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Transient absorption measurements of excitonic dynamics in 3R-MoS,
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The excitonic dynamics in MoS, monolayer, bilayer, and bulk flakes with different stacking orders, namely 3R
and 2H, are investigated through transient absorption spectroscopy at room temperature. Samples are obtained
by the mechanical exfoliation of bulk MoS, crystals with 3R and 2H stacking orders. Photoluminescence
spectroscopy is performed to characterize and compare the samples. Time-resolved differential reflection mea-
surements reveal that monolayer flakes exfoliated from the 3R and 2H crystals exhibit similar exciton lifetimes
of a few picoseconds. However, the exciton lifetime in the 3R bilayer flake is approximately 85 ps, about twice as
long as that in the 2H bilayer. This prolonged exciton lifetime is attributed to the reduction of the electron-hole
wavefunction overlap in the 3R bilayer due to the built-in polarization. Similarly, in bulk 3R MoS,, the exciton
lifetime is around 220 ps, approximately twice as long as those in bulk 2H MoS,. The extension of the exciton
lifetime in 3R transition metal dichalcogenides could be advantageous for their applications in optoelectronic

devices.

DOLI: 10.1103/PhysRevB.109.035410

I. INTRODUCTION

Semiconducting transition metal dichalcogenides (TMDs),
such as MoS, and WS;, have emerged as an important class
of materials with a multitude of novel properties. These lay-
ered compounds possess remarkable electronic properties that
are attractive for many applications [1,2]. The band gap of
TMDs can be precisely engineered by varying their thickness
and strain, enabling fine tuning of their electronic properties
for specific applications [3,4]. This tunability, combined with
their high charge-carrier mobility, makes them ideal channel
materials for high-performance transistors, flexible electron-
ics, and integrated circuits [5,6]. Moreover, semiconducting
TMDs exhibit strong light-matter interactions, leading to ef-
ficient absorption and emission of photons. This property
can be harnessed in photodetectors, light-emitting diodes, and
photovoltaic devices [7-10].

The majority of semiconducting TMDs adopt the hexag-
onal 2H structure, extensively studied in the literature.
However, there is a growing interest to explore a less com-
mon but thermodynamically stable stacking order, 3R, which
exhibits a rhombohedral lattice structure [11]. Figure 1 high-
lights the differences between the two stacking orders. In the
AA stacking [Fig. 1(a)], two monolayers (1Ls) are stacked
without any rotation or sliding. This stacking order is less
stable with a relatively large interlayer distance. A 2H MX,
bilayer (2L) is obtained by rotating the top layer by 7 around
a vertical axis and sliding it, aligning its M and X atoms with
the X and M atoms in the bottom layer, respectively, as shown
in Fig. 1(b). This arrangement restores mirror symmetry, elim-
inating several interesting physical processes associated with
low-symmetry lattices, such as second-order nonlinear opti-
cal processes and valley-selective population. Alternatively,
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sliding the top layer of the AA 2L results in two nonequivalent
configurations—an AB stacking with the M atoms in the top
layer align with the X atoms in the bottom layer [Fig. 1(c)],
and a BA stacking with the X atoms on top aligning with
the M atoms at the bottom [Fig. 1(d)]. In each 3R stacking,
a built-in polarization exists, as shown by the blue arrows in
Fig. 1. If the two layers are identified by the type of atoms
aligned with the other layer, the AB and BA 3R stacking can
be referred to as MX and XM orders, respectively. The built-in
polarization always points from the “X layer” to the “M layer.”

Recently, 3R MX, 2Ls have been successfully produced
directly by chemical vapor deposition (CVD) [12-16] and
by mechanical exfoliation of bulk 3R crystals [17]. Since the
inversion symmetry and the mirror symmetry are broken by
the lack of rotation and the layer sliding, respectively, 3R
MX, 2Ls show strong second-order nonlinear optical effects,
such as second-harmonic generation (SHG), with a nonlinear
susceptibility several orders of magnitude higher than the
2H 2Ls [18-24]. Density functional theory (DFT) and ex-
perimental studies have revealed large conduction band and
valence band splitting in the K valley, [12,13,25-27] leading
to pronounced spin- and valley-selective carrier population
[28,29] and a built-in polarization [30]. The ferroelectricity
associated with this built-in polarization is attractive to sev-
eral applications. For example, photovoltaic devices with high
external quantum efficiency up to 16% have been demon-
strated, taking advantage of the charge separation facilitated
by this polarization [31-33]. Field effect transistors using 3R
MX, as the channel material show enhanced charge mobil-
ities compared to their 2H counterparts [34]. Furthermore,
when two MX, monolayers are twisted by a small angle,
lattice reconstruction results in arrays of nanoscale 3R do-
mains of AB and BA with opposite polarization, which can
be flipped by an electric field. Such structures could have
promising applications in the so-called slide ferroelectricity
[35-40].

©2024 American Physical Society
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FIG. 1. Bilayer MX, with 2H and 3R stacking orders.

Polarization
Polarization

Despite these recent progresses, the effect of the stack-
ing order on the excitonic dynamics in TMDs has been less
studied. Excitonic dynamics play a key role in determining
performance of materials in electronic and optoelectronic de-
vices, especially two-dimensional (2D) semiconductors where
the excitons are stable at room temperature due to their large
binding energies [41,42]. Here we report a transient absorp-
tion study to compare excitonic dynamics in 1L, 2L, and
bulk flakes of 2H and 3R MoS,. We show that the exciton
lifetimes in 3R 2L and bulk are about two times longer than
those in their 2H counterparts. The same exciton lifetime of
1L flakes exfoliated from the 3R and 2H crystals and their
similar photoluminescence properties confirm that the two
crystals are of comparable quality. Hence, the prolonged ex-
citon lifetime is due to the separation of the electron and hole
wavefunctions by the built-in polarization. The observed long
exciton lifetime in 3R MoS; is consistent with their improved
performance in optoelectronic devices [31-33], and illustrates
an advantage of the 3R stacking order for such applications.

II. BAND STRUCTURE AND HYPOTHESIS
ON EXCITON DYNAMICS

Figure 2 shows schematically the change of the MoS, band
structure with its thickness and stacking order, as well as its
effect on the exciton dynamics. Monolayer MoS, [Fig. 2(a)]
is a direct semiconductor with both the conduction band min-
imum and valence band maximum in the K valley. Hence,
photoexcited electrons and holes populate the K valley, form
excitons, and recombine [3,4]. In 2L 2H MoS,, the K valley
states are largely unchanged from 1L states, while the va-
lence band in the I' valley rises to above the K valley [43].
In such an indirect semiconductor, excitons are formed with
K-valley electrons and I'-valley holes. These momentum-
indirect excitons have a slower recombination rate since other
quasiparticles or defect states have to be involved to conserve
the crystalline momentum, resulting in a longer recombination
lifetime than excitons in 1Ls. However, all the K-valley and
["-valley states are layer coupled, and hence the electron and
hole wavefunctions are spatially overlapped. In 2L 3R MoS,,
however, the K-valley states are decoupled and are split to two
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FIG. 2. Schematics of the band structure and quasi-steady-state
population of electrons (-) and holes (+) in 1L MoS, (a), 2L 2H
MoS; (b), and 2L 3R MoS; (c).

branches located in the X and M layers, respectively, while the
I' valley remains layer coupled, as shown in Fig. 2(c) [12,25—
27]. Consequently, the electrons populate the M layer and
form excitons with the layer-coupled holes that are indirect
in both momentum and real space. We expect longer exciton
lifetime in 3R MoS; due to the reduced overlap of the electron
and hole wavefunctions.

III. SAMPLE FABRICATION AND CHARACTERIZATION

Bulk MoS, crystals with 3R and 2H stacking order are
acquired from HQ Graphene. Bilayer (2L) and monolayer
(1L) flakes are prepared by mechanical exfoliation [44]. An
adhesive tape is pushed against the surface of a bulk crystal
and then peeled off. Flakes residing on the tape are transferred
to a polydimethylsiloxane (PDMS) substrate and are exam-
ined under an optical microscope. Thin flakes are identified
according to their optical contrast. Next, the selected flakes
are transferred to Si/SiO; substrates. Figure 3 shows the 2L
and 1L flakes exfoliated from the two MoS; crystals that are
used for the optical measurements.

The samples are first studied by photoluminescence (PL)
spectroscopy at room temperature. A 3.06 eV continuous-
wave laser beam is focused to the sample by a microscope
objective lens with an incident power of 3 uW. The laser spot
is about 2 um, which is much smaller than the lateral size
of these flakes. The PL from the sample is collected by the
same objective lens and measured by a spectrometer (i(HR550)
equipped with a thermoelectric cooled charge-coupled device
camera. Figure 4(a) shows the spectra obtained from the two
1L flakes exfoliated from the 2H (black) and 3R (red) crystals,
respectively. Since the two crystals only differ in interlayer
stacking orders, the two 1Ls have identical structures. Indeed,
their PL yields and spectra are very similar. The main peak at
about 1.87 eV and the secondary peak at about 2.0 eV are
consistent with the previously established K-valley A- and
B-exciton energies [3,4]. Since the ratio of A and B exciton
peaks reflects the crystalline quality [45], the similar spectra
suggests that the quality of the two crystals is comparable.

Figure 4(b) shows the PL spectrum from the 2H 2L flake,
measured under the same conditions as their 1Ls. The thin
curves show a fit to the data with multiple Gaussian peaks,
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FIG. 3. Optical microscope images of samples of 2L (a) and 1L
(b) exfoliated from a 3R MoS, crystal and those from a 2H crystal
[(c) and (d), respectively]. The substrates are Si/SiO,. Scale bars:
10 um.
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FIG. 4. Photoluminescence spectra measured from the two 1L

flakes exfoliated from 2H and 3R MoS, crystals (a), the 2H 2L flake
(b), and the 3R 2L flake (c).

with the magenta curve being the accumulative fit. The num-
bers indicate the peak energies in eV. Compared to the 1L
spectra, the A- and B-exciton peaks drop by about one order of
magnitude, due to their reduced quasi-steady-state population
[3,4]. The pronounced peak observed at 1.535 eV is due to the
indirect excitons formed by K-valley electrons and I'-valley
holes [Fig. 2(b)] [4]. In the 3R 2L MoS,, Fig. 4(c), another
peak at 1.408 eV is clearly seen. Previously, valley and layer
splitting of the excitonic states in 3R MoS, has been revealed
by reflectance spectroscopy and first-principles calculation
[46]. We attribute the double-peak (1.520 and 1.408 eV) fea-
ture to the layer and valley splitting of the K-valley conduction
band [Fig. 2(c)] [17]. We note that a small peak at 1.400 eV
is observed in the 2H 2L flake, which is less pronounced than
the 1.408-eV peak in the 3R 2L.

IV. EXCITONIC DYNAMICS IN 3R AND 2H MoS,

The excitonic dynamics in 3R and 2H MoS, samples are
studied by a homemade transient absorption setup in reflection
geometry. A Ti-sapphire laser (Spectra-Physics Tsunami)
generates 100-fs and 800-nm pulses with a repetition rate of
80 MHz and an average power of 2 W. Part of this beam is
focused to a beta barium borate (BBO) crystal to generate
its second harmonic at 400 nm (3.10 eV), serving as the
pump pulse. The rest of the 800-nm beam pumps an optical
parametric oscillator (Spectra-Physics Opal) to produce a
tunable output around 1360 nm. Another BBO crystal is used
to generate its second harmonic at around 680 nm (1.82 eV),
serving as the probe pulse. The pump and probe pulses are
cofocused to the sample by an objective lens, with a spot size
of about 2 pum. At the sample, the pump and probe pulses are
about 250 fs, due to the dispersive optical elements they trans-
mit. The resulting instrumental response time is about 350 fs.
The reflected probe from the sample is collimated by the
objective lens and detected by a silicon photodiode. To block
the coreflected pump beam, a set of filters is placed before
the photodiode. The output of the photodiode is measured by
a lock-in amplifier, which is synchronized with a mechanical
chopper that modulates the pump intensity at about 2 KHz.
With this setup, we measure differential reflectance, which
is defined as AR/Ry = (R — Ry)/Ro, where R and Ry are the
reflectance of the sample with and without the presence of
the pump, respectively. All measurements are performed with
the sample at room temperature and in ambient condition.

We first present results from the two 1L flakes exfoliated
from the 2H and 3R crystals, as shown in the upper and lower
rows of Fig. 5, respectively. The two flakes have the same
crystalline structure, and should possess the same intrinsic
properties. The goal of this measurement is to further confirm
that the two crystals are of comparable quality. The 3.10-eV
pump pulse injects free electron-hole pairs in the K valley,
while the probe, which is tuned to the K-valley A-exciton
resonance of MoS, (Fig. 2), monitors K-valley carrier pop-
ulation.

Figure 5(a) shows examples of the time-resolved differen-
tial reflectance signal of the 1L flake exfoliated from the 2H
crystal measured with various pump fluences, as labeled. By
using Beer’s Law with a previously reported monolayer MoS;
absorbance of 0.07 at 3.10 eV [47,48], we estimate that a
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FIG. 5. (a) Differential reflectance measured from the 1L flake exfoliated from a 2H MoS, crystal with 3.10-eV pump and 1.82-eV probe
pulses. The red curves are exponential fits. (b) Decay time constants deduced from the exponential fits. (c) The peak differential reflectance
signal as a function of the pump fluence. The red line is a linear fit. (d), (e), and (f) are the corresponding results from the 1L flake exfoliated

from a 3R MoS; crystal.

pump fluence of 1 uJ cm~2, which corresponds to a photon
number density of 2 x 10'2 cm™2, injects a carrier density
of 6 x 10'° cm™2, assuming that every photon absorbed by
the sample creates one electron-hole pair. The differential
reflectance signal reaches a peak rapidly, followed by a sub-ps
decay. This process will be analyzed later. The decay of the
signal after 1 ps is well fit by a single-exponential function
AR/Ry = Aexp(—t/t) + B, as shown by the red curves. The
decay time constant is about 6-7 ps, as shown in Fig. 5(b),
which is attributed to the recombination lifetime of excitons
in 1L MoS,. Figure 5(c) confirms that the peak signal is
proportional to the pump fluence, which is proportional to the
injected carrier density, in the fluence range studied. These
features are reasonably consistent with previous experiments
on exciton dynamics in 1L MoS; [49-51]. The exciton life-
time shown in Fig. 5(b) is independent of the pump fluence,
suggesting that the density-independent exciton dynamics
dominate the process. At high densities, the strong exciton in-
teractions in 2D semiconductors could cause exciton-exciton
annihilation and reduce the exciton lifetime [52,53]. In our ex-
periment, the highest pump fluence used, 30 WJ cm™2, injects
excitons with an average distance of 7.5 nm. Exciton-exciton
annihilation appears to only impact the exciton dynamics in-
significantly.

The lower row of Fig. 5 summarizes the results obtained
from the 1L flake that is exfoliated from the 3R MoS; crys-
tal under the same experimental conditions. The features
observed are consistent with that from the 2H crystal. Hence,

the 3R and 2H crystals used in this study are of comparable
quality. This conclusion is consistent with the similar PL
properties of the two 1L flakes shown in Fig. 4(a).

To compare the exciton dynamics in 2H and 3R 2Ls, the
same measurements are performed, with the results summa-
rized in Fig. 6. The decay of the signal after 1 ps from the
2H 2L can no longer be fit by the single-exponential func-
tion, but is well fit by a biexponential function AR/Ry =
Arexp(—t/11) + Azexp(—t/12) + B, as shown by the red
curves in Fig. 6(a). The two decay time constants t; and
1, are plotted as the black and red symbols, respectively, in
Fig. 6(b). The fast process accounts for about 25% of the
signal, with a time constant in the range of a few ps, which
shows no clear fluence dependence. The slow time constant is
about 40 ps, with a weak trend of increase with fluence. The
signal magnitude, represented by its value at 2 ps to avoid
uncertainties associated with the initial sub-ps fast decay, is
proportional to the pump fluence, as shown in Fig. 6(c).

To understand the observed features, we recall that while
the pump excites carriers in the K valley, the holes are ex-
pected to transfer to the I' valley to relax their energy, as
shown in Fig. 2(b). Since the probe is tuned to the K-valley op-
tical band gap, we can assume that the differential reflectance
signal is proportional to the carrier density in the K valley.
Hence, transfer of the holes from K to I' valleys reduces the
K-valley density and thus, the signal. We attribute 7; of a
few ps to the hole intervalley scattering time. The 7, of about
40 ps is associated with the recombination of the I'-K indirect

035410-4



TRANSIENT ABSORPTION MEASUREMENTS OF ...

PHYSICAL REVIEW B 109, 035410 (2024)

(a) (b)eo (c)
12] 2L 2H MoS, 2L 2H MoS, 10, 2L 2H MoS, ;
2 901 s % %
10+ Pump Fluence (uJ cm?) % [ ¢ $ —~ 8]
— 6 —12 £ 40 % )
T 81 18 ——24 3 % ~75% = ¥
e —— 30 — Fits 5 304 S 64
& © S
[ g ~ 25% ©
< = 2
= 10+ % L 44
g % % ' ' %
A [] § i 2
| ]
0 . . . , , 0 . . . : , .
0 5 10 20 25 30 0 5 10 15 20 25 30
Probe Delay (ps) Pump Fluence (uJ cm?) Pump Fluence (uJ cm?)
(d) (e)10 (f) 14
2 2L 3R MoS, 100 2L 3R MoS, » 2L 3R MoS, i
2 90
— 15 2| 2 : LI ¢ £ 10
N Pump Fluence (ud cm™) & 804 0 =
e e 12 3 ~70% : 2 81 i
° 18 —— 24 8 702
« 104 S ~
g0 —— 30 — Fits s 207 5 61
< £ ~ 30% < ,
> 'Y 1
g 0] L] ) <
8 [ ] [ 24
"L -
OA
T T T T T 0 T T T T T T T T T T T
0 20 40 60 80 100 0 5 10 20 25 30 0 5 10 15 20 25 30

Probe Delay (ps)

Pump Fluence (uJ cm?)

Pump Fluence (uJ cm?)

FIG. 6. (a) Differential reflectance measured from the 2L 2H MoS, flake with 3.10-eV pump and 1.82-eV probe pulses. The red curves
are exponential fits. (b) Decay time constants deduced from the exponential fits. (c) The peak differential reflectance signal as a function of the
pump fluence. The red line is a linear fit. (d), (e), and (f) are the corresponding results from the 2L 3R MoS, flake.

excitons, which is a few times longer than the lifetime of the
direct excitons in 1L MoS,.

Interestingly, under the same pump conditions, the signal
from the 2L flake after the t; process (for example, at about
15 ps) is about two times higher than the signal from the 1L
flake after its exciton formation process (for example at 2 ps).
Under the same conditions, the pump-injected carrier density
in 2L is two times higher than 1L because of the doubled
absorbance. Meanwhile, the signal from the same density
should double in 2Ls since the probe length is doubled. With
both factors, the signal should be a factor of 4 larger in the
2L.. However, since half of the carriers (the holes) transferred
to the I" valley, if the electrons and holes produce comparable
differential reflectance, the signal from 2L after the 7 process
should be two times larger than the signal from 1L. These
are rather rough estimates. Nevertheless, the conclusion is
consistent with our interpretation on the nature of the signal
from 2L MoS,.

We next perform the same measurements with the 2L 3R
MoS,; flake. As shown in the lower row of Fig. 6, the results
are qualitatively similar to the 2H 2L. Most interestingly, the
long time constant 1, is about 85 ps. This proves our hypothe-
sis that the built-in polarization separates the electron and hole
wavefunctions in such momentum-indirect and spatially indi-
rect excitons, and prolongs the exciton lifetime. Specifically,
after the carriers are injected in the K valley by the pump, the
holes transfer to the I'-valley valence band, while the electrons
relax to the lower branch of the K-valley conduction band, as
shown in Fig. 2(c). In real space, the electrons occupy the M
layer and thus the overlap of their wavefunction with that of

holes, which are layer coupled, is reduced, slowing down their
recombination. The t; process is also in the range of several
ps, which is also attributed to the hole scattering time.

We note that the difference in the exciton lifetimes between
the 2H and 3R MoS, 2Ls cannot be attributed to different
crystalline qualities, such as lattice defect densities. Although
mid-gap states could contribute to exciton recombination, the
same exciton dynamics and PL spectra observed from the two
1L samples exfoliated from the 2H and 3R crystals prove
that the densities of defect states of the two crystals are
comparable.

An initial fast (sub-ps) decay of the signal is clearly visible
in Figs. 6(a) and 6(d). To analyze this component, Fig. 7
summarizes the signal near zero probe delay from all the
four samples discussed above. Since this component shows
no fluence dependence, only the data with a pump fluence of
18 wJ cm~2 are plotted (black curves). The blue curve in each
panel is a Gaussian function with a full width at half maximum
of 0.42 ps. With the pump and probe pulses of about 0.30 ps
at sample, this function represents the cross correlation of the
pump and probe pulses, defining the time resolution of the
setup. The integral of this function (plotted as the gray curve)
well describes the rise of the signal, confirming our assess-
ment of the time resolution. We fit the decay of the signal by
a single exponential function (red curve), with the deduced
decay time constant indicated in each panel. Previously, the
fast decay of the transient absorption signal from TMD mono-
layers has been attributed to the formation of the excitons
from the pump-injected free electron-hole pairs [54-56]. The
deduced exciton formation times shown in Figs. 7(a) and 7(b)
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are reasonably consistent with these results. The 2L 2H MoS,
shows a shorter exciton formation time compared to the 1Ls.
In the 3R 2L, this time constant is as short as 0.22 ps. The more
efficient exciton formation in 3R 2L could be associated with
the built-in polarization. However, more experiments with
better time resolution and theoretical studies are necessary to
fully understand the physical mechanisms.

Finally, we compare the exciton dynamics in 2H and 3R
bulk MoS, crystals by repeating the same differential re-
flectance measurements on a freshly exfoliated surface of each
crystal. The results are summarized in Fig. 8 in the same
fashion as the 1L and 2L studies. In both crystals, the signal
decays biexponentially. We find that the exciton lifetime in the
3R MoS; crystal, represented by 15, is about 220 ps [Fig. 8(e)],
which is about two times longer than that of 2H sample
[Fig. 8(b)]. Similarly, we attribute the prolonged lifetime to
the layer population of the electrons due to the built-in polar-
ization.

V. CONCLUSION

In summary, we directly compared excitonic dynamics in
2H and 3R MoS,. Monolayer, bilayer, and bulk flakes of
each stacking order are exfoliated from 2H and 3R MoS,
crystals. The monolayer flakes from the two crystals show
similar photoluminescence properties and exciton dynamics,
characterized by an exciton lifetime of a few picoseconds,
suggesting that the two crystals are of similar quality. The
exciton lifetimes in the 2H bilayer flake is about 40 ps,
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which is much longer than monolayers since excitons in 2L
are momentum indirect. In 3R bilayer, the exciton lifetime
is further prolonged to about 85 ps, which is attributed to
the spatial separation of the electron and hole wavefunctions,
since the electrons are localized in one layer due to the built-in
polarization while the holes wavefunction is layer coupled. In
bulk 3R MoS,, the exciton lifetime is about 220 ps, which
is approximately two times longer than those in 2H MoS;
crystal. An additional signal decay component is identified in
bilayer and bulk flakes, which is associated with an intervalley
hole-scattering process. The observed long exciton lifetime in
3R MoS; helps understand the improved performance of op-
toelectronic devices using 3R TMDs. In photovoltaic devices
utilizing excitons, doubled exciton lifetime could potentially

improve the power conversion efficiency by a factor of two.
The detectivity of photodetectors based on excitons in such
materials could also be improved similarly. Hence, our results
further illustrate the advantage of the 3R stacking order of
TMDs for optoelectronic applications.
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