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We have investigated the atomic-scale reaction between a Ti thin layer and highly oriented
pyrolytic graphite (HOPG) mainly by scanning tunneling microscopy. A deposited Ti layer
shows an epitaxial orientation structure on a HOPG substrate even in room-temperature
deposition, while the bonding between Ti and HOPG is very weak. The chemical reaction
between Ti and HOPG takes place, and epitaxial TiC domains on HOPG are formed for
annealing at above 600 °C. The TiC domains shows a smooth surface corresponding to the
TiC(111) plane after annealing at 700 °C. The formation of TiC(001) facets and significant
surface roughening of not only TiC but also HOPG substrates are observed for annealing at

as high as 900 °C.
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1. Introduction

Carbon (C)-related low-dimensional structures such as graphene sheets and nanotubes have
attracted attention for nanoelectronic applications because of the high mobility of both
their electrons and holes and their characteristic electronic properties'”. For the
application of low-dimensional C materials in nanoelectronic devices, it is necessary to
control the crystalline structure of not only the C material itself but also insulators, metals,
and interfaces of device structures on the atomic scale. Also, in the development of device
applications of C nanostructures, there are many challenges for metal/semiconductor
contact technologies to achieve low contact resistance, high thermal robustness, high

adhesive property, and high reliability 12

Understanding the crystalline structure and chemical reaction at the interface between
a metal electrode layer and a C nanostructure is essential for attaining high performance
and reliability of the contact structure between metal and C-related materials. However, it
is difficult to analyze these properties in atomic-scale C nanostructures in detail because of
the limitation of the volume of low-dimensional C nanomaterials. On the other hand,
highly oriented pyrolytic graphite (HOPG) consists of high-quality stacked graphite
monolayers, and thus it is a good specimen for the fundamental study of metal/C
nanostructure contact. There are many previous studies of the behavior and crystalline
structure of some metals, such as Cu'*!>, Ni!>10 pt!517 Agl819) "and Co?”), deposited on
graphite substrates. Also, scanning tunnel microscopy (STM) studies of the nanostructure
of metals on graphite substrates have been reported®!>. However, these previous studies
of the metal/graphite substrate system basically focused on the nanostructures of metals
deposited on substrates, and studies focusing on the metal/graphite contact structure and
interfacial reaction are limited. The relationship between the crystalline structure and the

chemical reaction between a metal and a graphite substrate has not yet been understood in
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detail.

In this study, we examined the deposition of multi-monolayers of a titanium (Ti) thin
film directly on a HOPG substrate and analyzed the atomic structure of the sample surface
by STM and photoelectron spectroscopic techniques to investigate the crystalline structures

and chemical reaction of a Ti layer with graphite after annealing.

2. Experimental methods

HOPG was used as the substrate. Its surface was cleaned by peeling the surface graphite
layers off with an adhesive tape followed by annealing at 1000 °C in an ultrahigh-vacuum
(UHV) chamber whose base pressure was below 3x10°® Pa. The surface of HOPG was
confirmed to be clean by in situ reflection high-energy electron diffraction (RHEED) and
STM. After cleaning the surface, Ti layers with thicknesses of 0.05-0.25 nm were
successively deposited using an electron beam evaporation system at a pressure below
110”7 Pa at room temperature (RT). Then, Ti/HOPG samples were annealed at
temperatures ranging from 600 to 1000 °C at a pressure below 1x10 Pa in the same UHV

chamber.

The crystalline structure and morphology of the sample surface were observed by in
situ RHEED and STM. The chemical bonding structure of surface layers in Ti/HOPG
samples was analyzed by ex situ X-ray photoelectron spectroscopy (XPS) using a Mg Ka

X-ray source (photon energy; hv = 1254 eV).

3. Results and discussion

Figures 1(a)-1(d) show STM images of the Ti (thickness: 0.05 nm)/HOPG and Ti
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(thickness: 0.25 nm)/HOPG samples. Figures 1(b) and 1(d) are enlarged images of Figs.
I(a) and 1(c), respectively. In the Ti (thickness: 0.05 nm)/HOPG sample, many small
particle-like bright spots are observed on the terrace of HOPG in Fig. 1(a). Also,
protrusions along the step edge lines can be observed. These small particles and
protrusions are considered to be agglomerated structure of deposited Ti. Note that we
firstly observed the STM image shown in Fig. 1(b) and then observed the image in Fig.
1(a). After observing the magnified STM image shown in Fig. 1(b), we found that there are
no small particles in the region first observed in Fig. 1(a). This result suggests that the Ti
particles were swept out and agglomerated at edge lines, and the as-deposited Ti atoms

very weakly interacted with the HOPG surface, which is energetically stable.

For the deposited Ti thickness as thick as 0.25 nm, the agglomerated structure shows
the characteristic threefold symmetry, as shown in Fig. 1(c). The in situ RHEED pattern
obtained from this sample immediately after the Ti deposition is shown in Fig. 2. A streak
with a ring pattern is clearly observed. The characteristic distances di and d> were
estimated to be 0.297+0.004 and 0.51340.004 nm, respectively, from the diffraction pattern
shown in Fig. 2. These values correspond to the lattice planes of hexagonal Ti(1000) (d =
0.296 nm) and Ti(1120) (d = 0.513 nm)*®. These values can be associated with the
hexagonal structure of Ti domains and indicate the epitaxial growth of Ti thin layers on
HOPG. The epitaxial relationship between Ti and the HOPG substrate can be determined

to be Ti(0001)//HOPG(0001) and Ti[1120]//HOPG[1120] from the RHEED pattern.

We deduced that this characteristic structure is related to the Van der Waals
epitaxy?”?® of a Ti thin layer on the HOPG substrate. Van der Waals epitaxy was also
previously reported in the growth of thin films such as GaSe on Mo0S>* and CrPt; on

WSe2*?. It is known that this characteristic growth is observed in the case of thin-film

4
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growth on an energetically inactive surface of a substrate. In addition, the condition of the
long-range periodic structure with a large lattice mismatch between the grown film and the
substrate is required for this epitaxy. In fact, it is well known that an HOPG surface is
relatively energetically stable and the lattice mismatch between Ti and HOPG is as large as
20%, considering the epitaxial relationship mentioned above. This means that the bonding
of the Ti layer with the HOPG substrate just by Van der Waals force is very weak, which is
consistent with the sweeping out of the agglomerated Ti particles at step edges just by tip
scanning in the very thin Ti layer deposited on HOPG, which is observed in the STM

image shown in Fig. 1(a).

Next, we examined the in situ annealing of Ti/HOPG samples under UHV condition.
Figures 3(a)-3(c) show STM images of Ti (thickness: 0.25 nm)/HOPG samples after in situ
annealing at 700, 900, and 1000 °C, respectively. The surface profiles at the position
indicated in these images by arrows are also shown below the STM images. After
annealing at 700 °C, many hexagonal domains with atomically flat and uniform surfaces
are formed on the HOPG terrace. On the other hand, after annealing above 900 °C, the
symmetry of the domains significantly degrades as they agglomerate with significant
roughening of the domain surface. In addition, after annealing at 1000 °C, significant
erosion of the HOPG substrate around the domains is observed as a dip at the edge region

of the domains as indicated by red arrows in the surface profile shown in Fig. 3(c).

Figures 4(a)-4(c) show the RHEED patterns of the Ti (thickness: 0.25 nm)/HOPG
samples after in situ annealing at 700, 900, and 1000 °C, respectively. After 700 °C
annealing in UHV, the characteristic distances d3 and d4 shown in Fig. 3(a) were estimated
to be 0.306+0.004 and 0.531£0.004 nm, respectively. These values correspond to the
lattice planes of Ti carbide, TiC(100) (d = 0.306 nm), and TiC(111) (d = 0.530 nm)*®. The
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STM and RHEED results indicate the epitaxial growth of a TiC layer on HOPG due to the
chemical reaction between Ti and HOPG. The epitaxial relationship between TiC and
HOPG is determined to be TiC(111)/HOPG(0001) and TiC[110]//HOPG[1120]. Moreover,
after 900 °C annealing, the streak in the diffraction pattern becomes spotty, indicating the
degradation of the TiC layer with the formation of a 3D island-like morphology, which is

consistent with the observation from the STM image shown in Fig. 3(b).

Here, we deduce the morphological transition of the TiC layer on HOPG depending
on the annealing condition. After annealing below 700 °C, the TiC layer shows a smooth
surface corresponding to the TiC(0001) plane (c-plane). Ito et al. previously reported the
STM observation of the epitaxial growth of a graphite monolayer on a TiC(111) surface’V.
They found that the graphite monolayer grows showing that the azimuthal relationship
with TiC is C[1120]//TiC[110], which is consistent with the observed crystalline structure
in this study. They note that, with this relationship, one-seventh of the reciprocal space unit
vector of TiC[110] corresponds to one-fifteenth of that of the graphite along [1120], and
one-fourteenth of the reciprocal lattice of TiC[112] corresponds to one-tenth of that of
graphite along [1010]. We deduce that this long-range matching with the superlattice

would lead to the formation of a TiC epitaxial layer on HOPG at a temperature of 700 °C.

On the other hand, after annealing above 900 °C, the agglomeration of TiC is
observed and the domains show a 3D-like pyramidal shape surrounded by TiC{1000}
a-plane facets. This result is taken into account from the viewpoint of the surface energy of
TiC. Dudiy et al. reported that the surface energies of TiC(100), TiC(110), and TiC(111)
with the relaxed structure are theoretically calculated 1.73, 3.78, and 5.63 J/m?, and that the
TiC a-plane is energetically most stable among these planes®?. Therefore, it is considered

that flat TiC domains with the c-plane are formed in the initial stage of the reaction
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between Ti and HOPG by low-temperature annealing, although TiC domains agglomerate
with a change to a pyramidal shape to preferably form a-plane facets by high-temperature

annealing.

We also characterized the chemical reaction products after annealing the Ti/HOPG
samples by ex situ XPS measurement. Figure 5 shows the photoelectron spectra of the Ti
2p core level obtained from the Ti (thickness: 0.25 nm)/HOPG samples as-deposited and
after annealing at temperatures ranging from 600 to 1000 °C. In the case of the
as-deposited sample, a Ti oxide component at binding energies of 464.5 and 458.8 eV for
Ti 2p1» and Ti 2psn, respectively, is dominant®®. In the spectrum for the as-deposited
sample, the component related to the metal Ti, which was previously reported to have a
binding energy of 453.8 eV for the Ti 2ps» core level®®, is hardly observed. This is
considered to be due to the oxidation of a Ti metal layer during the sample transport in
atmosphere from the deposition chamber to the ex situ XPS measurement system. This is

because a Ti thin layer is a chemically active material and is easily oxidized even at RT.

On the other hand, the intensities of peaks at 460.7 and 454.7 eV for Ti 2pi,» and Ti
2p3n, respectively, significantly increase with annealing temperature, which can be
considered to be the formation of TiC*¥ through a chemical reaction between the Ti layer
and HOPG takes place in high-temperature annealing. This result is consistent with the
STM and RHEED observations mentioned above. Interestingly, note that we can identify
the component related to TiC from the as-deposited Ti layer at RT on HOPG; although the
intensity is lower than that of the annealed sample. This result suggests that TiC could be
formed only by depositing Ti on graphite at RT. However, the component of TiC is limited
in the as-grown sample, and we cannot determine in detail where the reaction preferentially
occurs, for example, at the step in the HOPG surface. Considering the STM observation
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mentioned above, we guess that the bonding structure at the interface between Ti and

HOPG is dominated by Van der Waals force.

We summarize the crystalline structure and reaction between Ti and HOPG in Fig. 6.
In the as-deposited Ti sample, the deposited Ti forms domains and epitaxially grows on
HOPQG, despite the fact than the bonding between Ti and HOPG by Van der Waals epitaxy
is very weak [Fig. 6(a)]. After annealing at a low temperature in the range of 600-700 °C,
the formation of epitaxial TiC domains through the reaction between Ti and HOPG takes
place, and the surface of TiC becomes uniform and flat [Fig. 6(b)]. With the annealing
temperature increased to 900 °C, TiC domains agglomerate with the formation of {111}
facets [Fig. 6(c)], and the surface roughening of HOPG becomes significant especially

around TiC domains after annealing at temperatures as high as 1000 °C [Fig. 6(d)].

4. Conclusions

We investigated the atomically crystalline structure of a Ti thin layer deposited on HOPG
by in situ RHEED, STM, and ex situ XPS. We observed the epitaxial growth of Ti
immediately after its deposition on HOPG at RT. After annealing above 600 °C, the
formation of TiC proceeds with increasing annealing temperature, and STM and RHEED
observations revealed the epitaxial growth of TiC with characteristic domains. The
roughening of the surface of not only TiC but also HOPG substrates for annealing at
temperatures as high as 900 °C. Considering these results, we have to control the
atomic-scale interfacial reaction between the metal electrode and the low-dimensional
graphite structure to form low-resistance contacts with high reliability for C

nanoelectronics.
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Figure Captions

Fig. 1. (Color online) The STM images of the (a) Ti (thickness: 0.05 nm)/HOPG sample
and (b) magnified one, and (c) Ti (thickness: 0.25 nm)/HOPG sample and (d) magnified

one.

Fig. 2. In situ RHEED pattern of the Ti (thickness: 0.05 nm)/HOPG sample immediately

after Ti deposition.

Fig. 3. (Color online) STM images of Ti (thickness: 0.25 nm)/HOPG samples after in situ
annealing at (a) 700, (b) 900, and (c) 1000 °C.

Fig. 4. RHEED patterns of Ti (thickness: 0.25 nm)/HOPG samples after in situ annealing at
(a) 700, (b) 900, and (c) 1000 °C.

Fig. 5. (Color online) Photoelectron spectra of the Ti 2p core-level obtained from Ti
(thickness: 0.25 nm)/HOPG samples as-deposited and after annealing at 600, 700, 800, 900,
and 1000 °C.

Fig. 6. (Color online) Schematic diagrams of crystalline structure and reaction between Ti
and HOPG observed in this study. (a) As-deposited, and after annealing at (b) 600—700, (¢)
900, and (d) 1000 °C.
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Fig. 1
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