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Femtosecond photoluminescence from monolayer MoS,: Time-domain study on exciton diffusion
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Transition metal dichalcogenides are expected to be used in transparent, flexible, and highly efficient light-
emitting devices. Exciton diffusion is a key factor in device applications. In this study, we measured the
photoluminescence (PL) decay of excitons in a MoS, monolayer synthesized by chemical vapor deposition
on a sapphire substrate. The PL decay of A and B excitons in the femtosecond regime was observed. The PL
decay curves were analyzed based on a model of exciton trapping at the deactivation center via diffusion, and
the diffusion time until trapping was obtained. The diffusion coefficient and the corresponding exciton mobility
were also determined. This study demonstrates the two-dimensional exciton diffusion in the femtosecond regime

in the MoS, monolayer.
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Transition metal dichalcogenide (TMD) monolayers such
as MoS,;, WS,, MoSe,, and WSe, monolayers emit bright
luminescence in the visible and near-infrared spectral re-
gions [1-4]. Owing to their subnanometer thickness and
high luminescence efficiency achieved by chemical processes
[5], TMDs are expected to be used in transparent, flexible,
highly efficient light-emitting devices. For example, a re-
cent paper demonstrated a transparent 3 mm X 2 mm-scale
electroluminescence device using WSe, monolayer [6]. An-
other light-emitting device utilizing the photoluminescence
(PL) of interlayer excitons in a heterostructure of WSe, and
MoS; has been developed [7]. In this device, the diffusion
of excitons photoexcited in an excitation spatial region to
an emission region is controlled by applying an out-of-plane
voltage to the intermediate region, and switching of lumines-
cence is enabled. Therefore, it is important to understand the
two-dimensional diffusion of excitons in TMDs for device
applications. The exciton diffusion in WS, [8-10], WSe, [11],
and MoSe; [12] has been studied, and very recently, the ex-
citon diffusion in exfoliated monolayer MoS, on a SiO,/Si
substrate was studied by measuring the spatial expansion of
the light-emitting region from a point irradiated by laser light
[13]. However, a time-domain study on exciton diffusion in
monolayer MoS, has not been conducted yet.

For light-emitting devices, a strong steady-state lumines-
cence from the material is desired. A key parameter governing
the intensity of steady-state luminescence is the nonradiative
decay time of excitons. One of the sources for this decay
is trapping at a deactivation center, for example, a defect,
via diffusive motion. Some defects are inactivated by filling
with excitons and/or charges generated by photoexcitation,
and residual excitons are not trapped at the filled defects and
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survive a relatively long time [14]. This can be one of reasons
for excitation density dependence of the exciton mobility in
the steady-state measurements and time-resolved measure-
ments with modest time resolutions. In contrast, time-resolved
measurements with sufficiently high time resolutions enable
us to directly observe the diffusion and trapping dynamic of
excitons till the filling of the defects. The exciton decay time
in monolayer MoS; has been widely investigated by femtosec-
ond pump-probe measurements [15—-19]. In a typical analysis
of the pump-probe measurements [15], the recovery of an
exciton absorption band after femtosecond pump-pulse irradi-
ation was fitted to a multiexponential function model, and the
fast component with a time constant of ~3 ps was attributed
to the exciton trapping at defects. In general, bleaching of an
exciton absorption band is caused by the excitation of excitons
as well as electrons and holes. Hence, it is difficult to obtain
pure exciton decay from the recovery of the absorption band.
In contrast, in time-resolved PL measurements, exciton decay
is predominantly observed because the excitonic PL is much
stronger than that of free electron-hole pairs owing to the
much higher oscillator strength of the excitons.

Among the excitonic states, steady-state luminescence is
mainly emitted from the energetically lowest state. In TMD
monolayers, the degeneracies of two highest valence bands
and two lowest conduction bands are lifted at the K point
by the spin-orbit coupling, and two exciton states, A and B
exciton states, appear [20]. Hence, PL of the energetically
lower A exciton is relatively strong in the steady-state mea-
surements [1,2]. Analysis of the steady-state PL intensities of
A and B excitons has been done assuming the decay time of
the B excitons to the A exciton state to be ~1 ps [21]. For
a direct detection of decay of the B excitons, femtosecond
time-resolved PL. measurement is expected.

To the best of the authors’ knowledge, the shortest time
resolution of reported time-resolved PL measurements was
0.8 ps for MoSe, and WSe, monolayers [22] and about 4 ps
for MoS; monolayer [23,24], which was achieved by using
a streak camera. In the case of MoS; monolayer, the PL
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FIG. 1. (a) Raman scattering spectra of MoS, sample (circles)
and sapphire substrate (dotted curve). Solid curve shows the result
of curve fitting using four Voigt functions (dashed curves). Inset
shows optical microscope image of the sample (scale bar: 100 pum).
(b) Absorption (black curve) and steady-state PL spectra (circles) of
MoS, sample. Solid curve shows the result of curve fitting using two
Voigt functions (dashed curves) for A exciton and trion.

decay with two components was observed, and the fast decay
component was comparable to or less than the time resolution.
For direct observation of exciton decay within a few picosec-
onds, PL measurement with femtosecond time resolution is
required.

In the present study, femtosecond time-resolved PL mea-
surements were conducted to observe the two-dimensional
diffusion of excitons and obtain the exciton diffusion co-
efficient in monolayer MoS,. Single crystals of monolayer
MoS, were synthesized on a sapphire substrate by chemical
vapor deposition (CVD). The inset in Fig. 1(a) depicts a
typical optical microscope image of the sample. The bright
white triangles show single crystals of monolayer MoS,. The
lengths of the triangle edges were ~60 pm. It is known that
monolayer MoS, on sapphire is in the n-doped state [25]. The
absorption spectrum of a single crystal was measured using
a spectrophotometer with a microscope (Jasco MSV-5200).
The aperture size was 30 um. Steady-state PL. and Raman
scattering spectra were measured using a micro-Raman spec-
trometer (Renishaw inVia). A 50x objective lens was used,
and the spot size on the sample was 2 um. The excitation
light source was a diode laser with a wavelength of 488 nm
(corresponding photon energy is 2.54 eV), and the excita-
tion density was 9 x 10° W m. The spectral resolution was
1.3cm™'. Time-resolved PL measurements were carried out
using the frequency up-conversion technique [26-28]. The
light source was a mode-locked Ti:sapphire laser (82 MHz,
800 nm, 90 fs). The second harmonic light of the output
of the laser was generated in a B-barium borate crystal and
used as an excitation pulse (400 nm, corresponding photon
energy is 3.10 eV). Residual fundamental light was used as
the gate pulse. The excitation pulse was focused on a sample
with a spot size of 50 um. The instrument response function
(Gaussian shape, full width at half maximum (FWHM) of
200 fs) was determined by measuring the cross-correlation
trace between the gate and excitation pulses. All measure-
ments were conducted at 300 K in an air atmosphere. It is
noted that PL from the sapphire substrate was not observed in
the steady-state and time-resolved PL measurements.

We evaluated the number of MoS, layers in the sample
using Raman scattering spectroscopy. Figure 1(a) shows a
typical Raman scattering spectrum of the sample excited at

2.54 eV (488 nm). For comparison, the spectrum of the sap-
phire substrate is shown with a dotted line. Peaks at 385 and
404cm™" in the spectrum are assigned to the E,, and Aj,
phonon modes, respectively [29]. We measured the spectra
at randomly selected 10 points involving other crystals on
the sapphire substrate, so that we obtained the averaged in-
formation on the MoS,; monolayers synthesized in this study.
The average values of the peak positions of the Ezlg and Ay,

phonon modes are 384.6 and 404.4 cm™!, respectively, and
the difference between them is 19.8 cm™. A previous study
showed that the difference in Raman shift between the E21
and A, peak positions for the CVD-grown monolayer MoS,
is 19.6-20.6 cm™' [30]. Therefore, the number of MoS, layers
in the sample was determined to be one.

We further tested the number of layers using steady-state
PL spectroscopy. Figure 1(b) shows the absorption and PL
spectra of the sample. The absorption bands at 1.89 and
2.03 eV are attributed to A and B exciton absorptions,
respectively [1,2]. The PL spectrum was observed with pho-
toexcitation at 2.54 eV. A broad asymmetric PL peak at
1.86 eV is observed (details of the spectral decomposition are
provided later), while a previous study showed that the PL
spectrum of multilayer MoS, involve a PL band around 1.5 eV
assigned to indirect transitions other than PL bands of neutral
and charged excitons [31]. Thus, the PL spectrum in Fig. 1(b)
supports that our sample is a monolayer MoS,.

The PL spectrum was analyzed by using two pseudo-Voigt
functions, referring to the literature [32]. The PL peak at
1.86 eV is decomposed into PL bands of A exciton and neg-
ative trion, which are shown as dashed curves in Fig. 1(b).
The spectral weight ratio of the negative trion to the A exciton
bands is 0.77. The trion spectral weight defined by the spectral
weight ratio of the trion to the sum of the trion and exciton
[33]is 0.77/(0.77 4+ 1) = 0.44. The trion spectral weight cal-
culated by using Eqgs. (S5) and (S6) and shown in Fig. 4(b)
in Ref. [33] indicates that this value corresponds to the rate
of 0.1 ps™! for formation of the trions from the excitons. The
inverse value is 10 ps, which is the time constant of the
trion-to-exciton decay. It is noteworthy that a PL band of
the B exciton in the steady-state measurement is not observed,
suggesting that the decay time of B excitons is much shorter
than that of A excitons. On the other hand, in the femtosecond
time-resolved PL measurements, we observed PL signals at
not only 1.89, but also 2.03 eV, which correspond to the
decay behaviors of A and B excitons, respectively. At the
photon energy of 1.89 eV, the tail of the PL band of trion
is overlapped with the A-exciton PL band. Because the ex-
citon binding energy of several hundreds of eV is one order
of magnitude larger than the trion binding energy [33], the
oscillator strength of the exciton is much larger than that of
the trion. The PL in the femtosecond time window is in-
stantaneous emission compared to the steady-state PL and is
sensitive to the oscillator strength. Hence, in the femtosecond
time-resolved PL measurements, the observed PL at 1.89 eV
is mainly due to A excitons.

Figures 2(a) and 2(b) show the PL decay curves at 2.03 and
1.89 eV (B and A exciton bands), respectively. The excitation
photon energy was 3.10 eV, and the excitation density was
8 uJecm™ per pulse (the corresponding photon flux is 4 x
10'® photons m per pulse). This photon energy is situated

L201401-2



FEMTOSECOND PHOTOLUMINESCENCE FROM MONOLAYER ...

PHYSICAL REVIEW B 103, L201401 (2021)

(a)
B exciton
PL 2.03 eV
1.0F 1
2.0 2,5 3.0
Energy (eV)
— Exc. 3.10 eV
a 0.5 Exc. dengity
S 8 udicm
> (photan flyx
o 4x10° m™*/pulse)
T tb _____ ST T T
> L PR PR P B
D Exc. density,
8 (b) . - —8 uJ/cm2
g A exciton 31 —2 uJiem’ |
—_ PL 1.89 eV S 0.6 pJ/cm
I 1
o o
1.0+ Ofl~--+-
0 1 2
Time (ps)
0.5 O Experiment
— Fitting
______ ~O
T P

-05 0 05 1 5 10
Time (ps)

FIG. 2. PL decay curves of monolayer MoS, sample at (a)
2.03 eV (B exciton band) and (b) 1.89 eV (A exciton band). The
excitation photon energy was 3.10 eV, and excitation density was
8 1 cm~2 per pulse (corresponding photon flux is 4 x 10'® photons
m~2 per pulse). Circles and solid curves indicate results of the exper-
iment and fitting analysis. Insets in (a) and (b) show absorption and
PL spectra and excitation density dependence of PL decay of the A
exciton, respectively.

in an absorption band assigned to band-nested interband tran-
sitions along the I'-K line in the Brillouin zone [34]. The
excitation and probe photon energies are indicated in the
absorption band plotted in the inset of Fig. 2(a). The PL of
the B exciton almost completely decays within 1.5 ps. The PL
of the A exciton shows a similar fast decay, but a long-lived
weak component is observed. These decay behaviors support
the steady-state PL spectrum shown in the inset of Fig. 2(a),
which involves a strong A exciton band and an undetectable B
exciton band. Note that neither decay curve can be reproduced
by a single-exponential function. In particular, the decay curve
of the A exciton can be reproduced using a multiexponential
function model or stretched exponential function model.

If exciton-exciton annihilation occurs, the decay in the
early time region becomes fast with an increase in the
excitation density [15,35,36], which makes it possible to re-
produce the PL decay curve using multiexponential functions
or stretched exponential function. The inset in Fig. 2(b) shows
the excitation density dependence of the PL decay of the A
exciton. This figure shows no dependence of the PL decay
on the excitation density up to 8 uJ cm™2 per pulse, which is

consistent with the literature [37]. Hence, the PL decay behav-
ior cannot be explained by the exciton-exciton annihilation.
The PL decay curves were analyzed using a model describ-
ing the trapping of excited species at a deactivation center
via diffusion, as schematically depicted in Fig. 3. An ex-
citation pulse with a photon energy of 3.10 eV generates
electron-hole pairs, and A and B excitons are quickly formed
[Fig. 3(a)]. The B excitons [Fig. 3(b)] decay due to (i) trap-
ping at defects via diffusion, (ii) relaxation to the A exciton
state, (iii) relaxation to the trion state, or (iv) other processes
involving radiative recombination and multiphonon emission
by exciton-phonon scattering. The A excitons [Fig. 3(c)] are
further generated by B-to-A exciton relaxation, and they de-
cay due to (i) trapping at defects via diffusion, (ii) relaxation
to the trion state, or (iii) other processes as above. The time
dependence of the number of excitons decaying by defect
trapping via diffusion is expressed by stretched exponential
function ocexp[—(t/td)ﬁ] [38,39], where the parameters S
and 74 are given later. Involving this decay term, other decay
terms [21,33], and generation term, the rate equations of the
concentrations of A and B excitons, ns and ng, are given by
gL
dt T4
dng G ,3 < t >ﬁ_l ng ng I’lB.

dt T4

Here, Gpo and Gg are generation functions of A and B
excitons. We assume that both excitons are formed equally
and quickly [40] by absorption of the excitation pulse, and
the G5 and Gg shapes are taken as the excitation pulse shape.
B is a parameter that depends on the dimensionality of dif-
fusion, which is set to 1/3, 1/2, and 3/5 for one-, two-, and
three-dimensional diffusion, respectively. Because monolayer
MoS, is a two-dimensional material, excitons diffuse two
dimensionally. In fact, the spatial mapping of PL from ex-
citons in monolayer MoS, shows isotropic expansion of the
light-emitting region from the laser-excited spot [13]. For this
reason, S is set to 1/2. g4 is the characteristic diffusion time
until trapping at the deactivation center. tga is a decay time
constant of the B exciton to A exciton state, and the reported
value of tga is 1 ps [21,41]. Tyion is the time constant of
decay to the trion state and is dependent on the doped charge
concentration, which is reflected in the PL spectrum [33]. The
spectral weight ratio of the trion to the A exciton PL band
is 0.77, which corresponds to a Tyion 0f 10 ps. T4 and tp are
decay time constants of A and B excitons, except for trapping
at the deactivation center and decay to the trion state. The pos-
sible sources of these time constants are radiative decay and
decay by exciton-phonon scattering. The reported radiative
decay time is 10 ns [42], and the decay time by exciton-
phonon scattering is 50 ps at room temperature [43]. Because
these time constants are much larger than the observed PL
decay, the last terms in the above equations are neglected. The
free parameter in curve fitting was 7y. The PL decay curves in
Fig. 2 were well reproduced when 74 = 0.09 & 0.01 ps.

For the two-dimensional diffusion, the diffusion coeffi-
cient (D) was estimated by 1/ty = 12w Dnp, where np is
the areal concentration of deactivation centers, i.e., defect
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FIG. 3. Schematic illustrations of exciton generation and decay. (a) Generation of excitons by an excitation pulse with a photon energy of
3.10 eV. The energy density of the excitation pulse was 8 uJ cm™ per pulse (corresponding photon flux is 4 x 10'® photons m~ per pulse), and
the absorbed photon flux was 8 x 10'> photons m~2 per pulse. (b) Decay of B excitons. The B excitons decay due to (i) trapping at defects via
diffusion, (ii) relaxation to the A exciton state, (iii) relaxation to the trion state, or (iv) other processes involving radiative recombination and
multiphonon emission. (c) Decay of A excitons. The A excitons decay due to (i) trapping at defects via diffusion, (ii) relaxation to the trion
state, or (iii) other processes. The B-to-A exciton relaxation generates A excitons.

concentration [38]. The defect concentration can be estimated
from the widths of the E21g and Aj, phonon modes [44].
The average FWHM value of the Ezlg mode in the measured
spectra is 3.92 cm™!. The corresponding defect concentration
is (4 £ 1) x 10'2cm™2, which is consistent with the estima-
tion using the peak width of the A, mode (average value
5.42cm™). Using the values of 74 (0.09 £ 0.01 ps) and np
[(4 £ 1) x 102 cm™], the lower bound of D was estimated
to be 0.07 £0.02cm?s™!, if we assume that the trapping

probability at the defect is unity. Taking the temperature 7' to
be 300 K, the exciton mobility (= eD/kpT) was estimated
tobe 34 1cm? V! 57!, where e is the elementary charge and
kg is the Boltzmann constant.

Finally, we discuss the obtained exciton mobility in com-
parison to the carrier mobility. The carrier mobility in
CVD-grown monolayer MoS; has been investigated for vari-
ous crystal sizes and various substrates [45—48]. Because there
is a positive correlation between the crystal size and defect
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concentration in the CVD-grown monolayer MoS; [49], we
choose the carrier mobility of 0.3—5cm? V! s! in the CVD-
grown monolayer MoS, with the same size as our sample
[50]. The mobility is inversely proportional to the mass of
the particle [51]. The effective masses of electrons and holes
in monolayer MoS, are 0.35my and 0.45 my, respectively,
where myg represents the electron rest mass [52]. Hence, the
exciton translational mass is 0.8 mgy. For carrier and exciton
mobilities limited by defect trapping, the carrier mobility
of 0.3—5cm? V-!'s7! in the previous study is converted to
the exciton mobility of 0.13-2.2cm? V' s7!. This value is
smaller than that of 3 4 1 cm? V™! s7! obtained in the present
study. The carrier is subject to long-range scattering by doped
charges and charged impurities [53], and the carrier mobility
might be lower than that of the exciton, the charge of which
is neutral. In fact, it has been pointed out that the neutral
exciton mobility can be higher than the carrier mobility owing
to weak interactions with charged impurities and piezoelectric
phonons in monolayer MoSe, [54].

In summary, we carried out absorption, steady-state, and
time-resolved PL, and Raman scattering measurements for the
monolayer MoS; CVD grown on a sapphire substrate. The
fitting analysis of PL decay curves of A and B excitons en-
abled us to obtain the diffusion time of excitons until trapping
at deactivation centers via two-dimensional diffusion. The
characteristic diffusion time was 0.09 £ 0.01 ps. The defect
concentration was estimated to be (4 £ 1) x 10'2 cm™ from
the widths of the Ezlg and A, phonon modes. Using these val-
ues, we determined the value of the diffusion coefficient to be
0.07 +0.02cm?s™!, and the corresponding exciton mobility
as 3 &+ 1cm?V-'s! at 300 K. This study demonstrated the
two-dimensional exciton diffusion in the femtosecond regime
observed through ultrafast time-resolved PL measurements.
Our results advance the understanding of exciton diffusion in
two-dimensional materials.

This work was supported by JSPS KAKENHI Grants No.
JP26107520 and No. JP16H00908.
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