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ABSTRACT

Phase and stoichiometry control are crucial to employ the superconducting prop-
erties of FeSe thin films, and with it the previously reported interfacial boost in
superconductivity promoted by the SrTiO; surface. This work investigates how
growth parameters influence the phase and chemical composition in FeSe layers
on SrTiO3(001) substrates by molecular beam epitaxy. In the first part, the influ-
ence of substrate surface preparation on the stabilization of the respective FeSe
phase and film morphology is evaluated by atomic force microscopy (AFM),
reflection high energy-electron diffraction (RHEED), and X-ray diffraction (XRD).
Continuous, phase-pure 3-FeSe layers were observed on non-ideally prepared
substrates only at high growth temperatures, whereas optimized surface prepa-
ration yielded similar results at much reduced temperatures. Although RHEED
indicated atomically smooth film topography, AFM revealed pronounced island
growth. In the second part, the stoichiometry of phase-pure 3-FeSe films grown
under different growth conditions is evaluated by XRD and structural calcula-
tions. Supporting transport measurements identified a narrow growth window
to satisfy the stoichiometric requirement for superconducting 3-FeSe thin films.
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reported for a single layer of FeSe grown epitaxially
on SrTiO4(001). This significant rise in T for the FeSe/

Introduction

In 2008, bulk FeSe was reported to be a superconduc-
tor with a T, of 9 K at ambient pressures [1]. Further
studies achieved a heightened critical temperature of
37 K at a pressure of 8.9 GPa [2]. The most intriguing
aspect of FeSe, the structurally simplest of all Fe-based
superconductors, is the observed interfacial supercon-
ductivity in ultra-thin films grown on SrTiO;. Critical
temperatures ranging from 109 K [3] to 65 K [4-6] were
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SrTiO; heterostructure has attracted the attention of
the research community to elucidate its superconduct-
ing mechanism [7, 8]. A prerequisite to facilitate this
investigation is a reliable epitaxial synthesis process
that creates superconducting FeSe layers with mac-
roscopic lateral dimensions and precisely tuneable
thickness.
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Molecular beam epitaxy (MBE) growth of super-
conducting FeSe was reported to have a wide growth
window in which the Fe to Se flux ratio can be 1:10 or
as high as 1:20. The growth is self-regulating since the
sticking coefficient of pure Se is zero in the growth
temperature window for FeSe, leaving Fe as the rate-
determining species [9-11]. However, bulk supercon-
ducting FeSe only occurs in a narrow stoichiometry
range of (3-Fe; 3;Se to 3-Fe; j5Se. The phase diagram
presents several non-superconducting phases close
to a 1:1 Fe:Se ratio, including tetragonal (3-Fe ,Se with
x>1.025 and x <1.010, hexagonal y-Fe,Seg, hexagonal
a-FeSe, and elemental Fe [12]. In addition, a structural
transition from tetragonal to orthorhombic is observed
at 90 K for the superconducting 3-Fe, 4;Se, but not the
non-superconducting 3-Fe; y3Se [13].

[-FeSe has a simple PbO prototype crystal struc-
ture with P4/nmm symmetry, space group 129, much
simpler in comparison with the superconducting
cuprates and other superconducting iron-based mate-
rials. This relatively simple structure raises interest
in understanding the specific mechanism giving rise
to superconductivity in FeSe, which could be sub-
sequently used to design other thin films of similar
superconducting materials on various substrates
besides SrTiO;. In comparison with (001)-oriented
SrTiO; [cubic perovskite crystal structure of Pm3m
space group with a lattice parameter of 2=3.91 A [14]],
tetragonal (001)-oriented bulk [3-FeSe has a smaller in-
plane lattice parameter of a=3.77 A [15] resulting in
an approximately 3 % lattice mismatch between FeSe
and SrTiO;. It was shown that the initial preparation
of the SrTiO; surface plays a significant role in the
resulting superconducting properties arising from the
FeSe/SrTiO; interface [7]. The common understand-
ing of the field is that only TiO,-terminated SrTiOj;
surface terraces lead to an increase in T [7]. Much
effort has since been undertaken to prepare solely
TiO,-terminated SrTiO;, to the point that SrTiO; sub-
strates with atomic step morphology claiming TiO,
surface termination are now commercially available
[16]. The preparation of specifically terminated SrTiO;
substrates is not trivial [17] and requires atomic steps
of (1 x n) unit cell (UC) step height (with n being a nat-
ural number) across the macroscopic substrate scale,
which was shown to be successful only after apply-
ing elaborate chemical and thermal treatments or by
growing SrTiOj; buffer layers using oxide MBE with a
shuttered growth approach [18-21]. In addition, only
scanning tunneling microscopy (STM) and friction
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force microscopy (FFM) have been identified to reli-
ably probe the substrate surface atomic arrangement,
and among the two, only FFM can be used to study
surface termination over a macroscopic scale [22-25].

Besides the synthesis, the characterization of FeSe
thin films is challenging as well, which is due to the
material’s extreme air sensitivity that requires charac-
terization in ultra-high vacuum (UHV), or the depo-
sition of a protective cap to prevent the oxidation of
FeSe. Typically, tellurium, selenium, or FeTe are used
as thin film caps for FeSe [7]. This holds problems as
interdiffusion of the chalcogen species at the interface
could potentially form FeSe,_,Te,, and the oxidation
of the FeTe cap will eventually lead to FeTe,_,O, for-
mation. Both ternary compounds are reported super-
conductors with similar T to FeSe, which complicates
characterization [26-34].

Studying interfacial superconductivity therefore
requires reliable and successful growth of supercon-
ducting [3-FeSe layers on SrTiO;. The following four
tasks must be accomplished to meet this requirement:

I. Ultra-clean S5rTiO; surface preparation with an
atomic step structure morphology and defined
surface termination over the macroscopic scale.

II.  Preparation of tetragonal superconducting FeSe
layers in the stoichiometric composition from
B-Fey 015e to B-Fey g5Se.

III.  Precise tuning of the FeSe layer thickness down
to the UC limit with uniform sample coverage
over macroscopic lateral dimensions.

IV. Growth of a non-superconducting, inert and
preferably insulating capping layer that effi-
ciently screens the FeSe layers from oxidation
in air.

In the presented work, we report on requirements
(I) and (II) in MBE growth of FeSe. The influence of
substrate surface preparation on FeSe phase stabili-
zation and film morphology as well as the capability
of in-situ morphological and structural monitoring by
reflection high-energy electron diffraction (RHEED)
is presented in the first part of this work. In the sec-
ond part, we show that superconducting FeSe thin
films, like their bulk derivatives, exist in a stoichio-
metric narrow growth window. Through our study,
XRD is presented as a powerful, straight-forward, fast,
and affordable alternative to slow, expensive, local-
ized, and elaborate scanning microscopy techniques
for evaluating the stoichiometric composition of the
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films with reliable implications on the superconduct-
ing properties. Despite extensive efforts to synthesize
-FeSe layers of different thicknesses on SrTiO; by
MBE, we find that the relationship between substrate
preparation and phase formation and the study of film
morphology and stoichiometry are understudied and
remain unanswered [35-37]. Our work thus provides
valuable knowledge advantageous to the field of
[>-FeSe synthesis by MBE.

Methods

Undoped, single-crystal SrTiO3(001) substrates
with + 0.5 ° non-intentional miscut fabricated in Japan
from MTI Corporation were used for this study. After
the surface preparation step described in more detail
later in Sect. “Results and discussion”, substrates were
immediately loaded into the load lock and annealed in
UHYV to 200 °C for 30 min to desorb water films from
the substrates.

FeSe and FeTe depositions were carried out in an
R450 MBE reactor from DCA Instruments, equipped
with individual Knudsen effusion cells that evapo-
rated ultra-pure Fe, Se, and Te charges. Prior to the
film depositions Fe, Se, or Te fluxes were calibrated
using a model Eon-heated quartz crystal microbalance
(QCM) device from Colnatec inserted at the sample
position. Tooling factors for flux calibration were
found from physical film thickness measurements
by XRD. Typical fluxes for Fe were in the order of
3.8x10"® em™ s}, or an FeSe growth rate of 0.17 f\/s.
Se and Te fluxes of the order of 2.5-5.5 or higher were
supplied to account for the high desorption rate of the
chalcogen species and ensure proper FeSe/FeTe phase
formation. Film deposition was monitored in-situ by
a RHEED system equipped with an electron gun from
STAIB Instruments operated at 15 kV and a kSA 400
imaging and processing camera and software package.
The background pressure in the MBE reactor was kept
at or below 3 x 10™ Torr during deposition.

Characterization of the film surface morphology
was performed ex-situ with a Dimension Icon Bruker
atomic force microscope (AFM) operated in PeakForce
Tapping mode.

Ex-situ structural characterization was carried out
using a four-circle diffractometer (Panalytical X"Pert3)
equipped with a PIXcel 3D detector. The XRD setup
was operated in high-resolution configuration using
Cu K, radiation.
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Resistivity measurements were taken ex-situ to
obtain sheet resistance as a function of temperature.
Samples were adhered to a four-probe resistivity puck
(Quantum Design Inc.) using a thin coat of GE var-
nish. Pure indium dots were pressed onto the sam-
ple corners according to the van der Pauw geometry.
Gold wires were used to connect the indium contacts
on the sample to the contacts on the puck. The resist-
ance between each pair of contacts was measured
with a multimeter at room temperature to ensure that
the contact resistances were similar. Using a Physi-
cal Property Measurement System (Quantum Design
Inc.), the vertical and horizontal in-plane resistances
were measured continually during cooling and heat-
ing between (300-2) K at a rate of 8 K/min. The cur-
rent limit, power limit, and voltage limit through the
samples were kept at 1 mA, 1 mW, and 95 mV, respec-
tively. The sheet resistance was then calculated as a
function of temperature assuming an isotropic sample.

Results and discussion

Controlling FeSe phase formation and film
morphology

AFM was carried out before growth on differently
prepared SrTiO; samples to investigate the surface
morphology of as-received substrates and the effect
of different surface treatments on the substrate con-
figuration. The results are shown in Fig. 1. All samples
were cleaned by subsequent sequences of 3-min ultra-
sonic (US) baths in acetone, isopropanol, and DI water
after each furnace anneal presented in Fig. 1. The as-
received sample in Fig. 1a displays the most random
morphology marked by irregular islands covered by
nanoscale spheres. A furnace annealing step to 900 °C
for 60 min in air, anneal b in Fig. 1b shows onset of
atomic step formation; wide terraces in the order of
400 nm with rough step edges can be seen. Anneal-
ing as-received SrTiO; substrates in air for 60 min
at 1000 °C, i.e., anneal c in Fig. 1c clearly results in
surface terrace formation with smooth but sawtooth-
like edges that frequently exhibit a double sawtooth
feature. The observed step heights after anneal c are
1 UC high for the single and %2 UC high for the dou-
ble sawtooth step edge features of SrTiO; as extracted
from AFM line profiles. Thus, anneal c results in a
mixed SrO and TiO,-terminated surface due to the
¥-UC steps. A prolonged anneal at 1000 °C in air for
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Figure 1 AFM images of SrTiO; substrates after different furnace anneal treatments and subsequent chemical cleaning. a As-delivered,
b anneal to 900 °C for 1 h in air, ¢ anneal to 1000 °C for 1 h in air, d anneal to 1000 °C for 1.5 h in air, e anneal to 1000 °C for 2 h in air.

90 min, i.e., anneal d in Fig. 1d leads to the formation
of almost perfect 1 UC atomic steps with smooth edges
and terrace widths of about 50 nm. Anneal e in Fig. 1e,
120 min at 1000 °C in air, however, does not improve
the surface morphology anymore. Although the ter-
race width increases, the average step height distribu-
tion widens and spans from (¥2-1%2) UC SrTiOj; steps,
the formerly smooth edges become rough and show
pronounced sawtooth features.

Based on the AFM investigation in Fig. 1, anneals c
and d were chosen as templates for FeSe growth due
to the low root mean square (rms) surface roughness
values of 0.18 nm for anneal ¢ and 0.23 nm for anneal d
as well as the defined atomic step terrace morphology
with step heights in the (Y2-1) UC range.

RHEED and XRD data observed for FeSe growth
on SrTiO; substrates treated by anneal c are shown in
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Fig. 2. The first column shows RHEED images with the
top row displaying RHEED of the so-prepared SrTiO,
substrate, and on the right are the obtained out-of-
plane XRD 20-w-scans after growth. FeSe growth was
carried out using an Fe flux of (3.7-3.8) x 10"> cm ™ s™
and a Se:Fe flux ratio of 5.5 with varying substrate tem-
peratures from 100 to 500 °C and fixed film thickness
of 11 nm, which equals about 20 UC of (3-FeSe. The
cleanliness and high quality of the surface preparation
following anneal c is confirmed by the observation of
bright RHEED patterns with a two-fold in-plane sym-
metry as expected for SrTiO; with clearly developed
Kikuchi lines. After growth at 100 °C, faint RHEED
streaks superimposed by Laure rings and hazy back-
ground indicate a low degree of crystal ordering in
the FeSe film. XRD shows first- and second-order
diffraction peaks of (001)-oriented 3-FeSe with an



J Mater Sci (2024) 59:2035-2047

RHEED

A, " S

{100)

2039

SrTi04(200)
P
i
(0]
w
(0]
SrTiO,(300)

100 °C
‘

200 °C

)
=
=
3
o
[
S8
s
= B
(2]
C
3]
-
£

Figure 2 RHEED of SrTiO; prepared by anneal c top row and after 20 UC FeSe growth at different temperatures. XRD 20-w-scans
obtained from the films on the left denoting the SrTiO;, B-FeSe, and FeSe* peaks by gray, orange, and blue banners, respectively.

out-of-plane lattice constant of ¢ =5.52 A in agreement
with the literature [12, 13, 38-42]. Growth at 200 °C
yields predominantly RHEED streaks, and the crys-
tallinity in the film is thus improved. XRD however
reveals the formation of two phases with the second
phase labeled FeSe*, which dominates over 3-FeSe
by XRD peak intensities. The observed FeSe* phase
exhibits an out-of-plane lattice parameter of 5.34 A as
extracted from XRD, which can be attributed to the
metastable cubic form of FeSe, with a reported lattice
parameter of a=(5.37 = 0.05) A [43]. The symmetry in
the in-plane RHEED diffraction patterns also agrees
with a cubic phase formation with a lattice parameter
close to the observed 5.34 A. On the other hand, due
to the large variety in reported FeSe phases and cor-
responding lattice parameters, the presented RHEED
and XRD data cannot rule out the possibility that the
FeSe* diffractions correspond to the hexagonal FeSe

phase [42, 44]. A growth temperature of 300 °C gives
highly crystalline diffraction streaks in RHEED corre-
sponding to the symmetry of 3-FeSe with no signs of
second phase formation. Kikuchi lines are well devel-
oped, indicating the significantly increased degree of
crystallinity in the film. XRD proves predominantly
[3-FeSe phase formation by dominating 3-FeSe-related
peak intensities and a high degree of crystallinity as
diffraction peaks from first to fourth order of [3-FeSe
are visible. However, the second phase is still present
in XRD. Temperatures of 400-500 °C appear equally
good in RHEED as the 300 °C sample. XRD shows a
slight overall intensity decrease at 400 and 500 °C com-
pared to 300 °C for the 3-FeSe phase. The formation
of the second phase however is finally suppressed at
500 °C.

To realize phase-pure and highly crystalline 3-FeSe
films on SrTiO; substrates prepared with anneal
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¢ thus requires substrate temperatures of 500 °C,
which agrees with earlier work that observed a tran-
sition of the cubic FeSe phase into the hexagonal
and subsequently the tetragonal (3-FeSe phase upon
annealing to 200 and 300 °C, respectively [43].
RHEED and XRD obtained from FeSe growth on
SrTiO; prepared by recipe d in Fig. 1d for different Se
to Fe flux ratios of 2.5, 5.0, and 7.0 at a growth tem-
perature of 300 °C are shown in Fig. 3. For those three
samples, the Fe flux supplied was kept constant at
3.8x10" cm™ s7!, and the total deposited film thick-
ness was 20 UC. Although the substrate morphology is
strikingly different between the two substrate prepara-
tion recipes c and d as seen in Fig. 1, RHEED images
obtained from the substrate prepared by anneal d,
i.e., top row of Fig. 3 and the respective ones resulting
from anneal ¢, i.e., top row of Fig. 2, are close to identi-
cal and agree well with RHEED published for clean,
stoichiometric SrTiO; films with a (2 x 1) reconstruc-
tion [17, 45, 46]. As RHEED is reported to be sensitive
to the surface termination of SrTiO; on a macroscopic
scale with a (1 x 1) unreconstructed pattern for StO
and a c(4 x 4) reconstruction for TiO, termination, [17]
we can conclude that both surface preparation recipes
c and d yield mixed-terminated SrTiO;. FeSe growth
at 300 °C on SrTiO; prepared by recipe d results in

XRD

RHEED

B-FeSe
(001)

SrTiO,(100)

single-crystal diffraction streaks with a symmetry cor-
responding to [3-FeSe for all investigated Se to Fe flux
ratios. XRD reveals formation of solely 3-FeSe in all
samples shown in Fig. 3. The overall diffraction peak
intensity however decreases with decreasing Se to Fe
flux ratio.

While substrate preparation recipe c leads to mixed
[3/*-FeSe phases at 300 °C and the second phase for-
mation could only be suppressed at a temperature of
500 °C, recipe d yields single (3-FeSe phase formation
even at 300 °C. Substrate preparation thus plays a cru-
cial role for FeSe phase nucleation. Given that both
recipes ¢ and d produce mixed SrO/TiO,-terminated
SrTiO; surfaces, our results imply that a surface mor-
phology of atomic step terraces with 1 UC height and
smooth edges facilitate growth of solely [3-FeSe phase.
On the other hand, the higher-temperature furnace
anneal d might have been more effective in removing
surface absorbates, which could serve as unintentional
nucleation centers, thus leading to a cleaner starting
growth template promoting epitaxy and B-FeSe forma-
tion. While more in-depth studies of the chemical com-
position of the starting SrTiO; surface are necessary to
elucidate the mechanism of FeSe phase formation on
SrTiO;, this work outlines the importance of substrate
preparation for FeSe MBE growth.
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Figure 3 RHEED of SrTiO; prepared by anneal d top row and after 20 UC FeSe growth at 300 °C with Se/Fe flux ratios of 2.5, 5.0, and

7.0. XRD 20-w-scans obtained from the films on the left.
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Once the S5rTiO; surface preparation was optimized
to produce the desired -FeSe phase, we studied the
surface morphology of capped films, i.e., FeTe/FeSe
heterostructures. Figure 4 presents RHEED, XRD, and
AFM images of two samples with 20- and 50-UC thick
FeSe capped with 25- and 50-UC thick FeTe on SrTiO,
substrates, respectively. The FeSe layer was grown at
300 °C and a flux ratio of 4.5, whereas the FeTe cap
was grown at 250 °C, and a 4.5-times Te oversup-
ply. Both samples look comparably good in RHEED
before and after FeSe and FeTe growth with intense
diffraction streaks indicating single-crystal FeSe/FeTe
layer formation with smooth interfaces and surfaces.
XRD similarly shows single crystal layers of p-FeSe
and FeTe with a high degree of crystallinity as diffrac-
tion peaks up to the fourth order are visible for both
film and capping layers. However, AFM investiga-
tion reveals pronounced island formation and rough
surface topography reaching rms values of 9 nm. The
average height of the observed islands is 35 and 60 nm,
respectively, from the height scale of the AFM images.
Those values are equally large or larger than the total
nominally deposited heterostructure thickness, which
amounts to 28 and 60 nm, respectively, in the two sam-
ples. Therefore, one can assume that the dark spots,
i.e., lowest points observed in the AFM morphology
correspond to the bare SrTiO; substrate. Although the
islands possess large footprints up to lateral dimen-
sions of 500-800 nm, no continuous film forms on
the substrate but large, rectangular-shaped isolated
islands. Even for the 50-UC FeSe sample, the islands
are not fully coalesced over the entire sample area.

Such pronounced island formation behavior prohib-
its studying the transport properties on the presented
FeSe/FeTe heterostructures as films become electrically
insulating with decreased film or island coalescence.
While evident in AFM, signatures of the observed 3D
islands are notably absent in RHEED. This is likely
caused by the distinct mesa shape of the islands, where
the RHEED beam almost exclusively probes the ultra-
smooth island top surfaces only. Through the compa-
rably large lateral dimensions of the islands, and their
relatively small height deviations between individual
islands, they appear as a smooth and homogeneous film
in RHEED. Besides substrate preparation, homogeneous
wetting of the SrTiO; substrate by FeSe thus turned out
to be non-trivial. Coalesced layers with smooth enough
morphology that enable transport measurements were
only realized on freshly prepared, ultra-clean SrTiO,

substrates. In-situ RHEED analysis however proved
itself unsuitable to predict the FeSe growth quality.

Stoichiometry control in -FeSe by XRD

To study the stoichiometric composition of (3-FeSe films,
XRD scans of six samples, labeled samples A through F,
are compared in Fig. 5. This time, samples were grown
under different growth conditions on SrTiO; substrates
prepared by anneal d. All samples consist of an 18-UC-
thick FeSe layer capped at 250 °C with an 18-UC-thick
layer of FeTe. An overview of the FeSe growth condi-
tions is given in Table 1.

All samples show diffractions corresponding to
[-FeSe and FeTe up to the fourth order in XRD. The
peak intensities however show a consistent decrease
from sample A to F. This drop was captured by extract-
ing the peak intensity ratios of (001)/(002) for the
[-FeSe-related diffractions (001) and (002) as noted in
the fourth column in Table 1. Total XRD peak intensi-
ties were extracted experimentally by first removing the
background intensity of the 20-w-scan before fitting the
FeSe-related (001) and (002) diffraction peaks. The so
found integrated respective peak intensity was used to
calculate the (001)/(002) peak intensity ratio. Overall, we
see a drop from 65 in intensity ratio for sample A down
to 7 for sample F.

As changes in stoichiometry of any crystal translate
directly into changes of the XRD structure factor, struc-
tural calculations were performed for [3-FeSe to extract
the stoichiometry of the presented films. Assuming
the standard room temperature crystal structure (P4/
nmm) for B-FeSe with a=3.77 A and c=5.48 A, the peak
intensity ratios were then calculated as a function of Se
occupancy. This was implemented by first calculating
the structure factor, Fyx;, given by:

2 2
Frr = fre Z eZm(Hu,,+Kvn+Lwn) + foo Z 82nz(Hum+Kvm+me)
n=1 m=1

where f;, and fg, are the atomic form factors of iron
and selenium [47]; H, K, and L are the Miller indices
for a given Bragg peak; u, v, and w denote the atomic
positions for FeSe given by: Fe =(0,0,0), (0,0,1), Se = (0,
0.5, 0.26), (0.5, 0, 0.74). The intensity of each Bragg
peak was then calculated from:

I= IOLPAlFHKL|2
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Figure 4 RHEED, XRD,
and AFM images of -FeSe
layers with 20 and 50 UC
thickness capped with 25 and
50 UC FeTe on SrTiO;(001)
substrates grown at 300 °C,
respectively. The FeTe-
related diffraction peaks are
indicated by yellow banners.
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Figure S XRD 20-w-scans obtained from samples A through F
exhibiting decreasing XRD peak intensity ratios of FeSe(001)/
FeSe(002)-related diffractions from top to bottom.

Table 1 Substrate temperature [T, (FeSe)] and Se to Fe flux
ratio during FeSe growth, diffraction peak intensity ratios (001)/
(002) as extracted from XRD scans presented in Fig. 5, and cal-
culated Se contents of samples A through F

Sample T, Se:Fe flux ratio  (001)/(002) Se content
(FeSe)
§®)
A 500 4.5 65+5 0.95+0.01
B 500 4.6 30+3 1.04+0.01
C 400 4.0 26+3 1.06+0.02
D 300 3.7 30+3 1.04+0.01
E 350 3.7 2446 1.07+0.03
F 500 10.5 T+7 >1.20

where Lpy is the Lorentz polarization and absorption
correction.

The intensity ratios of first and second orders over
Se content in the 3-FeSe phase are shown in Fig. 6 by
the dark blue circles connected by a line. Although
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Figure 6 Overlay of the XRD peak intensity ratio FeSe(001)/
FeSe(002)-related diffractions versus Se content in the tetragonal
FeSe phase found by structural calculations in dark blue circles
connected with a line and experimentally obtained values from
samples A through F plotted as stars. The published Se content
range for superconducting films is highlighted by the yellow area.

the required stoichiometry for observing the super-
conducting properties in FeSe varies across different
reports, the maximum lower and upper published Se
content boundaries range from 0.90 to 0.99, respec-
tively [12, 38, 39, 41]. This range is highlighted in
Fig. 6 as Se content window required for accessing
the superconducting regime in yellow. Differences
between the values of individual reports are most
likely due to different experimental methods of eval-
uating the Fe and Se content.

Comparing the experimentally determined diffrac-
tion peak ratios given in Table 1 to the structural calcu-
lation presented in Fig. 6 allows us to extract the stoi-
chiometry of the films. The amount of Se for samples
A through F is given in the last column of Table 1 and
overlayed using star symbols in Fig. 6. Only sample A
shows a net Se deficiency of about 5 % and thus ranges
within the superconducting stoichiometry window.
Samples B to F contain more than 50 % Se in the FeSe
phase. For sample F, the experimental error bars only
allowed for the determination of a lower Se content
boundary of 1.20. Structural calculations thus suggest
that a diffraction peak intensity ratio (001)/(002) higher
than 30 is required in FeSe thin films to observe the
superconducting properties.

To test this result, temperature-dependent transport
measurements were taken on all samples as presented
in Fig. 7. The film sheet resistance was measured over
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Figure 7 Temperature-dependent transport data plotted in sheet
resistance versus temperature obtained for samples A through F.
The inset is enlarging the low-temperature behavior.

a range from room temperature down to (2—4) K for
samples A through F. The inset in Fig. 7 shows the
low-temperature region only for better visibility. Only
one of the six samples, sample A with the highest XRD
peak intensity ratio of 65, shows the expected super-
conducting transition temperature of about 9 K typical
for B-FeSe. Sample B exhibits the onset of a transition
into superconductivity but does not reach the zero-
resistance state in the probed temperature window.
For samples C to F, no phase transition is apparent in
the transport data. Figure 6 furthermore demonstrates
that no indication about the superconducting proper-
ties can be obtained from the film resistance values
at room temperature. These transport measurements
thus confirm the conclusions derived from the struc-
tural considerations implied by XRD analysis, namely,
that only sample A consists of the correct stoichiome-
try to exhibit superconducting properties. For all other
samples, however, growth conditions were at the edge
(sample B) and outside of the compositional window
for superconductivity in 3-FeSe. Although samples B
and D present identical stoichiometry, the error mar-
gin between the two samples allows for a difference
of 2 % in Se/Fe composition between the two samples.
This is likely the reason why sample B shows a clear
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transition toward a superconducting state while sam-
ple D does not.

Probing the structure factor of the (3-FeSe phase by
XRD gives a reliable indication about the supercon-
ducting properties of the film. Therefore, XRD can
serve as a powerful tool to probe the stoichiometry
in the B-FeSe layers, which is typically a much faster
and cheaper feedback loop for growth engineering
of superconducting 3-FeSe than time-consuming
temperature-dependent transport measurements.

Conclusions

In summary, this study demonstrated how sub-
strate preparation is essential in stabilizing the
[-FeSe phase. Mixed phase films were observed on
non-ideally prepared SrTiO;(001) surfaces under a
variety of growth parameters. However, exclusively
phase-pure 3-FeSe films were realized when grow-
ing on optimized SrTiO3(001) surfaces. The degree
to which the growth relies on a specific surface mor-
phology of atomically smooth terrace steps and a
sufficiently high degree of cleanliness of the starting
SrTiO;(001) surface remains to be answered. Surpris-
ingly, RHEED was shown to be unreliable for evalu-
ating the FeSe thin film morphology during and after
growth. This we attribute to the distinct mesa shape
of the observed FeSe and FeTe islands developing
under diverse growth parameters. XRD, however,
proved to be a powerful, fast, and accessible tool to
evaluate the stoichiometric composition of the FeSe
thin films and predict the superconducting proper-
ties of the synthesized films. According to our study,
an XRD (001)/(002) intensity ratio between 38 and
120 will indicate a Se content of 0.99 and 0.90, respec-
tively. In agreement with previous reports, FeSe
films with an intensity ratio within this window are
highly likely to exhibit superconducting properties.
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