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Optical-absorption spectra of inorganic fullerenelike MS2 „M 5Mo, W…
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Optical-absorption spectroscopy of inorganic fullerenelike MoS2 and WS2 ~IF-MoS2 and IF-WS2! is reported
in the range 400–800 nm, at temperatures between 4–300 K, and compared to the corresponding bulk~2H!
material. A systematic study of the effect of IF size and number of atomic layers on the optical properties
shows that the semiconductivity of the layered material is preserved in the IF structures. Nevertheless, all IF
with number of layers (n).6 exhibit a decrease in theA andB exciton energies. This redshift becomes larger
as additional inner layers are formed, until a saturation value is reached (n.10). We assign this redshift to the
deformations, curvature, and discommensuration between adjacent atomic layers the structure must accommo-
date in order to form an IF structure. An increase in the exciton energies is observed in IF consisting of a few
sulfide layers (n,5). This blueshift is attributed to a quantum confinement in thez direction. Band-structure
calculations show that an expansion of.7% along thec axis leads to a convergence of the levelsK1 andK4 ,
which is displayed in the absorption spectra of IF with 1 or 2 layers.@S0163-1829~98!03111-7#
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INTRODUCTION

In analogy to graphite nanoclusters, it was suggested
the abundance of dangling bonds on the periphery of laye
metal dichalcogenidesMX2 ~whereM5Mo, W; X5S, Se!
nanoparticles destabilize their planar topology. This insta
ity was utilized for the synthesis of hollow cage structures
MX2 , including nested polyhedra, nanotubes and structu
with negative curvature, generically calledinorganic
fullerenelike material1,2 ~IF! ~see Fig. 1!. Subsequently, the
large-scale synthesis of IF-MS2 (M5Mo, W! powder has
been reported.3–5 The IF of metal dichalcogenides exhibit
variety of sizes and shapes and have been investigate
x-ray powder diffraction ~XRD!,3 scanning tunneling
microscopy6 ~STM!, and high-resolution transmission ele
tron microscopy~TEM!.3–5 The present work is the study o
the optical properties of these materials.

The physical and structural properties of crystalli
transition-metal dichalcogenides are reviewed by Wilson
Yoffe.7 Electronic band-structure calculations were p
formed for 2H-MX2 ~M5Mo, W; X5S, Se! and are re-
viewed by Doni and Girlanda.8 The present status of exper
mental evidence appears to favor the model proposed
Coehoorn and co-workers.9,10 They found that the lowest al
lowed transition is indirect and the two higher excitonic tra
sitions occur at theK point of the Brillouin zone. The optica
transition in 2H-MoS2 and 2H-WS2 are summarized in Table
I. The A andB excitons are assigned to transitions at theK
point of the Brillouin zone, withK4 andK1 being the initial
states, andK5 the final state.10 TheA andB splitting ~K4 and
K1! is due to interlayer interaction and spin-orbit splittin
The splitting values are 0.18 and 0.41 eV for 2H-MoS2 and
2H-WS2, respectively.
570163-1829/98/57~11!/6666~6!/$15.00
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Quantum confinement of carriers was also studied
transition-metal dichalcogenides. Their characteristic laye
structure leads to a quantization effect in thec axis ~perpen-
dicular to the layers! in ultrathin platelets14–16and to a quan-
tum size effect in nanoparticles,45 Å.17,18

This paper presents a comprehensive study of the op
properties of IF-MS2 materials. The optical-absorption me
surements show that the semiconductivity ofMS2 is pre-
served in the IF structure. Nevertheless, the position of thA
andB excitons are altered in comparison to the 2H bulk.
systematic study of the effect of IF size and number
atomic layers reveals that the position of the excitons is
pendent on the number of IF layers (n) rather than the par-
ticle size. All samples consisting of IF withn.6 exhibit a
redshift of the exciton energies, while all samples consist
of IF with n,5 exhibit a blueshift of the exciton energie
This paper contains the experimental results and a statis
analysis in order to estimate the error introduced to the sp
tra due to sample inhomogeneity. In the discussion we ar
the origins of the blueshift and the somewhat surprising r

FIG. 1. TEM micrograph of~a! typical IF-MoS2 particle, ~b!
typical WS2 nanotube. The distance between two fringes~MS2 lay-
ers! is 6.2 Å.
6666 © 1998 The American Physical Society
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shift. We also present band-structure calculations that d
onstrate the effect of the IFc-axis expansion on the optica
properties.

EXPERIMENT

IF-MoS2 and IF-WS2 were prepared from the respectiv
oxide precursor following published procedures3–5 and were
fully characterized by XRD and TEM. The proposed
growth mechanism4 consists of the reaction between H2S gas
and the top surface of the oxide nanoparticle (,150 nm) so
that a closed single or doubleMS2 layer is produced within a
few seconds. The sulfide layer prohibits fusion of the na
particles, and consequently the size of the IF particle is
termined by the size of the incipient oxide nanoparticle.
multaneously, the reducing atmosphere leads to pa
reduction of the oxide core into MoO2 or W20O58 (W18O49)
within a few minutes. The oxide core is progressively co
verted into the respective IF within 30–90 min of anneali
in H2S atmosphere. This procedure permits a very good c
trol over the number ofMS2 layers in the IF structure an
somewhat lesser control over the size distribution of
nanoparticles. Alkali-doped suboxide precursors were a
used and resulted in alkali intercalated IF-WS2 after sul-
fidization, which formed a stage-6 superlattice, and w
soluble in alcoholic suspensions.5 The concentration of the
alkali metal did not exceed a few percent (,5%) and there-
fore is not likely to affect the absorption spectra.13 Films
~,2000 Å thick! consisting of IF with diameters in the rang
of 150–1500 Å were prepared according to published pro
dures on either quartz substrates3,4 or tin-doped indium oxide
films.5

XRD ~Ref. 4! and Raman19 analysis revealed that the 2
structure of the unit cell is locally preserved within an
particle. Nonetheless, a shift of the XRD~0002! peak of the
IF phase indicates a lattice expansion of;2% between two
adjacentMS2 slabs along thec axis compared to the bulk 2H
polytype. This expansion is attributed to the strain in the b
layers and to discommensuration between layers of diffe
radii, i.e., different number of atoms.20 Moreover, XRD and
Raman measurements indicate that thea and b crystallo-

TABLE I. Optical transitions in 2H-MoS2 and 2H-WS2 at vari-
ous temperatures.

Material
Temp.

~K!

Indirect
band gap

~eV!

Direct
band gap

~eV!

A exciton
position

~eV!

B exciton
position

~eV!

2H-MoS2 300 1.2a 1.95b 1.88c 2.06c

150 1.90 2.10
75 1.91 2.11
25 1.91 2.11

2H-WS2 300 1.3d 2.05d 1.95d 2.36d

150 2.10 2.40
75 2.05 2.45
25 2.05 2.45

aRoom-temperature values corresponding to those of Ref. 10.
bRoom-temperature values corresponding to those of Ref. 12.
cRoom-temperature values corresponding to those of Ref. 13.
dRoom-temperature values corresponding to those of Ref. 11.
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graphic parameters of the IF do not differ from those of t
bulk 2H polytype. The alkali intercalated IF exhibited
c-axis expansion of;4%. Temperature-dependent~4.2–
300 K! XRD measurements revealed that the lattice contr
tion of the IF along thec axis upon cooling is similar to tha
observed for the 2H bulk material.21

Single-molecular-layer MoS2 has been prepared by exfo
liation of lithium-intercalated MoS2 powder in water.22–24

The structure of single-layer MoS2 in aqueous suspensio
has the octahedral coordination (1T), a structure that does
not exist in bulk MoS2. Furthermore, 1T-MoS2 was shown
to have a metallic character,25 rather than semiconducting 2H
polytype. In contrast, XRD and Raman scattering indic
that the single-layer IF-WS2 has the trigonal prismatic coor
dination, similar to that of the bulk 2H structure.

Optical-absorption spectra measurements over the ra
of 400–800 nm~1.6–3 eV! were carried out on films con
taining over 80% IF with a 10% size distribution. Standa
setup equipped with a tungsten lamp; double-grating mo
chromator~Jobin-Yvon HRD!; liquid-helium cryostat~TBT!,
and cooled photomultiplier~Hammamatsu RG942! was used.
The temperature was varied between 4.2 and 300 K. Car
background subtraction was performed. The accurate p
tion of theA andB excitons were deduced from the spec
by a Gaussian fitting.

RESULTS

After 3 min annealing of the molybdenum oxide film, th
particles of 350650 Å diameter consist of an oxide core an
a few closed sulfide layers (,10), as shown in Fig. 2~a!.
Subsequent annealing of 90 min leads to a complete con
sion of the oxide into an IF-MoS2 with many layers
(.10), as shown in Fig. 2~b!. The absorption spectra of th
same IF-MoS2 sample, after 3 and 90 min annealing~sul-
fidization!, are shown in curves 1 and 2 of Fig. 2~c!, respec-
tively. They are compared to the spectrum of 2H-MoS2 bulk
at the same temperature~25 K! @curve 3 of Fig. 2~c!#. Figure
2 reveals that the semiconductivity of the layered materia
preserved in the IF structures. Nevertheless, after 3 min
nealing, the energies of theA andB excitons are lower by 25
and 80 meV, respectively, compared to the 2H-MoS2 bulk
material. The additional annealing~90 min! did not influence
the average size of the IF but added more sulfide layers a
expense of the oxide core. However, the additional annea
leads to a further decrease of the exciton energy: 40 and
meV for theA and B exciton, respectively, compared wit
the bulk 2H material. A similar redshift of theA and B
exciton energies of IF-MoS2 has been observed at all studie
temperatures~4–300 K!. The same trend was observed in t
absorption spectra of an IF-WS2.1000 Å. After 6 min an-
nealing, in an alcoholic suspension at room temperature,
A andB excitons are 10 and 30 meV redshifted compared
the 2H bulk and are 1.94 and 2.33 eV, respectively. Furt
redshifts of 30 and 80 meV for theA andB excitons, respec-
tively, are observed upon further annealing for 120 min~the
A and B exciton positions are 1.91 and 2.25 eV, respe
tively!. Similar redshifts of theA and B excitons were ob-
served for all IF-MS2 samples with more than 6–7 layers
all detected temperatures. This decrease is consistent
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the smaller indirect gap measured for a single IF-MoS2 using
STM.6 To the best of the authors knowledge, the intrin
redshift in the absorption spectrum of nanoparticles is uni
and was not reported before.

In addition to the redshift of the excitons, a broadening
the peaks and a tailing of the absorption edge to lower e
gies is observed. These effects may be attributed, at l
partially, to the fairly large size and shape distribution of t
particles. Whether these effects are intrinsic to the IF p
ticles could be determined when the synthesis of the parti
is better controlled and more uniform samples are availa

Understanding the origin of the redshift in IF withn.6 is
not straightforward since redshifts are rare in nanometer-
materials. Smaller gaps are generally attributed to sub-ba
gap states that emanate from structural imperfections or e
dislocations.26 However, dislocations and impurities are e
pected to cause a nonsystematic band decrease. Further
the temperature dependence of the exciton energy in I
similar to that obtained for the excitons in the 2H crystal~see
Fig. 3!, verifying that the nature of the Wannier excitons
preserved, i.e., the excitons are not bound to dislocation
imperfections. In addition, careful elemental analysis did
reveal impurity levels higher than a few ppm.27 Intercalation
of the IF with a few percent of alkali-metal atoms did n
produce observable subband-gap states. All these facts
cate that the unique redshift observed in this study is inhe
to the topology of the IF structure with many shells.

FIG. 2. ~a! TEM micrograph of an IF-MoS2 sample after 3 min
annealing. The nanoparticles consist of an oxide core and a fe
layers (n,10). ~b! TEM micrograph of the same sample as in~a!
after 90 min annealing. The oxide is fully converted into
IF-MoS2 with many layers (n.10). The distance between tw
fringes~MoS2 layers! is 6.2 Å.~c! The absorption spectra at 25 K o
the above MoS2 samples: curves 1 and 2 are of the samples sho
in ~a! and ~b!, respectively. Curve 3 is the absorption spectrum
bulk 2H-MoS2.
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In order to study the influence of the IF size and numb
of sulfide layers (n), various IF-MS2 samples were studied
The absorption spectra of the IF show no dependence of
exciton energies on the size of the IF. Consequently,
conclude that IF with diameters in the range of 150–2000
do not exhibit a quantum size effect. Smaller IF (,80 Å) are
likely to exhibit a quantum size effect; unfortunately, the
are not available in sufficient quantities for such measu
ments. A carrier confinement parallel to the layers is n
expected, due to the relatively small exciton radius in thexy
direction,28 and the~effectively infinite! closed shells of the
IF structure. However, we find the IF absorption spectra
be strongly dependent on the number of sulfide layers in
IF. In addition to the already mentioned redshift in the po
tion of the A and B excitons obtained for IF withn.6, a
blueshift has been observed for all samples consisting o
particles withn,5, independent of their diameter. The blu
shift of the exciton energies is attributed to a carrier confi
ment in the direction parallel to thec axis ~z direction! simi-
lar to the quantum effect observed inMS2 thin films.15

It is necessary to estimate the error introduced in the c
rent measurements due to sample inhomogeneity. Fiftee
samples, 7 IF-MoS2 and 8 IF-WS2, are analyzed statistically
The distribution of the number of sulfide layers is determin
by TEM for each sample. The positions of the excitons
measured for each sample in the range 4–300 K. The shi
the position of an exciton compared to the 2H bulk is calc
lated at all detected temperatures. The final shift is de
mined by averaging the shifts calculated at the different te
peratures. Table II includes the distribution of the number
layers (n) and theA andB exciton energy shift of the 15 IF
samples~1 blueshift,2 redshift, relative to the bulk!.

Table II reveals a dependence of the optical spectra of
IF on the number of sulfide layers. Therefore, IF with t
samen are expected to exhibit similar energy shifts rega
less of their size~diameter!. By comparing the shifts ob-
tained for samples with the samen in Table III the error of
the energy shift is estimated. From the data presented
Table III, we estimate the total experimental error of t

IF

n
f

FIG. 3. The temperature dependence~4–300 K! of theA andB
excitons of MoS2 samples shown in Fig. 2. TheA andB mark the
A andB excitons, respectively: curves 1A and 1B are of the sample
shown in Fig. 2~a!. Curves 2A and 2B are of the sample shown in
Fig. 2~b!. Curves 3A and 3B are of the 2H-MoS2 bulk material. The
y-axis error bar is610 meV as determined from Table III.
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energy shift to be<610 meV, of which about 1 meV is an
instrumental error while the rest comes from the sample
homogeneity~size, structure, and distribution of the numb
of layers!.

Figure 4 presents the dependence of theA andB exciton
shifts as a function of the IFn for the 15 samples listed in
Table II. Thex-axis error bar is the distribution of the num
ber of layers determined with the TEM for each sample. T
y-axis error bar is610 meV as determined from Table II
Figure 4 suggests a discrimination into four different regim
for the dependence of the energy shift onn. For n.10 a
fairly constant redshift is obtained. As mentioned earlier,
redshift is inherent to the topology of the IF structure.
with 6,n,10 still exhibit a redshift, although this shift de
creases with decreasingn. In the regime of 5,n,7 there is
a crossover from a redshift to a blueshift. Forn51 or 2, the
B exciton is again redshifted.

DISCUSSION

To study the quantum effect in the direction perpendicu
to the S-M -S layers, Consadori and Frindt15 followed the
behavior of theA exciton ground-state energy~exciton bind-
ing energy'50 meV!, in ultrathin films of 2H-WSe2 of
thickness 13,Lz,500 Å. In the range 80–500 Å (12,n
,90), the exciton energy was independent of the film thi
ness. A linear dependence of the exciton energy on 1/Lz

2 was

TABLE II. Diameter and distribution of the number of sulfid
layers, as determined by TEM, and theA and B exciton energy
shifts for 15 IF samples.

IF Material
IF diameter

~Å!
Number of
layers (n)

A exciton
shift ~meV!

B exciton
shift ~meV!

IF-MoS2 2000 5–6 115 230
IF-MoS2 250 5–10 225
IF-MoS2 300–400 6–10 215 235
IF-MoS2 200–400 10–15 215 260
IF-MoS2 250 15–20 240 2100
IF-MoS2 1000–2000 20–25 240 2100
IF-MoS2 700–800 20–25 230 290
IF-WS2 175–200 1–2 150 210
IF-WS2 600–700 1–2 150 240
IF-WS2 125–150 3–5 155 160
IF-WS2 200–250 4–6 150 110
IF-WS2 500–600 5–7 145 220
IF-WS2 .700 5–8 225 225
IF-WS2 1500–2000 10–15 240 2100
IF-WS2 .700 10–15 245 2100

TABLE III. A andB exciton energy shifts of IF samples with
similar number of layers.

IF material
Number of

samples
Number of
layers (n)

A exciton
shift ~meV!

B exciton
shift ~meV!

MoS2 2 20–25 23565 29565
MoS2 2 5–10 22065
WS2 2 10–15 242.562.5 210060
-
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s

e
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found in the thickness range 40–70 Å (6,n,11) attributed
to a quantization effect in thez direction:

DEg'
p2\2

m iLz
2 , ~1!

where Eg is the band gap andm i is the exciton effective
mass in the direction parallel to thec axis. For platelets less
than 40 Å thick, the shift of theA peak with thickness is
much weaker and cannot be accounted for by Eq.~1!. Ac-
cordingly, in Fig. 5, theA and B exciton energies of
IF-MoS2 and IF-WS2 are plotted versus 1/Lz

2 (Lz

5n36.3 Å) at 25 K. In sharp contrast to the 2H-WSe2 thin
films studied by Consadori and Frindt,15 here thick films
~500–1500 Å! consisting of nanoparticles,1500 Å ~IF!, but
with various ‘‘shell’’ thicknesses are measured. Figure 5
veals two important results:~1! a linear dependence of th
excitons’ energies on 1/Lz

2 was found also for IF material in
the ~shell! thickness range 35–80 Å (6,n,12, 0.15

FIG. 4. The dependence of theA andB exciton shifts on the IF
n for the 15 samples listed in Table II. Thex-axis error bar repre-
sents the distribution of the number of layers determined with
TEM for each sample. They-axis error bar is610 meV as deter-
mined from Table III.

FIG. 5. Plot of theA and B exciton energies of IF-MoS2 and
IF-WS2 vs 1/Lz

2. The m andd represent the data for theA andB
excitons of IF-MoS2, respectively; the3 and. show the data for
theA andB excitons of IF-WS2. Thej represent theA exciton of
2H-WSe2 at 77 K ~Ref. 15!.
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,1000/Lz
2,0.75) similar to that found in thin films.~2! For

IF with Lz.80 Å (n.10), the excitons’ energies are thick
ness independent and saturate at a constant value, whi
smaller than the exciton energies obtained for the co
sponding single crystals~as mentioned earlier!. For IF-MoS2
~value for 2H in parentheses! at room temperature, theA
exciton value is 1.82~1.88! and theB exciton value is 1.95
~2.06! eV. For IF-WS2 at room temperature theA exciton
position is 1.91~1.95! and theB exciton is shifted to 2.26
~2.36! eV. For both IF-MoS2 and IF-WS2, the difference
between theA exciton energy of the IF and the 2H polytyp
is smaller than that obtained for theB exciton.

Substituting the parameters from the linear part of Fig
into Eq. ~1!, it is possible to calculate the values ofm i

A and
m i

B . The calculated reduced masses parallel to thec axis for
IF-MoS2 at 25 K are 0.92m0 and 1.33m0 , wherem0 is the
free-electron mass. These values are smaller thanm i

A andm i
B

of 2H-MoS2 at 77 K ~Refs. 10 and 28! ~m i
A51.28m0 and

m i
B54.10m0!. Since the exciton radius is inversely propo

tional to the exciton mass, theA andB exciton radii of the IF
‘‘polytype’’ are larger than the corresponding values in t
2H material in thez direction (ic) and exceed the thicknes
of a single layer. To calculate the mean reduced massesm0

A

andm0
B of the IF-MoS2 using the calculated values ofm i

A and
m i

B for IF-MoS2, Eq. ~2! is used:29

1

m0
5

1

3 S 2

m'

1
«'

« im i
D , ~2!

where«' and « i are the dielectric constants perpendicu
and parallel to thec axis, respectively. The IF dielectric con
stants used in the calculation are those of the correspon
bulk material ~«'56.76 and« i52.74 for 2H-MoS2!.

29,30

Since there is no quantization in the direction perpendicu
to thec axis, it is assumed that the values ofm'

A andm'
B for

the IF-MoS2 are similar to those of 2H-MoS2 @m'
A

50.31m0 , m'
B50.99m0 ~Ref. 10!#. The calculated mean

reduced masses at 25 K for IF-MoS2 and 2H-MoS2 ~in pa-
rentheses! are m0

A50.32m0 (m0
A50.35m0) and m0

B

50.75m0 (m0
B51.14m0).31 These results indicate that th

B exciton is more perturbed by the formation of the IF stru
ture than theA exciton. Consequently, it is evident that
addition to the shrinkage of the band gap of the IF compa
to the 2H polytype, the exciton parameters~reduced mass
and radius! are also changed. These results suggest a fur
investigation into the effect of the curvature on the excito
in layered materials~‘‘bent exciton’’!. Such a model has no
been discussed theoretically or experimentally in the lite
ture to the best of the authors knowledge.

In correspondence to the observed lattice expansion
;2 – 4 % between two adjacentMS2 slabs along thec axis,
a set of band-structure calculations was done where the
tance between adjacentMS2 slabs is increased by 0%, 4%
and 7%. The band structure was calculated by the full po
tial linear muffin-tin orbitals procedure.32 The influence of
the lattice expansion is seen in some band dispersions
attention is focused on the smallest direct gap at theK point,
especially theK1 and K4 exciton initial states, as shown i
Fig. 6. When thec axis expands, a decrease in the splitting
K1 and K4 occurs, until at 7% expansion the two ban
is
-
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become degenerate. An expansion of the interlayer~van der
Waals! gap by 7% is equivalent to a two-dimensional~2D!
single-layer model that becomes evident upon compa
these results with the band-structure calculation for a sin
S-Mo-S sandwich performed by Kobayashi and Yamauch33

using the linear combination of atomic orbitals method. T
convergence ofK1 andK4 into one band occurs by lowerin
the energy of theK4 band~the A exciton initial state!, and
increasing the energy of theK1 band ~the B exciton initial
state!. Therefore, this process should come into view a
blueshift of theA exciton and a redshift of theB exciton,
until, for a single layer, the two peaks coincide. Indeed,
increase in theA exciton energy and decrease in theB exci-
ton energy are observed for three samples consisting of I
nanotubes withn51 or 2 as shown in the inset of Fig. 6
Although this increase and decrease of theA andB exciton
energies is observed only when the system approaches a
2D structure, the interaction between adjacent layers sho
be taken into account when studying the top of the vale
band.

Since the number of atoms in a layer increases with
radius, the layers cannot be fully commensurate. This per
bation of the crystal structure cannot be described by X
measurements since it is not periodical. A somewhat an
gous case exists for 3R-MoS2 where displacement of the
adjacent layers leads to a larger unit cell than that of
polytype. The 2H and 3R polytypes differ in the way the
layers are stacked. In the hexagonal~2H! packing the stack-
ing sequence of the layers isAbA, BaB,..., while the stack-
ing sequence isAcA, CbC, BaB,... in the rhombohedral
(3R) polytype. A comparison of the absorption spectrum
3R-MoS2 to that of the 2H-MoS2 shows minor differences
but theA andB excitons of the former have been shifted
lower energies by 10 and 62 meV, respectively.7,34 Note that
in analogy to the IF, the redshift of theB exciton is substan-
tially greater than the redshift of theA exciton ~see Fig. 3!.
Therefore, it is believed that the discommensuration of ad
cent layers can be the source of the band-gap shrinkage

CONCLUSIONS

In conclusion, although IF-MS2 preserve the semiconduc
tivity of the bulk material even for a single-layer IF, the ban

FIG. 6. Electronic band-structure calculation of a set
2H-MoS2 where the distance between adjacentMS2 slabs is in-
creased by 0%~– – –!, 4% ~- - -!, and 7%~—!. Inset: Absorption
spectra at 25 K of~a! 2H-WS2 bulk, ~b! IF-WS2, ;700 Å diameter,
with 1–2 layers.
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gap is decreased compared to the bulk material. The shr
age of the gap becomes larger as additional inner layers
formed at the expense of the oxide core, until a satura
value is reached and the gap is no longer affected (n.10).
We assign this redshift to the deformations, curvature,
discommensuration between adjacent atomic layers
structure must accommodate in order to form an IF. An
crease of the gap is observed in IF consisting of a few sul
layers. This blueshift is attributed to a quantum confinem
in the z direction and is quantitatively described by a mod
similar to the one used for the absorption spectra of ultra
platelets of the 2H polytype. Although the studied IF do n
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have a single defined structure and size, the unique com
nation of redshift and blueshift in the absorption spectra
promising both for the study of structure-properties relatio
ship and for tuning the optical properties for specific app
cations, e.g., for photocatalysis.
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