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ABSTRACT: Transition metal dichalcogenides (TMDCs) have garnered considerable interest
over the past decade as a class of semiconducting layered materials. Most studies on the carrier
dynamics in these materials have focused on the monolayer due to its direct bandgap, strong
photoluminescence, and strongly bound excitons. However, a comparative understanding of the
carrier dynamics in multilayer (e.g. >10 layers) flakes is still absent. Recent computational studies
have suggested that excitons in bulk TMDCs are confined to individual layers, leading to room-
temperature stable exciton populations. Using this new context, we explore the carrier dynamics
in MoSe; flakes between ~16-125 layers thick. We assign kinetics to exciton-exciton annihilation
(EEA) and Shockley-Read-Hall recombination of free carriers. Interestingly, the average observed
EEA rate constant (0.003 cm?/s) is nearly independent of flake thickness and two-orders of
magnitude smaller than an unencapsulated monolayer (0.33 cm?/s) but very similar to values

observed in encapsulated monolayers. Thus, we posit that strong intra-layer interactions minimize
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the effect of layer thickness on recombination dynamics, causing the multilayer to behave similar

to the monolayer and exhibit an apparent EEA rate intrinsic to MoSe».

Transition metal dichalcogenides (TMDCs) have garnered considerable interest as a class
of layered materials with semiconducting bandgaps in the visible to near-IR.! Their weak interlayer
van der Waals interactions allow for layer-by-layer mechanical exfoliation down to the
monolayer,? making them useful in flexible and wearable electronics.® * These materials have been
extensively studied in the monolayer, which contains strongly bound excitons (coulombically
bound electron-hole pairs) that dictate the optical properties.”!* This results in recombination
dynamics dominated by exciton-exciton annihilation (EEA), an Auger recombination process, at
high carrier densities.'! 12

In contrast, excitons in multilayer and bulk TMDCs are often considered unstable at room
temperature due to early estimations of the bulk exciton binding energy at ~25 meV,!? which is
similar to values for other bulk semiconductors such as silicon and GaAs at ~14 and ~4 meV,
respectively.'* Thus, excitons are often discounted when assigning the recombination dynamics in
multilayer TMDCs.!> !¢ However, recent experimental and computational studies have suggested
that the exciton binding energies in bulk TMDCs are in the range of 50-150 meV, indicating that
the exciton population is stable at room temperature and could contribute to the dynamics.!’?* This
is supported by experimental evidence that suggests above bandgap excitation leads to a mixture
of excitons and free carriers in multilayer flakes,?* despite some dissociation of excitons into free
carriers.?

The unusually large exciton binding energy in bulk MoSe; is a result of spatial confinement

of the exciton wavefunction to individual layers due to the predominantly planar d,: dxy and

—y?>
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Py orbital character of the excitons at the direct bandgap.'®- 2% 2% 263! This results in excitons that
are quasi-two dimensional, similar to the excitons in the monolayer. As a result, these materials
may act more like a stack of lightly interacting monolayers than a 3D bulk crystal. For instance,
the exciton diffusion rate has been shown to be ~19x faster within each layer (intralayer diffusion)
than across layers (interlayer diffusion).>* Taken together, the recent reports of bound excitons and
monolayer-like behavior provide a fresh motivation to analyze the recombination dynamics of
multilayer TMDCs.

In this Letter, we focus on the recombination dynamics of the TMDC MoSe> by studying
nanoflakes between 161 and 125+1 layers (10.1£0.4 and 82+1 nm) thick using a home-built
optical pump-probe microscope (note that errors in flake layer numbers as determined by atomic
force microscopy (AFM) imaging are =1 layer unless noted otherwise). Ultrafast pump-probe
microscopy experiments were performed as described previously (see Supporting Text).>* 3
Typical pump powers (/p) and probe powers (/1) ranged from 0.75-5.00 pJ/pulse and 1.00-2.00
pJ/pulse, respectively. Photoexcitation of electrons from the valence band into the conduction band
by the pump pulse causes changes in the complex refractive index of the material, which we detect
via changes in the transmission of the probe beam (Alt) by collecting the difference in the probe
signal with and without the pump using lock-in detection. For measurements of the carrier
lifetimes, the probe wavelength (Ayrobe) Was kept constant while the time delay between the pump
and probe was changed to monitor A/r with time. Kinetic data is normalized to /1, and when noted
Ip as well, to yield plots Alt/It or Alt/Iv/Ip for kinetic analysis (e.g. Figure S1). Measured dynamics
are then correlated with changes in the exciton and free carrier populations by fitting the data via

a kinetic model.



We prepared multilayer (~16-125-layers) MoSe; flakes via mechanical exfoliation onto
glass substrates. The thickness of individual flakes was verified by AFM imaging (Figure S2). We
optically imaged the flakes by raster scanning our probe laser spot across the sample and collecting
the transmitted light, as shown in Figure 1a for a ~21-layer flake. We isolate the dynamics to the
most uniform, central region of each flake to avoid structural features that have been shown to
cause changes in the exciton binding energy®® and free carrier population,®® which would
complicate a kinetic analysis. The relative size of our laser spot in comparison to a typical flake is
illustrated in Figure 1a.

We measured the ground state transmission contrast (7¢) spectrum at the center of each
flake by taking the difference in transmitted light on the flake versus off the flake with the
background signal removed for clarity (Figure S3). An exemplary 7c spectrum for a ~21-layer
flake is shown in Figure 1b. The spectrum shows two features at 810 and 700 nm that are
attributable to absorption and reflection by A- and B-excitons in the material, respectively.>’ These
excitons arise from transitions between the spin-orbit split valence and conduction bands at the K-
point (Figure 1c).!* In the experiments described herein, a 780 nm pump beam excites charge
carriers (electrons and holes) at the blue edge of the A-exciton transition (Figure 1b), resulting in
an initial population of primarily A-excitons and a negligible population of B-excitons. We
determined that data collected with probe wavelengths to the red of the exciton transition (Aprobe >
860 nm) primarily reflect changes in the excited net carrier population of excitons and free carriers

(Figure S4).
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Figure 1. Multilayer MoSe: ground state. (a) Probe-only transmission image at Aprobe = 835 nm
for a ~21-layer MoSe> flake with the laser spot size shown for comparison; scale bar, 2 um. (b)
Tc spectrum from the center of the ~21-layer flake showing the A- and B-exciton transitions in
the material. (¢) Band diagram of bulk MoSe; showing the indirect transition and the A- and B-

exciton transitions at the K-point.
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Figure 2. Spectral signatures of the exciton recombination dynamics. (a-b) Transient pump-
probe spectrum (panel a) and 7c spectra (panel b) with the pump blocked (black curves) and the

pump present (red curves) for a ~21-layer flake with /p = 5.00 pJ/pulse and 1 ps delay. The areas
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of PT and PA are shaded blue and red, respectively. Dashed lines in panel b represent fits to
Gaussian functions. (¢) Transient spectra taken at 1 ps with increasing /p (0.50, 1.00, 2.00, 4.00
pJ/pulse). (d) Transient spectra taken at /p = 5.00 pJ/pulse with increasing time delay (3, 17, 43,
90, 190, 390 and 656 ps). (e) Transient spectra taken at Ip = 4.00 pJ/pulse comparing the A- and
B-exciton transitions for a ~21-layer flake at multiple time delays. Inset: Illustration of the energy

bands and the photoexcited A-exciton population.

To begin investigating the exciton dynamics in the multilayer, we collected transient
spectra that span the A-exciton resonance (770-880 nm). In Figure 2a we show a representative
transient spectrum collected from a ~21-layer flake at 1 ps with /p = 5.00 pJ/pulse. The spectrum
exhibits a positive peak around the exciton resonance and a negative peak to the red of the exciton
resonance. To understand the origin of these features, we compare the shape of 7¢ spectra for the
A-exciton transition with and without the pump in Figure 2b. We fit the A-exciton peaks via
Gaussians and find that in the presence of the pump, the exciton resonance redshifts and widens
while the area decreases. This redshift and widening of the exciton resonance leads to areas of
photo-induced absorption (PA) with negative Alt/Ir signal (red regions) and areas of photo-
induced transparency (PT) with positive Al1/It signal (blue regions). We observed the same result
across all the flakes we studied, although the relative amplitude of the PA changes non-linearly
with thickness due to coherent etalon-type reflections that change the shape of the ground state
exciton transition (Figure S5).°® The origin of these spectral features are discussed in the
Supporting Text.

Transient spectra collected at increasing Ip (0.50-4.00 pJ/pulse) at 1 ps show the PA peak

increasingly redshifts with increasing /p (Figure 2c¢), while transient spectra collected at /p = 5.00
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pJ/pulse and multiple time delays show the PA peak shifts back towards the blue with increasing
time delay (Figure 2d). These trends are attributable to an interplay between the widening and
shifting of the exciton resonance that is difficult to disentangle simply by fitting the transient
spectra.’® We also collected transient spectra across both the A- and B-exciton resonances (666-
900 nm). In Figure 2e, we show a representative transient spectrum collected from a ~21-layer
flake at Ip = 4.00 pJ/pulse, with similar results observed for other flakes. The spectrum shows that
unlike the A-exciton resonance, the B-exciton resonance does not exhibit a blueshift in the PA
feature at increasing time delays. In these experiments, we are directly photoexciting the A-exciton
resonance and thus expect an initially high A-exciton population and negligible B-exciton
population. We therefore posit that the spectral shifts of the A-exciton PA peak are primarily
caused by interactions involving the large A-exciton population that are net stabilizing. These
interactions can also lead to a further widening of the peak due to exciton-exciton scattering. At
the same time, there are still PA and PT peaks at the B-exciton transition, indicating that the B-
exciton transition is being perturbed even without a substantive B-exciton population. We attribute
this to a change in the background potential induced by the photoexcited A-excitons and free
carriers.” This will result in both exciton screening and bandgap renormalization, causing a small
redshift of the B-exciton transition.

Next, the recombination dynamics were analyzed to determine contributions from both
excitons and free carriers. A representative kinetic trace and transient images from the center of a
~21-layer flake collected at Aprobe = 870 nm are shown in Figure 3a. At 0 ps, the pump and probe
are temporally overlapped and the pump-excited carrier population causes a negative spike in the
transient signal. As the time delay increases, the photoexcited carriers recombine, which causes

the signal to exponentially decay. As apparent from the pump-probe images in Figure 3a at several
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select time delays, the rate of decay is consistent across multiple locations on the flake, excluding

edges and structural features, and this consistency was true for every flake studied.
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Figure 3. Recombination Kinetics. (a) Left: kinetics taken from the center of a ~21-layer flake
at Aprobe = 870 nm and /p = 1.50 pJ/pulse. Right: images taken of the same flake at Ayrobe = 870 nm
and /p = 5.00 pJ/pulse at multiple time delays; scale bar, 2 pm. (b) Kinetic traces at Aprobe = 870
nm normalized to pump powers of Ip = 0.75 (black), 1.50 (red), and 3.00 (blue) pJ/pulse for a
21+1-layer flake. Solid lines represent fits to the data. Inset: free carrier (black dashed line) and
exciton (red dashed line) contributions to the total kinetic fit (blue solid line) for the /p = 3.00
pJ/pulse data. (c-d) Illustrations of EEA (panel ¢) and SRH recombination (panel d). (e) EEA

rate constant with increasing flake thicknesses. (f) SRH recombination rate constant with



increasing flake thicknesses. Vertical error bars indicate the 95% confidence interval for each

rate constant while horizontal error bars range from 0.3 to 2.6 layers and are omitted for clarity.

To investigate the presence of non-linear recombination processes, we collected kinetic
traces at increasing /p (0.75-3.00 pJ/pulse). The transient signal at O ps increases linearly with /Ip,
which suggests that our signal intensity can be linearly correlated to the density of photoexcited
carriers and that non-linear processes, such as saturable absorption'? and two-photon absorption*,
are negligible (Figure S6). With the traces normalized via /p (Figure 3b), the data show that the
signal decays faster as Ip increases. This indicates that the rate of decay scales with the net carrier
population and that many-body recombination processes are occurring. We performed the same
experiment across flakes of increasing thickness and observed the same trend.

To compare the recombination rate at each thickness, all kinetic traces were fit using a
kinetic model for the decay of the net charge carrier density, p. In our experiments, we expect that
the initial p at O ps consists of both a population of excitons, prx, and of free carriers, prc. Based
on our kinetic analysis and fitting using eq. S11 (see Supporting Text), we assign the
recombination of the exciton population to EEA (kex), which is a second-order Auger process*!
that results from the collision of two excitons where one exciton recombines and the other exciton
is ionized, forming an electron and/or hole with excess energy relative to the bandgap (Figure
3c).!" 12 We assign recombination of the free carrier population to Shockley-Read-Hall (SRH)
recombination (krc), which is a pseudo first-order process in which free carriers recombine via
material defects (Figure 3d).*?

We determined kex and krc as a function of thickness (Figure 3e,f) by performing global

fits of the kinetic traces at /p values ranging from 0.75-4.00 pJ/pulse for 16 flakes of thicknesses

9



varying from ~16-125 layers. An exemplary fit for a ~21-layer flake is shown in Figure 3b along
with the individual contributions at /p = 3.00 pJ/pulse (inset of Figure 3b) from the excitons and
free carriers. The fit shows that at the highest /p, EEA dominates the kinetics within the first ~100
ps. Then, once most excitons have recombined, the signal is dominated by the slower decay of the
free carriers, which occurs over hundreds of picoseconds.

We found that krc is relatively constant with increasing flake thickness, resulting in an
average SRH recombination rate constant of krc = 0.0013+0.0005 ps™'. To compare kex across
flakes of different thicknesses, we calculated the rate in terms of the areal number density per layer
(#/cm?*/layer) or equivalently (within a constant equal to the thickness per layer) the volumetric
number density (#/cm?®). When calculating kex, we converted from pump power to photoexcited
carrier concentration using a beam radius of 400 nm and assuming an initial ratio of prc,o/pEx,0 =
1. We also calculated the net absorption at each flake thickness using a dielectric model based on
the Lorentz dipole oscillator model (see Supporting Text). These absorption values account for
resonant enhancements and reductions in the amount of absorbed light at varying thicknesses
caused by coherent reflections in the material (Figure S8).>® Across all thicknesses, we extract an

average EEA rate constant of kex = (3.3£0.9)x107 cm?layer/s.
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Figure 4. Spectral shifts and kinetics caused by EEA. (a) Transient spectra collected at /p = 3.00
pJ/pulse showing the change in the zero-crossing point in time. (b) Comparison of the transient
spectra zero-crossing point at increasing time delays and the normalized EEA rate for the same

flake.

To verify this kinetic analysis, we compared the fits to the spectral shifts observed for the
A-exciton peak. In Figure 2e, we posited that the spectral shifts of the A-exciton peak are primarily
caused by interactions involving the large A-exciton population that are net stabilizing. These
spectral shifts should therefore decay away as the A-exciton population recombines through EEA.
We quantified the kinetics of the spectral shift using the zero-crossing point (ZCP), the wavelength
in the transient spectrum at which the signal crosses from positive to negative. This point is
affected by both the PT and PA peaks and therefore serves as a proxy for the net perturbations of

the exciton resonance. Using transient spectra (Figure 4a) collected at /r = 3.00 pJ/pulse, we plot
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the wavelength of the ZCPs at various time delays in Figure 4b. The ZCPs are then compared to
the fit of the normalized second-order EEA kinetics extracted for the same flake. We observe a
strong overlap between the rate of the second-order EEA kinetics and the change in the ZCP in
time. Thus, the second-order kinetics of the exciton ZCP feature strongly indicates that the
observed dynamics result from exciton-exciton interactions consistent with recombination of the
exciton population through EEA. It also reaffirms that the changes in the exciton resonance,
including the exciton linewidth and energy, are primarily caused by the A-exciton population, not
the free carriers.

Remarkably, the EEA rate constant, kgx, that we measured is ~2 orders of magnitude
smaller than the previously reported monolayer EEA rate of 0.33 cm?/s.!? To rationalize this
precipitous drop in the EEA rate going from the monolayer to the multilayer, we first consider the
two components of EEA**: the exciton collision frequency, v, and the recombination probability
per collision, B, where

kex & Bv. (1)
The exciton collision frequency, v, depends on both the exciton diameter and the average exciton
velocity. In MoSe», excitons become more spatially diffuse going from the monolayer to the
multilayer due to a decrease in the exciton binding energy from ~650* to ~150 meV.?° There is
also an increase in the exciton diffusion rate going from the monolayer (12 cm?/s) to the bulk (19
cm?/s).? Given these changes, we would intuitively expect a higher exciton collision frequency,
and hence a faster kgx, in the multilayer. However, this is not what we observe. Instead, we attribute
the drop in kex going from the monolayer to the multilayer to surface effects.

In MoSe», the excitons in the exterior and interior layers experience different environments,
with the exterior layers in contact with the substrate and air and the interior layers encapsulated by
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neighboring MoSe; layers. This should result in different exciton recombination rates for the
interior and exterior layers. For instance, at the MoSe»/SiO» interface, excitons can become
localized due to potential fluctuations caused by the roughness of the substrate, bubbles formed by
surface contamination, and fixed charges near the surface (Figure 5).#>**’ These features can cause
lattice strain and changes in the dielectric environment, resulting in a spatially inhomogeneous
bandgap with potential energy minima where excitons will collect. These localized exciton
densities will then have a higher collision frequency, v, leading to a faster EEA rate. Similar
potential fluctuations can occur for the surface layer due to adsorbates (Figure 5). At the same
time, charged defects at the MoSe,/SiO> interface can trap excitons, leading to long-lived,
immobile trap states that can act as efficient nonradiative recombination centers for freely diffusing
excitons.*® In contrast, the interior layers should be relatively insulated from these potential

fluctuations and charged defects.
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Figure 5. Surface versus bulk recombination within multilayer MoSez. Upper: illustration of
10-layer MoSe; showing a top air interface with adsorbates and bottom interface with the substrate.
Recombination of excitons primarily confined within one 2D layer is also illustrated. Lower: detail
of the MoSe,/substrate interface showing surface roughness, bubbles, and fixed charges that tend

to induce charge carrier recombination.

These surface effects will result in exterior layers that induce a faster EEA rate than the
interior layers. However, if excitations are primarily confined to individual layers, then multilayer
flakes of sufficient thickness would be expected to have recombination dynamics that are
independent of thickness and relatively unaffected by surface defects. But if excitations can
quickly diffuse throughout the 3D bulk of the flake, then as the ratio of interior-to-exterior layers
increases, the effective EEA rate constant would be increasingly less affected by the surface and
become progressively lower, scaling as the inverse of thickness. Such behavior has previously
been observed in nanoscale systems such as silicon nanowires,* where the recombination rate
constant scales with the inverse of diameter. Here, the independence of krx with layer thickness
thus strongly supports confinement of excitations to individual layers, consistent with a high intra-
layer exciton confinement and slow out-of-plane diffusion.

Similar low values of kex have been observed from encapsulated monolayers where the
TMDC is surrounded on top and bottom by layers of atomically flat hexagonal boron nitride,
preventing surface roughness and charged impurities.*> ® Upon encapsulation, kex in the
monolayer has been shown to drop by two orders of magnitude, from 0.12 in the unencapsulated
form to 0.0063 cm?/s in the encapsulated form for monolayer WS,.*® This encapsulated kex can be
interpreted as the intrinsic recombination rate constant for the TMDC, independent of surface
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effects and the external environment. The equivalently low kgx that we observe for the multilayer
suggests that the EEA rate in the multilayer is likewise the intrinsic recombination rate for MoSe,
further indicating that multilayer MoSe; acts as a stack of individual monolayers encapsulated by
neighboring MoSe; layers rather than as a typical bulk crystal.

In summary, we studied the recombination dynamics of multilayer MoSe; and determined
that the dynamics are dominated by EEA at early time delays, followed by a slow defect-mediated
decay of the free carrier population. We found that the EEA rate constant was independent of flake
thickness and that the average EEA rate constant (0.003 cm?layer/s) that we extracted for flakes
between ~16-125 layers is around two-orders of magnitude slower than what has been reported for
the unencapsulated monolayer (0.33 cm?/s).!? This is consistent with multilayer stacks in which
recombination is minimally affected by surfaces and instead dominated by intra-layer interactions
of charge carriers primarily confined within one layer. Based on a comparison to the encapsulated
monolayer, we posit that the EEA rate in the multilayer is the intrinsic recombination rate of
MoSe;. Overall, the results suggest that the multilayer acts as a stack of lightly interacting,
encapsulated monolayers as opposed to a typical bulk crystal. This will have important

implications for the incorporation of multilayer TMDCs into future optoelectronic devices.

Supporting Information

Additional details on the experimental setup, description of the origin of the spectral features,
kinetic fitting equations, description of dielectric model for simulating absorption values and
spectral features, plots of the constituent parts of the transient spectra, atomic force microscopy

images, plots of the transmission contrast spectra with and without baseline removal, comparison
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of transient spectra at varying /p and varying time delays, dielectric model simulations of transient
spectra and transmission contrast spectra at multiple flake thicknesses, Alt/IT at O ps time delay
and increasing Ip, comparison of fitting coefficients for the kinetic traces, dielectric model
simulations of the absorption values at increasing flake thicknesses, and average rate constants at
each flake thickness.
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