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The optical properties of inorganic fullerene-like and nanotube KM = Mo, W)

material are studied through absorption and resonance Raman, and compared to those
of the corresponding bulk material. The absorption measurements show that the
semiconductivity is preserved. Nevertheless, the positions of the excitons are altered

in comparison to the bulk. The Raman spectra of the nanoparticles show a close
correspondence to that of the bulk. However, the first-order peaks are broadened and,
under resonance conditions, new peaks are observed. The new peaks are assigned to
disorder-induced zone edge phonons.

I. INTRODUCTION spectra of the Mgfullerene-like and nanotube materials,

Carbon fullerenes and nanotubes have been invesiNd compare them to those of the analogous 2H bulk.
gated intensively in the last few years. The driving force\though the optical properties of the caged structures
for their formation is the instability of nanoscopic planar '€Sémble those of their respective single crystals, the
graphene sheets. In analogy to that, it was suggested tk%‘esent study is neverthele;s important for understandmg
nanoscopic planar sheets of layered dichalcogenides afge Structure-property relationships in more detail.
other layer compounds are unstable and would transform,
under appropriate conditions, into caged structtifgisis 1. EXPERIMENTAL

concept extends the scope of fullerene-like materials The synthesis of IF-MSand MS-nanotubes has
into inorganic solid state compounds. Consequently, aBeen previously reported® Briefly, a starting precursor
abundance of other fullerene-like or nanotube materialgf MO, powder is heated to temperatures above 8D0
_have bgen produced and studi_ed in recent years. The firghd is reduced to MQ, in a reducing atmosphere (typi-
inorganic compounds to exhibit fullerene-like structurescajly 59 H,/95% Ny; 100 m)/min). The suboxide reacts
were the layered metal dichalcogenides MKl = Mo,  ith H,S gas (4 mimin) which converts the suboxide
W; X =S, Se),zgenerlqally callethorganic fullerene-  particle into the respective IF-M$anoparticle. The re-
like material-IF-? (see Fig. 1). Subsequently, the large- action product is collected in powder form on a quartz
scale syntheS|35 of IF-MS(M = Mo, W) powder has sypstrate. The diameter of the IF-M$uasispherical
been reported® Furthermore, these IF metal dichal- (polyhedral) particles, as characterized by TEM analy-
cogenides exhibit a variety of sizes and shapes and havgs ranged from 200 to 2008. The length of the M$

been investigated by x-ray powder diffraction (XRD), nanotubes ranged from 1500 to 30@0and the diameter
scanning tunneling microscopy (STM)high resolu-

tion transmission electron microscopy (TERY,optical
absorption spectroscogyand Raman scatterirfgThe
XRD analysis revealed that the bulk 2H structure of
the unit cell is locally preserved within an IF particle.
Nonetheless, a shift of the XRD (0002) peak of the IF
phase indicates a lattice expansion of ca. 2% betwee
two adjacent Mg slabs along the-axis compared to
the bulk 2H polytyp€. This expansion is attributed to
the strain in the bent layers and to discommensuratiol
between layers of different radii, i.e., different number (@) (b)

of atoms'. . FIG. 1. TEM micrographs of (a) typical IF-M@S particle and
In thIS. paper we present a comprehensive studyp) typical WS nanotube. The distance between two fringes {MS
of the optical absorption and resonance Raman (RRhyer) is 6.2A.
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of their cross section was 150—280 The synthesis
procedure does not provide full control of the size and
shape of the particles, and hence a 10% size distributio
is obtained in each sample. Selected arezbQqA)
energy dispersive x-ray analysis of single nanoparticle
gave a stoichiometric ratio of 1:2 for Mo:S. .
Optical absorption spectral measurements over thi
range of 400—800 nm (1.6—3 eV) were carried out on
films containing over 80% IF with a 10% size distri-
bution. A standard setup was used, equipped with ¢
tungsten lamp, double grating monochromator (Jobin-
Yvon HRD), liquid helium cryostat (TBT), and cooled
photomultiplier (Hammamatsu RG942). The temperature(g)
was varied between 4.2 and 300 K. Careful backgrounc

subtraction was performed. The accurate positions of thi 3.8 — I : . —
A and B excitons were deduced from the spectra by ¢ B n
Gaussian fit _36F(C) 4
aussian fitting procedure. . 3 - ]
For the resonance Raman (RR) spectra, the 8828 - 3.4 [ _
(1.96 eV) line of a H¢Ne laser was used, capable of ¢ - .
supplying 1 mW of power. Several locations on each = 3-2 3
sample surface were probed to ensure reproducibility g‘ 3 kb 3
of the data. The RR experiments were done on a Dua £ r 7
Renishaw micro-Raman system 1000 instrument. 528 B 3

- 1 Al | | l 1

[ll. RESULTS AND DISCUSSION 1.8 1.9 20 2.1 22

A. Optical absorption Energy (cV)

After annealing the molybdenum oxide film for FIG. 2. (a) TEM micrograph of an IF-MaSsample after 3 min

3 min, the particles formed a0 + 50 A in diameter, annealing. The nanoparticles consist of an oxide core and a few IF

and consist of an oxide core and a few closed sulfide lay@Yé's € < 10) are seen. (b) TEM micrograph of the same sample
as in (a) after 90 min of annealing. The oxide is fully converted

ers (<10_)' as shown in Fig. 2(a). Subsequent annealm(i‘hto IF-Mo$; with many layers £ > 10). The distance between two
for 90 min at the same temperature leads _to a complet@nges (Mo$ layer) is 6.2A. (c) The optical absorption spectra at
conversion of the oxide into an IF-M@Swith many 25K of the above Mog samples, curves (1) and (2), are of the
layers (10), as shown in Fig. 2(b). The absorption samples shown in (a) and (b), respectively. Curve (3) is the absorption
spectra of the same IF-Mg@Sample, after 3 and 90 min Spectrum of bulk 2H-Mog
annealing (sulfidization), are shown in curves 1 and 2
of Fig 2(0) respectively They are compared to theTABLE I. Optical transitions in 2H-Mog and 2H-W$ at various

' ' ' temperatures. The room temperature values correspond to those found
spectrum of 2H-Mog bulk at the same temperature in (a) Ref. 10, (b) Ref. 11, (c) Ref. 12, and (d) Ref. 13.

(25 K) [curve 3 of Fig. 2(c)].

2H bulk MoS and WS are indirect gap semicon- Indirect ~ Direct A exciton B exciton
ductors with two series of exciton absorption bands, A - Temp. bandgap bandgap positon  position
and B, at the absorption edd# The optical transitions _Material  (K) (V) ev) €v) €v)
in 2H-MoS, and 2H-WS are summarized in Table I. 2H-MoS, 300 1.2 1.95 1.8¢ 2.0¢
Quantum confinement of carriers was also studied in 150 1.90 2.10
transition metal dichalcogenides. Their characteristic lay- 7 191 211
ered structure leads to a quantization effect along the 25 1.91 2.11
c-axis (perpendicular to the layers) in ultrathin fififrg®  2H-WS 300 1.3 2,09 1.98 2.36
and to a quantum size effect in nanoparticie$s A.17:18 f’g g'ég 5'22

Figure 2 reveals that the semiconductivity of the o5 205 245

layered material is preserved in the IF structures. Nevet
theless, after annealing for 3 min, the energies of the

A and B excitons are lowered by 25 and 80 meV,the expense of the oxide core. However, the additional
respectively, compared to the 2H-Mo8Bulk material. annealing leads to a further decrease of the exciton
Additional annealing (90 min) did not influence the energy: 40 and 100 meV for the A and B excitons,
average size of the IF, but added more sulfide layers atspectively, compared to the bulk 2H material. A similar
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red shift of the A and B exciton energies of IF-Molsas 10 5 3 =n
been observed at all studied temperatures (4—300 K  2:6
The same trend was observed in the absorption spect
of an IF-WS > 1000A sample. After 6 min annealing,
the IF-WS are introduced into ethanol to form an
alcoholic suspension. At room temperature, the spectr
of the suspension shows that the A and B excitoni—~ o o
are, respectively, 10 and 30 meV red shifted compare@
to the 2H bulk spectra and are at 1.94 and 2.33 eV &
respectively. Further red shifts of 30 and 80 meV for the § 2
A and B excitons, respectively, are observed upon furthe™
annealing for 120 min (the A and B exciton positions WSe, A exciton
are now at 1.91 and 2.25 eV, respectively). Similar rec 1.8 rf/'ﬂ‘—”‘
shifts of the A and B excitons were observed for all IF-
MS, samples with more than 6-7 layers at all detectec ) PP I TP PP PP PP PO PO
temperatures. This decrease is consistent with the small o 1 2 3 4 5 6 7 8
indirect gap measured for a single IF-Mo$anoparticle 1/1.2 103 A%
using STM® z

In addition to the red shift of the excitons, a broad-FIG. 3. Plot of the A and B exciton energies of IF-Mo&hd IF-W$
ening of the peaks and a tailing of the absorption edgd® IlF/ L|v| Osg‘zez”gcmerlep;f)sif;‘d”(f) ‘i?}fwfct’:];hgag ?g‘:‘tﬁea“?;fgs
to lower energies is observed. These effects may b excitons of II?W$ (=) represents the A exciton of 2H-Wgat
attributed, at least partially, to the fairly large size and; 15
shape distribution of the particles. Whether these effects
are intrinsic to the IF particles could be determined wherreveals two important results: (i) a linear dependence
the synthesis of the particles is better controlled and moref the excitons’ energies ob/L.* was found also for
uniform samples are available. Nevertheless, the red shifE material in the (shell) thickness range 35—BQ6 <
observed seems to be inherent to the topology of the Ik < 12, 0.15 < 1000/L.% < 0.75) similar to that found
structure with many shells. in thin films. (ii) For IF with L, > 80 A (n > 10), the

To study quantum effects in the direction perpen-excitons’ energies are thlckness independent and saturate
dicular to the S—M-S layers, Consadori and Frifndt at a constant valuewhich is smaller than the exciton
followed the behavior of the A exciton ground stateenergies obtained for the corresponding single crystals
energy (exciton binding energy 50 meV), in ultrathin  (as mentioned earlier). For IF-Mg&value for 2H bulk
films of 2H-WSe of thickness 13A < L, < 500A, samples are in parentheses) at room temperature, the A
where L. is the film thickness. For film thicknesses in exciton value is at 1.82 (1.88) eV and the B exciton value
the range of 80—-500 (12 < n < 90), wheren is the is at 1.95 (2.06) eV. For IF-WsSat room temperature,
number of atomic layers, the exciton energy was indethe A exciton position is 1.91 (1.95) and the B exciton
pendent of the film thickness. For film thicknesses in thes down shifted to 2.26 (2.36) eV. For both IF-Mo&nd
range of 40— 708 (6 < n < 11), alinear dependence of IF-WS,, the red shift of the A exciton energy compared
the exciton energy oi/L.? was found, and assigned to to that of the 2H polytype is smaller than that obtained

[ ]
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W82 B exciton
2.4

W82 A exciton

MoS2 B exciton =

MoS2 A exciton

a quantization effect in the direction: for the B exciton.
Ideally, a lattice expansion of the bulk 2H-MS
AE. ~ w2 h? (1) crystal between two adjacent MSlabs along the-axis
£ L2’ leads effectively to a 2D MSsingle layer, with a trigonal

prism coordination of the Mo atoms. Unfortunately,
where E, is the bandgap angk is the exciton effec- this single-layer structure is unstable. Band structure
tive mass in the direction parallel to theaxis. For calculations for such a single S—Mo-S sandwich were
platelets less than 4A thick, the dependence of the A performed by Kobayaslt al. !° using the linear combi-
exciton peak on thickness is much weaker and cannatation of atomic orbitals (LCAO) method. The influence
be accounted for by Eq. (1) Accordingly, in Fig. 3, of the lattice expansion is seen in some of the band
the A and B exciton energies of IF-Mg&nd IF-WS  dispersion curves, but attention is here focused on the
are plotted versud/L.% (L, = n,6.3 A) at 25 K. In  smallest direct gap at th& point, especially thek;
sharp contrast to the 2H-Wgehin films studied by and K, exciton initial states. For a MgSsingle-layer
Consadori and Frindf, here thick films (500— 150@\) nanofilm, the splitting of the A and B exciton initial
consisting of nanoparUcIeslSOOA (IF), but with vari-  states no longer exists, and the two states are degenerate.
ous MS “shell” thicknesses, are measured. Figure 3The convergence of; and K, into one band occurs by
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lowering the energy of th&, band (the A exciton initial TABLE Il. Raman peaks observed in 2H-Mp®ulk and IF-Mo$.
state), and increasing the energy of tkie band (the The spectra are excited at 6328 and the corresponding symmetry
B exciton initial state). Therefore, for an intermediate 2SSignments are listed. All peak positions are in tm

state, where the-axis expands but the 2D system is gy IF-MoS, IF-MoS, Symmetry
not yet reached, this process should come into view asloS, (800A) (200 A) assignment
a blueT shift of the A e>§citon and a req shift of'the 182 182 A (M) — LA(M)
B exciton in the absorption spectra, until, for a single 228 228 LA(M)

layer, the two peaks merge into a single peak. Nanotubes, 250 250 edge phonon
with few atomic layers and a lattice expansion betweer287 286 E (1)

two adjacent M$ slabs along the:-axis compared to 383 383 381 E3y(T)

the 2H bulk, are a system with close correspondence ';?g%o vtgzk égik Arg(D)

the unstable single-layer structure. Indeed, in the opticalgg 455 455 2 X LAM)
absorption spectrum of WSanotubes with 1 or 2 layers 498 498 edge phonon
and 4% expansion along the-axis? an increase of 529 weak E (M) + LAM)
20 meV in the A exciton energy, and a decrease of’2 567 567 2 X Eyg(T)
%3?: i?e;/ in the B exciton energy, are observed as show@% 222 Zgg f?i%; i 53844;

B. Resonance Raman spectroscopy been reported using laser energies near the absorption

The Raman spectra of 2H-Me@&nd 2H-WS bulk  edge?22425 The RR scattering of the bulk 2H material
crystals have been studied extensiv@ly”> A group-  was analyzed in terms of second-order-Raman (SOR)
theoretical analysis of the lattice vibrations at the scattering due to the coupling of the phonon modes to
point in the hexagonal Brillouin zone (BZ) has beenelectronic transitions associated with either the band gap
previously published® There are four Raman-active or the excitonic states.
modes corresponding to the following symmetrigs;, Using the 4880 and 514 laser line excitations,
E\,, Ei, andA,, (for the mode frequencies of M@S the Raman spectra of Me®anoparticles, in the form of
and WS see Tables Il and lll, respectively). Triégg inorganic fullerene-like (IF) and platelet (PL) samples,
phonon is associated with the vibration of one M&er  showed that by decreasing the crystallite dimensions,
against its neighboring layers and is called the rigid-the linewidths of the first-order Raman modes are
layer mode. In backscattering experiments on a surfacbroadened. The broadening effect was explained in
perpendicular to the-axis, theE;, mode is forbidden. terms of modifications to the space correlation function
The RR spectra of bulk 2H-MgSand 2H-W$ have  brought about by the finite crystallite size.

TABLE Ill. Raman peaks observed in 2H-W3ulk, IF-WS,, and nanotubes. The spectra are excited at #828nd the corresponding
symmetry assignments are listed. All peak positions are in'cm

Bulk WS,%5 IF-WS, 120015004 WS, nanotubeg00 x 2000 A Symmetry assignment
152 153
172 172 172 E3,(M) — LA(M); LA(M)
193 192 192
212 210 210
229 229 230 A (M) — LA(M)
week 263 262 2LAM) — 3E5,(M)
294 294 294 2LAM) — 2E35,(M)
348 350 350 2 X LA(M); E5o(T)
381 381 381 2LA(M) + 2E3,(M)
418 417 416 A (T)
444 (shoulder) 438 (shoulder) 438 (shoulder)
476 475 475 Ei (M) + LA(M)
521 521 521 E; (M) + LA(M)
544 547 548
580 580 581 A (M) + LA(M)
695 695 695 4xLA(M)
766 764 767 A1g(T) + Epg(T)
827 829 829 2xA1,(T)
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FIG. 4. Absorption spectra at 25 K of (a) 2H-WBulk and (b) W$
nanotubes 150—208 in diameter and 1500—3008 in length, with
1-2 layers.

Figures 5 and 6 show the RR spectra of Ma&®d
WS; nanoparticles, respectively, at a laser excitatior
wavelength of 6328\ (1.96 eV). Along with theEzg
andA,, peaks, many other peaks are observed as a rest
of the resonance with the allowed electronic transitions
The resulting phonon peak frequencies are tabulated i T T T
Table Il for MoS and in Table Il for WS. From the
comparison to the corresponding spectra of the 2H bull 200 300 400 500 600 700
samples, it is evident that, in addition to the broadeninc Raman Shift (Cm'l)
of the peaks, new Raman peaks are observed at 220,

250, 498 cm! for IE- MoS, and at 152 cm! for IF and FIG. 5. Resonance Raman (RR) spectra excited by the 8328
nanotubes of WS (1.96 eV) laser line showing SOR bands of several bo&hoparticle

. 24 . . . samples: IF-Mog 200 A (@); IF-Mo$ 800 A (b); PL-MoS
Previous RR®?* and inelastic neutron scattering 50 X 300 A? (c): PL-MoS, 50004 (d).

(INS)?¢ studies have revealed that second-order proc-

esses involving theLA(M) phonon could be used to

explain the intense-460 cnt! peak and other weaker scattering of Mog nanoparticles, the assignments of
peaks observed in the second-order Raman (SOR) spea!l multiphonon scattering peaks observed in the IF-
tra of MoS bulk crystals. Both RR and INS studies WS, and nanotube RR spectra are given in Table IIl.
found the frequency of théA(M) phonon in question Unfortunately, the2 X LA (352 cm') band overlaps

to be~230 cnm!. Stacyet al. were also able from SOR the first- OrderEZg peak (356 cm'). Therefore, theLA
spectra to estimate the frequency of tepoint optical mode (178 cm') will overlap the second- ordeEzg -
mode (corresponding to the same branch as the zoneA (352 — 178 = 174 cm™!) band. Consequently, the
centerA;, mode) to be 410 cm, close to the INS result scattering of the first-order, non-zone-centet mode

of 397 cnm!. Using similar arguments (and adapting could not be resolved in the RR spectra of WWanopar-
the notation used in Ref. 24), we can also deduce thécles. Nevertheless, we believe that the higher relative
frequencies of various BZ edge phonons. Thus, byntensity of the band at 172 cmh in the spectra of the
considering several multiphonon peaks, we find that théF-WS, and nanotubes, compared to that of the 2H bulk
frequency of theLA(M) phonon in the nanoparticle sample, is due to the disorder-induced peak arising from
samples is about 228 crh which is slightly lower than non-zone-centeL.A phonons (see Fig. 6).

the previously reported resdlt Thus, we believe that the Inclusion of disorder could also be the cause for the
peak observed at 228 crhis a disorder-induced peak appearance of the other new peaks at 250 and 498 cm
arising fromLA(M) phonons. in the Raman spectra for the Mp®anoparticles (the

For WS, the RR and inelastic neutron scattering250 cm'! peak corresponds to scattering of a zone-edge
(INS)?® studies position the non-zone-centet mode phonon, while the peak at 498 cwould correspond
at 352 cmr!. Similar to the analysis done for the RR to a second-order scattering process involving two such
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new peaks are assigned to disorder-induced zone-edge-
phonons.
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