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Abstract 

Boron-containing materials exhibit a unique combination of ceramic and metallic 

properties that are sensitively dependent on their given chemical bonding and elemental 

compositions. However, determining the composition, let alone bonding, with sufficient accuracy 

is cumbersome with respect to boron, being a light element that bonds in various coordination. 

Here, we report on the comprehensive compositional analysis of transition-metal diboride (TMBx) 

thin films (TM = Ti, Zr, and Hf) by energy-dispersive X-ray spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS), time-of-flight elastic recoil detection analysis (ToF-ERDA), 

Rutherford backscattering spectrometry (RBS), and nuclear reaction analysis (NRA). The films 

are grown on Si and C substrates by dc magnetron sputtering (DCMS) from stoichiometric TMB2 

targets and have hexagonal AlB2-type columnar structures. EDX considerably overestimates 

B/TM ratios, x, compared to the other techniques, particularly for ZrBx. The B concentrations 

obtained by XPS strongly depend on the energy of Ar+ ions used for removing surface oxides and 

 
* Corresponding author. 
  Email address: babak.bakhit@liu.se (B. Bakhit) 

mailto:babak.bakhit@liu.se


2 
 

contaminants prior to analyses and are more reliable for 0.5 keV Ar+. ToF-ERDA, RBS, and NRA 

yield consistent compositions in TiBx. They also prove TiBx and ZrBx films to be homogeneous, 

with comparable B/TM ratios for each film. However, ToF-ERDA, employing a 36-MeV 127I8+ 

beam, exhibits challenges in depth resolution and quantification of HfBx due to plural and multiple 

scattering and associated energy loss straggling effects. Compared to ToF-ERDA, RBS (for the 

film grown on C substrates) and NRA provide more reliable B/Hf ratios. Overall, a combination 

of methods is recommended for accurately pinpointing the compositions of borides that contain 

heavy transition metals. 

 

Keywords: Borides, Compositional analysis, Energy-dispersive X-ray spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS), Ion beam analysis (IBA) 

 

I. INTRODUCTION 

Boron-containing materials are subject of increasing attention in a broad range of 

applications. Boron, B, is the lightest non-metal element with an electron in a p-orbital in its ground 

state. Unlike most p-elements, B hardly follows the octet rule and places six electrons into its 

valence shell, referred to as electron deficiency. This peculiarity has a significant influence on its 

chemistry, providing a high tendency to form covalent bonding.1 In nature, B has two stable 

isotopes; 10B (20%) and 11B (80%). The 10B isotope has a large neutron absorption cross section 

and is used as a neutron absorber in nuclear power plants.2, 3 This isotope is also utilized in boron 

neutron capture therapy for cancer treatment.4-6 The 11B isotope is, however, stable to neutron 

irradiation and can reduce nuclear heating, which makes it a good candidate for Mg11B2 

superconductors7 and engineering the interfaces of multilayer supermirrors.8, 9 
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B is also an essential element in biology for the growth and maintenance of bones,10 

improving wound healing,11 growing higher plants,12, 13 boosting magnesium absorption,14, 15 

reducing the level of inflammatory biomarkers such as high-sensitivity C-reactive protein and 

tumor necrosis factor,12, 16 raising the level of antioxidant enzymes,17 increasing the brain electrical 

activity, cognitive performance, and short-term memory for elders,18 and influencing on the 

formation and activity of key biomolecules.12, 13, 19 In semiconductors technology, B is used as a 

dopant in silicon ultra-shallow junctions with sub-10 nm size fabricated by ultra-low-energy ion 

implantation.20, 21 The performance of such small devices is determined by the distribution of 

implanted B dopant atoms, their electrical activation and nanostructure.22, 23 In addition, B has 

recently attracted attention for power device fabrication in the silicon carbide technology as it 

improves the channel mobility of metal-oxide-semiconductor field-effect transistors by 

incorporating into interfacial regions.24, 25 

Moreover, there is a class of boron-containing materials formed by mixing B and transition 

metals, referred to as transition-metal diborides (TMB2), which have high melting points, excellent 

hardness, good tribological and corrosion properties, relatively low electrical resistivity, and high 

thermal and chemical stability.26-32 TMB2 typically crystallize in a hexagonal AlB2-type structure 

(P6/mmm, SG-191) where B atoms form graphite-like honeycomb sheets between hexagonal-

close-packed TM layers. The properties of TMB2 mainly originate from their chemical bonding; 

strong covalent bonding between TM and B atoms as well as within the honeycomb B sheets, and 

metallic bonding within TM layers.1 Due to these ceramic and metallic features, TMB2 thin films 

are promising candidates for replacing TM nitrides, which currently have a broad range of 

industrial applications.30-37 

The properties and functionalities of the above exposé of boron-containing materials 

largely depend on their elemental (and impurity) compositions and distribution. Thus, a precise 
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compositional analysis of these materials is essential. However, accurate tracing and quantifying 

B by most conventional analytical techniques is typically challenging. B can be quantified by some 

chemistry-based analytical techniques such as potentiometric titrations,38 spectrophotometric 

methods,39 acid-base titrations in auxiliary reagents (polarimetry),40 ion chromatography with 

suppressed conductivity detection,38 gas chromatography,41 and inductively coupled plasma mass 

spectrometry.42 Nevertheless, these methods are time-consuming, highly prone to interferences, 

and require derivatization, complex analytical procedures, and several dilutions of samples.42 

More popular are the physics-based analytical techniques that are fast and more user 

friendly that can be employed for the quantitative analysis of boron-containing materials. Energy-

dispersive X-ray spectroscopy (EDX) is a quick easy-to-use technique that is widely utilized for 

detecting and quantifying elements with Z > 10, with a detection limit and depth detection of > 0.5 

at. % and ≤ 2 µm, respectively. Despite the recent advances in their detectors enabling more 

accurate light-element detection, EDX still has difficulties with quantifying materials containing 

constituents with Z ≤ 4, particularly in semiconductors technology, due mainly to their low 

characteristic photon energies.43-46 X-ray photoelectron spectroscopy (XPS) allows detecting 

elements with Z > 2, with an ultimate detection limit of ~0.1 at. %. However, XPS is a surface 

sensitive technique, meaning that surface oxides and hydrocarbon contaminants become a serious 

issue. This often requires sputter-etching the surface that apart from removing surface 

contaminants,47-52 it is usually accompanied by various artifacts resulting in uncertain 

compositional analysis.53 

Secondary ion mass spectroscopy (SIMS) is a highly surface-sensitive ion beam analysis 

(IBA) technique that detects all elements with a detection limit of 10-6 at. %, which is ideal for 

characterizing dopants and impurities in semiconductors. Similar to XPS, this technique also relies 

on sputter-etching the surface due to its very low depth detection (< 3 nm). In spite of the advantage 
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of high sensitivity and depth resolution, the quantitative analysis by SIMS is significantly 

complicated due to several problems such as different sputtering rates of constituent atoms, charge 

fractions, ion mixing by primary ions, and existence of surface oxides.54-57 Non-destructive IBA 

techniques such as elastic recoil detection analyses (ERDA), Rutherford backscattering 

spectrometry (RBS), and nuclear reaction analysis (NRA) are powerful standard-free tools for fast 

quantitative analysis and depth-profiling with high accuracy. Table I compares characteristic 

features of these methods with EDX, XPS, and SIMS. These physics-based analytical techniques 

are frequently used in semiconductors and thin films technologies providing reliable quantitative 

information (even from impurities) and depth distributions. IBA can be also combined with ion 

channeling to provide information about the lattice location and electrical activation of dopants, 

which are not possible with SIMS.23  

The motivation for this study is to critically evaluate the analysis conditions of the 

techniques in Table I, except SIMS, and to seek the best practice for elemental-composition 

determination in TMBx. In this context, we first determine the elemental compositions of TMBx 

thin films (TM = Ti, Zr, and Hf) grown by dc magnetron sputtering (DCMS) with EDX and XPS 

as two widely used analytical methods. Then, we compare results with the elemental compositions 

obtained from time-of-flight ERDA (ToF-ERDA), RBS, and NRA. Main challenges encountered 

in employing each technique for quantifying the compositions of the diborides are also discussed 

here. 

 

II. EXPERIMENTAL 

All films are grown in a CC800/9 CemeCon AG sputtering system equipped with 

rectangular 8.8×50 cm2 stoichiometric TMB2 (TM = Ti, Zr, and Hf) targets. The targets are 

produced by sintering (provided by Plansee Composite Materials GmbH) with stoichiometric 
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mixtures of B/TM = 2 and 99.5% purity. Si(001) and C, 1.0×1.0 cm2, substrates are cleaned 

sequentially in acetone and isopropyl alcohol, and then mounted in the deposition chamber facing 

the target. The C substrates comprise glassy carbon with lapped and polished surface (Rd < 50 nm) 

with bulk contaminations < 0.01%. The target-to-substrate distance is 20 cm, and the system base 

pressure is 3.8×10-6 Torr (0.5 mPa). The growth chamber is degassed before deposition by 

applying 8.8 kW to each of two resistive heaters for 2 h. The total Ar (99.999% pure) pressure 

during deposition is 3 mTorr (0.4 Pa), and the film growth is carried out at 475 °C. A thin 

continuous Cr buffer layer is initially deposited on the C substrates. The TMBx films are grown by 

DCMS at a target power of 3 kW and a negative dc substrate bias of 60 V. 

Film thicknesses and cross-sectional morphologies from fracture cross sections are 

obtained by using a Zeiss LEO1550 scanning electron microscope (SEM) with an acceleration 

voltage of 5 kV and working distance of ∼3 mm. Deposition times are adjusted to grow the TMBx 

films with two different thicknesses; a set of thick layers with a thickness of ∼1500 nm, used for 

microstructural evaluation and EDX compositional determination, and a set of thin layers with 

thicknesses of ∼300 nm, used for XPS, ToF-ERDA, RBS, and NRA measurements. θ-2θ x-ray 

diffraction (XRD) scans are carried out using a Philips X´Pert x-ray diffractometer with a Cu Kα 

source (λ = 0.15406 nm) to determine crystal structure and orientation. 

The elemental compositions of TMBx thin films are obtained using EDX, XPS, ToF-

ERDA, RBS, and NRA. An Oxford X-Max EDX silicon drift detector with a maximum-single-

sensor-active area of 80 mm2, which gives high maximum throughput, low-beam-current 

productivity, and low-kV accuracy, coupled to the Zeiss LEO1550 SEM is used for determining 

the compositions. The very high throughput of counts provided by this EDX detector makes it 

possible to reduce quantification errors, increase analytical sensitivity, and drastically improve the 
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statistics of X-ray mapping.64 The EDX instrument is intensity-calibrated using a pure Co standard 

sample, provided by the manufacturer, and pieces of the TMB2 targets. Ten spectra from different 

area on each sample are recorded with an acquisition time of 240 s. Converting characteristic X-

rays’ intensities into elemental compositions in EDX analyses requires corrections on sample’s 

atomic number (Z), absorption (A), and fluorescence excitation (F), referred to as ZAF 

corrections.43 Here, the ZAF corrections are used in the instrument-provided software package for 

quantifications. 

XPS measurements are carried out using a Kratos Axis Ultra DLD instrument employing 

monochromatic Al Kα radiation (hν = 1486.6 eV) after removing surface contaminants by sputter-

etching the TMBx thin films with an Ar+ ion beam. XPS measurements are performed once after 

sputter-etching with a 0.5-keV Ar+ ion beam and once after sputter-etching with a 4.0-keV Ar+ ion 

beam to examine the effect of sputter-etching Ar+ ion energies on the elemental quantifications. 

To employ similar measurement depths and be far from surfaces that have contaminates, the 

sputter-etching times of 3000 s and 300 s are chosen for the 0.5-keV and 4.0-keV Ar+ ion beams, 

respectively. The Ar+ ion beam is rastered over an area of 3×3 mm2, while the acquisition area is 

0.3×0.7 mm2 centered in the middle of the ion-etched crater. XPS analyses are carried out using 

CasaXPS software.65 The compositions are obtained by applying relative sensitivity factors 

(CasaXPS_KratosAxis-F1s) after excluding the spectra background using the Shirley method.66 

ToF-ERDA and RBS are carried out in a 5-MV 15SDH-2 tandem accelerator from National 

Electrostatic Corporation. In ToF-ERDA, recoils are detected in an angle of 45° with respect to 

the primary beam in a telescope measuring time-of-flight (ToF) using a foil-detector and energy 

in a gas ionization chamber (GIC) in coincidence. This approach results in mass resolved data in 

ToF-vs-Energy plots. Recoils were created using a 36-MeV 127I8+ beam incident at 67.5° with 

respect to the sample surface normal. Utilizing a ToF-GIC setup provides a system with a good 
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energy resolution and enhanced ion species separation in terms of mass and energy, in particular 

for heavy species.67 Elemental depth-profiles and average elemental compositions are obtained 

from ToF-ERDA time-energy coincidence spectra using two different software packages, 

CONTES68 and Potku.69 2-MeV 4He+ ions are employed for RBS measurements, and 

backscattered ions are detected at a scattering angle of 170°. Channeling effects in the Si substrates 

and potentially the textured films are minimized by adjusting the equilibrium incidence angle to 

5° with respect to the surface normal and perform multiple-small-random-angular movements 

within a range of 2° during data acquisition. RBS spectra are simulated using SIMNRA 7.0270 for 

determining the elemental compositions. One advantage of employing C substrates is the direct 

accessibility to the B signal, due to the low kinematic factor and scattering cross section of C. 

Thus, the substrate signal is not required for normalizing the particles×solid angle products in the 

RBS analysis of the films, in contrast to substrates comprising elements significantly heavier than 

B, like Si. This permits to perform the analysis independent of the accurate knowledge of electronic 

stopping cross-sections of the films and substrates. 

NRA is carried out in a beam line from the single stage 350 kV Danfysik implanter using 

a H+ ion beam71 and scanning the beam energy in an energy range of 150 to 330 keV. Products 

from the 11B(p,α)8Be nuclear reaction are detected using a large-area detector with a 4-µm 

aluminum foil to avoid detection of backscattered protons. An additional standard detector in the 

chamber with a scattering angle of 167.6° allows simultaneous RBS measurements that are used 

for charge integration from the particles×solid angle products. NRA cross sections used for 

comparison with experimental data are taken from literature72 and incorporated in the SIMNRA 

code. The stopping cross-section data used for the simulations are retrieved from the SRIM2013 

code.73 Systematic uncertainties of the experiment, discussed in more detail in reference74 -- in 

particular for light elements, are estimated to be maximum 5-10 %, whereas statistic uncertainties 
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arisen from the number of experimental counts are ˂ 2.0 %. However, the relative elemental 

concentrations are obtained with higher accuracy.75, 76 

 

III. RESULTS AND DISCUSSION 

Cross-sectional SEM (XSEM) images of TiBx, ZrBx, and HfBx thin films grown on Si(001) 

substrates are shown in Fig. 1. The XSEM images exhibit that all films have columnar structures. 

TiBx and HfBx layers show dense structures with smooth surfaces, while the structure of ZrBx is 

less dense with a higher surface roughness. Moreover, the ZrBx film has wider columns than the 

TiBx and HfBx films. 
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Fig. 1. Typical XSEM images of (a) TiBx, (b) ZrBx, and (c) HfBx thin films grown on 

Si(001) substrates. 
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Fig. 2 shows the XRD θ-2θ patterns of TiBx, ZrBx, and HfBx thin films grown on Si(001) 

substrates. The peaks at 32.8° originate from the forbidden 002 substrate reflection due to multiple 

scattering.77 All other reflections arise from hexagonal AlB2-type structure. In comparison with 

the TiBx and ZrBx films, there are significantly broader peaks in the XRD pattern of HfBx. The 

full-width at half-maximum intensity of the 0001 reflection is 0.52° for TiBx, 0.48° for ZrBx, and 

0.86° for HfBx. The 000l peaks of HfBx are also asymmetric toward higher 2θ values. Preferred 

orientation changes from weak 000l for TiBx and ZrBx to a strong one for HfBx. 
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Fig. 2. XRD θ-2θ patterns of (a) TiBx, (b) ZrBx, and (c) HfBx thin films grown on Si(001) 

substrates. 

 

Table II compares the relative elemental compositions of TiBx, ZrBx, and HfBx films, on 

Si(001) substrates, determined by EDX and XPS. EDX experiments are carried out using an 

accelerating voltage Eac of 10 kV, to avoid signals from the Si substrates, with an acquisition time 

of 240 s, providing adequately high signal intensities. In order to provide intense signals, which 

are particularly needed for quantifying materials containing light elements, the optimum Eac should 
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be at least as twice as the excitation energy of elements.43 Here, B-K (0.183 keV), Ti-L (4.509 

keV), Zr-L (2.042 keV), and Hf-M (1.644 keV) characteristic X-rays are employed for 

quantifications. The B concentration obtained from calibrated-EDX analyses is 75 at. % for TiBx, 

79 at. % for ZrBx, and 69 at. % for HfBx. 

As XPS is a surface-sensitive technique, samples usually require to be initially sputter-

etched in order to remove surface oxides and hydrocarbon contaminants resulting from sample-air 

exposure.47, 78 However, the sputter-etching process, typically using Ar+ ions with energies ranging 

from 0.25 to 4.0 keV, is often accompanied by inducing various artifacts in the surface layer that 

depend on the energy and incidence angle of sputtering ions53 and result in  modifications of the 

surface chemistry and composition.79 Changes in the surface composition depend mainly on the 

physical sputtering yields of components and their tendencies to form gaseous compounds 

(chemical sputtering), which are more related to chemical bonds than the components masses.80, 81 

Here, we obtain the relative elemental compositions of the TMBx thin films after sputter-etching 

with both low (0.5 keV) and high (4.0 keV) Ar+ ion energies at a constant incidence angle of 70° 

with respect to the sample surface normal. The 0.5-keV ion beam is used to minimize the 

destructive effects of Ar+ ion bombardment, while the 4.0-keV ion beam is used as an example of 

high-etch-rate XPS sputter-etching condition, often encountered in surface analysis.53 Different 

regions on the films are selected for each measurement. 

The XPS-derived elemental compositions of the TMBx thin films sputter-etched with 0.5- 

and 4.0-keV Ar+ ions are compared in Table II. The TiBx, ZrBx, and HfBx layers sputter-etched 

with the 0.5-keV Ar+ ion beam contain ~73 at. %, ~69 at. %, and ~64 at. % B, respectively. The 

average O concentration is ~2 at. % for TiBx and ZrBx, and ~1 at. % for HfBx. The lower O 

concentration in HfBx is due primarily to its highly dense microstructure. Compared to the films 

sputter-etched with the 0.5-keV Ar+ ion beam, the TMBx layers sputter-etched with the 4.0-keV 
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Ar+ ion beam appear to have less B (~71 at. % for TiBx, ~63 at. % for ZrBx, and ~58 at. % for 

HfBx). The lower B concentrations in the TMBx films sputter-etched by the 4.0-keV Ar+ ion beam 

is mainly attributed to preferential B resputtering.53, 82-86 The difference in the B concentrations 

following the sputter-etching with low and high Ar+ ion energies increases from ~2.8 % for TiBx, 

to ~9.5 % for ZrBx, to ~10.3 % for HfBx. The O content of TMBx after sputter-etching with 4 keV 

is in general higher than that after the 0.5-keV Ar+ treatment and changes from ~3 at. % for TiBx, 

to ~7 at. % for ZrBx, to ~4 at. % for HfBx. This observation may be explained by a forward 

sputtering of O triggered by high energy Ar+ ion beam.87 

In order to evaluate the elemental distributions along the thickness of the films, the XPS 

depth-profiles of TiBx, ZrBx, and HfBx thin films, grown on Si(001) substrates, are obtained using 

the 0.5-keV Ar+ ion beam. The sputter-etching thickness of each film is estimated from 

determining its sputter-etching rate. Thin layers of TiBx, ZrBx, and HfBx with average thicknesses 

of 50 nm are deposited. Then, each sample is sputter-etched to reach the Si substrate in order to 

determine the total time required for sputter-etching the entire film. The sputter-etching rate of 

each sample is finally obtained from dividing 50-nm thickness by the total sputter-etching time for 

each sample. The sputter-etching rate is ∼0.68 nm/min for TiBx and HfBx layers, and ∼0.79 nm/min 

for ZrBx. The depth-profiles in Fig. 3 exhibit that the native oxide layer formed on the ZrBx film 

is thicker than those on TiBx and HfBx. In addition, they clearly reveal uniform elemental 

distributions along the thickness of all layers. 
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Fig. 3. XPS depth-profiles of (a) TiBx, (b) ZrBx, and (c) HfBx thin films grown on Si(001) 

substrates, using the 0.5-keV Ar+ ion beam. 

 

ERDA is a widely-used IBA method with a high multi-element sensitivity, which makes it 

appropriate for accurately tracing and quantifying all elements, in particular light elements like H, 

B, C, N, and O.58, 60, 88 Fig. 4 exhibits the ToF-vs-Energy ERDA spectra of TiBx, ZrBx, and HfBx 

films grown on Si(001) substrates together with their corresponding elemental depth-profiles. The 

dashed line in the TiBx ToF-vs-Energy spectrum in Fig. 4(a) shows where a signal originating 



16 
 

from the film’s top surface is expected. The ToF-vs-Energy spectra, Figs. 4(a), 4(b), and 4(c), 

contain signals from the films’ main constituents, Si substrate, light contaminants, residual Ar from 

the sputter-deposition process, and scattered iodine from the incident beam. In addition, there are 

also some other signals that belong to transition metals in the form of homologous elements. These 

transition metals are impurities coming from the TMB2 targets, with a total amount of ≤ ∼0.5 at. 

%. These elements are identified using the CONTES code that provides the ability of tracing and 

detecting unknown signals in ToF-ERDA spectra based on the atomic masses. The signals of 10B 

and 11B isotopes appear very close to each other in the ToF-vs-Energy spectra. The intensities of 

O signals change from top surface toward the substrate, exhibiting a considerable drop from 

surface to the bulk film and then an increase at the film-substrate interface. The high O-signal 

intensities at the film-substrate interfaces are attributed to the existence of native SiOx layers on 

the Si substrates. The O signal is weaker in the HfBx spectrum than in the TiBx and ZrBx spectra 

due to its highly dense microstructure, in good agreement with XSEM images and XPS depth-

profiles. The spectra also comprise signals originating from small amounts of H in the films. 

The ToF-ERDA elemental depth-profiles of the TiBx, ZrBx, and HfBx thin films are shown 

in Figs. 4(d), 4(e), and 4(f), respectively. The depth unit in ERDA codes is typically 1015 

atoms/cm2. In order to convert this unit to nm, the depth values are multiplied by (1.661×10-2MT)/ρ, 

in which MT is the average atomic mass of sample material, MT = (2MB+MTM)/3, in atomic mass 

units (amu) and ρ is the sample density in g/cm3.60 Here, the atomic masses used for the depth unit 

conversions are MTiB2 = 23.16 amu, MZrB2 = 37.60 amu, and MHfB2 = 66.70 amu. The film 

densities are also obtained from RBS areal densities and cross-sectional SEM film thicknesses; 

4.26 g/cm3 for TiBx, 5.23 g/cm3 for ZrBx, and 10.0 g/cm3 for HfBx. Si concentration profiles are 

also included in order to approximate the position of film-substrate interfaces. 
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The depth-profiles clearly show the presence of native oxide layers formed on the top 

surface of the films. The thickness of the top-surface oxide layers is estimated to be 15 nm for 

TiBx, 30 nm for ZrBx, and 14 nm for HfBx. Excluding the top-surface oxide layers and the regions 

close to the film-substrate interfaces, the plateaus observed in the elemental depth-profiles of TiBx 

and ZrBx, shown in Figs. 4(d) and 4(e), indicate uniform elemental distributions, in good 

agreement with XPS depth-profiles in Figs. 3(a) and 3(b). Hence, the elemental compositions of 

the sputter-deposited TiBx and ZrBx layers are depth-independent along the film thickness. 

However, the depth-profile of HfBx, Fig. 4(f), does not show uniform distributions of B and Hf 

elements; the B concentration increases with depth, while the concentration of Hf decreases. At 

first glance, it might be interpreted that there is a gradient elemental composition along the HfBx 

layer thickness, which is opposite to the XPS depth-profile of HfBx that exhibits B and Hf elements 

are uniformly distributed as a function of depth, Fig. 3(c). In fact, the ToF-ERDA elemental 

composition depth-dependency observed for HfBx mainly originates from multiple and plural 

scattering, referred respectively to as many small-angle and several large-angle scattering events, 

of primary ions and in particular heavy recoils, processes that have sufficiently large cross sections 

to significantly contribute at the present primary ion energies. These processes result in a 

considerable energy loss straggling of primary ions and heavy recoils, with reduced impact on 

lighter constituents.60 To avoid these effects, higher primary ion energies can be employed, which 

potentially require large accelerators and higher energies deposited to the sample per detected 

yield.61 A more detailed explanation of this phenomenon, i.e. the breakdown of the single 

scattering assumption made in the analysis tools, can be found elsewhere.89, 90 
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Fig. 4. ToF-vs-Energy ERDA spectra and their corresponding elemental depth-profiles of (a and 

d) TiBx, (b and e) ZrBx, and (c and f) HfBx thin films grown on Si(001) substrates. The dashed line 

in the TiBx ToF-vs-Energy spectrum shows the top surface. Thicknesses of top-surface oxide 

layers are marked by vertical dashed lines in the depth-profile panels. 
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The average ToF-ERDA elemental compositions of TiBx and ZrBx thin films, obtained 

from depths between 30 nm and 100 nm, are given in Table III. The B concentration is ~67.9 at. 

% for TiBx and ~68.3 at. % for ZrBx. The elemental composition of HfBx in Table III is, however, 

determined from an area closer to the top surface, from 25 to 45 nm, in order to minimize the 

negative impact of multiple scattering events. This film contains ~60.7 at. % B and ~37.1 at. % 

Hf. The H concentration in TiBx and HfBx is < 0.1 at. %, while it is ~0.4 at. % in ZrBx. The O 

concentrations in the TiBx, ZrBx, and HfBx layers are ~0.7 at. %, ~0.8 at. %, and ~0.3 at. %, 

respectively, which are significantly less than those obtained by XPS. This observation can be 

attributed to the fact that a portion of O which is sputtered away from the surface during the XPS 

sputter-etching process can be redeposited on the etched surface, since it has a high affinity to form 

oxides, as well as the O forward sputtering effect. Thus, the XPS-derived O concentrations 

obtained after the sputter-etching processes are typically overestimated. The B concentrations 

show the highest statistic uncertainties, compared to other constituents, arising from the 

experimental counts of ToF-ERDA spectra with ~1.2 at. % for TiBx, and ~1.1 at. % for ZrBx and 

HfBx. 

The RBS experimental spectra (colored circles) and their corresponding SIMNRA 

simulations, performed for homogeneous films, (black solid curves) of TiBx, ZrBx, and HfBx thin 

films grown on Si and C substrates are plotted in Fig. 5. The scattering cross sections of light 

elements are not sufficiently large in RBS to result in intense signals, especially on high Z 

substrates in which a high background produced from the substrate at lower energies can obscure 

the light-element signals.58, 60, 91 To observe the signals arising from the light elements, the thin 

films grown on C substrates are employed for the RBS measurements. A thin Cr buffer layer is 

initially deposited on the substrates to enhance the adhesion between the substrates and films and 
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to additionally shift the C-substrate signal toward lower energies in the RBS spectra. Note that in 

all simulations, only a single homogeneous film for the respective TMBx system is employed, 

resulting in the fits shown. This observation further corroborates the interpretation of the apparent 

profile in the Hf concentration discussed earlier. 

Fig. 5(a) shows the RBS spectra of TMBx thin films grown on Si substrates. While the 

signals of the TM components (and their heavier or lighter homologues, in particular for the Zr/Hf-

pair), are found to be pronounced for all TMBx, the contribution from B is subtle. Determining the 

correct stoichiometry thus relies on obtaining the total incident charge from fitting the signal of 

the Si substrate and the evaluation of the TM concentrations from the height and area of the 

corresponding signals. The main sources of uncertainty in this approach are potential inaccuracies 

in the electronic stopping cross sections of both TMBx compounds and Si.  Input from the ToF-

ERDA analyses on possible trace contaminants such as C, N, and O is used to improve the 

accuracy. For the films studied here, the sum of light element concentrations given in table III is 

~2.0 at. %, which neglecting these concentrations can lead to overestimating the B concentrations 

by approximately the same amount.92 

The RBS spectra of TMBx thin films grown on C substrates are plotted in Fig. 5(b). There 

is a partial overlap between Cr and Ti signals due to their close kinematic factors. Low-intensity 

signals appearing at channels 217 and 323 arise from O in oxide layers formed on the surface of 

substrate and film, respectively. The separation between B (10B and 11B isotopes) and C-substrate 

signals can be clearly observed. Data in Fig. 5(b) indicate that the concentrations of the B and TM 

constituents are uniform along the thicknesses of all layers, in agreement with the XPS depth-

profiles in Fig. 3. 
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Fig. 5. RBS experimental spectra (colored circles) and SIMNRA simulations (black solid curves) 

of TiBx, ZrBx, and HfBx thin films grown on the (a) Si(001) and (b) C substrates (sub.). The scale 

of vertical axis is square root. The insets in (b) show the high-resolution 10B and 11B signals 

between channels 108 and 186. The RBS spectra of ZrBx and HfBx thin films are simulated using 

correction factors (CF) on the stopping cross sections of 2-MeV 4He+ ions in ZrB2 and HfB2; 

CFHe+→Zr = 0.96 and CFHe+→Hf = 0.97. 

 

The average elemental concentrations obtained from the simulated RBS spectra of TiBx, 

ZrBx, and HfBx layers grown on Si and C substrates are given in Table III. The concentrations of 
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C, N, and O obtained from the ToF-ERDA data are included in the RBS simulations. The simulated 

RBS spectra of TiBx grown on the Si and C substrates yield very close elemental compositions; 

∼68.8 at. % B and ~29.2 at. % Ti for TiBx on Si and ∼68.3 at. % B and ~29.7 at. % Ti for TiBx on 

C, which are in agreement with the concentrations derived from ERDA, see Table III. 

However, simulating the RBS spectra of ZrBx and HfBx thin films grown on the Si and C 

substrates shows more pronounced differences in their elemental compositions. The RBS 

simulations yield that the ZrBx film on Si contains ∼63.8 at. % B and ~33.5 at. % Zr, while the 

film on C has ∼69.2 at. % B and ~28.2 at. % Zr. In addition, the HfBx film on Si has ∼55.7 at. % 

B and ~41.8 at. % Hf, while this layer deposited on C consists of ∼63.6 at. % B and ~34.0 at. % 

Hf. These deviations are mainly attributed to the imprecise electronic stopping cross sections of 

4He+ ions in ZrBx and HfBx as well as the Si substrate.59, 93, 94 

The SIMNRA code has a useful option in which the stopping cross sections can be 

modified by applying proper correction factors.70 This option provides a good possibility to 

minimize the uncertainties originating from potentially imprecise electronic stopping cross 

sections, commonly due to the lack of available data for specific compounds. In such cases, 

extrapolations that are typically employed based on the Bragg’s rule may not be fully accurate.95, 

96 Here, we use two correction factors (CF) on the stopping cross sections of 2-MeV 4He+ ions in 

ZrB2 and HfB2; CFHe+→Zr = 0.96 and CFHe+→Hf = 0.97. Both values are justified by updated 

extrapolated stopping cross sections for Zr and Hf.97 Including these CF values in simulating the 

RBS spectra of the thin films grown on Si results in that ZrBx contains ∼66.4 at. % B and ~31.0 at. 

% Zr, and HfBx has ∼60.7 at. % B and ~36.8 at. % Hf. This procedure provides elemental 

compositions that are closer to the compositions determined from ToF-ERDA and the simulated 

RBS spectra of the ZrBx and HfBx thin films grown on the C substrates, see Table III. 
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The B and TM elements are also quantified from NRA measurements using a H+ ion beam 

in the energy range of 150 to 330 keV, given in Table IV. The 11B(p,α)8Be NRA has the advantage 

of being selective with high sensitivity to 11B present in the films. By scanning the beam energy 

stepwise starting slightly below the energy of 163-keV resonance (width of ~6 keV) and by the 

knowledge of the nuclear reaction cross section, information on the B concentration, layer 

thickness, and homogeneity can be obtained in a large depth range and independent of the matrix.90 

Fig. 6 shows the experimental excitation data points (α yield vs. H+ beam energy) and the simulated 

excitation curves from SIMNRA for TiBx, ZrBx, and HfBx layers grown on the Si substrates with 

different stoichiometries. The dashed curves represent stoichiometric (B/TM = 2) simulations, 

while the solid curves indicate the best fit for the experimental excitation data points acquired from 

each film. The shape of the experimental excitation curves resembles in all cases well the 

simulations, indicating homogeneous compositions. Considering stoichiometric TiB2 and ZrB2 

films with a B/TM ratio of 2, however, clearly shows discrepancies between experimental data 

points and simulated curves, confirming the excess B determined by other techniques. For TiBx, a 

better agreement is obtained for the film containing ∼70.6 at. % B and ~29.4 at. % Ti. In addition, 

the NRA analysis yields that the ZrBx thin film is expected to contain ∼72.2 at. % B and ~27.8 at. 

% Zr. However, for the HfBx thin film, the deviation from stoichiometric HfB2 is less pronounced, 

and the best simulation shows the layer consists of ∼65.5 at. % B and ~34.5 at. % Hf. 
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Fig. 6. 11B(p,α)8Be NRA experimental excitation curves (colored circles) and SIMNRA 

simulations considering two different stoichiometries (black solid and dashed curves) for 
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homogeneous of (a) TiBx, (b) ZrBx, and (c) HfBx thin films grown on the Si(001) substrates. The 

dashed curves represent simulations for stoichiometric films (B/TM = 2), while the solid curves 

indicate best fit for the experimental excitation data points acquired from each film. 

 

Fig. 7 compares the B/TM ratios x of TiBx, ZrBx, and HfBx thin films determined by EDX, 

XPS, ToF-ERDA, RBS, and NRA. The ratios are obtained from the elemental compositions given 

in Tables II, III, and IV. The x values determined by EDX are 3.0, 3.76, and 2.23 for TiBx, ZrBx, 

and HfBx, respectively. These values are significantly higher than the values obtained by all other 

techniques. In general, EDX has a low analyzing power for light elements (Z < 10) compared to 

other techniques. Light elements have low-energy characteristic X-rays that are subject to strong 

absorption by the sample, leading to very low count rates as well as signal-to-background ratios. 

This effect becomes more pronounced from Ti to Hf and requires using large correction factors in 

determining elemental compositions that causes a decrease in the quantification accuracy.43, 64, 98 

In addition, the electrons involved in generating the characteristic X-rays are also mainly valence 

electrons that take part in chemical bonding; thus, shapes and positions of the signals, which 

represent electron densities, may change in different compounds (possibility of systematic 

differences from one compound to another).43, 99 Thus, samples and standards need to be closely 

matched for best results. Moreover, detecting and quantifying light elements in compounds 

containing heavy elements is difficult since the energies of their characteristic X-rays typically 

overlap with the low-energy signals of heavy elements.43, 44 All these effects directly influence on 

both detection and quantification accuracy of TMBx using EDX measurements. 

All x values determined by XPS after sputter-etching with the 4.0-keV Ar+ ion beam are 

lower than those obtained after sputter-etching with the 0.5-keV Ar+ ion beam. For the TMBx thin 

films sputter-etched with 4.0-keV Ar+ ions, the B/TM ratio changes from 2.73 for TiBx, to 2.10 
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for ZrBx, to 1.53 for HfBx, while this ratio is 2.92, 2.38, and 1.83 for TiBx, ZrBx, and HfBx sputter-

etched with 0.5-keV Ar+ ions, respectively. This difference becomes more pronounced from ∼7% 

for TiBx, to ∼13% for ZrBx, to ∼20% for HfBx. It can be mainly attributed to the increase in the 

preferential resputtering effect from TiBx to ZrBx to HfBx. 

The x values determined from the simulated RBS spectra of TiBx grown on the Si(001) and 

C substrates are very close; 2.36 and 2.30 for the film on Si(001) and C, respectively. However, 

there are larger differences between the x values of ZrBx and HfBx deposited on the Si(001) and C 

substrates, even after including the stopping-cross-section correction factors in the simulations. 

These values are 2.14 and 2.45 for ZrBx, and 1.65 and 1.87 for HfBx grown on Si(001) and C, 

respectively. These differences mainly arise from the experimental statistics of B signals, the 

possibility of residual ion channeling in single-crystal Si(001) substrates, and potential systematic 

inaccuracies in modelling multiple scattering backgrounds. 

ToF-ERDA, RBS, and NRA measurements give close B/Ti ratios for the TiBx thin film, 

with a maximum difference of ∼4 %. The x values of ZrBx determined by ToF-ERDA and RBS 

are 2.38 and 2.45 (for the film on C), respectively. However, this value is exceeded in NRA, x = 

2.6. While ToF-ERDA, at the employed energies and using single scattering approximation, has 

limitations for quantifying the HfBx thin film, giving a B/Hf ratio of 1.64, both RBS (for the film 

on C) and NRA indicate that this ratio is ∼1.9 for HfBx. 
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Fig. 7. B/TM ratios of TiBx, ZrBx, and HfBx thin films determined by EDX, XPS, ToF-

ERDA, RBS, and NRA. The ratios are obtained from the elemental compositions given in Tables 

II, III, and IV. 

 

IV. CONCLUSIONS 

In this work, the elemental compositions of single-phase TiBx, ZrBx, and HfBx thin films 

are probed by EDX, XPS, ToF-ERDA, RBS, and NRA techniques. The B/TM ratios determined 

by EDX are considerably overestimated compared to the other methods, and are arguably less 
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reliable due to the presence of light B atoms that bonds in various coordination with heavy TM 

atoms. The compositions obtained by XPS highly depend on the sputter-etching process. The 

TMBx thin films sputter-etched with 4.0-keV Ar+ ions apparently contain less B than those sputter-

etched with 0.5-keV Ar+ ions due mainly to preferential B resputtering and induced artifacts. XPS 

depth-profiles using the 0.5-keV Ar+ ion beam for sputter-etching give uniform elemental 

distributions along the thickness of all TMBx thin films. 

ToF-ERDA, RBS, and NRA give close x values for TiBx. However, quantifying the 

elemental compositions of ZrBx and HfBx thin films with high levels of accuracy using IBA 

techniques needs precaution, depending on the technique. The elemental quantification of ZrBx 

and HfBx thin films grown on Si(001) substrates with RBS requires to include correction factors 

on the inaccurate electronic stopping cross sections in simulations. In agreement with XPS low-

energy Ar+ depth-profiles, ToF-ERDA, RBS, and NRA also confirm homogeneous TiBx and ZrBx 

thin films. These techniques give comparable x values for ZrBx (after including the stopping cross-

section correction factor for simulating RBS data for ZrBx on Si). Although ToF-ERDA provides 

a high multi-element sensitivity (even detecting 10B and 11B isotopes individually), it exhibits some 

limitations in the depth resolution and quantification of HfBx films. These limitations are mainly 

attributed to plural and multiple scattering and associated energy loss straggling effects, which 

become more dominant for materials consisting of elements heavier than incident ions. These 

issues can be to some extent resolved by employing higher energies; however, it increases required 

beam dose and measurement time, and such high-energy ion beams are not commonly available. 

Compared to ToF-ERDA, both RBS (for the film grown on C substrates) and NRA analyses give 

very close B/Hf ratios. 

Finally, for best practice in diboride research, our results show that a careful selection of 

analytical techniques, depending on the specific diboride system, is required to achieve accurate 
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compositional analysis of boron-containing materials. It is wise to use a combination of techniques 

and employ calibration standards where, however, the difference in samples’ microstructure may 

come into play. EDX and XPS should be avoided or heavily scrutinized. Ion beam analysis 

techniques can be to a large extent used straightforward for TiB2, and with elaborations also for 

ZrB2 and HfB2. ERDA, as a stand-alone technique, is not recommended for TM diborides in which 

the TM element is heavier than the incident ion beam. However, it can still provide valuable 

information on the concentrations of light elements, obscured in other techniques. 
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Tables: 

Table I. Merits for EDX, XPS, SIMS, ERDA, RBS, and NRA techniques.  

* Most instruments are not able to detect light elements (Z ≤ 4). 

 

Table II. Average elemental compositions of TiBx, ZrBx, and HfBx thin films, grown on Si(001) 

substrates, obtained by EDX and XPS. 

 

 

 

 

 

 

 

 

 

 

 Radiation/ 
Particle detection Interaction Elemental 

detection 
Depth 

detection 
Depth 

resolution 
Typical 

detection limit 
EDX*43-46 Characteristic X-rays Incident electrons 

and target electrons Z > 4 ≤ ∼2 µm 100 nm 0.5 at. % 

XPS47-50 Photoelectrons Incident X-rays and 
target electrons Z > 2 ≤ ∼10 nm 1-5 nm 0.1 at. % 

 SIMS54-57 Secondary ions Incident ions and 
target atoms All Z < 3 nm < 1 nm 10-6 at. % 

ERDA50, 58-61 
Elastic-scattered 
target recoils at 
forward angles 

Incident ions and 
target nuclei All Z ≤ ∼1 µm 2-50 nm 0.01 at. % 

RBS50, 59, 60, 62, 63 
Elastic-scattered 
incident ions at 

backward angles 

Incident ions and 
target nuclei Z > Zion ≤ ∼0.5 µm 2-20 nm 0.01 - 10 at. % 

NRA50, 59, 60, 63 
 Charged 

particles/gamma 
emissions  

Incident ions and 
target nuclei   Z < 14 ≤ ∼1 µm 2-20 nm 0.01 at. % 

 Element 
(at. %) EDX 

XPS 
0.5-keV Ar+  

ion beam 
4.0-keV Ar+  

ion beam 

TiBx 
 

B 75 73 71 
O - 2 3 
Ti 25 25 26 

B/Ti 3.00 2.92 2.73 

ZrBx 
 

B 79 69 63 
 O - 2 7 
Zr 21 29 30 

B/Zr 3.76 2.38 2.10 

HfBx 
 

B 69 64 58 
 O - 1 4 
Hf 31 35 38 

B/Hf 2.23 1.83 1.53 
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Table III. Average elemental compositions of TiBx, ZrBx, and HfBx thin films on Si and C 

substrates (sub.) obtained by ToF-ERDA and RBS.  

 

 

Table IV. Average elemental compositions of TiBx, ZrBx, and HfBx thin films, grown on the 

Si(001) substrates, obtained by NRA. 

 

 

 

Element 
(at. %) 

TiBx ZrBx HfBx 

ERDA RBS 
(Si sub.) 

 RBS 
(C sub.) ERDA RBS 

(Si sub.) 
 RBS 

(C sub.) ERDA RBS 
(Si sub.) 

 RBS 
(C sub.) 

H  < 0.1 - - 0.4 - - < 0.1 - - 
B 67.9 68.8 68.3 68.3 66.4 69.2 60.7 60.7 63.6 
C 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 
N 0.6 0.6 0.6 0.6 0.6 0.6 0.3 0.3 0.3 
O 0.7 0.7 0.7 0.8 0.8 0.8 0.3 0.3 0.3 
Ar 0.2 0.2 0.2 0.2 0.2 0.2 0.5 0.5 0.5 
Ti 30.1 29.2 29.7 0.2 0.2 0.2 0.0 0.3 0.3 
Zr 0.0 0.0 0.0 28.7 31.0 28.2 0.5 0.5 0.4 
Hf < 0.1 < 0.1 < 0.1 0.3 0.4 0.3 37.1 36.8 34.0 

B/TM 2.26 2.36 2.30 2.38 2.14 2.45 1.64 1.65 1.87 

 B (at. %) Ti (at. %) Zr (at. %) Hf (at. %) B/TM 
TiBx   70.6 29.4 - - 2.40 
ZrBx 72.2 - 27.8 - 2.60 
HfBx 65.5 - - 34.5 1.90 
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