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ABSTRACT

This work considers the possible occurrence of two distinct phases in thin films of overall composition B1−xNx (0.21≤ x≤ 0.47) grown by
chemical vapor deposition from sequential pulses of diborane (B2H6) and ammonia (NH3). Two distinct peaks are identified in B1s x-ray
photoelectron spectroscopy (XPS), related to two populations of B atoms with different oxidation states. The data are most consistent with a
model in which one population mainly bonds to B atoms, and the other population mainly bonds to N atoms, as expected for a composite
of B and BN. Based on peak broadening, interfaces between the two types contribute significantly to the spectra. Furthermore, spectroscopic
ellipsometry (SE) found that the samples displayed optical absorption consistent with that of pure-B. This work, thus, developed a fit model
to characterize the films optically by SE. Describing the films as composites of pure-B and BN, and using optical constants of reference
layers thereof, the relative fractions could be estimated in reasonable agreement with XPS. Differences between the models and data in both
SE and XPS are consistent with the effects of hydrogenation and the contribution of atoms in interface states. Evidence from SE suggests
that the films may consist of stacked lamellar phases, which would indeed have a large surface-to-volume ratio.

Published under license by AVS. https://doi.org/10.1116/6.0000193

I. INTRODUCTION

Boron nitride (BN) has been spotlighted because of its
remarkable properties such as good thermal and chemical stabili-
ties, high thermal conductivity, and a wide bandgap. The
reported bandgap and structural differences between amorphous,
cubic, and hexagonal BN1,2 can be utilized for specific applica-
tions. For example, mono- and multilayers of hexagonal BN
(h-BN) have been proposed for potential graphene-based
applications3–8 as they are isostructural to graphene and graphite,
respectively.

Furthermore, tuning the properties of BN toward an applica-
tion may be achieved by adjusting the B/N ratio and/or introducing
foreign elements such as carbon (C), phosphorus (P), or indium
(In). At low concentrations such impurities are incorporated as iso-
lated defects into the microstructure of BN. These foreign elements
can be located at grain boundaries or substitute an atom.9 For
example, the catalytic properties of BN can be improved with low
concentrations of P dopant.10 In addition, p-type conductivity in

h-BN films has been achieved by doping with beryllium (Be),11

magnesium (Mg),12 and zinc (Zn).13

When impurity concentration is increased beyond the solubil-
ity limits, either a new compound or a composite will form. A com-
pound is defined here as a single solid phase containing two or
more elements in their mutual chemical bonding environment.
Examples of compounds are stoichiometric BN, variants of B1−xNx

for 0.4 < x < 0.6,14 and boron carbonitrides15 such as BC4N.
16 By

contrast, a composite consists of two or more mixed compounds
and/or structural phases.4 Examples include BN/C17 and h-BN/
B13N2.

14 Composites of h-BN and cubic BN (c-BN) have also been
reported, for which C could be incorporated in the c-BN phase to
improve the mechanical properties.9

The present work studies layers that may be considered part
of the B-rich boron nitrides, a group of materials for which experi-
mental studies18–21 have reported tunable optical and electronic
properties. The cited works did not explicitly address the question
of the phase nature, even though multiple phases are a realistic

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 38(4) Jul/Aug 2020; doi: 10.1116/6.0000193 38, 044009-1

Published under license by AVS.

https://doi.org/10.1116/6.0000193
https://doi.org/10.1116/6.0000193
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0000193
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0000193&domain=pdf&date_stamp=2020-07-15
http://orcid.org/0000-0003-3975-0952
http://orcid.org/0000-0003-3668-9121
http://orcid.org/0000-0003-4628-1947
http://orcid.org/0000-0001-7418-7734
mailto:a.y.kovalgin@utwente.nl
https://doi.org/10.1116/6.0000193
https://avs.scitation.org/journal/jvb


possibility based on (1) the observation of both B-B and B-N
bonding in these works and (2) the reports of composite B1−xNx

(x < 0.4) deposited by ion-beam methods.14,22 Both composite and
single-phase B1−xNx may be obtainable, depending on x and the
synthetic method, so that methods to distinguish these two kinds
of B-rich BN are desired.

Resolving the phase nature of a material advances the physical
understanding of its properties, which, in turn, enables modeling
and simulations to optimize the material for applications. This
point is illustrated by a recent computational study23 of amorphous
B1−xNx, finding phase segregation for 0.05≤ x≤ 0.45 and suggest-
ing an application as nanoglass ceramic based on this finding.
Properties such as the Vickers hardness and electronic bandgap
could be computed as a function of excess B content. To summa-
rize, understanding and modeling the properties of (a type of)
B-rich BN relies on the accurate assessment of its single- or multi-
phase nature, which includes obtaining the fractions of the corre-
sponding inclusions in case of a composite.

The present work aims to provide and analyze experimental
data toward addressing the phase question for layers of B1−xNx

(0.21≤ x≤ 0.47), grown by pulsed chemical vapor deposition
(CVD) of diborane (B2H6) and ammonia (NH3) as recently
reported.24 This method is of particular interest as it exposes the
growing layer to pulses of one precursor at a time, which in certain
conditions may be expected to produce layered (lamellar) compos-
ites. Specifically, samples grown with incomplete nitridation during
the NH3 pulse showed optical absorption resembling that of pure-B
(see Sec. III B 2), first suggesting a possible composite nature.
These films are hereafter referred to as “the B1−xNx films” or
simply “the films,” without yet specifying the actual phase(s) and
elemental composition. For more details on the deposition process
and conditions, the reader is referred to our recent report.24

The films were studied with x-ray photoelectron spectroscopy
(XPS) and spectroscopic ellipsometry (SE). XPS is used because it
conveys information on the chemical environment of atoms, which
is expected to vary between the phases of a composite. SE is used
mainly for its sensitivity to the dielectric function of the films,
which can be compared to known models for composites.
Furthermore, this work presents an optical model to estimate the B
content of the films by SE. This is applied, for example, in the
aforementioned study on the degree of nitridation during pulsed
CVD with B2H6 and NH3. A suggested future application is the
study of B-rich BN as a source of B atoms for the shallow doping
of silicon, since the B excess is expected to lead to improved perfor-
mance compared to stoichiometric BN.25

II. EXPERIMENT

A. Film deposition and characterization

The B1−xNx films were deposited in a home-built cluster-
reactor system26–28 from sequentially introduced B2H6 (5% in Ar)
and NH3 pulses, with argon (Ar) purges in between. The pulsed
approach simplifies the growth mechanism by suppressing gas
phase reactions between precursors, as discussed in our recent
report.24 The films were obtained in the pressure range of
10−3–0.05 mbar, at substrate temperatures between 270 and 375 °C.
The typical pulse- and purge-durations were 0.5–2.5 s of the B2H6

pulse, 4–6 s of post-B2H6 purge, 2.5–3 s of NH3 pulse, and 4–6 s of
post-NH3 purge. The films, with various compositions, were
obtained either in purely thermal deposition mode or with assis-
tance by a hot wire.24

A reference layer of nearly stoichiometric boron nitride
(ns-BN, x = 0.53 by XPS) was deposited in a Picosun R-200 reactor
from the same precursors and in the same manner but by adding a
plasma assistance. Reference layers of pure-B were deposited on Si
by CVD from B2H6 (5% in Ar) by either using (1) a constant flow
of B2H6 (200 SCCM) at 1 mbar and 220 °C or using (2) pulses of
B2H6 (a 2-s pulse every 17 s) at 10

−3 mbar and 300 °C.
Prior to deposition, Si (100) wafers were cleaned by (1)

removal of native oxide by a 1-min dip into 1% HF, (2) rinsing in
de-ionized water, and (3) ozone-steam cleaning followed by
another HF dip and rinsing. Furthermore, a 100 nm thick SiO2

layer was grown on selected substrates by thermal oxidation at
1050 °C in dry oxygen.

A Philips CM300ST-FEG transmission electron microscope
(TEM) was used to perform the energy-filtered transmission elec-
tron microscopy (EFTEM) measurements. The three-window
method29 yielded elemental maps for B and N.

The SE measurements were carried out using a Woollam
M2000 spectroscopic ellipsometer, operating in the wavelength range
of 246–1689 nm (0.72–5.05 eV), in combination with CompleteEASE
5.19 modeling software. Ex situ SE (after growth) at multiple angles
(55°–75°) determined the optical constants of the B1−xNx films as
a function of position on the wafer. In situ SE monitored the
growth process in real-time (at one position and fixed angle of 75°).
Section II C notes the benefits of ex situ and in situ SE in this work.

Experimental XPS spectra were acquired with a Quantera
SCM (scanning XPS microprobe from Physical Electronics) instru-
ment using monochromatic Al Kα radiation at 1486.6 eV. The C1s
peak due to ambient hydrocarbon contamination was calibrated at
284.8 eV.30 Binding energies of the photoelectron lines of the
samples were charge-referenced to this C1s line. For compositional
analysis, XPS sputter depth profiling was performed using Ar ions
(accelerated at 1 kV).

B. Methods for the analysis of XPS data

Iteratively determined Shirley backgrounds31 were subtracted
from each spectrum, and the spectra were integrated with
MultiPAK v9.9.0.8. For each sample, four spectra from the sputter
profile were selected for high intensity, excluding the surface and
first subsurface scans. These spectra were processed by a code
written in Wolfram Mathematica 11.2 to perform model selection
by cross-validation (CV)32 and multisample analysis (MSA, see
Sec. III A 2).

Cross-validation identifies whether the addition of a second or
third peak to the fit model leads to an improved description of a
significant feature or only of noise (overfitting). To summarize, CV
computes the mean square error (MSE) only from a randomly
selected subset of the data (the test set) that were not included in
the fitting of parameters. This MSE decreases when an additional
parameter describes a feature also present in the test set but
increases when the parameter fits to noise in the fit set (because
noise in both sets is random, the noise in the test set does not form
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any consistent trend with the noise in the fit set). The process of
fitting and testing is repeated many times for different randomly
selected test sets, yielding an average MSE for each model, where
the lowest average MSE identifies the most suitable model.

The Mathematica code was first verified with simulated data
(see Sec. III A 2) and by comparing the obtained elemental compo-
sitions to the results from MultiPAK. Simulated spectra were gener-
ated in Mathematica by taking samples from a dual-Gaussian
function, at an interval of 0.4 eV (matching the experiments) and
with shot noise matching typical count rates in the experiments.
All peaks were simulated and fitted using the Gaussian model,
since the Lorentzian lifetime broadening of both B1s (71 meV) and
N1s (130 meV)33 was negligible compared to the overall full width
at half maximum (FWHM).

Experimental spectra were corrected for a broad and weak
substrate-related contribution (on average 4% and at most 8% of
the area between 185 and 196 eV) centered at 185.5 eV, attributed
to Si2s shifted by two inelastic scattering events34 and fitted (along
with the peaks discussed in Sec. III A) as a Gaussian with fixed
position and FWHM. The supplementary material (Fig. S1)35

shows how this position and FWHM were determined from
reported data of the feature.36 Cross-validation (see supplementary
material)35 confirmed that the feature was significant and reduced
the baseline of the Shirley-corrected spectra to zero.

C. Methods for the analysis of SE data

A layer stack model was used to determine the (effective)
optical functions (OFs) of the films from SE data. The stack con-
sisted of (1) a Si substrate; (2) in selected cases, 100 nm thick ther-
mally grown silicon dioxide (SiO2) to increase fit sensitivity;37,38 (3)
the layer under investigation (i.e., B1−xNx, pure-B, or ns-BN); (4) a
roughness layer (see supplementary material)35; and (5) the
ambient. Given the thicknesses and OFs of layers 1, 2, and 5, non-
linear optimization determined the OFs and thicknesses of 3 and 4
that best agree with the data. A summary of the process follows, for
which the details are documented in the supplementary material.35

The thickness of the SiO2 layer was determined prior to depo-
sition of the films. The OFs for Si and SiO2

39 were taken from the
literature. During in situ SE, the temperature-dependence was
included for Si (as provided in CompleteEASE 5.19).

The fitted OFs were parameterized in several ways. For refer-
ence layers, Sellmeier, Lorentz, and Tauc-Lorentz OFs40 assume a
physical model to reduce the number of parameters and provide a
physical interpretation (e.g., a bandgap). For yet unidentified layers,
basis splines (B-splines)41 can describe OFs of any shape without
making physical or chemical assumptions, other than compliance
with the Kramers–Kronig (KK) relations and non-negative absorp-
tion. For composites, an effective medium approximation (EMA)40

describes the effective OF based on the OFs, volume fractions, and
the shape of the constituent phases.

The correlation between numerous fit parameters was mini-
mized by adding (1) variable angle SE measurements, (2)
reflectance-intensity data, and (3) MSA as detailed in the litera-
ture.37,38 The OFs of pure-B and ns-BN references were fitted by
MSA, combining ex situ (wafer mapped) spectra with in situ
spectra (during deposition). The OFs of B1−xNx films were fitted

by MSA on 3–4 adjacent points on the wafer map only, in order
to resolve the spatial variations in optical constants. For the
excess B fractions given in Sec. III B 3, sensitivity tests42 con-
firmed that the fits represented global solutions and estimated
errors in the fit parameters.

III. RESULTS AND DISCUSSION

A. Evaluation of the phase nature of B1−xNx

films by XPS

The overall film composition can be estimated from the
areal intensity of the corresponding elemental B1s and N1s XPS
peaks. Peak fitting of the B1s region may further clarify the
chemical environments of B atoms and thus aid in assessing
whether a material is composite. This section combines these two
types of analysis for layers of elemental composition B1−xNx

(0.21 ≤ x ≤ 0.47). Subsection III A 1 extracts the center energies
and widths of peaks representing B bonded to B and B bonded to
N from reference samples of pure-B and BN. Subsection III A 2
validates a fit procedure on simulated spectra containing both
peaks, broadened to varying degrees. Subsection III A 3 uses this
procedure and a model of chemical bonding to assess whether
the experimental spectra are better explained by a composite or a
single-phase material.

1. XPS spectra of reference samples for B and BN

The B1s regions of the experimental spectra of pure-B and
nearly stoichiometric BN (ns-BN) reference samples are fitted with
Gaussian peaks in Fig. 1. The elemental compositions of these
samples, combined with their dielectric functions (Sec. III B 1),
support their identification. Cross-validation as reported in the
supplementary material (Tables S1 and S2)35 finds that each of the
B1s spectra contains two significant components, which are dis-
cussed here in order of intensity.

The major peak for pure-B is at 188.06 ± 0.04 eV, in reason-
able agreement with the literature.1,4,43–46 The major peak for BN
at 189.94 ± 0.02 eV has a slightly lower energy than in most studies
(e.g., 0.26 eV lower than in Ref. 46). Some offset may be expected
between labs that calibrate the energy scale with adventitious
carbon (including ours), and the peak may be slightly downshifted
by correlation with the minor peak at lower binding energy
(see below). The FWHM for B wref,B = 2.09 ± 0.07 eV and for BN
wref,BN = 2.29 ± 0.05 eV. Based on the comparison to the literature
and the elemental compositions of the samples, the two main
peaks are considered to represent B that bonds with neighboring B
atoms and B that bonds with neighboring N atoms, respectively.

In both spectra, the minor peak contributes sufficiently to be
significant for the fit but insufficiently for accurate determination
of its parameters (i.e., they are strongly correlated). The assignment
is aided by two observations. First, the peak center may be consid-
ered identical in both spectra within the fit error (188.6 and
188.2 ± 0.4 eV, respectively) and is closer to the main peak of
pure-B than of BN, even falling within the range reported for
pure-B in some reports.47 Second, XPS found no other elements
(above a threshold of 1% atomic) in the pure-B layer, which was
more than 100 nm thick to exclude substrate effects. Taken
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together, this suggests that the peak represents a minor population
of B atoms for which one or more neighbor atoms (B or N) are sub-
stituted with hydrogen (H). H is the only expected element that
XPS is insensitive to, consistent with observation 2, and its electro-
negativity (2.20) is closer to that of B (2.04) than of N (3.04), con-
sistent with the chemical shift (observation 1, see also Ref. 48).
Section III A 3 further discusses hydrogen incorporation in B1−xNx.

For ns-BN, the minor peak and elemental composition imply
the presence of a small degree of B-B and/or B-H bonding. The rel-
ative area of the minor peak cannot be determined from Fig. 1 due
to the correlation in the fit. Breaking this correlation by analyzing
the spectrum in a combined dataset with more B-rich samples,
Sec. III A 3 finds that the minor peak contributes 13% to 17% of
the total intensity of the B1s spectrum and that this is consistent
with the elemental composition. Therefore, the ns-BN reference in
Fig. 1 is presented to illustrate the chemical shift with respect to
pure-B but not to represent fully stoichiometric BN.

2. Validation of fit procedure for disorder-broadened
peaks

This subsection investigates the effect of peak broadening in
B1s XPS spectra with two distinct subpeaks on fitting thereof. This
effect is important because the presence of two subpeaks reveals two
populations of B atoms in the sample (with different oxidation states
and thus chemical shifts), which can be used to distinguish between
composites and single-phase materials (see Subsection. III A 3).

After discussing causes and descriptions of broadening, simulated
spectra are fitted with Gaussian peaks to verify the applicability of
the fit procedure. The key questions are (1) whether it remains possi-
ble to identify (by cross-validation) two components despite broad-
ening, and if so, (2) whether the parameters of the two subpeaks can
be accurately resolved.

In general, the XPS spectrum of a binary composite may be
expected to resemble a weighted sum of the peaks for each of the
components (phases). However, effects such as partial hydroge-
nation and internal interfaces tend to introduce variation to the
oxidation states of B atoms within each phase. Likewise, varia-
tion in bonding environment and thus oxidation states can exist
in single-phase materials. If such effects strongly populate a spe-
cific oxidation state, then a new peak (verified as significant by
cross-validation) should emerge in the XPS spectra. In other
cases, broadening of the existing peaks provides an approximate
description of the effect, which will be referred to as disorder
broadening.49

The model for disorder broadening used here assumes that
the oxidation states and thus chemical shifts are normally distrib-
uted around a mean that should be characteristic for the oxida-
tion state and with a standard deviation σd that conveys a degree
of disorder. Each broadened peak is then a convolution of the
original (reference) peak with the distribution of oxidation states,
yielding a Gaussian with the same center but broadened FWHM,
weff, following w2

eff ¼ w2
ref þ w2

d, where the FWHM of disorder
wd = σd√(8 ln 2). For a B/BN composite, the chemical shift
between the two main B1s peaks provides the upper limit
σd < 2 eV and thus wd < 4.7 eV, as exceeding this would imply
that the oxidation state of B varies more strongly within a phase
than between the phases.

Using this definition of wd and the main reference peaks
from Fig. 1, Fig. 2 shows simulated spectra with increasing
degrees of disorder broadening. (The ratio of the peak areas
matches a B/BN composite with x = 0.25 without implying that
the simulations necessarily describe a composite.) The ideal spec-
trum (wd = 0) clearly has two peaks that are well-resolved by a
nonlinear fit with a dual-Gaussian (2G) model. As wd increases,
it becomes more difficult to recognize the presence of two peaks
by eye, but cross-validation (Table S335) clearly selects the 2G
model over alternatives with one (1G) or three (3G) Gaussian
peaks even at wd = 4 eV. This affirmatively answers question (1)
at the start of this subsection.

Although use of the 2G model is justified for all broadened
spectra up to 4 eV, the accuracy of the fitted parameters declines as
wd rises (Table S435). This is caused by correlation between fit
parameters. The results confirm that the Levenberg–Marquardt
algorithm50 provides a good estimate of the uncertainty, which will
also be used in the analysis of experimental spectra (Sec. III A 3).
At wd > 2 eV, the uncertainty in the relative contribution (area) of
each subpeak exceeds 10%, which we consider too much for the
chemical model that is applied in Sec. III A 3. Using MSA, that is
the simultaneous or “global” fitting of multiple (here, 5) spectra
with varying ratio of the peak areas (here, 0.2≤ x≤ 0.3), the error
is reduced to 2% even at wd = 3 eV (Table S335). This only requires
that the two center energies are shared parameters (fitted once for
all spectra); all other parameters are available for each spectrum

FIG. 1. Shirley-corrected XPS data of reference samples in the B1s region.
Squares and solid fitted line at 188.06 eV: pure-B. Circles and solid fitted line at
189.94 eV: nearly stoichiometric BN. Each spectrum is fitted by two Gaussian
components (dashed and dotted line), using estimates of the shot noise as
weighting. The error bars fall within the data markers.
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individually. At wd = 4 eV, the error cannot be contained even by
MSA, reaching 17% (compared to 120% without MSA).

To summarize, (1) both peaks remain significant and detect-
able by cross-validation up to at least wd = 4 eV broadening; and
(2) the parameters of both peaks can be fitted with high accuracy
by MSA up to at least wd = 3 eV, if the dataset contains sufficient
variation in the peak area ratio.

3. Experimentally obtained chemical bonding environ-
ments of B and N

The experimental spectra of B1−xNx films [Fig. 3(a), after
removal of surface oxide by sputtering] reveal broadening and
asymmetry of the overall B1s peak compared to the pure-B refer-
ence, as expected for a composite based on Sec. III A 2. Indeed,
cross-validation (Tables S1 and S235) finds two significant sub-
peaks. By contrast, the N1s peaks [Fig. 3(b)] show less pronounced
asymmetry and broadening, matching quite well with those of the
ns-BN reference. (A significant but minor second N1s subpeak is
discussed later.) A sample with oxygen (O) content above 10%
(atomic) showed a significant third B1s subpeak at higher binding
energy than the B-N peak and was excluded.

Qualitatively, the spectra suggest a well-defined BN phase (one
dominant N1s peak and thus chemical environment for N) and at
least two distinct chemical environments for B (two B1s subpeaks,

for example, of pure-B and BN). The remainder of this subsec-
tion describes a quantitative analysis that aims to identify which
model, that of a composite or a single-phase material, is best sup-
ported by the data.

FIG. 2. Simulated XPS data (triangles and solid fitted lines) with two distinct
peaks in the B1s region, based on the main peaks from Fig. 1 and broadened by
wd to represent variation in oxidation states (disorder broadening). The spectra
have resolution and shot noise matching those of the experimental data of this
study. Although the fitted line at wd = 3 eV follows the data, the two components
(light dashed lines, around 188 eV for B-B and around 190 eV for B-N) do not
match the input parameters of the simulation, showing that this fit is correlated.

FIG. 3. Comparison of (a) B1s and (b) N1s spectra of B1−xNx films with
different x-values, as indicated in the figure legend. The dashed lines identify
the samples used as references for pure-B and nearly stoichiometric BN.
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In a perfect composite of pure-B and BN, the two types of B
atoms have no chemical interaction with one another (except at
interfaces), whereas such interactions are expected in a single-phase
layer. To extract information on this interaction from the XPS data,
the chemical bonding of B and N atoms in the layers is modeled
under the following assumptions: (1) each N atom engages in
bonding with three valence electrons from neighboring atoms, nB-N
of which are supplied by B atoms; (2) given Npeak distinct peaks in
the B1s spectrum, each represents a group (or type) of B atoms dis-
tinguished from the other groups by the oxidation state as given by
the peak center and FWHM; and (3) each B atom of type j uses nj
of its valence electrons to bond with N atoms, where 0≤ nj≤ 3.
The balance of valence electrons then requires

PNpeak

j¼1
xjnj ¼ xNnB�N , (1)

where xj indicates the number of B atoms of type j and xN indicates
the number of N atoms. Based on cross-validation of experimental
B1s spectra (Table S335), in this work, Npeak = 2. For a B1s spec-
trum dominated by B-B bonding and B-N bonding, the subpeak at
lowest binding energy (referred to with j = 1) represents the group
of B atoms with the least interaction with N, since such interaction
causes the chemical shift to higher binding energy; therefore,
n1 < n2. Furthermore, the model demands (x1 + x2)≥ (nB-N/3)xN, or
stated simply: if N atoms only bond with B atoms, then there must
be at least as many B atoms as N atoms in the layer. (The model is,
thus, not suited for N-rich BN.)

The experimentally accessible quantities, fB and R, are defined
in order to apply Eq. (1),

fB ¼ x1 þ x2 � xN
x1 þ x2 þ xN

, (2)

R ¼ x1
x1 þ x2

¼ A1

A1 þ A2
, (3)

where Aj denotes the area of the B1s peak j and R is the relative
area of peak 1. If the sample is a composite of pure-B and stoichio-
metric BN, then x2 = xN so that fB reveals what fraction of all the
atoms resides in the pure-B phase. (Otherwise, fB is merely a conve-
nient quantity to represent the overall elemental composition
B1−xNx, where fB = 1−2x.) The main result of the model now
follows from Eqs. (1)–(3),

R ¼ (nB�N þ n2)fB þ n2 � nB�N

(1þ fB)(n2 � n1)
: (4)

Figure 4 plots Eq. (4) for various values of (n1,n2) at nB−N = 3
(ideal) and nB−N = 2.87 (accounting for some N-H bonding
observed in the N1s spectra, as discussed later). The lines may be
interpreted as follows. Any line with n1 = 0 implies the presence of a
type of B atoms that have no chemical interaction with N. Similarly,
n2 = 3 implies the presence of B atoms that only bond with N
atoms. Therefore, the line (n1,n2) = (0,3) represents a binary com-
posite of B and BN, where the two types of B atoms are segregated.
The other lines describe materials in which at least one type of B

FIG. 4. Comparison of experimental XPS results (R is the relative area of the low-binding-energy subpeak in the B1s spectrum, fB is a measure of elemental composition)
to the predictions by different models for bonding in the films from Eq. (4). The experimental results are obtained from an MSA-fitted dataset containing four spectra for
each sample (see Sec. II A) and are shown as circles filled with colors that distinguish the different samples and with a size representative of the error bars [from
Levenberg–Marquardt (Ref. 50)). The model indices (n1,n2) give the number of bonds that B atoms of type 1 and 2 have with N atoms. All lines use nB-N = 3 except the
N-H corrected line (nB-N = 2.87, see text), indicating the number of bonds an N atom has with B atoms.
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atoms interacts with both B and N, as would be expected for a
single-phase material.

To obtain experimental results for comparison with the model
lines in Fig. 4, an MSA-fit (as discussed in Sec. III A 2) of 24 experi-
mental B1s spectra from six samples (details in Sec. II B) yielded
values for R, which were combined with values for fB from the
XPS-determined elemental composition. Figure 5 shows an example
of a fitted spectrum, where the effect of the feature assigned B-O
(based on its binding energy51) on R is discussed below.

The resulting experimental values for R(fB) in Fig. 4 are more
consistent with the composite model (0,3) than the shown compet-
ing models. The reader is cautioned that this finding applies to the
dataset as a whole, and not necessarily to every single individual
sample, since uncorrelated fits of individual XPS spectra were not
feasible. However, since all layers were grown by pulsed CVD
(tuning the degree of nitridation to vary fB),

24 it is reasonable to
consider them as a group. Furthermore, the global fit (MSA, see
Sec. III A 2) that produced these results has a reduced χ2 of 1.6395,
indicating acceptable goodness-of-fit.

Although the results are most consistent with the model (0,3),
they show significant scatter around the corresponding line. This
may be attributed to four causes. First, some degree of deviation

from the idealness of a binary composite is certainly expected.
Nitrogen may be more concentrated in certain phases, but it is
unlikely to be fully absent from other phases. Second, other elements
such as oxygen (O, present up to 4%) and hydrogen (H) may engage
in bonding, affecting the spectrum too weakly to warrant a third
peak, but enough to shift the results. H and O are discussed further
below. Third, the analysis assumes that shifts in binding energy are
dominated by initial-state effects (differences in the oxidation state
prior to photo-ionization), thus neglecting final-state effects.52 Fourth,
the analysis grouped all the B atoms of all the samples into two oxi-
dation states and assumed that any other variation (between the
groups and samples) could be described by a normal distribution
around those states. Clearly, this is an approximation that may lead
to noise in Fig. 4 as the model attempts to fit effects that its descrip-
tion does not account for. For example, the chemical shifts of both
types of B atoms should weakly depend on fB when a significant frac-
tion of B atoms is at an interface, which would act to move the two
peaks closer to each other. The analysis, however, does not allow this
for individual spectra (as it would mean that A1 and A2 are not con-
sistently defined between samples). Still, wd allows an estimate of the
contribution of interfaces (see below).

Since Fig. 5 shows the presence of a B-O peak that the fit
model does not account for (in order to avoid overfitting), the fol-
lowing calculation estimates the error that may result from misattri-
bution of intensity (in the 2G fits of B1s spectra) that is in reality
due to oxygen. If each O atom that is present in the films bonds
with B atoms formerly of type 1, and this shifts their B1s binding
energy upward, then in the worst case 2.7% of the total intensity in
the B1s spectrum shifts from A1 to A2. (This assumes the oxide is
B2O3.) A typical value of R = 0.667 (see Fig. 4) then shifts to 0.640,
which remains within the experimental error margin. Alternatively,
if 1.4% of intensity is lost from both A1 and A2 (instead ending up
in the residuals of the fit), then the error in R is even smaller
(R = 0.671).

Since H cannot be directly quantified by XPS and was present
in both precursor gases, the layer may be significantly hydroge-
nated. Indeed, fitting a 2G model to the N1s data finds that
13% ± 6% (up to 18%, see Fig. S235) of the total area can be
assigned to a minor subpeak roughly 1 eV higher in binding
energy than the main (N-B) peak, which is consistent with
N-H.53–55 Assuming that the other two available electrons of N
still bond with B, nB-N = 2 × 0.13 + 3 × (1− 0.13) = 2.87. In Fig. 4,
this is only a minor correction relative to the scatter. The presence
of N-H groups also alters the chemical shift of neighboring B
atoms, but this effect should be minor since H has a similar electro-
negativity to B.

The effect of B-H bonding can be incorporated in the model by
reducing n1 and/or n2 since the chemical shifts (and electronegativity)
of B-B and B-H are similar (see also Fig. 1), so that the intensity
remains in peak 1 (i.e., in A1). A fit of Eq. (4) to the data, allowing
such “effective,” noninteger values for n1 and n2 and assuming
nB-N = 2.87, still supports the composite model (n1 = 0.00 ± 0.07,
n2 = 2.90 ± 0.09) although the scatter leads to a low goodness-of-fit
(rχ2 = 26). Correlation prevents the estimation of all three aforemen-
tioned parameters by a nonlinear fit to the data of Fig. 4.

The effects of N-H and B-H bonding, taken together, suggest
a nitrogen-containing phase with a slight enrichment in B and/or

FIG. 5. Experimental B1s spectrum, fitted as part of the multisample analysis
(described in the text) to accurately resolve the parameters of both components.
The center energies (globally fitted) are 188.021 ± 0.007 and
189.923 ± 0.005 eV. For this fit, the FWHM for peak 1 is weff,1 = 2.78 ± 0.05 eV,
and for peak 2, weff,2 = 3.32 ± 0.10 eV. Concerning the relative areas of peaks,
R = 0.620 ± 0.011, and the Si 2s background accounts for 2% of the area of the
spectrum. The B-O feature is discussed in the text. Numerical integration of B1s
and N1s spectra for this sample found to be fB = 0.480 ± 0.016. The error bars
(shot noise) lie within the circles.
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H compared to an ideal stoichiometric BN phase. This is further
supported by the optical results in Sec. III B 4.

In final, the other results (fitted parameters) of the MSA are
discussed. The center energies at 188.021 ± 0.007 and
189.923 ± 0.005 eV are consistent with Sec. III A 1. Peaks 1 and 2
have an FWHM of 2.9 ± 0.5 and 3.0 ± 0.5 eV, respectively, illustrat-
ing the need for MSA (see Sec. III A 2) and indicating disorder
broadening σd = 0.8 ± 0.2 eV in comparison to the reference peaks.
Although this σd is considered within the acceptable range for a
composite discussed in Sec. III A 2, it does imply overlap between
the distributions of oxidation states for the two types of B atoms, as
shown in Fig. S3.35 For x1 = 2/3 and x2 = 1/3 (e.g., a composite with
fB = 0.5), the region of overlap constitutes 18% of the total popula-
tion of type 1 and 36% of the total population of type 2 B atoms.
These atoms could reside, for example, in or near interfacial
regions between phases. The given percentages should be under-
stood as indications of a trend rather than exact results, since the
XPS data and the model are not suited for sensitive probing of
atoms in interfacial states. Furthermore, σd only provides an
approximate description of the distribution of oxidation states,
which in reality is not perfectly Gaussian (among others, due to
natural limits imposed by the finite number of valence electrons).

From the results, it is concluded that the composite model
gives an adequate description of the XPS data. The suggested
primary cause for deviations between data and model is the rela-
tively large contribution of atoms at interfaces, as expected for a
composite with nanosized phases.

B. Evaluation of the phase nature of B1−xNx films by SE

This section evaluates whether the ellipsometric spectra of the
films, and derived quantities such as the dielectric function, are
consistent with a composite model for the layers. Subsection III B 1
presents reference optical functions of pure-B and nearly stoichio-
metric BN (ns-BN). Subsection III B 2 compares the independently
determined effective dielectric function of B1−xNx to these refer-
ences and a model for composites, namely, an EMA (see supple-
mentary material35). Subsection III B 3 quantitatively tests whether
the pure-B fraction fitted under the assumption of this EMA
matches XPS. Finally, Subsection. III B 4 treats the layers as lamel-
lar composites, extracts dielectric functions for the two phases
directly from the B1−xNx data, and compares the result to the refer-
ence functions for pure-B and BN.

1. Optical functions of the reference pure-B and BN
films

For nearly stoichiometric BN (ns-BN), a B-spline fit to a com-
bined dataset of in situ (25 frames) and ex situ (25 points) SE mea-
surements found an absorption coefficient of less than 7000 cm−1

over the entire range of wavelengths (246 < λ < 1689 nm) measured.
Since the sensitivity limit of SE to the absorption coefficient is within
this order of magnitude,56 the layer was approximated as transparent.
This allowed to model the optical constants by a Sellmeier equation
(Eq. S3 in the supplementary material35), yielding A = 2.1662,
B = 0.717 46, and C = 0.039 48 μm2 (peak centered at 199 nm, i.e., at
6.24 eV). Figure 6 shows the real ε1

BN and imaginary ε2
BN parts of the

as-obtained dielectric function εBN of ns-BN. The sample exhibits

refractive index n = 1.71 at 632 nm and n = 1.69 at 1500 nm, which
reasonably agrees with the reported values for BN.57–59

For pure-B, a B-spline fit to a combined dataset of in situ (18
frames) and ex situ (18 frames) SE from eight deposition runs
revealed an absorption spectrum comparable to that in the
literature,60–68 which can be modeled by a Tauc Lorentz
(Eq. S435) oscillator. Including a Lorentz oscillator (Eq. S535) with
a thickness-dependent amplitude significantly improved the fits,
as seen by the reduced chi square (rχ2) decreasing from 78.8 to
9.6. This value represents the agreement between the measured
data and the model fitted to the data.50 The Lorentz oscillator
describes a feature near the band edge that is only significant in
ultrathin (<5 nm) layers. Figure 7 shows the real ε1

B and imagi-
nary ε2

B parts of the dielectric function of pure-B, highlighting
the role of thickness. The thickness-dependent Lorentzian feature
(at 3.3 eV) may correspond to the effective optical response of
boron nanoislands.69 As a first test of this idea, we used the Mie
model70 to calculate the absorption cross section of boron spheres
(ε by TL model) in vacuum, which indeed peaks around 3.3 eV
for a sphere radius of 60 nm. Further verification of this hypothe-
sis (out of the scope of this work) may include calculations
following Ref. 69 and experimental verification of the evolution of
the Lorentzian amplitude; the latter is expected to decrease
toward establishing a percolated layer.

FIG. 6. Measured real (ε1
BN) and imaginary (ε2

BN) part of the dielectric function
of a nearly stoichiometric BN layer (10–27 nm thick) deposited on 100 nm SiO2

by plasma assistance. A single dielectric function could describe this range of
thicknesses, indicating that the thickness dependence of εBN could be neglected
above 10 nm.
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2. Optical functions of the B1−xNx films by
KK-consistent B-spline

Although stoichiometric BN is transparent to visible light, the
inclusion of pure-B phases is expected to lead to increased absorp-
tion based on the results of Sec. III B 1. Therefore, the remainder
of Sec. III B focuses on the analysis of the imaginary part of the
dielectric constant (ε2), which is most directly sensitive to such
absorptions. Quantities such as the refractive index will also change
via the KK relations, but in a complex manner that depends also
on the changes at adjacent wavelengths (including those outside of
the range of the ellipsometer).

The KK-consistent B-spline functions fitted to the spectra of the
B1−xNx films revealed an absorption feature, as shown in Fig. 8, that
did not match with any electronic transitions of boron nitride in the
theoretical and experimental works that have been surveyed.71–74

Since the reference pure-B films revealed an absorption spectrum of
similar shape but higher magnitude, this suggests the presence of a
pure-B phase in B1−xNx. This explanation can be further verified
because it predicts that the magnitude of ε2 for the films should
increase with fB. Figure 9 indeed finds such a trend, comparing fB
from XPS (see Eq. 2) to ε2 from the fitted B-splines. Section III B 4
quantitatively analyzes this relation, based on the linear fits in Fig. 9.

The appearance of absorption in the photon energy range of
1–5 eV, similar to pure-B films, is a first suggestion that the films
may contain a pure-B phase. As a second test of the composite
hypothesis, an EMA model (using the reference optical functions
of pure-B and ns-BN discussed in Sec. III B 1) was applied to
describe the experimental data. Figure 8 shows that the EMA fit
reasonably agrees with the KK B-spline outcome, in line with the
hypothesis. The assumption of spherical dielectrics (depolarization
factor 1/3) made here is revisited in Sec. III B 4.

3. Quantifying the pure-B fraction by SE

Section III B 2 found that the EMA model can adequately
describe the dielectric function ε2 of the films. If the films are
indeed composite, the fitted volume fraction should match the
expected fraction based on XPS. Therefore, this section relates fB
from XPS [Eq. (2)] to the volume fraction from the EMA and com-
pares the experimental results from the two techniques.

Defining xB = x1 + x2, the volume fraction of pure-B fV,B in a
pure-B/stoichiometric BN composite is

fV,B ¼
(xB � xN)

aB
ρB

(xB � xN)
aB
ρB

þ xN
aB þ aN
ρBN

: (5)

FIG. 7. Measured real (ε1
B) and imaginary (ε2

B) part of the dielectric function of
pure-B layers deposited on Si by CVD. The solid and the dashed lines were
obtained from fits to layers between 6 and 113 nm thick; the dashed-dotted line
was fitted to layers 3–5 nm thick to investigate a possible thickness depen-
dence. The Lorentz oscillator in the TL + L model can describe this feature and
for the 6–113 nm layers reduces to zero amplitude within the error margin. The
TL-parameters are as follows: Amp = 100, Br = 11.646 eV, Eo = 8.282 eV, and
Eg = 1.086 eV [using Eq. S4 in the supplementary material (Ref. 35)].

FIG. 8. Solid lines: Imaginary part (ε2) of the complex dielectric function (ε) (i)
of CVD-grown pure-B reference (thickness of 6–113 nm), (ii) 12–43 nm thick
B1−xNx film with x = 0.26 as determined from XPS, and (iii) plasma-grown
ns-BN reference (10–27 nm thick). The fitted dielectric functions are parameter-
ized as KK-consistent B-splines with a node spacing of 0.3 eV. For comparison,
the dashed line shows the EMA model fitted for sample (ii).
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In this equation, ρB and ρBN are the mass densities of pure-B
and stoichiometric BN, respectively, and aB and aN are the
atomic masses of B and N. Since ρB and ρBN have very similar
values [ρB = 2.35 g/cm3 (Ref. 76) and ρBN = 2.28 g/cm3 (Ref. 1)], it
follows that

fV,B ¼ (xB � xN)aB
(xB � xN)aB þ xN(aB þ aN)

¼ xB � xN

xB þ xN
aN
aB

, (6)

with aN/aB≈ 1.3, within the error margin (less than 15% of the
values of fB), the fractions fB and fV,B can be estimated as equal,

xB � xN

xB þ xN
aN
aB

� xB � xN
xB þ xN : (7)

Therefore, fB is further mentioned without specifically attrib-
uting it to either atomic or volume fraction.

The remainder of this subsection verifies whether the
EMA-obtained fB matches the fB of XPS. Figure 10(a) compares the
fB values of five wafers, measured by both methods at the wafer

FIG. 10. fB values of B/BN composite films: (a) comparison of the values from
SE and XPS, measured at the centers of five different samples (wafers), (b)
comparison of the values from SE and XPS on a single wafer [sample No. 2
from (a)]. In (b), the color map presents an interpolation of fB from SE based on
spectra at 25 points (locations indicated by black circles), whereas each number
on the map in black text represents fB from XPS (in %) at the circle directly
below it.

FIG. 9. Effective dielectric function ε2 by SE (B-spline) as a function of fB by
XPS (subsurface spectra after sputtering), at seven photon energies indicated in
the figure. The results were obtained from a wafer with a linear increase of fB
over the line profiled by XPS, which may be extrapolated to include additional
points that were measured only by SE. The linear increase in fB was obtained
by introducing B2H6 from one side of the wafer during pulsed CVD. The error
bars for fB lie just within the circles and include only the uncertainty in the fB
profile (not the unknown error in the extrapolated region). The uncertainty in ε2
[determined by bootstrap (Ref. 75) in CompleteEASE 6.51] is also within the
size of the circles.
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center. The agreement is acceptable within the error margins of the
comparison. Figure 10(b) shows the spatial variation of fB on a
wafer, where the color scale indicates the result by SE, and the text
indicates the result by XPS (see caption for details). The values
obtained by SE and XPS agree within the error margins, showing
that the SE model gives a fair quantitative estimate of fB in the
composites. The error margins are given by the SE parameter sensi-
tivity analysis;42 as can be seen in Fig. 10(a), the SE analysis
appears to determine the absolute value of fB less accurately than
XPS. Figure 10(b) shows good relative sensitivity: for example, the
difference in fB at the center (45%) and edge (50%) is detected by
both XPS and SE.

Finally, the possibility of optical absorption by the
N-containing phase should be discussed, since the EMA is mainly
sensitive to fB due to the absorption contrast between pure-B and
BN. The reference optical function for BN was determined assum-
ing transparency of ns-BN, but a fit of the EMA to ns-BN finds
nonzero fB (up to 3%), contradicting this assumption. Such a degree
of optical absorption is consistent with XPS results (Sec. III A 1), so
that the 3% value of fB is regarded as a minor correction to the
Sellmeier result for ns-BN. The Sellmeier result itself still represents
transparent stoichiometric BN (based on agreement with the litera-
ture in Sec. III B 1). A more pressing question is whether this
Sellmeier reference is appropriate to investigate N-containing phases
in B1−xNx, since their XPS results also suggest slight enrichment in
B and/or H compared to stoichiometric BN. Section III B 4 demon-
strates an approach to address this question.

4. Direct determination of the component functions of
the EMA

The analysis so far has assumed that the reference optical
functions determined in Sec. III B 1 are applicable to the B1−xNx

samples. Although the resulting agreement with XPS in Sec. III B 3
was within the error margins, these error margins were fairly large.
The assumption may fail for several reasons, such as (1) if the
samples are not composites; (2) if size effects such as the Lorentz
oscillator discussed in Sec. III B 1 are prominent; (3) if a large frac-
tion of atoms resides in interfaces (see Sec. III A 3), which may
lead to features such as Urbach tails;77 and (4) if the degree of
hydrogenation is different in the reference and the sample spectra.
Except for (1), most of these causes should only alter the optical
functions to a degree that they remain comparable to the refer-
ences, with identifiable differences such as an Urbach tail.
Therefore, this section describes an effort to directly obtain these
functions by combining the data of multiple samples of varying fB
(as Sec. III A 3 did for XPS).

The analysis in Secs. III B 2 and III B 3 used the standard
Bruggeman EMA, which assumes spherical dielectrics (a screening
factor of 1/340) and is (moderately) nonlinear in fB. If the samples
are instead lamellar composites, which may be expected from a
pulsed CVD process, then the screening approaches 0 (minimal
depolarization) and the effective dielectric function εeff (neglecting
anisotropy) becomes linear in the volume fraction,78–80

εeff (fI) ¼ εII þ (εI � εII)fI , (8)

where fI is now used to denote the volume fraction of an unas-
signed phase I (no longer assumed to necessarily be pure-B), and
likewise εI and εII are the dielectric functions of the phase materials
to be evaluated.

The linear fits in Fig. 9 support the applicability of Eq. (8) and
can be used to extract εI and εII. Figure 11 shows the results for ε2 of
both phases, compared to the reference functions from Sec. III B 1.
Phase I appears to match pure-B from 2.5 eV onward, whereas the
absorption below 2.5 eV could be considered an Urbach tail. Other
structures dominated by the same B12 icosahedra that are believed
to comprise amorphous boron81 could exhibit a similar ε2 spec-
trum,82 so that the assignment is not certain. B13N2

14 is an
example of a possible alternative assignment. However, for pur-
poses such as the estimation of the excess B fraction, this only
makes a marginal difference.

As suspected in Sec. III B 3, phase II does not match stoichio-
metric BN, having nonzero absorption at visible wavelengths.
These relatively minor values of ε2 are similar to reports for ε2 of
pyrolytic BN at 1–4 eV83 and were assigned to impurities and
defects in that work. Since lamellar phases have larger
surface-to-volume ratios than spherical inclusions, interface states
should be more abundant in the samples of the present study.
Therefore, the result for phase II is consistent with the finding
from XPS analysis that the N-containing phase resembles BN with
defects, possibly due to incorporation of H.

FIG. 11. Dielectric function ε2 for the two phases, extracted from the fits in
Fig. 9 under the assumption that the samples are lamellar composites. For
phase I, ε2 shows good agreement with the pure-B reference function. For
phase II, ε2 indicates weak absorption that could occur in a BN phase due to
increased amounts of defects (such as interface states) and/or hydrogen (The
error bars follow from the linear least-squares fits to Fig. 9.).
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To summarize this result, a model of B1−xNx as a lamellar
composite was successfully applied to determine realistic dielectric
functions for the two phases. The first phase showed good resem-
blance to pure-B, whereas the second phase was weakly absorbing,
contrary to expectations for stoichiometric BN. The additional sub-
bandgap absorption in both phases may be explained by the large
proportion of interface states and/or hydrogenation, consistent with
findings from XPS. The successful application of Eq. (8) may be the
third indication of the existence of a composite. To bear in mind:
the first indication was the XPS peak fitting (recall Fig. 4) and the
second indication was the prominent increase in the film’s absorp-
tion coefficient between 1 and 5 eV (recall Figs. 8 and 9).

C. Evaluation of the phase nature by EFTEM

1. Planar view EFTEM did not resolve individual phases

The composite hypothesis may be investigated with other
techniques such as EFTEM.29 A combination of planar-view (pv-)
and cross-sectional (cs-) EFTEM is required since the former does
not register vertical inhomogeneity, whereas the latter does not reg-
ister lateral inhomogeneity. As a first step toward such a study, a
B1−xNx layer (fB = 0.5, from a wafer placed in the same chamber)
was deposited directly on a TEM window with an ultrathin amor-
phous silicon membrane in order to perform pv-EFTEM. The
sample preparation for cs-EFTEM is more challenging since pure-B
is easily oxidized and/or hydrolyzed,84 which was indeed observed
for our samples.

The planar-view elemental maps [Figs. 12(a) and 12(b)] are ana-
lyzed for inhomogeneity by cross-correlating the intensity of each
pixel in the B map with the same pixel in the N map [Fig. 12(c);
Fig. S4 in the supplementary material35 shows the same for a second
region of the sample]. When multiple distinct B/N ratios are present
in the maps, the cross-correlation plot should show a distinct

maximum in the pixel density w for each. Otherwise, a single
maximum is expected.

The results show no clear evidence of lateral inhomogeneity,
even though both XPS and SE clearly indicate that fB = 0.5. This
result is consistent with the findings of Sec. III B 4, which suggest a
lamellar structure, and the used growth method. To bear in mind,
the films were obtained from sequential pulses of B2H6 and NH3,
with Ar-purges in between. Such manner would naturally lead to a
vertical inhomogeneity of the elemental distribution rather than a
lateral inhomogeneity; the former suggests incomplete nitridation
of the pure-B phase during corresponding NH3 pulses.

24 Therefore,
cs-EFTEM is a priority for future study.

2. Outlook for cross-sectional EFTEM

An outlook for cs-EFTEM and related methods is provided
based on the present work. For sufficiently thick lamellae (on the
order of the electron escape depth), one might expect the elemental
composition (and thus fB) to oscillate throughout the XPS depth
profile, which was, however, not observed (Fig. S535). If this is
simply due to thinness of the lamellae, then cs-EFTEM should be
able to resolve them. However, a composite may consist of stacks
(of alternating lamellar phases, e.g., pure-B and BN) with limited
broadness as well as thickness. If adjacent stacks are not aligned
(i.e., if a B phase adjoins a BN phase), then the expected oscilla-
tions in XPS and cs-EFTEM are averaged out. Should this prevent
application of cs-EFTEM by the three-window method, then lamel-
lar composites may still be studied by the measurement of the near
edge structure in electron energy loss spectra85 or x-ray absorption
spectra using synchrotron radiation.14 Since this is not feasible in
all cases, the present work has demonstrated approaches to obtain
information with two techniques (XPS and SE) readily available in
most thin film laboratories.

FIG. 12. Planar view EFTEM elemental maps of a representative B1−xNx film with fB = 0.5, showing (a) the distribution of B atoms over the imaged area (relative intensity),
(b) the distribution of N atoms (relative intensity, not the same scale as B), and (c) the B-vs-N cross-correlation plot comparing the B-intensity with the N-intensity for each
pixel below the dashed line in (a) and (b). Here, w represents the density of pixels with the given combination of B- and N-intensity. No clear lateral inhomogeneity (cluster-
ing) of pure-B and BN phases can be seen. The section above the dashed line shows perforation in the film, used for focussing and drift correction. See also Fig. S4 in
the supplementary material (Ref. 35).
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IV. CONCLUSIONS

This work addressed the hypothesis of a multiphase nature of
boron- and nitrogen-containing thin films (B1−xNx) grown by
pulsed CVD from diborane and ammonia. Both the data from XPS
and SE can be described by models that treat the sample as a com-
posite, suggesting that the hypothesis has merit.

The XPS spectra contain two peaks in the B1s region, which
by a model of chemical bonding are identified with two popula-
tions of B atoms that match the oxidation states of B in pure-B
(bonding with other B atoms) and B in BN (bonding with N
atoms). The data are better described by assuming a composite
model than by assuming the alternative models in which the two
types of B atoms are not segregated. However, the degree of disor-
der broadening suggests that a significant proportion of atoms
resides in interfaces that bridge the two populations of B atoms
(phases), so the segregation is not complete (as is true to some
extent for any composite). Furthermore, the spectra show evidence
of hydrogen incorporation, especially in the nitrogen-containing
phase. This suggests an enrichment in B and/or H compared to
ideal stoichiometric BN.

The SE spectra of the B1−xNx layers reveal absorption consis-
tent in spectral shape with the pure-B reference and could be fitted
with the standard Bruggeman EMA to estimate the pure-B and BN
fractions in accordance with XPS. However, the apparent linear
dependence of ε2 on the pure-B fraction suggests that a lamellar
structure may provide a better description. Under the assumption
of this model, ε2 for two phases was extracted from the SE data
and compared to the spectra of pure-B and BN reference layers.
The results support the presence of a pure-B phase and a phase of
BN with defects. For both XPS and SE, likely explanations for devi-
ations between the composite-based models and the data are (1)
the presence of hydrogen and (2) the large proportion of
atoms that reside in interfaces, which is associated with the
possible lamellar shape of the phases (and thus an enlarged
surface-to-volume ratio).

Direct imaging of the phases is a priority for further study of
the phase nature of the layers, since this could visually confirm the
composite nature and resolve the shape of the phases. A combina-
tion of planar-view and cross-sectional EFTEM is suggested.
Planar-view EFTEM was performed as a first step, resolving no
lateral inhomogeneity in the B/N elemental ratio. Therefore, future
work should focus on cross-sectional EFTEM, although failure to
resolve inhomogeneity in this method may not rule out a compos-
ite with unaligned, stacked lamellar phases.
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