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Investigating Impacts of Local Pressure and Temperature on
CVD Growth of Hexagonal Boron Nitride on Ge(001)/Si

Max Franck,* Jarek Dabrowski, Markus Andreas Schubert, Dominique Vignaud,
Mohamed Achehboune, Jean-François Colomer, Luc Henrard, Christian Wenger,
and Mindaugas Lukosius*

The chemical vapor deposition (CVD) growth of hexagonal boron
nitride (hBN) on Ge substrates is a promising pathway to high-quality hBN
thin films without metal contaminations for microelectronic applications,
but the effect of CVD process parameters on the hBN properties is not well
understood yet. The influence of local changes in pressure and temperature
due to different reactor configurations on the structure and quality of hBN
films grown on Ge(001)/Si is studied. Injection of the borazine precursor close
to the sample surface results in an inhomogeneous film thickness, attributed
to an inhomogeneous pressure distribution at the surface, as shown
by computational fluid dynamics simulations. The additional formation of
nanocrystalline islands is attributed to unfavorable gas phase reactions due to
the radiative heating of the injector. Both issues are mitigated by increasing the
injector-sample distance, leading to an 86% reduction in pressure variability
on the sample surface and a 200 °C reduction in precursor temperature. The
resulting hBN films exhibit no nanocrystalline islands, improved thickness
homogeneity, and high crystalline quality (Raman FWHM = 23 cm−1). This is
competitive with hBN films grown on other non-metal substrates but achieved
at lower temperature and with a low thickness of only a few nanometers.

1. Introduction

The 2D insulator hexagonal boron nitride (hBN) has a
range of promising applications, including deep ultraviolet
optoelectronics,[1,2] tunnel barriers in tunnel devices,[3,4] and pro-
tection layers for high-mobility graphene.[5–8] The most common
method for synthesizing large-area, high-quality hBN, besides
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mechanical exfoliation, is chemical va-
por deposition (CVD) on catalytic transi-
tion metal substrates like Cu and Ni.[9–13]

However, transfer of the hBN layers is
required for device fabrication, which
was shown to leave residual metal con-
taminations at concentrations unaccept-
able for Si technology integration.[14–16]

Consequently, the growth of hBN thin
films directly on CMOS-compatible sub-
strates, such as silicon-based substrates,
germanium, or dielectrics, is desirable.
That way, transferred hBN films are
completely free of metal contaminations,
and depending on the application, the
need for transfer could be eliminated
altogether, making fabrication processes
much more scalable and cost-effective.

On sapphire and silicon substrates,
successful growth ranging from ran-
domly oriented, nanocrystalline hBN
films several hundred nanometers
or even micrometers thick[17–19] to
well-aligned, layered growth with thick-
nesses from a few to several dozen

layers[20–25] has been reported. For applications like graphene
encapsulation in hBN/graphene/hBN heterostructures, well-
aligned few-layer hBN films are preferred,[3,26] but the precise
control of the number of layers remains challenging on these
substrates. Lately, Ge has also been explored as a new non-
metal growth substrate with catalytic activity[27] for high-quality
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Figure 1. a,b) Schematics of the two reactor configurations investigated. c,d) Optical photographs of samples grown with Setup A and B, respectively.

graphene.[28–30] On the other hand, reports for hBN synthesis on
Ge substrates are scarce, and a catalytic effect of Ge has not been
definitively proven. Nevertheless, low-pressure CVD growth of
polycrystalline monolayer hBN using ammonia borane as the
precursor has been reported previously.[31–33] The formation of
triangular islands with 90° and 180° rotational symmetry on
Ge(001) and Ge(110), respectively, was observed,[31,32] and mono-
layer hBN was found to provide significant passivation against
oxidation of the Ge surface.[33] However, the effect of CVD pro-
cess parameters like temperature, pressure, or flow rate on the
hBN properties was not investigated.

Recognizing this deficit, the influence of reactor pressure and
growth temperature on the CVD synthesis of hBN films on
Ge(001) substrates was studied recently, using borazine as the
precursor.[34] A clear improvement in crystalline quality with in-
creasing growth temperature was observed. While well-oriented,
layered growth of multilayer hBN was achieved at high tempera-
ture and 0.1 Pa, the formation of a large number of islands with
randomly oriented nano-crystallites was also observed. The con-
ditions leading to the different growth modes (well-aligned layers
vs randomly oriented nano-crystallites) of hBN on Ge substrates
have not been understood yet. In addition to the reactor pressure
and growth temperature, gas phase reactions can be critical to
CVD growth,[35] and the exact chemical species that participate
in the growth of hBN from borazine are still unknown. Conse-
quently, there is a need for further development of hBN thin film
growth processes on Ge substrates. In particular, understanding
how growth mechanisms respond to changes in temperature and
pressure is crucial for tailoring the properties of hBN.

In this work, we study the influence of local changes in pres-
sure and temperature due to different reactor configurations on
the structure and quality of hBN films grown on Ge(001)/Si sub-
strates. The borazine precursor is delivered to the reactor via an
injector tube, the position of which can affect the local precursor
partial pressure at the sample surface, as well as the gas tem-
perature, thus influencing gas phase reactions. It was found that
the morphology, structure, and crystalline quality of hBN films
grown with two different reactor configurations differ signifi-
cantly in response to these effects. Computational fluid dynamics
(CFD) simulations of the experimental setups helped to identify
the dominant effects from a fluid dynamics and heat transport
perspective.

2. Results and Discussion

The two reactor configurations studied in this work, named Setup
A and Setup B, are shown schematically in Figure 1a,b. In Setup
A, the borazine injector is positioned very close to the sample sur-
face (distance ≈3 cm) and pointing toward one end of the sam-
ple (this is due to the positioning of the flanges on the reactor
chamber). For Setup B, the injector is moved 5 cm away from the
sample surface along its axis. The same growth parameters were
used for both setups, as detailed in the Experimental section.

The hBN films grown with reactor setup A exhibit inhomoge-
neous film thickness, visible as a color gradient, as seen in the
photograph in Figure 1c. The gradient suggests increasing film
thickness at the outer ends of the sample, which are closest to the
borazine inlet. Due to rotation around the center of the sample
during growth, the thickness gradient is mirrored on the other
side of the sample. On the other hand, Setup B yields a thinner
and more homogeneous hBN film, which is evident to the eye
as no discoloration of the Ge substrate, as shown in Figure 1d.
The sample exhibits no interference colors, pointing to a rela-
tively thin film of at most 45 nm, assuming a refractive index of
≈2.2,[36] even at the edges of the sample. This indicates a notice-
ably lower overall growth rate with setup B. The additional dis-
colorations at the outer edges of the samples (yellow-blue areas
in Figure 1c and dark lines in Figure 1d) mark the contact area
with the sample holder, which is not considered in the analysis.

The film thickness, structure, and crystalline quality are inves-
tigated in detail via high-resolution cross section transmission
electron microscopy (TEM). Figure 2a shows a low-magnification
overview image of the center region of a sample grown with
Setup A. The hBN film mainly consists of relatively large islands,
up to 100 nm in diameter and 20 nm in height, and some flat,
layered regions between the islands. The islands are nanocrys-
talline (Figure 2b), with randomly oriented crystallites ≈2–5 nm
in size, as described recently.[34] For Setup B, the formation of the
nanocrystalline islands is suppressed, as shown in Figure 2d. The
high-resolution image in Figure 2e reveals well-oriented, layered
growth of hBN and a film thickness of 4.2 nm after a growth time
of 240 min. The film thickness is not entirely homogeneous, as
evident from the overview image (Figure 2d), and varies between
1.7 nm (5 layers) and 4.6 nm (14 layers). Nevertheless, this is a
significant improvement compared to the nanocrystalline islands
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Figure 2. Cross section TEM images of hBN films grown with a,b) Setup A and d,e) Setup B, as well as c,f) corresponding AFM images.

from Setup A, and the film thickness is in the range suitable for
the envisioned application of graphene encapsulation layers.

The morphology of the sample shown in Figure 2a (grown with
Setup A) is dominated by the large nanocrystalline islands, as
seen in the corresponding atomic force microscopy (AFM) im-
age in Figure 2c. The RMS roughness is 7.4 nm. For Setup B,
AFM images (Figure 2f) show the absence of large islands, and
consequently, the RMS roughness is strongly reduced to 2.1 nm.
Nevertheless, a few smaller islands are visible, with approximate
heights of 10–15 nm and lateral sizes of 30–60 nm. If the islands
are omitted from the calculation, an RMS roughness of 1.8 nm
is obtained, demonstrating that the surface morphology is now
dominated by the roughness of the layered hBN film rather than
by the islands. This, in turn, is at least partially caused by the
roughening of the Ge substrate during the growth process, which
can also be observed in the TEM images, due to the growth tem-
perature being very close to the melting point of germanium. Be-
fore the hBN growth process, the RMS roughness of the epitax-
ial Ge film is <0.5 nm.[37] However, to obtain the highest quality
hBN films, the growth temperature needs to be as high as possi-

ble, and reducing the temperature to control the Ge roughening
would result in a partially amorphous hBN film.[34]

The smaller islands found in the AFM images for Setup B
were investigated in more detail by TEM and energy-dispersive X-
ray spectroscopy (EDX). Figure 3a shows a high-resolution cross
section TEM image of one of these islands, revealing an amor-
phous structure covered by layered hBN. Additionally, EDX maps
(Figure 3b–d) show an inhomogeneous distribution of N and
B atoms in the islands. There is a notable nitrogen deficiency
in the amorphous parts of the island, while the layered parts
are more stoichiometric, as shown by X-ray photoelectron spec-
troscopy (XPS) toward the end of this section. The difference in
crystallinity suggests that the formation mechanism of these is-
lands differs from that of the nanocrystalline islands found in the
samples grown with Setup A (Figure 2a,b) and confirms that the
latter are indeed suppressed completely with Setup B. Moreover,
the fact that layered hBN covers the islands for Setup B could in-
dicate that the amorphous part forms in the early stages of film
growth and is later overgrown by the forming hBN film. This was
corroborated by conducting a growth experiment with a growth
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Figure 3. a) Cross section TEM image and b–d) EDX maps of small islands found in hBN films grown with Setup B.

time of only 10 min, after which the same amorphous, boron-rich
islands were observed, but without the layered hBN overgrowth
(see Figure S1, Supporting Information for more details). While
this could point to some issues with the initial injection of the
Ar/borazine mixture at the start of the growth phase, the exact
origin of these islands is still unclear.

In an attempt to understand the mechanisms behind the sup-
pression of the nanocrystalline islands, we take a look at pres-
sure and temperature, as these are two of the most critical pro-
cess parameters in CVD synthesis. While both parameters are
identical globally for the studied reactor configurations, the re-
sulting hBN films were shown to be markedly different. There-
fore, temperature and pressure need to be examined on a more
local scale. The change in geometry causes several possible ef-
fects: the additional space between the borazine inlet and the
sample surface in the case of Setup B allows the gas to expand
more and the pressure to equalize closer to the chamber back-
ground pressure before reaching the sample. This effect might
result in a lower and more homogenous local pressure of the pre-
cursor at the sample surface, leading to slower and more homo-
geneous film growth. The increased distance of the inlet tube end
to the heated sample and holder might also result in less passive
heating of the tube and, subsequently, a lower precursor temper-
ature before entering the reactor chamber. This may influence
the pre-reactions of the borazine molecules, leading to different
borazine-derived chemical species reaching the sample surface

and participating in the growth process. Such gas phase reactions
are not expected to be significant in the reactor itself due to the
low chamber pressure,[38] but inside the thin injector tube, the
pressure is much higher, as shown in Figure 4d,e. To evaluate
whether the mentioned effects are sufficiently large to be signif-
icant for our setup, computational fluid dynamics simulations
were conducted using COMSOL Multiphysics. A 2D model ap-
proximating the reactor geometry was constructed, including the
borazine inlet tube, heated sample holder, and vacuum pump. A
detailed description of the model can be found in the Supporting
Information.

The simulations show that the difference in gas tempera-
ture before entering the reactor chamber is indeed significant.
Figure 4a,b shows the computed spatial temperature distribu-
tions for Setup A and Setup B, respectively, in the immediate sur-
roundings of the sample holder. If the borazine inlet is close to
the hot sample surface, the end section is passively heated to sev-
eral hundred degrees Celsius, mainly through radiation. For bet-
ter illustration, Figure 4c plots the temperature along a straight
line through the middle of the inlet tube up to the sample (last
20 cm only; see also blue line in the inset) for both setups. Gen-
erally, the gas heats up as it flows through the tube toward the
reactor chamber, through heat transfer from the increasingly hot
tube walls, up to 600 °C for Setup A and 430 °C for Setup B, see
Figure 4c. As the gas enters the reactor chamber and flows to-
ward the sample surface, it is directly heated by the hot sample
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Figure 4. CFD simulation results. a,b) Spatial temperature distributions close to the sample holder for the two setups. c) Line plots of temperatures
along the injector; the cutline is shown in the inset. d,e) Spatial pressure distributions close to the sample holder for the two setups. f) Line plots of
normalized local pressure along the surface of the sample holder. The inset shows the cutline. The green color marks the area occupied by the actual
sample.

holder, and the temperature increases more quickly (dashed line
section in Figure 4c). The gas temperature does not equalize with
the sample surface temperature of 900 °C at the end of the graph
due to a heat flux perpendicular to the surface (the Smoluchowski
temperature jump; see Supporting Information for more details).
It should also be noted here that the 2D model is a simplified
description of the experimental setup, so the absolute tempera-
ture values returned by the simulation are only an estimate and
do not necessarily represent the precise conditions in the physi-
cal setup. Instead, the relative values between the two setups are
more meaningful. With this in mind, a slightly higher overall gas
temperature can be noted in the case of Setup A due to the in-
creased heat flux to the injector tube. More importantly, the most
significant difference is in the gas temperature at the respective
outlets, which is almost 200 °C higher for Setup A (see positions
marked in Figure 4c). This could facilitate gas phase reactions of
the borazine precursor, which might result in the unwanted hBN
nanocrystalline islands (see Figure 2a–c).

Early studies on the borazine compound found several poly-
merization and decomposition reactions at relatively low tem-
peratures. For example, liquid borazine reacts to polyborazylene
([B3N3H4]x) via dehydropolymerization with high yields within
48 h at only 70 °C.[39] While the reaction rate would be several
orders of magnitude lower due to the low borazine partial pres-
sure in the injector (≈1 Pa, see Supporting Information), it can-
not be entirely dismissed in the case of reactor setup A, because
of the low-temperature requirement. Another study found that
borazine vapor decomposes to nonvolatile BNH0.8 and hydrogen
gas at 340 – 381 °C.[40] Additionally, the formation of B5N5H8
and B6N6H10 dimers (naphthalene and diphenyl analogs, respec-

tively), B3N5H8 (2,4-diaminoborazine), as well as larger poly-
mers, could be demonstrated from pyrolytic dehydrogenation of
borazine vapor at 380 °C.[40] These species might lead to subop-
timal hBN growth and facilitate the formation of nanocrystalline
islands, which is mitigated by moving the borazine inlet to its
position in Setup B.

Since the conditions in the injector differ from those in the
abovementioned studies, especially in pressure, the plausibil-
ity of such polymerization was confirmed for our setup by ab
initio calculations, which can be found in the Supporting In-
formation. The equilibrium partial pressures of B5N5H8 and
B6N6H10 were found to be significant (leading to a sample ex-
posure of >1 L h−1) at reasonable ranges of process conditions
(temperatures, partial pressures of reaction partners). However,
as the reaction pathways exhibit relatively high energy barri-
ers (≈2 eV), the polymerization reactions are kinetically inhib-
ited and would require catalysis. The hot walls of the injec-
tor are expected to provide a catalytic effect for these reactions,
but this needs to be investigated in more detail in a future
study.

The reactor configuration also affects the local pressure – and
therefore molecule density – of the carrier gas/precursor mix-
ture at the sample surface. The computed spatial pressure dis-
tributions for Setup A and Setup B, respectively, are shown in
Figure 4d,e. The gas expansion zone is clearly visible, resulting in
a region of elevated pressure compared to the surrounding cham-
ber extending to the sample surface for both cases. Figure 4f plots
the pressure along the surface of the sample holder (see also red
line in the inset) for both setups, normalized to the maximum
value for Setup A. In the case of the injector tube ending very
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Figure 5. a) N 1s and b) B 1s XPS spectra of hBN films grown with both reactor setups.

close to the sample surface (Setup A), a strongly non-uniform
pressure distribution is observed, with a maximum near the cen-
ter of the sample holder. The pressure decreases steadily toward
the edges to ≈50 % of the maximum value. On the other hand,
Setup B results in a broader and flatter distribution with an over-
all reduced pressure in the range of ≈55% of the maximum value
for Setup A. This difference is exacerbated when only the section
of the sample holder actually occupied by the sample is consid-
ered (green area in Figure 4f). Here, the average normalized pres-
sure is 0.899 for Setup A, and the overall range (the difference
between the maximum and minimum pressure at the sample
surface) is 0.284. For Setup B, the average normalized pressure
is 0.547, with an overall range of 0.041, yielding a 39% reduc-
tion of average pressure and an 86% reduction of pressure vari-
ability. These results corroborate the initial hypothesis that Setup
B leads to a lower and more homogeneous local pressure at the
sample surface. Assuming operation in the diffusion/mass trans-
port limited growth regime, this plausibly contributes to the ob-
served changes in film thickness and structure. At high growth
temperatures, growth rates are not kinetically limited by the sur-
face reaction rate but rather by the transport of reactive species
to the sample surface, which benefits from increased precursor
partial pressure. This is especially true for very low reactor pres-
sures (as in our setup), where diffusion coefficients become large
and, consequently, diffusion through the boundary layer above
the sample surface is fast.[38] Typically, the mass transport limited
regime ranges from several hundred to about a thousand degrees
Celsius,[41,42] so this is the expected behavior for our growth tem-
perature of ≈900 °C, even though the exact surface reactions and
corresponding reaction rates are unknown. Hence, the highest
film thickness should occur at one edge of the sample, creating
the symmetric thickness gradient depicted in Figure 1c due to the
sample rotation during the growth process.

So far, it has been shown that the positioning of the bo-
razine injector influences the local borazine partial pressure at
the sample surface and its temperature while still in the in-
jector. This leads to an observed change in growth mode from
a mix of flat regions and islands of randomly oriented nano-
crystallites to purely well-aligned, layered growth and reduces
the overall growth rate. It should be noted that these effects are
inherently intertwined and cannot be separated for individual
experimental verification. The morphology and structure of the
grown hBN films were characterized in detail on the microscopic
scale.

Lastly, the stoichiometry and crystalline quality of the hBN
films grown with both setups were also characterized on a more
macroscopic scale, using XPS and Raman spectroscopy. The N 1s
and B 1s XPS core level spectra are shown in Figure 5. Peak fit-
ting was performed using a Tougaard background and Gaussian-
Lorentzian line shapes. For the sample grown with Setup B, the
spectra can be fitted with only one peak each, specifically at 398.3
and 190.6 eV, which can be attributed to N–B and B–N bonds,
respectively.[43,44] The hBN film grown with Setup A exhibits addi-
tional peaks at 399.4 eV and 188.3 eV, corresponding to N–H and
B–B/B–H bonds, respectively.[44,45] This indicates incomplete de-
hydrogenation reactions and possibly the formation of B–B point
defects or B clusters in the case of Setup A, which could be a
symptom of unfavorable borazine derivatives leading to subopti-
mal growth. Noticeably, no B–B bonds were detected in the case
of Setup B despite the presence of the boron-rich, amorphous
islands described above. This might be due to the thickness of
the layered overgrowth exceeding the XPS information depth. In
addition to a better hBN film structure and quality, Setup B also
yields improved stoichiometry compared to Setup A, with N:B
ratios of 1.07 and 1.26, respectively.

The crystalline quality was probed at 100 different positions
in a 10 × 10 grid and a distance of 3 μm between each point.
Figure 6a shows the average Raman spectrum for both setups.
The characteristic hBN E2g mode is observed at 1373.7± 0.8 cm−1

and 1372.2 ± 0.4 cm−1 for hBN films grown with Setup A and
B, respectively. The peak positions are shifted upward with re-
spect to bulk hBN (1366 cm−1[46]), indicative of small crystallites
or small amounts of compressive strain in the hBN film.[47,48]

In the case of Setup B, small crystallites can be ruled out from
the TEM investigation, but the difference in the thermal ex-
pansion coefficients of substrate and film can easily introduce
strain. The FWHMs of the hBN peaks are 37.3 ± 2.9 cm−1 and
22.6 ± 1.2 cm−1 for Setup A and Setup B, respectively, further
confirming the improved crystalline quality of the film grown by
Setup B. Both the average FWHM and the variability (standard
deviation) of the FWHM are reduced noticeably. Figure 6b plots
the FWHM map for Setup B; a full comparison of the peak po-
sition and FWHM maps can be found in Figure S5 (Supporting
Information). Note that in the case of Setup A, both nanocrys-
talline islands and layered hBN are present in the volume probed
by the spectrometer (laser spot size ≈1 μm). Consequently, the
nanoscale islands will likely dominate the hBN material under
the Raman probe. Putting the results for Setup B into perspective,
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Figure 6. a) Raman spectra of hBN films grown with both reactor geometries. b) FWHM map for Setup B.

similar FWHM values in the range of 25–35 cm−1 have been re-
ported for hBN films grown on other non-metal substrates, but
these are primarily nanocrystalline films with thicknesses in the
range of 0.3–2.3 μm,[17–19,49,50] while reports for nanometer thick-
ness, layered hBN are scarcer.[22–25] These high-quality, metal-free
hBN thin films will enable the fabrication of hBN/graphene/hBN
heterostructures with superior graphene charge carrier mobility.

3. Conclusion

Two different reactor configurations were investigated for the
chemical vapor deposition growth of hexagonal boron nitride on
epitaxial Ge(001)/Si substrates. While the global chamber pres-
sure and growth temperature were identical, changing the setup
affected the hBN film structure and quality through changes in
the local precursor partial pressure distribution near the sample
surface and the precursor temperature before entering the reac-
tor chamber. Setup A, which placed the borazine precursor in-
jector tube very close to the sample surface, yielded hBN films
containing both vertically stacked hBN layers and a large den-
sity of nanocrystalline islands, as observed by cross sectional
TEM. The film thickness is inhomogeneous at the millimeter
scale, which is attributed to an inhomogeneous pressure dis-
tribution at the sample surface found with the help of numer-
ical CFD simulations. These simulations also show strong ra-
diative heating of the injector tube near the hot sample holder,
plausibly contributing to the formation of unwanted nanocrys-
talline islands via the creation of unfavorable borazine deriva-
tives in gas phase reactions. For Setup B, on the other hand,
the injector tube was moved away from the sample surface, re-
sulting in well-aligned, layered growth of hBN without nanocrys-
talline islands. A much more homogeneous film thickness and
overall reduced growth rate were observed, which is mirrored
in the corresponding CFD simulations, showing a 39% reduc-
tion in average pressure and an 86% reduction in pressure vari-
ability on the sample surface. Additionally, the CFD simulations
show that the maximum gas temperature in the injector is al-
most 200 °C lower compared to Setup A, drastically reducing
gas phase reaction rates. The hBN films grown with Setup B
exhibit Raman peaks with an FWHM of 23 cm−1, on par with
films grown on other non-metal substrates, but achieved at lower
growth temperature and with a low thickness of only a few
nm.

4. Experimental Section
Synthesis of hBN thin films on intrinsic, 2 μm thick epitaxial Ge(001)/Si
substrates[37] was carried out in a RIBER Compact 21T ultra-high vacuum
(UHV) CVD system at a setpoint temperature of 980 °C (corresponding to
a surface temperature of ≈900 °C) and a pressure of 0.1 Pa using borazine
(B3N3H6, Katchem) as the precursor and Ar (99.9999 %, Air Liquide) as
the carrier gas. For this study, the injector tube (5 mm diameter) supplying
the precursor/carrier gas mixture to the reactor was placed in two different
positions, with different distances to the sample surface: 3 and 8 cm. Sam-
ples were annealed in UHV (≈10−6 Pa) for 30 min at 900 °C to remove the
native oxide. For hBN growth, 40 sccm of Ar flowed through the borazine
bubbler, which was held at −10 °C. The growth time was 120 min unless
specified otherwise, and afterward, the samples were rapidly cooled down
to room temperature.

In situ X-ray photoelectron spectroscopy (SPECS GmbH) with an
Al K𝛼 X-ray source was used to investigate the chemical composition.
The quality of the hBN thin films was characterized using Raman spec-
troscopy (Renishaw inVia, 532 nm excitation wavelength, spot diame-
ter ≈1 μm). Raman spectra were referenced to the Si peak at 520.5
cm−1. The crystalline structure was studied by transmission electron
microscopy (FEI Tecnai Osiris, 200 kV acceleration voltage). Energy-
dispersive X-ray spectroscopy and electron energy loss spectroscopy
were used in the scanning TEM mode to study the spatial distri-
bution of boron and nitrogen. Atomic force microscopy (Bruker Di-
mension Icon) was performed to characterize the morphology of the
samples.

To gain insight into the effect of the reactor setup on the precursor gas
flow, computational fluid dynamics simulations were performed in two
dimensions using the Slip Flow interface in COMSOL Multiphysics. The
interface uses the Navier–Stokes equations to model the gas flow, with
modified boundary conditions to account for the wall-adjacent Knudsen
layer. It also contains the heat flow equations to model conductive and
convective thermal effects. The Surface-to-Surface Radiation interface was
coupled with the Slip Flow interface to include radiation. More details can
be found in the Supporting Information.

The plausibility of certain chemical reactions was verified by ab initio
calculations using the method described in Ref. [34].

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Binder, R. Stępniewski, A. Wysmołek, 2D Mater. 2023, 10, 025010.

[26] L. H. Li, E. J. G. Santos, T. Xing, E. Cappelluti, R. Roldán, Y. Chen, K.
Watanabe, T. Taniguchi, Nano Lett. 2015, 15, 218.

[27] P. W. Loscutoff, S. F. Bent, Annu. Rev. Phys. Chem. 2006, 57, 467.
[28] G. Wang, M. Zhang, Y. Zhu, G. Ding, Da Jiang, Q. Guo, S. Liu, X. Xie,

P. K. Chu, Z. Di, X. Wang, Sci. Rep. 2013, 3, 2465.
[29] M. Lukosius, J. Dabrowski, J. Kitzmann, O. Fursenko, F. Akhtar, M.

Lisker, G. Lippert, S. Schulze, Y. Yamamoto, M. A. Schubert, H. M.
Krause, A. Wolff, A. Mai, T. Schroeder, G. Lupina, ACS Appl. Mater.
Interfaces 2016, 8, 33786.

[30] J. Aprojanz, P. Rosenzweig, T. T. N. Nguyen, H. Karakachian,
K. Küster, U. Starke, M. Lukosius, G. Lippert, A. Sinterhauf, M.
Wenderoth, A. A. Zakharov, C. Tegenkamp, ACS Appl. Mater. Inter-
faces 2020, 12, 43065.

[31] J. Yin, X. Liu, W. Lu, J. Li, Y. Cao, Y. Li, Y. Xu, X. Li, J. Zhou, C. Jin, W.
Guo, Small 2015, 11, 5375.

[32] M.-K. Hong, S.-H. Hyun, H.-S. Jang, B.-S. An, H.-C. Jang, H.-S.
Hwang, S.-I. Kim, J.-Y. Moon, S. M. Sattari-Esfahlan, S.-Y. Lee, S.-K.
Son, D. Whang, J.-H. Lee, Appl. Surf. Sci. 2021, 554.

[33] C. Zhang, B. Gao, Y. Ran, Z. Shi, H. Zhu, H. Zhang, J. Liu, B. Yang, Z.
Liu, T. Wu, X. Xie, 2D Mater. 2021, 8, 035041.

[34] M. Franck, J. Dabrowski, M. A. Schubert, C. Wenger, M. Lukosius,
Nanomaterials 2022, 12, 3260.

[35] M. D. Allendorf, T. M. Besmann, R. J. Kee, M. T. Swihart, Chemical
Vapour Deposition: Precursors, Processes and Applications (Eds: A. C.
Jones, M. L. Hitchman), RSC Publishing, Cambridge 2009, p-93.

[36] S.-Y. Lee, T.-Y. Jeong, S. Jung, K.-J. Yee, Phys. Status Solidi B 2019, 256,
1800417.

[37] Y. Yamamoto, P. Zaumseil, T. Arguirov, M. Kittler, B. Tillack, Solid-
State Electron. 2011, 60, 2.

[38] A. C. Jones, M. L. Hitchman, Chemical Vapour Deposition: Precursors,
Processes and Applications (Eds: A. C. Jones, M. L. Hitchman), RSC
Publishing, Cambridge 2009, p-1.

[39] P. J. Fazen, J. S. Beck, A. T. Lynch, E. E. Remsen, L. G. Sneddon, Chem.
Mater. 1990, 2, 96.

Adv. Mater. Interfaces 2024, 2400467 2400467 (8 of 9) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400467, W
iley O

nline L
ibrary on [04/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de
http://www.gauss-centre.eu


www.advancedsciencenews.com www.advmatinterfaces.de

[40] A. W. Laubengayer, P. C. Moews, R. F. Porter, J. Am. Chem. Soc. 1961,
83, 1337.

[41] S. D. Hersee, J. P. Duchemin, Annu. Rev. Mater. Sci. 1982, 12, 65.
[42] J. J. Coleman, Proc. IEEE 1997, 85, 1715.
[43] R. Trehan, Y. Lifshitz, J. W. Rabalais, J. Vac. Sci. Technol., A 1990, 8,

4026.
[44] Handbook of X-ray Photoelectron Spectroscopy: A Reference Book of

Standard Spectra for Identification and Interpretation of XPS Data, (Ed:
J. Chastain), Physical Electronics Division, Perkin-Elmer Corporation,
Eden Prairie, MN. 1995.

[45] T. Goto, T. Hirai, J. Mater. Sci. Lett. 1988, 7, 548.
[46] T. Kuzuba, K. Era, T. Ishii, T. Sato, Solid State Commun. 1978, 25,

863.
[47] Q. Cai, D. Scullion, A. Falin, K. Watanabe, T. Taniguchi, Y. Chen, E. J.

G. Santos, L. H. Li, Nanoscale 2017, 9, 3059.
[48] R. J. Nemanich, S. A. Solin, R. M. Martin, Phys. Rev. B 1981, 23, 6348.
[49] K. Ahmed, R. Dahal, A. Weltz, J.-Q. Lu, Y. Danon, I. B. Bhat, Appl. Phys.

Lett. 2016, 109, 113501.
[50] K. Ahmed, R. Dahal, A. Weltz, J. J.-Q. Lu, Y. Danon, I. B. Bhat, Mater.

Res. Express 2017, 4, 015007.

Adv. Mater. Interfaces 2024, 2400467 2400467 (9 of 9) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400467, W
iley O

nline L
ibrary on [04/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

