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We present X-ray photoelectron spectroscopy studies of epitaxial layers of Sng.95Mng.o5Te/CdTe/GaAs(001)
— a ferromagnetic topological crystalline insulator. We demonstrate that by terminating the molecular beam
epitaxy growth of the layer with 20 nm crystalline Te cap one can protect the layer against oxidation at ambient
conditions and, after short thermal annealing in X-ray photoelectron spectroscopy chamber, obtain atomically
clean (001) surface of high crystal quality, suitable for angle-resolved photoelectron spectroscopy studies of surface

topological states.

DOI: 10.12693/APhysPolA.134.937
PACS /topics: 73.20.At, 75.50.Pp, 82.80.Pv

1. Introduction

SnTe as well as related substitutional solid solutions
Pb;_,Sn,Te and Pby_,Sn,Se are IV-VI semiconductors
recently recognized as topological crystalline insulators
(TCI). In these new topological materials with an in-
verted band ordering the mirror-plane crystalline sym-
metry protects surface electronic states with the Dirac-
like energy dispersion. Following theoretical proposal [1]
the experimental discovery was done with angle-resolved
photoelectron spectroscopy (ARPES) method applied to
atomically clean (001) surfaces obtained by cleaving the
crystals in ultrahigh vacuum [2-4]. This simple and
versatile method cannot be used for many important
topological systems, e.g. multilayer heterostructures or
poorly cleaving bulk materials, like lead and tin tel-
lurides. Therefore, developing the methods of analyzing,
modifying and protecting the surface of TCI layers is a
research task vital for future development of this field to-
wards functional electronic and optical heterostructures.

SnTe is a diamagnetic material that after incorpo-
ration of Mn magnetic ions, thus forming a diluted
magnetic (semimagnetic) semiconductor solid solution
Sny_,Mn,Te, exhibits the carrier-induced ferromag-
netism [5-7]. An interplay of topological and ferromag-
netic properties of Sn;_, Mn, Te constitutes a new field of
research. As the growth of bulk Sn;_,Mn,Te monocrys-
tals with good cleaving properties is very challenging, we
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use thick epitaxial layers of Sn;_,Mn, Te with removable
Te capping for transportation between growth facilities
and external experimental setups equipped with suitable
UHV preparation chamber that permits annealing treat-
ment. This approach was recently successfully tested for
nonmagnetic Pby_,Sn,Te and Pb;_,Sn,Se IV-VI topo-
logical substitutional alloys [8]. However, the incorpora-
tion of Mn ions in IV-VI materials — a necessary step
in preparing magnetic TCI materials — brings an impor-
tant problem of possible formation of several known Mn
oxides or tellurides. Mn ions chemically bound in these
compounds would not participate in the formation of
ferromagnetic state as this requires substitutional Mn2*
ions coupled by p—d exchange interaction to conducting
holes [5-7]. In this work we present our findings obtained
by conventional X-ray photoelectron spectroscopy (XPS)
study of Sn; _,Mn, Te epitaxial layers protected from ox-
idation with very thin tellurium cap.

2. Experimental

Sny_,Mn,Te (z = 0.05) layers were grown by molec-
ular beam epitaxy (MBE) using effusion cells with com-
pound (SnTe) and elemental (Mn and Te) sources. As the
substrate GaAs (001) wafer with 0.5° miscut overgrown
by CdTe thick (4 pum) buffer layer was used. The growth
process of Sn;_,Mn, Te was carried out at substrate tem-
perature of about 350°C and, after reducing the sub-
strate temperature to 25°C, it was terminated with de-
position of 20 nm thick Te cap. The Sn;_,Mn,Te layers
were covered by either amorphous (a-Te) or crystalline
(c-Te) capping layer. The growth of the layers and the
cap was monitored n situ by reflection high energy elec-
tron diffraction (RHEED) method. The layer prepared
in such a way was transferred in ambient air environment
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into ultra-high vacuum system of the XPS facility where
it was subjected to various annealing procedures. The
XPS, atomic force microscopy (AFM), and X-ray diffrac-
tion (XRD) methods were applied to investigate the elec-
tronic structure, chemical composition, and structural
properties of the (001) surface of Sny_,Mn, Te layer. The
XPS and low-energy electron diffraction (LEED) data
were acquired in an UHV Scienta/Prevac spectrometer
system described previously in Ref. [9]. The XPS stud-
ies were performed using a monochromatic Al K, ra-
diation (hv = 1486.6 €V) from an X-ray source (Scien—
taVG, MX650) irradiating a spot size of 6 x 2 mm?. The
high resolution (HR) XPS spectra were collected with the
hemispherical analyzer (ScientaVG R4000) at 0° (60°)
take-off angle to the surface’s normal with a pass energy
of 200 eV and an energy step size of 0.15 eV. Let us note
that for the used spectrometer a set-up FWHM of Ag 3d
line is < 0.58 V. Binding energies (BE) of the photoelec-
trons were calibrated using gold 4f7/, line (84 eV). The
CasaXPS software (version 2.3.17) was used to evaluate
the XPS data [10]. The LEED images were recorded with
a fluorescence screen. The primary electron beam volt-
age was 100 eV. The heat treatment was performed in a
vacuum of 1079 mbar up to T = 250-290°C for 20 min
duration. These temperature/time limits were set based
on previous RHEED investigations.

3. Results

The good quality of crystal structure of Sn;_,Mn,Te
layers with Te cap was confirmed by XRD investiga-
tions. The w/26 scans revealed sharp Bragg peaks of the
zinc-blende GaAs/CdTe (001) substrate and the rock-
salt Sny_,Mn,Te (001) layer as well as additional peaks
due to (101) oriented tellurium cap. Next, Te-capped
Sny_,Mn,Te samples had been reintroduced into vac-
uum chamber and were checked by XPS (see Figs. 1, 2:
before annealing (BA)) and then annealed at 250-290°C
for 20 min to decap the pure tellurium layer. The temper-
ature was measured with a thermocouple attached to the
sample holder. Following this process, LEED patterns,
such as the one shown on the inset in Fig. 1 (bottom),
revealed the Sn;_,Mn,Te (001) crystal surface while the
XPS spectra confirmed that the tellurium cap layer was
entirely removed.

Let us discuss the results for Te and Sn 3d lines rep-
resented in Figs. 1, 2 in more details. The presented
data are background subtracted and normalized to the
maximum of Te 3ds/, and Sn 3ds, peak intensity, for
clarity. It should be noticed that in the sample 2 af-
ter the annealing treatment, the manganese 2p line was
also registered (BE: &~ 640.90+0.15 €V corresponding to
Mn?2* in MnTe-like semiconductor materials [11]). Due
to the low statistics of these data and the fact that in-
vestigation of these electron states is out of the scope of
this short paper we do not present them here.

Before the annealing treatment one can distinguish two
distinctive components for sample 1 corresponding to the
metallic tellurium, Te® (BE: 572.92+0.15 eV), and Te in
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Fig. 1. XPS spectra for sample 1 (Sni—,Mn,Te cov-
ered by c-Te thin film): (top) Te 3d states before an-
nealing (BA, 0° take off angle), after 20 min annealing
(AA) with 60° take off angle; (bottom) Sn 3d states
with the same conditions like above. In the inset of
the bottom figure the LEED pattern of the annealed
Sni_zMn,Te (001) surface is shown.

tellurium oxide (BE of 3d5/5: 576.40 & 0.15 eV; marked
ox” in Fig. 1 (top)). The observed “chemical shift” is an
effective indicator of the charge transfer between O 2p
and Te 3d states. Before annealing, signal that corre-
sponds to Sn (see Fig. 1 (bottom, black opened circles)),
is not visible making clear that signal is collected from
c-Te cap layer only. The Te 3d5/; line is shifted to higher
BE for ~ 0.6 €V as a result of annealing process. Esti-
mated BE of Te 3d5 /5 line is 572.28 £0.15 eV correspond-

ing to the anion state, i.e. Te?~ in SnTe and is identi-
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Fig. 2. XPS spectra for sample 2 (Sni_,Mn,Te cov-
ered by a-Te thin film): (top) Te 3d states before an-
nealing (BA, 0° take off angle), after 20 min annealing
(AA, 0° take off angle); (bottom) Sn 3d states with the
same conditions like above.

cal with the ones reported by Shalvoy et al. [12]. An
important observation is that oxygen component, thus
Te-oxide/s, is absent here. Such an observation is true
also for Sn 3d (see Fig. 1: bottom, after annealing (AA)
treatment). To concentrate more on the topmost surface,
extra measurements were done. XPS signal was gath-
ered in angle resolved regime (with photoelectrons “take
oftf” angle of 60° (details of such measurements could be
found, for instance, in Ref. [9]). For that geometry Sn 3d
states revealed minor contribution of oxygen bonded to
tin atoms (at level < 1%). Consequently, minor part of
tin atoms at the surface is oxidized, despite the remain-

ing tellurium at the surface which does not react with
oxygen. The authors suggest that the observed oxygen
originates from contamination. As it is well known, the
main source of contamination in the vacuum system is
the residual gas. From the molecular-kinetic theory of
gases, the number of particles striking the sample sur-
face could be presented in the following form:

RTa 1/2 - p 1/2
ngN(27TM> ~ 3.5 x 10 (m)

where R is the gas constant, T, is the absolute temper-
ature, M is the molecular weight, p is the gas pressure
in Torr. Consequently, if it is assumed that a monolayer
contains 3 x 10 particles/cm?, the average molecular
weight is M = 28, and T, = 300 K, we obtain n, = 10%p.
This means that at the pressure of 10~ Torr, the number
of molecules per second is enough to form a monolayer.
Following this explanation and taking into account work-
ing pressure during the XPS experiment and time needed
for the data collection (a few hours per one examined
photoelectron line), we can conclude that the observed
oxygen is a contamination at Snj_,Mn,Te surface. Such
an explanation is not applicable for sample 2, where Sn-
oxide contribution is significant both before and after the
annealing treatment (see Fig. 2 (bottom)).

The behaviour of the Te 3d line (before and after the
annealing procedure) for sample 2, coated with amor-
phous tellurium, is quite similar to sample 1 (see Figs. 1
and 2). Opposite is true for Sn 3d photoelectron peak,
where contribution of Sn?* cationic state, BE is 485.34+
0.15 eV, close to the BE in SnTe [11, 13|, goes together
with a signal from the Sn-oxide (marked “ox” in Fig. 2).
Following annealing the intensity of this signal decreases,
but even then, the content of Sn-oxide fraction is consid-
erable. It is important to note that signal of Sn 3d line in
sample 2, compared as opposite to the case of sample 1
is visible even before annealing treatment. This observa-
tion allowed suggesting that a-Te cap layer grown on the
Sny_,Mn,Te interface is in the form of non-coalescing
tellurium islands (with thickness < 10 nm). This hypoth-
esis was finally confirmed by AFM measurements (data
are not presented here). Consequently, opened spaces
between these islands enabled the more chemically ac-
tive tuning Sn;_,Mn,Te layer to bound with oxygen in
the atmospheric conditions (i.e. during transfer of the
samples to UHV chamber).

4. Conclusions

The method for preparing a clean surface of
MBE grown layer of topological crystalline insulator,
Sny_,Mn,Te, was investigated by XPS spectroscopy. It
was found that cleaning by the temperature annealing at
250-290 °C for 20 min removed the oxidized crystalline c-
Te cap layer (sample 1), making ARPES measurements
of surface electronic states possible. It was also found
that due to different growth mode and different surface
morphology observed by AFM in sample 2 deposition of
a thin amorphous layer (< 10 nm) a-Te was not enough
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to cover whole surface of Sn;_,Mn,Te layer. As a re-
sult, the a-Te cap layer in the investigated sample was
not sufficient to protect TCI surface and huge fraction
of Sn bonded to oxygen was clearly seen. The proce-
dure developed and studied here provides a very sim-
ple access to atomically clean (001) topological surfaces
of MBE-grown ferromagnetic TCI materials based on
Sny_,Mn,Te without necessity of using destructive ion
sputtering.
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