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ABSTRACT We have investigated the changes in the electronic structure of molecularly adsorbed orthocarborane films, as a function of

Hg co-adsorption, using photoemission. The interaction between Hg and molecular orthocarborane is weak and results in the formation
of some small aggregates of Hg. This behavior is very different from alkali metals interaction with molecular carborane films and the
interaction of Hg with semiconducting boron carbide films. Hg doping of semiconducting boron carbide may decrease the activation barrier
for intrinsic carrier mobility, but does not significantly increase the number of carriers.

1

Introduction

Semiconducting boron carbide represents a new class of semiconducting
materials with potential applications in
neutron detection and radioactive decay calorimetry [1–5]. Neutron detectors with boron carbide have begun to
attract attention [7–9]. Boron has high
cross section for neutrons at lower energies, with capture processes:
n + 10B → 7Li + 4He + γ
n + 10B → 7Li + 4He n + 10B → 11B + γ
Several isotopes of mercury (Hg)have
a high neutron cross section at higher
neutron energies [10]. The combination
of mercury doped boron carbide could
then be a candidate for neutron detectors over a wider range of neutron energies. The relevant large neutron capture
processes by Hg include [10]:
n + 196Hg → 195Hg + 2n n + 196Hg →
195Hg + 2n + γ
n + 198Hg → 197Hg + 2n
n + 198Hg → 197Hg + 2n + γ
n + 204Hg → 203Hg + 2n
n + 204Hg → 204Au + p

The isotopes 196Hg (0.15%), 198Hg
(10.1%), and 204Hg (6.8%) are all stable and commercially available. Note
that the product 197Hg provides further radioactive decay products. Thus
characterization and understanding
of Hg doping of semiconducting boron carbide as well as the coadsorption
of mercury and molecular icosahedral carboranes, like closo-1,2-dicarbadodecaborane, C2B10H12 (commonly known as orthocarborane), are key
for developing boron based solid state
neutron detectors.
Both transition metal doping of
semiconducting boron carbides and the
coadsorption of metals with molecular
carborane films have been previously
investigated. Hg and alkali metal mixtures with molecules have a long history
in the study of non-metal to metal transitions [11, 12]. This has been extended
to the study of metal coadsorption with
icosahedral molecular carboranes [13–
16], in part motivated by the large highest occupied to lowest unoccupied molecular orbital (HOMO–LUMO) band
gap of the icosahedral carboranes and
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their nearly spherical shape [13]. Orthocarborane has qualities which make
it an interesting material when used
in studying the coadsorption behavior of different metals with the molecular films. For example, the HOMO–
LUMO orbitals can be easily identified,
and the orthocarborane adsorption is
molecular. Alkali metal mixtures with
molecular carboranes have been studied through the nonmetal to metal transition [13–15]. Hg and molecular carborane mixtures [16] have not lended
themselves to studies of the nonmetal to metal transition as homogeneous
mixtures of the carborane molecules
and mercury do not readily form.
Because of the interest in forming semiconducting boron carbide
homo-junction devices [17], transition metal doping of semiconducting
boron carbides has been more actively
investigated. The iron [18–21], vanadium [21], chromium [21] and nickel
[17, 21–24] doping of boron carbides
is documented. All of these latter transition metal dopants dope boron and
boron carbides n-type. A mechanism
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has not yet been put forward for the
donor state accumulation that accompanies transition metal doping [22,
24]. Models for increasing donor and
acceptor state densities are complicated by the observation that there are
several polytypes of similar composition boron carbides (studies in some
detail for the nominally C2B10 semiconducting boron carbides [4, 25, 26])
and both n-type and p-type semiconducting boron carbides are possible
without transition metal doping.
In the absence of transition metal
doping, it is clear that to some extent
the behavior of molecular carborane
films does provide some indication of
the properties of dehydrogenated C2B10
icosahedra that are the building blocks
of semiconducting boron carbide [4],
in spite of the vastly larger HOMO–
LUMO band gap of the molecular films
when compared to the direct band gap
of the various semiconducting boron
carbides [25]. We show evidence here
that neither the molecular analogs, nor
the associated hydrogenated molecular species (including the main group
source compounds for fabricating
semiconducting boron carbide) provide
a good indicator of the metal doped
semiconducting boron carbide properties. Mercury (Hg), however, does appear to interact with dehydrogenated
semiconducting boron carbide films, as
discussed herein. Given that the semiconducting boron carbide has unsaturated bonds, because it is formed from
a largely dehydrogenated C2B10 icosahdra, this contrast between metal doping
of molecular hydrogenated icosahedra
that are the basis of the closo-dicarbadodecaboranes, C2B10H12, and semiconducting boron carbide is not surprising.
2 Experimental and theoretical
details
The photoemission experiments were
performed in a UHV system equipped
with a hemispherical energy analyzer. The photon-energy source employed was the 1GeV Aladdin ring
of Synchrotron Radiation Center at
Stoughton, Wisconsin. The light was
dispersed by a four meter, normal incidence monochromator and the photoemission spectra were taken at a photon energy of 35 eV. The highly plane
polarized light was incident on the
sample in a largely p-polarized con-
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figuration, 65° off normal while the
photoemission spectra were obtained
at normal emission. The light source
and the electron energy analyzer had
a combined energy resolution between
40 and 80 meV. All the binding energies are referenced to the Fermi energy of the clean copper substrate.
The copper substrate, used in the
photoemission experiments, was cleaned
by Ar+ ion sputtering before each adsorption experiment and annealed at 850
K. The mercury was coadsorbed at 180
K after the adsorption of orthocarborane
onto the Cu(100) substrate. The coverage was determined by the attenuation
of the substrate photoemission features
as was undertaken in previous work
[27, 28] including previous efforts on
the coadsorption of Hg and carboranes
[16]. The mercury exposure is denoted
in terms of Langmuirs where 1L = 10−6
Torr-seconds. The purity of orthocarborane (closo-1,2-dicarbadodecaborane,
C2B10H12) was higher than 98%, as determined by infrared adsorption, nuclear
magnetic resonance, and mass spectroscopy measurements. Both orthocarborane and mercury were admitted to the
chamber through standard leak valves.
Transport measurements were undertaken for decomposed (semiconducting) orthocarborane films between
the room temperature down to 3K on
both gold and copper substrates. The
boron carbide semiconductor films
were formed following plasma enhanced chemical vapor deposition
(PECVD) in custom 13.56 MHz radio
frequency parallel plate reactors, as
described previously [29, 30]. This deposition technique is considered quite
effective as PEVCD semiconducting
boron carbide, formed from the orthocarborane source molecule, has been
used to make boron carbide homojunction diodes [22–24], Esaki tunnel
diodes [22–24], and a boron carbide
heteroisomeric diode [4].
The semiconducting boron carbide
films were exposed to mercury vapor
in an isolated vacuum system for several weeks, and the presence of a low
concentration was determined by Xray fluorescence by the presence of
L shell fluorescence lines of mercury
with X-ray radiation at 12 600 eV for
the primary excitation, dispersed by
the double crystal monochromator at
the Center for Advanced Microstructures and Devices synchrotron in Ba-
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ton Rouge, Louisiana. X-ray adsorption fine structure near the Hg LIII (2
p3/2 subshell) edge (XANES) were undertaken on the same beamline.
The ground state theoretical model
calculations of the three isomeric carboranes were performed using the HyperChem package using PM3-NDO (neglected differential overlap) calculations
with the PM3 basis set [31, 32]. These
semi-empirical model calculations of the
electronic structure were performed following geometry optimization and the
lowest restricted Hartree Fock (RHF).
The energy states and their symmetries
(the irreducible representations) were
obtained. Theoretical calculations of the
energy for the configuration of one molecule of orthocarborane and one atom of
mercury were also undertaken.
3 Mercury interactions with molecular carborane films
Following the adsorption of closo-1,2dicarbadodecaborane, C2B10·H12 (orthocarborane) on Cu(100)at 180 K,
the highest occupied molecular orbital
(HOMO) appears in the photoemission
spectra at an initial binding energy of
5.7 eV below the Fermi level, while
the lowest unoccupied molecular orbital (LUMO) is observed at roughly
4.25 eV with respect to the Fermi level (E − EF) [14, 15, 33]. This HOMO–
LUMO gap is generally consistent with
theory [14–16, 33]. In Fig. 1, we present the photoemission spectra of one
molecular monolayer of orthocarborane adsorbed onto Cu(100) substrate
at 180 K before and after coadsorption
of mercury. The orthocarborane molecular orbital induced photoemission features are evident at binding energies of
5.7, 6.3, 6.8, 8.2,11.2, and 12.3 eV. The
substrate copper d-bands are evident in
the spectra between 2 and 4 eV binding energy. While many of the molecular orbitals result in overlapping photoemission features, a number of features
are easily attributable to the molecular orbitals of orthocarborane [33, 34],
and the photoemission is characteristic
of adsorbed molecular orthocarborane.
(The photoemission features resulting
from the molecular orbitals do evolve
into the bands of semiconducting boron
carbide with decomposition [34, 35].)
With increasing Hg exposure to
the carborane film at 180 K, the Hg induced photoemission features appear at
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FIGURE 2 The photoemission intensities of
the orthocarborane (●), Hg 5d3/2 core level (▲)
and, the Cu 3d bands (■) as a function of Hg
exposure to a monolayer of orthocarborane
film on Cu(100) at 180 K. Exposure of orthocarborane on Cu(100) substrate to mercury vapor results in the suppression of the copper 3d
band features and the increase (in intensity) of
the mercury induced features.

FIGURE 1 Photoemission spectra of one molecular monolayer of orthocarborane on Cu
(100), at T = 180 K, as a function of mercury
exposure. The photon energy is 35 eV. The mercury induced photoemission features (7.6 and 9.6
eV) are identified as the Hg 5d5/2 and 5d3/2 shallow core levels and those features seem to remain
unchanged in intensity with increasing mercury
exposure. The photoelectrons are collected normal to the surface, and the light incidence angle
is 65° (a largely p-polarized configuration).

binding energies of 7.6 eV and 9.6 eV,
as seen in Fig. 1. These photoemission
features are identified as Hg 5d5/2 and
Hg 5d3/2 shallow core levels, respectively. The Hg 5d5/2 shallow core level and
the orthocarborane features at 8.2 eV
overlap, consequently the Hg 5d5/2 features initially appear broader at low Hg
exposures (Fig. 1). As summarized in
Fig. 2, the intensity of copper features
decreases while the intensity of mercury features increase with mercury coadsorption. The orthocarborane intensity
remains largely unchanged in spite of the
increase in Hg concentration in the molecular film, i.e. as the Hg 5d5/2 core level intensity increases. This tends to suggest that the mercury does NOT wet the
orthocarborane film surface. An absence
of wetting and an absence of a uniform
distribution of Hg in the carborane film
indicate that the interaction of Hg with
orthocarborane is very weak.
Another signature of weak interactions between the carboranes and thecoadsorbed mercury is indicated by the

shifts in binding energy of both the orthocarborane photoemission features
and the shallow core levels of mercury.
A small increase in the Hg shallow core
level binding energies concomitant with
the decrease in orthocarborane molecular orbital binding energies was observed
with increased concentrations of Hg, as
plotted in Fig. 3. The shift in binding energy of the mercury 5d levels and the
binding energy changes in orthocarborane molecular orbitals have about the
same magnitude but the photoemission
binding energies for the two species
shift opposite direction with respect to
the Fermi level: Hg towards slightly
greater binding energies and orthocarborane molecular orbital photoemission
features to slightly smaller binding energies. This indicates that the coadsorption
of mercury may result in a small charge
transfer between the orthocarborane and
the mercury, bearing in mind that increased screening in the photoemission
final state [13] cannot be excluded. Hybridization between the mercury 5d core
level and the molecular orbitals of the
orthocarborane clusters is, nonetheless,
indicated. The shift in binding energies
of the mercury 5d core level and the molecular orbitals of the orthocarborane saturate at about 20–25 L of Hg coverage.
The small shift in photoemission intensities and photoemission binding energies implies that the interaction between
orthocarborane and mercury is weak.
The Hg 5d5/2 shallow core level
does not exhibit the narrow width of in-
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FIGURE 3 The binding energies of the orthocarborane (circles), mercury (triangles), and copper (square) induced features as a function of
mercury exposure.

sulating Hg films nor atomic Hg [36,
37], rather the Hg 5d5/2 shallow core
level exhibits the width of a more metallic Hg [13]. Given that the photoemission cannot be reconciled with Hg
adsorption wetting the surface of the
carborane film, we must conclude that
at the higher coverages, Hg is aggregating into small metallic clusters, or
as suggested in earlier work [16], diffusing to the copper carborane interface. Using the explanation that the Hg
accumulates at the orthocarborane copper surface interface does not, however,
address the small carborane molecular
orbital binding energy shifts to smaller binding energies, as seen in Fig. 3.
We conclude that some Hg forms
aggregates, most likely on the surface of the carborane film, but not dispersed in the carborane molecular film
uniformly. This is to say that the microstructure adopted by the Hg orthocarborane mixture must be more representative of a weakly immiscible
solid solution as occurs when the metal either does not interact very much
with the molecular species compared
to the self interaction. The result is the
formation of small clusters/islands or
droplets. A strongly immiscible solid
solution resulting from a strongly repulsive interaction between the metal
and molecule can be now excluded.
In either the case of Hg cluster formation within the film or Hg droplets on top of the film, the surrounding
metallic mercury would act to “screen”
the photoemission final state resulting
from the molecular carboranes. This results in smaller molecular orbital bind-
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ing energies with increasing Hg coverage, as is observed. A combination of
these two scenarios (droplets and inclusions) for the co-adsorption of Hg
and the icosahedral molecule closo1, 2 dicarbadodecaborane (orthocarborane) must be considered to explain the
absence of significant increases in the
width of orthocarborane molecular orbital photoemission features. The evidence for metallic mercury, from the
Hg 5d5/2 core level widths does not suggest that mercury atoms may form a lattice which weakly interacts with orthocarborane lattice, or Hg may form a
wetting surfactant layer and a layer between the Cu substrate and orthocarborane molecular film which would easily
explain a uniform shift in the molecular
orbital photoemission binding energies.
In this regard, Hg is very different from
the more homogeneous mixtures formed
with some metals and molecularly chemisorbed species [14–16, 38–49].
4 Does Hg cause dehydrogenation
of molecular carboranes?
Given there is interaction between
the Hg and the carborane film, the
nature of this interaction could be
weak van der Waals type of interaction, or a stronger interaction such as
chemical bond following partial dehydrogenation of the carborane. Molecular analogs of mercury and orthocarborane are known [50]. Therefore
is dehydrogenation possible, if such
mercury bridge bonding between carborane molecules occurs in the presence of mercury vapor? In order to ascertain whether the coadsorption of
Hg with orthocarborane results in the
formation of Hg carborane complexes like those proposed by Hawthorne
and coworkers [50], we have undertaken molecular orbital calculations of
mercuracarborand-3,2, and mercuracarborand-4,1, as indicated in Fig. 4.
From our molecular orbital calculations, when compared to molecular
orthocarborane, it is clearly evident
that the Hg-orthocarborane complexes have a much smaller highest occupied to lowest unoccupied molecular
orbital (HOMO–LUMO) gap. Indeed,
the HOMO–LUMO gap closure becomes more pronounced with increasing numbers of bridge bonding mercury atoms, as indicated in Fig. 4. This
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FIGURE 4 Theoretical calculations of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) gap and adjacent molecular orbitals in terms of orbital energies.
The HOMO–LUMO gap closes with increased
number of bridge bonding Hg atoms, as indicated.

HOMO–LUMO gap closure, by as
much as 3 eV or more, is not observed
in the photoemission. As seen in Fig.
1 and summarized in Fig. 2, no pronounced increase in density of states
towards smaller binding energies, and
no molecular orbitals with significantly smaller binding energies than those
directly attributable to orthocarborane,
are observed. Furthermore, the Hg
5d5/2 line width remains more narrow
than can be explained if there were
strong chemical bonds formed (while
still broader than can be explained by
atomic mercury or noninteracting mercury atoms). Therefore, reactions like
Hg + (C2B10H12)2 → (C2B10H11)2Hg
are unlikely under our experimental conditions and dehydrogenation
is also unlikely. Indeed, the inorganic synthesis suggests this Hg-carborane complex formation under ultra
high vacuum conditions is unlikely, as
Hawthorne and coworkers [50] used
closo-1,2-Li2-1,2 C2B10H10 with the
mercuric ion salts of a corresponding
halide ion to form Hg bridge bonded
carborane complexes.
Theory suggests that Hg interaction with molecular carboranes is a repulsive interaction. In Fig. 5, we have
plotted the calculated repulsive interaction energy as a function of Hg to
orthocarborane distance. The repulsive interaction, in the absence of dehydrogenation, is to be expected. Mercury is not a reactive metal, having
two valence electrons in the occupied
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FIGURE 5 The calculated repulsive energy of
the orthocarborane in the presence of one atom
of mercury situated at two different “starting”
positions. The positive energy indicates that the
interaction is repulsive.

6s atomic orbital and large orbital energy separation of more than 4 eV to
the unoccupied 6 p, while orthocarborane is a fairly stable cage molecule.
The repulsive interaction is consistent
with our observations that Hg does not
“wet” the molecular carborane film.
5 Does mercury dope semiconducting boron carbide?
The decomposition of orthocarborane
does lead to the formation of a semiconducting boron carbide and is easily doped with nickel [17, 22–24, 51].
Given the small interaction between
Hg and the molecular film, at issue is
whether Hg dopes the semiconducting boron carbide resulting from the
dehydrogenation of orthocarborane.
To address this issue, we undertook
transport measurements on the decomposed orthocarborane films, i.e. semiconducting boron carbide, on an insulating substrate both in the absence
and in the presence of a mercury atmosphere and following extensive exposure to Hg vapor. If the mercury
dopes semiconducting boron carbide,
then a decrease in resistance is expected, similar to the observations obtained following nickel doping of semiconducting boron carbide [22].
Due to the inert character of mercury [13], of particular concern is if
mercury vapors interact with the boron carbide film. Fluorescence studies
carried out on semiconducting boron
carbide films after extensive mercury vapor exposure indicated the presence of Hg in the boron carbide film.
The data presented in Fig. 6 reveals
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FIGURE 6 Fluorescence data indicating the presence of mercury in semiconducting boron carbide films exposed to mercury vapor. The expected
X-ray fluorescence L lines of Hg: Lα1
= 9,988.6 eV, Lα2 = 9,897.6 eV, Lβ1 =
11,822.6 eV, and Lβ2 = 11,924.1 eV,
are indicated. The peak on far right is
due to the incident radiation. The inset to the figure shows the weak absorbance at the L32 p3/2 subshell of
Hg at 12,284.0 eV.

emissions attributable to the various
L subshells of mercury with the incident scattering resulting in an intense
peak on far right of the X-ray fluorescence spectrum. More specifically, the
energies of X-ray emission lines were
observed at approximately 10,000 eV,
10,250 eV, 11,750 eV, 12,200 eV, with
the strong emission lines at 10,000 eV
and 11,750 eV reasonably consistent
with the expected X-ray fluorescence
L lines of Hg: Lα1 = 9,988.6 eV, Lα2 =
9,897.6 eV, Lβ1 = 11,822.6 eV, and Lβ2
= 11,924.1 eV. The Hg content in the
semiconducting boron carbide films remains very low, even after weeks of
exposure to Hg vapor under vacuum,
but some X-ray adsorption at the L32
p3/2 subshell of mercury, at 12,284.0
eV, can be discerned as shown in the
inset to Fig. 6. This mercury in the
semiconducting boron carbide is unlikely to be at the surface as after Hg
exposure the sample is placed under
vacuum and gently annealed for hours
above room temperature (340 K).
Since this boron carbide semiconducting material is an icosahedral network of largely dehydrogenated carborane, there are more opportunities for
Hg chemical bond formation, such as
the those Hg bonds formed in the mercury bridge bonded carborane species
[50] described above. The interactions
between mercury and orthocarborane
icosahedra are now less likely to be repulsive in nature, as described above.
When the molecules are largely dehydrogenated in a thin solid film, the icosahedra cannot pack in a solid structure to
compensate all the apical main group
(boron and carbon) atom binding sites
and a space filling lattice is not possible.

Forming a boron carbide film
through plasma enhanced chemical vapor deposition of orthocarborane [17,
22, 23] certainly results in substantial
dehydrogenation of the orthocarborane
source molecule. Through this PECVD
process, a high quality semiconducting
boron carbide film can be formed undoped with any transition metal, with
the temperature dependence of a good
semiconductor, as indicated in Fig. 7a,
with two temperature regions with clearly very different transport behavior. The
two distinct slopes in the conductivity,
plotted in Fig. 7, correspond to a conduction mechanism dominated by intrinsic
carriers at high temperature and extrinsic carriers at low temperature, that can
be associated with the intrinsic carriers
from the semiconducting boron carbide,
and extrinsic carriers injected into the
semiconducting boron carbide, that become more readily apparent as intrinsic
carrier conduction freezes [12].
The logarithm of inverse of the resistance, as a function of reciprocal
temperature, shows that such boron
carbide exhibits typical semiconductor temperature dependent conductivity with increased resistance at lower
temperatures for the measurements undertaken before and after mercury exposure. The slopes of the two regions
decrease, to some extent for the sample containing mercury, indicating a
decrease in activation energy for transport. Nonetheless, both before and after Hg exposure and absorption into
the semiconducting boron carbide
film, the film remains highly resistive
(109 to 1010 Ohm cm is typical [22, 29,
30]). This may indicate that the inter
action between boron carbide film and

FIGURE 7 The logarithmic function of inverse
of the measured resistance as a function of the inverse of temperature for the film before (a) and
after (b) mercury exposure. The two distinct regions correspond to intrinsic carriers at high temperature, and extrinsic carriers at low temperature, respectively (see text).

mercury is now quite strong, and any
possible additional carriers introduced
by Hg are quite localized.
Generally, Hg is a poor conventional dopant for semiconducting boron carbide as the Hg incorporation
does not lead to a significant increase
in carriers and may, in fact, lead to a
small decrease in carriers. In this regard, Hg doping is very different from
the 3d transition metal dopants which
result in a significant decrease in resistivity and a semiconductor material increasingly dominated by donor states that accumulate with higher
doping concentrations [19–23]. For a
resistive device, such as might be used
in low neutron flux pulse counting,
Hg doping may nonetheless have potential applications. Hg as a dopant in
semiconducting boron carbide is much
like the behavior for Hg doping of
CdTe (another material considered for
use in solid state nuclear radiation detectors) where Hg doping leads to an
increase in resistivity [52].
6 Conclusions
Weak hybridization between the mercury 5d core level and the molecular
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orthocarborane clusters is apparent
from photoemission. Exposure of
semiconducting boron carbide to mercury suggests that a small amount of
mercury may, however, interact with
the solid films of the dehydrogenated
C2B10 icosahedra (semiconducting boron carbide). This interaction is different from any expectation that would
result from the very weak interaction
observed between mercury (Hg) and
the molecular (hydrogenated C2B10)
orthocarborane. In terms of doping,
inclusion of Hg in semiconducting boron carbide has only a minor influence
on the resistance, resulting in a slight
increase in resistance and a slight decrease in thermal activation.
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