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ABSTRACT We present an experimental investigation on the exciton dynamics
of monolayer and bulk WSe, samples, both of which are studied by femtosecond
transient absorption microscopy. Under the excitation of a 405 nm pump pulse, the
differential reflection signal of a probe pulse (tuned to the A-exciton resonance)
reaches a peak rapidly that indicates an ultrafast formation process of excitons. By
resolving the differential reflection signal in both time and space, we directly
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determine the exciton lifetimes of 18 4- 1 and 160 = 10 ps and the exciton diffusion

Monolayer WSe,

coefficients of 15 == 5 and 9 == 3 am?/s in the monolayer and bulk samples, respectively. From these values, we deduce other parameters characterizing the

exciton dynamics such as the diffusion length, the mobility, the mean free path, and the mean free length. These fundamental parameters are useful for

understanding the excitons in monolayer and bulk WSe, and are important for applications in optoelectronics, photonics, and electronics.
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ungsten diselenide is a layered semi-

conductor with a hexagonal crystal-

line structure and an indirect band-
gap of 1.35 eV. Its optical properties are
dominated by two direct exciton transitions
at 1.71 and 2.30 eV, known as A and B ex-
citons, respectively.'~® Due to its high ab-
sorption coefficients in the visible range and
its resistance to photocorrosion, it has been
widely used as electrodes in photoelectro-
chemical solar cells* ¢ and hydrogen evolu-
tion.” In addition, owing to its layered struc-
ture, WSe; is flexible and has very low
surface trap density, making it an attractive
candidate for flexible electronics. Previously,
field effect transistors based on single crystal
WSe, have been demonstrated, and carrier
mobilities comparable to silicon at room
temperature were achieved.®'° Further-
more, current rectification has been ob-
served in heterojunction diodes of InAs/
Wse,."

Since the discovery of graphene, signifi-
cant efforts have been focused on develop-
ing two-dimensional (2D) crystals beyond
graphene from other layered crystals, such
as transition metal dichalcogenides.">~'® In
fact, ultrathin films containing only two
layers of WSe, have been successfully pro-
duced by mechanical exfoliation in 1970,
and the thickness effect on the exciton tran-
sitions has been revealed.'® More recently,
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WSe, 2D crystals have been fabricated
by modulated elemental reaction,'” solu-
tion-phase synthesis,'® rapid selenization
process'® and mechanical exfoliation.?°
Photoluminescence (PL) measurements have
confirmed an indirect-to-direct bandgap tran-
sition in monolayers,>'~2* which is similar to
other transition metal dichalcogenides, such
as MoS,%** and MoSe,.>*?” Raman spec-
troscopy has been used to determine the
thickness and to study lattice dynamics in
2D WSe,. 2232829 p_type field effect transis-
tors were fabricated with monolayer WSe,
with a high hole mobility of 250 cm?/(V )
and an on/off ratio of 10° at room tempera-
ture.*® Later demonstration of n-type field
effect transistors with comparable electron
mobilities illustrated potentials of this ma-
terial for complementary logic applica-
tions.3'2 These performances are compar-
able to, or even better than, the more
extensively studied MoS, monolayers.33—3°
Furthermore, first-principles calculations
predicted giant spin—orbital-induced spin
splittings in monolayer WSe, of more than
400 meV,*® suggesting potential applica-
tions of WSe,, 2D crystals in spintronics.” —3°

Besides being a novel material itself for
various applications, as one of the only four
non-carbon materials with monolayers that
are known to be stable in ambient condi-
tions,*® WSe, can play important roles in
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developing van der Waals heterostructures and
crystals.**~*8 Therefore, it is important to understand
the intrinsic properties of WSe,.

Here we report a time-resolved study of exciton
dynamics in monolayer and bulk WSe, by transient
absorption microscopy. By resolving the exciton dy-
namics in both time and space with high resolution, we
directly measure lifetimes and diffusion coefficients of
excitons in monolayer and bulk WSe, and deduce
other parameters describing the dynamics, such as
diffusion length, mean free time, mean free path, and
exciton mobility. These parameters are important for
understanding excitons in monolayer and bulk WSe,
and for designing various optoelectronic devices utiliz-
ing excitons in this material.

RESULTS AND DISCUSSION

In our experiments, the excitons are injected by a
100 fs pump laser pulse and are detected by measuring
the differential reflection of a probe pulse, defined
as the relative change of the probe reflection due to
the pump pulse. To resolve the exciton dynamics, the
differential reflection is measured as a function of
the probe delay, probe wavelength, and the distance
between the probe and the pump laser spots. All the
measurements were performed under ambient condi-
tions with no signs of sample variation observed
during the whole study. See the Method section for
more details.

Figure 1a shows the differential reflection signal of
the monolayer sample measured with different values
of the pump pulse fluence. In these measurements, a
pump pulse of 405 nm is used to excite the sample. The
probe is tuned to 750 nm, close to the peak of the 1s
resonance of the A-exciton. Hence, it is expected to
probe the population of A-excitons. First, we analyze
the data with probe delays longer than 5 ps. We find
that the signal decays exponentially. By single-
exponential fits with an adjustable baseline, shown
as the gray curves in Figure 1a, we deduce the decay
time from each curve, as plotted as the red squares in
Figure 1b (left axis). In this time range, the decay of the
differential reflection signal can be attributed to the
loss of exciton population due to their recombination.
Therefore, the decay time measures the exciton life-
time. From Figure 1b, the lifetime is independent of
the pump fluence. To convert the pump fluence to the
injected exciton density, we use bulk absorption co-
efficient of 0.5 x 10° cm ™", as previous reported,’ and
assume that every pump photon absorbed excites one
exciton. We find that the largest pump fluence used in
these measurements (1.66 uJ/cm?) corresponds to an
areal exciton density of about 1.0 x 10''/cm?, or an
average distance between excitons of about 31 nm.
In such a low density regime, it is reasonable that
exciton—exciton interaction does not influence the
exciton dynamics. We obtain an averaged value of
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Figure 1. (a) Differential reflection of a 750 nm probe as a
function of the probe delay in monolayer WSe, measured
with a 405 nm pump of energy fluences of (from bottom to
top) 0.11,0.22, 0.44, 0.66, 0.88, 1.10, 1.31, 1.54, and 1.66 ,uJ/cmz.
The inset shows the signal at early probe delays. (b) The exciton
lifetime (red squares, left axis) and the magnitude of the signal
at a probe delay of 5 ps (blue circles, right axis) as a function of
the pump fluence.

the lifetime of 18 & 1 ps, indicated as the red line in
Figure 1b. The blue circles in Figure 1b show the
differential reflection signal as a function of the pump
fluence at a fixed probe delay of 5 ps. Clearly, the signal
is proportional to the pump fluence, and hence, the
injected exciton density. This further confirms the
validity of using the differential reflection signal to
monitor the exciton density.

Next, we focus on features observed at very early
probe delays. As shown in Figure 1a, a fast component
of the differential reflection is observed near the zero
delay. The inset of Figure 1a provides a closer view of
this time range. To better illustrate this component,
each curve in the inset was divided by its value at 5 ps.
Clearly, this component exist for less than 2 ps and is
relatively pronounced with lower values of the pump
fluence. We can rule out this component as a fast decay
of exciton population. If that were the case, the differ-
ential reflection signal at 5 ps (that is, after such a
process) would not be proportional to the pump
fluence (injected exciton density), as shown in
Figure 1b. For example, as can be seen in the inset of
Figure 1a, at the lowest pump fluence used, the exciton
population would have dropped by about a factor of
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Figure 2. Differential reflection of the 750 nm probe as a
function of the probe delay in bulk WSe, measured with a
405 nm pump fluence of 0.3 uJ/cm?. The inset provides a
closer view over the early probe delays.

5 within 2 ps, while the decrease is less than a factor
of 2 at higher fluences. This would have resulted in a
significant deviation from the linear relation shown in
Figure 1b. We can also rule out any direct nonlinear
interactions between the pump and the probe pulses,
since this component persists beyond the temporal
overlap of these pulses. We suspect that this compo-
nent could originate from an additional contribution
of the pump excitation to the differential reflection.
Nevertheless, our study of the exciton dynamics after
5 ps is not influenced by this fast component, since the
signal after this process is proportional to the pump
fluence and the exciton density.

The 405 nm pump has a photon energy of 3.06 eV. So
far, the exciton binding energies in monolayer WSe,, as
well as other transition metal dichalcogenides, have
not been experimentally determined. A theory predicts
a value of 0.90 eV for monolayer WSe,.** Since the
pump photon energy is higher the A-exciton reso-
nance by an amount of 1.40 eV, it is safe to assume
that the pump injects free carriers with a high kinetic
energy, instead of excitons. By using the curves
shown in the inset of Figure 1a that are measured
with high pump fluences and, hence, are free of the
unknown fast component, the differential reflection
signal reaches a peak at about 0.3 ps. This rising time
is close to the instrument response time. Such a
short rising time suggests an ultrafast (subps) exciton
formation process of the injected hot electron—hole
pairs.

For comparison, we study a thick flake on the same
substrate that is fabricated from the same crystal. Its
thickness is not accurately determined; however, it is
not transparent for visible light. Hence, it is at least
several 10 nm thick and can be treated as a bulk
sample. The experimental conditions are the same,
with a pump fluence of 0.3 u J/cm?. The results are
shown in Figure 2. We observe a similar fast rise and
a fast decay [inset of Figure 2], followed by a slower
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Figure 3. Differential reflection signals as a function of the
probe wavelength measured in the monolayer (red circles)
and bulk (blue triangles, multiplied by 8) WSe, samples. The
405 nm pulse has a fluence of 0.7 xJ/cm? and arrives 5 ps
before the probe pulse. The gray line shows the PL spectrum
of the monolayers sample (in arbitrary units).

decay. An exponential fit (red line) gives a decay
constant of 160 £ 10 ps, which is a factor of 8 longer
than monolayer. The enhanced exciton recombina-
tion in monolayer observed here is consistent with
recent PL measurements that showed much higher
PL yield in monolayer WSe, than few-layer and bulk
samples.?' %

Previously, transient absorption measurements
have been performed in monolayer MoS,.>°~>* The
spectra of the transient absorption were found to be
significantly different from the absorption spectra of
the samples.>>>>3 Hence, it is interesting to measure
the spectra of transient absorption in WSe,. With a
fixed 405 nm pump fluence of 0.7 uJ/cm?, we measure
the differential reflection of the monolayer flake as a
function of the probe delay with various probe wave-
lengths. We observe the same time evolution of the
signal. The red circles in Figure 3 show the magnitude
of the signal at a fixed probe delay of 5 ps, together
with a PL spectrum of the monolayer sample (the gray
line) measured under excitation of a 632.8 nm He—Ne
laser beam. We find that on the long-wavelength
side of the PL peak, the differential reflection spectrum
agrees very well with the PL line shape, which reflects
the A-exciton resonance. However, on the short-wave-
length side, there appears to be a negative component
that is superimposed to the resonance. In a small
wavelength range around 730 nm, the signal becomes
negative. Generally speaking, the transient absorption
on exciton resonances in semiconductors can be in-
duced by several mechanisms, such as phase-space
state filling,>* screening of the Coulomb interaction,>*
and bandgap renormalization.>® The phase-space state
filling effect reduces the exciton transition strength,
while the other two effects cause the exciton transi-
tion to shift and broaden. Our results indicate that on
the long-wavelength side the effect is predominately
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Figure 4. (a) Differential reflection signal as a function of
both the probe delay and the probe position measured
from the monolayer WSe, sample. (b) The deduced squared
width of each differential reflection spatial profile as a func-
tion of the probe delay. The red line indicates a linear fit.

phase-space state filling, while on the short-wave-
length side, other mechanisms are also involved.

We also measure the transient absorption spectrum
of the bulk sample under the same conditions. The
results are shown as the blue triangles in Figure 3.
Compared to the PL of monolayer, the peak is broader
and is slightly shifted to longer wavelength. The nega-
tive component in the short-wavelength side is not
seen.

To study the transport properties of the excitons in
WSe,, we spatially and temporally resolve the differ-
ential reflection signal.

In this measurement, the 405 nm pump and the
750 nm probe pulses are both focused to spots of
about 1.3 um (1/e intensity width) with a pump fluence
of 0.7 uJ/cm? We adjust the distance between the
centers of the pump and probe spots on the sample,
and at each distance we measure the differential
reflection signal as a function of the probe delay. The
result of such a spatiotemporally resolved measure-
ment is plotted in Figure 4a. To analyze the evolution of
the profile, we fit the profile corresponding to each
probe delay by a Gaussian function to determine its 1/e
width (o). The squared width is plotted in Figure 4b as
a function of the probe delay.

The excitons injected by the tightly focused pump
pulse diffuse in the monolayer WSe,, driven by the
density gradient. During this process, excitons also
recombine randomly and independent of each other.

CUI ET AL.
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Figure 5. (a) Differential reflection signal as a function of
both the probe delay and the probe position measured
from the bulk WSe; sample. (b) The deduced squared width
of each differential reflection spatial profile as a function of
the probe delay. The red line indicates a linear fit.

Such a process can be described by the classical
diffusion equation.’® Since the initially injected profile
is determined by the pump laser spot, which has a
Gaussian intensity profile, the exciton density profile
reminds Gaussian and broadens with time. Quantita-
tively, it can be readily shown that o*(t) = o3 + 4D,
where D and o, are the exciton diffusion coefficient
and the initial width, respectively.®® By a linear fit
[the red line in Figure 4b], we obtain an exciton
diffusion coefficient of 15 & 5 cm?/s.

The measurement is performed with a low-density
exciton system. The peak density at the center of the
profile is 2.4 x 10'%/cm?, corresponding to an average
distance of 63 nm between two excitons. Under this
condition, the exciton transport is not influenced by
the exciton—exciton interaction. It is determined by
the thermal motion of excitons (at room temperature)
and the exciton scattering with its environment,
including phonons, lattice imperfections, and the sub-
strate. Hence, the exciton diffusion coefficient indi-
cates the strength of these interactions. From the
measured diffusion coefficient, we deduce a mean free
time (D/v3, where vy is the thermal velocity) of about
0.24 ps and a mean free path of 17 nm. Together with
a lifetime of T = 18 ps obtained in the time-resolved
measurements shown in Figure 1, we obtain a diffusion
length of (D7)""? = 160 nm. These fundamental param-
eters on exciton dynamics are important for under-
standing exciton physics in monolayer WSe, and for its
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applications in optical and photonic devices. For ex-
ample, a recent study showed that PL from monolayer
WSe, at low temperature is linearly polarized, indicat-
ing a valley coherence time that is much longer than
the exciton lifetime.3® Measurement of exciton lifetime
can help estimate the valley coherence time.

For electronic applications, charge transport, instead
of the exciton transport, dominates device performances.
Very recently, charge transport was studied in n-type and
p-type field-effect transistors made of ultrathin WSe,3° 32
An electron mobility of 200 cm?/(V 5)** and a hole mobility
of 250 cm?/(V 5)*° in monolayer WSe, at room tempera-
ture were deduced from these measurements. From
the exciton diffusion coefficient measured here, we
deduce an exciton mobility of 4 = 600 cm?/(V s) by
using the Einstein relation, 4 = eD/kgT, where e, kg, and
T are elementary charge, Boltzmann constant, and
temperature, respectively. Since excitons are neutral
particles, their interactions with charged impurities
and piezoelectric types of phonons are expected to
be weaker than the charge carriers. Hence, it is reason-
able that exciton mobility is slightly larger than the
charge mobilities. We note that the all-optical ap-
proach used here is free of device fabrication and,
hence, avoids any potential complications caused by
the quality of the devices and the contacts.

For comparison, we also measure diffusion of ex-
citons in the bulk sample under the same conditions.
The results are summarized in Figure 5. We find an

METHODS

The samples studied are monolayer flakes of WSe, fabricated
by mechanical exfoliation from a bulk crystal onto a silicon
substrate with a 280 nm oxide layer. Monolayer flakes are
identified with an optical microscope, according to the optical
contrasts enhanced by the substrate. The identified monolayer
flakes are further confirmed by PL spectroscopy. Under the excita-
tion of a 632.8 nm continuous-wave laser beam, bright PL is
observed, as shown as the gray curve in Figure 3. The PL spectrum
has a peak wavelength of 744 nm and a full width of about 25 nm.
Both features are in good agreement with recently reported PL
of monolayer WSe,,>' = but significantly different from multilayer
(even bilayer) flakes, which are broad and with multiple peaks.21 -2

In the transient absorption microscopy setup, a 10 W solid
state diode laser is used to pump a passively mode-locked Ti:
sapphire oscillator that generates 100 fs pulses with a central
wavelength of 810 nm at 80 MHz. A portion of this beam is
focused to a beta barium borate (BBO) crystal to obtain 405 nm
pulses by second-harmonic generation, which is used as the
pump in the experiment. It is tightly focused to the sample by a
microscope objective lens. The rest of the 810 nm beam is used
to pump an optical parametric oscillator, which generates a
signal output in the range of 1440—1580 nm. Second harmonic
of this beam, generated in another BBO crystal, is used as the
probe. It is focused to the sample by the same objective lens.
The reflected probe is collimated by the objective lens and
measured by one detector of a balanced detector. A portion
of the probe beam is taken as a reference beam, which is sent
to the other detector of the balanced detector. The output
of the balanced detector is measured by a lock-in amplifier.
A mechanical chopper is used in the pump arm to modulate the
intensity of the pump beam at about 2 kHz.
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exciton diffusion coefficient of 9 &+ 3 cm?/s, which is
comparable to the monolayer value. From this value
and the lifetime of 160 ps, we deduce a diffusion length
of 380 nm, a mean free time of 0.14 ps, a mean free
path of 10 nm, and an exciton mobility of 350 cm?/(V's).
Previously, electron mobilities of about 105 cm?/(V s)®
and hole mobilities in the range of 236—500 cm?/(V s)®°
in bulk WSe, at room temperature have been reported.
Our results are comparable to these values.

CONCLUSION

In summary, we have performed a comprehensive
study of exciton dynamics in both monolayer and bulk
WSe, samples by using femtosecond transient absorp-
tion microscopy. Excitons are generated by direct
interband excitation of a 405 nm pump pulse and
detected by measuring differential reflection of a
probe pulse tuned near the A-exciton resonance. By
spatially and temporally resolving the differential re-
flection signal, we directly measured the exciton life-
time and diffusion coefficient in both samples. From
these values, we deduce other parameters such as
diffusion length, mobility, mean free time, and mean
free path. These measurements yielded fundamental
parameters describing exciton dynamics in both
monolayer and bulk WSe, that are useful for both
understanding excitons in this material and applica-
tions of this material in optoelectronics, photonics, and
electronics.

The lock-in amplifier detects the differential reflection of the
probe, defined as the relative change of the probe reflection by
the presence of the pump, that is, AR/Ry = (R — Ry)/Ro, where R
and R, are the probe reflection with and without the presence of
the pump. We measure the differential reflection as a function
of the time delay between the pump and probe pulses, which is
controlled by moving a retroreflector installed on a linear stage.
We also measure the differential reflection signal as we vary the
distance between the centers of the pump and probe spots
on the sample, by tilting a beamsplitter that reflects the pump
beam into the objective lens. Furthermore, an imaging system
based on a charge-coupled device is used to monitor the
sample surface and the pump and probe spots. A spectrometer
is used to measure the PL of the sample and the properties of
the pump and probe pulses.
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