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ABSTRACT:

This project explored chemical vapor deposition as a technique to synthesis cubic boron nitride 
(c-BN) for electronics and coating applications. Current c-BN synthesis techniques are greatly 
limiting due to requiring high pressure or non-equilibrium energy sources, such as ion 
bombardment.

INTRODUCTION AND EXECUTIVE SUMMARY OF RESULTS:

Cubic boron nitride (c-BN) offers the smallest, fastest, and most efficient power electronic 
devices of all known semiconductors. However, c-BN synthesis currently requires either 
gigapascals of pressure or a non-equilibrium energy source, such as ion-bombardment. The small 
crystal size and large cost restrict c-BN to niche uses. A metalorganic chemical vapor deposition 
(MOCVD) technique would greatly increase the feasibility of c-BN power electronics and 
coatings. Additional detail for potential applications and state-of-the-art synthesis research of c-
BN can be found in the addendum.

Multiple researchers have identified c-BN formation under vastly different processing conditions 
when both AlN and BN are present.1-3 The nature of this interaction is unknown but has been 
observed in gas phase deposition as well as in solid phase transformation at high temperature and 
pressure. This project further explores this interaction under conditions compatible with 
conventional MOCVD techniques. 

DETAILED DESCRIPTION OF RESEARCH AND DEVELOPMENT AND 
METHODOLOGY:

The research plan was divided into 3 thrusts with each attempting to exploit different phenomena 
expected to yield c-BN. Deposition for all thrusts was conducted in MOCVD Tool 128 in the 
MESA Microfab. Tool 128 is a Veeco D125 III-nitride reactor that was modified by replacing 
the original stainless-steel deposition chamber with a water cooled, double-walled quartz tube 
deposition chamber. Additionally, the original resistive heater system was replaced with an 
inductively coupled radio-frequency heater system. Tantalum carbide (TaC) coated graphite 
susceptors were used for all experiments. Reported temperatures are of the susceptor temperature 
measured by a two-color pyrometer system. Tool 128 includes a KSA Ice reflectance unit that 
allows in-situ deposition rates and thickness to be measured. X-ray diffraction (XRD) 
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characterization was performed on an Analytical Pert Pro diffractometer. Fourier transform 
infrared (FTIR) characterization was performed on a Thermo Fisher Scientific Nicolet 6700 
system equipped with a Pike Technologies multi-angle tool for reflectance. Atomic force 
microscopy (AFM) was performed on an Asylum Research Jupiter XR tool in tapping mode.

Thrust 1 was based on the work of Huang1 and involved using the interface between AlN and 
sp2-BN to form c-BN. All deposition for this thrust was conducted on 300 nm thick sputtered 
AlN on sapphire wafers from Kyma Technology, Inc. These substrates were selected due to the 
expected difficulty in controlling heteroepitaxial nucleation of AlN on sapphire with varying 
amounts of AlN, BN, and their alloys coating the susceptor. MOCVD deposition of AlN on the 
sputtered AlN was done in 3 steps:
 
(1) 30 minutes at 900 °C with 36 μmol/min of trimethyl aluminum (TMAl) and 500 sccm of NH3
(2) 15 minutes at 1200 °C with 36 μmol/min of TMAl and 2000 sccm of NH3
(3) 60 minutes at 1200 °C with 18 μmol/min of TMAl and 25 sccm of NH3

20 slm of H2 was used as a diluent and the total pressure was held at 50 Torr throughout AlN 
deposition. The 3 steps roughly correspond to the processes of roughening, coalescence, and 
planarization of the AlN film. Typical XRD rocking curves for the AlN (0004) and (10-11) 
reflections were 200 arcsec and 1000 arcsec, respectively, corresponding to a threading 
dislocation density of ~7x109 cm 2.4 AlN deposition was followed by BN deposition. Initial 
conditions were selected to reproduce the work of Huang1 but were later expanded to include: 
30-480 min, 1100-1300 °C, 22-44 μmol/min of triethyl boron (TEB), 100-1000 sccm NH3, 10-
100 Torr, and 20-60 slm of H2 diluent or mixtures of H2 and N2. 

Thrust 2 was the use of boron tribromide (BBr3) to deposit BN instead of the conventional TEB. 
AlN on sapphire substrates were used for BN sample deposited with BBr3 utilizes only a single 
deposition condition. Bare sapphire substrates were used when multiple individual BN layers 
were deposited sequentially on a single sample. The bare sapphire substrates were prepared by 
in-situ H2 etching for 20 minutes at 1100 °C at 500 Torr with 16 slm of H2 and 16 slm of N2 of 
gas flow. The choice to used two different types of substrates was made to continue observing 
for the AlN and BN interface effect reported by Huang1 when possible. In general, the AlN on 
sapphire used in Thrust 2 were prepared as described above. However, for samples in which BN 
was to be deposited at temperatures greater than 1300 °C, the AlN regrowth had to be modified 
or the substrates would shatter when ramping to deposition temperature and be thrown from the 
susceptor. Shattering could be completely eliminated by cleaving the initial sputtered AlN on 
sapphire substrates into 2 equal halves prior to AlN regrowth and increasing the temperatures of 
the AlN deposition steps (2) and (3) to the highest temperature the substrate would reach during 
BN deposition. During Thrust 2 layers were deposited with the following range of conditions: 



60-480 min, 700-1600 °C, 32-517 μmol/min of BBr3, 3-250 sccm NH3, 5-500 Torr, with 20-60 
slm of H2 diluent or mixtures of H2 and N2.   

Thrust 3 was based on the work of Subramani2 and involved mixing of aluminum, boron, and 
nitrogen precursors to form alloys and phases containing c-BN. The substrates used for this 
thrust were sapphire substrates prepared by in-situ H2 etch as described above. Bare sapphire was 
selected as the substrate because deposition on AlN surfaces resulted in polycrystalline re-
nucleation of AlN or its alloys if crystalline films were observed. The precursors selected for this 
thrust were TMAl, BBr3, and NH3. This differed from Subramani2 which utilized AlCl3, BCl3, 
and tert-butylamine ((CH3)3CNH2). This deviation was required for TMAl to substitute for 
AlCl3, which is a low vapor pressure solid and is not compatible with conventional MOCVD 
systems. BBr3 was deemed a closer analog than TEB to substitute for BCl3 which is a gas at 
room temperature and would require either the additional hazard of a pressured cylinder of 
highly toxic and pyrophoric gas or the additional complexity of solvation in liquid for use in a 
bubbler. NH3 was chosen for use as it was already proven to react with TMAl and BBr3 at the 
desired deposition conditions. During Thrust 3 layers were deposited with the following rage of 
conditions: 30-240 min, 700-1300 °C, 18-45 μmol/min of BBr3, 10-73 μmol/min of TMAl 3-25 
sccm NH3, 5-500 Torr, with 37 slm of H2 diluent. 

RESULTS AND DISCUSSION:

Thrust 1 was intended to study the effects of the AlN-BN interface on the crystalline structure of 
the BN and was initially focused on reproducing the results of Huang.1 Direct transfer of the 
deposition conditions reported by Huang1 did not produce c-BN detectable by the characteristic 
(111) diffraction peaks in XRD or the characteristic vibrational mode in FTIR. Expanding the 
deposition condition to account for “plausible” differences in temperature calibration between 
the different deposition systems and adjusting gas flows in attempt the yield similar deposition 
rates was also unsuccessful in producing c-BN. Tool 128 yielded BN deposition rates in excess 
of 10 times greater than those reported by Huang1 (1 to 9 nm/hr) for equivalent TEB flow rates 
(16-87 μmol/min), suggesting the two deposition systems exhibit significant differences in gas 
handling, severity of gas phase pre-reactions, or both.  

Thrust 2 was intended to study the use of BBr3 as a substitute for the more conventional TEB as 
a boron precursor. BBr3 has the notable advantage of being free of carbon, a common impurity in 
BN, while remaining more reactive at low temperature than BCl3 or BF3.5 It was found that 
producing crystalline BN with the combination of BBr3 and NH3 required vastly different 
deposition condition than the combination of TEB and NH3 utilized in Thrust 1. In particular, the 
deposition with gas phase V/III ratios of 1-10 were more successful in producing crystalline 
films for the combination of BBr3 and NH3, while the combination of TEB and NH3 commonly 
require V/III ratios of 100’s or even 1000’s to prevent deposition of discolored, non-



stoichiometric BN.6 Attempts to deposit with the combination of BBr3 and NH3 at V/III ratios 
great than 10 yielded increasingly large volumes of fine white powder, presumable BN, that coat 
the deposition chamber and substrate. A white ceramic-like material also began to coat chamber 
components at deposition temperatures greater than ~1250 °C. This ceramic-like material is 
thought to be the salt ammonium bromide (NH4Br), or a closely related compound, based on the 
physical properties, the high solubility in water, and the release of NH3 gas when contacted by 
water. Dust and salt formation could be reduced to manageable levels by reducing the total 
pressure and increasing the diluent gas flow. The initial portion of Thrust 2 continued to study 
what, if any, effects the AlN-BN interface played in c-BN formation. However, AlN surfaces did 
not provide measurably different epitaxial behavior than H2 etched sapphire surfaces, and the 
crystalline quality for films deposited by the combination of BBr3 and NH3 was consistently 
poor. Most tested conditions resulted in seemingly amorphous BN, lacking all BN related XRD 
features. No c-BN was observed by XRD or FTIR in this thrust.

Thrust 3 was intended to study the effects of mixing aluminum, boron, and nitrogen precursors 
on the crystalline structure of the BN, attempting to emulate the results of Subramani.2 No 
crystalline material was deposited for conditions flowing more BBr3 than TMAl. Increasing 
temperature, decreasing pressure, and increasing the flow of TMAl relative to BBr3 did improve 
the crystallinity of the films. Increasing temperature, the flow of NH3, and the flow of TMAl 
relative to BBr3 were found to increase the surface roughness of the deposited films. Deposition 
on AlN on sapphire substrates was found to produce polycrystalline films while deposition on 
hydrogen etched sapphire substrates produced epitaxial films with the wurtzite AlBN films [001] 
aligned to the sapphire [001]. Figure 1 shows representative 2θ-ω XRD for AlBN films on AlN 
and sapphire substrates. The wurtzite AlBN (002) peak was shifted to 36.35° in 2θ-ω for 
BBr3/TMAl ratios of 0.25-1. It is unclear why the BBr3/TMAl ratio has seemingly little impact 
on the alloy composition. It is unlikely that a solubility limit of boron in AlN was reached as 
wurtzite AlBN alloys have been demonstrated with up to 20% boron by MOCVD.7 Another 
unexpected behavior of the BBr3 and TMAl mixture was a synergistic increase in deposition rate 
of the mixture relative to either precursor used independently. This synergistic effect was the 
most pronounced at 700 °C, 500 Torr total pressure, and with low NH3 flows. Figure 2 shows the 
non-linear behavior of TMAl addition to a fixed flow of BBr3 and NH3. An increase in 
deposition rate proportional to TMAl flow occurs up to 22 μmol/min. The deposition rate levels 
off greatly when further increasing TMAl flow. Within the region of proportional behavior, 
TMAl increases deposition rate 12 times more than BBr3 on a molar basis. However, under 
otherwise identical conditions, no deposition occurs in the absence of BBr3, regardless of TMAl 
flow rate. It is unknown what mechanism gives rise to this behavior, but it is likely related to the 
interaction of gases with BBr3 or its decomposition products, Br or HBr. 



Figure 1: 2θ-ω XRD of (red) HTA1334 AlBN deposition on AlN on sapphire substrate showing 
numerous asymmetric reflections and (blue) HTA1333 AlBN deposition on sapphire showing 
only the (002) and (004) symmetric reflections. Markers indicate the expected peak positions of 
polycrystalline wurtzite AlN and single crystalline c-oriented sapphire. 

Figure 2: Film deposition rate with TMAl flow with fixed BBr3 and NH3 flows. The dashed line 
is a guide to the eye illustrating the significant deviation from linearity for deposition rate at 
higher TMAl flows.



 
ANTICIPATED OUTCOMES AND IMPACTS:

While no c-BN was produced during this project, several important findings were made.

(1) Simple proximity or mixing of AlN and BN is not sufficient to produce c-BN. With 
regards to the work of both Huang and Subramani, it appears addition factors must come 
into play. In the case of Huang, it seems likely that some finite degree of gas phase pre-
reaction between TEB and NH3 is beneficial to nucleation of c-BN on AlN. It is also 
likely that some aspect of the AlN surface beyond composition and orientation are 
relevant for the nucleation of c-BN. Possible properties of a surface which are typically 
unknown during MOCVD include surface stoichiometry, termination, and reconstruction 
and could all plausibly control nucleation behavior of BN. In the case of Subramani, it is 
possible that the exact mixture of precursor species is critical and similar, but not 
identical, precursors simply do not participate in some necessary process of c-BN 
formation. This could deposition eliminate MOCVD as a potential technique for 
producing c-BN if AlCl3 is found to be necessary. However, similarly cost effect and 
large area chemical vapor deposition techniques, such as hydride vapor phase epitaxy, 
may remain viable.

(2) BBr3 appears especially well suited for the deposition of amorphous BN films. 
Amorphous BN has recently become a dielectric material of interest with a dielectric 
constant less than 2 and a critical electrical field of 7 MV/cm.8 BBr3 offers the notably 
advantages over TEB of being carbon free and depositing stoichiometric BN at 
temperatures as low as 700 °C with low NH3. BBr3 can be supplied in a standard bubbler 
and would allow low temperature, plasma damage free BN passivation layers to be 
deposited in virtually all III-nitride MOCVD tools.

(3) The unusual interaction of BBr3 with TMAl and NH3 has wide ranging significance. The 
initial experimentation suggests the addition of BBr3 increases the reactivity of NH3 
during the deposition of nitride materials. The direct reaction of BBr3 and NH3 would be 
expected to be a less reactive adduct and would not increase the reactivity of NH3. 
Therefore, it is likely that the decomposition species of BBr3, such as bromine or HBr, 
are the species responsible for the increased reactivity of NH3. A chemical additive 
capable of controlling the reactivity of NH3 could possibly increase nitrogen 
incorporation into films and allow for reduced NH3 partial pressures.

The author is in contact with experts on machine learning at Sandia National Laboratories hoping 
to utilize the approximately 300 unique deposition conditions tested during this project as a set of 
training data for future nitride epitaxy surveys. In addition, the large number of FTIR 
measurements collected for BN films on AlN has improved the sensitivity of the differential 



reflectance technique to approximately one monolayer of sp-2 BN on AlN, something previously 
possible only for BN on sapphire.

CONCLUSION:

We have investigated the use of MOCVD as a technique for c-BN synthesis. The successes of 
Huang and Subramani were not reproduced. In the case of Huang, some fundamental aspect for 
how c-BN nucleation occurs on an AlN surface remains unknown. In the case of Subramani, it is 
possible that an exact reproduction of their precursor mixture may be necessary to produce c-BN. 
The precursor BBr3 was identified as having potential applications for low temperature and 
carbon-free deposition of amorphous BN. The unusual interaction between BBr3, TMAl, and 
NH3 suggest that the addition of bromine or HBr sources may enhance the reactivity of NH3 
during III-nitride deposition and allow greater effective NH3 partial pressure or lower actual NH3 
partial pressure when desirable.
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