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The behavior of ternary mixed crystals or solid solutions and its correlation with the properties of their
binary constituents is of fundamental interest. Due to their unique potential for application in future
information technology, mixed crystals of topological insulators with the spin-locked, gapless states on
their surfaces attract huge attention of physicists, chemists and material scientists. (Bi;_,Sb,),Tes solid
solutions are among the best candidates for spintronic applications since the bulk carrier concentration
can be tuned by varying x to obtain truly bulk-insulating samples, where the topological surface states
largely contribute to the transport and the realization of the surface quantum Hall effect. As this ternary
compound will be evidently used in the form of thin-film devices its chemical stability is an important
practical issue. Based on the atomic resolution HAADF-TEM and EDX data together with the XPS results
obtained both ex situ and in situ, we propose an atomistic picture of the mixed crystal reactivity
compared to that of its binary constituents. We find that the surface reactivity is determined by the
probability of oxygen attack on the Te-Sb bonds, which is directly proportional to the number of Te
atoms bonded to at least one Sb atom. The oxidation mechanism includes formation of an amorphous
antimony oxide at the very surface due to Sb diffusion from the first two quintuple layers, electron
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tunneling from the Fermi level of the crystal to oxygen, oxygen ion diffusion to the crystal, and finally, slow
Te oxidation to the +4 oxidation state. The oxide layer thickness is limited by the electron transport, and
the overall process resembles the Cabrera—Mott mechanism in metals. These observations are critical not
only for current understanding of the chemical reactivity of complex crystals, but also to improve the per-
formance of future spintronic devices based on topological materials.
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reactions is a function of many factors, such as crystal structure,
quantity of point defects, density of linear, planar and volume
defects, crystal purity etc., with the composition being the most
important parameter. Within the same class of binary materials,
the trends in reactivity are already established: the reactivity is
higher for compounds composed of lighter cations and heavier
anions,'™® with the main factor being the higher energy benefit
for oxygen to form specific bonds. However, a question remains
open: can the overall reactivity of mixed crystals (A; _,B,)C, both
solid solutions and ordered phases, be predicted from the
behavior of their constituents? On the one hand, for solid
solutions a gradual change in reactivity from the typical value
of AC to that of BC is anticipated, with the more reactive
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component playing the major role in reactivity. It can be
explained by the formation of oxygen bonds with the more
reactive component and its surface segregation.” On the other
hand, for dilute solid solutions the local environment of the
impurity atoms B is formed by the foreign lattice AC, which can
potentially make the B atoms vulnerable to a chemical attack.
To the best of our knowledge, there is no theoretical basis or
phenomenological approach to describe the reactivity of mixed
crystals from the properties of their counterparts as a function
of their composition.

Generally, solid solutions are attractive in many fields since
their properties can be smoothly tuned by varying the composi-
tion. This is widely used for fine adjustment of electronic,
magnetic, mechanic and many other material properties, for
instance, to control precisely both the optical band gap and the
lattice constant (or mismatch) in light-emitting diodes (LEDs),
or to realize topological p—n junctions through compositionally
graded doping for spintronics. In this context, mixed crystals
of topological insulators are of special interest. While gapped
in the bulk due to the strong spin-orbit coupling, topological
insulators are characterized by spin-locked gapless states
occurring at their surfaces or interfaces with trivial insulators,
i.e. the so-called topological surface states (TSSs).* "> However,
one of the major challenges for the utilization of topological
insulators in the future information technology is the suppression
of their residual bulk conductance, which outbalances the surface
contribution. Therefore, to disentangle the contribution from
TSSs in emergent transport phenomena, and, consequently, for
device applications, it is necessary to place the Fermi level (FL)
within the bulk energy gap. Conversely, the most studied
topological insulators including Bi,Se;, Bi,Te; and Sb,Te; are
degenerated semiconductors that exhibit metallic conductivity
dominated by bulk carriers originating from the native defects
and nonstoichiometry.'®"”

Many efforts to shift the Fermi level inside the bulk band gap
by electron or hole doping."®>" Only in few of such experiments,
however, the contribution from the TSS has been clearly observed
in the transport measurements,*® thus leading to the realization
of the surface quantum Hall effect."® Nevertheless, full control of
the surface-dominated transport in topological insulator systems
is still a challenge. The simplest quasibinary system to meet these
requirements is naturally Bi,Se;-Sb,Te;,”* where the Fermi level
can cross the Dirac point. This condition, however, can be also
realized for the (Bi;_,Sb,),Te; solid solutions if we use the
chalcogen-rich side to get the n-type conductivity for Bi,Te; and
for Biy(Se;_,Te,); if the p-type Bi-rich Bi,Te; is a counterpart.”
Recently, large bulk resistivity values were reached for a Bi-based
ternary compound, Bi,Te,Se.** Clear signatures of the helical
surface states were observed, including the spin polarization
found by spin-resolved angle-resolved photoemission spectro-
scopy (SR-ARPES),* the non-trivial Berry phase in quantum
oscillations, and unique scattering properties of electrons
observed by scanning tunneling microscopy (STM).>*2¢

For (Bi;_,Sb,),Te; the TSSs exist over the entire range of
x with the reduction of the bulk carrier density near the truly bulk-
insulating state occurring for certain intermediate composition.>”
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This fact renders (Bi; ,Sb,),Te; solid solution one of the most
important candidate materials to be used in the form of thin
films for future applications, its stability during preparation
and device operation is an important practical issue. Therefore,
here we choose this system to systematically investigate the
fundamental question regarding the reactivity of mixed crystals
towards oxygen and its correlation with the reactivity of their
constituents, less reactive Bi,Te; and more reactive Sb,Te;,
using a multi-technique approach that probes chemical reac-
tions at the atomic scale.

Results and discussion
Surface vs. bulk properties

The electronic band structure of the (Bi;_,Sb,),Te; crystals near the
I’ point of the surface Brillouin zone is displayed in Fig. 1la-e. In
detail, we observe intensity contributions from the TSS, bulk-
conduction and valence band states and a progressive upward shift
of the Dirac point which is in line with the previous experimental
and theoretical findings.”**” For x = 0 (.e. Bi,Te;) the Fermi level is
located in the bulk-conduction band, while for x = 0.55 it is already
inside the bulk band gap. At x = 0.8 the Fermi level is very close to
the Dirac point, and beyond this composition the crystals become
strongly p-doped. At the extreme x = 1 the TSS is entirely located
above the Fermi level (Fig. 1f). In addition, we clearly observe how
the position of the TSS relative to the bulk valence and conduction
bands changes evenly from Bi,Te;, for which the Dirac point is
buried in the bulk-valence band, to Sb,Tes;, where the Dirac point is
above the middle of the gap, with the corresponding upward shift
reaching ~400 meV (see Fig. 1g and h). This is accompanied by
an increase in group velocity of Dirac fermions within the TSS from
31x10°ms "to5x 10 ° ms " (Fig. 1i).
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Fig. 1 Clean surfaces of (Bi,Sb),Tes: (a—e) The ARPES data for (Bi;_,Sb,),Tes
of different composition obtained at a photon energy of 6 eV at 298 K;
(f) the Dirac cone for clean Sb,Tes(111) obtained above the Fermi level
following excitation by infrared fs-laser pulses. (g and h) The concentration
dependence of the energy distance between (g) the Fermi level and the
Dirac point, (h) the Dirac point and the top of the valence band and (i) the
concentration dependence of the group velocity of Dirac fermions within
the topological surface state.
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The (Bi;_,Sby),Te; film samples reported earlier behave
differently.>’° For instance, for 8-56 nm thin films deposited
on Si(111),%® the ARPES data demonstrate that the FL is located
within the bulk band gap for x = 0.8-0.9. At the same time, the
transport measurements revealed low bulk carrier concen-
tration for samples with x = 0.40-0.45. The authors attributed
this discrepancy®® to the fact that ARPES is a highly surface
sensitive method, while electrical transport probes the entire
system that can behave substantially different. There is general
consistency between other data obtained for films grown by
molecular beam epitaxy (MBE) on different substrates. Thuswise,
for films grown on sapphire(0001) the insulating state was
observed for x = 0.95 both by ARPES and Hall measurements.>”
For MBE films grown on highly doped Si(111) substrates, the
Dirac point was found to be within 10 meV around the Fermi level
for x = 0.94. Besides, contributions from the bulk bands inter-
secting the Fermi level were not observed. For films on mica
substrates a maximum of the sheet resistance was obtained for x =
0.957, indicating minimization of the bulk conductivity at this
composition.*® Besides, the authors*® observed weak antilocaliza-
tion with a coefficient of —0.43, which evidences the existence of
two-dimensional (2D) surface states, and Shubnikov-de Hass
oscillation behavior under high magnetic field. Finally, the 2D
carrier density was found to be 0.81 x 10" m 2.

Despite the fact that for both our Bridgman crystals and the
MBE films studied in ref. 27 the nutrient phase was enriched in
Te, the truly bulk-insulating state appears at rather different x
values. Most of the data obtained for MBE films reveal that low
carrier concentration is realized near Sb,Te; at x = 0.9-0.94,
whereas for crystals grown from the Te-rich melt we observe
the transition in the middle of the composition range, i.e. at
x = 0.55-0.8. Although this seems contradictory at first sight,
such behavior becomes less surprising when considering the
phase diagram of the corresponding system. Generally, in case
of quasibinary solid solutions (A; _,B,),_sX3.4, the composition
is characterized by the mole fraction x, which usually defines
the energy band gap, and the deviation from stoichiometry
d (i.e. the metal-to-chalcogen ratio), which influences the
carrier concentration. For our system, there is a broad range
of combinations of the mole fraction x and the deviation from
stoichiometry d that ensures the insulating properties of the
mixed crystals. For vapor growth all these combinations are
potentially achievable, whereas the growth from the melt imposes
certain constraints on them. In detail, the deviation from stoi-
chiometry is controlled by the growth temperature (which is
relatively high) and the melt composition. Thus, the solid
composition lies at the solidus surface tracing around the
homogeneity range of the mixed crystals in the equilibrium
phase diagram. For a fixed value of the mole fraction x, the
maximal solubility of Te depends strongly on the temperature.
The films grow at much lower temperature (180 °C) than crystals
(580-600 °C), therefore, d is different at a fixed x value.

To probe the chemical bonding in the mixed crystals we
used XPS. The spectral shape for the Sb 4d, Bi 5d and Te 4d
lines is described well by a single doublet each, which were
assigned as the Sb I, Te I, Bi I components; an example is

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Clean surfaces and cation distribution in (Bi,Sb),Tes: (a—c) typical
XP-spectra for clean (111). (d—f) Concentration dependence of the peak
position difference for (d) Te 4d—Sb 4d, (e) Te 4d-Bi 5d, and (f) Bi 5d-Sb
4d. (g) Angular dependence of the composition for the crystals (x = 0.55)
obtained by XPS at a kinetic energy of 100 eV. (h) A cross-sectional HAADF
TEM image and compositional maps in counts for bulk crystal (x = 0.55)
obtained by averaging different areas of multiple EDX maps with (i) the
corresponding depth profile. () The equilibrium phase diagram of
the quasibinary system Bi,Tes—Sb,Tes (k and ) Lattice constants (k) a
and (1) ¢ for the mixed crystals.

shown in Fig. 2a-c. Therefore, all atoms of the same element
are equivalent to each other with respect to the electron density.
The peak positions are close to those of clean Bi,Te; and Sb,Tes,
correspondingly. More precisely, the difference in binding
energies (BEs) between the Te 4d and Sb 4d peaks (Fig. 2d),
as well as between the Te 4d and Bi 5d ones (Fig. 2e) increases
linearly by ~0.3 eV depending on the mole fraction x, which
indicates an upshift of Te 4d (lower negative charge for higher x)
and/or a downshift of Sb 4d and Bi 5d (lower positive charge for
higher x). One can note that the difference in the cation-related
peak positions does not depend on the composition of the solid
solution (Fig. 2f) due to an even distribution of the positive
charge between the cations for all compositions. All these
observations suggest gradual decrease of the averaged charge
transfer from the metal to Te (i.e. the bond ionicity) for the
mixed crystals with a higher Sb,Te; content. Such behavior
indicates the substitutional nature of the solid solutions and
the ideal mixing with no ordering in the cation sublattice.

It should be noted that ordering is typical for anion sub-
stitution in tetradymite phases like the Bi,(Se;_,Te,); mixed
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crystals, which yield well-defined individual layers of Se and Te
and give, for instance, an ordered phase of Bi,SeTe, (1 quintu-
ple layer (QL) = Te-Bi-Se-Bi-Te). Potentially, ordering can also
exist for (Bi,Sb),Te; near x = 0.5 that gives the Te-Sb-Te-Bi-Te
layers. If the ordering takes place, the surface or the second
atomic layer may be preferentially composed of Sb or Bi. As
Sb,Te; is much more reactive than Bi,Te;, this kind of ordering
strongly influences the surface reactivity especially at the early
stages. However, the cross-sectional HAADF STEM image com-
bined with the atomic resolution EDX maps shown in Fig. 2h
evidence that both Sb and Bi are evenly distributed in the
crystal bulk. In addition, to check whether the second layer is
preferentially occupied by Sb or Bi, we have studied the angular
dependence of the surface composition obtained from the photo-
emission data for an electron kinetic energy (KE) of 100 eV, which
provides the ultimate surface sensitivity. An example is presented
in Fig. 2g. Naturally, the Te concentration increases for the
shallow angles, whereas the Bi to Sb ratio remains constant.
Therefore, the cations are statistically distributed showing no
surface enrichment either in Sb or Bi. Note that no ordering is
expected based on the Bi,Te;-Sb,Te; equilibrium phase diagram
shown in Fig. 2j, which is close to that of ideal solid solutions.**
In addition, as shown in Fig. 2k, the in-plane lattice constant a is
a linear function of the mole fraction (a, A = 4.3876(8)-0.120(1)x)
and obeys the Vegard’s law typical for the ideal mixing. In
the perpendicular direction, on the other hand, the lattice

View Article Online

Journal of Materials Chemistry C

constant ¢ is only slightly different for the constituent phases
(see Fig. 21) and its minor variation is non-linear since the layer
thickness is mostly influenced by the larger cations.

Oxidation

Oxide layer composition and interface structure. A typical
example of high resolution core level spectra for the oxidized
surface of the (Bi,Sb),Te; mixed crystals is presented in Fig. 3a-c,
and the corresponding spectral features are summarized in
Table 1. Compared to the clean surface, the Sb 4d spectra for all
sample compositions attain an additional component Sb II
upon oxidation, which is split from the initial component
by 1.6 €V and corresponds to the Sb-O-Te bonds." The angular
dependence of the relative intensities from the Sb I and Sb II
components presented in Fig. 3e indicates the surface location
of the atoms related to the Sb II component. All Bi 5d spectra
can also be described well by two components, with the new
feature Bi II appearing at a higher binding energy with a
chemical shift of 1.6 eV, which we assign to the Bi-O bonds.
The surface location of the atoms associated with the Bi II
component is clearly seen in Fig. 3f. The Te 4d spectra, on the
other hand, have a complex structure and are composed of
three additional components with chemicals shifts of 0.6 eV
(Te 1I), 1.1 eV (Te HI) and 3.9 eV (Te IV), with the latter
corresponding to the Te*" formal oxidation state (Fig. 3d). All
in all, the spectra can be well described by a proper combination

Te 4d

Intensity (arb.u.)

48 46 44 42 40 38 36

34 32

Binding energy (eV) Binding energy (eV)
d e f 8

__100 60 .

X = M

: @ . - ’\'\'\'\V\v' e Bil X 50 Te

R -

- v Tell+Telll B 40

2 60 Telv ® Sbl 5 \Y\"‘\N

S v Sbll 2 30 v

& @ Sb

T o

|9} Q20

c - £

o . — ]

o o—© 010 5 u= —=g—="

E il Bi

o 0 —— - - ——— —— 0

0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

cos 0 cos 6 cos 0 cos O

Fig. 3 Photoemission data for the oxidized surface of (Bi,Sb),Tes. x = 0.85, KE = 100 eV: (a—c) typical spectra measured ex situ, (d—f) angular
dependencies of the corresponding spectral components, 0 is the angle between the emitted electrons and the surface normal. (g) Angular dependence

of the surface composition.
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Table1l Te 4d, Sb 4d and Bi 5d spectral features for the oxidized surfaces
(units are in eV)

Tel Tell TelIll TelIVv SbI SbII Bil Bill

Ex situ data

(Bi,Sb)2T63 0 0.6 1.1 3.9 0 1.6 0 1.6
Bi,Te; 0 — 1.3 3.8 0 1.5
Sb,Te; 0 0.6 1.1 3.9 0 1.6

In situ data

(Bi,Sb),Te; 0 07 1.2 3.9 0 1.65 0 1.6
Bi,Te; 0 0.8 1.3 3.8 0 1.4
Sb,Te; 0 0.6 1.1 3.8 0 1.6

of the components from the oxidized surfaces of Sb,Te;* and
Bi,Te,” as it follows from the data in Table 1.

The angular dependence of the surface composition in Fig. 3g
indicates notable surface enrichment in antimony evidencing
high Sb concentration in the oxide layer. To get further insight
into the oxidation mechanism, we used HAADF STEM and STEM-
EDX mapping. In Fig. 4a one can clearly see that the oxide layer
covers the whole surface after two months (~1500 h) of air
exposure. It is amorphous, and its surface is somewhat rough.
The oxide-crystal interface is sharp (for more details, see ESIt).
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The oxide layer (i.e. the layer where oxygen is present) has a
non-uniform in-depth component distribution. The EDX maps
taken with atomic resolution and the corresponding composi-
tion profiles (Fig. 4a) clearly indicate that the upper part of the
oxide layer is composed of antimony oxide (region 0), whereas
strong depletion of Sb from the first QLs of the crystal is
observed (regions 1 and 2). Besides, this layer contains a certain
amount of oxygen. At the same time, the Bi density slightly
increases and the Te density is the same as in the bulk. This
indicates generation of Sb vacancies in the surface layer of the
crystal. The crystal structure remains intact in this case. However,
prolonged oxidation (about 3 years) results in certain structural
changes. The corresponding TEM data are presented in Fig. 4b.
By comparing these two datasets we conclude that although the
thickness of the amorphous layer practically does not change,
certain Te redistribution is observed. The Te density becomes
higher for the amorphous layer/crystal interface. Besides, the
subsurface layer is strongly distorted and has a significant
amount of defects like the septuple layers marked by white
arrows in Fig. 4b. The septuple layers have a higher cation to
anion ratio of atomic positions, hence many cation positions are
vacant, which enables atomic mobility. In addition, the XPS data
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indicate that in the course of oxidation, the composition of
both the oxide layer and the crystal surface layer varies. An
example is provided in Fig. 4c where the dependence of the
oxide and crystal surface compositions on the thickness of the
oxide layer is demonstrated. These compositions are calculated
from the corresponding intensities of the oxide-related spectral
features (Bi II, Sb II, Te II-IV) and the features related to the
clean crystal surface (Bi I, Sb I, Te I) in the XPS data. In the
beginning, the oxide layer is strongly enriched in antimony.
The Sb concentration further decreases both in the oxide layer
and in the surface layer of the crystal, most probably due to
slow solid state diffusion. Note that the relative enrichment of
the oxide layer and depletion of Sb from the crystal surface does
not depend on the initial crystal composition x in the range of
X =0.1-0.6. For higher x values the depletion of Sb is lower. This
is illustrated in Fig. 4d-f for three different thickness values.

To interpret these observations, we should take into account that
the constituents Bi,Te; and Sb,Te; exhibit radically different oxida-
tion behavior. In the case of bismuth telluride, the Bi to Te ratio in
the oxide layer is the same as in the bulk crystal.> We suppose that
the oxidation reaction occurs at the oxide-crystal interface, and
oxygen diffusion into the oxide layer is part of the oxidation
mechanism. The oxide layer at the antimony telluride surface is
enriched in Sb and corresponds to the Sb,Te,O, stoichiometry.
Here, therefore, on the contrary, Sb diffuses towards the oxide
surface. Besides, the oxidation of Sb,Te; proceeds much faster.
The same situation is observed also for PbTe" as compared to SnTe’
or GeTe®. In the oxide layer of the mixed crystals we observe strong
redistribution of Sb and Bi between the oxide layer and the crystal
surface due to fast Sb diffusion caused by the strong affinity of Sb to
oxygen, ie. by the fact that the Sb-O bond is much stronger than the
Bi-O and Te-O bonds. The corresponding formation energy (—H;)
for Sb,0; is 715 kJ mole™, for Bi,O; it is 565 k] mole™*, while
for TeO, it comprises 322 kJ mole *.*?

Oxidation kinetics

Significant scattering of the experimental points in Fig. 5 is
typical for Sb,Te;' as well as for the mixed crystals. We find
that different parts of the same sample show different results,
thus the scattering is not due to the surface preparation
(some random unremoved pre-oxidized areas) or an effect of
uncontrolled humidity. The scattering can be explained by the
combination of a slow first step and a very fast second step as
follows. As the induction period is of statistical nature (from
minutes to hours), and it is followed by fast oxidation of the
first QL, it is their combination that gives rise to the scattering.
One can assume that surface defects like terraces might play a
role in lowering the activation energy for the first step. Since the
density of steps at the surface is very low at the surface, the
oxidation threshold can be expected to be highly sensitive to
variations in the surface defect density. The behavior of the
mixed crystals in this sense is similar to that of Sb,Tes.

The third step - the oxide layer growth - requires diffusion of
either oxygen to the interface or of crystal components through
the oxide layer to the surface. The oxidation rate is also dependent
on the structure of the oxide layer, as well as on the presence of

8946 | J Mater. Chem. C, 2018, 6, 8941-8949

View Article Online

Journal of Materials Chemistry C

4
= 2 o
g8 2 L]
129
50 gg _g . A
22 8
5218
-14
— 40 00 02 04 06 08 1.0
=, Fraction of Te-Sb
0
w
4]
<
S 30+
&
=
]
°
=
O 204
[ ]
10+
0 T & T T T
0.1 1 10 100 1000 10000

Oxidation time (hours)

Fig. 5 The oxidation kinetics studied by ex situ XPS. The oxide layer
thickness for the (111) surfaces of (Sb,Bij_,)>Tes crystals of different
composition in humid air (humidity 44%, 298 K) calculated from the Te
3d spectra measured using the Al K, emission. Inset: Surface reactivity
expressed by the averaged difference in the oxide thickness between the
Sb,Tes and (Bi;_,Sb,),Tes crystals vs. fraction of the surface Te atoms
bonded to at least one Sb atom.

any pores or cracks. At the third step, we observe that the oxide
layer composition, while strongly enriched in Sb compared to the
crystal bulk at the beginning of oxidation, changes in time (Fig. 5).
The enrichment tends to decrease due faster variation of the
composition in the oxide layer than at the crystal surface. When
the oxide layer thickness is about 3 nm its growth rate decreases
in most of the cases; thus, there is a tendency to surface passiva-
tion for the mixed crystals in contrast to Sb,Te;.

Let us now discuss comparative reactivity of the mixed
crystals as a function of x and its correlation with that of Bi,Te;
and Sb,Te;. Taking into account the data scattering we propose
the following approach. To characterize the reactivity we take as
a benchmark the mean deviation of the experimental points
(in thickness) from the line obtained for the most reactive
constituent (Sb,Te; in the range of 0-3 nm). These values are
found to be in poor correlation with x as it is shown in Fig. S6a
of the ESI.t To find a better descriptor we assumed that the
Te-M bonds (M = Bi,Sb) are attacked by oxygen since the clean
surface of all samples is terminated by Te, with this process
having the highest energy barrier in the oxidation mechanism.
Therefore, one can conclude that the reactivity is proportional
to the fraction of the Te atoms bonded to at least a single Sb
atom. This dependence is shown in the inset of Fig. 5. As we
can see, there is a linear correlation of the reactivity with the
proposed descriptor. This observation also implies a decisive
role of the first step, i.e. oxygen attack on the Te-Sb bonds, in
the oxidation behavior of the solid solutions based on Sb,Te;.
All in all, the surface reactivity of the mixed crystals depends on
their composition, but it is not a linear combination of the
values from their constituents. The concentration effect is
much more pronounced for low x values. For x > 0.5, on the
other hand, the reactivity does not differ from that of Sb,Te;.
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It should be noted that the ex situ XPS analysis commonly
used to probe the surface reactivity has certain limitations since
it assumes, for instance, that the reaction products remain
unmodified when the sample is evacuated after the gas expo-
sure. Therefore, it is not a truly kinetic experiment, in addition
to the fact that some processes potentially can take place after
the exposure like decomposition of short-living species. The
question arises whether the data obtained ex situ are relevant to
the oxidation kinetics. To resolve this issue, advanced methods
for in situ studies have been developed recently, with near-
ambient pressure (NAP XPS) being the most promising among
them.>® However, this method has been applied mostly in
catalysis and, to the best of our knowledge, no semiconductor
crystal reactivity studies have been undertaken so far. We have
utilized this approach to trace the oxidation mechanism for the
mixed crystals in more detail, especially at the early stages.

The results are illustrated in Fig. 6. The data for the mixed
crystals clearly fall between those for their constituents (Fig. 6i).
In all experiments the oxidation started without any measur-
able delay, therefore the induction period is negligible due
to the oxygen activation by photons. Besides, the oxidation
rate is generally much higher than for the ex situ experiments.
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Fig. 6 The oxidation kinetics for the (Bi;_,Sby),Tes crystal (111) surface
(in situ data, T = 298 K, p(O,) = 0.5 mbar, the electron energy is 200 eV):
(a—c) the XP spectra of the Sb 3d + O 1s, Te 3d, Bi 4f lines; (d—f) time
dependencies of the spectral components for the Sb 3d, Bi 4f, Te 3d
spectra; (g) time dependence of the surface composition, (h) time depen-
dence of the oxide layer composition, (i) oxidation kinetics for different
compositions. (j—1) A schematic presentation of the reaction mechanism.
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Typical spectra obtained during in situ oxidation are presented
in Fig. 6a—c. They can be treated with the same set of spectral
components as we used for the ex situ experiments, and we
conclude, therefore, that the oxidation related species are
rather similar and that the ex situ studies are relevant for our
discussion.

The behavior of the spectral components in Fig. 6d-f
suggests that the process starts with antimony oxidation, which
quickly reaches saturation already after 0.5 h together with the
surface concentration of oxygen (Fig. 6g and h). This point
corresponds to the maximal intensity of the Te III component,
which is an intermediate. Moreover, the surface is enriched in
Sb. We assume that at this stage oxygen attacks the Te-Sb bonds
at the surface and thereby becomes bonded to both Sb and Te
and gives rise to the Sb II and Te III spectral features.

The underlying mechanism responsible for this behavior is
schematically shown in Fig. 6j-1. First, the Te-Bi bonds are
attacked by molecular oxygen (Fig. 6j). Once the surface Te-Sb
bonds are saturated with oxygen (Fig. 6k), the other Sb atoms
migrate to the surface to form an antimony oxide layer and
leave cation vacancies in two QLs of the crystal according to the
TEM data. How many Sb vacancies can be formed without any
lattice destruction? The XRD data in Fig. 21 showing the change
in the lattice constant ¢ as a function of x give us a hint: up to
50% Sb substitution the lattice constant does not change,
hence the lattice is stable due to the larger Bi atoms. As a
consequence, up to 50% cation vacancies can be formed. We
suppose that the antimony layer forms due to Sb diffusion as
the initial part of the kinetic curves in Fig. 6i for the whole
composition range is linearized with respect to the diffusion
coordinates ¢, The driving force for such behavior is the
formation of strong Sb-O bonds. At the next step, all available
Sb atoms migrate and oxidize (Fig. 6l), and the observed behavior
has some similarity with the Cabrera-Mott mechanism.** This
means that oxygen adsorbed at the surface attains electrons from
the Fermi level of the crystal by tunneling through the Sb,0;
layer. As the Te-Bi hybrid p orbitals mostly contribute to the
density of states at the Fermi level, Te becomes more “oxidized”
due to the electron transfer that gives rise to the Te II compo-
nent, which does not correspond to Te bonded to O due to a
small chemical shift. Its maximal intensity also corresponds to
the complete oxidation of the surface Bi atoms. The oxygen ions
can diffuse through the oxide layer, finally converting Te to the
+4 oxidation state until the oxide layer becomes too thick for
further tunneling. After prolonged exposures, Te accumulates at
the interface and causes a lattice disturbance in the form of
septuple layer defects (Fig. 4b).

Our in situ measurements also demonstrate that to evaluate
the overall reactivity the first oxidation step is of most importance.
Our NAP XPS measurements show that oxygen is activated by
the photon beam and that the barrier for oxidation reaction at
the surface can be easily overcome. In this case, the oxidation
rate depends on the composition only slightly. In particular, the
oxidation rate is mostly determined by inert impurities like CO,
CO, and H,O that adsorb and block the availability of the
surface adsorption sites for oxygen."
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Experimental

(Bi,Sb),Te; single crystals were grown from the melt by the
Bridgman method using a similar procedure to that described
in detail for (Pb,Sn)Se.*® More precisely, the solidification time
of the crystals was 1 week, and the pulling rate was 0.2 mm h™".
The temperature gradient during growth was 5 °C cm™ " and
growth temperatures were in the range of 580-600 °C. Other
details are presented in SI file (part 1) (ESIY).

Crystals were cleaved in situ for ARPES and near ambient
pressure (NAP) core-level X-ray photoemission (XPS) experiments
or ex situ for photoemission studies of oxidation at high exposures.
The high quality of the (111) surfaces was verified by low-energy
electron diffraction (LEED) and by the presence of sharp features in
the ARPES dispersions. For the ex situ oxidation experiments, freshly
cleaved surfaces were exposed for certain periods of time to air at
1 bar pressure, 23 £ 2 °C temperature and humidity of 44%.

The ARPES experiments were performed at room temperature
using the first (1.5 eV) and the fourth (6 eV) harmonics of a
homemade fs-laser system coupled with an ultrafast amplifier
operating at a 100 kHz repetition rate. Photoelectrons were detected
with a Scienta R4000 hemispherical analyzer, and the angular and
energy resolutions were 0.2° and 30 meV, respectively.

The corelevel photoemission studies were carried out using
several facilities of Helmholtz-Zentrum Berlin, Germany, and ALBA
Synchrotron Light Source in Barcelona, Spain. The Bi 5d, Sb 4d, Te
4d and O 1s spectra were recorded with high surface sensitivity at the
Russian-German beamline using the photoelectron kinetic energies
of 50 and 100 eV. The XPS spectra acquisition was performed using a
SPECS Phoibos 150 electron energy analyzer at variable detection
angles. The NAP XPS data were obtained at the ISISS and CIRCE
beamlines equipped with a SPECS Phoibos 150 NAP analyzer under
the oxygen pressures of 0.5 mbar. The Sb 3d, Te 3d, Bi 4f and O 1s
spectra were recorded at an electron kinetic energy of 200 eV. We
used kinetic energy of 200 eV for in situ NAP XPS to study the
reaction mechanism at the same depth from the sample surface.
The latter is important to find quantitative correlation between
the spectral components related to different elements. Also
important is that 200 eV corresponds to the minimal energy at
which Yeh-Lindau theoretical cross-sections work.

The long-term oxidation kinetics was studied using a Kratos
Axis Ultra laboratory system equipped with a monochromatic
Al K, X-ray source. All XPS spectra were fitted by Gaussian/
Lorentzian convolution functions with simultaneous optimiza-
tion of the background parameters using Unifit 2014 computer
program. The background was modeled using a combination of
Shirley- and Tougaard-like backgrounds. One should note that
the probing depth for Sb and Te are very similar (corresponds
to kinetic energy of around 1000 eV), and only for Bi 4f it is
higher. This have been taken into account in the data analysis.

For high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging and energy dispersive X-ray
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(EDX) mapping, cross sectional samples were prepared on a Cu
support by focused ion beam (FIB) milling. A carbon layer was
deposited onto the material to protect it from damage during the
preparation. The HAADF-STEM and EDX data were acquired on
an aberration-corrected FEI Titan transmission electron micro-
scope operating at 200 kV, equipped with a Super-X detector.

Conclusions

The oxidation process of the quasibinary solid solutions is rather
complex. With the example of (Bi,Sb),Te; mixed crystals we
developed a phenomenological model of their reaction with
molecular oxygen. The reactivity of the mixed crystals is not a
linear combination of the reactivity of its constituents. In the case
of tetradymite compounds it is more influenced by the higher
reactive constituent. We found a proper descriptor for the experi-
mental observations. We revealed that the surface reactivity is
proportional to the number of the Te atoms bonded to at least one
Sb atom, and therefore, it is determined by the probability of
oxygen attack on the Te-Sb bonds. The oxidation process includes
the growth of a dense and amorphous antimony oxide layer due to
Sb diffusion from the first two quintuple layers to the surface, as it
follows from the atomically resolved TEM/EDX experiments. This
process also involves electron tunneling to oxygen through the oxide
layer, oxygen ion diffusion to the crystal surface, and, finally, slow
Te oxidation to a +4 oxidation state. The oxide layer thickness
is limited by the electron tunnelling threshold for the growing
insulating oxide layer. Comparison of the data obtained by ex situ
and in situ measurements in the oxygen atmosphere reveals that
oxygen activation is induced by the photon beam, an effect that
substantially reduces the induction period, whereas the main stages
of the oxidation mechanism remain unchanged. Therefore, our
observations confirm that the combination of NAP XPS recorded
at the same kinetic energy for all elements with cross-sectional
atomic resolution TEM/EDX is a powerful tool to probe the surface
chemistry of semiconductor materials and topological insulators.
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