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Niobium thin films on silicon substrate used in the fabrication of superconducting qubits have been
characterized using scanning and transmission electron microscopy, electrical transport, magnetization,
the London penetration depth - based quasiparticle spectroscopy, and real-space real-time magneto-optical
imaging. We study niobium films to provide an example of a comprehensive analytical set that may benefit
superconducting circuits such as those used in quantum computers. The films have a superconducting
transition temperature of 7, = 9.35 K and a fairly clean superconducting gap. The estimated superfluid
density is enhanced at intermediate temperatures. These observations are consistent with the recent theory
of anisotropic strong-coupling superconductivity in Nb and indicate outstanding quality. However, the
response to the magnetic field is complicated, exhibiting significantly irreversible behavior and insufficient
heat dissipation (to a substrate), leading to thermomagnetic instabilities. This may present a challenge for
further improvement of transmon quantum coherence. Possible mitigation strategies are discussed.
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I. INTRODUCTION

Superconducting qubits are promising candidates for
implementing large-scale quantum computers [1-3]. The
advancement in fabrication and design of superconduct-
ing qubits has demonstrated impressive gate fidelity of
up to 99.5% for two-qubit gates, which is the measure
of the ability of a device to faithfully execute quantum
algorithms [4]. However, large-scale devices will require
fidelity well beyond 99.9% [5]. It has been shown that cer-
tain impurities and defects in qubit material tend to shorten
the coherence time and lead to overall lower-fidelity oper-
ations [6—8]. For example, microwave loss at cryogenic
temperatures has been attributed to the resonant coupling
to two-level systems (TLSs) physically composed of the
atomic defects [7,9]. Therefore, achieving better fidelities
requires improved quantum coherence and that necessi-
tates a better understanding and control over the materials
used to fabricate qubits.

Niobium is the material of choice for various supercon-
ducting applications due to its relatively high transition
temperature, 7. = 9.35 K. Niobium thin films (100—200
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nm thick) are widely used in superconducting transmon
qubits [1]. The “heart” of such qubits is an aluminum
Josephson junction used to provide nonlinearity to the
circuit and niobium leads occupy practically the entire
volume of the circuit: the readout resonators, capacitor
pads, and coupling lines in the transmon. In order to work,
the structure must have a high degree of quantum coher-
ence in all parts. Surfaces and interfaces are known to
introduce noise and loss that play a major role in decreas-
ing the coherence time in transmon qubits [7,10—13]. For
instance, the native amorphous oxides with different stoi-
chiometry (NbO, NbO,, and Nb,Os) that are present are
believed to be the host for TLSs; hence the decoherence
[14-17]. Another recently discovered source of potential
decoherence in transmons is nanosized niobium hydrides
[7]. Large hydrides in the superconducting rf cavities are
believed to be the cause of the so-called Q disease (a dra-
matic reduction of the quality factor above some amplitude
of the electromagnetic field inside the cavity) and have
been known for a long time [18-23]. While bulk niobium
used in superconducting-radio-frequency (srf) cavities has
been extensively characterized in both the normal and the
superconducting state, the niobium films used in quan-
tum information science (QIS) technologies have mostly
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been studied to examine the quality-factor behavior and
losses at gigahertz frequencies [24]. Bulk and films of nio-
bium are very different [25,26] in terms of morphology,
purity, and relative length scales involved and more con-
ventional studies in the superconducting state are needed.
An important aspect is the application mode, which is usu-
ally at a radio frequency of a few gigahertz [27], whereas
characterization is often performed at lower frequencies
[28,29]. In general, niobium films for use in superconduct-
ing qubits is an active area of research (see, e.g., Ref. [30]
and references therein).

In this work, we employ various techniques to study
thermally excited quasiparticles, electrical transport, upper
and third critical fields, magnetization, and spatial distri-
bution of the magnetic induction in niobium thin films and
suggest strategies for further material optimizations and
improvements.

II. EXPERIMENTAL

Niobium films, 160 nm thick, were deposited onto [001]
high-resistivity silicon wafers (> 10000 € cm) using
high-power impulse magnetron sputtering (HiPIMS) in an
ultrahigh-vacuum system with a base pressure < 1 x 1078
Torr [8,31,32].

The film morphology was studied using scanning elec-
tron microscopy (SEM), including high-resolution SEM,
and transmission electron microscopy (TEM). A more
detailed investigation of transmons using Nb from the
same batch as in this work, and imaging details, are avail-
able elsewhere [33]. Cross-section and plan-view TEM
samples were prepared with a Helios focused-ion-beam
(FIB) system. The TEM images were acquired at an accel-
eration voltage of 200 kV using a Titan Themis. SEM
was used to map out the larger view of the sample-surface
morphology. The TEM images were used for quantitative
analysis.

Quasiparticles are known to be one of the major
sources of decoherence in superconducting qubits [34,
35]. The density of the quasiparticles is proportional to
7w A0)/2kpT exp(—A(0)/kpT), which is proportional to
AM(T). To study the low-energy quasiparticles, we used a
tunnel-diode resonator (TDR) for the precision measure-
ments of the London penetration depth, AA(T) [36,37],
which was then used to calculate the superfluid den-
sity, p(T) = 1/(1 + AA(T)/A(0))?, which may be com-
pared to the expectations from the theory. Here, the zero-
temperature value of the penetration depth, A(T = 0) =
33 nm, was estimated for niobium film identical to that
used in our earlier work [38]. The measurement technique
uses a self-oscillating TDR, described in detail elsewhere
[36,37,39—41]. Briefly, the highly stable TDR circuit res-
onates at approximately 14 MHz and the frequency shift
is measured with a precision better than 1 ppb (part per

billion). The inductor coil generates an ac-excitation mag-
netic field, H,. < 20 mOe; hence the sample is always in
the Meissner state at the temperatures of interest. In the
experiment, the sample is mounted on a 1-mm-diameter
sapphire rod and inserted into a 2-mm-diameter inductor
coil. The coil and the sample are situated in a vacuum
inside a *He cryostat or a dilution refrigerator. The TDR
circuit is actively stabilized at 5 K by a LakeShore tem-
perature controller and the sample is controlled separately
from 350 mK by an independent LakeShore controller.
The change of the resonant frequency when a sample is
inserted into the coil is proportional to the sample mag-
netic susceptibility as long as the change of the total
inductance is small and one can expand Af /fy &~ AL/2Ly,
where 27 fy = 1/4/CLy, in which the subscript zero refers
to an empty resonator. The coefficient of proportionality,
which includes the demagnetization correction, is mea-
sured directly by pulling the sample out of the resonator
at the base temperature [40—42]. A general analysis of the
calibration procedure for nonellipsoidal samples is given
elsewhere [42].

It must be noted that perhaps a more familiar exper-
imental technique used to measure the London pene-
tration depth with a precision sufficient to discuss the
superconducting-gap structure—and hence thermal quasi-
particles—is the microwave-cavity perturbation technique
[43,44]. The physics is similar to that of TDR: a sample
is placed inside the microwave cavity on a temperature-
controlled holder (usually sapphire). The cavity is con-
structed so that the sample only “sees” the magnetic
component of an ac field. Any change in the magnetic
susceptibility of the sample results in a change in the reso-
nant peak frequency and shape. In fact, this was the first
technique that unequivocally showed a nodal supercon-
ducting gap consistent with a d-wave pairing in hole-doped
cuprate high-7, superconductor Y-Ba-Cu-O [43]. Com-
pared to TDR, the microwave-cavity setup is much bulkier;
has more complicated electronics; does not allow the appli-
cation of an external magnetic field (the cavity must be
superconducting to maintain a high quality factor, Q); has
a much larger amplitude of the excitation magnetic field
acting on the sample; has lower resolution; and is much
slower and hence prone to signal drift in time. There
have been significant improvements of this technique.
The breakthrough came with the introduction of rutile
(TiOy)—a dielectric material with a high dielectric con-
stant, € = 120, and a low loss tangent, tan§ = 3 x 1078
[45,46]. The new generation of rutile-based microwave
resonators is much more compact and allows the appli-
cation of high magnetic fields. The advantage of the
microwave perturbation technique, compared to TDR, is
that it provides both components of the response by mea-
suring not only the resonant frequency shift but also the
change in the quality factor. This gives direct access to
the absolute value of the London penetration depth, A(0)
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[44,47]. Another advantage is that it operates at the fre-
quencies of superconducting transmon qubits. Therefore,
the dissipation that it finds is directly related not only
to static but also dynamic pair breakers such as TLSs
that presumably limit transmon quantum coherence at low
temperatures.

Four-probe electrical resistivity measurements were per-
formed in a Quantum Design physical property measure-
ment system (PPMS). Contacts were made by gluing
25-pm silver wires using DuPont 4929N conducting silver
paste. This technique yields contacts with contact resis-
tance in the (10—100)-$2 range. Transport measurements of
the upper critical field, H.,, were performed with a mag-
netic field oriented perpendicular to the film plane to avoid
the third critical field, H.;, which does not exist in this
orientation but is a maximum when the magnetic field is
parallel to the film surface [48,49]. For measurements in
a parallel configuration, the sample was glued on the side
of the plastic cube, similar to those described in Ref. [50].
This procedure provided alignment with the accuracy of
about 2°.

Total magnetization was measured using a vibrating
sample magnetometer (VSM) module in the Quantum
Design PPMS. The advantage of this device is the abil-
ity to sweep the magnetic field continuously at a constant
rate.

The two-dimensional distribution of the magnetic induc-
tion was mapped in real time employing magneto-optical
imaging using the Faraday effect (MOFA) in transpar-
ent ferrimagnetic indicators (bismuth-doped iron garnets)
placed on top of the samples. The closed-cycle flow-type
optical “He cryostat exposed the cooled sample to an
Olympus polarized-light microscope. The magnetic induc-
tion on the sample surface polarizes in-plane magnetic
moments in the indicator and the distribution of this polar-
ization component along the light propagation is visualized
through double Faraday rotation. In the images, only the
magnetic field is visible due to a mirror sputtered at the
bottom of the indicator [51-54].

ITI. RESULTS

Figure 1 shows the morphology of the Nb film revealed
by high-resolution scanning electron microscopy (HR
SEM) and TEM. Figure 1(a) shows the SEM image of a
wide view of the top-surface morphology, revealing sub-
stantial spatial modulations at two characteristic length
scales. Further details of the internal and surface structural
texture are revealed by the bright-field plan-view TEM
image [Fig. 1(b)] and a cross-section view [Fig. 1(c)]. The
contrast variation reveals a granular polycrystalline struc-
ture on top of and inside the film. Based on the statistics
from more than 100 grains, their sizes range from 30 nm
to 90 nm, with an average size of about 60 nm. Those
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FIG. 1. (a) The wide-area view of the sample surface mor-
phology revealed by high resolution SEM of the sample-surface
morphology. (b),(c) The TEM plan view (b) and TEM cross-
section view (c) of the studied Nb thin film. The bulk consists
of columnar Nb grains with a fairly broad distribution of sizes
ranging between 30 and 90 nm, with an average grain size of
about 60 nm. The surface roughness is of the order of 3—5 nm.

grains have a columnar structure along the film thick-
ness, measured at 160 nm as intended by the fabrication.
The smaller droplets observed in secondary-electron image
contrast [Fig. 1(a)] represent the surface roughness, which
is also seen in the cross-section view [Fig. 1(c)].

Figure 2 presents electrical-resistance measurements as
a function of the magnetic field and the temperature. The
data were collected in parallel and perpendicular orien-
tations of the film with respect to the applied magnetic
field. In a parallel orientation, the material remains super-
conducting up to a so-called third critical magnetic field,
H_;, surviving in a thin surface layer of the order of the
superconducting coherence length, £ [48,49,55]. In nio-
bium, £ ~ 10 — 40 nm, depending on its purity and degree
of crystallinity [48,56-58]. In the perpendicular orienta-
tion of the magnetic field to the film plane, the upper
critical field, H,,, is the highest magnetic field possible
[48,49,59]. Therefore, we obtain these two critical mag-
netic fields from the measurements of the same sample by
simply rotating it through 90° without changing the con-
tacts. In the PPMS, the cooling is achieved via the helium
exchange gas when the sample is mounted on a puck and
so the orientation is not important for thermal equilibrium
as long as the measurements are performed slowly. Indeed,
we see the same 7, = 9.35 K in zero magnetic fields in
both orientations.

Figure 2(a) (left) shows the magnetic-field-dependent
resistance, R (H), measured at different temperatures from
2 to 8 K in 1 K steps. Figure 2(a) (right) shows the
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FIG. 2. (a) The electrical resistance of Nb film in a magnetic

field parallel to the film plane. Left, R (H) scans measured at
different temperatures from 2 to 8 K at 1 K intervals. Right,
R (T) scans at fixed magnetic fields, from right to left: H =0,
0.1, 0.3, 04, 0.5, 0.7, 1.0, 1.2, 1.4, 1.6, 1.8 and 2 T. (b) The
summary phase diagram, showing the third critical field, H.s,
obtained from the data shown in (a), and the upper critical
field, H., obtained from similar measurements with the mag-
netic field oriented perpendicular to the plane. The inset shows
the temperature-dependent resistivity normalized by its value at
T.. RRR = R(300K)/R(T,) = 5.

temperature-dependent resistance, R (7)), measured at dif-
ferent magnetic fields, from right to left: H# =0, 0.1, 0.3,
04,0.5,0.7,1.0, 1.2, 1.4, 1.6, 1.8, and 2 T. In both pan-
els of Fig. 2(a), the symbols show the locations of the
third critical field, H.3 (T) (left panel) or the critical tem-
peratures, T, (H.3) (right panel), an easy pick, considering
how sharp the transitions remain for all curves. Similar
measurements were performed in the perpendicular orien-
tation, yielding the upper critical field, H,, (7). Figure 2(b)
summarizes the results of the critical-field measurements.
The upper curve, obtained from the data in Fig. 2(a), shows
the third critical field, H.; (7). The agreement between

the two types of scans is outstanding. Similarly, the lower
curve shows the upper critical field, H., (7).

The inset shows temperature-dependent resistivity nor-
malized by its value at T, in a broad temperature range up
to 300 K. At 300 K, this ratio, called the residual resistivity
ratio, RRR(300 K) ~ 5, is the commonly used measure of
scattering on defects and impurities. For comparison, the
cleanest niobium samples reach RRR = 90 000 [60] and so
the value of 5 for our films is rather low.

We now examine the superconducting state of the
studied films. Figure 3 shows the temperature-dependent
superfluid density, p () = A% (0) /A% (T), obtained from
the London penetration depth, X (7), measured using a
TDR [36,37]. The solid red curve is the expectation from
the isotropic weak-coupling Bardeen-Cooper-Schrieffer
(BCS) theory [61]. This measurement is quite difficult due
to the extreme thin-film geometry. The upper inset in Fig. 3
shows the full transition curve, which looks flawless but
cuts off at about AX (T¢y,) = 3.3 wm, at which point the
film becomes transparent to our 10-MHz rf field. This
formally follows from the analysis of the magnetic sus-
ceptibility in finite samples [42]. For our films, the formal
calibration gives for the effective sample size R = 3 pm,
which matches the above experimental value for the pene-
tration depth at 7, perfectly when the response becomes
“sample size limited” [42]. This also explains why the
measured transition temperature from the penetration-
depth measurement, T, = 9.03 K, is a little lower than the
T, = 9.35 K detected by the transport measurements [see
Fig. 2]. The lower inset is an enlargement of the lower-
temperature behavior. Remarkably, the penetration depth
changes only by 10 nm from the base temperature up to
0.8T. and yet we were able to resolve the whole superfluid
density curve shown in Fig. 3. A clear exponential satu-
ration at low temperatures signals a full superconducting
gap. If we fit the data to a low-temperature BCS for-
mula, valid below 0.37,, AL/A (0) = /75/2texp (—5/1)
[37], where § = A (0) /kgT, and t = T/T,, and use § as a
free parameter, we obtain § ~ 1.3 instead of the isotropic
BCS value of § & 1.76. This is most likely associated with
the electronic and superconducting states anisotropy of
niobium and its multiband nature [58]. In this situation,
the range of exponential attenuation is determined by the
smaller gap, specifically on band 2, which also dominates
the thermodynamic response [58]. The theory is further
confirmed by the observed deviation of the experimen-
tal superfluid density at elevated temperatures from the
weak-coupling expectation, shown by the solid red line in
Fig. 3. Stronger coupling makes p (7) lie above the weak-
coupling values [58]. In principle, precision measurements
of the London penetration depth as function of the tem-
perature provide superconducting-gap spectroscopy map-
ping out the density of states of thermally excited quasi-
particles. Mechanisms leading to pair breaking—e.g.,
spin-flip scattering on magnetic impurities—lead to
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FIG. 3. The normalized superfluid density evaluated from the

measured London penetration depth shown in the insets using
the formula shown in the vertical-axis title. The solid red curve
is the expectation from the isotropic weak-coupling BCS theory
[61]. The upper inset shows a full-temperature range variation,
whereas the lower-left inset shows the data up to 0.87.. The
red line is a fit to the isotropic low-temperature asymptotic
BCS formula described in the text. Note very small total vari-
ation of AX (7), due to the significantly reduced effective sample
dimension as a result of the thin-film geometry [42].

the reduction of 7, [62] and significant modification
of A(T) [63].

Figure 4 shows profound features on the M (H) mag-
netic hysteresis loops obtained using the Quantum Design
PPMS vibrating sample magnetometer (VSM) operating at
a frequency of 40 Hz. The measurements were performed
with the magnetic field oriented perpendicular to the film
plane. This instrument allows for the measurements while
sweeping the magnetic field continuously without paus-
ing. Here, we used the slow rate of dH /dt = 15 Oe/s to
avoid significantly out-of-equilibrium dynamic features.
Figure 4 shows unusual peaklike features at intermedi-
ate magnetic fields compared to H,(7T), as shown in the
lower-right inset. In the simplest approximation, there are
two characteristic length scales that may result in such
a peak when they match morphological features of the
film of a characteristic length scale £,. These lengths are
the coherence length, £(7), and the intervortex distance,
a. In our Nb films, the coherence length was estimated
at £(7T) ~ 13 nm [29] and is probably too small to pro-
duce such a matching feature, at least at low temperatures.
This estimate agrees with other works; e.g., on a 180-nm-
thick Nb film, it was found that £(7) ~ 18.51 nm [64].
The second length scale, a(H), depends on a magnetic
field and M (H) will show a feature when £, ~ a(H) [65].
This defines the “matching field,” Hpeax. It is important to

(a) T T T 55 K T T
45K
dHidt =15 Oels R 4K
0021 f=40Hz
=)
qE) 0.00
S
-0.02
H(T)
FIG. 4. (a) The VSM measurements of the hysteresis M (H)

(magnetization versus applied field) loops at indicated temper-
atures. There is a peaklike feature at the intermediate fields,
marked by open circles, that shifts to the lower fields at
higher temperatures. (b) The intervortex distance for square- and
triangular-vortex lattices calculated from the peak positions. This
distance is of the order of the morphological features from the
TEM images (Fig. 1) from 30 to 90 nm, making it plausible that
very similar physics is involved. (c) The peak feature on the H-T
phase diagram, plotted along with the upper critical field, H., (7).

note that if the pinning centers are arranged in the high-
symmetry pattern, such as a square array of antidots on
the Mog79Geg; film, there are several matching fields
that can be viewed as “harmonics” but the random dis-
tribution shows only one matching field corresponding
to the mean distance between these pinning centers [65].
To account somehow for this randomness, we estimate
a for the square- and triangular-vortex lattices. For the

square-vortex lattice, a = \/¢o/Hpeax ~ 45.473//Hpeax

nm, where Hyea is in teslas. For the triangular-vortex

lattice, @ = /4¢o/v/3Hpeak ~ 69.105//Hpea, nm. Figure
4(b) shows a(T) evaluated from the data in Fig. 4(a). The
green band in Fig. 4(b) shows a range of morphologi-
cal features (grain sizes shown in Fig. 1) estimated to be
between 30 and 90 nm. The intervortex distance, a(7T), is
within this interval up to about 4 K. The overall tempera-
ture dependence of Hyea(7) is shown in Fig. 4(c), along
with H,(T) for comparison. Clearly, this feature is not
related to the upper critical field and represents the pin-
ning properties of a fairly dilute vortex lattice. Whether
or not this peak-effect phenomenon is common for par-
ticular niobium films needs to be studied separately on
films of different thicknesses and, most importantly, with
different grain sizes. For now, we can state that the inter-
vortex distance matches characteristic morphological sizes
determined from electron-microscopy imaging. We note
that our films show a much larger magnetic hysteresis
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FIG. 5. Magneto-optical imaging of the magnetic induction in
a thin-film sample at 7 =5 K. The magnetic field was applied
perpendicular to the film plane after cooling the sample in zero
magnetic field. The first five images show flux penetration, H =
85,135,210,335, and 425 Oe. After that, the magnetic field was
reduced, imaging the flux exit and trapping in the sample, H =
230, 160, 50, and 35 Oe (the process is depicted in Videos 1 and
2). The scale bar is shown in the top-left image.

compared to the bulk samples and single crystals [56,66].
However, the very large demagnetizing factor of a thin
film plays a significant role in the appearance of the M (H)
loops and such comparison should be made with caution
[67-71].

We now examine the details of the magnetic flux pen-
etration and exit using direct magneto-optical imaging
of the superconducting state using specially fabricated
transparent ferrimagnetic indicators placed on top of sam-
ples [51,72,73]. Figure 5 shows the sequence of images
obtained after cooling in zero magnetic field to 5 K. The
first five frames (left to right, top to bottom) show increas-
ing magnetic field up to the maximum of Hp,, = 425
Oe, after which the magnetic field was reduced and flux
was exiting the sample. There are two distinct regimes of
flux penetration and exit. First, there are large-scale very
fast dendritic avalanches (see Videos 1 and 2), similar in
their appearance to lightning strikes. Similar behavior was
observed long ago in various films, particularly niobium,
and is well understood [28,74—81]. The physics behind it
is straightforward. When first vortices are pushed inside
by the screening currents, these moving vortices induce an
electric field parallel to the currents, resulting in a resistive
state, and energy is dissipated. If there is an insufficient
thermal link to the surrounding and, in the case of films,

VIDEO 1. A real-time video of the magnetic flux penetration
into a 160-nm-thick niobium film at 7 = 5 K. Figure 5 shows the
snapshots from this video. Initially, flux enters as rapid bursts of
thermomagnetic instabilities (avalanches) initiated at some weak
spots at the film boundary. This is then followed by a more reg-
ular flux penetration, in agreement with the critical-state model,
where the speed of front propagation is commensurate with the
(slow) ramp rate of the applied magnetic field. After the maxi-
mum field is reached and the dendrites are wiped out, an external
magnetic field is reduced and now new dendrites of the oppo-
site sign appear, since the overall current density is reversed and
vortices are exiting the sample. Importantly, dendrites are still
initiated at the weak spots on sample edges as antiflux enters the
sample and annihilates the flux inside.

to the substrate [75], the released heat decreases the local
critical current in the direction of the vortex motion, cre-
ating a self-heating violent unidirectional propagation of
bunches of vortices that follow the heated trail that needs
time to dissipate via thermal diffusion. Sometimes they
branch out when meeting various obstacles and, in this
case, most likely the grain boundaries. In thicker samples
(foils a few tens of micrometers thick), the avalanches may
become “global,” leading to a catastrophic collapse of the
entire Bean critical state [73]. The actual local temperature
instabilities have been measured during these processes. In
the case of QIS applications, this insufficient heat chan-
neling may represent a difficult problem. The second stage
of flux penetration is a regular Bean-critical-state pattern
[67,68,70], which is also somewhat nonuniform, following
the granular film morphology. When the external magnetic
field is decreased, the reverse process happens and simi-
lar dendritic avalanches start to channel out, now shown
by a darker color corresponding to the local suppression of
the magnetic induction. In the end, the mix of uniform and
nonuniform trapped flux remains in the sample as a finger-
print of the intense perturbations occurring when the field
was ramped up and down.

Real-time movies of the processes pictured in Fig. 5
are presented in Videos 1 and 2. This highly inhomoge-
neous magnetic flux evolution reveals the issues of thermal
heat sinking and morphological inhomogeneity. Video 1
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VIDEO 2. The magnetic field penetration was stopped at H =
450 Oe and the sample was slowly warmed up through 7. The
initially sharp dendrites start to become fuzzy due to anneal-
ing of the steepest slopes at the dendrite front. This indicates
that the dendrites are completely static remnants of the rapidly
propagated avalanches.

shows a real-time video of the magnetic flux penetration
into a 160-nm-thick niobium film at 7 = 5 K, while Fig. 5
shows the snapshots from this video. Initially, magnetic
flux enters as rapid bursts of thermomagnetic instabili-
ties (avalanches) initiated at some weak spots at the film
boundary. This is then followed by a more regular flux
penetration, in agreement with the critical-state model, in
which only the average persistent current density controls
the average flux gradient. The speed of front propaga-
tion is commensurate with the (slow) ramp rate of the
applied magnetic field (the video is in real time). Of course,
locally, the flux gradient may exceed the average critical
value and a small avalanche may be released. However,
it does not lead to a large-scale discharge. The overall
process maps onto a model of self-organized criticality
discussed in detail elsewhere [82—84]. It leads to a power-
law power spectrum of the avalanche statistics and has the
direct impact of flux creep [83]. After the maximum field is
reached and the dendrites are wiped out by uniform Bean
fronts, an external magnetic field is reduced and now new
dendrites of the opposite sign appear, since the overall cur-
rent density is reversed and vortices are exiting the sample.
Importantly, new dendrites are still initiated at the weak
spots on sample edges as the antiflux enters the sample
and annihilates the flux inside. This is purely due to the
high demagnetizing factor of the thin-film sample in a per-
pendicular field. Video 2 shows the annealing of a highly
nonuniform flux distribution created by the avalanches.
Here, the external magnetic field was stopped at H = 450
Oe and the sample was slowly warmed up through T..
The initially sharp highly branched-out dendrites start to
become fuzzy, with small branches merging, due to the
annealing of the steepest slopes at the dendrite front. This

indicates that the dendrites are completely static remnants
of the rapidly propagated avalanches.

IV. DISCUSSION

Let us review the experimental findings and try to under-
stand all the different results from a common point of
view. All measurements indicate that as far as supercon-
ducting properties are concerned, the films are rather far
from being ideal and exhibit various irreversible proper-
ties that generally lead to dissipation and hence quantum
decoherence.

One of the most puzzling facts is that while RRR = 5
is rather very low, the superconducting transition temper-
ature, 7. = 9.35 K, is as high as in good single crystals.
According to the theory, 7, should be suppressed by non-
magnetic disorder due to anisotropy of the order parameter
and the multiband nature of the material [58]. However,
the same theory predicts the saturation of 7, when the gap
averages out at higher scattering rates. Still, 7. should be
lower than 9 K, and it is not. One natural way to understand
this, supported by the direct electron-microscopy imag-
ing [see Fig. 1], is to assume that grains themselves are
quite clean in terms of the scattering rate but the random
network of grain boundaries creates significant resistance.
The boundaries do not, however, affect high T, inside the
grains. In the normal state, just above 7., the resistiv-
ity is mostly determined by those boundaries. However,
when the grains become superconducting, the boundaries
become a network of Josephson junctions and the whole
sample transitions to zero resistance. This explains the low
RRR and, simultaneously, high 7.

The heterogeneous granular structure also explains the
measurements of the third and the upper critical fields,
shown in Fig. 2. While it is important to measure these
two fields in one experiment and on the same sample, the
problem is that their ratio is about 1.3, whereas a ratio
of at least 1.7 is expected theoretically, even in the dirty
limit [59]. However, real sample-geometry and surface
conditions may significantly affect the H.; [49] beyond
the pointlike scattering and smooth semi-infinite surface
with the perfectly parallel field considered in Ref. [59].
Therefore, our granular film does not show the expected
maximum value of this ratio. This is further reinforced by
the clear matching effect at a length scale of around 50 nm
[see Fig. 4], which correlates with the granular structure
revealed by the film electron microscopy [see Fig. 1].

Finally, the thermomagnetic instabilities found in our
study indicate an impeded heat flow and removal in these
films. While QIS applications of thin films do not use
an external magnetic field, the transmons are driven at
high frequencies and show elevated dissipation due to
morphological inhomogeneities. In particular, the granu-
lar structure may contribute to their additional distortion
of the current flow and extra resistance [85,86]. Another
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possible source is Kapitza resistance due to phonon-flow
mismatch at the boundaries and the interfaces [86]. Finally,
occasional vortices may enter the structure due to extreme
demagnetization and sharp edges. With or without vor-
tices, heat dissipation and cooling may become a serious
issue if the device is located in a high vacuum and can
only sink heat through a substrate.

On the other hand, the films show clean exponen-
tial attenuation of the weak magnetic field, signaling a
fairly clean superconducting gap. Therefore, they still have
potential for improvement and here we suggest some
strategies.

A. Suggested mitigation strategies

A few suggestions can be made regarding the applica-
tion of such films for superconducting qubits:

(1) To investigate the impeded heat transfer and dissi-
pation, one may try to measure the coherence times and
the quality factor by comparing the same transmon qubit
in vacuum and via immersion in liquid *He, into a separate
pot with liquid 3He.

Interestingly, Lucas et al. [87] have recently
reported on the immersion of a superconducting NbN-thin-
film-based circuit in liquid *He pot cooled by an adiabatic
demagnetization stage to temperatures less than 1 mK,
which improved all QIS-relevant parameters. The noise
was noticeably decreased starting from 80 mK. This helps
to confirm our mitigation suggestion and we have used the
results of this experimental work to improve our discussion
of this radical strategy.

(2) Reducing the substrate thickness may help to
improve heat sinking when transmons are in a vacuum.

(3) The most problematic aspect of these films is that
their granular structure may be fixed by switching to a
different deposition method. The alternative methods pro-
ducing better Nb films have been known for some time
[25,26]. For example, molecular-beam epitaxy (MBE) has
been shown to produce Nb films of excellent crystallinity
with RRR =~ 200 and, remarkably, 7. = 9.45 K [25]. In
this case, different substrates and better-matching Nb ther-
mal contraction and expansion, such as «-Al,O3 and MgO,
were used.

(4) One may also try to perform postmanufacturing
treatment of the prepared films, e.g., using recently intro-
duced electroannealing, which has been used for the opti-
mization of quantum interference devices [88].

(5) Finally, we have recently shown [29] that the intro-
duction of true pointlike defects using proton irradiation
expectedly reduces 7, somewhat, to around 9.16 K, which
indicates that it affects the interior of the grains. How-
ever, it also inhibits thermomagnetic instabilities, perhaps

because pointlike defects introduce a multiscale random-
pinning landscape that impedes fast vortex motion. Fur-
thermore, uniformly distributed dilute pointlike defects
may benefit the transmons for other reasons. For example,
they may reduce (pin or saturate) the activity of TLSs and
also prevent phase slips in the Josephson network of grain
boundaries. These ideas require further studies involving
artificial disorder.

V. CONCLUSIONS

In summary, a comprehensive characterization of 160-
nm-thick Nb films on [001] Si substrate used in super-
conducting transmons is presented. Electron microscopy,
transport, magnetization, the London penetration depth
quasiparticle spectroscopy, and real-space magneto-optical
images all show that while these films have an outstand-
ing superconducting transition temperature of 7, = 9.35
K and a clean superconducting gap, their behavior in
the magnetic field is complicated, exhibiting significantly
irreversible behavior, and with insufficient heat conduc-
tance leading to thermomagnetic instabilities. These may
present an issue for further improvement of transmon
quantum coherence. Possible mitigation strategies are sug-
gested and the techniques presented here may provide
guidelines for comprehensive characterization that can be
used to improve materials for superconducting quantum
computing.
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