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The growth and properties of hexagonal boron nitride (hBN) have recently attracted
much attention due to applications in graphene-based monolayer thick 2D-structures and
at the same time as a wide band gap material for deep-ultraviolet device (DUV)
applications. We present our results on the high-temperature plasma-assisted molecular
beam epitaxy (PA-MBE) of hBN monolayers on highly oriented pyrolytic graphite
(HOPG) substrates. Our results demonstrate that PA-MBE growth at temperatures ~1390
°C can achieve mono- and few-layer thick hBN with a control of the hBN coverage and
atomically flat hBN surfaces which is essential for 2D applications of hBN layers. The
hBN monolayer coverage can be reproducible controlled by the PA-MBE growth
temperature, time and B:N flux ratios. Significantly thicker hBN layers have been
achieved at higher B:N flux ratios. We observed a gradual increase of the hBN thickness

from 40 to 70 nm by decreasing the growth temperature from 1390 °C to 1080 °C.
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However, by decreasing the MBE growth temperature below 1250 °C, we observe a rapid
degradation of the optical properties of hBN layers. Therefore, high-temperature PA-
MBE, above 1250 °C, is a viable approach for the growth of high-quality hBN layers for

2D and DUV applications.

. INTRODUCTION
The growth and properties of hexagonal boron nitride (hnBN) have recently

attracted much attention. There are two main reasons for this high level of activity. First,
the lattice parameter of hBN is very close to that of the graphene!. The surface of hBN is
atomically flat and can provide an ideal chemically inert dielectric substrate for
atomically thin mono- and few-layer 2D-structures®’. hBN can also act as an insulating
barrier or, when it is only a few atomic layers thick, as a tunnel barrier for electrons in
2D-structures®*8. Secondly, the band gap of hBN is large, ~6 eV, and this has fuelled
interest in hBN as a wide gap material for deep-ultraviolet device (DUV) applications®°.
The development of group Il nitrides allows researchers world-wide to consider AlGaN
based light emitting diodes (LEDSs) as a possible new alternative DUV light source for
water purification and surface decontamination. Hexagonal boron nitride has a potential
advantage over AlGaN in such DUV structures due to the possibility of more efficient p-

and n-doping®°.

Currently, there is no reliable technology able to provide large area hBN bulk

single crystals. Research on the growth of bulk hBN single crystals is limited due to the



high melting temperature of boron and the low solubility of nitrogen in liquid boron.
Therefore, the growth of bulk BN has been studied using an alternative solvent solution®
18, To date, the highest structural quality hBN bulk crystals have been achieved by a high-
temperature high-pressure growth method®>%’. The size of hBN bulk crystals still remains
very small, less than a few millimetres in diameter. However, due to the high structural
quality and good optical properties, hBN flakes exfoliated from these bulk crystals are

now widely used as substrates for the growth and manufacture of 2D-structures?®”.

Recently, there have been many attempts to develop a reproducible technology for
the growth of large area boron nitride layers by chemical vapour deposition (CVD)-2,
metal-organic chemical vapour deposition (MOCVD)®%2?2 and molecular beam epitaxy
(MBE)?*8, Progress in MBE growth of boron nitride layers has been relatively slow,
partly due to a lack of an efficient MBE source for boron, due to its very low vapour

pressure.

We have recently demonstrated growth of hBN layers using plasma-assisted
molecular beam epitaxy (PA-MBE) at very high growth temperatures from 1390 °C to
1690 °C*3. Atomic force microscopy (AFM) measurements show mono- and few-layer
hBN island growth. Our conducting AFM measurements on the electrical resistivity of
MBE-grown hBN monolayers®*2° is consistent with earlier measurements on monolayers,
exfoliated from high quality bulk hBN crystals*®. The high optical quality of our hBN
grown at high temperatures on highly oriented pyrolytic graphite (HOPG) has been
confirmed by both spectroscopic ellipsometry and photoluminescence spectroscopy3*%’,
Using AFM we also observe hexagonal moiré patterns, consistent with the close

rotational alignment of the hBN lattice and the graphite substrate®3*°



In this paper we present our recent results on the high-temperature PA-MBE
growth of hBN monolayers with atomically controlled thicknesses for 2D applications

and on the growth of significantly thicker hBN layers for potential DUV applications.

. EXPERIMENTAL

The growth of hBN layers was performed using a custom-designed, dual chamber
GENXxplor MBE system modified to achieve growth temperatures of up to 1850 °C under
ultra-high vacuum conditions on rotating substrates of up to 3 inches in diameter. Details
of the MBE system are described elsewhere*. In this study we use thermocouple
readings to measure the substrate temperature®*3’4%, We have used a high-temperature
Veeco effusion cell for sublimation of boron and a standard VVeeco radio-frequency (RF)
plasma source for active nitrogen. Boron has two naturally occurring stable isotopes, !B
(80.1%) and 1°B (19.9%)*’. In our MBE growth, we have used high-purity (5N)

elemental boron, which contains this natural mixture of these isotopes.

All hBN layers investigated in this paper were grown using the nitrogen (N2) flow
of 2 sccm and a fixed RF power of 550 W. We performed the growth on 10 x 10 mm?
HOPG substrates with a mosaic spread of 0.4 °. Before introduction into the MBE growth
chamber, the HOPG substrates were cleaned by exfoliation using adhesive tape to obtain
a fresh HOPG surface for growth. Following exfoliation, the HOPG substrates were
further cleaned in toluene and annealed at 200 °C in Ha:Ar gas flow, as previously

described®3%7,



The structural properties of the BN layers were studied in-situ using reflection
high-energy electron diffraction (RHEED) and after growth ex-situ measurements were

performed using X-ray diffraction (XRD).

Images of the hBN layers after growth were acquired with both amplitude-
modulated tapping mode AFM (AC-AFM) in repulsive mode and contact mode AFM
under ambient conditions using an Asylum Research Cypher-S AFM and Multi75A1-G
(Budget Sensors, stiffness ~3 N/m) cantilevers. AFM image processing and analysis was

performed using Gwyddion.

Variable angle spectroscopic ellipsometry was carried out using a M2000-DI
instrument made by J.A. Woollam Inc. The results were obtained over a wavelength
range from 1690 to 192 nm using focussing probes resulting in an elliptical spot with a
minor axis of 200 um; the major axis of the ellipse depends on the angles of incidence,
which were 55°, 60° and 65°. Analysis was carried out using CompleteEase version 5.19.
The mosaic spread of the HOPG substrate means that we need to allow for an angular
offset in the ellipsometric models. When measuring thin layers (<10 nm) this leads to

additional uncertainties in fitted parameter values.

The chemical concentrations of B and N were studied as a function of depth using
secondary ion mass spectrometry (SIMS) in a Cameca IMS-3F system. The analysis of
the samples was carried out using O2* primary ion bombardment and positive secondary

ion detection of the 1°B isotope to optimize sensitivity to boron.

IIl. RESULTS AND DISCUSSION



For 2D applications of boron nitride it is important to develop the MBE
technology of mono- and few-layer hBN with atomically flat surfaces and monolayer
control of the thickness. We have already demonstrated that we can control the hBN layer
coverage by adjusting the epitaxial growth temperatures for sub-monolayer
thicknesses®*%’. Several hBN layers were grown under the same B and active nitrogen
fluxes on sapphire and HOPG substrates in the temperature range from 1390 °C to 1690
°C3¥, At the highest growth temperatures only a small density of hBN islands was
observed and the coverage gradually increased to a complete hBN monolayer by
decreasing the growth temperature. This effect has been explained by hBN sublimation at

high MBE growth temperatures above 1390 °C%'.

Growth Time



FiG. 1. (Color online) AC-AFM images of hBN growth on HOPG with Tg=1875 °C for
increasing growth time at a substrate temperature of 1390°C. (a) Height image of hBN
growth after 1 hour. (b) Height image of hBN growth after 3 h. (c) Height image of hBN
growth after 5 h. (d, e, f) Phase images for the height images (a), (b) and (c) respectively.
The arrows in (d) and (e) indicate regions of hBN growth and exposed HOPG, whilst for
(c) and (f) the surface is completely covered by hBN growth.

Another way to control reproducibly the hBN monolayer coverage is to change
the MBE growth time. Figure 1 presents AFM images of the hBN islands grown at 1390
°C on HOPG surface for fixed boron and nitrogen fluxes as a function of the deposition
time. The upper row (a-c) shows topographic AC-AFM images and the bottom row
shows the corresponding phase-channel images (d-f), which highlights clearly the hBN

islands and exposed HOPG regions.

After 1 h of growth we observe a high density of hexagonal hBN islands
nucleating on the HOPG, as shown in Fig. 1a & d. The nucleation points are primarily
along the step-edges of HOPG; however, there is also a high density of hBN hexagons on
the HOPG plates. With increasing the growth time to 3 h, it is possible to observe
coalescence of the hBN islands and formation of one hBN monolayer, as shown in Fig.
1b & e. There are still small areas of the open uncoated HOPG surface, as indicated in
Fig. 1e, so the hBN coverage is still slightly below 1 ML. The surface of coalesced hBN
is atomically flat. One can also observe the formation of the second and third hBN
monolayers along the HOPG step edges. With the further increase of the growth time up
to 5 h, we can achieve complete coalescence and complete coverage of hBN which is
shown in Fig. 1 ¢ & f. However, at this stage we also observe the formation of 3D
material growth on the surface, partially due to the twist between HOPG plates. Figure 1
clearly demonstrates that by controlling the growth time this allows us to control the hBN

growth coverage and to achieve atomically flat hBN surfaces.

We observe a streaky RHEED pattern on the HOPG wafers at room temperature
and after heating to growth temperature, as shown in Fig.2 a. HOPG substrates have

randomly oriented domains, twisted with respect to each other. All the domains have



atomically flat surfaces. Therefore, on HOPG we record a streaky RHEED pattern for all
azimuthal directions of the primary beam. We did not observe any significant change in
the RHEED pattern after the start of the growth of monolayer thick boron nitride. The
RHEED remains streaky, which confirms the flat morphology of the monolayer thick
hBN film. The lattice mismatch between hBN and HOPG is very small and is only ~1.8%
for the a-parameter*2. Therefore, the absence of any extra streaks or of widening of the
RHEED streaks confirms flat surface of hBN layers and good rotational alignment of the
hBN layer and the graphite domains.

FiG. 2. (Color online) RHEED patterns of the HOPG substrate and the hBN layer at a
growth temperature of 1390 °C: a) HOPG before the start of hBN growth; b) during the

growth of hBN with a boron cell temperature Tg=1925 °C after a growth time of 2 hours.

Figure 3 shows absorption coefficient spectra calculated from spectroscopic
ellipsometric measurements made on two hBN samples grown on HOPG for one hour
and five hours. For these samples, the fact that the focussing probes increase the
acceptance angle for the reflected light allows the light reflected from the HOPG
polycrystals to be collected in spite of the angular spread around the surface normal®’.
The optical model of the HOPG substrate was determined by measuring the back surface

of one of the samples. The sharp increase in absorption for both samples indicates a band-



gap at around 5.7 eV, similar to that of high-quality bulk hBN*2, For the sample grown
for one hour, the layer thickness of 0.35 nm was measured by AFM. Using the sub-
monolayer coverage determined by AFM, a Bruggeman effective medium approximation
is used to estimate the optical response of the hBN islands. The optical response is
modelled as a single Gaussian oscillator with a UV pole. An additional constraint is used
to ensure that the model is reasonable: the hBN refractive index is around 1.6 at a photon
energy close to 2 eV. The hBN layer grown for 5 hours is found to have a thickness of
2.9 £ 0.9 nm (determined as an average value over the measurement ellipse). At the
longer growth time of 5 h the absorption spectrum displays a broader absorption feature
that extends to lower energies, possibly arising from greater inhomogeneity due to the

beginning of 3D island formation, as shown in Fig.1.

The data shown in Fig. 3 uses an average film thickness that was determined by
AFM. This AFM data was necessarily taken over a much smaller and different area than
the ellipsometry measurement, so we cannot rule out the possibility that part of the
difference in the magnitude of the absorption coefficient is due to uncertainty as to the
thickness of the film. The hBN layer grown for one hour has sub-monolayer coverage, as
shown in Fig.1a & d and AFM suggests that the islands might be expected to be
reasonably good single crystals, whereas the five hour growth results in a layer that has
an average thickness of more than one monolayer and will include domain boundaries
and regions, where the film will have other defects (Fig. 1 ¢ & f). Therefore the
absorption coefficient might be affected by inhomogeneous broadening and parts of the
film (e.g. at domain boundaries) might be less efficient at absorbing light than in an
ensemble of single crystals. Both effects will reduce the absorption coefficient for the
thicker hBN layer.
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FiG. 3. (Color online) Room temperature absorption coefficients as a function of photon
energy for two of the hBN layers grown for 1 h and 5 h at a substrate temperature of 1390
°C and Tg=1875 °C. The absorption coefficients are calculated from the results of
variable angle spectroscopic ellipsometer measurements. The optical model consists of a
single Gaussian oscillator and a UV pole, the model also allows for an offset to the angle

of incidence to take account of the mosaic spread of the HOPG.
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FIG. 4. (Color online) AFM data for hBN growth on HOPG for increasing boron flux
(increasing B cell temperature (Tg)) at a fixed MBE growth time of 3 hours and
temperature of 1390 °C. (a) AC-AFM image of hBN on HOPG at Tg=1875 °C. (inset)
Image of the region indicated by the white box showing the coalescence of hBN growth
with an exposed central region of HOPG. (b) AC-AFM image of hBN growth with
Tg=1888 °C. (inset) Image of the region indicated by the white box in b showing a small
triangular region of exposed HOPG surrounded by hBN domains. (c) Contact-AFM
image of hBN growth for Tg=1900 °C showing multi-layer hBN growth. (inset) Large-
area image of the region in c, showing material swept aside by the AFM tip during
contact-AFM imaging. (d) AC-AFM image of hBN growth for Tg=1950 °C showing

complete coverage of HOPG with granular hBN deposits.

Figure 4 presents another way to control the MBE growth of hBN layers by
increasing the temperature of the boron sublimation source (Tg). These hBN layers were
grown at 1390 °C on HOPG substrates with a fixed active nitrogen flux. An increase in
the temperature of the boron source results in an increase of the boron flux coming to the
growth surface and therefore an increase in the hBN growth rate. In Fig. 4 we quote the
temperatures of the boron cell, but not the boron beam equivalent pressures (BEP),
because we were not able to achieve reliable measurements of the boron flux with the
beam monitoring ion gauge. At extremely high source temperatures above 1800 °C, the
boron source produces not only a flux of boron, but also a flux of nitrogen, due to the
start of sublimation of the BN components of the cell. Therefore, we were not able to

reliably measure boron BEP data. With the increase of the boron flux we can achieve
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complete hBN coverage faster, as can be seen by comparing AFM images of the hBN
surface in Fig. 4a & b. However, with further increase in the boron flux, we start to
observe three-dimensional (3D) island growth, as shown in Fig. 4 ¢ & d. This is probably
a result of a change in the B to active nitrogen flux ratio at the growth interface, which
produces the excess boron on the surface, responsible for the observed 3D growth.
However, it may be that with a natural progression the growth becomes more 3D as the
step edges coalesce and cover the surface. The further increase of the boron source

temperature resulted in even rougher surfaces.

The RHEED pattern remains streaky during growth of the hBN layers presented
in Fig.4. Fig. 2 b shows the RHEED pattern during the growth of the hBN layer at a
temperature of 1390 °C with the boron cell Tg=1925 °C. The streaky RHEED confirms
the flat morphology of the grown hBN film and good rotational alignment of the hBN
layer and the graphite domains.These results demonstrate that high-temperature PA-MBE
can achieve growth of mono- and few-layer hBN with a control of the hBN coverage, as

well as atomically flat hBN surfaces which is essential for 2D applications of hBN layers.

However, for DUV applications of hBN we need to able to achieve significantly
thicker hBN layers with thicknesses of tens or hundreds of nanometres. In order to
increase the hBN thickness in MBE one needs be able to increase the fluxes of both
boron and the active nitrogen. We are currently using a high-temperature effusion source
for boron sublimation. In the experiments described below we have studied the high-
temperature MBE growth of hBN with higher boron fluxes by increasing the boron cell
temperatures to 1975 °C. Figure 5 shows the dependence of the thickness of hBN layers

against the growth temperature. All layers were grown under the same boron and active
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nitrogen fluxes for 3 hours. The thickness of the layers were measured by variable angle
spectroscopic ellipsometry. We demonstrated previously that the hBN coverage increases
with decreasing MBE growth temperatures from 1690 °C to 1390 °C due to the decrease
in re-evaporation of boron from the growth surface®’. Figure 5 presents results for a
significantly lower growth temperature range from 1390 °C to 1080 °C and at the higher
boron flux values. We observed a gradual increase of the hBN thickness from 40 to 70
nm by decreasing the growth temperature from 1390 °C to 1080 °C. The increase must be
attributed to increase in the boron concentration at the growth surface due to a decrease in

the boron re-evaporation, which becomes negligible for the temperatures below 1000

04344

The XRD spectra of the thicker hBN layers were dominated by strong peaks from
the HOPG substrate. The lattice constants of graphite and hBN are very close'*? and the
thicknesses of our hBN layers are still a few tens of nanometers. Therefore, we were not
able to resolve any new extra XRD peaks related to the hBN layers within the sensitivity

of our XRD system.

SIMS boron profiles for two hBN samples grown at different MBE temperatures
are shown in Figure 6. It was found that the roughness of clean HOPG wafers exceeded
the depth of the sputtered SIMS craters, making it impossible to obtain accurate crater
depth measurements using a profilometer. Therefore, the 1°B isotope SIMS profiles are
plotted in Fig. 6 as a function of the sputtering time. The diffence in the boron
concentration for two layers is mainly due to low accuracy of the SIMS measurements for
such nanometer thick layers. Figure 6 demonstrates an increase of the SIMS sputtering

time required to reach the BN/graphite interface with decreasing growth temperature.
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This confirms the results of Fig. 5, that the hBN layers grown under the same MBE
conditions become thicker when they are grown at lower temperatures. As discussed
above, the boron sticking coefficient at MBE temperatures below 1000 °C is close to 1.
All arriving boron atoms stick and remain on the growth surface. The increase in the
thickness of hBN with decrease of the growth temperature below 1300 °C must be
attributed to the increase in the sticking coefficient of boron and therefore increase in the
boron concentration at the growth surface due to a decrease in the boron re-evaporation.
From our experience in PA-MBE with different types of the RF nitrogen plasma sources
for the growth of Ga(AI)N layers*, we expect that active nitrogen flux produced by the
standard VVeeco RF source used in this work will allow us to achieve GaN growth rates of
~0.2 um/h at temperatures ~750 °C. Thicknesses of hBN layers grown at ~1080 °C as
shown in Fig. 5 are significantly lower, even if we take into account difference in lattice
constants of GaN and hBN. Therefore, the hBN layers, shown in Fig. 5, were grown

under a high excess of active nitrogen species.
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Figure 7 shows absorption coefficient spectra obtained from spectroscopic
ellipsometric measurements made on the three hBN layers, grown on HOPG at a different
growth temperatures. The thicknesses of the layers are shown in Fig. 5. All three samples
show significant absorption above 4.0 eV, in contrast to data from the thin hBN samples
grown at lower boron flux of 1875 °C and at the growth temperature of 1390 °C, shown
in Fig. 3. The sharp increase in absorption for the sample grown at the highest
temperature of 1390 °C indicates a bandgap at around 5.7eV, similar to the high-quality
thin hBN, shown in Fig. 3. With the decrease of the growth temperature to 1250 °C, we

can see that a low energy defect band below 5.5 eV has developed with an increase in
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absorption around 4.5 eV, suggesting an increase in the density of the point defects in the
hBN layer. With the further decrease of the growth temperature to 1080 °C, one can
observe further broadening of the absorption around 6 eV as well as an increase in the
range of energies associated with defect absorption around 4.5 eV, demonstrating
degradation of the optical properties of hBN layers as the growth temperature is reduced.
It is important to note that the maximum growth temperature of standard MBE systems
range from about 700 to 900 °C. Therefore, it seems unlikely that hBN layers with good
optical properties can be grown with standard MBE systems and only high-temperature
systems with growth temperatures above ~1250 °C, are a more viable MBE approach for

the growth of high-quality hBN layers.
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FiG. 7. (Color online) Optical absorption coefficients for 3 hBN layers grown at different
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growth temperatures determined from variable angle spectroscopic ellispometer
measurements. The thicknesses of these layers are shown in Fig. 5. The optical model
consisted of two Gaussian oscillators (three for the sample grown at 1390 °C) and a UV
pole. One of the Gaussian oscillators describes the response due to the band gap of the

hBN, the other oscillator(s) describes the tail that extends to lower energies.

IV.SUMMARY AND CONCLUSIONS
Our results demonstrate that PA-MBE at growth temperatures of ~1390 °C can

achieve mono- and few-layer thick hBN with a control of the hBN coverage and
atomically flat hBN surfaces. The hBN monolayer coverage can be reproducible
controlled by the PA-MBE growth temperature, time and B:N flux ratios. Significantly
thicker hBN layers have been achieved at the higher B:N flux ratios. With decrease of the
PA-MBE growth temperature below 1250 °C we observe rapid degradation of the optical

properties of hBN layers.
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