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Hexagonal boron nitride (h-BN) films directly grown on c-plane sapphire substrate by
pulsed-mode metalorganic vapor phase epitaxy exhibit an interlayer for growth
temperatures above 1200°C. Cross-sectional transmission electron microscopy shows that
this interlayer is amorphous, while the crystalline h-BN layer above has a distinct
orientation relationship to the sapphire substrate. Electron energy loss spectroscopy
shows the energy-loss peaks of B and N in both amorphous interlayer and crystalline h-
BN layer on top, while Al and O signals are also seen in the amorphous interlayer. Thus
the interlayer forms during h-BN growth through decomposition of the sapphire at

elevated temperatures.



Hexagonal boron nitride (h-BN) is a two-dimensional (2D) material like graphene and
dichalcogenides. It is a promising material class for the development of future
technologies.!”> h-BN has been investigated over the past years due to its extraordinary
properties, such as wide bandgap,>* high chemical and thermal stability,>° electrical
resistivity,” negative electron affinity,® large thermal neutron capture cross-section® and
others. Unlike the conventional III-nitrides, its (0001) planes are nonpolar. Furthermore,
p-type doping was reported with lower activation energy of the Mg acceptor compared
with high Al-content AlGaN.!® However, BN bulk crystal synthesized by traditional high
pressure and high temperature methods is not ideal for future industrial demands because
of the limited crystal size and 3D morphology. Furthermore, bulk crystal growth does not
allow for thin functional layers or doping variations. To enable such applications, h-BN
layers must been synthesized on large diameter foreign substrates with high crystalline
quality and uniform morphology. While there are many reports of chemical vapor
deposition of h-BN on transition metals, such as Cu,!! Ru,'? Pt!3 etc. These h-BN layers
are usually limited in thickness to a few monolayers, and are then transferred to other
substrates such as Si for further device fabrication. Direct synthesis of h-BN on micro-
fabrication-compatible substrates like Si, SiC and a-Al>O3 would be preferable to avoid
the complicated transfer process. Thus, there have been efforts to grow h-BN in metal-
organic vapor phase epitaxy (MOVPE). For MOVPE, sapphire is one of most commonly
used substrates due to its thermal stability and low costs. Kobayashi et al. reported that
growth of h-BN by MOVPE with process temperature lower than 1100°C.'%!5 Li et al.
investigated the growth of h-BN on sapphire using growth temperature of 1280°C.!¢ The

higher temperatures 1500°C or above have also been suggested and also reported for



synthesis of h-BN on sapphire wafer.!”!®* Among them, the smallest full-width at half-
maximum in X-ray rocking curve for (0002) h-BN epitaxial layers was achieved by Jiang
et al. on sapphire substrate.!® Most of the previous studies reporting on the growth of h-
BN on sapphire substrate focus on process condition effects and investigate the growth
evolution from film surface. Reports on the structural evolution of h-BN grown on
sapphire are scarce-especially at high temperature over 1200°C MOVPE growth, where
sapphire degradation may occur and affect h-BN growth. In this work, we systematical
studied the growth evolution of h-BN/sapphire interface and propose a temperature-
related formation mechanism to account for an amorphous interlayer forming during h-
BN overgrowth.

The BN films were grown on c-plane sapphire substrate by pulsed-mode MOVPE at
growth pressure of 3.85 kPa over a range of growth temperature from 1030°C to 1330°C.
Triethylboron (TEB) and ammonia (NH3) diluted in hydrogen (H2) gas were used as
boron and nitrogen precursors, respectively. The supplied durations were 1 s for NH3 and
2 s for TEB in each growth cycle, at different temperatures and time. Further details on
the growth process are given in our previous paper.?’ The crystalline properties of grown
BN layers were assessed by X-ray diffraction (XRD) using a five angle multi-crystal
diffractometer. High resolution transmission electron microscopy (TEM) was measured
on a Hitachi H-9500 microscope operating at 200 kV. TEM specimens were prepared by
focused ion beam, and protective layers of Pt/C were deposited locally in the area of
interest. Scanning transmission electron microscopy (STEM) and electron energy loss

spectroscopy (EELS) were also performed operating at 200 kV.



Fig. 1(a) shows the 20-» X-ray diffraction of a ~60-nm-thick h-BN layer grown on
sapphire substrate at 1330°C. The (0002) h-BN reflection is clearly visible at ~26.4°,%2!
and even the (0004) h-BN is observed at ~55.0°. Cross-sectional TEM images of the
same layer along [11-20] zone axis are shown in Fig. 2(a). Two distinct layers with
different structures are found in the epitaxial BN film. The upper layer close to the
surface is a well-oriented layer, a stacking of highly ordered basal planes, i.e. crystalline
h-BN layers. In contrast, the interlayer between the layered BN and sapphire substrate
has no clearly ordered crystalline arrangement and no layered structure. This is further
confirmed by electron diffraction patterns in Figs. 2(b) and (c). The top ordered layer (b)
exhibits clearly resolved spots which indicates a hexagonal lattice arrangement in the top
BN layer rather than turbostratic or amorphous. On the contrary, Fig. 2(c) shows a
diffraction halo typical for the amorphous material, with only a faint hint of regular
diffraction pattern. Thereby this interface layer (IF) consists of amorphous BN. This IF
layer must have formed after the initial BN has been deposited, because the top h-BN has
a rigid epitaxial relationship with the sapphire below.?%?? This is further supported by
TEM images of layers with different growth times from 5 min to 60 min at 1330°C. Figs.
3(a) and (b) show that there is only a very thin disordered IF layer after 5 min, while the
amorphous thickness increases significantly after 30 min of growth. Further growth
increases the IF layer thickness, as plotted in Fig. 3(c).

To understand the driving force for the formation of the amorphous IF layer, electron
energy loss spectroscopy (EELS) was performed to probe the chemical composition and
bonding structure in the BN film. EELS spectra were measured with a focused STEM

probe at points along the growth direction from the amorphous interlayer to the upper h-



BN film. The EELS signal mainly originates from about 2 nm around the focal spot, and
hence is sufficiently localized to distinguish the signal from individual layers. Both EELS
spectra in the interface layer and the h-BN top layer in Figs. 4(a) and (b) show two
distinct absorption features, one starting at 190 eV and the other at 401 eV. These
correspond to the B K and N K edges.?>?* The fine structure shows clear n* energy losses
related to the transition of a Is electron to the empty n* antibonding orbits. It is
characteristic of sp>~bonded BN. Also, a series of o* peaks are observable,
corresponding to 1s—c* transitions. This is consistent with h-BN. There are no obvious
differences in the fine structures among the B K and N K peaks for the amorphous
interlayer BN and topside h-BN layer, but the intensity ratio between n* and o* differs
between them. Hence significantly reduced h-BN unit in the amorphous layer compared
with top BN layer. However, the interface layer also showed weak Al L3 and O K
signals, which are not detected in top h-BN film in Figs. 4(c) and (d). This indicates that
the sapphire much have somewhat decomposed and diffused into the layer.

Since the amorphous layer only occurs at high growth temperatures, and it also contains
Al and O, the interface amorphization is most likely associated with sapphire
decomposition at high temperature. Sapphire degradation has been previously studied in
literatures. Hexagonal pits were observed on sapphire surface after heating sapphire in
H»-containing gas ambient at 1065°C.?6 Degradation at higher temperatures is even more
severe, especially c-plane sapphire decomposes strongly at temperatures exceeding
1200°C,>” and even forming voids at an AlN/sapphire interface when annealing
temperatures exceed 1300°C.?® Indeed, we observed an amorphous interface layer when

the high temperature above 1200°C was sustained for more than 5 min. The extremely



low growth rate for h-BN (~1 nm/min) mandates long growth time and the top BN layer
cannot protect sapphire. On the basis of these findings, it seems very reasonable that
sapphire decomposition due to high temperature causes an amorphization of the h-BN
layers on top, where the amorphous BN interface layer is formed by interdiffusion due to
sapphire degradation at high temperatures. Whether it is via Al incorporation or rather the
oxygen or simply due to a geometrical disruption is difficult to specify in this work. The
critical temperature point to trigger the amorphization effect must be between 1030°C to
1230°C for our growth conditions, but would strongly depend on BN growth rate and
growth conditions and other process parameters such as pressure, H2/N2 ratio in the
carrier gas. For instance, sapphire annealed in He is able to withstand higher temperature
as comparing to in H».? Since high temperature growth greatly improved the h-BN
properties, more stable substrates than sapphire like AIN or SiC may an alternative ways
to avoid the interface amorphization during h-BN growth. Indeed, as preliminary
experiment of BN grown on AIN/sapphire template shows no amorphous interface layer
even at 1330°C (Fig. 5). The thickness of layered h-BN was ~5 nm, and the growth
conditions were the same as on the sapphire wafer.

In summary, well-orientated h-BN was grown on c-plane sapphire substrate by pulsed-
mode MOVPE. At elevated temperatures, an unexpected amorphous BN interlayer was
found at h-BN/sapphire interface. The interface amorphization consumed the h-BN from
the sapphire interface. It is triggered by sapphire decomposition at high temperatures, in
which the Al and O diffusion into the above h-BN, breaking h-BN lattice network and
converting it to be disordered. Such interfacial layer does not form when growing h-BN

on AlN/sapphire templates at high temperatures.
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Figure Captions

Fig. 1 XRD 26-® scan of ~60-nm-thick h-BN on sapphire grown at 1330°C.

Fig. 2 (a) Cross-sectional STEM image of ~60 nm thick h-BN on sapphire grown at

1330°C. (b) and (c) are diffraction patterns for the selected area I and II.

Fig. 3 Cross-sectional TEM images of h-BN grown on sapphire grown at 1330°C. (a)
Growth time is 5 min. (b) Growth time is 30 min. (c) Interlayer thickness versus growth

time for BN films grown on sapphire.

Fig. 4 EELS spectra of amorphous interlayer (red) and layered BN on the topside (green)

of ~60 nm thick h-BN film grown at 1330°C.

Fig. 5 Cross-sectional TEM image of ~5 nm thick h-BN grown at Ty =1330°C on an

AlN/sapphire template.
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