substance: boron compounds with group IV elements
property: properties of boron-silicon compounds

General literature: [70E2, 79L]
Thermodynamic analysis of complex boron-silicon systems [91E2].
Boron-rich side of the B-Si phase diagram and structure parameters, enthalpy [81A].

Preparation and study of the electrical properties of Si-B alloys with a high boron concentration [81D] (for
details see LB 111/41C "Boron", section "dapg-rhombohedral boron")

Microstructure and thermoelectric properties of arc-melted silicon boridgd%iB].

Thermodynamic analysis of the complex boron-silicon system including the quaternary B-Si-C-N systems and
B-Si-O-C systems in [91E1, 91E2].

Si11B31

Preparation [79L], crystalline structure [79L]

SiBz_gg

a-rhombohedral boron structure group with the restriction that in this case the relatively largemSi ato
substitute for icosahedral boron @ as well. Cmpared with the other representatives of this structure group,
this considerably enlarges the unit cell volume (see Fig. 1 [93B]).

lattice parameters

(in A)
a 6.319 T=300K X-ray diffraction 62M,
c 12.713 91L
cla 2.01
Y% 439.6 A3
a 6.3483 T=300K X-ray diffraction 89T
c 12.7382
cla 2.01
a 6.3221(7) T=300K arc melted 94L
c 12.712(2)
a 6.3378(3) T=300K sintered
c 12.747(9)
interatomic distances
(in A)
d 1.71 inter-icosahedral 91L
1.95 intra-icosahedral
1.76 origin to 6 B(1)
1.95 origin to 6 B(2)
2.47 X — X (chain)
2.00 X-3B(1)

Density of states calculation of the idealized structusB+gi= (B12Si»)(Sky) in Fig. 2 [90B].



SiBs

Preparation [77M1, 70E2], crystalline structure [77M1, 77M2]

SiBg is composed of twelve-atom, distorted icosahedra and two-atom, intericosahedral chains [97A, 98A2].

According to the lattice parameters this compound must probably be attributed to the before-mentioned

compound SiB gg

SiB3 was not found to be stable in either circumstance. Rather, it is a metastable phase whose formation is

driven by the relative ease of its nucleation and growth. The Si boride that exists in stable equilibrium with
boron-saturated Si is S§BA qualitative understanding of the metastability of Si8mes from recognizing the

conflict between the bonding requirements of icosahedral borides suchzandihe size mismatch between
Si and B atoms [98A2].

lattice parameters

a 6.32 A T=300K X-ray diffraction 98A2
c 12.71 A

For details of structure and comparison with other representatives @frtrmmbohedral boron structure group
see [98A2].

Raman spectrum in Fig. 3 [97A].

Association of broad icosahedral Raman bands with the substitutional disorder compared with boron carbide
[98A1].

Sil_XBX fl|mS

Plasma deposited films; temperature dependence of the Peltier energy in Fig. 4 [80P]; temperature dependence
of the activation energy of the electrical conductivity in Fig88P].

Temperature dependence of the density of shi€f the electrical conductivities(E, 400K), ando(E, T)f(1-f)
vs. hole energy for theyx= 0.17 film withWja = 0.1 eV WA defined byu(E, T) = pu(E)exp@Wa/kgT)) in Fig. 6
[8OP].

Analysis of thermopower and conductivity for mixed band and broad tail state conduction in [80P].
SiBy
lattice: rhombohedral (boron-carbide type) [70E2; 77M1]; space grog.-DPR3m.

lattice parameters
(hexagonal presentation)

a 6.35 A T =300 K X-ray diffraction 61C

c 12.69 A

resistivity

p 1.75Q cm T=293K polycrystal 65M,
77M1

thermal conductivity

K 59(5) Wnrlk-1 T=100C polycrystal 79B
4.7(4) WnrlK-1 T=500C
3.53)Wnrlk-1 T=1000C



density

d 2.41 g cm3 T=300K X-ray 61C
2.44 g cm3 T=300K pycnometric 77M1
melting point
Tm 1269C 70E3,
77M1
coefficient of linear thermal expansion
Qay 6-10°6K-1 T =20...1000C polycrystal,a,,: average value 79B
microhardness
Hk 2000...2500 kg mm# T =300 K Knoop hardness 64S
1870...2290 kg mn# T =300 K Knoop hardness 60R,
77M1

For temperature dependence, see [79B].

Young's modulus

E 2800 Pa T=300K 79B
SiBg

lattice: orthorhombic [70E2, 77M1, 81A]

lattice parameters

(in A)

a 14.392 T=300K X-ray diffraction 58A,
b 18.267 77M1,
c 9.8852 81A
a 14.89 T=300K X-ray diffraction 87TW
b 18.96

c 9.31...9.91

For dependence on composition and temperature, see [79L].

The unit cell consists of approximately 280 atoms [81A]. The major elements of the structure are (i) fifteen-atom
clusters, icosihexahedra, which contain both Si and B atoms; (ii) twelve-atom, boron-rich icosahedral clusters;
(i) individual, tetrahedrally coordinated Si atoms [59K, 79A, 86V]. SiBelts incongruently, toB-
rhombohedral boron and a liquid, at about 1850 °C [81A, 59K, 79A].

Preparation by hot pressing in [87W].

resistivity
p 0.5...20Q cm T=300K hot-pressed 87W
0.2Q cm T=300K polycrystal 61C,
77M1

Temperature dependence of the resistivity in Fig. 7 [87W].
Temperature dependence of the Hall effect data in Fig. 8 [87W].
Temperature dependence of the thermoelectric power in Fig. 9 [87W].
Raman spectrum of amorphous &iB Fig. 10 [80L].



density

d 2.39 g crm3 T=300K X-ray 58A
2.43 gcms3 T=300K pycnometric 77M1
melting point
T 1864C 70E3,
77TM1

volume expansion coefficient

B 18.15-166K-1 T=20..1196C  adecreased andc increase 79L
with increasing temperature

microhardness

Hk 3200...3500 kg mm? T =300 K Knoop hardness 64S
2520...2870 kg mm# 60R,
77TM1
SiByo

Preparation [77M1, 70E2], crystalline structure [77M1]

B-—Si compounds of undefined structure (possibly Sig structure)
Compositions SM1_,B=30 (M = Fe, Co, Ni); (cp. FeR o).

resistivity: Fig. 16

thermoelectric power: Fig. 17.

n-type conductivity character at low, p-type at high temperatures [81D].
SiB14

Structure

The crystalline structure has been suggested to be isotypi@tiimbohedral boron (see vol 17e, section 8.1).
It is based on a nearly cubic closest-packed arrangemen efn@s. Additionally a (BSis3)-Si—(B;Si3) group

is expected to be arranged along the trigonal axis of the rhombohedral cell (i.e. the crystallagexis)ic
[7OM1, 70M2, 77M2].

lattice parameters
(hexagonal presentation)

a 11.13 A T =300 K X-ray diffraction 65G,
c 23.83 A 70M1
Physical properties
conductivity
o 6-105Q-1cmrl  T=300K For temperature dependence, 78D,
see Fig. 11. 78P2,
78P3,

79P



resistivity

p 60...7.6-16Qcm T=300K For temperature dependence,

cf. Fig. 16.

thermoelectric power

S +400uv K1 T=300K For temperature dependence,

see Fig. 12.

40...340uV K-1  T=300K For temperature dependence,

cf. Fig. 17.
mobility
Hti,p <lcnmf/Vs T=300K Hall mobility
p-type conductivity character of pure material [79P, 76A].
trap level
a dominating trapping level similar ferhombohedral boron exists

E; 0.38 eV trapping level

dielectric constants:see Figs. 13...15

thermal conductivity

K 0.015...0.03 T=300K
W cnrlK-1
density
d 2.48 g cm3 T=300K experimental
2.51 g cm3 T=300K X-ray

The transport properties are strongly influenced by impurities.

SiBx36
Interstitially doped3-rhombohedral boron; see LB 111/41C (boron).
Amorphous Si-B alloys

76A

78D,
78P3,
79P

76A

76A

78P2,
79P

76A

76A
76A

The amorphous films are prepared by radio frequency plasma decomposition of silane-diborane gas mixtures

[79T]. The films are hydrogenated.

Physical properties

The energy gaps of films with zero Si content and zero B content (Fig. 18) are considerably greater than those of
sputtered a-Si (1.34 eV) and a-B (1.1 eV). This is attributed to the high Si—-H and B—H bond energy.

Optical gap and electrical activation energyFig. 18
g-value: Fig. 19

electrical conductivity: Fig. 20

spin density: Fig. 21

absorption edge:Fig. 22

IR transmission: Fig. 23.
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Fig. 1.

a-rhombohedral boron structure group. Unit cell volume vs. radius of non-boron element [91L, 93B].
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Fig. 2.

SiyB1g = (B12Sin)(Sip). Total and partial density of states calculation of the idealized structure [90B]. DOS (Si)

for pair and icosahedral sites respectively. DOS (B) for B atoms in B(2) polar sites of the icosahedra (upper
curve) and in B(1) equatorial sites of the icosahedra (lower curve).
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Fig. 3.
SiBz. Raman spectrum; intensity vs. Raman shift [97A].
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Fig. 4.

Si;xBy (0.05 < % < 0.75). Activation energy of the electrical conductivity vs. temperatyrés ihe boron
fraction in the plasma given by 2fBg)/(2[BoHg]+[SiH4]) [80P].
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Fig. 5.

SijxBy (0.05 < ) < 0.75). Peltier energy vs. temperaturg.isxthe boron fraction in the plasma given by
2[BoHe)/(2[BoHg]+[SiH4]) [BOP].
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Fig. 6.

Si1—xByx (0.05 < x < 1.0). Density of statd§E), o(E, 400K), anda(E, T)f(1-f) vs. hole energy for theyx 0.17
film with Wy = 0.1 eV Wy defined byu(E,T) = u(E)expWa/kgT)) vs. temperature [BOPN(E) calculated
according ta\(E) = N(Ey) + A (E-Ey) for E>Ey andN(E) = N(Ey) exp [Bo(Ey —E)] for E < Ey with By,
tail width of N(E); A, constant, which sets the slopeNfE) aboveEy,. o(E) f (1-f) with f(1-f) = exp H(E-Ep)]
= function of hole energy. For meaning gfsee caption Fig. 5.
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Fig. 7.

SiBg. Resistivity vs. reciprocal temperature. Results obtained on different samples of material of the same

preparation. Sample number 43, results on the same sample obtained in different laboratories [87W], Results
from [63F] for comparison.
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Fig. 8.
SiBg. Hall data vs. reciprocal temperature. For exan(plesample No. 4{b) sample No. 43 [87W].
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Fig. 9.

SiBg. Thermoelectric power vs. temperature. Results obtained on different samples of material of the same

preparation. Sample number 43, results on the same sample obtained in different laboratories (TECO No. 43
open, full squares; JPL No. 43 open, full circles) [87W].
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Fig. 10.
a-SiBg. Raman spectrum; intensity vs. Raman shift [80L].
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Fig. 11.

SiBy4. Electrical conductivity vs. reciprocal temperature [79P].
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Fig. 12.

SiBy4. Thermoelectric power vs. reciprocal temperature [79P].
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Fig. 13.

SiBy4. Conductivity and dielectric constant of polycrystals at various temperatures vs. frequency [78P1].
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Fig. 14.

SiBy4. Cole-Cole diagrame, vs. & at various temperatures [791]. The imaginary garbf the dielectric
constant is plotted versus the real ganith the frequency as parameter. In case of only one relaxation time a
half-circle results with its center ag(Q)+&())/2 on theg; axis. £(0) and &) can be taken from the zero
crossings of the circle. The maximum value of the half-circle is reacled att (see Fig. 15).
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Fig. 15.

SiBy4. Relaxation time derived from Cole-Cole diagrams vs. reciprocal temperature [79P].
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Fig. 16.
Doped B—Si compounds. Resistivity vs. reciprocal temperature (Fe, Co, Ni as doping materials) [81D].
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Fig. 17.

Doped B—Si compounds. Thermoelectric power vs. temperature (Fe, Co, Ni as doping materials) [81D].
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Fig. 18.

a-Si B alloys. Optical energy gé&iy4 (photon energy & = 104 cnl) and electrical activation energy of anode
(A) and cathode (C) deposited films (deposition temperatureQ)r@s. the B fraction in plasmg K79T].
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Fig. 19.

a-Si-B alloysg-value and peak-to-peak line-width of ESR signals of samples deposited®@t 2 tatomic B
fraction in plasmag [79T].
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Fig. 20.

a-Si—B alloys. Electrical conductivity of cathode films (deposited a®Q@)/ds. reciprocal temperature. Paramter
Xg: atomic B fraction in plasma. Dashed curbes, andd represent sampk after annealing for 30 min at 275,

470 and 579C, respectively [79T].

K] .
(Qcm) a-Si—B
102 ANERN

10

— T

/A

/Q
/

~ 0.40
0.36
108 N \
o \ \\\ 017
\ \" 0.05
Xq =0 0028
10-12 a |
1
(Qem)?
1072 \

10 A\\ \\
R\ NN

1078 \

10 AN
10 Xg=1.0 082 | 075
0.88

™~ 0.40

0.62

/L

10-12 b
0 3 6 9 12 107K 15

WV —




Fig. 21.
a-Si—B alloys. Spin densitys of anode (A) ane cathode (C) deposited films (deposition temperatfi€)2&)
B fraction in plasmag [79T].
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Fig. 22.

a-Si—B alloys. Optical absorption edge of cathode deposited films (deposition temperat€g vét0different
B fraction in plasmaxg. Absorption coefficient vs. photon energy. For further results, see [79T].
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Fig. 23.

a-Si-B alloys. IR transmission of anode deposited films (deposition tempera®@eva5wavenumber. Atomic
B fractionsxg = 0; 0.25; 0.5; 0.751. Film thicknessd and the transmission measureddt)(= 4000 cml are

given for each curve. For further results, see [79T].
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