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Exciton Formation in Monolayer Transition Metal
Dichalcogenides

Frank Ceballos,* Qiannan Cui,* Matthew Z. Bellus?, and Hui Zhao*¢

Two-dimensional transition metal dichalcogenides provide a unique platform to study excitons in
confined structures. Recently, several important aspects of excitons in these materials have been
investigated in detail. However, the formation process of excitons from free carriers has yet to
be understood. Here we report time-resolved measurements on the exciton formation process
in monolayer samples of MoS,, MoSe,, WS,, and WSe,. The free electron-hole pairs, injected
by an ultrashort laser pulse, immediately induce a transient absorption signal of a probe pulse
tuned to the exciton resonance. The signal quickly drops by about a factor of two within 1 ps
and is followed by a slower decay process. In contrast, when excitons are resonantly injected,
the fast decay component is absent. Based both on its excitation excess energy and intensity
dependence, this fast decay process is attributed to the formation of excitons from the electron-
hole pairs. This interpretation is also consistent with a model that shows how free electron-hole
pairs can be about twice more effective than excitons in altering the exciton absorption strength.
From our measurements and analysis of our results, we determined that the exciton formation

times in these monolayers to be shorter than 1 ps.

Introduction

Two-dimensional transition metal dichalcogenides (TMDs), such
as MoS, and WS,, have drawn considerable attention since 2010.
These materials are stable under ambient conditions and can be
prepared by mechanically exfoliating them from their bulk crys-
tal counterparts. Unlike graphene, it has been shown that in
monolayer form TMDs are semiconductors with direct and large
band gaps. In these atomically thin materials, the quantum me-
chanical confinement and reduced dielectric screening result in
an enhanced Coulomb interaction between electrons and holes
which leads to strong excitonic effects that dominate the optical
response.

During the past several years, significant progress has been
made in understanding several aspects of excitons in TMDs. For
example, absorption, photoluminescence, and nonlinear optical
studies have revealed large exciton binding energies on the order
of several hundred millielectronvolts in monolayers of MoS, 12,
WS,26 MoSe, 27, and WSe,28. Large binding energies of
charged excitons (trions) have also been discovered ®9-14, To fur-
ther develop a better understanding of the energy relaxation, re-
combination, and real-space transport of excitons, time-resolved
measurements, such as transient absorption°-23, transient THz
spectroscopy?* and time-resolved photoluminescence429 have
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been conducted. Strong interactions between excitons have been
revealed by observations of exciton-exciton annihilation3-19-30
and formation of biexcitons332. Furthermore, the coherent
properties of excitons have also been illustrated in several mea-
surements 1333, In addition, spin and valley properties of exci-
tons have been investigated by polarization resolved spectroscopy
measurements 13:17,26,34-40

Despite of these extensive efforts, one of the key processes that
determine the excitonic effect, the exciton formation, is still yet
to be understood. After photoexcitation, the electron-hole pairs
that carry an additional energy need to cool down in order to
form excitons. This process has important implications for various
optoelectronic applications such as solar cells and photodetectors.

Here we show that in monolayers of MoS,, MoSe,, WS,, and
WSe,, the transient absorption signal decay occurs in two differ-
ent temporal regions; namely, a fast decay region that lasts about
one picosecond followed by a slow decay region lasting from tens
to hundreds of picoseconds. We find that the formation of exci-
tons from free electron-hole pairs explains the rapid drop of the
transient absorption signal, while the slow decay component is
interpreted as the exciton recombination. By fitting the fast de-
cay region of the signal, we determine that the exciton formation
times are shorter than 1 ps in all of these materials.
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Experimental Section

TMD bulk crystals were mechanically exfoliated onto clear and
flexible polydimethylsiloxane (PDMS) substrates using adhesive
tape. The PDMS, placed on top of a glass slide, is then inspected
with the use of an optical microscope. The monolayer flakes were
first identified by optical contrast and later confirmed with pho-
toluminescence (PL) measurements. The TMD monolayers were
then manually transferred, using a micromanipulator and micro-
scope, from the PDMS substrate onto a silicon wafer covered with
90 nm of silicon dioxide. Finally, the samples were thermally an-
nealed at 200 °C for 2 h under a H,/Ar (20 sccm/100 sccm) en-
vironment at a pressure of about 3 Torr.

In the transient absorption setup, a diode laser with a wave-
length of 532 nm and a power of 10 W is used to pump a Ti-
sapphire laser pulsing at a repetition rate of about 80 MHz. The
pulses generated are centered at 770, 780, 785, or 810 nm with
an average power of 2 W and have 100 fs duration. Part of this
beam (a few percent) was sent into a beta barium borate (BBO)
crystal to generate second harmonic or into a photonic crystal
fiber for supercontinnum generation, which produces an output
with a very broad spectral width. To select the desired spectral
component generated from the photonic crystal fiber, bandpass
filters with a bandwidth of 10 nm were utilized. The majority of
the Ti-sapphire output beam was sent into an optical parametric
oscillator that generates a tunable infrared output beam. Finally,
a different BBO crystal was used to generate the second harmonic
of the infrared beam from which we obtained either a 620 nm,
655 nm, or a 745 nm beam. Depending on the monolayer sample
to be measured, different combinations of these beams were used
in different configurations.

After selecting a pump-probe configuration, the pump beam
intensity was modulated at about 2 KHz by a mechanical chop-
per. The beams were linearly polarized along perpendicular di-
rections, combined by a beamsplitter, and focused on the sample
to spot sizes of 1 - 2 um in full width at half maximum by a mi-
croscope objective lens. The collimated reflected beams are then
sent to a biased silicon photodiode connected to a lock-in am-
plifier that reads its output. The pump beam is prevented from
reaching the detector by using a set of filters.

In all the transient absorption measurements, the sample was
at room temperature. For a certain measurement, a pump pulse
with a pre-selected wavelength injected free electron-hole pairs or
excitons in the sample. These carriers and excitons are monitored
by measuring the differential reflection of the probe pulse tuned
to the peak of the A-exciton resonance of the sample. The differ-
ential reflection is defined as the pump-induced relative change of
the probe reflection, AR/Ry = (R—Rg)/Rp, where R and Ry are the
probe reflection with and without the presence of the pump pulse,
respectively. To measure the differential reflection as a function
of probe delay, the pump beam path is changed by using a linear
motor stage.
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Fig. 1 (a) Differential reflection signal of monolayer MoSe, measured
with pump and probe pulses of 1.88 and 1.58 eV, respectively. The
pump fluences are shown in the legend. The red curves are
biexponential fits. (b) The peak differential reflection (black squares) and
that with a probe delay of 3 ps (blue circles) as a function of the pump
fluence. The red lines are linear fits. No pump fluence dependence is
observed in (c) the short time constants obtained from the
biexpontential fits and (d) in the ratio between the peak differential
reflection and the signal at 3 ps.

Results and Discussion

Ultrafast Transient Absorption of Monolayer MoSe,

We first present results from monolayer MoSe; samples. Figure
1a shows the differential reflection signal over a short time scale
with a pump pulse of 1.88 eV (660 nm) and a probe pulse of
1.58 eV (785 nm). The values of the pump energy fluence are
labeled in the figure. The signal reaches a peak right after the
pump excitation, limited by the instrumental response, and de-
cays quickly for about 1 ps. This fast decay process is the main
topic of this study. The black squares in Figure 1b show that the
peak signal increases linearly with the pump fluence. By using
an absorption coefficient? of 2 x 10° cm~!, we estimate that the
largest pump fluence used in this study, 2 uJ cm~2, injects a peak
areal carrier density of 10" ecm~2. The decay of the signal after
the peak is fit by a biexponential function. The deduced short
and long time constants are both independent of the pump flu-
ence in this range. Figure 1c shows the short time constants in
the range of 0.45 to 0.50 ps, while the long time constants (not
shown) are in the range of 5 - 6 ps. These observations show that
the dynamics of the photocarriers are independent of the carrier
density in such a low density regime. As a consequence, the sig-
nal at a probe delay of 3 ps (that is, after the fast-decay process)
is also proportional to the pump fluence (blue cirlces in Figure
1b); therefore, the ratio between the peak signal and that at 3 ps,
which we use to describe the relative strength of this fast-decay
component, is independent of the pump fluence (Figure 1d). We
note that the slow decay process has been generally observed in
TMD monolayers, and was attributed to recombination of exci-
tons. Since the radiative recombination of bright excitons inside
the light cone can be rather fast#142, the relatively slow decay is

This journal is © The Royal Society of Chemistry [year]



likely caused by nonradiative recombination of the whole exciton
population.

To understand the origin of this fast-decay component, we mea-
sured the differential reflection signal with different pump pho-
ton energies, which define the initial states of the photocarriers.
Pump photons with an energy larger than the band gap inject free
electron-hole pairs, while those with an energy smaller than the
band gap but larger than the exciton energy inject excitons. A
few examples of the measured differential reflection signals are
shown in Figure 2a. In these measurements, a portion of the 785-
nm output of a Ti:sapphire laser (about 100 fs) was used as the
probe, while the rest was coupled to a photonic-crystal fiber to
generate coherent supercontinuum. Dielectric interference band-
pass filters with a transmission bandwidth of 10 nm and various
center wavelengths were used to select pump pulses with desired
wavelengths. Since the supercontinuum is highly chirped, these
pump pulses have slightly different pulse widths and different
time delays. Dispersive elements in the pump arm also alters the
pulse width and time delay differently. Typical temporal widths
of the pulses obtained with this method are in the range of 300
- 400 fs; however, no efforts were made to accurately determine
the temporal width and delay time of each pump pulse during
the actual measurement. Consequently, the zero probe delays
labeled in Figure 2a are defined somewhat arbitrarily. Previous
measurements on TMD monolayers have indicated that the ris-
ing time of the transient absorption signal is typically pulse-width
limited 1>-23, Hence, the rising part of the signal reflects the pulse
widths of each measurement. The uncertainty on the probe delay
does not impact our analysis which only involves the peak signal
and the signal at 3 ps; both quantities are mostly insensitive to
uncertainties in the probe delay. In these measurements, as the
pump wavelength was varied, the pump fluence was adjusted so
that the signal at 3 ps was maintained at the same level.

Figure 2a shows clearly that the relative strength of this fast
decay component depends strongly on the pump photon energy.
With low energy pump photons, this component is hardly visi-
ble while the high energy pump photons produce large magni-
tudes of this component. To quantitatively evaluate this effect,
we compute the ratio between the peak signal and that at 3 ps,
AR(peak)/AR(3 ps), from these curves as well as many others
that are not shown. The results are shown by the black squares
in Figure 2b while the gray curve shows the photoluminescence
(PL) measured from the same sample which matches the A exci-
ton resonance (black dashed line) deduced from reflection spec-
troscopy*3. The higher energy B and C exciton resonances*® are
indicated by the red and blue dashed lines, respectively.

Currently, the band gaps of TMD monolayers are still under
debate. In MoSe;, exciton binding energies of 0.24 and 0.55 eV
has been deduced by using different techniques®7. With the A-
exciton resonance of 1.56 €V, these values correspond to band
gaps of 1.80 and 2.11 eV and are indicated by the orange and
green lines in Figure 2b, respectively. When pumping with a pho-
ton energy of 1.65 eV, pink triangles in Figure 2a, the fast com-
ponent is largely absent and the signal simply decays exponen-
tially. With an excess energy of 0.09 eV, it is safe to assume that
only A-excitons are injected; hence, the decay reflects the loss of
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the exciton population over time. The ratio of the signals at the
peak and at 3 ps is about 1.6 (Figure 2b) and agrees well with
the decay time of 6 ps that further confirms the absence of the
fast component. By increasing the pump photon energy, this ratio
jumps to 2.2 at about 1.75 eV and slowly increases to about 2.8
as the pump photon energy is raised up to 2.5 eV.

Exciton Formation as the Origin of the Fast Decay

We argue that the data presented in Figures 1 and 2 show that
the fast-decay component originates and displays the formation
of excitons from the injected electron-hole pairs.

First, we can rule out the movement of photocarriers out of the
probe spot as the origin of the fast decay. In order for such a
process to account for the observed signal drop of about 50%, the
area covered by the photocarriers needs to increase by a factor of
2in 1 ps. According to the diffusion model, the change in the area
covered by the photocarriers in a duration of Ar is 16In(2)DAt,
where D is the diffusion coefficient**. Considering a laser spot of
2 um wide, the diffusion coefficient would have to be as high as
4,000 cm? s~!, corresponding to a mobility on the order of 15,000
em? V~1s~! for such an expansion in 1 ps. These are much higher
than the known values for MoSe, monolayers*>~*8. In fact, the
profile of the differential reflection signal obtained at 3 ps has a
similar area of the convoluted pump and probe spots.

Generally speaking, the fast decay component may have two
different types of origins. It could either be induced by the rapid
loss of the photocarrier population to, for example, trap states
or, without any loss of photocarrier population, by decrease of
the probing efficiency due to the evolution of the photocarrier
distribution.

Several pieces of evidence show that the trapping mechanism
is not the origin of the observed fast component.

As shown in Figure 1d, the relative strength of this compo-
nent is independent of the pump fluence. If the fast decay were
induced through the trapping of photocarriers by defect states,
then the existence of the signal after this fast process, which
decays slowly, can only be explained if the traps are full and
can no longer capture more carriers. Therefore, the signal af-
ter the fast transient (roughly measured by the signal at 3 ps)
would come from the remaining photocarriers. The quantity
AR(peak)/AR(3 ps) would be the ratio of the initially injected den-
sity and the remaining density after the trapping process. This ra-
tio would approach infinity if the injected density is much lower
than the defect density, since no carriers are expected to survive
after 3 ps. Our results show that this is clearly not the case. On
the other hand, in the regime where the injected density is much
higher than defect density, only a negligible fraction of the in-
jected carriers would be trapped and the fast decay component
should be nearly invisible. This also contradicts our observations.
Finally, if the injected density is comparable to the defect density,
one would expect a significant variation of this ratio as the in-
jected density is changed. However, we observed no dependence
in our study, with the injected photocarrier densities in the range
of 100 - 10" em~2.

The results shown in Figure 2 provide further and even stronger
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Fig. 2 (a) Differential reflection of MoSe, monolayer measured with probe and pump photon energies as labeled. A systematic variation of the short
transient is seen. (b) The ratio of the peak differential reflection and that at 3 ps as a function of the pump’s photon energy. The PL spectrum of the
sample is shown as the gray curve. The band gaps reported are indicated by the orange? and green’ solid lines. The dashed vertical lines indicate
the A, B, and C exciton resonances determined by reflection spectroscopy 3. (c) The inverse photon number fluence used in the measurement in
order to maintain the differential reflection at 3 ps a constant (black squares, left axis) and the absorption coefficient of monolayer MoSe; plotted

according to a previous report? (blue curve, right axis).

evidence to rule out the trapping process as the origin of the fast
decay component. We observed a significant change of the rela-
tive strength of this fast component, from large with high pump
photon energies to nearly absent when excitons are directly in-
jected. In the measurement, we adjusted the pump fluence for
each pump wavelength in order to maintain the signal at 3 ps (in-
stead of the peak signal) to a similar level. The inverse pump flu-
ence is plotted in Figure 2c along with the absorption coefficient
of monolayer MoSe, (re-plotted from a previous report2). Since
the product of the pump fluence and the absorption coefficient de-
termines the injected photocarrier density, the consistency shown
in Figure 2c indicates that as the pump photon energy was tuned
in the measurement, the injected photocarrier density remained
the same. Therefore, the signal at 3 ps, instead of the initial peak,
truly reflects the injected photocarrier density. As a specific ex-
ample, for the pump photon energies of 1.65 and 2.43 eV (pink
triangles and black squares in Figure 2a), the pump fluence was
adjusted according to the absorption coefficients at these photon
energies (Figure 2c¢), in order for the two pulses to inject the same
photocarrier density. The differential reflection signals produced
at and after 3 ps are identical, but the 2.43 eV pump produces
a pronounced initial peak. Hence, this initial peak is an extra
feature due to the higher photon energy, instead of higher photo-
carrier density. As such, the initial drop of the signal is due to the
loss of this extra feature, instead of a loss of photocarriers.

Without a change of the photocarrier population, the fast de-
cay of the signal must be caused by the evolution of the injected
photocarriers in energy space.

It has been well established4® during the studies of exciton
nonlinearties in quasi 2D systems, such as semiconductor quan-
tum wells, that free electron-hole pairs can saturate the exciton
oscillator strength. Since the exciton wave function is composed
of free carrier states, occupation of these states alters the oscil-
lator strength. In our measurements, pump photons with large

4| Journal Name, [year], [vol.],1-8

energies inject energetic electron-hole pairs with a narrow Gaus-
sian energy distribution. Thermalization of these carriers by inter-
carrier scattering rapidly converts this initial nonthermal distri-
bution to a thermal distribution with a high temperature. In this
process, carriers as a whole move from high to low energy states.
Since occupying the lower energy states has a larger effect in sat-
urating the exciton absorption, this thermalization process should
induce an increase of the differential reflection signal. Following
the thermalization process, the hot carriers relax their energy to
the lattice via phonon scattering. Similar to thermalization, the
energy relaxation process also involves the movement of carriers
from high to low energy states and should be accompanied by
an increase of the differential reflection signal. Hence, the ther-
malization and energy relaxation of carriers should have ended
during the rising part of the signal and are not resolvable in our
measurements. Indeed, recent measurements with higher time
resolutions have revealed that these processes occur within a frac-
tion of one picosecond after photoexcitation %1,

The now cooled free electron-hole pairs are expected to form
excitons. During this process, the differential reflection signal
could change dramatically if the free carriers and excitons are
not equally efficient in saturating the exciton absorption. In par-
ticular, if the free carriers are more efficient than excitons, the
signal should drop as the free carriers form excitons. Based on
our observations, this appears to be the only reasonable explana-
tion of the fast decay process. The rest of the dynamics involve
excitons only, which slowly decay due to their relatively longer
lifetime. Indeed, the observed step-like dependence on the pump
photon energy shown in Figure 2b strongly support this assign-
ment, since the fast decay component is largely absent when the
excitons (with the same density) are directly injected. In the
following paragraphs, we will show that this assignment is also
quantitatively consistent with a simple and intuitive model.

Transient absorption near the exciton resonance originates

This journal is © The Royal Society of Chemistry [year]
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from changes of the resonance induced by the presence of car-
riers or excitons. In general, these changes include saturation of
the exciton oscillator strength, shift of the resonant frequency, and
broadening of the linewidth. Previously, these effects in TMDs
have been revealed by spectrally resolved transient absorption
measurements %355 Here, to simplify the analysis, we choose
the probe photon energy to be at the peak of the absorption of
the A-exciton, so that we mainly sense the saturation effect. The
transient absorption, at a low carrier density, due to the satura-
tion effect can be modeled as

Ao a(N)—o N

e &

Qo 2%)] N
where o(N) and o are the absorption of the sample with the
presence of photocarriers (with a density N) and without it, re-
spectively*?. The saturation density (N;) describes the effective-
ness of an electron-hole pair (or an exciton) on saturating the
oscillator strength. We note that the linear dependence of the sig-
nal on the pump fluence, shown in Figure 1b, indicates that our
experiments were performed in the regime of N < Nj.

An exciton population can reduce the oscillation strength
through the phase state filling effect and the renormalization of
the exciton orbital wave function, both of which originate from
the exclusion principle. Based on a seminal model established
by Schmitt-Rink, Chemla, and Miller%?, the inverse saturation
densities, 1/Nj, corresponding to these effects are (32/7)7a} and
(4832/1225) a3, respectively, where ag is the Bohr radius of ex-
citons in 2D4°. For electron-hole pairs under the condition of
kpT < Eg where kg, T, and Ep are Boltzmann constant, tempera-
ture, and exciton binding energy, the resulting inverse saturation
densities are 87a% and 4(m —2/3)7ma% for the phase space state
filling and exchange effects, respectively*’. In 2D TMDs, this
condition is always met (at room temperature) since the exciton
binding energies are on the order of several hundred millielec-
tronvolts. By adding the two contributions, this model indicates
that the inverse saturation densities of excitons and electron-hole
pairs are 8.57ra% and 17.97ra%3, respectively. That is, free carriers
are about twice more efficient on inducing transient absorption
than excitons#®. By noting that at 3 ps a portion of the injected
photocarriers has decayed, the observed ratios of 2.2 - 2.8 are rea-
sonably consistent with the ratio between the electron-hole pair
and exciton cross sections of about two. Since the fast decay orig-
inates from exciton formation from electron-hole pairs, the decay
constant of 0.47 +0.02 ps reflects the exciton formation rate in
monolayer MoSe,. Furthermore, our results appear to indicate a
band gap value of about 1.80 eV, which is consistent with spec-
troscopic measurements?.

We note that the model described above is based on evaluation
of areas of excitons in energy space*°. Although it is intuitive and
captures the essences of excitonic nonlinearity, an accurate de-
scription of such effects requires more sophisticated models that
properly include processes such as Coulomb screening and cor-
relations beyond Hartree-Fock model °®>7. Specifically for TMD
monolayers, it was shown that Coulomb interaction and the non-
parabolic bandstructure are of particular importance>8. We hope
that experimental results presented here would stimulate more

6| Journal Name, [year], [vol.],1-8

sophisticated theoretical studies on this basic issue. Previous stud-
ies on conventional semiconductor structures, such as GaAs and
ZnSe quantum wells, hot carriers can form excitons via optical
photon emission, which is then followed by energy relaxation
of hot excitons®%%0, This process, if efficient enough in MoSe,
monolayers, could contribute to the slow decay part of the signal
following this initial rapid decay.

Other TMD Monolayers: WSe,, MoS,, and WS,

We performed similar measurements on other TMD monolayers,
including WSe,, MoS,, and WS,. The results are summarized in
Figure 3. As shown in Figure 3a, the relative strength of the fast
component in monolayer WSe; also decreases significantly as the
pump photon energy is decreased. The dependence of the ratio
on the pump photon energy is more complicated than MoSe; and
could be attributed to the different bandstructures®?.
that as the pump photon energy is decreases, its wavelength ap-
proaches the cutoff wavelength of the color filter that prevents
the pump from reaching the detector, causing a higher level of
noise. Due to the limitation of our laser system, we could only
take limited data points on MoS,, as shown in Figure 3c and d.
However, it is still clearly shown that the fast component is absent
with low pump photon energies. With a pump photon energy of
3.18 eV, which is safely above the band gap, the ratio is as high
as 3.2. We note that a small dip was observed slightly before zero
probe delay with the pump wavelength of 2.03 €eV. Its origin is
not understood yet; however, nonlinear interactions between the
pump and the probe pulses, such as sum frequency generation
and two-photon absorption, could lead to loss of probe photons
and a negative differential reflection signal. Finally, we could only
take two data points on WS;, as shown as Figure 3e and f. Nev-
ertheless, the ratio increases from 1.8 to 2.1 as the pump photon
energy changed from 2.4 to 3.2 eV. From exponential fits to the
fast component, as indicated by the solid black curves in Figure
3, we obtained decay time constants of 0.33 4 0.04 ps, 0.31+0.04
ps, and 0.30 +0.04 ps in WSe;, MoS,, and MoSe;, respectively.

We note

Conclusions

We observed a fast initial decay of transient absorption signal
from TMD monolayers upon ultrafast interband excitation and
attribute it to formation of excitons from electron-hole pairs. This
conclusion is supported by the following evidence: First, this ini-
tial decay is absent when excitons are directly injected. Second,
the decrease of the overall signal due to this decay, about a fac-
tor of 2, is consistent with the ratio of the cross sections of the
electron-hole pairs and excitons in inducing transient absorption
of the exciton resonance. Third, the relative strength of this com-
ponent is independent of the injected carrier density, which rules
out the defect trapping of carriers as its origin. These evidence
was also observed in all the materials studied, including MoSe;,
MoS,, WSe;, and WS;. Based on this interpretation, we are able
to deduce the exciton formation time of shorter than 1 ps in these
two-dimensional transition metal dichalcogenides.

This journal is © The Royal Society of Chemistry [year]
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