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The phosphide Sn,,SisPs has been grown as single crystals using tin as a flux. The unit cell is
rhombohedral, space group R3, with a = 9.504(2) A, a = 111.00Q2)°, and Z = 1. The X-ray structure
was solved from three-dimensional single-crystal counter data and refined down the final R indices
0.027 and 0.033 for 854 independent reflections. It consists of |SiP,| tetrahedra linked together by
common apices which generate a tridimensional framework into which tin atoms, in a distorted
tetrahedral phosphorus coordination, are inserted. This new compound was found to be semiconduct-

ing with a band gap of 0.2 eV.

Introduction

Electrical conductivities of several bi-
nary phases containing elements of the
fourth and fifth groups have previously
been reported (). Among those which are
given to be semiconductors are several
compounds of AB and AB, stoichiometry.
Thus, as an example, the Si—P system ex-
hibits both compounds SiP and SiP, which
crystallize in numerous allotropic forms (2—
6). In order to prepare new phosphorus-
rich silicon phosphides, tin has been used
as a flux. The reaction yielded well-devel-
oped and large crystals, which belong to a
new phase, the formula of which was found
to be Sny,S1oP;¢ by structure determination.
This compound is semiconducting with a
band gap of 0.2 eV. The synthesis, crystal
structure, and electrical properties of this
new compound will be discussed in detail.
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Experimental

Starting materials were elementary sili-
con, red phosphorus, and tin, all with mini-
mum purity >99.9%. The initial mixtures
were sealed under vacuum in quartz tubes,
annealed in a vertical furnace at 1050°C for
3 days. They were afterward slow-cooled at
rates of 5—-10°C/hr down to 600°C and then
more quickly (50°C/hr) down to room tem-
perature. Well-developed single crystals
were isolated by removing the tin matrix
with moderately diluted hydrochloric acid.
After rinsing, first in water and then in ace-
tone, the crystals were dried in air at room
temperature. Crystals of two different mor-
phology types, viz. initial atomic ratios,
were obtained: very thin needles when
Sn:Si:P = 1:5:10 and small truncated
octahedra when Sn:Si:P = 1:2:10.

In the latter case, the single crystals were
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Fi1G. 1. Sn,,Si;Pys single crystals as truncated octahedra on their support SiP.

deposited on large and gold-reddish needles
of binary SiP (Fig. 1). These crystals were
separated from their support by mechanical
means. When increasing the phosphorus
content, no higher ternary phosphide was
obtained; the phosphorus excess always re-
acted with tin to generate Sn4P; and SnPs,
which are soluble in HCI. A preliminary X-
ray study (Weissenberg and precession
photographs) showed the two types of crys-

n

tals to have the same rhombohedral sym-
metry with Laiie group 3. No systematic
absences were indicative of space group
R3. The unit cell values within experimen-
tal errors did not vary from sample to sam-
ple. An X-ray pattern was obtained by
crushing some crystals to a fine powder us-
ing a proportional counter diffractometer
(ACuKa radiation) (Fig. 2). The lattice con-
stants are given in Table I. A microanalysis
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F1G. 2. X-ray pattern of Sn,,SisP;; (A\CuKea) with hexagonal indices.
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of different single crystals was carried out
with a Camebax scanning electron micro-
scope, employing energy of the X-ray spec-
trum emitied by the specimen. Two kinds
of standards were used: either SiP and ele-
mentary tin or InP, Si®, and Sn®, the mea-
surements were performed on 30 analysis
points using a statistical precision given by
Tixier formulation (7). The correction pro-
gram was Corx (§) (Model ZAF (9)). Exper-

imantal and thanratinal wagir T¢ta ara Qizsrmean

A
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rized in Table 1.

Crystal Structure Determination

Single-crystal X-Ray data were recorded
with an automated four-circle Enraf-No-
nius CAD-4 diffractometer with graphite

nins CAD-4 diffractometer with graphite
monochromated MoK« radiation (Table I).
Lorentz and polarization effects were taken
into account as usual. After averaging
equivalent reflections and omitting those
for which I < 3(7(1') 854 muepenuem reflec-
tions were kept in refinement. The struc-
ture was solved by direct methods involv-
ing calculations of the normalized structure
factors E and refined using the SDP pack-
age impiemented on a PDP 11-60 minicom-
puter (10).

The first stens of r'ﬁ
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to locate 4 tin atoms in
tions and 24 atoms first ‘‘called”’ phos-
phorus in eight sets of 3b positions, since
phosphorus and silicon have quite equiva-
lent electron weight. By considering the
classical valence rules and distance calcula-
tions, these two elements were easily dis-
tinguished in the refinement. Several cycles
of least-squares refinement which included

. A

lbOerplL lCIIlpCfdlurC 1aCiors gave an R
value of 0.078 (R, = 0.092). By introducing
the anisotropic temperature factors, this
value fell down to 0.058 (R, = 0.074). How-
ever a subsequent Fourier map revealed
two additional peaks located on the 1a and
3b positions The la position was attributed
unambiguously to a tin atom with a partial
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TABLE I
EXPERIMENTAL AND THEORETICAL VALUES FOR
Sn, ,SigPss

Physical, crystallographic, and analytical data
Formula: Sn,,SisP;s Molecular weight: 1246.9
Theoretical weight fraction concentration (%): Sn,
41.5; §i, 21.3; P, 374

Microprobe analysis, average on 30 analysis points
(%). Sn, 40.0; Si, 20.3; P, 39.8

Crystal symmetry: trigonal-rhombohedral
Space group: R3

Cell constants: ag = 9.504(2) ;\; a = 111.00(2)°%;

Z=1
Aex = 15.665(3) A; cpex = 8.761(4)
A;Z=3

Density: dey. = 4.30

Absorption factor: u(AMoKea), 77 cm™!
Crystal size (mm?): 0.08 x 0.06 x 0.06

Data collection and refinement conditions
Radiation: MoKe, 0.7107 A
Scan method: © ~ 26
Recording angle range: 1° < 8 < 28°
Data collected: A, —12, +12; k, 0, +12;/,0, +12
Number of unique reflections: 1010

Numhar af reflactinng 7 > ’ln-l - Q84
ANUIROCT O1 TCiCLUOISs 1 -~ ) OO=

E.S.D. 1.04

Number of variables: 98
Extinction coefficient E,: 9.98 x 10-¢
Structure solution: direct methods and Fourier
Refinement: full matrix least squares
Function minimized: Z,({F,| ~ |F.])*
w: Y (eI + pl| with p = 0.05
R 0.027

. 0.034

occupancy factor (7 = 0.20 (2)). It appeared
more difficult to choose between tin and

HaAawavar
noOwWever,

nagit

Pll\}bl}ll\}l uo fUl thb 3U PUDltlUll
excluding the ability of Sn—-Sn bond dis-
tance shorter than 3 A, which is twice the
metallic radius of tin, this position was fi-
nally attributed to a phosphorus atom. In
ldbl Ullb p()blll()ﬂ was pa'ruauy OCCUPICU \'T
= 0.33 (2)) and the final cycles including the
occupancy factors together with the sec-
ondary extinction coefficient converged to
the residual value of R = 0.027 (R, =
0.034), with quite correct thermai coordi-
nates. The formula obtained was then
Sny ,SigPys. A final Fourier difference map
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TABLE II
PosiTIONAL AND THERMAL COORDINATES (8 X 10%) oF Sn,,SisPis

Atom  Position x y z Bu Bz By Br B Bs B, (&Y
Sn(l) la 0 0 0 200.8(5) 200.8(5) 200.8(5) 360(1) 360(1) 360(1) 2.5%1)
Sn(2) 3b 0.47996(7) 0.31561(7) 0.73363(7) 49.8(6) 57.2(6) 76.0(6) 60(1) 74(1) 54(1) 1.39%(1)
Sn(3)° la 0.5764(8)  0.57648) 0.5764(8) 82(4) 82(4) 82(4) =2(1) —=2(1y =2(1) 2.98(6)
Si(1) 3b 0.9275(3)  0.2489(3)  0.4647(3) 30(2) 33(2) 26(2) 35(4) 32(4) 34(3)  0.64(5)
Si(2) 3b 0.7878(3)  0.1466(3)  0.7281(3) 25(2) 35(2) 29(2) 37(3) 28¢3) 4003)  0.61(5)
Si(3) 3b 0.6288(3)  0.0419(3)  0.0002(3) 34(2) 30(2) 32(2) 39(3) 45(4) 334)  0.65(5)
P(1) 3b 0.7011(2)  0.2009(2) 0.5079(2) 29(2) 30€2) 222) 29(3) 28(3) 253) 0.62(4)
P(2) 3b 0.8862(3)  0.3022(2) 0.2474(2) 37Q2) 35(2) 31(2) 3703) 36(3) 46(3) 0.74(4)
P(3) 3b 0.0773(2) 0.7644(2) 0.5557(2) 41(2) 31(2) 29(2) 53(3) 41(3) 40(3) 0.64(4)
P(4) 3b 0.6592(3) 0.81003)  0.9094(3) 90(2) 68(2) 50(2) 126(4) 100(4) 95(3) 1.12(5)
P(5) 3b 0.3988(2) 0.9959(2) 0.0397(2) 34(2) 33(2) 25(2) 42(3) 38(3) 36(3) 0.62(4)
P(6)° 3b 0.352(1) 0.260(1) 0.188(1) 130(10)  110(10) 75(9) 120(20)  90¢20) 100(10) 2.4(2)

Note. The form of the anisotropic parameter is: exp{—(Bu/? + Bk? + Bul? + Buhk + Bishl + BnkD)|. Estimated standard
deviations are given in parentheses. B, = § Z,2,8;8; * 8;.
2 Occupancy factors: Sn(3): 7 = 0.20(2); P(6): = = 0. 33(2)

TABLE IiI

MAIN INTERATOMIC DISTANCES (<3.40 A) AND
THEIR ESTIMATED STANDARD DEVIATIONS

Sn(1)-P(6)
-3P(4)

Sn(2)-P(2)
-P3)
—PQ3)
—P(6)
~3Sn(3)

Sn(3)-3P(4)
-P(6)
-3Sn(2)

P(1)-Si(1)
=Si(1)
-Si(2)

P(2)-Si(1)
-Si(3)
-Sn(2)
-P(6)

P(3)-Si(2)
-Si(3)
-Sn(2)
-Sn(2)

2.669(11)
2.681(3)

2.650(3)
2.663(3)
2.688(2)
2.931(11)
3.350(7)

2.737(5)
3.001(10)
3.350(7)

2.2513)
2.264(3)
2.273(3)

2.233(3)
2.236(4)
2.650(3)
2.686(10)

2.254(3)
2.283(3)
2.663(3)
2.688(2)

Si(D-PQ2)
-P(1)
-P(5)
-P(1)

Si(2)-P(4)
-P(3)
-P(5)
-P(1)

Si(3)-P(4)
-P(2)
-P(5)
-P(3)

P(4)-Si(2)
-Si(3)
-Sn(1)
-Sn(3)

P(5)-Si(1)
-Si(2)
—-Si(3)
—-P(6)

P(6)-Sn(1)
-P(5)
~-PQ2)
-Sn(2)
-Sn(3)

2.2333)
2.251(3)
2.257(3)
2.264(3)

2.223(4)
2.254(3)
2.259(3)
2.273(3)

2.226(3)
2.236(4)
2.266(3)
2.283(3)

2.223(4)
2.226(3)
2.681(3)
2.737(5)

2.257(3)
2.259(3)
2.266(3)
2.685(11)

2.669(11)
2.685(11)
2.686(10)
2.931(11)
3.001(10)

did not show any peak greater than 0.5 e/
A3. The final positional and thermal coordi-
nates are labeled in Table II; the main inter-
atomic distances are given in Table II1. The
structure factor list will be sent on request.

Crystal Strocture Description

Figure 3 illustrates the crystal structure
of Sny,SigP,¢ which is of a new type. The
structure is characterized by a 3D frame-
work of [SiP,| tetrahedra with tunnels paral-
lel to the |111| direction into which the tin
atoms and one phosphorus atom, namely
P(6), are inserted.

Weak P-P bonds occur in the structure in
terms of one finite chain P(2)-P(6)-P(5)
with P—P distances close to 2.68 A. If such
a distance compares favorably with those
previously observed in the MnP-type phos-
phides (13), it appears about 20% larger
than those usually reported for two-elec-
tron P—P bonds (2.22-2.24 A) as in elemen-
tary phosphorus (11, 12) and polyphos-
phides (14-16).

The tin atoms have a typical coordination
for Sn?* with a stereoactive lone pair (Fig.
4). Indeed, the average bond lengths Sn-P
of about 2.75 A and the trigonal pyramidal
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FIG. 3. Projection of the structure on the (001) plane
of the hexagonal unit cell. Note that only one phos-
phorus P(6) really exists in the structure so that the
phosphorus environment of tin atoms remains tetrahe-
dral. The [SiP,| tetrahedra are emphasized.

|[SnP;| configuration with bond angles cov-
ering the range from 77.3 to 85.8° together
with the extension to a (3 + 1) coordination
by a phosphorus atom at greater distance
conform with the well-known coordination

behavior of Sn(II) atoms and all electroni-
cally equivalent systems with a lone-pair
configuration (17, 18). The Sn-P distances
are comparable to those observed in SnP;
(19), Sn4P; (20), CuySnPy (17), and CdSnPy,
3).

The silicon atoms have four close
phosphorus neighbors which form a quite
regular tetrahedron. The [SiP4 tetrahedra
are running through the structure in a 3D
arrangement by sharing apices. The Si-P
bond distances cover the range from 2.223
to 2.283 A with an average value of 2.252 A
which corresponds to the usual average
bond lengths of 2.262 A for Si-P bonds in
ZnSiP; (21), K,SiP, (22), Ba,SiP, (23), and
AISiP; (24). The P-Si~P bond angles ex-
tend from 99.4 to 121.0° with an average
value of 109.3° close to the ideal tetrahedral
angle of 109.5° (Table 1V). Thus the oxida-
tion number of silicon atoms remains +4.

Physical Properties and Discussion

Singie crystals of the two morphology
types (needles or truncated octahedra) have
been studied by electrical measurements.
The experiments were performed by the

TABLE IV

MAIN ANGLE BONDs IN |SiP4 AND |SnP,| TETRAHEDRA (o = 0.2°)

P(1)--Si(1)-P(1) = 115.2
P(1)~-Si(1)-P(2) = 111.6
P(1)-Si(1)-P(5) = 121.0
P(1)~Si(1)-P(5) = 101.8
P(D-Si(1)-P(2) = 99.4
P(2)-Si(1)-P(5) = 105.1

P(1)-Si(2)-P(3) = 102.9
P(1)-Si(2)-P(5) = 112.4
P(3)-Si(2)-P(5) = 107.0
P(1)-Si(2)-P() = 116.5
P(3)-Si(2)-P(4) = 105.4
P(4)-Si(2)-P(5) = 111.5

P(2)-Si(3)-P(3) = 107.7
P(2)-Si(3)-P4) = 113.4
P(2)-Si(3)-P(5) = 105.3
P(3)-Si(3)-P(4) = 104.1
P(3)-8i(3)-P(5) = 105.5
P(4)-Si(3)-P(5) = 116.1

P(@)-Sn(1)-P(4) 79.2 x 3
P(4)-Sn(1)-P(6) 113.7
P(4)-Sn(1)P(6) 115.7
P(4)-Sn(1)-P(6) 161.4
P(4)-Sn(3)-P(4) 773 x 3
P(4)-Sn(3)-P(6) 116.2
P(4)-Sn(3)-P(6) 117.3
P(4)-Sn(3)-P(6) 159.5

P(2)-Sn(2)-P(3) 83.1
P(2)-Sn(2)-P(3) 85.8
P(3)-Sn(2)-P(3) 85.0
P(3)-Sn(2)-P(6) 1543
P(3)-Sn(2)-P(6) 111.4
P(2)-Sn(2)-P(6) 116.7
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FiG. 4. The phosphorus environment of tin atoms viewed along (a} or perpendicular (b) to the |111|

rhombohedral direction.

four-point method using silver-painted con-
tacts and a direct current in the temperature
range 150-293 K. As seen from Fig. 5, the
curves R/Ry = f(T) are quite similar for
both crystals and characteristics of a semi-
conducting behavior. The resistivity values
have been determined on a needle about
0.40 mm long with a cross section 0.5 X
1072 x 0.5 X 1072 mm?; Sny ;SisP;¢ has alow
resistivity at room temperature, and the
conductivity o varies from 0.45 Q' cm™! at
203 Kto7 x 104 Q'ecmat 150 K, i.e.,

by nearly three orders of magnitude. The
slope of the curves In (R/Ry) = f(10%/T) cor-
responds to an activation energy AE = (.2
eV which probably does not define the in-
trinsic behavior of the compound. The
semiquantitative measurements of the ther-
moelectric effect at room temperature
proves the conductivity to be electronic (n-
type).

When applying the general valence rule
for semiconductors (n. + e, — e)/n, = 8 to
Sny »SisP1s compound, the ¢, value (number
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FIG. 5. Resistivity of Sny,SisP ¢ versus temperature,

of electrons involved in forming anion-an-
ion bonds) is determined to be 3.6 elec-
trons. (n., total number of valence electrons
= 132.8; e, number of electrons involved in
forming cation—cation bonds or any lone
pairs = 8.4; n,, number of anions = 16).

Cinca twan P_P handc ncenr in tha etrmctirs
SIOCC VWO =1 OONGS OCCul il UIT Suutuulc

as a finite chain P,—P¢-Ps, each P-P bond
consequently needs 1.8 e, This result is in
good agreement with the structure determi-
nation since P-P bond distances are larger
than that expected for a 2-electron P-P
bond.
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