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Optical Band Gap Studies of
Tungsten Sulphoselenide Single
Crystals Grown by a DVT Technique

D.A. Dholakia', G.K. Solanki*, S.G. Patel' and M.K. Agarwal

In this paper, the optical absorption edge was measured on basal plane samples of DVT grown
single crystals of WS;Sey_, (0 < = < 2) at room temperature. The incident light beam was
kept normal to the basal plane, i.e. along the c-axis of the grown flakes. Results were analyzed
on the basis of two- and three-dimensional models. It was observed that both direct and indirect
symmetry allowed transitions to give a good account of the absorption edge in WS, Se;_,.
The energy gaps and phonon energies were determined. The band gap varied smoothly with
z, indicating that the band edges were the same for WSe;, WS, and the other compounds
of intermediate composition. The two-dimensional model results were similar to those obtained
from the three-dimensional model and could, thus, be used to describe the main optical properties

of WS, Se,_, single crystals.

INTRODUCTION

Following the energy crisis in the early 1970s, con-
siderable effort was expended in the investigation of
new semiconductors for interfacial solar energy conver-
sion devices [1-5]. The semiconducting layered metal
chalcogenides form a major class of new materials
that have been investigated for energy conversion in
photoelectrochemical (PEC) cells and in solid state
(p-n Schottky) solar cells. However, the layered
compounds have not yet found large-scale application
in electronic devices. This is due to the fact that only
limited materials research has been done in relation
to the device potential of the layered semiconductors.
On the other hand, they are quite promising and the
studies reported so far, though exploratory in nature,
serve to bring out the potential of these materials for
photoelectronic devices.

The need to develop highly efficient and low cost
techniques for solar energy conversion applications in
solid state solar cells and in PEC cells is well recognized
and has been adequately emphasized in various reviews
and books [6]. The search for new materials has led
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to the synthesis and study of several novel layered
semiconductors. Significant efforts have been made to
produce defect free single crystals and high quality thin
films of layered materials.

The layered transition metal dichalcogenides
(TMDCs) are the most widely investigated of the
layered materials with regard to their electronic prop-
erties. The TMDCs are very interesting solids since
they display the whole spectrum of electronic prop-
erties covering insulators, semiconductors, nonmetals
and superconductors [7-9]. Such a variation in the
electronic behavior of the transition metal dichalco-
genides is mainly due to the d-character of the valence
and conduction bands that are derived from the non-
bonding d-states of the transition metal.

Further, among TMDCs, layered structures of
tungsten dichalcogenides (WSey and WSs) have been
widely investigated. The attractive properties of these
materials include the band gap in the region of optical
solar energy conversion efficiency, anisotropy in their
electrical behavior and stability against photoconver-
sion reaction. Values up to 17% [10] and 22% [11]
efficiency in energy conversion have been reported for
single crystals of n-WSe; photoelectrodes, but more
common values vary between 8 and 10%.

From the variation of solar energy conversion
efficiency versus the band gap, Eg, and from literature
it is found that the most promising material is one
which has a band gap of ~ 1.3 — 1.5 eV [12]. The
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Table 1. Growth parameters used to synthesize single crystals of WS,Sez— .

Reaction Growth Growth | Crystal Size | Appearance
Crystal Temperature | Temperature Time (mm)3
(°©) (°C) (br)

WSe, 750 950 240 19 x 10 x 0.26 Black
opaque

WSg.55e1.5 770 980 240 17 x 7x0.22 Black
opaque

WSSe 800 1010 240 10 x 8 x 0.12 Black
opaque

WS1.55eq.5 820 1040 240 22 X 6 x 0.08 Black
opaque

WS 850 1080 240 12 x 10 x 0.04 Black
opaque

direct energy gap for WSey is 1.37 eV [13] and for
WS, is 1.80 + 0.03 eV [14]. It will, therefore, be
highly desirable to synthesize mixed crystals of WS,
and WSey, ie. WS Ses ., and see how the band
gap can be altered by varying the amount of sulphur
and selenium in these mixed |crystals of tungsten
sulphoselenides. Hence, by synthesizing the entire
series of WS_Ses_, with different values of ‘z’, one
can prepare a material of optimum band gap for solar
energy conversion.

In this work, considering tremendous potential of
WS, Ses_,, authors have concentrated on the optical
band gap measurement in WS_8es_, for z = 0, 0.5,
1.0, 1.5 and 2.0. This study will be of immense help
in the selection of an optimum material for PEC solar
cell fabrication.

EXPERIMENTAL
Growth of Crystals

Single crystals of WS,Ses_, were grown using a di-
rect vapor transport technique.| In this technique, a
stoichiometric mixture of W [99.95%], S [99.999%)] and
Se [99.99%)] purity was loaded into a high quality fused
quartz ampoule, which was sealed at a pressure of 1073

torr. The sealed ampoule was then introduced into a
two-zone furnace at a constant reaction temperature
to obtain the charge of WS;Se;_,. The charge
so prepared was rigorously shaken to ensure proper
mixing of the constituents and kept in the furnace
under appropriate conditions to obtain single crystals
of WS,Ses_,. The growth conditions used for the
synthesis are given in Table 1.

Crystal Structure

WS,Se,_, single crystals possess MoS, (C-7 type)
layered crystal structure. The basic coordination unit
for the tungsten in these layered structures is trigonal
prismatic.

The structural unit of WS, Ses_ . is a sandwich of
three planes S/Se-W-S/Se. A S/Se-W-S/Se sandwich
layer is composed of alternately occupied face centered
prisms. No strong bond exists between the layers, only
weak van der Waals forces hold the atomic sandwiches
together. This gives the crystals their platy habit
characteristic, with extended growth and pronounced
cleavage perpendicular to the c-axis.

The structural data and X-ray density of single
crystals of the series WS;Sey;_, for (0 < z < 2) as
determined from X-ray diffraction are given in Table 2.

Table 2. Structural data and X-ray density of WS;Sea_.

Crystal Lattice Parameters X-ray
a c c/a Density
(A°) (A°) (gm cm~3)
W Se2 3.298 + 0.034 12.986 + 0.026 3.938 £ 0.047 9.28
WSg.5Se1.5 3.270 +£0.017 12.811 £0.047 3.919 +0.028 8.92
WSSe 3.229 + 0.020 12.707 £ 0.035 3.936 + 0.038 8.54
WSi1.58e0.5 3.201 +0.021 12.493 £ 0.068 3.904 £ 0.030 8.13
WS, 3.178 + 0.022 12.362 £ 0.003 3.890 £ 0.025 7.62
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Use of UV-VIS-NIR. Spectrophotometer for
Obtaining the Absorption Spectra of
WSESPQ_;B

Grown crystals exhibit p-type conductivity with car-
rier concentrations of about 10'% — 107em=3. For
absorption measurements, thin samples were selected
from grown in the form of thin flakes directly over
the distributed charge. The a-axis and b-axis were
contained in the plane of cleavage, i.e., along the basal
plane. The absorption spectra were obtained by using a
DK-2A spectrophotometer. Crystal flakes were pasted
on a thick black paper with a cut exposing the crystal
flake to the incident light. The reference used was a
replica of the black paper, having the cut in exactly the
same position as the crystal flake. This arrangement
was necessary because the crystal size was smaller
than that of the sample compartment. All samples
of WS, Sea_, used in the present work since were in
the form of thin platelets, as grown samples could be
directly used to obtain their absorption spectra.

The thickness of the samples was measured by
a micrometer or optical microscope. The absorption
spectra were obtained in the range of 350 nm to
1450 nm. Thin crystals with thickness of about
0.0035 cm were used. All measurements were per-
formed at room temperature with the incident beam
normal to the basal plane, i.e. along the c-axis of the
grown flakes. Measurements along the c-axis could not
be performed since the specimens were too thin to be
mounted along this direction.

ENERGY GAP DETERMINATION

The dependence of the absorption coefficient ‘a’ in
terms of the direct and indirect transitions is most often
performed with the help of the formulae derived for
three-dimensional (3D) crystals. Their simplest form
is as follows [15]:

(ahv) = A(hv — E, )", (1)
for the direct transitions and:

(ehv) =Y Bj(hv — El, £ Ey;)", (2)

J

for indirect transitions.

Here, « is the absorption coefficient, hv the energy
of the incident photon, E, the energy for the direct
transition, Eé the energy for the indirect transition,
E,; the energies of the phonons assisting at indirect
transitions, A and B are parameters depending in a
more complicated way on temperature, phonon energy
and photon energies E,. However, for the analysis of
the experimental results obtained at constant tempera-
ture, Equations 1 and 2 are sufficient and they are most
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often used while interpreting results on the absorption
spectra obtained from semiconducting materials. The
exponent 7 in the above equations depends upon
whether the transition is symmetry allowed or not and
the constants 4 and B assume different values for
the allowed and forbidden transitions. For indirect
transitions, the detailed form of Equation 2 [16-18] is
given as:

2
B.i 1 / AT
a; = Z{7<e%t—_l>(E—Eg + k8,)

Bei 1 r_ AT
T E <1—_“e-e—/T> (E-E,—kb:) },(3)

where B,; and B.; are coeflicients associated with
absorption and emission of the ith phonon, E is the
photon energy, E; the indirect energy gap and 6;
the phonon equivalent temperature defined by the
following equation:

Ep; = k8, (4)

where E,; is the ith phonon energy. The use of
Equations 1 to 3 for analyzing the absorption spectra
is valid for semiconductors having a three-dimensional
structure, but for anisotropic layered materials, one
has to assume a two-dimensional form of the density
of states [19]. In these cases, the density of states is a
constant independent of the energy and the expressions
showing the dependence of « in terms of direct and
indirect transitions get modified as [20]:

a= A - E,), (5)

for direct transition and:

2
! r
Q; = Z{B:“ <e%:t——l> (E - E; + k91)

i=1

1

+B., <_0> (E-E| —kOi)T},
e1 _ o—0,/T g
1 e (6)

for indirect transitions [21].

The symbols in Equations 5 and 6 have the same
meaning as explained earlier in [1-4]. Again, the
exponent r depends on the dimensionality of the bands
and whether the transitions are symmetry allowed
or forbidden. Once again the coefficients A’, B/,
and B!, will be different for symmetry allowed and
forbidden transitions. Possible values of r are given
in Table 3 [13,19,20].

By plotting graphs of (ahv)'/” against hv for
various values of r given in Table 3, it is possible
to determine which of the conditions given in the
table dominates. Extrapolations of these plots to
zero absorption will provide the appropriate values
of the energy gaps of the tungsten sulphoselenide
compounds.
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Table 3. Values of exponent ‘r’ for different types of band gap transitions.

Type of Direct Indirect
Transition Two- Three- Two- Three-
Dimensional Dimensional | Dimentional | Dimentional
Allowed 0 1/2 1 2
(Step function)
Forbidden 1 3/2 2 3
RESULTS 40
o WSes
The absorption spectrum taken from a WSSe single 351 = WSgsSers
crystal in the form of a thin flake over the spectral WSSe
range of 700 nm to 1450 nm is shown in Figure 1. a0 | *x WSisSeos
A careful study of this spectrum reveals that WS,

an absorption edge is seen in the spectral range of
700 nm to 850 nm. In order to analyze the results
obtained from this spectrum in the vicinity of the
absorption edge on the basis of two as well as three-
dimensional models, values of| absorption coefficient
‘o’ were determined at every jstep of 2.5 nm. The
interpretation of the results in the terms of direct and
indirect transitions can be performed with the help
of Equations 1, 3, 5 and 6 using the various values
of ‘v’ from Table 3. Figure|2 shows the spectral
variation of (ahv)'/? vs hv. Since the curve indicates
a discontinuous straight line, it/ is quite plausible that
it represents indirect interband transitions, involving
the emission or absorption of phonons. In order
to make an accurate determination of the points
of discontinuities, authors have followed the method
adopted by Koshkin et al. [22] and Elkorashy [18].

0.8
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Figure 1. Absorption spectrum from a single crystal of
WSSe.
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Figure 2. (ahv)!/?

WSzSez_m.

vs photon energy for the series

Accordingly, from the graphical differentiation of the
data presented in Figure 2, the dependence of the
derivatives §(ahv)'/?/6(hv) on hv has been shown in
Figure 3. It can be clearly seen, from this figure, that
the derivatives are step functions of energy with four
steps well defined in the range of E; < E < Ep,
E2<E<E3,E3<E<E4 and Fy < E.

The values of Ei,E;,Es and E,; indicate the
points of discontinuities in the plot of 8(ahv)'/? [Shv
vs hv. The indirect energy gaps obtained from these
values of E;, Es, E3 and E4 are given by:

_E1+E4_E2+E3
-2 T 2 7

E, (7)

and the phonon energies are given by:

Ey—E; E; — By

Epy = 5

and Epg =

The values of indirect band gap E; and phonon
energies thus obtained are given in Table 4. The value
of B can also be obtained from the intersection of the
linear portion of the graph in Figure 2 with the energy
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Table 4. Indirect energy gaps and phonon energies of WS;Sez—, for z = 0,0.5,1.0, 1.5 and 2.0.
Three-Dimensional Model Two-Dimensional Model

WSez | WSo.5Se1.5 | WSSe | WS 5Seo.5 | WSz | WSez | WSo.5Se1.5 | WSSe WS1.5Se0.5 | WS2

E1(eV) 1.02 1.16 1.355 1.47 1.50 1.04 1.18 1.28 1.39 1.45
Eq(eV) 1.06 1.19 1.374 1.48 1.51 1.06 1.20 1.32 1.42 1.49
E3(eV) 1.09 1.22 1.393 1.49 1.53 1.09 1.23 1.35 1.45 1.52
E4(eV) 1.13 1.25 1.405 1.50 1.55 1.11 1.25 1.39 1.48 1.56
E;(C) 1.08 1.21 1.38 1.48 1.52 1.08 1.22 1.34 1.44 1.51
E;(E) 1.05 1.22 1.38 1.48 1.52 1.08 1.22 1.34 1.44 1.51
Ep1(meV) | 57.14 42.65 24.89 15.56 23.41 37.50 38.90 52.39 43.80 57.76
Ep2(meV) 18.81 14.72 9.62 6.67 9.36 14.92 16.47 14.46 14.59 16.06

E; (C): Indirect band gap from calculation,
E, (E): Indirect band gap from extrapolation.

axis for zero absorption. This value closely matches the
value obtained from Equation 4.

Further, a graph of (ahv)!/® vs hv representing
the indirect forbidden transition (Table 3} is shown in
Figure 4. The intersection of the straight-line portion
of this graph with the energy axis for zero absorption
gives unacceptably low values for the indirect band
gap E;,. Moreover a graphical differentiation of the
data presented in this figure and the intersection of the
straight line portion of the graph with the energy axis
for zero absorption will give widely different values. It
is, therefore, conjectured that the indirect transition
represented by the absorption curve is an indirect
allowed type.

In order to analyze the data from the absorption
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Figure 3. The spectral variation of the derivative
6(chv)!/?/6(hv) obtained by graphical differentiation of
the data presented in Figure 2.

curve on the basis of the two-dimensional model, a
variation of o vs hv was studied. A graph showing
the spectral variation of « is shown in Figure 5. A
graphical differentiation of the data presented in this
figure is shown in Figure 6.

The value of indirect band gap E; obtained from
the extrapolation of the linear portion of the curve
in Figure 5 and that obtained from the graphical
differentiation of the data in Figure 6, are shown in
Table 4. The values of phonon energies obtained
from Figure 6 are also given in this table. From
Table 4, it is clearly evident that the optical energy
gap in WSSe is indirect allowed with absorption and
emission of the phonons with energies of 24.89 and
9.62 meV, respectively. The results obtained from the
three-dimensional analysis are also confirmed by two-
dimensional analysis of the data.
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Figure 4. (ahv)'/® vs photon energy for WSSe single
crystal.
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two-dimensional model. Therefore, according to 2D
goo| * WSez model, the experimental points in the present work
- WSp.55e1.5 could be best fitted to an equation, which corresponds
1 o WSSe to indirect electronic transitions.

600 ® WSisSeos Therefore, for the determination of direct band

o WS, art) gap only 3D model was used. According to this model,
] taking the value of r corresponding to direct allowed
400 | / transition from Table 3, the spectral variation of (ahv)?

(a) fem™1]

vs hv, as shown in Figure 7, was studied.

The value of E, obtained from the intercept of
the straight line, portion of the curve on the hv axis
for zero absorption is shown in Table 6.

For finding the value of the direct band gap
corresponding to direct forbidden transition on 3D
11 13 1.5 L7 1.9 model, the value of r was taken as 3/2 from Table 3.
Accordingly, the variation of (ahv)?/? vs hv was
considered. Since the intersection of the linear portion
Figure 5. (a) vs photon energy for the series WS,5e2_o of this graph with hv axis for zero absorption gave
unacceptably low value for the direct band gap Ej, it

Photon energy |(eV)

Taking the values of E; and E,; at room tempera-
ture from Table 4, the constants|Bgay, B2, Be1, Bez, 01

and 63 appearing in Equation 2 and similar constants | WS 5Seq.5
B!,,Bl,,B.,B.,;,61 and 6, appearing in Equation 6 -t
have been determined with the help of Equations 2 960 -t
and 6 taking the value of r for the three- and two- 1 -
dimensional models from Table 3. All these values are -,
presented in Table 5. T 760 |
For the determination of the direct band gap, E, %
on the basis of two-dimensional model, it is seen that £ ] WSSe
Equation 5 (with the value of r from Table 3) takes the T se0 | a~E,
form: = Eimn omEs
>~ Eum mmp E2
' 5 1 EE?- &
a=A'Shy - E,), = '
WSp.55e1.5
360 - WS,
and: =,
1 o e
— Al — 1 !
a=A'(hv — E,), WS’
160 T T 1 T 1] T l
for the allowed and forbidden type transitions, respec- 0.9 11 13 15 7
tively, where A’ is a constant jand the step function
S(hv —E,)=1for E> E; and S=0for E < E;. In Photon energy (V)
absence of a discrete step in the absorption spectrum, Figure 6. The spectral variation of the derivative
our results cannot be fitted to an equation correspond- 6(c)/6(hv) obtained by graphical differentiation of the
ing to a direct electronic transition on the basis of data presented in Figure 5.
Table 5. Constants of Equations 3 and 6.
Constant Three-Dimensional Model Constant Two-Dimensional Model
WSEg WSQ.5Sel,5 WSSe WSl'5Seo‘5 WSz WSez WSo_5Sel_5 WSSeWSI.5Se0.5 W52

Ber(em™1eV—2)(18648.8) 81391.1 |744716.8| 609776 .3 {1246830.5| B (cm~lev™2)|2216.8| 1029.6 [1082.2] 6068.8 |1259.1

Bal(cm_lev_2)95808.7 197277.2 |669156.7 ] 2244745.0 |7346683.0 B;l (cm_leV—z) 10643.6 7161.6 4527.3 3750.0 11433.3

Beo(em™1eV™2)|26560.1] 94402.5 [1146876.2| 1086184.6 [3132951.3\B., (cm™lev™2){3382.5] 1040.1 [2813.4] 42343 |1364.1

Baa(cm™teV™2)45580.5| 128502.2 [1085374.6] 1906508.6 [6328467.7|B!, (cm™lev™2)/6295.7| 2808.9 [5104.2| 7652.5 |4577.8

61(K) 662.58 494.59 288.61 180.46 271.46 91(K) 434.78 451.01 607.47 507.88 611.78

#2(K) 218.16 170.77 111.58 71.33 108.57 02(K) 172.98 191.06 167.65 169.15 186.20
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Figure 7. (ahv)? vs photon energy for the series
WSI Sez_x.

is conjectured that the direct transition represented by
absorption curve is direct allowed.

In order to see the effect of making tungsten
sulphoselenide rich in sulphur or selenium content
on the absorption spectra of tungsten sulphoselenide
(WSSe), the absorption spectra were obtained for
WSesz, WSq.5Se1.5, WS1.5Sep.5 and WS, in the spectral
range of 700 nm to 1450 nm. Similar to WSSe
values of ‘a’ were determined from the absorption
spectra at every interval of 2.5 nm and the spectral
variation of (ahv)'/? for single crystals of WSe,,
WSo.55e15, WS15Se0.5 and WS, is shown in Fig-
ure 2.

Graphical differentiation of the data presented
in this figure was carried out and the graphs of
6(ahv)'/? /§hv vs hv are shown in Figure 3.

In order to carry out the analysis represented in
Figure 2, on the basis of the two-dimensional model,
graphs of (a) vs hv for WSeg, WS[).f,Sel_s, WSl_g,Seo,g,
and WS, are shown in Figure 5.

The graphical differentiation of the data in this
figure is shown in Figure 6

The values of Ey, E;, E3 and E; indicating the
points of discontinuities in Figure 2, the values of
indirect band gap E} and the phonon energies E,; and
Ey» obtained in the manner similar to WSSe on the
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basis of the three-dimensional model are represented
in Table 4.

The values of Ey, E;, E3, Ey, E;(C) and E,(E),
the phonon energies F,; and E,; determined on the
basis of the two-dimensional model are also shown in
this table. The values of indirect band gaps obtained
from the extrapolations of the straight line portions of
the graphs in Figures 2 and 5 are also given in this
table.

Taking the values of E; and E, for WSe,,
WSg.55€1.5, WS 55e0.5 and WS, from Table 4, the con-
stants B,1, Baa, Be1, Bez, 61 and 85 on the basis of three
dimensional model and constants B.,, B.,, B/, B.,, 6,
and 62 on the basis of two-dimensional model for all
these compounds were estimated as before and the
results are represented in Table 5.

For the determination of the direct band gap
for sulphur deficient (i.e. WSey, WSg5Se;s) and
sulphur rich (i.e. WS;5Seqs, WSs) compounds in
WS, Se;_., the best fit for all the experimental points
was obtained in spectral variation of (ahv)? for the
case of three-dimensional model only. These curves for
WSeg, WSOA5881,5,W8145SQQ,5 and W52 are shown in
Figure 7.

The values of direct band gap E, obtained by
the extrapolation of the straight line portions in these
curves on hv axis for zero absorption are represented
in Table 6.

DISCUSSION

It is quite clear from the analysis of the absorption
data (based on three- as well as two-dimensional
models) presented above that both direct and indirect
symmetry allowed transitions give a good account of
the absorption edge in WSSe and sulphur deficient (i.e.
WSes, WSg.5Se15) and sulphur rich (i.e. WS; 5Seq.5,
WS3;) compounds of tungsten sulphoselenide. The fact
that analysis based on the two-dimensional model is
also able to provide a consistent explanation supports
the high anisotropic nature of these compounds and
suggests that two-dimensional behavior seems likely for
these compounds.

The values of direct and indirect band gaps for
the end members of the series, i.e. WSe, and WS,
agree with the results of earlier investigators shown in
Table 7.

The values for the middle compounds WS 5Se; 5,
WSSe and WS 5S¢ 5 are reported for the first time,

Table 6. Direct energy gaps for WS, Ses_, single crystals.

Model Value of E,4 in eV
WSez WS(),5S€145 WSSe Wsl,sseo,s WSz
Three-dimensional 1.45 1.58 1.65 1.74 1.80
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cal band gaps of WSe; and WS, obtained by different investigators.

Material Direct Band Gap(Eg) | Indirect Band Gap(Ej) | Investigators
eV eV
WSe, (single crystal) 1.37 1.219 [13,23,24]
155 [25]
1.16 26,27
1.57 1.40 28,29
1.775 30
WSes (thin film) 1.57 1.37 31
0.98 32
WS, (single crystal 1.78 1.34 [13,23,31,33,34]
1.77 29
WSs (thin film) 1.89 1.29 31

since such a detailed study of the absorption spectra is

not available in the literature. It

shown that the estimates of ¢

has been conclusively
he indirect band gaps

obtained from the extrapolations of the (ahv)!/? vs hv

and (a) vs hv curves, with the

zero absorption, match

with those obtained from the graphical differentiation

of the data.

A careful study of the data

presented in Tables 4

and 6 indicates that both direct as well as indirect
band gaps increase with an increase of sulphur content
in WS,Se,_. single crystals. For direct band gaps in
mixed III-V semiconducting materials, it is customary

as shown by van Vechten an

express the compositional depen

E(z) = E(0) 4 bz + ca?,

d Bergstresser [35] to
dent energy gap as:

where c is called the bowing parameter. For direct and
indirect band gaps in the present work, if E(z) is fitted
to this expression, the results shown in Table 8 will be

obtained.

‘Figure 8 shows the dependence on z of the direct

(Ey) and indirect (Ej) band

the basis of the three-dimens
E’ on z on the basis of two-dimensional

dependence of E;

gaps, respectively, on
onal model. Similar

model is represented in Figure 9, respectively.

In these figures, optical direct and indirect band
gaps of WS;Ses_, single crystals have been plotted
against = at 300°K. The curves are least squares fit

to:
E(z) = E(0) + bz + cx?.

The change
as indirect, with
no abrupt slope

respect to z

Table 8.

in energy gap, both direct as well

is smooth. There are

changes indicating that a different

¢ Direct band gap (Eg)
M Indirect band gap (E;)
1.8. .
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Figure 8. Graphs showing the dependence of the direct
(Eg) and indirect (E;) band gaps on z in WS:Sez—. on
the basis of three-dimensional model.

band maximum might be replacing that of WSe, as
z increases. Thus, it can be concluded that the band
edges are the same in all these compounds. There are
no changes in the nature of the valence band maximum
or conduction band minimum.

The increase in band gap with a rise of sulphur
content can be linked with increasing resistivity with z,
i.e. sulphur rich compounds in WS;Se;_, are more re-
sistive compared to sulphur deficient ones. The ability
to obtain a consistent analysis of the absorption data on
the two-dimensional model suggests that the material
tungsten sulphoselenide is highly anisotropic. The

Band gaps of WS.Ses_. for various values of z. (least-squares fit to) E(z) = E(0) + bz + cz’.
Model Band Gap T(K) Eo(eV) b(eV) c(eV)
Three-dimensional Direct (Eg) 300 1.44 0.256 -0.04
Indirect (E;) 300 1.04 0.422 -0.09
Two-dimensionalg Indirect (E;) 300 1.04 0.376 -0.07
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Figure 9. Graphs showing the dependence of the indirect
(E}) band gaps on z in WS;Sez_, on the basis of
two-dimensional model.

fact that the three-dimensional model also provides an
accurate analysis indicates the possibility of conduction
along the c-axis because of the presence of stacking
faults in these crystals.
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