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The segregation of boron and its reactivity toward nitric oxide have been investigated by means of high-
resolution Auger spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), and thermal desorption spectroscopy (TDS). The segregation of boron from a Rh foil
started from 700 K. Its presence altered the surface behaviors of Rh; the uptake of NO increased by about
30-37%. Whereas the dissociation of NO was about 3-10% on a clean, boron-free surface, the extent of
dissociation (at saturation) at highest boron level was almost 98%. This feature strongly suggest a direct
interaction between NO and boron on the surface. The presence of boron greatly stabilized the adsorbed
nitrogen and oxygen formed in NO dissociation. Boron oxide (BO, B,0;) sublimated from the surface
below 1000 K. Clean, single BN layer formed on the surface close to a monolayer regime, presumable in
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1. Introduction

Graphene nanoribbons, atomically thin strips of graphene that
are just a few nanometers wide, are considered to be excellent can-
didates for future electronics application as their properties can
be adjusted through width and edge shape [1,3]. Hexagonal boron
nitride (h-BN) has great potential for use as the dielectric layer in
functional heterostructured devices, which exploit the remarkable
properties of graphene [1,2]. The combination of graphene and h-
BN opens up the existing possibility of creating a new class of atomi-
cally thin multilayered heterostructures. Graphene and h-BN share
the same crystal structure and have very similar lattice constant
but, unlike graphene, h-BN is an insulator with a large band gap
[4]. Along graphene, boron nitride nanoribbons have attracted more
and more fundamental research interest. For instance, researchers
have found that magnetism could be induced in such ribbons by
replacement of B or N with Be, C, Al Si, or with vacancy defects.
They also found that the ribbons could have a narrowed band gap
and improved electrical conductivity tuned by a transverse electric
field or special edge structure. These finding promise a bright future
in optoelectronics and spintronics for atomically thin boron nitride
nanoribbons. However, a major challenge in providing experimen-
tal evidence is that the preparation of atomically thin boron nitride
is very difficult [5-7]. Since first applications of BN in fundamental
research that the interest in single layer boron nitride (sBN) has

* Corresponding author at: Department of Physical Chemistry and Materials Sci-
ence, University of Szeged, Hungary. Tel.: +36 62 544803; fax: +36 62 546482.
E-mail address: jkiss@chem.u-szeged.hu (J. Kiss).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2012.10.157

been increasing steadily. In the past several experimental studies
have been performed including TEM [8-10], AFM [11] and optical
and Raman spectroscopy [9] for characterization of the material’s
surface. The main experimental approaches for producing sBN have
been both mechanical [9,11] and chemical [10] exfoliation.

One of the surface science tools producing boron source is the
dehydrogenation of decaborane on metal surfaces [12]. Hexagonal
boron nitride (h-BN) was prepared by thermal decomposition of
borazine, B3HgN3 onNi(111)[13],Cu(111)[14]andRh(111)[15].
Surface boron can be prepared by segregation process, too. Boron
segregates from the bulk to the surface by annealing the polycrys-
talline Rh surface at 750-1200K [16,17]. We earlier demonstrated
that boron impurity segregating to an Rh surface dramatically alters
the reactivity of the Rh surface toward N- and O-containing moi-
eties, suchas (CN), [18],H,0[17],CO5 [19,20]. A possible reason for
this phenomenon is that boron forms very strong bonds with N and
0, which can promote the processes of surface dissociation of the
adsorbed molecules. Following surface dissociation, we detected
the formation of dissociation products via thermal desorption, and
anew feature at 9.4 and 7.4 eV in the electron energy loss spectrum
due to B—0 and B—N bond, respectively. The segregation of boron
onto a Rh surface has also been observed by other authors [21-23].

In present work we examine the segregation of boron and inter-
action of segregated boron with NO by means of different electron
spectroscopic methods, such as high resolution AES, XPS, UPS and
thermal desorption mass spectrometry (TDS). The primary aims
were to determine the monolayer BN formed during the reaction
between the dissociation product and segregated boron. Earlier
the interaction of NO with clean Rh(1 1 1) surface was investigated
widely by different surface science techniques [24-31]. The initial
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adsorption of NO on clean Rh surface is dissociative at 300 K. At
higher NO coverage the adsorption is molecular.

2. Experimental

The experiments were performed in an ultra-high vacuum sys-
tem, with a background pressure in the low-to middle 1019 mbar
range, produced by turbo molecular and titanium getter pumps.
The system was equipped with a hemispherical analyser (Leybold-
Heraeus LHS-10) for UPS, XPS and high resolution AES, an Ar ion
gun for cleaning and a quadrupole mass spectrometer for TDS.

UPS was performed by using He 1 (21.22 eV) and He 11 (40.81 eV)
radiation. The angles between the surface normal and the UV lamp
and between the surface normal and the analyser were 75° and
16°, respectively. The photoelectrons were excited by Al Ka radia-
tion (1486.7 eV) in the XPS regime. The energies of the XPS peaks
were calibrated relative to the Fermi level of Rh, metallic Rh 3ds,
is positioned at 307.1eV. The photoemissions were measured by
using a pass energy of 50 eV in order to get the optimum resolution
by maintaining an acceptable signal-to-noise ratio at measuring
time of 60 min. High resolution Auger electron spectra were taken
in dN(E)/dE mode using a lock-in amplifier (Ithacho, Dinatrac 391
A) with 0.5-2 eV peak-to-peak modulation. At these parameters
the estimated resolution was 1.6-1.9eV. In order to minimize the
electron-induced changes in our experiments, we used 0.2-1 A of
incident current and 2.5 kV of incident energy.

The polycrystalline Rh foil (10 mm x 10 mm and 0.127 mm thick
99.9% purity) was purchased from Hicol Co. The initial cleaning pro-
cedure has been described previously [19,20]. It is consisted of ion
bombardment and annealing at 1270 K. The major contaminants
of Rh foil were B, P, S, and C. The P, C and S were easily removed,
but no complete elimination of boron was achieved even after sev-
eral cleaning cycles. The final thermal treatment was performed at
700 K.

Segregation of boron was achieved by annealing the Rh foil
at 750-1270K. The level of surface boron is characterized by the
relative intensity of the boron Auger signal, Rg =B173/Rh3g2. B17g
and Rhsg, represent peak-to-peak intensity ratios of boron KLL
and rhodium MNN Auger transitions determined in differentiated
mode. The peak positions are taken from the negative going of the
spectra.

3. Results and discussion
3.1. General features of segregated boron on rhodium surfaces

The segregation of boron was pointed out in earlier works
[17-24,32].1t has been observed that boron is a major bulk impurity
(17 ppm) in Rh. When the surface is heated the boron segregates
to the surface. Fig. 1 shows a typical segregation curve, Rg values
(relative intensity of boron Auger signal) are plotted against tem-
perature. When the freshly sputtered surface was heated above
700K boron signal showed up, it reached a maximum value at
1000 K. (Experiments cannot be extended to higher temperatures
because of the construction of our sample holder.) Boron coverages
were calculated roughly by using the ratio of the theoretical XPS
photoionization cross-section [33] for adsorbed boron and oxygen
and comparing to the XPS signal from the known oxygen coverage
on polycrystalline Rh at saturation (5.8 x 1014 O atoms/cm?) [34].
In this way we found 7.96 x 10'¥ Batoms/cm? at highest boron
concentration, which about half of a monolayer. This value cor-
responds to a relative Auger peak ratio of Rg=0.103. Using the
Langmuir-McLean equation, assuming that the segregation process
is in equilibrium, the segregation energy is —71.5 kJ/mol.

R, 012
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Fig. 1. Plot of the B/Rh Auger peak ratio (Rg) versus temperature.

The segregation exhibits significant space specificity. On the
Rh(100) face, the segregated boron forms a (3 x 1) LEED pattern
and as boron is depleted from the bulk, it then segregates to a lesser
extent and forms a (3 x 3) ordered overlayer [23]. The segregation
on the (755) face is many times larger than that on the Rh(331)
face [21].

An analysis of the width of the He I UPS upon segregation of
boron did not reveal any changes in the work function, indicating
that the dipole moment produced by surface boron is very small.
This is consistent with the similar Pauling electronegativities of
B (2.0) and Rh (2.2), which suggest that charge transfer between
these elements is minimal. Independently of the coverage, the B
1s level appeared at 187.8 eV in XPS (Fig. 2). The peak exhibited
3.5 eV FWHM at saturation. This value significantly larger than that
observed for B 1s on Mo(1 00) surface after adsorption of diborane
[35]. We assume that the B 1s photoemission signal is composed of
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Fig. 2. XP spectra for B 1s level after heating the sample (Rg ~0.075) exposed to 6 L
0, at 300K to different temperatures.
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Fig. 3. UP spectra of adsorbed NO on clean surface at different exposures at 300K and at different temperatures.

two or more overlapping peaks, indicating dimers or the formation
of islands.

The segregation of boron on Rh foil produced a photoemission
peak at 8.6 eV in difference UPS spectra (not shown). The B 2p level
would be expected at around 4.0-5.0 eV. The detection of this peak
is doubtful, presumable due to its very low cross-section. The inten-
sity of this photoemission at 8.6 eV increased and it shifted slightly
to higher binding energy with increasing of the surface concen-
tration of boron [32]. In a UPS study on iron borides, peak due to
emission from the boron 2p, 2sp? and 2s states were identified [36].
The B 2sp? level is located at 7.0 eV for Fe,B and at 10.0 eV for FeB.
According to the study by Joyner and Willis [36], the 2sp? emis-
sion is due to a B-B interaction. As the intensity of the UPS peak at
8.6-9.0eV increased with boron level on Rh, we may assume that
B-Binteraction also exist in our case, too. Stair et al. [35,37] reached
a similar conclusion for the B/Mo(100) system.

3.2. Adsorption and decomposition of NO on boron containing Rh

The chemical nature of adsorbed NO on boron-free poly-
crystalline Rh was almost identical to Rh(111) [30,38-41]. The
appearance of the O 2p UPS signal at 5.6-5.8 eV indicates the dis-
sociation of NO at low coverage at 300 K. At higher exposures the
adsorption is preferentially molecular. New photoemissions were
produced at ~2.3, 9.3 and 14.5eV below Fermi level (Fig. 3). The
NO-induced emissions can be attributed to the 27*, 17/50 and 40
molecular levels, respectively. When the NO-saturated surface was
heated, the intensities of the peaks at 9.3 and 14.5eV decreased
above 354K and these peaks disappeared at 400-432K (Fig. 3).
The emission at 5.6-5.8 eV was more stable; it was detected up
to 997 K. This emission can be attributed very probably to the for-
mation of B—0 species at high temperatures where the segregation
of boron is dominating. Molecular NO desorbs between 350 and
420K with T, =381K. Nitrogen desorbs in three stages (T, =410,
550 and 640K). Some characteristic data for desorption are col-
lected in Table 1. The results obtained suggest that the dissociation
of NO is limited. The extent of dissociation is somewhat higher
than on Rh(111) due to the higher number of defect sites. The
calculations of DeLouise and Winograd [29], based on XPS mea-
surements, showed that only 3% of the saturated layer dissociates
at 300K on single crystal of Rh. It should be also taken into account
that the dissociation of NO in the saturated layer is hampered, as

it requires free adsorption centers in the vicinity of molecularly
adsorbed NO.

The presence of boron altered the surface behavior of Rh; the
uptake of NO on boron containing surface increased by about
30-37%. The extent of dissociation (at saturation) also increased;
at higher boron impurity level it was almost 98%. The peak tem-
peratures for desorption of molecularly adsorbed NO from boron
containing Rh were unaltered suggesting that this NO adsorbs and
desorbs from Rh sites not influenced by boron adatoms (Table 1).
However, the presence of boron greatly stabilized the adsorbed
nitrogen and oxygen. This stabilizing effect was so great that the
nitrogen formed in the boron promoted dissociation of NO did
not desorb below 1200K. This feature strongly suggests a direct
interaction between N and boron on the surface.

Fig. 4 shows the UPS spectra of NO as a function of NO
exposure and the thermally treated NO covered surfaced on boron-
contaminated surfaces. At low coverages, molecularly adsorbed NO
was not detected; strong UP signal was obtained at 5.2-5.5eV due
to the adsorbed oxygen from NO dissociation (Fig. 4). At higher
coverages (from 0.4L) a photoemissions due to 17/50¢ orbitals of
adsorbed NO molecule were detected. During heating the NO cov-
ered surface (Fig. 5) the emissions for molecular orbital of NO
disappeared from 374 K, the O 2p intensified, and a new photoemi-
ssion appeared from 546 K at 9.0-9.5 eV. It could not be eliminated
up to 1270 K. This photoemission can be attributed to the formation
of o bond between B and N [42].

In the next steps we followed the surface chemical changes dur-
ing adsorption and thermal treatment by high resolution Auger
electron spectroscopy. In certain cases due to the loss features
originated from different electron-induced interband, intraband

Table 1
Characteristic data of desorption of NO from clean and boron containing Rh surfaces
(R ~0.075).

Surface Products T, (K) Kinetics order E4 (kJ/mol)
NO/NO 381 1 111
a N2(B1)/NO 410 1 120
ean Na(B2)/NO 550 1 160
N2(B3)/NO 640 2 -
B taini NO/NO 381 1 111
Roi‘)g igg dining Ny(B1)/NO 402 1 117
B~ N2(B2)/NO 580 2 -
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Fig. 4. UP spectra of adsorbed NO on boron containing Rh surfaces at different NO
exposures at 300 K.

transitions and plasmon losses, the Auger spectroscopy could be
very sensitive to the chemical nature of adsorbed molecules. Fig. 6A
shows the oxygen AES signals with increasing NO exposures at
highest boron concentration. At lowest NO coverage two AES
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Fig. 5. UP spectra of NO saturated boron containing Rh surfaces at different tem-
peratures.

transitions were detected at 513 and 519 eV. With increasing expo-
sures both intensities increased. It is important to mention that
on clean, boron-free surface one strong peak appeared at 519eV
besides some loss features at low-energy side of the spectra. We
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1 02L A | B |
| 300 K
04L ] I
1 | 374K I
0.8 L | 547K ’
w L
B e
w w .
=z Z
- 2| T0K |
| 880 K
| Background 1020 K
4 WNJ\ L
480 490 500 510 520 530 490 500 510 520 530
eV eV

Fig. 6. O(KVV) Auger line shape after adsorption of NO on boron containing Rh surface at different NO exposures at 300 K (A). Effect of heating on O(KVV) fine structures of
NO saturated boron containing Rh surfaces (B). The intensities are divided by the factor of 2.
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Fig. 7. N(KVV) Auger line shape after adsorption of NO on boron-free Rh surface at different temperatures (A). Effect of heating on N(KVV) fine structures of NO saturated

boron containing Rh surfaces (B).

believe that the peak at 519 eV belongs to Rh—NO bond while the
transition at 513 eV corresponds to the B—NO bond. When the NO
covered sample was heated the peak at 519 eV disappeared when
the molecular NO desorbed above 374 K. The intensity of other
oxygen peak decreased from 740K, disappeared between 880 and
1020K (Fig. 6B). The formation of a B—O bond is also justified by
the fine structure of B(KVV) and O(KVV) AES signal obtained in the
interaction of oxygen with boron containing Rh at 300K [32]. The
AES transition of adsorbed oxygen on a B/Rh surface appeared at
513 eV at low exposure. With increasing of the oxygen coverage,
the intensity of this peak increased and a transition at 518 eV for
adsorbed oxygen on Rh sites also developed.

The Auger fine structure of nitrogen after adsorption and decom-
position of NO on a clean and boron containing Rh surfaces was
somewhat more complex. The adsorbed nitrogen gives a very
intense “four-peak” structure in AES [43,44]. This strong struc-
ture overlaps with that of other N-containing molecules. On clean
Rh after NO adsorption at 300K four structure fine structure was
observed (Fig. 7A). During heating, independently from the NO
dissociation this structure remained up to 547-628 K, above this
temperature the AES peak at 383 eV gained, above 740K, where
the boron segregation start to be dominant, practically one peak
remained at 383 eV. One part of nitrogen desorbs from Rh atoms,
other part of nitrogen migrates from Rh sites to boron, which
starts to segregate from 550K. The formed B—N species exhibits
mainly one peak between 380 and 400 eV in Auger spectrum. Sim-
ilar structure was reported for hexagonal phase of boron nitride
and BN in graphitized steel sheet [45,46]. On boron containing sur-
face (Rg=0.075) at saturated NO coverage the four peak structure
is present at 300 K. When the molecular NO desorbs at 434K and
above the AES peak at 384-386eV was only present with some
satellites at lower binding side (Fig. 7B). This peak remained with
same intensity up to 1270K, indicating that BN stable surface com-
pound.

Fig. 8 shows the Auger transitions in boron range from 150
to 200eV. Without boron (so-called clean surface, Rg~0.003)
this regime contains some week transitions, which are always
present in every AES spectra of Rh. When the surface was flashed
to 1050K, boron signal appeared at 179-183 eV. When NO was
added to surface at 300K, the intensity of elemental boron signal

significantly decreased, a shoulder at 172 eV gained remarkably.
When the surface was heated to higher temperature this peak
increased further. In addition, the oxygen Auger feature was
shifted from 520 to 513.7 eV. The same changes were observed
when oxygen was added to the boron-containing surface, and
following the oxidation of boron forming B,03 [47,48]. No doubt

B-0 '
B-N

{
B

+ ~—

1;0 170 180 15'30 200 ey

Fig. 8. Effect of heating on B(KVV) Auger fine structures of NO saturated boron
containing Rh surfaces.
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the AES transition at 172 eV belongs to the boron oxide, which
can be eliminated above 880K. A new AES feature developed at
176 eV from 300K. In harmony with the literature data [46,49],
we attributed it to the B—N bond. Similarly to the corresponding
N AES signal, it cannot be eliminated below 1270K. An extensive
argon ion bombardment was used to get back the clean surface.

Analysing the UPS, XPS and AES data it turned out that during
heat treatment the boron oxide disappeared from the surface above
800K. Further processes are indicated by the decrease in the O
Auger signal above 850K and by the reappearance of the elemental
boron feature at 187.8 eV in XPS (Fig. 2). After oxygen adsorption at
300K the B 1s photoemission peak moved to 191.5 eV. During heat-
ing a shoulder developed at 192.4 eV. These binding energies were
observed when B,03; was treated in reducing atmosphere, where
transiently two-valence boron was observed [50]. When the oxygen
covered Rh surface was heated above 850 K the peak shifted back to
187.8 eV. As we do not expect the decomposition of the stable B,O3
species (the dissociation energy of BO molecule is 787 kJ/mol [51]
and B—O single bond dissociation energy is considered to be lower,
around 540 kJ/mol), we assume a further segregation of boron and
areaction between B,03 and elemental boron

B(s) + B203(5) — B20x(g) + BO(g),

the heat of reactionis 141.1 kJ/mol [51]. The occurrence of this reac-
tion in the present case is supported by the observation that upon
heating the Rh foil containing the B—O complex to high temper-
ature we detected desorbing species at 54 and 27 amu (B,0, and
BO, respectively); the peak temperature was 1050 K. Note that par-
tial oxidation of bulk boron leads to the formation of (BO)x which
vaporizes at 1300K, as B,0-, and disproportionates on condensa-
tion [52].

In the interaction of NO with boron-containing Rh surface
above 900K we prepared a clean single BN layer in monolayer
or close to monolayer regime. An h-BN layer was found to bind
a quite large number of substrates, even when the lattice con-
stant of h-BN and the substrate do not match. The prototypical
example is the h-BN/Ni(111) interface, which has nice lattice
matching and forms a simple epitaxial 1 x 1 structure [13,53]. In
the case of incommensurate interfaces, the mismatch can lead to
some extraordinary structures [54]. Corso et al. [15] have reported
the formation of a self-assembled nanostructure, the so-called
nanomesh, on the lattice mismatched Rh(1 1 1) surface with a peri-
odicity of about 3.2 nm. This corresponds to a situation where the
lattice of 12 x 12 Rh(111) matches 13 x 13 h-BN cells forming
periodic nanomesh structure, which is caused by the lattice-
mismatch between Rh(111) and h-BN. Although our Rh sample
is polycrystalline we cannot exclude that the formed BN constitute
nanomesh on the surface. Since the first discovery of nanomesh
[15] on Rh(11 1) surface, similar structures have also been found
onRu(0001)[55],Pd(111)[56] and Pd(110)[57].

4. Conclusions

The segregation of boron from a Rh foil started at 700 K. The seg-
regated boron produced a peak for the B 1s level on XPS at 187.8 eV
and emission in UPS at 8.6-9.0 eV, respectively. The presence of
boron drastically altered the surface behavior of Rh; the uptake
of NO increased by about 30-37%. The extent of NO dissociation
(at saturation) at highest boron level was almost 98%. This feature
strongly suggest a direct interaction between NO and boron on the
surface. The presence of boron greatly stabilized the adsorbed oxy-
gen and nitrogen formed during NO dissociation. Boron oxides (BO,
B,0;) sublimated from the surface below 1000 K. The stabilizing
effect was so great that the nitrogen bonded was not released below
1200 K. The formation of boron nitride was detected at 9.0-9.5eV

in UPS. This photoemission can be attributed to the formation of o
bond between B and N. Above 400 K new intense Auger transitions
developed at 176 eV (B) and 384 eV (N), which are typical for B—N
species. A clean, single BN layer formed on the surface, presumable
in nanomash structure.
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