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The SnSe-SnSe, Eutectic; a P-N

Multilayer Structure

W. ALBERS, J. VERBERKT

Philips Research Laboratories, Eindhoven, Netherlands

The conditions required to grow a two-phase P-N heterojunction from a eutectic melt are
discussed from general principles. It is shown that the lamellar SnSe-SnSe, eutectic
exhibits 10° to 10* P-N heterojunctions per cm, and the crystallographic relationship
between the SnSe- and the SnSe,-lamellae is reported. A simple, chemical vapour-
etching technique is discussed which enables the components of the eutectic to be

identified.

1. Introduction
Directional lamellar two-phase materials can be
obtained by unidirectional solidification of suit-
able ecutectic melts. The lamellae grow per-
pendicular to the solidification front. The inter-
lamellar spacing is regular and inversely propor-
tional to the square root of the growth rate if the
eutectic phases exhibit non-faceted growth [1-5].
This regularity is lostinthe case of faceted growth,
but then, too, lamellar formation is possible.
In view of the interesting possibilities of P-N
heterojunctions it is of value to consider whether
it is possible to grow in situ, a lamellar two-phase
eutectic, in which the lamellae of the one phase
(D) consist of a P-type semiconductor and the
lamellae of the other phase (II) of an N-type semi-
conductor. In principle, such a structure can be
obtained if both eutectic phases are semi-
conducting and if an added dopant acts as a
donor in phase 1 and as an acceptor in phase II.
However, as will be pointed out in section 2,
anisotype heterostructures of this kind can also
be obtained without intentionally doping with a
third component. As an example the SnSe-SnSe,
system has been investigated (section 3). Section
4 reports a simple chemical method to identify
the constituent single phases of the eutectic
mixture.

2. P-N Heterojunction Eutectics

The occurrence of P-N heterojunctions in a
eutectic mixture can be understood on the basis
of a binary lamellar composite AB-AB,, grown
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from a eutectic melt, where AB and AB, are
semiconducting compounds. The same reasoning
is valid if the composite originates from solid
state disproportionation, or if one or both
constituent phases are semiconducting elements.
It is well known from chemical defect con-
siderations [6-9] that a semiconducting com-
pound AB contains a small amount of randomly
distributed native defects *A and *B, the
concentrations of which are given by:

[*A] [*B] = K, )

where K, is a constant at a given temperature.
*A may for example correspond to an inter-
stitial A-atom or to a B-vacancy in the AB
crystal. If A is less electronegative than B, then
the ionisation reactions *A = *A+ +eand*B =
*B~ 4 h give rise to the equilibrium relations;

AT

Far — K @
and

*B-lp _

o = K ®

where n and p are the concentration of electrons
(e) and holes (h) in the conduction band and the
valence band respectively. From equations 1 to
3 and using

np =K, C))
and the electroneutrality relation
n+ [*B7]=p + [*Af] (%
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it follows that, if [*B] > [*A] (which is possible
if AB is saturated with B), AB is P-type semi-
conducting. Similarly it can be argued that AB,
saturated with A can be N-type semiconducting.
Thus, a lamellar eutectic mixture consisting of
AB saturated with B, and AB, saturated with A,
may exhibit about 10® to 10* anisotype hetero-
junctions per cm if the lamellar width equals
about 1 to 10 pm. This is found to be the case
with the SnSe-SnSe, eutectic.

3. The SnSe-SnSe, Eutectic

The phase diagram of the Sn—Se system exhibits
a eutectic between the compounds SnSe and
SnSe, at 640° C and at 61 at. 9 Se [10].
SnSe is a semiconductor with a band gap,
Eg=009 eV [11, 12] and has an orthorhombic
structure at room temperature with a cleavage
plane perpendicular to the c-axis (space group
Pcmn) [13]. SnSe, is a semiconductor with a
band gap E; = 1 eV [14] and has the hexagonal
Cdl, structure with a cleavage plane perpendi-
cular to the c-axis [14].

A mixture of very pure Sn and very pure Se
with atomic ratio Sn/Se = 0.99 (19 excess Se)
was heated for four days at 50° K above the

Figure 1 Transverse section of the unidirectionally grown
SnSe-SnSe, eutectic mixture showing the random
domain orientation (< 580V,

Figure 2 Section of the lamellar SnSe-SnSe, composite
before vapour-etching {x 1265).

melting temperature in an evacuated silica tube
to obtain good homogenisation; then the melt
was unidirectionally solidified, the growth rate
and the temperature gradient being 5 x 10~* cm
sec~! and 50° K cm~ respectively. The resulting
P-type single crystal of SnSe, saturated with Se,
contained small precipitates of SnSe,, and had a
value ny = 3 X 10'® cm™ with a mobility un =
100 cm? V-t sec? at 300° K (el. resistivity and
Hall voltage measurements).

Similarly, a single crystal of SnSe,, this time
saturated with Sn, was prepared. It was N-type
semiconducting. At 300° K, ne = 2 X 10*® cm—2
and the electron mobility pe = 10 cm? V-1 sec™.

The SnSe-SnSe, eutectic was obtained by
unidirectional solidification. From longitudinal
sections through the solidified sample and by
microscopic observation during growth of the
eutectic in a thin, flat silica cell it was concluded
that the lamellae grew perpendicular to the
solidification front. Perpendicular to the growth
direction, however, the lamellae exhibited a
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parallel arrangement in domains 0.01 to 0.1 cm
in size, which showed a random mutual orienta-
tion to one another (fig. 1). The variation of the
interlamellar spacing (see also fig. 2) originates
from the faceted character of the solid-liquid
interface during growth.

X-ray analyses and Seebeck coefficient
measurements confirmed the presence of single
crystalline lamellae which were alternatively N-
and P-type (i.e. SnSe, and SnSe).

The crystallographic relationship existing
between the constituent single-crystalline phases
of the SnSe-SnSe, mixture was obtained from
X-ray measurements (diffractometer, Weissen-
berg, Von Laue back-reflection) on both isolated
and coupled SnSe and SnSe, lamellae. At the
SnSe-SnSe, interface the mating planes are the
cleavage planes (see fig. 3) such that:

(0 0 1)SnSe /,/ (0 9 I)SnSez
[1 1 O]SnSe // [1 1 O]SnSez

Figure 4 The A-B system containing two compounds.
(a) The T-x projection; the gas line has been omitted;
(b) Schematic representation of the dependence of the
equilibrium B vapour pressure, Pg, on the gross com-
position of the condensed phases (P, T and x in arbitrary

units).
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Figure 3 Crystallographic relationship between the SnSe- and the SnSe,-lamellae in the SnSe-SnSe, eutectic. Pro-

jection on the (001) plane.
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4. ldentification of the Single Phases of
the Solid Eutectic by a Simple Chemical
Vapour Etching Technique

The phases of a eutectic mixture can be identified
in various ways, for example by etching with
specific chemical solutions or by means of the
electron probe microanalyser. However, for a
number of systems the phases can be identified
within a few hours by means of a very simple
chemical vapour-etching method, which requires
no specific know-how or expensive and
sophisticated apparatus.

Suppose the eutectic melt between the com-
pounds AB and AB, of composition x,; (fig. 4a)
has been solidified and subsequently annealed at
a temperature 7. Then at equilibrium a com-
posite material consisting of AB of composition
x, and AB, of composition x; will be obtained.
The partial vapour pressure of B, Pg, in the co-
existing gaseous phase at T; as a function of the
gross concentration of B in the condensed phases
has been schematically represented in fig. 4b.
The equilibrium partial vapour pressures at the
A-rich boundary and at the B-rich boundary of
a compound (e.g. for AB the compositions Xx;
and x, respectively) generally differ by many
decades.* When the AB-AB, eutectic mixture is
annealed at temperature T, together with a large
amount of A 4+ AB (e.g. of composition X,
fig. 4a) the AB phase will remain intact and shift
from composition x, to x;. The AB, phase, how-
ever, will be destroyed and converted to AB. If
a flat polished sample of the mixture and short
annealing times are used, the AB, phase will be
only partially destroyed and will transform into
areas of nucleated AB in a matrix of AB,. At the
same time the original AB, region may shrink
if the molar volume of AB is smaller than that
of AB,. Both effects can be easily observed by
optical means.

This procedure has been carried out on the
SnSe-SnSe, eutectic composite. A polished
sample (5 X 5 X 3 mm?; fig. 2) was annealed at
500° C with a 5 g mixture of Sn and SnSe
(geometrically separated from it) of gross com-
position 27 at. % Se, in an evacuated silica tube
for 2 h. The result (figs. 5a and b) shows that the
unattacked white phase is SnSe, whilst the
attacked black and white speckled area indicates
the SnSe, phase (originally black, see fig. 2). The
latter had been etched away to a depth of 10 um
(fig. 5b).

(a)

(b)

Figure 5 The surface of the SnSe-SnSe, composite after
annealing with a mixture of Sn and SnSe. (a) The white
regions represent SnSe (focused on the white area,
X 1500). (b) The speckled area represents the original
SnSe, regions (focused on the speckled area, X 1500).

*For example, for the semiconducting compound SnS at 730° C the partial pressure of the co-existing sulphur vapour,
Ps,, equals 10~° and 10?2 torr for SnS saturated with Sn and saturated with S, respectively [15].

27



W. ALBERS, J. VERBERKT

Acknowledgement

The authors are indebted to Messrs. C. Langereis
and A. M. J. G. van Run for carrying out the
X-ray analyses and the electrical measurements.

References

1.

W. A. TILLER and J. W. RUTTER, Can. J. Phys. 34
(1956) 96.

. R.W.KRAFTand D.L.ALBRIGHT, Trans. Met. Soc.

AIME 221 (1961) 95.

. G. A. CHADWICK, Prog. Met. Sci. 12 (1963) 99.
. I.D. HUNT and K. A. JACKSON, 7Trans. Met. Soc.

AIME 236 (1966) 843.

. Idem, ibid, 1129,
. C. WAGNER and W. SCHOTTKY, Z. Physik. Chem.

B22 (1930/31) 199.

. F.A.KROGERand H.J. VINK, “Solid State Physics™,

Vol 3, edited by F. Seitz and D. Turnbull (Academic
Press Inc, New York, 1956) p. 310.

Received 4 July and accepted 8 September 1969,

28

10.

11.
12.

13.

14.

F. A. KROGER, “The Chemistry of Imperfect
Crystals” (North Holland Publishing Company,
Amsterdam, 1964).

. W. ALBERS, “Physics and Chemistry of II-VI com-

pounds”, edited by M. Aven and J. S. Prener (North
Holland Publishing Company, Amsterdam, 1967)
chapter IV.

M. HANSEN and K. ANDERKO, “Constitution of
Binary Alloys” (McGraw-Hill Book Co. London,
1958).

S. ASANABE, J. Phys. Soc. Japan 14 (1959) 281,

W. ALBERS, C. HAAS, H. OBER, G. R. SCHODDER,
and J. D. WASSCHER, J. Phys. Chem. Solids 23
(1962) 215.

A. OKAZAKI and 1. UEDA, J. Phys. Soc. Japan 11
(1956) 470.

G. BUSCH, C. FROHLICH, F. HULLIGER, and E.
STEIGMEIER, Helv. Phys. Acta 34 (1961) 359.

. H.RAU, J. Phys. Chem. Solids 27 (1966) 761.



