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A B S T R A C T

Boron carbide thin films of different thicknesses deposited by ion beam sputtering were studied. The deposited
films were characterized by grazing incidence hard x-ray reflectivity (GIXR), resonant soft x-ray reflectivity
(RSXR), x-ray photo electron spectroscopy (XPS), resonant Rutherford backscattering spectrometry (RRBS), and
time of flight secondary ion mass spectrometry (TOF-SIMS). Depth profile of the chemical elements constitute
the films is reconstructed based on analysis of reflectivity curves measured in the vicinity of B K-edge. The
composition of films is closely dependent on film thickness. Boron to Carbon (B/C) ratio reaches to ~4 as the
thickness of deposited films increases. The B/C ratio estimated from RSXR measurements are in agreement with
the RRBS measurements. TOF-SIMS data also suggested that decrease in boron content with decrease in film
thickness. XPS measurements confirm the presence of little amount of B atoms on the surface of low thickness
film.

1. Introduction

Boron carbide is an important x-ray optical element in both hard
and soft x-ray regions [1–4]. It is also an important barrier material to
minimize the inter diffusion in multilayers (MLs) [5]. Boron carbide
which has a very high melting and sublimation point is one of the
suitable candidates for free electron laser applications [6–8]. It is used
as capping layer on top of the ML structure to protect ML structure from
oxidation [9]. Boron carbide is also a promising material for the next
generation photo lithography applications at 6.x nm (the value of x still
has to be determined by industry) wavelength [10,11]. The composi-
tional changes in the boron carbide causes significant changes in its
optical constants in the vicinity of B K-edge and limits maximum
achievable throughput from boron carbide based MLs [12]. The optical
band gap of boron carbide and the properties of boron carbide/Si
diodes can be varied by simply changing composition of boron carbide
[13–15]. In many practical applications boron carbide thin films with
thickness ranging from a fraction of a nanometer to several nanometers
have been used. It is thus important to study the thickness dependent
compositional changes in boron carbide thin films.

In our previous work [12,16] on C/B4C MLs, we observed deviation
in derived optical constants of boron carbide from the values available

in literature [17]. A detailed analysis in Ref. 12, suggested that the
boron deficient/carbon rich growth in boron carbide layer. In that work
we concluded that presence of excess carbon in the boron carbide layer
is either due to inter-diffusion of C atoms from the C layer or due to
change in stoichiometry of deposited boron carbide layer from the
target (B4C) stoichiometry. To investigate further the compositional
changes in boron carbide we have chosen thin films of boron carbide in
this study. In general ion and electron beam techniques are used to
determine concentration profiles of thin films. Electron beam techni-
ques like X-ray photo electron spectroscopy and Auger electron spec-
troscopy are surface sensitive and depth information is obtained by
etching out the material. These techniques are destructive in nature and
consequently repetitive measurements on specimen cannot be possible
[18]. Grazing incidence hard x-ray reflectivity (GIXR) is routinely used
technique to derive layer thicknesses, surface and interface roughness
of thin films and MLs. However, the availability of synchrotron sources
with high brilliance and tunable energy provide the opportunity for
researchers to explore additional properties apart from structure using
reflectivity technique. In the vicinity of the absorption edges optical
index is strongly depends on the composition of layers. The reflectivity
measured in the vicinity of absorption edges has opened up possibility
to derive composition of thin films in nondestructive way. The angular
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dependence inherent to reflectivity measurements provides the depth
resolution down to nm with penetration depths over hundreds of nan-
ometers. Resonant soft x-ray reflectivity (RSXR) has been used for
characterization in low contrast organic thin films [19] and composi-
tional analysis in thin film [20] and periodic multilayers [12].

In this paper we investigate the compositional changes in boron
carbide thin films as a function of its thickness by combining GIXR and
RSXR. X-ray photo electron spectroscopy (XPS), resonance Rutherford
backscattering spectrometry (RRBS) and time of flight secondary ion
mass spectrometry (TOF-SIMS) measurements were performed to
complement the observation made from RSXR.

2. Theoretical background

In the x-ray region, response of the medium is described by energy
dependent complex refractive index n = 1 − δ + iβ, where δ (disper-
sion coefficient) and β (absorption coefficient) are the optical constants
[1]. The reflection or refraction at a boundary between two media
occurs due to change in refractive index. Specular x-ray reflectivity is
one of many x-ray scattering techniques used to probe the profile of film
along the direction perpendicular to the sample surface. When probing
thin films with reflectivity, one generally characterizes the interference
of rays reflected from different interfaces as a function of momentum
transfer vector q, defined as q= qin − qout = 4π sin θ/λ, where qin and
qout are incident and reflected momentum transfer vectors respec-
tively,θ is the grazing incidence angle and λ is the wavelength of
probing beam. The modulations in reflectivity profile measured using
shorter wavelengths were analyzed to get the geometrical parameters
like thickness and root mean square (rms) interface and surface
roughness. In case a film contains low-Z elements, the difference in
electron density among low-Z elements is small, thereby limiting the
observable contrast in conventional GIXR. We thus can get limited in-
formation on the depth distribution of film contains low-Z elements
using GIXR.

In the vicinity of the absorption edge both the optical constants δ
and β undergo strong variations. For many light elements absorption
edge falls in the extreme ultraviolet/soft x-ray region. Any small
changes in the composition of film gives rise to a significant change in
optical index contrast and that can give a clear contrast in a reflectivity
profile. Thus analysis of the reflectivity curves measured near the ab-
sorption edges gives the concentration profile of all elements in the
sample. The angular dependence inherent to reflectivity measurements
brings furthermore the spatial selectivity. If a sample contains several
chemical elements the optical indices can be represented as
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where λ is the incident wavelength [nm], ρ is the density [g/cm3], Xj is
the atomic fraction of j atoms, and μj is the atomic weight of j atoms [g/
mol], fNRo(q) is the non-resonant atomic scattering factor (ASF), fR'(λ)
and fR"(λ) are respectively the dispersion and absorption corrections to
the ASF arise from the bounded electrons in an atom. In the present
study we deduce the concentration profiles of all chemical elements
present in the film from the optical index derived from the reflectivity
curves measured in the vicinity of B K-edge. In order to take into ac-
count the effects of bonding between B and C in B4C on the ASFs, we
used ASFs for B derived from magnetron sputter deposited boron car-
bide thin films [17]. ASFs for non-resonating atoms like C and O were
taken from the Henke et al. [21] tabulated values. The mass density
obtained from GIXR measurements were used and best fits to the

derived optical constants was obtained by varying the atomic fraction
of different chemical elements in the film.

3. Experimental techniques

3.1. Sample preparation

Boron carbide thin films of various thicknesses were deposited on
ultrasonically cleaned Si (100) wafer using ion beam sputtering tech-
nique. We used commercially available four inch sputtering target of
99.5% purity for B4C. The base pressure of the system was
~3 × 10−5 Pa. During the deposition the Ar gas flow was fixed at 3
standard cubic centimeters which results in a vacuum drop to
6 × 10−2 Pa in the chamber. Ar ion-beam of current about 25 mA and
voltage 1000 V was used to sputter the target material. Target material
was pre sputtered for 30 min before the deposition of films. In the
present study we used boron carbide films of thickness, (d) is in the
range of 10–80 nm. The samples were named as S1 (d~10 nm), S2
(d~19 nm), S3 (d~30 nm), S4 (d~40 nm), and S5 (d~80 nm).

3.2. Reflectivity measurements

GIXR measurements were carried out [Bruker discover D8 dif-
fractometer] using Cu Kα radiation (λ = 0.154 nm). The angle depen-
dent soft x-ray reflectance measurements in the vicinity of B K-edge
were carried out using the reflectivity beamline at Indus-1 synchrotron
facility. This beamline, having a toroidal grating monochromator, de-
livers photons in the range of 4–100 nm, with high flux
(~1011 photons/s), and has a moderate spectral resolving power (λ/
Δλ) of 200–500. Various absorption edge filters are provided in the
beamline to suppress the higher order contamination from the mono-
chromator. A nonlinear least square curve fitting technique based on χ2

minimization method was applied for the determination of micro-
structural parameters and optical constants from reflectivity curves
[22].

3.3. Resonance Rutherford backscattering spectrometry (RRBS)

In general Rutherford backscattering spectrometry (RBS) is used for
analysis of heavier elements on lighter substrate. However RBS is in-
effective for detection of lighter elements on heavier substrate due to
small scattering cross-section and overlap of background signal coming
from heavier substrate. Resonant Rutherford backscattering spectro-
metry (RRBS) has been widely used for analysis of light elements on
heavier substrate. In order to quantification of the elements oxygen,
boron and carbon presents in the sample S4, RRBS measurements have
been performed. The RRBS measurements were performed using
3.045 MeV He++ particles for the quantification of oxygen, 3.9 MeV
He++ particles for the quantification of boron and 4.27 MeV He++

particles for the quantification of carbon as alpha particles has en-
hanced scattering cross-section with these elements at these energies.
The 1.7 MV Tandetron accelerator (HVEE, The Netherlands) available
at IGCAR, Kalpakkam was used for the RRBS analysis. The back-
scattered particles were detected using a Si surface barrier detector kept
at an angle of 165° with respect to the incident beam direction. The
concentrations of oxygen, boron and carbon in the samples were ob-
tained from the best-fit of RRBS data using the SIMNRA program [23].

3.4. X-ray photo electron spectrometry (XPS)

XPS measurements were carried out using photoelectron spectro-
meter at a base pressure better than 5 × 10−10 mbar. Al Kα radiation
(λ = 8.34 nm) was employed for recording the spectra with the source
operated at an emission current of ~10 mA and an anode voltage of
~10 kV. XPS spectra were taken on the samples after sputter cleaning
sample surface with Ar ions. Sputter cleaning of sample surface was
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