
Predicted structural evolution and detailed insight
into configuration correlation, mechanical
properties of silicon–boron binary compounds†
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The crystal structures, phase stability, mechanical and electronic structures of silicon–boron binaries have

been investigated systematically using first-principles of pseudopotential calculations. The calculated

formation enthalpies of a-SiB3, SiB6 and SiBn follow the sequence: DHf (a-SiB3) > DHf (SiB6) > DHf (SiBn),

which is in good agreement with the previous experimental results. Monoclinic SiB6 with P21/m

symmetry and hexagonal SiB36 with a B80 unit (a ring linked by diametrically located 2 � B28, 2 � B12) are

suggested as the more energetically and mechanically favorable phases by our calculations. The

predicted bulk modulus of Si–B binaries is between 120 and 180 GPa, while there is a dramatic drop for

two kinds of a-SiB3 in the shear modulus from 130.3 GPa (SiB3) to 71.1 GPa (SiB4). We infer that the

additional centered boron atoms, located long the spatial diagonal in SiB4, is responsible for the

weakness along this direction. In addition to b-SiB3, the new proposed P21/m-SiB6 and R3m-SiB6 is

found to be semiconducting with 0.41 eV indirect and 1.654 eV direct band gap, respectively. There is no

band gap provided by band structures of SiB4 and SiB36, as well as their DOS values are quite large at

Fermi level, indicating they are energetically unstable under 0 K and GPa.

1. Introduction

Boron-rich borides are classical refractory materials: light-

weight, extremely hard, and exceptionally thermal stability.1,2

Even more importantly, boron-rich compounds have attracted

extensive attention for their high melting-points, semi-metallic/

metallic, ascending Seebeck coefficients and electrical conduc-

tivities with increasing temperature.3–5 Excellent electrical

conductivity combined with weak thermal conductivity

contributes to generate good thermoelectric properties in

borides. In particular the silicon borides, possessing extremely

higher chemical and thermal stabilities, have great potential for

thermoelectric materials in extreme conditions (high-

temperature, strong chemical corrosion, etc.).6,7 Aer review-

ing the whole Si–B system, there are mainly three kinds of

binary compounds, usually referred to as SiB3, SiB6 and SiBn. To

be precise, “SiB3” is the stoichiometry designation for Si–B

compounds ranging from SiB2.8 to SiB4.
8–15 This range is taken

as an indication of a wide homogeneity phase region for a solid

with the SiB3 structure. Another probable confusion should be

noticed that SiB3 here is more accurately a-SiB3, since an

orthorhombic phase, termed b-SiB3, has been obtained in

gallium ux conditions at lower temperatures by J. R. Salvador

et al.16 Unless otherwise noted, a-SiB3 is used in this paper to

designate the phase with that kind of crystal structure and not

to indicate a specic composition. Usually, a-SiB3 is synthesized

by melting a mixture of boron (5–10 weight%) and silicon in

a furnace, however, it is barely possible to obtain it purely,

always being accompanied with SiB6 products.
8–11,13,14 a-SiB3 has

the same structure as boron carbide (B4C or B12C2), and other

borides belonging to a class of icosahedral boron-rich solids

that includes a-rhombohedral (a-rh) boron.7,17,18 In 1956,

Zhuravlev rstly found that SiB6 was a cubic phase through the

X-ray structure analysis.19 Another different structure of SiB6

was determined by M. Vlasse using single-crystal X-ray diffrac-

tion,20 it has a complex crystal structure with about 43 silicon

atoms and 238 boron atoms in its orthorhombic unit cell,

containing interconnected icosahedra, icosihexahedra, as well

as several isolated boron and silicon atoms. Similar to a-SiB3,

the ratio of B/Si¼ 6/1 is stoichiometry approximation for the Si–

B binaries ranging from SiB5.7 to SiB6.1 contributed by inter-

changing silicon and boron atoms within the multiple sites.17,20

SiBn is obtained through the peritectic reaction: liquid + b-

boron solid solution¼ SiBn at 2293 K,
6 and was rst synthesized

by Giese et al., known as SiB14.
21 However, the value width of n

has been a controversy so far that previous study claimed that n

ranges from 16 to 26;22 ten years later, T. B. Massalski et al.

enlarged the n values to the limits between 13.9 and 32.3;23 aer

aKey Laboratory of Advanced Ceramics and Machining Technology of Ministry of

Education, School of Materials Science and Engineering, Tianjin University, Tianjin

300072, China. E-mail: lizhihong@tju.edu.cn; Tel: +86 22 27404260

bKey Laboratory of Metastable Materials Science and Technology, College of Material

Science and Engineering, Yanshan University, Qinhuangdao 066004, China

† Electronic supplementary information (ESI) available. See DOI:

10.1039/c7ra00592j

Cite this: RSC Adv., 2017, 7, 16109

Received 14th January 2017

Accepted 6th March 2017

DOI: 10.1039/c7ra00592j

rsc.li/rsc-advances

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16109–16118 | 16109

RSC Advances

PAPER

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

3
 M

ar
ch

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 1

2
:2

2
:2

8
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00592j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007026


another decade, a wider value range of n was introduced by Y.

Imai et al.7 that the Si-rich solubility limit at 1873 K is 5.4 at%,

corresponding to SiB17.5, and the probable maximum value of n

reached up to 60.

First-principles calculation is a valuable prediction approach

to understand crystal parameters, thermodynamic properties

and studying their structural transformations.7,24,25 Band

calculations of electronic densities of states and total energies

of the Si–B system have been attempted by Y. Imai7 using rst-

principles pseudopotential method within local density

approximation. The theoretical achievements about Si–B

compounds were reviewed by B. Albert and H. Hillebrecht,25

crystal structures of this system and the structural features

between the specic Si–B compounds and their structurally

related borides were summarized and sorted. b-Rhombohedral

boron (b-rh B) has been an attractive topic of calculation

researches for decades.24–29 The crystal structure, thermody-

namic stability, specic heat and electronic structure of b-rh B

were introduced by T. Ogitsu et al.24 including experimental and

theoretical calculation efforts. Shang et al.29 considered that b-

rh B obtained several different atomic densities: 105–110 atoms

per rhombohedral cell through examining the total energy of b-

rh B as a function of atomic density. For the tetragonal

conguration of boron,30–36 the crystal and electronic structures

of a-tetragonal (a-t or I-t) B (B50, 50 atoms per cell) were inves-

tigated by Hayami and Otani31 from rst-principles, while the

other unstable b-tetragonal (b-t or II-t) B is probably obtained

through nonequilibrium growth based on the research of

surface energy and crystal growth.35 a-rh B (B12), the signicant

basic icosahedral boron unit, has also been focused by

researchers employing means of rst-principles calcula-

tions,29,36–38 and it is shown that a-rh B is a semiconductor with

an indirect band gap of 1.70 eV in the study of D. Li et al.36 The

majority of the research emphases were about the structures

and properties of the elementary boron, and thermodynamic

properties of the Si–B compounds. However, to our knowledge,

there are no comparative investigations on the mechanical

properties and underlying relations between the phases of Si–B

system. Therefore, using means of rst-principles calculations

based on density functional theory, in this paper, we report the

enthalpies of formation, elastic constants and electron struc-

tures of the Si–B system and other related phases: a-SiB3 (SiB3,

SiB4), b-SiB3, SiB6, SiB36. The relevant data of a-rhombohedral

boron (a-rh B), b-rhombohedral boron (b-rh B), a-tetragonal

boron (a-t B), and g-B28 (high pressure phases) are also available

in ESI† for comparison and comprehensive understanding.

2. Computational details

First-principles calculations were performed using CASTEP

code based on Density Functional Theory (DFT).39 The exchange

and correlation functions were treated by generalized gradient

approximation with the parameterization by Perdew–Burke–

Ernzerhof (GGA-PBE).40,41 The electronic congurations of each

element were 2s22p1 for B and 3s23p2 for Si, respectively. The

mass of B atom is 10.81 and Si atom is 28.085. The oxidation

state of any atom is 0, and none temperature factors were set on

atoms. The convergence of calculations was initially checked by

a 5 � 10 � 10 k-point and cutoff energy of 310 eV. The ground

state and elastic constants (Cij) of all considered Si–B phases are

then calculated for each fully relaxed structure. Bulk and shear

moduli were estimated based on Voight–Reuss–Hill (VRH)

approximation.42 Elastic moduli (E) and Poisson's ratio (n) were

obtained based on the relationship: E ¼ 9BG/(3B + G), n ¼ (3B �

2G)/(6B + 2G). The universal elastic anisotropy index (AU)43 is

obtained from the B and G of Voigt and Reuss with the equation:

AU ¼ 5GV/GR + BV/BR � 6.

3. Results and discussions
3.1. Structural stability

Mechanical stability, a necessary condition for a stable phase to

exist in experiments, was rstly checked for all of the Si–B

system crystals according to the Born–Huang criterion.44,45 If all

the individual elastic moduli of a specic phase are satised,

the mechanical stability criteria indicate its stability. The

calculated elastic constants of Si–B system phases are listed in

Table 1, and it can be found that a-SiB3 (SiB3, SiB4), b-SiB3 and

SiB36 satisfy the Born–Huang criterion, indicating their

mechanical stabilities. However, cubic Pm�3m-SiB6 (ref. 19)

(C44 ¼ �4.13 GPa) is mechanically unstable. To get a further

understanding of the structural conguration of SiB6, we have

employed the in-house developed CALYPSO46,47 structure

prediction methodology to conduct the structure search for

SiB6. Our search identied 20 stable structures: SiB6-01_01,

SiB6-02_01,., SiB6-19_01, SiB6-20_01. Monoclinic P21/m-type

(space group number: 11) SiB6-01_01 with the lowest energy is

founded to be the most energetically favorable among the 20

congurations, calculated energy of these 20 structures are

available in the ESI.† Hexagonal R3m-type (space group

number: 160) SiB6-08_01 is also considered in this study

because of its special structure (it will be discussed in the

following sections). For convenience, SiB6-01_01 denotes as SiB6

and SiB6-08_01 is abbreviated as SiB6-81. According to Table 1,

monoclinic P21/m-SiB6 and hexagonal R3m-SiB6-81 are qualied

for mechanical stability. To furtherly prove the reliability of the

new suggested structure of SiB6, the XRD pattern was calcu-

lated. As shown in Fig. 1, it can be found that our theoretical

results are in generally accordance with the experimental XRD

data17,48,49 in consideration of only isolated data provided from

the previous work,48 which the XRD peaks of Si, SiB3 and other

Si–B compounds have been eliminated from based on available

reports.17,49

To verify the thermodynamic stability of the considered

phases in the Si–B system, the formation enthalpies (DHf) are

calculated as listed in Table 2 and compared with available

experimental results.22,50 The formation enthalpy of SixBy phase

can be dened as

DHf ¼ Etotal(SixBy) � (xEtotal(Si) + yEtotal(B)) (1)

where Etotal(SixBy) is the total energy of SixBy at equilibrium

lattice constants; Etotal(Si) and Etotal(B) are the calculated total

energy of Si (�101.901 eV) and B (�70.488 eV), x and y (x + y¼ 1)

16110 | RSC Adv., 2017, 7, 16109–16118 This journal is © The Royal Society of Chemistry 2017
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are the atomic fractions of Si and B, respectively. According to

Table 2, it can be observed that our calculated formation

enthalpies of Si–B phases generally agree with the experimental

results in the previous reports.22,48 Taking a-SiB3 (SiB3, SiB4),

SiB6 and SiB36 (SiBn) for comparison, SiB36 (SiBn) has the most

negativeDHf (�2.883 eV per atom) and the formation enthalpies

of the three kinds of compounds follow the sequence of DHf (a-

SiB3) > DHf (SiB6) > DHf (SiBn). Consequently, our calculated

results are in good agreement with the previous experimental

data,51 that SiBn has the highest stable temperature (about 2200

K) and the lowest (about 1400 K) is for a-SiB3. For SiB3 and SiB4,

they present little difference in the formation enthalpies, since

these two binaries share similar structure belonging to a-SiB3

phase. It can also be furtherly determined that P21/m-SiB6 is

more energetically favorable than Pm�3m-SiB6 and SiB6-81, since

DHf of the former one is less than the latter ones. a-SiB3 (SiB3,

SiB4) and g-B28 is structurally related to a-rh B, from Table 2 and

ESI,† it can be found that a-rh B is the most thermodynamic

stable phase of those related structures and it is naturally

interpreted as foreign atoms (Si atoms) disturbing the original

charge distribution, thus more energy being needed to main-

tain equilibrium of the crystal system. However, the DHf of SiB36

whose structure is based on the framework of b-rh B is much

more negative than b-rh B. Different from the previous condi-

tion, introducing Si atoms to the complicated polyatomic b-rh B

crystal is helpful to reduce internal energy of the structure. The

rigorous synthesis and stability conditions, that b-SiB3 needs

producing from a lower temperature reaction (1000–850 �C) in

metallic ux to permit the total bypass of the compound a-

SiB3,
16 indicate the highest DHf of b-SiB3 in Table 2.

The calculated structural parameters and Wyckoff positions

of different crystals, aer full stress and position relaxation, are

shown in Table 3 and ESI.† In general, our results are in good

accordance with previous theoretical and experimental results

as shown in Table 3.9,11,16,19,52

As shown in Fig. 2, B12 icosahedra, as the single primary unit

of a-rh B, is an indispensable structural element for most of the

Si–B compounds. It can be found that SiB3 (Fig. 2a) and SiB4

(Fig. 2b) are established with B12 icosahedra as the framework.

The B12 units are situated on the corners of a rhombohedron

Table 1 Calculated elastic constants Cij (in GPa) of considered Si–B phases

Phase S.G. C11 C22 C33 C44 C55 C66 C12 C13 C14

SiB3 R�3m 326.0 349.3 144.0 86.3 92.1 �2.47

SiB4 R�3m 259.0 373.5 51.7 125.8 104.3 �37.9

SiB6 Pm�3m 402.6 �4.13 19.31

P21/m 373.6 351.6 432.5 127.2 176.4 174.8 101.5 101.4
29.5(C23) 16.0(C15) �5.8(C25) �23.7(C35) �20.5(C46)

SiB6-81 R3m 187.8 196.1 117.3 74.0 93.3 74.9

SiB36 R3m 419.3 431.5 146.8 72.9 75.6 36.7

b-SiB3 Imma 288.8 369.6 357.4 123.3 134.6 130.8 51.5 64.3
72.6(C23)

Fig. 1 Calculated X-ray diffraction pattern of P21/m-SiB6 compared

with experimental data.

Table 2 Calculated formation enthalpies of Si–B system compared with available experimental results

Phase S.G.

DHf (eV

per atom)

DHf (kJ

per mol per atom)

DHf (Exp.)

(kJ per mol per atom)

SiB3 Hex.(R�3m) �1.196 �115.449 �109.4 (ref. 48)

SiB4 Hex.(R�3m) �1.133 �109.336 �109.4 (ref. 48)

SiB6
Cub.(Pm�3m) �1.218 �117.486

Mon.(P21/m) �1.267 �122.233
SiB6-81 Hex.(R3m) �1.248 �120.458

SiB36 Hex.(R�3m) �2.883 �278.161

b-SiB3 Ort.(Imma) �0.0699 �6.746

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 16109–16118 | 16111
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just as in a-rh B (two 18h sites in hexagonal arrangement), Si

atoms are located on the spatial diagonal of the rhombohedron

and link three icosahedra each of one layer (6c site), as a result,

the remaining valence electron of Si atom contribute to bonding

a pair of close Si atoms to form a Si2 group. Thus, the 2e3c boron

bonds (B–B distance: 1.67 Å) in a-rh B are replaced by 2e2c

silicon bonds (Si–Si distance: 2.39 Å for SiB3 and 2.29 Å for SiB4),

causing a distinct reduction of the c/a ratio (12.56/4.908 for a-rh

B in hexagonal arrangement). Overall, it is the partial incorpo-

ration, which results from silicon atoms going into the polar

position of the icosahedron, that leads to the high silicon

content and the relatively large lattice parameters.

The remarkable difference between SiB3 and SiB4 is that there

is an additional B atom (3a site) in SiB4 lattice located in the

center of each icosahedron, accordingly, which induce slight

variations of the bond lengths of inter- and intra-icosahedral

boron atoms. However, such little change did not affect the

lattice parameters in our calculated results (as shown in Table 3).

It also can be explained that in a-SiB3, some Si atoms are

randomly distributed in the B12 cages resulting in very distorted

icosahedra,18 according to different situation of inside Si atoms

of B12-cages in these two a-SiB3 phases. In contrast, Si atoms in

b-SiB3 are rigorously excluded from the cages (as shown in

Fig. 2f), thus resulting in more regular icosahedra. It was even

considered as the rst Si–B binary phase that is fully crystallo-

graphically ordered without any Si/B mixed sites or disorder.16

The structures of two SiB6 compounds are quite different. In

Fig. 2d, the hexagonal crystal (R3m-SiB6-81) belongs to layered-

Table 3 Calculated and experimental lattice parameters of considered Si–B phases

Phase Structure

Lattice parameter (Å)

Theory (this work) Experiment (ref.)

a b c a b c

SiB3 Hex.(R�3m) 6.319 6.319 12.71 6.32 6.32 12.71 (ref. 11)
SiB4 Hex.(R�3m) 6.319 6.319 12.71 6.33 6.33 12.74 (ref. 9)

SiB6 Cub.(Pm�3m) 4.13 4.13 4.13 4.13 4.13 4.13 (ref. 19)

Mon.(P21/m) 6.26 6.22 3.07

(b ¼ 90.03�)
SiB6-81 Hex.(R3m) 5.85 5.85 7.48

SiB36 Hex.(R�3m) 11.01 11.01 23.90 10.98 10.98 23.86 (ref. 51)

b-SiB3 Ort.(Imma) 8.39 12.57 6.21 8.39 12.57 6.21 (ref. 16)

Fig. 2 Crystal structures of six Si–B compounds after full stress and position relaxation. (a) SiB3; (b) SiB4; (c) P21/m-SiB6; (d) SiB6-81; (e) SiB36; (f)

b-SiB3. Boron and silicon atoms aremarked as brown and green, respectively; boron atoms in special positions of their structures weremarked as

red in (d) (e), respectively; boron bilayers were displayed in blue color in (e) SiB36.

16112 | RSC Adv., 2017, 7, 16109–16118 This journal is © The Royal Society of Chemistry 2017
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like structure based on the B6 octahedron unit composed of

eight boron atoms, and with silicon atoms located in interstitial

spaces; however, conguration of the monoclinic one (P21/m-

SiB6) is built on zig-zag networks bonded by boron atoms in

Fig. 2c.

Comparing the Si–B binaries (Fig. 2a–f), it can be noticed

that the structures bonded with boron atoms become more and

more complex along with the increasing content of boron. For

example, B28 triply fused icosahedra (three condensed icosa-

hedra in Fig. 2e) were formed in SiB36 by 28 boron atoms in

addition to B12 icosahedra-the only polyhedron in a-SiB3. Si

atoms partially occupy the interstitial sites between the poly-

hedrons in SiB36 instead of being located in the 6c sites

completely in a-SiB3. With regard to the structural inuence on

the B–B bond lengths of inter- and intra-icosahedra, we nd

that the distances are all beyond 1.85 Å in the B12 units of two a-

SiB3 structures, while they reduce to around 1.70 Å in SiB36.

As the last two phases in the boron-rich end of the Si–B phase

diagram, SiB36 and b-rh B have a similar formation based on B28

triply fused icosahedra as the boron framework. Differing to

previous structures of SiB36 (ref. 25 and 53) those could be

analogized as b-rh B framework with interstitial sites between

polyhedrons and B atoms in icosahedra partly occupied by Si

atoms, however, in this work there is a new found boron B6 unit

comprised with 6 boron atoms. To be specic, as highlighted by

blue atoms in Fig. 2e, two quadrilateral-B4 connect with each

other by a shared B–B bond (B7–B9, bond length: 1.79 Å)

producing two included angle: 121.62� and 115.64�. The linked

B6 units together with B atoms of B28 units form a layer being

vertical to the spatial diagonal. There are four kinds of boron

positions in a B6 unit, B1: bonded with two neighbor B atoms of

its own B6 unit and a B atom of the neighbor B6 unit in the same

layer; B2: bonded with one B atom of B28 unit, one of the

neighbor parallel layer, in addition to two intra-B6 unit B–B

bonds; B7: three intra-B6 unit B–B bonds and a B–B bond with

a B atom in a icosahedron; B9: similar to B7 except the bond with

icosahedral atom, however, linked with a B atom of B28 unit.

The lengths of B–B bond intra-B6 unit are B1–B2: 1.71 Å, B2–B7:

1.79 Å, B1–B9: 1.82 Å, B7–B9: 1.79 Å, respectively. The bond

lengths of between intra- and inter-B6 unit are layer–layer: B2–B2

¼ 1.78 Å, intra-B6 with B28: B9–B10 ¼ 1.69 Å and B2–B3 ¼ 1.73 Å,

intra-B6 with B12: B7–B5 ¼ 1.67 Å.

From Fig. 2e and 3, we can nd that two layers constituted

with B80 units (B80, a ring linked by diametrically located 2 �

B28, 2� B12) are connected by two neighbor parallel B6 layers, in

addition to be covalently bound through junctional atom B15

(highlighted as red atoms in Fig. 2e). Therefore, it can be

considered as B80 layers and B6 layers being stacked vertically to

the spatial diagonal make the framework of SiB36, and Si atoms

are partially located at interstitial sites in the space surrounded

by the joint B6 layers.

3.2. Elastic properties

The calculated individual elastic constants within the strain–

stress method are listed in Table 1 for considered Si–B system

crystals. In general, all of the mechanically stable phases show

the considerably higher values of C11, C22 and C33 than that of

C44, indicating relatively higher incompressibility along a-, b-

and c-axis. Furthermore, among all the individual elastic

constants, C33 (432.5 GPa) of P21/m-SiB6 is the largest one sug-

gesting its specially low compressibility along c-axis. Addition-

ally, the C11 value of SiB36 reaches up to 419.3 GPa conrming

its outstanding incompressibility along a-axis; meanwhile, its

C33 is 431.5 GPa, the second highest value, predicting the

excellent elastic properties of SiB36.

To further demonstrate the elastic properties of Si–B crystals,

bulk modulus, shear modulus, Young's modulus, Poisson's

ratio and universal elastic anisotropy index (AU) were estimated

from the calculated individual elastic constants (as shown in

Table 4), the previous available results are also listed for

comparison and verifying the reliability of our calculation (as

shown in ESI†). In general, our calculated results are in

reasonable accordance with the reported data, however, it

should not be ignored that the bulk moduli (181.3 GPa) of b-rh B

is 11% less than the theoretical result (203.5 GPa) predicted by

Masago, et al.37 The different approximation methods may

induce the deviation between the two considered values, since

local-density approximation (LDA) was employed in ref. 37

while our ab initio calculation adopted GGA as the approxima-

tion method. In consideration of rst-principles calculation for

elastic properties (elastic constant, bulk/shear moduli, etc.),

LDA results are probably larger than the actual values, on the

other hand, GGA method is likely to complete tasks with

underestimation, which can also explain the fact that our

results are relatively smaller than the experimental data.

According to Table 4, the bulk modulus (183.5 GPa) of SiB36 is

the largest B, while SiB6 has the largest G (153.8 GPa) and E

(358.8 GPa). The intensity parameters of the other phases are

just slightly lower, also indicating their comparative hardness.

However, it is unexpected that the shear moduli of SiB4 drops to

55.4 GPa, for its structure is particularly similar to SiB3 (G ¼

129.8 GPa) and their bulk modulus are very close (172.1 GPa for

SiB4, 171.2 GPa for SiB3). Comparing the two structures in Fig. 2,

Fig. 3 B80 unit (a ring linked by diametrically located 2 � B28 and 2 �

B12) in SiB36.
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we infer that the additional boron atoms in SiB4 lattice, contrast

to SiB3, are just right located long the spatial diagonal so as to

disturb the original electronic division and impair the original

bonding strength, that nally induce the conspicuous weakness

along this direction which be responsible for the shear perfor-

mance of crystals.

It could not be ignored that not only the elastic performances

of P21/m-SiB6 and R3m-SiB6-81 are quite different, but also the

elastic modulus of R3m-SiB6-81 are much lower than the other

Si–B compounds. Aer analyzing the structures in Fig. 2c and

d and 4, we can conclude that the hexagonal crystal (R3m-SiB6-

81) belongs to layered-like structure based on the B6 octahedron

unit composed of eight boron atoms, and with silicon atoms

located in interstitial spaces; however, conguration of the

monoclinic one (P21/m-SiB6) seems to be more complex with

relative more covalent networks not only between boron atoms

but also silicon ones involved, which avoiding layers' sliding in

the lattice structure of R3m-SiB6-81 and providing P21/m-SiB6

stronger elastic properties.

The above few uctuations can't impede us to nd these

general trends that both the bulk and shear modulus decreased

gradually with the increasing Si concentration. Those are

possibly induced by that B–B bond distance ranges are length-

ened from 1.67–1.92 Å in monatomic boron to 1.84–2.04 Å so as

to weaken the bond strength, in addition to the balance of

electron distribution is broken and the new Si–Si, Si–B bonds are

inferior to B–B bonds in hardness, contributed by the incorpo-

ration of Si atoms into the stable structure bonded by B atoms.

The ratio between the shear and bulk modulus (B/G) has

been proposed by Pugh54 to predict brittle or ductile behavior of

materials. According to the Pugh criterion, a high B/G value

indicates a tendency for ductility, while a low B/G value is

associated with brittleness. From Table 4, SiB4 (2.80), SiB6-81

(1.88) are recognized with B/G value larger than the critical value

(1.75) suggesting their ductile behaviors, while the other phases

are expected to perform brittleness. The elastic anisotropy index

(AU) represents a universal measure to quantify the single crystal

elastic anisotropy. As shown in Table 4, SiB3 is the relatively

most isotropic phase, with the lowest AU value (0.041) in the

whole Si–B system, contrarily, SiB4 (AU ¼ 4.00) is predicted as

most anisotropy crystal.

3.3. Electronic properties

The total and partial density of states (DOS) for the Si–B crystals

are displayed in Fig. 5. Analyzing all the DOS patterns, we found

that there are three phases: P21/m-SiB6, R3m-SiB6-81 and b-SiB3

showing the semiconducting features. Incorporated with the

calculated band structures of those 3 compounds (shown in

Fig. 6), we collected the indirect band gaps for P21/m-SiB6 and b-

SiB3with energy values (eV): 0.41 and 1.461; direct band gaps for

R3m-SiB6-81 (1.654 eV), respectively. The calculated result of b-

SiB3 is in good accordance with the previously work16 which

showed an indirect band gap of �1.5 eV from theoretical

calculations and 2.0 eV optically determined, in addition, our

calculated band gaps of a-rh B (1.533 eV) and g-B28 (1.580 eV) in

ESI† are in good agreement with previously theoretical results:

Table 4 The calculated bulk modulus (B, BV and BR in GPa), shear modulus (G, GV and GR in GPa), Young's modulus (E in GPa), Poisson's ratio (n),

Pugh's ration (B/G) and universal elastic anisotropy (AU) of Si–B system

Phase S.G. B BV BR G GV GR E n B/G AU

SiB3 R�3m 171.2 171.4 171.1 129.8 130.3 129.3 310.8 0.20 1.32 0.041

SiB4 R�3m 172.1 173.4 170.7 55.4 71.1 39.6 150.0 0.35 3.11 4.00

SiB6 P21/m 179.2 180.3 178.1 153.8 157.4 150.3 358.8 0.17 1.17 0.25
SiB6-81 R3m 121.1 121.4 120.8 64.3 79.0 49.5 163.8 0.27 1.88 2.99

SiB36 R3m 183.5 186.1 180.9 152.4 153.2 151.6 358.1 0.17 1.20 0.082

b-SiB3 Imma 153.6 154.7 152.5 132.5 132.9 132.0 308.6 0.17 1.16 0.048

Fig. 4 Crystal structure of hexagonal SiB6-81. (a), (b) and (c) are along a-, b- and c-axis, respectively.
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1.54 eV (ref. 25) and 1.7 eV,55 therefore our calculation of elec-

tronic properties is dependable. The estimated band gap of SiB6

by Feigelson and Kingery is about 1.2 eV (ref. 56) and our

calculated value is 0.41 eV. Since the general tendency is

allowed that the generalized gradient approximation gives

narrower band gap than the observed one, the estimated value

seems to be reasonable. The temperature dependence of the

electrical conductivity of SiB3 was measured in ref. 56 and it was

concluded that SiB3 is a semiconductor with the energy gap of

1.2 eV, which does not agree to the present work. We infer that

the increase in electric conductivity with the temperature

observed by Feigelson and Kingery56 is due to the rising hopping

probability of the localized state at higher temperature, which is

possibly induced by disordered arrangement of the atoms, but

due to the semiconducting band conduction. R3m-SiB6-81 has

a wide band gap of 1.654 eV, this new theoretically suggested

material might be useful as a refractory n-type semiconductor

capable of operating in extreme environments, so the results

reported herein warrant future investigations of synthesizing

this Si–B compound.

Since it is widely accepted that the DFT-GGA approximation

probably underestimates the band gap of solids,24,32 DFT-LDA

approximation was also applied to study the electronic

structures and verify the GGA calculation results. The LDA

Fig. 5 Calculated total and partial density of states of phases in Si–B system. Fermi energy level is indicated by a vertical line.
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calculation results indicate that the band gaps are 0.371 eV,

1.621 eV and 1.502 eV for SiB6, SiB6-81 and b-SiB3, respectively.

Those reasonable differences between GGA and LDA calcula-

tions solidify our conclusions in electronic properties research.

The DOS and band structures results from DFT-LDA calcula-

tions are available in ESI.†

There is no band gap provided by band structures of SiB4 and

SiB36 in Fig. 6, as well as their DOS values are relatively large at

Fermi level, indicating they are energetically unstable under 0 K

and GPa. It can be found that there is a wide overlap between B-s

state and B-p state of SiB3, SiB4, SiB6, SiB6-81, SiB36 and b-SiB3

from �14 eV to �5 eV, respectively, demonstrating the strong

sp3 hybridization of covalent bonds, which mainly accounts for

their relatively good performances in bulk modulus. It is

interesting to notice that for SiB3 and SiB4, there are two sharp

peaks in both sides of the Fermi level and DOS between the

peaks are not 0 eV, which implying pseudogap exists in both of

these two phases. Those pseudogap valleys show stronger

Fig. 6 Calculated band structures of Si–B phases. Fermi energy level is indicated by a dotted line.
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covalent interaction in the structures. Moreover, there is

a general feature for the Si–B binaries that below the Fermi

level, the valence bands were dominated by B states with both B-

s and B-p states at lower band while B-p states at higher band.

Nevertheless, as shown in Fig. 5, the contributions to the total

DOS of Si–B compounds from the Si states are not signicant

because Si atoms donate electrons to B–B network to stabilize

the structure, for example, about 0.96 electron transformed

from one Si atom to B–B network for SiB6 by analyzing the

atomic Mulliken overlap populations.

In addition to the calculated values of two indirect band gaps

and one direct band gap, in the band structures of these six Si–B

binaries (shown in Fig. 6), it can also be noticed that the

distributions of band structures of P21/m-SiB6, SiB36 and b-SiB3

are more concentrated than those of the other three phases; and

each energy band at different points uctuates less drastically.

Those details account for that electron localizations of the

energy bands of SiB6, SiB36 and b-SiB3 are more intensive and

effective mass of an electron is relatively larger; in contrast,

energy bands of SiB3, SiB4 and R3m-SiB6-81 display more elec-

tron nonlocality.

4. Conclusions

We systematically investigated the crystal structures, phase

stability, mechanical properties and electronic structures of

silicon–boron system by using rst-principles calculations of

density functional theory. Previously suggested phase: Pm�3m-

SiB6 is found to be mechanically unstable, and the new struc-

ture of P21/m-SiB6 is proposed in this paper. Another new

structure of SiB36 is suggested, in which two layers constituted

with B80 unit are connected by two neighbor parallel B6 layers,

in addition to be covalently bound through junctional atom B15

while Si atoms are partially located at interstitial sites in the

space surrounded by the joint B6 layers. We nd the general

trends that both the bulk and shear modulus decreased grad-

ually with the increasing Si concentration, because the intro-

duced Si–Si and Si–B bonds are weaker than the original B–B

network. Although the elastic properties of b-SiB3 are slightly

inferior to a-SiB3, its wide band gap (1.461 eV) makes b-SiB3

a potential p-type semiconductor. In addition to b-SiB3, P21/m-

SiB6 is found to be with an indirect band gap of 0.41 eV; while

R3m-SiB6-81 has a direct band gap of 1.654 eV, this new theo-

retically suggested material might be useful as a refractory n-

type semiconductor capable of operating in extreme environ-

ments that deserving more efforts in research of this Si–B

compound.
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