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Secondary ion mass spectrometry (SIMS) measurements show that boron nitride (BN) films grown under an

argon flow are contaminated with carbon in the form of clusters. SIMS imagining of carbon clusters with

atomic depth resolution allows us to show that there are two different growth modes for BN films: 3D

growth and self-terminated growth. The choice of the growth mode predominantly depends on reactor

pressure. In the 3D growth mode (low pressure) carbon clusters appear in an organized way: the cluster

in one BN layer nucleates the one in the successive layer. Eventually, they create three-dimensional

carbon grains. In the self-terminated growth mode (high pressure) the distribution of carbon within the

volume of the film is chaotic. The differences observed between the growth modes seem to depend on

the diffusion length of the carbon and boron species.
1 Introduction

Two-dimensional (2D) materials and their heterostructures
have attracted worldwide attention due to their remarkable
optical, mechanical and electronic transport properties.1

Growth of 2D materials on insulating substrates is essential for
the production of 2D devices on a commercial scale. Boron
nitride (BN) with sp2-hybridized atomic sheets of boron and
nitrogen is a particularly promising 2D material. It has a struc-
ture similar to that of graphene (1.7% lattice mismatch) but
a wide band gap. Not only does BN have high thermal
conductivity and high resistivity, but it has possibilities for
integration with other 2D materials. Due to its sp2-hybridized
bonding and weak van der Waals bonds, BN is an excellent
candidate for use as a substrate and dielectric for graphene-
based electronics.2 A great deal of effort has therefore been
devoted to synthesizing BN lms.

The Metalorganic Chemical Vapour Deposition (MOCVD)
method, well recognized for the epitaxial growth of III–V
nitrides, is commonly used for the growth of BN epitaxial lms.3

The most common substrate is sapphire – Al2O3 and precursors
are triethylborane (TEB) for boron and ammonia (NH3) for
nitrogen. There are several publications describing MOCVD
growth on sapphire and other substrates.4–9 These earlier
studies show a lack of surface uniformity of the BN lms grown.
A pulsed growth technique was also introduced for the depo-
sition of BN, where the B metalorganics and ammonia are
Wólczyńska 133, 01-919 Warsaw, Poland.

tion (ESI) available. See DOI:

48–853
supplied to the reactor alternately. This reduces parasitic gas
phase reactions.10–12 Important progress in the MOCVD growth
of uniform BN lms was achieved when it was demonstrated
that the growth mode could be changed from 3D nucleation to
2D self-terminated nucleation by an increase in the V/III ratio
and the use of high reactor pressure.13–16 The self-terminated
growth mode with high reactor pressure resulted in atomically
smooth 5–6 monolayer thick BN lms. It was also found that
substrate nitridation promotes self-terminating growth leading
to atomically smooth lms.16 Recently, it was reported that self-
terminated behaviour is attributed to the fact that a sufficiently
high NH3 partial pressure saturates the BN surface and prevents
further absorption of boron precursors.17 However, this propo-
sition does not explain why the growth stops aer 5–6 layers.
The detailed mechanism of BN growth and its change from 3D
mode to self-terminated mode is still not understood.

In our previous work18 we showed that 3D growth and self-
terminated growth under Ar ow lead to very high contamina-
tion by unreacted carbon. Secondary ion mass spectrometry
(SIMS) measurements supported by several experimental tech-
niques such as Scanning Electron Microscopy, X-Ray Reectiv-
ity, Attenuated Total Reectivity, Raman spectroscopy and
Atomic Force Microscopy (AFM) have shown that the carbon
appears predominantly in the form of clusters. Motivation
behind the present work is to nd how formation of carbon
clusters takes place in the two growth modes of boron nitride.
Distribution of these carbon clusters within the BN layers may
be different under two growthmodes. Such distribution was not
measured up to now and due to signicant improvement of our
SIMS method it is now possible to get atomic resolution and
thus obtain very precise information about carbon grain
formation within BN layers.
This journal is © The Royal Society of Chemistry 2019
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2 Experimental
2.1 Sample preparation

Boron nitride lms were grown on 2-inch double-sided polished
(0001)-oriented Al2O3 with a maximum off-cut of 0.2� substrates
using the MOCVD Aixtron Epigress VP508 system (horizontal,
hot wall). A pulsed source injection mode with triethylborane
(TEB) and ammonia (NH3) precursors was applied for sup-
pressing gas phase prereactions. A single pulse consisted of the
following steps: (1) TEB injection, (2) interruption, (3) NH3

injection, and (4) interruption.
A high V/III ratio during the deposition at a temperature of

1050 �C was used for all the samples investigated. The BN layers
were grown using argon as the carrier gas. The number of cycles
was 800 for the three-dimensional growth mode (deposition at
low pressure – 100 mbar and argon ambient) and 200 for the
self-terminated growth mode (high pressure – 400 mbar and
either argon or hydrogen ambient). Before the growth a thin,
amorphous buffer layer was formed on the Al2O3 by a low
temperature nitridation step. All growth parameters were kept
the same in order to compare the carrier gas inuence on the
properties of the BN layers grown. Epilayers were cooled by NH3

and carrier gas ow.

2.2 Atomic force microscopy

AFM measurements were performed using a Bruker Dimension
FastScan with ScanAsyst™, using silicon probes (Bruker
OTESPA-R3 model) with a nominal force constant of 26 N m�1,
and a typical nominal tip radius of 7 nm. The root mean square
(RMS) roughness of the samples was measured over a scan area
of 30 � 30 mm.

2.3 Secondary ion mass spectrometry

In this work, all SIMS measurements were performed employ-
ing the CAMECA SC Ultra instrument under ultra-high vacuum
(UHV), usually of 4 � 10�10 mbar. Sufficient depth resolution
was obtained for the negative ion detection mode by using a low
impact energy of 100 eV for a Cs+ primary beam rastered over 80
� 80 mm2. The analysis area was limited to 40 � 40 mm2. The SC
Ultra tool is able to achieve such low impact energies due to the
EXLIE (EXtra Low Impact Energy) technology, in the case of
which a primary oating column concept is used.19 In this
notion, contrary to standard SIMS tools, the primary column
has the “oating voltage” instead of the grounded voltage level
between the space at any two lenses inside the column and thus
primary ions are slowed down at the end of the column main-
taining favourable conditions for ion acceleration and beam
stability. The ion beam on the sample in the SC Ultra tool has
a square shape and due to the “variable rectangular shape
concept” forms a homogeneous spot. The primary beam at
a working point in the SC Ultra is formed by two stencils – well-
shaped apertures. While the rst one is used to choose the most
intense and homogeneous part of the ion beam, the second one
changes the size of the spot. These innovations allow one to use
the low impact energy of primary ions with high sensitivity for
all elements measured, high depth resolution (below 1 nm), and
This journal is © The Royal Society of Chemistry 2019
a high dynamic range with a low sputter rate.20,21 The electron
gun was used to prevent charge build-up.

To analyse each layer individually and reach atomic resolu-
tion, measurements were performed in two modes:

� Static SIMS mode. The acquisition time for each element
was one minute and the total primary ion dose was limited to
1013 ions per cm2 and thus less than 1% of the surface was
damaged during the analysis. The incident angle was relatively
low (40�).

� Dynamic SIMS mode. A short and relatively dense pulse
was used to remove one layer completely without causing any
signicant damage to the layers beneath. The optimal condi-
tions were reached for the total ion dose in the range of 1015

ions per cm2 and the pulse duration of 3 s. The incident angle
was high (69�) to prevent damaging the lower layers.

Even though the tool did not allow direct control over the
incident angle, the desired value had been reached by changing
the voltages applied to the accelerator, sample holder and
primary column (oating voltage). Even though for the high
incident angle the quality of the primary and secondary beam
was not optimal, this mode was used to remove subsequent
layers only so it was not an issue.

3 Results & discussion

SIMS is a very precise analytical technique for determining the
elemental composition of a sample22–27 and it is especially well
known for its excellent detection limits of trace elements.28–33 In
our previous studies we have already presented the possibility of
reaching nanometer and subnanometer depth resolution for
the characterization of graphene34–38 as well as BN thin lms.18

Therefore SIMS is a very good candidate for expanding this
research and gaining some information about formation of
carbon grains in boron nitride thin lms.

It has been noted experimentally that for a specic type of
material – layered structures where the monolayers are held
together by van der Waals (vdW) forces – secondary ion mass
spectrometry measurements can reach atomic depth resolution
as presented schematically in Fig. 1. The rst layer is analysed in
the static SIMS regime (the density of the beam is sufficiently
low that less than 1% of the surface is damaged during the
analysis). Then a short, dense pulse of primary ions with an
extremely low impact energy (100 eV) and high incident angle
removes the rst layer completely without causing any signi-
cant damage to the second layer. Subsequent layers are similarly
analysed in the static SIMS regime and then removed by a dense
ion pulse. Such an extreme depth resolution can be reached
only for two-dimensional van der Waals materials because the
energy of the incoming ions will go to break up some covalent
bonds in the rst layer along with vdW bonds between the rst
and the second layer, as they are much weaker than covalent
bonds (even up to three orders of magnitude) and are thus
preferentially broken up. If the density and duration of the
pulse are nely optimized the energy that is transferred to the
sample is sufficient to sputter the rst layer only. If a material
consists of only covalent bonds then no bond will be preferen-
tially broken up. A standard collision cascade will thus be
J. Anal. At. Spectrom., 2019, 34, 848–853 | 849
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Fig. 1 Secondary ion mass spectrometry with atomic resolution for two-dimensional van der Waals materials. The top layer is analysed in the
static SIMS regime (less than 1% of the surface is bombarded) where a short pulse of primary ions with an extremely low impact energy and high
incident angle removes the first layer completely without causing any significant damage to the second layer. With this approach each layer can
be individually characterized and then removed.
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generated and atoms from several monolayers will be sputtered,
so the depth resolution will be lower.

The possibility of reaching atomic depth resolution for SIMS
measurements has been conrmed for multi-layer graphene
and boron nitride thin lms. This has been validated by AFM
roughness measurements: for multi-layer graphene and boron
nitride grown in self-terminated mode, RMS before and aer
SIMS experiments is the same, namely 0.15 � 0.03 nm and 0.50
� 0.05 nm, respectively. In the case of boron nitride grown in 3D
mode, it has been observed that RMS slightly increases from
1.11 � 0.07 nm to 1.20 � 0.07 nm but the difference remains
within standard deviation. It can be therefore concluded that
this kind of SIMS measurement does not introduce any addi-
tional roughness and thus atomic depth resolution is indeed
possible.

Out of these two materials the case of boron nitride is
particularly interesting. Recent SIMS measurements have
shown that the BN lm grown under argon ow contains a high
concentration of carbon, predominantly in the form of carbon
clusters.18 It was proposed that the result of the reaction of two
TEB molecules with ammonia molecules leads to BN and
unreacted carbon. At that time, however, our SIMS procedure
was not fully optimized and lateral imaging was not limited to
a single layer of BN lm. Reaching atomic resolution has
allowed us to study carbon precipitates in detail. Fig. 2 presents
a lateral distribution of carbon, boron and nitrogen for the
third BN layer (counting from the surface) for a spot which was
particularly contaminated. It can immediately be noted that
the distributions of boron and nitrogen match very well. Ana-
lysing the distribution of nitrogen only may lead to the
impression that the lm is torn in some places. However, the
nitrogen detection limit is very poor in this kind of measure-
ment and the average intensity is only about 5 counts, and thus
in some places no nitrogen signal has been detected even
850 | J. Anal. At. Spectrom., 2019, 34, 848–853
though boron has successfully been measured. This is just
a measurement artifact and the distribution of boron should be
treated as the most trustworthy signal to assess the quality of
the BN lm.

The most important conclusion is that at the places where
a signicant amount of carbon has been detected both signals
(those coming from B and N) equal zero or are at least very
small, whichmeans that no or a negligible amount of boron and
nitrogen is present in the carbon precipitates. Similar carbon
inclusions have already been analysed by high-resolution
transmission electron microscopy.39 It should be emphasized,
however, that atomic depth resolution of SIMSmeasurements is
achieved at the expense of lateral resolution, which is in the
range of a few microns. This means that the size of the regis-
tered carbon precipitates is articially stretched out and that
there may exist much smaller carbon inclusions which we
cannot detect. In fact, a high intensity of the carbon signal on
the whole area under analysis conrms the presence of many
small carbon precipitates. They are not big enough to be directly
imaged so the signal coming from them is averaged. Never-
theless the ability to image each BN layer separately, even with
poor lateral resolution, may provide a lot of important infor-
mation about the material.

Carbon precipitates can also be presented in a 3D view. To
obtain the best possible image clarity we have followed a simple
rule: if at one spot the intensity of the carbon signal is at least
1.5 higher than the average and at the same time the intensity of
the boron signal is at least 0.5 smaller than the average then
a colour voxel is used to denote high carbon content (the higher
the intensity the brighter the voxel). In other cases, the voxel is
transparent. Fig. 3a and b present a 3D visualization of carbon
clusters within BN layers, which correspond to growth under
low and high reactor pressure respectively. Simple inspection of
these pictures clearly shows that there are basic differences
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 A lateral distribution of carbon, boron and nitrogen (a, b and c, respectively) for the third BN layer (counting from the surface) for a sample
grown under high reactor pressure under Ar flow.

Fig. 3 3D visualization of carbon clusters within BN layers. (a) In the
case of low reactor pressure, carbon clusters appear in an organized
manner and thus a large three-dimensional carbon pillar-shaped grain
is formed. (b) In the case of high reactor pressure, carbon clusters
present in the different BN layers are uncorrelated and appear in
a chaotic way – carbon clusters have been marked with different
colours for each layer.
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between them. It can therefore be concluded that formation of
carbon grains is indeed different in 3D mode and self-
terminated mode.
Fig. 4 Schematic illustration of the formation of carbon grains in BN film
species canmigrate to a favourable location and replicate the layer benea
atom is incorporated into the film in the vicinity of the region where the
clusters is chaotic and there is no correlation between subsequent layer

This journal is © The Royal Society of Chemistry 2019
In the case of 3D growth, carbon clusters appear in an
organized manner. They continue through the whole van der
Waals structure eventually forming three-dimensional pillar-
shaped carbon grains – this means that the carbon clusters in
one BN layer have to be effective nucleation sites for the next BN
layer. They reproduce themselves in successive BN layers, which
means that formation of the next carbon cluster above the one
beneath it has to be energetically favourable. This mode is
characterised by low reactor pressure and thus one may assume
that the diffusion length of carbon, boron and nitrogen species
is relatively long, larger than the separation between carbon
clusters. Therefore, the most energetically favourable nucle-
ation site can be always decorated with carbon and boron
species. Apparently, an ordered system of carbon clusters
within van der Waals layers has to have lower energy than
a chaotic system. SIMS maps show that eventually a large three-
dimensional carbon grain is formed, as shown in Fig. 3a.

The situation is signicantly different for growth under high
reactor pressure (Fig. 3b), which leads to self-terminated mode.
Carbon clusters present in the different BN layers are
s. (a) For low reactor pressure, the diffusion length is high and thus each
th. (b) For high reactor pressure, the diffusion length is limited and each
reaction between TEB and NH3 takes place. The distribution of carbon
s.

J. Anal. At. Spectrom., 2019, 34, 848–853 | 851
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uncorrelated and appear in a chaotic way, contrary to what is
observed in the case of 3D growth mode. Under high reactor
pressure, a sufficiently high concentration of NH3 species on
the surface of the BN layer may limit the diffusion of carbon and
boron species. This will lead to a limited region for effective
nucleation sites, the carbon and boron species having to choose
a nucleation site in the vicinity of the region where the reaction
between TEB and NH3 takes place.

It should be emphasized that the number of layers detected
in each sample corresponds very well to the thickness of the BN
lm, namely 68 layers: �22 nm and 6 layers: �1.8 nm for
samples grown under low and high reactor pressure respec-
tively. This conrms that the established SIMS measurement
procedure does indeed reach atomic depth resolution.

4 Conclusions

One of the main results of this work is the demonstration of
SIMS as a useful technique for the investigation of 2D van der
Waals materials. SIMS with atomic depth resolution has
allowed the analysis of the composition and contamination
content layer by layer. The detection of carbon clusters within
successive layers has allowed us to study carbon grain forma-
tion in both 3D mode and self-terminated mode. The differ-
ences observed between the growth modes seem to depend on
the diffusion length of the carbon and boron species.

For low reactor pressure the diffusion length of the carbon
and boron species is sufficiently long to nd the most ener-
getically convenient nucleation sites. These sites are connected
with carbon clusters being in the lower BN layer. Nucleation
sites will be reproduced from one layer to the next leading to
carbon inclusions in the form of 3D carbon grains as shown in
Fig. 3a and schematically in Fig. 4a. For high reactor pressure,
due to the limited diffusion length of the carbon and boron
species, there is no correlation between carbon grains in
consecutive layers as shown in Fig. 3b and schematically in
Fig. 4b.
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