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The exciton dynamics in monolayer and bulk MgSamples are studied by transient absorption microscogy avitigh spa-
tiotemporal resolution. Excitons are injected with a pdiké spatial distribution by a tightly focused femtosedguulse. The
spatiotemporal dynamics of these excitons are monitorethégsuring transient absorption of a time-delayed and ajyati
scanned probe pulse. We obtain the exciton diffusion coeffis of 12-3 and 192 cn?/s and exciton lifetimes of 13620

and 21010 ps in the monolayer and bulk samples, respectively. Thaises are useful for understanding excitons and their
interactions with the environment in these structures,@otdntial applications of MoSén optoelectronics and electronics.

1 Introduction

Recently, semiconducting transition metal dichalcogesjd

that these 2D crystals can be used as building blocks to fab-
ricate new van der Waals heterostructures and even new 3D
crystals=33 Very recently, such structures have been fabri-

MX2 (M=Mo, W; X=S, Se, Te), have drawn considerable cated and investigated for applications in photovolt3iés

interests, stimulated by successful fabrications of the-tw

vertical field-effect tunneling transistoi®3’, and memory de-

dimensional (2D) crystals containing a few or single atomicyices®®:3%. MoSe can play an important role in this new way
layerst? These 2D crystals have shown several exotic propof material design and discovery. Indeed, growth of mono-

erties, such as transition to a direct bandgap in monoldyers
valley-selective optical couplirg ? ~11, extremely large bind-
ing energies of excitons, trions, and biexcitéhs>4* ? | and
large nonlinear optical responsést’. Based on these proper-
ties, various applications of MX2D crystals have been devel-
oped, including transistot§ 2%, phototransistord-22, chemi-
cal sensor&, light-emitting diode$?, and light modulator’.

layer MoSe on MoS by molecular beam epitaxy has been
achieved a long time ad8.

Because of the unusually large exciton binding energies
in these 2D crystals, their optical properties are domuhate
by excitons even at room temperature. In particular, real-
space transport and recombination of excitons play importa
roles in optoelectronic applications. Although a recemiteti

So far, most efforts are concentrated on one member oftegrated photoluminescence experiment demonstraged el

this family, MoS. However, MoSg, with a similar struc-
ture, possesses several properties that make it attratdive

trical control of neutral and charged excitdAsthe exciton
dynamics has not been studied in neither monolayer nor bulk

For example, its direct bandgap of 1.55 eV is close to the 0pMoSe,. Here we report a study of exciton dynamics in mono-

timal bandgap value of single-junction photovoltaic degic
Several studies have demonstrated applications of MoSe
photovoltai@®2” and photocatalysfS. Few-layer MoSghas

layer and bulk MoSg by femtosecond transient absorption
microscopy. The high spatiotemporal resolution allowsaus t
directly measure the exciton diffusion coefficient andtiifee.

nearly degenerate direct and indirect bandgaps. Hence, ithese results provide fundamental parameters for undetsta
is possible to control and even modulate the nature of thgng excitons in these structures.

bandgap, and therefore its optical properties, by tempeszt
and strairf%3C,
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From a broader prospect, it was proposed

2 Experimental Section

Samples of monolayer Mogeare fabricated by mechanical
exfoliation with an adhesive tape from bulk crystals. By de-
positing flakes of MoSgon silicon substrates with a 90-nm
SiO; layer, we can identify thin layers of MoS&vith an op-
tical microscope, by utilizing optical contrasts enhanbgd
the multilayer substrafé*3 The inset of Fig. 1 shows the
microscope picture of a large and isolated flake used in this
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Fig. 1 Photoluminescence (red, left and bottom axes) and Raman
(blue, right and top axes) spectra of the monolayer Mdiadée used
for the study, which is shown in the inset.

The balanced detector outputs a voltage that is propottiona
to the difference between optical powers on the two detsctor
Without the presence of the pump, we adjust the power of the
reference to match the probe, such that the balanced detec-

study. The contrast of the flake with respect to the subsisate tor outputs a zero voltage. With the presence of the pump,
consistent with a monolayer thickné843 Under excitation ~the probe power reaching the detector changes, owing to the
of a 632.8-nm laser beam, strong photoluminescence with &hange in reflection coefficient of the sample caused by the
central wavelength of 788 nm is observed, as shown as the réimp-injected excitons. The balanced detector outputéta vo
curve in Fig. 1, which is consistent with recently reportadp ~ age that is proportional to the differential reflection oéth
toluminescence peak Wa\/e|ength5 in the range of 784 - 79nr0be, which is defined as the relative Change of the reflectio
nm132944 The linewidth is about 22 nm, which is also in Of the probe AR/Ry = (R— Ry)/Ro, whereR andRy are the
the range of the recently reported values of 15 - 50-hffi reflection coefficient of the sample at the probe wavelength,
The blue curve in Fig. 1 (top and right axes) shows a Rama#ith and without the presence of the pump pulse, respegtivel
spectrum of the sample, with two peaks at 242 and 286l¢cm This output is measured by a lock-in amplifier referenced to a
Corresponding to thAlg andE%g phonon modes of mon0|ayer mechanical Chopper in the pump arm. To measure the differ-
MoSe, respectively. These values, as well as the ratio of theéntial reflection as a function of the probe delay, we change
peak heights of about 13, are reasonably consistent with thée length of the pump arm by moving a retroreflector in the
reported results of monolayer Mog&44-47 pump arm (not shown). The probe spot is scanned with re-
In the transient absorption microscopy setup, as showgPect to the pump spot by tilting a beamsplitter that reflects
schematically in Fig. 2, an 80-MHz mode-locked Ti:sapphirethe probe beam into the objective lens.
laser (Ti:Sa) is used to generate 100-fs pulses with a dentra The total reflection of the probe is determined by the re-
wavelength of 810 nm. The majority of this beam is usedflection from the sample surface and from the interfaces of
to pump an optical parametric oscillator (OPO), which has asample/SiQ and SiQ/Si. Consequently, the differential re-
signal output of 1500 nm. To obtain the pump pulse for theflection is related to changes of the complex index of refrac-
measurement, a beta barium borate (BBO) crystal is used ttion of MoSe induced by the excitons injected by the pump
generate the second harmonic of this beam, with a wavelengibulse. Strictly speaking, the relation between the difided
of 750 nm. It is focused to a spot size of abouuth by a  reflection and the exciton density can be complex and often
microscope objective lens. The pump pulse is tuned to th@on-analytical. However, for low exciton densities and ma
high-energy edge of the A-exciton resonance (Fig. 1); hencenagnitudes of differential reflection, the relation is oftan-
it resonantly injects excitons. A small portion of the Ti@&-  ear. For our purpose of monitoring exciton dynamics with dif
put is used as the probe, and is focused to the sample by tHerential reflection, we verify that the differential refliea is
same objective lens. The reflected probe is collimated by theroportional to the exciton density by measuring the déffer
objective lens and is sent to one detector of a balanced-detetial reflection at early probe delays as a function of the pump
tor. Color filters are used in front of the detector to block th fluence. With the known absorption coefficient at the pump
unwanted light. Before entering the sample, a portion of thevavelengti{®, we deduce the injected exciton density from
probe is reflected to another detector of the balanced @etect the pump fluence by using Beer's Law and assuming each ab-
as a reference beam, in order to suppress the common-moderbed photon creates one exciton. We find that a diffedlentia
laser intensity noise. reflection of 10“ corresponds to an area exciton density of
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10 /em?. We use this relation to convert the measured dif-
ferential reflection to the exciton density. We note that any
uncertainties in this process merely change the absollie va
of the labeled exciton densities, and would not influence our
discussions on exciton dynamics.

3 Resultsand Discussion

We spatially and temporally resolve the excitonic dynarbics
measuring the differential reflection as we scan the probe sp
with respect to the pump spot at various probe delays. Fig-
ure 3(a) shows the deduced exciton density as a function of
time and space. The zero probe location is defined where the
centers of the probe and pump spots overlap. To analyze the
broadening of the profiles, we fit the profiles at differenty@o
delays by Gaussian functions to determined thée Widths
(g). The results are plotted in Fig. 3(b). A significant broad-
ening of the profile can be seen, which is caused by diffusion
of excitons out of the excitation region.
The spatiotemporal dynamics of the injected excitons can
be described by the diffusion equatittnWith a Gaussian ini-
tial profile, the profile remains Gaussian with the width &vol
ing aso?(t) = oZ + 4Dt, whereD and g, are the diffusion
coefficient and the width of the initial density profiletat O,
respectively. By fitting the data with this equation, as show
astheredline in Fig. 3(b), we deduce a diffusion coefficiént
12+ 3 cn?/s. We note that this procedure to measure the dif-
fusion coefficient is not influenced by the decay of the overal
exciton density due to the exciton recombination, whichsdoe
not change the width. Furthermore, the finite probe spot size
does not influence the measurement neither, since it merely
adds a constant to all the squared widths, and hence does not
change the slope.

The spatiotemporal resolution of the exciton density also : - :
allows us to measure the exciton lifetime. Figure 3(c) shows 0 50 100 150 200
the measured exciton density as a function of probe deldy wit Probe Delay (ps)
the centers of the probe and pump spots overtap ). The , , , o
decrease of the exciton density is caused by both the dffusi ~'9; 3 (@) Spatiotemporal dynamics of exciton in monolayer
and the exciton recombination. Considering the probe spot i(';AOSQ'.(b) Square wu_jths_of the proflle§ atvarious probe del_ays

. . L . o . etermined by Gaussian fits to the profiles shown in (a). Ttdime
Gaussian with a finite sizegy, it is straightforward to show

i - 1 i is a linear fit. (c) The exciton density measured at the zesber
that the exciton density N(x = 0) [ WeXQT]- We  position as a function of probe delay. The red line is a fit that

fit the data shown in Fig. 3(c) with this equation, with the includes contributions of both the recombination and tffieision.
known value oD, and find a satisfactory agreement [red curve

in Fig. 3(c)]. We deduce an exciton lifetime of 13®0 ps.

The measured exciton diffusion coefficient and lifetime re-
veal fundamental interactions between excitons and thmeir e
vironment in MoSe monolayers. From these values, we de-
duce a diffusion length\(DT) of about 400 nm and a mean
free time D/v2, wherevr is the thermal velocity) of about
0.2 ps. Study of exciton transport can also provide insight
to charge transport properties in MagSwhich are important

~
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—
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Since the penetration depth of the pump pulse is about 50 nm,
it can be safely treated as a bulk sample. Figure 4 summarizes
the results from this bulk sample, in the same fashion as Fig.
3. By analyzing these data, we obtain a diffusion coefficient
and a lifetime of 19+ 2 cn¥/s and 210t 10 ps, respectively.

: : : These values correspond to a diffusion length of about 600
100 200 300 : . .
Probe Delay (ps) nm, a mean free time of about 0.3 ps, and an exciton mobil-
ity of about 730 cri/Vs. Previously, charge mobilities on the
order of 100 cr/Vs have been measured in bulk Me3&
Furthermore, an earlier photoemission measurement yielde
aninterlayer diffusion coefficient on the order of 1 Giis®L.

The significantly fastemtralayer diffusion observed here il-
lustrates the anisotopic transport property of this lagena-
terial.

By comparing our results of monolayer and bulk, we note
that the quantum confinement in monolayer does not change
the exciton diffusion coefficient dramatically, despite itsf
(b) ; significant impact on the nature of the bandgap and the dptica
i properties. This is, however, consistent with previoug-ele
— trical measurements on MeSwhere similar mobilities were

E 1 obtained in flakes with different thicknessés We suggest
N‘; that the slightly smaller diffusion coefficient in monolayse
due to additional scattering mechanisms from the substrate
To fully understand this, measurements on monolayer sam-
4r ples that are either suspended or on other types of sulsstrate

. . . . are desired. Furthermore, the shorter lifetime in monalaye
0 50 100 150 200 250 300 can be attributed to the enhanced recombination due to the di
Probe Delay (ps) rect bandgap.

3
cm’)
_
(9]

—_
(=)

W

18
Exciton Density (10 /

Fig. 4 (a) Spatiotemporal dynamics of exciton in bulk MeSéb) 4 Conclusions
Square widths of the profiles at various probe delays deteny
Gaussian fits to the profiles shown in (a). The red line is alifie

(c) The exciton density measured at the zero probe positi@n a lr.] summary, .We _performed the first ime-resolved Study on ex-
function of probe delay. The red line is a fit that includes citon dynam_lcs_ln monolayer and bulk MOZSe\_Ne obtained
contributions of both the recombination and the diffusion. the exciton lifetimes of 13820 and 21@-10 ps in the mono-

layer and bulk samples, respectively. The shorter lifetime
monolayer reflects the recombination enhancement due to its
for various electronic applications. From the Einsteiatieh, d|re_ct bandst_ructurg. By tlm(_e resolving the evqluthn a th
: . - exciton density profiles, we directly measured diffusioefeo
we obtain an exciton mobility off = eD/ksT ~ 480 enf/Vs, ficients of 123 and 192 cn?/s in the monolayer and bulk
wheree, kg, andT are elementary charge, Boltzmann CON" samples, respectively. Using these results We{‘urthanmlﬂ
stant, and temperature, respectively. This value is aboet o otherrjim’ ortapnt aral}:ﬁetersgof excitons smlJch as the diffusi
order of magnitude higher than an electron mobility of aboutIen th tr?e mob'lpt and the mean free t'|'”ne These parasiete
50 cn?/Vs in a seven-layer flake of MoS®@btained in a re- gt n, . =€ ime. >€ Pa
: are important for understanding excitons and their intéoas
cent transport measuremeiftWe note that the exciton mo- <. . . o
S . L with the environment in these structures, and potentialiapp
bility is related to, but different from, the charge moldg. cations of MoSe in obtoelectronics and electronics
Excitons are neutral particles, and therefore their irttitzas ginop :

with charged impurities and piezoelectric types of phorayes

weaker than charge carriers. Acknowledgements
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