997 µm2 2.43 ± 0.71 nm
Unannealed 5249 Ω 0.1679 µm2 2.32 ± 0.39 nm
Laser-Annealed 5979 Ω 0.1125 µm2 2.44 ± 0.54 nm
400 °C-Annealed 13 735 Ω 0.1967 µm2 2.44 ± 0.23 nm
400 °C-Annealed 13 867 Ω 0.1835 µm2 2.64 ± 0.07 nm

TABLE S2. Measured resistance, area, and barrier thickness of five JJs. Two are unannealed, one is laser-annealed, and two
are thermally annealed at 400 °C.
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