substance: boron compounds with group V elements
property: properties of boron-phosphorus compounds

Boron phosphide as a new refractory semiconductor [88K1].
BsP3

preparation (1891M], no further information available

BeP (B12P2); B13P2
Preparation and conditions of melt growth in [83S].
Growing of B;oP, crystals (transparent for visible light) from Ni solution [94Y].

Preparation of crystals from Pd and Ni flux and by chemical vapor deposition [87A2].
Preparation of B,P, wafers by CVD in [94K2].

Epitaxial growth and growth conditions of #, single crystalline filns by CVD on silicon in [97K10] (see also
[97K3Y)).

Structure, chemical bond

a-rhombohedral boron structure group

Space group: B® — R3m.

For structure determination, see [58P, 60W, 61L, 61M, 66S, 70E, 77M1, 77M2].

lattice parameters

(in A)

(hexagonal presentation)

a 5.989(3) 83S

c 11.851(6)

a 6.000(4) 86M

c 11.857(8)

cla 1.98 91L

Vv 369.7 B 94L

a 5.95 T=300K deficit P —10.2 % 83S

c 11.73

a 6.11 excess P +7.9 %

c 12.09

a 5.9879(1) T=300K 1081,P, 95Y

c 11.8479(4)

a 5.9872(3) 118,,P,

c 11.8470(9)

a 5.98 T=300K X-ray diffraction 61L,

c 11.850 61M,
77M1,

77TM2



interatomic distances

(in A)
d 1.74 inter-icosahedral 91L
1.80 intra-icosahedral
1.66 origin to 6 B(1)
1.77 origin to 6 B(2)
2.24 X — X (chain)
1.91 X-=3B(1)

Lattice parameters in hexagonal and rhombohedral representation depending on the P/B ratio in Fig. 1 [83S].

Electronic properties

Boron phosphide as a new refractory semiconductor [88K1].

Calculated energy band structure in Fig. 2 [95L].

Electronic band structure in [84A].

Electronic band structure in [89H].

On band structure calculation, comparison with related compounds [87A1].

Calculation of the total and the partial densities of states in Fig. 3 [95L].

Density of states calculation for rhombohedrgf and a hypothetical cubic;BP; in Fig. 4 [87S1, 87S2].
Density of states calculation in [90B] and in [94B].

Density of states calculation in [86S2] (after these resujif>.Bshould be a metal in contradiction to the
experimental results proving thaj #, is a semiconductor).

Density of states calculation in [88W, 84A, 83A].

energy gap
calculated:
= 3.35 T=300K 83S
2.63 Z - A(calculated) 95L
4.75 I (calculated)
4.06 X (calculated)
3.10 Z (calculated)
2.83 A (calculated)
4.06 D (calculated)

2.5 calculated 79A



experimental:

= 3.46 T=300K indirect-allowed 97TW
3.36 indirect-allowed
3.28 ind.-allowed derived from [83S]
3.18 indirect-allowed
2.75(1) T=300K indirect-allowed (Si-doped;BP,) 97TW
2.46(1) indirect-allowed
2.17(3) indirect-allowed
1.80(2) indirect-allowed
1.62(3) indirect-allowed
1.187(5) deep level to parabolic band
0.954(3) deep level to parabolic band
0.749(3) deep level to parabolic band
0.569(3) deep level to parabolic band
0.423(3) deep level to parabolic band
0.353(3) deep level to parabolic band
0.27(2) deep level to parabolic band
0.175(5) deep level to parabolic band
0.075(5) deep level to parabolic band
Eg,ind 3.3eV T =300 K, optical absorption 65B,
EOc 67B

For X-ray emission, see [76D].
activation energy of the electrical conductivity

Ea 0.85 eV T-Y4 temperature dependence, 99K
Si-doped wafer

calculated Mulliken effective charge

q 3.01(6)e B(1) 95L
3.13(6)e B(2)
4.55(2)e (P)

Impurities and defects
Irradiation-induced damage rates in [95C].

Lattice properties
force field constants

(in mdyn/A)
ksp 1.556 intra-icosahedral, calculated 91B
K(2-center) 1.75 inter-icosahedral, calculated

kicosahedmﬁ chain 2.6
k chain- chain 21
On anisotropy and effective charges in the vibration spectra of rhombohedral boron-rich sgkRdsn@uded

with transmission spectra of thin films) see [94S]. According to this paper the number of polar vibrations is
larger than predicted by group theory.



IR-active one-phonon modes

(in cnd)
vic

338 T=300K
458
488
498
608
627
764
808
856
882
920
980
1013

IR-active two-phonon modes

(in cnd)
vic

1130
1169
1225
1255
1310
1354
1471
1514
1572
1624
1680
1740
1790
1822
1908
1951
2025
2050
2094

acoustic phonon cutoff

300 cnr?

Transport properties

electrical conductivity

o

103..101Q leml T =300 K

from optical absorption

10B isotope
11B isotope

10B isotope
11B isotope

11B isotope
10B isotope

strong
strong

strong

probably interference peak

films obtained by different methods
of preparation

97TW

97TW

71S

92K,
94K1,
97K2



resistivity

o) 3-1¢Qcm T=300K polycrystals (temperature 59G,
dependence: Fig. 5) 60G
103 Q cm T=300K epitaxial grown film 73T,
74T
106 Q cm T=295K non-colored crystalp,= 106 cnr3 64P
10...100Q cm T=295K blue-black crystals 64P
p-type conductivity [59G, 64P].
Hall mobiliy
U 2.9..31.7cv1sl T=300K Si-doped wafer 99K
thermoelectric power
(inuVv K™Y
S 210(20) T=650...850 K probably Si-doped 92K

800...1000 T =400...800 K Si-doped wafer 99K

Temperature dependence of the electric conductivity (Fig. 6a) and the thermoelectric power (Fig. 6b) of films
obtained by chemical vapor deposition [92K]. n-type conduction is explained by excess P in the samples.

Temperature dependence of the electrical conductivity (Fig. 7a) and of the thermoelectric power (Fig. 7b) of
CVD wafers [97K2].

Electrical conductivity and thermoelectric power of films prepared by a molecular beam deposition (MBD)
process in [94K20]. According to an information by the author in a discussion at the ISBB’96, the very high
thermoelectric powers (up to 10 mV/K) were erroneous.

Thermoelectric properties of boron phosphide [88K2].
Electrical and thermal properties of 8, wafers [99K].
current voltage characteristic: Fig. 8.

thermal conductivity

K 3.8-101wenrlk-1 T=300K polycrystal 71S
For temperature dependence, see Fig. 9.

phonon mean free path

N 2-103cm T<10K 71S
Optical properties

refractive indices

n 2.64 T=300K visible range 83S
Ng 2.57(15) T=300K 62.2...275.8 cit 97W
nt 2.54(15) 2121.58...2939.35 ¢



dielectric constants

& 6.60(70) T=300K 62.2...275.8 cTh 97W
et 6.45(70) 2121.58...2939.35 ¢k

Note: refractive indicesg andny and the dielectric constants were obtained from interferences in optical spectra
of a 4Qum thick sample. The error is essentially caused by the thickness measurement with an accuracy of about
+ 3um i.e. 6%.

Calculated optical properties (optical conductiviyyy, dielectric function, energy loss function) in Fig. 10
[95L].

Absorption edge of undoped [83S] and Si-dopeggPB[96W, 97W] together with luminescence spectrum [98S]
in Fig. 11.

Absorption edge of amorphoug 4, in Fig. 12 [91K], see also [95H].

One-phonon transmission and absorption spectrg #/#Bn Fig. 13 [97W].

Two-phonon spectrum of 8P, in Fig. 14 [97W].

IR transmission spectrum in [76B, 87W, 94K2, 94S].

Conventionally measured and FT-Raman spectra 9PBin Fig. 15 [97W] (see also [96W]) obtained at
different excitation intensities of the Nd:YAG laser. The conventionally measured Raman spectra of comparable
samples [94S, 94K22] and ¥1B1,P, [97A] are shown for comparison.

Raman spectra of{BP, also in [86S1, 91T1].

Further properties

Debye temperature

©)5) 1160 K calculated from sound velocities 71S,
74G
density
(in g cnTd)
d 2.597 T=300K X-ray 71S
2.599(5) pycnometric 71S
2.594(7) X-ray, melt grown 83S
2.617(8) pycnometric, melt grown
2.597 X-ray from liquid NjP 65B
2.589(5) pycnometric, from liquid b
melting point
Tm > 2000°C 64P
2120 °C inert gas pressure 100 atm 83S
diffusion coefficient of P in BP
D ~7-1011cmesl  T=1500°C 89K,
94K1

bulk modulus
Bo 345 GPa T=300K semiempirical 97L
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Fig. 1.

B1oP,. Unit cell parameters vs. P/B rat{@) hexagonal an¢b) rhombohedral representation [83S].
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Fig. 2.

B1oP,. Electronic band structure, calculated with the first-principles orthogonalized linear combination of
atomic orbitals method [95L].
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Fig. 3.

B1oP,. (a) Total density of stategb) partial density of states for B arfd) partial density of states for P vs.
energy [95L].
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Fig. 4.

B1oP,. Calculated density of states vs. ener@y, for a hypothetical cubic BP, and(b) the rhombohedral
B1,P, [87S1, 87S2].
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Fig. 5.
BeP (Bs.gP). Electrical resistivity vs. reciprocal temperature for two polycrystalline samples with a phosphorus
content of 14.7 at% [59G].
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Fig. 6.

B1oP, (CVD). Temperature dependence (@) electrical conductivity an¢b) thermoelectric power. Substrate

temperature3s = 800 °C; 900 °C; 1000 °C; full circles: 1B8P," (information on the condition of preparation is
missing) [92K].
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Fig. 7.

B1-P, (wafer). Temperature dependencdajfelectrical conductivity an¢b) thermoelectric power [97K2].
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Fig. 8.
B13P,. Current-voltage characteristics of the diode with n-typeg#Bn-type Si structure [73T].
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Fig. 9.
B1-P,. Thermal conductivity of polycrystalline samples vs. temperature [71S]

1 T T T
w
- BuP2 L
p,( (64P1 Y
/{/
107 /
// |
107 A
J
1073
1 10 102 K 108



Fig. 10.

B1,P,. Calculated optical properties. vs. photon enefgy.Optical conductivity,(b) dielectric constantgc)
energy-loss function [95L]
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Fig. 11.

B1oP,. Absorption edge of undoped [83S] and Si-dopegPB[96W, 97W]. Luminescence spectrum excited by

an Nd:YAG laser [98S].
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Fig. 12.

a-Bi3P,. Absorption edge; chv)¥/3 vs. photon energy according to indirect forbidden interband transitions
[91K, 95H].
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Fig. 13.

B1oP,. One-phonon transmission and absorption spectra vs. wavenumber [97W]. In the center of the strongest
peaks, the transmission is too low to determine the absorption coefficients reliably. At low wave numbers
interferences within the 45 um thick sample occur. The weak peaks in the ranges of low absorption (350...430
cmi1 and 650...730 cm) are due to interferences as well. Because of the strong dispersion in these ranges, the
evaluation is not meaningful.
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Fig. 14.

B1oP,. Two-phonon spectrum ofBP,. vs. wavenumber [97W]. The weak equidistant peaks at the high-energy

end of the spectrum are due to interferences.
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Fig. 15.

B1oP,. Raman intensity vs. Raman sh{ft) conventionally measured spectra: Shirai [94S], Kumashiro [94K2],
Aselage [97A];(b) FT Raman spectra obtained with different equipments and intensities of the Nd:YAG lasers
between 50mW and 4 W [96W, 97W, 99W].
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