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We report the growth process of FeTe;_;Se, (0 < z < 1) monolayer films on SrTiOs (STO) substrates through
molecular beam epitaxy and discuss the possible ways to improve the film quality. By exploring the parameters
of substrate treatment, growth control and post growth annealing, we successfully obtain a series of FeTei_,Se;
monolayer films. In the whole growth process, we find the significance of the temperature control through surface
roughness monitored by the reflection high-energy electron diffraction and scanning tunneling microscopy. We
obtain the best quality of FeSe monolayer films with the STO substrate treated at T = 900-950°C before growth,
the FeSe deposited at T = 310°C during growth and annealed at T = 380°C' after growth. For FeTe;_.Se,
(x < 1), both the growth temperature and annealing temperature decrease to T = 260°C. According to the angle-
resolved photoemission spectroscopy measurements, the superconductivity of the FeTe,_,Se, film is robust and
insensitive to Se concentration. All the above are instructive for further investigations of the superconductivity

in FeTe,_.Se, films.

PACS: 74.70.Xa, 61.05.jh, 68.37.Ef

Among the iron-based superconductors, the
FeTe;_,Se, system is of particular interest.[' ! It has
the simplest PbO structure (P4/nmm)>% with its
internal parameters systematically tuned by the sub-
stitution of Te by Se,l’”“! which is helpful to study
superconducting mechanisms. The superconductivity
in FeTe;_,Se, has been observed in a wide range of
compositions,” ¥ with its maximum superconducting
transition temperature T, ~ 14.5 K and superconduct-

ing gap A ~ 1.7meV at z = 0.4.0-%10-23] The su-
perconducting transition temperature can be further
enhanced by pressure up to 37 K.[**~29 Further in-

terestingly, FeTe;_,Se, is also a candidate system of
topological superconductor in which a topologically
nontrivial band inversion takes places near the Fermi
level (Fr) around the Z point,!'”) when the supercon-
ductivity maintains.

The superconducting transition temperature is
greatly enhanced on monolayer FeTe;_,Se,/STO
films. Previous low-temperature scanning tunnel-
ing microscopy (STM) and scanning tunneling spec-
troscopy (STS) studies [*”) show the significantly en-
hanced superconducting gap up to 16.5meV in a
wide composition range (0.1 < z < 0.6) of 1UC
FeTe;_,Se,/STO films, with T, up to above 40K.
Meanwhile, the double and thicker FeTe;_,Se, films
do not show any sign of superconductivity down
to 5.7K. Recently, the angle-resolved photoemis-
sion spectroscopy (ARPES) results indicate that the
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FeTe;_,Se,; monolayer films with low Se concentration
are high-temperature connate topological supercon-
ductors in which band topology and superconductiv-
ity are integrated intrinsically.l”l Thus growing high-
quality FeTe;_,Se,/STO monolayer films is crucial
for the study of the high-temperature topological su-
perconductors.

In this Letter, we report the detailed growth pro-
cess and discuss the possible ways to improve the qual-
ity of FeTey_;Se,/STO(001) monolayer films at var-
ious substitution levels (z = 0, 0.27, 0.33, 0.55, 0.76
and 1). We find that for the growth of FeSe mono-
layer films, the best treatment temperature of the
STO substrate is at around 950°C, the growth tem-
perature at 310°C and post growth annealing temper-
ature at 380°C. For the FeTe;_,Se, (z < 1), the STO
treatment temperature is also around 950°C, while
the growth temperature and annealing temperatures
both decrease to 260°C. We also study the detailed
band structure of FeTe;_,Se,/STO monolayer films
by ARPES measurements. We observe clear electron
bands around M point in FeTe; _,Se, /STO monolayer
films for x > 0.27, and the superconducting gap fea-
ture with transition temperature T, ~ 55 K.

Monolayer films of FeTe;_,Se, were epitaxially
grown on 0.7wt% Nb-doped STO(001) substrates
by the similar process as FeSe/STO(001) described
in our previous work.””l High-purity Fe(99.98%),
Te(99.99%) and Se(99.999%) sources were co-
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evaporated from the Knudsen cells. FeTe;_,Se,
monolayer films were obtained with various Se con-
centrations. Different Se concentrations are tuned by
the flux ratios between Se and Te, which were mon-
itored by quartz crystal balance. The Se concentra-
tions of the films were estimated based on Vegard’s
law(*"%!] and theoretical calculations!”! (shown in the
supplemental material).

After growth, the FeTe;_,Se, monolayer films
were annealed to improve crystallinity. The qual-
ity of films was identified in situ by the reflection
high-energy electron diffraction (RHEED), STM and
ARPES. The base pressure was 3 x 1071° Torr in the
molecular beam epitaxy (MBE)/STM chamber and
better than 3 x 107! Torr in the ARPES chamber.
ARPES measurements were performed in the same
combined system using an R4000 analyzer with a he-
lium discharge lamp. The energy resolution was set
to 5meV for gap measurements and 10meV for the
band structure as well as FS mapping. The angular
resolution was set to 0.2°.

Fig. 1. (Color online) (a)—(e) RHEED patterns of 0.7 wt%
Nb-doped STO surface after treated at Tmax = 700°C,
800°C, 850°C, 950°C and 1150°C, respectively. (f)—(j) The
corresponding STM images of (a)—(e), respectively.

High-quality substrate with atomically flat sur-
face is necessary to grow ultra-flat FeTe;_,Se,/STO
monolayer films. Thus we performed precise calibra-
tion on substrate treatment prior to deposition and
found that the surface smoothness of STO depends
on the maximum treatment temperature (Tinax). At
Timax = 700°C, a blurred RHEED pattern is observed
and no clear STM image is found, indicating a rough
surface, as shown in Figs. 1(a) and 1(f), respectively.
With the increase of Tyax to 800°C and 850°C, the
sharpness of RHEED pattern and clarity of the ter-

race increase, as shown in Figs. 1(b), 1(c), 1(g) and
1(h). The optimal condition reaches Ty = 950°C,
which yields a sharp RHEED pattern and well aligned
terrace, as shown in Figs. 1(d) and 1(i), respectively.
With further increasing the treatment temperature,
the surface quality starts to degrade. This could
be identified at Tiax = 1150°C, the sharp stripes
disappear with the appearance of bright spots, as
shown in Fig.1(e) and STM image shows that lay-
ers were bunched, Fig.1(j), indicating a rough sur-
face. According to Fig. 1, the most appropriate maxi-
mum treatment temperature of the STO substrate is
Tmax ~ 950°C.

FeTe

AT: 255C 11h

380 ‘C 2.5h

Fig. 2. (Color online) The RHEED patterns of (a) the
FeTe films deposited on the STO at GT = 245°C, 265°C
and 330°C, respectively. On the right panel, the upper
right corner image is the zoomed view of the white box.
(b) FeTe films annealed at AT = 190°C for 16.5h, 260°C
for 16 h and 310°C for 1h, respectively. (c) FeSe films de-
posited on the STO at GT = 290°C, 310°C and 405°C,
respectively. (d) FeSe films annealed at AT = 255°C for
11 h, 380°C for 2.5h and 450°C for 1h, respectively. The
bright dots pointed by the arrows are marks of Fe islands
due to Se loss. The straight lines between the bright dots
are corresponding FeSe (FeTe) films.

Table 1. The growth process of monolayer FeTe;_,Se, (z =0, 0.27, 0.33, 0.55, 0.76 and 1). The STO (Nb: 0.7%) treatment, film
deposition, film annealing and superconducting gap are listed. FeTe1_,Se, (z > 0.27) are superconductors with gaps feature.

Sample Index STO treatment

Film deposition

Film annealing SC gap

#1 FeTe
#2 FeTeg.735e0.27

950°C for 1.5h
900°C for 0.5h

STO at 265°C, Fe at 1225°C, Te at 210°C
STO at 260°C, Fe at 1232°C, Te at 232°C, Se at 68°C 230-260°C for 14.5h yes
#3 FeTeg 67Sep.33 950°C for 1.5h STO at 261°C, Fe at 1230°C, Te at 230°C, Se at 69°C

265°C for 5h N/A

250°C for 12h yes

#4 FeTeg.455€e0.55 900°C for 0.5h STO at 253°C, Fe at 1232°C, Te at 232°C, Se at 74°C 220-250°C for 12.5h  yes

#5 FeTeg.24Sep.7¢ 900°C for 0.5h
#6 FeSe 950°C for 1.5h

STO at 260°C, Fe at 1230°C, Te at 225°C Se at 80°C
STO at 310°C, Fe at 1220°C, Se at 86°C

250°C for 6 h yes
380°C for 2.5h yes

We further investigate the growth and annealing
conditions of the FeTe and FeSe films. FeTe films de-
posited on STO substrates at different growth temper-
atures (GT) are shown in Fig.2(a). With increasing
GT from T = 245°C to 265°C, stripes in RHEED im-

age become brighter and sharper. With higher growth
temperature, segregation of Fe islands due to the loss
of Se atoms will happen,*?**] as demonstrated by the
RHEED of FeTe on STO(110), with GT = 330°C, as
shown in the right panel of Fig. 2(a). The growth con-
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trol of the FeSe films is compared in Fig. 2(c). The low
growth temperature (GT = 290°C, GT = 310°C) and
high temperature (GT = 405°C) are compared and the
optimal growth condition are reached at GT = 310°C.

After growth, the FeTe films are annealed at an-
nealing temperature (AT) 260°C for 16h (Fig.2(b))
and FeSe at AT = 380°C for 2.5h (Fig.2(d)) to in-
crease the crystallinity. Lower annealing tempera-
ture (e.g., AT = 190°C for FeTe in Fig.2(b) and
AT = 255°C for FeSe in Fig.2(d)) will lead to weak
stripes indicating low crystallinity. Higher annealing
temperature (e.g., AT = 310°C for FeTe in Fig.2(Db)
and AT = 450°C for FeSe in Fig.2(d)) will introduce
Fe islands. According to these observations, we ob-
tain the optimal growth and annealing temperature
of FeTe and FeSe films. Both the optimal GT and AT
of the FeTe films are lower than those of FeSe films.
These results can be further applied to the growth of
FeTe;_,Se, films.

x =0.33

x = 0.55

z =0.76

Fig. 3.

(Color online) RHEED images of FeTej_Sey
monolayer with x = 0, 0.27, 0.33, 0.55, 0.76 and 1, after
substrate treatment (a1)—(ae), film deposition (bi)—(bs)
and film annealing (c1)—(cg).

Table 1 lists the detailed growth process of 1UC
FeTe;_,Se, /STO with « = 0, 0.27, 0.33, 0.55, 0.76,
1 labeled by #1-#6, respectively. The growth pro-
cess has three stages: STO treatment, film deposition
and film annealing. At the first stage, STO substrates
with atomically flat surfaces are heated at maximum
temperature Ty,.x = 900-950°C for 0.5-1.5h in accor-
dance with Fig. 1. At the second stage, during deposi-
tion, Fe source stays at 1225°C (£10°C). To tune the
Te/Se flux ratio, the temperature of Te (210-230°C)
and Se (60-90°C) sources varied according to the mea-

surement of quartz crystal balance. The substrate
temperature is GT = 310°C during depositing FeSe
monolayers, and the GT decreases to 260°C (+10°C)
with the decrease of Se concentration, in agreement
with Fig.2. After the growth, the film is annealed
at AT=380°C for FeSe, and AT decreases to 260°C
(£10°C) with the decrease of Se concentration, in
agreement with Fig. 2.

Through the growth process, the RHEED with
—15kV and —26 A was used to monitor the qual-
ity of films in real time. The RHEED patterns of
STO substrates after treatment for samples #1—#6
are shown in Figs. 3(a;)-3(ag), FeTe; _,Se, films after
deposition shown in Figs.3(b1)-3(bs) and after post
growth annealing shown in Figs. 3(c1)-3(cg), with the
parameters described in Table 1. Under these growth
conditions, we can observe sharp stripes of RHEED
pattern after growth and annealing, which indicate
atomically flat surfaces with excellent crystallinity. No
extra spots as pointed arrows in Fig.2 are observed,
suggesting no significant Fe island forming in the films.
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Fig. 4. (Color online) (a) The topographies of
FeTei_,Ser (x = 0, 0.27, 0.55 and 1) monolayer films.
(b) The corresponding line profile along the cuts in im-
ages (a). (c¢) The topographies of the corresponding sub-
strates of FeTe1_Se, (z = 0, 0.27, 0.55 and 1). (d) The
corresponding line profile along the cuts in images (c).
Subscripts 1-4 mark x = 0, 0.27, 0.55, 1, respectively.

The STM images of 1UC FeTe;_,Se,/STO with
xz = 0, 0.27, 0.55 and 1, and their corresponding of
STO substrates are shown in Fig.4. Figures 4(a;)-
4(a4) illustrate the topographies of 1UC FeTe;_,Se,
films with various Se concentrations, and the topogra-
phies of STO substrates are also shown in Figs. 4(cq)—
4(cy), respectively. The height profiles are shown in
Figs. 4(b;)-4(b4) and 4(d;)-4(d4) accordingly. From
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the STM images and their corresponding height pro-
file of the films, atomically flat surface with size up
to few hundred nm could be obtained, with terrace
height about few angstrom, consistent with the lat-
tice constant of a FeSe/Te monolayer films. We also
noticed few bright spots and black dots on FeTe;_,Se,
films, as shown in Figs.4(aj)—4(a3). The bright
spots, mainly seen in Figs. 4(as) and 4(a3), are multi-
layer FeTe;_,Se,. However, the black dots shown in
Figs.4(a;) and 4(az) are material loss, which can also
be identified by the sharp narrow dip in Figs. 4(by) and
4(bg). These multilayer formations and deficiencies
are common phenomena in the layer-by-layer growth

z=0.27 z=0.33 =0.55 =0.76 z=1
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Fig.5. (Color online) (a) Evolution of ARPES intensity
plots around M at 12K (+2 K), recorded with unpolarized
He I photons (21.212eV), with z = 0, 0.27, 0.33, 0.55, 0.76
and 1. (b) Second derivatives intensity plots of (a). (c)
Temperature evolution of the EDCs at the kg point of the
electron F'S around M for each sample. The red curves
correspond nearly to the gap closing temperature.

We performed ARPES studies on a series of
FeTe;_,Se, /STO monolayer films. Figure 5(a) shows
the band structures around M(w,0) at T = 12K
(£2K) with Se substitution z = 0, 0.27, 0.33,
0.55, 0.76, 1, respectively. Figure 5(b) is the cor-
responding second derivatives of Fig.5(a). We can
see obvious electron bands below Er at M (m,0) in
FeTe;_,Se, /STO monolayer films. With the increase
of Se concentration, the band intensity increases and
the down-shifts of band bottom are observed. The
extracted band mass decreases with the increase of
Se substitution, but with negligible change of ky,*!
suggesting the iso-valence substitution of Te by the
Se atom. Figure 5(c) shows the energy distribution
curves (EDCs) at kp of FeTe;_,Se, /STO monolayer
films with different Se concentrations. From these
EDCs, at the low temperature, FeTe; _,Se, (x > 0.27)
monolayer film shows similar superconducting gap fea-
ture and closing temperature T, =~ 50-60 K defining
by the disappearance of superconducting coherence
peakl”!] (symmetrized EDCs shown in Fig. 5(s1) in the
supplemental material). Among all the Se concentra-
tions, the FeSe/STO (z = 1) monolayer film has the
best defined superconducting quasi-particle peak. The

EDC coherent peak degrades with the decrease of Se
concentration, which may be due to enhanced electron
correlations!®*"! or antiferromagnetic fluctuations.*"!

In summary, we have studied the MBE growth
of high-quality FeTe;_,Se, monolayer films on STO
(001) substrates. We illustrate the influence of sub-
strate treatment, growth and annealing temperature
on the quality of the films. We obtain the optimal
conditions for substrate treatment temperature and
FeTe, FeSe films growth and annealing temperatures.
With these conditions, we successfully grow a series
of FeTe;_,Se, monolayer films with various Se con-
centrations. Both RHEED and STM topographies re-
sults suggest high quality of the films. From ARPES
measurements, the electron bands near M (7, 0) and
the observation of superconducting gap feature also
suggesting the high quality of the FeTe;_,Se, mono-
layer films. This research is instructive for further im-
provements in the crystallinity and surface roughness
of FeTe;_,Se, monolayer films with possible high-
temperature topological superconductivity occurring
at a low Se concentration.
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Definition of Se concentrations:

We have grown samples with different Se concentrations by tuning the flux ratios
between Se and Te, which were monitored by quartz crystal balance.

According to Vegard's law [1] [2] and theoretical calculations [3] on FeTei«Sex thin
films, band positions (electron band bottom or hole band top) at I" should vary linearly
with Se concentrations. Thus, we measured the band positions at ' of different flux
ratios. To make the band positions linearly with the Se concentrations, we multiplied
all the different flux ratios by a same factor, and the results (shown in fig.S1) correspond

to the Se concentrations of our manuscript.
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Fig.S1. Evolution of the band positions at I [4]. The
electron-like band position of FeSe/STO is adapted from
Ref. [5].



Figure S S1:
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(a) Evolution of ARPES intensity plots around M at 12 K(22 K), recorded with
unpolarized He Ia photons (21.212 eV), with x = 0, 0.27, 0.33, 0.55, 0.76, 1.

(b) second derivatives intensity plots of (a). (c) Temperature evolution of the
symmetrized EDCs at the kr point of the electron FS around M for each sample. The
red curves correspond nearly to the gap closing temperature.
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