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Band Gap Determination of Copper Doped Tungsten
Diselenide Single Crystals by Optical Absorption Method
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Abstract Absorption spectrum of copper (Cu) doped WSe, (% of Cu = 0.0, 0.5, 1.0) single crystals were obtained in the
range 700 nm to 1450 nm. The energy gap and phonon energies were determined for the crystals from the spectrum using two
and three dimensional models. This study reflects that indirect transition is dominant in these crystals. On the basis of three
dimensional models it was not possible for us to decide whether the indirect inter-band transition is forbidden or allowed type.
Hence, different plots were made for two dimensional models, which showed that indirect forbidden transition holds accu-
rately for this sample whereas indirect allowed type transition is not valid. The phonon energies calculated for these samples
corresponds to the energies associated with optical phonons. The obtained results are discussed in details in this paper.
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1. Introduction

The layered transition metal dichalcogenides (TMDC’s)
having general equation MX, (M-transition metals like Mo,
W, Zr, Nb, Ta, etc. and X — chalcogens like S, Se & Te) in
single crystals and thin films form have been used in fabri-
cating high efficiency solar cells, rechargeable batteries and
high temperature solid lubricants[1-4]. The TMDC semi-
conductors are of interest in solar energy conversion due to
the regular arrangement of structural lattice with cations and
anions[1]. Of the TMDCs, WSe; is a semiconductor with a
bandgap in the range of 1.2 - 2 eV, depending on how the
nonstoichiometry differs from the ideal W:Se ratio of 1:2[5].
The WSe, is a black or gray color odorless material, pos-
sessing good thermal stability and a high melting point[6].
The high optical absorption, layered type of arrangement
between cations, high resistance against photocorrosion and
matching bandgap makes WSe, a potential candidate for
photoelectrochemical conversion and photovoltaic solar
energy conversion. WSe, has been used in a number of
technologies such as high temperature solid lubrication and
rechargeable batteries[7-8]. The WSe, structure is charac-
terized by a stacking of two-dimensional sandwich units
(Se-W-Se) along the c-axis separated from each other by the
so-called Van der Waals gap, the Se atoms forming the outer
hexagonal dense planes[1]. The band gap of these materials
plays an important role for its application hence it becomes
necessary to determine it accurately.
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Herein, the authors report detailed study on determination
of band gap of WSe, single crystals having copper doped
with three different percentage viz % of Cu = 0.0, 0.5, 1.0.
The optical absorption technique was employed to determine
the phonon energies and indirect transition in the crystals.

2. Experimental Methods

The absorption spectra for the different concentration of
Cudoped WSe, (% of Cu=0.0, 0.5, 1.0) single crystals were
obtained using UV-VIS-NIR Shimadzu Spectrophotometer
in the range 700 nm to 1450 nm as shown in Figure 1(a, b, ¢)
respectively. Single crystals grown in thin flakes of ap-
proximately 0.35 pum thickness were pasted on a thick black
paper with a cut exposing the crystal flake to the incident
light. The reference used is a replica of the black paper,
having the cut in exactly the same position as the crystal
flake.

(a)



mailto:sunilchaki@yahoo.co.in

150 M. P. Deshpande et al.: Band Gap Determination of Copper Doped Tungsten Diselenide Single Crystals by
Optical Absorption Method
70 250
(b)
(b)
oy 200
5.0
a5 Q 150
<4.0 F‘_‘E’
3.5 =
—100
3.0
2.5 E3 E4
2.0 » E l v
1.5
= & /—""
0.5 “l] 125 13 133 14 i 143 13
0.0 L i 2 & . E (ev)
700 800 900 1000 1100 1200 1300 1400 1450
NM
7.0 13
©)
6.5 (c) 160 (
a0 140
55
5.0 | 120
o= L
4.0 —>~
35 E&J
< E4
3.0 “0
20
1.5 20 Ell I 4
1.0 " __!'.-n/
0.5 11 113 12 123 13 135 14 rl.‘i 13
0.0 ‘ E (eV)

700 800 o e e Figure 2. (a, b, ¢) Plot of (ahv)" versus E (eV) for different % of
Figure 1. Absorption spectra for copper doped WSe, single crystals, % of ~ “OPPeT .(Cu) doped WSe; single crystals, % of Cu (a) 0.0 (b) 0.5 and (c) 1.0
Cu () 0.0 (b) 0.5 (c) 1.0 respectively respectively

14
(a)
3. Results and Discussion - s
10 /
In order to analyze the results from these spectra in the g
vicinity of the absorption edge, values of absorption coeffi- qs
cient ‘o’ were determined at every step of 2.5 nm individu- _E(
ally for all samples. Then these absorption spectra were = E4
analyzed on basis of already reported[9 - 11] three and two * 2 E3 :
dimensional models. Figure 2 (a, b, ¢ ) and Figure 3 (a, b, c) . E} )
shows the variation of the quantities (ahv)"® and (ahv)"?
versus hv for different % of Cu doped WSe, (% of Cu =0, ' 113 12 125 13 15 14
0.5, 1.0) single crystals respectively. E (V)
T 350
st (a) o (b)
300
4 250
5 200
Z e S
S =
._'2 Ez l -gllo
E1 ‘ -100
v E2 E3 E4
! // 30 E1
0 1 0 T
11 115 12 125 132 135 14 145 12 125 13 133 14 143 15
E (eV) E (eV)




American Journal of Materials Science: 2011; 1(2): 149-153 151

300 -

(©)

12 125 13 135 14 143 15

E (eV)

250 T

(b)

200

150

(o2

100

E4
E2 E3 |
50 w
Ef. J
ot
12 125 13 135 14 145 1s

E (eV)

Figure 3. (a, b, ¢) Plot of (ahv)"? versus E (eV) for different % of
copper (Cu) doped WSe; single crystals, % of Cu (a) 0.0 (b) 0.5 and (c) 1.0
respectively

All these plots of Figure 2 and Figure 3 shows broken
straight lines which indicates that the inter-band transition is
associated with absorption and emission of two phonons.
The knees indicated by E,, E,, E; and E, indicate the begin-
ning of the following processes respectively: absorption of
1* phonon, absorption of 2™ phonon, emission of 2™ phonon
and emission of the 1* phonon. From above results, it is clear
that Cu doped WSe, (% of Cu = 0.0, 0.5, 1.0) single crystals
exhibits an indirect inter-band transition near the funda-
mental absorption edge with two independent phonons. On
the basis of three dimensional model, it is not possible to
decide if the indirect inter-band transition is of the forbidden
or allowed type. As observed from Figure 2 (a, b, ¢) and
Figure 3 (a, b, ¢) both types seem to be probable.
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Figure 4. (a, b, ¢) Plot of ()" versus E (eV) for different % of copper
(Cu) doped WSe; single crystals, % of Cu (a) 0.0 (b) 0.5 and (c) 1.0 re-
spectively
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Figure 5. (a, b, ¢) Plot of a versus E (eV) for different % of copper (Cu)

doped WSe; single crystals, % of Cu (a) 0.0 (b) 0.5 and (c) 1.0 respectively

Since discontinuity in steps is not being observed as seen
in Figure 5 (a, b, c) therefore the two dimensional indirect
allowed transition is excluded. In order to make an accurate
determination of the points of discontinuities in Figure 2 (a, b,
c), Figure 3 (a, b, ¢) and Figure 4 (a, b, c), author has fol-
lowed the method adopted by[10-11].

The values of E;, E,, E;, and E, indicate the points of
discontinuities in the plots of Figure 2 (a, b, ¢), Figure 3 (a, b,
¢) and Figure 4 (a, b, ¢) respectively. The indirect energy gaps
obtained from these values of E4, E,, E; and E, are given by
E+E, E,+E,

E, (1
€ 2 2
and the phonon energies are given by
— E,.—FE
o1 =—E4 2 andE ,, =3 2 )

These calculated values are given in Table 1, Table 2 and

Table 1.

Table 3 for all the samples.

The values of E, can also be obtained from the intersec-
tion of the linear portion of the graphs in Figure 2 (a, b, c),
Figure 3 (a, b, ¢) and Figure 4 (a, b, c) with the energy axis for
zero absorption which are given in Table 1 and Table 2
which has close resemblance with the value obtained by
expression (1).

For the determination of the direct band gap (E,) using
three dimensional model, we plotted variation of (ahv)* vs
hv and (ahv)*? vs hv for Cu doped WSe; (% of Cu = 0.0,
0.5, 1.0) single crystals for allowed and forbidden transitions.
This did not give a good account of absorption edge in our
case and hence are excluded and hence figures are not
shown.

Thus according to the two dimensional model the indirect
transition is confirmed to be forbidden type for Cu doped
WSe, (% of Cu= 0.0, 0.5, 1.0) single crystals. The value of
indirect band gap lies between 1.33 eV to 1.44 eV (Table 2)
for the Cu doped WSe, (% of Cu = 0.0, 0.5, 1.0) single
crystals by extrapolation. Similarly the values of indirect
band gaps lies between 1.29 eV to 1.39 eV by energy step
functions as shown in Table 1 and Table 2 respectively and
are having very close resemblance with those determined by
extrapolation. These results are matching with those reported
by various workers[14-19]. This variation in indirect band
gap might be occurring because of copper doping in host
WSe, material.

The values of phonon energies calculated are shown in
Table 3 and indicates variation from 8.5 meV to 23.5 meV
for Cu doped WSe; (% of Cu = 0, 0.5, 1.0) samples and
matches closely with the value of optical mode phonon en-
ergies at the centre of Briollouin zone as obtained by[20-21].

Values of indirect band gap obtained using two dimensional model for Cu doped WSe; (% of Cu= 0.0, 0.5, 1.0) single crystals

Table 2. Values of indirect band gap obtained using three dimensional model for Cudoped WSe, (% of Cu= 0.0, 0.5, 1.0) single crystals

% of Copper in WSe, | Type of transition E’y(eV) E*, (eV) E, E, E; E4
0.0 Allowed 1.37 - - - - -
0.5 ( Step Function ) 1.44 - - - - -
1.0 p 144 - - ; ; -
0.0 1.36 1.29 1.24 1.28 1.33 1.34
0.5 Forbidden 1.44 1.39 1.36 1.39 1.41 1.43
1.0 1.44 1.39 1.36 1.39 1.41 1.43

% of Copper in WSe, | Type of transition | E’,(eV) | E*,(eV) E; E, E; E,4
0.0 Allowed 1.35 1.30 1.24 1.28 1.32 1.35
0.5 (Step Function ) 1.44 1.40 1.36 1.39 1.41 1.43
1.0 1.44 1.40 1.36 1.38 1.41 1.43
0.0 1.33 1.29 1.24 1.27 1.32 1.35
0.5 Forbidden 1.44 1.39 1.37 1.39 141 1.43
1.0 1.44 1.38 1.32 1.39 1.41 1.43

E'g — Values of indirect band gap obtained from extrapolation.
E*gﬂ Values of indirect band gap obtained from energy step functions.

Table 3. Values of phonon energy of Cu doped WSe; (% of Cu=0, 0.5, 1.0) single crystals

% of Copper in WSe, Ep (meV) Ey» (meV)
0.0 53.5 23.5
0.5 33.5 8.5
1.0 36.0 8.5
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4. Conclusions

Determination of band gap by optical absorption method
for Cu doped WSe, (% of Cu = 0.0, 0.5 and 1.0 ) single
crystals reflects that from three dimensional model it is dif-
ficult to predict whether the indirect transition is forbidden or
allowed type whereas two dimensional model confirms the
indirect transition to be forbidden type.
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