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Abstract 

Cubic boron nitride (cBN) and diamond, sharing identical lattice structures, currently 

garner significant interest for next-generation high-power, high-frequency electronics. Despite 

successful heteroepitaxial synthesis of single-crystal cBN on diamond substrates via chemical 

vapor deposition (CVD), limited understanding of cBN growth blurs the origin of mixed BN 

phases under some synthesis conditions. Here, employing first-principles calculations based on a 

nanoreactor scheme, we study the cBN epitaxial nucleation on the diamond (001) surface under a 

limited-H condition. The discovered mechanism is initiated by inserting BN units into the surface 

dimer bond, leading to an island formation, which initially expands laterally - along the diamond 

surface - but rapidly switches to out-of-plane 3-dimensional growth. A high reaction barrier on the 

surface (~0.4-0.8 eV, 1300 K) aligns with challenging nucleation observed in experiments. 

Examining the environment hydrogen concentration effect revealed the origin of diverse BN 

phases experimentally, i.e., hydrogen deficiency favors amorphous BN (aBN) growth, whereas 

excessive hydrogen significantly raises sp2 bonding fraction, resulting in hexagonal BN (hBN) 

layers. Our results offer valuable guidance for the controllable synthesis of BN phases and advance 

research toward potential cBN electronics. 

 

 

Introduction  
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Cubic boron nitride (cBN) and diamond have attracted significant interest due to their 

unique properties. The ultrahigh thermal conductivity - one magnitude higher than typical next-

generation semiconductors like GaN and SiC - superhardness, and ultrawide bandgap make them 

promising candidates for next-generation high-power and high-frequency electronics.1–5 Notably, 

improved n- and p-type doping in cBN compared to diamond facilitates the creation of p-n 

junctions.6 However, a reliable and scalable synthesis of wafer-sized, high-quality crystals 

prerequisite for use in electronics is yet to be achieved for cBN. The concurrent formation of 

multiple phases, mostly amorphous BN (aBN), sp2-bonded hexagonal BN (hBN) and turbostratic 

BN (tBN), and sp3-bonded cBN, poses a significant obstacle,7–10 calling for the investigation of 

the underlying mechanisms. 

The successful synthesis of single-crystal cBN was demonstrated through several methods 

using diamond as a convenient heteroepitaxial substrate.7,10–16 Molecular beam epitaxy (MBE) and 

physical vapor deposition (PVD) approach in the absence of hydrogen typically produce aBN 

followed by cBN formation. Commonly employed etching of aBN through ion bombardment 

leaves behind a pure cBN phase, which, unfortunately, is plagued by poor crystallinity, high defect 

density, and internal stress caused by high-energy ions.8,11,13,15 The high-pressure high-temperature 

(HPHT) technique, typically conducted at 5-6 GPa and 1600-2000 K, offers improved quality but 

is limited in achievable crystal size.12 The plasma-enhanced chemical vapor deposition (PECVD) 

leverages surface chemistry to improve the growth process, avoiding ion-bombardment necessity 

and eliminating strict high-pressure requirements. The addition of fluorine in relatively mild 

growth conditions (fraction of ambient pressure, 1000-1300 K) leads to the formation of pure cBN 

or mixed with the hBN phase by adjusting the H/F ratio.7,10,14 Notably, PECVD also serves as a 

mainstream method of diamond growth for electronics applications. Significant efforts have been 

devoted to understanding the surface CVD diamond growth mechanism, resulting in a theoretical 

model of carbon addition, either by insertion into the surface dimer bond (a dimer-opening 

mechanism) or across the trough site between rows of dimer bonds (a trough-briding mechanism, 

see dimer and trough site in Fig. 1a).17–20 In sharp contrast, understanding the CVD cBN epitaxy 

mechanism on diamonds has remained elusive for decades. 

Below, we investigate the epitaxial nucleation of pure cBN on a diamond (001) surface 

under limited-H conditions mimicking fluorine chemistry utilized in PECVD and probe early 

nucleation scenarios through detailed first-principles calculations based on a nanoreactor 
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scheme,21 allowing us to trace a step-by-step atomistic nucleation sequence and corresponding 

energy changes. Appending the nanoreactor approach with kinetic consideration, we compare 

reaction barriers for cBN crystal formation on various sites on the diamond surface and BN island 

in the early stages of growth, explaining the nucleation difficulty observed in experiments. 

Recognizing the importance of the environment hydrogen concentration in the cBN growth, we 

study its effects on the nucleation, revealing the origins of the experimentally observed mixed BN 

phases. This work contributes to a comprehensive atomistic understanding of cBN epitaxial 

nucleation on diamond, influenced by the hydrogen environment. It elucidates experimental results 

on diverse BN phase syntheses under specific conditions. 

 

Results and Discussion 
Methodology and diamond surface model. The well-developed nanoreactor methodology based 

on the step-flow crystal growth model21 provides a comprehensive technique for investigating the 

nucleation sequence and energetics. On each step, a single building unit is added to the growing 

material, producing a range of possible structures based on various active sites. The optimal, lowest 

energy configuration is then identified from multiple metastable configurations and propagated as 

an initial configuration for the next growth or nucleation step.  

To ensure the possibility of defect-free crystal formation, we assume a 1:1 ratio between 

supplied B and N atoms and adopt the BN dimer as the representative building unit. The direct 

epitaxial growth of cBN on the diamond substrate without the inclusion of hBN and tBN was 

successfully realized experimentally through the use of fluorine chemistry (N2-BF3-H2 as the 

reaction gas) in PECVD synthesis9,10,14 owing to the hydrogen-mediating ability. To mimic such 

an environment, we use the BNH as an immediate feeding species - the molecule undergoing direct 

reaction with the edge of the expanding flake or island - providing a limited amount of H (referred 

to as “limited-H case” in this work). It should be noted that other species should yield the same 

product considering the selective H atom abstraction contributed by active radicals F˙, H˙, NH˙, 

BF˙, etc., in the plasma environment.  
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Fig. 1. a, H-terminated dimer-reconstructed diamond (001) surface. The surface dimer and trough (between dimer 

rows) sites are marked. The different layers of carbon surface (left) were distinguished by the gray-level in the [001] 

direction. b, Lattice comparison between diamond (left) and cBN (right). Gray, white, red, and blue balls represent C, 

H, B, and N atoms, respectively. 

 

Bulk diamond and cBN share an identical lattice structure, both adopting a cubic crystal 

lattice arrangement, with each atom bonded to four neighboring atoms (Fig. 1b). A close lattice 

matching (~1.2% mismatch) ensures relatively low interfacial energy and good epitaxial 

alignment.9 In exploring BN growth on diamond substrates, we adopt the low-index (001) diamond 

surface, most commonly used for heteroepitaxial cBN growth. In a typical hydrogen-rich growth 

environment, the surface is terminated with H atoms and exhibits its well-known stable 2 ✕ 1 

dimer-reconstruction phase characterized by forming dimer rows isolated by surface “troughs” 

(Fig. 1a). 

The steps and kinks on the substrate surface are known to serve as the nucleation site, 

significantly lowering the nucleation barrier, as reported in experiments.7,22 While both single- and 

double-layer steps are observed on this surface, we focus on the double-layer steps due to their 

prevalence on the vicinal substrate surface and their ability to avoid antiphase disorder in principle, 

which is a key concern in the epitaxial binary films. Steps on the (001) surface are separated into 

A and B types, corresponding to the steps running perpendicularly and parallel to the dimer row, 

respectively.23 Further differentiation is made among A-steps based on the edge position compared 

to the nearby dimer row.23,24 Energy comparison between three step types, i.e., one B-type double-
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layer steps DB and two DA types (Fig. 2a-c), on the (001) diamond surfaces indicates a preference 

towards DA types (Fig. S1), in agreement with the observation of DA-type steps on diamond (001) 

surfaces during hydrogen plasma annealing.25 Yet high temperatures in the experiment would not 

allow the complete exclusion of any type, prompting us to compare the initial nucleation process 

on all three steps.    

Employing the nanoreactor approach, we obtain the early nucleation sequence 

corresponding to forming the first BN row on DA I, DA II, and DB steps (Fig. 2a-c). Fig. 2d depicts 

the corresponding energy change at ΔµH_H2 = ΔµH_BNH = 0, ΔµBN = 0, along with the atomistic 

configuration at NBNH = 4. In all three cases, the new BNH unit is preferentially inserted into the 

surface dimer bond, similar to the “dimer-opening mechanism” in the homoepitaxial diamond.17,20 

Interestingly, only the first added BNH unit forms a bond with the kink site on the diamond surface 

(Fig. S2), while the rest of the BN row follows the surface dimer row regardless of the relative 

step edge orientation (i.e., step type), in striking contrast with the “kink-flow” mechanism for 

graphene or hBN nucleation on metal surfaces.21,26,27 Despite some structural similarities, the 

energy trend indicates a significantly improved nucleation rate on DA I steps (blue curve, Fig. 2d) 

compared to that of the DB and DA II step types (red and cyan curves, Fig. 2d), prompting us to 

focus the investigation of the following nucleation stages on  DA I only.  

 

 
Fig. 2. a-c, Lowest energy configurations after adding 4 BNH species on three step types (DB, DA I, DA II). Gray 

arrows mark the propagating direction of the new BN row. d, The energy change versus the number of added BNH 

species NBNH on surfaces decorated with DB(red), DA I (blue), and DA II (cyan) type.  ΔµBN and ΔµH are set as zero. 
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Pure cBN phase in limited-H case. We continue the nucleation sequence for cBN on the DA I 

surface in a limited-H case, extending the nanoreactor approach with more BNH units (NBNH = 1-

76). The schematic in Fig. 3a outlines the nucleation and growth progression resulting in the cBN 

island, indicating the formation order for BN rows (1-8) as well as the sequence of BN-layer 

deposition ((1)-(2)). The adsorption sites on the diamond surface are labeled according to the dimer 

(D) or trough (T) configuration. The corresponding energy change for the entire process at ΔµH = 

0 eV with various ΔµBN, i.e., 0 eV (black) and 1eV/BN unit (red), is shown in Fig. 3b, along with 

several key structures in Fig. 3c-i (see the entire configuration sequence in Fig. S3-S9).     
 

 

Fig. 3. a, Schematics of BN island formation on diamond DA I surface. Dimer (D) and trough (T) sites of the diamond 

surface are marked, with nucleating BN layers ((1)-(2)) and nucleation sequences (rows 1-8) indicated. b, The energy 

change versus the number of added BNH species NBNH at various ΔµBN, i.e., 0 eV (black) and 1 eV/BN unit (red). ΔµH 

is set as zero. The nucleation of BN layers and sequence are indicated at the top. c-g, Lowest energy configurations at 

various numbers of added BNH species. The propagation on the diamond surface and the “BN layer” are marked by 

blue and red arrows, respectively.  

As discussed above, the BN island nucleates next to the kink on the diamond surface and 

immediately propagates along the dimer row of DA I (row 1 in Fig. 3a). Interestingly, the next 

available surface sites along T1 trough are less favorable than those directly connected to the 

existing row of BN atoms. Accordingly, row 2 covers completely the diamond step edge (“C-B” 
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interface in Fig. 3b, see details in SI), with row 3 reconnecting suspended BN atoms to the 

diamond T1 surface site (Fig. 3c). Row 4 forms similarly to row 2 (Fig. 3d), eventually forming a 

connection to the D1 surface site through the beginning of row 5. At this stage, as shown in Fig. 

3e, the BN structure concurrently expands both laterally (row 5 on the D1 surface site, layer (1)) 

and normally (row 5* in layer (2)) to the diamond surface, as indicated by blue and red arrows in 

Fig. 3b, respectively. Rows 6 and 7 (Fig. 3f) form similarly to row 4, followed by the concurrent 

formation of rows 8 and 8* propagating both the first and second BN layers. Each row formation, 

both on the diamond surface and on previously formed “BN layers”, follows the kink flow 

mechanism – row nucleation followed by kink propagation – resulting in a repeating growth 

pattern (Fig. 3g highlights kinks on the substrate edge, first and second layers of cBN). 

The observed growth sequence shows initial island expansion along the substrate surface, 

predominantly following the direction of the edge and dimer rows on the reconstructed diamond 

surface. The corrugated configuration of each cBN layer rapidly leads to the 3D growth in the 

direction perpendicular to the basal plane. Moreover, we found that nucleation at the DA I site 

(light-red shaded area, Fig. 3b) is thermodynamically more favorable than the T1 site (light-blue 

shaded area, Fig. 3b) where the energy change slope is steeper. To determine the kinetic preference 

of propagation along the diamond surface compared to that on top of the previously formed BN 

layer, we performed constrained AIMD simulations with a “slow-growth” enhanced sampling 

(SG-AIMD) approach at 1300 K for several key steps (Fig. S10). It indicates that the adsorption 

barrier on the surface is significantly higher (~0.8 eV for DA I and ~0.4 eV for T1 diamond sites, 

compared to 0-0.1 eV on top of “BN layer”), explaining the difficulty of the initial nucleation 

process on the diamond surface observed in experiments.7,11,14  

Crystal growth is practically realized under conditions where ΔµBN > 0, ensuring sufficient 

speed of growth. Furthermore, the environment is often tuned to modify chemical potential, 

allowing preferential formation of specific target products. For example, ΔµBN = 1 eV/BN (red line, 

Fig. 3b) lowers the nucleation barrier to ~0.5 eV, favoring the overall growth process. It must be 

mentioned that in this example, only the chemical potential of BN units was modified while ΔµH_H2 

was kept constant. In a more realistic system, ΔµH_H2 should also play a significant role both in 

energy profile and preferred products, as we will discuss below. 
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Other BN phases in extreme-H case. Recognizing the importance of hydrogen concentration in 

cBN growth, we examine the effect on the growing BN phases in two extreme conditions: no 

hydrogen and rich hydrogen in the growth environment.  

In the absence of hydrogen in the gas phase, we expect H atoms terminating the diamond 

to be removed due to a high growth temperature (above 1100 K) significantly altering the BN 

adsorption sequence. As presented in Fig. 4a, the first BN unit attaches to the kink site, followed 

by the adsorption of new BN unit at the surface D sites without a strong preference for the site 

position or BN orientation (Fig. 4b-c). The presence of oppositely oriented BN units inhibits the 

ability to form a coherent crystalline phase, resulting in aBN growth. This implies that the 

hydrogen environment that leads to diamond surface passivation is essential for minimizing the B-

B or N-N bonding during nucleation. Notably, aBN is commonly observed in the PVD8,10 and 

pulsed laser deposition,28 in which no H is included in the growth atmosphere.  

In the H-rich case, the diamond surface is fully terminated by H atoms, and dangling bonds 

at the nucleus edge are always saturated (Fig. 4d-f). This leads to a reduction in sp3-bonding 

between the BN nucleus and diamond surface, favoring instead adsorption of new BN units on the 

edge of forming BN flake, significantly increasing the sp2 bonding fraction, which agrees well 

with a number of experimental findings.7,10,14,29 In good agreement with our findings, small tilted 

pure hBN domains directly on diamond (001) surface have been realized by rich hydrogen gas in 

a recent experiment.29 
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Fig. 4. Optimal sample configurations with labeled number of added BNH species NBNH during the nucleation on 

diamond DA I surface when included a-c, no hydrogen or d-f, excessive hydrogen in the growth environment. No 

hydrogen (blue, poor-H case) present in the gas phase tends to form aBN (inset of (c)), while the excess of hydrogen 

concentration (pink, rich-H case) significantly increases the sp2 bonding fraction of BN (inset of (f)).    

 

To quantify the effect of the environment H concentration on the BN product (hBN and 

cBN), we vary the ΔµH_H2 term (keep ΔµBN= 0 and ΔµH_BNH= -0.2 eV constant) and plot the critical 

nucleation barrier for limited-H (green line) and rich-H (pink line) case in Fig. 5a. The inset of 

Fig. 5a provides an example of the energy change during the nucleation for both cases, clearly 

showing their respective critical barrier at ΔµH_ H2 = -1.6 eV/atom. We find that the change in 

ΔµH_H2 value alters the preferred BN phase. The sp2-bonded hBN is more favorable (let barrier 

difference between two phases is above 1 eV) at ΔµH_H2 > -1.45 eV (light-pink shaded area, Fig. 

5a), while the cBN phase dominates at ΔµH_H2 < -1.55 eV (i.e., a limited hydrogen flow), marked 

by light-green shaded area in Fig. 5a. Note that the upper-boundary (ΔµH_H2 = -0.8 eV) for sp2 BN 

phase in Fig. 5a is determined by the typical experimental conditions (T > 1000 K, PH2 < 102 Torr). 

Interestingly, the critical nucleation barrier for the limited-H case producing cBN phase gradually 
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reduces as ΔµH_H2 decreases. This suggests a limited hydrogen reaction (that is, mixed H2 with a 

H2-consuming gas, e.g., BF3) minimizes the sp2
 bonding of the BN nanomaterials during the 

nucleation, explaining the importance of H/F ratio in the “fluorine chemistry” experiments to 

obtain pure cBN.7,10,14 According to the H chemical potential, we produce an approximate phase 

diagram of experimental conditions and the corresponding dominant BN phase (Fig. 5b). Typical 

experimental data (red dot, Fig. 5b) are consistent with our calculated phase. It shows the cBN 

phase favors a lower H2 pressure at a given temperature, while hBN dominates when H2 pressure 

is higher.  

 

 
Fig. 5. a, Nucleation barrier versus H chemical potential ΔµH_ H2 during the nucleation for limited-H (green) and rich-

H (pink) case. ΔµBN = 0, and ΔµH_BNH = -0.2 eV. The light-shaded area marks the experimental conditions (T > 1000 

K, PH2 < 102 Torr) in which phase dominates, colored by their phase type. Inset: an example of energy change curves 

for two cases at ΔµH_ H2 = -1.6 eV/atom. The critical nuclei for limited-H (green circle) and rich-H (pink triangle) cases 

are N = 17 and N= 9, respectively. b, Calculated phase diagram between cBN and sp2 BN phase, related to H2 pressure 

and temperature. Left and right inset: front side view of the representative product in these two cases. Red points 

denote the experimental results from references[7,10,14,29]. 
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One can leverage the above result to theoretically guide the controllable synthesis of pure 

BN phases. Generally, in ambient pressure, sp2-bonded hBN or tBN is more commonly observed 

than sp3-bonded cBN phase, which is preferred in HPHT conditions.30 Yet diamond substrate 

provides an identical cubic crystal lattice with close lattice-matching for cBN, promoting the 

formation of sp3-bonded BN over other BN phases on this surface without a strict high-pressure 

requirement. However, a fully passivated diamond dimer-reconstructed surface gives a 

challenging initial nucleation of BN. Therefore, first, a clean diamond surface with steps/kinks is 

a crucial prerequisite to provide active nucleation sites for the cBN phase. Importantly, double-

layer steps, which occur predominantly on vicinal diamond surfaces with high step density, are a 

good choice to induce single-domain growth,23 while single-layer steps cause antiphase boundary 

formation typically observed in synthesizing III-IV semiconductors on the silicon substrate.31 

Second, because of the non-catalytic properties of the diamond surface, the growth should provide 

enough BN species in the gas phase, usually utilizing plasma or microwave technology to avoid 

high decomposition barriers32, ensuring a building unit addition-limited, not surface-diffusion-

limited process. Last, the hydrogen environment is crucial to controlling the BN phase on the 

diamond. In the initial growth stage, H atoms act as terminating species to help uphold the 

heteroepitaxial cubic BN-layer formation and minimize the B-B or N-N bonding, avoiding aBN 

formation. Yet, excessive H atoms saturating the BN edge yield the sp2-bonded BN production. 

Thus, using H2-consuming gas (e.g., BF3) mixed with H2 is vital to adjust the H concentration in 

the atmosphere to selectively produce the cBN phase on diamonds. 

 

Conclusions 
In summary, inspired by the successful experimental epitaxial growth of pure cBN film on a 

diamond substrate using the CVD technique, we have probed its feasibility and early nucleation 

scenarios through detailed first-principles calculations based on a nanoreactor scheme, which 

follows step-flow crystal growth theory. The atomic row assembly and energy levels are tractable 

in a step-by-step diagram. It shows that the local kink/step of diamond surface facilitates the 

nucleation of initial “BN” feeding species along the surface dimer row orientation independent of 

the step edge direction.  

Under a limited H condition, we determine that the barrier for cBN phase nucleation on the 

diamond surface with kink is ~0.5 eV at moderate nonequilibrium dynamics (e.g., ΔµBN = 1eV/BN). 
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The overall nucleation sequence initiates on a diamond surface (T and D sites), expanding in-plane 

but rapidly switching to out-of-plane 3D growth. Our results highlight that nucleation at the surface 

D site is thermodynamically more favorable than the T site. Still, both necessitate overcoming a 

higher kinetic barrier than on the “BN layer” (0.4-0.8 eV vs 0-0.1 eV at 1300 K via SG-AIMD), 

yielding challenging nucleation in the early stage, as evidenced in experiments.  

Two extreme cases (i.e., poor-H and rich-H) are also studied. Hydrogen is essential for 

minimizing the B-B or N-N bonding during nucleation, leading to aBN formation in the poor-H 

case. On the other hand, an abundance of hydrogen in the atmosphere significantly increases the 

sp2 bonding fraction of BN nanomaterials, with the cBN phase emerging prominently only under 

limited hydrogen flow (ΔµH_H2 < -1.55 eV). These insights contribute to a comprehensive atomistic 

understanding of cBN epitaxy nucleation on the diamond, elucidating experimental results on 

diverse BN phase syntheses on diamond surfaces, further serving as a guide for experiments, and 

advancing research toward potential device applications. 
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