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Abstract

Here we report that TiSe, thin films can be epitaxially grown on TiO, substrates despite different
lattice symmetry between the two materials. The TiSe; thin films can be prepared on TiO, via
molecular beam epitaxy (MBE) in two ways: by conventional co-deposition using selenium and
titanium sources, and by evaporating just selenium on reconstructed surfaces of TiO,. Both growth
methods yield crystalline thin films with similar electronic band structures. TiSe; films on TiO,
substrates exhibit large electron doping and a lack of charge density wave (CDW) order, which is
different from both bulk single crystal TiSe; and TiSe;, thin films on graphene. These phenomena
can be explained by selenium vacancies in the TiSe; films, which naturally occur when these films are
grown on TiO; substrates. Our successful growth of transition metal dichalcogenide (TMDC) films
on a transition metal oxide (TMO) substrate provides a platform to further tune the electrical and

optical properties of TMDC thin films.

1. Introduction

Layered TMDCs have been extensively studied due
to their potential applications in optoelectronics,
spintronics and valleytronics [1, 2], as well as
their interesting physical properties such as
superconductivity and CDW order [3, 4]. Many
studies on TMDCs have been done with the ‘top-
down’ method of mechanical exfoliation [5, 6],
whereas the ‘bottom—up’ thin film growth techniques
have become increasingly important for further
exploration of physical and functional properties of
TMDCs. Chemical vapor deposition has been widely
used for TMDC growth, although large area single
crystalline growth remains difficult [7, 8]. MBE is a
crucial method for producing atomically flat TMDC
thin films. The pursuit of MBE grown TMDC films can
be traced back to 1980°s, on substrates including MoS,
[9] and CaF, [10]. Recent years have seen a number of
works with MBE grown TMDCs on bi-layer graphene,
enabling spectroscopic studies such as the transition
from indirect bandgap to direct bandgap in MoSe,

[11, 12]. WSe; has also been grown on sapphire
via MBE, enabling electrical studies and device
fabrications [13]. However, up to now the studies of
MBE-grown thin film TMDCs have only utilized a
limited set of substrates,and the growth on many other
substrates, such as TMOs, has yet to be explored.
TMOs exhibit a plethora of physical phenomena,
suchashigh T,superconductivity,giant magnetoresist-
ance, ferroelectric and multiferroic behavior [14, 15].
Many TMOs are also excellent substrates for thin film
growth. By controlling the strain with different TMO
substrates, the ferroelectricity of SrTiO3 can be drasti-
cally changed [16],and the superconducting transition
temperature of Laj¢Sry;CuQy can be doubled [17].
SrTiOs substrates have also been used for the growth
of topological insulators, leading to flexible backgat-
ing ability [18]. Furthermore, when lightly doped by
Co, rutile and anatase TiO; films exhibit ferromagn-
etic properties even at room temperature [19-21],
which may enable magnetic control of other thin films
grown onit. Therefore, it is tantalizing to grow TMDCs
on various TMO substrates, as a first step towards



substrate-enabled engineering of the thin films.
Among various types of TMO substrates, SrTiO5; and
rutile TiO, are particularly attractive. They are insulat-
ing substrates with large dielectric constants, enabling
backgating of the film. On the other hand, Nb doped
SrTiO; and TiO, substrates are commercially available,
making it convenient to check the electronic properties
and surface morphology via methods such as angle-
resolved photoemission spectroscopy (ARPES) and
scanning tunneling microscopy (STM).

In the family of TMDCs, TiSe, has attracted sig-
nificant interest due to the controversy over the origin
of its CDW order. TiSe; bulk single crystals undergo
a phase transition at around 200 K into a CDW state
characterized by the 3D commensurate (2 x 2 X 2)
wave vector [22]. There have been multiple explana-
tions of the origin of the CDW in TiSe,, including band
Jahn—Teller effect [23], exciton condensation [24, 25]
and conventional Fermi-surface nesting [26]. Mono-
layer thin films of TiSe, have been grown on bilayer
graphene using MBE, yielding similar band structure
as the bulk single crystal, and CDW with a 2D com-
mensurate (2 X 2) wave vector. In multilayer thin films
of TiSe; on graphene, the CDW wave vector changes
from 2D-like to 3D-like as thickness increases [27].

Inthiswork,wegrewTiSe,filmsonrutileTiO,(100)
(TiSe,/TiO,) and bi-layer graphene (TiSe,/graphene)
substrates using MBE, and characterized their elec-
tronic structures via ARPES. We find that, although
TiO; substrates and TiSe; are of completely different
symmetry, epitaxial TiSe, films are formed and give
clear photoemission spectra. There is electron doping
in TiSe,/TiO, due to growth-temperature induced Se
vacancies, which suppresses the CDW order. Besides
that, the band structures of TiSe, films on TiO, and
bulk single crystal TiSe, are similar. Furthermore, after
depositing selenium on vacuum-annealed TiO, sub-
strates (noted as Se:TiO; in this manuscript), Se atoms
react with the reconstructed substrate surface, and
self-organize into epitaxial films of TiSe,. Our experi-
ments on TiSe,/TiO; films demonstrate the ability to
grow TMDC films on TMO substrates, which enables
further tuning of the film’s physical properties.

2. Electronic band structure

Previous researchers have reported the band structure
of TiSe,, and the results of TiSe, bulk single crystals
[28] and TiSe,/graphene [29] are very similar. Near
the Fermi level (Eg), there is a pair of bands centered at
the I point. At the M point, the bottom of an electron
band reaches just below Ep. We measured the Fermi
surface and band structure of TiSe,/graphene at
~20 K, shown in figures 1(b) and (c). At this
measurement temperature, TiSe,/graphene is in the
CDW phase and the ARPES data clearly show that
the hole bands at I' are folded to M. There is little
signal of the folding from the electron band at M to I,
which is consistent with previous ARPES works [28,

29]. From the Fermi surface map, we observe six tiny
pockets formed by electron bands at M. These results
are consistent with the previous research on TiSe,/
graphene [27,29,30].

The Fermi surface and band structure of TiSe,/
TiO,, taken at the same measurement temperature of
20 K, are shown in figures 1(e) and (f). They exhibit
a few differences from those of TiSe,/graphene. The
bands are no longer folded, indicating the lack of
CDW order. The electron pockets are also much larger
for TiSe,/TiO,, representing a doping of n = 0.16(2)
electron per unit cell, calculated from the Fermi
surface volume. In contrast, TiSe,/graphene has a
doping of merely #n = 0.02 over the perfectly stoichi-
ometric compound (see figure 1(b)). The doping of
TiSe,/graphene is nonzero possibly due to Se vacan-
cies [31]. Besides those two features, below the main
electron band near the M point (denoted as « in fig-
ure 1(f)), there is a weaker copy of the band around
100 meV below the main band and crossing the Fermi
level, denoted as o’ band. This ‘copy’ band is more
clearly seen in the second energy derivative of the
ARPES spectra in supplemental figure 2. This band
cannot be attributed to quantum well effects in the
finite-thickness films, or ‘replica bands’ from interfa-
cial electron—phonon coupling, as the energy differ-
ence between aand «’ is thickness independent up to
24 monolayers (ML) (see supplemental figure 1). Fur-
ther work needs to be done to explain the origin of the
band . None of the three features mentioned above,
including lack of CDW, large electron doping and the
‘copy’ band & at M, have thickness dependence from
3 ML-24 ML, as is demonstrated in supplemental fig-
ure 1.

The (100) surface of rutile TiO, undergoes a
(3 x 1) reconstruction above 670 °C. During this pro-
cess some of surface atoms are lost, leading to a terraced
surface with exposed titanium atoms [32]. Surpris-
ingly, after annealing the rutile TiO, substrates above
the surface reconstruction temperature in vacuum, we
can grow epitaxial thin films of TiSe, by only depositing
Se. Therefore, we speculate that the Ti atoms exposed
to vacuum due to the reconstruction will react with the
evaporated Se atoms, and form TiSe, (denoted before
as Se:TiO,). The electronic band structure of Se:TiO,,
shown in figure 1(i),is very similar to that of TiSe,/TiO,
grown by co-deposition of Se and Ti. As in TiSe,/TiO,,
there is no band folding between I" and M, which indi-
cates the suppression of CDW,and alarge electron dop-
ing level of n /2 0.22 electron/unit cell. Also below the
main band o near M there isa ‘copy’ band ¢/, shown in
figure 1(i), similar to the case of TiSe,/TiO,.

We further investigate the band structures of TiSe,/
graphene and TiSe; films grown on TiO,. Figures 2(a),
(c) and (d) display the deeper valence bands for 1 ML
TiSe,/graphene, 6 ML TiSe,/TiO, and Se:TiO,, respec-
tively. In TiSe,/TiO,, there are two bands which share
similar dispersion but are separated by 350 meV that
we name as v and . There is a hint of the band 7 in
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Figure 1. (a) Sketch of the heterostructures for TiSe,/graphene. (b) Photoemission intensity maps near E = Ep for an energy
window of 10 meV for 1 ML TiSe,/graphene. The yellow and green lines represent the direction of high-symmetry scans through
zone center and zone boundary, respectively. (¢) Band structure for 1 ML TiSe,/graphene along the high symmetry scans across the
zone center (green line in (b)) and the zone boundary (yellow line in (b)). ((d)—(f)) Same as ((a)—(c)), except that the sample for
(e) is 15 ML TiSe./TiO, and the sample for (f) is 10.5 ML TiSe,/TiO.. ((g)—(i)) The same as ((a)—(c)), except that the samples are
Se:TiO,. All data were taken at 20 K. ((b), (e) and (h)) Taken with 82 eV photons, ((c), (f) and (i)) taken with 46 eV photons.
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Figure2. (a) Theband structure for 1 ML TiSe,/graphene at the zone center (referred by the green line in figure 1(b)). (b) The band
structure for 1 ML TiSe,/graphene, after high temperature annealing (at 280 °C), at the zone center. (¢) The band structure for 7 ML
TiSe,/TiO; at the zone center. (d) The band structure for Se:TiO; at zone center. The labels yand 4/ in ((a)—(d)) highlight additional
features in the TiSe,/TiO; and Se:TiO; films (see text). (e) The momentum distribution curves from ((a)—(d)), taken 1 eV below the
valance band maximum atI" (as noted by the red dash lines in ((a)—(d))), with an integration window of 30 meV. The spectra are
normalized by the area under the MDC curves in the range of —0.7 AT <k; < 0.7 A~ The “HTA" in the label stands for ‘high-
temperature annealed’. (f) The core level photoemission intensity of IML TiSe,/graphene, 7 ML TiSe,/TiO; and Se:TiO». For the
simplicity of notation, in the figures by ‘TiSe,/graphene’ we always refer to TiSe, films on graphene with low temperature annealing
(below 250 °C) if there is no further explanation. For (e) and (f) the data for the ditterent films are shifted vertically for clarity. All
data were taken at 20 K. ((a)—(d)) taken with 46 eV photons, (f) taken with 82 eV photons.




Se:TiO, as well, but the signal is much weaker. Further
work is needed to elucidate the origin of the band ' in
TiSe; films on TiO, substrate. Besides this difference,
the vast majority of band features in all these films are
similar, with the exception of a chemical potential shift
in the cases of TiSe,/TiO; and Se: TiO,.

TiSe,/graphene can also have electron doping that
is as large as TiSey/TiO, and Se:TiO, provided that
we anneal the films at temperatures above 250 °C, as
demonstrated by the Fermi surface map in figure 4(f).
Nonetheless, the band structure of high-temperature
annealed TiSe,/graphene, shown in figure 2(b) is sig-
nificantly blurrier than TiSe»/TiO, and Se:TiO,°. We
compare the momentum distribution curves (MDCs)
of TiSe,/graphene (both low temperature annealed
and high temperature annealed), TiSe,/TiO, and
Se:TiO,, at an energy window 1 eV below the valance
band maximum, as is shown in figure 2(e). We can see
that the peaks in the MDCs of TiSe,/TiO; and Se:TiO,
are broader than low temperature annealed TiSe,/
graphene. On the other hand, the band features of
TiSe,/TiO, and Se:TiO, are clearly more distinguish-
able when compared to high temperature annealed
TiSe,/graphene’. Considering that the number of
Se vacancies necessary to yield the electron doping is
similar for TiSe,/TiO,, Se:TiO, and high temperature
annealed TiSe,/graphene, it is surprising to see that
TiSe,/TiO, and Se:TiO, have such a clear band struc-
ture when compared to high temperature annealed
TiSe,/graphene. Observation of clear band structure
in ARPES requires large single crystalline domain, or
long range lattice order of the film within the macro-
scopic extent of the incident photon beam. The clar-
ity of the photoemission spectra of TiSe,/TiO, and
Se:TiO; films suggests that the films have large epitaxi-
ally aligned domains. Thus we can demonstrate from
the electronic band structures that we have successfully
grown TiSe, on TiO, with high degrees of crystallinity.

Figure 2(f) shows the core level spectra of TiSe,/
graphene, 7 ML TiSe,/TiO, and Se:TiO,. The Se dou-
ble peaks are similar for all three systems in both posi-
tion and magnitude. The Ti peaks for TiSe,/TiO, and
Se:TiO; are shifted towards lower binding energy and
have slightly different shapes. Previous reports discuss
the creation of Ti>" states on the surface of vacuum
annealed TiO, [33], which will cause additional shoul-
ders with lower binding energy in the Ti 2p x-ray pho-
toemission spectra. Thus we may explain the energy
shift in the core level spectra of TiSe,/TiO, and Se:TiO,
by the formation of Ti’*t states. However, this energy
shift is also seen for 7 ML TiSe,/TiO,, where the signal
from the Ti** ions in TiO, substrate should diminish.
With an estimated probing depth of 0.6 nm [34], the

6 For the simplicity of notation, in the manuscript by ‘TiSe,/
graphene’ we always refer to TiSe, films on graphene with
low temperature annealing (below 250 °C) if there is no
further explanation.

7 Fittings and analysis of the MDCs in figure 2 can be found
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Ti*" signature from TiO, should diminish by a fac-
tor of 1000 for a 7 ML film compared to the bare TiO,
substrate. This is in contradiction to the observation
that Se:TiO, and TiSe,/TiO, have similar Ti 2p pho-
toemission spectra. These measurements suggest that
the electron doping on TiSe,/TiO, may induce Ti*"
ions in TiSe; films as well. The measurement of deeper
valence band and core level further supports that the
films on TiO,, grown by either Se deposition or Ti/Se
co-deposition, are TiSe;.

3. Structural characterization

Next we continue to characterize the crystallinity
of the TiSe; films on TiO;. TiSe; is a layered material
with hexagonal lattice and a lattice constant of
a = 0.354nm. TiO, (100) surface is rectangular with
lattice parameters a = 0.459nm, ¢ = 0.295nm. We
can also view the (100) surface of the substrate as a
distorted hexagonallattice, with alarge and anisotropic
strain of more than 20%, as is shown in figure 3(a).
Considering the giant lattice mismatch, it seems
unlikely to achieve layer-by-layer growth of TiSey/
TiO,. Nonetheless, reflective high energy electron
diffraction (RHEED) shows epitaxial growth of TiSe,
for both TiSe,/TiO, and Se:TiO,. The strain is <2%,
as determined by RHEED diffraction pattern. The
RHEED images and oscillations of RHEED intensity
are shown in figures 3(d)—(g). The large oscillations
are indicative of layer-by-layer growth for both growth
methods. Intriguingly, we can see RHEED intensity
‘oscillations’ for Se:TiO,, even though the reaction
is between deposited Se atoms and Ti atoms on the
substrate. These results, combined with the clarity in
the ARPES spectra, demonstrate that the films grown
by either Se deposition or co-deposition have highly
ordered lattices over macroscopic length scales.

4. Analysis of band structures and film
growth

With the chemical composition and lattice crystallinity
verified for TiSe,/TiO; and Se:TiO,, we now turn back
to the explanation of their electronic band structures.
The two main features of TiSe, films on TiO, are the
large electron doping and the suppression of the CDW.

The origin of the CDW in TiSe; is still under debate.
Some attribute it to a Peierls charge density wave cre-
ated by a spontaneous crystal distortion driven by the
electron—phonon interaction [22, 26]. Many others
describe the low-temperature phase as excitonic con-
densation where electrons and holes combine into
excitons which then Bose condense [24, 25]. In either
case, it is expected that external electron doping will
suppress the CDW. For the case of a CDW caused by
periodic lattice distortion, increasing carrier density
will promote superconductivity, which competes with
the CDW [35]. For an excitonic condensate, doping
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Figure 3. (a) Comparison between the lattices of TiSe; and TiO,. (b) The (000 1) projection of the atomic structure of TiSe,, where
blue spheres indicate Tiatoms, and green spheres indicate Se atoms. (c) The (10 0) projection of the atomic structure of TiO,, where
blue spheres indicate Tiatoms, and red balls indicate Oxygen atoms. ((d)—(t)) Surface characterization of TiSe»/TiO, films: (d)
RHEED pattern for a 21 ML sample. (¢) The evolution of RHEED intensity integrated from the red rectangle versus time during
growth fora 15 ML sample. ((f) and (g)) The same as ((d) and (e)), but for Se:TiO, film.

restrain the condensation. Researchers have doped
TiSe, by Cu intercalation [36, 37] and ionic liquid gat-
ing [38], and both methods lead to the destruction
of the CDW and the formation of a superconducting
dome in the phase diagram.

The more puzzling aspect of this system is the
electron doping. Changing post-growth anneal-
ing temperature of TiSe, can control Se vacancies,
which may act as electron dopants [31]. By default
we do post-growth annealing at the growth temper-
ature, which is 200 °C for TiSe,/graphene, and
360 °C-380 °C for TiSe,/TiO,. Therefore, we system-
atically compare the films of all 3 growth modes with
different post-growth annealing temperatures, in
order to investigate its effect on the electronic prop-
erties. Figures 4(e) and (f) shows the Fermi surface
of TiSe,/graphene after low and high temperature
post-growth annealing. The Fermi surface becomes
significantly larger after a mere 50°C increase in the
annealing temperature (from 200 °C to 250 °C),
indicating that the high temperature post-growth
annealing can create Se vacancies and induce elec-
tron doping. If we immediately quench TiSe,/TiO,
and Se:TiO; films to temperatures below 200 °C after
growth, the Fermi surface volume is still much larger
than the case of TiSe,/graphene, which is clear if we
compare figures 4(a), (c) and (e). When there is a
significant electron doping, as is evident by the large
pockets in figures 4(a)—(d) and (f), the CDW order is
destroyed. This shows that TiO, substrate, directly or
indirectly, induces large doping level into TiSe,.

It is plausible to assume the interfacial charge
transfer from work function difference as the origin of
the electron doping in TiSe; films on TiO,. However,
this effect should be strongly limited by the thickness
of films due to electronic screening from the metallic
TiSe, films. Since there is no thickness dependence of
the Fermi surface size up to 24 ML (see supplemental
figure 1), the work function induced interfacial charge
transfer cannot be the main reason for the electron
doping for TiSe; films on TiO,.

This thickness-independent large electron doping
in the TiSe; films grown on TiO; can be explained by
the strong interfacial bonding between TiSe; and TiO,
which leads to a growth window with higher growth
temperature. More Se vacancies are created due to the
increased growth temperature, resulting in electron
doping and suppression of CDW in TiSe; on TiO, sub-
strates.

The ideal growth temperature for TiSes/TiO,
and Se:TiO; is consistently higher than the temper-
ature required for TiSe,/graphene. The ideal growth
temperature for TiSey/TiO; and Se:TiO, is between
350 °C-380 °C, below which the growth yields amor-
phous films. On the other hand, if we grow TiSe,/
graphene at any temperature above 250 °C, there will
be no formation of new RHEED streaks. This means
that at this temperature, the Se re-evaporation rate
is too high to allow the growth of TiSe, on graphene.
This substrate-induced, yet thickness-independent
growth temperature difference between graphene and
TiO, can be explained by the growth dynamics. Gra-



phene and TiSe, are weakly bonded by van-der-Waals
interactions. If the growth temperature is too high
(experimentally found to be above 250 C), the re-
evaporation rate will be too high for films to grow. On
the other hand, for TiSe; films on TiO,, it is likely that
Ti—O and Ti-Se bonds form between the film and sub-
strate. Consequently, the required growth temperature
is higher than the case of TiSe,/graphene, because
stronger bonds at the surface will impede the diffu-
sion necessary to form long range atomic order. Better
understanding of the interfacial bonding configura-
tion is desired but requires scattering or microscopy
techniques with theory/simulation that are currently
beyond our capabilities.

At the growth temperature of TiSe,/TiO, and
Se:TiO, (380 °C), Se has high re-evaporation rate,
according to the results of TiSe,/graphene from both
figure 4(f) and a previous STM study [31]. As a result,
during the growth process, there is already significant
Se re-evaporation, leading to Se deficiency and elec-
tron doping, even though we are growing in a Se-rich
regime. The density of Se vacancies is determined by
the substrate temperature and not directly by interac-
tions at the interface, which can explain why the elec-
tron doping in TiSe,/TiO; is thickness independent up
to 24 ML. The heavily doped TiSe,/TiO, and Se:TiO,
films show superior ARPES spectra compared to the
TiSe,/graphene films with higher post-growth anneal-
ing temperatures, which is demonstrated in figure 2(e).
The sharper ARPES spectra are indicative of large sin-
gle crystalline domains. Thus the enhanced substrate-
film bonding yields significant selenium defects and
therefore a large electron doping, while maintaining
superior crystallinity overall. To summarize, the sup-
pression of charge density wave order is likely due to
the large electron doping, and the electron doping is
likely generated by Se vacancies, which are created by
substrate induced change in the growth window.

5. Conclusion

We successfully grew TiSe, on rutile TiO, (100)
substrates using MBE, via two methods: co-deposition
of Se and Ti, and reaction between the Ti atoms from
the reconstructed substrate surface and the deposited
Se atoms. Despite the substrate having a different
symmetry from the film, epitaxial growth is achieved,
which provides new opportunities to further tune
the properties of TiSe,. Our results may also pave the
way to new growth methods of other TMDC/TMO
heterostructures.

Previous studies doped electrons into TiSe, to
a maximal level of ~0.06 electron per unit cell, and
superconductivity emerges [36, 37, 39]. In contrast,
TiSe, films on TiO, reported in this work have a dop-
ingof >0.16 electron per unit cell without any external
intercalation or liquid gating, entering into an unex-
plored regime in the TiSe, phase diagram. Also, the
usage of large-dielectric TMO substrates enables exter-

nal backgating, which may further tune the chemical
potential of TiSe,. It would be interesting to investigate
the transport properties of TiSe;, films on TiO,. More-
over, our success in growing TiSe; on rutile TiO; sug-
gests that the growth of TMDC/TMO heterostructures
does not require an ideal lattice match. Therefore, it is
also promising to develop other TMDC/TMO hetero-
structures as a powerful way to tune their electric and
optical properties.

6. Methods

6.1. Growth

For TiSe,/TiO,, Shinkosha STEP TiO, (100) substrates
were mounted on a molybdenum sample holder with
silver paste and placed into an MBE chamber. The base
pressure of the MBE chamber was 8 x 10~!! Torr.
Substrates were then degassed at 450 °C—650 °C, and
cooled down to 360 °C for growth. Ultra-high purity
titanium (99.995%) and selenium (99.999%) were
then deposited onto the substrate. The crystallinity
was examined using reflection high energy electron
diffraction (RHEED). The films were then annealed
at 380 °C for 2 h (except for the ones noted with ‘Low
Temperature Anneal’ in figures 2 and 4). The growth
conditions of Se:TiO, is similar to that of TiSe,/TiO,,
except that before growth the substrates are annealed
at 810 °C-860 °C for 30 min in addition to degassing,
resulting in the surface reconstruction, and that only
Se cell is used during the growth.

For TiSes/graphene, the TiSe, films were grown
by MBE on bilayer graphene (BLG) epitaxially grown
on 6H-SiC [40]. The growth temperature is at around
200 °C. The films were then annealed at growth
temperature for 2h (except for the ones noted with
‘High Temperature Anneal’ in figures 2 and 4).

The successful growth of Se:TiO, relies on the
preparation of substrate. TiO, rutile (100) surface
undergoes a (3 x 1) reconstruction at temperatures
above 670 °C, exposing Ti atoms from surface layers
to vacuum [32]. The reconstructed surface has been
studied by STM and LEED [41, 42] and also DFT
calculations [43]. All the works reveal that the recon-
structed surface is composed of many (110) and
(110) microfacets, increasing the surface area. Fur-
thermore, the surface has titanium atoms with dan-
gling bonds. We speculate this makes the titanium
atoms on the surface prone to react with the depos-
ited Se atoms, and explains why Se:TiO, can only
form on (3 x 1) reconstructed surface of TiO,. More
investigation is required for a full understanding of
the formation of Se:TiO,.

Only when we pre-anneal the substrate to the
temperature range of 810 °C-860 °C will we grow epi-
taxial films with clear ARPES spectra. If pre-annealing
temperature is too low, the films will not form, pos-
sibly because there are not enough Ti atoms exposed
to vacuum. If pre-annealing temperature is above
860 °C, the films will show ARPES spectra with very
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Figure4. ((a)—(f)) ARPES intensity mapping near E = Ef for an energy window of 10 meV, measured at 20 K. The Brillouin zone of
bulk TiSe, is plotted in red for comparison. (a) Se:TiO,, quenched to 30 °C immediately after growth. (b) Se:TiO,, annealed at 390 °C.
(c) TiSey/TiOy, 9 ML, quenched to 120 °C. (d) TiSey/TiO,, 15 ML, annealed at 280 °C. (e) TiSe,/graphene, 1 ML, annealed at 220 °C.
(f) TiSe,/graphene, 1 ML, annealed at 280 °C. ((a)—(c) and (f)) are made by symmetrizing partial Fermi surface maps. (g) The
relationship between doping level and annealing temperature for Se:TiO», TiSe,/TiO, and TiSe,/graphene. The red line is a guide of
the eye indicating the separation between low temperature anneal and high temperature anneal. All data taken with 82 eV photons.

broad bands and diffusively scattered intensity, result-
ing from a very rough substrate surface.

On a side note, we want to alert chalcogenide thin
film growers that substrate-film reaction and the
resulting Se:TiO, may accidentally occur during the
process of preparing other chalcogenide/titanate het-
erostructures, as the condition for the formation of

Se:TiO; is in close proximity with the growth condi-
tion of many other chalcogenide films. For example,
Se:TiO; can act as an impurity phase for the growth of
FeSe/TiO, if the substrate is pre-annealed at temper-
atures above 790 °C, giving hexagonal lattice with
Fermi surfaces and electronic structures very similar
to what is reported in this work. Similar mechanisms



of TiSe, formation may also happen for chalcogenide
films on other titanate substrates including SrTiOs and
anatase TiO,.

6.2. Measurement

After growth, the films were transferred in situ to
the ARPES end station of the stanford synchrotron
radiation lightsource beamline 5-2. To ensure the data
repeatability, in total ~40 TiSe; films were measured.
The base pressure in the ARPES chamber was better
than 4 x 10~ !! Torr. The high symmetry cuts were
done with photon energy of 46¢eV, and the energy
resolution is better than 25 meV. Reciprocal space
maps were measured using photon energy of 82¢V,
and the energy resolution is better than 44 meV. The
angular resolution is better than 0.4°.
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