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 A novel class of semi-conducting ortho-carborane (B10C2H12) based polymer films with 

enhanced electronic and chemical properties has been developed.  The novel films are formed 

from electron-beam cross-linking of condensed B10C2H12 and B10C2H12 co-condensed with 

aromatic linking units (Y) (Y=1,4-diaminobenzene (DAB), benzene (BNZ) and pyridine (PY)) at 

110 K.  The bonding and electronic properties of the novel films were investigated using X-ray 

photoelectron spectroscopy (XPS), UV photoelectron spectroscopy (UPS) and Mulliken charge 

analysis using density functional theory (DFT).  These films exhibit site-specific cross-linking with 

bonding, in the pure B10C2HX films, occurring at B sites non-adjacent to C in the B10C2H12 

icosahedra.  The B10C2H12:Y films exhibit the same phenomena, with cross-linking that creates 

bonds primarily between B sites non-adjacent to C in the B10C2H12 icosahedra to C sites in the Y 

linking units.  These novel B10C2HX: Y linked films exhibit significantly different electron 

structure when compared to pure B10C2HX films as seen in the UPS spectra.  The valence band 

maxima (VBM) shift from - 4.3 eV below the Fermi level for pure B10C2HX to -2.6, -2.2, and -1.7 

for B10C2HX:BNZ, B10C2HX:PY, and B10C2HX:DAB, respectively.  The top of the valence band is 

composed of states derived primarily from the Y linking units, suggesting that the bottom of the 

conduction band is composed of states primarily from B10C2H12.  Consequently these B10C2HX:Y 

films may exhibit longer electron-hole separation lifetimes as compared to pure B10C2HX films.  

This research should lead to an enhancement of boron carbide based neutron detectors, and is 

of potential significance for microelectronics, spintronics and photo-catalysis.  
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CHAPTER 1 

INTRODUCTION* 

1.1 Motivation 

 Materials based on carborane icosahedra (B10C2H12) [1] are of broad interest in such 

areas as the fabrication of semiconducting boron carbides (B10C2Hx) [2-4], hydrogen absorption 

and storage [5], novel molecular architectures [5-9], all-boron carbide neutron detectors [10-

17], biomedical applications [18], and recently, spintronics [19] and molecular electronics [20]. 

In many of these applications, the ability to systematically vary the valence electronic structure 

and properties of the material by doping [21-26] or incorporation of other molecular species 

[27] is of obvious interest.   

 The work presented in this dissertation focuses on the fundamental development of 

boron carbide films for enhanced neutron detection in boron carbide-based-neutron detectors.  

The goal was to develop a new class of boron carbide films based on ortho-carborane (Fig. 1.1) 

that has improved electronic properties by combining ortho-carborane with conjugated 

aromatic linking units (Fig. 1.1).  Film were development by co-condensing ortho-carborane and 

aromatic precursors at 110 K on clean substrates followed by electron-beam induced cross-

linking.  

* Parts of this chapter have been previously published in Frank L. Pasquale, Jing Liu, P. A. Dowben, and Jeffry A. 
Kelber, "Novel semiconducting alloy polymers formed from ortho-carborane and 1,4-diaminobenzene." Mater. 
Chem. Phys. 2012, 133, 906  with permission from Elsevier. 
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Figure 1.1 Molecular structure of ortho-carborane and aromatic linking units studied in this 
dissertation

 

Controlling the chemical and electronic properties of these materials is of fundamental interest 

in both the neutron detection and semi-conducting device communities.  Having the ability to 

"tune" the electronic structure by changing the aromatic linking unit in the boron carbide films 

enables one to build customizable devices based on application needs.  Another goal of this 

research was to develop a plasma-enhanced chemical vapor deposition (PECVD) chamber to 

deposit boron carbide films of varying in thicknesses up to 5000 Å.  The thicker films are needed 

to measure electronic/photonic properties (such as photoluminescence) and to fabricate 

neutron detectors and other micro-electronic devices. 

2 



 The intrinsically high neutron absorption cross section (~ 3800 barns) of 10B  [10] makes 

B-based neutron detectors an attractive alternative to detectors based on other materials, e.g., 

3He, 6Li, 113Cd, and 157Gd [11, 14, 28].  This translates to boron carbide-based neutron detectors 

that have increased efficiencies at smaller detector thicknesses (Fig. 1.2) [28-30].  The thermal 

neutron capture reactions for 10B are well known[10, 11, 28] and generate high energy ions 

(energies in parentheses) which can, assuming a suitable band gap [11] create large numbers (~ 

105) of electron-hole pairs for each neutron capture event: 

 10B + n → 7Li(0.84 MeV) + 4He(1.47 MeV) + γ(0.48 MeV) (94%)  (Eq. 1.1) 

 10B + n → 7Li(1.02 MeV)  + 4He(1.78 MeV) (6%)    (Eq. 1.2) 

 

Figure 1.2 (a) Neutron absorption (detection and capture efficiencies) versus thickness.  
Modified and used with permission from Dr. Dowben (University of Nebraska Lincoln)
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 Development of an all boron carbide gamma-blind neutron detector has been 

accomplished, with detection efficiencies on the order of at least  50 % [10, 11, 15-17, 28], 

however further enhancement is expected from changes in detector design (p-n junctions vs. 

conversion layers[10, 11, 14, 15, 28] and by improvement of the boron carbide material itself--

as changes in band gap and other electronic properties may yield enhanced electron pulse 

heights.  The improvement of such properties has been the motivation for the development of 

the ortho-carborane:aromatic linked films (this work), a novel class of boron carbide films was 

developed based on ortho-carborane and aromatic linking units (1,4-diaminobenzene, benzene, 

and pyridine).  These novel films exhibit a smaller band gab compared to boron carbide films 

created from pure ortho-carborane[2, 31] and exhibit valence band structures with states near 

the top of the valence band are largely localized on the linking unit [32, 33].  This should lead to 

enhanced electron-hole separation [33] and along with the smaller band gap should increase 

the neutron detection efficiency.  This is due to the production of larger pulse heights upon 

detection of a neutron.  Fig. 1.3a is a schematic of a typical neutron detector operated under a 

bias.  Upon neutron absorption a cascade of electrons is produced which in turn produces a 

pulse height.  Fig. 1.3b is a simplified picture of the band gap and pulse height produced from 

neutron absorption for pure ortho-carborane films (left) and ortho-carborane cross-linked with 

an aromatic linking unit (right).  The larger pulse height generated in the ortho-

carborane:aromatic films should enable the device to operate at lower bias voltages as well as 

adding the potential increase in neutron detection.  
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Figure 1.3 (a) typical device operation and pulse height generated signal and (b) idealized pulse 
height for a given band gap (Eg)

 

1.2 Boron Carbide and Deposition Methods 

 Boron carbide is an interesting semi-conducting material that can be deposited using 

several different methods.  The exact structure of boron carbide films is dependent on film 

composition.  An idealized structure is composed of 12 atom icosahedra arranged in a 

rhombohedra structure (Fig. 1.4) with icosahedra directly bound to each other by a three atom 

linear chain [34-38].  Generally, B12 and B11C1 or B10C2 icosahedra make up the structure with B-

C-B, C-B-C, and B-0-B making up the three atom linear chain (0 represents a vacancy)[12, 35-

38].  There are however exceptions to this idealized structure as there is no evidence of the 

three atom chain to exist in the electron-beam induced cross-linked ortho-carborane films (see 
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following chapters) and the composition of the icosahedra are consistent with intact ortho-

carborane (B10C2HX).

 

Figure 1.4 Idealized boron carbide structure

 Early work on boron carbide film formation involved the formation of crystalline melts 

at high temperatures by melting boron in the presence of graphitic carbon [34].  Boron carbide 

films can also be grown by DC or RF magnetron sputtering of a commercially available B4C 

sputter target [39-45].  Films deposited by this method usually have large amounts of oxygen 

contamination and a further annealing/sputtering step is needed to clean the surface [39-41].  

However, much recent work has been done using carborane as a single precursor for boron 

carbide film formation [3, 46-51], specifically ortho and meta-carborane--as the former yields p-

type films and the later n-type films [4, 21, 47, 52, 53].  Hot wire chemical vapor deposition 

(HWCVD) using ortho-carborane has been done in the past and yields boron carbide films that 

6 



exhibit the usual properties [54].  Synchrotron radiation assisted chemical vapor deposition 

(SRCVD) of ortho-carborane at 180 K [46, 52, 55] results in selective area deposition and was 

the idea behind using an electron-beam to deposit boron carbide films.  Plasma enhanced 

chemical vapor deposition (PECVD) of boron carbide films has also been developed and 

facilitated boron carbide deposition at room temperature to slightly elevated temperatures 

(<700) [2, 3, 21, 46, 49, 56-59]. 

1.2 Applications 

 Boron carbide films have a variety of interesting properties that find uses in many 

applications.  Boron carbide has been used in armor because of its extreme hardness (Vickers: 

3770 kg/mm2) [34, 60-62].  More recently, boron carbide films formed from carborane have 

seen development in molecular electronics [20] and novel molecular architectures [5-9] as well 

as absorption of hydrogen for hydrogen storage[5] and hydrogen generation [43], spintronics 

[19, 26, 63]. and neutron capture therapy[18].  This work, along with many others, focuses on 

the use of boron carbide materials for the detection of thermal neutrons [10-17, 28]. 

 In the majority of the above applications, the need to control and manipulate the 

chemical and electronic properties of boron carbide films is of high importance.  Selective 

doping of boron carbide films has been done using vacuum ultra-violet (VUV) light in the 

presence of NH3 [3, 49].  In this process NHX was found to only form bonds at B sites in the 

boron carbide film.  The amount of NHX was also limited by diffusion into the boron carbide 

film.  However, NH3/VUV exposure done to an electron-induced cross-linking film no change in 

the electronic structure, as there was no noticeable shift in the valence band region of the UV 

photoemission (UPS) spectrum (Fig. 1.5)
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Figure 1.5 UPS spectra of electron-induced cross-linked ortho-carborane (black trace) and 15 L 
of NH3/VUV exposure on an electron-induced cross-linked ortho-carborane (blue trace)

 This work presents a method of tuning the electronic and chemical properties by 

incorporating aromatic linking units into ortho-carborane films formed by electron-induced 

cross-linking of ortho-carborane.  Fabrication of composite ortho-carborane:aromatic linked 

films, result in shifts in the valence band region as well as results in site-specific cross-linking.  

Another important aspect to device functionality is the generation and separation lifetimes of 

electron-hole pairs.  Longer electron-hole separation lifetimes are required to enhance both 

neutron detection ability [28] and hydrogen hydrolysis from water [43].  The estimated 

electron-hole separation lifetime in boron carbide film is 0.1-1 ms [64] with the range due to 

the difference in composition and subtleties in the measurement technique.  However, the 

novel ortho-carborane:aromatic films should exhibit longer electron-hole separation lifetimes 
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as the top of the valence band is dominated by states originating from the aromatic linking 

units[32, 33].  This suggests that the bottom of the conduction band is composed of states from 

the ortho-carborane.  This is consistent with MNDO calculations, but has not been 

experimentally determined.  Photoluminescence measurements are currently being done at the 

University of Nebraska Lincoln to determine the electron-hole separation life times in the 

ortho-carborane:aromatic linking units. 

1.3 Present Work 

  Research presented here focuses on the use of novel boron carbide films for enhanced 

neutron detection.  These novel thin ortho-carborane films were prepared by electron-induced 

cross-linking of precursors condensed as 115 K followed by a warm up to room temperature 

(300 K).  The chemical and electronic properties of these novel films were studied by high-

resolution core-level (XPS) and valence-level (UPS) photoemission.  Detailed analysis of the 

B(1s) and C(1s) core-level XPS results in the determination that these films cross-link in a very 

specific way.  Cross-linking results in bonding occurring at boron sites non-adjacent to carbon in 

ortho-carborane icosahedra in the case of pure cross-linked ortho-carborane films.  In ortho-

carborane composite films, where ortho-carborane is cross-linked with an aromatic compound 

(1,4-diamionbenzene, benzene, and pyridine) the site-specific bonding is retained, but now 

linking is between boron non-adjacent to carbon in the icosahedra to carbon in the aromatic 

ring of the linking moiety.  The site-specific bonding was also confirmed with computational 

determination of ground state Mulliken charge and compared with the empirical B(1s) binding 

energies determined through rigorous XPS analysis.  The electronic properties of these new 

ortho-carborane composite films exhibit unique and enhanced properties when compared to 
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films derived solely from ortho-carborane.  The composite films should have a reduced band 

gap as evident in the shift towards the Fermi level from ~4.3 eV to 1.7 eV, for films composed of 

ortho-carborane and ortho-carborane:1,4-diaminobenzene respectively [31-33].  Table 1.1 

summarizes the determined VBMs.

Table 1.1 Valence band maximums 

Films VBM (relative to the 
Fermi level, eV) References 

ortho-carborane (B10C2Hx) 4.3 [49,51] 

ortho-carborane: benzene (B10C2Hx:BNZ) 2.6 [51] 

ortho-carborane: pyridine (B10C2Hx:py) 2.2 [51] 

ortho-carborane:1,4-diaminobenzene 
(B10C2Hx:DAB) 1.7 [50,51] 

 

 Finally, a PECVD system was developed to deposit thicker films.  The system consisted of 

an inductively coupled plasma (ICP) attached to the deposition chamber which enables PECVD 

of ortho-carborane to form thin and thick (<500 Å) films.  The PECVD ortho-carborane films 

differ from the electron-induced cross-linked ortho-carborane films in both composition and 

chemical bonding.  The PECVD films consist primarily of B11C1HX icosahedra instead of B10C2HX, 

which is evidence of the dissociation of the ortho-carborane icosahedra.  This dissociation is not 

evident in the electron-induced cross-linked ortho-carborane films.  The PECVD ortho-

carborane films also have interstitial carbon bonding (B-C-B) that is not present in the electron-

induced cross-lined films.  These changes along with the lower hydrogen content that is 

believed to exist in the PECVD films, result in different XPS spectra as compared to the electron-

induced cross-linked ortho-carborane films.  
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CHAPTER 2  

EXPERIMENTAL 

2.1 Film Deposition and Characterization Ultra-High Vacuum Chamber 

 Studies were undertaken in a combined system consisting of an ultra-high vacuum 

(UHV) chamber and film deposition chamber.  Both chambers were turbo-molecularly pumped 

and connected to each other via a gate valve, which facilitates transfer between the two 

without exposure to ambient conditions, using a vacuum feed-through.  Fig. 2.1 is a schematic 

of the experimental chamber setup with the UHV system on the right and the deposition 

chamber on the left.  The UHV system is equipped with a hemispherical electron energy 

analyzer with a 15 channel plate detector (PHI), dual anode x-ray source (PHI), UV-plasma 

discharge source (UPS, SPECS), and a four directional sample manipulator (X,Y,Z,Ѳ).  The 

manipulator enables resistive heating and liquid N2 cooling of the sample and the sample 

temperature was monitored using a K-type thermocouple spot welded to the center of the 

sample stage.  The chamber also has an ion source gun (PHI) for ion sputter cleaning of 

substrates and a low energy electron gun (Kimball Physics) for cross-linking of condensed 

precursors to form boron carbide thin films.  The main chamber was also fitted with two 

manual control variable leak valves that are used to dose/leak in ortho-carborane and aromatic 

molecular vapor for deposition/cross-linking of ortho-carborane polymers. 

 The deposition chamber (Fig. 2.1 left side) consists of a main chamber with multiple 

ports for retrofitting several components and gas handling supplies.  The chamber is fitted with 

a modified 2.75"CF metal glass seal, which has been sealed on the end opposite the CF.  This 

metal glass seal was used to generate the inductively coupled plasma.  It is fitted with a 3 turn 
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external Al coil (~50 cm long uncoiled) connected to a home-built matching network and RF 

supply (see section 2.2.2).  The chamber also has two manual variable leak valves for argon and 

ortho-carborane vapor introduction.  The chamber's pressure is monitored by both an ion 

gauge and Baratron gauge.  The chamber can also be equipped with a magnetron sputter tower 

(Mighty Mac) used in metallization studies of sputter deposited metal overlayers.

 

Figure 2.1 Combined ultra-high vacuum analysis chamber and high vacuum deposition chamber

 

2.2 Film Growth Methods 

2.2.1 Electron Induced Cross-Linking of Ortho-Carborane and Ortho-Carborane: Aromatic Units 

 Electron-induced cross-linking of ortho-carborane at 110 K is one method to 

grow/deposit boron carbide thin films <150 Å.  This method of film deposition is similar to 

decomposition of ortho-carborane by synchrotron radiation at 110 K reported previously [1-4].  

Cross-linking of condensed ortho-carborane or ortho-carborane with aromatic linking units 

18 



results in site-specific bonding [5].  Fig. 2.2 displays molecular representations of free ortho-

carborane and cross-linked polymer units.  The observed site-specific behavior is due to the 

pairwise hydrogen scission at boron sites opposite carbon sites in the ortho-carborane 

icosahedra when ortho-carborane icosahedra are exposed to ionizing radiation (either 

electrons or photons) above the threshold value of 10.2 eV [6, 7].

 

Figure 2.2 Molecular structures of ortho-carborane and cross-linked ortho-carborane polymers

  

 To produce thin ortho-carborane polymer films ortho-carborane is condensed onto a 

clean substrate and cross-linked with a low-energy (200 eV) electron beam in UHV (Fig. 2.1).  

This process is repeated several times to grow thicker films.  The following procedures are 

reported in detail elsewhere (Fig. 2.3) [5].  The ortho-carborane precursor (99% pure) powder 

was purchased from Sigma Aldrich and is placed into a 1.33 " modified metal glass seal and 

further purified by freeze pump thaw cycles.  The ortho-carborane is dosed or leaked into the 
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UHV system through a manual control variable leak valve.  The leak valve and gas handling 

manifold are heated to 70-85 ˚C during film growth to prevent ortho-carborane from 

condensing in the gas lines.  The ortho-carborane itself is heated to 50-60 ˚C during film growth 

in order to produce sufficient vapor pressure during exposures. 

 

Figure 2.3 Schematic showing the electron-induced cross-linking process

 

Exposures are reported in Langmuirs (L) where 1 L = 10-6 Torr*s and not corrected for different 

ion gauge sensitivities or flux to the surface.  Films were grown/deposited by condensing 10-20 

L of ortho-carborane on liquid N2 cooled Cu (or Si) at 110 K followed by 10 min electron beam 

bombardment at 200 eV and 4 μA emission current.  The flux of electrons to the surface was 

not measured; however the settings on the Kimball Physics electron gun were uniform 

throughout the experiments.  A 10 L dose and electron beam cycle produces ~20 Å film.  This 

process is repeated several times to obtain a thin (<150 Å) film and then the sample was 

allowed to warm up to room temperature.  The film thickness at 300 K was around 20 Å thinner 

20 



due to the desorption of un-reacted ortho-carborane and other gases (CO and H2O) that were 

physisorbed at the surface at low temperatures during the condensation step.  

 To produce the composite ortho-carborane films with aromatic linking units (1,4-

diaminobenzen, benzene, and pyridine) the above procedures were modified to include an 

additional condensation of the aromatic compounds onto the cold substrate (Fig. 2.3) [8, 9].  

The UHV and gas manifold were also modified to include another manual variable leak valve 

and gas handling tubing for the aromatic compounds.  In the case of 1,4-diaminobenzene and 

pyridine the metal-glass seal was heated to 80 ˚C and the leak valve to 95 ˚C.  The higher 

temperature was needed to produce sufficient vapor pressure.  When making a films containing 

benzene, the benzene leak valve and gas lines were not heated.  In this case, the vapor pressure 

that builds up in the metal glass seal was sufficient to for dosing the cooled substrate.  The 

deposition was done by co-condensation of ortho-carborane and aromatic linking units 

followed by electron beam bombardment.  Again, this cycle was repeated to deposit thin films 

(<150 Å) and then allowed to warm up to room temperature.  The film thickness reduces by up 

to as much as 60 Å in the composite films and the previous explanation applies as in the case of 

ortho-carborane based films.   

2.2.2 Plasma Enhanced Chemical Vapor Deposition of Ortho-Carborane 

 Plasma enhanced chemical vapor deposition (PECVD) of ortho-carborane was done 

using an inductivity coupled plasma (ICP) of 5% ortho-carborane in Ar environment on Si(100) 

or Cu(poly) substrates at room temperature (300 K).  Similar PECVD methods have been 

previously reported for deposition of boron carbide films [10-17], however in those reports 

deposition was done at elevated temperatures and in a capacitively coupled parallel plate 
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plasma reactor.  The system reported here results in slightly different film compositions and 

bonding characteristics. 

 The plasma was generated using a commercially available RF power supply operated at 

13.56 MHz and 20 Watts.  In order to match the load of the coil and plasma chamber a home 

built match network was employed.  The matching network was developed by Swayambhu 

Behera and Qing Wang, and consisted of two variable capacitors (50-1200 pF) connected in 

series.  Fig. 2.4 below is a picture of the matching network and equivalent circuit diagram [18].   

During deposition the sample was connected to ground but could also be set to a specific bias 

potential if desired by using a DC power supply.  PECVD of ortho-carborane was done by 

transferring the sample into the deposition chamber (Fig. 2.1) via the feed-through and rotating 

the sample so that the surface is centered and facing the modified metal-glass seal (Fig.2. 1, 

plasma coil).  The sample was either connected to ground or held at negative bias potential 

during deposition.  The turbo-molecular pump was throttled with a butterfly valve to control 

pumping speed and therefore chamber pressure.  The chamber was back-filled with ortho-

carborane vapor to a pressure of 1.0 X 10-3 Torr.  Again the ortho-carborane and leak valve 

were maintained at 60 ˚C and 85 ˚C respectively during deposition and the ion gauge was not 

corrected for different gas sensitivities.  Once the chamber pressure was stable at 1.0 X 10-3 

Torr of ortho-carborane, argon gas was introduced through a separate leak valve until the 

plasma was generated (<40 mTorr).  Once the plasma was generated the argon pressure was 

reduced to 20 mTorr and the plasma pressure was maintained at this pressure during 

deposition by adjusting the argon leak valve.  The ion gauge pressure maximum is 5.0 X 10 -3 
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Torr so during plasma operation the pressure was monitored using a Baratron gauge that was 

calibrated with the ion gauge. 

 

Figure 2.4 (a) home-built matching network and (b) equivalent circuit diagram for use with an 
inductively coupled plasma

  

 The deposition rate varied from 0.3-0.7 Å/s and was determined by monitoring the 

attenuation of the Si (2p) core XPS line as a function of several small deposition times (≤ 60 s) 

using equation 2.3 (below).  The range in deposition rate is believed to originate from the 

variance in the ortho-carborane concentration in the argon plasma.  Film depositions done with 

the use of mass flow controllers might alleviate such variations.  However, the above method 

has been used multiple times and always results in very reproducible films.  When depositing 

thick PECVD ortho-carborane films a deposition rate of 0.5 Å/s was used to estimate film 

23 



thickness as the Si(2p) core line is attenuated, i.e.,  when the film thickness exceeds ~110 Å.  

Also for thicker film depositions, a series of short depositions were done: usually each cycle was 

10 min after which time the ortho-carborane pressure was readjusted and then a sequential 10 

min deposition was done.  This method was usually repeated a total of 3 times and results in 

films estimated to be around 1000 Å thick.  It should be noted that doing deposition with an 

ortho-carborane concentration of >5% in argon plasma results in "dusty" powdery film that is 

not stable in ambient conditions.  It is believed that the higher concentration of ortho-

carborane results in gas phase plasma polymerization.  

2.3 Characterization Methods 

2.3.1 X-Ray Photoelectron Spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is widely-used surface/near surface (<10 nm 

sampling depth) characterization method that can yield information relating to film 

composition, chemical bonding environments, and oxidation states.  XPS spectra displayed in 

the following chapters were collected using a Physical Electronics 140 mm mean radius 

hemispherical electron analyzer operated at constant pass energy.  Core-level photoemission 

spectra are collected by bombarding the surface with characteristic x-ray radiation at energies 

of either 1253.6 or 1486.6 eV corresponding to Mg Kα and Al Kα, respectively.  Exposing a 

surface to x-ray radiation causes the ejection of core-electrons (photoelectrons) as diagramed 

in Fig. 2.5.  The binding energy of core elections can be found using [19, 20]: 

 BE =hν -KE-Ф         (Eq. 2.1) 

where BE is the binding energy of the core electron (eV), hν is the excitation x-ray energy, KE is 

the kinetic energy of the core electron (eV) and Ф is the work function of the electron energy 
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analyzer (eV).  The work function term is from the analyzer and not the sample and corrects for 

the difference in vacuum levels between the sample and the analyzer.  In a typical instrument 

setup, Fermi level of the sample and the analyzer align due to being held at ground [19, 20].  

The work function values are typically around 3-5 eV.  Typically the reported binding energies 

are calibrated to an internal standard.  This takes into account any surface charging that is 

usually present in semi-conducting and insulating samples.  All the XPS spectra reported in 

sequential chapters were either referenced to Si (2p) at 99.3 eV or Cu (2p3/2) at 932.7 eV [19, 

20].  In the event that the substrate (Si or Cu) signals were completely attenuated (PECVD 

ortho-carborane), spectra were referenced to the B(1s) at 188.4, which is the BE for B(1s) in 

thin plasma deposited films when corrected with Si or Cu.

 

Figure 2.5 Core-level photoemission process

  

 The fact that XPS is surface/near surface sensitive allows for overlayer film thickness to 

be calculated from XPS core-level spectra based on how the photoelectrons from the substrate 
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interact with the overlayer.  There are two methods to calculate the film thickness: (1) absolute 

intensity attenuation of the substrate with overlayer growth and (2) comparing the overlayer 

intensity to the intensity of the substrate.  The later is usually the chosen method as the first 

method does not account for different flux of x-rays to the surface.  However, in both cases the 

experimental error in thickness measurements are < 10 % under these experimental conditions 

[21].  The XPS intensity from the substrate is [19]: 

 IB = IB
∞e (- d/ λ*cos(Ѳ))        (Eq. 2.2) 

where IB and IB
∞ are the intensity and atomic sensitivity factor (ASF) for substrate, d is the 

overlayer thickness (Å), λ is the inelastic mean free path (IMFP) of a photoelectron from the 

substrate through the overlayer, and cos(Ѳ) is the angle between the surface normal and the 

axis of the analyzer.  When using the absolute attenuation model (1) equation 2.2 can be solved 

for d: 

 d = -Ln( IB / I0) * λ        (Eq. 2.3) 

where IB and λ are the same as above and I0 is the initial intensity of the substrate before 

deposition/overlayer film growth.  In using method (2), a relationship for the overlayer where 

the overlayer intensity is [19]: 

 IA = IA
∞ ( 1- e(-d/λ*cos(Ѳ)))        (Eq. 2.4) 

where IA and IA
∞ are the intensity and ASF from the overlayer, λ is now the IMFP for the 

photoelectron in the overlayer through the overlayer, and  d and cos(Ѳ) are the overlayer 

thickness (Å) and angle between the sample and the analyzer axis, respectively.  The thickness 

of the overlayer can be found by plotting equations 2.2 and 2.4 as a function of overlayer 

thickness (d) and where the two lines intersect is the overlayer thickness. 
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 In order to determine the overlayer thickness via the above method and what makes 

XPS surface/near surface sensitive is due to the relatively small (<50Å) IMFP (λ) of 

photoelectrons when the kinetic energies are <1000 eV [22].  The IMFP is defined as the 

average distance an electron can travel without enduring an inelastic collision [22].  IMFP values 

are calculated based on the TPP-2M model [19, 22, 23]: 

 λ = E /Ep
2[β Ln(γ E) - (C/E) + (D/E2)]        (Å)     (Eq. 2.5a) 

 β = -0.10 + 0.944 (Ep
2 + Eg

2)-1/2 + 0.069 ρ0.1     (Eq. 2.5b) 

 γ = 0.191 ρ-1/2         (Eq. 2.5c) 

 C = 1.97 -0.91 U        (Eq. 2.5d) 

 D = 53.4 - 20.8 U        (Eq. 2.5e) 

 U = Nv ρ/M = Ep
2/829.4       (Eq. 2.5f) 

where Ep = 28.8 (Nv ρ/M)1/2 (eV) and is defined as the free electron plasmon energy, Eg (eV) is 

the band gap of the material, ρ is the density (g cm-3), Nv is the number of valence electrons per 

atom, and M is the atomic weight . 

2.3.2 UV-Photoelectron Spectroscopy (UPS) 

 UPS is based on the same theory as XPS with two important differences: (1) the 

spectrum produced is from the valence photoelectrons instead of core-electrons as in XPS and 

(2) UPS is more surface sensitive.  UPS only produces photoelectrons from the valence band 

because the lower excitation energies (typically ~ 40 eV or less) available from an ultraviolet 

source (Fig. 2.6).
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Figure 2.6 Valence band photoemission process

 

The UPS spectra collected and displayed in the following chapters were collected using a 

differentially pumped plasma discharge UV source (SPECS).  Using He as the plasma gas 

produces both He(I) and He(II) UV light at energies of 21.2 eV and 40.8 eV respectively, 

however in all cases the differentially pumped setup employed only produced He(I) UV light.  

Based on equation 2.1 when the BE of the photoelectron is lower than 20 eV and the excitation 

energy is 21.2 eV, the calculated kinetic energy is <20 eV as well.  The lower kinetic energy of 

the valence photoelectrons also results in the increased surface sensitivity exhibited by UPS.  

From equation 2.5a, the IMFP is directly dependent on the KE of the photoelectron, so the 

photoelectrons that reach the analyzer are usually from the very outermost surface layers or 

from 0.1-15 Å [24]. 

 UPS in this work was to monitor the shifting of the valence band maximum (VBM) as a 

guide to determine if introducing linking units affects the density of states near the Fermi level 

and the changes in the materials band gap (Fig. 2.7). 
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Figure 2.7 Determination of the valence band maximum

 

 The VBM was determined by placing a line on the leading edge of the UPS spectrum and 

finding where this line intersects with the background line [25].  This intersection is the VBM 

value that is reported and Fig. 2.7 shows an example of this method to determine the VBM in 

cross-linked ortho-carborane.  In Fig. 2.7 the leading edge, background and intersection point 

are highlighted by red dashed lines.  

2.3.3 Computational Approach 

 Several computational studies were carried out to further understand the electron-

induced cross-linked ortho-carborane polymers.  Simulating valence band spectra was done 

using modified neglect differential overlap (MNDO) and parameterization method 3 (PM3) 
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semi-empirical methods.  Density Functional Theory (DFT) was also used to calculate ground 

state atomic charge populations.  The semi-empirical methods have been found to model the 

ortho-carborane system quite well in the past with minimal computational expense [8, 26, 27].  

From simulated valence band spectra it is possible to determine the expected VBM and Fig. 2.8 

is a plot of the calculated valence band maximum below the Fermi level for several different 

systems.  The calculations were done using the MNDO package in HyperChem computational 

software.  Optimized geometric structures were obtained through the unrestricted Hartree–

Fock (UHF).  The simulated spectra were completed by fitting the resulting eigenvalues with 

Gaussian wave forms with FWHM of 1.0 eV, by fitting the leading edge and the background (Fig. 

2.7) the VBM were determined.  Fig. 2.8 also contains the experimentally determined VBM 

values for the corresponding systems and a detailed explanation of the VBM obtained are 

found in sequential chapters.

 

Figure 2.8 Comparison between theoretical valence band maximums and experimental results
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 Ground state Mulliken charge population analysis was done to assist in the 

deconvolution of the core-level XPS B(1s) spectra obtained from ortho-carborane and electron-

induced cross-linked ortho-carborane (Fig. 2.2).  The ground state Mulliken charge analysis was 

done in two steps using DFT.  First the polymers ground state geometry optimization was 

completed using B3LYP hybrid functional and 6–31++ g 2d 2p basis set that includes p–d orbital 

hybridization with the Gaussian 09 software [28].  Once the structures were in their lowest 

energy state, Mulliken charge analysis was done using a minimal basis set (STO-3G ).  Minimal 

basis analysis was chosen because minimal basis sets better represent atomic orbitals and this 

method has proven to work well in the past [29, 30].  The resulting atomic charges were 

grouped and averaged into three distinct environments: B2-B, CB-B, and C2-B, where boron 

atoms are only bonded to other boron, boron bound to one carbon, and boron bound to two 

carbons in the ortho-carborane icosahedra (Fig. 2.2), respectively.  The resulting average atomic 

charges were plotted as a function of binding energy, where the binding energies for the three 

chemical environments were determined from deconvolution of the corresponding 

experimental B(1s) core-level spectra.  This method was employed because the ground state 

binding energies are proportional to the ground state atomic charge population based on [31]: 

 BEi = -k qi + Vi         (Eq.2.6) 

where BEi and qi are the binding energies and atomic charge on the ith atom, respectively.  Vi is 

the potential at the ith atom due to electrostatic interactions with all the other atoms and in 

the analysis was considered to be the same at all boron environments. 
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2.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 Fourier transform infrared spectroscopy (FTIR) was used (see chapter 6) to qualitatively 

compare the hydrogen concentration in neat ortho-carborane and a PECVD ortho-carborane 

film, along with determining any structural signature absorption modes in the PECVD films to 

confirm the decomposition of ortho-carborane icosahedra.  FTIR is becoming an important 

metrology tool for analyzing boron carbide materials and aid in understanding the chemical 

bonding and composition in the PECVD ortho-carborane derived films.  

 Two different mid IR (400-4000 cm-1) light source-FTIR instruments were used in 

evaluating the neat ortho-carborane and PECVD films.  The neat ortho-carborane FTIR was 

done using a Thermo Scientific Nicolet 6700 FT-IR with a Smart Orbit diamond attenuated total 

reflectance (ATR) accessory, while the PECVD ortho-carborane films were done using a Bruker 

Vector 22 FTIR instrument operated in transmission mode. 
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CHAPTER 3 

 SITE-SPECIFIC ELECTRON-INDUCED CROSS-LINKING OF ORTHO-CARBORANE TO FORM 

SEMICONDUCTING BORON CARBIDE‡ 

3.1 Introduction 

 X-ray and ultraviolet-excited photoemission spectra (XPS,UPS) demonstrate that 

condensed layers of ortho-carborane can be cross-linked by 200 eV electrons under ultra-high 

vacuum (UHV) conditions to form p-doped semiconducting boron carbide (B10C2Hx) films.  This 

is the first report of site-specific cross-linking in such films, with cross-linking occurring between 

B sites on adjacent icosahedra.  The results also suggest that this method can be used to form 

selected-area ultra thin films for emerging nanoelectronics and radiation sensing applications.  

Broad interest in B10C2Hx films arises due to potential applications of these amorphous 

molecular solids in neutron detection [1-4], semiconductor devices [5-14], biomedical 

applications [15] and magnetoresistance-based devices [12, 14, 16, 17].  Boron carbide films 

have been deposited by plasma-enhanced chemical vapor deposition (PECVD) [1-3, 5-9, 12, 13, 

13, 16-21], synchrotron radiation assisted chemical vapor deposition (SRCVD) [6-8, 10, 11, 22, 

23], and rf and dc magnetron sputtering [24-28]; all of which yield similar electronic and 

physical properties.  We demonstrate here that exposure of condensed ortho-carborane films 

to 200 eV electron beam bombardment at 110 K results in site-specific bond scission and cross-

linking of the icosahedral cage units.  Shifts in XPS core level spectra indicate that cross-linking 

of ortho-carborane icosahedra occurs selectively by bonding through the boron sites between 

‡ This chapter is presented in its entirety from Frank. L. Pasquale and Jeffry A. Kelber, "Site-specific electron-
induced cross-linking of ortho-carborane to form semiconducting boron carbide." Appl. Surf. Sci. 2012, 258, 2639-
2642 with permission from Elsevier. 
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adjacent cage units, resulting in p-type B10C2Hx films.  UPS data indicate that the valence band 

electronic structure of these films is broadly similar to that of films formed by other methods 

[2, 5, 10-12, 14, 22, 26, 27, 29]. 

3.2 Experimental 

 Experiments were undertaken in a turbomolecularly pumped UHV analysis system with 

a typical operating pressure of 3-8×10 -10 Torr.  Photoemission spectra were acquired with a 

140 mm mean radius hemispherical analyzer (Physical Electronics), equipped with a channel 

plate detector operated at constant pass energy mode of 23.5 eV and 0.585 eV, for XPS and 

UPS, respectively.  These conditions yielded core level binding energies reproducible to within 

0.1 eV.  The substrate, a 1 cm X 1 cm copper foil, was mounted on a sample holder which 

permitted regulation of sample temperature by a combination of liquid nitrogen cooling and 

resistive heating, with a type-K thermocouple mounted close to the sample.  The substrate was 

cleaned by 3000 eV Ar ion bombardment.  XPS data were acquired using a commercial 

unmonochromated AlKα X-ray source, operated at 15 kV and 300 W.  UPS spectra were 

acquired using a commercial, differentially pumped He I discharge source.  All photoelectrons 

were collected normal to the surface.  The analyzer energy scale was calibrated with respect to 

the Fermi level of clean polycrystalline copper at 110 K.  Cross-linking of the condensed film was 

done using an electron gun (Kimball Physics), operated at 200 eV and an emission current of 4 

μA.  Ortho-carborane (Aldrich) was admitted into the UHV system through a manual control 

leak valve.  Pressures in the chamber were recorded with a nude ion gauge mounted out of line 

of site to the sample.  Exposures are reported here in Langmuir (L) (1 L = 10−6 Torr s) and have 
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not been corrected for ion gauge sensitivity or flux to the surface.  XPS spectra were modified 

by Shirley background subtraction, and analyzed via standard methods [30-32].   

 B10C2Hx films were prepared by multiple cycles of precursor condensation and electron-

induced cross-linking at 110 K.  Ortho-carborane was condensed in exposures of ~10 L (1 

Langmuir = 1.0 X 10−6 Torr s), followed by 200 eV electron beam bombardment at 110 K for 10 

min to induce cross-linking, followed by additional exposure/cross-linking cycles.  The film 

reported here is the product of 8 such cycles, or 80 L total exposure.  Although electron flux was 

not measured directly, electron flux was kept constant during bombardment by using the same 

settings for electron gun emission current and beam energy throughout the experiment.  XPS 

and UPS were collected after each step to fully characterize the film preparation process.  Film 

thickness was estimated from the attenuation of the absolute intensity of the Cu(2p3/2) peak 

[31] using a calculated [32] Cu(2p3/2) inelastic mean free path of 14.9 Å .  Errors in absolute 

intensities due to variations in X-ray flux and other factors are estimated at <10% under these 

experimental conditions.  No elements other than Cu, O, B and C were observed either in high 

resolution core level scans (vide infra) or in 1000 eV survey scans (supplementary data).  O (1s) 

spectra were present only at very low intensities (O/B atomic ratio <0.09).   

 Both the condensed molecular solid and cross-linked semiconducting boron carbide 

films were sufficiently thick after several condensation/cross-linking cycles at 110 K to obscure 

the core and valence features of the copper substrate.  Therefore, observed boron carbide core 

and valence binding energies shifted with temperature, due to differing concentrations of 

charge carries, and therefore different degrees of sample charging during photoemission.  The 

B(1s) and C(1s) energies acquired at 300 K and reported here are in excellent agreement with 
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those reported in the literature for semiconducting boron carbide films [15, 22-28], indicating 

negligible charging at 300 K.  

3.3 Results and Discussion 

 B(1s) and C(1s) spectra are shown in Fig. 3.1, after (Fig. 3.1-i) an 80 L dose of ortho-

carborane at 110 K, (Fig. 3.1-ii) subsequent 600 s electron bombardment (200 eV) at 110 K, 

followed by (Fig. 3.1-iii) warm-up to room temperature.  Corresponding changes to film 

thickness and B/C atomic ratio are summarized in Table 3.1. 

 

Figure 3.1 B(1s) and C(1s) core level photoelectron spectra (XPS) of ortho-carborane: (i) 80 L 
condensed on Cu(poly) at 110K; (ii) after 600 s electron bombardment at 200 eV and 110 K; and 
(iii) subsequent warm up to 300 K. Electron bombardment induces a 0.3 eV shift in the B(1s) 
feature (left, ii), and a 0.2 eV shift in the higher binding energy Cx(1s) feature, but not in the 
CB(1s) feature (right, ii). Upon warm up, the B(1s) signal shifts an additional 0.4 eV to lower 
binding energies (left, iii), while both C(1s) features (right,iii) exhibit a uniform shift of 0.3 eV to 
lower binding energy

 

 The spectra for the condensed film prior to electron bombardment (Fig. 3.1(i)) indicate a B(1s) 

feature centered at 189.3 eV, and two (1s) peaks centered at 286.4 eV and 284 eV.  From 

literature reports [15,25–28] we label the peak at 286.4 eV as "Cx" reflecting carbon in an 
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interstitial or otherwise unspecified environment, and "CB" indicative of carbon atoms bonded 

to boron sites in the icosahedra. The B/CB atomic ratio is ∼4.00 with a film thickness of about 

100 Å .  A B/CB ratio atomic ratio of ∼4 is commonly reported for carborane-derived films [25-

28].  This departure from the expected B5C stoichiometry cannot be attributable to additional C 

incorporation in the growing film, as such inclusion results in a C(1s) feature at higher binding 

energies [15, 25-28], as in Fig. 3.1.

Table 3.1 Boron to carbidic carbon atomic ratio ((B/CB) atomic ratio), relative intensities of Cx 
and CB, average film thickness, and separation between B(1s) and CB(1s) binding energies (ΔBE) 
as a function of carborane condensation, electron bombardment, and sample warmup 

 B/CB 

Atomic Ratio 
I(CX)/I(CB) Film Thickness(Å) ΔBE (eV) 

80 L dose o-carborane at 110K 4.08 0.83 ~100 94.7 

600 sec e-beam bombardment at 110K 3.94 0.77 ~104 94.9 

Sample warmed to 300K 3.02 0.56 ~-76 95.1 

 

 

This departure from expected stoichiometry instead suggests either the formation of additional 

B–C bonds, – perhaps involving contaminant carbon species during the cross-linking process – 

or the partial decomposition of the carborane precursor during the condensation/cross-linking 

process.  Electron bombardment (200 eV, 110 K) results in a 0.3 (±0.1) eV shift to lower 

binding energy for the B(1s) spectrum, and a 0.2 (±0.1) eV shift to lower binding energy for the 

Cx feature, but no shift in binding energy for the CB feature (Fig. 3.1-ii).  A greater shift to lower 

binding energy of the B (1s) feature, relative to the Cx and CB features (Fig. 3.1) is evidence that 

boron is involved in the cross-linking process.  However, there is no observable change in the 
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chemical bonding environment of the C atoms in the icosahedra (the CB feature, Fig. 3.1-ii), 

indicating that the icosahedral cage units are bonded to other cage unites predominantly 

through boron sites.  This is consistent with DFT calculations [33] and gas and solid phase 

photoionization studies [30, 33] indicating that H bond scission from an ionized state will occur 

preferentially at B-H sites opposite carbon atoms in the icosahedra.  The observed shift in the Cx 

feature (Fig. 3.1-ii) towards slightly lower binding energies at 110 K after electron 

bombardment may indicate changes such as partial graphitization.   

 Upon sample warmup to room temperature (Fig. 3.1-iii), there is an additional shift, 

uniform to within experimental error, all core level spectra to lower binding energies, 0.4 eV 

(±0.1) in boron and 0.3 (±0.1) eV in both carbon features.  This shift is attributed to changes 

in sample charging due to increased sample conductivity as the temperature is raised to 300 K.  

Similar shifts in valence band spectra upon warm up have been reported for ortho-carborane-

derived films produced by other cross-linking methods [10, 22].  The B/CB atomic ratio and 

thickness exhibit little change after electron bombardment, but as the sample is warmed to 300 

K, there is a reduction in film thickness to ~76 Å and the B/CB atomic ratio changes to 3.0, 

indicating a preferential loss of boron-containing species.  This is attributable to incomplete 

cross-linking of the condensed precursors.  There is also loss in intensity for the Cx feature when 

the sample is warmed to 300 K (Table 3.1), suggesting a partial loss upon warm-up of impurity 

carbon species incorporated during condensation.   

 Changes in the valence band region were also investigated.  UPS spectra acquired at 110 

K before and after electron bombardment (Fig. 3.2) exhibited a uniform shift to lower binding 

energies.  The UPS spectrum of a 30 L ortho-carborane condensed film at 110 K is shown in Fig. 
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3.2-i.  Upon exposure to 600 s electron bombardment (200 eV) at 110 K, a 0.45 eV shift to lower 

binding energy is observed (Fig. 3.2-ii).  The arrows represent the valence band maximum in 

both films and show that the shifting upon electron bombardment is uniform throughout the 

valence band region.  This uniform shift of the valence band density of states to lower binding 

energy upon exposure to electron bombardment is attributable to the surface photovoltage 

effect upon formation of a p-type semiconducting boron carbide film [2, 11, 20, 22].  Such shifts 

are not expected for core level spectra due to the more localized nature of the core holes.  The 

shift in the UPS spectra upon electron bombardment (Fig. 3.2) indicates that the condensed 

molecular solid has been transformed into a semiconducting film.

 

Figure 3.2 Ultra-violet photoemission spectra of ortho-carborane (i) 30 L condensed on Cu(poly) 
at 110 K and (ii) after subsequent 200 eV electron exposure for 600 s., resulting in a 0.45 eV 
shift to lower binding energy. The arrows in the figure represent the valence band maximum 
relative to the Fermi level (zero on this energy scale)
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A valence band shift to lower binding energies upon cross-linking was generally observed for 

films, but became somewhat obscured at greater film thicknesses due to a slight broadening of 

the valence band features.   

 UPS spectra of an e-beam cross-linked film (80 L initial exposure)are compared in Fig. 

3.3 before (Fig. 3.3-i) and after (Fig. 3.3-ii) warmup from 110 K to 300 K in UHV.  The UPS 

spectra exhibit a shift of 1.39 eV to lower binding energy, consistent with reduced sample 

charging due to greater conductivity at room temperature.  Changes in shape for the UPS 

spectrum upon warmup (Fig. 3.3) further indicate some loss of material from the film, 

consistent with a decrease in the relative boron concentration in the film deduced from core 

level spectra (Fig. 3.1 and Table 3.1).

 

Figure 3.3 Ultra-violet photoemission spectra of ortho-carborane (i) 80 L condensed and after 
200 eV electron bombardment at 100K and (ii) subsequent warm up to 300 K, resulting in a 
shift to lower binding energy. This is the same film as in Fig. 3.1 (ii, iii). Valence band binding 
energies are reported as relative to the Fermi level
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3.4 Conclusion 

 In summary, semiconducting boron carbide (B10C2Hx) films have been formed by cross-

linking condensed ortho-carborane films at 110 K by 200 eV electron beam bombardment.  

Electron bombardment of condensed ortho-carborane icosahedra at 110 K produces XPS core 

level shifts in the B(1s), but not the C(1s) feature associated with carborane carbon.  This 

indicates a change in the chemical environment of the icosahedral cage B atoms upon cross-

linking, but no change in that of the C atoms within the cage, demonstrating that electron 

bombardment induces B–H bond scission and bonding between boron sites of adjacent 

icosahedra.  This effect is consistent with theoretical [33] and experimental [30, 33] data 

indicating that for both gas phase carboranes and B10C2Hx films, dissociation from ionized states 

occurs primarily at B-H sites opposite the carbon sites in the icosahedra.  The ortho-carborane- 

derived B10C2Hx films exhibit a surface photovoltage effect upon cross-linking indicative of the 

formation of a p-type semiconducting film, as reported [2, 11, 20, 22] for ortho-carborane units 

cross-linked by other methods.  Electron bombardment is thus demonstrated to provide a 

method for cross-linking carborane precursors to yield films similar to those obtained by other 

methods [1-26].  The results presented here further suggest that this method could be used to 

produce composite films employing co-condensation and cross-linking of carborane icosahedra 

and other precursors to yield new semiconducting materials with novel electronic and 

mechanical properties. 
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CHAPTER 4  

NOVEL SEMICONDUCTING ALLOY POLYMERS FORMED FROM ORTHO-CARBORANE AND 

1,4- DIAMINOBENZENE§ 

4.1 Introduction 

 We report here on the altered electronic properties of a novel polymer formed by 

electron beam induced cross-linking of ortho-carborane with 1,4-diaminobenzene (DAB).  

B10C2H12 molecular films are wide band gap semiconductors due to the large highest occupied 

to lowest unoccupied molecular orbital gap [1-5] and the high ionization potential of 

carboranes [5, 6].  Dehydrogenation during cross-linking of the carborane units closes the band 

gap significantly to form an indirect band gap of about 0.7 to 0.9 eV [7-11]; although this 

remains controversial in spite of optical measurements of the gap [9].  Recently, reported 

valence band photoemission results for self-assembled monolayers of carborane/thiol hybrids 

on Au(111) indicate that this does little to alter the band gap, resulting in a valence band 

maximum ~4.3 eV below the Fermi level [12], similar to results for pure B10C2Hx films derived 

entirely from ortho-carborane precursors [13].  In contrast, alloyed and cross-linked boron 

carbide/DAB films formed in our experiments (B/N ratio atomic ratio ~ 4 - 4.9) exhibit a valence 

band maximum at 1.7 eV below the Fermi level.  Additionally, the results reported here indicate 

that the bonding between ortho-carborane icosahedra and DAB involve bonds between the 

DAB carbon sites and carborane boron sites bound only to other borons (B-B-H sites) as 

opposed to C-B-H or C-H sites on the icosahedra.  The resulting electronic properties are 

§ This chapter is presented in its entirety from Frank L. Pasquale, Jing Liu, P. A. Dowben, and Jeffry A. Kelber, "Novel 
semiconducting alloy polymers formed from ortho-carborane and 1,4-diaminobenzene." Mater. Chem. Phys. 2012, 
133, 906  with permission from Elsevier. 
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indicative of a true alloyed material, rather than the sum of non-interacting ortho-carborane 

and DAB moieties. 

4.2 Experimental Methods 

 Experiments were carried out in a UHV system that has been described previously [14].  

Briefly, the system had a base pressure of 3x10-10 Torr, and was equipped with a 140 mm mean 

radius hemispherical analyzer and channel plate detector.  XPS spectra were acquired with a 

commercially available unmonochromatic AlKα x-ray source.  UPS spectra were acquired with a 

commercial, differentially-pumped discharge source, using He I excitation (21.2 eV).  XPS and 

UPS spectra were acquired in the constant pass energy mode with pass energies of 23.5 eV and 

2.95 eV, respectively.  The system was also equipped with an Ar ion sputter gun and 

commercial electron gun for e-beam induced cross-linking.  The sample manipulator allowed 

for sample heating or cooling between 1000 K and 110 K by a combination of resistive heating 

and liquid N2 cooling.  Sample temperature was monitored with a type K thermocouple in 

proximity to the sample. 

 Ortho-carborane and 1,4-diaminobenzene (spectral grade) were obtained from 

commercial sources, then purified by freeze-pump-thaw procedures and admitted into the UHV 

chamber via separate manual leak valves.  For  ortho-carborane and 1,4-diaminobenzene 

sublimation into UHV,  the precursor glass containers, stainless steel gas lines, and manual leak 

valves were heated to ~ 330 K and ~350K, respectively.  Pressures in the chamber were 

monitored using a nude ion gauge out of the line of site to the sample.  Ortho-carborane and 

1,4-diaminobenzene (DAB) exposures are reported here in terms of Langmuir (L) (1 L = 10-6 

Torr-sec) and have not been corrected for ion gauge sensitivity or flux to the sample surface. 
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 Films were formed by condensing precursors onto a 1 x 1 cm2 copper foil cooled to 110 

K under UHV conditions.  Cross-linking was carried out by a 200 eV electron beam using the 

electron gun set to a constant emission current. This approach has proven effective in similar 

experiments [15].  Electron flux to the surface was not measured directly.  XPS and UPS spectra 

were acquired before/after cross-linking at 110 K and after subsequent warm up to 300 K. 

 Spectra were referenced to a Cu (2p3/2) binding energy of 932.7 eV [16]. The thicknesses 

of the deposited films (d) were estimated according to: 

(1) I = I0 exp(-d/λ) 

where λ is the calculated [17] inelastic mean free path of 14.88 Å for a Cu (2p3/2) electron 

through a B10C2Hx film.  Relative atomic concentrations were determined according to [16, 18]:  

(2) Nx/Ny = (Ix/Iy)(Ay/Ax) 

where Nx, and Ny are the atomic concentrations of species x and y; Ix, Iy are  corresponding 

integrated core level peak intensities, and Ax, Ay are the corresponding atomic sensitivity 

factors (corrections that include the analyzer transmission function) appropriate to this 

analyzer [16].  The use of absolute, rather than relative experimental intensities in (1) and (2) 

introduces some potential error due to slight fluctuations in x-ray flux and sample position, but 

experience with this analyzer indicates that such error may be conservatively estimated at < 

10% . 

4.2.2 The Theoretical Approaches 

 The orbital energies of the single molecules were calculated using both the 

semiempirical (PM3) and the hybrid density function theory (DFT B3LYP) methods, as has been 

undertaken successfully elsewhere [5, 19-26]. Geometric optimization of the system was 
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performed by obtaining the lowest unrestricted Hartree–Fock (UHF) energy states. DFT 

calculations were done with the Spartan package 06, with the standard 6-31 G* basis set. A 

model density of states was obtained by applying equal Gaussian envelopes of 1 eV width to 

each molecular orbital at the ground state binding energies to account for the solid state 

broadening in photoemission and then summing together with a rigid energy shift of a typical 

value of 5 eV and 2.7 eV applied to the calculated electronic structure by PM3 and DFT, 

respectively. In the case of the semiempirical calculation, much of this shift takes into account 

the work function. We expect a number of differences between experiment and theory, since 

both methods calculate the ground state electron structure, while photoemission and inverse 

photoemission are final state spectroscopes. Further, these are single molecule calculations, 

and the molecules studied here are screened in the final state by substrate and matrix 

ensemble. No corrections where made for photoemission matrix element effects. 

4.3 Results 

4.3.1 Core and Valence Band Spectra 

 B(1s), C(1s), and N(1s) spectra acquired at room temperature are displayed in Fig. 4.1 for 

a film composed solely of cross-linked ortho-carborane (open circles), and an ortho-

carborane/DAB film (solid red line).  Both films have an estimated film thickness of 90 Å, and 

the ortho-carborane/DAB compound film has a B/N ratio of 4.9, indicating equal concentrations 

of ortho-carborane and DAB moieties in the film.  Small amounts of O(1s) intensity (not shown) 

were observed for both pure ortho-carborane and the compound films.  The total intensities 

were small and variable from experiment to experiment, indicating that the oxygen was most 
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likely due to incidental OH/O condensation and incorporation during cross-linking at low 

temperature.

 

Figure 4.1 B(1s), (b) C(1s) and (c) N(1s) core level spectra for a 90 Å thick pure boron carbide 
film (open circles), and a 90 Å thick boron carbide/DAB film (solid red line) with a B/N atomic 
ratio of 4.9. Spectra acquired at room temperature

 

 The B(1s) and C(1s) spectra for the pure carborane film (Fig. 4.1 a,b) are typical of those 

observed for B10C2Hx films [27-30] as well as condensed ortho-carborane multilayers [31].  The 

B(1s) peak maximum is near 189 eV and is composed of bonding environments due to B-B-H 
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species and  C-B-H species (at a higher binding energy) [27, 28].  The C(1s) spectrum (Fig. 4.1b, 

open circles) features two peaks, with the one at lower binding energy attributed to carbon 

atoms within the icosahedron  and the one at higher binding energy indicative of graphitic or 

contaminant carbon [28, 30].  In contrast, the B(1s) spectrum of the composite film (Fig. 4.1a, 

solid red line) is significantly narrower than that of the ortho-carborane film, with the lower 

binding energy region attributable to B-B-H sites absent from the spectrum.  The C(1s) 

spectrum of the composite film (Fig. 4.1b, red line) has a C(1s) spectrum with similar width and 

peak maximum identical in binding energy to that of condensed DAB (not shown) , but with a 

lower binding energy region similar to that of the ortho-carborane film and consistent with 

carbon atoms bonded to boron atoms.  The N(1s) spectrum of the composite film (Fig. 4.1c, 

solid red line) exhibits a peak maximum identical  to that of condensed DAB film (not shown), 

but with a small, higher binding energy shoulder that may indicate some nitrogen bonding to 

contaminant oxygen or OH species in the film. 

 The B(1s)  spectrum of the composite film  (Fig. 4.1a,b) indicates that bonding between 

carborane and DAB units in the compound film occur at B-B-H sites in the ortho-carborane 

icosahedra, as intensity from this region is absent from the B(1s) spectrum of the composite 

film.  Further, the lack of significant perturbation of the N(1s) core level spectra from that of 

condensed DAB indicates that the N sites are not perturbed by the cross-linking process.  The 

core level spectra of the carborane, condensed DAB, and composite films (Fig. 4.1) therefore 

indicate that the composite film is composed of carborane icosahedra bonded to intact DAB 

species predominantly via B-B-H sites on the icosahedra and the carbon sites on the DAB units. 
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 The UPS spectra of the 90 Å thick ortho-carborane and composite films are compared in 

Fig. 4.2 with that of a second composite film with a B/N atomic ratio of 4.0 (N-rich) and an 

average thickness of 40 Å.  The UPS spectra have been normalized to have equal intensities at 

7.5 eV binding energy in order to facilitate the comparison of spectral shapes.  The spectrum of 

the carborane film (Fig. 4.2, black line) is similar to those reported previously [12, 13] with a 

valence band maximum near 4.3 eV.  In contrast, the spectra of both the 90 Å thick and 40 Å 

thick composite films (Fig. 4.2, red, and blue traces, respectively) show the presence of states 

significantly closer to the Fermi level, with valence band maxima near 1.7 eV below the Fermi 

level.  The general correspondence of the spectra of both composite films indicates that the 

spectral features at binding energies < 4.3 eV are relatively insensitive to film thickness or 

precise B/N atomic ratio.  That this region of the spectrum is so similar for both composite films 

also indicates no observable contribution from the valence band of the Cu substrate.

 

Figure 4.2 UPS spectra for (a) a 90 Å thick ortho-carborane film (same film as in Fig. 4.1); (b) 90 
Å thick composite film (B/N ratio 4.9 – same film as in Fig. 4.1); and (c) a 40 Å thick composite 
film with a B/N ratio of 4.0). Spectra acquired at room temperature.  The zero on the binding 
energy scale corresponds to the Fermi level of the Cu substrate.  UPS intensities normalized at 
7.5 eV binding energy. (Inset) UPS spectrum of condensed (cross-linked) DAB film acquired at 
room temperature
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 Features at binding energies > ~4.3 eV in the spectra seen in Fig. 4.2 are dominated by 

states associated with ortho-carborane  icosahedra.  Comparing the spectra of the composite 

films (Fig. 4.2, red, blue traces) with that of the condensed DAB molecular solid (Fig. 4.2, inset) 

indicates that the density of states at binding energies < 4.3 eV is dominated by states associate 

with DAB molecules.  These features in the composite film are  broadened and not as 

pronounces as in the DAB films.  This feature broadening may be due to bonding interactions 

between the carborane units and DAB units.  Thus, the UPS spectra as well as the core level 

spectra (Fig. 4.1) are indicative of composite films composed of intact ortho-carborane 

icosahedra and DAB molecules, with only partial dehydrogenation. 

4.3.2 Surface Photovoltage Effect 

 The surface photovoltage effect is a uniform shift in the valence band spectrum due to 

exposure to UV light during the photoemission process counteracting the effects of band 

bending due to hole or electron occupancy of surface states [13].  This can be distinguished 

from photovoltaic charging if the surface photovoltaic effect leads to a shift to smaller binding 

energies rather than larger binding energies.  This shift is thus evidence of delocalization of 

carriers in the film and is observed upon cross-linking of carborane precursors to form 

semiconducting films.  For ortho-carborane films, the surface photovoltage shift is toward 

lower binding energies upon cross-linking, indicative of a p-type film, with the magnitude of the 

shift increasing with the amount of induced cross-linking [13].  

 UPS spectra are shown in Fig. 4.3 for both an ortho-carborane (Fig. 4.3a) and compound 

film (B/N atomic ratio 3.5; Fig. 4.3b) before and after electron-induced cross-linking at 110 K. A 
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shift upon cross-linking of 0.25 eV to lower binding energy is observed for the ortho-carborane 

film, and a shift of 0.16 eV is observed for the compound film.  

 

Figure 4.3 UPS spectra: surface photovoltage effect for (a) ortho-carborane film (50 Å thick) and 
(b) composite film (80 Å thick, B/N atomic ratio 3.5) condensed at 110 K before (i) and after (ii) 
electron-induced cross-linking

 

The magnitude of observed shifts upon cross-linking for compound films is plotted against B/N 

atomic ratio in Fig. 4.4.   There is considerable scatter in the observed shifts, consistent with the 

variable film thickness and variable degree of cross linking.  (Slight changes in XPS and UPS 

spectra were sometimes observed upon warm-up from 110 K to ambient temperature, 

indicating incomplete cross-linking of condensed species.)  The shift, however, is always 

towards the direction of lower binding energies.  In general, the magnitude of the shifts 

increases with B/N atomic ratio.  A shift of 0.46 eV is observed for a compound film with a B/N 

atomic ratio of 4.1, and this is similar to a shift observed for an ortho-carborane film, although 
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another ortho-carborane film showed a smaller shift (Figs. 4.3 and 4.4).  Shifts of this 

magnitude and direction are also similar to those previously reported [13] for pure ortho-

carborane films cross-linked by synchrotron radiation.  By comparison, a cross-linked pure DAB 

film ~ 40 Å thick exhibits a ~ 0.1 eV shift in the same direction.  Thus, the data in Fig. 4.4 

indicates that at ~ 1:1 carborane/DAB concentration ratios, the surface photovoltage effect is 

similar to that of a pure ortho-carborane film, and that at lower relative concentrations, the 

shift is similar to that observed for DAB.  In all cases, however, the direction of the shift is 

towards lower binding energies, indicative of a p-type film at all observed B/N atomic ratios.

 

Figure 4.4 Surface photovoltage effect as a function of B/N atomic ratio for compound films 
(closed squares). Shifts for a pure carborane film (B10C2Hx) and a pure DAB film are included for 
comparison
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4.3.3 Molecular Orbital Calculations and Simulated UPS Spectra 

 Simulated UPS spectra are shown in Fig. 4.5 for an ortho-carborane/DAB molecule 

bonded via the 2, 3 DAB carbon atoms to B-B-H sites. A comparison of the model calculations of 

molecular density of states (curves) for the  ortho-carborane molecule 5(a,b), ortho-carborane-

DAB molecule in single-bridge bonding configuration 5(c,d), ortho-carborane-DAB molecule 

5(e,f) in the double-bridging bonding configuration indicates that the addition of DAB leads to 

an increase in the density of states between the partially dehydrogenated carborane valence 

band maximum and the chemical potential (the Fermi level of the metallic substrate). Indeed, 

this additional density of states can be resolved into two features, separated by about 2 eV. 

This is consistent with what is seen in experiment (Figures 4.2 and 4.3), where that addition of 

DAB to the cross-linked film also adds additional density of states that can be distinguished as 

two features separated by about 2 eV. This tends to suggest that the carboranes are cross-

linked to the DAB by a single boron-carbon bond, not two boron-carbon bonds,  as the former 

better preserves the frontier occupied molecular orbitals of DAB, and thus the additional 

density of states that can be distinguished as two features separated by about 2 eV.
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Figure 4.5 Comparison of model calculations for molecular density of states based on the closo-
1,2-ortho-carborane molecule (a and b), ortho-carborane–DAB linked molecule in single boron 
carbon bridge bonding configuration (c and d), orthocarborane–DAB molecule (e and f) linked 
by a double boron to carbon bridge bonding configuration. The density of states was estimated 
by applying 1 eV Gaussian widths to the molecular orbital eigenvalues (vertical lines) obtained 
from both a PM3 (parameterized method 3) semi-empirical approach (a, c, and e) and density 
functional theory (DFT) with the hybrid functional B3LYP and the 6-31G* basis (b, d, andf)
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4.4 Discussion 

 XPS data (Fig. 4.1) demonstrate that electron-induced cross-linking between ortho-

carborane and DAB moieties involves bonding at B-B-H rather than at C-B-H or C-H sites.  This is 

consistent with previously reported [32] gas phase photoionization/fragmentation data for 

ortho-carborane which indicate that the predominant mechanism for dissociation from an 

ionized state is the pair-wise elimination of hydrogen from B sites opposite the two carbon 

atoms in the icosahedrons: 

(3a)  B10C2H12 + hν  [B10C2H12]+ 

(3b)  [B10C2H12]+  [B10C2H10]+
 + H2 

 A similar effect was observed for the vacuum ultraviolet (8.4 eV) exposure of B10C2Hx 

films in the presence of NH3, resulting in the attachment of NH2 groups specifically at B-B-H 

sites [30].  Predominant reaction at B-B-H sites also occurs during the 200 eV electron-induced 

cross-linking of condensed ortho-carborane films [14].  The reaction to form carborane/DAB 

bonds at B-B-H sites is therefore consistent with previous data showing that such sites undergo 

preferential B-H bond scission directly from an ionized state.  The B(1s) data in Fig. 4.1a also 

indicates that the B-B-H bonds have been replaced by B-B-C bonds, thus shifting the center of 

gravity of the B(1s) spectrum to higher binding energy, indicating that the composite  films 

involve predominantly ortho-carborane-DAB bonding and are true alloy films,  rather than a co-

polymer involving large regions of cross-linked ortho-carborane units connected to regions of 

cross-linked DAB units. 

  The data in Fig. 4.1 also indicates that intermolecular bonding involves only C sites on 

DAB units, leaving the NH2 groups intact.  A similar trend is observed in the cross-linking of pure 
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DAB, indicating that C-H bonds preferentially undergo scission upon exposure to 200 eV 

electrons.  Therefore, the data in Fig. 4.1 indicates that ortho-carborane/DAB alloy films are 

formed by a site-specific cross-linking process involving B-B-H sites on the ortho-carborane 

molecule and C-H sites on the DAB molecule. 

 UPS spectra (Fig. 4.2) indicates that valence band of the composite film, at binding 

energies > 4.3 eV is similar to a pure ortho-carborane film, but at binding energies < 4.3 eV, 

exhibits features characteristic of a pure DAB film (Fig. 4.2, inset).  This indicates that both the 

ortho-carborane and DAB moieties retain their molecular identities within the cross-linked 

composite film.  That cross-linking induces true delocalized carriers in the film and is evident in 

the surface photovoltage data (Figs. 4.3, 4.4).  If there were neglible interaction between the 

molecular units in the film, then one would expect no photovoltage effect.  If the films were 

composed of separate regions of cross-linked ortho-carborane and cross-linked DAB units, with 

a hybrid UPS spectrum, then one would expect a larger shift for the ortho-carborane-

dominated portion of the spectrum (> 4.3 eV binding energy) and a smaller shift for the DAB-

dominated portion (< 4.3 eV binding energy).  Instead, a uniform shift of the spectrum is 

consistently observed, indicative of an atomically dispersed, alloyed film with collective, 

delocalized atomic properties.  The photovoltage shift is always towards lower binding 

energies, indicating that the films are p-type [13]. The magnitude of the shift (Fig. 4.4) appears 

to increase with B/N ratio, although there is certainly considerable scatter.  The scatter in the 

data is attributable to the fact that the surface photovoltage effect is known to vary with both 

film thickness and total degree of cross-linking [13] factors which were difficult to control in the 

experiments reported here. On the whole, this type of electron beam induced cross-linking has 
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also proved very effective in forming organic dielectric barrier layers that are pin hole free from 

self assembled monolayers of terphenyl thiols [19, 33-35]. 

 The molecular orbital calculations (Fig. 4.5) corroborate the conclusion, based upon 

comparison of experimental UPS data (Fig.4.2) that the valence band region at binding energies 

< 2 eV is due to molecular orbitals of primarily DAB character, and that the cross-linked films 

consist of intact, cross-linked ortho-carborane and DAB moieties.  The calculations also indicate 

the existence of molecular orbitals with substantial combined ortho-carborane and DAB 

character primarily at binding energies ~ 5 -7.5 eV.  The calculations also suggest that the 

carborane and DAB moieties are connected predominantly by a single boron-carbon bond, 

rather than by two such bonds, but the degree of agreement between calculated and 

experimental spectra offers no definite conclusion on this point. 

 The results presented here suggest that charge transport properties for ortho-

carborane/DAB composite films may differ substantially from semiconducting B10C2Hx films.  

The substantially higher valence band maximum observed for the composite film (Fig. 4.2) 

suggest a higher conductivity, certainly of interest for  neutron detection and molecular 

electronics, and Cu/Si CMOS barrier layer applications.  The conductivity mechanism(s) for 

boron carbide films is still a matter of some controversy [8, 36], however, the direct 

comparisons between B10C2Hx and composite films may offer some fundamental as well as 

technological insight. In this regard, there are some distinct difference of these cross-linked 

molecular films with the electron beam induced cross-linked films formed from the terphenyl 

thiol self assembled monolayers. In the latter molecular films, while the band gap decreased 
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with cross-linking [19], the films actually became significantly better dielectrics [19, 33-35],  and 

photovoltaic charging increased. 

4.5 Summary and Conclusion 

 Compound ortho-carborane/DAB films have been formed by co-condensation of the 

molecular species and electron beam-induced cross-linking at 110 K.  XPS and UPS data indicate 

that the films consist of intact ortho-carborane and DAB entities cross-linked via B-B-H sites on 

the ortho-carborane icosahedra and carbon sites on the DAB moiety.  The UPS data indicate 

that the inclusion of DAB in the films over a range of relative B/N concentrations raises the 

valence band maximum from ~ 4.3 eV to 1.7 eV below the Fermi level.  UPS and molecular 

orbital calculations indicate that valence band features at binding energies < 4.3 eV are 

dominated by features associated with DAB.  The UPS spectra of compound films, however, 

exhibit uniform surface photovoltage shifts upon cross-linking at 110 K, indicating that the 

charge carriers exhibit delocalized behavior in the cross-linked films.  Experiment and theory, 

therefore, indicate that the compound films are composed of intact ortho-carborane and DAB 

species cross-linked with each other, and exhibiting semiconducting, slightly p-type behavior. 

The decrease in the surface photovoltage effects indicates that the charge carriers density 

increases or that there is an increase in carrier mobility with increasing DAB content. 
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CHAPTER 5  

NOVEL ALLOY POLYMERS FORMED FROM ORTHO-CARBORANE AND BENZENE OR PYRIDINE** 

5.1 Introduction 

 Interest in semiconducting boron carbide (B10C2Hx) [1-3] based films derived from cross-

linking of B10C2H12 icosahedra [4-6], has risen sharply in recent years, due to potential 

applications in hydrogen absorption and storage [7], neutron detection [8-15], novel molecular 

architectures [7, 16-19], biomedical applications [20] and more recently spintronics [21, 22] and 

molecular electronics [23].  In many of these applications, the ability to systematically tailor the 

valence electronic structure and properties by incorporation of a dopant [24-29] or other 

molecular species [30] is of considerable significance.   

 We report here core and valence band photoemission results for ortho-

carborane:benzene (B10C2Hx:BNZ) and ortho-carborane:pyridine (B10C2Hx:py) films formed by 

electron-induced cross-linking of co-condensed molecular precursors at 110 K.  Films made by 

electron-induced crosslinking of ortho-carborane and aromatic linking units result in an altered 

valence electronic structure that differs from films formed with pure ortho-carborane [4] or 

ortho-carborane:1,4-diaminobenzene (B10C2Hx:DAB) [31].  Films derived from pure ortho-

carborane have a valence band maximum (VBM) of about 4.3 eV below the Fermi level [4].  

However, composite films consisting of B10C2Hx:BNZ or B10C2Hx:py display a VBM of 2.6 eV or 

2.2 eV below the Fermi level, respectively.  The observed VBM shift is not evident in recent 

work done on self-assembled monolayers of carborane/thiol hybrids on Au(111) which exhibit a 

** This chapter is presented in its entirety from Frank. L. Pasquale, Yun Li, Jincheng Du, and Jeffry A. Kelber, "Novel 
alloy polymers formed from otho-carborane and benzene or pyridine." J .Phys.: Condens Matter.  2013, 25, 105801 
(8pp) with permission from IOP. 

68 

                                                      



VBM of about ~4.3 eV below the Fermi level [23], which is similar to our results for pure ortho-

carborane films [4].   

 The data reported here indicate that, as with B10C2Hx:DAB [31], cross-linking between 

ortho-carborane icosahedra and benzene or pyridine groups is site-specific; occurring 

predominantly at icosahedral B sites non-adjacent to carbon sites in the icosahedrons.  The site-

specific cross-linking of ortho-carboranes and aromatic linking units provides a chemical route 

toward the systematic variation of the valence electronic structure and electronic properties of 

these semiconducting boron carbide films.  The ability to "tune" electronic properties via the 

use of different linking units has potential applications in neutron detection [8-15], spintronics 

[21, 22], and molecular electronics [23]. 

5.2 Experimental Details 

 Experiments were undertaken in an ultrahigh vacuum (UHV) system previously 

described in detail [4, 31].  Briefly, the system was turbo-molecularly pumped, and equipped 

with a 140 mm mean radius hemispherical electron energy analyzer with channel plate 

detector, x-ray source, ion sputter gun and electron gun.  The base pressure was 3 X 10 -10 Torr.  

Core-level x-ray excited photoelectron (XPS) spectra were acquired at 300 K, unless otherwise 

stated, using an unmonochromatic Al Kα x-ray source (Physical Electronics) with constant 

analyzer pass energy of 23.5 eV.  Ultraviolet photoelectron spectra (valence band 

photoemission; UPS) spectra were acquired with a differentially pumped discharge source 

(SPECS), using He I excitation (21.2 eV) and pass energy of 2.95 eV.  XPS spectra were modified 

by Shirley background subtraction and analyzed by standard methods [2, 32].  Deconvolution of 

both B(1s) and C(1s) XPS spectra was accomplished by fitting the experimental spectra with 
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Gaussian–Lorentzian line shapes with FWHM of 1.5 eV and 1.4 eV, respectively using 

commercially available MATLAB software.  Both XPS and UPS spectra were referenced to a 

Cu(2p3/2) binding energy of 932.7 eV [33].  Cross-linking was carried out with an electron gun 

emission current of 4 μA and e-beam energy of 200 eV. 

 Ortho-carborane, benzene, and pyridine (Sigma Aldrich) spectral grade were purified by 

freeze-pump-thaw procedures and admitted into the UHV chamber through separate manual 

leak valves.  For ortho-carborane sublimation into UHV, the precursor glass container, stainless 

steel gas lines and leak valves were heated to ~340 K.  A nude ion gauge out of the line of site to 

the sample was used to monitor the pressures and was not calibrated for different sensitivity or 

flux of the precursors.  Exposures of the precursors are reported in terms of Langmuir (L) where 

1 L = 10 -6 Torr s, and have not been corrected for ion gauge sensitivity or flux to the surface.  

 Films were formed by multiple cycles of condensing molecular precursors on 1 cm2 

polycrystalline copper substrates at 110 K, followed by 600 s electron bombardment.  Equal 

amounts of ortho-carborane and aromatic precursor were condensed before exposure to 

electron bombardment in the case of B10C2Hx:BNZ composite films.  A total of five cycles of 

dosing/electron bombardment was done to form the B10C2Hx:BNZ film, with 120 L total 

exposure (60 L ortho-carborane and 60 L benzene). In the case of B10C2Hx:py, two cycles were 

performed with a total exposure of 60 L (40 L of ortho-carborane and 20 L pyridine).  B10C2Hx:py 

films were also made with equal exposures of ortho-carborane and pyridine, giving nearly 

identical XPS and UPS results to the 40 L ortho-carborane/20 L pyridine results described here. 

This is also consistent with previous results B10C2Hx:DAB films, where similar spectra were 

obtained for films formed with different exposure schedules [31]. 
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 In order to better understand the ortho-carborane structures and to interpret the 

observed core-level binding energies in XPS spectra, density functional theory (DFT)-based 

calculations have been performed to obtain detailed atomic structure, information on chemical 

bonding interactions and ground state atomic charge changes in different compounds.  The DFT 

calculations were performed using a B3LYP hybrid functional and 6–31++ g 2d 2p basis set that 

includes p–d orbital hybridization with the Gaussian 09 software [34].  Full geometry 

optimization of the model compounds and the final structures are shown in figure 5.1.  The fully 

relaxed structures were then used to calculate ground state atomic charges using Mulliken 

population analysis with the same level of theory.  The minimum basis set of STO-3G was 

chosen for the ground state atomic charge calculations as the minimal basis set has been shown 

to better represent atomic orbitals in charge analysis than results of larger basis sets preferred 

for geometry optimization [35, 36].
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Figure 5.1 (a) Molecular structure of uncross-linked ortho-carborane (B10C2H12) with the three 
corresponding boron chemical environments labeled, (b) proposed molecular structure of 
cross-linked ortho-carborane:benzene (B10C2HX:BNZ), (c) molecular structure of cross-linked 
ortho-carborane:pyridine (B10C2HX:py)

 

5.3 Results and Discussion 

5.3.1 Film Composition 

 XPS-derived relative atomic concentrations for the three films are displayed in table 5.1.  

The atomic ratios were derived according to: 

 Na/Nb = (Ia/Ib)(Xb/Xa)         (Eq. 5.1) 

where Na,Nb are the atomic concentrations for elements A and B, and I and X are, respectively, 

the corresponding core-level photoemission intensities and atomic sensitivity factors for this 

analyzer [32, 33].  This formula assumes a heterogeneous elemental distribution, and also 

neglects different inelastic mean free paths for the elements.  Given the very thin average film 
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thickness, however (<10 nm in all cases), the later approximation appears reasonable. The data 

in table 5.1 indicate that all three films display approximately equal levels of oxygen 

contamination, probably due to physisorption and incorporation of trace amounts of H2O 

and/or CO or CO2 from the chamber ambient during the film formation process.  The B10C2Hx 

film (table 5.1) displays a B/C atomic ratio of 2.0 which is lower than expected for a 

stoichiometric film, indicating carbon contamination.  

Table 5.1 Calculated atomic ratios 

Film O/B B/C N/B C/N 

B10C2HX 0.05 1.96 NA NA 

B10C2HX:BNZ 0.05 0.61 NA NA 

B10C2HX:py 0.04 0.31 0.41 7.91 

 

The B10C2Hx:BNZ film shows a B/C ratio of 0.6, indicating, as expected, an even more carbon-

rich film.  The B10C2Hx:py film is also significantly carbon-rich, and a N/B atomic ratio of 0.4 

indicates a N-rich film.  This, combined with a C/N ratio of 7.9, indicates that the B10C2Hx:py film 

is "rich" in pyridine—i.e., that the ortho-carborane/pyridine ratio is <1.  A comparison of the 

N(1s) spectra for this film, compared to condensed pyridine (not shown) showed no significant 

differences, indicating that the pyridine N site is not involved in the cross-linking process.  A 

similar conclusion was obtained for B10C2Hx:DAB films [31]. 
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5.3.2 Core-Level Spectra of B10C2H12 and B10C2Hx 

 In order to obtain additional insight into chemical bonding interactions from core-level 

spectra, the B(1s) and C(1s) spectra of condensed B10C2H12 and B10C2Hx were analyzed in detail, 

and then compared to systematic changes exhibited by the spectra of B10C2Hx:BNZ and 

B10C2Hx:py.  The boron sites of the isolated ortho-carborane icosahedron (Figure 5.1(a)) can be 

divided into three types: boron atoms bound to two boron nearest neighbors (B2–B), boron 

atoms bound to one carbon and one boron nearest neighbor (BC–B) and boron atoms bound to 

two carbon nearest neighbors (C2–B), as shown schematically in figure 5.1(a).  Also shown in 

figure 5.1 are additional C and B bonding environments or proposed structures, based on 

photoemission and molecular orbital calculations described below, corresponding to 

B10C2Hx:BNZ (figure 5.1(b)) and B10C2Hx:py (figure 5.1(c)).   

 The experimental B(1s) and C(1s) spectra of ~3.0 nm condensed B10C2H12 (acquired at 

110 K) and ~9.0 nm B10C2Hx are displayed in figure 5.2.  The B(1s) peak maxima have been 

aligned due to the different film conductivities at 110 and 300 K, which result in a uniform shift 

to lower binding energies at 300 K [4].  There is however, no evidence of different FWHM in the 

B(1s) spectra (figures 5.2(a) and (c)), which suggest no significant B-related chemical structure 

differences and indicates that the icosahedra are intact upon cross-linking. In analyzing the 

B(1s) spectrum of B10C2Hx in terms of boron bonding environments, the relative binding 

energies (neglecting final state effects) should be proportional to the ground state atomic 

charge [32, 37]: 

 BEi = -k qi + Vi          (Eq. 5.2) 

74 



where BEi and qi are the binding energies and atomic charge on the ith atom, respectively.  Vi is 

the potential at the ith atom due to electrostatic interactions with all the other atoms. 

Assuming Vi to be similar for all the B atoms [2, 5, 6, 38-41] the chemical shifts for the three 

different boron environments should be proportional to their respective ground state atomic 

charge populations.  On the basis of electronegativities, the three different B bonding 

environments should exhibit (1s) binding energies increasing with the number of carbon 

nearest neighbors: B2–B < BC–B < C2–B.  

 

Figure 5.2 B(1s) and C(1s) XPS spectra for ((a), (b)) ~3.0 nm condensed ortho-carborane 
(B10C2H12) at 110 K and ((c), (d)) ~9.0 nm cross-linked ortho-carborane (B10C2HX) at 300 K. 
Spectra aligned to B10C2HX peak maximums because XPS spectra are at higher binding energy 
when acquired at 110 K

 

 The B(1s) spectrum of both B10C2H12 and B10C2Hx in (figures 5.2(a) and (c)) can therefore 

be fit with three components corresponding to B2–B, BC–B, and C2–B (figure 5.1(a)).  These 
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components have relative intensities of 4:4:2, which is consistent with the ratio corresponding 

to ortho-carborane where there are 4 boron atoms present in B2–B chemical environments, 4 

boron atoms in BC–B sites, and 2 boron atoms in C2–B sites (figure 5.1(a)).   

 The B2–B, BC–B and C2–B binding energies obtained on the basis of this empirical fit 

(188.4, 189.2, 189.9 eV, respectively) exhibit an excellent linear correlation with calculated 

ground state atomic charge populations, as shown in figure 5.3.  

 

Figure 5.3 Plot of atomic charge population calculation for cross-linked ortho-carborane 
(B10C2HX) corresponding to the three chemical environments (B2–B, BC–B, and C2–B) present 
compared to experimentally determined binding energy. The linear relationship (R2 = 0.9797) 
between the calculated charge and assigned binding energy confirms the experimental 
assignments of the B(1s) spectra

 

This agreement between experimental binding energies and calculated charge densities, 

combined with the empirically derived but correct 4:4:2 intensity ratio for the B2–B:CB–B:C2–B 
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spectral components (figure 5.2(a)) provides corroboration for the empirical assignment of the 

B(1s) spectrum in terms of the different bonding environments based on ground state charge 

densities and also provides a basis for determining changes in bonding upon the introduction of 

aromatic linking groups.  A detailed description of this computational charge analysis of the 

B10C2Hx and B10C2HX:Y (Y = 1; 4-diaminobenzene,benzene and pyridine) will be published 

elsewhere.   

 The corresponding C(1s) spectra of B10C2H12 and B10C2Hx are compared in figures 5.2 (b) 

and (d), respectively.  Both spectra show evidence of additional carbon, not included in the 

icosahedrons—adventitious carbon.  Consideration of carbon bonding environments for the 

ortho-carborane icosahedrons (figure 5.1) indicates a single carbon bonding environment, with 

a carbide-characteristic bonding environment <284 eV.  Both C(1s) spectra (figures 5.2 (a) and 

(d)) show such a peak at 283.8 eV. Both C(1s) spectra (figures 5.2(a) and (d)) show such a peak 

at 283.8 eV.  Both spectra, however, also display significant intensity near 285 eV (generally 

associated with adventitious carbon) and near 286 eV, indicative of an oxidized carbon species 

[38, 41, 42]. 

5.3.3 Comparison of Core-Level Spectra for B10C2Hx, B10C2Hx:BNZ, and B10C2Hx:py 

 The experimental core-level spectra of B10C2Hx are compared to those of B10C2Hx:BNZ, 

and B10C2Hx:py in figure 5.4.  Based on the observed attenuation of the Cu(2p3/2) intensity, the 

B10C2Hx and B10C2Hx:BNZ average film thicknesses were estimated at 9.0 nm and 8.7 nm, 

respectively, whereas the B10C2Hx:py was estimated to be 3.4 nm.  The B(1s) spectrum of 

B10C2Hx (same as in figure 5.2(c)) is shown in figure 5.4(a) and the C(1s) spectrum (as in figure 
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5.2(d)) is shown in figure 5.4(b).  Corresponding spectra for B10C2Hx:BNZ and B10C2Hx:py are 

shown in figures 5.4(c)–(f), respectively.  

 

 

Figure 5.4 B(1s) and C(1s) XPS spectra of ((a), (b)) ~9.0 nm cross-linked ortho-carborane 
(B10C2HX) film, ((c), (d)) ~8.7 nm cross-linked ortho-carborane and benzene (B10C2HX:BNZ) 
composite film and ((e), (f)) ~3.4 nm cross-linked ortho-carborane and pyridine (B10C2HX:py) 
composite film

 Inspection of the B(1s) spectra for B10C2Hx (figure 5.4(a)), B10C2Hx:BNZ (figure 5.4(c)) and 

B10C2Hx:py (figure 5.4(d)) indicate that in the latter two materials, the relative B(1s) intensity at 

lower binding energies (~188 eV) is significantly decreased compared to the spectrum of 

B10C2Hx.  This portion of the B(1s) spectrum is associated with B2–B sites (figures 5.2 and 5.3).  

The reduction of intensity in this region for B10C2Hx:BNZ and B10C2Hx:py indicates that in these 

materials, B2–B sites are now predominantly bonded to more electronegative C atoms. 
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Corroborating data come from the fact that the dominant feature in the B(1s) spectra of both 

B10C2Hx:BNZ and B10C2Hx:py (figures 5.4(c) and (d)) is at ~189.2 eV, the portion of the B10C2Hx 

spectrum associated with BC–B sites (figures 5.1 and 5.2(c)).  Additionally, the B(1s) B10C2Hx:BNZ 

and B10C2Hx:py spectra (figures 5.4(c) and (e)) exhibit additional intensity at > ~191 eV, a region 

for which there is negligible intensity in the B10C2Hx spectrum (figure 5.4(a)).  Although this 

binding energy can be associated with B bound to oxygen [38, 40, 41], the fact that all three 

solid films exhibit roughly equal concentrations of O (table 5.1) indicates that this feature must 

have another explanation.  We therefore suggest that this feature is associated with B sites, 

perhaps B2–B sites, bound to ring carbons.  The fact that this region of the spectrum exhibits 

larger relative intensity and extends to higher binding energies for the pyridine-containing film, 

with an electronegative N species, is consistent with this argument.  Also in the case of the 

B10C2Hx:py film, the N(1s) XPS spectrum (not shown) exhibits no change when cross-linked, 

indicating that N is not involved directly in the cross-linking process.  This same effect was 

previously documented in the B10C2Hx:DAB [31] films, where nitrogen was not involved in the 

cross-linking process.  The lack of evidence for nitrogen involvement in cross-linking 

corroborates the data in figure 5.4 and confirms that the cross-linking process is between B2–B 

sites to carbon in the linking units. 

 These changes in the B(1s) spectra indicate that the cross-linking of ortho-carborane 

with benzene or pyridine results in a new chemical bond between boron non-adjacent to 

carbon in the carborane icosahedra (i.e., a B2–B site, figure 5.1(a)) to a carbon site in the 

aromatic linking unit.  The other B sites in the icosahedrons are not significantly affected by the 

cross-linking process.  This same result was also observed in ortho-carborane cross-linked with 
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1, 4-diaminobenzene (DAB) [31].  These results are consistent with previous reports [43] for gas 

phase ortho-carborane and solid boron carbide films [2] indicating that ionizing radiation 

results primarily in B–H bond scission at sites opposite carbon atoms in the icosahedron—the 

B2–B sites (figure 5.1(a)).  These previously reported results therefore provide a consistent 

framework for understanding changes in the B(1s) spectra of these three compounds, and 

indicate B–C bond formation at B2–B sites.   

5.3.4 Analysis of C(1s) Spectra 

 The C(1s) spectra of boron carbide films are generally complicated by the presence of 

contaminant carbon—i.e., carbon atoms that are not part of the icosahedral or aromatic 

frameworks, and may represent contaminant carbon in various oxidation states [33, 42].  The 

C(1s) spectrum for B10C2Hx (figure 5.2(b)); clearly exhibits this trend, as multiple bonding 

environments are readily apparent, even though the ortho-carborane structure (figure 5.1(a)) 

has only one C chemical environment.  The presence of significant amounts of non-icosahedral 

carbon in this film is also evident from the XPS B:C atomic ratio of 2.0 (table 5.1).  Carbidic 

carbons generally exhibit binding energies <285 eV [38-40] and the C(1s) feature for B10C2Hx at 

283.8 eV (figure 5.2(b)) is therefore assigned to the carbon site in the ortho-carborane 

icosahedron (Cicos.).  Corroboration for this assignment comes from the XPS-derived B:Cicos 

atomic ratio which is 3.9, close to the nominal value of 5.0 for a film consisting only of cross-

linked ortho-carborane icosahedra. The feature near 285 eV is therefore assigned to 

adventitious C (Cadv.) [38, 41], while the higher binding energy feature (286.2 eV—figure 5.2(b)) 

is indicates the presence of C in a higher oxidation state (Cox).  A plausible explanation for the 

origin of this feature is the reaction with background OH/H2O.  This oxidized carbon 
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environment, along with the adventitious carbon chemical environments have been reported 

previously [2, 4, 31, 43]. 

 The relative intensities of Cox and Cadv decrease in the B10C2Hx:BNZ film (figure 5.4(d)), 

possibly due to attenuation of these features during the film growth process.  Importantly, the 

main C(1s) peak energy for B10C2Hx:BNZ shifts to 284.5 eV (figure 5.4(d)), corresponding to the 

presence of aromatic carbon atoms.  The experimental C(1s) spectrum for B10C2Hx:BNZ is 

therefore well fit by components corresponding to phenyl carbon (CBNZ) and icosahedral carbon 

sites (Cicos.), in addition a higher binding energy component attributable to Cox, as well as a small 

adventitious carbon C(adv.) component.  The CBNZ=Cicos intensity ratio is 2.5, which is just slightly 

lower than the expected value of 3 for the structure in figure 5.1(b).  

 The C(1s) spectrum of B10C2Hx:py is expected to exhibit an additional feature at higher 

binding energies due to the electronegative effect of the ring N on adjacent carbon atoms.  

Such a feature is observed at 287.2 eV (figure 5.4(f)), which is assigned to the carbon atom 

bonded to the nitrogen in the pyridine ring (Npy–C).  The reported binding energy of 287.2 eV is 

within the expected energy range for a C–N bond [33, 44].  The presence of the N atom will, 

however, also shift the spectra of other ring carbon atoms to higher binding energies, and it 

becomes problematic to separate contributions from adventitious and pyridine ring carbons in 

this spectrum (figure 5.4(f)).  It is however, very evident that the cross-linking process is still 

site-specific and involves only boron sites non-adjacent from carbon in the icosahedra to 

carbon sites in the aromatic unit of pyridine.   

 The resulting core-level spectra (figure 5.4) indicate that bonding of icosahedra and 

aromatic moieties during cross-linking takes place through boron sites in the carborane 
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icosahedral and carbon in benzene or carbon in pyridine.  The reported core-level spectra are 

also in agreement with theoretical calculations and experimental measurements [2, 43] 

indicating that ionization of molecular ortho-carborane results predominantly in B–H bond 

scission at B sites opposite icosahedral carbon sites.  

5.3.5 Valence Band Photoemission 

 UPS spectra are shown in figure 5.5 for (a) ~9.0 nm cross-linked ortho-carborane derived 

film, (b) ~2.3 nm benzene (BNZ) cross-linked film, and (c) ~8.7 nm ortho-carborane: BNZ 

(B10C2Hx:BNZ) composite film. Spectra (a) and (c) correspond to the same films for the reported 

core-level photoemission seen in figures 5.4(c) and 5.4(d).  

 

Figure 5.5 UV-photoemission spectra of (a) ~9.0 nm cross-linked ortho-carborane (B10C2HX) film, 
(b) ~2.3 nm cross-linked benzene (BNZ) film, and (c) ~8.7 nm cross-linked ortho-carborane and 
benzene (B10C2HX:BNZ) composite film
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 It can be seen clearly in figure 5.5(c) that the B10C2Hx:BNZ composite film is comprised of 

a combination of ortho-carborane and benzene, with the states residing closest to the Fermi 

level being benzene derived and with the states lower in the valence band associated with 

carborane moieties.  There is slight broadening of the benzene derived features in the 

composite film, which is most likely due to the cross-linking process of the composite film.  For 

the pure ortho-carborane film (figure 5.5(a)) the VBM is located at ~4.3 eV below the Fermi 

level. The VBM of the B10C2Hx:BNZ film (figure 5.5(b)) is shifted to ~2.6 eV below the Fermi 

level.  The spectra in figure 5.5 indicate that the valence band spectrum for B10C2Hx:BNZ is a 

combination of features associated the ortho-carborane or the aromatic species, with the 

features near the top of the valence band associated with the aromatic linking group. 

 The UPS spectra for the ortho-carborane:py derived film and related films are compared 

in figure 6.6, including the spectrum for ~9.0 nm cross-linked ortho-carborane derived film 

(figure 5.6(a)), 1.4 nm pyridine cross-linked film (figure 5.6(b)), and ~3.4 nm ortho-carborane:py 

(B10C2Hx:py) composite film (figure 5.6(c)).  Spectra in figures 5.6(a) and (c) are from the same 

films for the reported core-level photoemission seen in figures 5.4(e) and (f), respectively. 
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Figure 5.6 UV-photoemission spectra of (a) ~9.0 nm cross-linked ortho-carborane (B10C2HX) film, 
(b) ~1.4 nm cross-linked pyridine (py) film, and (c) ~3.4 nm cross-linked ortho-carborane and 
pyridine (B10C2HX:py) composite film

 

 It is also evident that the valence band spectrum of B10C2Hx:py (figure 5.6(c)) consists of 

features associated with pyridine and ortho-carborane-derived components.  By comparing 

both the (figure 5.6(a)) ortho-carborane film with that of (figure 5.6(b)) cross-linked pyridine it 

is apparent that the valence band states closest to the Fermi level in B10C2Hx:py are from 

pyridine-related features, and that the states between 10–5.5 eV are derived ortho-carborane 

features.  The states at binding energies above 10 eV in B10C2Hx:py (figure 5.6(c)) appear to be 

associated with the pyridine moiety (figure 5.6(b)).  There is again a considerable VBM shift in 

the B10C2Hx:py composite film (figure 5.6(c)) as compared to the B10C2Hx film (figure 5.6(a)).  The 

shift is to -2.2 eV below the Fermi level.  This shift is more pronounced, relative to B10C2Hx, than 

observed for the B10C2Hx:BNZ film (figure 5.5) but not as pronounced as for B10C2Hx:DAB film 
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which was reported to be at 1.7 eV [31] below the Fermi level.  These data therefore indicate 

that a choice of aromatic linking unit allows a systematic shift in the VBM from -4.3 eV (B10C2Hx) 

below the Fermi level to -1.7 eV (B10C2Hx:DAB) [31].  The shifts in VBM with changes in aromatic 

linking unit are shown in table 5.2.

Table 5.2 Summary of valence band maxima 

Films VBM (relative to the 
Fermi level, eV) 

References 

B10C2Hx 4.3 [4] 

B10C2Hx:BNZ 2.6 This work 

B10C2Hx:py 2.2 This work 

B10C2Hx:DAB 1.7 [31] 

 

 

5.4 Conclusions 

 Composite films consisting of ortho-carborane and benzene and ortho-carborane and 

pyridine have been formed by co-condensation of molecular precursors at 110 K followed by 

electron-induced cross-linking and warm up to 300 K.  The resulting films exhibit site-specific 

bonding between boron sites non-adjacent to carbon sites in the carborane icosahedra to 

carbon sites in the aromatic linking moiety.  These results are very similar to core-level spectra 

for films of B10C2Hx:DAB [31], in that there is loss of intensity at the low binding energy region of 

the B(1s) XPS spectra of the composite films compared to B10C2Hx.  This indicates bonding 

between aromatic carbon atoms and icosahedral B sites non-adjacent to carbon sites.  

 These B10C2Hx:BNZ composite films exhibit a valence band maximum of - 2.6 eV relative 

to the Fermi level, which is higher than B10C2Hx films (- 4.3 eV). VBM at - 2.2 eV and - 1.7 eV are 
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observed for B10C2Hx:py and B10C2Hx:DAB, respectively.  The features near the VBM for the 

composite films are in all cases derived from states associated with the aromatic moiety.  This 

strongly suggests that the bottom of the conduction band is comprised of states derived from 

the ortho-carborane moiety, and that the composite films should exhibit both electron 

transport and electron–hole recombination behavior substantially different from conventional 

semiconducting boron carbide (B10C2Hx) films.  Furthermore, such properties may be 

systematically tailored for device applications such as neutron detection were band gap and 

electron–hole recombination times are important for detector sensitivity [8-15], as well as 

other electronic applications, including molecular/nano-electronics [23] and spin filtering in 

magnetic tunnel junctions [21, 22].  Importantly, Co/ B10C2Hx /Co junctions display 

magnetoresistance values of ~50% at low temperatures [22].  While the total range of 

electronic/spintronic behavior in these boron carbide-based materials remains to be explored, 

the ability to systematically vary linking units between B2–B sites of carborane icosahedra 

insures the ability to systematically "tune" electronic properties for enhanced tunneling 

magnetoresistance.  Further, as amorphous materials, there is no need for epitaxial growth, 

facilitating integration in devices for a broad range of applications. 
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CHAPTER 6 

 COMPARISON OF PLAMSA ENHANCED CHEMICAL VAPOR DEPOSITION (PECVD) AND 

ELECTRON-BEAM CROSS-LINKING OF ORTHO-CARBORANE FILMS 

6.1 Introduction 

 Boron rich materials have many emerging applications including neutron detection [1-

9], photocatalysis [10], hydrogen storage [11] and micro/nano-electronics [12-18].  All of these 

applications would benefit from increased understanding and control of the chemical 

composition and electronic properties.  Such properties have been "tuned" through the use of 

electron-induced cross-linking of ortho-carborane and ortho-carborane with aromatic linking 

units [19, 20].  Electron-induced cross-linking of ortho-carborane has been shown to result in 

site-specific linking of ortho-carborane icosahedra [21] and aromatic linking units in the case of 

composite films (ortho-carborane:Y, Y=1,4-diaminobenzene, benzene, pyridine) [19, 20].  The 

composite films exhibit systematic shifts with different linking units in the valence band 

maximum (VBM) relative to the Fermi level [19, 20].  However, these films are limited to 

thicknesses of < 150 Å, mainly due to the limited mean free path of 200 eV electrons employed 

in the cross-linking process [22].  Films of such thickness are of interest for microelectronic 

applications, but are of limited use for neutron detection.  Therefore, plasma enhanced 

chemical vapor deposition (PECVD) has been employed to grow thicker films (>500 Å).   

 Here we report a comparison between electron-induced cross-linked and PECVD ortho-

carborane films.  The PECVD ortho-carborane films reported here were deposited using an 

inductively-coupled plasma with the substrate at or near room temperature.  These plasma-

deposited films exhibit different chemical composition and interface reactivity than the 
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electron-induced cross-linked films.  Films resulting from deposition of ortho-carborane using 

an inductively-coupled plasma at room temperature display generally similar core and valence 

band photoemission spectra compared to films produced using a capacitively-coupled plasma 

at 350 ˚C [23], but with significantly lower oxygen content.  Comparing the x-ray photoelectron 

spectroscopy (XPS) spectra of the electron-induced cross-linked films with the PECVD of ortho-

carborane yields systematic differences in the B(1s), C(1s) and O(1s) spectra.  A qualitative 

analysis of the hydrogen concentration [H] was done using FT-IR of neat ortho-carborane and a 

3000 Å PECVD ortho-carborane film. 

6.2 Experimental 

6.2.1 Experimental Setup and Data Collection 

 Experiments were undertaken in a combined ultra-high vacuum (UHV) analysis chamber 

and a high vacuum deposition chamber connected by a gate valve.  This enables transfer of 

samples from UHV to the deposition chamber without ambient environment exposure.  The 

UHV system has been described previously [19-21].  Briefly, the system is turbo-molecularly 

pumped and equipped with a 140 mm mean radius hemispherical electron analyzer (PHI), x-ray 

source, ion-sputter gun, and electron gun.  The base pressure in the UHV chamber was 5 X 10-10 

Torr.  The deposition chamber base pressure was 5 X 10-8 Torr and was equipped with a 

modified 2.75" CF-metal glass seal for plasma generation.  Attached to the deposition chamber 

are manual leak valves for introduction of ortho-carborane and Ar.  
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Figure 6.1 Combined deposition chamber and ultra-high vacuum (UHV) analysis chamber

 

 Core-level photoemission spectra were acquired using a non-monochromatic Al Kα 

radiation source with constant analyzer pass energy of 23.5 eV.  Resulting XPS spectra were 

modified by Shirley background subtraction and analyzed by standard methods [24, 25].  Film 

thickness calculations where done using the attenuation of the Si(2p) feature via [24]: 

 d = - ln(I/I0)* λ        (Eq. 6.1) 

where d is the calculated film thickness (Å), I and I0 are the measured XPS intensity of Si(2p) 

before and after  film growth, respectively.  λ is the calculated inelastic mean free path [26] of 

Si(2p) photoelectrons through a boron carbide overlayer (36 Å).  Errors in absolute intensities 

due to variations in x-ray flux and other factors are estimated at < 10 % under these 

experimental conditions.  In the case of thick films >500 Å, thickness was estimated based on a 

0.5 Å/s deposition rate extrapolated from measurements on thinner films (see below). 
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 FT-IR measurements were collected on two separate systems with the neat ortho-

carborane being analyzed on a Thermo Scientific Nicolet 6700 FT-IR with a Smart Orbit diamond 

attenuated total reflectance (ATR) accessory.  The PECVD ortho-carborane films were analyzed 

using a Bruker Vector 22 FTIR instrument operated in transmission mode.   

6.2.2 Film Growth 

 Electron-induced cross-linking of ortho-carborane was achieved using previously 

described methods [19-21].  Briefly, film growth was carried out in the UHV chamber at 110 K.  

A 20 L dose of ortho-carborane was done in UHV and condensed on the Si(100) substrate, 

followed by electron-beam bombardment to induce cross-linking of the condensed film.  

Several condensation/electron beam cycles where done to achieve a film thickness of around 

~100 Å.  In the case of PECVD, films were grown in the deposition chamber using an inductively 

coupled plasma coil and home built matching network with a 13.56 MHz RF generator. The coil 

consisted of three loops with a total length (un-coiled) of ~ 50 cm.  The coil is positioned around 

the modified 2.75" CF-metal glass seal (see Fig. 6.1).  The metal/glass seal was closed off at the 

end opposite the chamber.  For PECVD ortho-carborane films, a 5% ortho-carborane in Ar 

plasma operated at 20 mTorr was employed.  The chamber allows for the sample to either be at 

ground or held at a specific bias during deposition.  Sample bias was done using a DC power 

supply (Electronics Measurements INC).  It was found that sample bias had a negligible 

contribution to both deposition rate and film composition when compared to non-biased 

samples.  The deposition rate was determined to be 0.3-0.8 Å/s by monitoring the attenuation 

Si(2p) core level XPS spectrum during several 60 s deposition cycles.  The range in deposition 

rate is thought to arise from imprecise control of ortho-carborane partial pressure during 
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plasma operation, a consequence of not using mass flow controllers.  Films with estimated total 

thickness > 500 Å were deposited in 10 min cycles for a total of 30 min.  This method resulted in 

consistent film growth and composition. 

6.3 Results and Discussion 

6.3.1 Evidence of Interface Reaction 

 Fig. 6.2 shows the XPS data for ~40 Å of electron-cross-linked ortho-carborane  (solid 

black trace) and ~17 Å of PECVD of ortho-carborane (red circles) both on Si(100) with a ~15 Å 

native oxide.  The B(1s) spectra (Fig. 6.2a) exhibits distinctive differences between films formed 

from electron cross-linking and PECVD of ortho-carborane.  In the case of the PECVD film, there 

is significant intensity near 192 eV binding energy indicative of boron oxide formation [23, 27].  

In contrast, the film formed by electron beam-induced cross-linked exhibits no such feature.  

This suggests that during the growth process employed for electron cross-linking, the ortho-

carborane is not reactive towards the SiOX surface, but that the PECVD ortho-carborane film 

does react with the oxide substrate.  The feature at ~192 eV  is evidence that the PECVD process 

creates a highly reactive chemical species that reacts with the SiOX surface.  
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Figure 6.2 B(1s), C(1s), and O(1s) XPS spectra of 40 Å electron-induced cross-linked ortho-
carborane film (solid black trace) and 17 Å PECVD ortho-carborane film.  Insert: simplified 
molecular structure of PECVD film showing interstitial carbon

 

The presence of the high binding energy feature in the PECVD ortho-carborane film indicates 

that either the ortho-carborane icosahedra are reacting with the oxide substrate, or that there 

is oxygen contamination in the plasma.  This boron oxide feature (Fig.6.2a) is not simply 

reaction in the plasma with oxygen ambient present in plasma process, because with continued 

deposition the oxide shoulder/feature in the B(1s) spectrum disappears (not shown).  However, 
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a B(1s) spectrum from a thick PECVD film can be seen in Fig. 6.3.  This film does not display a 

high binding energy feature near 192 eV in the B(1s) spectrum, indicating that further film 

deposition attenuates the boron oxide feature observed in Fig. 6.2..  This is clear evidence that 

the oxide is only at the interface of the PECVD ortho-carborane film and the native oxide on the 

Si(100).  Therefore, carborane species are reacting with the SiOX substrate during PECVD, but 

not during electron beam-induced cross-linking. 

 There are also distinctive differences in the C(1s) spectra from the electron-induced 

cross-linked ortho-carborane and PECVD of ortho-carborane films.  The C(1s) spectrum 

corresponding to the electron beam film (Fig. 6.2b, solid black line) resembles the C(1s) 

spectrum of previously published XPS data from electron-induced cross-linked films [19-21].  

The C(1s) spectrum from the PECVD film (Fig. 6.2b, red circles) exhibits intensity at lower 

binding energy and also has a new chemical feature at ~282 eV corresponding to a carbon 

interstitial environment [28, 29].  The presence of this interstitial carbon environment is further 

evidence that the ortho-carborane icosahedra are breaking or decomposing in the plasma 

during film deposition.  The evidence of interstitial carbon is not surprising however, as it is well 

known to exist as part of the rhombohedra structure for boron carbide, where it exists as a 

three atom chain [28-33].  A simplified structure can be seen in Fig. 6.2, where two icosahedra 

are linked by a CH2 group.  This simple picture illustrates the bonding environments that are 

evident in the XPS core level data (Fig. 6.2 and 6.3). 

 The corresponding O(1s) for the electron-induced cross-linked ortho-carborane (Fig. 

6.2c, solid black trace) and the PECVD ortho-carborane film (Fig. 6.2c, red circles) exhibit only a 

small binding energy (BE) difference <0.5eV.  The PECVD film (red circles) has an O(1s) BE of 
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532.5 eV where as the electron-induced cross-link (solid black trace) has a BE of 532.8 eV.  This 

small shift to lower binding energies is consistent with the boron oxide formation in the PECVD 

film.   

 The resulting XPS data from electron induced cross-linking (Fig. 6.2, solid black trace) 

shows no evidence of interface reaction with the native oxide on Si(100) and decomposition of 

the ortho-carborane icosahedra.  This is not true in the case of the PECVD film (Fig. 6.2, red 

circles) as the B(1s) spectrum has evidence of a higher BE feature corresponding to B2O3 [23, 

27].  This interface reaction is also evident in the O(1s) spectrum because the BE shift to lower 

energy with oxidation or reaction at the ortho-carborane film interface with SiOX.  It is also 

evident that the icosahedra are decomposing during the plasma deposition with the evidence 

of the interstitial carbon feature that does not exist in the electron-cross-linked films.  

6.3.2 Comparing Thick Films 

 Fig. 6.3 displays XPS spectra from ~1000 Å PECVD of ortho-carborane (i, solid black 

trace) and a relatively thick ~100 Å electron-induced cross-linked ortho-carborane film (ii, red 

circles) both on Ar ion sputtered cleaned Si(100).  There are two main differences noticeable 

when comparing the two different films.  First, the amount of oxygen that is contained in the 

films is extremely different.  The O(1s) spectra intensity corresponding to the PECVD film (Fig. 

6.3i) is hardly detectable.  This suggests that the film is essentially oxygen free.  This is however, 

drastically different from the electron-induced cross-linked film (Fig. 6.3ii) where the 

corresponding O(1s) XPS intensity is easily noticeable.  It should be noted that, though this film 

shows evidence of oxygen contamination, this oxygen is NOT bonded or associated with boron 

chemical environments, as indicated by the lack of significant B(1s) intensity at or near 192 eV 
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[23, 27].  This oxygen contamination is associated with carbon and is responsible for the 

shoulder at ~286 eV BE on the C(1s) spectrum [21, 23, 28, 29].  The oxygen contamination is a 

defect of the film growth process that is employed in the electron-induced cross-linking of 

ortho-carborane and is incorporated from water frozen onto the surface as cross-linking takes 

place at 110 K [20, 21].  

 

 

Figure 6.3 B(1s), C(1s), and O(1s) XPS spectra of (i) 1000 Å PECVD ortho-carborane film and (ii) 
100 Å electron-induced cross-linked ortho-carborane film

 

 The other noticeable difference is the B(1s) and C(1s) shifts to lower binding energies in 

the PECVD film as compared to the electron-induced cross-linking film.  There are two possible 

explanations for this shift.  One is the evidence of film composition difference between the two 

film growth methods.  In the electron beam method, primarily intact carborane icosahedra are 

directly bonded to each other via boron sites opposite carbon sites in the icosahedra [19-21].  

However, in the PECVD film there is evidence of icosahedra decomposition reaction with the 
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substrate (Fig. 6.2), and evidence of a new carbon chemical environment residing at the lowest 

BE of ~282 eV corresponding to interstitial carbon [28, 29].   The shift to lower binding energy in 

the PECVD films is about 0.5 eV in magnitude.  This is measured from the difference in the B(1s) 

peak maximums and in the case of carbon it is the difference from the icosahedra carbon (Cicos.) 

at 283.8 eV [19-21, 28, 29] in the electron -induced cross-linked film and the corresponding 

chemical feature in the PECVD film.  The C(1s) core-level feature displays significant intensity 

near 282 eV BE which is not observed for the electron-induced cross-linked film.  This is 

consistent with a B-C-B environment for interstitial C cross-linking to boron rich icosahedra [28, 

29].  The other possible explanation for the binding energy shift to lower energy is the lower 

amount of hydrogen contained in the PECVD film.  The resulting films would have larger 

conductivities with lower hydrogen content as compared to electron-induced cross-linked films 

because hydrogen would not be present to passivate mid-gap defects [34].  These mid gap 

defects facilitate conduction hopping which boron carbide films are known to exhibit [30, 35, 

36].  Also, having smaller [H] would shift the binding energies [24, 25, 37] due to the removal of 

an electro-negative species compared to boron (H (2.20)>B (2.04)) [38].  Table 6.1 summarizes 

the atomic ratios for relative thick electron-induced cross-linked ortho-carborane and PECVD 

ortho-carborane film, obtained from core-level spectra.  

Table 6.1 Atomic ratios 

 Total B/Total C Total B/Total O 

100 Å e-induced 

cross-linked ortho-carborane film 
3.4 33.1 

1000 Å PECVD ortho-carborane 4.4 96.7 
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6.3.3 FTIR: [H] and Interstitial Carbon 

 Comparing the IR absorption modes for boron carbide films has become an important 

metric to determine the amount of hydrogen contained within the films and for film 

composition analysis [9, 31, 39, 40].  FTIR absorption of neat ortho-carborane (Fig. 6.4 solid 

black trace) and a FTIR of ~3000 Å PECVD ortho-carborane (Fig. 6.4 red circles) film are 

displayed in Fig. 6.4.

 

Figure 6.4 FT-IR absorption spectra for neat ortho-carborane (solid black trace) and 3000 Å 
PECVD ortho-carborane film (collected in transmittance mode)

 

There are several differences between the two spectra and multiple frequency modes are 

present in both IR spectra.  There is evidence of a CO2 feature in the PECVD ortho-carborane 
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film with a peak at ~2400 cm-1 [41].  The two additional differences between the ortho-

carborane (black trace) and the PECVD ortho-carborane (red circles) are the reduction of C-H 

and B-H stretching modes (~3060 and 2570 cm-1, respectively) [9, 40] and the introduction of a 

new feature in the PECVD corresponding to interstitial stretching modes at ~1500 cm-1.  This 

interstitial stretching mode corresponds to the three atom chain (B-C-B) connecting icosahedra 

[30, 31, 39].  This is evidence of interstitial bonding environments and corroborates the XPS 

data (Fig. 6.2 and 6.3), where a new carbon environment is present and is at a characteristic 

interstitial carbon BE of 282 eV [28-30] .  There is also a reduction and shift of the Bicos.-Bicos. 

vibrational mode [30, 31, 39] to 672 cm-1 from 713 cm-1 in the PECVD film (red circles) 

compared to the neat ortho-carborane sample.  This shift is direct evidence that plasma process 

is disrupting the carborane icosahedra.   

 Qualitative determination of the hydrogen content in the neat ortho-carborane and the 

PECVD film was achieved by finding the area of the B-B stretching mode (~585 cm-1) and the B-

H Stretching mode (~2580 cm-1) in both films [30, 31, 39, 40].  This was done by integration of 

the peaks using commercially available data processing software (Origin).  Comparing the ratio 

of B-H/B-B in both films leads to a qualitative argument and an idea of the amount of hydrogen 

present in the PECVD film.  In the case of the neat ortho-carborane a B-H/B-B ratio of 158 is 

observed.  In the carborane icosahedron there are 10 B-H bonding sites.  The PECVD film 

exhibits a much smaller B-H/B-B ratio with a value of 6.26.  This is significantly lower than the 

value obtained from the ortho-carborane, and suggests a much lower H content in the PECVD 

film than might be expected on the basis of single bonds between otherwise intact carborane 

icosahedra.  This interpretation must be regarded with some caution, however, as the spectrum 
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from a deposited film is being compared to that of an isolated molecule.  The thickness of the 

electron-induced cross-linked films, ~150 Å is too thin to perform FTIR for a direct comparison 

with the PECVD film.  However, it is clear that the PECVD film does contain less hydrogen than 

the neat ortho-carborane.  For a more quantitative assessment of film H content, other 

techniques, such as  nuclear reaction analysis must be employed [40, 42]. 

 Both the XPS and FTIR spectra are consistent with dissociation of carborane icosahedra 

during PECVD of ortho-carborane resulting in the formation of B11C1HX icosahedra.  Previous 

reports [10, 30, 32, 39, 43-45], suggest that boron carbide films should consist of B11C1HX 

icosahedra.  The decomposition and dissociation of the carborane icosahedra in the plasma 

environment is not well understood and further studies are need to confirm if either the 

icosahedra is reforming in the gas phase or on the substrate surface. There is however no 

evidence of "opened" icosahedra on the surface [43].  However, this is significantly different 

than films formed from electron beam-induced cross-linking of ortho-carborane, there is NO 

evidence of ortho-carborane decomposition and dissociation into B11C1HX and only evidence of 

intact B10C2HX icosahedra in the boron carbide films.  

6.4 Conclusion 

 PECVD of ortho-carborane results in films that have a composition similar to the films 

produced from electron-induced cross-linking of ortho-carborane, however their detailed 

structural and bonding properties are vastly different.  The PECVD ortho-carborane films 

undergo interfacial reaction with an oxide surface where as the electron cross-linked films seem 

to be inert to such an environment, at least on SiOx surfaces.  This high reactivity towards SiOx 

surfaces in the PECVD case arises due to the decomposition and breaking apart of the 
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carborane icosahedra during plasma deposition.  The decomposition also leads to the new 

chemical environment, interstitial carbon, seen in the C(1s) spectra.  This interstitial carbon 

environment is not present in the electron induced-cross-linked ortho-carborane films.  

Although, the bonding in these PECVD films are different, the electronic and transport 

properties might be very similar to the electron induced-cross-linked films and further studies 

are needed.   

 This PECVD method employed to grow both thin and relatively thick films will allow for 

further development of carbide as a potential candidate for interconnect application and other 

micro-nano electronic applications besides the immediate application of neutron detection.  It 

is still yet to be determined if the site-specific cross-linking observed in the ortho-

carborane:aromatic linking units systems will be maintained in the PECVD process.  Given the 

evidence that PECVD of ortho-carborane results in an interstitial carbon-bonding environment, 

there may be a competing reaction on the introduction of an aromatic cross-linker for those 

interstitial sites.  This may result in site specific boding observed through the introduction of an 

aromatic cross-linker. 
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