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On the origin of epitaxial rhombohedral-B,C
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Rhombohedral boron carbide, often referred to as r-B4C, is a potential material for applications in opto-
electronic and thermoelectric devices. From fundamental thin film growth and characterization, we inves-
tigate the film-substrate interface between the r-B4C films grown on 4H-SiC (0001) (C-face) and 4H-SiC
(0001) (Si-face) during chemical vapor deposition (CVD) to find the origin for epitaxial growth solely
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observed on the C-face. We used high-resolution (scanning) transmission electron microscopy and elec-
tron energy loss spectroscopy to show that there is no surface roughness or additional carbon-based
interlayer formation for either substrate. Based on Raman spectroscopy analysis, we also argue that
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Introduction

Rhombohedral-boron carbide (r-B,C) forms crystal structures
where B;, or B;;C icosahedra are connected by triatomic
chains forming a 3D network with strong covalent B-B and B-
C bonding, typically rendering the stoichiometry B,C or B;;C,.
This crystal structure makes boron carbide very hard and it is
typically used in plate armor and as an abrasive material."™
The high boron content and high mechanical and chemical
stability have also made B,C a promising candidate for
neutron converter layers in solid-state neutron detectors where
9B converts neutrons to detectable particles.”” Less explored
are the optoelectronic'®™® and the thermoelectric
properties'*™® of r-B,C, the wide range of composition and
material stability’>*° make the material promising also for
radiation-resistant heterostructures and thermoelectric devices
respectively. To enable the use of r-B,C in such devices, there
is a need to develop and understand thin film deposition pro-
cesses for high-quality, phase pure epitaxial r-B,C films.

We recently showed that r-B,C can be epitaxially grown
using chemical vapor deposition (CVD) with triethylborane (TEB,
B(CH,CHj3);) as a single source precursor and 4H-SiC as sub-
strates at 1300 °C.>' The B4C films grew epitaxially on the (0001)
surface of 4H-SiC, commonly known as the C-face 4H-SiC, with
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carbon accumulation on the surface hinders the growth of continued epitaxial r-B4C in CVD.

the in-plane epitaxial relationship: B,C(0001)[1010]||4H-SiC(0001)
[1010]. In contrast, the film growing on the (0001) 4H-SiC, also
known as the Si-face 4H-SiC, was polycrystalline.** From the lit-
erature, we note that epitaxial growth of r-B,C on the Si-face of
4H-SiC substrates by CVD has been reported.*” But this CVD
process used BCl; and C3;Hg as precursors and 4° off-axis 4H-SiC
substrates and required pretreatment of the surface with BCl; to
form an amorphous boron layer, which was converted to r-B,C
upon CVD with BCl; and C3;Hg at 1600 °C. Without the pretreat-
ment, the B,C growth on the Si-face of 4H-SiC was also polycrys-
talline.*® Epitaxial B4C growth on 4H-SiC (0001) has also been
reported using pulsed lazer deposition.*

Following our results,>! we now seek to understand, at an
atomic level, the cause of the differences between the films
grown on the two faces of 4H-SiC. We employ advanced (scan-
ning) transmission electron microscopy ((S)TEM) techniques
to explore the grown films. Our studies find no differences in
surface roughness or interlayer formation on the two sub-
strates in CVD. We also find evidence of surface poisoning by
excess carbon through the Raman analysis, suggesting that
this is ultimately an ill-suited CVD chemistry for the process of
growing thicker epitaxial films.

Experimental details
Film deposition

As described in detail in our previous paper,”’ r-B,C thin films
were deposited on the Si-face and C-face of 4H-SiC substrates
in a hot-wall horizontal CVD reactor in the same CVD experi-
ment. The single source CVD precursor triethylborane (TEB,
B(CH,CH3;)3, 99.99%, SAFC HiTech) was fed to the reactor

This journal is © The Royal Society of Chemistry 2024
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zone from a stainless-steel bubbler immersed in a water bath
at 0 °C allowing control of the vapor pressure at ~1.65 kPa.
The CVD gas mixture was 0.7 SCCM TEB, enabled by bubbling
20.8 SCCM through the bubbler which was kept at 600 mbar
and 0 °C, in 5000 SCCM dihydrogen gas (H,, Palladium mem-
brane purified). The dihydrogen acted as a carrier gas for the
TEB from the bubbler and as a dilution gas in the CVD
process. The r-B,C films investigated in this study were de-
posited for 180 minutes at 1300 °C, temperature ramped in H,
atmosphere. The temperature was monitored by a pyrometer
(Heitronics KT81R), calibrated by a silicon melt test. The
process pressure was maintained at 7000 Pa, controlled by a
throttle valve on the process pump. The n-type doped, double-
side polished 4H-SiC wafers with an offcut of +0.5° relative to
the c-axis, were 500 pm thick and obtained from Wolfspeed
Inc. The 4H-SiC (0001) side is chemical mechanical polished
(CMP) while the 4H-SiC (0001) is mechanically polished. 10 x
10 mm? pieces were cut from the wafers. Before deposition,
the substrates were cleaned in an ultrasonic bath with acetone
and ethanol for 5 minutes each, followed by an oxidizing alka-
line solution (25% ammonia solution, 48% hydrogen peroxide
solution, and water in a 1:1:5 ratio, at 80 °C for 5 minutes)
followed by rinsing in deionized water and an oxidizing acidic
solution (37% hydrochloric acid solution, 48% hydrogen per-
oxide, and water in a 1:1: 6 ratio, at 80 °C for 5 minutes), and
a final rinse in deionized water. The two substrates were
placed next to each other in the middle of the susceptor
during the CVD experiment.

Film characterization

Focus ion beam (FIB) lift-out was used to obtain cross-sec-
tional (S)TEM samples using a Carl Zeiss Cross-Beam 1540
EsB system. The atomic structure and chemistry of the films
were explored using high-resolution TEM (HRTEM), STEM
high-angle annular dark field (STEM-HAADF) imaging and
electron energy-loss spectroscopy (STEM-EELS) techniques.
The Linképing double Cs corrected FEI Titan® 60-300, oper-
ated at 300 kV, was used for this characterization. HRTEM
images with bright-atom contrast were recorded under nega-
tive spherical aberration imaging (NCSI) conditions using
slight positive defocus.>® STEM-HAADF imaging was per-
formed by using a 21.5 mrad convergence semi-angle, which
generates sub-Angstrom resolution probes carrying ~70 pA
beam current. The STEM-HAADF images were recorded using
an angular detection range of 46-200 mrad.

STEM-EELS spectrum images, containing 43 X 96 pixels
were acquired over a period of 6 minutes using energy dis-
persion of 0.5 eV per channel, a pixel dwell time of 0.1
seconds, and a collection semi-angle of 55 prad using the
embedded Gatan GIF Quantum ERS post-column imaging
filter. Si, B, C, and O elemental distribution maps were
extracted from the spectrum images by background subtrac-
tion, using a power law, and choosing characteristic edges for
Si-K (110-143 eV), B-K (187-216 eV), C-K (285-311 eV). Fast
Fourier transforms (FFTs) image analyses were carried out
using the Gatan Microscopy Suite software. The measurements
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were repeated at multiple locations on the sample to ensure
that they were representative. The Energy-dispersive X-ray
(EDX) analysis generated spectrum images with a resolution of
256 x 256 pixels. These images were recorded for 4 minutes
with a beam current of 0.4 nA in the cumulative mode. A dwell
time of 120 ps was used per pixel by utilizing the embedded
high solid angle Super-X EDX detector. From the STEM-EDX
spectrum images, distribution maps of the elemental C, B, O,
and Si were extracted and plotted using the Origin software.

The surface morphology of the films was studied using a
Zeiss Gemini scanning electron microscopy (SEM).
Micrographs were acquired with an accelerating voltage of 5 kV
and an in-lens detector.

The Raman spectra are measured in a home-built micro-
Raman setup using a 100x Olympus objective for focusing the
excitation laser at 532 nm on the sample and collecting the
Raman signal. The setup includes a Jobin-Yvon spectrometer
(HR460) equipped with a CCD camera and 600 grooves per
mm grating, resulting in ~5.5 cm™" resolution with a 50 pm
slit setting. The laser power is kept below 1 mW to avoid over-
heating of the sample at the laser spot.

Results

From the previous study, we established that crystalline r-B,C
grows on both the C-face and Si-face of 4H-SiC. The r-B,C film
grown on the Si-face has a faceted surface morphology
(Fig. 1a), while the surface morphology of the film grown on
the C-face appears to consist of individual columns separated
by voids (Fig. 1b). The cross-section in Fig. 1c shows a dense
film on the Si-face, while the cross-section in Fig. 1d shows
discernable voids, emphasized by dotted lines in the figure,
that extend almost to the film/substrate interface. The cross-
sections show that a thicker film, around 2 um, grows on the
Si-face (Fig. 1c), as compared to a thinner film, around 0.9 pm,
grows on the C-face (Fig. 1d).

Cross-section HRTEM micrographs and their corresponding
FFTs of the films grown on both the Si- and C-faces along the
(1120) 4H-SiC zone axis of the substrate are shown in Fig. 2.
The FFT pattern from the r-B,C film on the C-face in Fig. 2
reveals discrete diffraction spots that agree with the XRD
results® confirming the epitaxial relationship with the under-
lying substrate as r-B,C(0001)[1010]||4H-SiC(0001)[1010]. Line
defects extending from the film/substrate interface at an
approximate angle of 60° can be seen in Fig. 2b. FFT analysis
on the film confirmed that the stacking is the same on either
side of the line defect as shown in Fig. S1 in the ESL.{ A ring-
like FFT pattern consistent with polycrystalline growth is seen
for the film growth on Si-face substrates in Fig. 2a. Cross-
section HRTEM micrographs and their corresponding FFTs of
the films grown on both the Si- and C-faces along (1100) 4H-SiC
zone axis of the substrate are shown in Fig. S2 in the ESL{

Localized FFT analysis of the epitaxially grown r-B,C on the
C-face shows the twinning®>?® of the r-B4C crystal, evidenced
by the mirrored FFT pattern observed in Region I and Region
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Fig. 1 Top-view SEM micrographs showing the r-B4C film mor-
phologies grown on the Si-face (a) and the C-face (b) of 4H-SiC. Cross-
section STEM-HAADF micrographs show corresponding film micro-
structures on the Si-face (c) and C-face (d) of 4H-SiC with voids indi-
cated by dotted lines.

r-B,C

40 nm
I

r-B,C on Si-face 4H-SiC

Siface QI e

40 nm
I

r-B,C on C-face 4H-SiC
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(® Zone Axis: [1120]
Fig. 2 Cross-section TEM micrographs and corresponding FFT pat-
terns, showing r-B4C film-substrate regions from Si-face (a and c) and

C-face (b and d) grown films on 4H-SiC. In both cases, the 4H-SiC sub-
strates were aligned along the (1120) zone axis.

10732 | Dalton Trans., 2024, 53,10730-10736

View Article Online

Dalton Transactions

II with respect to each other, the FFTs are taken from the
marked regions in the HRTEM micrograph as indicated in
Fig. 3. The two stackings merge in Region III of Fig. 3, which is
supported by the superposition of FFT reflection spots. The
additional reflections observed in the FFT from Region III are
forbidden but occur due to stacking faults formed during the
coalescence of twinned r-B,C crystals.27 FFT of the entire film
region in the micrograph has been labeled as Region IV, with
reflection spots similar, or identical, to those seen in Region
III. Dashed lines in the HRTEM micrograph are used to show
the grain boundary as the film grows in the pyramidal triangu-
lar microstructure, this growth microstructure starts already at
the film/substrate interface. A localized FFT analysis of the
r-B,C film grown on the Si-face of 4H-SiC is presented in
Fig. S3 in the ESI,{ showing several crystallites in the HRTEM
micrograph and an overall FFT where the diffraction spots
indicate a polycrystalline film.

HRTEM images recorded from the film/substrate interfaces
are shown in Fig. 4. No difference in interface roughness is
noted between the Si- and C-faces, suggesting that surface
etching and step bunching of the substrates do not affect
crystal stacking between the two substrate surfaces. No indi-
cation of graphene or graphite formation is observed, even at
the highest magnification.

The elemental composition of the film/substrate interface
was investigated by EELS line profiles and stacked EELS
spectra in Fig. 5. The analysis reveals that the first few nano-
meter 1-B,C film grown on the C-face is higher in carbon
content compared to the r-B,C film on the Si-face. The stacked
EELS spectra show that similar chemical environments and
bonding states are present for B-K and C-K edge spectra at the
apparent film/substrate interfaces on both substrates. This
suggests that the higher carbon content on the C-face interface
does not result in the formation of free carbon or graphene/
graphite layers which would influence a difference in epitaxial
growth conditions of B,C between the two substrate surfaces.
EDX depth profiles taken across the film/substrate interface
for r-B,C grown on the Si-face Fig. 6(a) and C-face in Fig. 6(b),
show the oxygen contributions in the elemental composition.
As can be seen, there is an increase in oxygen signal starting
from the film nucleation r-B,C film grown on the C-face, while
it remains at the base level (same as in the substrate) for the
film growing on the Si-face.

Raman spectroscopy reveals the presence of free carbon on
the surface of the epitaxial film, as shown in Fig. 7. The
characteristic D, G, and 2D bands of carbon are observed, at
1352 cm™*, 1595 ecm ™', and 2690 cm ™ respectively, only on the
epitaxial r-B,C films grown on the C-face. In contrast, the poly-
crystalline r-B,C films grown on the Si-face show no peaks
from free carbon.

Discussion

The outstanding question from our previous study®' is why
r-B,C grows epitaxially on the C-face but not on the Si-face.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Cross-section TEM micrograph of the epitaxially grown r-B4C film on C-face 4H-SiC as observed along the (1120) zone axis of the substrate.
FFTs of selected areas as well as of the whole micrograph are marked as I-1V on the micrograph. Regions | and Il show two crystal stackings twinned
relative each other. Region Il is the region where the twinned stacking structure merges. The obtained FFT contains diffraction spots from both
Regions | and Il, but also additional diffraction, marked with dotted yellow circles, as forbidden reflections are present in the FFT. FFT from the whole
micrograph is labelled as Region IV. Dashed lines in the HRTEM micrograph are guides for the eyes to show the grain boundary as the film grows in

the pyramidal triangular microstructure as seen in Fig. 1.

r-B,C on Si-face SiC
20 nm

Si-face SiC

T e o -
LYV e T

Si-face SiC

® Zone Axis: [1120]

r-B,C on C-face SiC

Fig. 4 Cross-section HRTEM micrographs of the film/substrate interface viewed along the (1120) zone axis at three different magnification values.
No apparent differences in substrate roughness are observed between the two substrates. No indication of additional interlayer formation is

observed between the film and the substrate for either sample.

From that study and the results presented here, we conclude
that r-B,C nucleates and grows on both faces of 4H-SiC, but on
the C-face, it grows epitaxially and grows to less than half the
thickness compared to the polycrystalline r-B,C film growth on
the Si-face. The surface morphologies are accordingly different
for the two 4H-SiC faces (Fig. 1). HRTEM in Fig. 4 and stacked-
EELS spectra in Fig. 5c results reveal that these differences

This journal is © The Royal Society of Chemistry 2024

cannot be explained by SiC surface roughness (Fig. 4) or from
the presence of interlayers (Fig. 4 and 5c). It should be noted
that the epitaxial r-B,C film on the C-face and the polycrystal-
line film on the Si-face (Fig. 1) were both grown in the same
CVD experiment.

Higher carbon content is observed in the first few nano-
meters of the r-B,C film on the C-face compared to the Si-face

Dalton Trans., 2024, 53,10730-10736 | 10733
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Fig. 5 Elemental distribution profiles across the film/substrate interface for r-B,C grown on the Si-face (a) and C-face (b) of 4H-SiC. Stacked B-K
and C—K edge EELS spectra are also shown for the respective substrates in (c). We note that the C signal for r-B4C film in both (a) and (b) is not zero/
noise level but, instead, the lowest in this measured range i.e. in the B4C film. This is a consequence of the normalization of the EELS signal in the

measured thickness range shown.
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Fig. 6 EDX depth profiles across the film/substrate interface for r-B,C
grown on the Si-face (a) and C-face (b) of 4H-SiC. The intensities have
been shifted along the y-axis to show a better reflection of the elemen-
tal distribution.
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r-B,C on Si face 4H-SiC
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Fig. 7 Raman spectra obtained from both r-B4C film surfaces, poly-
crystalline r-B4C film on Si face 4H-SiC (above) and epitaxial r-B4C film
on C face 4H-SiC (below). The carbon-related D, G, and 2D bands are
observed at 1352 cm™, 1595 cm™, and 2690 cm™ respectively, and are
marked with straight lines. The D + D’ band can also be seen in the latter
at 2950 cm™. The remaining bands indicating the B4C boron icosahe-
dron and 4H-SiC substrate are observed to be the same in both films.

(Fig. 5a and b). Given that r-B,C grew epitaxially on the C-face,
we could reason that this initial carbon in the film may be
important for the initial stages of epitaxial growth of r-B,C
films on 4H-SiC. The B atoms in B,C form caged structures

This journal is © The Royal Society of Chemistry 2024
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which leads to the characteristic network of boron icosahedra
seen in boron carbide.?® The suggested role of carbon is to
stabilize this network by supplying electrons to the boron ico-
sahedron.”® However, these considerations rely heavily on the
experimental results from the EELS analysis alone and the sup-
porting reasoning is highly speculative. This could also be a
consequence of epitaxial growth and not necessarily the
reason for it.

We also observe an increase in the oxygen signal starting
from film nucleation from the EDX depth profiles of the r-B,C
that grew epitaxially on the C-face. However, this difference
could be a consequence of the epitaxial film’s microstructure
and the presence of voids (Fig. 1). ERDA depth profiles for
these films in the previous study showed 0.3% and 0.1 at% of
O for the film grown on the C-face and the Si-face respect-
ively.”! The difference is marginal from the ERDA analysis
where the analyzed film is intact during measurements as
opposed to the TEM sample preparation process done before
the EDX analysis, as required. It is hard to differentiate
between the oxygen incorporation during and after deposition,
making this result less reliable.

The difference in film thickness could be explained by a
hampered growth process on the C-face. From our work on epi-
taxial growth of hexagonal and rhombohedral boron nitride
(h-BN and r-BN) by CVD using TEB where we also observe simi-
larly shaped pyramid structures, we have noted that the epitax-
ial growth is hampered by surface poisoning from carbon
species.®® We therefore use Raman spectroscopy (Fig. 7) to
search for signs of carbon surface poisoning on the r-B,C
films. This analysis reveals free carbon on the surface of the
r-B,C films grown only for the C-face. We suggest that carbon
accumulation on the growth surface hampers the growth of
epitaxial r-B,C films. The polycrystalline r-B,C grown on the Si-
face is continuous. We speculate that the absence of surface
carbon on the film grown on the Si-face (Fig. 7) is due to the
surface morphology of that film where the highly faceted
surface allows migration and subsequent desorption of hydro-
carbon species. The difference in film thickness can also be
attributed to a faster polycrystalline film growth rate, as
explained by a competitive growth mode.*' Competitive growth
mode is often encountered in thin film growth and is where
the dominant growth of crystallites is determined by the
fastest-growing crystal facets. In contrast, epitaxial growth
occurs only in one crystal orientation. In addition, Raman
spectroscopy shows that carbon accumulates on the surface of
the epitaxial r-B,C films. Thus, the resulting difference in film
thickness could be a combination of carbon accumulation and
the difference in growth modes. Our result suggests that a
growth chemistry that is more capable of removing carbon is
necessary for epitaxial r-B,C film growth in this process. These
experimental results cannot explain why r-B,C grows epitaxi-
ally on the C-face and polycrystalline on the Si-face. We specu-
late that the atomistic understanding of this is likely in the
initial chemical bonds formed between the surface atoms and
the r-B,C and hope that these results spur interest to model
the interface by quantum chemical modelling.

This journal is © The Royal Society of Chemistry 2024
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Conclusion

Our study shows that the epitaxial growth of rhombohedral
boron carbide, r-B,C films on the (0001) surface, but not on
the (0001) surface of 4H-SiC is not due to interface roughening
or formation of any interlayer. We cannot give a detailed ato-
mistic explanation for the differences in the growth modes,
but the experimental results develop the knowledge on the
r-B,C/4H-SiC interface, the epitaxial r-B,C film and its growth
morphology. We argue that epitaxial r-B,C film growth is hin-
dered by carbon accumulation and poisoning of the growing
surface.
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