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Grain-boundary Josephson junctions formed by epitaxial growth of high-temperature (7;) superconductor
films on bicrystal substrates have been employed to determine the pairing symmetry of high-7; superconductivity.
Since high-T; superconductivity predominately takes place within a single unit cell along the ¢ axis and
superconducting coherence length is typically in the nanometer scale, the microstructure of grain boundaries
of the bicrystal substrates is crucial for fabricating junctions required for Josephson tunneling study. In this
study, we develop a two-step method to prepare insulating SrTiO3(001) bicrystal substrates with atomically
uniform and coalesced grain boundaries. Using in situ scanning tunneling microscopy, we demonstrate that FeSe
films grown on such substrates exhibit single-facet grain boundaries, leading to ideal Josephson junctions for
investigating the pairing symmetry of FeSe superconductors.
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Since the discovery of high critical temperature (7;) super-
conductivity in cuprate [1], fabricating Josephson junctions
has been an active direction in both fundamental research
and applications. Grain-boundary (GB) Josephson junctions
consisting of two high-T; superconducting films with different
orientations have been often employed [2,3] to build super-
conducting quantum interference devices and investigate the
symmetry of order parameter in high-7; superconductivity
[4-9]. In this regard, growing high-7; superconducting films
on bicrystal substrates with desired misorientation angles is
one of the most direct ways to prepare GB junctions [6,10,11].
While epitaxial high-7;. superconducting films usually follow
the orientations of the underlying bicrystals, segmental facets
form around GBs because of meandering growth [12-17].
More importantly, the general facet microstructure causes
wrong alignment of superconducting planes across GBs and
locally depresses the superconducting order parameter that
controls the tunneling process. With the faceted GBs, tunnel-
ing experiments heretofore suggest admixed d+s pairing state
with varying admixtures [18,19], in spite of the commonly
accepted d-pairing symmetry [5].

The meandering growth and faceting configuration depend
on film deposition condition, and more predominantly, on
the microstructure of substrate GBs. The fused boundaries
of commercial SrTiO3 bicrystal substrates inevitably exhibit
subnanometer-deep and nanometer-wide voids that disperse
along small angle (<10°) GBs and even trenches with varied
interedge distances of tens of nanometers along large-angle
ones [17,20,21]. The edges of voids and trenches act as
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preferential nucleation sites, which generate multiple growth
fronts of epitaxial films in turn. With increasing coverage,
the numerous growth fronts could interrupt or overlap each
other, forming segmental facets meandering through GBs
[13,14,17]. Lowering the film-deposition rate could reduce the
magnitude of meandering [14] but cannot eliminate the mean-
dering process. The length of segmental facets ranges from
a few to hundreds of nanometers [12—17], 1 or 2 magnitudes
larger than the coherence length of high-T;. superconductors
[22]. Consequently, such extrinsic features could induce spa-
tially varied critical currents and be mixed up with contribu-
tion from intrinsic ones [17,23-27]. Performing rigorous tests
to solve the puzzle of admixed pairing symmetries requires
fabrication of single-facet GBs on the micrometer scale. To
achieve this goal, preparing high-quality bicrystal substrates
with atomically uniform GBs is a prerequisite.

In this work, we develop a two-step method, i.e., high-
temperature annealing in ultrahigh vacuum (UHV) for GBs
coalescence and low-temperature annealing with ozone flow
to compensate oxygen loss in SrTiOsz bicrystal substrates.
We obtain simultaneously coalesced GBs, regular steps,
and atomically flat surfaces for bicrystals with various fu-
sion angles. In situ scanning tunneling microscopy (STM)
observations reveal that the substrates prepared by this
method are ideal for growing single-facet FeSe GB Josephson
junctions.

‘We choose nominally symmetric 2 x 15° and 2 x 5° [001]
tilted SrTiO3 bicrystals with joint (001) surfaces (Shinkosha,
Japan). We conduct the two-step annealing of the SrTiO3
bicrystal substrates as well as FeSe film deposition in an UHV
chamber with a base pressure better than 1 x 107! mbar.
We grow FeSe films by codepositing Fe (99.995%) and Se
(99.9999%) with a flux ratio of ~ 1:10 and a growth rate of
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FIG. 1. Schematic and AFM morphologies of SrTiO;(001)
bicrystal substrates. (a) Schematic of symmetric 2 x 15 ° [001] tilted
SrTiO3(001) bicrystal substrates. (c)—(f) AFM topographic images
of SrTiO3(001) bicrystal substrates as received [(c), (d)], and after
the classical treatment in tube furnace [(e), (f)]. (d) and (f) are the
zoom-in images corresponding to the areas marked by squares in (c)
and (e), respectively. (b) Line profiles correspond to the colored lines
in (¢), (d), and (f).

0.1 unit cell (UC) per minute at 400 °C, similar to previous
study [28]. We characterize the morphology and microscopic
structure of GBs by both atomic force microscopy (AFM)
and STM.

Figure 1(a) depicts a sketch of 2 x 15° [001] tilted SrTiO3
bicrystal substrate, where the red dashed line marks the fusion
boundary. Constant-force AFM topographic images of an as-
received SrTiO; bicrystal substrate in Figs. 1(c) and 1(d) show
similar morphology to other commercial ones [17,20,21]. The
surface exhibits nearly straight fusion boundary and regu-
larly distributed terraces with meandering steps of single-UC
SrTiO; (0.39 nm) in height. The line profile crossing the
border [the black curve in Fig. 1(b)] shows a depth of 0.6 nm
and an edge-to-edge separation of ~ 65 nm. A deep hollow
with a diameter of 113 nm and a depth of 4.7 nm occasionally
occurs along the boundary, as exemplified in Fig. 1(c) and the
corresponding line profile [the red curve in Fig. 1(b)]. After
traditional tube-furnace annealing under oxygen flux, the GB

edges become saw-toothed, accompanied with formation of
wide and deep trenches. Figures 1(e) and 1(f) display the
typical GB morphologies of the bicrystal annealed at 1030 °C
in a tube furnace under constant flow of high-purity oxygen,
as previously reported for pristine single-crystal SrTiO; with
regular stepped- and TiO,-terminated surfaces [29]. After
such annealing, significant straightening of atomic steps is
evident indeed. However, the zigzag boundary is formed with
many facets at both edges [labels in Fig. 1(f)]. Line profiles
[the top three curves in Fig. 1(b)] show the trenches range
from 10 to 85 nm in width, and 5 to 11 nm in depth. The
average distance between two opposite edges is about 42 nm.
The trenches with saw-toothed edges occur commonly in
SrTiO3 bicrystal substrates heated in air or under oxygen flux
[20,21]. The trenches become more pronounced and more
facets develop after prolonging annealing (not shown).

The GBs of this type lead to multiple faceted GBs in
epitaxial FeSe films, which agree well with previous results
in cuprate films [13—16]. Figures 2(a)-2(f) display the mor-
phologies around the GBs with various coverages of FeSe
from 1 to 30 UC on the same substrate, while Fig. 2(g)
displays another with narrower trenches and 10-UC FeSe. The
monolayer FeSe films follow the morphology of the substrate
[Fig. 2(a)]. With increasing coverage, FeSe films on two
grains gradually merge together [Figs. 2(c)-2(e), and 2(g)].
Most merged fronts exhibit height difference of 0.88—1.69 nm,
as exemplified by the white lines in Figs. 2(d) and 2(g).
Obviously, the situation gives rise to in-plane misalignment
of most superconducting planes between two sides of the
boundary; 5% of them are in-plane aligned [Fig. 2(e)] but the
boundaries are atomically disordered. As demonstrated in the
atomically resolved image and the corresponding fast Fourier
transformation (FFT) image in Fig. 2(f), although the FeSe
films follow the orientation of respective SrTiO3 grains, the
lattice around the merging region, in a range of 2 ~ 3 nm, is
significantly distorted, where the top-layer Se atoms exhibit
higher contrast of 50-100 pm.

The formation of misaligned epitaxial GBs is due to the
wide trenches with saw-toothed edges in substrates, which
can be demonstrated by the schematic depicted in Fig. 2(h).
Due to the two-dimensionality of the material, the growth
fronts of FeSe films from two grains could overflow their
respective edges, and meet and intersect firstly at the locations
with narrower separation (left panel) and then at those with
larger separation (right panel). Due to the wide range, from 10
to 85 nm, of interedge separation, the asynchronous merging
induces complicated alignment and even spiral dislocations
around GBs [Fig. 2(g)].

We could obtain nearly ideally coalesced GBs on insulating
SrTiO; bicrystals by using the two-step method, as displayed
in Fig. 3. Here, we use SiC substrates as heating source.
As illustrated in Fig. 3(a), when either direct current (DC)
or alternating current (AC) flows through the SiC substrate,
the upper SrTiOj3 bicrystals get heated indirectly. Figure 3(b)
depicts the detailed processes of two-step annealing. The first-
step UHV annealing includes degassing at 650 °C for 30 min
and sequential annealing at 950 °C for 1 hour and 1000 °C for
20 min while the pressure is kept better than 1 x 10~° mbar
(the three blue frames). The SrTiO; substrates gradually get
dark with oxygen desorption during UHV annealing, and
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FIG. 2. STM topographic images of FeSe films GBs on the saw-toothed SrTiO3(001) bicrystal substrates. (a)—(f) STM topographic images
after 1-UC (a), 10-UC (b), 20-UC (c), and 30-UC (d)—(f) FeSe films are deposited sequentially on the same substrates, while (g) 10-UC FeSe
on another bicrystal substrate with narrower boundary trenches. (a)—(d), (g): sample bias V; = 2 — 3V, tunneling current / = 50 — 100 pA. (e)
and (f) are taken at 4.8 K, (e) V; =2V, I = 20pA and (f) V; = 150 mV, I = 200 pA. (f) Zoom-in image corresponding to the area marked by
square in (e). The inset in (f) is the corresponding FFT image with the yellow and light blue circles marking the 1 x 1 Bragg points with a
relative rotation angle of 30°. (h) Schematic showing the morphology evolution around GBs from low coverage (left panel) to high coverage
(right panel). The dashed lines symbolize boundary edges of SrTiO; bicrystal, and the blue solid and white dashed patterns represent the films

epitaxial from the left and right grains, respectively.

spatial gradient of oxygen vacancy content occurs under DC
heating [see the top two sample photos in Fig. 3(b)], due to
surface stoichiometry polarization effect [30]. In contrast, the
spatial distribution of oxygen vacancies gets uniform under
AC heating [see the bottom sample photo in Fig. 3(b)].

Now we move to the surface morphology evolution during
UHYV annealing. Figures 3(c)-3(e) display morphologies un-
der DC heating, as labeled correspondingly in Fig. 3(b). The
trenches of the substrate after degassing are ~18 nm wide and
0.8 nm (equal to 2-UC SrTiO3) deep, as shown in Fig. 3(c) and
by the corresponding line profile in Fig. 3(g). After annealing
in UHV at 950 °C, saw-toothed edges [Fig. 3(d)] form as a
result of atom migration, but the trench depth remains at 2 UC
and the width reduces to 4—18 nm [the line profile labeled with
d in Fig. 3(g)]. After annealing at 1000 °C, 57% of GBs are
coalesced, while regular surface with straight steps of single-
UC SrTiO3 and atomically flat terraces form in each grain,
as displayed in Fig. 3(e). The remaining voids are 1-UC deep
and 5-6 nm wide [the line profile labeled with e in Fig. 3(g)].
The coalesce ratio is further increased under AC heating.
As demonstrated in the mosaic STM image in Fig. 3(h), the
coalescence ratio increases to 78% and the voids are only
2-4 nm wide. Notably, we occasionally observe terrace mis-
match points accompanied with voids, as indicated by the yel-
low arrow in Fig. 3(f), which could not coalesce completely
due to the spiral step of 1-UC SrTiOs.

The UHV annealing creates oxygen vacancies and converts
the SrTiO;5 to the metallic state, which will be an issue for

transport measurements. On the other hand, it is imperative
to take appropriate annealing under ozone flux to finely tune
the surface oxygen content, an essential factor that determines
the properties of SrTiO; and its interface coupling with upper
epitaxial films [31-33]. We carry out the second-step anneal-
ing at relative low temperatures of 680-760 °C in an ozone
pressure of 1.9 x 107> mbar [the purple chart in Fig. 3(b)] to
replenish oxygen while keeping the GB coalesced. After that,
the SrTiO3 bicrystal substrates recover their initial insulating
state. Thus, STM characterization is achievable only after
deposition of metallic FeSe films.

Figure 4 displays the STM images of ultrathin FeSe films
on the bicrystal SrTiOs substrates treated by the two-step
method. GBs free of meandering form in both monolayer
[Fig. 4(a)] and multilayer FeSe films [Fig. 4(e)]. In Fig. 4(a),
the monolayer FeSe films cover 57% of the GB, while the
voids along the boundary have a consistent depth of 0.55 nm
(equal to 1-UC FeSe), the same as the one in grain interiors
(scattered dark areas). With the coverage of FeSe increasing
to above 1 UC, homogeneous GBs form. As demonstrated in
Fig. 4(e), the single-facet FeSe film GB with exact plane-
to-plane alignment extends in the whole scanning range of
1.1 pum, even at a terrace mismatch point (marked by the
yellow arrow).

Meanwhile, the GBs become more uniform and atomically
ordered. Figures 4(b) and 4(c) display the atomically re-
solved STM images for monolayer and 5-UC FeSe grown on
2 x 15 ° tilted SrTiO;3 bicrystal, respectively, while Fig. 4(d)
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FIG. 3. Schematic illustration of heating setup (a), annealing flow chart (b), and the evolution of GBs in SrTiO3(001) bicrystal substrates
with UHV annealing (c)—(h). The STM topographic images (V; = 2V, I = 50 pA) after sequential annealing under DC heating (c)—(e) and
under AC heating (f) and (h) are labeled with the corresponding steps in (b). (g) Line profiles correspond to the colored lines in (c)—(e). The
yellow arrow in (f) marks the terrace mismatch point, and the white arrows in (h) mark the GB.

FIG. 4. STM topographic morphologies of FeSe film GBs on two-step annealed SrTiO3(001) bicrystal substrates with AC heating. (a), (b),
(f) for ~1-UC FeSe, (c) for 5-UC FeSe, (d) for 3-UC FeSe, and (e) for 6-UC FeSe films. (a)—(d) are taken at 77 K, (a) V; = 1V, I = 50 pA
and (b)—(d) V; = 120mV, I = 100 pA. (e) and (f) V; = 9.5V, I = 50 pA. The white arrows in (a) and (e) mark the GBs, the yellow arrow in
(e) marks the terrace mismatch point, and the dashed lines in (e) mark the steps of SrTiO; substrates. In (b)—(d), the blue and yellow dots mark
the Se atoms at regular lattices in the respective right and left domains, while the colored circles around GBs mark the Se atoms either that
occupy the regular latices but appear darker (blue and yellow) or brighter (red), or that displaced from the rectangular structure (magenta).
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shows the images for 3-UC FeSe on the 2 x 5 ° one. The
epitaxial FeSe follows the orientation of substrates in each
grain, as marked by blue and yellow dots for left and right
grains, respectively. The corresponding FFTs clearly show
two sets of lattices with a misorientation angle of 30° and
10°, consistent with those of bicrystal substrates. Due to
intrinsic strain at boundaries, some dislocations occur where
some Se atoms show apparent contrast [see the circles marked
in Figs. 4(b)-4(d)]. Regardless of these features, the overall
microstructure of the GBs is significantly improved compared
to that on the grooved GBs [Fig. 2(f)], with nearly perfect
atomic structure on both sides of the boundary.

In contrast to the boundaries with saw-toothed edges, the
coalesced GBs favor uniform nucleation and continuous flow
growth. Consequently, the GBs of the FeSe films with exact
in-plane alignment form right along the coalesced GBs in
bicrystal substrates. Under the current growth condition, the
epitaxial FeSe films can flow over voids with width <4 nm,
usually in company with a total coalescence ratio >75%, to
form uniform GBs. Along the boundaries with lower coa-
lescence ratio, FeSe clusters could form instead. Figure 4(f)
displays the morphology of FeSe films on a bicrystal substrate
with a lower coalescence ratio of 68% wherein the residual
voids have a larger maximum width of 5 nm. The 1-UC
FeSe films cover each grain uniformly, whereas some isolated
FeSe islands of ~6 nm high reside along GBs, resulted from

preferential nucleation at void edges. This again indicates
that the coalesced GBs is prerequisite for obtaining in-plane
aligned GBs of epitaxial films.

In summary, we develop a two-step method to prepare
high-quality insulating bicrystal SrTiO3 substrates with co-
alesced GBs, regular steps, and atomically flat surface. The
method is controllable and reproducible for SrTiO; bicrys-
tals with various misorientation angles (at least up to 2 x
22.5° as we have tried). We demonstrate the applicability
of the SrTiO3 bicrystals to fabricating single-facet epitaxial
film GBs with exact in-plane alignment in ultrathin films
of FeSe. Obviously, the resulting superconducting film GB
junctions form an ideal platform for investigating the intrinsic
properties of Josephson junctions and the pairing symmetry
of high-7. superconductors. At last, we point out that the
two-step annealing is a flexible treatment, for the GB coalesce
and oxygen replenishment are accomplished separately and
independently. The SrTiO; bicrystals treated with the flexible
two-step annealing can act as ideal substrates for other ox-
ide heterostructures to explore novel properties and promote
performance.
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ence Foundation of China (Grants No. 11774193 and No.
11790311) and the National Basic Research Program of China
(Grant No. 2017YFA0303303).
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