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Novel carborane (B10C2H12) and aromatic compounds (benzene, pyridine, 

diaminobenzene) copolymers and composite materials have been fabricated by electron beam 

induced cross-linking and plasma enhanced chemical vapor deposition (PECVD) respectively. 

Chemical and electronic structure of these materials were studied using X-ray and ultra-violet 

photoelectron spectroscopy (XPS and UPS). UPS suggest that the systematic tuning of electronic 

structure can be achieved by using different aromatic compounds as co-precursors during the 

deposition. Furthermore, top of valence band is composed of states from the aromatic moieties 

implying that states near bottom of the conduction band is derived from carborane moieties. 

Current- voltage (I-V) measurements on the ebeam derived B10C2HX: Diaminobenzene films 

suggest that these films exhibit enhanced electron hole separation life time. Enhanced electron 

hole separation and charge transport are critical parameters in designing better neutron voltaic 

devices. Recently, PECVD composite films of ortho-carborane and pyridine exhibited enhanced 

neutron detection efficiency even under zero bias compared to the pure ortho-carborane 

derived films. This enhancement is most likely due to longer electron-hole separation, better 

charge transport or a combination of both. The studies determining the main factors for the 

observed enhanced neutron detection are in progress by fabricating composite films of 

carborane with other aromatic precursors and by altering the plasma deposition conditions. 

This research will facilitate the development of highly sensitive and cost effective neutron 

detectors, and has potential applications in spintronics and photo-catalysis. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Boron carbide based materials have wide range of applications from solid state neutron 

detection [1-4], photocatalysis [5], spintronics [6], medicine [7-9] and hydrogen storage [10,11]. 

The focus of this research is on the applications of boron carbide based thin films in neutron 

detecting and nanoelectronics applications. Boron-10 isotope has a large neutron capture 

cross-section (3840 barns), which improves the capture of thermal neutrons [1].  The 

advantages of using boron carbides as solid state neutron detectors include the ability to form 

semiconducting films and heal radiation damage [12-14]. P-type and n-type semiconducting 

boron carbide films can be fabricated by plasma enhanced chemical vapor deposition (PECVD) 

of ortho- carborane and meta-carborane precursors respectively [15]. Tuning the electronic 

structure of these boron carbide films are of scientific and technological interest to improve the 

properties of thin film behavior in various applications. Improved properties of these films has 

been achieved by doping the boron carbides with various metals and molecular compounds 

[16,17]. 

The research presented here focuses on the development of novel boron carbide films 

for neutron detection applications, which were derived using precursors of carboranes and 

aromatic compounds shown in Figure 1.1. Films were fabricated either using electron beam 

inducing cross-linking of condensed precursors at 110 K or PECVD. The composite films derived 

from ortho-carborane and aromatic precursors exhibit superior electrical and neutron voltaic 

properties. Conventional semiconducting boron carbides are poor conductors of charge, which 
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limits their neutron detection efficiency. The incorporation of aromatic compounds in boron 

carbide can be used to alter the electronic structure of the resulting films, improving neutron 

detection capability of the film. The charge generation, electron hole separation life time, and 

charge transport are some of the factors that can be tuned to achieve enhanced neutron 

detection. Composite films of carborane with aromatic compounds like pyridine, benzene and 

diaminobenzene have the potential for enhanced electron-hole separation life time and 

improved charge transport properties [12].  

Figure 1.1 Chemical structure of precursors used in this study. Green, black, white and blue 
spheres represent boron, carbon, hydrogen, nitrogen atoms respectively. 

1.2 Neutron Detection Background 

Boron carbide based solid state neutron detectors exhibit higher neutron capture cross 

section compared to other neutron detectors like 6Li. Though 3He based detectors exhibit 
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slightly higher neutron capture cross-section for thermal neutrons, they are expensive and 

usually need high operating bias voltage typically up to 1000 V [18]. In the case of boron 

carbide based detectors the device can be operated even at zero bias. When the 10B nucleus 

undergoes a nuclear reaction with thermal neutrons (25meV) and generates excited state 11B, 

they subsequently decomposes into energetic Li, He particles, and γ rays, as shown in the 

equations below [14, 19] and Figure 1.2.  

10B + 1n                           7Li (0.84MeV)+ 4He(1.47 MeV) + γ (0.48 MeV)     (94%)     ---------(1) 

10B + 1n                           7Li (1.02MeV)+ 4He(1.78 MeV)          (6%)     ---------(2) 

Figure 1.2 Schematic diagram which illustrates the different processes occur in the boron 
carbide films due to the interaction of neutron with 10B nucleus [14]. 

For neutron detection experiments used in this research commercially available Thermo 

ScientificTM MP320 system was used as a neutron source. It is available with the Deuterium-

Tritium (D-T) neutron tube. This system generated neutrons with an energy of 14MeV and the 

flux of 1x 108 n/s. The high energy neutrons (14MeV) are moderated using beryllium block and 
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paraffin to produce the thermal neutrons suitable for the experiment [13].   A boron carbide 

based diode with and without applied bias is placed on the path of incoming thermal neutrons. 

The nuclear reaction of 10B with neutrons results in the generation of energetic Li and He ions in 

the opposite directions. High energy particles moving through the matrix electron-hole pairs by 

transferring the kinetic energy and are subsequently slowed down. The electrons and holes are 

attracted to the opposite electrodes (Figure 1.3). The amount of electrons or holes that reach 

the electrodes depend on the charge transport and electron hole separation life time of the 

material. Electron-hole recombination effects can be reduced by modifying the p type material 

of the p-n diode or by increasing the reverse bias voltage, which increases the depletion region 

of the time. The current from either p side or n side of the diode is directed to the charge to 

voltage pre amplifier. Current generated from the diode due to the neutron-boron 10 

interactions are converted to a voltage pulse by applying the appropriate time constant filter 

(Figure 1.3). Then the signal is then processed to generate the counts vs channel number plot. 

All neutron detection experiments were performed under the same conditions to correlate the 

effects of different boron carbide based materials to their neutron detection efficiency. 

Background signal is collected with Cd foil, which acts as a thermal neutron shield 

between incident neutron and boron carbide derived material. The neutron interaction with Cd 

is known to produce gamma rays. Interaction of gamma rays with 10B also produces electron 

hole pairs which also contribute to the signal (Figure 1.4). Using Cd allows us to determine if the 

boron carbide based material is gamma blind or not. Blindness to gamma radiation is critical in 

designing the solid state detectors [19].  
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Figure 1.3 Top : Principle of neutron detection in the boron cardide based solid state detector. 
Bottom : Schematic set up of instruments for the neutron detection experiment. Adapted from 
reference 13 with permission from IOP publishing. 

1.3 Deposition of Boron Carbide and Boron Carbide Based Polymers 

Boron carbide films can be deposited by Synchrotron radiation induced decomposition 

[20], plasma spraying [21], hot wire chemical vapor deposition [22], PECVD [1,23-25], RF and DC 

magnetron sputtering [26-28] and recently by electron beam induced deposition (EBID)[29-33]. 

Figure 1.4 Schematic diagram to check the sensitivity of boron carbide detectors to gamma radiation 
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For practical applications PECVD methods are widely used. In this work, we have used EBID and 

PECVD methods to fabricate boron carbide based polymer films. 

Boron carbide (B4C) films deposited by sputter deposition exhibit higher oxygen content 

and needs to be further cleaned by annealing and sputtering [26]. The higher oxygen content of 

the boron carbide films affect the interfacial properties of the films which results in the poor 

adhesion of metal over layers. Sputter deposited films exhibit carbon atoms in the three atom 

chain with a binding energy of 282.8 eV in XPS as schematically shown in the idealized structure 

of B4C shown in Figure 1.5 [34]. It is important to note that the structure of our films are very 

different the idealized B4C structure. Our films do not exhibit three atom chain configuration. 

Figure 1.5 Structure of B4C 

In EBID boron carbide film growth, the substrate is cooled to ~ 110 K using the liquid 

nitrogen feed through to the sample stage in the UHV chamber. Then the sublimed carborane 

precursor is introduced into the chamber via a manual leak valve. Because of the cold 

temperature on the substrate, the precursor is condensed onto the surface. After 

condensation, a 200 eV electron beam is used to cross-link the precursors to form 
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semiconducting boron carbide films. In EBID films, cross-linking between icosahedral 

carboranes occurs predominantly on the boron sites opposite to the carbons as shown in Figure 

1.6. Moreover, EBID films do not exhibit interstitial carbon atoms. Composite films of carborane 

with benzene, pyridine or diaminobenzene were deposited in a similar manner however by co-

condensation with both carborane and aromatic precursors, followed by electron beam 

bombardment.  

Figure 1.6 Comparision of electron beam induced deposition (EBID) and plasma enhanced 
chemical vapor deposition (PECVD) of ortho-carborane. 

PECVD films are grown using a 13.56 MHz RF generator and a home built matching 

network. All PECVD films are deposited at room temperature and at 20 W power using Ar as the 

plasma gas. PECVD of ortho-carborane and meta-carborane are known to produce p-type and 

n-type films respectively [19]. PECVD of ortho-carborane on n-type substrate or meta-
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carborane on p-type silicon can be used to make the heterojunction diode structure, and can be 

used for neutron detection applications. The structure of PECVD films is different from that 

ebeam fils and B4C films shown in Figure 1.6. Composite films of carboranes with aromatic 

compounds like benzene, pyridine and diaminobenzene are fabricated by introducing 

carborane and aromatic precursor at the same time under plasma conditions. The composite 

films formed from this method results in variable composition due to the imprecise control of 

the precursor concentration. To obtain uniform composition throughout the film mass flow 

controllers (MFCs) were used for later experiments. Chemical and electronic structure of the 

films were studied using XPS and UPS respectively. The chamber used for the deposition of 

boron carbide based polymers and their characterization is shown schematically in Figure 1.7. 

Figure 1.7 Schematic diagram of chamber used in this study. 

1.4 Outline of Present Work 

Chapter 2 focuses on the EBID deposition of copolymers of carborane with aromatic unit 

diaminobenzene. Site specific bonding observed in the EBID of ortho-carborane was also 

retained in the copolymer film. Aromatic units acts as a linking unit between carborane 
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icosahedra.  Bonding then occurs between the boron opposite to the carbon in the icosahedra 

and the carbon atoms in the aromatic ring. In the case of pyridine and diaminobenzene, no 

perturbation of N (1s) spectra was observed in XPS. This indicates that the nitrogen is not 

involved in the cross-linking. The incorporation various linking units results in the systematic 

shift of valence band maximum to lower binding energies. This suggests that the states near the 

top of valence band maximum (VBM) are derived from the aromatic units whereas the states 

near the bottom of conduction band (CBM) are derived from the icosahedral carborane units. 

EBID methods allow us to tune the electronic structure of boron carbide based polymers to 

achieve the desired properties for various device applications. Chapter 2 also demonstrates 

that the VBM alteration results in the better transport properties of boron carbide based 

polymers. Magneto resistance results and I-V curve of ortho-carborane: diamiobenzene 

copolymer film suggests that the film exhibit enhanced electron hole separation. These results 

confirm that the incorporation of aromatic unit will result in enhanced charge separation and 

transport, which may ultimately lead to enhanced neutron detection.  The interaction of copper 

and platinum overlayers with pure boron carbide film and boron carbide: DAB composite films 

were studied as a potential alternatives for diffusion layers used in microelectronics. 

In chapter 3, the fabrication of boron carbides by PECVD is discussed and compared with 

EBID films. The interaction of boron carbides with native silicon oxide results in the formation 

B-O bond at the interface. PECVD films can be grown up to several microns for neutron 

detection applications. The interaction of Cu overlayers with PECVD ortho-carborane film at 

elevated temperature was studied using XPS. XPS indicates that no diffusion of copper into the 

boron carbide films are observed although Cu dewetting was observed between 400- 600K. This 
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study clearly demonstrates that the lower oxygen content leads to better adhesive properties 

of the metal overlayers.  

Chapter 4 compares and contrasts the electronic and chemical structure of EBID meta-

carborane films with PECVD films. PECVD films exhibit the interstitial carbon atoms that are 

similar to the sputter deposited films whereas the EBID films do not facilitate the formation of 

interstitial carbon atoms. The fabrication of composite films of meta-carborane with benzene 

by PECVD was also studied by XPS and UPS. The incorporation of benzene in the boron carbide 

films results in the increase of B (1s) binding energy due to the augmented B-C bonding 

environment.  

Chapter 5 demonstrates that PECVD fabrication of composite films with ortho-

carborane and pyridine results in better neutron detection at zero bias, comparison to the pure 

PECVD boron carbide films derived from ortho-carborane.  These novel composite films showed 

excellent diode characteristics with negligible leakage current under reverse bias conditions. 

Neutron detection results shows that the composite film facilitate enhanced electron 

separation lifetime. The longer life time of generated e-h pairs and the higher mobility increase 

the charge collection efficiency with thermal neutrons. Novel boron carbide films points the 

way towards a new class of solid state boron carbide detectors which can be operated at zero 

bias and under low neutron flux. 

Chapter 6 summarizes the important findings presented in this dissertation. The recent 

efforts to increase neutron detection efficiency by modifying the materials properties were also 

discussed. Future directions for the improved solid state detectors and other applications like 

photo-catalysis were also presented. 
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CHAPTER 2  

NOVEL EBEAM CROSS-LINKED ORTHO-CARBORANE AND ORTHO-CARBORANE: 1,4-

DIAMINOBENZENE POLYMER FILMS: DEPOSITION, CHARACTERIZATION AND THEIR 

INTERACTION WITH COPPER AND PLATINUM1 

2.1 Introduction 

Semiconducting boron carbides formed from carborane icosahedra are of broad and 

increasing interest for applications ranging from neutron detection [1-3] to hydrogen sorption 

[4], novel molecular architectures [5-7], molecular electronics [8], spintronics [9,10], 

photocatalysis [11] other nanoelectronics applications [12,13]. The ability to systematically vary 

electronic properties of these materials is therefore of wide interest. The results presented 

here shows that these polymers form a general class of materials described as carborane 

icosahedra (B10C2H12 connected by aromatic linking units (Y = 1,4 diaminobenzene, benzene or 

pyridine): B10C2Hx-Y-B10C2Hx, as shown in Figure 2.1. The nature of this cross-linking appears 

quite site-specific, involving bonding between aromatic C atoms and icosahedral B atoms bound 

only to other B sites (Figure 2.1). The data presented here demonstrate that these materials, 

with the chemical structures shown in Figure 2.1, exhibit a systematic variation of valence band 

electronic structure, with the states near the top of the valence band corresponding to states 

localized on the linking unit. Chemical and electronic structure of these novel materials were 

1 This chapter is presented in part from Frank L. Pasquale, Robinson James, Raymond Welch, Elena 
Echeverria,  P. A. Dowben, and Jeffry A. Kelber, " Novel cross-linked ortho-carborane and ortho-carborane:y (y=1,4-
diaminobenzene, pyridine, benzene) polymer films: a new class of carborane-based materials with tunable 
electronic structure " ECS Transactions 2013, 53, 303 with permission from the Electrochemical Society (ECS). And 
in part from Echeverría, E.; Pasquale, F. L.; Colón Santana, J. A.; Zhang, L.; James, R.; Sokolov, A.; Kelber, J. A.; 
Dowben, P. A. “Significant magneto-resistive effects in boron carbide thin films” Materials Letters 2013, 110, 20 
with permission from Elsevier. 
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studied using X-ray and ultra-violet spectroscopy (XPS, UPS) respectively. B10C2Hx and B10C2Hx: 

Diaminobenzene (DAB) films exhibit room temperature magneto resistive effects when 

deposited on permalloy patterned SiO2 substrates. The films deposited by ebeam method are 

limited to thickness < 150 Å due to the limited mean free path of 200eV electrons employed for 

cross-linking and secondary electrons produced from the substrates. The films were fabricated 

and characterized at the University of North Texas. Electrical measurements and magneto 

resistance measurements were performed at the University of Nebraska- Lincoln. Current-

Voltage (I-V) measurements of B10C2Hx: DAB films showed a plateau of region with no current 

when the voltage is varied. This suggests that B10C2Hx: DAB film exhibit enhanced electron hole 

separation life time due to the dipole moment barrier to carrier hopping. The electron-hole 

separation life time and the carrier mobility are the critical parameters to obtain the enhanced 

neutron detection. 

Figure 2.1 Structural models of (a) ortho-carborane (B10C2H12); (b) B10C2Hx; (c) B10C2Hx:BNZ; (d) 
B10C2Hx:Py; (e) B10C2Hx: DAB 

Interaction of metal overlayers with the boron carbide films are important for making 

contacts in devices and to evaluate the use of boron carbide films as diffusion barriers in 

microelectronics. In this chapter, the metallization (Cu,Pt) of ebeam boron carbide films derived 
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from ortho-carborane were studied. The stability of the metals on the boron carbide films upon 

annealing was evaluated using XPS. Negligible chemical interaction of Cu with B10C2Hx films 

were observed. Copper was stable up to ~900 K in both films. Above 900K the diffusion of Cu 

into the films was observed from XPS. However, the formation of copper silicide at the interface 

was not observed due to negligible difference in the chemical shifts of Cu and CuSi. At lower 

temperatures < 900 K conclusion could not be made if the copper is diffusing into the film or 

agglomerating on the surface. In later part of the work, this problem was solved using the 

change in the Cu(2p)/Cu(3p) intensity ratio as an effective method for distinguishing between 

diffusion and dewetting. For more details the reader is asked to refer Chapter 3. 

In contrast to the Cu overlayers , Pt overlayers interacted chemically with the boron 

carbide films at room temperature during the sputter deposition and during annealing in UHV. 

Pt facilitated the oxidation of boron. Upon annealing the decrease in Pt particle size was 

observed from XPS and no evidence of platinum silicide formation was observed even after 

annealing up to 900 K. These results suggests that the Pt was in fact forming islands on the 

boron carbide surface and it was not diffusing into the film.  

2.2 Experimental Methods 

Experiments were carried out in an ultrahigh vacuum chamber (base pressure 3 x 10-10

Torr) with capabilities for x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscopy (UPS). XPS spectra were acquired with a 140 mm mean radius hemispherical 

analyzer with channel plate detector, operated in constant pass energy mode (23.5 eV), and Al 

Kα radiation from an unmonochromatized source. Analysis of photoemission spectra was 
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carried out by standard methods [14] as described elsewhere [15]. Binding energies for XPS and 

UPS spectra were calibrated by setting the peak maximum of the Cu(2p3/2) transition at 932.7 

eV or Si(2p) at 99.3 eV or Si(2p) in SiO2 at 103.3 eV [16]. Film thicknesses were primarily 

determined by observed attenuation of the substrate peak intensity, as previously described 

[17]. 

Thin polymer films were formed by condensation of ortho-carborane or co-

condensation of ortho-carborane and diaminobenzene at 120 K on clean Si(100) or 

polycrystalline Cu substrates or SiO2 substartes prepatterned with permalloy for magneto 

resistance studies. Co-condensation was followed by electron beam bombardment (200 eV) 

from a commercial electron gun, followed by annealing under UHV conditions. In some cases, 

multiple condensation/cross-linking cycles were carried out, and these procedures are 

described elsewhere in detail [15,17,18]. The ortho-carborane and 1,4-diaminobenzene were 

obtained from commercial sources, then purified by freeze-pump-thaw procedures and 

admitted into the UHV chamber via separate manual leak valves. In the case of ortho-

carborane, the precursor glass container, stainless steel gas line and manual leak valve were 

heated to ~ 330 K to enhance sublimation, and ~360 for diaminobenzene. Pressures in the 

chamber were monitored using a nude ion gauge out of line of site to the sample, as described 

previously. After the deposition and subsequent electron beam induced cross-linking, the films 

were allowed to warm to room temperature and later flash annealed to 600 K to remove any 

non-cross-linked diaminobenzene (DAB) in the case of boron carbide DAB containing films 

(BC:DAB). 
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I-V curves were carried out using a Keithley 236 source and plotted as a function of the 

in-plane external magnetic field. Samples were placed in a simple cryogenic system, and a 

magnetometer was used to generate fields ranging from -1 T up to +1 T. All transport 

measurements were carried out at room temperature. 

Copper metallization was undertaken in the deposition chamber by magnetron sputter 

deposition at 15 mTorr and 25 W and then transferred back into the main chamber for analysis. 

Thermal stability measurements were done in the main chamber by annealing the sample by 

resistive heating in 10 min intervals at various in temperatures ranging from 400- 900 K. Sample 

temperature was monitored using a type K thermocouple. 

2.3 Results and Discussions 

2.3.1 Chemical bonding in B10C2Hx and B10C2Hx: DAB films 

The structures shown in Figure 2.1 were derived from analysis of core-level 

photoemission spectra and corresponding ab initio calculations [15,18]. Those results 

demonstrate that e-beam induced cross-linking occurs at B sites non-adjacent to icosahedral 

carbon sites, and that N atoms on diaminobenzene or pyridine are not involved in the cross-

linking process. Based on relative core-level intensities, BC:DAB composite film exhibits a B/N 

atomic ratio of 3.2 compared to the nominal value of 5 for a 1:1 BC:DAB film,. The core level 

binding energies and intensities indicate that flash annealing the films from 300 K to 600 K in 

UHV has little effect on the local chemistry. Small amounts of O contamination were observed 

for both BC and BC: DAB films. The total O(1s) intensities were small and variable from 
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experiment to experiment, indicating that the oxygen was most likely due to incidental OH/O 

condensation and incorporation during cross-linking at low temperature. 

Figure 2.2 The core level spectrum of (a) B(1s), (b) C(1s), (c) N(1s) and (d) Si(2p) for BC-DAB 
films. The black trace represents silicon oxide substrate prepatterned with permalloy at a 
temperature of approximately 120 K, the red trace correspond to the films after warmed to 
room temperature and the blue trace represents after flash annealed to 600 K. 

The measured X-ray photoemission binding energies are 189.5 eV, 284.7 eV and 399.3 

eV for the B (1s), C (1s) and N (1s) core levels, respectively for the cross-linked BC:DAB films, as 

shown in Figure 2.2. These values are in agreement with those obtained in B(1s), C(1s), and 

N(1s) spectra for films composed of ortho-carborane cross-linked with DAB [15]. The B(1s) and 

C(1s) core level photoemission spectra (Figure 2.2a,b) are typical of those observed for B10C2Hx 

films [15,17, 19-23], as well as condensed ortho-carborane multilayers [24]. The B(1s) peak 

maximum is near 189 eV and is composed of bonding environments due to B-B-H species and 
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(at a higher binding energy) C-B-H species [15,19,20]. The C(1s) core level photoemission 

spectrum (Figure 2.2b) features two peaks characteristic of carbon atoms within the 

icosahedron and the carbon indicative of DAB [15,20]. The N(1s) core level photoemission 

spectra of the composite film (Figure 2.2c) exhibits a peak maximum identical to that of 

condensed DAB film [15,20]. The lack of significant perturbation of the N(1s) core level 

photoemission spectra from that of condensed DAB indicates that the N sites are not perturbed 

by the cross-linking process. Cross-linking of ortho-carborane in the absence of DAB resulted in 

B(1s) and C(1s) binding energies and intensities (not shown) in excellent agreement with 

previous results [17]. Therefore, the core level spectra indicate that cross-linking of ortho-

carborane and DAB results in a film 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. 

In the absence of DAB, crosslinking produces a BC film consisting of icosahedra produced by 

cross-linking at B sites non-adjacent to icosahedral carbon sites. These results are in accord with 

recently reported results [15,17,19,20]. 

Figure 2.3 Schematic showing that (a) electron-hole pair creation in B10C2Hx:Y should result in 
(b) electron-hole separation on adjacent carborane-Y units (DAB shown), resulting in (c) 
enhanced electron pulse height in neutron detection relative to (d) B10C2Hx 
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2.3.2 Prediction of enhanced electron hole separation life time in composite films 

The new class of polymers B10C2Hx:Y, variation of the linking group Y results in 

systematic variation of the energy of the VBM. Additionally, the states near the top of the VB 

are associated with the aromatic group Y. This also indicates that states at the bottom of the 

conduction band (CB) will tend to be associated with the carborane moiety. Therefore, this 

class of polymers may display enhanced electron-hole separation relative to B10C2Hx, as shown 

schematically in Figure 2.3.  Electron excitation across the band gap (Figure 2.3a) should result 

in improved electron/hole separation on Y/carborane moieties, respectively (Figure 2.3b). This, 

in combination with a narrowed band gap, would yield increased electron pulse height and 

therefore increased detector sensitivity during neutron detection relative to B10C2Hx. It is 

known that it will trap charge leading to resistive hysteresis [25]. If spin polarized charge is 

injected from a soft magnetic electrode, such as permalloy, then negative magneto-resistance 

is seen, possibly due to the polarization of the defect trapping states. 

2.3.3 Current - voltage (I-V) studies on B10C2Hx and B10C2Hx: DAB films 

The I-V curves for the BC:DAB film (Figure 2.4a) and the BC film (Figure 2.4b) indicate 

that, as expected the conductivity in these samples increases as the external magnetic field is 

increased, again indicating a negative magnetoresistive effect in both types of boron carbide 

films. At low voltages, in the range of -2 V and +2 V, the current in the BC:DAB films is very low. 

In contrast, there is no such flat region in the I-V curve of the BC film (Figure 2.4b). This 

difference in the I(V) characteristics of BC:DAB and BC films follows the significant changes in 

electronic structure at the valence band maximum for the two materials [15,20]. Specifically, 
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valence band photoemission spectra [15,20] indicate that in the BC:DAB material, the states 

near the valence band maximum are localized on the DAB moiety. Therefore, near-threshold 

promotion of an electron into the conduction band should result in an electron on the 

icosahedrons moiety, and a hole on the DAB moiety [20]. 

The likely mechanism for the large negative magneto-resistance in these materials 

involves the polarization of defects along one axis which, in turn, will enhance hopping 

conductivity given that the electrodes are magnetic. Such a hopping mechanism explains the 

flat region of the I-V curve for BC:DAB (Figure 2.4a). Formation of an electron (hole) localized on 

a carborane (DAB) moiety would result in an intrinsic dipole barrier to electron hopping 

conduction. In contrast, films formed in the absence of diaminobenzene would not exhibit a 

similar electron-hole separation, and therefore no dipole barrier to electron hopping.  

(a) 
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(b) 

Figure 2.4 I-V Curves with an external magnetic field of 0 T (black line), 0.1 T (purple line), 0.5 T 
(blue line), 0.8 T (green line) and 1 T (red line) for thin films of cross-linked ortho-carborane 
with (a) and without (b) 1,4-diaminobenzene (DAB). The inset in (a) shows the structural model 
of B10C2Hx: DAB. 

2.3.4 Interaction of Cu and Pt with B10C2Hx 

Figure 2.5 shows the XPS spectra for B(1s) and  C(1s) and there is a loss of intensity in 

the B(1s) spectra with Cu deposition due to attenuation as expected. There is only a slight shift 

in B.E. in the B(1s) spectra with the initial Cu deposition, but then relaxes to the initial B.E. The 

O(1s) (not shown) and C(1s) spectra experience an increase in intensity with Cu deposition 

suggesting oxygen and carbon incorporation during the sputter deposition process. 

Figure 2.5. B(1s) and C(1s) XPS spectra for (a,b) ~80 Å of cross-linked ortho-carborane with a 
B/C atomic ratio of 3.1, (c,d) after 10 s Cu sputter deposition (Cu overlayer thickness of 1.2 Å), 
and (e,f) after a total of 150 s Cu sputter deposition (Cu overlayer thickness of 8.5 Å). 
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Figure 2.6 a shows the Cu(2p) XPS spectra.  It can be seen that the binding energy is 

shifting to lower energy with continued Cu sputter deposition.  This is consistent with island 

formation, as the B.E. is decreasing with an increase in particle/island size due to an enhanced 

final state screening effect [26].  Figure 2.6 b is a plot of Cu(2p3/2) B.E. vs. Cu overlayer film 

thickness.  A decreasing trend in binding energy can be seen with increasing Cu coverage.  

Figure 2.6c is a cartoon of the Cu island formation.  The Pt growth shows the same trend of 

island formation with decreasing B. E. with increase Pt sputter deposition time. 

Figure 2.6 (a) XPS of Cu(2p) spectra with increasing Cu sputter deposition, (b) plot of Cu(2p3/2) 
B.E. vs. Cu overlayer film thickness, and (c) cartoon depicting island formation of the Cu 
overlayer. 

Annealing the sputter deposited Cu overlayers on ortho-carborane derived films results 

in no change in the Cu(2p) XPS spectra (Figure 2.7a).  The B(1s) and C(1s) XPS spectra (not 
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shown) only show a slight increase in intensity with annealing temperature. Plotting the Cu 

overlayer thickness as a function of annealing temperature (Figure 3 (b)) yields two possible 

outcomes. The Cu overlayers are stable up to 427°C. Further annealing leads to either Cu 

diffusion into the film or agglomeration on the surface. 

Figure 2.7 Annealing the Cu overlayers on ortho-carborane films. (a) annealing at 10 min 
intervals between 27-327°C and (b) 427-627° C (c) is a plot of Cu overlayer thickness as a 
function of annealing temperature.  

Pt sputter deposition results are very similar to the Cu deposition results.  There is no 

change in the B.E. of B(1s) or C(1s) with Pt deposition. And as in the Cu sputter deposition there 

is an increase in carbon and oxygen with continued Pt deposition. The Pt(4f) B.E. decreases as 

the Pt coverage increases. Again, this is due to enhanced final state screening of core holes as 

the particles/island size increases [26]. There is a new feature present in the B(1s) XPS spectra 

however, which can be seen in Figure 2.8. This new feature suggests some chemical interaction 

between the Pt overlayer with the boron carbide film. 
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There is no evidence of Si-Pt interactions and platinum silicide (Figure 2.9) formation 

with annealing the Pt overlayers. This suggest thermal stability and no diffusion of the Pt 

overlayers even though a decrease in the overlayer thickness is seen (Figure 2.10 a). There is 

however, a slight increase to the higher binding energy feature in the B(1s) with annealing. This 

suggests Pt interaction with boron in the boron carbide films.  B(1s) binding energy of 

approximately 192 eV suggests the formation of boron oxide. 

Figure 2.8 XPS spectra of B(1s), C(1s), O(1s), and Pt(4f) with increasing Pt sputter 
deposition time. 

Figure 2.9 XPS of B(1s) (top) and Si(2p) (bottom) after deposition of Pt and annealing. 
Table in the figure is the binding energy of Silicon and Platinum silicides from literature [27]. 



28 

There is no change in the Si(2p) spectra with Pt deposition and annealing up to 627°C, 

suggesting no Si-Pt interaction and silicide formation. The B(1s) feature is relatively unchanged 

as well, however there is a feature at higher binding energy suggesting interaction with the Pt 

overlayer. 

Figure 2.10 (a) plot of Pt overlayer thickness as a function of annealing temperature.  (b) plot of 
Pt(4f7/2) B.E. and Cu(2p3/2) B.E. as a function of annealing temperature.  This comparison depicts 
the change in particle/island size as function of annealing 

There is no evidence of platinum diffusion and silicide formation with annealing the Pt 

overlayers. This is opposite to what is obtained when compared to the Cu overlayers which 

showed thermal stability only up to 427°C. This opposite behavior is also present when 

comparing changes in Cu or Pt B.E. as a function of annealing temperature (Figure 2.10 b). In 

the case of Cu overlayers, there is a shift to lower B.E. with increasing annealing temperature, 

which suggest an increase in particle/island size.  This is not the case for the Pt overlayers with 

increasing annealing temperature.  An opposite effect is seen, with a shift to higher B.E. and 

decreasing particle/island size, suggesting Pt-boron carbide interaction. 
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2.4 Conclusions 

A new class of orthocarborane-based polymer has been developed by site-specific cross-

linking of orthocarborane icosahedra and various aromatic groups, as shown in Figure 2.1. The 

aromatic groups (1,4 diaminobenzene, benzene, or pyridine) form linking units between the 

icosahedra.  Measurements of the electrical properties B10C2Hx:DAB films indicate that these 

composite films exhibit enhanced electron hole separation life time. This has the potential of 

numerous exciting applications in areas ranging from neutron detection, spintronics and 

photocatalysis. Cu sputter deposition and thermal stability on cross-linked ortho-carborane films 

was investigated and initial experiments exhibit promising results. Cu sputter deposition results 

in nanoparticle and island formation but with increasing deposition shifting in Cu(2p) binding 

energy towards true metallic feature occurs. The Cu overlayer was determined to be thermally 

stable up to 427 °C, upon which the overlayer either undergoes dewetting or diffuses into the 

cross-linked ortho- carborane film.  To observe the band bending effect clearly a metal like Pt 

with higher work function was used. Platinum overlayers are stable up to 900 K without any 

diffusion. 
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CHAPTER 3 

PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION OF ORTHO-CARBORANE: STRUCTURAL 

INSIGHTS AND INTERACTION WITH CU OVERLAYERS2 

3.1 Introduction 

Boron-rich materials have many emerging applications including neutron detection [1-

9], photocatalysis [10], hydrogen storage [11] and micro/nanoelectronics [12-18].  Increased 

understanding and control of the chemical composition and electronic properties of these films 

is therefore of broad technological as well as scientific interest. Such properties have been 

"tuned" through the use of electron beam -induced cross-linking (EBIC) of ortho-carborane and 

ortho-carborane with aromatic linking units [19, 20]. EBIC of ortho-carborane has been shown 

to result in site-specific linking of ortho-carborane icosahedra [21] and aromatic linking units in 

case of composite films (ortho-carborane: Y, Y=1,4-diaminobenzene, benzene, pyridine) [19, 

20].  The composite films exhibit systematic shifts in the valence band maximum (VBM) relative 

to the Fermi level [19, 20], depending on the choice of linking unit. To date, 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 

micro/nanoelectronic applications, but of limited use for, e.g., neutron detection.  In contrast, 

PECVD can be used to grow films from thickness of several nm to > 1000 nm. 

Here we report a direct comparison between the chemical and electronic structures of 

PECVD and EBIC films derived from ortho-carborane, using XPS and UPS. The PECVD films were 

2 This chapter is presented in its entirety from James, R.; Pasquale, F. L.; Kelber, J. A. “Plasma-enhanced 
chemical vapor deposition of ortho-carborane: structural insights and interaction with Cu overlayers” Journal of 
Physics: Condensed Matter 2013, 25, 355004 with permission from Institute of Physics (IOP). 
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deposited using ortho-carborane precursors and an inductively-coupled plasma with the 

substrate at or near room temperature. PECVD films display generally similar core and valence 

band photoemission spectra to films produced using capacitively-coupled plasma at 350 ˚C [23], 

but with significantly lower oxygen content. Comparison of XPS data of PECVD films with EBIC 

films formed from ortho-carborane yields systematic differences in the B(1s), C(1s) and O(1s) 

spectra. These differences are also reflected in valence band electronic structure, as revealed 

by UPS. The PECVD films are somewhat boron-rich compared to the EBIC films, and exhibit 

evidence of C bonding between icosahedra. In contrast, XPS data for EBIC films indicates B-B 

bonding between icosahedra at sites non-adjacent to carbon sites [19-21]. 

The interaction of boron carbide films with metal overlayers is important for neutron 

detection [23, 24] as well as for other potential applications, particularly nanoscale Cu diffusion 

barriers for ULSI applications.  In a recent report [23], Cu diffusion was observed through ortho-

carborane-derived PECVD films, which exhibited a relatively high oxygen content. In contrast, 

the PECVD films reported here exhibit significantly lower oxygen content, and are resistant to 

Cu diffusion up to 1000 K in vacuum. These results demonstrate the importance of the film 

deposition process to film content and properties for a variety of technological applications. 

3.2 Experimental Methods 

Experiments were undertaken in an ultra-high vacuum (UHV) system described 

previously in detail [19-21]. Briefly, the system consisted of an analysis chamber (base pressure 

5 x 10-10 Torr)   and a high vacuum sample introduction/deposition chamber (base pressure 5 x 

10-8 Torr), with the two chambers separated by a gate valve. Sample transfer between 
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chambers occurred without ambient exposure using a linear transfer rod. PECVD of boron 

carbide films, and their metallization by sputter magnetron deposition, were carried out in the 

deposition chamber.  EBIC films were produced directly in the UHV chamber.  

The analytical chamber was turbo-molecularly pumped and equipped with a 140 mm 

mean radius hemispherical electron analyzer (PHI), dual anode non-monochromatic X-ray 

source, ion-sputter gun and electron gun. The deposition chamber was equipped with a 

modified 2.75" CF-metal glass seal for plasma generation. Pressures in both chambers were 

monitored by nude ion gauges, calibrated for dinitrogen. The introduction/deposition chamber 

also had a Bayard-Alpert gauge for plasma and magnetron sputter deposition. Manual leak 

valves were used for introducing ortho-carborane and Ar into the deposition chamber. For 

metallization studies, this chamber was fitted with a commercially available magnetron sputter 

deposition source. 

The analyzer energy scale for both XPS and UPS spectra was calibrated by setting the 

Si(2p) peak binding energy at 99.3 eV [25].  In the case of thick (~ 1000 Å) films, with substrate 

Si peaks no longer visible, the energy scale was calibrated by setting the peak B(1s) binding 

energy at 188.4 eV--the same binding energy as observed for thinner films. This procedure is 

compatible with the fact that no significant charging was observed during photoemission for 

either thick or thin films during XPS. However, different charging was observed during UPS of 

the thicker PECVD films, making accurate energy referencing difficult. Therefore, peak maxima 

for thick and thin PECVD films were aligned in order to draw general comparisons regarding 

shape of the valence band spectra and relative positions of the valence band maxima. 
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XPS spectra were acquired using a non-monochromatic Al Kα radiation source and a 

hemispherical analyzer. The hemispherical analyzer was operated in a constant pass energy 

mode with a pass energy of 23.5 eV. The energy scale for XPS spectra was calibrated by setting 

the Si(2p) peak maximum of the substrate at 99.3 eV [25]. Resulting XPS spectra were treated 

by Shirley background subtraction and analyzed by standard methods [26, 27]. Film thickness 

calculations were done using the attenuation of the Si(2p) feature via [26]: 

d = - ln(I/I0)* λ        (Eq. 1) 

where d is the calculated film thickness (Å), I and I0 are the measured XPS intensity of 

Si(2p) after and before film growth, respectively. λ is the calculated inelastic mean free path 

[27] of Si(2p) photoelectron through a boron carbide (BC) 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. UPS spectra were 

acquired using a differentially pumped He I source with a constant analyzer pass energy of 2.95 

eV. 

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 liquid nitrogen-cooled 

Si (100) substrate, followed by electron-beam bombardment at 200 eV to induce cross-linking 

of the condensed ortho-carborane. Several condensation/electron beam cycles where done to 

achieve a film thickness of ~100 Å. 
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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 with a 

set 20 W power. 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. The metal/glass seal was 

closed off at the end opposite to the chamber. For PECVD ortho-carborane films, a 

concentration of 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 of the 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 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.  

Cu sputter deposition was carried out in the deposition system using a DC magnetron 

sputter source (Mini Mak) and Ar plasma, with the substrate at room temperature. Sample 

transfer between the UHV and deposition chamber was achieved without exposure to ambient 

conditions using a transfer feed-through. During the deposition, Ar pressure was maintained at 

15 mTorr and DC power was set to 25 W.  After deposition of Cu on the PECVD boron carbide 

film, the substrate was transferred to the UHV chamber for XPS analysis without exposure to 

ambient conditions. Cu overlayer thickness was calculated based on the attenuation of B(1s) 
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signal according to (1). The inelastic mean free paths (IMFP) of the Cu (2p3/2 ) and the Cu (3p) 

lines through Cu, calculated using TPPM equation [22,27], were found to be 10.1 Å and 20.1 Å 

respectively. 

3.3 Results 

3.3.1. Precursor/Substrate Interactions during Deposition: PECVD vs. EBIC 

In order to compare the reactions of precursors with the substrate during deposition, 

PECVD and EBIC films, grown from ortho-carborane, were each deposited on a Si(100) substrate 

with a native oxide ~ 15 Å thick (SiO2/Si). Some adventitious carbon was also present on the 

substrates prior to deposition. XPS core level spectra are compared in Figure 3.1 for a ~ 40 Å 

thick EBIC film and a ~ 25 Å thick PECVD film. The spectra of the ~25 Å thick PECVD film 

deposited on SiO2/Si are compared in Figure 3.2 to those of a substantially thicker (~ 1000 Å) 

PECVD film, deposited on SiO2/Si, in order to compare features specific to the interfacial region 

of the PECVD film with those more characteristic of the bulk. Corresponding B/C and O/B 

atomic ratios, derived from the XPS spectra, are compared in Table 3.1 for the EBIC, thin PECVD 

and thick PECVD films. The maximum estimated error in the XPS derived atomic ratios is ±10%.  

This error is conservative, based on reproducibility of absolute XPS intensities under these 

experimental conditions.  Some caution must be exercised in interpretation of the data in 

Figures 3.1 and 3.2 and Table 3.1, as both oxygen and adventitious carbon from the SiO2/Si 

substrate contributed somewhat to the corresponding spectra for the “thin” EBIC and PECVD 

films. For this reason, data are also included in Table 3.1 for films deposited by EBIC or PECVD 

on sputter-cleaned Si(100). 
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Figure 3.1 (a) B (1s), (b) C (1s), and (c) O (1s) XPS spectra of 40 Å electron-induced cross-linked 
ortho-carborane film (solid black trace) and 25 Å PECVD ortho-carborane film (open red circles) 
deposited on SiO2/Si. O(1s) intensity for native silicon oxide (open blue triangles) was 
normalized to EBIC film for direct comparison. 

For thin ortho-carborane-derived films deposited on SiO2/Si, the B(1s) spectra (Figure 

1a) exhibit distinctive differences between EBIC and PECVD films. The B(1s) spectrum of the 
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PECVD film exhibits a feature near 192 eV binding energy indicative of boron oxide formation 

[23, 28]. In contrast, the film formed by EBIC exhibits no such feature.  The presence of the high 

binding energy B(1s) 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. The possibility of oxygen contamination is ruled out, however, 

because the high binding energy shoulder in the B(1s) spectrum of the thin film (Figure 3.1a) 

disappears upon further PECVD (Figure 3.2a). This indicates that boron oxide formation during 

PECVD is confined to the boron carbide/SiO2 interfacial region, and that the high binding energy 

B(1s) feature observed for the thin film is attenuated by further film deposition.  Additionally, 

no boron oxide formation was observed in PECVD of ortho-carborane on sputter-cleaned 

oxygen and carbon-free Si (not shown). These results demonstrate that boron oxide formation 

occurs at the SiO2/boron carbide interface during PECVD boron carbide film growth but not 

during EBIC, and that significant B-O formation in the bulk region of the film does not occur by 

PECVD or EBIC under our experimental conditions. Thus, the boron oxide feature near 192 eV 

binding energy (Figure 3.1a) is a specific result of ortho-carborane reaction with the silica 

substrate during PECVD, and such reaction does not occur during EBIC. 

There are also distinctive differences in the C(1s) spectra for the EBIC and PECVD films 

deposited on SiO2/Si (Figure 3.1b). The C(1s) spectra in Figure 3.1b must be interpreted with 

caution, because the C(1s) spectra of the films deposited on SiO2/Si are distorted to some 

extent by the pre-existing adventitious carbon on that substrate prior to deposition, as 

demonstrated by the fact that both EBIC and PECVD thin films deposited on sputter-cleaned 

Si(100), and the thicker PECVD film, have substantially lower relative C concentrations (Table 
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3.1). The C(1s) spectrum corresponding to the thin EBIC film deposited on SiO2/Si  (Figure 3.1b, 

solid black line) resembles the C(1s) spectrum of previously published XPS data for EBIC films 

[19-21]. The C(1s) spectrum for the PECVD film (Figure 3.1b, red circles), however, exhibits 

intensity at lower binding energies, including a feature at ~282 eV binding energy. This binding 

energy is lower than that observed for condensed ortho-carborane icosahedra or EBIC films [19, 

21], and therefore indicates the presence of carbon in an extra-icosahedral environment.  

Furthermore, the lower binding energy of 282 eV indicates charge transfer to the carbon site 

from less electronegative nearest neighbors, indicating bonding to one or more B nearest 

neighbors. Importantly, this lower binding energy feature is preserved in the thicker PECVD film 

on SiO2/Si (Figure 3.2b), indicating that the C(1s) feature near 282 eV is a characteristic of the 

bulk film, rather than just the film/substrate interface. 

O(1s) spectra for the thin EBIC and PECVD films are compared to that of the SiO2/Si 

substrate in Figure 3.1c. (The substrate O(1s) spectrum has been scaled to the intensity of that 

of the EBIC film for comparison purposes.) The corresponding O(1s) spectrum for the EBIC film 

(Figure 3.1c, solid black trace) is similar in binding energy and peak width to that of the 

substrate signal, indicating negligible O incorporation into the film itself. In contrast, the O(1s) 

spectrum of the PECVD film exhibits substantial intensity at lower binding energies. This shift is 

consistent with the formation of B-O bonds near the interface, with B-to-O charge transfer 

yielding O(1s) intensity at lower binding energies. This result is also consistent with the 

negligible O(1s) signal exhibited by the 1000 Å thick PECVD film (Figure 3.2c and Table 3.1), and 

indicates that the PECVD conditions employed here yielded consistently low levels of O 

contamination in the bulk during the deposition process. Thus, the O(1s) spectra for the PECVD 
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films are consistent with significant interfacial B-O bond formation and significantly lower 

incorporation of O into the film away from the interfacial region.  

Figure 3.2 Evolution of  (a) B(1s), (b) C(1s) and (c) O(1s)  spectra during PECVD of ortho-
carborane on SiO2/Si.  The spectra of a 25 Å thick film (open red circles--same data as in Figure 
3.1) and the spectra of a thicker film (solid black trace--estimated thickness 1000 Å) are shown. 
C (1s) spectrum (open blue triangles) shown in (b) represents the carbon contamination on the 
surface before any deposition. 
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Figure 3.3 UPS spectra of (i) 10 L condensed ortho-carborane on SiO2/ Si, (ii) ~40 Å thick EBIC 
film on SiO2/Si (iii) ~25 Å thick PECVD film on SiO2/Si, and (iv) ~1000 Å thick PECVD film on 
SiO2/Si. 

The corresponding UPS spectra for the thin EBIC and PECVD films deposited on SiO2/Si 

and for the ~ 1000 Å thick PECVD film on SiO2/Si are compared in Figure 3.3 to the spectrum for 

a condensed multilayer of unreacted ortho-carborane precursors. A comparison of the spectra 

for the condensed ortho-carborane film (Figure 3.3i) and the thin EBIC film (Figure 3.3ii) 

indicates that the cross-linking process induces significant broadening of the spectral region 

from ~ 10eV to 6 eV binding energy (relative to the Fermi level). The EBIC film exhibits a VBM 

near 4 eV below the Fermi level, in good agreement with previous results [19-21]. Further 

broadening of the valence band, and a shift of the VBM to ~ 2.5 eV is observed for both the thin 

and thick PECVD films deposited on SiO2/Si (Figure 3.3 (iii,iv)) The similarity of the data in 

Figures 3.3(iii) and 3.3(iv) indicate that the broadening and shift of the VBM to shallower 
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binding energies relative to the Fermi level in the PECVD films are characteristics associated 

with the PECVD deposition process, rather than with film/substrate interfacial reaction. 

3.3.2. Thicker Films on Si(100). 

XPS spectra are displayed in Figure 3.4a-c for a ~1000 Å thick ortho-carborane-derived 

PECVD film (i, red circles) and of a relatively thick (~100 Å) ortho-carborane-derived EBIC film (ii, 

solid black trace), both deposited on sputter-cleaned (oxide and carbon free) Si(100). 

Corresponding B/C and O/B atomic ratios, derived from XPS intensities (Figure 3.4a-c), are 

shown in Table 3.1. The data in Figure 3.4c-i and Table 1 indicate an O/B ratio in the EBIC film of 

~ 0.03. This has been observed previously [19-21] and the trace oxygen impurity is very likely 

due to the presence of some co-condensed H2O from the UHV background environment during 

the cross-linking process. In contrast, the O(1s) spectral intensity corresponding to the PECVD 

film (Figure 3.4c-i) is hardly detectable. The O content in both films appears not to involve 

bonding to B sites, as there is no evidence of oxidized species in the B(1s) spectra (Figure 3.4a). 

However, the C(1s) spectrum of the EBIC film exhibits a shoulder at ~286 eV BE (Figure 3.4b-ii), 

similar to previously reported results, and indicative of  C bonded to oxygen species [21, 23, 29, 

30]. This oxygen contamination is observed for EBIC films of different thickness grown on SiO2 

(Figure 3.1c) as well as on Si. This oxygen contamination is most likely due to the presence of a 

small amount of H2O in UHV chamber or the gas line used for dosing ortho-carborane 

precursor. Cooling of Si substrate to ~ 110 K, even in UHV, results in the condensation of these 

H2O molecules along with ortho-carborane. Subsequent electron bombardment of these 

condensed layers results in the incorporation of oxygen in the boron carbide film [20, 21]. 
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Figure 3.4 (a) B(1s), (b) C(1s), and (c) O(1s) XPS spectra of (i) ~1000 Å PECVD film (open red 
circles) and (ii) ~100 Å EBIC film (solid black trace). Films were deposited on clean Si(100).  

The other noticeable difference in the thicker PECVD and EBIC films deposited on Si is 

that both the B(1s) and C(1s) spectra are shifted to ~ 0.5 eV lower binding energies in the 

PECVD film as compared to the electron-induced cross-linked film (Figure 3.4a, b). This result is 

similar to that for previously reported PEVCD films [23,31].  Such a shift is not observed for the 

O(1s) spectra (Figure 3.4c). Moreover, the shift between the B(1s) spectra (Figure 3.4a) is not 

apparent in the comparison of the thin EBIC and PECVD films (Figure 3.1a), although the C(1s) 

shift is (Figure 3.1c). Since the EBIC films consist mainly of ortho-carborane icosahedra bonded 

to each other at icosahedral B sites [19-21], the lower B(1s) and C(1s) binding energies for the 

PECVD film indicate the presence of both boron and carbon species in extra-icosahedral 

environments. As noted above, a C(1s) binding energy near 282 eV is indicative of interstitial C 

bound to more electropositive B atoms. The lower B(1s) binding energy, is also a characteristic 

of the PECVD process rather than interfacial reaction. As this feature is not apparent for a thin 
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PECVD film deposited on SiO2/Si, its presence is associated with the bulk of the film, and with 

bonding between icosahedra. Further, this shift to lower binding energy is indicative of a higher 

ground state charge density [32], and therefore indicates a B environment with fewer 

electronegative (C, H) and more electropositive (B) nearest neighbors. This is consistent with 

either transformation of B10C2 icosahedra to more boron-rich icosahedra, or B-H bond scission 

and enhanced B-B bond formation, or both.  

Table 3.1 XPS-derived atomic ratios for EBIC and PECVD boron carbide films. Maximum 
estimated error is ±10 %. 

3.3.3. Cu reactions with the PECVD boron carbide films 

Copper was deposited on ~ 1000 Å ortho-carborane-derived PECVD boron carbide on 

clean Si(100) by sputter deposition at ambient temperature for a total of 210 seconds.  B(1s), 
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C(1s) and Cu(2p) spectra acquired before and after Cu deposition are shown in Figure 3.5. 

Based on the attenuation of the B(1s) XPS feature the average thickness of copper overlayer 

was estimated to be ~ 9 Å. The lack of change in B(1s) or C(1s) peak width or binding energy 

upon Cu deposition (Figure 3.5a,b) indicates there is no evidence of copper chemical interaction 

with boron carbide. No significant increase in O(1s) intensity or change in binding energy was 

observed during the deposition. This fact, along with the absence of satellite features in the 

Cu(2p) spectrum indicate that the Cu is present in its metallic state [33]. 

Figure 3.5 (a-c) B(1s), C(1s), and O(1s) XPS spectra, respectively for 1000 Å PECVD film before 
(solid black trace) and after (open red circles) copper deposition. 

Following Cu deposition, the sample was annealed in UHV to determine the thermal 

stability and the reactivity at elevated temperatures towards the boron carbide film.  Annealing 

was done at 100 K intervals from 400 K to 1000 K for a period of 10 min for each interval.  XPS 

spectra were acquired after each annealing interval upon sample cooling to room temperature.  

The evolution of B(1s) , Cu(2p) and Cu(3p) spectra with annealing are shown in Figure 3.6. No 

significant changes in binding energies or spectral shapes are observed, but there is a significant 

increase in B(1s) intensity relative to the Cu peaks, indicating either Cu diffusion into the bulk or 



48 

Cu agglomeration into nanoclusters on the surface (dewetting) [34-41]. 

Figure 3.6 (a-c) B(1s),Cu(2p) and Cu (3p) XPS spectra, respectively, as a function of annealing 
temperature:  (i) 300 K  ( ii) 600 K  (iii) 1000 K 

To differentiate between diffusion or dewetting the Cu(3p)/Cu(2p3/2) ratio was 

monitored, as shown in Figure 3.7. Diffusion would result in the preferential attenuation of the 

Cu(2p3/2) XPS feature as compared to the Cu(3p) XPS feature because the calculated [27] 

inelastic mean free paths of the Cu(2p3/2) and the Cu(3p) are 10.1 Å and 20.1 Å respectively. Cu 

diffusion into the boron carbide substrate would therefore result in an increase in the Cu(3p)/ 

Cu(2p3/2) ratio, whereas for dewetting the Cu(3p)/ Cu(2p3/2) ratio would  not change 

significantly [34]. 
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Upon annealing, the Cu(2p)/B(1s) atomic ratio decreases steadily but the Cu(3p)/ 

Cu(2p3/2) ratio remains almost constant up to 1000 K. (Figure 3.7)  This indicates that there is no 

significant copper diffusion into the bulk. However, Cu dewetting and agglomeration at ~ 500-

600 K is indicated by a significant decrease in the Cu(2p3/2)/B(1s) intensity ratio (Figure 3.7). To 

determine the stability of Cu for longer annealing intervals, a 60 min annealing was performed 

at 1000 K in UHV. A small decrease in Cu(2p)/B(1s) atomic ratio and a small increase in the 

Cu(3p)/ Cu(2p3/2) ratio was observed. These results suggest that there may be some diffusion of 

Cu upon annealing in UHV at 1000 K for 60 min. However, the calculated depth of diffusion of 

Cu into boron carbide film is ~ 3.8 Å, extremely small. Alternatively, the preferential attenuation 

upon prolonged annealing in UHV may reflect a small amount of oxide or carbon growth on the 

surfaces of the Cu nanoparticles.  The de-wetting observed at ~ 400 K - 600 K (Figure 3.7) is 

similar to that reported for ~ 9 Å Cu deposited on Ta foil [42]. The data in Figure 3.7 indicate 

that thermal diffusion of deposited Cu metal into the boron carbide substrate does not occur at 

temperatures up to 1000 K in UHV. 

Figure 3.7 Evolution of XPS ratios with annealing temperature; (a) the Cu(2p3/2)/B(1s) atomic 
ratio and (b) the Cu (3p)/Cu (2p3/2) intensity ratio as a function of annealing temperature. The 
data points with the circle indicate the extended annealing at 1000 K for 60 min.  



50 

3.4 Discussion 

3. 4.1. Chemical and electronic structure of PECVD vs. EBIC films

The data in Figures 3.1 and 3.2 indicate that during PECVD, ortho-carborane icosahedra 

undergo reaction with the SiO2 substrate to form B-O bonds. The data in Figure 3.4 indicate 

that, for bulk PECVD films (i.e., away from the interfacial region), both B and C extra-icosahedral 

bonding environments are observed by XPS. This last result is in agreement with recently 

reported [23] XPS data for ortho-carborane-derived PECVD films. NMR data [31] on these 

materials also indicate that such films exhibit B-C-B bonding environments. These results could 

be due to either the removal of H from icosahedra during PECVD, or to rearrangement/opening 

of carborane icosahedra during the deposition process, or both. 

Recent nuclear reaction analyses of PECVD films from ortho-carborane precursors [43] 

indicate a highly variable hydrogen content, with decreased hydrogen content correlating with 

higher film annealing temperature, and with a higher activation energy for B-H vs. C-H bond 

scission in the plasma environment. X-ray diffraction studies of PECVD films produced from 

ortho-carborane precursors [44] show evidence of a variety of different boron carbide 

polytypes in the deposited film, thus indicating the potential for opening/rearrangement of the 

ortho-carborane icosahedra during the PECVD process. Thus, it is likely that XPS data in Figures 

3.1, 3.2 and 3.4 reflect both reduced hydrogen content and some rearrangement of icosahedra 

during the PECVD process. However, the formation of B-O but not C-O bonds at the 

film/substrate interface during PECVD on SiO2 is consistent with the determination [43] of a 

higher activation energy for plasma-induced B-H bond scission (0.14 eV) than for C-H bond 

scission (0.44 eV). 
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The UPS data (Figure 3.3) demonstrate that different bonding in PECVD films results in a 

significant shift in observed VBM to 2.5 eV binding energy for both thin (25 Å film thickness) 

and thick (1000 Å film thickness) PECVD films(Figure 3.3), relative to the ~ 4 eV binding energy 

observed for the EBIC films. Whether this shift in VBM is due to partial removal of H or the 

formation of carbon bonding links between icosahedra, or both, cannot be determined from 

the present data, but indicates that PECVD films derived from ortho-carborane exhibit a 

significantly lower band gap than corresponding EBIC films. 

The data in Figures 3.1, 3.2, 3.4 and 3.5 are in general good agreement with the 

previously reported XPS data for PECVD films [23,43], with the important exception of a 

significantly reduced O content in the films discussed here. PECVD films produced in our 

experimental conditions are, as with other PECVD films derived from ortho-carborane, p-type, 

as recently demonstrated for diode structures fabricated by from PECVD boron carbide/silicon 

heterojunctions, using Au/Ti diodes [24]. Those results showed no evidence of Schottky barrier 

formation, in direct contrast to recent reports for Ti metallization of PECVD films with a 

relatively higher O content [23]. Driver et al. reported the fabrication of boron carbide films by 

capactively coupled plasma at 350˚C. These films exhibit 10% bulk oxygen contamination and 

exhibit the valence band maximum of 0.8 eV below the Fermi level. Diffusion barrier behavior 

of these boron carbide films were studied by depositing 5 Å Cu overlayer by thermal 

evaporation.  After ion etching the film for 18 min which corresponds to 81 Å depth, Cu was still 

observed in XPS. This was interpreted as indicative of diffusion of Cu into the boron carbide 

films [23]. In contrast, the PECVD films reported here exhibit negligible O content with the 

valence band maximum of ~ 2.5 eV below the Fermi level. Furthermore, the data reported here 
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show no evidence of Cu thermal diffusion through a PECVD film for temperatures up to 1000 K 

in UHV, also in direct contrast to recently reported results [23]. Part of the reason for the 

contrasting findings may be different approaches to measuring Schottky barrier formation and 

metal diffusion [23,24]. However, the films reported here exhibit distinctly lower levels of 

oxygen contamination, which may be important of itself, or may reflect a denser film quality in 

the materials examined here. Clearly, additional investigation of the relationships between film 

morphology/density, composition, and interaction with metals is of interest. 

3.5 Conclusion 

XPS and UPS spectra have been used to compare the chemical and electronic structures 

of ortho-carborane-derived boron carbide films deposited by PECVD or EBIC on SiO2/Si and on 

Si substrates.  Boron carbide films fabricated by PECVD exhibit interfacial boron oxide 

formation when deposited on SiO2 whereas EBIC films do not, and also exhibit evidence of B 

and C in extra-icosahedral bonding environments, suggesting B-C-B bonding between 

icosahedra.  PECVD films exhibit negligible bulk O content upon deposition on either Si or 

SiO2/Si substrate. PECVD films deposited on either substrate also exhibit a VBM at ~ 2.5 eV 

below the Fermi level, compared to ~ 4 eV binding energy for the VBM of EBIC films. PECVD 

films are resistant towards thermal diffusion of Cu at least up to 1000 K in UHV, which is in 

contrast to the recently reported results [23] for similar PECVD films with higher O content. The 

results reported here indicate that PECVD boron carbide films exhibit promising characteristics 

for diverse applications, including neutron detection and as Cu diffusion barriers in 

microelectronics. 
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CHAPTER 4 

BORON CARBIDE FILMS FABRICATED BY PLASMA-ENHANCED CVD OR EBID OF META-

CARBORANE: CHEMICAL BONDING AND ELECTRONIC STRUCTURE 

4.1 Introduction 

Boron carbides have wide range of applications including neutron detection [1-6], 

photocatalysis [7], micro/nanoelectronics [8,9], spintronics [10,11] and in bio-medicine [12]. 

Therefore understanding the chemical and electronic structure of boron carbides is of both 

technological and scientific interest. Properties of boron carbides can be tuned for various 

applications by adding metal dopants [9,13,14] or other organic compounds [15-17]. Recent 

studies show that the electronic structure of boron carbide films can be tuned by co-depositing 

benzene, pyridine or diaminobenzene with ortho-carborane precursors using electron beam 

bombardment [14-17]. However, because of the limited mean free path of the electrons, these 

films are limited to ~150 Å thick which limits their applications. In contrast, PECVD method can 

be used to grow films of desired thickness at a much higher deposition rate and at or near room 

temperature [18]. 

Here, we describe the comparison of EBID and PECVD films of meta-carborane 

deposited on clean Cu and Si (100) respectively. Previous studies show that meta-carboranes 

form n-type semiconducting films either by PECVD [6] or by synchrotron radiation-induced 

cross-linking method [19]. XPS results reported here show that B (1s) and C (1s) spectra of 

PECVD films are significantly different than that of EBID films. XPS spectra of PECVD films 

indicate the presence of both boron and carbon in extra-icosahedral environments, whereas 

spectra of EBID films do not. PECVD meta-carborane films exhibit a valence band maximum 
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closer to the Fermi level than EBID meta-carborane films. Similar trends in core and valence 

band spectra were observed for PECVD and EBID films derived from ortho-carborane [18]. 

Composite films derived from the deposition of carboranes and aromatic compounds 

have the potential for tuning the electronic properties of boron carbide films [15-17]. States 

near the top of the VBM are localized on the aromatic moiety, indicating that states at the 

conduction band minimum are related to the carborane moiety, thus yielding the potential for 

enhanced electron hole separation [15-17]. Such enhanced electron-hole separation has been 

recently demonstrated by magnetoresistance measurements [11] and enhanced sensitivity to 

neutron detection at zero bias [20]. In this present work we fabricated novel composite films of 

meta-carborane and benzene by PECVD and studied their chemical composition and electronic 

structure by XPS and UPS respectively. B (1s) B.E was shifted to about 0.8 eV higher in the 

composite films compare to pure boron carbide films due to additional B-C bonding between 

icosahedral boron and C in the benzene ring. Inclusion of benzene results in the reduction of 

VBM by ~ 1eV consistent with the fact that the states near the top of VBM are localized on 

benzene. This work demonstrates that the modification of boron carbides by inclusion of 

aromatic compounds may result in better device performance due to enhanced electron hole 

separation. 

4.2 Experimental Methods 

4.2.1 Deposition of boron carbide films: 

4.2.1.1 PECVD meta-carborane and composite films 
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PECVD depositions were performed in the deposition chamber described earlier [15-18] 

with the base pressure of 1X 10-7 Torr. About 1cm x 1cm Si (100) substrates were used for all 

PECVD depositions. Si (100) substrates were initially cleaned by sonication in acetone for 

approximately 45 minutes before introduced into the vacuum system. In ultra-high vacuum 

(UHV) chamber these substrates were further cleaned by annealing and Ar ion sputtering to 

remove native oxide and adventitious carbon before deposition. For meta-carborane PECVD 

film, the vapor from heated meta-carborane vial at ~65⁰ C was introduced into the chamber via 

manual leak valve. Pressure was maintained at ~1 mTorr by monitoring the nude ion gauge. 

Subsequently Ar was introduced into the chamber through another manual leak valve and the 

total pressure was increased up to 20 mTorr which was monitored by the baratron gauge. For 

thicker films after every 10 min deposition, meta-carborane and Ar pressure were reset to limit 

the variation in the concentration of meta-carborane during deposition. This method resulted 

in consistent film growth and constant deposition rate. Inductively coupled plasma was 

generated by a 13.56 MHz RF generator operated at a set 20 W power, an inductor coil and the 

home built matching network. The complete details of the PECVD deposition system were 

described elsewhere [18]. All PECVD depositions were performed at or near room temperature. 

For meta-carborane and benzene composite films, initially the meta-carborane pressure 

was maintained at 0.5 mTorr, followed by increasing the benzene pressure to 1 mTorr. Then Ar 

was introduced into the chamber and the total pressure of 20 mTorr was maintained during 

PECVD deposition. Precursor pressures were reset every 10 min to obtain homogeneous film 

composition. The deposition conditions were same as in case of PECVD meta-carborane films. 
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After deposition the films were transferred to the UHV chamber without exposing to ambient 

conditions for XPS and UPS analysis. 

4.2.1.2 Electron beam induced deposition (EBID) of meta-carborane 

EBID meta-carborane films were fabricated on clean Cu substrate in UHV chamber with 

the base pressure of 1 X 10-9 Torr. The details of the EBID and the capabilities of UHV chamber 

were described earlier [15-17]. Briefly, Cu substrates were cooled to ~ 170 K by liquid nitrogen. 

Then meta-carborane vapor from a vial heated at ~65⁰ C was introduced into the chamber 

through a manual leak valve. Dosing of meta-carborane was done at 1X 10-6 Torr for 30 seconds 

(30 L ; 1L= 1X 10-6 Torr s) followed by cross-linking of condensed molecular precursors by 

electron beam bombardment at 200 eV for 10 min  as described elsewhere [15-17]. Several 

cycles of 30 L dosing and 10 min electron beam exposure were done to get the desired 

thickness of the film. 

4.2.1.3 Sputter deposition of B4C films 

B4C films were sputter deposited on Si (100) substrate using RF magnetron sputtering 

source (mini MAK) and a B4C sputter target. This method of deposition was described in the 

previous studies [18]. Briefly, the sputter deposition of B4C was performed in the deposition 

chamber using Ar with operating pressure of 15mTorr and a set DC power of 25W. Depositions 

were done at room temperature. After deposition the sample was transferred to the UHV 

chamber for XPS analysis without exposing to ambient conditions using a transfer feed through 

arm. 
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4.2.2 Analysis by XPS and UPS 

XPS spectra were acquired using a non-monochromatic Al Kα and a phi hemispherical 

analyzer operated at constant pass energy mode with a pass energy of 23.5 eV. Spectra were 

then analyzed using standard methods described before [18, 21]. Briefly, the spectra were 

treated using Shirley background subtraction. For relatively thinner films, XPS energy scale was 

calibrated using Cu (2p 3/2) and Si (2p) at 932.7 eV and 99.3 eV for the EBID and PECVD films 

respectively [22]. For thicker films, where Si peak was not observed, B (1s) peak maximum of 

188.4 was used in case of meta-carborane films based on the peak maximum obtained for thin 

(<100 Å) boron carbide films. For composite films of meta-carborane and benzene C (1s) peak 

maximum of 284.2 eV obtained for the pure PECVD benzene film was used for charge 

correction. Thicknesses of the films were calculated based on the attenuation of Cu or Si 

substrates using equation 1 in case of thinner films.  

d = - ln(I/I0)* λ        (Eq. 1) 

Where d is the film thickness (Å), I and I0 are the measured XPS intensity of substrates 

after and before film deposition respectively, λ is the calculated inelastic mean free paths [23] ( 

λ  Cu 2p = 14.8 Å ; λ  Si 2p = 32.2 Å) of substrate photoelectron through a boron carbide (BC) or BC: 

Benzene overlayer. For thicker films, thicknesses were determined based on the deposition rate 

obtained for thin films at various smaller intervals. Atomic ratios were calculated using the area 

under the peaks corrected for atomic sensitivity factors (ASFs) for different elements. UPS 

spectra were acquired using a differentially pumped He I source (21.2 eV) with a constant pass 

energy of 2.95 eV. For thicker films (>200 Å), excess charging was observed in UPS. To 
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overcome the charging offset UPS spectra of thinner films are used for the determination of 

VBM relative to the Fermi level.  

4.3 Results 

B (1s) and C (1s) spectra are compared in Figure 4.1 for condensed meta-carborane and 

EBID films. Corresponding spectra for PECVD and sputtered B4C films are compared in Figure 

4.2. The relative B, C and O stoichiometries of the various films, derived from XPS spectra, are 

shown in Table 4.1. The core level spectra for the condensed meta-carborane precursor were 

acquired at ~200 K, and the B(1) and C(1s) peak maxima have been aligned in Figure 4.1a,b with 

those of the EBID film, acquired at room temperature, in order to account for temperature-

dependent charging [24]. The spectra have also been normalized to the same B (1s) and C (1s) 

peak intensities to facilitate comparison of peak shapes. This comparison demonstrates that the 

energy difference between the B (1s) and C (1s) peak maxima, ~ 96.5 eV, is the same for both 

the condensed molecular solid and the EBID film. The B (1s) spectrum for the EBID film (Figure 

4.1a) is significantly broader than that of the precursor, with a peak maximum of 189.2 eV. The 

corresponding C (1s) spectrum (Figure 4.1b) exhibits a peak maximum near 286 eV, but with 

significant C (1s) intensity at lower binding energies. As with films derived from ortho-carborane 

[24], a broadening of B (1s) intensity towards lower binding energy, observed for the EBID film 

(Figure 4.1a) is consistent with the formation of B-B bonding at the expense of B-H bonding 

[25]. The C (1s) spectra of both films (Figure 4.1b) are consistent with the inclusion of significant 

amounts of extra-icosahedral (“adventitious”) carbon, although the relative amount is greater 
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for the EBID film. Such extra-icosahedral C (1s) intensity is commonly observed for boron 

carbide films deposited by a variety of methods [26]. 

Figure 4.1 (a) B (1s) and (b) C (1s)XPS spectra of ~ 85 Å thick EBID meta-carborane film on clean 
Cu (open black circles)  and ~ 22 Å thick condensed meta-carborane film at 200 K on clean Cu 
(solid grey trace) Note: condensed meta-carborane peak was aligned to R.T Ebeam meta-
carborane peak to account for temperature dependent charging. 

Comparison of the core level spectra for the PECVD meta-carborane film and the B4C 

sputter deposited films indicates that both type of films exhibit similar chemical bonding. 

B4Cfilm contains higher concentration of interstitial C atoms compared to that of PECVD film. 

These results suggest that PECVD of meta-carborane facilitate the formation of interstitial C 

atoms by the hydrocarbon present in the chamber or by the rearrangement of carbons in the 

icosahedra during the PECVD process. 

Figure 4.2 (a) B (1s) and (b) C (1s) XPS spectra of ~2340 Å thick PECVD meta-carborane film on 
clean Si (solid black trace) and ~ 1152 Å thick B4C sputter deposited film on clean Si(solid red 
trace). 
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4.4 Discussion 

B(1s) XPS spectra in Figure 4.2 (a) show evidence that B4C and PECVD films exhibit 

binding energy maxima near 188.4 eV,  similar to results of previous studies [18]. In contrast 

ebeam cross-linked films exhibit a slightly higher B (1s) B.E near 189.2 eV. The difference in B 

(1s) B.E between PECVD and EBID films indicates that PECVD films contains extra icosahedral B 

atoms and most likely lower H content , was observed for the ortho-carborane derived films. In 

EBID film, B in the icosahedra was directly bonded to B in other icosahedrons [15-17] as 

indicated by the similar peak shapes of condensed meta-carborane and EBID films. (Figure 4.1) 

These results clearly show that deposition methods play a critical role on the chemical bonding 

of resulting boron carbide films. PECVD and B4C films exhibit very low O content as seen from 

the O/B atomic ratios shown in Table 4.1. Previous studies show that the different O content in 

boron carbide films results in different properties [18, 27]. 

From Figure 4.1 (b), C (1s) XPS spectra of PECVD and B4C sputter deposited films both 

exhibit lower B.E peak near 282.8 eV corresponding to the interstitial carbon [27]. B4C films 

contain more interstitial carbon than PECVD films. These results together with the absence of 

interstitial carbon in the EBID films indicate that during PECVD process of meta-carborane 

interstitial C atoms were formed. C(1s) spectra of EBID films need to be interpreted cautiously 

as there is adventitious carbon and some C-O feature originating from the co-condensation 

water along with the meta-carborane precursor as seen from the lower B/C and higher O/B 

atomic ratios compared to the PECVD and B4C  films (Table 4.1). C (1s) B.E of EBID films shows 

that there is no interstitial C and this again indicates that the icosahedral structure is preserved 
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during ebeam bombardment. 

Table 4.1 XPS-derived atomic ratios for boron carbide films. 

Figure 4.3 UPS spectra of (i) ~39 Å thick PECVD meta-carborane film on clean Si (black trace) (ii) 
~ 85 Å thick EBID meta-carborane film on clean Cu (red trace) and (iii) ~ 22 Å thick condensed 
meta-carborane film at 200 K on clean Cu( blue trace).  

As shown in Figure 4.3, the condensed meta-carborane exhibit two distinct peaks near 

6.4 eV and 8.6 eV which in good agreement with the previous results [19]. The valence band 

maximum (VBM) of condensed meta-carborane was near 4.8 eV. Electron beam bombardment 

of condensed meta-carborane results in the broadening of peaks and the VBM was shifted to 
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2.6 eV (Table 4.2) due to the formation of n-type semiconducting film with lower band gap. In 

contrast PECVD meta-carborane films exhibit VBM near 1.7 eV (Table 4.2) which is about 0.9 eV 

lower than that of EBID films. These different VBMs together with the different B (1s) and C (1s) 

B.Es are attributed to the different electronic and chemical structure of these films. 

Figure 4.4 (a) B (1s) and (b) C (1s)XPS spectra of 30 min PECVD ortho-carborane and benzene 
film (1:1.4)on clean Si (solid black trace) and 60 min PECVD meta-carborane and benzene film  
(1:1.25) on clean Si( red open circles) 

Composite films of meta-carborane or ortho-carborane with benzene were prepared by 

PECVD. From the XPS derived B/C atomic ratios it is determined that the meta-carborane: 

bezene ratio is 1: 1.25 and ortho-carborane: bezene ratio is 1: 1.4.  In Figure 4.4, B(1s) and C(1s) 

XPS spectra of ortho-carborane: benzene and meta-carborane: benzene films were compared. 

Both the films exhibit B(1s) B.E near 188.9 e.V which indicates that B atoms in meta-carborane 

and ortho-carborane were bonded to the C atoms in the bezene ring. C(1s) spectra of both the 

films exhibit B.E near 284 eV which corresponds to C bonded to B. 
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Figure 4.5 UPS spectra of (i) 40 s PECVD ortho-carborane and benzene film on clean Si (black 
trace) (ii) 30 s PECVD meta-carborane and benzene film (red trace) 

From UPS spectra as shown in Figure 4.5 , both composite films exhibit benzene states 

near 3.5 eV. The VBM of m-carborane: benzene film is slightly lower VBM than that of o-

carborane: benzene film. This is due to the inherent difference in the  electronic structure of 

meta-carborane and ortho-carborane as evidenced by the different VBMs observed for 

carboranes. The VBMs of variuous ortho-carborane and meta-carborane based films are shown 

in Table 4.2. The data presented here suggest that incorporation aromatic units in the boron 

carbide films results in the lower valence band maximum, this in turn will result in the better 

electron hole separation life time in these novel materials. 
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Table 4.2 Summary of valence band maximums (VBM). 

4.5 Conclusions 

Comparison of PECVD meta-carborane films with EBID meta-carborane films indicates 

that both methods result in the boron carbide films with different chemical and electronic 

structure. PECVD films exhibit extra icosahedral boron and interstial carbon features whereas 

EBID films exhibit direct B-B bonding. VBM of PECVD films are slightly lower than that of EBID 

films indicates that these two films exhibit different electronic structure. Composite films 

prepared by PECVD of benzene with meta-carborane or ortho-carborane exhibit similar 

chemical bonding but different VBM, hence different electronic structure. Inclusion of aromatic 

compounds will allow us to tune the transport properties of these novel materials by altering 
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the valence band maximum relative to the Fermi level. The achievement of enhanced electron 

hole separation lifetime will allow us to use these novel materials in various device applications. 
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CHAPTER 5 

NOVEL SEMICONDUCTING BORON CARBIDE/PYRIDINE POLYMERS FOR NEUTRON DETECTION 

AT ZERO BIAS3 

5.1 Introduction 

Boron-containing materials investigated for solid state neutron detection [1] include 

semiconducting boron carbide [1-12], boron nitride [13-17], boron phosphide [18-24], Mg2B14

[25] and lithium borates [26-32]. These materials can be enriched with 10B up to 97.3% [31], 

well above the natural abundances (10B - 19%), thereby increasing thermal neutron capture 

[1, 26, 31]. What makes the boron-rich icosahedral based boron carbide [33], boron nitride 

and boron phosphide [34-35] materials advantageous is their ability to heal radiation 

damage, important because 10B neutron capture leads to the loss of boron and creation of 

daughter fragments with significant kinetic energy [1,10]: 

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

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

This robust character of the icosahedral boron-rich semiconductors towards radiation 

means that the neutron voltaic properties of boron carbides [2, 8, 10, 36] could conceivably 

be used in the stewardship of fissile and other neutron producing materials through 

integration with a low power radio frequency identification (RFID) tag circuit. 

3 This chapter is presented in its entirety from Echeverría, E.; James, R.; Chiluwal, U.; Pasquale, F.; Colón 
Santana, J.; Gapfizi, R.; Tae, J.-D.; Driver, M. S.; Enders, A.; Kelber, J.; Dowben, P. A. “Novel semiconducting boron 
carbide/pyridine polymers for neutron detection at zero bias” Appl. Phys. A 2015, 118, 113 with permission from 
Springer. Some additional data has been added for better understanding of the PECVD deposition. 
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The disadvantages of these boron rich icosahedral materials, at least those that are 

generally found to be semiconducting, are high defect concentrations and low carrier 

mobilities. Recent work investigating novel boron carbides incorporating aromatic species 

[37-39] suggests improved electron - hole separation in such materials, leading to better 

count rates at low or zero bias, so that better detection is obtained in the low neutron flux 

regime. While benzene, pyridine (C5H5N), pyrazine (C4H4N2), pyridazine (C4H4N2), or 

pyrimidine (C4H4N2) additions to boron carbide would lower the overall boron density in the 

semiconductor, there are associated aromatic functional groups that are iso-electronic, but 

richer in boron and nitrogen. Thus if benzene and pyridine aromatic linking groups are shown 

to improve the device properties of otherwise icosahedral boron carbides, then there would 

be a motivation to investigate the family of aromatic compounds that stretch between 

borazine (B3N3H6) and benzene, with and without amino and amido substitutions. The 

addition of nitrogen may enhance capture cross-sections for non-thermal neutrons [40-45], 

without leading to an increase in cross-sections to hard X-ray or gamma radiation being a 

similarly low Z element. To initiate the discussion of whether unconventional boron carbides 

bonded to N-containing aromatic moieties might enhance detection of thermal and non-

thermal neutrons, we provide some preliminary insights into the device characteristics of 

heterojunctions of silicon with films incorporating closo-carboranes and pyridine, as 

suggested by [37,38]. 

5.2 Experimental Methods 

The films were fabricated and characterized at the University of North Texas. Electrical 
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measurements and neutron detection experiments were performed at the University of 

Nebraska- Lincoln. For the heterojunction diodes studied in this work, boron carbide films 

were formed as described in prior work [46] via plasma enhanced chemical vapor deposition 

(PECVD) on clean n-type Si in an ultrahigh vacuum chamber. Three types of boron carbides 

made into heterojunction diodes with silicon for this study are (i) pure boron carbide films 

fabricated by PECVD of closo-1,2-dicarbadodecaborane (ortho-carborane; 1,2-B10C2H12), (ii) 

boron carbide films with a pyridine concentration roughly proportional to the icosahedral 

carborane moieties fabricated by PECVD of ortho-carborane and pyridine, (iii) boron carbide 

films with a relatively high pyridine concentration of ten times the pyridine (Py) concentration 

relative to the icosahedral carborane (BC) moieties again fabricated by PECVD of ortho-

carborane and pyridine. Low and high concentration pyridine-containing boron carbide films 

were grown by varying the concentration of pyridine using manual leak valve during 

deposition. In-situ X-ray and ultraviolet photoelectron spectroscopy (XPS, UPS) were acquired 

periodically during the deposition process.  For the pyridine-containing boron carbide films, 

somewhat different elemental compositions were obtained at various stages of the 

deposition due to imprecise control of the ortho-carborane and pyridine concentrations as 

shown in Figure 5.1. This is the consequence of not using mass flow controllers (MFCs) during 

the deposition process. Manual leak valves were used to control the concentration of 

precursors by monitoring the pressure in the chamber using the ion gauge. Ortho-carborane 

concentration varied throughout the time of the deposition due to its low vapor pressure. 
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Figure 5.1 Plot of deposition time vs XPS derived N/B atomic ratios for (i) Pyridine rich boron 
carbide film (BC-Py (rich)) and (ii) boron carbide film with relatively low pyridine content (BC-Py). 

To characterize the pyridine derived boron carbide films the average composition was 

determined based on the atomic ratios derived from core level X-ray photoemission (XPS). 

The average atomic ratios for pure boron carbide film, boron carbide: pyridine composite film 

with relatively low pyridine and composite film relatively high pyridine content are shown in 

table 5.1. The pure boron carbide films exhibited a slightly lower B/C atomic ratio than the 

nominal value five for ortho-carborane precursor. This is due to the incorporation of 

adventitious hydrocarbon units from the pump oil during the PECVD deposition process. 

Similar increase in carbon concentration was also observed for the composite films. Another 

important thing to note in table 5.1 is very low O content in all the three films. The lower 

oxygen content reduces the leakage current under reverse bias. This increases the signal to 

noise ratio during the neutron detection studies. And also the higher oxygen content of the 

boron carbide films form schottky barrier upon contact metal deposition.  
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Table 5.1 XPS-derived atomic ratios for boron carbide (BC) films and pyridine incorporated 
boron carbide (BC-Py) films. 

The XPS spectra were acquired with a 140 mm mean radius hemispherical electron 

analyzer, using the Al Kα radiation at 1486.6 eV, and a constant analyzer pass energy of 23.5 

eV [37-39]. The film thicknesses were estimated based on extrapolation of the deposition rate 

obtained at smaller intervals and for thinner films, obtained from XPS using the attenuation of 

the Si (2p) feature [47,48]. The estimated film thicknesses for pure boron carbide, low (~3:1) 

pyridine/carborane ratio and high (~10:1) pyridine/carborane ratio are ~1650 Å, ~3500 Å and~ 

7200 Å respectively. The increase in film thickness is a partial compensation for the decrease 

in the boron density as the pyridine moieties increase in concentration. Core level XPS B(1s), 

C(1s), N(1s) and O(1s) spectra for pyridine/carborane ratio of ~ 10:1 is shown in Figure 5.2.  

The B (1s) spectrum shows the shifting of peak maximum to the binding energy of 190.2 eV for 

the composite film from 188.4 eV observed for pure boron carbide film . This indicates that B 

atoms in the icosahedral ortho-carborane is bonded to more electronegative N atoms in the 

aromatic pyridine unit. Analysis of C (1s) spectra in Figure 5.2b indicates that the incorporation 

of pyridine in the boron carbide films prevents the formation of interstitial carbon atoms with 

the binding energy of 282.8 eV. These results show that the pyridine moieties acts as linking 

units as suggested by the electron beam induced deposition studies. Multiple environments 
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present in the N (1s) spectra suggests the involvement of N in the bond formation. In the case 

ebeam derived copolymers of ortho-carborane and pyridine there was no change in the N(1s) 

spectra’s FWHM before and after ebeam bombardment. This suggests that N in pyridine 

during ebeam did not involve in bonding. O (1s) spectrum of the pyridine /carborane 

composite film shows negligible O content in the film which is important for reducing noise 

during the neutron detection experiments. 

Figure 5.2 Core level XPS spectra of (a) B (1s) b) C (1s) c) N (1s) and (d) O (1s) for BC-Py (rich) film 

UPS spectra were acquired with a constant pass energy of 2.95 eV using the He I α line 

at 21.2 eV. UPS spectra acquired from thicker films were subject to charging due to the 

dielectric character of the boron carbides. Spectra for boron carbide films with zero, low and 
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high relative concentrations of pyridine are compared (Figure 5.3) by setting the carborane-

derived peak maxima at 7 eV, consistent with previously reported work [49-51]. 

Current-voltage (I-V) measurements were carried out after evaporation of Ti-Au 

electrodes, of area 2 mm2, on each side of Si/PECVD-BC and Si/PECVD-BC-Py structures. The 

neutron irradiation and detection experiments used a Thermo Scientific MP 320 neutron 

generator. All diodes were placed on a grounded electrostatic shield, and connected to a 

charge- to- voltage preamplifier (CANBERRA Model 2004), which is simultaneously connected 

to a pulse counter (Canberra, Digital signal processor 9600). 

5.3 Changing Band Offsets with Pyridine Inclusion 

Figure 5.3 Comparison of the UPS spectra of the valence bands of (i) pure PECVD o-carborane 
film (black line), (ii) o-carborane and pyridine PECVD film with N/B atomic ratio of 0.73 
(pyridine/carborane ratio of ~ 1:7; red line), and (iii) o-carborane and pyridine PECVD film with 
N/B atomic ratio of 2.27 (pyridine/carborane ratio of ~ 1:22; blue line). Black arrows/number 
mark the positions/energies of the various valence band maxima below the Fermi level (EF=0). 
All films are on clean Si. Peak maxima are set at 7 eV. 

The valence band maximum (VBM) of the (BC:Py) composite films (Figure 5.3) shifts to 

a lower binding energy with increasing pyridine concentrations, reflecting the fact that the 
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extra density of states at lower binding energies is due to the states exclusively present in the 

pyridine [37,38]. These results indicate that the incorporation of aromatic pyridine in the 

boron carbide film results in the decrease of energy of valence band maximum relative to the 

Fermi level compared to the boron carbide samples without pyridine [37, 38]. Pure boron 

carbide films exhibit a VBM of 1.8 eV while the relatively low pyridine-containing boron 

carbide films with an N/B atomic ratio of 0.73 eV exhibit a lower valence band maximum at 1.2 

eV. Incorporation of larger amounts of pyridine groups in the boron carbide film matrix results 

in further reduction in the valence band maximum to ~0.6 eV, as shown in Figure 5.3 for the 

film with N/B atomic ratio of 2.27 or a pyridine-to-carborane ratio of roughly 22:1. All the 

three films used in this study are p-type. The increasingly p-type behavior suggested by the 

decreasing binding energy of the VBM in the photoemission spectra (Figure 5.3) is consistent 

with the heterostructure diode behavior when deposited on n-type Si. As suggested by 

previous studies [39, 52], incorporation of aromatic compounds in boron carbide may result in 

the better electron-hole separation life- times in which the pyridine, while the overall matric is 

p-type regardless. The aromatic compounds like pyridine add states near the valence band 

maximum which then acts as an electron donor and icosahedral boron carbide, with states 

near the conduction band minimum, acts an electron acceptors [38] to the excited state, 

aiding the electron-hole separation. The pyridine moieties may act as multidentate ligands 

that could and are expected to confer ligand charge transfer. This characteristic of 

polypyridine multidentate ligands is known to lead to enhanced luminescence emission and 

electron – hole lifetimes [53]. 
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5.4 Device Heterostructures 

Heterojunction diodes were formed by the PECVD of icosahedral closo-1,2- 

dicarbadodecaborane (ortho-carborane; 1,2-B10C2H12) in the presence of the aromatic 

compound pyridine (Py) on n-type Si. The I-V measurements of the various PECVD boron 

carbide films (Figure 5.4a) and with pyridine (BC:Py) (Figure 5.4b,c) all show the expected 

rectification of prior similar devices [1-10]. The inclusion of pyridine with the icosahedral 

building blocks of boron carbide film does not seem to significantly alter or increase the 

normalized reverse bias leakage current (Figure 5.5); if anything, the boron carbide formed 

with high concentration of pyridine may provide marginally better rectification.

Figure 5.4 The I-V curves of (a) B10C2HX, (b) B10C2HX:Py ratio approximately (1:3), and (c) 
B10C2HX:Py ratio approximately 1:10 on 30 Ohm.cm n-type silicon. 
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Figure 5.5 The reverse bias current normalized to the 3V forward bias current showing little 
significant change with pyridine addition. B10C2HX, denoted (); B10C2HX:Py ratio 
approximately (1:3) denoted (x x x ), and B10C2HX:Py ratio approximately 1:10 denoted (+ ++ +). 
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Figure 5.6 Experimental neutron pulse height spectra of (a) B10C2HX (b) B10C2HX:Py ratio 
approximately 1:10 both obtained at 0 Bias. () represent data taken with a Cd foil 
cover and (+++++) data with no Cd cover. 

These devices exhibit neutron capture-generated pulses obtained from these 

heterojunction diodes at zero applied bias, as seen in Figure 5.6. The background counts 

detected were estimated with the heterojunction structures shielded using cadmium, 

although neutron capture by cadmium will generate gamma production and could increase 

the gamma fluence and could thus result in an increased photoemission background signal 

[54]. The results in Figure 5.6 therefore indicate that these films are substantially blind to 

gamma radiation, consistent with prior work [8-10]. 

This zero bias detection of neutron capture-generated pulses, in and of itself, is not 

new and has been observed in prior work [2, 9, 10]. The pulse height spectra for boron 

carbide with a heavy inclusion of pyridine BC:Py (average N/B atomic ratio of 1.17) does show 
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the signature improved electron hole separation, as might be inferred from the greater 

separation of the neutron generated signal from the smaller pulses in the pulse height 

spectrum of Figure 5.6b, and thus is not simply the result of poor charge collection as might 

occur in very thin films of the boron-containing semiconductor even at very high reverse bias 

[14]. Such separation is typically seen with a small, but non-zero, reverse bias, as reported in 

[10]. Some improvements in the net pulse collection was observed with high pyridine 

containing boron carbide film. Overall, the results are consistent with the predictions of [37-

39] based on the investigation of the electronic structure of boron carbide films were formed

via electron-induced cross-linking of icosahedral closo-1,2-dicarbadodecaborane in the 

presence of the aromatic compound pyridine (Py). Assuming about band gap of 0.7 to 0.9 eV, 

typical of PECVD boron carbides [55], we can estimate that neutron capture results in some 

105 charges with the realization that complete charge collection is hugely unlikely, 

particularly at small bias voltages. The pulse widths are about 1 µsec or less, yielding 4 to 16 

nA, or in general about 10 times the leakage current. In the pulse height spectra of Figure 5.6, 

the additional feature is in fact about 10 times the pulse size of the main dark current 

feature, consistent with this estimate. 

Corresponding to this pulse width, i.e. at a frequency of 1 MHz, the capacitance 

follows the expected 1/C2 relationship for a wide range of reverse bias dc voltages, deviating 

only within 1 V of zero bias. The dark current capacitance is greater than some 1.8x10-10 F at 

zero bias, for boron carbide device structures similar to those reported here, with 

capacitance increasing with decreasing frequency, as expected. The built in voltage extracted 

from these measurements is about 1 V, consistent with the neutron voltaic characteristics for 

the devices reported here. 
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Of course most of the pulses seen with neutron irradiation occur at the lowest 

channel numbers, suggesting that even partial charge collection of a significant number 

neutron capture generated charges, at zero bias, is infrequent so that most neutron capture 

events may lead to collection of 104 charges or less (1% or less of the electron hole pairs 

generated). What is needed here, for better devices, are improvements in the leakage 

current and more efficient charge collection, but these results here do indicate that such 

improvements may indeed be possible. The former would be addressed by better choices of 

contacts, and better contact engineering, the latter by further modifications and optimization 

of the boron carbides. 

It should be noted that the data was taken effectively by pulse counting so that even 

significant leakage currents, if steady state and more or less structure less (i.e. devoid of 

pulses), would not significantly contribute to the pulse height spectra, and thus be negated. It 

is this steady state current that contributes some 106 counts or more at low channel numbers 

and low pulse heights. These smaller pulses increase in number with neutron irradiation, but 

cannot a- priori be assigned to a neutron capture event. This makes estimates of the neutron 

capture efficiency from these devices problematic – such estimates would require large bias 

voltages, a calibrated neutron source and multiple detection areas, all with minimal leakage 

current, and this is well beyond the scope of the current work. 

5.5 Conclusions 

Boron carbide films formed with pyridine linking groups leads to improved charge 

collection after neutron capture while remaining insensitive to gamma radiation. This 

demonstrates that boron carbide neutron detection can be improved by the incorporation of 
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pyridine or similar groups that enhance electron-hole separation and, possibly, better carrier 

mobilities and total charge collection. The data presented here suggest that further 

improvements in neutron detection efficiency to non-thermal neutrons, by even small 

increases in the fast neutron absorption cross [44, 45] may be possible. One approach, as 

suggested by the result here, would be through modification of a semiconducting boron 

carbide with the incorporation of groups chosen from the family of aromatic compounds that 

stretches from borazine (B3N3H6) to benzene, including more amino, amido and borane 

(boron and nitrogen moieties) substitutions on the aromatic functionality, so that the overall 

boron and nitrogen content per unit volume is enhanced. The extended electron- hole 

lifetimes characteristic of polypyridines and polypyridine multidentate ligands may not 

extend to all possible aromatic linking groups, but will certainly be apparent in a number of 

such more boron-rich alternatives. This present work points the way to a whole family of 

future studies that may ultimately lead to boron carbides better suited to low power and low 

flux neutron detection. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Summary of Findings 

The research presented in this dissertation is focused on the development of novel 

composite materials/copolymers derived from carborane and aromatic compounds like 

benzene, pyridine and 1, 4 – diaminobenzene. Electron beam induced deposition (EBID) 

referred as ‘ebeam deposition’ is good for depositing the copolymers of carborane and 

aromatic units with a ratio of approximately 1:1. Briefly, ebeam depositions were performed 

in a UHV system by subsequent co-condensation of carborane and aromatic precursors on 

clean Si substrate at ~ 200 K followed by bombardment with 200 eV electrons. The electron 

beam induces the cross-linking process to form the semiconducting copolymer films.  XPS and 

UPS performed before and after ebeam enabled us to understand change in the chemical and 

electronic structure respectively. Chemical bonding in the ebeam derived films can be easily 

understood because the cross-linking was performed in a controlled and systematic manner. 

The knowledge of chemical bonding obtained from ebeam films were used to study the 

complex bonding environments in the PECVD films. Furthermore, ebeam films deposited on 

Si are limited to a maximum thickness of 150 Å due to relatively shorter mean free path of 

200 eV electrons employed and the secondary electrons produced from the substrate to 

induce cross-linking. These ultra-thin ebeam films were evaluated as Cu diffusion barriers in 

microelectronics applications (Chapter 2). These films are resistant to thermally induced 

diffusion up to 900 K annealing in UHV. Ebeam films are limited to applications in 

microelectronics due to its lower thicknesses. 
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Copolymers of ortho-carborane and 1,4-diaminobenzene (DAB) were deposited by 

electron beam (Chapter 2). XPS indicated that DAB units acts as a linking units between the 

icosahedra ortho-carborane units through B-Cring- Cring-B bonding. N in the diaminobenzene 

was not involved in the cross-linking process inferred from the lack of change in the N (1s) 

XPS spectra upon electron bombardment [1]. UPS indicates that the states near the top of 

valence band maximum are primarily derived from DAB units, suggesting that the conduction 

band minimum states are associated with the ortho-carborane units. Thus the excitation of 

electron across the band gap results in a hole in the DAB unit and an electron in the 

carborane unit as schematically shown in Figure 6.1 [2]. 

Due to the charge separation of about few angstrom, there is a dipole moment exits 

between the carborane and DAB units. This electrostatic interaction creates a barrier for 

charges (electrons and holes) to be transported to the electrodes. Current- Voltage (I-V) 

measurements on the ebeam ortho-carborane / DAB copolymer films showed a plateau of 

Figure 6.1 Experimentally supported model of ortho-carborane and 1,4- Diaminobenzene 
copolymer and  the schematic showing the resistance towards carrier hopping influenced by 
the dipole moment.  
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zero current region, which indicates an enhanced electron-hole separation [2, 3]. Materials 

with longer electron-hole separation lifetime along the smaller band gap were expected to 

exhibit higher neutron-sensitivity. Based on this idea, novel carborane based materials with 

aromatic compounds like benzene, pyridine, pyrimidine and aniline were fabricated using 

PECVD. 

For applications including neutron detection and photo-catalysis thicker films on the 

order of several thousand angstroms are needed. PECVD is an excellent method to deposit 

thicker films with high repeatability. All PECVD depositions were performed using an 

inductively coupled plasma with the substrate held at room temperature , with the applied RF 

power of 20 W and the process pressure of 20 mTorr ( Chapter 3). The films deposited by this 

method typically exhibit a very low O content of less than one atomic percentage [4]. Higher O 

contamination in the boron carbide films were known to increase the leakage current in the 

reverse bias and for the formation of Schottky barrier [5].  Low leakage current is desired for 

neutron detection to increase the signal to noise ratio. Ohmic contact is needed rather than 

Schottky barrier for efficient charge collection after electron-hole pairs generation due to 

neutron capture.  

Novel composite materials of ortho-carborane and pyridine with a ratio of ~ 1:3 and 1: 

10 were deposited on n-type Si to form a heterostructure diode. Current-Voltage (I-V) 

measurements showed a very little leakage current for the composite films compared to pure 

ortho-carborane derived films [6]. Enhanced neutron detection was observed for (1: 10) 

ortho-carborane/ Pyridine composite films in terms of counts and overall charge collection 

compared to pure ortho-carborane derived films.  The enhanced charge collection is 
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illustrated in the schematic diagram (Figure 6.2). 

Now we know that pyridine incorporation in the boron carbide film results in the 

enhanced charge collection efficiency.  There are many possible reasons which can be 

attributed to this enhanced charge collection. It is important for us to understand the factors 

affecting the charge collection for applications including photo-voltaics, photo-catalysis and 

neutron detection.  The possible reasons and the proposed tests are summarized in Table 6.1. 

Figure 6.2 Schematic diagram for the enhanced charge collection observed in the PECVD 1:10 
ortho-carborane/ pyridine derived composite film. (Courtesy: Dr. Sky Driver) 
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Table 6.1 Proposed tests for the possible factors influencing the charge collection efficiency. 

6.2 Preliminary Results and Future Directions 

The structures of the precursors discussed in this section are shown in Figure 6.3. It was 

suggested that the N containing boron carbide/aromatic composite film contributes to the 

enhanced neutron detection by the interaction N14 with non-thermal neutron through the 14N 

(n, p) 14C reaction.  In order to increase the N content in the film, aromatic compounds with two 

N atoms in the ring (e.g., Pyrimidine, Pyrazine and Pyridazine) were proposed.  Preliminary 

results were obtained by the PECVD deposition of pyrimidine (C4H4N2) and ortho-carborane 

using XPS and FTIR.  While the presence of pyrimidine doubled the N content in the film 

compared to the pyridine film, XPS and FTIR indicates that pyrimidine ring was broken during 

the PECVD deposition.  Different plasma conditions like lower power, higher flow rate and a 

wide range of process pressure were used to retain the aromatic ring in the pyrimidine 

containing films. All the conditions failed to maintain the aromatic ring in the film. Neutron 

detection experiments comparing the pyridine/ortho-carborane and pyrimidine/ortho-

Possible Reasons Proposed Test 

Retention of intact aromatic units 

(Aniline > Pyridine >> Pyrimidine 
(0%)) 

XPS, FTIR followed by Neutron 
detection. 

N neutron capture  

(Using pyrimidine, Amino-pyridine 
etc.) 

Neutron Depth Profiling, non-
thermal neutron detection 

Longer electron-hole separation 
and mobility 

Photo luminescence and 
conductivity measurements respectively. 
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carborane composite materials are in progress.  The results from these experiments will allow 

us to determine the effects of intact aromatic ring in the improved charge transport and the 

enhanced sensitivity of N atoms to non-thermal neutrons.  

Figure 6. 3Structure of the precursors discussed in section 6.2. 

Determination of N content in the films using neutron depth profiling (NDP) are in 

progress. The sensitivity of N containing films to non-thermal neutrons will also be performed. 

The feedback obtained from the thermal and non-thermal neutron detection results will enable 

us to deposit films with the desired chemical and electronic structure.  Due to the complex 

nature of the plasma deposition process it is difficult to determine the chemical structure from 

XPS and FTIR alone. The correlation between the XPS binding energy and the proposed 

structural model will be determined using DFT based Mulliken –charge analysis [7, 8].  
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In pyridine containing films the aromatic ring was intact whereas pyrimidine films did 

not show any evidence of intact pyrimidine ring. Analysis of resonance stabilization energy of 

pyridine and pyrimidine reveals that higher the resonance stabilization energy higher the 

stability of the precursors in the plasma. The resonance energy of pyridine and pyrimidine are 

31 Kcal/mol and 26 Kcal/mol respectively [9]. This is the reason that most of the pyridine rings 

are intact in the plasma conditions. One of the proposed possible reasons for the enhanced 

charge collection is due to the intact aromatic ring. To retain a larger percentage intact 

aromatic ring in the PECVD film, the precursor aniline, with the resonance energy of 55 

Kcal/mol was used. Preliminary results indicate in fact aniline retains a higher percentage of 

aromatic units in the deposited films. While aniline helped to keep the aromatic units intact in 

the film, the N content is low.  We propose a novel precursor 4-amino pyridine shown in Figure 

6.3, to keep the aromatic ring intact while also increase the N content in the films for non-

thermal neutron sensitivity.  
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