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Stress-induced structural changes in superconducting Nb thin films
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We report on the analysis of stress-induced structural changes and the formation of an omega
(w) phase in polycrystalline Nb thin films deposited on Si by high-power impulse magnetron sput-
tering (HiPIMS) for superconducting qubits using X-ray diffraction (XRD), transmission electron
microscopy (TEM), and density-functional theory (DFT). XRD analysis indicates that internal
stresses in the Nb thin films lead to the formation of {112}(111) deformation twins and TEM anal-
ysis shows that w-phases nucleate at some of the twin boundaries in the Nb thin films. The size
of w-phases ranges from 10 to 100 nm, which is comparable to the coherence length of Nb (& 40
nm), and ~ 1% volume fraction of Nb grains exhibit this w-phase. The details of the formation
mechanism and superconducting properties of the w-phases are investigated by DFT and potential
roles of the w-phase in Nb as a source of decoherence in superconducting qubits are also discussed.
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Nb thin films have been extensively used for resonators
and electrodes of superconducting qubits [1-3]. Scal-
ing up this technology to deliver truly transformational
quantum computing solutions to the larger community
requires improving metrics such as the coherence times,
which represent the period over which information re-
mains in a state of quantum superposition. Specifically,
it has been observed that materials defects, such as in-
terfaces, surfaces, and impurities play critical roles in in-
ducing this unwanted quantum decoherence [4-6]. For
instance, it has been shown that amorphous regions at
various interfaces in the device act as parasitic two-level
systems (TLS) and cause decoherence [7-9], including
metal-air [2, 10, 11], substrate-air [10, 12], and metal-
substrate [13, 14]. Similarly, there have been reports on
impurities and precipitate formation serving as possible
sources of decoherence via pair-breaking [3, 15]. Iden-
tifying the atomistic origins of microwave loss in these
devices and mitigating them has rapidly developed into
an active research area.

It has been shown that when various pure bce metals
and alloys such as Ta, Ti, and Zr alloys experience stress,
it leads to twinning and a subsequent phase transforma-
tion from bce to omega (w) phase with hexagonal crystal
structures [16-18]. There has been a recent report on
the formation of w-phase transition in single crystal Nb
when subjected to compressive stress [19, 20], but the
conditions necessary for this phase transition are not yet
well-characterized, and the implications for Nb in the
thin film geometry remain unclear. As Nb is soft with
low yield strength (30-80 MPa) and critical resolved (20
MPa) shear stress, it is possible that internal stress in
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Nb thin film is sufficient to induce this metastable phase
[21-23]. This topic requires further study, considering
the aforementioned low yield strength and the potential
for structural changes to hinder superconducting perfor-
mance as has been observed for the bee-to-w phase tran-
sition in Nb-Zr alloys [24]. Furthermore, the impact of
these changes on electronic and superconducting proper-
ties remains unclear.

Here, we report the observation of {112}(111)
twinning-induced w-phase formation in Nb thin films for
superconducting qubits. We find that this twinning and
w-phase formation in Nb occurs in as-grown Nb thin film
on Si thus indicating internal stress in the Nb thin film
is sufficient to induce this phase transformation. Previ-
ous XRD analysis shows that Nb thin films are indeed
under significant internal stress [25], consistent with a
theory of stress-driven twinning and omega phase for-
mation in our as-grown Nb thin films on Si substrate.
We use density-functional theory to investigate the for-
mation mechanism for the w phase and its effect on the
superconducting properties of Nb. We also discuss im-
plications of the w-phase transition for superconducting
qubit and superconducting radio-frequency applications.

170 nm thick polycrystalline Nb thin films are de-
posited on Si (100) substrates at room temperature with
a base pressure less than 10~® torr using high power im-
pulse sputtering (HiPIMS) at Rigetti Computing. X-
ray diffraction (XRD) analysis is performed on the Nb
thin films using Rigaku Smartlab with Cu K alpha 1
X-ray beam. TEM samples of Nb thin films were pre-
pared by focused ion beam (FIB) with 30 kV Ga+ ion
beams and damaged layers on the surface of the Nb
thin foil are removed using 5 kV and 2 kV Ga+ ion
beams. High-resolution TEM analysis was performed
using JEOL ARM 200 CF microscope with 200 kV elec-
tron beam. The microscope was equipped with a Cold
FEG source and probe aberration corrector. ADF im-
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FIG. 1. (a) ADF-STEM image of 170 nm thick Nb thin film on Si (100) substrate deposited by HiPIMS. It shows typical
columnar grain structures of Nb thin films on Si substrates for films deposited with this method. (b) X-ray diffraction spectra
of the Nb thin film on Si (100) and bulk Nb are displayed. It shows that Nb peaks are shifted toward lower angles from fully
relaxed bulk Nb, indicating that Nb thin films are under internal stress. (c¢) A closer look at the Nb (110) peak shows that Nb
(110) peak is shifted to lower angle by 0.5° from relaxed bulk Nb, which corresponds to 1.1% increase of the planar distance
of (110) surface normal plane of the Nb thin film on Si (100). (d) Pole figure plot of Nb {110} taken from Nb thin film on Si
(100) for a range of v values from 0 to 75° displays a Nb {110} peak at ¥)=0 and 60°. At 1)=33.6°, we observe an additional

peak that arises from twinned {110} parallel to the surface.

ages were acquired using a convergence semi-angle of 21
mrad and collection angles of 68-260 mrad. TEM images
are recorded and analyzed using Gatan Micrograph Suite
software. Superconducting characterizations using typi-
cal 4-point electromagnetic characterization is performed
in physical property measurement system (PPMS) to es-
timate the critical temperature and residual resistivity
ratio (RRR).

Annular dark-field (ADF)-STEM image of Nb thin film
on Si substrate in Fig. 1 displays 170 nm thick Nb thin
film on Si (100) substrate. It shows that Nb grains have
columnar structures with a 50 nm diameter. XRD spec-
trum of the Nb thin film on Si (100) is displayed and
XRD spectrum of bulk Nb, which is fully relaxed, is also
overlayed as a comparison in Fig. 1 (b,c). The XRD
spectrum of the Nb thin film demonstrates that the Nb
thin film is (110) textured on the Si (100) substrate. Nb
(110) peak of the Nb thin film shift to 38.1° compared
to bulk Nb from 38.5°, indicating that the surface nor-
mal Nb (110) plane of the thin film is expanded by 1.1%
due to the in-plane compressive stress in the film. Pole
figure of {110} of Nb thin film is taken in Fig. 1 (d) and
the (110) plane parallel to the surface gives two peaks at
=0 and 60°, where v is defined as the angle between
the surface normal and the diffraction vector. There is
an additional peak at ¥=34°, which is likely due to the
twinning of the (110) plane parallel to the surface [26].
HR-TEM images of the Nb thin film are provided in Fig.
2 and exhibit the {112}(111) twin, which is also demon-
strated by the XRD analysis provided in Fig. 1. We
observe it frequently throughout the Nb thin film and it
is attributed to the internal stresses in the Nb thin film.

In conjunction with these {112}(111) twins on the sur-
face, we observe the presence of w-Nb in the surrounding
regions. HR-TEM images in Fig. 2(a-c) illustrate the
presence of w-Nb near the surface of the Nb film along
with the formation of {112}(111) twins on bee Nb [110]

zone axis. In Fig. 2(b), we observe that bcec Nb and
w-Nb form a sharp interface along the {112}(111) twin
boundary. Associated FFT pattern of the HR-TEM im-
ages across the w-Nb and bce Nb phase in Fig. 2(c)
demonstrates the appearance of reflections from w-Nb
along with bee Nb matrix. This satisfies the typical 3-
dimensional orientation relationships of w-phase in bcc
matrix: [110]pe.//[1210], and (112)p..//(1010),, [18, 20].
A schematic of the atomic arrangement of Nb atoms of
the interface between bce and w phase Nb at the twin
boundary is illustrated in Fig. 2(d). Further details of
the atomic arrangement of the two phases are described
in Ref. 20. HR-TEM image in Fig. S1 shows that w-
phase transition of Nb also occurs near the Nb/Si inter-
face. In Fig. S1, {112}(111) twin boundary is seen when
Nb is tilted to the [113] zone axis and bce Nb transforms
to w-phase across the twin boundary.

In TEM image provided in Fig. 3(a), a lower magnifi-
cation overview of the morphology of w-phase along the
depth-direction of the Nb thin film is illustrated. Here,
we observe that the w-phase extends along the entire film
thickness (170 nm). A magnified HR-TEM image of the
w-phase near the surface on Nb [113] zone axis is dis-
played in Fig. 3(b), showing the details of the inter-
face between bee Nb and w-phase Nb. The correspond-
ing FFT pattern is provided as an inset and shows the
appearance of additional peaks associated with the w-
phase. To more clearly illustrate the spatial location of
the omega phase, an inverse FFT image using signal as-
sociated only from these additional peaks is provided in
Fig. 3(c). We also note that, in a recent report, epitax-
ially grown single-grain Nb thin films show less amount
of internal stress and do not show the w-phase in Nb and
it may imply the possible role of grain boundaries in ini-
tiating internal stress-induced {112}(111) twinning and,
in turn, w-phase nucleation at the twin boundaries [27].

From the resistivity measurements (shown in Fig. S3)
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FIG. 2. (a) HR-TEM image of Nb grain on bcc Nb [110] zone axis with fully transformed w-Nb phase at {112}(111) twin
boundary and (b) the details of the twin boundary denoted by the square in Fig. 2(a) are shown. (c) FFT of the HR-TEM image
of w-Nb phase in Nb demonstrates the appearance of reflection from the w-Nb phase. 3-dimensional orientation relationships
(ORs) of w-Nb phase in Nb are observed, [110]pcc//[1210]., and (112)pec//(1010).,, which is the typical orientation relationships
for w-phases in bce metals. (d) A schematic of atomic structures of the bee/w-Nb interface in Fig. 2(b) is provided. We note
that (0001), plane B of w-phase has twice atomic number density compared to (0001),, plane A due to the collapse of two

adjacent (111) planes from beec Nb.

we observe that this Nb thin film exhibits a critical tem-
perature of 9.3 K with the normal-superconducting tran-
sition width AT, (Tgo%- T19%) of 0.08 K. The value
of residual resistivity ratio (RRR) is estimated to be
RRR~3.64 - similar to typical polycrystalline Nb thin
films [28]. Due to the limited volume fraction of w-
phase (=1 vol.%,), physical property measurement sys-
tem (PPMS) measurements are not well-suited to iden-
tify the relationship between this phase and T.. More
detailed characterization of the properties of w-Nb will
require further studies involving specialized geometries
and samples.

Though the w phase has been widely observed in bcc
and hcp metals such as Zr, Ti, and Ta alloys, it has
not received significant attention in the case of Nb [29].
As the w-phase transition has been previously linked to
stress [17, 19], we consider in particular the potential that

the w-phases in our thin film are induced by the inter-
nal stress in the film, which is also demonstrated by the
XRD analysis, Fig. 1. The internal stress is generally
seen in sputtered metallic thin films and is caused by
various factors such as gas pressures, gas impurities, ion
bombardment, and kinetics of growths of thin films dur-
ing the sputtering process [25, 30, 31]. Also, we note that
the preferred orientation relationships at Nb/Si interface
indicated by HR-TEM analysis (Fig. S2), which are in
agreement with the previous study, can play a role [10].
Additionally, a high level of O, C, H impurities near the
surface of Nb can cause additional stresses and induce
twinning and w-phase transition [3]. Impurity levels of
hydrogen and oxygen in the top surface of Nb is roughly
anticipated to be 1-3 at.% [3] and it is predicted to cause
0.2-0.5% of strain on the surface of Nb thin film by lat-
tice expansion. As the Young’s modulus of Nb is 104
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FIG. 3. (a) A low magnification overview of the omega (w) phase in Nb thin film. (b) A high magnification HR-TEM image
of a selected area from the surface to substrate direction in Fig. 3(a). An associated FFT pattern taken from the omega phase
is provided as an inset and reflections from bce Nb [113] zone axis are denoted by yellow dotted circles. Additional reflections
from (1010) w-Nb are seen inside the reflections from the bece Nb on [113] zone axis. (c) Inverse FFT image is taken from the
w-Nb reflections in the FFT of Fig. 3(b) and the morphology of the w-Nb is displayed.

GPa, the additional stresses caused by impurities in Nb
is 200-500 MPa, which is well above the yield strength
and critical resolved shear stress of Nb [32].

To investigate the w phase in greater detail, we perform
density functional theory calculations using the JDFTx
density-functional theory software package with the PBE
exchange-correlation functional and ultrasoft pseudopo-
tentials [33-35]. In particular, we aim to address two key
uncertainties about this phase: firstly, its unexpected sta-
bility in Nb despite being much higher energy than the
equilibrium bcc phase, and secondly its superconducting
properties, which have not been investigated yet either
experimentally or theoretically.

We find that the omega crystal structure is signifi-
cantly higher energy than the bcc crystal structure, a
difference of 0.31 eV /atom if we assume the ideal lattice
relationship a, = v2apcc, ¢y = \/§ch0/2. If allowed
to relax, lattice of the w phase differs significantly from
the parent bcc lattice: in particular, we find a 5.6% con-
traction in the [111]4..//[0001],, direction, a 4.4% expan-
sion in the [110]pee//[1210],, and [112]pc//(1010),, direc-
tions, as well as a shear distortion which brings the angle
between the [111]pe.//[0001],, and [112]p..//(1010),, axes
to 83 degrees, in agreement with the calculations of Li et.
al. [19]. This relaxation reduces the phase energy differ-
ence to 0.20 eV /atom, supporting the idea that stresses
could contribute to the bee-to-w phase transition.

Whether we take the value of 0.31 eV /atom or 0.20
eV/atom, this is a large phase energy difference. For
instance, Li et al [19] finds an energy difference 0.03
eV /atom for their maximum observed shear strain of 4
degrees. Schnell et al [36] calculated the effect of pressure
on phase energy differences in Zr, and found a change of
about 0.003 eV /(atomxGPa). Popov et al [37] studied
Nb grain boundaries and found an energy of 284 m.J/m?
for the {112}(111) twin, equivalent to no more than a
single atomic layer of w phase. Considering these results,

we concluded that strain itself may not be sufficient for
stabilizing w phase in bcc Nb. This is in contrast to the
case of group 4 elements and group 4-5 alloys in which
the energy barriers for w phase transition are generally
smaller [38]. Therefore we consider that other lattice de-
fects, in particular vacancies, are likely to play a role in
the stabilization of w phase in bee Nb.

We perform calculations on 36-atom bcc and w super-
cells to determine the vacancy formation energies in Ta-
ble I. There is a remarkably large difference in vacancy
formation energy between the two phases: the vacancy
formation energy in w-phase for sites on (0001),, plane B,
which is the "collapsed” bee (111) in Fig. 2(c), is nega-
tive, indicating that it is energetically favorable for these
planes to form with a finite vacancy concentration. The
low formation energy of vacancies in w-phase for sites
on (0001),, plane B and their basic behavior in titanium
was previously described by Hennig et al [38]. There-
fore vacancies (or dislocations) could play an important
role in stabilizing the w phase, possibly in conjunction
with impurities and strain. It also agrees with the ob-
servation that w-phase is likely to nucleate at {112}(111)
twin boundaries, where the concentration of vacancies or
density of dislocations are relatively high. As a proof of
principle, we find that a high vacancy concentration sta-
bilizes a defected w-like phase in Nb which we will call
the w* phase [39]. A vacancy-segregated region forms a
stable interface with the bce phase on the [112]p.. plane
as shown in Figs. S4-5. It needs dedicated DFT stud-
ies to fully understand the w-phase transition in Nb, and
details on the w (and w*) phase and its structure are
available in Supplementary Material.

Finally, we consider the effects of the bce-to-w phase
transition on the superconducting properties of Nb. As
the w-Nb displays a different electronic structure and
electron-phonon coupling values compared to bce Nb, it
is anticipated that the superconducting properties such



TABLE I. Vacancy formation energies in Nb

Phase Sites Formation energy (eV)
bce 2.77
w (0001),, plane A 1.22
w (0001)., plane B -0.73

0.00 0.25 0.50 0.75 1.00
Reaction coordinate

FIG. 4. Calculated effect of the bcc-to-w phase transition
on T,. Inset figures illustrate the changing crystal structures
as well as realspace Fermi-level density of states contours in
yellow.

as superconducting gap (A) and critical temperature
(T.) also differ in w-Nb compared to bcc Nb [40-43].
For instance, there has been a report that the presence
of substantial volume fractions of omega phase (=5 vol%
according to TEM micrographs) leads to a changes of T..
from 10.2 K to 6.8 K in Zr-15at.%Nb alloys [24]. Also,
Ti-4.5at. %Mo and Ti-10at.%Mo alloys show that the for-
mation of omega phase in Ti-Mo alloys degrades T [44].

To estimate T, for the w phase in Nb, we first con-
sider the effect of the {111} plane collapse on the Fermi-
level density of states N(0), which to first approximation
is proportional to the electron-phonon coupling strength
[41]. Interestingly, we find that even small displacements
of the atoms away from their ideal bce locations have a
significant effect on the electronic structure and on the
predicted T, value, as shown in Figure 4. We note that
the reaction coordinate represents the transition state be-
tween bce and w-Nb associated with atomic shuffle of Nb
atoms on {112} plane to (111) direction. We also consider
the w* phase; because this is a dynamically stable struc-
ture we can perform a more rigorous electron-phonon 7,
calculation. This calculation yields a T, of 1.1 K, sim-
ilar to the value we would expect from its lower N(0)
relative to the bee phase. The details of this calculation
are available in Supplementary Material. With this evi-
dence, we conclude that any w-like phase will likely have
significantly reduced T, value, regardless of its precise
microscopic structure.

Our findings suggest the w phase regions could poten-
tially lead to increased Cooper pair breaking and serve
as a source of decoherence in superconducting qubit sys-
tems. It can cause the excitation of quasiparticles and
degradation of quality factors of Nb resonators, and in
turn, a decrease in T of superconducting qubits, which

may need a dedicated study to understand better. Ad-
ditionally, the existence of w-Nb phase in Nb thin films
also indicates that this phase is possibly present in Nb
thin films for superconducting radiofrequency (SRF) cav-
ities for accelerator applications. As the size of the w-Nb
phase is 10-100 nm in this geometry, which again is com-
parable to the coherence length of Nb (=40 nm), local
deviations in superconducting properties can allow for
magnetic flux penetration into Nb thin film SRF cavities
and lead to a degradation in the overall quality factor
[45, 46]. While we observe w-phase formation in these
samples, we do not observe the w-phase in epitaxially
grown single-grain Nb thin film on sapphire (0001) sub-
strates [27]. These observations suggest that by engineer-
ing the stresses at the metal/substrate interface and the
density of crystalline defects and grain boundaries inher-
ent to the Nb thin films, we can potentially mitigate the
formation of this phase. A more detailed investigation
aimed at linking film growth conditions to internal film
stress as well as the formation of this phase is currently
underway.

We report the discovery of omega (w) phase in Nb thin
films deposited by high-power impulse magnetron sput-
tering (HIPIMS) for superconducting qubits. XRD and
TEM analyses of Nb thin films indicates that internal
stresses in the Nb thin films lead to {112}(111) defor-
mation twinning of some Nb grains in the Nb thin films
and the w-phase are nucleated at the twin boundaries.
Density-functional theory (DFT) studies suggest that va-
cancies and dislocations can possibly play roles in stabi-
lizing the w-phase at the twin boundaries in the Nb thin
films. DFT studies also indicates that density of state
(DOS) at Fermi level decrease in the w-phase and, in
turn, the superconducting properties of w-Nb may have
suppressed T.. It implies that such secondary phases can
potentially introduce quantum decoherence in supercon-
ducting qubits through pair-breaking. We also note that
the presence of this w-phase transition in Nb may po-
tentially matter for the Nb thin film superconducting ra-
diofrequency (SRF) cavities, where they could allow for
flux penetration and potentially lead to degradation in
the quality factor.
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