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Enhancement of superconducting transition temperature in Nb/Pd bilayers
upon rapid thermal hydrogenation
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Recent discoveries of high-7.. superconducting hydrides at high pressure have opened up new possibilities for
improving the superconducting transition temperature (7;) using hydrogenation. Here, a unique thermodynamic
approach is developed based on the concept of rapid thermal annealing and is adopted to study the hydrogenation
effect on the superconducting properties of Nb/Pd bilayer films. Below 300°C annealing temperatures, the 7,
is enhanced from 8.77 to 9.06 K and is correlated with the compression of the Nb unit cell. A weak lattice
expansion occurs at higher annealing temperatures, and the 7. is gradually suppressed. Furthermore, the rapid
thermal hydrogenation affects the 7, differently depending on the substrate on which the Nb/Pd bilayers are
grown. For the c-cut Al,O; substrate, the 7, reduction starts at 250°C, while for the r-cut Al,Os, this occurs at
350°C. We associate these features with the elastic behavior of Nb film upon hydrogenation. A proposed model
shows that the increase of 7, could be caused by the compressive stress related to the rapid nucleation of hydrides
or the removal of impurities. Our discoveries provide insights into how superconductivity can be manipulated by

rapid thermal hydrogenation.

DOI: 10.1103/PhysRevB.00.004500

I. INTRODUCTION

Hydrogen is the simplest, lightest, and most abundant el-
ement in the universe. Since the prediction of solid metallic
hydrogen to be a high critical temperature (7 ) superconductor
at ultrahigh pressure [1], searching for an alternative way
of compressing hydrogen has long been an area of intensive
research. Nowadays, the emphasis has moved towards com-
pounds with high hydrogen concentration, where “chemical
precompression” is believed to give rise to the metallic state at
much lower pressures [2]. Several theoretical predictions have
suggested that high hydrogen content in some transition met-
als could significantly improve the superconducting transition
temperature 7. [3,4]. The rare-earth hydrides, for example,
YH;, were calculated to have a T, as high as 305-326 K at
250 GPa [5], while LaH;y was estimated to be 274-286 K
at 210 GPa [6]. However, the superconducting properties of
these predictions (e.g., LaH;p, YH¢) have only been claimed
in an ultrahigh-pressure environment, making them unsteady
to obtain and even reproduce experimentally [7,8]. Moreover,
it should be mentioned that earlier theoretical work [9] has
also questioned the original theoretical prediction, and Eliash-
berg’s theory might no longer be applicable in some scenarios
[10]. Therefore, understanding the role of hydrogen in en-
hancing the 7, of superconductors experimentally is essential.

Hydrogen inclusion in known superconductors has been
studied for decades [11]. It was shown that hydrogen could
dissolve in niobium on tetrahedral interstitial sites, occupying
specific sublattices to form a variety of hydrides that depend
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on temperature, pressure, and surface properties [12]. Typi-
cally, the hydrogen uptake is initially fast and slows down
remarkably at relatively lower temperatures, but at higher tem-
peratures, a rapid absorption occurs [13]. This phenomenon
has been interpreted as the result of the subsurface bond-
ing effect, where the temperature reduces the thickness of
hydrogen trapping layers and enhances diffusion [14]. As a
consequence, the coverage by a few monolayers of Pd on Nb
could considerably improve the hydrogen uptake rate [15,16].
Moreover, a thin layer of Pd on Nb acts as a catalyst and a
sieve, breaking the H, bond and only allowing the H atom to
penetrate the Pd lattice. This prevents impurities from being
incorporated in the film, which can reduce the 7.

Nb hydrides are known to significantly suppress Nb’s su-
perconductivity, although NbHy4 is predicted, based on strong
coupling Eliashberg theory, to have a 7. of 49.57 K at 300 GPa
[17]. NbH and NbH, were found to be stable at ambient
conditions but not superconducting at above 1.5 K [18]. It
was shown that the 7, of NbH,, when x < 0.7, remained the
same or proximate to bulk niobium; at x > 0.7, the T, fell
suddenly below 2 K [19]. In principle, the hydrogen absorp-
tion affects the 7. of niobium mainly in three fashions: (1) A
chemisorption leads to the formation of covalent bonds that
share electrons from hydrogen into the common electronic
band(s), increasing the valence electron density of Nb. This
affects the electron-phonon coupling and, thus, the supercon-
ducting behavior [20,21]. (2) Hydrogen reduces anomalies in
the acoustic phonon spectrum of Nb and may compensate for
the coupling of the optical hydrogen modes, leading to a de-
pression of T, [11]. (3) Introducing disorders into the system
decreases the T, resembling radiation damage or cryogenic
deposition [22].

©2023 American Physical Society
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Recently, hydrogen-induced mechanical stress as high as
~ 8 GPa was discovered in ultrathin Nb film grown on an
a-cut sapphire substrate [23], where a similar effect was
claimed to exist in thicker films by hydrogenation. How-
ever, the superconductivity of the stressed Nb thin film upon
hydrogen loading needs to be studied more in a controlled
manner. Niobium hydrides were found to exist in various sizes
and morphologies in thin films, ranging from small irregular
shapes (5 nm) to large discrete islands (100 nm) [24]. In
general, the formation of hydrides in Nb thin film can be
divided into three processes: (1) Defects or impurities provide
nucleation sites for hydride growth, generating a strong out of
plane expansion [25]. (2) Coherent and semicoherent hydrides
are formed over time, being dominant in the initial stage [26],
with phase separation occurring at higher hydrogen concen-
trations. (3) Mechanical stress originates from the hydrides,
the Nb matrix, the film, and the substrate, hindering the phase
transformation. In the latter case, a maximum hydride size of
~ 40 nm was reported in an 80 nm thick film [26].

The above findings provide us with a starting point for the
development of a unique method for hydride synthesis and
stress manipulation. Despite the intensive study of the Nb-H
system in the past few decades, little attention was paid to
understanding how the superconductivity can be controlled by
a different thermodynamic approach used for hydrogenation.
Previous investigations of Nb-H mainly rely on a single-step
isothermal process [25-28], in which the sample is held at
a constant temperature and hydrogen is applied at a constant
pressure. Although this method is suitable for studying certain
hydride phases, it does not provide an understanding of the
evolution of niobium on a rigid substrate, which could alter
the intralayer properties and affect the 7.

Rapid thermal annealing (RTA) is a process used in
semiconductor manufacturing, where it was developed to
overcome the “transient-enhanced diffusion” phenomenon in
silicon [29]. A typical RTA consists of a stabilization step
at constant temperature, a “spike” annealing at a constant
rate of ~ 100°C/s, and cooling at ~ 40°C/s [30]. Here, we
borrowed this concept and modified RTA to make it applicable
for hydrogenation: (1) We use a burst of hydrogen pressure
synchronized with spike annealing, which allows the sam-
ple to enter rapidly into a thermodynamic equilibrium state
(Fig. 1). (2) We apply quenching immediately after spike
annealing in a hydrogen environment, which retains stress and
reduces crystal grain size (Fig. 1). (3) We also eliminated the
stabilization step to minimize the possibility of incorporating
impurities during the process.

In the present work, an alternative thermodynamic ap-
proach was developed to create stable, 7.-enhanced supercon-
ductors at room pressure. A thin layer of Pd was deposited
on Nb to induce hydrogen absorption and prevent oxidation
[27]. The structural and superconducting properties are com-
pared for the same samples before and after hydrogenation.
Using the rapid thermal hydrogenation (RTH) method, the 7,
of Nb/Pd bilayer films is successfully increased by ~ 3.2%
compared to its pristine state. Interestingly, lattice compres-
sion occurs whenever the 7. is enhanced, suggesting that
hydrogen-induced compressive stress could be responsible for
the enhancement of T;, which is supported by the stress calcu-

(b) Transient control over the
growth of hydrides

(2) ==

Nb (100 nm) / Pd (5 nm) film

/ Burst of temperature and H, pressure
300 kP:

Okl’n“—]_l— (c)

From seconds to minutes

Manipulate
internal stress
Al, 05 substrate

v

v 4
ONbH x + R

v 4 v e T
>

iz Tl

FIG. 1. Schematic illustration of the rapid thermal hydrogenation
method used in this research. (a) The as-grown sample undergoes a
rapid increase of temperature and hydrogen pressure, referred to as
the RTH process. (b) The RTH process enables a transient control
over the growth of hydrides so that the hydrogen-induced stress
can be manipulated. (c) The stress presumably originates from the
nucleation and growth of hydrides that may lead to the local volume
changes.

lated from x-ray diffraction. A model is proposed to explain
the mechanism for the effects on the 7. based on hydride
nucleation and growth kinetics.

II. EXPERIMENT

Nb thin films were deposited on c-cut and r-cut Al,O3
single crystal substrates using an e-beam evaporation system
with a base pressure of 6.6x107°Pa. The substrates were
cleaned in an ultrasonic bath with acetone, isopropanol, and
methanol for 15 min at room temperature to remove impu-
rities, and subsequently dried with compressed nitrogen gas
to remove solvent residues. The c-cut and r-cut substrates
were then attached to the symmetrical position of the sam-
ple holder, and the growth was done simultaneously on all
substrates in the same deposition to minimize growth-related
changes between different depositions. During deposition, the
substrates were kept at room temperature with a deposition
pressure of ~8.0x107° Pa. Deposition rates of ~ 0.11 and
~0.1 nm/s were used for Nb and Pd, respectively. Film thick-
nesses were monitored continuously using a calibrated quartz
crystal microbalance, and 100 nm of Nb with an additional
5 nm of Pd capping layer was deposited. The sample holder
was constantly rotated during the deposition to ensure uniform
films. To avoid sample to sample microstructural changes, the
as-grown samples were cut into 4 mm x4 mm pieces and used
for each hydrogenation condition.

The RTH treatment was done in a homemade rapid thermal
annealing system, which is analogous to the gas evolution
system previously reported [31], and its underlying concept
is explained in Fig. 1. The RTH chamber consists of a thick-
ened quartz tube and vacuum flanges that are connected by
a fit-through. Experimentally, the quartz tube was preheated
to the hydrogenation temperature, and kept at ~ 107> Pa
base pressure. An ultrahigh vacuum transfer arm was used
to rapidly insert the sample into the quartz tube. Once the
sample was loaded and the arm was retracted, the ultrahigh
pure (>99.999%) hydrogen gas was then injected into the
tube at a rate of ~ 0.08 MPa/s and held at 0.3 MPa. After
30 min of hydrogenation, the tube was depressurized at a rate
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of ~ 0.08 MPa/s and pumped down to high vacuum. Mean-
while, the sample was extracted using the same transfer arm,
which was capable of cooling down the sample at a maximum
rate of ~ 60°C/s. The sample was settled for at least 5 min in
high vacuum before exposing to air.

The vacuum annealing was done using the same system
without introducing the hydrogen gas. During the annealing,
the residual gas analyzer continuously monitored the hydro-
gen partial pressure. The base pressure was maintained at
~ 107° Pa, and hydrogen partial pressure was ensured to be
better than 1076 Pa.

X-ray diffraction was conducted using a Rigaku SmartLab
diffractometer with Cu K, radiation (A = 0.154nm) and a
Ge—220x2 monochromator with a parallel beam configu-
ration (PB). Thickness, roughness, and density values were
obtained from x-ray reflectivity fitting using the GENX 3.6
software package [32].

Magnetization measurements were carried out using a
Quantum Design DynaCool system equipped with a max-
imum field of 9 T and a temperature range from 1.8 to
400 K. The zero field cooling—field cooling (ZFC-FC) pro-
cedure was applied to measure the superconducting Meissner
effect using the following procedure: The samples were
cooled to 2 K without an applied magnetic field. The magneti-
zation was measured in a small field of 15 Oe while warming
the sample to 15 K at a rate of 2 K/min. Subsequently, the
field cooling branch was measured with the same small field
by cooling the sample to 2 K at the same rate. Hysteresis loops
were recorded starting at zero fields for specific temperatures,
and the magnetization was measured as a function of the
field range from -3 to 3 T. The resistance as a function of
temperature was measured using electrical transport at dif-
ferent magnetic fields: 0, 0.5, 1, 2.5, and 4 T. In between
all measurements, the magnet was oscillated around 0 Oe to
minimize residual magnetic fields, which typically were less
than 4 Oe.

III. RESULTS

Figure 2 shows both the specular (a) and off-specular (b)
x-ray diffraction spectra of a Nb/Pd sample grown on the c-cut
sapphire substrate before and after the RTH process at 200°C.
The 200°C sample is chosen because this is the maximum
temperature that would enhance the superconductivity. The
Nb film grown on a c-cut sapphire substrate exhibits strong
(110) texture in the specular geometry as has been previously
reported in the literature [33,34]. The Nb (101), (200), (211),
and (310) peaks can be clearly identified from the scan and
correspond to chi angles of 60°, 45°, 30°, and 26.56°, re-
spectively. Note that the sapphire substrate peak provides an
intrinsic check on the alignment and confirms that the struc-
tural changes observed are real and not due to experimental
erTors.

In bulk, without an anisotropic strain, the Nb (101) peak
should be at the same angle as the Nb (110) peak which is
reported to be at 38.61° [35]. Before hydrogenation (Fig. 2,
black), in our thin film samples, the Nb (101) peak is at
~ 38.35° which is ~ 0.76° less than the Nb (110) peak at
~ 39.11°. Since the Nb (101) plane is at 60° with respect to
Nb (110) plane, the Poisson’s ratio of the thin film sample

@ = O

As-grown 7

T
Nb (101) As-grown
Al,0; (006) 38.4°

2
41.66° E 10

Nb (200) Nb (211)

55.7° 70.4° Nb (310)

96.4°

—— Hydrogenated
55.7° 70.6°
ALO, (1-26)
583

Nb (110)
39.11°

107 / \ Nb (220) {1 =z 10

f
84.17°

T
I T M 3
R

38.4°
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100k ] 10" |
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FIG. 2. X-ray diffraction of the Nb/Pd bilayer grown on c-cut
sapphire substrate before and after RTH process at 200°C. (a) Spec-
ular peaks. (b) Off specular peaks. For the Nb (101) and (200)
peaks, the 2-theta values are extracted from the reciprocal space maps
shown in Supplemental Fig. S1 [39].

(vag) can be estimated as follows [36]:

d &rans Si 38.61° — 38.4°) sin 60°
_ déan Sin x =_( ) sin ~ 037,
38.61° — 39.1°

ey

where the degans and deayq are strains in the lateral and
longitudinal direction, respectively. The estimated Poisson’s
ratio in our sample is close to that reported in the bulk Nb
(Vouik = 0.38—0.4) [37].

The film lattice parameters extracted from the Nb (110)
and Nb (220) out of plane peaks are within experimental error
(0.3253 and 0.3249 nm, respectively). This implies a ~ 1.4%
contraction compared to the reported bulk lattice parameter
of 0.3298 nm [35]. Assuming no plastic deformation within
the film, according to the linear elastic theory [23], the out of
plane intrinsic stress of the thin film sample (071113, A) can be
calculated by

UAG =
de axial

d(110,a6) — d(110, 1it)

(154.5 GPa),
2

where the oy1113,a6 1s positive for expansion and negative
for compressive stress; k(j11] and (1117 are the stiffness [38]
and the strain along the Nb [111] film direction, respectively.
d(110, Ac) represents the interplanar spacing of Nb (110) in the
as-grown sample, and d(1,1i¢) is the interplanar spacing in a
bulk Nb lattice which is equal to 0.233 nm [35]. Therefore,
the as-grown c-cut sample is estimated to have an intrinsic
compressive stress of ~ 7.3 GPa.

After hydrogenation (Fig. 2, blue), the Nb (110) and (220)
peak positions increase and the calculated 0.3243 and 0.3239
nm lattice parameters are about 0.3% less than the as-grown
sample. Based on Eq. (2), the lateral mechanical stress in-
duced by rapid thermal hydrogenation in the same piece of
sample can be calculated as follows:

ou,aG = eninkpnng = oo
, it

d(110,aH) — d(110, BH)
o[111] =

(154.5 GPa), 3)
d(110, BH)
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FIG. 3. X-ray diffraction of the Nb/Pd bilayer grown on r-cut
sapphire substrate before and after RTH process at 300°C.

where d(110,8H) and d(110, am) are interplanar spacing of sam-
ple before and after hydrogenation, respectively. The out of
plane contraction occurs upon the RTH process, with an es-
timated stress of ~ 700 MPa equivalent to an ~ 9% intrinsic
stress.

Furthermore, the Nb (101) peak position increases by
~ 0.13° to 38.48°, similarly to the Nb (110) (Fig. 2). The
Nb (200) and Nb (211) peaks both shift to a higher angle by
~ 0.1° and ~ 0.2°, respectively, whereas the Nb (310) peak
shows no significant change. This implies that the RTH pro-
cess produces both an in-plane and out of plane contraction.
The Poisson’s ratio of the thin film is calculated to be 0.29
after the RTH process, which indicates a hydrogen embrittle-
ment [39]. The x-ray pole figure analysis displays a highly
twinned microstructure that leads to sixfold symmetry in the
Nb lattice, as shown in Supplemental Fig. S8 and Table S2 in
the Supplemental Material [40].

In addition, nonuniform strain and grain size are analyzed
using the Williamson-Hall method [41] shown in Supplemen-
tal Table S1 and Fig. S2 [40]. The as-grown sample has a
positive strain and a grain size of ~ 26 nm. After the RTH
process, the peak width distribution is nonlinear. As a result,
the strain and grain size cannot be extracted accurately. This
might be related to the Nb thin film having a network of grain
boundaries that contains oxygen [42].

Figure 3 displays x-ray diffraction of the Nb/Pd bilayer
grown on r-cut sapphire substrate before and after the RTH
process at 300°C. The measurement is only done in the
specular geometry. The vacuum annealed sample is added to
understand the effect from temperature. The Nb/Pd bilayer
grown on the r-cut sapphire substrate exhibits (110) texture,
which is similar to the film grown on the c-cut sapphire sub-
strate.

It is found that the Nb (110) peak shifts to a higher angle by
~ (.5°, after the RTH process in which the hydrogen-induced
compressive stress is estimated to be as high as ~ 1.83 GPa
accommodating more than 25% of intrinsic stress. In addition,
opposite to the samples grown on c-cut substrates, the peak
width in the samples grown on r-cut substrates shows no
significant change with or without hydrogen loading.

TABLE I. X-ray reflectivity parameters extracted from the fitting
of Nb/Pd bilayers x-ray spectra. The labels “V,” “H,” and “AG” stand
for vacuum annealing, RTH, and as-grown sample, respectively, and
the number after the label indicates the process temperature. Density
of the Nb film is taken as 8.4 g/cm?®. These fits have an overall
logR,; < 0.005 which indicates a good fit.

Label Thickness (nm) Roughness (nm) Scattering factor (e/atom)

Nb grown on c-cut substrate

AG 101.2 1.7 41.0
V150 96.3 1.9 39.6
V200 96.1 2.0 38.7
V250 97.7 1.9 40.2
V300 98.5 2.0 40.1
H150 100.3 1.4 40.3
H200 100.2 1.7 38.6
H250 100.9 2.8 42.3
H300 101.6 2.1 40.1
Nb grown on r-cut substrate
AG 101.6 1.3 41.8
V200 100.8 1.2 42.3
V250 101.1 1.1 42.8
V300 102.4 1.5 43.5
V350 101.9 1.2 439
H200 98.8 2.8 414
H250 99.5 2.7 423
H300 99.4 2.1 40.6
H350 102.1 1.6 432

Table I summarizes the x-ray reflectivity fitting of the
Nb/Pd bilayers grown on c-cut and r-cut sapphire substrates.
For the sample grown on a c-cut substrate, vacuum annealing
reduces the thickness of the film which hints at the relief
of growth stress and improvement of crystallites [43]. In the
RTH processed sample, the thickness is slightly lower than the
as-grown sample but much higher than the vacuum annealed
sample. Hence, the sample retains similar surface properties
after hydrogenation, and the effect from annealing tempera-
ture is small.

In the r-cut sample, vacuum annealing and as-grown
samples exhibit similar surface properties, while the RTH pro-
cessed sample shows an increase of surface roughness along
with the reduction of thickness. This should be related to the
hydride formation [26]. The “H350” sample is an exception
that shows nearly the same surface properties as the “V350.”
This implies that the hydride formation might be hindered due
to the instability of hydride at higher temperature [12].

The superconducting transition temperatures are obtained
from the ZFC branch of magnetization measurements. We
determine the transition temperature from the separation point
of magnetization between ZFC and FC branches, where the
magnetization reaches its background value at higher tem-
peratures (see Supplemental Fig. S3) [40]. The as-grown Nb
sample 7, = 8.78 K. Given that the bulk Nb has a 7, of 9.2
K, the impurity level is estimated to be less than 0.5% [28].
Figure 4 shows measurements from a few selected samples
highlighting the effect of RTH temperature for samples grown
on different substrates. Figure 4(a) compares r-cut (red tri-
angles) and c-cut (blue squares) samples hydrogenated at

004500-4

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

332



333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

354

ENHANCEMENT OF SUPERCONDUCTING TRANSITION ...

PHYSICAL REVIEW B 00, 004500 (2023)

10
(a) —— As-grown
—a— Hydrogenated (r-cut)
—8— Hydrogenated (c-cut)

T,=9.03K

(=]

T,=9.06 K

T,=877K

Magnetization (emu)

'
W
T

200 °C

1 1 1 1
8.10 825 840 855 870 885
10 Temperature (K)

—=— As-grown
—— Hydrogenated (r-cut) T _g76 g
—=— Hydrogenated (c-cut) °

9.00 9.15 930

(b)

T,=9.04K
| T,=603K

o

c-cut

T4

Magnetization (emu)

1 1 1 1 1 A 1
60 66 72 78 84 90 96
Temperature (K)

FIG. 4. Magnetization measurements of Nb/Pd bilayer before
and after hydrogenation. (a) Comparison of critical temperature for
the as-grown c-cut, c-cut, and r-cut samples hydrogenated at 200°C.
(b) Comparison of critical temperature for the as-grown r-cut, r-cut,
and c-cut samples hydrogenated at 300°C.

200°C with the as-grown (black circles) sample. After hy-
drogenation at 200°C, the T, increases by ~ 3.2% in both
c-cut and r-cut samples. The highest 7. observed here is
~ 9.06 K, with a decrease in superconducting volume fraction
in the very same sample (see Supplemental Fig. S3) [40].
To compare the effect of RTH temperature, similar mea-
surements are shown for r-cut and c-cut samples annealed
at 300°C in Fig. 4(b). Applying the same RTH protocol at
300°C results in an increase by ~ 2.7% for the r-cut sam-
ple, while the c-cut sample surprisingly shows a significant
decrease.

Figure 5 summarizes the x-ray Nb (110) peak position and
T; as a function of RTH temperature for c-cut (blue) and r-cut
(red) samples. In the samples grown on c-cut substrates, the 7,
increases when the hydrogenation temperature is at or below
200°C except for the one at room temperature, followed by
the Nb (110) peak moving to a higher angle. The maximum
compressive stress is estimated to be ~ 0.8 GPa. When the
hydrogenation temperature is above 200°C, the 7, starts to
decrease, but the Nb (110) peak still remains at a higher angle
until 350°C. In the samples grown on r-cut substrates, the
T. increases when the hydrogenation temperature is below

T * T T T T 1T ‘T [ °© 7w
—— Vacuum annealed
39.5 —=—Hydrogenated (c-cut) 1

Nb (110) (deg)

39.0 .

T, (K)
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395

39.0 -i/
I 1 M 1 M 1 M 1 M 1 M 1 M 1 ]

9.0 .

Nb (110) (deg)

85 .

e e e e FE R T

50 100 150 200 250 300
RTH temperature (°C)

T, (K)

FIG. 5. Summary of the position of Nb (110) peak and 7 for the
samples grown on c-cut and r-cut sapphire substrates as a function
of RTH temperatures. The same hydrogenation process and pressure
were used for all samples.

350°C, and a lattice contraction always occurs. At above
325°C, the T, begins to decrease with a lattice expansion and
falls below the detection limit at 375°C.

IV. DISCUSSION

The evolution of the 7, of Nb films during rapid ther-
mal hydrogenation arises from the following considerations.
Initially, the formation of Nb (110) on c-cut and r-cut ori-
ented sapphire substrates is known to generate strong lattice
mismatch [33,34], resulting in high intrinsic stress and less
epitaxial constraint. During the deposition, as the thickness of
Nb increases, stress will accumulate until it exceeds the yield
point of the film [38], leading to plastic strain, which leads
to formation of misfit dislocations between the film and sub-
strate to accommodate the lattice mismatch. This can explain
the differences observed in the XRD spectra (Figs. 2 and 3) of
the as-grown samples, where the Nb film grown on r-cut sap-
phire has a broader and less intense diffraction peak compared
to the film on c-cut sapphire.

During the first stage of RTH, the sample is suddenly
exposed to a high temperature and starts warming up. This
leads to an extrinsic thermal stress o7, which can be described
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as [44]
or o (Taep — Thya) Aot — &P )

Here, A« is the difference between the thermal expansion
coefficient of niobium and sapphire, Tyep is the deposition
temperature used for the growth of Nb films, Tjyq is the RTH
temperature, and &P is the plastic strain at the annealing tem-
perature assumed to be constant. Since the thermal expansion
coefficient of Nb is about 36% larger than sapphire [45,46],
a steady compressive stress is generated as the sample warms
up.

Simultaneously, before the thermal stress can be relaxed
through any plastic strain, a large amount of hydrogen gas is
introduced rapidly into the system. Those misfit dislocations
formed during the deposition of Nb films become potential
nucleation sites for the hydrides [26]. Due to the high intrinsic
stress within the film, phase transformation is severely hin-
dered [47], and hydride domains will be limited, and some
might not even grow after nucleation. In this fashion, the
entire thin film is supposed to have a much lower hydrogen
concentration. According to the Nb-H phase diagram [12],
at ~ 0.3MPa of pressure, we expect to produce a hydride
nucleus in the stoichiometric form NbH,: 0.9 < x < 2 at dif-
ferent temperatures. At this stoichiometry, the hydride phase
was previously reported to exhibit an out of plane expansion
along the [111] direction and an in-plane contraction along
the [002] direction [48]. The in-plane contraction due to the
formation of hydrides likely mediates the compressive stress
from thermal expansion. As a result, when the temperature
and pressure are stabilized, the system soon reaches an equi-
librium state, in which the thermal stress is mostly released
by the nucleation of hydrides, while the intrinsic stress is
dominant and prevents further hydride growth.

In the final stage, the sample is removed and rapidly
cooled. Thermal contraction is supposed to lead to tensile
stress in the Nb film, which generates strain in the in-plane
direction to elongate the film to match with the substrate,
and strain in the out of plane direction to shrink the film
to compensate for the in-plane elongation. However, there
is limited epitaxial constraint between the Nb film and sub-
strate, due to the specific growth condition used [49]. As a
result, the thermal contraction is dominant and shrinks the
Nb film both in-plane and out of plane as has been seen in
the x-ray diffraction (Fig. 2). If the compressive stress is too
high and exceeds the Nb yield, microcracks are expected to
occur within the film [38], which might be responsible for the
increase of surface roughness after hydrogenation (Table I).
Furthermore, the c-cut and r-cut samples have different in-
trinsic stresses, where the distribution and amount of misfit
dislocations are supposed to differ. As a result, thermal stress
relaxes differently and produces additional final stress.

As for the superconductivity, the 7, increases due to the
mechanical stress applied to the Nb film. This can be in-
directly proved by the gas desorption experiment shown in
Supplemental Figs. S5-S7 [40], where the 7. decreases from
9.06 K (before desorption) to 8.90 K (after desorption), and
the Nb (110) x-ray peak shifts, from 39.24° (before desorp-
tion) to 39.11° (after desorption). Theoretically, increasing
the 7. to about 9.06 K in Nb requires a static pressure
corresponding to 2.3 GPa [50]. The previous result is similar

to our experimental findings, where increased out of plane
stress after the RTH process is calculated to be ~ 1.83 GPa
(Fig. 3). On the other hand, the 7, increase may also be af-
fected by the removal of impurities in the Nb film. Impurities
could potentially be the nucleation sites of hydrides, where
they are enclosed by hydride nuclei and isolated from the rest
of the film. Given that the 7, of pure Nb is 9.2 K, approxi-
mately 67% of the impurities must be removed through the
RTH procedure, to decrease the impurity level to less than
0.15%.

In summary, the reduction of superconductivity in films
grown on c-cut sapphire can be explained by an enhancement
of the hydrogen diffusion within its structure. The highly
ordered crystal structure enhances the diffusion of H atoms
and favors the formation of hydrides at room temperature.
However, at higher temperatures (100°C < T < 200°C), hy-
dride formation is limited due to the instability of the hydride
phase. The remaining hydrides do not significantly impact
the superconductivity; instead they generate an internal stress
as high as a few GPa within the film. At high tempera-
tures (= 250°C), the strain has saturated, which leads to
the stress relaxation, resulting in a loss of internal stress which
favors the hydride formation.

For films grown on r-cut sapphire, at room temperature,
hydrogen diffusion is restricted due to the extremely small
grain size [51]. The oxygen impurities between crystal grains
might be removed by hydrogen infiltration [40], resulting in
an increase of superconductivity. At elevated temperatures
(100°C £ T < 300°C), hydride formation is limited and in-
ternal stress begins to dominate in the Nb film, which is
similar to the c-cut sample at higher temperature. Above
350°C, presumably the recrystallization process of the Nb
film enhances the formation of hydrides which suppresses the
superconductivity.

V. CONCLUSION

We have successfully manipulated the superconducting
transition temperature of Nb/Pd bilayer films through rapid
thermal hydrogenation. We found that the 7, is a function
of RTH temperature and can be modulated differently on
c-cut and r-cut oriented substrates. The XRD and VSM mea-
surements showed that both in-plane and out of plane Nb
peaks shifted to higher angles after the RTH process along
with a change of T, respectively. The x-ray analysis revealed
an increase in surface roughness upon hydrogenation. We
confirmed that results are reproducible on different sets of
samples grown in the same batch through RTH. We propose
a possible scenario to explain the evolution of the Nb film
during each stage of the RTH process, which can perhaps
rationalize hydrogen’s role in improving the 7, of the Nb
film. For a complete understanding of the microstructure
and role of hydrogen in the Nb film, further experimental
validations and modeling need to be combined. Operando
spectroscopy of hydride domains in the Nb film during the
RTH process such as conductive atomic force microscopy or
micro-Raman spectroscopy could be used to investigate the
fundamental growth mechanism of hydrides on the surface
of the Nb film. Neutron reflectometry could be used to de-
termine the hydrogen content and crystallographic properties.
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These could be combined with a gas desorption experiment
for possible identification of the location of the hydrogen in
the Nb film. Moreover, there are still potential parameters to
explore in the RTH process to make use of the stress in dif-
ferent material systems. Such techniques might help improve
not only 7, but also the manufacturability of hydrogenated
superconductors.

All the data in the study are available upon request to the
corresponding author.
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