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The solid solutions Hf(Sz-,Tex)l-y and Hf(SeZ-,Te,)r-, were prepared to examine changes in the elec- 
tronic structure in a narrow composition range near the metal-insulator transition. Powder X-ray 
diffraction analysis and resistivity measurements are presented. The x3 dependence of the hexagonal c 
parameter for the sulfur solutions is due to large packing mismatches in the layers. In the selenium 
solutions, anomalous behavior is observed in the composition dependence of the a and c hexagonal 
lattice parameters in the range 0.05 < x < 0.10, y - 0. Between these concentration limits, both lattice 
parameters show positive deviations from smooth behavior and the diffraction linewidths broaden. 
The temperature dependence of the resistivity suggests that the Hf@-,Te&, solutions have an 
energy of activation for conduction at room temperature for 0 < x < f; the sample of composition x = 3 
has a metal-insulator transition as a function of temperature below room temperature. The band gap 
goes to zero with composition for Hf(Se*-,Te,),-, in the range x = 0.080 to x = 0.095. Nonstoichiome- 
try, phase separation, and changes from covalent to metallic bonding explain the structural and 
electronic changes observed in the seleno-telluride system near the metal-insulator transition. o 1984 
Academic Press, Inc. 

Introduction 

Among the many scientific contributions 
of Professor Michell J. Sienko were his 
studies of the metal-insulator transition 
(some of the more recent works include 
Refs. (1-13)). He investigated systems with 
a metal-insulator transition as a function of 
composition and determined changes in 

* Dedicated to Dr. M. J. Sienko. 
t Author to whom correspondence should be ad- 

dressed. 

structure and the evolution of the electronic 
properties as the composition was varied. 
Professor Sienko’s insights and experi- 
ments have expanded our understanding of 
the metal-insulator transition in metal-am- 
monia and metal-methylamine solutions, 
as well as in transition metal oxides. Most 
recently, his interests turned to studies of 
the layered transition metal dichalco- 
genides. In this paper, we present a study 
of the structural and electronic properties 
of solid solutions of the layered transition 
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metal chalcogenides Hf(SZ-XTeX)l-, and Hf 
(Se*-,Te,)r-,, work initiated in his laborato- 
ries. Our ideas and conclusions about the 
mechanism of the metal-insulator transi- 
tion in these systems were influenced by 
many discussions with Professor Sienko; 
therefore, this paper is dedicated in mem- 
ory of him. 

The transition metal chalcogenides have 
been studied extensively in recent years, in 
large part because of the wide range of 
properties derived from their layered struc- 
ture. The laminar form of these materials 
gives rise to anisotropic conductivity (14), 
intercalation chemistry (15), and lubrica- 
tion properties (26). Interesting studies of 
their electronic properties include: super- 
conductivity (17)) charge density waves 
(18), photoelectrochemistry (19), and catal- 
ysis (20). 

The IVB layered dichalcogenides have 
the hexagonal CdIz structure. The transi- 
tion metal is coordinated to six chalcogen 
anions with D3d point group symmetry. A 
hexagonal plane of metal is sandwiched be- 
tween two hexagonally ordered layers of 
chalcogen anions. These sandwiches are 
held together by weak van der Waals 
forces. 

HfS2 and HfSez are indirect gap semicon- 
ductors (21) with band gaps of 1.96 and 1.13 
eV, respectively, and can be prepared very 
near the 1 : 2 metal to chalcogen stoichiom- 
etry. HfIe-, is nonstoichiometric with a 
composition range of 0.05 < y < 0.40 (6, 
22, 23). The nonstoichiometry is properly 
written with tellurium vacancies (24) as the 
majority defect, but one must be aware of 
possible minority defects similar to those 
which occur in the ZrTezmx system (25). 
HfTe1,95 has a gold luster and the conductiv- 
ity decreases with increasing temperature 
as is typical for a metal (22). It is believed 
that the metallic conductivity of Hffe1.95 is 
governed by impurity bands due to defects 
and the overlap of the tellurium sp band 
with the hafnium d band (6). 

Because the hafnium dichalcogenides 
have similar structures, mixed materials 
can be synthesized over the entire composi- 
tion range. This provides not only materials 
with new properties but also allows the 
study of composition-dependent behavior 
such as metal-insulator transitions. One 
expects a metal-insulator transition as a 
function of composition in Hf(Sz-,TeJ-, 
and Hf(Sez-,Te,)i-,,, where y changes from 
0 to 0.05, as x increases. Previous studies of 
the resistivity and magnetic susceptibility 
of Hf(Se*-,TeJ-, indicate a metal-insula- 
tor transition near x = 0.1 (6). 

We have prepared samples of Hf 
(SeZ-xTex)L-y in a narrow range 0 < x < 0.2 
to examine changes in structure and elec- 
tronic properties associated with the metal- 
insulator transition. An interesting anomaly 
is observed in the volume of the system 
in this concentration range. Furthermore, 
we have prepared solid solutions of 
Hf(Sz-XTe,)l-y over a wide compositional 
range to compare the metal-insulator tran- 
sition in the sulfo-tellurides with that in the 
seleno-tellurides. The Hf(Sz-,TeJ-, com- 
pounds are quite different from the sele- 
nium analogs and remain semiconductors 
for compositions at least as large as x = g. 
By studying the changes that occur in the 
properties of these solid solutions as a func- 
tion of the composition, we hope to gain a 
better understanding of the role of nonstoi- 
chiometry and disorder on the bonding and 
electronic properties of the IVB dichalco- 
genides . 

Experimental 

Samples of Hf(S-,Te&, and Hf 
(Se2-xTeX)l-, were prepared from the ele- 
ments by high-temperature reaction. The 
starting materials, from Ventron-Alfa Cor- 
poration, were 99.9% hafnium powder (zir- 
conium -l%), 99.9999% sulfur lumps, 
99.999% selenium shot, and 99.9998% tellu- 
rium pieces. The elements were loaded into 
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silica tubes that were cleaned by rinsing 
with dilute hydrofluoric acid and outgassing 
under vacuum. Samples of Hf(St-,Te,),-,, 
were prepared with compositions in the 
range 0 < x < 2.0 and with y = 0. Samples 
of Hf(Sez-xTe,)l-, were prepared in a much 
narrower composition range, 0 < x < 0.2 
and y = 0. Nominal compositions are re- 
ported throughout this paper even though 
the stoichiometry of the products may devi- 
ate by a small amount from the starting ra- 
tios. 

The reaction tubes, loaded with the start- 
ing materials, were pumped for 15 min at 
-10e5 Tot-r, with a nitrogen trap. At this 
point, iodine was sublimed into the reaction 
tubes, in a concentration of 5 mg/cm3 of re- 
action volume. The iodine was needed as a 
mineralizing agent and greatly improved 

the crystallinity of the product. For com- 
parison, a few samples were reacted with- 
out a mineralizing agent, as indicated in Ta- 
ble I for Hf(&-,Te,)l-,. The sealed tubes 
were reacted in flat furnaces for one week 
at 600°C and 2 weeks at 800°C. Samples 
were cooled to room temperature in ap- 
proximately 10 min. All samples were fine 
powders, approximately 325 mesh. 

The hexagonal lattice constants were ob- 
tained by powder X-ray diffraction analysis 
using Debye-Scherrer cameras with a di- 
ameter of 114.6 mm. All samples were pre- 
pared for X-ray analysis in an argon-atmo- 
sphere dry box by sifting through a 
<325 mesh screen, loading into a 0.3 mm 
glass capillary and sealing. The lines on the 
diffraction patterns were read to 0.03 mm. 
Distances and angles were determined by 

TABLE I 

PREPARATION OF Hf(S*-,Te&, 

a parameter c parameter 
X (4 ch Mineralizer Color Comments 

0.00 3.6310(10) 5.8560(20) None 

0.00 
0.123 
0.251 
0.374 
0.50 
0.50 
0.624 
0.746 
0.871 
1.00 
1.00 
1.248 
1.50 
1.50 
1.748 
2.000 

- 
- 

3.6616(8) 
- 
- 

3.70 
- 

3.741(4) 
- 

- 
- 

6.0984(10) 
- 
- 

6.30 
- 

6.443(6) 
- 

- - 
3.776 6.54 
3 x24(4) 6.599(7) 

- - 
3.6616(S) 6.0984(l) 
3.9103(12) 6.6583(11) 
3.951(3) 6.658(S) 

None 
HfC4 
I2 
HfCh 
None 
None 
HfCh 
I2 

HfCI, 
None 
None 
I2 

None 
None 
12 

Red-brown 
Brown 
Red-brown 

Black 

Black 
Black 

Black-gold d 

Black 
Black-gold 
Gold 
Gold 
Gold 
Gold 

a,b 

e 

b 

(1 Reaction only to 6OO”C,~reported for color. 
b Lattice parameters from Ref. (33). 
c Used for conductivity measurement. 
d Extra phase seen in X-ray pattern. 
c Color for single crystal growth with Tech. 
f Color for single crystal growth with 12. 
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the Straumanis method (26) which corrects 
for film shrinkage and systematic errors de- 
rived from the camera geometry. Lattice 
parameters were determined by the method 
of Cohen’s least squares for hexagonal sys- 
tems (27), using back reflection lines with 8 
> 60”. 

Additional samples were prepared under 
similar conditions to the powders but with 
HfCh as a mineralizing agent. Chlorine was 
superior to iodine in mineralizing these 
samples and crystals of the approximate 
size 0.5 mm x 0.5 mm x 40 pm were ob- 
tained. Larger single crystals of these solid 
solutions were obtained by vapor-phase 
transport with Tech as the transporting 
agent in a concentration of 3 mg/cm3 of re- 
action volume. A temperature gradient of 
800 to 700°C over a 15 cm silica tube was 
used. The crystals were black hexagonal 
plates, as large as 5 mm X 5 mm X 40 pm. 

The temperature dependence of the con- 
ductivity was measured between 77 K and 
room temperature on pressed pellets of var- 
ious samples. The conductivity data re- 
ported is for powders mineralized with 
HfC&. These powders were chosen over 
the single crystals since measurements 
made on the crystals were not reproducible 

I I 7 I 1 I 2 i . o 
6.6 Q 0 

--4 - 3.9 

. 
0 

rra 6.~ OQ 
B * 

5 
E 
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2 0 2 
0 m 0 

+ 
OPEN WITH I2 - 3.1 

6.0 - FULL WITHOUT 
0 

I 
5.8; ' ' h ' ' c 0.4 0.8 1.2 1.6 2.03.6 

X IN Hf&Te, 

FIG. 1. Hexagonal a and c parameter versus the 
nominal composition for Hf(S2-XTeX),-,. The open 
squares and circles represent samples reacted with io- 
dine and the filled ones were reacted without iodine. 

within a batch or with different mineralizing 
agents. This choice was a trade-off between 
the purity of the powders, and the superior 
conductivity measurement on single crys- 
tals but contaminated with halogens. A 
two-probe, low-frequency (37 Hz) method 
was used. Pieces of gold foil pressed into 
the faces of the pellet were used to make 
electrical contact. The ac constant currents 
were 0.1-1.0 mA and the voltage was de- 
tected by a lock-in amplifier in-phase with 
the current source. Since it is not possible 
to obtain absolute resistivities on powder 
samples, the ratio of the resistivity to the 
resistivity at 300 K is plotted to show the 
temperature dependence. 

Results 

Visual inspection of the reaction tubes 
showed a color change from the black 
HfSe2 to a black-brown material of nominal 
composition Hf(Sel.8Teo.z). This color 
change did not depend on the presence of 
mineralizing agents. In contrast, the color 
changes in the sulfo-telluride system de- 
pended on whether a mineralizing agent 
was present or not. The samples prepared 
with iodine changed from the reddish- 
brown color of HfS2 to black as x increased 
and finally to gold near x = 0.75. For sam- 
ples prepared without a mineralizing agent, 
the black-to-gold transition occurred near x 
= 1 .OO (see Table I). The X-ray powder pat- 
terns for samples reacted with iodine or 
chlorine were sharp and free of extra 
phases. Those samples reacted without io- 
dine gave patterns with broad diffraction 
lines. 

The lattice parameters for Hf(SzmxTeJl -Y 
obtained from the least-squares fit of the 
data are shown in Fig. 1. No obvious lattice 
anomalies associated with the metal-insu- 
lator transition are observed. Figure 2 is a 
plot of the difference of the measured c pa- 
rameter and that predicted by Vegard’s 
law, which is a linear extrapolation be- 
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having a larger percentage deviation than 
the a parameter. Furthermore, in this con- 
centration range the diffraction linewidths 
are measurably broad as compared with the 
sharp lines observed below x = 0.05 and 
above x = 0.12. The maximum linewidths 
occur near x = 0.08. The lattice parameters 

- over the larger concentration range 0 < x < 
2.0 have been reported previously (28) and 
are consistent with these results. The rela- 

I tion of the lattice anomaly with the metal- 

xlN HfS2-,Te, 
insulator transition is discussed below. 

FIG. 2. Deviation of the hexagonal c parameter from 
The measurements of the resistivity of 

Vegard’s law for Hf&-,TeJ,-,. The curve is for a 
the Hf(!LTe,)r-, samples are shown in 

cubic power law fit to the data. Vegard’s law predicts Fig. 4. All these materials have resistivities 
that the c parameter will change linearly with composi- between 1 and 100 ohm-cm. Since the tem- 
tion. The deviation from this prediction suggests that 
there are severe packing mismatches in the layers. 

2 

tween the c parameters of HfS2 and the 
phase of nominal composition Hffez. This 
difference has a c parameter dependence of 
x3, implying very severe packing mismat- 
ches in these solutions (28). 

2 

The lattice parameters for Hf 
(Se2-,Te,)r-,, are shown in Fig. 3. For both , 
the hexagonal a and c parameters anoma- 
lies are observed in the range 0.05 < x < ” 
0.10. Between these composition limits, 
both lattice parameters show deviations j , 
from smooth behavior, the c parameter 

I I I 1 I 
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. 0 

x 0 
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x 0 
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FIG. 4. Log of the ratio of resistance to room-tem- 

6.10 I I I I 
0 0.05 0.10 0.15 0.20 0.2E74 

perature resistance versus reciprocal temperature for 

If in HfSe2.,Te, 
four compositions of Hf(Sz-,Te,)l-y. The temperature 
dependence suggests that all four samples have a small 

FIG. 3. Hexagonal a and c parameter versus the energy of activation for conduction at room tempera- 
nominal composition for Hf(Se*-,TeJ-,. The open ture. A metal-insulator transition as a function of tem- 
squares and circles are from Ref. (22). An anomaly in perature is observed for the material of composition x 
the lattice parameters occurs for 0.05 < x < 0.10. = 8. 
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perature dependence of the resistivity dpl 
dT is positive, these samples have a small 
energy of activation for conduction (-0.01 
to 0.10 eV). The transition to the metallic 
state as a function of composition, (i.e., no 
energy of activation for conduction) is not 
observed for values of x as large as f. The 
sharp break in the resistivity as a function 
of temperature for the sample of composi- 
tion x = 8 suggests that this sample has a 
metal-insulator transition induced by tem- 
perature. Additional X-ray data and Hall 
mobility measurements as a function of 
temperature are needed to verify and inter- 
pret this feature. 

Resistivity measurements for two sam- 
ples of Hf(Se2-,TeJ-, with x = 0.080 and x 
= 0.095 are shown in Fig. 5. Both samples 
have resistivities of -1 ohm-cm. The sam- 
ple with x = 0.080 has a small energy of 
activation for conduction (-0.01 eV) with 
the resistivity at 100 K approximately 1.5 
times larger than the value at 300 K. The 
sample with x = 0.095 has a resistivity 
which is nearly constant over the tempera- 
ture range studied. These results indicate 
that the band gap becomes zero in the range 

z I I 
4 9’ 

.f 
O-9@ .% l - mm. . . . x = 0.095 

m 
I/T (103/K) 

FIG. 5. Log of the ratio of resistance to room-tem- 
perature resistance versus reciprocal temperature for 
two compositions of Hf(Se*-,TeJ-,. The temperature 
dependence suggests that the sample with x = 0.080 
has a small energy of activation for conduction and the 
sample with x = 0.095 has an energy of activation near 
zero. 

0.080 < x < 0.095. Resistivity data for sam- 
ples with x > 0.10 have been reported pre- 
viously (6). 

Discussion 

The solid solutions of hafnium disulfide 
and hafnium diselenide with hafnium ditel- 
luride have two types of metal-insulator 
transitions: (1) changes in the electronic 
properties due to changes in composition, 
and (2) changes in the electronic proper- 
ties due to changes in temperature. 
Hf(SZ-xTex)r-y has a metal-insulator transi- 
tion as a function of temperature for the 
sample of composition x = 9. Further struc- 
tural and electrical measurements as a func- 
tion of temperature are needed to verify 
this assertion. Below, we discuss the 
metal-insulator transition induced by com- 
position and argue that for the sulfo-tellu- 
rides the electronic properties seem to be 
controlled by disorder, whereas for the se- 
leno-tellurides the effects due to stoichi- 
ometry seem dominant. 

For the IVB layered dichalcogenides it 
has been suggested (21) that the hexagonal 
c parameter correlates well to the band gap 
energy. If one extrapolates the band gaps of 
HfSz and HfSe2 as a function of c parameter 
to the c parameter of HfTer.ss, one expects 
Hffel.gS to be a -0.4 eV band gap semi- 
metal. The band gap is expected to go to 
zero for c = 6.5 A. Using the lattice param- 
eter data from Ref. (6), the metal-insulator 
transition is predicted near the composition 
x = 0.9 for both the sulfo-tellurides and the 
seleno-tellurides. For Hf(Se*-,TeJ-,, the 
energy of activation for conduction goes to 
zero near x = 0.1 indicating that the overlap 
of the hafnium d band with the chalcogen sp 
band is not the sole cause of the transition. 
The properties of these solutions are com- 
plicated by nonstoichiometry as discussed 
below. For Hf(S,-,Te,)r -, , the energy of 
activation remains small but greater than 
zero for x as large as 5. It is interesting to 



444 HODUL AND STACY 

note that for 0.9 < x < 2.0, both systems 
have the same c parameter for similar com- 
positions, suggesting that when the intrinsic 
bands overlap the structure is determined 
by the electronic energies rather than by 
packing energies. 

The conductivity measurements on sam- 
ples of Hf(Sez-,Te,)l-, show that the band 
gap goes to zero in the range 0.080 < n < 
0.095. In this composition range, an inter- 
esting anomaly in the volume is observed 
(see Fig. 3). This anomaly occurs in addi- 
tion to the parabolic dependence of the c 
parameter that has been reported previ- 
ously (28). Two possible interrelated mech- 
anisms for this anomaly in the volume are 
postulated and discussed below: (1) a non- 
stoichiometric to stoichiometric transition, 
and/or (2) the onset of phase separation at 
the metal-insulator transition. 

One explanation for the observed lattice 
anomaly involves the nonstoichiometry of 
the HfSez-HfTeZ solid solution. It is known 
that the highest tellurium to hafnium ratio 
for Hf-Te binary layered compounds is 
1.95. This implies that while the nominal 
reaction composition was always a 2: 1 
chalcogen : metal ratio, somewhere in the 
full composition range this ratio must be 
reduced, i.e., y changes from 0 to 0.05. This 
reduction in chalcogen fraction is expected 
to reduce the packing mismatch in the lay- 
ers and hence, reduce the cell volume; this 
effect should be larger for the c parameter. 
We feel this reduction in chalcogen-to- 
metal ratio occurs at the observed lattice 
anomaly and is associated with the metal- 
insulator transition. This implies that while 
in Fig. 3 the nominal reaction composition 
is given, the actual composition is best un- 
derstood as follows: (1) for nominal 0 < x < 
0.05, the solution is in fact the stoichio- 
metric HfSez-,Te, (y = 0), (2) for nominal 
0.05 < x < 0.10, the solution is Hf 
Sez-,TeO.os (y increases from 0 to 0.05), and 
(3) for the x > 0.10, the actual composition 
is HE&,Te,-,& (y = 0.05). This model 

implies that tellurium vacancies are formed 
linearly with composition in the range 0.05 
< x < 0.10 and that Te2- vacancy donor 
states are responsible for the metal-insula- 
tor transition. The expected number of con- 
duction electrons at x = 0.10 is therefore 
approximately 0.10 e- per hafnium. 

A second possible mechanism for the 
anomaly at x = 0.1 in Hf(Sez-XTeX)l-, is the 
onset of a phase separation associated with 
the metal-insulator transition. This separa- 
tion need not be independent of the non- 
stoichiometry mechanism discussed above. 
Various authors have discussed the poten- 
tial for phase separation near the metal-in- 
sulator transition (29-31). One expects 
fluctuations in composition to occur in sys- 
tems where electron correlations play an 
important role in the metal-insulator transi- 
tion, provided the system is at a tempera- 
ture below the miscibility gap and the ki- 
netic barrier for phase separations is not 
large. In the Hf(SeZ-xTex)l-y solid solution, 
since the kinetics of phase separation is 
slow compared to the quenching time from 
the 800°C reaction temperature to room 
temperature, a high-temperature phase has 
been locked in at the lower temperature 
where the lattice parameters have been de- 
termined. We believe that the synthesis 
temperature is above a miscibility gap in the 
temperature-composition phase diagram, 
but that composition fluctuations are 
present. The effect of these fluctuations can 
be seen in the diffraction line broadening in 
the region of the transition. It is possible 
these fluctuations are changes in the homo- 
geneity of the samples due to the tellurium 
vacancies referred to in the above para- 
graph on nonstoichiometry. 

The resistivity measurements for 
Hf(S,-XTeX)l-, show that the changes in the 
electronic properties with composition are 
quite different than for the seleno-telluride 
solutions. The sulfo-tellurides have an en- 
ergy of activation for conduction for com- 
positions with x as large as g, the largest 
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tellurium concentration for which the resis- 
tivity was measured. The low resistivity of 
l-ohm-cm for these samples implies that 
there are a large number of carriers, possi- 
bly due to anion vacancies. It is evident 
from the differences in color change be- 
tween the halogen-mineralized samples and 
the powders prepared without halogens 
that disorder and/or impurities could play a 
significant role in determining the elec- 
tronic properties. In Hf(S*-,TeJ-,, the 
metal-insulator transition occurs for lower 
values of x in the crystalline samples than in 
the pure powdered samples since the gold 
metallic color is observed for compositions 
nearer to HfS2 for mineralized materials. 
Furthermore, the difference in the actual c 
parameter and that of a linear extrapolation 
between the c parameters of HfS2 and 
Hffel.gS has a x3 dependence as shown in 
Fig. 2. This implies very severe packing 
mismatches in the layers (28). We propose 
that the origin of the differences in the be- 
havior of the sulfo-telluride systems as 
compared with the seleno-telluride system 
is due to disorder in the former system re- 
sulting from the large size differences of 
sulfur and tellurium. 

We conclude that for the solid solutions 
Hf(Sez-,Te,)i-, the band gap goes to zero in 
the range 0.080 < x < 0.095 due to the for- 
mation of an impurity band which overlaps 
with the hafnium d band. This impurity 
band is a donor band produced by tellurium 
vacancies. The anomalous changes in the 
lattice parameters with composition near 
the metal-insulator transition can be attrib- 
uted to a stoichiometric-nonstoichiometric 
transition, composition fluctuations, and 
changes in bonding. The solid solutions 
Hf(S*-,TeJ-, remain semiconductors up 
to the composition with x = f due to disor- 
der resulting from the large size differences 
of sulfur and tellurium. The disorder is evi- 
dent in the x3 dependence of the c para- 
meter. We conclude that the electronic 
structure of the Hf(Se2-xTeX)l-, and 

Hf(S2-,Te& solutions are quite different, 
the former being influenced by tellurium va- 
cancies which inject carriers into the haf- 
nium d band and the latter, by disorder. 
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