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Abstract

We present a time-resolved optical study of recently developed narrow-line MoSe, monolayers
grown on hexagonal boron nitride with means of molecular beam epitaxy. We find that the
photoluminescence decay times are significantly shorter than in the case of the exfoliated samples,
even below one picosecond. Such a short timescale requires measurements with better resolution
than achievable with a streak camera. Therefore, we employ an excitation correlation spectroscopy
pump-probe technique. This approach allows us to identify two distinct non-radiative
recombination channels attributed to lattice imperfections. The first channel is active at helium
temperatures. It reduces the lifetime of the neutral exciton to below one picosecond. The second
channel becomes active at elevated temperatures, further shortening the lifetimes of both neutral
and charged exciton. The high effectiveness of both radiative and non-radiative recombination
makes epitaxial MoSe, a promising material for ultrafast optoelectronics.

1. Introduction

Monolayers of transition metal dichalcogenides
(TMDs) draw a lot of attention as semiconduct-
ing materials with robust optical properties, strong
Coulomb interaction [1-3] and an optically access-
ible valley degree of freedom [4—7]. The extraordinary
properties of TMDs make them promising candid-
ates for applications in photonics and optoelectron-
ics. Fundamental research on such systems usually
required using exfoliated or mechanically transferred
layers, as they provided the best optical properties, in
particular: narrow linewidths of excitonic transitions
[8-11]. The exfoliation process, however, suffers
from limited scalability and large inhomogeneity,
hindering the perspectives of potential commercial
applications.

Epitaxial techniques, such as molecular beam
epitaxy (MBE), are advantageous as they eliminate

© 2024 The Author(s). Published by IOP Publishing Ltd

the aforementioned drawbacks: they provide repro-
ducible, wafer-scale, homogeneous layers [12—14].
However, for a long time, epitaxial techniques
suffered from significant spectral broadening, which
hindered the observation of various interesting
optical effects. Fortunately, a recent report [15] has
addressed this issue by implementing slow-growth-
rate epitaxy on an atomically flat hexagonal boron
nitride substrate. This novel approach has enabled the
growth of excitonic narrow line MBE MoSe, mono-
layers, thereby opening up possibilities for advanced,
time-resolved optical research, as demonstrated in
this manuscript.

Short excitonic lifetimes and relaxation times
observed in monolayers of semiconducting TMDs
[16-21] are promising for applications in nonlinear
optics [22, 23] that may now become viable due to
the development of scalable growth process of high
optical quality material [15, 24]. Possible applications
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include higher harmonic generation [25, 26], THz
wave generation [27, 28], parametric amplification
[29] or nanoscale light sources [29, 30]. Such pro-
cesses require control over the characteristic times of
the excitonic relaxation processes. In this work, we
employ various experimental approaches to investig-
ate the excitonic dynamics in epitaxially grown MoSe,
monolayer quantitatively, and we observe relaxation,
which is even faster than in the case of exfoliated TMD
layers.

2. Methods

The epitaxial growth of studied MoSe, was made
possible by employing the hexagonal boron nitride
substrate. Thin hBN flakes obtained by mechanical
exfoliation were deposited on a silicon substrate with
a layer of silicon oxide with a thickness of 90 nm.
Prepared substrates were placed in the chamber of
the molecular beam epitaxy machine, where MoSe,
was grown over the entire surface of the sample
(figures 1(b) and (c)). The growth was performed
at the temperature of 300 °C and was followed with
high-temperature annealing in the temperature of
750 °C. Such a procedure allowed us to obtain a high-
quality monolayer with relatively small areas where
MoSe; is discontinuous or takes the form of a bilayer
(figures 1(b) and (c)). Two samples were grown in
separate growth processes for experiments described
in this work. The sample used in the first part of
this work (figures 1-4) was grown with a very slow
growth rate (10 hMI™!), while the second sample
(figures 5 and 6) was grown with a moderate growth
rate (25 min MI™!). More details of the growth pro-
cess are described in [15, 31].

Optical measurements were carried out in a
helium bath cryostat. Samples were placed in a
gaseous helium atmosphere at the temperature of 5K,
unless noted otherwise. The laser beam was focused
by a single aspheric lens (numerical aperture = 0.68)
to a spot smaller than 2 ym. The sample was mounted
on the x—y—z piezoelectric stage inside the cryostat.

Time-resolved measurements were performed
with a pulsed OPO laser tuned at 610 nm (2030 meV).
The repetition rate was 75.7MHz with a half-
maximum pulse width of 160 fs. The streak camera
measurements were performed with averaged laser
power equal to 100 LW.

A large part of the time-resolved measurements
was performed with excitation correlation spectro-
scopy (ECS) technique [32, 33]. In ECS measure-
ment, the time-integrated PL spectrum is acquired
under the excitation from two identical laser pulse
trains. The total PL intensity of excitonic peaks is
probed for different delays between the pulse trains.
ECS measurement is effective if the dependence of
the PL intensity on the excitation power is not lin-
ear. We consider the simplified model of saturation
behavior related to the limited poll of the unoccupied
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excitonic states. Under such a picture, the number of
excitons created with individual laser pulse is propor-
tional to the number of unoccupied excitonic states
at the time of the impact. The PL intensity reaches a
minimum when the laser pulses overlap temporarily.
If the pulses are separated, the PL intensity rises expo-
nentially with the delay between pulses, asymptotic-
ally reaching its large-separation limit. The character-
istic time of this exponential behavior is assumed to
be exactly equal to the population lifetime of the stud-
ied excitonic state.

Other causes of the sublinearity at the excita-
tion mechanism may include, for example, the Auger
recombination. In this case, the ECS signal decay is
generally faster than the population decay. The dif-
ference, however, would only be significant in the
regime of the very high excitation powers, where
the higher-order components in the ECS transient
emerge. See supplementary infomation for a more
detailed exploration of the scope and applicability
of the ECS approach in the presence of the Auger
recombination.

Regardless of the exact mechanism behind the
ECS transients, we interpret the ECS characteristic
times as related to the respective excitonic lifetimes.
We estimate that in this work, the population lifetimes
are underestimated by no more than 20%, even if the
Auger recombination was the only source of the sub-
linearity at the excitation mechanism.

ECS measurements were carried out with two
identical laser pulse trains, each at the average laser
power of 120uW . The time separation between
pulses was tuned with a delay line.

3. Results

The photoluminescence decay transients of the neut-
ral and negatively charged excitons (X, CX) measured
directly with a streak camera are presented in figure 2.
The measurement reveals the short main compon-
ent of the photoluminescence decay, followed by the
weaker long-lived signal. The lifetimes of the short
components are significantly smaller compared to the
exfoliated samples presented in literature [34, 35]
and in the supplementary information of this work.
The typical photoluminescence lifetime in exfoliated
MoSe, monolayers is between 2 ps and 10 ps for the
neutral exciton and between 5 ps and 100 ps for the
charged exciton.

To quantify the observed decay times, we fit the

biexponential decay:
B t
exp (— ) . (D)
T]ong Tlong

The fits were performed in convolution with the
impulse response function of the experimental setup,
which was approximated with a Gaussian transient
corresponding to the experimentally obtained laser
pulse profile.

I(t)= éexp (—E) +

T
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Figure 1. (a) Normalized PL spectra of the MBE MoSe, monolayer on hBN flake under the pulsed excitation with 610nm
(2030meV), 120 uW laser. The shaded regions span the spectral integration range for X and CX peaks during the time-resolved
measurements. (b) Scheme of the MoSe, monolayer grown on Si/SiO; substrate partially covered with hBN flakes. (c)
Photograph of the example hBN flake covered with MoSe, monolayer.
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Figure 2. Time-resolved PL of neutral (open symbols) and charged (closed symbols) exciton peaks obtained with the streak
camera, at T = 5K for epitaxial MoSe, monolayer grown on hBN. Solid black lines: fit of the double-exponential decay of charged
exciton convoluted with impulse response function approximated by Gaussian. The impulse Response Function of the
experimental setup, as measured on the laser pulse, is presented as a grey area.

The lifetime 7 of the short-lived component of the
PL signal is below the resolution of the streak camera,
allowing only for its course estimations. We observe
the lifetime of X resonance to be shorter than 1ps,
and the lifetime of the CX resonance being in the
order of 1.3 ps. Weak, long-lived components of the
lifetime of 10-20 ps may be related to excitons loc-
alized on charge fluctuations, nonuniform strain, or
defects. Such localizing centers may be more abund-
ant in MBE-grown samples considering their richer
microscopic structure [15, 36]. The long component
is spectrally correlated with the neutral and charge
exciton photoluminescence signal and is character-
ized by a common timescale for both excitonic peaks,
which can be a fingerprint of a long-lived reservoir
higher in the relaxation ladder exposed in conditions
of non-resonant excitation.

Quantitative investigation of processes in subpi-
cosecond timescale requires an experimental method
capable of higher temporal resolution than provided
by a streak camera. Hence, we employ the ECS tech-
nique, which provides a time resolution comparable
to the width of the laser pulse. The result of the
example ECS measurement is presented in figure 3.
The PL intensity from the MoSe, is integrated over
the spectral ranges of X and CX resonances (See:
figure 1(a) and probed with different time delays
between two laser pulse trains. Similarly, as in the case
of the Streak Camera measurements, two-exponential
decay of the signal is observed. The laser autocorrela-
tion function of FWHM = 260 ps (corresponding to
the pulse duration of 180 ps) was used as an impulse
response function during fitting. The characteristic
times of the fast component of the ECS signal are
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Figure 3. CS signal of neutral and charged exciton peaks at the temperature of 5 K, measurd for epitaxial MoSe, monolayer grown
on hBN. PL intensity is normalized to the limit of infinite pulse separation. Inset: ECS signal acquired under two different
excitation powers. The long-lived component was subtracted for clarity. Values of 60 4 W and 120 uW relate to the power of the
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Figure 4. Comparison of (a) neutral and (b) charged exciton ECS signal decay times (solid markers) with their total PL intensity
(open markers, slightly shifted for clarity) presented as a function of temperature. The vertical scale of PL Intensity was
normalized on each panel to match the ECS signal decay times on the opposite vertical axis. Lines—fits of the Arrhenius equation
with activation energy parameters: E, = 20 meV (solid line), E, = 15 meV, E, = 30 meV (dashed lines).
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equal to 0.72ps for X resonance, and 1.77 ps for CX
resonance (figure 3). These values are in quantitat-
ive agreement with the direct measurements of the
PL decay time. We observe little dependence on the
excitation power (inset in figure 3), which proves that
observed ECS transients are directly related to the
exciton lifetimes. No fingerprints of the carrier relax-
ation between the optical excitation and PL emis-
sion energies were observed. We estimate that such
relaxation processes occur in timescales shorter than
200 ps. See supplementary infomation, chapter 4 for
an extended discussion of the role of delayed exciton
formation.

Measured excitonic lifetimes were similar for
samples grown in different conditions and regardless
of their degree of degradation in environmental con-
ditions (supplementary information, figure 2). This
suggests that the nature of the extraordinarily short
excitonic lifetimes is directly related to the epitaxial
growth process. Chalcogenide vacancies are the most

prevalent defect site in exfoliated samples [37]. Non-
equilibrium epitaxial growth in high vacuum further
increases the prevalence of the selenium vacancies
[36], which may be the dominant contributor to the
observed rapid decay.

Having established a suitable tool that allows for
probing of the short excitonic lifetimes, we invest-
igate the temperature’s effects on the recombination
dynamics. The increase of the temperature results in
further shortening of the decay time obtained for
X and CX peak (figures 4(a) and (b)). The short-
ening is followed by a proportional decrease of the
total intensity of the luminescence signal. The long-
lived component can be neglected, as it composes
under 10% of the total photoluminescence intensity
(figure 2).

The correlation between the lifetime and
the total intensity evidences strong thermally-
activated non-radiative recombination channels. We
model the excitonic recombination rates with the
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low-temperature component 7, ' and additional,

thermally activated component described by the
Arrhenius equation:

—1

—E
T :To_l—i—Aepr;. (2)

We fit the Arrhenius equation to the experimental
data in figures 4(a) and (b) and obtain the activa-
tion energy of the non-radiative processes equal to
E, = 207" meV. The same value of E, was used for
X and CX fits in figures 4(a) and (b).

The microscopic structure of the monolayer is
characterized by abundant gaps or bilayer fragments
[15]. With the relatively high point defect density [36]
and the average distance to the monolayer edge in the
ballpark of tens of nanometers, the transport effects
can be relevant to the efficiency of the recombina-
tion channels. The diffusion coefficient and the mean
free time are relatively high in monolayer MoSe; [38],
allowing efficient transport over tens of nanomet-
ers in subpicosecond timescale. The decrease of the
excitonic lifetime in elevated temperatures may result
from increased carrier mobility towards the mono-
layer edges or areas of increased point defect density.
In this interpretation, the activation energy of E, =
2071 meV is related to the amplitude of the potential
fluctuations in the sample plane. The linewidths of
the excitonic transitions are significantly smaller than
the activation energy, which indicates a high degree
of exciton localization.

Next, we investigate the recombination processes
at low temperatures below the activation threshold.
The low-temperature excitonic recombination rate
7'0_1 can be described as a sum of the radiative (7. h
and non-radiative (7, ) terms:

TJIZT;I—kTgRl. (3)

The radiative decay rate is expected to depend
strongly on the thickness of the hBN bottom layer
due to the Purcell effect [35]. Assuming that the
non-radiative effects remain unchanged regardless of
the photonic environment, it is possible to determ-
ine whether radiative or non-radiative channels
are a dominant recombination mechanism at low
temperatures.

Figure 5(a) shows the reflectivity spectra of four
MoSe, monolayers grown simultaneously on dif-
ferent hBN flakes. The thickness of the flakes was
obtained from the reflectivity measurements in a
broad VIS-NIR range. The spectra were fitted with
the dispersion-corrected refractive indexes of the hBN
and SiO, (90nm) layers. Having determined the
thicknesses of the hBN, we calculated the Purcell
factors for the excitonic emission. Two selected spots
were characterized by the low Purcell factor of 0.26
and 0.30, while the other two exhibited high values of
0.93 and 1.21. The Purcell factor F, was calculated in
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line with equations (S35)—(S38) in the supplementary
information of the related work of Fang et al [35].

The time-resolved profiles of the ECS signal were
acquired at each studied spot (figures 5(b)—(e)). We
find that the dynamics of the ECS signal are not sig-
nificantly dependent on the calculated Purcell factor.
The calculated decay times of X and CX peaks were
equal to about 0.65 ps and 2.0 ps, respectively, similar
to the results obtained on the other sample at the tem-
perature of 5 K. Any variations between spots of dif-
ferent Purcell factors were confined within the exper-
imental uncertainty, which suggests a dominant role
of the non-radiative excitation channels even at low
temperatures.

The dependence of the decay times of the X
and CX peaks on the Purcell Factor is presented on
figure 6. Based on the acquired data we provide estim-
ations on the radiative and non-radiative recombin-
ation terms. Lower boundary estimation of the char-
acteristic time of the non-radiative processes can be
obtained under the assumption of negligible (but suf-
ficient to observe the PL signal) relative efficiency of
the radiative processes. We estimate the 7%, to be
greater than 0.5 ps and 7$x to be greater than 1.6 ps.
In the alternate edge case of relatively strong radiative
recombination, we estimate the upper limit of the 7y
to be 1.1 ps and the upper limit of the 733 to be 2.7 ps.
Presented estimations result in the radiative recom-
bination times in all cases equal to 1.25 ps or greater
for the neutral exciton and 8ps or greater for the
charged exciton (at the Purcell factor of Fp = 1). The
above ranges result in upper limits of quantum effi-
ciency of photoluminescence of 0.47 for X and 0.25
for CX (at Fp = 1).

4. Discussion

We show that MBE-grown MoSe, gives stable and
high optical quality photoluminescence that facilit-
ates the application of advanced time-resolved spec-
troscopy techniques. The observed excitonic lifetimes
remain similar in different spots on the sample as well
as on two independently grown samples, proving uni-
formity, reliability, and the repeatability of the growth
process. The excellent performance of our samples
draws closer to the perspective of substituting exfoli-
ated flakes with an industrially scalable alternative in
a broad range of potential applications, particularly
after the use of epitaxial hBN substrate [24].

We observe that the PL decay times of MBE-
grown monolayers are significantly shorter than in
the typical exfoliated samples. Utilizing the ECS tech-
nique, we identified two independent non-radiative
recombination channels responsible for the short-
ening of the excitonic lifetimes. One in low tem-
peratures was identified by probing monolayers in
photonic environments described by different Purcell
Factors. The non-radiative recombination at low tem-
peratures dominates over the radiative channel, and
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Figure 5. (a) Solid lines: reflectivity spectra of the MoSe, monolayer grown on the hBN flakes of varying thickness. Dashed lines:
simulation result used for calculation of the gBN thickness. (b) Schematic representation of the sample structure (c) Predicted
Purcell Factor at different thicknesses of the hBN spacer. (d)—(g) Time-resolved measurements of the ECS signal decay for X and
CX on spots on the sample with low (d)—(e) and high (f)—(g) predicted values of the Purcell factor.
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Figure 6. Characteristic decay times of neutral (a) and charged (b) exciton on the spots with different Purcell factors. Gray lines:
fits for low and high estimates of the characteristic time of the non-radiative recombination channels.

can be attributed to the high density of selenium quantum efficiency of emission below 50%. Another
vacancies resulting from the epitaxial growth pro- non-radiative process activates at elevated temper-
cess. It brings the neutral exciton lifetime from several ~ atures, possibly due to the increased carrier mobil-
picoseconds down to about 0.5-1.0 ps, pushing the ity, further halving the observed decay times. For
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most materials, a short nonradiative time compared
to longer radiative lifetimes would typically result in
very efficient luminescence quenching. However, in
the case of TMDs with fast radiative times, such as
MoSe,, luminescence can still be measured and util-
ized in ultra-fast optoelectronics, even in the presence
of rapid radiative recombination.
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