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1 Introduction

Probing Excitons in Transition Metal Dichalcogenides
by Drude-Like Exciton Intraband Absorption’

Sigi Zhao“, Dawei He?, Jiaqi He“, Xinwu Zhang?, Lixin Yi“, Yongsheng Wang*“, and Hui
Zhao*®

Understanding excitonic dynamics in two-dimensional semiconducting transition metal dichalco-
genides is important for developing their optoelectronic applications. Recently, transient absorp-
tion techniques based on resonant excitonic absorption have been used to study various aspects
of excitonic dynamics in these materials. The transient absorption in such measurements orig-
inates from phase-space state filling, bandgap renormalization, or screening effects. Here we
report a new method to probe excitonic dynamics based on exciton intraband absorption. In this
Drude-like process, probe photons are absorbed by excitons in their intraband excitation to higher
energy states, causing a transient absorption signal. Although the magnitude of the transient ab-
sorption is lower than the resonant techniques, the new method is less restrictive on the selection
of probe wavelength, has a larger linear range, and can provide complementary information on
photocarrier dynamics. Using WS, monolayer and bulk samples as examples, we show that the
new method can probe exciton-exciton annihilation at high densities and reveal exciton formation
processes. We also found that the exciton intraband absorption cross section of WS, monolayer
is on the order of 10~!8 cm?.

time-resolved techniques, such as transient absorption of visi-

Since the discovery of graphene, interests on two-dimensional
(2D) materials have grown rapidly. Transition metal dichalco-
genides (TMDs) are among the most extensively studied 2D semi-
conductors!. They have several interesting properties such as
transition to a direct bandgap in monolayers (MLs)%3, valley-
selective optical coupling®®, and strong nonlinear optical re-
sponses’ 11, Hence, they are regarded as promising candidates
for various electronic and optoelectronic technologies, including
field-effect transistors!?13, integrated circuits!4, solar cells!®,
photodetectors 5, and light-emitting diodes!®-18. Due to their
large binding energies, on the order of hundreds of meV 1922, ex-
citons in 2D TMD are stable at elevated temperatures, and play
a key role in determining the optical and electronic properties
of these materials. Hence, understanding excitonic dynamics is
important for developing applications based on 2D TMDs.
Previously, excitonic dynamics has been studied by various
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ble light, time-resolved photoluminescence23-26 transient THz
conductivity?’2%, dynamical second harmonic generation3?,
mid-infrared transient absorption by excitonic internal transi-
tions3132 and time-resolved photoemission33. Among these
techniques, the transient absorption of visible light based on fem-
tosecond lasers is the most widely used method. In such mea-
surements, excitons are either resonantly injected by an ultra-
short laser pulse tuned to the optical bandgap of the material or
formed from electron-hole pairs injected by a pulse tuned above
the quasiparticle bandgap. The dynamics of the excitons is mon-
itored by using a probe pulse with a controlled time delay with
respect to the pump pulse, utilizing the transient absorption in-
duced by the excitons. Through such measurements, various as-
pects of photocarrier and excitonic dynamics in 2D TMDs have
been revealed, including thermalization and energy relaxation 34,
exciton formation3®, exciton-exciton annihilation3®37, exciton
diffusion38-47 spin and valley relaxation*8:48-53:53-56 and ex-
citon recombination 25:27,36:41,43,49,53,57-60

In transient absorption measurements discussed above, the
probe pulse is tuned to the exciton resonance, as shown as the
blue arrow in Figure 1(a). The transient absorption is induced
via phase-space state filling, bandgap renormalization, or screen-
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ing effects®l. Although this is a powerful method, transient ab-
sorption based on these mechanisms has some limitations. For
example, for a given material, the probe photon energy is rather
selective, due to the resonant nature of these mechanisms. The
dependence of the signal on the exciton density deviates from a
linear relation at elevated carrier densities, making interpretation
of the results difficult in these regimes.

Here we demonstrate an alternative probe mechanism based
on exciton intraband absorption (EIA). Measurements of this type
can be performed with any probe photon energy that is smaller
than the optical bandgap of the material, and the signal is pro-
portional to the exciton density over a much wider density range.
Using WS, ML and bulk samples as examples, we show that this
probe technique can provide complementary information to the
resonant-absorption-based techniques.

2 Experimental section

The WS, ML samples were fabricated by mechanical exfoliation
onto polydimethylsiloxane (PDMS) substrates. ML flakes were
identified by their known optical contrast of about 8% on trans-
parent substrates®? (Figure S1). Photoluminescence (PL) mea-
surements were performed to further confirm the ML thickness.
The PL yield of the region with the smallest optical contrast is
orders-of-magnitude higher than other regions, with a narrow
peak at 620 nm (Figure S2). A bulk WS, was exfoliated to an-
other PDMS substrate (Figure S3). Its thickness is about 36 nm,
which is estimated from its green light transmission and reflective
contrast. Both samples were transferred onto a quartz substrate,
and were annealed under H-Ar mixed gas environment at 200°C
for 3 hours.

The transient absorption measurements in transmission geom-
etry were performed with an experimental setup schematically
shown in Figure S4. A Ti-doped sapphire laser generates 100-fs
pulses with a central wavelength of 820 nm at a repetition rate
of about 80 MHz. This output is divided to three parts. One part
pumps an optical parametric oscillator, which produces a 620-nm
pulse by parametric down conversion. Another part is focused to
a beta barium borate (BBO) crystal to produce a 410-nm pulse by
second harmonic generation. The last part of the 820-nm pulse is
used directly in the measurement.

In this study, the 410-nm pulse was used as the pump pulse
to excite the samples. Depending on the experimental configu-
ration, either the 820-nm or the 620-nm pulse was used as the
probe pulse. The 410-nm pump pulse was send to a retroreflector
on a motorized stage, so that its propagation length (and hence
its arrival time at the sample) can be adjusted. The pump and
probe pulses were combined by a beamsplitter, and were focused
to the sample through a microscope objective lens. The trans-
mitted probe was collimated by another lens, and was detected
by a photodiode., which was connected to a lock-in amplifier. A
chopper was used in the pump arm to modulate its intensity at
about 1 KHz. With this setup, we can measure the differential
transmission of the probe, with is defined as AT /Ty = (T — Tp) /Ty,
where T and T are the transmission coefficients of the sample
for the probe with and without the presence of the pump beam,
respectively.
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Fig. 1 Schematics of transient absorption measurements to probe exci-
tons based on resonant absorption (a) and exciton intraband absorption

(0).

3 Results and discussion

3.1 EIA-based transient absorption of monolayer WS,

The EIA-based probe mechanism is schematically shown in Figure
1(b). Here, a probe with a photon energy smaller than the optical
bandgap of the material is used. Without an exciton population,
the absorption of this probe is achieved by lattice absorption, and
is negligibly small. With the presence of excitons, as shown in Fig-
ure 1(b), the probe photons can be absorbed by these excitons.
In this process, an exciton absorbs one photon [vertical purple
arrow in Figure 1(b)]. Since a photon carriers negligibly small
momentum, the transition needs to involve phonons to conserve
the crystal momentum, as indicated by the dashed line. After the
absorption, the exciton can become a free electron-hole pair or
a hot exciton. In additional to EIA, the exciton population could
also alter the interaction of the probe with the sample via other
mechanisms, such as screening or biexciton effects. Since the pur-
pose of the probe is to sense the exciton density, the uncertainty
of the final states of the excitons after they have been probed is
not a concern.

We phenomenologically describe the EIA process. With the
presence of excitons, the absorption coefficient of the sample be-
comes

a=0oy+Aa = og+ ogaN3p. @9)

oy denotes the absorption coefficient of the sample without an ex-
citon population. g4 is the cross section of the EIA and Nsp, the
volume exciton density. By using this model, we have assumed
that EIA is proportional to the exciton density. This is similar
to the linear relation between free-carrier absorption and free-
carrier density4®. According to Beer’s Law, the transmission of
the sample is related to the absorption coefficient by

T = efaL, )]
with L being the sample thickness. Hence, the differential trans-

mission
AT Ty = (T —Tp) /Ty = e 2% — 1. 3)

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a) Differential transmission signal of an 820-nm probe pulse measured from the monolayer WS, sample with a 410-nm pump pulse. The initially
injected carrier density by the pump is labeled in each panel. (b) The quantity Ny/N(r) — 1 calculated from the data shown in (a). The red lines are
linear fits. (c) The peak differential transmission signal (top) and the slope of the linear fit (bottom) as a function of the injected carrier density.

Under the condition of Ao < 1, we have
AT/T() ~ —AaL = —0gaN3pL = —GgaN, 4@

where N is the areal exciton density.

The top panel of Figure 2(a) shows the differential transmis-
sion signal of an 820-nm probe pulse measured from the WS,
ML sample with a 410-nm and 90 pJ cm™2 pump pulse. Using
an absorption coefficient® of 7 x 107 m~!, we estimate that the
pump injects a peak carrier density of about Ny = 9.0 x 10'> cm—2
at the center of the pump laser spot®*. It has been shown that in
TMD MLs, the excitons are formed from free electron-hole pairs
on a picosecond time scale3%:65:66 and are stable at room tem-
perature due to their large binding energies21:22:63.67-70  Hence,
the observed signal is mainly induced by the excitons. Since the
probe photon energy (1.51 €V) is far below the optical bandgap
of WS, ML (2.00 €V), the transient absorption is expected to be
induced by EIA. The negative sign of the differential transmission
signal indicates that the excitons induce a decrease of the probe
transmission, and hence an increase of the absorption. This is op-
posite to the phase-space state filling mechanism, but is consistent
with the EIA mechanism. When the pump fluence is reduces, and
therefore the injected carrier density is lowered proportionally,
the magnitude of the signal decreases, as shown in the other pan-
els of Figure 2(a). The upper panel of Figure 2(c) shows the peak
signal as a function of the injected carrier density. The magnitude
of the signal is proportional to the carrier density, as confirmed
by a linear fit (the blue line). This reflects the fact that the EIA
coefficient is proportional to the exciton density without any satu-
ration effect even at such high exciton densities. From the slope,

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

we deduce a cross section og4 ~ 8 x 10~ 8cm?2. This value is in
the same order of magnitude with free carrier absorption cross
sections of traditional 3D semiconductors like silicon*® and ML
MoS, 71

3.2 Exciton-exciton annihilation at high densities

From Figure 2(a), the decay of the signal is slower at lower den-
sities. Such a density-dependent exciton recombination process
indicates that the dynamics is not governed by a single-molecular
process. Indeed, our attempts confirmed that the decay of the sig-
nal cannot be fit by a single-exponential function. This is, how-
ever, expected since at such high densities, exciton-exciton an-
nihilation is known to dominate the exciton dynamics25-31:36:37,
With the contribution of exciton-exciton annihilation, the decay
of the exciton density can be written as
AN 1. 1,

- IN—ZyN 5
dt T 27/ )
where 7 and y are the density-independent exciton lifetime and
exciton-exciton annihilation rate, respectively. When ¢t < 1, we
can ignore the contribution of the first term on the right-hand
side and find N
0
—— — 1= yNyt 6
where N, is the initial exciton density3°. Figure 2(b) shows the
quantity [No/N(t)] — 1, which is calculated from the data shown
in Figure 2(a), as a function of the probe delay. The initial part
can be described by the exciton annihilation model (red lines).

The deviation from the linear relation at later probe delays can
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Fig. 3 (a) Differential transmission signal of a 620-nm probe pulse measured from the WS, ML sample with a 410-nm pump pulse. The initially injected
carrier density by the pump is labeled in each panel. (b) The peak differential transmission signal (top panel) and fitting parameters (other panels) as a

function of the injected carrier density.

be attributed to the contribution from the first item in Eq. 5.
Furthermore, the slopes of the linear fits shown in Figure 2(b) are
plotted in the lower part of Figure 2(c). Despite of the relatively
large uncertainties due to the low signal level, the result shows a
linear dependence as expected from Eq. 6. A linear fit (red line)
gives an annihilation rate of about 0.05 cm? s~!
within one order of magnitude with previously reported values
of37 0.043 cm?/s in MoS,, 0.33 cm?/s in MoSe; 3¢, 0.41 cm?/s in
WS, 25 and 0.13 cm?/s in WSe, 31. We note that the annihilation
rate measured here is at higher carrier densities than previous
studies regimes2%31:36.37 thanks to the linear relation bewteen
the signal and the exciton density at such high densities.

. This result is

3.3 Comparison of EIA and resonant transient absorption
measurements

For comparison, we also performed differential transmission mea-
surements with a 620-nm probe. Tuning to the optical bandgap
(the A-exciton resonance) of WS, ML, the probe senses the pump-
injected photocarriers and excitons by the phase-space state fill-
ing, bandgap renormalization, or screening effects®!. Figure 3(a)
shows the results with different values of the injected carrier den-
sity. Note that the densities used in these measurements are much
lower than the 820-nm probe measurements. The peak differen-
tial transmission signal is plotted in the top panel of Figure 3(b)
as a function of the carrier density. Unlike the 820-nm probe,
here the signal is not a linear function of the density. Instead, the
signal saturates at higher densities.

In the saturated absorption regime, the absorption coefficient
of a sample depends on the incident light intensity, which takes
the form of a(l) = ay/(1 41/l ), where ay is the linear absorp-
tion coefficient and Iy, the saturation intensity’2. In general,

4| Journal Name, [year], [vol.],1-9

such saturation occurs when a significant fraction of the avail-
able electrons (states) are excited (filled) by the excitation. We
note that in these measurements, the pump absorption is not ex-
pected to saturate because of the low fluences used: The peak
fluence is about 5 pJ em™2, injecting a carrier density that is
below 10'2 em~2. It has been reported”3 that for 532-nm and
6-ns pulses, the saturation occurs at a fluence higher than 1 J
cm~2. For 200-fs pulses used here, the extrapolated saturation
fluence is on the order of 300 uJ cm~2. One expects the satura-
tion fluence for the 410-nm pump used here to be similar to or
even higher than (due to the larger densities of states) the 532-
nm pulse. Indeed, the linear power dependence of the EIA-based
signal (Figure 2) for a pump fluence up to 100 uJ cm~2 further
confirms this argument. Therefore, the saturation effect can be
attributed to the saturation of the probe absorption by the exci-
tons injected by the pump pulse. This effect can be described as
Aajoy = (o — o)/ 0 o< 1/(1 +N/Nyq ), where Ny, is as the sat-
uration density. By fitting the data with this model, we found a
saturation density of about 4.7 x10'' em~2. Such a saturation
effect of the resonant pump-probe measurement is well known,
and hinders accurate measurement of the excitonic dynamics in
high-density regimes.

The decay of the signal shown in Figure 3(a) was fit by a double
exponential function, AT /Ty = Yy +Ajexp(—1/11) + Azexp(—t/12).
The results are shown as the red curves in Figure 3(a), with the
fitting parameters summarized in Figure 3(b). The background,
Yy, increases with the injected density and is about 10 % of the
peak signal. The parameters A; and A, represents the magnitudes
of the fast and slow decay processes, respectively. Both of them
increase with the injected carrier density for low densities, and
saturate at higher densities. The large uncertainties of the data

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) Differential transmission signal measured with 620-nm (blue
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820-nm signal was scaled so that the two match at late probe delays. (b)
The differential between the two signals shown in (a). The red curve is a
single-exponential fit with a decay time of 3.0 + 0.3 ps.

prevent a more detailed analysis on their density dependence.
The slow time constant (7,) of about 10 ps can be attributed to the
exciton lifetime. However, we note that such analysis is less reli-
able at higher densities, since the signal is no longer proportional
to the exciton density. The fast time constant (7;) of about 2 ps
shows no apparent density dependence. This component is absent
with the 820-nm probe. This suggests that the EIA-based tran-
sient absorption measurements can provide complementary in-
formation on photocarrier dynamics to resonant-absorption based
measurements. Figure 4(a) shows a direct comparison of the two
measurements. The signal of the 820-nm probe is multiplied by a
factor of -70, so that at later probe delays the two curves overlap.
Apparently, the signal from the 620-nm probe has an additional
component at early delays. The difference of the two curves is
shown in Figure 4(b), which can be fit by a single-exponential
function with a time constant of about 3 ps (red curve).

In previous transient absorption measurements of TMDs based
on resonant absorption, a fast-decay component (picosecond time
scale) has been generally observed 4%°7. This phenomenon could
be attributed to rapid loss of carriers to defect states. However,
if that was the case, the fast-decay component should also be ob-
served in the EIA-based probe, since losing carriers is expected to
cause a decrease of the signal, too. The absence of the fast-decay
component suggests that there is no rapid loss of carrier density

This journal is © The Royal Society of Chemistry [year]
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in the initial phase of the photocarrier dynamics. More recently,
it has been shown that the fast-decay component in the resonant
transient absorption measurement is sensitive to the initial condi-
tions of the photocarriers: It only exists when free-carriers are in-
jected, and is absent when excitons are resonantly injected. Based
on this feature, the fast-decay process was attributed to the for-
mation of excitons from free-carriers3. This conclusion is con-
sistent with the well-established fact that free carriers are more
efficient in producing transient absorption at exciton resonance
than excitons®!. The time scale of exciton formation deduced, on
the order of several picoseconds, is also consistent with both re-
sults obtained from a different technique ®® and theory®°. Hence,
the EIA-based measurement provides further confirmation of this
assignment. This illustrates that the transient absorption tech-
niques with the two mechanisms can provide complementary in-
formation to reveal photocarrier dynamics in TMDs. The absence
of a fast-changing component in EIA based measurement during
the exciton formation process further confirms that the cross sec-
tions of EIA and of the free carrier absorption are comparable.
As such, the peak signal plotted in Figure 2(c) has contributions
from both excitons and free carriers and, strictly speaking, the ab-
sorption cross section deduced from the linear fit in Figure 2(c)
is a mixture of both. One could use signals at a later delay (af-
ter exciton formation is complete) to extract a cross section only
for EIA; However, the result would be influenced by the density-
dependent exciton recombination. Nevertheless, for an order-of-
magnitude estimation, either method is sufficient.

3.4 EIA-based and resonant transient absorption of bulk
WS,

We studied a bulk WS, flake with a thickness of about 36 nm.
The top panel of Figure 5(a) shows the differential transmission
signal of the 820-nm probe with a 410-nm pump fluence of 90 uJ
em~2. Due to strong absorption of the pump, the excited areal
carrier density per layer decreases as the pump propagates into
the sample, from about 9 x 10!2 in the first layer to about 1 x
10'2 cm~2 in the last layer. The corresponding areal carrier den-
sity of the whole film is about 1.6 x 10'* cm~2. The other panels
of Figure 5(a) are results obtained with different injected densi-
ties, as labeled. Similar to ML, the peak signal is proportional
to the injected density, as plotted in upper panel of Figure 5(c).
The linear fit (blue line) gives a cross section og4 of about 1.3
x 10718 cm?. This value is about 5 times smaller than obtained
from the ML sample. It is possible that different bandstructures
and exciton binding energies are responsible for the difference.

Besides the apparent oscillating component, which will be dis-
cussed later, the signal decays faster with increasing the injected
density. Using the same exciton-exciton annihilation model, Fig-
ure 5(b) shows the linear increase of Ny/N(t) — 1 with time. The
data is consistent with this model. The slope of the fits shown
in Figure 5(b) are summarized in the lower panel of Figure 5(c).
Except the two low-density points, the result is reasonably con-
sistent with the annihilation model. No effort was attempted to
extract an annihilation rate, since in bulk, the exciton density is
different from layer to layer, and the signal is the summer of the

Journal Name, [year], [vol], 1-9 |5
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fits. (c) The peak differential transmission signal (top) and the slope of the linear fit (bottom) as a function of the injected carrier density.

effects in individual layers.

In Figure 6, the oscillating component of the signal is separated
from the slow-varying part. This was done by fitting the data with
an exponential function, as indicated by the red curve in Figure
6(a). The oscillating component is then obtained by subtracting
this slow-varying component from the data, as shown in Figure
6(b). By fitting the data with a sinusoidal function with an ex-
ponentially decaying amplitude, we found a period of about 50
ps. Previously, oscillatory differential reflection signal has been
reported from MoS, multilayer samples, with period of the same
order of magnitude’4, and was attributed to coherent lattice vi-
bration. We expect the oscillatory signals observed here are of a
similar origin. However, we are unable to attribute this oscilla-
tion to any known phonon modes of WS, since it corresponds to
a very low-energy process.

Finally, we performed resonant transient absorption measure-
ments with a 620-nm probe, to compare with the EIA-based mea-
surement. Figure 7(a) shows the obtained differential transmis-
sion signal at various injected carrier densities. The decay of the
signal is fit by an exponential function, AT /T = Aexp(—t/7) + Yy,
as shown as the red curves. The fitting parameters obtained are
plotted in Figure 7(b). As in ML, the peak signal is a nonlinear
function of the carrier density, as indicated by the fit of the satu-
ration model (red line). The decay time constant is about several
hundred picoseconds to 1 ns, indicating the long lifetime of exci-
tons in bulk WS,. We note that the oscillatory component of the
signal was not observed here, because the carrier-induced signal
is much stronger due to the resonant nature of the probe.

4 Conclusion

We have demonstrated a new method to probe excitonic dynam-
ics in TMD monolayer and bulk samples based on exciton in-

6| Journal Name, [year], [vol.],1—9
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Fig. 6 (a) Differential transmission signal measured with 820-nm probe.
The red curve is an exponential fit. (b) The oscillatory component of the
data shown in (a) obtained by subtracting the slow-vary component (red
curve) from the data. The oscillatory data was fit by a sinusoidal function
with a period of about 50 ps (blue curve).

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Differential transmission signal of a 620-nm probe pulse measured from the bulk WS, sample with a 410-nm pump pulse. The initially
injected carrier density by the pump is labeled in each panel. (b) The peak differential transmission signal (top panel) and fitting parameters (other

panels) as a function of the injected carrier density.

traband absorption. Compared to resonant transient absorption
techniques, the magnitude of the signal is about three orders of
magnitude lower. However, several advantages make it attrac-
tive as an alternative technique. First, this approach is less re-
strictive on the selection of the probe wavelength. Unlike res-
onant techniques that require the probe to be near the optical
bandgap of the sample, the EIA-based measurement can be per-
formed with any probe with a photon energy smaller than the op-
tical bandgap. Second, the EIA-based transient absorption signal
is proportional to the carrier density even at a level of 10'3 cm~2,
which is much higher than the saturation density of the resonant
techniques. Taking advantage of the extended linear range, we
studied exciton-exciton annihilation in WS, ML at higher densi-
ties than previously reached. Third, we found that, unlike the res-
onant techniques, the EIA-based transient absorption technique is
similarly sensitive to free electron-hole pairs and excitons, which
allowed us to obtain further confirmation of the exciton formation
process. The EIA-based method is also different from the transient
absorption technique based on dipole-allowed 1s-2p transitions
of excitons31:32, Although this powerful method can distinguish
different types of excitons and allow access to important informa-
tion such as excitonic internal energy levels, oscillator strengths,
and many-body interactions parameters, it requires mid-infrared
probes that are resonant to such transitions.
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