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Abstract

The growth of two-dimensional boron nitride (2D-BN) thin films on Ge (001) has been
studied, with the ultimate goal of integrating this material into Si technology. Molecular beam
epitaxy was used in a dedicated ultra-high vacuum chamber. To avoid the formation of
thermal pits on heating the Ge film above ~760°C, a two-step procedure was optimized. A
thin 2D-BN buffer layer is first grown at ~730°C using two independent cells for B and N,
aimed at stabilizing the Ge surface and to prevent thermal pits formation upon further heating.
The second-step at 800°C makes use of another precursor, gaseous borazine, in the same
chamber. The growth proceeds in a step-flow mode, and results in homogeneous nano-
crystalline large-surface 2D-BN films with a ~1 nm roughness.



Introduction

Because of its wide bandgap (~6 eV) [1, 2], hexagonal boron nitride (hBN) presents many
potential applications as an insulator, such as passivation/tunneling layer in graphene/hBN
heterostructures or in combination with transition metal dichalcogenides [3, 4], but also for
UV single-photon sources and photonics [5, 6]. Chemical vapor deposition (CVD) is the
scalable technique most often used to grow hBN on metallic substrates such as Cu, Ni [7-10],
although earlier studies involved molecular beam epitaxy (MBE) [11, 12]. This implies that
such hBN film must be separated from the metal substrate before using it in any device,
generally by transfer techniques which raise many other problems (e.g. wrinkles,
contaminations...) [13, 14]. Growth on non-metallic substrates was also considered, such as
sapphire [15-17]. An alternative path would be the direct growth of hBN on materials
compatible with Si technology integration. The first obvious choices are Si or SiO,, onto
which nanocrystalline hBN was obtained by CVD [18, 19]. Germanium is however a good
alternative for this purpose, as evidenced by the successful growth of graphene on Ge films
deposited on Si [20-23]. A few growth studies of hBN on Ge were already published. On the
one hand, CVD at pressures above 0.5 Torr was explored with the ammonia-borane NH3-BH3
precursor, using a non-standard geometry where the Ge surface is placed face-to-face to a
quartz or Si wafer [24-26]. The BN growth generally starts by triangular-shaped domains that
eventually coalesce to form an almost complete hBN monolayer. On the other hand, a lower
total pressure range (10° to 10° Torr) was used with borazine BsNsHs as precursor [27].
Nanocrystalline well-oriented vertically stacked hBN layers were observed at the highest

temperature setpoint of 980°C and pressure of 10° Torr.

It must be remembered that many different polytypes of two-dimensional boron nitride
(2D-BN), involving different stacking orders of the same elementary monolayer of BN, are
stable with very similar calculated total energies [28, 29]. If hBN is by far the most often cited
polytype obtained by CVD, this stacking cannot be taken for granted without experimental
verification. Indeed, other stacking such as the rhombohedral rBN (labelled ABC) or the
graphite-like Bernal stacking (AB) were observed [29-31]. Because a direct identification of
the polytype is complicated [32], we are using the general label 2D-BN for the material
described in this article.

We present here an investigation of the growth of 2D-BN on Ge (001) films grown on Si
(001) in a MBE chamber, in the lowest pressure range (up to 10®° Torr) compared to
previously published studies [24-27]. This choice of substrate and orientation was imposed by



the goal of Si technology integration. We took advantage of an uncommon combination of
sources in the same chamber, involving a high temperature B cell, a N, RF plasma cell and a
gaseous borazine injector. The growth conditions were optimized, which led to a two-step
process. A buffer layer is first grown at ~730°C using independent B and N cells, to stabilize
the surface. The main 2D-BN layer is then grown at 800°C under borazine flow which results
in a step-flow growth of multilayer 2D-BN.

1. Experiments

All growth experiments used 2 um thick epitaxial Ge (001) films deposited by CVD on Si
(001) substrate [33], sawn into 1x1 cm? pieces. 2D-BN films were grown by MBE in a
commercial Riber ultra-high vacuum (UHV) chamber. An infrared pyrometer at 0.85 pm
wavelength was used for growth temperature measurements above 700°C (uncorrected for
emissivity, corresponding to 730°C after correction). This induces a larger uncertainty on the
temperature of samples grown at 730°C than to higher ones, which justifies to write ~730°C
only in this specific case. More details about this chamber were already published [34-36].
Two independent configurations of precursors were used to grow 2D-BN. The first one
involved separated cells for B and N, that is a high-temperature effusion cell for boron (HTEZ
from MBE-Komponenten) combined with a nitrogen radio-frequency valved plasma cell
(VRF-N-600 from Riber) [36]. Under these conditions, the chamber pressure is ~10° Torr,
depending on the N, flow (5 sccm). The second precursor is gaseous borazine (BszNsHs),
providing both B and N atoms, entering the growth chamber through a Mo gas injector which
may be heated to temperatures up to 1100°C [34]. The borazine pressure is regulated before
entering the injector through a calibrated hole. A set-point of 5 Torr corresponds to an
equilibrium pressure of ~3.10° Torr in the MBE chamber.

Once grown, samples were transferred after a short air exposure in a separated X-ray
photoelectron spectroscopy (XPS) chamber for chemical analysis (stoichiometry) as well as
for a 2D-BN thickness estimation. A Physical Electronics 5600 spectrometer fitted in an UHV
chamber (base pressure ~1-10™° Torr) was used, with a monochromatized Al anode X-ray
source (photon energy 1487 eV) and a typical probe size of 400 pm diameter. A gold
reference sample was measured and the position of the Au 4f 7/2 photoemission peak at 84.0
eV [37] was used to calibrate the binding energy scale. The B/N composition ratio was
determined from the Ig14/Ings ratio [35], after correction for the respective sensitivities of the



set-up. lgss (respectively Iyis) represents the integrated intensity of the BN-related B 1s (N 1s)
component after background subtraction according to the Shirley procedure [38]. The ratios
Is1s/lce and Inis/lce Obtained for different photoelectron angles were used to estimate the ratio
d/Asen based on a homogeneous thickness single layer model [34, 35]. Aggn IS the inelastic
mean free path of B photoelectrons in BN, and d is the averaged BN thickness. Ige stands for
the integrated intensity of the Ge film peak, using either the Ge3s or Ge3d components which
led to very similar estimates. The photoelectron takeoff angle was varied between 25° (close
to grazing incidence, surface sensitive) and 75° (nearly normal incidence, bulk sensitive).
Atomic Force Microscopy (AFM) observations and roughness measurements were achieved
in air in tapping mode using a Multimode Veeco equipment with a Nanoscope IVa controller.
All the roughness values reported here were obtained on 1x1 pum? surfaces. Time-of-flight
Secondary lon Mass Spectroscopy (ToF-SIMS) measurements were realized with a TOF
SIMS.5 system (IONTOF). The burst (respectively bunch) mode was used for mapping
(spectroscopy), using 25 keV Bi* as primary ion source. The BN content was studied by
measuring the '°BN™ signal. The typical spatial resolution is 200 nm for mapping. X-ray
reflectivity (XRR) experiments were carried out using a Rigaku SmartLab diffractometer with
a 9 kW Cu-Ka rotating anode, at a wavelength of 1.5418 A. The beam size projected on the
sample surface, which depends on the incidence angle, is always larger than 10 mm? for the
considered incidence angle range. High-resolution transmission electron microscopy
(HRTEM) images were acquired using a FEI Tecnai Osiris microscope operated at 200 kV.
This microscope features a Schottky field emission gun and offers a lateral resolution of 0.26
nm in HRTEM mode. A Horiba Scientific LabRAM HR confocal spectrometer with a 473 nm
laser (power ~10mW) was used for Raman spectroscopy. The beam was focused to a size
smaller than 1 um by a 100x objective.

2. Results and discussion

The choice of the growth temperature is often critical whatever the particular technique,
and depends on many parameters. In the case of MBE, a general rule states that the higher the
temperature, the higher the adatom mobility and the film crystallographic quality, as long as
the film does not start to degrade because of atom sublimation and/or diffusion into the
substrate. In the case of the 2 um Ge film on Si, the optical microscopy images of the surface
are shown as a function of the anneal temperature in Fig.1l. The Ge surface is strongly



degraded at 850°C and above. For lower temperatures, square thermal pits are observed
between 760°C and 820°C. Their size (up to 7 um edge length) and density (5x10* to 5x10°
pits/cm?) increase with the temperature. Such pits were already described in the literature,
with very similar characteristics (onset of appearance at ~750°C, densities in the 10° pits/cm?
range) [39, 40]. They were associated in bulk Ge either with the desorption from strained
regions around dislocation pile-ups [39] or with the preferential evaporation of Ge suboxides
[40]. We tried to etch these suboxides, thanks to a HBr-based process [40], but it showed a
rather limited efficiency on annealing with our samples (reduction of the pit density from ~1.8
10° down to ~1.3 10° pits/cm?). So, the highest temperature that may be used without surface
degradation because of thermal pit appearance is ~730°C, which is thus the maximum usable

temperature for direct growth of 2D-BN on Ge films.
2.1 One-step growth, choice of B source

Given the temperature restriction previously described, the growth of 2D-BN was
explored using either borazine or the combination of boron evaporation and nitrogen plasma
cells. The B 1s and N 1s XPS spectra of these samples are summarized in Fig.2, while the
corresponding growth parameters are detailed in Table 1. These initial sets were selected
according to previous experiments on Ni [34-36]. All spectra show one single peak at ~398.4
eV in the N 1s range corresponding to B-N bonds. In the B 1s spectral domain, a main peak at
~190.7 eV is always observed, associated with B-N bonds. For all samples except A600
which is B-rich (B/N~1.4), the B/N atomic ratio is 1+0.1 (see Table 1), that is the
stoichiometry expected for 2D-BN, when one considers only the BN-related peaks at ~190.7
eV and ~398.4 eV. Some samples also show an additional component at ~188 eV, most
probably related to parasitic B-B bonds [41-43]. This last observation implies that the
corresponding 2D-BN films are B-rich, and should thus be avoided. In the case of the
borazine precursor (the Axxx set of samples), there is no direct way of adjusting
independently the B and N flow since a single (stoichiometric) precursor is used. Both
samples A600 and A730 show a significant B-B component relative to the B-N one, so
borazine does not appear to be a good choice of precursor to grow 2D-BN directly on Ge.

Considering now the set of samples grown from separated B and plasma-activated N, (the
Bxxxx samples), the only one for which a strong 188 eV peak is detected was grown with the
highest B-cell temperature (1800°C), that is the highest B flux. Reducing the B-cell
temperature to 1720 or 1760°C (and thus the B flux) is sufficient to avoid the formation of the
unwanted B-B bonds. The B/N composition remains slightly B-rich at 1760°C, with a B/N



composition ratio of 1.07, and is closer to ideal stoichiometry at 1720°C (B/N~0.96). A B-cell
temperature of 1720°C was systematically used in the following studies.

2.2 One-step growth, characterization

The growth temperature being set at ~730°C, we have studied how the thickness and
surface morphology of the 2D-BN grown on Ge depends on the growth duration. This is
illustrated in Fig. 3, where the surface rms roughness measured by AFM (Fig. 3a) and the
normalized 2D-BN thickness estimated from XPS intensity ratios (Fig.3b) are plotted (see
grey triangle curves). AFM topographic images are presented in the supplementary material
figure S1. It shows that the rms roughness and the thickness increase almost linearly with
time. Using a calculated value for the inelastic mean free path of 3.3 nm [44], one obtains a
growth rate of ~4 monolayers/h (ML/h) and a roughness increase rate of ~0.5 nm/h
(equivalent to ~1.5 ML/h). This surface roughness is illustrated in Fig. 4a by a HRTEM cross-
section of a 2D-BN sample grown for 1 hour at ~730°C. As can be seen, the Ge substrate
remains almost atomically flat at this temperature, and the increased surface roughness is
entirely due to the 2D-BN overlayer. The average thickness determined by XPS for this
sample is ~5 ML and the roughness is ~1 nm (including the initial Ge film rms roughness of
0.4 nm), which is corroborated by the HRTEM cross-section. The 2D-BN grain size is
relatively small (in the nm range), which can be attributed to the low growth temperature
necessary to avoid the formation of thermal pits. These results, and particularly the roughness
increase rate with BN thickness, implies that using such 2D-BN would be restricted only to
very simple applications in the case of 2D heterostructures. We assume that the bottleneck is
the limitation on the growth temperature to avoid the formation of thermal pits. The adatom
mobility on the surface is then too low, which results in the large increase of the roughness
with the 2D-BN thickness.

A few samples were analysed by ToF-SIMS after being stored for a few weeks in air. The
corresponding maps for the °BN™ and GeO, signals are shown in Fig. 5, measured on
samples grown for 2, 10 and 60 min. The homogeneous spatial distribution of the BN film is
evident (Fig. 5a, ¢ and e). The main difference lies in the GeO,” maps (Fig. 5 b, d and f).
While the Ge substrate is still clearly oxidized after 2 min, no trace of GeO; could be found
after 10 min or 60 min growth (see also Fig. 5g). This reduction of the GeO, signal coincides

with the appearance of a BO™ component (see Fig 5g), induced by the long air exposure of the



2D-BN since it was not detected by XPS immediately after growth. This suggests that the 10
min BN film completely covers the surface and prevents the Ge oxidation during air exposure.
Next, we have studied the surface stability of a thin 2D-BN buffer layer grown at ~730°C on a
Ge film during post-growth annealing up to 850°C. It turns out that thermal pits do not appear
as long as the post-growth anneal temperature does not exceed 810°C. For higher
temperatures, the surface is destroyed, similarly to what was obtained without the 2D-BN
buffer layer (see Fig. 1, 850°C case). The surface stability on annealing did not appear to
depend on the 2D-BN thickness, a 10 min buffer layer being sufficient to avoid thermal pit
formation. In some limited cases, a few thermal pits were found but at much lower densities
(< 10° pits/cm?) than previously observed without the buffer layer. Such buffer layer could be
used to protect the surface at temperatures higher than ~730°C, thus allowing to study the 2D-
BN growth in an extended temperature range.

2.3 Two-step growth

Based on the previously described set of results, a two-step process was developed,
involving the growth of an initial 2D-BN buffer layer for 10 min at ~730°C, followed by a
second high-temperature step at 800°C for a variable duration. We started by using the same
precursors for both steps, that is the B high-temperature cell and the N plasma cell. Once the
growth of the buffer layer was completed, the temperature was raised over a few minutes to
800°C without atomic flux interruption. Thermal pits were not observed, confirming the
efficiency of the buffer layer to prevent the degradation of the surface. The corresponding
XPS spectra (not shown) are similar to the ones obtained for the samples B1720 or B1760
(see Fig. 2), without any B-B component at ~188 eV and with the expected B/N composition
ratio B/N = 1+0.1. The surface roughness and the total thickness again increase almost
linearly with growth time (see Fig. 3, blue curves and squares), although both curves present
slopes approximately reduced by a factor of ~2 compared to the growth at ~730°C (growth
rate ~2 ML/h and roughness increase ~0.25 nm/h). So, the roughness vs thickness curve is
similar to what is obtained with the one-step growth at ~730°C, making the two-step
procedure unable to improve the 2D-BN quality with this set of precursors. The growth rate
reduction might be understood by the onset of some sublimation mechanism that would start
to become efficient at ~800°C when using independent B and N precursors. Preliminary ab
initio density functional theory (DFT) simulations suggests that desorption at the atomic level
could not explain a two-times reduction of the growth rate. One may thus speculate that larger



clusters could be involved, such as full BN ring that would desorb much more efficiently at
800°C than at 730°C.

The borazine could not be used as a precursor for the 2D-BN buffer growth on Ge at
~730°C because of the observation of unwanted B-B bonding (see section 2.1). Because of
the potentially favourable temperature evolution of the B/N atomic ratio using borazine
(compare the stoichiometry between samples A600 and A730, see Table 1), we have also
explored a modified two-step process with a different set of precursors for each step. After the
growth of the buffer layer at ~730°C (step 1), the temperature was raised to 800°C over a few
minutes without any atomic flux, and the growth was then started using borazine (step 2). The
XPS spectra (not shown) obtained with the two-step process using borazine as the only
precursor during step 2 are identical to the ones measured on the B1720 sample. They do not
show any ~188 eV parasitic component, contrary to what was observed at lower temperature
(see Fig. 2). The ratio of the XPS integrated intensities led to a composition ratio B/N =
1+0.05, indicating the expected stoichiometry for 2D-BN. Thermal pits were again not
detected. The thickness and roughness time dependency are shown in Fig. 3 (red curves and
squares). From this curve, it appears that the growth rate increased to ~5 ML/h. More
interesting, the roughness tends to saturate with time and/or thickness to a value of ~1.0 nm:
contrary to what is occurring in the case of independent B and N precursors, there is almost
no increase of the roughness when borazine is used for the second step. So, we now call this
process the optimized two-step process. The thickness-independent roughness might be
understood on the basis of DFT simulations [27]. When borazine is the precursor, it was
calculated that growth only occurs at the edges of the 2D-BN film in a step-flow mode,
because borazine molecules desorb very rapidly from a perfect 2D-BN surface. Because the
roughness continuously increases when independent cells are used for B and N, one may
speculate that the 2D-BN film growth no longer proceeds in this case by step-flow, but rather

by some 3D island nucleation mode.

The improvement of the 2D-BN quality clearly appears on the HRTEM cross-section
presented in Fig. 4b. Note that the Ge interface did not roughen despite the increased
temperature, due to being protected by the buffer layer. The thickness of the 2D-BN film is
increased to ~9 ML, consistent with the XPS measurements, while the surface roughness is
slightly reduced compared to Fig. 4a, to 0.8 nm according to the AFM measurements. While
the grain size remains small, in the few nm range, the homogeneity of the film thickness is

much better thanks to the optimized two-step growth process. This is confirmed by the XRR



curves presented in Fig. 6. All samples prepared using the optimized procedure show clear X-
ray reflectance oscillations, from which one may deduce the layer thickness and roughness
from the best fit of these experiments (using the Smartlab Studio 11 software). The observation
of these oscillations shows the uniformity of the XRR thickness and roughness over the whole
probed area. The black curve in Fig. 6 shows the XRR measurement obtained on a sample
grown by the two-step process with the same set of precursors (independent B and N cells)
used for both steps. A unique satisfying fit cannot be obtained, because of the too large
thickness fluctuations, so we could only determine the roughness by setting the thickness as
estimated from the XPS measurement. If one compares the XRR curves drawn in red and
black, corresponding to similar average thicknesses as determined by XPS (see table 2), the
XRR oscillations are only observed when borazine is used for the second step growth, which
emphasizes the large-scale thickness uniformity in this case. The XRR-determined thickness
and roughness measurements are gathered in Table 2, together with the ones obtained by
independent techniques such as XPS or HRTEM (for the thickness) and AFM (roughness).
There is a clear consistency between all measurements, despite the very different probe size,
from a few nm (HRTEM) to a few mm (XRR). This coherence between independent
measurements emphasizes the large-scale homogeneity of the 2D-BN thickness obtained
using the two-step optimized process. The samples grown by the optimized process were
finally studied by Raman spectroscopy (see Fig. 7). The 2D-BN E,4 peak was observed for the
thickest samples (= 20 ML, corresponding to 4 h or more growth duration) at 1372 + 2 cm™,
with a typical full width at half maximum of ~40 cm™. The weak intensities and the large
peak width probably come from the limited size of the 2D-BN grains, as shown by HRTEM
in Fig. 4b.

Conclusion

In this work, we have studied the 2D-BN growth process on Ge (001) films by MBE.
Because of the temperature limitation set by the formation of thermal pits, a two-step
optimized process was developed, involving the growth of a thin 2D-BN buffer layer at
~730°C using independent B and N cells, followed by an 800°C second growth step using
borazine. The 2D-BN growth rate is ~5 ML/h, with a roughness of ~1 nm independent of
thickness. The thin 2D-BN buffer layer (~1 ML thick) prevents the nucleation of thermal pits
during the high temperature step. Although the grain size remains low, in the few nm range,
the 2D-BN thickness is homogeneous on a large surface at the wafer scale.
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Tables:

A- borazine pressure - injector temperature duration B/N

sample T (°C) )
B- N, flow - RF power - B temperature (min)

A600 ~600 5 Torr - 300°C 60 1.4
AT730 ~730 5 Torr - 300°C 60 1.01
B1800 ~730 5scecm - 580 W - 1800°C 60 1.08
B1760 ~730 5sccm - 580 W - 1760°C 60 1.07
B1720 ~730 5sccm - 580 W - 1720°C 60 0.96

Table 1: initial set of growth parameters (growth temperature, precursor cell settings and

growth duration). B/N is the atomic composition ratio measured by XPS. Samples with a label

starting by A (respectively B) were grown from borazine (separated B and N, plasma). The

number following the initial capital letter corresponds to the growth temperature for set A and

to the B cell temperature in case B.

growth (h) thickness (nm) rms roughness (nm)
XPS XRR HRTEM XRR AFM

1 1.7 2.0 1.0 0.7

2 3.5 2.8 2.3-3.8 11 0.8

4 7.3 6.2 1.3 1.0

4 (B+N)* 3.6 2.8 15

Table 2: thickness, independently determined by XPS, XRR and HRTEM, and surface
roughness from XRR and AFM, for samples grown with the optimized two-step BN growth

on Ge for 1h, 2h and 4h. * Sample grown using the same precursors (separated B and N cells)

for both steps. Because no oscillations could be observed on the reflectometry curve, the XRR

roughness was estimated by fixing the thickness as determined from the XPS data.



Figures:

as-received ~730°C

Fig. 1: optical microscopy images (10x objective) of the Ge (001) surface as a function of the
anneal temperature (all scale bars are 50 pm).
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Fig. 2: XPS core level spectra for B 1s (a) and N 1s (b) after 2D-BN growth on Ge for 1 h.
From bottom to top, samples are A600, A730, B1720, B1760 & B1800 (details in Table 1).
The intensity for the A-sample spectra were corrected for a 25% decrease of the anode

emissivity compared to the other samples (spectra are vertically shifted for clarity).
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Fig. 3: a) surface rms roughness as measured by AFM on 1x1 pm? area and b) normalized
2D-BN thickness d/Ag gn estimated from XPS integrated intensity ratios, vs the total growth
time. The grey triangles are for one-step growth at ~730°C, squares for two-step growth at
~730°C and 800°C. The 2" step precursors are B and activated N (blue squares) or borazine
(red squares). The black triangle is for a reference Ge (001) film on Si without 2D-BN. Lines

are just guides.
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Fig. 4: HRTEM cross-section images of 2D-BN grown on a Ge (001) film, a) one-step at
~730°C (60 min), and b) two-steps at ~730°C (10 min) and 800°C (120 min). The glue used
for HRTEM sample preparation appears above the 2D-BN layer. Scale bars are 5 nm.
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Fig. 5: ToF-SIMS analysis of the *°BN" (a, c, e) and of the GeO, (b, d, f) spatial counts on
100x100 pum? area, after 2 min (a, b), 10 min (c, d) and 60 min (e, f) growth at ~730°C, where
TC stands for the corresponding total map count, g) total count evolution of selected

components vs growth time, normalized to the total ion intensity (lines are just guides).
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Fig. 6: X-ray reflectivity curves for 2D-BN samples grown using borazine during the 2™ step,
for 1 h (green), 2 h (red) and 4 h (blue), from top to bottom. The corresponding fits are
superposed in darker color. The bottom black line comes from a sample grown using
independent B and N cells for 4 h. The large roughness prevents a useful fit in this case.
Spectra are vertically shifted for clarity.
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Fig. 7: Raman spectra of 2D-BN samples grown using the optimized process on Ge (001)
films for 4 h (dark blue) and 8 h (light blue). Spectra were vertically shifted for clarity.



