the high pengg, 2y gppl. Cryst. (1976). 9, 403
ation, sampleg

not create eXpep

to decompose in vacuum.

Introduction
33, 743750,

& DeMarco, J. & 2405, MoSe; and WSe, are semiconductors {type
22 X,) belonging to the large group of compounds
ich crystallize with a layer structure. Crystals of all
5, 209-214. iree compounds can be grown in the form of large,
leta Crpst. 18, 104 jponle hexagonal plates which may be repeatedly
aved, using adhesive tape, to give very thin crystals
having ihie optic, ¢, axis normal to the major (00.1)
 rystal surface. This easy cleavage in (00. 1) is evidence
the weak interlayer bonding that exists between the
-M-K), (X-M-X) sandwich layers from which the
stals are composed.
In MoS,, MoSe, and WSe, the metal M atom has
gona! prismatic coordination within the layer and a
mber of structural polytypes are possible depending
n the way in which the layers are stacked one upon
other (Zvvagin & Soboleva, 1967). The most
mmon polytypes are the hexagonal 2H-MoS,,
ere the stacking sequence is ABA|BAB in the (1120)
tion, and rhombohedral 3R-MoS, where the
cking sequence is ABAIBCB|CAC in the (1120)
ction; the vertical stroke denotes tayer—layer separa-
n,
The trigonal prism coordination of the metal M
m in MoS,, MoSe,, WSe, is attributed to the rela-
¢ values of the fonic ratio r../r.. and the fractional
ic character f; (Gamble, 1974) where
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.8, 55”&13534( 197 d Xy, Xx are the electronegativities of the metal
scaH, P. M. _

id chaloogen atom respectively. An octahedral co-
mnation of the metal M atom occurs in some other
X, layer compounds.
f X-Ray Diffractiot] The surfaces of MoS, crystals grown directly from
e powder compound show well defined hexagonal
wth spirals (Al-Hilli & Evans, 1972b) and X-ray
“wder ines which can be identified in terms of the
:.P S3/mmc {DE,~MoS,-type) 2H crystal structure. Crys-
s of MoS, grown by bromine vapour transport
W triangular surface growth features and the
2y powder lines correspond to a (3R) rhombohedral
Uoture in which, referred to the hexagonal lattice, the
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‘The hexagonal cell dimensions 4 and ¢ of 2H-MoS,, 2//-MoSe, and 2H-WSe, have been measured over
thetemperature range 2010 800°C. In ali three compounds 2 and c increased non-linearly with temperature,
the linear thermal expansion coefficient of ¢ being greater than that of 2. Above 500°C the compounds begin

a parameter of the unit cell is similar to that of the 2H
polytype but the ¢ parameter is ca 15 times as great
(Al-Hilli & Evans, 1972b).

MoSe, crystals grown directly from the powder
show hexagonal surface growth spirals and the X-ray
powder lines correspond to the 2H polytype. Crystals
grown by bromine vapour transport, however, show
surface growth features varving between the hex-
agonal and triangular forms while the X-ray powder
patterns show additional lines due to an admixture of
the 3R polytype {(Evans & Hazelwood, 1971).

WSe, crystals grown directly from the powder
occur as the 2H polytype and show well defined hex-
agonal growth features (AL-Hilli & Evans, 1972b).
Crystals grown by bromine vapour transport have the
form of thin buckled plates with no obvious growth
features; the X-ray patterns however are those of the
2H polytype.

The room-temperature d.c. conductivity ¢, L¢
(i.e. parallel to the sandwich layers) in all three com-
pounds is typically 100, where o is the conductivity
in the ¢ direction. At temperatures above ca 500°C
the conductivity o, increases rapidly with rise in
temperature T (K}, the slope m {= E,/2k) of the linear
In o, versus 1/T graphs giving the thermal activation
energy E, (eV). In crystals grown directly from the
powder E,=127+£006 ¢V in n-type MoS, (El-
Mahalawy & Evans, 1976), 1-1040:05 eV in n-type
MoSe, (Evans & Hazelwood, 1971) and 1-32+008 eV
int p-type WSe, (Davey & Evans, 1972), These values of
E, are probably the thermal counterparts of the E L ¢
direct optical energy gaps (77°K) which occur at
1-79171 eV in MoS, {Neville & Evans, 1976), ca 1-68 eV
in MoSe, (Evans & Hazelwood, 1971)and 1-782 eV in
WSe, (Bradley, Katayama & Evans, 1972). Fnergy

rgaps of this magnitude occur in the band-structure

calculations (Bromley, Murray & Yoffe, 1972; Harper
& BEdmondson, 1971; Huisman, de Jonge, Haas &
Jellinek, 1971; Matheiss, 1973; Kasowski, 1973} but
the transitions giving rise to the optical absorption
have not been positively identified. The optical absorp-
tion edge in the 3R-MoS, polytype occurs at a lower
energy than in the 2H polytype (Clark & Williams,
1968) showing that the weak layer-layer interactions
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exert a detectable effect on the electron energy-band
structure of the crystal.

At room temperature the conductivity o, in all
three compounds is greater than that predicted using
the preceding values of E, and it is assumed that the
room-temperature conductivity is intrinsic and associ-
ated with a, so far undetected, smaller energy gap. It
has been suggested (Harper, 1974} that such a small
energy gap could occur as a result of unequal layer—
layer separalions.

The variation in cell dimensions of MoS,, MoSe,
and WSe, with temperature have been measured in
order to determine {a) whether the 2H structure present
at room temperature persists to the high temperature
of the conductivity measurements, {b) the relative
importance of electron—phonon interaction and
thermal expansion in the observed temperature shift
of the fundamental optical absorption edge. The
numerical values of the thermal expansion complement
the published values of the bulk compressibility of
MoS,, NbSe,, HfS, (Flack, 1972).

Compound preparation

The MoS,, MoSe, and WSe, compounds were pre-
pared from elements having the following purities {%,),
Mo 9999, W 9995, S 99-9999, Se 99-999. Stoichio-
metric amounts of the powdered elements were in-
troduced into a silica ampoule which was then
evacuated to a pressure of less than 107° torr and
vibrated for 30 min to ensure mixing of the powder
elements. The mixture was distributed along the length
of the horizontal sealed ampoule which was then
slowly heated, over a period of 5 h, to a final temper-
ature of 700°C., The ampoule was maintained at this
temperature for 24 h and then allowed to coo] to room
temperature. The constituents of the sealed ampoule
were again vibrated for 30 min before the ampoule was
returned to the furnace and maintained in an appro-
priate temperature gradient (Al-Hilli & Evans, 1972b),
around 1000°C, for two weeks. At the end of this time
single crystals were found growing from the poly-
crystalline cake. Quantitative analysis has shown that
crystals grown in this way have the correct chemical
composition, the only detectable impurity being 003
wt %, Si.

The single crystals of MoS,, MoSe, or WSe; were
then ground, using a pestle and mortar, into a particle
size suitable for filling a 0-3 mm diameter silica X-ray
capiliary tube.

Experimental method

X-ray powder diffraction patterns (Cu Ko radiation)
were obtained with a 19 cm Unicam S70 powder
camera in which the specimen temperature, within the
vacuum furnace, could be varied from room temper-
ature to 1000°C. The powdered crystal sample was
mixed with 99-99% purity gold powder before filling
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the capillary tube so that the powder pattern consig
of gold and MoS, {or MoSe,, WSe,) diffraction i
The {rotating) sample temperature was determiy,
from the measured geld unit-cell dimensions and
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ving dimensions a= 3162210007, ¢=12-301+
02 A. appropriate to the 2H polytype, compared
5 the previously reported values a=3-160, c¢=
205 A (Jellinek, 1962), a=3-140+0-008, ¢ = 12:327 +
08 A {Al-Hilli & Evans, 19725).

The measured values of ¢ and ¢ for 2H- MoSz at
peratures in the range 20 to 850°C are given in
1. The curves through the experimental points
mg the temperature dependence of a and ¢ are

a= 31621 +06007 x 107 %t 4+0-3479 < 10~ @)
c=123024+0:1064 x 10721+ 07737 IO”tz,

ere ¢ is the sample temperature in °C and the
ncipal Hnear coefficients of thermal expansion are
19 % 107%/°C and o, =865 x 10°5/°C,

t temperatures around 550 °C extra lines appeared
n the MoS; powder pattern. These lines persisted to
150°C, while the MoS, lines weakened, at which
perature all the lines (with the exception of the
sold lir:es) d;sappeared These same additional lines
gjso appeared in the powder pattern of molybdenum
petal around 350°C and again persisted to about
1 50°C. This suggests that the lines are associated with
imolybdenum oxide formed by reaction between the
metal and the small amount of oxygen present in the
uurs furnace. The additional lines do not match the
0; powder pattern, which disappears around
°C a3 the MoOj; evaporates, and can only be
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.~ _nmolybdenum oxide which have boiling points, under
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cell having dimensions a==3-2920 + 0-0007, ¢=12-9360
+0:002 A which are appropriate to the 2H polytype.
These room-temperature values of g and c are close to
the previously reported values (A) 229040002,
12:9304-0-006 (Evans & Hazelwood, 1971); 3-288-
(001, 12:931 + 0004 (James & Lavik, 1963); 3288+
O OOS 129040005 (Brixner, 1962); 32898 - 0-0003,
12:921 +0:001 (Hicks, 1964); 3-288 +0-002, 1292 i{}OE
{Champion, 1965).

The measured values of a and ¢ at temperatures in
the range 20 to 850°C are given in Fig. 2. The curves
drawn through the experimental points are

a= 32910402382 x 107 % +00118 x 107 7¢2 3)
c=12-9288 +0-1672 x 107 3~ 04987 x 10~ 712,

where ¢ is the temperature in °C and the prmezpai
linear coefficients of thermal expansion are a,
724 x 107 %/°Cand ¢,= 1293 x 10 5/°C,
As in the case of MOSZ additional lines appeared in
the MoSe, powder pattern around 550°C and persisted,
while the MoSe, lines weakened, to 830°C at which
temperature all the lines dlsappedred

Cell dimensions of WSe,

All the powder lines of WSe; at 20°C could be
identified in terms of a hexagonal unit cell havin
dimensions a= 32781 +00007, ¢=12:9505--0-002
which are appropriate to the 2H polytype. Previously
published values for WSe, are a=3-282+0004, c=
12:937+0:01 A (AI-Hilli & Evans, 1972a); a=3-29, ¢ =
1297 A (Glemser, Sauver & Konig, 1948).

The measured values of ¢ and ¢ for WSe, at temper-
atures in the range 20 to 670°C are given in Fig. 3. The
curves drawn through the experimental points are

a= 32774+03630x 1074 —01319x 1072
¢= 129467+ 02165 x 103 — 1107 x 10~ "¢,

where ¢ is the temperature in °C and the principal
linear coefficients of thermal expansion are o,=
11-08 x 107%/°C and a,=1672x 10~ %/°C, compared
with the previously published values o, =68 x 107 °/°C,
.= 106 % 107%/°C (Brixner, 1963).

Additional lines appear in the WSe, powder pattern
at about 500°C. These lines match the powder pattern

-lines of WO, which has a higher melting point (1200°C)

than the corresponding molybdenum oxide MoQO;
{m.p. 795°C). By 700°C all the WSe, powder lines have

disappeared leaving just the WO, lines.

Discussion

For all three compounds the principal linear coeffi-
cient of thermal expansion x>, which is consistent
with the relative inter- and intralayer bond strengths.
Similarly the compressibility f of 2H-MoS, (also
NbSe,, HfS,) is greater in the ¢ direction than in the a
direction (Flack, 1972).

The cell dimensions of MoSe, and WSe, are similar
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but according to equations (3) and (4) there is no
temperature at which they are the same. The different
values of ¢/a for the two compounds, which have
similar ionic ratios, presumably reflect their different
jonic character. The thermal expansion ratios ¢ /o, of
MoSe, (1-78) and WSe, (1-51) are also different and
much smaller than that of MoS; (4:55). The changing
pature of the interatomic bonding forces in the
sequence MoS,, MoSe;, WSe; is presumably also
responsible for the change, from positive to negative,
in the second-order expansion coefficient, equations
(2), 3). (4). , |

In all three compounds the optical absorption,
ELc, begins with direct transitions into an exciton
state A, at photon energy E, whose temperature
dependence is given in terms of the other thermo-
dynamic variables by (Grant, Wilson & Yoffe, 1972)

OEN _ (9BY _ | ot2m | (OF

ET p—— aT Vv ﬁc-f—Zﬁa ap T‘
When the measured values for 2H-MoS,; of «, equa-
tion (2), B, =3 x 107 */kbar, B, =17 x 10~ */kbar (Flack,
1972) and (8E/0p)r=2x 10~ * ¢V/kbar (Grant, Wilson

& Yoffe, 1972) are substituted, it is found that the last
term in equation (5) is approximately 107° eV/*Kat
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Fig. 3. The cell parameters of 2H~WSe, over the temperature range
20 to 700°C.
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room temperature. The temperature shift of Ay
—~4x107% eV/K (Neville & Evans, 1976} is tpy
primarily due to the electron-lattice term {GE/3T)
with the lattice expansion having comparatively [
effect. If the relative vaiues of o and § remain the gap
for MoSe,, WSe, then the same conclusion woy]
hold for these compounds. This would explain wj
there is no direct correlation between the temperaty
shift of the absorption edge in MoS, [ —04 meV/°
{Neville & Evans, 1976)], MoSe; [ ~027 meVp

Appl. Cryst. (

(Evans & Hazelwood, 1971)], WSe, [ —0-5 meVy A study
(Bradley, Katayama & Evans, 1972)] and the therm %hsee{"f:
expansion coefficients of these compounds. 67 % ’1)’6

abilities
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