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Understanding the chemical processes at the interface between a metal and topological insulator (Tl) is

important when it comes to designing devices that exploit the peculiar topological surface states or
studying the properties of Tl heterostructures. In this paper we show that the interface between Ti and

Bi,Sesz is unstable at RT and results in the formation of interfacial phases of titanium selenides and

metallic Bi. The reaction has shown significant kinetics already at cryogenic temperatures, which is very

surprising for a solid-state redox reaction. This can be explained with the possibility of electrons in the
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topological surface states playing a role in enhancing the Bi,Ses surface reactivity due to the electron-
bath effect. For the Ti coverage above 40 nm, the interfacial processes cause compressive stress that
triggers the morphological change (buckling) of the deposited film. The observed interface reaction,

with all of its consequences, has to be considered not only in the design of devices, where the Ti

rsc.li/materials-c

Introduction

TIs have attracted a lot of attention from the scientific community
during the last decade due to their intriguing properties. They are
characterized by a finite bandgap in their bulk and gapless
topological surface states (TSSs) that are spin-polarized Dirac
states.™” In ordinary semiconductors, the surface states originate
from the surface termination and are very sensitive to surface
defects or contamination.” In contrast, TIs possess TSSs that come
from their characteristic bulk band structure. The TSSs are pro-
tected by the time-reversal symmetry, making them extremely
robust to the surface deformations or impurities.

The above-described properties make TIs potentially applic-
able in catalysis, spintronic devices and low power electronic
devices.* In the majority of the foreseen applications, an interface
between a metal and the TI is expected; not only in the common
case of electric contacts but also for other specific functionalities
such as in heterogeneous catalysis™® or charge-to-spin conversion.””
Despite this, the understanding of the metal/TT interface stability
and structure is still poor, even for the metals that are already widely
used such as titanium.

One of the most studied TIs, due to its relatively large
bandgap (0.3 eV), is Bi,Ses. It crystallizes in a rhombohedral
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adhesion layer is often used for contacts, but also for possible engineering of 2D Tl heterostructures.

crystal structure and is constructed from quintuple layers (QLs)
bonded together by the weak van der Waals forces. Bi,Se; and
its analogue Bi,Te;’ are frequently used as model materials for
testing and exploring the TI properties since their electronic
structure is characterized by a single Dirac cone at the I" point."?

The most commonly employed electric contact in the TI-based
devices is Au with an adhesive layer of Ti'™** or Cr,">'* but other
metals such as Pd,"® Pt'® or Ag'” have also been used. The stability
of the metal contacts has been taken for granted for a long time.
Recently, the awareness about the effect of the interface processes
on a device performance has increased.'®

In this context, the occurrence of a chemical interaction at
the metal/TI interface can be critical for two main reasons.
First, the formation of new interfacial phases may affect the
electronic properties (e.g. the capability to maintain the spin-
momentum locking) and the type of the contact. Second,
during the reaction, the QLs are consumed and the TI thickness
can decrease below 6 QL. Below this threshold, the wave
functions of the top- and bottom-surface states start to overlap
and a hybridization gap opens at the Dirac point,'® resulting in
the disappearance of TSSs. This fact is especially important for
the thin-films or nanostructured devices based on TIs.

Walsh et al.>® published a systematic study of various metals
on Bi,Se;. Among them, Au appeared to be the least reactive. No
interfacial phases were found by TEM. Yet, a weak interaction
with Bi,Se; was later detected by photoemission spectroscopy
(XPS) measurements.”®>" Surprisingly, despite its noble-metal
character, Ag showed a considerable amount of reactivity with the
Bi,Se; surface. A redox solid-state reaction at room temperature

This journal is © The Royal Society of Chemistry 2020
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(RT) was observed at the Ag/Bi,Se; interface, which yielded AgSe,,
AgBiSe, and metallic Bi.?? In addition, chemical reactions at the
metal/TI interface have been detected for Fe,?%**"%¢ Cr,2**’ Co,
Ni,?° Mn and Cu.?®

Interdiffusion of Cu into Bi,Te; was observed by Kong
et al.*® who studied how the orientation of Bi,Te; influences
the resistivity of Cu metal contact. To suppress the diffusion, a
Ti barrier layer was deposited, which successfully prevented the
migration of Cu into the substrate. Despite the reduced Cu
diffusion, the contact resistivity did not improve, and in fact, it
even increased. It has been suggested that this effect could be
due to the reduction of some compounds at the interface.
However, the research was performed on a um scale, therefore,
it was not possible to detect potential reactions occurring
between the interfacial layers of Bi,Te; and Ti. Finally, Cho
et al.™ published that the use of a Ti or Cr adhesion layer for
metal contacts on ultrathin Bi,Se; made the contact resistance
increase rapidly with time. Oxidation of the adhesion layer was
suggested, but no data or discussion was reported. In summary,
the understanding of the interactions of different metals with
TIs is still incomplete. This is also applicable for the titanium/
TI interfacial interaction, which has never been characterized
until now.

Here we present a comprehensive investigation of the
Ti/Bi,Se; interface, focusing on the chemical interactions between
the two phases. A solid-state redox reaction with significant
kinetics at room temperature was observed at the interface yielding
titanium selenides and metallic Bi. Moreover, the solid-state
chemical interaction was detected even at the cryogenic temperature
(130 K). This surprising interface instability suggests the active role
of the TSS electrons in the TI surface reactivity. Because of the
frequent use of the Ti adhesive layer in the metal contacts, this study
provides valuable guidance for the electric contact design. This
newly gained knowledge can also be applied for the synthesis of
novel 2D heterostructures.

Experimental

Bi,Se; single crystals were synthesized by the Bridgman method.
High purity Bi (99.999%) and Se (>99.999%) were mixed in a
molar ratio of Bi: Se = 2:3.3 and sealed in a quartz ampoule filled
with argon.’® The ampoule was placed in a furnace and heated to
860 °C for 24 h. After that, the temperature was slowly lowered
(2° h™") to 650 °C. The ampoule was maintained at this temperature
for 7 days and then cooled down to room temperature (RT).
Scanning tunneling microscopy (STM) measurements were
carried out in ultra-high vacuum (UHV) at RT using an Omicron
VT-STM apparatus. The samples were prepared by cleaving
in situ to prevent surface contamination. Low-energy electron
diffraction (LEED) was used to monitor the surface crystal structure.
In the same UHV chamber, Ti has been deposited using an e-beam
evaporator at a rate of 0.1 A min~". The STM measurements were
performed at a pressure of 2 x 107'° mbar in constant current
mode, with the applied bias referred to the sample and the image
analysis was performed using the Gwyddion analysis software.*"
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The samples for the XPS measurements were prepared by
cleaving in a UHV preparation chamber at a pressure of 5.7 x
10~ *° mbar. Different Ti coverages were evaporated using the
e-beam evaporator at a rate of 0.23 A min~'. The evaporation
rate was determined from the attenuation of the substrate
photoemission signals. XPS measurements were carried out at
the BACH beamline of Elettra synchrotron (Trieste, Italy) using
a VG-Scienta R3000 hemispherical electron analyzer. The spectra
were recorded at normal emission at a base pressure lower than
3.3 x 10 '° mbar. All measurements were carried out at a beam
energy of 650 eV with a total energy resolution (electron spectro-
meter and monochromator) of 0.2 eV. The binding energy scale
was calibrated using the Au 4f;;, peak (84.0 €V) of a clean gold
reference. Oxygen and carbon core levels were monitored during
all stages of the experiment and no contamination was detected.

Fitting of the spectra was performed with KoIXPD software.*>
All spectra were fitted with the spin-orbit doublets using Doniach-
Sunjic line shape convoluted with a Gaussian function and a
Shirley-type background. Lorentzian width, branching ratio and
spin-orbit splitting were determined from the clean surface and
were kept constant throughout the fitting analysis, while the
Gaussian width, intensity and energy position were allowed to
vary. The asymmetry parameters for metallic components were
fixed to a non-zero value.

For the preparation of a 20 nm thick film, the Bi,Se; single
crystals were cleaved by tape stripping in air immediately
before the Ti deposition in a precision etching coating system
(PECS, Gatan, Model 682). The deposition was performed in
vacuum at RT and a base pressure of 10~° mbar at a rate of
0.5 A s7'. Then, the samples for transmission electron microscopy
(TEM) imaging were prepared following the standard specimen
preparation procedure for a thin film cross-section analysis. The
TEM imaging was performed using a field-emission transmission
electron microscope (JEOL JEM-2100F-UHR). The elemental
composition was analyzed in the STEM mode using the attached
energy dispersive X-ray (EDX) spectroscopy detector (Oxford
X-Max80T).

The sample preparation for scanning electron microscopy
(SEM) imaging was performed by cleaving and deposition of Ti
in PECS apparatus as for TEM imaging. The SEM imaging was
carried out using a field-emission SEM (JEOL JSM-7100F TTLs).

Results and discussion

The study of the growth mode and morphology of Ti on Bi,Se;
at ultra-low coverage has been performed by STM. At very low Ti
coverage (0.03 A) the Bi,Se; surface exhibits some defects that
are not present on the clean surface (see Fig. 1a and b).
A majority of them are in the form of triangular depressions,
while others appear as 2 A high bright spots. The triangles can
appear as a result of a surface or subsurface substitutional
defect.***° Fig. 1c shows that the further Ti deposition (0.2 A)
results in an island growth mode, where two types of islands
with different sizes are distinguished: the big islands with a
width in the range of 5 to 10 nm and the small 3 nm wide islands.
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Fig. 1 STM images of the clean substrate (a) and Ti/Bi,Ses interface at the coverage of 0.03 A (b), 0.2 A (c) and 1 A (d). (e) LEED pattern of the clean and
Ti-covered Bi,Ses surface. (f) Typical line profiles over the big islands (blue), small islands (green) and the island with an additional feature on the top (red).
(g) Line profile over the substrate surface at coverages of 0.2 and 1 A. Profiles correspond to the violet and green lines marked on images (c) and (d).

Line-profiles over the islands are shown in Fig. 1f. The big
islands, that show a flat top surface, have an apparent height
of 8.2 A and a narrow height distribution (SD 0.4 A). The
apparent height of the small islands is 7 A (SD 1 A). The bimodal
island formation on TI was also reported for Fe,*®** that has a
strong interaction with the substrate, and Co adatoms.””

At the Ti coverage of 1 A the morphology of the Bi,Se;
substrate changes from smooth to coarse (Fig. 1d). The substrate
exhibits pits that are approximately 1.5 A deep and 2 nm wide as
shown in the line profile in Fig. 1g. Accordingly, at that coverage,
the LEED pattern of Bi,Se; (Fig. 1e) is almost completely lost
despite a significant part of the surface is still not covered by the
islands. This indicates the loss of the crystallographic order in the
Bi,Se; substrate. The growth of the islands is strongly suppressed
and with further Ti deposition the islands stop increasing in their
lateral size. Instead, new features appear on the top of the already
existing islands as shown in Fig. 1f with the red profile.

The chemical interaction at the Ti/Bi,Se; interface was
studied by XPS. The Bi 5d, Se 3d and Ti 2p core levels were
measured for the nominal Ti coverage ranging from 0.5 to 28 A.
With the increase in the Ti coverage, the spectra shape changed
significantly (Fig. 2), which indicates the strong chemical inter-
action at the interface. The observed changes indicate the change
in the valence states and formation of new interfacial phases.
A more detailed analysis of the XPS spectra was performed to
reveal the full chemistry of the interaction.

The Bi 5d and Se 3d core levels of the clean Bi,Se; surface are
deconvoluted with one spin-orbit doublet. The corresponding
peaks are positioned at BEs of 24.7 and 53.2 eV, respectively
(see Fig. 3a) and are hereafter named Bi; and Se;.

A shift of 0.25 eV towards a higher BE is observed for the Se;
and Bi; components (see Fig. 2) starting from the lowest Ti
coverage (0.5 A) and it is ascribed to the band bending. Upon Ti
deposition, new components emerge in Se 3d and Bi 5d core
levels (Se, and Bi,, represented as blue components in Fig. 3),
indicating a chemical reaction at the interface. The Se, component
has a 0.5 eV higher BE than Se;, whereas the Bi, component is at
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Fig. 2 Evolution of Bi 5d, Se 3d and Ti 2p core level spectra with
increasing Ti deposition on Bi,Sez. The spectra were normalized to the
highest peak.

1.1 eV lower BE than Bi; and fits well with the peak position of
metallic Bi.>®

With the increase in the Ti coverage, the Bi; component,
corresponding to Bi*" in Bi,Ses, decreases because of higher Ti
coverage and formation of new surface phases. The Se; component
decreases much slower in its spectral weight than Bi;. This is in
line with the fact that the BE of Se; corresponds not only to Se*~
from Bi,Se; but also to the newly formed TiSe,.**** The position
of the Se, component corresponds to non-stoichiometric inter-
mediate metal selenides,”>** formed during the ongoing reaction.

The same interfacial chemical process also reflects in the
evolution of Ti 2p core level spectra. Upon a low Ti-deposition
coverage of 1.4 A, the Ti 2p core level spectra display two
components, Ti; and Ti,, at 455.5 and 457 eV BE, respectively
(Fig. 4a). The peak position of Ti; components is in good
agreement with the reported data for TiSe,,>**>**>** which is
considered as a product of the reaction between Bi,Se; and
Ti. The Ti, component (together with Se,) is ascribed to the
TiSe,-based intermediate phase with an under-stoichiometric
Se content.”’

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Bi 5d and Se 3d core level spectra of the Ti/Bi,Ses samples at
different coverages: (a and b) pristine BiSes; (c and d) 1.4 A of Ti; and
(e and f) 7 A of Ti.
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Fig. 4 Ti2p core level spectra of Bi,Ses with deposited 1.4 A of Ti at RT (a),
7 A of Ti at RT (b) and 7 A of Ti at 130 K (c). (d) Ti 2p core level spectrum
obtained for the sample (c) after heating to 278 K. The yellow component
corresponds to the Bi 4ds,, core level peak, the red points are experimental
data and the black solid line is the fit.

After deposition of more than 4.5 A of Ti, a new reaction
regime is reached where new components emerge in all measured
core levels. In the Ti 2p core level spectra, a Ti; component at BE of
454.6 eV appears (pink colored in Fig. 4b). Its BE is between that of
Ti® and Ti** and can be attributed to Ti** due to the formation
of TiSe. The corresponding Se component of TiSe is Se; at a BE
of 54.7 eV (pink colored in Fig. 3f).*

This journal is © The Royal Society of Chemistry 2020
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Due to the presence of the interfacial phases acting as the
diffusion barrier, the deposited Ti is not completely consumed
in the reaction and some of it remains in the metallic form. Ti°
corresponds to the Ti, component at BE of 453.8 eV (light blue in
Fig. 4), which becomes dominant above the 18 A coverage (Fig. 2).
In the Bi 5d core level, the new Bi; component (pink colored in
Fig. 3e) appears at 0.3 eV lower BE than Bi,. It is ascribed to
metallic Bi***” with a different chemical environment, possibly
due to alloying with Ti.

In summary, based on the presented analyses, we can claim
that the Ti/Bi,Se; interface is chemically unstable. The observed
chemical interaction at the interface is a redox solid-state
reaction that is kinetically active already at room temperature.
Ion diffusion is the main parameter that influences the kinetics
of such types of reactions. The kinetics slow down with an
increase in the diffusion path through the product layer. There-
fore, the appearance of the intermediate phases (such as TiSe
and under-stoichiometric TiSe,) is expected. The interfacial
reaction yields TiSe, and metallic Bi as the final products of
the solid-state redox reaction according to the equation:

3Ti + 2Bi,Se; — 4Bi + 3TiSe,

During the reaction, Se remains in the —2 oxidation state,
whereas the redox reaction happens between Bi** and Ti® producing
metallic Bi and Ti*" compounds. The observed solid-state reaction
is thermodynamically favored at room temperature (AGyog =
—274 kJ mol " Ti).*>*® Within the same XPS experimental setup,
the Ti deposition and measurement on the Bi,Se; surface were
additionally performed at a temperature of 130 K. The corres-
ponding Ti 2p core level spectrum is shown in Fig. 4c. Surprisingly,
the presence of the same reaction components Ti;, Ti, and Ti; as
for the RT deposition (but with lower relative intensities) is
observed again, which shows a significant reaction kinetics and
a remarkable reactivity at the interface already at this cryogenic
temperature. Heating the system up to RT enhances the reaction
kinetics, resulting in the same XPS spectrum as observed for the
RT deposition (see Fig. 4d).

The occurrence of the solid-state reaction, with significant
kinetics already at a temperature as low as 130 K, raises the
question on the origin of such marked reactivity of the Bi,Se;
surface. The reactivity is high despite the surface of Bi,Se; does
not display dangling bonds or unsaturated orbitals and it has
been observed to be almost inert toward water, oxygen,*® CO
and CO,.>" In a previous study we showed that TIs have the
power to oxidize even noble metal atoms already at RT (Ag, see
ref. 22), which is quite unusual and suggests the presence of a
catalytic effect within the studied system. Our hypothesis is that the
TSS electrons participate in the reaction by catalyzing it. As
proposed by Chen et al.® the electrons in the TSS can freely move
over the surface, participate in hybridization and act as an effective
electron bath. Their delocalization enables the migration of
electrons from TIs to the adsorbates or vice versa® enabling
their participation in both oxidation and reduction processes.

To investigate the chemical reactivity at the Ti/Bi,Se; inter-
face under conditions more similar to the typical deposition of
metals for applications (e.g. the deposition of Ti as an adhesive
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Fig. 5 TEM image of the Ti/Bi,Ses interface at lower magnification (a) and at high resolution (b). (c) TiSe; layers beside the darker Bi region. (d) EDX line-

scan over the interface region of the Ti/Bi,Sesz sample.

layer for electrodes), TEM analysis at the interface cross-section
was performed on a sample with 20 nm of Ti deposited on
Bi,Se; at a rate of 0.6 A s™* by sputtering (Fig. 5a). In Fig. 5b the
interplanar distance of 0.95 nm corresponds to the quintuple
layers of Bi,Se;. At the interface between the substrate and the
polycrystalline Ti film an interfacial layer with a crystal structure
different from Bi,Se; is observed. Within this layer, the darker
area denotes the presence of heavier elements. Beside the darker
region there is another interface phase with small domains and a
layered structure (see Fig. 5¢). The distance between these layers
is about 0.60 nm, which fits well with a TiSe,(100) interplanar
distance of 5.995 A.***° The thickness of the overall interface
region is approximately 10 nm.

An EDX line-scan over the interface is shown in Fig. 5d
together with a dark field STEM image of the area of interest.
On the left side, there is the unreacted Ti film (Ti EDX intensity
profile is light blue). Deeper in the Ti film (from left to right),
the first interfacial region with a thickness of 5 nm is Ti- and
Se-rich with no Bi. This region is recognized as the titanium
selenide phase. Further on, the second interfacial region contains
almost only Bi, with the signals for Ti and Se reduced to extremely
low intensity. Therefore, this region is ascribed to the metallic Bi,
possibly with residual of Se and alloyed Ti. Deeper in the sample,
the Bi and Se signals correspond to the bulk Bi,Se;. The observed
structure of the interface with the presence of Ti selenide and
metallic Bi is in agreement with the XPS observations.

20 nm coverage

The SEM analysis of the film morphology shows that up to
20 nm coverage, Ti produces a flat film over the whole surface
of Bi,Se; without visible features in the SEM images (Fig. 6a).
No change in the surface morphology can be observed even
after the sample being kept under ambient conditions for a
month. This indicates that, after the formation of the inter-
facial phases, the reaction stops, contrary to what happens for
Ag.*” However, the observed chemical interaction has dramatic
macroscopic consequences when the Ti coverage increases to a
certain threshold. At higher coverage (40 nm), the surface
develops a network of hollow buckles of different mesh sizes
as shown in Fig. 6b-e. The networks with bigger mesh sizes
have 1.5 pm wide buckles whereas the buckles of more dense
networks with smaller mesh sizes are about 0.35 um wide. Such
a structure is ascribed to the buckle delamination phenomenon.
It shows typical morphological features such as network-like
telephone cords where telephone cord blisters propagate on the
undulating edges.>

Typically, such a morphology is observed after the release of
compressive stress in the hard layer on a soft substrate.’> With
the increasing coverage, the compressive stress is building up
in the Ti polycrystalline film. In addition, a volumetric change
created by the new phase is expected to generate additional
compressive stress, since the Se atoms are absorbed into the Ti
film. Finally, the formation of the metallic Bi phase, prone to
plastic deformation, allows for sliding of the film. When the

Fig. 6 Morphology of the Ti film on Bi,Sez at a nominal coverage of 20 nm (a) and 40 nm (b) by SEM. (c) Close-up images of the ripples. (d) Broken ripple
showing the hollow inner part. (e) Image of the Ti film at lower magnification showing different morphologies of the ripples.
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compressive stress overcomes the adhesive strength, the buckling
occurs. The flat surface becomes unstable and stress is released by
the formation of a spinodal-like pattern of wrinkles or buckles.>*

To prove that the compressive stress is not generated by the
oxidation of Ti after exposure to air, in a second experiment,
immediately after the deposition of a 40 nm thick Ti film, a
protective layer of Pt (10 nm) was deposited atop within the
same apparatus. The sample exhibited the same morphology as
that without the Pt layer, ruling out the possibility that the
oxidation process is responsible for the buckling.

Conclusion

We have shown that the interface between Ti and Bi,Se; is
highly unstable at room temperature and produces an interface
region containing titanium selenides and metallic Bi. Additionally,
at high coverage (40 nm) buckle delamination of the Ti film
occurs. These results should be considered whenever Ti is used
in TI-based applications (e.g. as an adhesive layer in metal
contacts), since the resulting interface structure may strongly
affect the electronic (e.g. spin-momentum locking, Schottky
barrier), transport and mechanical properties.

The solid-state redox reaction has been detected with sig-
nificant kinetics also at extraordinary low temperatures, as low
as 130 K. The reported unquenched chemical reactivity at low
temperature could be explained by considering the catalyzing
role of the TSS in the electron transfer between the metal and TI
as predicted by the theory.>®>¢

Even though more research is needed to fully understand
the role of TSS electrons in the chemical reaction mechanisms,
the high interface instability could in future be exploited for the
synthesis of 2D metal selenides or for the study of heterostructures
with Bi,Se;.
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