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Optical-absorption spectra of inorganic fullerenelike MS, (M =Mo, W)
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Optical-absorption spectroscopy of inorganic fullerenelike Max®l WS (IF-MoS, and IF-WS) is reported
in the range 400—-800 nm, at temperatures between 4-300 K, and compared to the correspondid) bulk
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 layersif)>6 exhibit a decrease in thee andB exciton energies. This redshift becomes larger
as additional inner layers are formed, until a saturation value is reachetlQ). 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 1<5). This blueshift is attributed to a quantum confinement inzlérection. Band-structure
calculations show that an expansion~e? % along thec axis leads to a convergence of the lev¢lsandK,,
which is displayed in the absorption spectra of IF with 1 or 2 lay[36163-1828)03111-1

INTRODUCTION Quantum confinement of carriers was also studied in
transition-metal dichalcogenides. Their characteristic layered
In analogy to graphite nanoclusters, it was suggested tha&tructure leads to a quantization effect in thexis (perpen-
the abundance of dangling bonds on the periphery of layeredicular to the layersin ultrathin platelet§*~*°and to a quan-
metal dichalcogenideM X, (whereM=Mo, W; X=S, S¢  tum size effect in nanoparticles45 A.*"18
nanoparticles destabilize their planar topology. This instabil- This paper presents a comprehensive study of the optical
ity was utilized for the synthesis of hollow cage structures ofproperties of IFM S, materials. The optical-absorption mea-
M X, including nested polyhedra, nanotubes and structuresurements show that the semiconductivity MfS, is pre-
with negative curvature, generically callethorganic  served in the IF structure. Nevertheless, the position ofthe
fullerenelike materidt? (IF) (see Fig. 1 Subsequently, the andB excitons are altered in comparison to the 2H bulk. A
large-scale synthesis of IMS, (M=Mo, W) powder has systematic study of the effect of IF size and number of
been reported=® The IF of metal dichalcogenides exhibit a atomic layers reveals that the position of the excitons is de-
variety of sizes and shapes and have been investigated endent on the number of IF layems)(rather than the par-
x-ray powder diffraction (XRD),® scanning tunneling ticle size. All samples consisting of IF with>6 exhibit a
microscopy (STM), and high-resolution transmission elec- redshift of the exciton energies, while all samples consisting
tron microscopy(TEM).3=® The present work is the study of of IF with n<5 exhibit a blueshift of the exciton energies.
the optical properties of these materials. This paper contains the experimental results and a statistical
The physical and structural properties of crystallineanalysis in order to estimate the error introduced to the spec-
transition-metal dichalcogenides are reviewed by Wilson andra due to sample inhomogeneity. In the discussion we argue
Yoffe.” Electronic band-structure calculations were per-the origins of the blueshift and the somewhat surprising red-
formed for 2HMX, (M=Mo, W; X=S, Se¢ and are re-
viewed by Doni and Girland&The present status of experi-
mental evidence appears to favor the model proposed by
Coehoorn and co-workePs® They found that the lowest al-
lowed transition is indirect and the two higher excitonic tran-
sitions occur at th& point of the Brillouin zone. The optical
transition in 2H-Mo$ and 2H-WS are summarized in Table
I. The A andB excitons are assigned to transitions at khe
point of the Brillouin zone, withK, andK; being the initial a
states, antKs the final stat¢® The A andB splitting (K, and
K) is due to interlayer interaction and spin-orbit splitting.  FIG. 1. TEM micrograph of(a) typical IF-MoS, particle, (b)
The splitting values are 0.18 and 0.41 eV for 2H-M@®d  typical WS, nanotube. The distance between two fringéss, lay-
2H-WS,, respectively. erg is 6.2 A.
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TABLE I. Optical transitions in 2H-Mogand 2H-WS at vari-  graphic parameters of the IF do not differ from those of the
ous temperatures. bulk 2H polytype. The alkali intercalated IF exhibited a
c-axis expansion of~4%. Temperature-depende(t.2—
300 K) XRD measurements revealed that the lattice contrac-
tion of the IF along the& axis upon cooling is similar to that

Indirect Direct A exciton B exciton
Temp. band gap band gap position position

Material (&) V) V) (eV) V) observed for the 2H bulk materi&l.

2H-MoS, 300 1.2 1.9% 1.8¢ 2.06° Single-molecular-layer Moshas been prepared by exfo-
150 1.90 2.10 liation of lithium-intercalated Mo$ powder in watef>=2*
75 1.91 211 The structure of single-layer M@Sn aqueous suspension
25 1.91 2.11 has the octahedral coordinationT)l, a structure that does

2H-WS, 300 1.3 2.04 1.95 2.3¢ not exist in bulk Mo$. Furthermore, T-MoS, was shown
150 2.10 2.40 to have a metallic charactétrather than semiconducting 2H
75 2.05 2.45 polytype. In contrast, XRD and Raman scattering indicate
25 205 245 that the single-layer IF-Wshas the trigonal prismatic coor-

dination, similar to that of the bulk 2H structure.
®Room-temperature values corresponding to those of Ref. 10. Optical-absorption spectra measurements over the range

bRoom-temperature values corresponding to those of Ref. 12.  of 400—800 nm(1.6—3 eV} were carried out on films con-

‘Room-temperature values corresponding to those of Ref. 13.  taining over 80% IF with a 10% size distribution. Standard

9Room-temperature values corresponding to those of Ref. 11.  setup equipped with a tungsten lamp; double-grating mono-
chromator(Jobin-Yvon HRD); liquid-helium cryostatTBT),

shift. We also present band-structure calculations that demand cooled photomultipligHammamatsu RG942vas used.

onstrate the effect of the IE-axis expansion on the optical The temperature was varied between 4.2 and 300 K. Careful

properties. background subtraction was performed. The accurate posi-
tion of the A andB excitons were deduced from the spectra

EXPERIMENT by a Gaussian fitting.

IF-MoS, and IF-WS were prepared from the respective
oxide precursor following published procedu¥esand were RESULTS
fully characterized by XRD and TEM. The proposed IF
growth mechanisfhconsists of the reaction betweep3Hgas After 3 min annealing of the molybdenum oxide film, the
and the top surface of the oxide nanopartictel60 nm) so  particles of 35650 A diameter consist of an oxide core and
that a closed single or doublS, layer is produced withina a few closed sulfide layers<{(10), as shown in Fig. ().
few seconds. The sulfide layer prohibits fusion of the nanoSubsequent annealing of 90 min leads to a complete conver-
particles, and consequently the size of the IF particle is desion of the oxide into an IF-MoSwith many layers
termined by the size of the incipient oxide nanoparticle. Si-(>10), as shown in Fig.(®). The absorption spectra of the
multaneously, the reducing atmosphere leads to partisdame IF-Mo$ sample, after 3 and 90 min annealifgul-
reduction of the oxide core into Mgr W,qOsg (W150,4)  fidization), are shown in curves 1 and 2 of FigcP respec-
within a few minutes. The oxide core is progressively con-tively. They are compared to the spectrum of 2H-Mb8Ik
verted into the respective IF within 30—90 min of annealingat the same temperatu{25 K) [curve 3 of Fig. 2c)]. Figure
in H,S atmosphere. This procedure permits a very good cor2 reveals that the semiconductivity of the layered material is
trol over the number oMS, layers in the IF structure and preserved in the IF structures. Nevertheless, after 3 min an-
somewhat lesser control over the size distribution of thenealing, the energies of theandB excitons are lower by 25
nanoparticles. Alkali-doped suboxide precursors were alsand 80 meV, respectively, compared to the 2H-Mbalk
used and resulted in alkali intercalated IF-W&fter sul- material. The additional annealii§0 min) did not influence
fidization, which formed a stage-6 superlattice, and werdhe average size of the IF but added more sulfide layers at the
soluble in alcoholic suspensionsthe concentration of the expense of the oxide core. However, the additional annealing
alkali metal did not exceed a few percert$%) and there- leads to a further decrease of the exciton energy: 40 and 100
fore is not likely to affect the absorption spectfaFilms  meV for the A and B exciton, respectively, compared with
(<2000 A thick consisting of IF with diameters in the range the bulk 2H material. A similar redshift of th& and B
of 150—1500 A were prepared according to published proceexciton energies of IF-Moghas been observed at all studied
dures on either quartz substratésr tin-doped indium oxide temperature§4—300 K. The same trend was observed in the
films > absorption spectra of an IF-WS1000 A. After 6 min an-

XRD (Ref. 4 and Ramal? analysis revealed that the 2H nealing, in an alcoholic suspension at room temperature, the
structure of the unit cell is locally preserved within an IF A andB excitons are 10 and 30 meV redshifted compared to
particle. Nonetheless, a shift of the XRD002 peak of the the 2H bulk and are 1.94 and 2.33 eV, respectively. Further
IF phase indicates a lattice expansion-o2% between two redshifts of 30 and 80 meV for the andB excitons, respec-
adjacentM S, slabs along the axis compared to the bulk 2H tively, are observed upon further annealing for 120 ftire
polytype. This expansion is attributed to the strain in the benfA and B exciton positions are 1.91 and 2.25 eV, respec-
layers and to discommensuration between layers of differertively). Similar redshifts of theA and B excitons were ob-
radii, i.e., different number of atonfS.Moreover, XRD and  served for all IFM S, samples with more than 6—7 layers at
Raman measurements indicate that thend b crystallo- all detected temperatures. This decrease is consistent with
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In order to study the influence of the IF size and number
Energy (eV)

of sulfide layers ), various IFMS, samples were studied.
The absorption spectra of the IF show no dependence of the
exciton energies on the size of the IF. Consequently, we
Eonclude that IF with diameters in the range of 150—2000 A
do not exhibit a quantum size effect. Smaller 0 A) are
likely to exhibit a quantum size effect; unfortunately, they

fringes(MoS, layers is 6.2 A. (c) The absorption spectra at 25 K of are not :valla_ble In sfyfflment quanﬂtlles for such measure-
the above Mogsamples: curves 1 and 2 are of the samples showﬁnents' carrner con |ner_nent parafle tp the Igyers IS not
in (a) and (b), respectively. Curve 3 is the absorption spectrum Ofexpeqtedz,sdue to the rela'tlvelylsr.nf?lll exciton radius inxtjie
bulk 2H-MoS,. direction;” and the(effectively infinite) closed shells of the

IF structure. However, we find the IF absorption spectra to
the smaller indirect gap measured for a single IF-MoS§ing  be strongly dependent on the number of sulfide layers in an
STMS® To the best of the authors knowledge, the intrinsiclF. In addition to the already mentioned redshift in the posi-
redshift in the absorption spectrum of nanoparticles is uniquéion of the A and B excitons obtained for IF witm>6, a
and was not reported before. blueshift has been observed for all samples consisting of IF

In addition to the redshift of the excitons, a broadening ofparticles withn<<5, independent of their diameter. The blue-
the peaks and a tailing of the absorption edge to lower eneshift of the exciton energies is attributed to a carrier confine-
gies is observed. These effects may be attributed, at leagient in the direction parallel to theaxis (z directior) simi-
partially, to the fairly large size and shape distribution of thelar to the quantum effect observed MhS, thin films.*
particles. Whether these effects are intrinsic to the IF par- Itis necessary to estimate the error introduced in the cur-
ticles could be determined when the synthesis of the particlesent measurements due to sample inhomogeneity. Fifteen IF
is better controlled and more uniform samples are availablesamples, 7 IF-Mogand 8 IF-WS$, are analyzed statistically.

Understanding the origin of the redshift in IF with-6 is  The distribution of the number of sulfide layers is determined
not straightforward since redshifts are rare in nanometer-sizey TEM for each sample. The positions of the excitons are
materials. Smaller gaps are generally attributed to sub-bandreasured for each sample in the range 4—300 K. The shift in
gap states that emanate from structural imperfections or eddbe position of an exciton compared to the 2H bulk is calcu-
dislocations® However, dislocations and impurities are ex- lated at all detected temperatures. The final shift is deter-
pected to cause a nonsystematic band decrease. Furthermaréned by averaging the shifts calculated at the different tem-
the temperature dependence of the exciton energy in IF iperatures. Table Il includes the distribution of the number of
similar to that obtained for the excitons in the 2H crystae layers 1) and theA andB exciton energy shift of the 15 IF
Fig. 3, verifying that the nature of the Wannier excitons is samples(+ blueshift, — redshift, relative to the bu)k
preserved, i.e., the excitons are not bound to dislocations or Table Il reveals a dependence of the optical spectra of the
imperfections. In addition, careful elemental analysis did noiF on the number of sulfide layers. Therefore, IF with the
reveal impurity levels higher than a few ppifilntercalation ~ samen are expected to exhibit similar energy shifts regard-
of the IF with a few percent of alkali-metal atoms did not less of their size(diametey. By comparing the shifts ob-
produce observable subband-gap states. All these facts indained for samples with the samein Table 1l the error of
cate that the unique redshift observed in this study is inhererthe energy shift is estimated. From the data presented in
to the topology of the IF structure with many shells. Table Ill, we estimate the total experimental error of the

FIG. 2. (8 TEM micrograph of an IF-Mogsample after 3 min
annealing. The nanoparticles consist of an oxide core and a few |
layers 1<10). (b) TEM micrograph of the same sample as(@
after 90 min annealing. The oxide is fully converted into an
IF-MoS, with many layers (>10). The distance between two
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TABLE II. Diameter and distribution of the number of sulfide 100 prerrrrrrr T
layers, as determined by TEM, and theand B exciton energy - .
shifts for 15 IF samples. so g1 ;:%_ ]
IF diameter Number of A exciton B exciton N tﬂﬁ
IF Material A) layers (1)  shift (meV) shift (meV) g OFf T T -
IF-MoS, 2000 5-6 +15 -30 £ Sl %
IF-MoS, 250 5-10 —25 %‘50 C — .
IF-MoS, 300-400 6-10 —-15 —-35 ‘q;, - »—I—< .
IF-MoS, 200-400 10-15 —15 —60 =100 |- .
IF-MoS, 250 15-20 —40 —100 C ]
IF'MO% 1000—2000 20—25 _40 _100 _150 -IIIIIIIIIIIIIIIIIIIIIIII-
IF-MoS, 700-800 20-25 —30 —90 0 5 10 15 20 25
IF-WS, 175—-200 1-2 +50 —-10 Distribution of the number of sulfide layers (n)
IF-W 600—700 1-2 +50 —40
IF-W?Z 125-150 3_5 455 460 FIG. 4. The dependence of theandB exciton shifts on the IF
IE-W 5 5 4 1 n for the 15 samples listed in Table Il. Thxeaxis error bar repre-
WS, 00-250 -6 +50 +10 sents the distribution of the number of layers determined with the
IF-WS, 500-600 5-7 +45 —20 TEM for each sample. Thg-axis error bar ist 10 meV as deter-
IF-WS, >700 5-8 —-25 —-25 mined from Table III.
IF-WS, 1500-2000 10-15 —40 —100
IF-WS, >700 10-15 —45 —100 found in the thickness range 40—70 A®<11) attributed
to a quantization effect in the direction:
energy shift to bes =10 meV, of which about 1 meV is an AE. ~ wh? e
instrumental error while the rest comes from the sample in- g wLs’
homogeneity(size, structure, and distribution of the number ] ) ] ]
of layers. where Eq is the band gap ang, is the exciton effective

Figure 4 presents the dependence ofAhandB exciton ~ Mass in the direction parallel to tlheaxis. For platelets less
shifts as a function of the IR for the 15 samples listed in than 40 A thick, the shift of the\ peak with thickness is
Table II. Thex-axis error bar is the distribution of the num- much weaker and cannot be accounted for by @&g. Ac-
ber of layers determined with the TEM for each sample. Thecordingly, in Fig. 5, theA and B exciton energies of
y-axis error bar ist 10 meV as determined from Table Ill. IF-MoS, and IF-WS are plotted versus 0f (L,
Figure 4 suggests a discrimination into four different regimes=nx 6.3 A) at 25 K. In sharp contrast to the 2H-W3hin
for the dependence of the energy shift onForn>10 a films studied by Consadori and Frintdt,here thick films
fairly constant redshift is obtained. As mentioned earlier, the’500-1500 A consisting of nanoparticles1500 A (IF), but
redshift is inherent to the topology of the IF structure. IFWwith various “shell” thicknesses are measured. Figure 5 re-
with 6<n< 10 still exhibit a redshift, although this shift de- veals two important results:(1) a linear dependence of the
creases with decreasimg In the regime of 5n<7 thereis  excitons’ energies on i# was found also for IF material in
a crossover from a redshift to a blueshift. For 1 or 2, the  the (shel) thickness range 35-80 A (6n<12,0.15
B exciton is again redshifted.

10 5 3 =n

2.6 -ll‘lIlllllillllIILIIIIIIIIIIIIiIIII

DISCUSSION L i

To study the quantum effect in the direction perpendicular 2.4 - -

to the S-M-S layers, Consadori and Frirdtfollowed the - .
behavior of theA exciton ground-state energgxciton bind- 2.2 [ 3
ing energy=50 meV), in ultrathin films of 2H-WSe of < : ]
thickness 13L,<500 A. In the range 80-500 A (%2n B _F .
- . . . g 2 -

<90), the exciton energy was independent of the film thick- & L i
ness. A linear dependence of the exciton energy bA was }‘/ ]
1.8 |- r_}"—'——’——. .

TABLE Ill. A andB exciton energy shifts of IF samples with a [ ]
similar number of layers. VI3 FYRTE PRUTE FUETIFTAT FTUTE FRUT1 PATH

0 05 1 15 2 25 3 3.5

Number of Number of A exciton B exciton /L% (10° A)
IF material samples layers fi) shift (meV) shift (meV)

FIG. 5. Plot of theA and B exciton energies of IF-MoSand

MosS, 2 20-25 —35+5 —95+5 IF-WS, vs 1L2. The A and @ represent the data for the and B
MoS, 2 5-10 —20+5 excitons of IF-Mo$, respectively; thex and ¥ show the data for
WS, 2 10-15 —425+25 —100+0 the A andB excitons of IF-W$. The B represent thé exciton of

2H-WSe at 77 K (Ref. 15.
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<1000L§<O.75) similar to that found in thin filmg2) For
IF with L,>80 A (n>10), the excitons’ energies are thick-
ness independent and saturate at a constant value, which is

smaller than the exciton energies obtained for the corre-

sponding single crystal@s mentioned earligrFor IF-MoS,

(value for 2H in parenthesgst room temperature, thA % 1l ;

exciton value is 1.821.88 and theB exciton value is 1.95 ~ s

(2.06 eV. For IF-WS at room temperature thA exciton & [\ <°°f

position is 1.91(1.95 and theB exciton is shifted to 2.26 8 \\ 2 ey (zé‘f/)z'sj'i i

(2.36 eV. For both IF-Mo$ and IF-WS, the difference 0
between theA exciton energy of the IF and the 2H polytype
is smaller than that obtained for tfexciton.

'/¢

Substituting the parameters from the linear part of Fig. 5 1 d :
into Eq. (1), it is possible to calculate the values pf and r M K
,uf. The calculated reduced masses parallel tocthais for
IF-MoS, at 25 K are 0.9@, and 1.38n,, wherem, is the FIG. 6. Electronic band-structure calculation of a set of

2H-MoS, where the distance between adjacéh§, slabs is in-
creased by 0%— — ), 4% (---), and 7%(—). Inset: Absorption
spectra at 25 K ofa) 2H-WS, bulk, (b) IF-WS,, ~700 A diameter,
with 1-2 layers.

free-electron mass. These values are smaller gfaand u?

of 2H-MoS, at 77 K (Refs. 10 and 2}3(,uf=1.28110 and
,uf=4.10*no). Since the exciton radius is inversely propor-
tional to the exciton mass, theandB exciton radii of the IF
“polytype” are larger than the corresponding values in thebecome degenerate. An expansion of the interlayan der

2H material in thez direction (Ic) and exceed the thickness Waals gap by 7% is equivalent to a two-dimensiotaD)
of a single layer. To calculate the mean reduced magges Single-layer model that becomes evident upon comparing

; these results with the band-structure calculation for a single
and,uf)3 of the IF-MoS using the calculated values pfﬁ and . ; )
1P for IF-MoS,, Eq, (2) is used®® S-Mo-S sandwich performed by Kobayashi and Yamadithi,

using the linear combination of atomic orbitals method. The
1 1/ 2 . convergence oK, andK, into one band occurs by lowering
i (_+ - ) () the energy of th&, band(the A exciton initial stat¢ and

Mo 3 \my gy increasing the energy of th€,; band(the B exciton initial

. . . statg. Therefore, this process should come into view as a
wheree, ande; are the dielectric constants perpendiculary ashift of theA exciton and a redshift of the exciton,

and parallel Fo the axis, respectively. The IF dielectric €on- yntil, for a single layer, the two peaks coincide. Indeed, an
stants used in the calculation are those of the correspondingcrease in the exciton energy and decrease in Biexci-

H — _ 29,30 ..
bulk material (¢, =6.76 ande;=2.74 for 2H-M0S)."""  ton energy are observed for three samples consisting of IF or
Since there is no quantization in the direction perpendiculahanotubes witm=1 or 2 as shown in the inset of Fig. 6.
to thec axis, it is assumed that the valuesdf andu? for  Although this increase and decrease of handB exciton
the IF-MoS are similar to those of 2H-MgS [u?  energies is observed only when the system approaches a real
=0.31my, ©5=0.99m, (Ref. 10]. The calculated mean 2D structure, the interaction between adjacent layers should

reduced masses at 25 K for IF-Mp&nd 2H-Mo$ (in pa-  be taken into account when studying the top of the valence
B band.

rentheses are uh=0.32my (up=0.35mg) and u§ , _ , L

_ B_ 31 g Since the number of atoms in a layer increases with its
0'75m° .('uo 1.14mo) ™ These results.mdlcate that the radius, the layers cannot be fully commensurate. This pertur-

B exciton is more perturbed by the formation of the IF StUC-pation of the crystal structure cannot be described by XRD

ture than theA exciton. Consequently, it is evident that in eaqyrements since it is not periodical. A somewhat analo-
addition to the shrinkage of the band gap of the IF compareg]OUS case exists forF8MoS, where displacement of the

to the 2H polytype, the exciton parametdreduced mass agjacent layers leads to a larger unit cell than that of 2H

and radius are also changed. These results suggest a furthgjolytype. The 2H and B polytypes differ in the way the

investigation into the effect of the curvature on the excitonqayers are stacked. In the hexagof®) packing the stack-

in layered material§‘bent exciton”). Such a model has not ing sequence of the layersAeA, BaB,..., while the stack-

been discussed theoretically or experimentally in the literaing sequence iAcA, CbC, BaB,... in the rhombohedral

ture to the best of the authors knowledge. (3R) polytype. A comparison of the absorption spectrum of
In correspondence to the observed lattice expansion GdR-MoS, to that of the 2H-Mo$ shows minor differences,

~2-4 % between two adjaceMsS,; slabs along the axis,  but theA andB excitons of the former have been shifted to

a set of band-structure calculations was done where the digewer energies by 10 and 62 meV, respectivel{/Note that

tance between adjaceMsS, slabs is increased by 0%, 4%, in analogy to the IF, the redshift of tH& exciton is substan-

and 7%. The band structure was calculated by the full potertially greater than the redshift of th& exciton (see Fig. 3.

tial linear muffin-tin orbitals procedur®. The influence of Therefore, it is believed that the discommensuration of adja-

the lattice expansion is seen in some band dispersions, b@ent layers can be the source of the band-gap shrinkage.

attention is focused on the smallest direct gap atthmint,

especially thek; andK, exciton initial states, as shown in CONCLUSIONS

Fig. 6. When the axis expands, a decrease in the splitting of  In conclusion, although IF-MSpreserve the semiconduc-

K, and K4 occurs, until at 7% expansion the two bandstivity of the bulk material even for a single-layer IF, the band
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gap is decreased compared to the bulk material. The shrinlkave a single defined structure and size, the unique combi-
age of the gap becomes larger as additional inner layers aretion of redshift and blueshift in the absorption spectra is
formed at the expense of the oxide core, until a saturatiopromising both for the study of structure-properties relation-
value is reached and the gap is no longer affected 10).  ship and for tuning the optical properties for specific appli-
We assign this redshift to the deformations, curvature, angations, e.g., for photocatalysis.

discommensuration between adjacent atomic layers the

structure must accommodate in order to form an IF. An in-

crease of the gap is observed in IF consisting of a few sulfide ACKNOWLEDGMENT

layers. This blueshift is attributed to a quantum confinement
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