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ABSTRACT: Here we report the growth of elemental B on W(110) surface by low energy electron diffraction
and Auger electron spectroscopy study with multilayer relaxation of W(110) surface. Our study reveals that, first
interlayer spacing of Adld = -1.2 + 1.5% causes an expansion in the second and third interlayer spacing of Adzsld
= 0.7+ 1.5% and Adzld = 0.5 + 2.6%, respectively in W(110). And we have obtained a Pendry R, = 0.20 for
W(110). Boron produces a c(9%1) structure on W(110) after annealing at 1000 °C for 10 minutes which is
sustainable up ro 1300 °C. These results will pave the way for surface structure determination of B on W(110).
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1. INTRODUCTION

An interest in low-dimensional structures has
snowballed in the past decade with the flourishing of
graphene [1]. Due to the inimitable physical and
chemical properties, plenty of other two-dimensional
(2D) materials have also been synthesized or
theoretically predicted such as silicene [2,3],
germanene [4], phosphorene [5], arsenene [6] and
borophene [7-14], which are the neighboring
elements of carbon in the periodic table. These 2D
materials show enormous application prospect in
electronic and spintronic devices, energy storage and
utilization. However, the synthesis of elemental 2D
phases has been proven to be much more difficult [8].
Among them, boron is of great interest and
challenging as borophene can show metallicity in the
majority of phases, high mechanical flexibility and
strength,  optical  transparency, = magnetism,
superconductivity and the ability to host Dirac cones
[15].

Substrates for the 2D materials play important roles
as the interaction between them is complex. It also
affects the structural and electronic properties along
with the practicability of their preparation. A large
number of theoretical works were done finding the
stable 2D boron phases like a sheet, § sheet and ¥
sheet in several substrates, but very few experimental
realizations have been achieved only recently. The
first experimental synthesis of borophene was
reported independently by two groups where two
distinct phases (B12 and y3) coexisted on Ag(111)
substrate [7,8]. Another report on the same substrate
claimed to find some more phases (hexagonal a sheet

and differently rotated variants of B12) including the
previous ones [9]. This group has also reported four
phases (2 mirror-imaged  boron sheet, Bg and yz) of
borophene nanoribbons on Ag(110) surface [16]. It
was assumed that Ag would be the best metallic
substrate for borophene growth because it is not likely
to boride formation but dynamic enough to stabilize
borophene. However, there is existence of several
phases due to comparatively weak interaction
between boron and silver. Multiple phases can’t be
omitted by controlling the growth temperature as well.
This is a significant problem from the application
standpoint. Very recently borophene was successfully
prepared on some other substrates, e.g., Cu(111) [10],
Al(111) [11], Au(111) [13] and Ir(111) [14] where
boron honeycomb structure (63 phase) was formed on
Al(111), a’-borophene on Au(111) and ye on Ir(111).
So far, the reported growth processes, chemical
bonding, electronic states and temperature regimes
are significantly diverse for borophene grown on
metal substrates. Optimized conditions for preparing
stable 2D boron phases for practical application need
more study using new substrates.

W(110) is the most stable surface of tungsten and
could be a possible candidate for 2D boron growth.
This surface showed steadiness and outstanding
performance in growth of carbon nanotubes [17]. One
theoretical work has also reported the formation of
unique 2D boron sheet (named as & phase) on W(110),
which can retain its structure upon exfoliation and
stable against high temperatures (up to 1800 K). Also,
this phase of boron possesses special electronic
structure and anisotropic electric conductivity, which
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can be of great interest for application in electronic
devices [18]. Being stimulated with the possibility of
forming stable borophene on W(110), therefore, in
this work we have used the W(110) surface as a
substrate for 2D growth of boron.

To analyze the structure of adsorbate-covered crystal
surface, it is important to have the idea about the
structure of clean surface as the atomic arrangements
of first few layers have a profound relation to their
physical, chemical and catalytic properties [19].
Generally, the 1%t (d12) and 2™ (dz3) normal interlayer
spacing are compressed and expanded relative to their
bulk, respectively. Still, inconsistencies occur
frequently between different investigations with
respect to the magnitude of the relaxation. Similarly,
there are disagreements in surface relaxation studies
of W(110). Still it is not clear whether they arise from
experimental errors or theoretical methodology or
both. Therefore, we tried to study the interlayer
relaxation or surface structure of clean W(110) first
by minimizing the experimental errors as much as
possible. Later we tried to optimize the growth
condition of B on W(110) surface by low energy
electron diffraction (LEED) and Auger electron
spectroscopy (AES). This study will shed light on 2D
boron growth on W(110). Our future endeavor will
include the surface structure of B on W(110) surface.

2. EXPERIMENTAL

The chamber used to carry out the measurements was
equipped with four grid LEED system, AES, e-beam
evaporator, quartz crystal microbalance (QCM) and
pressure gauge. After bakeout and outgassing, ultra-
high vacuum (UHV) environment with a base
pressure of 2x10® Pa was ensured to perform the
experiments. The W(110) substrate was cleaned by
repeatedly annealing in 6x10% Pa oxygen atmosphere
at 1200 °C for 10 minutes to deplete near-surface
carbon. Any residual oxygen detected after annealing
was removed by flashing the sample at 1800 °C for a
few seconds. This procedure resulted in a surface free
of contaminants, which was later confirmed by AES.
After cleaning, we used liquid N to cool the sample.
At a temperature of 120 K, the LEED patterns were
measured using a digital charge-coupled device
(DCCD) camera with a computer-controlled data
acquisition system. The temperature was measured by
means of a thermometer. Incident energy range for
LEED was 100 — 500 eV. The data sets for I(E)
spectra were obtained after symmetrizing (symmetry-
degenerate) conjugate beams in the usual manner.

The orientation of the sample was adjusted so that all
conjugate beams show the same I(E) shape.

Pure B was evaporated from a crucible using e-beam
evaporator and deposited on cleaned W(110) surface
at room temperature. The deposition rate of B was
monitored with QCM. Several samples were prepared
by varying the deposition amount of B on W(110)
surface and the samples were annealed at different
temperatures (ranging from room temperature to 1500
°’C) for 10 minutes. LEED patterns for several
condition was taken and I(E) spectral data for
optimum condition was also recorded as described
before.

3. STRUCTURAL CALCULATION

We used a Barbieri/Van Hove symmetrized
automated tensor LEED package for calculating the
theoretical I(E) curves for structure models to specify
the atomic positions [20]. The imaginary part of the
inner potential (Vi) was fixed to - 5.0 eV but the real
part was determined through theory-experiment fit.
The best-fit model was obtained based on the best
agreement between the experimental and theoretical
I(E) curves, which was decided by minimizing
Pendry’s reliability factor (Rp) [21]. The error bar in
structural parameters was calculated by variance of Ry,

AR = Rmin(8|Voi|/AE vz (3 1)

where Rmin is the lowest R, value and AE is the total
energy range of the experimental I(E) curves [21].

4. RESULTS AND DISCUSSIONS

4.1 Surface relaxation of clean W(110)

An atomically clean W(110) surface was observed by
LEED after successive annealing in oxygen
atmosphere and flashing at high temperature. Fig. 1
shows the LEED pattern of clean W(110) surface
which reflects the p(1x1) (marked by red diamond)
structure.

Initially, structure of the clean W(110) surface at
room temperature was determined by tensor LEED.
Fig. 2 illustrates the comparison between best-fit and
experimental spectra for six beams: (1,0), (1,1), (1,-
1), (2,0), (2,1) and (2,-1). The present LEED I(E)
spectra demonstrates a multilayer relaxation in the
W(110) surface which is similar to the previous
studies [22-25]. This was achieved by obtaining the
minimum Pendry R, = 0.20 which is comparable with
previous study (R, = 0.202 [23]).
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Fig. 1. A LEED pattern for clean W(110) surface after
successive annealing (6x10 Pa oxygen atmosphere
at 1200 °C for 10 minutes) and flashing (1800 °C).
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Fig. 2. Best-fit comparison between experimental and
theoretical LEED I(E) spectra for clean W(110).

The optimized Debye temperatures for W in the first
layer and in the next layers were 130, 245, 300 and
310 K, respectively. The sphere model of surface
atoms is shown in Fig. 3. Comparing the bulk
interlayer spacing value d = 2.24 A it is shown here
that a contraction in the first interlayer spacing of
Adpld = -1.2 + 1.5% causes an expansion in the

second and third interlayer spacing of Ad»/d = 0.7 £
1.5% and Adza/d = 0.5 + 2.6%, respectively.

diz=2.21A

d2s=2.25A
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Fig. 3. Surface relaxation in W(110) (side view).

Earlier theoretical works found values for Adi,/d
ranging from -1.4% to -5% and for Ad»s/d from -0.4%
to 4.6% [22,26-29]. The structural parameters (both
Adip/d and Ados/d) of the present work are slightly
different from those of earlier LEED studies.
However, if we consider the variance of Rp, the
present result is also comparable with them. One
major difference between the earlier works and our
study is the size of the data set analyzed. Our structure
analysis is based on LEED I(E) spectra from six
inequivalent beams to an energy of 500 eV which
corresponds to a data set covering an equivalent range
of about 2400 eV. It is also seen that R, decreases as
the energy cutoff (size of the data set) increases [23].
Additionally, it was also suggested that the surface
roughness could be the possible reason of the
inconsistencies between surface structure determined
from ab initio calculations and LEED measurements.

4.2 Growth of B on W(110)

4.2.1 LEED pattern analysis

With the deposition of B onto W(110) surface at room
temperature, the diffraction pattern remained almost
the same as the clean surface, which depicts the
“amorphous” form of B. When the coverage of B
increased, the background became more diffused.
This background diffusion might be due to the
disordered state of B on W(110). The samples
covered with B were annealed at different
temperatures ranging from room temperature to
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(b)

(d)
Fig. 4. LEED pattern changes at different annealing
temperatures (E, = 100 eV). (a) 500 °C, (b) 700 °C,
(c) 900 °C, (d) 1100 °C.
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Fig. 5. Schematic LEED pattern for B/W(110). The
yellow diamond denotes the corresponding reciprocal
unit cell.

1500 °C. There were no prominent changes in the
LEED pattern below 500 °C. So, here we discuss the

10

annealing effect from 500 °C to 1500 °C for 10
minutes. We can describe the annealing effect by
dividing the samples into two categories.

The first category (C1) includes the samples with low
B deposition time (5 min to 20 min) and the second
category (C2) includes samples with relatively higher
B deposition time (30 min to 60 min). Fig. 4 shows
LEED pattern changes depending on the annealing
temperatures. With annealing at 500 °C , the Cl1
shows no major changes and the C2 shows broad and
weak diffusion as shown in Fig. 4(a). The samples
were then annealed at 700 °C and the corresponding
LEED patterns are shown in Fig. 4(b). In this step, C1
samples started to show streak between integer spots
and for C2 samples the broad and weak spots
continued. The samples were further annealed at 900
°C and the corresponding LEED patterns are shown
in Fig. 4(c). This step is assumed to be a prolongation
of the previous step for C1 samples. For C2 samples,
an imperfect long-range ordering was observed. B
might have started to form 2D growth in this step.

Fig. 6. Real space visualization of unit cell for
B/W(110) (yellow diamond) and clean W(110) (red
diamond).

When the samples were annealed at 1100 °C, an
ordered structure appeared, which is shown in Fig.
4(d). Following Wood’s notation, the phase can be
described as c¢(9x1) structure for B/W(110) as
described in Fig. 5. A real space view of the unit cell
is shown in Fig. 6. Again, annealing samples at 1200
°C have given a more clearer LEED pattern for C2
samples. Still the samples show the same structure.
Afterwards, the samples were annealed at 1300 °C,
where the c(9x1) pattern got weaker. With further
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annealing at 1500 °C, the p(1x1) structure was formed.

These changes in LEED pattern confirms the
disappearance of B atoms from the W surface due to
the diffusion of B atoms into bulk W crystal or
evaporation from the surface.

4.2.2. AES analysis

We performed AES measurements to understand the
chemical environment and growth of the B/W(110).
Because both W and B show strong peaks around 179
eV as shown in Fig. 7, it is tough to differentiate them.
Representative AES spectra was obtained for clean
W(110), after B deposition and at different annealing
conditions. In the clean W(110) spectrum, a sharp
peak was seen at 179 eV which is the characteristic W
spectrum and no extra peaks were observed due to
contaminants or oxygen (around 500 eV) [30]. Fig. 8
shows the corresponding intensity variation of the
AES peak at 179 eV. After boron deposition, the peak
intensity at 179 eV increased noticeably. With
annealing the sample up to 700 °C the peak intensity
did not change drastically. However, with annealing
the sample at 900 °C, the peak intensity drastically
increased. With the further increase of the annealing
temperature, the peak intensity started to decrease.

The AES spectra of the B/W(110) is analogous to the
LEED pattern observed at different annealing
conditions. Initially after B deposition on W(110)
surface, B formed 3D island and did not cover the W
substrate completely. After annealing the sample, B
island changes its morphology and covers the
substrate more. This morphological change happened
around 900 “C. When the sample was annealed at 900
°C, it has started to grow in the ordered 2D structure,
which we also could see in LEED pattern (Fig. 4).
After that, annealing the sample gave much clearer
¢(9%1) superstructure, which sustained up to 1300 °C.
The AES intensity also remained comparable
between 900 °C to 1300 °C. The peak intensity
declined rapidly after heating the sample at 1400 °C
or more, which also matched well with LEED pattern
as the superstructure disappeared at this region.
According to our study, B atoms form 2D structure on
W(110) after annealing at 1000 °C, which can sustain
up to 1300 °C.
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Fig. 7. AES spectra for B/W(110) at different
annealing conditions.
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5. CONCLUSIONS
We have studied the multilayer surface relaxation of
W(110) by LEED I(E) analysis. The study reveals that
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a contraction in the first interlayer spacing of Ad./d =
-1.2 £ 1.5% which is responsible for an expansion in
the second and third interlayer spacing of Ad»s/d = 0.7
+ 1.5% and Adss/d = 0.5 + 2.6%, respectively. Also,
we have found the Pendry Ry = 0.20. Our results are
in good agreement with previous studies if we
consider the variance. It is noteworthy that we
increased our data set to an equivalent range of 2400
eV and number of analyzed beams to six to minimize
the experimental errors as much as possible.

We have also studied the growth of B on W(110)
surface by LEED and AES. It is seen that B does not
produce any crystal structure after immediate
deposition of it on W(110) surface and annealing up
to 800 °C due to its amorphous nature. Rather it
produces c¢(9x1) unit cell on W(110) when it is
annealed at 1000 °C. This phase of B sustains up to
1300 °C. AES study is also similar to the LEED
studies. This creates the possibilities of borophene
growth on W(110) as predicted by earlier theoretical
work. Our future work involves the structure
determination of the prepared sample.
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