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a b s t r a c t

Hydrogen (H) behavior in crystal boron nitride (BN) has been systematically investigated by first-princi-
ples calculation. We find that H prefers to reside in the hexagonal phase (hBN) rather than the cubic
phase (cBN). These kinds of H tend to gather to form clusters. In hBN, H can terminate a framework
around an impurity-induced sp3 nucleus, thereby suppressing the cBN growth. This explains why there
is no significant improvement in the hBN-to-cBN transition after aluminium (Al) doping.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The binary semiconductor boron nitride (BN) has extraordinary
properties and is regarded as an important candidate for electronic,
optical, and other engineering applications [1–4]. There are two
frequently used BN crystals: the hexagonal BN (hBN) and the cubic
BN (cBN). The hBN phase with a direct band gap of 6 eV holds
promise for ultraviolet device applications [4]. The cBN phase has
a wide band gap and shows high thermal conductivity and extreme
hardness, which makes it suitable for high-temperature electronic
devices and use as an abrasive [5–7]. To synthesize pure BN crystal,
especially the high-quality cBN, hydrogen (H) is a common back-
ground impurity during the CVD growth process [8–11]. As a re-
sult, a significant amount of H is unavoidably present in BN, and
it impacts both material quality and device performance [12].

However, the behavior of H during the growth of BN is not well
understood, especially at the microscopic scale. H prefers etching
the sp2-bonding phase to the sp3-bonding phase. This etching
selectivity is the key to synthesizing high-quality diamond [13].
However, it has been argued that H exhibits no significant etching
selectivity for diamond-like cBN or graphite-like hBN [14]. So the
growth of high-quality cBN is a more challenging task. In fact,
intentional doping has also been used in an attempt to promote
the growth of cBN. So the defect physics of H on BN as well as its
doped sample is a worthy topic for further exploration.

Through first-principles calculation, we proved that H is more
likely to be incorporated during the growth of hBN rather than that
of cBN. During hBN growth we were surprised to discover that the
formation energy of H can be reduced by increasing its concentra-
tion. At low concentrations, H generally prefers the H2 molecular
form. However, at high concentrations, a new form of H called
H��2 forms—in which one H binds to B and another binds to the
neighboring N. By Al doping, AlB serves as a cubic nucleus in
hBN. However, the presence of H prevents additional B and N from
binding to the nucleus and ultimately suppresses the growth of
cBN.
2. Calculation details

Our first-principles calculation is based on density functional
theory (DFT) within local density approximation (LDA) [15]. The
projector augmented-wave potentials [16] are used as imple-
mented in the VASP code [17]. The cutoff energy for the plane-
wave basis is 400 eV. We obtained the lattice parameters
a = 3.583 Å for cBN, and a = 2.492 Å, c/a = 2.604 for hBN. Both lat-
tice constants a are only 1% smaller than experiment, and the c is
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smaller than experiment by 3% [18]. For defect calculations, large
enough supercells are employed for cBN (216 atoms) and for hBN
(200 atoms). Geometry optimization with 2 � 2 � 2 Monkhorst–
Pack k-point mesh is carried out until the Hellman–Feynman force
on each atom is less than 0.05 eV/Å.

3. Results and disscusion

3.1. Structural form and stability

First, we studied H in cBN and hBN; their stability can be quan-
titatively reflected by formation energy. Following Ref. [19], the
formation energy of a defect with nH atoms in cBN or hBN can
be defined as:

Ef ðnHÞ ¼ EtotðnHÞ � EtotðbulkÞ � nlðHÞ; ð1Þ

where Etot(nH) is the total energy of a supercell containing nH atoms
in BN. Etot(bulk) is the total energy of the same supercell without de-
fect. l(H) is the chemical potential of H. Here, the growth or anneal-
ing condition defines the chemical potential for B and N. Under
thermal equilibrium, the chemical potential of the host atom must
satisfy l(B) + l(N) = DHf(BN), where l(B) and l(N) are the chemical
potentials of B and N, respectively, and DHf(BN) is the formation en-
thalpy of BN in the cubic or hexagonal phase. The upper limit of the
chemical potential is limited by its stable form under standard con-
ditions. Here, B solid and N2 gas are set as the limit and reference for
the B/N chemical potential. So, the range of chemical potential is
written as:

ðB-poor conditionÞDHf ðBNÞ 6 lðBÞ 6 0ðB-rich conditionÞ ð2Þ

ðN-poor conditionÞDHf ðBNÞ 6 lðNÞ 6 0ðN-rich conditionÞ ð3Þ

Usually, the upper limit of the H chemical potential, l(H), is de-
fined by H2 gas. Here, in the presence of N, we should also consider
a secondary product (i.e., NH3) during the growth. So, the chemical
potential of H is defined as:

lðHÞ 6 Df HðNH3Þ � lðNÞ
3

and lðHÞ 6 0 ð4Þ

In Fig. 1(a), the formation energies of the H interstitial, H2, and
H complexes (labeled H�2 and H��2 ) are shown. Generally, the ener-
gies in hBN are noticeably lower than those in cBN. We conclude
that H prefers to reside in hBN. This is consistent with experiments
involving low H concentrations in cBN [20]. The lowest-energy
configuration in cBN is an H interstitial at the bond center, shown
in Fig. 1(b). In this configuration, the inserted B–N bond is 52%
longer than the normal one. So, the formation energy of this inter-
Fig. 1. (a) Formation energies of H defects as function of growth condition. (b) Schematic
grid is represented by dashed lines, while the H atoms as well as the B and N atoms th
stitial is quite high even under B-rich condition. We also studied H2

molecules and H�2 complexes according to the similar forms in sil-
icon [21]. Like H2 in silicon, H2 favors the tetrahedral interstitial
site (Td) in cBN, see Fig. 1(b). But the bond length of H2 is com-
pressed from 0.76 Å (for free molecule) to 0.71 Å. Another interest-
ing complex named H�2 has one H at bond center and the other at
the B antibonding site, see Fig. 1(b). But these two kinds of double
H defects hold large formation energies (>7.22 eV for the H2 and
>6.47 eV for H�2). In other words, H is unlikely to be present in a
substantial amount in cBN.

Compared to cBN, the formation energy of an H interstitial in
hBN is much lower—i.e., 2.25 eV under B-rich condition. This is be-
cause no B–N bond is broken to produce an interstitial, see Fig. 1(c).
Like H on graphene, an H interstitial in hBN tends to bond with B
and then make the plane slightly bulged out (by �0.1 Å). In hBN,
the most stable form is an H2 molecule (0.95 eV at B-rich condi-
tion), due to a large space for the insertion in Fig. 1(c). The H2 stays
at the center of a honeycomb parallel to the BN layer. Considering
an unchanged bond length, this H2 should hold the similar charac-
ter as the free H2 does. In terms of energy, another possible existing
defect named H��2 has one H connecting to B and the other connect-
ing to neighboring N shown in Fig. 1(c). Clearly, these attached B
and N atoms are in sp3-bonding configuration. Therefore, it seems
that H can aid the growth of cBN. However, an H atom prefers to
have a single bond and finally limits the extension of the sp3

framework.
Generally, various H-containing compounds are used as precur-

sors in the CVD growth, so H is found in high concentration (>1%)
in hBN [12]. However, the present formation energy (�1.0 eV for
H2 and �1.6 eV for H��2 ) indicates it barely reaches such high con-
centration. For example, assuming a 500 �C growth temperature,
the formation energy must be as low as 0.3 eV for a percent level
incorporation in hBN. In fact, we note that infrared spectroscopy
(IR) has observed vibration modes related to H–N and H–B bonds
[22]. That raises an interesting question: can high-concentration
H defects be more stable than the isolated one? We calculated
the formation energy of H2 and H��2 with increasing concentration.
The results are shown in Fig. 2. Here, the concentration is defined
as the occupation percentage of available sites between two BN
layers for H2 and the coverage percentage on one BN plane for
H��2 . The averaged energy of H2 decreases from �1.0 eV at low con-
centration to 0.22 eV at 100% occupation. For H��2 , the energy de-
creases from �1.6 eV at low concentration to 0.20 eV at 100%
occupation. As seen in Fig. 2 inset, the full covered BN plane by
H��2 is changed to a zigzag-like structure and results in lowering to-
tal energy. These results very clearly suggest that H2 or H��2 can
automatically gather to form clusters in hBN. This low energy is
consistent with a substantial amount of H in hBN in experiments
[12,22].
drawings of various H defects in cBN. (c) Same as (b) but for hBN. The perfect lattice
at undergo significant relaxations are represented by spheres, as labeled in cBN.



Fig. 2. Formation energies of H2 and H��2 (per 2H) in hBN as function of H
concentration. The concentration is defined as the filling percentage of the
hexagon-center sites between two BN planes for H2 and the coverage percentage
of one BN plane for H��2 . The inset shows a BN plane fully covered by H��2 , where the
color scheme is the same as in Fig. 1.

Fig. 3. Schematic drawings of the AlB defect (a) and the AlB-6H complex (b) in hBN.
The upper part shows side views of the defects parallel to the BN planes,
represented by dashed lines, while the lower part shows slightly rotated views.
Al atoms are represented by large purple spheres, while the color scheme for other
atoms is the same as in Fig. 1.
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3.2. Vibration frequency

In order to further identify the IR frequency, the stretch-mode
vibration of H2 and H��2 in hBN were analyzed by tracing the poten-
tial energy of the vibration by H displacement [23]. Here, the dis-
placement of the B or N in the hBN can be neglected because H
is obviously lighter. The reduced mass of the oscillator is used.
We included the anharmonic effect. The results are shown in Ta-
ble 1. To test the reliability, we also calculated the stretch fre-
quency of free H2 in a vacuum. The calculated 3849 cm�1 is
somewhat lower than the measured 4200 or 4161 cm�1 in experi-
ments [24] or [25], but is fairly consistent with the previous theo-
retical work [26]. Here, the calculated H-H stretch frequency of H2

in hBN is 3802 cm�1. In hBN experiment, a vibration mode of
4000 cm�1, which is smaller than the experimental frequency of
the free H2, was observed [22]. Therefore, we assign this mode to
the interstitial H2 in hBN. For the H��2 , the calculated frequencies re-
lated to H–B and H–N bonds are 2435 cm�1 and 2971 cm�1. Con-
sidering the systematic underestimation in our calculation, we
correlate them to the experimental vibration modes of
2550 cm�1 and 3200 cm�1 [22] or 2500 cm�1 and 3300 cm�1 [27]
in hBN. Therefore, the present proposed H2 and H��2 models actually
exist in experiment.
3.3. Binding with Al

In fact, intentional doping has also been tried to control the
growth or improve the performance of BN. For example, due to
the fourfold coordination of AlN, Al in hBN can potentially serve
as a nucleus, aiding the transition from hBN to cBN [28]. However,
recent experiment [29] showed that there was no significant
Table 1
Our calculated frequencies of H-related defects in hBN. The frequencies were
calculated by considering both harmonic and anharmonic contributions. Experimen-
tal results are also listed for comparison.

Bond Calculation (cm�1) Experiment (cm�1)

H–H (of H2 in vacuum) 3849 4200 [24], 4161 [25]
H–H (of H2 in hBN) 3802 4000 [22]
H–B (of H��2 in hBN) 2435 2550 [22], 2500 [27]
H–N (of H2

⁄⁄ in hBN) 2971 3200 [22], 3300 [27]
improvement on the growth of cBN from hBN when Al was doped.
Here, we analyze the interaction between Al and H in hBN to
understand such observation. In Fig. 3(a), the stable Al tends to re-
place B and also move away from the BN plane while bonding to N
in the upper plane. This fourfold AlB structure is actually a nucleus
of cubic phase. Yet, further calculations show H tends to bind with
B and N close to AlB. See Fig. 3(b), up to 6 H can be attached around
AlB. To evaluate the energy cost for adding H to AlB, we employed
Eq. (1) but changed the total energy of bulk hBN to that including
AlB. The energy for the two H (one attached to B and the other to N)
is just 0.78 eV. This indicates they readily form once Al has been
incorporated in hBN. The average energy cost for 6 H to AlB is still
not high, 1.37 eV/2H. We notice that these H also realize sp3-like
configuration around Al. But such sp3 network still cannot be
extended due to single bond character of H. Therefore, under H
ambient, these AlB nucleuses are all passivated, explaining the
experiment above. The present AlB and multi-H model is also
supported by that increment of H induced by Al is about three
times of that of Al [29].
4. Conclusion

In conclusion, we systemically studied the thermodynamic and
vibration properties of H in BN crystal using first-principles calcu-
lation. Essentially, H prefers to reside in hBN with forms of H2 and
H��2 rather than in cBN. Unexpectedly, these H2 and H��2 can auto-
matically gather to form clusters. In the presence of H, the cBN
phase tends to be suppressed. Therefore, Al-induced sp3 nucleus
in hBN is readily passivated. That explains why Al offers no signif-
icant improvement to grow cBN from hBN. The present study offers
an atomic picture to control the phase stability and quality of BN
related materials through careful H selection.
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