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Electronic and optical properties of 2H -WSe2 intercalated with copper
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Physics Department, Indian Institute of Technology, Roorkee (Uttaranchal) 247667, India

~Received 25 November 2002; published 10 November 2003!

We have studied the electronic properties of 2H-WSe2 intercalated with Cu using the full-potential linear-
augmented plane-wave method as implemented in theWIEN97 code. Intercalating 2H-WSe2 with Cu changes
the electronic behavior from semiconducting to metallic. We present calculations of CuxWSe2 for x50.5 and
1.0. The copper-d partial density of states in CuxWSe2 is similar to that in pure copper. As in the case of
copper, the Cud bands are flat and lie 2–4 eV belowEF . Our calculations show that there is weak hybrid-
ization between the Cu states and W and Se states. We have also calculated the frequency-dependent dielectric
properties of CuxWSe2 with a view to ascertain the effect of copper intercalation on the optical properties.
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I. INTRODUCTION

During recent years, transition-metal dichalcogenides
groups IVB, VB, and VIB have received considerable atte
tion because of the great diversity in their physic
properties.1,2 2H-WSe2 , an interesting member of th
transition-metal dichalcogenide compound~TMDC! family,
is known to be a semiconductor with a measured indirect
of 1.2 eV, thus making it useful for photovoltaic and opt
electronic applications.3 Electrochemical devices based o
2H-WSe2 have been reported to possess conversion effic
cies up to 17%~Ref. 4!. 2H-WSe2 and its intercalation com
pounds are known for their remarkable stability agai
photocorrosion.5,6 2H-WSe2 has recently been a subject of
number of photoemission studies.7–10 In general, good agree
ment is found between theory and experiment, thereby le
ing support to calculational techniques based on the den
functional theory~DFT! using the local density approxima
tion ~LDA ! as well as the experimental techniques of t
angular-resolved and inverse angular-resolved photoemis
spectroscopy.

There exist a number of calculations of the electro
structure of 2H-WSe2 . Coehoornet al.7 used the augmente
spherical-wave~ASW! method. The valence-band maxim
~VBM ! was located atG and the conduction-band minim
~CBM! about midway in theGK direction, resulting in an
indirect gap of 0.35 eV. Travinget al.10 reported band calcu
lations based on the fully relativistic linear muffin-tin orbit
~RLMTO! and extended linear-augmented plane-wa
~ELPAW! methods. The RLMTO calculations put the VBM
at K ~the highest valence band atG is only 18 meV below the
Fermi energy!, and the CBM is also atK, giving a direct
band gap of 0.4 eV. Straubet al.8 and Finiteset al.9 reported
a full potential linear augmented plane-wave~FPLAPW! cal-
culation and showed that the VBM is located at the sixfo
degenerate pointK while the CBM lies midway along the
GK direction. This finding was supported by their own ph
toemission data. An energy gap of 0.8 eV was found
correction9 places the VBM atG at variance with their own
experimental data, but in agreement with other theoret
calculations. Sharmaet al.11 calculated the frequency
dependent anisotropic dielectric functione'(v) and e i(v)
corresponding to the electric field perpendicular and para
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to thec axis and compared their results with the experime
tal data.12–15

Interest in copper-intercalated TMDC has recently be
picking up. Kusawakeet al.16–18 have reported measure
ments of the diffuse x-ray intensity on the local arrangeme
of intercalated copper atoms in the layered CuxTiS2 com-
pounds withx varying from 0.13 to 0.37. Two kinds of dif-
fuse scattering, corresponding to 232 and )3)R30°
structures, are observed. They found that while the lat
constant~a! remains the same, the lattice constant~c! varies
with concentrationx increasing by 3% atx50.61. Using
x-ray structure analysis and the electron density distributi
they found that Cu atoms occupy the tetrahedral sites. T
reported different positions of the Cu atoms in the hexago
lattice depending on the concentration. A new spinal ph
for CuxTiS2 is also reported. Kleinet al.19 have reported a
photoemission study of barrier and transport properties
interfaces of Au and Cu on a 2H-WSe2 ~0001! surface. Patel
et al.20 have studied the intercalation of copper wi
2H-WSe2 using direct vapor transport techniques. From t
x-ray diffractogram, the lattice parameter and x-ray dens
for CuxWSe2 is obtained. They show that intercalatin
2H-WSe2 with copper makes it conducting and the condu
tivity increases with the copper concentration.

It is clear that even though some experimental work h
been done on the intercalated 2H-WSe2 , theoretical work in
this direction is almost nonexistent. We believe that our c
culation will, at least, start to fill this gap. As we have studi
2H-WSe2 earlier,11 a natural extension would be to study th
effect of intercalating 2H-WSe2 with Cu. In particular, our
calculations could throw light on the effect of intercalatio
on band structure, density of states, and optical properties
this paper we report calculations for the CuxWSe2 com-
pounds for x50.5 and 1. We compare our results wi
2H-WSe2 to ascertain the effect of copper intercalation
the electronic and optical properties.

In Sec. II we give details of our calculations. The ba
structure and density of states are presented and discuss
Sec. III. The frequency-dependent dielectric properties
given in Sec. IV, and Sec. V summarizes our conclusions

II. DETAILS OF CALCULATIONS

We have performed calculations using the FPLAP
method in a scalar relativistic version as incorporated in
©2003 The American Physical Society07-1
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WIEN97 code.21 We find from our previous work11 on WSe2
that the spin-orbit interaction has a minor influence on
optical properties. Hence we choose to neglect it in t
work. WSe2 crystallizes in the 2H phase @space group
P63 /mmc (D6h

4 )], the two W atoms are located at 2c sites
6~1/3,2/3,1/4! and the four Se atoms at 4f sites 6~1/3,2/
3,z!, 6~2/3,1/3,z-1/2!. As there are no crystallographic da
for CuxWSe2, we have taken the same crystal structure
2H-WSe2 . We have placed the Cu atom at one 2a site for
Cu1/2WSe2 and both 2a sites ~0,0,0! and ~0,0,0.5! for
CuWSe2. We have taken this cue from Coehoornet al.7 and
Travinget al.10 who placed two empty spheres at the 2a sites
to increase the packing fraction. Calculations are perform
at the experimental20 values of the lattice constantsa andc.
As can be seen from the atomic positions above, there is
one free structural parameterz ~also called the internal pa
rameter! that needs to be determined to obtain the comp
structural data. The experimental value ofz for 2H-WSe2 is
0.621~Ref. 11!, but no experimental values are available f
Cu-intercalated 2H-WSe2 . We have calculated the total en
ergies for various values ofz and taken the optimizedz value
to be the one corresponding to the minimum total energy.
obtainz50.623 and 0.622 for the Cu-intercalated 2H-WSe2
compounds. These values are close to the experimental v
of 0.621 for 2H-WSe2 and all are very close to the idea
value of 5/8. In Table I we collect all the structural param
eters used in our work. Self-consistency was obtained u
200 k points in the irreducible Brillouin zone~IBZ!, and the
BZ integration was carried out using the tetrahedr
method.22,23 The density of states and optical properties
calculated using 450k points in the IBZ, using the code
developed by Ambrosch-Draxlet al.24

III. RESULTS AND DISCUSSIONS

A. Band structure

Let us recall the main features of the band structure
2H-WSe2 ~Ref. 11!. The VBM is atG and the CBM is half
way betweenGK, resulting in an indirect gap of 1.2 eV. Th
band structure can be divided into three main groups.
lowest four bands are mainly Ses states, the bands betwee
27 and 0 eV, and the bands between 1 and 8 eV have
nificant contribution from Wd and Sep. The bands in the
higher-energy range have contributions from Ws, Sep, and
Sed states.

Figure 1~a! shows the band structure of Cu1/2WSe2 . The
conduction and valence bands are shifted towards lower

TABLE I. Experimental lattice parameters of CuxWSe2 for (x
50, 0.5, and 1.0!.

WSe2 Cu1/2WSe2 CuWSe2

a ~in Å! 3.282a 3.2818b 3.2818b

c ~in Å! 13.459a 13.0564b 13.0868b

z 0.621a 0.623c 0.622c

aReferences 16, 10.
bReference 21.
cOptimized.
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ergy by 1–1.5 eV with respect toEF compared to
2H-WSe2 . Once again, we see three distinct groups
bands~although more broadened! as in 2H-WSe2 . As a re-
sult of intercalation, there is an increase in the number of
bands just belowEF , which may be attributed to the Cud
states. Only one band cutsEF in the directionsGM , MK, and
KG, thus making Cu1/2WSe2 metallic. The increase in the
number of bands~compared to 2H-WSe2) above theEF is
due to the downward shift of the bands relative toEF .

In Fig. 1~b! we show the band structure of CuWSe2. The
conduction and valence bands are shifted towards the lo
energy~with reference to the Fermi energy! by further 1 eV
compared to Cu1/2WSe2 . As a result of intercalating more
copper, there is an increase in the number of flat bands
below EF , compared to Cu1/2WSe2 . The copperd bands lie
2–4 eV belowEF in both copper-intercalated compound
CuWSe2 is also metallic, with two bands now cuttingEF .
The bands cuttingEF have mainly Wd and Sep character
with a small amount of Cus character. We observe that th
second and third group of bands are more closer to e
other in Cu1/2WSe2 ~compared to 2H-WSe2) and almost
overlap in CuWSe2. One major difference between the ban
structure of Cu1/2WSe2 and CuWSe2 and 2H-WSe2 is the
splitting of the Ses states~more prominent in theMK direc-
tion!. In 2H-WSe2 and CuWSe2 all four Se atoms are of the
same kind~same symmetry! while in Cu1/2WSe2 the two Se
atoms are of one kind and the other two of the other kind.
call them Se1 and Se2. As a result of putting one Cu atom
one of the 2a sites, the symmetry changes and the four
bands split into two groups. This splitting is more promine
in the density of states@Fig. 2~a!#.

B. Density of states

Figure 2~a! shows the total density of states~DOS! along
with the Ses, Cud, and Wd partial DOS for Cu1/2WSe2 . We
see that the DOS displays the same four main structure
2H-WSe2 ~Ref. 11! with the difference that all the peaks a
shifted towards the lower energy by 1–1.5 eV with respec
EF . The origin of the structures is almost the same in
case of 2H-WSe2 . The two Ses states lie between217 and
214 eV, but the peak of the second Ses states is shifted
towards higher energies by around 0.5 eV with respect toEF
as shown in Fig. 2~a!. As mentioned above, the Ses states
are split into two peaks corresponding to Se1 and Se2.
second structures extending from29 to 21 eV are com-
posed of Wd and Sep states along with a significant contr
bution from the Cud states while Cus/p has an insignificant
contribution. In this region the peak heights are increa
over the values of 2H-WSe2 due to the Cud states. The Cu
d states extend from approximately 2–4 eV belowEF . The
Cud states in CuxWSe2 show the same structure and locatio
with respect toEF as in pure copper. We have calculated t
number of electrons inside the copper muffin-tin sphere
CuxWSe2 and this is same as in the case of pure cop
indicating that Cu has a very weak hybridization with the
and Se bands. The third structure extends from20.5 up to 5
eV and the fourth structure extends beyond 5 eV. Note t
there is no significant change in the third and fourth str
7-2
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FIG. 1. ~a! Band structure of Cu1/2WSe2 . ~b! Band structure of CuWSe2 .
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tures compared to 2H-WSe2 , except for the shift in the pea
position of 1–1.5 eV towardsEF . Our calculations indicate
that Cu1/2WSe2 is metallic. The density of states atEF ,
N(EF), is about 2.6~states/eV unit cell!.

The total DOS along with the partial Ses, Cu d, and Wd
for the CuWSe2 is shown in Fig. 2~b!. The DOS displays
four main structures with angular decompositions similar
Cu1/2WSe2 . The first structure~Ses states! now lies around
from 217.5 to 214.5 eV and shows structure similar
2H-WSe2 , a band narrowing compared to Cu1/2WSe2 and
the peaks shifted towards the lower energy by 1 eV. T
second structure from29.5 to 22 eV is composed of Wd
and Sep states along with a significant contribution from th
Cu d states while Cus/p has an insignificant contribution
The density of states atEF , N(EF), is about 4.8~states/eV
unit cell! and is larger than that for Cu1/2WSe2 . This seems
to indicate that CuxWSe2 is more conducting whenx in-
creases.

IV. OPTICAL PROPERTIES

Measurement of the dielectric properties is normally do
on single crystals. For compounds having hexagonal or
tragonal symmetry, the experiments are performed with e
tric vector EW parallel or perpendicular to thec axis. The
corresponding dielectric functions aree i(v) ande'(v). The
calculations of these dielectric function involve the ener
eigenvalues and electron wave functions. These are na
outputs of band structure calculations. We have perform
calculations of the imaginary part of the interba
frequency-dependent dielectric function using t
expressions25
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“vnn8~k!
,

e2inter
' ~v!5

6

mv2 E
BZ
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X
~k!u21uPnn8

Y
~k!u2#dSk

“vnn8~k!
.

The above expressions are written in atomic units w
e251/m52 and \51, wherev is the photon energy and
Pnn

X (k) is the x component of the dipolar matrix elemen
between initialunk& and finalun8k& states with their eigenval
ues En(k) and En8(k), respectively.vnn8(k) is the energy
difference,

vnn8~k!5En~k!2En8~k!,

andSk is a constant-energy surface:

Sk5$k;vnn8~k!5v%.

As the CuxWSe2 compounds are metallic, we must in
clude the Drude term~intraband transitions! ~Ref. 26!

e2
'~v!5e2inter

' ~v!1e2intra
' ~v!,

e2intra
' ~v!5

vP
'2t

v~11v2t2!
,

where vP is the plasma frequency andt is the mean free
time between collisions:

vP
'25

8p

3 (
kn

qkn
'2d~«kn!,
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where«nk is En(k)2EF andqnk
' is the electron velocity~in

basal plane! squared. Similar expressions for the paral
component can be written. The values ofvP

i and vP
' ob-

tained using the FPLAPW method are given in Table II. T
real parts e1

'(v) and e1
i (v) can be obtained using th

Kramers-Kronig relations.
Figure 3~a! showse2

'(v) ande2
i (v) for Cu1/2WSe2 . We

find thate2
'(v) ande2

i (v) are anisotropic only at low ener
gies ~less than 4 eV!. The effect of the Drude~intraband!
term is important only at low energies~less than 1 eV!. There
is one major peak around 1 eV~A! with a major contribution

FIG. 2. ~a! Total density of states~states/eV unit cell! with the
partial, Se1~light dotted line!, Se2~dark dotted line!, Cu d ~dark
dashed line!, and Wd ~light dashed line! DOS for Cu1/2WSe2 ~all
partial DOS are multiplied by 2!. ~b! Total density of states
~states/eV unit cell! with the partial Se~light dotted line!, Cu d
~dark dashed line!, and Wd ~light dashed line! DOS for CuWSe2
~all partial DOS are multiplied by 2!.

TABLE II. Plasma frequency in eV.

Cu1/2WSe2 CuWSe2

vP
i 1.53 4.69

vP
' 3.08 4.54
19510
l

e

from e2
i (v). This structure is not present in 2H-WSe2 and is

attributed to the change in band structure nearEF as a result
of intercalation. In comparison with 2H-WSe2 we observe
that all the other structures are shifted towards lower en
gies by around 2 eV. The minor peaks are around 3.0 eV~B!,
4 eV ~C!, and 6 eV~D!. It would be worthwhile to attempt to
identify the transitions that are responsible for the structu
in e2

'(v) ande2
i (v) using our calculated band structure. Th

main peak around 1 eV~A! is dominated by transitions from
band No. 22 to 23~from Sep to W d! in the GS and MK
directions, the peak around 3.0 eV~B! is dominated by tran-
sitions from band No. 21 to 24 aroundM, the peak around 4
eV ~C! is dominated by transitions from band No. 19 to 2
and from band No. 20 to 27 in theKG direction, and the
peak around 6 eV~D! from band No. 18 to 29 and band No
17 to 30 in theMK direction.

Figure 3~b! showse2
'(v) ande2

i (v) for CuWSe2. e2
'(v)

has major contribution in the low-energy range around 1
~A!. At energies beyond 3 eV~B! both polarizations contrib-
ute. We observe that at low energye1

i (v) is extremely large.
The peak around 1.5 eV~A! is dominated by transitions from
band No. 24 to 25 in theGM direction. The peak around 1.

FIG. 3. ~a! Calculatede2
i (v) ~light line! ande2

'(v) ~dark line!
for Cu1/2WSe2 . ~b! Calculatede2

i (v) ~light line! ande2
'(v) ~dark

line! for CuWSe2 .
7-4
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eV ~A! is dominated by transition from band No. 24 to 2
aroundK, and the peak at 3.5 eV~B! is dominated by tran-
sitions from band No. 23 to 27 and band No. 22 to 26 in
MK direction. The higher-energy peaks seem to become
distinct, almost merging with the background.

V. CONCLUSION

We have studied the electronic and optical properties
CuxWSe2 for (x50.5 and 1!. When intercalating with coppe
(x50.5) we find that the conduction and valence bands
shifted towards lower energies by 1–1.5 eV with respec
EF in comparison with 2H-WSe2 and this closes the gap a
EF , which indicates that Cu1/2WSe2 is metallic. The DOS at
EF , N(EF), is about 2.6~states/eV unit cell!. There is a
splitting of the Ses structure into two peaks due to symmet
breaking. When intercalating with more copper (x51) there
is a further shifting of the conduction and valence ban
towards the lower energies by 1 eV with respect toEF in
comparison with Cu1/2WSe2 . The DOS ofEF , N(EF), is
about 4.8~states/eV unit cell!. This seems to indicate tha
CuWSe2 is more conducting than Cu1/2WSe2 , in agreement
with the experimental work of Patelet al.20 Our analysis of
partial DOS indicates that Cud bands are very flat and con
y-
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tribute significantly to the DOS in the range 2–4 eV belo
EF , in the Cu-intercalated 2H-WSe2 compounds. The Cu
partial DOS in CuxWSe2 compounds is similar to the partia
DOS of pure copper in terms of bandwidth and location w
respect toEF . We find that Cu hybridizes weakly with the W
and Se states.

Our calculations of the optical properties shows that th
is a considerable anisotropy betweene'(v) and e i(v) for
CuxWSe2. Thee'(v) ande i(v) for Cu1/2WSe2 is different
from that of 2H-WSe2 in terms of peak heights and pea
locations. There is one large enhanced peak at around 1
while the other peaks are similar to those of 2H-WSe2 . In
CuWSe2 the low-energy peak is shifted to lower energi
and is much larger than the low-energy peak of Cu1/2WSe2
while the large energy peaks merge with the backgrou
There is no experimental optical data for Cu1/2WSe2 and
CuWSe2.
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