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Structural and electronic properties of h-BN
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Effects of stacking behavior of hexagonal basal layers to the structural stability and electronic properties of
h-BN were investigated thoroughly using first-principles calculations based on the density-functional theory
local-density approximation. Three of five possiblBN structures with “good” stacking were found to be
stable or substable. Considering that intrinsic stacking fault exist inhr8N crystals which results in mixed
stacking behavior, the experimentally observed large interlayer spacing of structures with stacking disorder
such as PBN antdBN can be understood. A substable structure with a direct band gap of about 3.395 eV was
predicted. The existence of this substable structure and related intrinsic stacking fault#Biéaxplains the
discrepancy in the nature of the band gap and the large variation in the observed band-gap JaBBs of
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I. INTRODUCTION tion!®*=37 and reflectivity spectrd®®3° and other
technique$®*! However, widely dispersed band-gap energy
Being one of the most interesting solids among the IlI-Vvalues ranging from 3.6 eV to 7.1 eV can be found in the
compounds, boron nitridéBN) has motivated tremendous literature and both direct or indirect band gaps have been
amounts of theoretical and experimental investigations of itseported forh-BN.
fundamental properties for a long time'® BN is also the Meanwhile, extensive theoretical studies have been per-
basis for many advanced technologi&&our different poly-  formed on the electronic and optical properties lrBBN.
morphic modifications, i.e., cubicc{BN), wurzite W-BN),  However, the calculated band structures are dependent on the
hexagonal (-BN), and rhombohedralr(BN), have been calculation methods. Using the tight-binding method, Rob-
found for BN which are responsible for the wide spectrum ofertson investigated the electronic structure and core excita-
properties of BNY® The two high-density diamondlike tion of h-BN and found a direct gap at titépoint, but a very
phases,c-BN and w-BN, have tetrahedragp® hybridized small K-H dispersiorf? Calculation based on the full-
B-N bonds, but different stacking sequences of the BNpotential self-consistent linearized augmented-plane-wave
basal layers. Thec-BN consists of the three-layer method by Catellanét al. showed thah-BN has a minimal
(ABCABC- - -) stacking of thec-BN (111 planes while indirect band gap of 3.9 eV between the valence-band maxi-
w-BN follows the two-layer (AAAA’...) stacking se- mum atH and the conduction-band minimum k&, and a
quence ofv-BN (0002 planes which is structurally identical lowest direct band gap of 3.9 eV Et*3 However, Parlet al.
to the c-BN (111) planes®~*8 The two low-density graphi- found that the lowest direct gap bfBN is located aM, with
telike phasesh-BN and r-BN, consist of two-dimensional a gap value of 4.5 eV using the same metfb&esults of
layers of hexagonally linkedp? hybridized B-N bonds, ar- band-structure calculations based on the orthogonal linear
ranged in (aead---) and (abcabc-) orders, combination of atomic orbitalfOLCAO) method by Xu and
respectively®~2® In addition to the above, BN has been Ching suggest an indirect band gap-() of 4.07 eV and a
found to exist in partial or completely disordered phases. Théowest direct band gapH) of 4.2 eV*® Using a pseudopo-
turbostratic {-BN) (Refs. 18—21phase has random stacking tential approach, Furthifier et al. predicted a direct gap of
of the hexagona$p? bonded BN basal layers and is a par- 4.5 eV at theM point, which is 0.4-eV larger than the indi-
tially disordered phase, while amorphous BN-BN) is  rect gap between thel andH points?®
characterized by atomic-level structural disord&rsThe While these studies provided a certain degree of under-
most common phase of boron nitrideBN, is known as a standing of the electronic properties BN, few of them
very good electrical insulator with good thermal conductivity directly addressed the conflicting experimental and theoreti-
and stability. It has been widely used in vacuum technologycal values of the fundamental band gaptBN. Sample
and also been employed in electronics, nuclear energy, x-raguality was often cited as the reason for the great variation in
lithography, lubrication, eté??3 the electronic properties from sample to sample. Although
Despite the fact that-BN is the best studied polymorph many investigations on the electronic propertiesheBN,
of BN, there has been no agreement on the basic electronguch as defecf®4’*® core hole effect®***° and
properties ofh-BN to date. For example, there is a wide luminescencé:>®%22?4yere carried out, it is difficult to give
range of values for its band-gap enef§¥lectronic states of an accurate description without fully understanding the band
h-BN have been studied by luminescerté®®?>2*elec-  structure ofh-BN.
tron energy-loss spectroscopy?’ x-ray photoemission It was unfortunate that nearly all experimental analyses or
spectroscop$®?® x-ray emission®3! x-ray absorptiot>3?  theoretical calculations oh-BN were based on the hexago-
resonant inelastic x-ray scatterifi?* optical-absorp- nal crystal structure first proposed by Pe#fs&,as shown in
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TABLE I. h-BN crystal structures determined by XRD.

Space group aA) c (A Reference
P65;/mmc(194) 2.504417) 6.65224) 52
P6mM2 (187 2.5022) 6.661) 53
P6mM2 (187 2.503995) 6.66125) 54
P3m1 (164 2.5022) 6.66(1) 55
P3m1 (164 2.500q1) 6.66095) 56
P3m1 (164 2.51 6.69 57
P6 (174 251 6.69 58

tion of structural and electronic propertiesteBN related to
stacking of the basal BN layers using the density-functional
theonf®®? (DFT) and the local-density approximatitn
(LDA), and aim to provide a clear understanding of the
structural and electronic propertiesieBN, as well those of
PBN andt-BN.

Il. STRUCTURAL PROPERTIES OF h-BN
FIG. 1. h-BN structures considered in this study. Structures A, WITH DIFFERENT STACKING

B, and C all have space grolg6;/mmc (194 and can be trans-
formed into one another by translational gliding moves of the BN According to the XRD data, a few different typesteBN
plane. Structure D with t_he space groB@ml (156) and structure (Z=2) with space groups oP63/mmc (194),52 P6M2
E with the space group6m2 (187) are similarly related. (187),53'54 P3m1 (164),%5-5" and P6 (174 58 as shown in
Table |, are possible. However, based on symmetry consid-
. . . eration, there can be only five hexagormaBN structures
Fig. 1(A). In this crystal structure which has_spa_ce grOlJp(Z:1 or 2. These five structures are shown in Fig. 1 and the
P_63/r_nmq (194, the hexagonal BN layers allgn_ o tf_ue corresponding space groups @&6;/mmc (194 for struc-
direction in such a way that the hexagons reside directly i —
above one another and the B atoms immediately above the res A, B, and CP3ml (156 for structure D; andP6m2
atoms or vice versa. However, for reBlBN crystals ¢ (187) for structure E. We suggest that theBN structures
=2), x-ray-diffraction(XRD) data indicate that the crystal With the P3m1 (164) (Refs. 55-57 symmetry observed ex-
may exist in structures with different symmetries. In particu-Perimentally should be denote®i3m1 (156), because it is
lar, h-BN structures with space group®6;/mmc (194),°2  impossible forh-BN (Z=2) to have theP3m1 (164).
P6mM2 (187),53%4 P3m1 (164,55 and p§(174),58 respec- Among the five possible structures, structure A with the
tively, have been found. In fact, Geik al. discussed their P63/mmcis most commonly accepted. These five structures
Optica| investigation data in terms of twoBN structures can be transformed into each Othel’, by translational glldlng
with different stacking sequences of the hexagonal BN layer§oves of one BN basal layer relative to the other layer in the
in 1960s However, few theorists have paid attention to theunit cell, or by rotational moves of one BN basal layer
stacking effects of the structural and electronic properties ofround thec axis of the crystal. However, if only transla-
h-BN since then, except a recent work by Mosuang andional moves are permittEd, then the fiw@&N structures can
Lowther which indicated that slightly different phases of thisPe divided into two groups. The first group) consists of
material could exist in three forms of the AaAa  Structures A, B, and C with the space gra@f;/mmc and
stacking®® Moreover, stacking disorder was found in pyro- the second groufl) is composed of structures D and E with
lytic boron nitride(PBN) formed by chemical vapor deposi- the space group®3ml and P6m2, respectively. In each
tion and in the semicrystalline BN phaseBN, where larger  group, theh-BN structures can transform into each another
interlayer spacing was observEtf® However, to our best by varying the relative stacking of the BN basal layers.
knowledge there has been no theoretical study on the struc- Theoretical investigations on the structural and electronic
tural or electronic properties of PBN amdBN. Therefore, it  properties ofh-BN were carried out using a first-principles
would be interesting to investigate the structural stability ofmethod based on the DFT, and the LDA with the Perdew-
h-BN related to the stacking behavior of hexagonal basaZunger parametrizatiGh for the exchange and correlation
layers. It could elucidate the uncertainty of the band structurénteraction. Eacth-BN structure was optimized within the
of h-BN observed experimentally, and provide further under-given space group using theasTep code®® The ultrasoft
standing of the electronic properties of PBN ar@N. pseudopotentiét was used in our calculation and the elec-
In this paper, we report results of a systematic investigatron wave function was expanded using plane waves with a
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structures have strong bonding in thé plane but weak
bonding in thec direction. This is a result of strong covalent
intralayer bonds and weak interlayer Van der Waals bonding.
In the case of graphitic structures which show pure covalent
bonding characteristics, the charge density is distributed
equally around the C atonffig. 3 (structures F and G and
the interlayer van der Waals interaction favors a stacking
sequence in which the hexagonal graphitic rings in adjacent
layers are shifted, i.e., the ABAB stacking sequence. How-
ever, in the case di-BN which shows mixed covalent-ionic
bonding characteristics, the valence charges are concentrated
around the N atom§Fig. 3(structures A—E| and the layer
stacking in the thre@-BN structures A, B, and D yield local
FIG. 2. Graphitic structures for reference. The two structures Fenergy minima.
and G have the space group6;/mmc(194) andP6/mmm(191), To further investigate the stability of these fiveBN
respectively. structures, we calculated the variation of the total energy per
atom of the structures in each group as a function of the
relative translational move of one basal BN layer with re-
kinetic-energy cutoff of 540 eVK points were generated spect to the other in the unit cell. For the group-I structures,
using the Monkhorst-Pack scheme with a mesh size of 1&s shown in Fig. 4, structure A was found to be a stable
X 12X 4. With these parameters, the accuracy in the calcustructure and its energy per atom is at the global minimum.
lated total energy is estimated to be 0.001 eV per atom. IiStructure B is a substable phase and its energy is at a local
addition to the fiveh-BN structures, two graphitic structures minimum which is only slightly higher than that of structure
with hexagonal symmetry were also studied for comparisonA. But structure C is unstable since its energy is at the maxi-
These two structures, F with space grd@f;/mmc (194  mum point of the energy surface. The equilibrium structure
and G with space group6/mmm(191), are shown in Fig. 2.  of C has a relatively longer lattice parameteras shown in
The calculated total energies per atom and the lattice paranTable Il. The group-II structures, D and E, show similar be-
eters of these structures are listed in Table Il. The optimizedhaviors. As shown in Fig. 5, structure D is a stable structure
structures A, B, and D have similar lattice parameteexd  at the minimum point of total energy, but structure E is un-
¢, which are in good agreement with the experimental resultstable at the maximum point of total energy. The equilibrium
given in Table I. Their total energies per atom are also closestructure of E also has a longer lattice constaris indicated
On the other hand, the optimized structures C and E haveia Table Il. Recently, Mosuang and Lowther investigated,
relatively larger lattice constaif and relatively higher total using a density-functional approach with LDA, three BN
energies per atom. Similarly, in the case of graphite, structurphases with different stacking sequences which correspond
F, the common graphitic structure, has lower total energy antb structures A, C, and E here. However, they concluded that
a much shorter lattice constanthan structure G. all three structures were stable. This could be due to the fact
Compared with hexagonal graphite which has only onehat an interlayer gliding effect was not considered in their
stable structure, i.e., structure FsBN has three possible study.
stable structures, i.e., structures A and B, both of the According to our results presented above, among the five
P65;/mmc (194 symmetry, and D withP3m1. This could structures oh-BN, structures A, B, and D are stable and the
be due to the characteristics of the mixed covalent-ionicorresponding stacking of the BN layers can be regarded as
bonding of h-BN, in contrast to pure covalent bonding of energetically favorable or “good” stacking sequences. Struc-
graphite. As shown in Fig. 3, where the total valence chargeures C and D are unstable and their stacking sequences can
density of the fiveh-BN structures and the two graphitic be regarded as unfavorable or “bad.” Structures with “bad”
structures are shown using contour plots in the00 plane  stacking sequence generally have largaralues compared
containing both BN and CC bonds, dBN and graphitic  to structures with “good” stacking sequences. The five struc-

TABLE Il. Calculated structural information and total energies of varib&N structures.

Group  Structure Space Group a (A) c (R Total energy Stability Eq (eV)

(eV/atom
h-BN A P63/mmc(194) 2.485 6.49 —175.849 stable 4.02{ndirec
Group | B P6;/mmc(194) 2.484 6.487 —175.847 substable  3.398irec)
C P63;/mmc(194) 2.484 7.048 —175.837 unstable  3.43&direc)
h-BN D P3m1 (156 2.485 6.423 —175.849 stable 4.208ndirect
Group 1l E P6mM2 (187 2485 6.912 2) —175.835 unstable 3.22@ndirec)
Graphite F P6;/mmc(194 2.439 6.654 —155.560 stable
G P6/mmm(191) 2.439 7.234k2) —155.548 unstable
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FIG. 3. Contour plots of total charge densities in {&&00 plane for the fiveh-BN and two graphitic structures being studied.

tures A, B, C, D, and E represent the extremes of stackingoccurs because PBN is often deposited with a preferred ori-
Based on these, we can infer the structural or electronientation and the axis is perpendicular to the surface, result-
properties of structures with disorder in stacking sequencéng in slightly higher(2%—4% interlayer spacing® Simi-
such as PBN anttBN. In PBN, stacking disorder typically larly, in t-BN which has random stacking of the BN basal
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Structure D
layers, a larger than the ided}y, value in XRD analysis is 801
often used as an indicator for the turbostratic structure, and 604
dropping of this quantity to a certain critical value during
heat treatments was accepted as an indicator for ordering in 407
the crystal structuré® Based on the results of the present 201
study, we conclude that the larger interlayer spacing of PBN | T o
andt-BN is due to their mixed stacking behaviors since our ' 1w swoumign e w1y
calculations suggest that “bad” stacking results in larger lat- 0 40 80 120 160
tice constant. Diffraction Angle
The existence of a substable structure B is significant. The

small difference in total energies of structure A and structure dF'G' 6. Sim_”""}te‘j_XRD Sp‘;\Ctra of the stable structures A, B,
B implies that it is possible foh-BN crystals with the 2nd D.respectivelyX=1.5418 A).
P6;/mmc symmetry to have mixed stacking behaviors of

structures A and B, resulting in an intrinsic stacking fault in

real h-BN crystals. Furthermore, onc&-BN with the

ture from one symmetry to the other. Therefore, we conclude
P65/mmc symmetry is formed, it is difficult to transform that whetherh-BN crystals adopt theP6s/mmc or the

into structure D with theP3m1 symmetry, and vice versa, P3M1 symmetry should be determined by their initial
because a much larger energy barrier must be overcome (§foWth conditions. _
the rotational motion in order to transform the crystal struc- . ©NOWn in Fig. 6 are the simulated XRD spectra based on

the h-BN structures A, B, and D, respectively. Since these
three structures have roughly the same lattice parameters,
their XRD spectra have almost the same peak positions, but
different intensities which is due to the different stacking of
the BN layers. The experimental XRD spectra on te&N
sample¥®® 8 are some sort of average of the spectra of the

three idealh-BN structures which confirms the existence of
mixed stacking in reah-BN crystals.

Ill. ELECTRICAL PROPERTIES OF h-BN

Total energy per atom (eV)

The band structures and total density of staf@®S) of
the five h-BN structures were calculated and are shown in
Figs. 7-11. It is known that even though the DFT-LDA
method underestimates band gaps of semiconductors and in-
sulators, it does give reliable bandwidths and shapes. In the
present work, we focus on comparison of the band structures
FIG. 5. Variation of total energy per atom of group-Il structures Of the five h-BNs.
as a function of the translational gliding move of one BN hexagonal Figure 7 shows the calculated band structure and total
layer relative to the other in the unit cell.

DOS of structure A. The band structure is characterized by
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FIG. 7. Band structure and total DOS of structure A. FIG. 9. Band structure and total DOS of structure D.

an indirect band gap of about 4.027 eV, between the valencd=urthmiler et al. using ultrasoft pseudopotentidfs.

band maximum neatl and the conduction-band minimum at ~ For the substable structure B with tRé;/mmcsymme-

M, and a very smalK-H dispersion. Being the most com- try, our calculations predict a band gap of about 3.395 eV,

mon h-BN phase, the electronic structure of structure A hasgessentially of direct nature, which has not been observed

been extensively studi€d-*® The band structure calculated before. The details of the valence-band top are shown in the

in the present work and the prediction of an indirect bandnset of Fig. 8. The conduction-band minimum occurs at the

gap of 4.027 eV agree well with the results of recent OL-K point, while the valence-band maximum is also located

CAO calculations of Xu and Chirfg and the results of around theK point. TheK-I" dispersion is considerably small
and is comparable to the thermal energy at room tempera-
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FIG. 8. Band structure and total DOS of structure B, where the
K-H dispersion part is enlarged. FIG. 10. Band structure and total DOS of structure C.
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g
\

stacking faults should generally exist in réaBN crystals.
In other words, reah-BN crystals are likely to have mixed
\/ 15 stacking sequences of structures A, B, and D. Accordingly,

P

the diverse band-gap value@8.6 to 7.1 eV observed

1 Z

% 10 experimentallf” can be understood as a result of band-
/1 structure variation due to stacking. Furthermore, the discrep-
ancy over the nature of the band gap, whether it is direct
A 5 band gaf? or indirect band gap? can be attributed to the
L existence of the substable structure B. The relative domi-
nance of stacking sequence A or stacking sequence B in a
0 given h-BN will determine whether it is an indirect or a
direct band-gap material. The electronic propertyheBN
s can thus be fully understood.
i Based on the calculated electronic structures, we can also
/\: speculate that a band gap much lower than that of normal

-10 h-BN should be observed for structures with disordered

stacking sequences such as PBN &N, due to the exis-
| tence of the “bad” stacking behaviors. Furthermore, stacking
-151 effects on the band structure BN would provide further

/ insight into understanding the electronic and optical proper-

GA HK G MLH 0.0 0.4 0.8 127 1.6 ties of h-BN, such as energy levels induced by defects or
impurities, characteristics of luminescence, etc. The fact that
the stacking sequence can be altered by gliding moves of BN
layers suggests that tunable band structure can be achieved

ture. Therefore, the existence of structure B changes the n&iMPly by applying shearing stress on the BN crystals.
ture of the electronic structure ¢#BN and brings about a

critical change from the indirect band gap to direct band gap,

with a drop of the band-gap energy by about 0.6 eV. IV. CONCLUSION

The band structure of structure D with tR8@m1 symme- h-BN dificati d king h b . -
try was calculated and is shown in Fig. 9. The band structure modi |cat|on_s ue to stacking have een |nve_st|
is similar to that of structure A, with an indirect but a slightly 92t€d thoroughly using the DFT-LDA method. First, five
large band gap of 4.208 eV, between the valence-band maxossibleh-BN structqres, i.e., structures A, B, and C ywth
mum atH and the conduction band minimumMt with very ~ SymmetryP6;/mmcin one group(l) and structures D with
smallK-H dispersion too. P3ml and E withP6mz2 in another(group Il) were studied.

For comparison, we also calculated the band structures @tructures A and D were found stable and structure B sub-
the unstableh-BN structures C and E and the results arestable, all with “good” stacking of BN layers. Structures C
shown in Fig. 10 and Fig. 11, respectively. Both of these twaand E were found unstable. These structures with “bad”
unstable structures with “bad” stacking sequences exhibitacking of BN layers have a longer lattice constaicbm-
indirect band gaps. The band-gap energy of structure C igared to structures with “good” stacking sequences. Real
3.433 eV, between the valence-band maximurK @nd the  h.BN crystals may have mixed stacking, and intrinsic stack-
conduction-band minimum &, while that of structure Eis  jng faults can be expected, which are the reasons for the
3.226 eV, between the valence-band maX'murKﬂnq the" large variations of electronic properties bfBN. Stacking
conduction-band minimum dt. Consequently, any *bad”  goq,ence disorder is also the origin for the observed larger
stacking of BN layers in reah-BN would reduce its band interlayer spacings in PBN arteBN.

gap, and change the characteristics of the band structure sig- Second, the electronic properties BN were found to

nificantly. .

. be strongly dependent on the stacking of the hexagonal BN
of E—?le\? ditoir; t:t?\/?:dgutlﬁz(:hk;agiitt:gﬁitgrset‘:'u%];l]/?ergl;;,\lp has"f:'asyers. Based on the calculated band structures for various
show st,rong dependence on the stacking manner of the Bthases, we presented an complete explanation on the incon-

};|stency in experimental electronic and optical properties of

Band energy (V")

FIG. 11. Band structure and total DOS of structure E.

layers. Structures with “good” stacking sequences alread :
have quite dispersed band-gap energies, i.e., 4.027, 3.39&BN. The diverse band-gap values BN observed ex-

and 4.208 eV for structures A, B, and D, respectively. Theoérimentally now can be understood based on the variation
existence of “bad” stacking of the BN layers such as that inOf band structure due to stacking. The discrepancy in the
structure C or E will further reduce their band-gap energyPand-gap characteristics 6fBN, i.e., being direct or indi-
and change their band structure. It is worthwhile to point out€ct, can be attributed to the existence of the substable struc-
that the substable structure B possesses a totally differetigre B. Finally, structures with disordered stacking such as
electronic structure and it is the ontyBN structure with a PBN andt-BN were predicted to have a much lower band

direct band gap. As already indicated in Sec. Il, intrinsicgap than that of a norm&-BN.
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