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Superconducting thin films of niobium have been extensively employed in transmon qubit ar-
chitectures. Although these architectures have demonstrated remarkable improvements in recent
years, further improvements in performance through materials engineering will aid in large-scale
deployment. Here, we use information retrieved from electron microscopy and analysis to conduct a
detailed assessment of potential decoherence sources in transmon qubit test devices. In the niobium
thin film, we observe the presence of localized strain at interfaces, which may amplify interactions
between two-level systems and impose limits on T; and Ts relaxation times. Additionally, we ob-
serve the presence of a surface oxide with varying stoichiometry and bond distances, which can
generate a broad two-level system noise spectrum. Finally, a similarly disordered and rough inter-
face is observed between Nb and the Si substrate. We propose that this interface can also degrade
the overall superconducting properties.
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I. INTRODUCTION

Over the last two decades, many significant advances
have been made towards constructing large-scale quan-
tum computers. In particular, superconducting quan-
tum information technology has emerged as a lead-
ing architecture to interrogate complex problems com-
monly deemed intractable with the most efficient classi-
cal computing platforms [1-4]. Nonetheless, extending
this technology to large-scale devices requires contin-
ued progress to improve reliability and performance.
For instance, although improvements in quantum bit
(qubit) designs and fabrication procedures over the past
decade have led to remarkable two-qubit gate fidelities
of 99.5%, a measure of how resistant a quantum oper-
ation is to decoherence[5], fidelities far beyond 99.9%
are likely required for large-scale devices in noisy in-
termediate scale quantum (NISQ) applications such as
exploring many-body problems [3]. Similarly, an order
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of magnitude improvement in T; energy relaxation and
T dephasing coherence times are also likely required to
achieve this goal [6]. Such improvements require higher
quality materials and specifically, an increased under-
standing and control over imperfections [7]. In previ-
ous studies, establishing form-function relationships in
these materials, interfaces and surfaces have emerged as
having the largest impact on performance.

As an example, in the case of niobium (Nb)-
superconducting transmon qubits, the amorphous sur-
face oxides that form upon ambient exposure serve as
major sources of electromagnetic energy dissipation. At
milliKelvin (mK) operating temperatures, they also dis-
play loss tangent values that are three orders of magni-
tude larger compared to the Nb thin films and Si sub-
strates [8-10]. This loss can be largely attributed to
two-state defects in the amorphous surface oxide, i.e.
two-level system (TLS) defects [8]. These states emerge
as a result of deviations from long-range order. The sys-
tem is able to transition between the two states through
low energy excitations [11, 12]. Because TLS are par-
ticularly problematic at low temperatures, where low
energy excitations remain unsaturated, they serve as a
primary noise mechanism and introduce decoherence at
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the operating temperatures for superconducting trans-
mon qubits.

The presence of grain boundaries within the Nb film
decreases mean free paths and superconducting param-
eters, such as the residual-resistance ratio (RRR), which
may be linked to T; energy relaxation decoherence
times, these linear defects also require close monitor-
ing [11]. As a result, it is important to understand the
form-function relationships between processing param-
eters and structure and concentration of TLS defects in
these materials. With this systematic study, we aim at
providing an opportunity to to pinpoint and link partic-
ular structural and chemical features to potential mech-
anisms giving rise to TLS, such as tunneling atoms[13],
tunneling electrons[14], and paramagnetic spins[15].

Over the years, a combination of various spectroscopy
and microscopy techniques have led researchers to un-
derstand that deviations from crystalline range order
on the nanoscale dictate quantum decoherence [12]. As
such, electron microscopy is an indispensable tool for
identification of materials that host TLS defects in a
broader effort to eliminate these sources. Namely, the
ability to procure a variety of analytical and spectro-
scopic signals from nanometric volumes with scanning
transmission electron microscopy (STEM) allows for
detection of chemical, structural, and electromagnetic
fluctuations on these relevant length scales [16, 17]. In
this study, we deploy STEM imaging and diffraction
methods to pinpoint specific nanoscale defects in the
Nb film and associated surfaces and interfaces within a
transmon qubit test device. The use of cutting edge
techniques to disentangle amorphous and crystalline
features allows us to establish form-function relation-
ships across technologically relevant heterogeneous in-
terfaces. We observe a number of structural and chemi-
cal features in this system that can potentially serve as
hosts for TLS and reduce performance. These include
the presence of localized strain at interfaces, variation
in bond distances in the disordered surface oxide layer,
as well as a rough and diffuse metal /substrate interface.

II. EXPERIMENTAL

Nb films were prepared on Si (001) wafers (float-zone
>10,000 Ohm-cm) via high-power impulse magnetron
sputtering (HiPIMS) with a base pressure less than 1E-
8 Torr at room temperature. Prior to deposition, the
wafer was prepared with an RCA surface treatment
detailed previously [18, 19]. Following Nb deposition,
transmon qubits were fabricated following the proce-
dures detailed by Nersisyan et al. [19].

TEM samples were prepared from the Nb capacitance
pad indicated with the black box in Figure 1a using a 30
kV focused Ga't ion beam. In order to protect the sur-
face oxide during the ion milling process, the sample was

first coated with 50 nm of Ni. The samples were finely
polished to a thickness of roughly 50 nm using 5 kV and
2 kV Ga™ ions in an effort to remove surface damage
and amorphization in the regions of interest. S/TEM
data was collected on JEOL 300F Grand ARM S/TEM
using an accelerating voltage of 300kV for the Nb film.
The camera length is set to 80 cm and the condenser
aperture is selected to provide a convergence semi-angle
of 10 mrad. Four-dimensional STEM (4DSTEM) data
sets [16] were acquired in a 360 x 62 mesh (with pixel
size of 3.33 nm) across the Nb films using a Gatan®)
OneView camera and synchronized using STEMx. In
the case of the associated interfaces, an accelerating
voltage of 80kV was selected to reduce beam damage in
the amorphous compounds and data acquired using a
Gatan®) Stela hybrid-pixelated camera and condenser
aperture was selected to provide a convergence semi-
angle of 1.5 mrad for fluctuation electron microscopy
measurements. This yields a probe size that is roughly
1 nm and allows for characterizing amorphous regions
that are on the order of 5 nm in dimension. The resul-
tant image was subsequently passed through a Gaussian
filter with a filter size of 2 pixels to eliminate scanning
distortions. STEM-EDS measurements were collected
at 200kV using a JEOL Silicon Drift Detector (SDD)
with a solid angle of 1.7 sr.

III. RESULTS

In an effort to identify particular structural or chem-
ical features associated with theoretical TLS mecha-
nisms, we first begin with an assessment of the nanos-
tructure and strain distribution in the Nb thin film.
Each of these aspects is suspected to impact the resul-
tant TLS noise spectrum. As the surfaces and inter-
faces associated with Nb have also proven to dissipate
electromagnetic energy, we then search for microscopic
features and inhomogeneities in these regions that can
potentially give rise to TLS.

A. Impact of interfaces and inhomogeneities in
Nb film

An annular dark field (ADF) image of the cross-
section taken from the contact pad of the transmon
qubit using collection angles varying between 10 mrad
to 70 mrad is provided in Figure 1b. In Figure lc, an
elemental map taken from this region using energy dis-
persive x-ray spectroscopy (EDS) confirms the presence
of a Nb film on a Si substrate. In Figure 2a and b, bright
field (BF) images taken when tilted along the Nb {111}
zone axis are provided. From this image, we observe
that columnar grains form which are characteristic of
the HiPIMS process and are roughly 50 nm by 170 nm.
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Figure 1. Nb/Si interface (a) Schematic of transmon qubit architecture. Black box represents the Nb contact pad region
investigated in this study. (b) Annular dark field image taken from the cross-sectional TEM sample. The metal/air and
metal/substrate interfaces discussed in Sections III B and III C are indicated. (c) EDS maps taken from the region indicated
by the white box in (b) using characteristic Nb La and Si Ko x-ray emission.
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Figure 2. Nb film structure (a) Bright field and (b) Relative in-plane orientation map of Nb grains. Relative strain maps
of an on-axis Nb grain are provided (c) along the substrate axis (€z,) and (d) along the film growth axis (€yy). Regions of
compressive strain at the metal /substrate interface and tensile strain near the grain boundary are circled. Shear strain in
the sample plane (ezy) along with rotational strain in the sample plane (74y) are provided in (e) and (f) respectively. The
selected grain and unstrained reference regions are also indicated.

It is also apparent that many of the grains are not ori-
ented along this zone axis. In fact, from the orientation
map, the grains tend to exhibit misorientation angles
between 0 and 20 degrees from the Nb {111} zone axis
in the sample plane. These columnar grains are sepa-
rated by grain boundaries that exist parallel to the film
growth axis.

Although a variety of chemical and physical proper-
ties contribute to BF contrast, strain is the dominant
mechanism in this case due to large differences in the
lattice constant between the metal and underlying sub-
strate. In order to visualize these strained areas more
clearly, we performed strain analysis using the algo-
rithm detailed by Pekin et al. [20]. Strain within a
crystalline sample leads to small atomic shifts in real

space, which manifest in shifts to the diffraction pat-
tern in reciprocal space. These shifts to the diffraction
pattern can be measured and linked to relative in-plane
strain in the sample through a transformation matrix.
This approach is advantageous over direct real space
mapping because it does not require the resolution and
signal to noise necessary for atomic resolution imaging.
The resultant strain maps in various directions are pro-
vided in Figures 2¢-f for a representative grain oriented
perfectly along the zone axis.

Along the substrate axis (€,,), we observe the pres-
ence of compressive strain at the metal/substrate in-
terface which displays more tensile character in the di-
rection towards the surface. The interfacial compres-
sive strain can be attributed to surface stresses present



in this region [21]. Conversely, the tensile stress away
from the interface likely arises from the coalescence
of neighboring grains [22]. Meanwhile, the principal
strain along the film growth axis (e, ), the shear strain
in the sample plane (e;,) and the rotational strain in
the sample plane (7,,) each exhibit similar profiles.
Namely, the largest strains are concentrated near grain
boundaries. This is likely due to the pileup of disloca-
tions in this region to mediate a commensurate atomic
structure between neighboring, but differently oriented
grains [23]. This rotational commensurability of adja-
cent grains may also explain the presence of €, strain
in the film. In all cases, we find that the free surface
mediates strain relaxation as the strain levels decay to
zero in the direction towards the surface.

Nanometer sized grains with a variety of orientations
may have implications for qubit performance. One pos-
sible mechanism for loss arises because grain boundary
diffusion is likely the dominant route for solute migra-
tion in such systems. With a higher density of grain
boundaries, impurity atoms have more paths to diffuse
from the surface oxide into the Nb film. Other stud-
ies have demonstrated that oxygen atoms may prefer-
entially segregate along grain boundaries in these sys-
tems, which may be correlated to reduced T times [11].
Furthermore, because strain fields are found to local-
ize at grain boundaries, their associated elastic dipoles
can lead to interactions between neighboring TLS at the
grain boundary [12]. These TLS interactions are known
to generate TLS with variable frequencies, which makes
device control far more challenging [24]. Moreover, lat-
tice strain may induce localized changes in the critical
temperature and superconducting order parameter|[25],
and highly strained regions may potentially trap non-
equilibrium quasiparticles. These trapped quasiparti-
cles have previously been demonstrated to behave sim-
ilarly to other TLS mechanisms in systems exhibiting
a spatially fluctuating superconducting order parame-
ter, offering another potential source of decoherence in
this system [26]. Thus, these potential loss mechanisms
highlight the importance of manipulating the process-
ing conditions as well as the underlying substrate to
achieve Nb films with larger grains and improved de-
vice performance.

B. Role of Nb surface oxide

In addition to the Nb film, adjacent surfaces and in-
terfaces are also known to impact the coherence prop-
erties in the system. As discussed in Section I, Nb
surface oxides, which form spontaneously in ambient
conditions, exhibit loss tangent values that are roughly
three orders of magnitude larger than the surrounding
film and crystalline substrate [8]. A dark field STEM
image of this surface oxide and the associated thin film

is provided in Figure 3a. This image was constructed
by applying a virtual detector with an inner collection
angle of 10 mrad and an outer collection angle of 15
mrad, which was designed specifically to match the ini-
tial diffraction ring observed in the NbO, diffraction
pattern (Figure S2). Representative diffraction patterns
captured from the indicated regions in the dark field im-
age in Figure 3a are provided in Figure 3d-h. The broad
diffuse rings we observe are indicative of a lack of long-
range order, which is problematic because it makes this
oxide prone to hosting TLS defects.

Since the oxide region exhibits amorphous-like char-
acter in the diffraction pattern, we employ fluctuation
electron microscopy (FEM) to better understand the
medium range ordering present in the sample. This
analysis was conducted following the approaches de-
tailed by Kennedy et al. and Mu et al. [27, 28]. First,
this process involves using a 1 nm probe and capturing
diffraction patterns as a function of position. Following
elliptical correction, radial fitting of amorphous rings in
each diffraction pattern is subsequently performed us-
ing least squares regression. The radial intensity and
normalized variance of the annular means were then
calculated as a function of scattering angle. Additional
details of this technique are provided in Appendix B.

Profiles of the normalized variance of the annular
means for each indicated position in the dark field image
are seen in Figure 3c. From these profiles, it is appar-
ent that the position of the broad peak centered about
roughly 5 nm™! shifts to higher frequencies when mov-
ing in the direction away from the surface. Based on
the limited symmetry observed in the diffraction pat-
terns taken from the Nb oxide, the inverse of the peak
positions in this profile were used to estimate the mini-
mum bond distances in the surface oxide.[29] Based on
this analysis, we find that this corresponds roughly to
a bond distance of 2A. This corresponds to an initial
peak in the calculated radial distribution function pro-
file for NbyO5 (Figure S1) [30]. The radial distribution
function represents the probability of locating an atom
at a given radial distance, r, from the reference atom.

Further, we observe a steady decrease in this bond
distance beginning at the top surface in the direction
away from the surface as plotted in Figure 3b. The
decrease in bond distance is suggestive of an increase in
atomic density in the direction away from the surface.
Based on the reported densities for NbO, NbOs, and
NbyOs, this increase in atomic density may possibly be
explained by an decrease in oxidation state of the Nb in
the Nb oxide when moving in the direction away from
the surface. This is in agreement with previous findings
suggesting that whereas NboOg has been observed at
the surface, NbOy and NbO are observed closer to the
Nb film [10, 11, 31]. We predict that this variation in
bonding distances throughout the Nb oxide can lead to
tunneling atoms/electrons imposing noise over a wide
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Figure 3. Nb/O interface (a) DF image of Nb oxide/Nb constructed using a virtual detector that matched the diffraction
ring of Nb oxide seen in SI Figure 2b. (b) Variation in bond distance as a function of regions labeled 1-5 in the DF image.
(¢) Annular mean of normalized variances as a function of position. The peak positions are observed to red-shift from region
1 to region 5. The reciprocal of the peak positions in these plots were used to calculate the respective bond distances at
each region. (d-h) Diffraction patterns taken from regions 1, 2, 3, 4, and 5, respectively. As the distinct diffraction spots
indicated by the arrows fade in intensity from region 1 to region 5, it is apparent that the Nb oxide decreases in crystallinity

in the direction away from the surface.

spectrum as opposed to a single frequency [13, 32].

In addition to the broad diffuse rings in the electron
diffraction patterns in Figure 3d-h, we also observe a
number of distinct diffraction spots. These are espe-
cially prevalent in the representative diffraction pat-
terns taken from regions 1-3 before appearing to de-
cay in intensity in the representative diffraction pat-
terns taken from regions 4 and 5. This evolution in the
diffraction pattern is observed throughout the film as
highlighted in Figure S2. As the appearance of these
distinct diffraction spots is indicative of ordering in the
system, this suggests that the Nb oxide closest to the
surface (NboOs) is more semi-crystalline in nature.

This is reasonable as oxygen diffusion is responsible
for growth of the surface oxide. In this process, the
oxygen concentration is expected to decay as a function
of position in the direction from the top surface of the
NbO, to the Nb film. As such, regions closest to the sur-
face have a higher likelihood of approaching an ordered
and stoichiometric NbyO5 state. Meanwhile, this mech-
anism for oxygen transport may cause regions closest
to the Nb film to be amorphous and sub-stoichiometric
as suggested by these findings. Due to the amorphous
nature of the sub-oxide, as well as the fact that sub-
oxides of niobium give rise to magnetic dipoles,[33] it
is likely that in addition to the large loss tangent value
of NbyOs, regions 4 and 5 in Figure 3a play a crit-
ical role in introducing decoherence in the transmon

qubit [34, 35].

C. Role of Nb/Si interface

The metal/substrate interface between Nb and Si
may serve as a source of decoherence as well. In Figure
4a, a phase map of this interface is provided. This map
was constructed using virtual annular detectors with
collection angles of 40-45 mrad as well as 20-25 mrad
for Nb and Si, respectively (Figure S3). The former
were used to capture signal diffracted from the Nb{110}
family of planes and the latter were used to capture sig-
nal diffracted from the Si{200} family of planes. The
two resultant maps were overlaid upon one another to
obtain a qualitative understanding of chemical distri-
bution. Based on the slowly varying intensity gradients
in the phase map, we observe that an Nb and Si form
an alloy phase that exists between the metal and the
substrate. Additionally, we also observe that the un-
derlying Si substrate is very rough and has likely been
altered by the buffered oxide etchant, which is used to
remove Si oxide prior to Nb deposition.

Based on electron diffraction patterns taken across
this interface, we define 3 distinct regions that exist be-
tween the crystalline Nb metal and Si substrate. Rep-
resentative diffraction patterns taken from each of these
indicated regions are provided in Figure 4b-d and rep-
resentative diffraction patterns taken from the Nb film
and the Si substrate are provided in Figure S3. Each
of these regions display diffuse rings which are again
indicative of a lack of long-range order. Based on the
presence of intense diffraction spots associated with Nb
along with weak diffraction spots associated with Si, we
hypothesize that region 1 is an amorphous niobium sili-



(a)

Figure 4. Nb/Si interface (a) Phase map of Nb and Si using virtual annular detectors shown in Figure S3. (b-d) Diffraction

patterns taken from regions 1, 2, and 3, respectively.

cide region that is niobium rich in nature. Conversely
through this analysis, region 2 is an amorphous niobium
silicide region that appears to be silicon rich. Finally, al-
though the diffraction pattern taken from also exhibits
a diffuse ring, the consistency between the diffraction
pattern taken from region 3 and the reference pattern
taken from the Si substrate suggests that this region
likely represents a semi-crystalline region of Si that has
been roughened during various steps in the deposition
and lithography process.

We hypothesize that structural properties in each of
these regions should be investigated and improved for
potential coherence benefits. For instance, regions 1 and
2 are amorphous regions, which may house TLS defects.
Additionally, we would expect these niobium silicide re-
gions to be non-superconducting, which would impact
T; coherence times. Because region 3 exhibits signifi-
cant surface roughness and disorder, we expect charge
carriers in these regions to exhibit very low mean free
paths, which may impact the superconductivity prop-
erties.

IV. SUMMARY & CONCLUSIONS

In this study, we applied STEM imaging and diffrac-
tion methods to identify structural inhomogeneities and
defects within a test transmon device that may be linked
to decoherence in Nb films and associated interfaces.
In the Nb film, we observed grain sizes with the min-
imum dimension on the order of tens of nanometers,
and localized strain at grain boundary interfaces. In
the disordered niobium surface oxide layer, we observed

a significant variation in the bond distances, and in the
diffuse metal/substrate interface, we detected signifi-
cant atomic disorder and surface roughness. These local
structural and atomic features can lead to broad TLS
frequency spectra, charge noise, and impact the super-
conducting parameters of the film. improving synthesis
and processing parameters may lead to improved qubit
performance. As such processes focused on achiev-
ing larger grains, eliminating the entire surface oxide,
and obtaining an epitaxial metal/substrate interface are
critical to obtaining improved qubit performance.
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APPENDIX
A. Orientation Map

Qualitative orientation maps were constructed using
a custom algorithm, which employs a 1D annular virtual
detector with a reciprocal length matching a known lat-
tice reflection. Within the ring, the point of maximum
intensity is collected, and its relative position, and thus
angle, is used to show rotation between nearest pixels.
To account for six-fold inherent symmetry associated
with the {111} zone axis of niobium, angles are divided
by 6. This method assumes relative out of plane align-
ment between grains and only within plane rotation.

B. Fluctuation Electron Microscopy

Analysis of scanning diffraction-based fluctuation
electron microscopy measurements was performed using
the MATLAB scripts provided by Kennedy et al. [27].
First, the background in the obtained diffraction pat-
terns were removed by subtracting diffraction patterns
taken from the vacuum region away from the sample.
Upon obtaining these background subtracted diffrac-
tion patterns from the regions of interest, the resultant
datasets were binned linearly to increase the signal-to-
noise ratio. These binned scanning nanodiffraction im-
age were fit radially using least squares fitting of the
first diffraction ring. The radial intensity and normal-
ized variance of the annular means were then calculated
as a function of scattering angle. Due to minimal sym-
metry in the surface oxide, the inverse of the peaks in
the normalized variance were used to estimate bond dis-
tances as a function of position.
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Figure S1. Radial distribution function of NbyOs calculated using PDFgui with feature at 2A indicated [30].
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Figure S2. (a) DF image of Nb oxide/Nb constructed using a virtual detector that matched the diffraction ring of Nb oxide.
The dotted arrows indicate regions over which changes in the diffraction pattern are provided in (c-f). (b) Diffraction
pattern taken from NbO, with a virtual annular detector with an inner collection angle of 10 mrad and an outer collection
angle of 15 mrad to preferentially produce a NbO,, dark field image. (c-f) Evolution of the electron diffraction pattern in
the direction of the arrows indicated in (a) for the labeled regions 1, 2, 3, 4, and 5, respectively. In all cases, prominent
diffraction spots tend to decay in intensity when moving away from the surface.
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Figure S3. (a) Representative diffraction pattern taken from Nb thin film when oriented along the {111} zone axis and (b)
representative diffraction pattern from the Si substrate oriented along the {111} zone axis. (c) Diffraction pattern taken
from NbSi, with virtual annular detectors with collection angles of 20-25 mrad (red) and 40-45 mrad (orange). These
detectors were used to produce the phase map in Figure 4a where the red detector was used to capture signal from Si and
the orange detector was used to capture signal from Nb.





