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Semiconducting transition metal dichalcogenides (TMDs) have
been applied as the active layer in photodetectors and solar cells,
displaying substantial charge photogeneration yields. However,
their large exciton binding energy, which increases with
decreasing thickness (number of layers), as well as the strong
resonance peaks in the absorption spectra suggest that excitons
be the primary photoexcited states. Detailed time-domain studies
of the photoexcitation dynamics in TMDs exist mostly for MoS,.
Here, we use femtosecond optical spectroscopy to study the
exciton and charge dynamics following impulsive photoexcitation
in few-layer WS,. We confirm excitons as the primary
photoexcitations and find that they dissociate into charge pairs
with a time constant of about 1.3 ps. The better separation of the
spectral features compared to MoS, allows to resolve a previously
undetected process: these charges diffuse through the samples
and get trapped at defects, such as flake edges or grain
boundaries, causing an appreciable change of their transient
absorption spectra. This finding opens the way to further studies
of traps in TMD samples with different defect content.

Semiconducting transition metal dichalcogenides (TMDs) emerge as
alternative active materials for applications in electronics,
photovoltaics, and photonics, as has been demonstrated by the
realization of nanoscale field-effect transistors (FETs), = integrated
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circuits, photovoltaic elements, photodetectors,m light
emitting transistors,“o] and nanoscale lasers.™ For the design and
optimization of such devices it is crucial to understand the non-
equilibrium behavior of electrons. Strongly bound excitons
(electron-hole pairs with binding energies up to 1 eV) are
considered to be the primary photoexcited species in TMDs, and
their subsequent dissociation generates the charge carriers
necessary for photodetectors and solar cells."? Both for
applications as well as for basic photophysics, the best studied TMD
by far is MoS,. However, other compounds may be better attuned
to certain practical uses or better suited to reveal the underlying
photoexcitation dynamics. In femtosecond optical spectroscopy of
MoS,, both excitons and charges show crowded spectra with
multiple photobleaching and photoinduced absorption peaks. The
close proximity of the A and B exciton features (corresponding to
the transition at the K point from the split valence band, due to
spin-orbit coupling, to the conduction band) leads to a strong
spectral congestion and makes it difficult to untangle the
contributions of the individual species. WS, shows similar peak
widths with about twice the A-B energy separation, 31 which should
enable to resolve previously undetected relaxation processes.

The spectral signatures of excitons and charge carriers in TMDs
have been identified by absorption and fluorescence spectroscopy,
where the charge concentration is varied either via the gate voltage
ina FET geometry,m] via adsorption[ls‘ '] or substrate doping,m] or
via photoexcitation,[u‘ 18 9] The absorption peaks of charges are
red-shifted by about 40 meV compared to the ground state
absorption into the A and B excitons and have been attributed to
optical transitions from a charged ground state to a charged exciton
(trion). Recently, in few-layer MoS,, photoinduced absorption peaks
arising from photoexcited charges originating from exciton
dissociation have been identified at the same wavelengths. (2l

Here we use femtosecond (fs) optical pump-probe spectroscopy to
track the dynamics of photoexcited excitons and charge carriers in
few-layer WS, flakes obtained by liquid phase exfoliation 2% and
redispersed in poly(methyl methacrylate) (PMMA). The sample is
photoexcited by a fs laser pulse (the pump) with a photon energy of
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3.1 eV and a fluence of 200 uJ/cm'2 and the transient transmission
spectrum is measured with a second (lower intensity and broad
band) fs laser pulse (the probe) at a well-defined delay after the
pump. The measured signal is the relative change in transmission
AT/T, where a positive signal means photobleaching due to
depopulation of initial and population of final states of an
absorptive transition, and a negative signal means photoinduced
absorption, i.e. an increased absorption from populated excited
states towards higher excited states. Scanning the pump-probe
delay allows to follow the evolution of the photoexcited states’
populations.

The advantages of using a sample containing an ensemble of
flakes dispersed in an electronically inert transparent polymer
compared to individual flakes are the ease of fabrication and
handling 21 3nd the possibility to use far-field spectroscopic
techniques without the need for high spatial resolution optical
microscopy. A similar study on MoS, flakes embedded in
PMMA showed, (2 among others, that such samples display
very similar photoexcitation dynamics to the more commonly
studied individual few-layer flakes on a dielectric substrate.**
] Additionally, different solvents for liquid exfoliation and
different surfactant concentrations have very little influence
on the photoexcitation dynamics in MoS, films.**! Hence the
results obtained on few-layer MoS, in PMMA can be safely
compared to other studies and conclusions drawn from them
can be extrapolated to flakes in different environments. By
analogy, for WS,, where very few time-resolved studies yet
exist, (25 261 \ye propose the flake ensemble in PMMA as a
prototype sample for few-layer WS,.

The extinction spectrum in Fig 1 shows the characteristic A, B,
C, and D exciton resonances at 1.97, 2.34, 2.72, and 3.05 eV,
respectively. Recently, it has been shown how certain
characteristics of the extinction spectrum of MoS, flakes
dispersed in water + sodium cholate and size-selected by

(a)

optical density

2 3 4
probe energy (eV)

Figure 1. Extinction spectrum of few-layer WS, in PMMA. The
different exciton absorption resonances are labeled from A to
D.
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centrifugation can serve as a metric to determine the
characteristic flake thickness and lateral size.?! An analogous
metric has subsequently been developed for WS,.?8

From the A exciton position and the ratio of the A exciton
resonance and the absorbance minimum around 4.2 eV, we obtain
an average thickness of 7 layers and a characteristic lateral size of
200 nm (along the longer axis, with an average in-plane aspect ratio
of 2). Please note that our samples are not as narrowly size selected
as those in Refs [27, 28] and hence contain a rather broad
distribution of flake sizes, reaching far below 100 nm.

The femtosecond AT/T spectra show photobleaching (an increased
transmission, Fig 2a) at the A, B, and C excitonic resonances
superimposed on a structured photoinduced absorption that covers
the whole measured spectral range (1.65-2.8 eV). During the first 10
ps the AT/T spectrum undergoes a characteristic change of shape:
the positive signal components, which are formed within the
instrumental resolution of 100 fs, decay monotonically, while the
main photoinduced absorption features show an initial instrument-
limited rise followed by a delayed rise component and by a slower
decay (See Fig 2b, inset).

We now present a model that relates the evolution of the AT/T
spectra to the photoexcitation dynamics. According to Beer-
Lambert’s law, the transmittance through the sample is:
T = exp(—a(w)d) (1)
With o{w) the frequency-dependent absorption coefficient and d
the sample thickness. It can easily be shown that, for AT/T << 1:

A7T = —Aa(w, t)d

(2)
Writing the absorption coefficient o{w) = no(w) as the product of
the density of absorbers n (i.e. the density of electrons available for
an absorptive transition) times their absorption cross section o{®),
we obtain for Ao w,t):

Aa(w,t) = ¥i(0y(w)An;(t) + ni(H)Aoy(w, 1)) 3)
With the index i denoting the ground state and the various excited
state populations. The first term reflects the photoinduced changes
in the populations. The second term represents changes in the
absorption spectra as a consequence of photoexcitation, such as
band gap renormalization,lzg] the Burstein-Moss effect™ or Stark
effect due to photoexcited charges.BHB] All these effects are
population dependent, so that the time dependence of o(w),t) also
follows the time dependence of the photoexcited populations. In
many cases the second term is either negligible or — since it has the
same time dependence as An - indistinguishable from a
contribution to the first term, and the data can be modeled without
the second term.% Recently, however, the AT/T spectrum of
monolayer MoS, 300 fs after photoexcitation has been modeled
inferring a shift of the ground state absorption as a consequence of
band gap renormalization as a main contribution to the signal.[zgl
Such a shift results in a derivative-shaped spectrum where positive
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and negative peaks have a common origin and should show the
same time evolution.
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Figure 2. (a) AT/T spectra of WS, in PMMA at delays 300 fs (black), 1
ps (orange), 3 ps (red), 10 ps (purple), 30 ps (green), 100 ps (dark
cyan), and 300 ps (blue). (b) Normalized time traces for different
probe energies: 1.88 (red), 1.98 (orange), 2.15 (green), 2.52 (blue)
in the main figure; the same energies plus 2.37 (dark cyan) and 2.69
eV (purple) in the inset. Traces are normalized to +1 at 10 ps in the
main figure and to maximum +1 in the inset. (c) Contour plot of the
measured AT/T (in %).
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As shown in Fig 2b, in our case the bleaching peaks form
instantaneously, while the absorption peaks show a delayed rise,
suggesting they originate from two distinct photoexcited
populations. The same behavior in few- layer MoS, has been
modelled using only the first term of Equation 3, and the second
term has been estimated to contribute less than 20% to the
signal.m] The photoexcitation dynamics has been modelled by
assuming excitons as the primary photoexcitations,[u] which then
dissociate into pairs of charges with lifetime t; (t;=1/ k). In turn, the
photogenerated charges recombine with a time constant 7,:

dE(t) _

- G(t) — k{E(t) (4a)
A NAGEI AN O) (4b)

With E and C being the time-dependent overall exciton (A, B, and C)
and charge populations, respectively, and G(t) the exciton
generation term (pump-probe cross-correlation, approximated as a
Gaussian pulse shape). Thus, few-layer MoS, displays a behavior
which is intermediate between conventional semiconductors,
where at room temperature photoexcitation directly generates free
carriers, and materials, such as organic semiconductors or carbon
nanotubes, with high exciton binding energy, for which the exciton
dissociation is much less efficient than in few-layer MoS,.

For WS,, this remarkably simple model can coarsely reproduce the
most salient characteristics of our result using t; = 1.3 ps and 1, =
100 ps (Fig 3a, b), but is somewhat unsatisfactory at the details, in
particular the first few ps in the range 1.8 — 2.2 eV. We obtain a
much better agreement with the experimental data by adding two
elements to the model: an intermediate state with population /(t)
between excitons and unbound charges, and a non-exponential
recombination of the charges (Fig 3c):

dE(t)

= =G~ kE®) (5a)
T2 = kE® — kol (@) (5b)
L2 =kl () (5¢)

The non-exponential decay of the charge population denoted r(t)
could be due to non-geminate (i.e. bimolecular) recombination, in
which case r(t)=7C2, or to a distribution of relaxation times (e.g.
different times for different flake thicknesses or lateral sizes). The
detailed characterization of this mechanism would require
measurements at different pump fluences and over a longer
temporal window and is beyond the scope of this paper. We find
that excitons dissociate into the intermediate state with a time
constant of t; = 1.3 ps, which evolves into the final charges with a
time constant of 7, = 5.5 ps. To fit the non-exponential long time
charge relaxation, without any assumptions about the mechanism,
we use a stretched exponential function r(t) ~ exp(-(r/rg)ﬁ) with 73 =
450 ps and 8= 0.3. The spectral contributions, given as oscillator
strength in arbitrary units, include both the photoinduced
absorption features of excitons and charges (shown as negative
oscillator strength in Fig 4a) and their contribution to the bleaching
(as positive oscillator strength). Any kind of excited state population

Nanoscale, 2015, 00, 1-3 | 3
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Figure 3. (a) Contour plot of the measured AT/T (in %) around A
exciton. (b) Contour plot of the AT/T (in %) fitted with the model of

Equations 4a, b. (c) Contour plot of the AT/T (in %) fitted with the
model of Equations 5a, b, c.

causes a bleaching of all three exciton peaks in the measured range.
Additionally, excitons and charges show several absorption peaks
due to transitions towards higher excited states (2, 35-381 (from
excitons to higher (two-photon allowed) states and from charges to
trions).

4 | Nanoscale., 2015, 00, 1-3

-0,3 common in TMDs of mineral origin, sulfur vacancies, islands of an
additional layer, or flake edges. In both cases, T, is a time scale that
is associated with diffusion, either with the time it takes a charge to

2,02 escape its counter-charge or the time to meet a trap.
(a Excitons, 1,3 ps
1,6 AW
Unbound
: 112 L Charges \i5 ps
) osl Trapped
charges, Non-exponential
04l \ relaxation

Nanoscale

The intermediate state spectrum (Fig 4a) deviates from the charges’
only slightly, most pronouncedly in the region below 2.3 eV. This
similarity suggests that the intermediate states are charges
originating from exciton dissociation, but in a different environment
than the final charges. For example, upon exciton dissociation, the
electrons and hole scatter away from the K points of the direct
exciton and relax to their respective band minimum/maximum.
However, such relaxation typically occurs on a sub-ps time scale. 18-
“ On the other hand, after exciton dissociation, the geminate
electrons are still close enough to feel each other’s electric field,
which can cause Stark shift and/or broadening of their spectra.[?’l'?’?’]

As they diffuse away from each other, this effect gradually
diminishes until the field of the geminate counter-charge becomes
a part of the background electric field of the whole charge
population. Alternatively, initially free charges may become trapped
at defects. Possible such traps are heteroatoms, which are rather

~
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Figure 4. (a) Spectral contributions of excitons (blue), free charges
(green), and trapped charges (red). (b) Time dependent exciton
(blue), free charge (green), and trapped charge (red) populations.

This journal is © The Royal Society of Chemistry 20xx
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Assuming that charges follow a random walk after the exciton
dissociation we can estimate the diffusion length / from t,:

__ HekpT
D= - (6a)
1= ./Dt, (6b)

Assuming a conservative estimate of y, = 10 cmz/Vs for the room
temperature charge mobility 42 i WS,, we obtain D = 0.25 cmz/s
and / = 10 nm. However, the spatially averaged mobility from
electrical transport measurement is often dominated by defects
and can be much lower than the local mobility probed by
femtosecond spectroscopy. For example, in bulk MoS, D = 18 cmz/s
has been measured over the first 50 ps of the charge
recombination, followed by a slower regime of D = 4 cmz/s.[43]
Similarly, in monolayer WSe, D = 15 cmz/s has been obtained."**
However, in the monolayer, exciton dissociation may be less
efficient and hence the diffusion constant would be that of excitons
rather than charge carriers. Since an exciton would have to scatter
as a whole, its scattering cross section may be significantly lower
than that of free carriers. Nevertheless, these D values, two orders
of magnitude higher than in Reference 42, suggest that the
diffusion length could be as high as 100 nm. Hence, with our broad
distribution of flake sizes centered at 200 nm, flake edges are
possible, but not the only candidates for these traps. If we assume
that the flake edges trap also excitons, this is consistent with the
observed bright fluorescence from the edge of WS, monolayer
triangles.“sl

Equations 5a-c, which our fit is based on, describe a cascade-like
relaxation process, which conserves the overall population of
excited states (see Fig 4b), except in the last step (due to the term
-r(t)). However, we cannot a priori exclude additional processes
besides those accounted for in our model, in particular loss
mechanisms which do not conserve the excited state population,
such as exciton-exciton annihilation or charge recombination. If
such losses occur, then our model overestimates all subsequent
populations in the cascade, which the fitting procedure
compensates by proportionally underestimating the oscillator
strength. Exciton dissociation into charges changes the kind of
excited species, which have different spectra and oscillator
strengths (the blue and green curves in Fig 4a). Trapping of charges,
on the other hand, causes only a slight shift in the spectrum and
should conserve the oscillator strength. By comparing spectra of
free and trapped charges in Fig. 4a, we find that also our fit
conserves the oscillator strength and conclude that during the
charge migration towards traps or edges no charges are lost by
recombination.

The final process that concludes the cascade is charge
recombination. If this is the slow decay observed in Fig 2b, then the
last term in Equation 5c becomes r(t)=7CZ. Since our temporal
window is too short to reliably distinguish a quadratic term from
the stretched exponential, we used as a generic fit function. A study
of this process would require intensity dependent measurements,
beyond the scope of the present work.

This journal is © The Royal Society of Chemistry 20xx

Exciton-exciton annihilation, which has been observed 4, 47], could
be relevant only while there is a significant exciton population, i.e.
during the first few ps. Its presence would not have any influence
on the qualitative conclusions of the paper nor on the quantitative
estimates of the charge mobility and diffusion length.
Conclusions

In  conclusion, we have applied femtosecond pump-probe
spectroscopy to the study of the exciton and charge dynamics in
few-layer WS,. In agreement with previous observations on TMDs,
we find that the primary photoexcitations are excitons which
dissociate efficiently with a characteristic time of 1.3 ps. The better
separation of the spectral features compared to MoS2 allows to
resolve a previously undetected process: The carriers resulting from
this dissociation then diffuse randomly away from their counter-
charge, which results in a small but appreciable change of the AT/T
spectrum, either due to the diminishing electric field from the
countercharge or due to trapping on defects, such as flake edges.
This spectral change allows to monitor charge diffusion and
trapping in the time domain. The different kinds of defects such as
sulfur vacancies, dangling bonds, grain boundaries, or flake edges
strongly influence the electronic and optical properties of TMDs
148,99 o example, comparing samples with different flake or
crystalline domain sizes can clarify under which circumstances grain
boundaries and/or flake edges trap charges. For similar mobilities,
shorter t©, is expected for the smaller flakes/domains. Different
types and densities of defects result from the many methods of
synthesizing and exfoliating TMDs. 1//2 as determined from
Equations 6a, b gives a measure of the trap density. Since different
defects become active traps at different temperatures, measuring
the temperature dependence of both the mobility and the
photoexcitation dynamics maps the trap energy landscape and can
elucidate their role in the charge transport.
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