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To expand the applications of low work function materials, high chemical stability is necessary to prevent the
surface from unfavorable reactions. We developed a 20-nm-thick lanthanum hexaboride (LaBg) thin film covered
by a monolayer hexagonal boron nitride (h-BN), which exhibits not only low work function but also high
chemical stability. Results demonstrated that the h-BN/LaBg heterostructure can be formed by vacuum annealing
a nitrogen-doped LaBg thin film. The formation process was investigated using Auger electron spectroscopy
(AES), high-resolution electron energy loss spectroscopy (HREELS), and X-ray absorption near edge structure
(XANES) spectroscopy. We have elucidated that the doped nitrogen atoms and boron atoms in the film thermally
diffuse into the surface during annealing, thereby forming the monolayer h-BN on the surface. Work function was
measured using scanning tunneling microscopy (STM). From a practical perspective, chemical stability was
evaluated with a heating temperature necessary for restoring the low work function state after air exposure. The
work function was comparable to that of the clean LaBg(100) surface. Moreover, it recovered at a much lower
temperature than the cleaning temperature of the LaBg(100) surface. We anticipate that this material devel-

opment will facilitate implementation of the low work function material.

1. Introduction

Work function is an important property for electron materials
because it governs electron transfer characteristics at interfaces with
vacuum or semiconductor materials. Particularly low work function is
quite useful for electron devices of various kinds to achieve their higher
performance.

One promising application of a low work function material is to use it
for an electrode material in semiconductor devices. In this application,
room temperature operation is supposed. One advantage of using a low
work function material is that unintended Schottky effects are sup-
pressed. A Schottky barrier is often formed at the interface between a
metal and a semiconductor [1]. Such an unintended Schottky barrier
between the semiconductor device and the external circuitry adversely
affects the device performance and reliability. One solution to avoid this
problem is to use a low work function material for the electrode to
realize ohmic contact at the interface [2]. At present, however, low work
function materials are hardly used as the electrode material for semi-
conductor devices. A main problem is that a conventional low work
function material reacts with ambient gases during the device
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fabrication process, and then would have been no longer a low work
function material [3]. Therefore, a low work function material accom-
panying high chemical stability is awaiting, which can withstand the
fabrication process.

Lanthanum hexaboride (LaBg), with a work function of 2.3 eV [3-6]
is one of the low work function materials in practical use. However, the
application field is still limited. The primary application of the LaBg is
thermionic electron cathode [7-9]. Since it works at a temperature of
1200 °C or higher in vacuum, the surface is prevented from oxidation,
maintaining its low work function for a long time. Even though therm-
ionic electron emission can occur even below 1200 °C, the operating
temperature of 1200 °C is necessary to maintain the clean surface [10].
Therefore, if it had high chemical stability, it could be operated at lower
temperatures. In the lower temperature operation, thermal deterioration
is suppressed, and the lifetime of the thermionic source can be expected
to be extended. Low work function materials with high chemical sta-
bility would expand the application field and improve the performance
of devices.

As a candidate, monolayer hexagonal-boron nitride (h-BN) / LaBg
heterostructure film is proposed [11]. First, the work function of this
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system is expected to be as low as that of LaBg. Fig. 1 presents a potential
diagram around the surface of the monolayer h-BN/LaBg hetero-
structure thin film. In this system, the charge transfer is expected to be
negligibly small because of the large band-gap of h-BN. Then the energy
levels of the monolayer h-BN film and the substrate are aligned at the
vacuum level (Eyac) rather than the Fermi level (Eg). Therefore, the work
function of the system (®netero) is given by that of the substrate (®gyp)
[12]. In addition, unfavorable reactions can be suppressed because the
surface is covered with an inert film, i.e., the monolayer h-BN film
[13-18]. Indeed, h-BN coated surfaces was suggested to be promising
candidates for anti-corrosion applications, and h-BN nanosheet coatings
using pulsed laser deposition techniques with h-BN targets have also
been reported [19]. Consequently, chemical stability would be
improved without increasing the work function.

A recent report has described lowering of the work function of single-
crystal LaBg(100) coated with a monolayer h-BN film prepared using
wet-transfer method [20]. However, practical use of heterostructures is
still awaiting increased ease of producing structures with various sub-
strates and with various heterostructure sizes and shapes.

We have developed a 20-nm-thick thin film with monolayer h-BN/
LaBg heterostructure on the surface. The heterostructure can be formed
by vacuum annealing of a nitrogen (N) doped LaBg thin film [21-23],
which can be fabricated on various substrates using radio-frequency
(RF) sputtering deposition. Results showed that 20 nm thickness is
sufficient to produce the desired function. The developed monolayer h-
BN/LaBg heterostructure thin film is a material combining the low work
function and high chemical stability, which are usually mutually
exclusive. We expect the monolayer h-BN/LaBg¢ heterostructure thin film
to be seized upon as an opportunity for extending the applications of low
work function thin films and improving the performance of devices
using low work function materials.
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Fig. 1. Potential diagram around the surface of the monolayer h-BN/LaBg
heterostructure thin film. E,,. and Ep respectively denote the vacuum level and
Fermi level. ®petero and @y, respectively correspond to the work function of the
system and that of the substrate.
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2. Materials and methods
2.1. Sample preparation

The starting sample was a N-doped LaBg thin film deposited on SiO,
or LaBg(100) substrates [21]. The film thickness was 20 nm. The N-dope
LaBg film was prepared using RF sputtering deposition, where the LaBg
target containing 0.4 wt% nitrogen was used. This deposition process
was identical to the initial process used to fabricate top-contact/back-
gate organic field-effect transistors in earlier studies [24-29]. The N-
doped LaBg thin film fabricated using this method is polycrystalline but
highly oriented in the (100) direction [21]. After the nitrogen-doped
LaBg thin film was deposited, the sample was removed from the depo-
sition system into the ambient atmosphere and stored. All measurements
were performed in ultra-high vacuum (UHV) systems. Depending on the
system used for experimentation, the annealing method was chosen
from electron bombardment, heater contact, and electrical heating. The
temperature was measured using an optical pyrometer.

2.2. Experiment methods

Experiments were conducted to elucidate the segregation process of
the monolayer h-BN on the LaBg film surface and to demonstrate the
coexistence of the low work function and high chemical stability. The
formation process was analyzed using Auger electron spectroscopy
(AES), high-resolution electron energy loss spectroscopy (HREELS), and
X-ray absorption near edge structure (XANES) spectroscopy, whereas
the work function and the chemical stability were evaluated using
scanning tunneling microscopy (STM).

For elucidating the formation process of the monolayer h-BN/LaBg
heterostructure, annealing-temperature dependent surface analysis was
performed on the N-doped LaBg thin film deposited on a LaBg(001)
single-crystal substrate. First, AES and HREELS measurements were
conducted for identifying the surface composition and the structure. All
measurements were conducted at room temperature.

The sample was annealed in UHV of the AES system at a desired
temperature for 300 s by electron bombardment on the backside. We
applied AES to the prepared sample in situ using a cylindrical mirror
analyzer. The 15 keV electron beam was impinged on the sample for
excitation at approximately 70° from the surface normal. Measurements
were taken in the dN/dE mode using a lock-in amplifier. The elemental
composition of the surface was estimated qualitatively from the AES.
The sample of interest was moved in UHV to the HREELS system through
a transfer tube.

The HREELS measurements were taken using a HREEL spectrometer
(Delta 0.5; SPECS GmbH) operated with 1.5-2 meV resolution to obtain
a reasonable signal-to-noise ratio. Because the sample was poly-
crystalline, HREEL spectra were taken only in the specular condition,
where the incidence and detection angles were fixed at 75° from the
surface normal. The loss peaks in the spectrum are attributed to surface
phonon energies, which enable identification of the surface species or
the bonding nature.

As a complementary method for identifying the material structure,
The XANES measurement was performed. The XANES is a specific
structure observed with X-ray absorption spectroscopy. When an atom
absorbs X-rays, a core-level electron of the atom can be removed leaving
behind a hole. The core hole can be filled by an outer shell electron,
whereby the electron transitioning to the lower energy level loses an
amount of energy equal to the difference in energy of the initial and final
orbitals. The transition yields emission of fluorescent X-rays or Auger
electrons with the characteristic energy equal to the difference in the
orbital energies.

For acquiring a XANES spectrum, the method detecting the fluores-
cent X-rays is called the fluorescence yield method (TFY), and the
method measuring Auger electrons and the secondary electrons induced
by them is called the electron yield method (TEY) [30,31]. These two
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methods give similar spectra since they are triggered with the identical
X-ray absorption process mentioned above. But the main difference is
recognized to be the information depth resulting from the difference in
the escape depth of X-ray fluorescence and Auger electrons; it is on the
order of a few micrometers for fluorescent X-rays, whereas it is on the
order of several nanometers for Auger electrons. Accordingly, the TFY
method provides bulk information, whereas the TEY method gives
surface-sensitive data.

The XANES measurements were carried out at the BL5S1, hard X-ray
XAFS beamline, at Aichi Synchrotron Radiation Center 21 (AichiSR;
Aichi Science and Technology Foundation, Aichi, Japan). XANES spectra
reveal the electronic configuration of valence states, chemical bonding
properties, and local coordination of specific atoms. It can serve as a
fingerprinting technique for material identification. For this study, the
nitrogen K-edge XANES spectra were examined; h-BN powder was also
used as a reference sample. Measurements were taken simultaneously in
both TFY and TEY modes [30,31]. For the XANES measurements, the
sample was heated by contact with a heat source. Measurements were
taken at room temperature. A typical data reduction procedure (e.g.,
background removal, or normalization) was conducted using Athena
version 0.9.26.

As the next step, coexistence of the low work function and the high
chemical stability on the monolayer h-BN/LaBg heterostructure thin film
was attempted to prove as described hereinafter. Because the fabricated
film was polycrystalline, the work function was expected to vary at the
cluster scale. Therefore, we decided to measure local work functions
using STM sequentially and to visualize spatial distributions of the local
work functions as a work function map [32,33].

For evaluating the work function using STV, it is first necessary to
measure the effective potential barrier height for the tunneling elec-
trons, which is called “apparent barrier heigh”, and then the work
function is calculated from the apparent barrier height. Using the
tunneling current; I, the apparent barrier height; ®,, is derived from the
logarithmic change-rate of tunneling current with respect to the
tip-sample separation z at a certain bias voltage [23,34-36], and written
as

@4 (eV) = 0.952 {M} 2

(A)

Thus, the apparent barrier height is measured by applying a sinusoidal
voltage on the z-axis piezo to modulate the tip-surface distance, and then
detecting a response in the tunneling current at the frequency using a
lock-in amplifier.

On the other hand, based on the Wentzel-Kramers-Brillouin (WKB)
approximation, the apparent barrier height is supposed to be equivalent
to the average potential height formed within the tunnelling gap.
Therefore, the apparent barrier height can be written in terms of the
sample work function (®gample) as

q)A ~ {cbsample + (q)n'p + Vs) }/2 (2)

where V; is the sample bias voltage (<0 V), and @, is the work function
of the STM tip. Using this formula, the work function can be calculated
from the experimentally obtained apparent barrier height.

The STM measurements were taken at 77 K using a PtIr tip with an
Omicron LT-STM system operated by RHK electronics. A topographic
image was obtained in constant current mode. Simultaneously, work
function mapping was acquired from the response of tunneling current
to the change of tunnel gap distance during scanning. The modulation of
the tip-to-surface distance was 1.0 A with a frequency of 1.0 kHz. The
modulation amplitude in In I was measured using a lock-in amplifier.

For this study, chemical stability was evaluated with the heating
temperature necessary for recovering the low work function state. The
N-doped LaBg film was annealed in UHV at 900 °C to make a low-work-
function surface. Subsequently, it was exposed to atmospheric-pressure
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air for 300 s, returned to UHV, and heated for surface recovery at a
certain trial temperature. Then the work function mapping was exam-
ined to ascertain whether the low work function state was restored
uniformly, or not.

3. Results
3.1. AES measurements

Fig. 2 presents the AES spectra of the N-doped LaB¢ film for different
annealing temperatures. A series of AES measurements was started with
the as-deposited (as-depo) sample surface. The AES measurements were
repeated while increasing the annealing temperature in 50 °C in-
crements. On the as-depo sample, no N-Auger peak was detected.
However, the La NVV- and B KVV- Auger peaks were confirmed
respectively at 82 and 180 eV [37], accompanied by the contaminant C
KVV (274 eV) and O KVV (520 eV) peaks. When the annealing tem-
perature reached 800 °C, a nitrogen KVV peak appeared at 384 eV [38]
in addition to those of La and B. The peak intensities of the nitrogen
increased with the annealing temperature, although the peak dis-
appeared when the annealing temperature reached 1200 °C.

3.2. HREELS measurements

To identify the chemical species of the nitrogen compound formed on
the film surface, we measured HREEL spectra for the annealing tem-
peratures of 700-1200 °C. This range includes the temperatures at
which the nitrogen peak was detected in the AES spectra.

In the obtained spectra (Fig. 3), three characteristic peaks were
observed at 101, 175, and 186 meV. These peaks are associated with the
nitrogen compounds formed on the surface. The peak assignments were
made based on comparison with the spectra presented in an earlier
report [39]. Actually, 101, 175, and 186 meV can be assigned respec-
tively TO,, TO,,, and LO phonon modes of h-BN, and are almost equal to
the corresponding vibrational energies of the monolayer h-BN formed
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Fig. 2. Auger electron spectra of the N-doped LaBg film for different annealing
temperatures. Annealing temperatures are shown on the right side of each
spectrum. Dashed lines correspond to the peak positions for each element.
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Fig. 3. HREEL spectra of the N-doped LaBg film for different annealing tem-
peratures. Annealing temperatures are shown on the right side of each spec-
trum. Dashed lines correspond to the characteristic peak positions for the
samples of which the nitrogen peaks were detected in the AES spectra (Fig. 2).

on Ni, Pd, and Pt (111), which indicates that the h-BN thin film was
formed on the LaBg surface. In particular, the phonon energies measured
in our system are close to those of the incommensurate h-BN/Ni(111),
rather than those of the commensurate h-BN/Ni(111), and are larger by
only 2-3 meV. This result seems convincing, because all phonons in the
incommensurate system, such as h-BN/Pd(111) or h-BN/Pt(111),
exhibited higher energies than those in the commensurate system, such
as h-BN/Ni(111), by 3-8 meV, which trend was confirmed to be fol-
lowed in our system as well.

Since the surface phonon energy is associated with a lattice vibration
of the surface, each material has its own unique values. However, the
phonon dispersion of h-BN is very similar to that of graphene. This is
because they have the identical crystal structure and the comparable
lattice constants, and the average atomic weights of B and N are almost
equal to that of C. For distinguishing between the two, the energy
dispersion of the surface phonons should have been measured. But this
was not possible on our system because it was polycrystalline. Instead,
the AES measurements showed that B and N were dominant on the
surface, so the formation of graphene was excluded.

3.3. XANES measurements

As a complementary method for identifying the h-BN/ LaBg hetero-
structure formation other than HREELS, XANES measurements were
taken. For our measurements, sample annealing was conducted at
900 °C by contacting the heater onto the back side of the sample holder
plate. The XANES spectra were measured around the nitrogen K-edge in
TEY and TFY modes simultaneously, which are respectively surface-
sensitive and bulk-sensitive.

The XANES spectra of the annealed N-doped LaBg film sample are
presented in Fig. 4. As a reference, those of the h-BN powder are shown.
For quantitative comparison, the theoretical XANES spectra of the N K-
edges of h-BN and lanthanum nitride (LaN), which were obtained from
the Materials Project database [40] and calculated with an energy res-
olution of 1.5 eV, are also presented. In common to the TEY and TFY
spectra of the annealed N-doped LaBg film, there exist two peaks at 417
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Fig. 4. (a)(b) XANES spectra of the 900 °C-annealed N-doped LaBg film
measured around the nitrogen K-edge in TEY and TFY modes. (c)(d) For com-
parison, XANES spectra of the h-BN powder measured around the nitrogen K-
edge in TEY and TFY modes. Dashed lines correspond to the characteristic peak
positions of h-BN. (e)(f) Theoretical XANES spectra around the nitrogen K-edge
of h-BN and LaN, obtained from the Materials Project database [40].

and 425 eV. These peaks are attributed to the half-energy of the X-ray
absorption energy of the La-M edge [41,42]. However, a significant
difference can be seen as follows. In the surface-sensitive TEY mode,
absorption peaks appeared at 401, 408, and 439 eV, whereas these peaks
were not detected in the TFY mode which mainly provides bulk infor-
mation. These peaks are assigned as characteristic of h-BN, because the
identical features were found in the spectrum of h-BN powder and
theoretical spectrum, as well as in previous study [43]. Comparing be-
tween the two modes, the main difference is the information depth,
which is a few nanometers for TEY mode and a few micrometers for TFY
mode, depending on the escape depth of Auger electrons and X-ray
fluorescence, respectively. Therefore, the XANES data clearly indicate
that the h-BN existed only on the surface but not in the bulk, which
supports that annealing the N-doped LaBg thin film makes a monolayer
h-BN/LaBg heterostructure grow on the surface.

3.4. STM measurements

We next demonstrated the coexistence of the low work function and
high chemical stability on the monolayer h-BN /LaBg heterostructure
thin film. The STM measurements were started with the trial heating
temperature set at 450 °C after air exposure. Fig. 5a shows a typical
topographic STM image after the trial heating. The simultaneously ob-
tained work function mapping is also presented in Fig. 5b, in which the
higher brightness area corresponds to the higher work function area.
Fig. 5c corresponds to the work function profile along the dotted line in
(b). The dashed line corresponds to 2.3 eV, which is the ideal work
function of the clean LaBg(100) surface [44]. At any point, the local
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Fig. 5. (a) Typical topographic STM image of the monolayer h-BN LaBg heterostructure thin film after trial heating at 450 °C, I = 0.5nA at Vs =-3.50 V, 8 nm x 8 nm,
and (b) the simultaneously obtained work function mapping. (c) Work function profile along the dotted line in (b). The dashed line corresponds to the work function

of the clean LaBg(100) surface, 2.3 eV.

work functions were higher than 2.3 eV. The values varied widely from
cluster to cluster. This finding means that heating at 450 °C remained
insufficient to restore the low work function state.

Then, the trial heating temperature was increased to 550 °C. The
STM measurements were conducted in the same manner. Fig. 6a and 6b
respectively show a topographic STM image and the work function
mapping. Fig. 6¢ corresponds to the work function profile along the
dashed line in Fig. 6(b). The work function mapping shows that the work
function of 2.35 eV has been achieved over a wide range. Therefore, we
have ascertained the heating temperature necessary to restore the low
work function state to be 550 °C.

The obtained recovery temperature, 550 °C, was much lower than
the temperature required for cleaning the LaBg(100) surface, 1300 °C
[44,45]. In fact, it is comparable to those for cleaning the highly ori-
ented pyrolytic graphite (HOPG) [46] and the monolayer h-BN film
grown on the transition metals [12]. This result indicates that the
monolayer h-BN film improved the chemical stability of the LaBg surface
without increasing the work function of the system.

However, the local work function appears to be lower than 2.35 eV in
some spots. These areas of low function are apparently artifacts specific
to this measurement method [47], which is seen on non-horizontal

planes such as gap regions between clusters and explained as below.

For obtaining the work function mapping, the tip-to-surface distance
is modulated in the z direction in scanning, and then the apparent bar-
rier height is derived from the dI/dz signal intensity acquired with a
lock-in amplifier at each point. Therefore, for measuring the work
function value, the tip oscillation direction is critical and should be
perpendicular to the surface. Indeed, when the oscillation direction
deviates 0 from the vertical direction, the effective displacement from
the surface varies in proportion to cos 6 geometrically, and then the
signal intensity is attenuated proportionally. Consequently, the obtained
value for the apparent barrier height decreases according to (cos 8)?
from the formula (1).

For the above reason, when the work function mapping is performed
on an inclined surface, the lower value is derived as the work function
than the actual value is. Such an underestimation of the work function is
often noticeable near grain boundaries due to the geometrical problem.

4. Discussion

First, the monolayer h-BN/LaBg¢ heterostructure formation process is
discussed. The AES measurements did not detect the doped nitrogen in
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Fig. 6. (a) Typical topographic STM image of the monolayer h-BN LaBg heterostructure thin film after trial heating at 550 °C, I = 0.5nA at Vs = -3.50 V, 50 nm x 50
nm, and (b) the simultaneously obtained work function mapping. (¢) Work function profile along the dotted line in (b).

the as-depo state, but detected it after annealing at appropriate tem-
peratures. The HREELS and XANES measurements revealed that the
nitrogen forms a h-BN film on the surface.

Based on these experimentally obtained results, we propose the
growth model portrayed in Fig. 7. In the as-depo state, the doped ni-
trogen atoms might be weakly bound around the grain boundaries in the
polycrystalline LaBg film. However, when the film is annealed at tem-
peratures higher than 800 °C, thermal diffusion of the doped nitrogen
atom would occur. Then the nitrogen atoms react with surrounding
boron atoms of the LaBg to form a h-BN film and to aggregate on the
surface.

The driving force for diffusion into the surface is probably a decrease
in the surface free energy due to the h-BN formation on the surface. The
formation energy of the h-BN is 1.318 eV/atom obtained from the

20 nm

As deposited

N-doped LaBg

Materials Project database [40]. This value is considered to be enough
large for surface precipitation to occur [48]. In fact, surface precipita-
tion of h-BN has been confirmed on the surface of BN-doped stainless
steel [49]. Besides, on the (11 1) surface of a carbon (C)-doped Ni single
crystal, multilayer and monolayer graphite films were reported to be
formed at high temperatures in UHV [50]. This phenomenon was also
explained with the surface free energy, depending on the graphite for-
mation on the surface.

As a competitive process against the h-BN formation, that of LaN,
whose formation energy is 1.575 eV/atom [40], could be possible. But
the theoretical N K-edge XANES spectrum of the LaN [40] did not match
the XANES spectrum we obtained (Fig. 4). Therefore, the formation of
LaN in this system seems unlikely.

The thickness of the grown h-BN film is expected to be a single layer

| monolayer h-BN/LaBg

vacuum annealing
800-1100°C

Fig. 7. Schematic diagram of the formation process of a monolayer h-BN/LaB¢ heterostructure.
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because of the following reasons: in the HREEL spectrum for the
annealing temperature at 1100 °C, the dominant features were associ-
ated with the h-BN film, presuming that almost the entire surface was
covered with the h-BN film. However, in AES measurements, which have
lower surface sensitivity than the HREELS measurements [51,52], La
atoms were also detected in addition to B and N atoms, even on an
identical sample. For XANES measurements, the absorption peaks of the
h-BN appeared only in the surface sensitive TEY mode, but they were not
detected in the TFY mode. By contrast, the absorption peak of La was
observed in both modes. Considering the surface sensitivities [53] of the
measuring methods we used, the formed h-BN film thickness can be
inferred as that of one layer.

In order to quantitatively prove that the formed h-BN is monolayer
thick, we have focused on the nitrogen content in the nitrogen-doped
LaBg thin film prepared by the RF sputtering deposition. Since the ni-
trogen content in the LaBg target used in this study was 0.4 wt%, the
nitrogen content in the fabricated thin film would be at most 0.4 wt%.
Based on this value, area density of the nitrogen was estimated to be
16.2 atom/nm for the 20 nm-thick film. This nitrogen amount corre-
sponds to that of the h-BN thin film for 0.9 layer, which means that the
prepared nitrogen-doped LaBg film contained insufficient amount of
nitrogen to form the multilayer h-BN film. In fact, once the h-BN was
sublimated by annealing at 1200 °C, nitrogen was depleted, and even
after annealing the sample at the temperature appropriate for forming
the h-BN thin films, no nitrogen was detected by AES. In light of the
discussion presented above, it seems reasonable to assign that the
thickness of the grown h-BN film is a single layer.

We attempted to obtain an atomic resolution STM image on the
surface of the monolayer h-BN/LaBg heterostructure film, but so far we
have not obtained it. The plausible reason is that the crystallinity was
not high enough, since the substrate was a polycrystalline film prepared
by the RF sputtering deposition. In the STM observation of the mono-
layer h-BN film, the substrate directly influences the acquiring image. In
fact, it is reported that moiré patterns are induced on incommensurate
system, such as monolayer h-BN/Pd(111) [54] and monolayer h-BN/Pt
(111) [55]. In our system, the substrate for the h-BN film was a poly-
crystalline LaBg film prepared by RF sputtering deposition. The topo-
graphic image shows that the grain size was on the order of several
nanometers, suggesting that the crystallinity of the underlying LaBg thin
film did not seem high enough. Therefore, we have concluded that
obtaining the atomic resolution was hard for present conditions.

In order to obtain atomic resolution STM images of the h-BN thin film
in our system, it is absolutely necessary to improve the crystallinity of
the underlying LaBg thin film. As future work, we are considering
optimizing the conditions for the deposition and annealing of the
nitrogen-doped LaBg thin film.

In the AES measurements, oxygen was detected even after h-BN
formation on the surface. The work function of LaBg is known to be
sensitive to oxygen adsorption [3]. But we obtained the work function of
2.35 eV after the h-BN layer formation, suggesting that the LaBg surface
is free from oxygen under the h-BN layer. Currently, we infer the reason
as the following: Because our sample was not a single crystal but a
polycrystalline thin film prepared using RF sputtering deposition, the
oxygen in the residual gas during deposition was probably involved into
the film. An earlier report suggests that the involved oxygen affects the
film crystallinity [19]. After annealing for the h-BN formation, oxygen
might diffuse into the grain boundaries and remain there.

Currently, it is hard to quantitatively evaluate the defect density,
because the prepared film was polycrystalline with grains of several nm.
Impurities such as oxygen detected by AES are thought to have been
involved from residual gas during RF sputtering deposition. However, in
the later application stage with the monolayer h-BN/LaBs hetero-
structure thin film, improving the film quality is crucial. So, we believe
that it is essential to improve the deposition environment and to opti-
mize the film formation conditions for establishing the method for
fabricating the high-quality film.
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In this study, a unique growth method has been developed for an
atomic layered film on a deposited thin film. To date, growth of atomic
layered films has been investigated mainly on bulk single crystal sur-
faces. Aside from thermal precipitation of the graphite films on the C-
doped Ni(111) surface [46], chemical vapor deposition (CVD) methods
for h-BN [56] and graphene [57] on transition metal (11 1) surfaces and
pyrolysis method for graphene on C-terminated SiC(0001) surface
[58,59] are known. By the method we developed, monolayer h-BN
growth is achieved on a thin film prepared by RF sputtering deposition
via ex-situ vacuum annealing. To our knowledge, the monolayer h-BN/
LaBg heterostructure thin film is the first example that atomic layered
film was grown on the surface of a deposited thin film via ex-situ
annealing. Since the heterostructure can be prepared from a 20 nm-thick
thin film fabricated using RF sputter deposition, this method has prac-
tical advantageous features, such as high degrees of freedom in substrate
selection and shape, and high scalability. We anticipate that this mate-
rial development facilitates implementation of the low work function
material, and that it contributes to solving problems related to interfa-
cial electron transport, and consequently to expanding the application
field and improving the performance of various electronic devices.

5. Conclusion

A 20-nm-thick thin film with a monolayer h-BN/LaBg hetero-
structure on its surface was developed. The heterostructure film was
found to be obtained by annealing the N-doped LaBg thin film prepared
by the RF sputtering deposition. The heterostructure formation process
was investigated using AES, HREELS, and XANES spectroscopy. The
results elucidated that the doped nitrogen atoms thermally diffused by
annealing react with boron atoms of the LaBg, and form the h-BN film on
the surface. Additionally, the thickness of the h-BN film grown on the
surface was revealed to be one monolayer.

The monolayer h-BN/LaBg heterostructure thin film was demon-
strated to have both low work function and high chemical stability,
which are usually mutually exclusive. In this study, the work function
was measured using STM, and the chemical stability was evaluated with
the heating temperature necessary for restoring the low work function
state after exposure to air. Consequently, the work function of the het-
erostructure thin film was found to be 2.35 eV, which is comparable to
that of the clean LaBg(100) surface, whereas the recovery temperature
was found to be 550 °C, which is considerably lower than the cleaning
temperature of the ordinary LaBg surface. This finding constitutes
experimentally obtained evidence demonstrating that the hetero-
structure improves chemical stability while maintaining the low work
function.

Because the monolayer h-BN/LaBg heterostructure thin film is grown
on the surface of the deposited thin film via ex-situ annealing, a high
degree of freedom in shape and high scalability are also achieved.
Therefore, the monolayer h-BN/LaBg heterostructure thin film we
developed can be expected to expand the application field and improve
the performance of various electronic devices.
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