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Spectroscopy and trapping dynamics in WS2 nanoclusters
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WS2 nanoclusters have been synthesized using inverse micelle methods and characterized by TEM, electron
diffraction, and optical spectroscopy. The TEM images and rotational diffusion results show that the particles
have average diameters of approximately 4–7 nm and have the same crystal structure as bulk WS2. The
electron diffraction results are compared with diffraction patterns calculated as a function of the nanocluster
diameter and thickness. This comparison shows that the particles are single trilayer disks. The absorption
spectrum shows a large blue shift compared to bulk WS2, with the first absorption maximum shifting from
about 680 nm to 364 nm. Polarized emission is observed following photoexcitation. The emission polarization
spectra indicate that absorption occurs into several different low-lying states. The results also indicate that
emission from the band-edge state is polarized, while emission from trap states is not. The dynamics of these
nanoclusters in room temperature solutions have been examined using time-resolved emission and polarization
spectroscopies. Trap-state emission exhibits multiexponential distributed kinetics, while emission from the
band-edge state follows a single exponential decay. In samples having a high density of subband-gap trap
states, the vast majority of the emission is from trap states. In samples in which most of the traps have been
passivated, most of the emission is from the band-edge state. Time-resolved emission polarization measure-
ments indicate that trapping takes place on the 100 ps time scale, and that the trapping rate depends on the
density of trap states.
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INTRODUCTION

The optical and electronic properties of semiconduc
nanoclusters have recently been of great interest.1 This is
largely due to the phenomenon of quantum confinem
whereby in sufficiently small particles, the spectrosco
properties depend strongly on the particle size. When
spatial extent of photogenerated excitons is comparabl
the dimensions of the nanocluster, quantum confinemen
fects are observed. These effects may be very large, and
nanocluster band gap may be more than an electron
larger than that of the bulk semiconductor. Quantum confi
ment effects may be semiquantitatively described by ‘‘eff
tive mass’’ models of the photogenerated electron/h
pair.2–6 In addition to changing the observed band gap, qu
tum confinement can also dramatically affect the distribut
of electronic states. Electronic states in the conduction
valence bands are normally thought of as being a continu
However, this is not the case in a strongly quantum confi
semiconductor nanocluster. In this case, quantum confi
ment results in both the conduction and valence bands
coming a discrete set of states; the ‘‘band’’ structure is lo
The resulting nanocluster electronic structure consists o
set of delocalized states which correlate to the conduc
and valence bands of the bulk semiconductor. For clar
however, we will refer to the lowest energy delocalized st
as the band-edge state, in spite of the fact that these state
widely separated and discrete, rather than a continuous b

Surface atoms of semiconductor nanoclusters typic
have ‘‘dangling bonds’’ which result in localized electro
and hole states. If the energy of these states is below th
the band edge, then they may act as electron and hole t
For clarity, we will refer to all of these localized states
PRB 620163-1829/2000/62~16!/10995~11!/$15.00
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trap states. The traps states can dominate the recombin
dynamics of photogenerated electron/hole pairs. It is of
possible to passivate the surface traps by reaction with
face derivatizing agents or by coating the nanocluster wit
larger band gap semiconductor having a commensurate
tice structure.7–16 Several studies have shown that passi
tion of surface traps has large effects on the nanoclu
spectroscopy and photophysics.17–20 Radiative recombina-
tion of trapped electron/hole pairs typically results in broa
unstructured emission, and a fairly low emission quant
yield. In cases where the surface traps are passivated, int
band-edge emission is typically observed.

The layered metal dichalcogenides (MX2 , M5Mo,W,
and X5S,Se! are of particular interest for the study of th
dynamical effects of quantum confinement. This is beca
these materials exhibit large quantum confinement effect
their spectroscopy and because they exhibit very w
electron/phonon coupling. The weak electron/phonon c
pling may be understood in terms of their bonding.21 The
band gap transition largely corresponds to moving an e
tron from one set of nonbonding orbitals to another. All
these materials have very similar structural and electro
properties. They crystallize into a hexagonal layered str
ture (P63 /mmc-D6h

4 ), with similar lattice constants.22 This
layered structure consists covalently bound S-W-S trilaye
separated by a relatively large van der Waals gap. The
ferent polytypes of WS2 differ only in how the trilayers stack
on each other. All of these materials are indirect bandg
semiconductors, with similar direct and indirect band ga
WS2 has indirect and direct band gaps of 1.35 and 1.74
respectively, as determined by photocurrent spectroscop23

The dominant features in the absorption spectra are assi
to transitions which are polarized perpendicular to the cr
10 995 ©2000 The American Physical Society
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tallographicc axis. For example, the lowest energy dire
exciton transitions~the A andB excitons! are polarized per-
pendicular to thec axis. However, several perpendicular
polarized features at comparable energies are seen in s
crystal reflection spectra.24–26

Despite being well suited for spectroscopic and dynam
studies, a limited amount of work on nanoclusters of th
materials has been done, with most of the existing work h
ing been done on MoS2 nanoclusters. MoS2 nanoclusters
with diameters reported to be from 2.5 to 4.5 nm have b
synthesized. The smallest~2.5 nm! and larger~4.5 nm! MoS2

nanoclusters show lowest energy absorbance maxima at
and 470 nm, respectively.27 These peaks are assigned to t
lowest energy direct exciton, which occurs at 680 nm in
bulk material.24 MoS2 nanoclusters exhibit emission with
quantum yield of about 1024, following photoexcitation at
room temperature. The emission is broad and structure
and is thus assigned to radiative electron/hole recombina
from the trap states. The emission kinetics are strongly n
exponential, and may be described in terms of a distribu
kinetics model.28 The kinetics are accurately fit if the Boh
radius of the trapped electron is taken to be 2.0–2.5
which is comparable to the known MoS2 exciton radius.24

Band-edge emission has also been observed in MoS2 nano-
clusters following trap passivation and at low~,40 K! tem-
peratures. Unlike emission from trap states, band-edge e
sion follows single exponential kinetics.28 Dynamical studies
of electron transfer at MoS2 nanocluster interfaces have als
been reported.29–31

The absorption spectrum of WS2 nanoclusters has als
been reported, but none of the synthetic details or charac
ization of these particles were given.27~b! In the present paper
we report the synthesis and characterization of WS2 nano-
clusters. We also examine the spectroscopy and kinetic
trap state and band-edge emission in these nanoclusters
show that both the band-edge state and the trap state
comparatively long lived and that band-edge emission do
nates the spectrum following trap passivation. We also sh
that the lowest indirect transition has an onset which is b
ied under the more intense and better resolved lowest d
transition. A wealth of information about the excited sta
of the nanocluster can be obtained from polarization sp
troscopy. Polarization of the band-edge emission can a
from the crystal structure and/or the morphology of the na
cluster. In the case of CdSe nanoclusters, for example,
the anisotropic crystal structure which gives rise to polariz
emission.32 In the present paper we examine the polariz
emission spectroscopy of WS2 nanoclusters. The results in
dicate that the lowest energy allowed transitions in the na
clusters do not correlate to the lowest direct exciton tran
tions ~A andB excitons! of bulk WS2. We also examine the
rates of band edge to trap state relaxation and of nonradia
electron/hole recombination from the band-edge state.

EXPERIMENT

Tungsten~IV !sulfide nanoclusters were synthesized
methods similar to those described previously w
molybdenum~IV !sulfide.27–29 Tungsten~IV !chloride was ob-
tained from Aldrich and was repeatedly washed with carb
t
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tetrachloride in an inert atmosphere drybox to remove und
ired tungsten oxychlorides. The WCl4 was then dissolved in
a degassed ternary tridodecylmethyl ammonium iod
~TDAI !/hexanol/octane~8/8/84 by weight! inverse micelle
solution, at a concentration of 1.031023 M. To this rapidly
stirring solution was added 4.0 molar equivalents of H2S via
gas-tight syringe. Following H2S addition and resulting WS2
nucleation, the mixture was allowed to stir for 30 min. WC4
is much less reactive toward H2S than is MoCl4 and WS2
nanocluster growth is not complete in this amount of tim
At this point in the nanocluster growth, the inverse mice
solution is extracted with acetonitrile. The nanoclusters p
tition between the nonpolar octane phase and the p
acetonitrile/TDAI/hexanol phase. The resulting nanoclust
in both polar and nonpolar phases continue to grow for ab
the 24 to 48 h. Alternatively, nanocluster growth may
allowed to occur in the inverse micelles, followed by extra
tion into acetonitrile. Similar results are obtained in bo
cases. The WS2 nanoclusters in the acetonitrile phase m
also be extracted into a clean octane layer by the additio
a very small quantity of water. The resulting nanoclust
exhibit spectra and dynamics which are almost identica
those grown in the octane phase.

TEM images and electron diffraction results were o
tained on a Philips CM-100 transmission electron mic
scope. Samples were prepared by diluting the nanoclu
octane solution~extracted from the acetonitrile solution! by a
factor of 5 with octane, and evaporating a drop onto a Fo
var grid. These samples have very little TDAI in them
which interferes with the TEM imaging and electron diffra
tion. For comparison, some nanocluster samples prep
from the acetonitrile phase~having TDAI and hexanol! were
also examined.

Time-resolved emission results were obtained by ti
correlated single photon counting, using an apparatus
has been previously described.33 In this apparatus, wave
length selection was accomplished using a 1/4 m monoc
mator with a 150 groove/mm grating. The resulting detect
bandwidth was about 10 nm. The temporal resolution w
about 75 ps, FWHM. In all cases, the excitation pulse en
gies were about 1.0 nJ, and were focused to a spot siz
about 0.5 mm. This results in fluences that are sufficien
low that multiphoton excitations are completely avoide
Static emission spectra were obtained using a home-buil
strument that has been described earlier.33~b! Polarization
studies utilized a 1 cmGlan-Taylor excitation polarizer and
Polaroid emission polarizer.

RESULTS AND DISCUSSION

TEM and electron diffraction

Two sets of TEM images of WS2 nanoclusters are show
in Fig. 1. These images are from two different sections of
same sample, which was prepared by evaporation of a d
octane sample onto a Formvar grid. The nanoclusters ima
have fairly low contrast, indicating that they are very th
This observation is consistent with the nanoclusters cons
ing of single S-W-S trilayers, as indicated by the electr
diffraction results, below. The nanoclusters have irregu
shapes with dimensions of about 3.5 to 9 nm, with the av
age dimensions being about 4–7 nm. This is in good ag
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PRB 62 10 997SPECTROSCOPY AND TRAPPING DYNAMICS IN WS2 . . .
ment with the average diameter obtained from rotational
fusion measurement, discussed below. We note that som
the apparent irregularity in the nanocluster shapes may
due to the nanoclusters being very thin and not lying flat
the grid. An almost edge-on view will result in what look
like a nanocluster which is much longer than it is wide. F
ure 1 also shows several somewhat larger images ha
higher contrast. The darker image indicates that these
ticles are thicker, and are assigned to an aggregates. S
aggregation is very difficult to avoid under these sam
preparation conditions.

Electron diffraction results and their crystallographic a
signments are shown in Fig. 2, and are summarized in T
I. These results were obtained from a large nanocluster
gregate prepared in the same way as the sample as us
obtain the images shown in Fig. 1. Good agreement betw
the reference values for bulk WS2 and the observed diffrac
tion angles is obtained in all cases, with two or three nota
exceptions. An intense ring is observed at a relative angl
0.48. This feature cannot be assigned to WS2, but is domi-

FIG. 1. TEM images of WS2 nanoclusters having dimensions
approximately 4–7 nm and several nanocluster aggregates.
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nant in diffraction patterns taken which an excess of surf
tant. It may therefore be assigned to some crystallized TD
and is of no consequence. More importantly, the 0,0,2
0,0,6 rings are completely absent in the observed diffrac
pattern. It is of interest to compare these results to calcula
diffraction patterns. Calculations were performed for seve
different assumed nanocluster diameters and thicknesse
ing Cerius2 software. These calculations show that in
cases, the 0,0,6 ring is expected to be weak, so its absen
not surprising. The calculations also show that if the na
cluster is assumed to consist of three or more S-W-S tril
ers, then the most intense diffraction ring is the 0,0,2. For
case that the nanocluster is two trilayers thick, the 0,0,2 r
is broadened, but has the second highest intensity, slig
below that of the 1,0,0 ring. A diffraction ring having thi
intensity would be clearly visible in the diffraction patter
These considerations indicate that the nanoclusters are s
trilayer sheets of WS2, and that each trilayer has the sam
structure and close to the same lattice constants as bulk W2.

The above considerations allow us to comment on
morphology of WS2 nanoclusters in solution, and the aggr
gation that occurs upon solvent evaporation. It is possible
imagine that the individual S-W-S trilayers could under
aggregation by dimerization or stacking in solution and
pecially when the solvent is removed. This would be cau
solely by van der Waals forces holding adjacent trilay
next to each other. However, in these small nanoclusters,
corresponds to a small binding energy and the entropic
favored situation of single trilayer nanoclusters is expec
to dominate in dilute solutions. This expectation is consist
with the results of concentration dependent spectrosco
studies. The absorption spectrum is concentration indep
dent down to a nanocluster concentration where the pe
are lost in the background, about of 1027 M, suggesting that
little or no dimerization occurs. This conclusion is consiste
with the recent results on the exfoliation of other layer
materials, where individual sheets are observed,34,35and also
consistent with our STM results on MoS2 nanoclusters.36

From these considerations and the diffraction results we c
clude that stacking or dimerization does not occur to a
significant extent in solution. We also conclude that remo
of the solvent results in random nanocluster orientatio
rather than ordered arrays.

Band-edge and trap-state spectroscopy

WS2 nanoclusters in both octane and acetonitrile/TDA
hexanol phases show nearly identical absorption spec
with the lowest energy maxima at 364 nm~see Fig. 3!. These
peaks are quite similar to the peaks seen in Pbl2 nanocluster
spectra, which have been controversial.37 Earlier studies in-
dicated that the peaks were due to molecular species ra
than nanoclusters, specificallyI 3

2 . Due to the presence ofI 2

~from the TDAI! in the present synthesis, this possibili
must also be considered here. Two results indicate that
364 nm and 295 nm peaks are due to WS2 nanoclusters
rather thanI 3

2 . First, the blank spectrum~same synthesis
except without the WCl4) shows no absorbance at wav
lengths.280 nm in either acetonitrile or octane phases. S
ond, introduction of a small amount ofI 2 into the blank,
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FIG. 2. Electron diffraction results taken from an aggregate of WS2 nanoclusters.A andB correspond to longer and shorter exposures
the same diffraction pattern. The inner diffraction rings are more clearly seen in a less exposed image. The assignments are also
the results are summarized in Table I. The expected position of the 0,0,2 ring is also indicated.
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followed by extraction gives theI 3
2 absorption peaks only in

the acetonitrile phase;I 3
2 is insoluble in the octane phas

These results indicate that while it is possible to get spec
contamination in the acetonitrile phase, this does not hap
to a significant extent and the octane phase absorption is
entirely to WS2 nanoclusters.

These spectra are also remarkably similar to those
tained for MoS2 nanoclusters.27,28The similarity between the
absorption spectra of MoS2 and WS2 nanoclusters sugges
that either both types of nanoclusters have comparable
al
en
ue

b-

x-

tents of quantum confinement, or that some of the absorp
is due to surface states which are similar in both systems
the latter scenario, the polarization results discussed be
exclude the possibility that excitation of a surface state
sults in population of the emissive band edge state. W
there is no direct evidence of it, we cannot exclude the p
sibility that some of the absorption is due to surface sta
which relax very quickly and therefore result in no emissio
The present results establish that the 295 and 364 nm abs
tion peaks are due to WS2 nanoclusters, but do not exclud
TABLE I. Electron diffraction results. vs: very strong; m: medium; w: weak; vw: very weak.

Reference
angle

Relative
intensity

Assignment Observed
displacement

Relative
angle

Observed
intensity

0.344 100 0,0,2 absent
surfactant 1.00 0.48 vs

0.777 26.5 1,0,0 1.65 0.79 vs
0.795 6.8 1,0,1
0.849 10.7 1,0,2 1.75 0.84 vw
0.933 63.5 1,0,3 1.95 0.93 m
1.03 4.3 0,0,6 absent
1.16 24.8 1,0,5 2.57 1.23 w
1.35 12.5 1,1,0 2.92 4.41 w
1.38 3.7 0,0,8
1.39 6.9 1,1,2
1.64 6.4 2,0,3 3.45 1.65 w
1.67 3.7 1,1,6
1.77 4.1 2,0,5
1.93 5.1 1,1,8
2.12 4.02 2,1,3 4.62 2.20 w
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PRB 62 10 999SPECTROSCOPY AND TRAPPING DYNAMICS IN WS2 . . .
the possibility that some of the observed absorption is du
rapidly relaxing surface states.

While the absorption spectra of these nanoclusters are
same in the octane and acetonitrile environments, the s
and time-resolved emission studies reveal differences in
relaxation dynamics, as discussed below. The emission s
tra of the WS2 nanoclusters in octane and acetonitrile a
also shown in Fig. 3. The octane spectrum has a diffuse p
centered at;430 nm, and a broad shoulder at,400 nm. The
acetonitrile emission spectrum has a broad maximum at
nm and a much weaker shoulder at wavelengths,400 nm. It
is tempting to correlate the 364 and 295 nm absorpt
maxima with theA and B excitons observed in bulk WS2
absorption spectrum. An analogous assignment has b
made in the MoS2 case.27~b! However, the static and time
resolved emission polarization results indicate that at leas
the WS2 case, this assignment is not correct. The emiss
polarization may be characterized by the anisotropy,r, given
by

r 5~ I par2I per!/~ I par12I per!, ~1!

whereI par and I per are the emission intensities having pola
izations parallel and perpendicular to that of the absor
light, respectively.38 The anisotropy is a function of bot
excitation and emission wavelengths and these depende
are shown in Fig. 4. The excitation wavelength for the em
sion anisotropy spectrum was chosen to be 312 nm bec
this is the wavelength used for the time resolved studies
both acetonitrile and octane, the emission has an anisot
maximum on the red edge of the spectra,l.460 nm. The
emission anisotropy excitation spectrum shows a maxim
at about 385 nm and decreases at further blue excita
wavelengths. There is also a slight decrease at excita
wavelengths to the red of 385 nm. Plots of the emiss
anisotropy as a function of time for the acetonitrile and o

FIG. 3. Absorption and emission spectra of WS2 nanoclusters.
Shown are the absorption spectrum in octane~solid curve on left!,
emission spectrum in octane~dotted curve! and the emission spec
trum in acetonitrile~solid curve on right!. The emission spectra
were excited at 312 nm.
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tane samples are shown in Fig. 5. If the absorption and em
sion oscillators are linear and aligned, then an initial anis
ropy of 0.40 is predicted from photoselection theo
Similarly, if the absorption and emission oscillators are p
nar oscillators, then an initial anisotropy of 0.10 is obtaine
Figure 5 shows that in both the acetonitrile and octane ca
the initial amplitude of the anisotropy is larger than 0.10 a
subsequently decays. Thus, the absorption and emission
sitions cannot be due to two-dimensional planar oscillat
corresponding to theA and B excitons. This conclusion is
consistent with static~time integrated! anisotropy values

FIG. 4. Plots of the static emission anisotropy versus detec
wavelength for WS2 nanoclusters in acetonitrile~open circles! and
in octane~filled squares! and as a function of excitation waveleng
in octane~filled circles!. The excitation wavelength used for th
emission dependence was 312 nm, and the detection wavele
used for the excitation dependence was 495 nm.

FIG. 5. Time-resolved emission anisotropy of WS2 nanoclusters
in acetonitrile~open circles! and in octane~filled circles!. The ex-
citation and detection wavelengths were 312 and 460 nm, res
tively. Also shown are calculated biexponential decays. The lo
curve corresponds to fast and slow components of 100
(amplitude50.098) and 13 ns (amplitude50.075), while the upper
curve corresponds to fast and slow components of 200
(amplitude50.108) and 20 ns (amplitude50.127).
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FIG. 6. Schematic diagram of the relaxation processes in WS2 nanoclusters. Samples consist of a mixture of nanoclusters which do
do not have subband-gap traps. The left side refers to nanoclusters having traps at an energy lower than the band edge, while th
refers to nanocluster lacking these traps.
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larger than 0.10 seen in the anisotropy excitation spectr
Fig. 4. It could be argued that 312 nm excitation is on the
edge of the 295 nm peak and that this red edge excita
photoselects the long axis of noncircular nanoclusters. H
ever, this hypothesis incorrectly predicts that there would
no long axis selection and thus a smaller anisotropy~by a
factor of about 0.1/0.4! following excitation on the blue edg
of the 364 nm peak. We conclude that most of the absorp
of the 364 nm peak and the red edge of the 295 nm pea
polarized parallel to the crystallographicc axis, perpendicu-
lar to the plane of the disk-shaped nanocluster. The nega
polarization at wavelengths below 300 nm indicates t
there is also an absorption contribution from an in-plane
larized transition in this spectral region. There may also b
small in-plane or isotropically polarized contribution to th
red edge of the 364 nm peak, as indicated by the slight
crease in the anisotropy excitation at wavelengths lon
than 385 nm.

Figure 4 also shows that the red edge of the emiss
spectrum~.460 nm! is more polarized than the further blu
emission. It follows that the band-edge emission is to the
of the trap state emission. This is a remarkable result, an
sharp contrast to what is observed in other types of nanoc
ters. We suggest that this result may be understood in te
of WS2 being an indirect band gap semiconductor. Spec
cally, we suggest that the absorption maximum at 364
corresponds to the lowest energy allowed~direct! exciton
and that the onset of a slightly lower energy transition
buried under this peak. It may be that this transition is m
mentum forbidden in bulk WS2, and gains finite oscillator
strength because of the small size of the nanocluster. P
ized emission occurs from this state and most of the emis
intensity is to the excited phonon levels needed to conse
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momentum, resulting in a large red shift of the emissi
maximum. This situation is depicted in Fig. 6.

We suggest that the emission anisotropy decays bec
of electron and hole trapping and unpolarized emission
sulting from the radiative recombination of trapped electro
and holes. Unpolarized emission from trapped electrons
holes allows us to comment on the nature of the traps. In
approximation that the potentials of the electron and h
traps have reflection symmetry with respect to the plane
the nanocluster, the wave functions of the trapped electr
and holes are symmetric in this plane. In this case, thec-axis
component of the dipole moment operator is zero and
only nonzero components are in the nanocluster plane. T
situation would result in the trap state emission being po
ized in the plane of the nanocluster. However, there are d
gling bonds which may act as electron and hole traps at
nanocluster edge, and truncation of the crystal structur
expected to result in very unsymmetrical potentials. Th
large electric fields are expected in the vicinity of the ele
tron and hole traps, and the direction of these fields w
depend on the local structure of the truncated nanocluster
a result, the trapped electrons and holes are not expecte
have reflection symmetry and the dipole moment operato
expected to have largec-axis components. The lack of re
flection symmetry rationalizes the almost unpolarized em
sion from trapped electrons and holes.

Trap-state and band-edge emission kinetics

The above polarization assignments of the band-edge
trap state emissions make it possible to selectively obse
either band edge or trap state emission. Thus, the kinetic
the polarized emission give the time dependence of the ba
edge state and trap state populations. In general, emissio
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any wavelength will have both polarized~band edge! and
unpolarized~trap state! components. The unpolarized com
ponent has intensities of parallel and perpendicular polar
emissions which are same. The polarized component ha
tensities of parallel and perpendicular polarized emissi
which are different, with the intensity ratio depending on t
anisotropy of the polarized oscillator. The intensity of t
unpolarized trap state emission can be expressed in term
the parallel and perpendicular components of the total em
sion, if the anisotropy of the polarized component is know
Specifically,

I 53/2I prep21/2I par ~ linear polarized oscillator!, ~2a!

I 54I perp23I par ~planar polarized oscillator!, ~2b!

whereI is the intensity of the unpolarized, trap state comp
nent of the emission, andI perp and I par are the perpendicula
and parallel emission intensities. Equations~2a! and ~2b!
correspond to the polarized, band-edge emission compo
having an anisotropy of 0.4 or 0.1, respectively. Figure
shows that the actual value~obtained from the initial,t50,
anisotropy! is intermediate between 0.1 and 0.4. The tim
dependence of the trap state population may be obta
from the polarized emission kinetics, using Eqs.~2a! and
~2b!. In acetonitrile samples, having little band-edge em
sion, Eqs.~2a! and ~2b! give almost indistinguishable tra
state emission decay curves.

The trap state emission kinetics obtained from Eqs.~2a!
and~2b! give insight into the trapped electron/hole recom
nation dynamics, and therefore into the nature of the t
states. Electron and hole traps may be described by a sim
excitonlike model as discussed for the case of MoS2, in a
previous publication.28 This model takes the hole~electron!
traps to be partially uncompensated negative~positive!
charges at the edges of these disklike nanoclusters. Th
combination kinetics of trapped electrons and holes can
described by a distributed kinetics model. This model
based on the following assumptions and approximations:~1!
Electron and hole trapping, as well as trap-to-trap relaxat
are fast compared to electron/hole recombination;~2! prior to
any recombination, trapped electrons and holes are dis
uted randomly on the edges of the disklike~assumed circu-
lar! nanocluster; and~3! the radiative and nonradiative re
combination rates are given by the product of a separat
independent term and an exponential dependence of
electron/hole separation. From the above approximation
follows that the positions of electrons and holes are con
ered to be fixed as recombination occurs. This results
time dependent distribution of electron/hole separati
which is given by:

P~r ,t !5@12~r /d!2#21/2exp„2@kr~r !1knr~r !#t…,

0,r ,d, ~3!

wherer is the electron/hole separation,d is the nanocluster
diameter, andkr(r ) andknr(r ) are the separation-depende
radiative and nonradiative recombination rate constants.
electron effective mass is less than that of the hole in Mo2,
with the result being that the trapped electron is more de
calized than the trapped hole. Thus, the distance depen
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cies of the nonradiative and radiative rates are determi
mostly by the spatial extent of the trapped electron. Spec
cally,

knr~r !5uVu2 exp~22r /a0!, kr~r !5umu2 exp~22r /a0!
~4!

whereV andm are the Franck-Condon weighted matrix el
ments for nonradiative and radiative decays, respectiv
and a0 is the trapped electron Bohr radius. The above
limiting-case approximations. In particular, we will discu
the rapid trapping and relaxation approximation below. W
this model for the time-dependent distribution of electro
hole separations, the time-dependent emission intensit
given by

I ~ t !5E
0

d

kr~r !P~r ,t !dr. ~5!

The above model has two adjustable parameters:a0 and
the quantity (uVu21umu2). Because of the integration in Eq
~5!, the model actually specifies thea0 values in terms of a
fraction of the nanocluster diameter,a0 /d. Otherwise stated
it is the a0 /d ratio that determines the extent to which th
trap state emission decay is nonexponential.a0 values ~in
nanometers! are then determined, knowing the nanoclus
diameter. If the electron trap is taken to be a full uncomp
sated charge, then the value ofa0 may be calculated using
the dielectric properties of the bulk semiconductor. In ge
eral, however,a0 must be viewed as an adjustable parame
This model is found to give quantitative agreement with t
experimental decays of MoS2 nanoclusters witha0 values of
about 2.1 nm, in good agreement with the 2.0 nm estimat
a0 based on a simple excitonlike model of the electr
traps.24

In the absence of subband gap traps, the band edge k
ics are determined by the rate of band-edge electron/h
recombination and are very simple. The extent of electr
hole overlap is not expected to be a strong function of p
ticle size, so this rate is also not expected to be a str
function of particle size and the recombination kinetics a
expected to be close to single exponential. When subba
gap traps are present, the lifetime of the band-edge sta
determined by the trapping rate.

Nanocluster relaxation and trapping dynamics

The emission decay kinetics for the WS2 nanoclusters in
acetonitrile and in octane are shown in Figs. 7, 8, and 9.
emission may be assigned to a wavelength dependent c
bination of polarized and unpolarized emissions, originat
from the nanocluster band-edge and trap states, respecti
These kinetics may be understood in terms of Fig. 6. Follo
ing Fig. 6, nanoclusters may be divided into two categori
those which have trap states at an energy below the ind
band edge~left side of Fig. 6!, and those which do not~right
side of Fig. 6!. Most of the nanocluster population falls int
the former category~left side of Fig. 6!. Nanoclusters having
subband gap traps~left side of Fig. 6! exhibit fairly compli-
cated dynamics. Following photoexcitation above the in
rect band edge, relaxation to the band edge competes
trapping into high lying trap states. Some fraction of t
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population relaxes through the trap state manifold and po
lates the lowest energy trap states. The fraction of the po
lation which undergoes trapping to these high lying tra
depends on the relative values ofkt8 and krlx . This type of
trapping may be fairly efficient because of the high dens
of trap states at these high energies. The remainder of
population relaxes to the band-edge state. Trapping oc
from the band-edge state with a rate constantkt , and band-

FIG. 7. Emission kinetics of WS2 nanoclusters in acetonitrile
The plotted data correspond to the unpolarized component of
emission, calculated from the parallel and perpendicular com
nents of the emission decays. The excitation wavelength was
nm and detection wavelengths were 360 and 380 nm for the do
and solid line curves, respectively. The curves are seen to be i
tical at longer times, and differ in the first few hundred picoseco
in which the 360 nm curve exhibits a rapid decay and the 380
curve exhibits a slow rise.

FIG. 8. Emission kinetics of WS2 nanoclusters in acetonitrile
The plotted data correspond to the unpolarized component of
emission, calculated from the parallel and perpendicular com
nents of the emission decays. The excitation wavelength was
nm and detection wavelengths were 380 nm~top curve! and 420 nm
~bottom curve!. Also shown are curves calculated from the distr
uted kinetics model witha0 values of 7.0 nm~top curve! and 4.2
nm ~bottom curve!. The calculated curves were convolved with t
instrument response function.
u-
u-
s

y
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rs

edge emission is replaced with trap state emission at
rate. This process therefore causes a loss of emission p
ization, and the anisotropy decays at the ratekt . We note
that because of the high density of trap states at higher
ergies,kt8 may be very large, and much larger thankt . In this
scheme there are two distinct ways in which subband-
traps may be populated: by relaxation to the band edge
lowed by trapping, and by trapping prior to relaxation fo
lowed by relaxation through the trap state manifold.

Nanoclusters lacking subband-gap traps~right side of Fig.
6! exhibit simpler dynamics. In this case, population of hi
lying trap states is also followed by rapid relaxation throu
the trap state manifold. When there are no subband-
traps, this is followed by repopulation of the band edge st
This process provides another mechanism of relaxation
the band-edge state. As a result, the furthest blue unpolar
emission is expected to decay with a ratekr . The band-edge
emission subsequently exhibits single exponential decay
netics, with a lifetime determined by the rate of nonradiat
electron/hole recombination. In this case, the emission
isotropy decays slowly, due to the slow rate of nanoclus
rotational diffusion. If the Franck-Condon factors for tra
ping and detrapping are comparable~a reasonable approxi
mation!, then their relative rates will be determined by th
density of receiving states. In the trapping case, there
expected to be several sub-bandgap traps on each nano
ter. For the relaxation to the band-edge state, there will
only the discrete, delocalized electronic states. Thus the
of band-edge repopulation from the high lying trap states
expected to be roughly comparable to the rate of trapp
from the band-edge state.

The kinetics of 360 and 380 nm trap state~unpolarized!
emission are shown in Fig. 7. These kinetics are obtai
from the parallel and perpendicular emission decay kine
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FIG. 9. Total~unpolarized! emission kinetics of WS2 nanoclus-
ters in octane. The excitation wavelength was 312 nm and detec
wavelengths were 380 nm~A!, and 480 nm~B!. Also shown are
curves calculated from the distributed kinetics model and a sin
exponential decay. CurveA corresponds to only the distributed k
netics model (a054.2 nm). CurveB corresponds to a 32% contri
bution from the distributed kinetics model (a054.2 nm) and a 68%
contribution of a 1.25 ns decay. Both calculated curves were c
volved with the instrument response function.
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using Eq.~2a!. The 360 nm kinetics corresponds to the bl
edge of the observed emission spectrum, see Fig. 3.
emission shows a strongly biphasic decay, with a fast co
ponent in the first few hundred picoseconds and a slo
component over the next several nanoseconds. The 380
decay shows a slow rise for the first few hundred picos
onds, followed by a slow decay, identical to that observed
360 nm. These emission transients may be assigned
wavelength dependent combination of emissions from t
states just above and just below the band edge which ca
be completely spectrally separated. The fast componen
the 360 nm kinetics is assigned to emission from the t
states above the band edge in nanoclusters lacking subb
gap traps. This emission decays with a rate constant ofkr .
The slow component of the 360 nm decay and most of
380 nm transient is assigned to trap states just below
band edge. The 380 nm emission exhibits a slow rise wh
is due to slow trapping from the band edge, with a rate ofkt .
This rise takes place on the same time scale of a few hun
picoseconds as the 360 nm decay. These results establis
kr andkt are of comparable magnitude and that both trapp
and detrapping occur on the time scale of a hundred to a
hundreds of picoseconds. We note that while these res
indicate that trapping from the band-edge state occ
slowly, Fig. 8 shows that even at redder wavelengths, m
of the trap state emission appears rapidly, in less than 50
The above observations indicate that in these acetoni
samples, a significant mechanism by which traps are po
lated is through rapid trapping into high lying trap stat
followed by relaxation in the trap state manifold, rather th
by trapping from the band-edge state. As stated above,
faster trapping at the higher energies may be rationalize
terms of a higher density of trap states at the higher energ

The unpolarized@Eq. ~2a!# 380 and 420 nm emission ki
netics in acetonitrile are shown in Fig. 8. These kinetics
hibit an initial, 100–200 ps transient due to the trapping d
namics, followed by a nonexponential decay. T
nonexponential decay may be accurately fit using the dist
uted kinetics model anda0 values of 1.0 and 0.6 of the
nanocluster diameter, corresponding to electron Bohr rad
approximately 7.0 and 4.2 nm, respectively. The differen
in a0 values indicates that the traps which emit further to
blue are more spatially diffuse than those which emit furt
to the red. This is consistent with the above excitonl
model of the trapped electrons in which the shallowest tr
emit furthest to the blue and are the most spatially diffus

Octane samples exhibit emission which is more inte
and more polarized than the acetonitrile samples. These
ferences may be understood in terms of trap passivation
ducing the fraction of nanoclusters having subband-gap t
and a larger contribution to the dynamics corresponding
the right side of Fig. 6. Passivation of the deepest traps
the effect of increasing the fraction of nanoclusters having
subband-gap traps~right side of Fig. 6! and increasing the
intensity of the long-lived band-edge emission. The effe
of increased band-edge emission in the 420–480 nm re
are apparent in the emission kinetics, see Fig. 9. A la
fraction of single exponential decay is required to fit t
kinetics in this wavelength range. The observed 480 nm
cay is accurately fit with a 68% single exponential comp
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nent and a 32% distributed kinetics component. The b
~,420 nm! emission is primarily from trap states, and ther
fore less polarized than the 420–480 nm emission. In ag
ment with this assignment, the 380 nm emission kinet
may be accurately fit with the distributed kinetics mod
~without any single exponential component!, using ana0

value of 4.2 nm. This value is in agreement with the range
a0 values~7.0 nm at 380 nm and 4.2 nm at 420 nm! used to
fit the acetonitrile kinetics.

As stated above, the experimentally observed differe
between emission from the band-edge state and trap sta
the polarization of the band-edge emission. The trapping
namics may therefore be elucidated from the decay of
emission anisotropy. Plots of the emission anisotropy a
function of time are shown in Fig. 5. In both the acetonitr
and octane cases, the anisotropy may be approximately
a biphasic decay. The magnitudes and decay rates of
decay components may be qualitatively understood in te
of Fig. 6. The band-edge state decays with a rate ofkt , and
the fast component of the anisotropy decay is assigned to
process. The values ofkt depends on the density of subban
gap traps. In the octane case, there are comparatively
subband-gap traps and this decay occurs more slowly tha
the acetonitrile case. Figure 5 shows that these compon
decay on approximately the 100 ps time scale, which is co
parable to the 75 ps TCSPC response function. As a re
the finite instrument response affects the observed kine
Accurate values of the initial anisotropy and the rate of
fast decay may be extracted from these kinetics by the
lowing deconvolution procedure. The short time~,500 ps!
behavior of the parallel and perpendicular emission de
curves are fit to biexponentials that have been convol
with the known instrument response. The initial anisotro
kinetics are then obtained from Eq.~1!, using these functions
~prior to convolution! for I par andI per. This procedure yields
decay times of 70 ps and 185 ps for acetonitrile and oct
samples, respectively. These values are only slightly fa
than the directly observed~prior to any deconvolution! 100
ps and 200 ps decay curves shown in Fig. 5.

The slow component of the anisotropy decay is due
long-lived band-edge emission that depolarizes as the n
clusters undergo rotational diffusion. The magnitudes of
slowly decaying components in Fig. 5 depend on the t
densities. In the acetonitrile samples, few nanoclusters
subband-gap traps, and very little of the long-lived anis
ropy component is observed. The opposite is true for
octane samples. This result is consistent with the larger m
nitude of the static anisotropy observed for the octa
samples~Fig. 4!.

The decay times of the long-lived anisotropy compone
are somewhat difficult to determine accurately because of
limited time scale of these experiments, but are appro
mately 20 and 13 ns in octane and acetonitrile, respectiv
This anisotropy decay is assigned to rotational diffusion
the nanoclusters. Nonspherical nanoclusters are expecte
give a nonexponential anisotropy decay kinetics. Spec
cally, an oblate particle is expected to give a biexponen
anisotropy decay. However, the nonexponential nature of
decays cannot be resolved from these data, and the l
lived decay components of these data are fit to a single
ponential decay. This amounts to approximating the partic
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as being spherical. Despite this approximation, approxim
rotational diffusion rates may be calculated from Stoke
Einstein considerations using the bulk solvent viscositie39

With this approximation a hydrodynamic diameter of 6.6 n
is obtained from the anisotropy decays in both acetonit
and octane. This value of the nanocluster diameter is
agreement with that obtained from the TEM images sho
in Fig. 1.

We note that the trapping observed here occurs m
more slowly than the femtosecond trapping which has b
previously observed in metal oxide,40~a! CdS,40~b!,41 and CdSe
~Refs. 42–44! semiconductor nanoclusters. We specula
that this is due to the difference in phonon frequencies a
the nature of the bonding in WS2 compared to that in meta
oxides or CdS and CdSe. Band gap excitation in WS2 is
nominally a nonbonding to nonbonding transition, while it
a bonding to antibonding transition in metal oxides.21 As a
result, there is a much smaller electron-phonon coupling
these nanoclusters compared to metal oxide nanoclus
The comparatively low phonon frequencies along with t
small electron-phonon coupling may result in slow radiatio
less processes such as electron and hole trapping.

The above discussion has been vague regarding whe
‘‘trapping’’ refers to electron trapping or hole trapping. It
expected that either electron or hole trapping could resul
partial or total loss of emission polarization. In this case,
trapping process depicted in Fig. 6 corresponds to the ei
electron or hole trapping, and the net rate at which depo
ization occurs is the sum of the electron and hole trapp
rates. However, based on the excitonlike model of trapp
electrons given above, it could be argued that the trap
electrons and holes are somewhat spatially diffuse, and
strongly influenced by the fields at the nanocluster edge
this is the case, then electron or hole trapping might
result in complete emission depolarization. In this scena
trapping of one carrier would result in partial depolarizatio
and subsequent trapping of the other carrier would furt
depolarize the emission. Close inspection of Fig. 5~espe-
cially the octane kinetics! reveals that there are decay com
ponents which are both faster and slower than the calcula
200 ps curve. This may be indicative of different rates as
ciated with electron and hole trapping. Furthermore, it m
be possible to resolve the roles of electron and hole trapp
by careful analysis of the polarized emission kinetics of b
nanoclusters compared with nanoclusters having adso
electron acceptors. These studies are in progress and a
liminary account has recently appeared.45 No definite assign-
ment of the roles of electron versus hole trapping can
made based on the results presented here.
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CONCLUSIONS

Several conclusions may drawn from the results presen
here.

~1! WS2 nanoclusters may be synthesized using inve
micelle methods. These nanoclusters have diameters of a
4–7 nm, and have the same crystal structure as bulk W2.
The electron diffraction results indicate that the particles
single trilayer disks.

~2! Trap state and band-edge emissions have different
larization characteristics. Emission from trapped electro
and holes is unpolarized. Emission from the band edge
polarized and exhibits an anisotropy of about 0.24. So
trapping occurs rapidly, and the actual band edge emis
anisotropy may be higher than this value.

~3! The static and time resolved polarization spectra in
cate that the lowest observed transitions are polarized a
thec axis, perpendicular to the plane of the nanocluster. T
means that these transitions cannot correlate to theA andB
excitons of bulk WS2.

~4! WS2 nanoclusters have a density of subband-gap tr
that depends on the synthetic conditions and the chem
treatment of the nanoclusters. Nanoclusters extracted into
etonitrile have a high trap density and very few have
subband-gap traps. As a result, acetonitrile samples ex
very little band-edge emission. Nanoclusters grown in,
subsequently extracted into an octane phase have a lo
trap density and a larger fraction have no subband-gap tr
These samples exhibit long lived~about 1.25 ns! band-edge
emission.

~5! Trapping from the band-edge state occurs on the
ps time scale and varies with the density of subband-
traps. Relaxation into the trap states occurs faster in the
etonitrile samples, compared to the octane samples.
present studies do not resolve electron versus hole trap
dynamics.
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