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Abstract

The performance of superconducting qubits is often limited by dissipation and two-level systems
(TLS) losses. The dominant sources of these losses are believed to originate from amorphous
materials and defects at interfaces and surfaces, likely as a result of fabrication processes or ambient
exposure. Here, we explore a novel wet chemical surface treatment at the Josephson
junction-substrate and the substrate-air interfaces by replacing a buffered oxide etch (BOE)
cleaning process with one that uses hydrofluoric acid followed by aqueous ammonium fluoride.
We show that the ammonium fluoride etch process results in a statistically significant improvement
in median T; by ~ 22% (p = 0.002), and a reduction in the number of strongly-coupled TLS in the
tunable frequency range. Microwave resonator measurements on samples treated with the
ammonium fluoride etch after niobium deposition and etching also show ~ 33% lower
TLS-induced loss tangent compared to the BOE treated samples. As the chemical treatment
primarily modifies the Josephson junction-substrate interface and substrate-air interface, we
perform targeted chemical and structural characterizations to examine materials differences at
these interfaces and identify multiple microscopic changes that could contribute to decreased

TLS losses.

1. Introduction

In the growing field of quantum information sciences, quantum computing is a likely complement to
state-of-the-art classical high performance computing systems, and efforts to integrate these two computing
architectures are already promising [1-3]. There are several potential quantum computing platforms,
including superconducting, ion-trap, photonic, neutral atom, spin and topological approaches [4-9]. Each of
these platforms has strengths and trade-offs in terms of performance, reliability, scalability, and complexity.
Superconducting qubits are one of the leading approaches that are commonly researched for quantum
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Figure 1. Cross-section schematic of the qubit devices, where the hashed surfaces are those treated during the wet chemical etch
processing used in this study. The aluminum does indeed overlap the Nb, but it is not shown for clarity. The SiOx shown is the
native oxide formed on a bare Si surface, it is included because the oxide removal etch is the focus of this experiment.

computing [10]. The ability to achieve an addressable quantum system in micron-scale circuits, which can be
fabricated by the well understood techniques and processes developed by the CMOS, MEMS, and
superconducting electronics industries, as well as the ability to control interactions by purely electronic
means have been drivers for the development of the superconducting quantum computing platform over the
last two decades [11]. Furthermore, the use of commonly available fabrication techniques enables the
possibility of scaling the qubit count [12—15] while being able to correct for device variation using
post-processing techniques [16, 17].

Performance of superconducting qubits is impacted by decoherence through various loss channels. It is
well known that dielectric loss from two-level states is a major decoherence source in superconducting qubits
[18]. While the coherence times of superconducting qubits are known to fluctuate unpredictably [19], by
systematic analysis and by measuring large numbers of qubits, one can identify the contribution of
fabrication related loss channels [20]. In typical transmon qubits, the interfaces that affect performance
include metal-substrate, substrate-air, metal-air, metal-metal, and dielectrics on the various surfaces and at
the Josephson junction barrier.

Several approaches have been investigated to address these loss sources and reduce decoherence in
superconducting resonators and qubits. Trenched resonators show improved performance [21], due to
reduced participation of the substrate-air interface. Furthermore, design changes have been investigated to
alter the participation ratio of different interfaces to study their loss contributions [22, 23]. Additionally, loss
in superconducting devices fabricated on Si substrates has been shown to be impacted by surface treatments
before and after the qubit electrode deposition [23, 24]. Chemical and/or physical treatments to remove
dielectrics from various parts of the device have been shown to help improve device performance partially by
removing the native oxide on the Si substrate prior to junction formation [25]. Due to the importance of Si
substrate preparation for device performance, we looked into testing different pre-cleaning solutions prior to
Josephson junction fabrication. Aqueous fluoride solutions are known to provide either a rough surface or a
smooth one for Si(100) wafers based on the pH of the solutions [26]. Earlier work has shown that an
ammonium fluoride etch on a Si(111) surface can form an atomically defined and oxidation resistant
monohydride surface [27]. Superconducting Nb films deposited onto these smooth passivated surfaces show
improved properties, but it was not known what effect a similar process would have on Si(100) surface or on
Josephson junctions deposited on such a treated surface.

In this study we compare two sets of devices fabricated on Si(100) wafers that, after dry etching to define
the niobium circuit layer fabrication, were prepared using different surface cleaning etches just before the
Josephson junction process steps. See figure 1 for a schematic of the resulting devices and treated surfaces.
The first set (referred to as BOE etched from here on) were etched for 2 min in a Buffered Oxide Etch (BOE)
that is a 5:1 mixture of NH4F 40% (aq.): HF 49% (aq.). The second set of devices were etched in HF 2% (aq.)
for 1 min, followed by a deionized (DI) water rinse, and then a 2 min etch in NH4F 40% (aq.), where the
wafer was continuously dipped in and out of the NH4F during the etch process for agitation to avoid
accumulation of bubbles on the surface. This set will be referred to as HF — NH,F from here on. After
another DI water rinse and dry, the etched wafers are immediately coated with the bi-layer e-beam
lithography resist. After e-beam exposure and pattern development, the junctions are fabricated using a
double tilt angle deposition technique. This procedure minimizes the time that the Si and Nb surfaces are
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exposed to air after resist development. A second lithography and deposition step is used to deposit the patch
(or bandage) layer between the Nb circuitry and the junctions [28]. More information about the qubit
fabrication process and the double-angle lithography process are described in the Supplementary
Information section and in [20, 29]. Throughout this manuscript we use the notation HF — NH,F to
indicate the HF followed by NH4F process steps, where the arrow indicates two sequential processes in time
and not a reaction diagram. The sizes of the Josephson junctions used in these test devices range from

0.01 pm? to 0.34 pum? for each Josephson junction in the SQUID loop. In addition to microwave
characterization of resonators and qubits, we performed materials characterization of the affected interfaces
using x-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (TOF-SIMS),
atomic force microscopy (AFM), contact angle measurements, and scanning transmission electron
microscopy (STEM). By combining these materials characterizations with extensive device measurements, we
demonstrate that an etch process using NH4F reduces TLS and improves dissipation. We also point to several
microscopic properties that could be driving these improvements. This study verifies improved performance
for an industry-ready process and provides insights into understanding the sources of TLS at Si interfaces.

2. Results and discussion

The dominant sources of loss in superconducting qubits are generally concentrated at interfaces, but specific
microscopic sources are numerous and difficult to pinpoint. Given this challenge to understanding which
defects at the silicon-air and silicon-aluminum interfaces are affecting performance in these devices, we use
qubit performance as the primary metric to evaluate these etch processes. While qubit performance metrics
should be very sensitive to changes at these interfaces, we expect some spread across qubits on a single die,
and across different wafers due to fabrication non-uniformities. To ensure good sampling while expecting
these variations, we measured multiple dies from multiple wafers, each processed by the etches described
earlier. Qubit performance metrics including decoherence are also impacted by design, which affects
coupling to the environment and to other devices. To control for design variations, we verify the impact of
these etch processes on two separate qubit chip designs; Design 1 is a simple test chip of nominally isolated
qubits, while Design 2 is more complex where multi-qubit coupling is employed. Comparing multiple
designs also ensures that any improvements carry over to devices useful for potential applications in
quantum computing, and not only in test platforms. Both designs use a similar concentric qubit design,
while the layouts, qubit-qubit coupling, and surface participation ratios are different. Design 1 consists of 14
flux-tunable qubits and 2 fixed qubits, without any qubit-qubit couplers. Design 2 consists of 32 flux-tunable
qubits with fixed couplers to 2 or 3 neighbors in a square-octagon layout (similar to the Aspen-9 lattice
described in Li et al [30]), where we only measure 24 qubits on each die due to test setup limitations. These
32-qubit devices are flip-chip bonded to a superconducting cap for signal delivery and isolation, and as a
result are expected to have different surface participation ratios compared to the simpler device without a
cap. The results in figure 2 show decoherence values for both device designs, and confirm that the results are
consistent across both die layouts.

For each set and design of devices, we measured multiple chips from the same wafer, as well as from
different wafers for each design type, totalling to 102 qubits for the HF — NH4F etch, and 134 qubits for the
BOE etch. Qubit measurements show that HF — NH,4F etched devices have a median relaxation rate of
I'} = 18 kHz (corresponding to a median T} ~ 55 us) with 1st and 3rd quartiles of 15 and 25 kHz, while the
BOE etch set of devices have a median I'; = 22 kHz (corresponding to a median T; =~ 45 us) with 1st and 3rd
quartiles of 17 and 28 kHz. Since we have a large sample set and nearly-normal distributions with similar
skew and variances, we chose the Tukey HSD (honestly significant difference) test to compare these
distributions. We find that these are different I'; distributions with p =0.002, and the HSD allows us to
estimate that the 95% upper and lower confidence intervals for the significant difference between two means
is 1.8 to 8 kHz. A non-parametric Kruskal-Wallis test similarly determines that the medians are not the same
across the two groups with p < 0.01. We report the median and quartiles here to avoid skewing the results
with either high- or low-performing outliers. Despite the wide spread in each set, we can confidently
conclude that these distributions are different, and the HF — NH,F set has improved relaxation rate. We do
not find any significant differences between the sets for I'; or I'y, and since we note that the decoherence and
dephasing rates are higher than the relaxation rate, we believe that I';, and I, are limited by external factors
(i.e. not limited by relaxation). The same trend holds when comparing coherence results for each chip design
individually.

We compare the effects of strongly-coupled TLS in these sample sets by spectroscopically measuring the
qubit frequency as a function of flux bias, and fitting any features or avoided crossings to measure the
coupling strength. The splitting in the avoided crossing is given by /A%, ¢ + 4¢%, where g is the coupling
between the TLS and the qubit, and Ay is the difference in frequency between the qubit and the TLS. We

3



10P Publishing

Mater. Quantum Technol. 4 (2024) 045101 C J Kopas et al

a) b) <)
102 A . .

= —
. Z 103 4 . T 10° 4 -
T = . e -
- S * g
— o« * S
g o o
& ] £
- 9] ©
2 S S 1024
© Y [9)
X @ a
8 o >
& En °Ev<
g <
& o
101 4
T T T T T T
X N X N X N
& &> & QF & &>
& > & N &8 S
o D 2

& &

Figure 2. Comparison of measured qubit (a) relaxation rate, (b) Ramsey decoherence rate, and (c) Ramsey dephasing rate for
surfaces prepared with a BOE etch (blue, left in each set) and HF — NH4F (orange, right in each set). The x markers represent
qubits with Design 1 (uncoupled qubits), and the dot markers represent qubits with Design 2 (coupled qubits). The y-axes are log
scale to show the wide range in measured rates (this visually compresses differences between sample set means).

Table 1. Summary of the strongly-coupled TLS observed in qubits from both sets.

Sum of Qubit
Group Tunable Qubits Tunable Ranges Number of TLS SPI
BOE 73 38.3 GHz 73 0.0095
HF — NH4F 95 63.1 GHz 68 0.0065

find that the HF — NH4F etched devices are improved by having fewer TLS. In terms of number of TLS per
tunable range, there are on average ~ 1.1 TLS/GHz in the HF — NH,F set compared to ~ 1.9 TLS/GHz in
the BOE etched set.

In addition to the number of TLS, the coupling strength of TLS also affects the proportion of the qubit
tunable spectrum where the qubit is useful for gate operations. For example, a tunable qubit with a single
weakly-coupled TLS may have more available frequency spectrum than another tunable qubit with a single
strongly-coupled TLS. To include this consideration in our TLS metrics, we introduce the SPI (Spectral
Pollution Index) metric to track the frequency-normalized effect of strongly-coupled TLS across qubits in an
experiment where the qubits may have different tunabilities. SPI is the sum of all TLS coupling g in a set of
qubits, normalized by the sum of all the tunable qubit frequency ranges (fmax — fmin). We find that the total
SPI is reduced in the HF — NH,F set by about 32%, as shown in table 1. To visualize the difference in terms
of number and coupling strength of TLS, we include a histogram of coupling g-factors in the supplement
figure S-4.

In order to help separate the contribution of losses at the Si-air interface from those at Si-Al interface, we
measure the power-dependent loss tangent of ten coplanar waveguide resonators for each etch method.
Resonator devices were fabricated on the same wafer with other qubit devices, and were initially processed
using a BOE etch. After processing, the devices were stored in a desiccator for about 4 months before the final
BOE or HF — NH,F etches were performed on individual chips. After the final etch, devices were stored in
air for about 3 days before cooling down in a dilution refrigerator for measurement. We find that there is a
significant difference in losses due to TLSs, with the BOE and HF — NH,F treated resonators having
F&9 s =2.5x 107%and 1.7 x 10 respectively, representing 32% lower TLS losses in the HF — NH,F set, as
shown in figure 3(a), consistent with the reduction in SPI measured on the qubits. The power-independent
losses for the two etch processes, however, are similar (within 8.5% of each other, with a large spread), with
dp1 =4.7 x 1077 and 4.3 x 10~7 for BOE and HF — NH,F sets respectively, as shown in figure 3(b). Since
the power-independent losses are similar between the two sets, we conclude that there is no difference in loss
due to hydrogen incorporation in the films [31]. Based on the NbO, etch rates described in [32] we expect
that the short etch times are insufficient to significantly remove the Nb-surface oxide, and so we do not
expect any differences in loss from the Nb-air interface. Additionally, we performed TOF-SIMS depth
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Figure 3. (a) TLS loss and (b) power-independent losses extracted from power-dependence measurements on coplanar waveguide
resonators fabricated with both etch methods.
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Figure 4. Surface topography of a 1 pum X 1 pm area measured by AFM on the Si-area near a JJ within a qubit area. The Si surface
was etched first with RIE then with the wet chemical process (a) BOE etch with RMS roughness 1.95 nm, and (b) the
HF — NH4F etch treatment with RMS roughness 2.29 nm. Larger area scans are in the supplement figure S-7.

profiles on the niobium layers of resonators treated with different etches and do not find any significant
differences in the degree of H incorporation within the Nb film for the two etch methods, nor do we see
differences in other impurity concentrations including O, C and F. (see figure S-1 for the results).

Since this short etch process is performed before the Josephson junctions deposition, the most likely
location for any microscopic changes that could explain the reduced loss are at the Si surface (Si-air interface,
or the Si-Al interface underneath the Josephson junction’s lower lead and electrode). We looked into
potential changes at the Si-air interface by performing the BOE and HF — NH,F etches on both RIE-etched
Si surfaces near the Josephson junction (real devices with the full qubit process), and on bare Si substrates,
without any dry etch processes. In both the real devices (figure 4) and on the bare substrates (see figure S-6),
we observe that Si substrates etched with HF — NH,F show the presence of some small diameter surface
peaks 10 nm high in AFM scans, increasing the roughness over that of the BOE etched surfaces. However, the
low-frequency background roughness (presumably from the RIE etch process) visually appears decreased in
the HF — NH,F etched samples. We observe that the density of these small peaks is enough that some peaks
must be present underneath the JJs, JJ leads, and the bandage layers, but based on qubit measurements we
did not resolve any additional losses or TLS from these. We hypothesize that the HF — NH,4F etch process
may reduce some of the large-scale roughness, but that small peaks are created during the HF process step in
the HF — NH,F etch process. This is consistent with the conclusions in Aldinger et al [26] and with the
observation that Si substrates etched with NH,F only (skipping the HF etch) do not show this additional
roughness (see figure S-6).
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Figure 5. Re-oxidation of Si surfaces in atmosphere after receiving a BOE etch or a HF — NH4F treatment, as measured by XPS.
(a) shows an overlay of the measured XPS Spectra at time = 0 h , and (b) shows the ratio of SiO,to Si peak intensities over time.
Uncertainties in the SiO,/Si ratio are < 2.5%.

To further interrogate the Si surfaces, we measured the contact angle, where we also observe differences
between the two treatments. The contact angle on the HF — NH,F treated Si shows a higher angle,
indicating a more hydrophobic surface. More hydrophobic surfaces may be caused by more H-passivation on
the Si surface, which further suggests that the surface has less Si oxide. See data in the supplement figure S-8.

We used x-ray photoelectron spectroscopy (XPS) to examine the chemical nature of the Si surface
immediately following treatment by both etch methods and also observe the rate of regrowth of oxide
following etching. As shown in figure 5(a), XPS of the Si 2p region taken on Si samples immediately
following etching with both methods show a prominent peak at approximately 99.4 eV, consistent with
elemental Si. However, only the BOE treated sample shows signal in the range of 102—-104 eV, consistent with
the presence of Si oxide. Furthermore, we used XPS to track the growth of the Si oxide signal for up to 5 h of
ambient exposure following etching (See figure S-2). We compare the re-oxidation of the Si surface for both
etch methods by looking at the ratio of the peak area of the Si oxide signal to the elemental Si signal
(figure 5(b)) and observe that while the regrowth of SiO, occurs at similar rates for both conditions, the
HF — NH4F etch treatment provides an initial resistance to oxidation, with less oxide regrowth seen at all
time points compared to the BOE treated samples. These results suggest that the HF — NH4F etch treatment
could be improving the interface between the Josephson junction and the Si substrate by preventing Si oxide
re-growth in the short time between surface cleaning and Josephson junction deposition.

To evaluate this hypothesis, we further characterized the interface between the Al bottom electrode and
the Si substrate using scanning transmission electron microscopy (STEM) imaging and spectroscopy.
Figures 6(a),(c) display an overview of our Josephson junction by high-angle annular dark field (HAADF)
STEM, showing the main components of our device: two polycrystalline Al electrodes with approximately
40-50 nm thickness, and a thin (1-2 nm) AlO, tunnel barrier. The interface between the Al bottom electrode
and the Si substrate is shown in atomic-resolution STEM images (figures 6(b),(d) for both BOE and
HF — NH,4F treated Si substrates. The Al-Si interface in both cases is amorphous, and its width ranges from
2—4 nm. From these atomic-resolution images we do not find any significant differences in the surface oxide
thickness or structure at the substrate-JJ interface.

We further employed energy dispersive spectroscopy (EDS) to investigate the chemistry of the
aluminume-silicon interfaces. Figure 7 shows the chemical distribution of oxygen (O) and of all observed
elements (Al, Si, O) displayed in a combined map for a BOE etched (figures 7(a),(c)) and a HF — NH,F
etched (figures 7(b),(d)) device, respectively. As expected, O concentrates at the AlOy barrier between the
two Al electrodes. Additionally, EDS mapping shows a significant amount of O at the Al-Si interface for both
sample types. We quantify and plot the interfacial O for eight devices, in which four were fabricated with the
BOE etch treatment, while the other four with the HF — NH,4F etch treatment, selecting two high T, -and
two low T devices from each set. Overall, the devices that received the HF — NH,F etch show lower O
concentration, 7.36 & 2.66 at%, compared to the devices that received the BOE etch treatment, with
9.54 + 2.90 at% O. However, when we compare the measured T of each specific qubit to the EDS-measured
average O concentration at the Josephson junction’s Al-Si interface, we do not see a clear trend, as shown in
figure 7(e).
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Figure 6. Structural characterization of Josephson junctions. (a), (c) Low-magnification STEM images of two representative
Josephson junctions with: (a) BOE and (c¢) HF — NH,F substrate cleaning treatments. (b), (d) Atomic resolution STEM images
showing the amorphous interface between the Si substrate and the Al bottom electrode.
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Figure 7. Chemistry of the Al-Si interface. Oxygen chemical mapping and an overlay of all chemical element (O, Al, Si)
distribution for BOE etched sample (a), (c) and HF — NH4F sample (b), (d), respectively. (¢) Quantification of O concentration
at the Al-Si interface for eight devices, four using BOE and four using the HF — NH4F method. Error bars in (e) represent the
standard error of the mean.

3. Conclusion

We show that a chemical change to the surface treatment of the Si substrate, prior to Josephson junction
deposition, can result in a significant and reproducible improvement to dissipation properties (T;) and a
reduction in the number of TLS per tunable frequency span. We sought to correlate these changes in
dissipation and TLS with physical and chemical changes at the silicon-aluminum interface through surface
analysis, quantitative electron microscopy, and TOF-SIMS techniques. We observed that qubits treated with
HF — NH4F show on average less O at the Al-Si interface across the population, but on an individual-device
basis this did not deterministically predict T; values. Because we observe a similar reduction in TLS loss in
resonator power-dependence and in the incidence of strongly-coupled TLS observed in qubit measurements,
and given that the resonators do not have a substrate-Josephson junction interface, we infer that many TLS
may be localized on the Si-air interface, and are not necessarily exclusive to the substrate-Josephson junction
interface. This is an unexpected result since the Si-air interface is exposed to uncontrolled atmosphere, forms
a native oxide, and the main difference we found at this interface is that the HF — NH,F (with fewer TLS)
has additional roughness on the Si surface. TEM imaging of the Si-Josephson junction interface did not
observe any significant differences, but this is because TLS losses are likely to be specific localized defects,
which are difficult to image or pinpoint with characterization techniques that only analyze a small fraction of
the device area. The difficulty in correlating qubit relaxation with microscopic materials properties highlights
the significance of performing careful measurements on a large numbers of qubits, compared against a
control group before making conclusions on the impacts of fabrication process changes. Despite the high
decoherence rates and large populations of TLS in the test qubits studied here, the consistency of the results
across three device types (coupled qubits, uncoupled qubits, and coplanar waveguide resonators), indicates
to us that these improvements should carry over to state-of-the-art coherence-optimized qubits. This study

7



10P Publishing

Mater. Quantum Technol. 4 (2024) 045101 C J Kopas et al

targets the specific substrate-air and substrate-Josephson junction interfaces, so dissipation benefits should
similarly apply to device designs, experiment setups, and fabrication processes addressing other loss
channels. Our findings demonstrate that the HF — NH,F etch process improves qubit dissipation and TLS
properties and can be easily incorporated into production fabrication processes.
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