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Changes in FeSe Target Composition and Target Surface Roughness. The change from a
nearly stoichiometric FeSe target to a noticeably Se-deficient one upon laser irradiation resulted
in a reduced reproducibility of the crystalline FeSe phase. Fig. S1(a) shows a comparison of 26/®
scans between two FeSe/MgO films fabricated using comparable parameters (7s = 500°C; rep. rate
= 10 Hz) from a fresh and an altered target surface (after the growth of 10 more films),
demonstrating the change from a purely c-axis oriented, tetragonal FeSe to a film with FeSe (101)
orientated grains and secondary phases such as hexagonal FeSe (4-FeSe). Figs. S1(b),(c) show
compositional images of the FeSe target surface before and after the growth of ~30 films. The
target surface had become severely rough and spiky after laser irradiation. The analysis of the
target composition by EPMA shows a strong Se loss and illustrates the difficulty of maintaining

the control of chemical homogeneity and reproducibility in PLD of several films.
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Figure S1. (a) Comparison between the 26/w scan (denoted as “No. 17) of the FeSe/MgO film (T’s
= 500°C; rep. rate = 10 Hz) and that (denoted as “No. 117) of the film fabricated at the same
condition after the growth of 10 films. (b), (¢) Compositional images of the FeSe target surface

obtained by EPMA before and after the growth of ~30 films.

Structural Characterization of the FeSe/MgO Films Deposited at 2 Hz. A similar temperature
dependence of the crystalline FeSe phase was found in the FeSe/MgO films deposited at 2 Hz. Fig.
S2(a) shows, exemplarily, 26/m XRD scans for the FeSe/MgO films deposited at different 7's =
220 — 500°C, and illustrates the growth of a c-axis oriented, tetragonal FeSe film at Ts = 260 —

400°C (pink shaded region). At lower Ts (220°C), FeSe(110) reflections appeared, whereas
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FeSe(101) as well as hexagonal, ~-FeSe(001), was detected at higher Ts (500°C). Subsequently,
the relative in-plane orientations were studied for selected films in pole figure measurements based
on FeSe(101) and MgO(222) reflections. Similar to the texture found in the FeSe/MgO films
deposited at 10 Hz, the FeSe(101) pole figures in Figs. S2(c) — (f) reveal that the films grew with
two different in-plane textures: the majority of grains is oriented [100]FeSe//[1001MgO (cube-on-
cube), whereas a minority shows a [100]FeSe//[110]MgO texture (45° in-plane rotation with
respect to the majority). An exception was observed in the film grown at 500°C (Fig. S2(g)), where

much more complex texture was detected due to the impurity phases.
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Figure S2. XRD results for FeSe/MgO films deposited at 2 Hz: (a) 26/® scans of films and MgO
reference (logarithmic scale). Intensities were normalized with respect to the MgO (002) reflection.
The pink shaded region shows the c-axis oriented FeSe films. (b) (222) pole figure of MgO. (¢) —

(g) (101) pole figures of FeSe/MgO grown at 260, 340, 360, 400, and 500°C.
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Surface Morphology Analysis. Changes in surface morphology of the FeSe/MgO films grown at
the repetition rates of 2 and 10 Hz are demonstrated in AFM images depicted in Figs. S3(a) — ().
These results imply that there is a stronger tendency in the films grown at 2 Hz compared to those

deposited at 10 Hz for a pronounced island growth mode as the substrate temperatures rise.
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Figure S3. (a) — (f) AFM images of the FeSe/MgO films grown at Ts = 220, 260, 340, 360, 400,

and 500°C with 2 Hz. (g) — (1) Those at 7s = 220, 240, 260, 340, 400, and 500°C with 10 Hz. All

the images were captured on an area of 1 x 1 pm?.
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Electrical Transport Properties. The electrical characterization of the FeSe/MgO films with
thicknesses in the range of 10 — 20 nm agrees with previously reported results of a suppressed
superconductivity:! all of the films showed a semiconducting-like behavior of their resistivities,
and none of the films exhibited superconductivity down to 2 K (blue-yellow region in Fig. S4a(a)).
Even an additional in-situ post annealing for 30 minutes at various temperatures of films prepared
at 350°C did not result in a superconducting transition (green region in Fig. S4a(a)). We also
evaluated Sheet resistance, Ro = Rwt/lc, where R, w, t, [, and ¢ represent the measured resistance,
width, film thickness, length, and c-axis lattice parameter, respectively. Fig. S4a(b) shows the
temperature dependence of Ro for the corresponding films illustrated in Fig. S4a(a), revealing that
all of them mainly stay in the insulating region, which has been previously reported to be separated
from the superconducting region of FeSe with the quantum resistance represented by the von-
Klitzing constant, Rk = h/e* (h: Planck constant, e: elementary charge).” With increasing post-
annealing temperatures, Ro was found to gradually approach Rk, suggesting the possibility of
inducing superconductivity by post-annealing at higher temperatures. However, this seems hardly
feasible due to an increase in Se evaporation at elevated temperatures, which inevitably leads to

further chemical inhomogeneity in the films.
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Figure S4a. (a) Resistivity and (b) Sheet resistance, Ro, vs. temperature curves for the as-grown
FeSe/MgO films deposited at various Ts (blue-yellow region) and those grown at 350°C and
subsequently post-annealed at various different temperatures for 30 min (green region). The pink

dot line represents the von-Klitzing constant, Rk = h/e? (h: Planck constant, e: elementary charge).

Compositional Analysis along the Film Cross Section. Figure S5 shows the HAADF-STEM
image and cross-sectional individual maps for single elements (Fe, Se, Mg, O, and Pt) of the 15
nm thin FeSe/MgO film (7s = 400°C; rep. rate = 10 Hz). The film was later covered by a 50 nm
thin Pt cap layer to prevent it from further oxidation. A ~1 nm thin Fe-rich layer was found at the
film/substrate interface with an additional influence on the local strain distribution. Fe diffusion
into the substrate takes place. Furthermore, a ~3 nm thin Fe-rich (or Se deficient layer) was
confirmed at the top of the film. The top part of the film (~2 nm) shows signatures of an oxidation

layer (that formed before Pt capping). In total, an inhomogeneous composition distribution of Fe
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and Se can be found along the film cross section with Fe-rich zones at the film/substrate interface

and close to the film surface.

Figure S5. HAADF-STEM image and cross-sectional individual maps for single elements (Fe,

Mg, O, Pt, and Se) of the 15 nm thin FeSe/MgO film (7s = 400°C; rep. rate = 10 Hz). White

markers indicate the top of the substrate.

Next figures show the compositional analysis of film surface (Figure S6), film/substrate
interface (Figure S7) with an Fe diffusion zone within the substrate, and domain-matching epitaxy

of FeSe/MgO films (Figure S8).
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Figure S6. HAADF-STEM images and cross-sectional individual maps for single elements (Fe,
Mg, O, Pt, and Se) of the FeSe/MgO film (7s = 400°C; rep. rate = 10 Hz) surface with Se-rich
precipitate that reacted and grew in air. These are typical artifacts on the surface. Scale bares are

20 nm.
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Figure S7. HAADF-STEM images and cross-sectional individual maps for single elements (Fe,
Mg, O, Pt, and Se) of an FeSe island and its vicinity (7s = 400°C; rep. rate = 10 Hz) in the
FeSe/MgO film. Note that Fe diffusion into MgO appears below and between FeSe islands. Scale

bars are 7 nm.
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Figure S8. (a) - (c) HAADF-STEM images of the FeSe/MgO interface. Yellow lines indicate

matching domains of FeSe and MgO unit cells. Film parameters are 500°C, 10 Hz (¢ = 17 nm).



AES Depth Profile Analysis. AES depth profiling confirms the chemical inhomogeneities along
the film cross section of a 31 nm-thin FeSe/MgO film grown at 350°C with 10 Hz. The calculated
chemical composition with depth (increasing sputtering time) is displayed in Fig. S9(a) and
indicates the variation of atomic concentrations of Fe (red), Se (light green), Mg (black), and O
(blue). In this example, the gradient of O concentration is broader compared to that shown in the
TEM-EDXS elemental mapping (Fig. 4(b)) or in comparable thicker films, and results from the
island-like morphology and several observed cracks in the film. Nevertheless, it is clear that a
Fe:Se ratio close to 1:1 is only reached in 2/3 of the film cross section, while top regions and the
film/substrate interface are Se-deficient. The corresponding first derivatives of AES spectra are
shown for selected sputtering times in Fig. S9(b). At a sputtering time of 13 min the Mg KLL
transitions appear and indicate the FeSe/MgO interface. Fe LMM intensities remain almost
constant across the film, whereas those for Se LMM become weak towards the top surface and the
film/substrate interface. We point out that the quality of the films analyzed by TEM-EDXS and

AES is comparable.
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Figure S9. (a) AES depth profile and (b) derivatives of AES spectra at selected sputtering times
of a 31 nm thin FeSe/MgO film (7s = 350°C; rep. rate = 10 Hz). The gradient of oxygen
concentration with respect to depth in AES depth profile is broader than that in the TEM-EDXS
elemental mapping, suggesting the larger distribution of FeSe islands which inevitably results in
an increase in surface area of the film exposed to air. The films analyzed by TEM-EDXS and AES
are qualitatively comparable to each other. Some of the AES depth profiles measured at different
positions in the same sample show more Fe-rich concentration along the film cross-section

compared to the selected example here.
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Implications for other Fe-chalcogenide Thin Films (i.e. FeSeixTex). The control of the
film/substrate interface for film textures and superconducting properties is also crucial in other Fe-
chalcogenide superconducting films grown on MgO substrates, such as FeSeixTex. At least, a
consistent picture on texture evolution can be found for various physical vapor deposition methods,
like PLD, MBE or radio-frequency (rf) sputtered films.> Two texture domains were reported by

Chang et al.,* and from several studies,’>®

one can attribute to the substrate temperature a
dominant effect in controlling the film textures: the general observation includes a change from a
single texture component with [100](001)FeSeo.sTeo.s//[110](001)MgO at low substrate
temperatures (~280°C) into a mixture of [100](001)FeSeosTeo.s//[100](001)MgO and
[100](001)FeSeo.sTeo.s//[110](001)MgO at 400°C and finally a single cube-on-cube texture for
films grown at ~500°C. The structural parameters of the deposited films on MgO are, however, in
most cases not favorable for superconductivity, and increasing substrate temperatures were found
to gradually suppress superconductivity and eventually produce semiconducting films.’ Based on
equivalent results, Molatta et al. have improved control and reproducibility in the growth of
superconducting FeSeixTex films. By using non-superconducting FeSeixTex seed layer with
excellent cube-on-cube epitaxy, the subsequent homoepitaxial growth of FeSeixTex films could
be achieved at reduced s = 200 — 340°C.6 For FeTe films, the film texture on MgO(100) looks to
be again more complex: Shchichko et al.” reported several epitaxial relations for FeTe thin films
grown at 400°C: a single orientation of (001)[110]FeTe//(001)[110]MgO was found in one film,
whereas another film two different domains with orientations (01-1)[111]FeTe//(001)[110]MgO

and (001)[010]FeTe//(001)[110]MgO occurred. The use of an Fe-buffer layer in PLD of FeSe:-

«Tex films has apparently improved epitaxial growth.®
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Diverse Interfaces of Fe-chalcogenide Thin Films on Different Substrates. Various TEM
studies on Fe-chalcogenide thin film interfaces are summarized in the Chapter 4 of Ref. °. Many
studies show a blurred interfacial region and only a few studies have atomically resolved the
interface between FeSe thin film and substrates. For FeSe/CakF2, a previous TEM report has noted
interfacial reaction with the formation of CaSe.'? This is in sharp contrast to the interface between
Fe chalcogenide and STO, which is Se/Te-rich, as illustrated by Zhu ef al. in their STEM studies
on the PLD-grown FeSei«Te./STO heterointerface.!! In case of monolayer FeSe/STO, interface
structure further varies with different conditions such as substrate pre-treatment and substrate

d,9’12’13

surface termination as well as with deposition metho imposing a challenge for developing

a unified picture.

Despite this difficulty in resolving the atomic structure of the interfaces, LME can be expected
in Fe chalcogenide thin films on STO and other substrates such as LAO and LSAT due to the much
smaller initial misfit strain compared to that in MgO. In Zhu et al. ,'' a misfit dislocation layer at
the interface was reported. Our inspection of the STEM image reveals a domain-matching ratio of
mrst/nsto = 30/29, which slightly deviates from the theoretical estimate of 36/35 (&= 2.9 %, arst

pulk = 3.793 A and asto = 3.905 A).
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