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Momentum-resolved hot electron dynamics at the 2H-MoS, surface
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Time- and angle-resolved photoelectron spectroscopy (trARPES) is employed to study hot electron dynamics
in the conduction band of photoexcited 2H-MoS,. Momentum-dependent rise times of up to 150 fs after near-
ultraviolet photoexcitation and decay times of the order of several-hundred fs allow us to locate areas of light
absorption in the conduction-band energy landscape as well as to track the relaxation of hot electrons into the
lowest-energy states. The conduction-band minima are finally depopulated within &1 ps, although a residual
population remains up to the maximum investigated pump-probe delay of 15 ps. The presence of the fast
depopulation channel differs from the results of experiments of bulk MoS, performed with all-optical methods.
It conforms, however, with recent findings for monolayer MoS,. We attribute this similarity to defect and surface
states being of considerable relevance for the near-surface electron dynamics of bulk MoS,, as probed in a

trARPES experiment.
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I. INTRODUCTION

Molybdenum disulfide (MoS;) belongs to the family of
layered transition-metal dichalcogenides (TMDCs). The basic
building blocks of TMDCs are sandwiches composed of
a hexagonal transition-metal layer (here, Mo) covalently
bonded on both sides to hexagonal chalcogen layers (here, S).
A three-dimensional crystal is finally formed by stacking
the sandwiches on top of each other, as illustrated for the
centrosymmetric phase of MoS, (2H-MoS;) in Fig. 1(a).
Bulk 2H-MoS; is an indirect gap semiconductor exhibiting
a gap energy of Eq, = 1.29 eV [1]. Recently, few-layer and
monolayer samples of MoS, (and other TMDCs such as WSe;
and WS,) have attracted considerable interest because of their
exceptional electronic and optical properties that distinctly
differ from what is observed for bulk samples [2-6]. These
peculiarities arise in large part from a transition from an
indirect to a direct band-gap semiconductor (Eg ~ 1.8 €V)
when thinning MoS, to a single sandwich [7,8]. This makes
monolayer MoS, a promising candidate for future applications
in electronics, photovoltaics, and photonics [2]. Addition-
ally, as a result of the noncentrosymmetric character of
MoS, monolayers, a (spin-)selective population of degenerate
conduction-band minima by circularly polarized light becomes
possible, which is potentially useful for the realization of
valleytronic and spintronic devices [9,10]. Notably, this type of
spin selectivity is conserved within the individual sandwiches
of bulk 2H-MoS; and other TMDCs even though the overall
crystalline structure is centrosymmetric [11]. Photoemission
spectroscopy is capable of probing such effects owing to its
high surface sensitivity, virtually probing the topmost sand-
wich of a bulk sample as demonstrated in recent photoemission
and time-resolved photoemission studies of 2H-MoS, [12] and
2H-WSe; [13,14].

As electronic and optoelectronic properties of semicon-
ductors, such as charge transport, quantum efficiency, and
polarization decay, are in general governed by the fundamental
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processes of carrier relaxation [16], many time-domain studies
of few-layer and monolayer MoS, as well as the bulk parent
compound 2H-MoS, have been conducted recently [17-31].
Various characteristic time scales are reported in these studies,
allowing for a classification of different processes taking
place on a sub-100 fs, a 100 fs, a few picosecond, and a
10-100 ps time scale, respectively. Furthermore, in the case of
bulk MoS,, even nanosecond dynamics has been observed
[29,30]. These studies have been performed almost exclu-
sively using time-resolved all-optical spectroscopy (trAOS)
techniques and have provided a comprehensive view of the
complex carrier and lattice dynamics of MoS, involving carrier
intra- and intervalley scattering, defect capture, and carrier
recombination. The disentanglement of the different relaxation
processes from this type of measurement is, however, not
necessarily straightforward because the optical probe signal
intrinsically mixes electron and hole dynamics. Furthermore,
the inherent lack of momentum resolution of these techniques
can result in a signal integrating over different decay channels,
which makes multiexponential fits necessary and the data
interpretation potentially ambiguous. Alternative, less compre-
hensive time-domain techniques, which address the different
aspects of carrier relaxation more selectively, can complement
these studies and may provide additional information toward a
profound understanding of carrier dynamics in these materials.

Time- and angle-resolved photoelectron spectroscopy
(trARPES) is the most direct technique to resolve hot electron
dynamics in solids after absorption of an ultrafast laser
pulse. It particularly allows one to map electronic processes
on their fundamental time scales with high momentum and
energy resolution [32—-34]. Furthermore, as a photoemission
spectroscopy technique, trARPES is highly surface sensitive,
i.e., in general only photoelectrons emitted from the topmost
layers of a bulk sample contribute to the photoemission signal.
So far, two time-resolved photoemission studies of MoS,;
compounds related to the present work have been reported. In a
time-resolved two-photon photoemission experiment, Tanaka
et al. studied hot electron relaxation in 2H-MoS, [35]. The
photon energy of the probe pulse used in this study, however,
limited the accessible momentum range considerably so that
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FIG. 1. (a) Side view of the 2H, crystal structure of bulk
MoS, [15]. 2H-MoS,; consists of covalently bonded S-Mo-S layers
that are held together via van der Waals—like interactions. (b)
Surface-projected Brillouin zone of 2H-MoS,. The momentum cuts
investigated in the present study are indicated by red lines.

only the carrier dynamics in the vicinity of the I' point could
be probed. Cabo et al. used trARPES in order to study the
carrier relaxation of single-layer MoS, grown on Au(111)
[24]. The reported results are, however, dominated by the
interaction with the gold substrate so that conclusions on
relaxation mechanisms intrinsic to MoS, could not be drawn.
Due to the lack of sufficiently large sheets of exfoliated MoS,,
trARPES measurements on substrate-decoupled (suspended)
MoS; monolayers have not been reported yet. Closely related
to our work is finally a time-resolved momentum-integrated
photoemission study of bulk MoSe, and bulk WSe, by
Rettenberger et al. [36]. In both materials, a biexponential
decay of the conduction-band population was observed with
characteristic time scales of 1-2 ps and 3-5 ps, respectively.
These results were interpreted in terms of an energy-dependent
diffusion of the photoexcited electrons from the surface into
the bulk.

In this work, we present energy- and momentum-resolved
data of hot electron dynamics in 2H-MoS, measured by
trARPES along different directions within the first Brillouin
zone. Photoemission spectra were taken along the high-
symmetry directions TK and T'M, as well as along lines
centered on K and M, perpendicular to TK and TM lines,
respectively [see Fig. 1(b)]. Our analysis of the photoemission
data yields momentum-resolved carrier population, relaxation,
and depopulation times for the conduction band following
excitation with 31 fs, 395 nm laser pulses. By correlating
the observed carrier dynamics with the results of band
structure calculations, we are able to locate the hot spots
of the nascent electron population generated by interband
absorption, track carrier relaxation pathways into valleys of the
conduction band, and, finally, follow the depopulation of the
conduction-band minima. Notably, our data show that at least
two different decay channels contribute to the depopulation
of the conduction band. The major part of the population
decays on characteristic time scales of the order of 1 ps, while
a residual population of ~10% persists up to the maximum
investigated pump-probe delay of 15 ps. The observation of
a fast component is at variance with the results of other
time-domain studies of 2H-MoS, [28-31], which have all
been conducted using bulk-sensitive trAOS. A similarly fast
component was, however, reported in studies of few-layer
and monolayer MoS, [18,21,22,25-27,29] indicating that, in
contrast to the bulk material, hot carrier relaxation at 2H-MoS,
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surfaces is largely governed by defect and surface state capture
of charge carriers.

II. EXPERIMENT

For our study, commercially available and natural
molybdenite crystals (2H-MoS,, Manchester Nanomateri-
als Ltd.) were cleaved under ultrahigh vacuum conditions
(5%107!9 mbar). Data from two different sample cleaves
were analyzed and are presented in this work. TrARPES
measurements were performed at a pressure of 3 x 1071 mbar
in a pump-probe configuration using frequency-doubled
(3.14 eV) pump pulses [31 fs pulse width (FWHM)] deliv-
ered by a 8 kHz Ti:sapphire multipass amplifier and 11 fs
extreme-ultraviolet (22.1 eV) probe pulses from a 395-nm-
driven high-harmonic-generation (HHG) source [37,38]. The
area illuminated by pump and probe beam at the sample
position was 4.5 x 10* um? and 1.7 x 10* um?> (FWHM),
respectively. The photoemission system is equipped with a
hemispherical analyzer allowing a simultaneous detection
of energy and momentum. The effective time and energy
resolutions of the experiment are 33 fs and 240 meV, respec-
tively. All measurements were performed at room temperature
using s-polarized pulses and an absorbed (pump) fluence of
0.75 mJ cm~2 corresponding to a photoexcited carrier density
of ~10"3 cm~2 per MoS, sandwich as estimated for an ab-
sorption coefficient of 10> cm~! [39]. Prior to the pump-probe
measurements, the sample was fine-positioned with respect
to the pump pulse in order to minimize electron background
due to multiphoton photoemission processes, which can be
enhanced substantially in the presence of surface defects.
This procedure is necessary to avoid pump pulse-induced
space-charge effects which can seriously affect the energy
and momentum distribution of the electrons photoemitted by
the probe pulse [40]. Details of the experimental setup are
described in Ref. [38].

III. RESULTS AND DISCUSSION

We monitor the excitation and relaxation pathways of
electrons in 2H-MoS,; after photoexcitation by analyzing the
transient photoelectron intensity of the conduction-band states
at different positions in energy-momentum space. Reliable
results on corresponding hole pathways in the valence band
could not be achieved due to masking of the transient signal by
the dominating photoemission background from the intrinsic
valence-band population. We would like to note, however,
that independent of momentum, an instantaneous and transient
change in the valence-band energy was observed, indicative of
a rigid band shift of (110 £ 40) meV towards lower binding
energies. We associate this shift with a band renormalization in
response to the photoexcitation, as has been reported in optical
spectroscopy experiments on mono- and bilayer WS, [41]. In
the following, all energies are referred to the energy of the
conduction-band minimum (CBM) Ecgym at 0.53T K, where
E — Ecgm = 0 eV. Ecgm was determined with an accuracy
of £150 meV by comparing the recorded photoemission band
maps to the results of band structure calculations [42]. Since
the band gap of 2H-MoS, is 1.29 eV, absorption of 3.14 eV
photons can, in principle, result in a nascent population of
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FIG. 2. TrARPES data of 2H-MoS, around M. (a) ARPES intensity map of the valence (bottom) and conduction (top) band recorded with
HHG light (hv = 22.1 eV) at 300 K in equilibrium, i.e., 1 ps before pump excitation. Separate color scales are used for the valence-band and
conduction-band signal. (b)—(e) ARPES snapshots of the conduction-band region recorded at different time delays. For comparison, results
of band structure calculations for the conduction band from Ref. [42] along the M-K (black line) and L-H (red line) direction are added. (f)
Photoemission-intensity transient generated by integration of the photoemission signal over an energy and momentum region centered at M,
as indicated by the black dashed box in (a). The solid line is a fit to the experimental data by the model function described in the text. Dashed
vertical lines mark the time delays of the snapshots shown in (b)—(e).

electronic states up to excess energies of 1.85 eV with respect  energy-momentum distribution of the photoemission intensity:
to the CBM [see Fig. 4(a)]. Whereas at Ar = 80 fs [Fig. 3(c)] the extended parabolic
Figures 2 and 3 show trARPES data recorded around M dispersion of the conduction band is visible, about 200 fs
and 0.53 TK, respectively, illustrating the difference in the later [Fig. 3(d)], most of the intensity is concentrated near the
dynamics of the population of high- and low-energy states in CBM. These intensity changes reflect the successive relaxation
the conduction band. The spectra in Fig. 2(a) depict photoemis- of the hot electron distribution into the lowest-energy states of
sion data of the valence-band (bottom) and conduction-band the conduction band, as further corroborated by the evolution
(top) region around M prior to the absorption of the pump of the momentum-integrated energy distribution curves shown
pulse, representing the undisturbed system. Changes in the  in the inset of Fig. 3(f).
photoemission intensity of the conduction band, reflecting the
hot electron dynamics, are compared as snapshots at different
pump-probe delays Ar in Figs. 2(b)-2(e). Figure 2(f) shows
the transient of the photoemission intensity generated by
integration over an energy and momentum region centered
at M and an energy of E — Ecgm ~ 800 meV [see dashed
black box in Figs. 2(a) and 4(a)]. In this region, the intensity
considerably increases already within the 31 fs duration of
the pump pulse and reaches its maximum at Ar =~ 80 fs.

A. Data analysis

Quantitative information on the momentum-dependent
excited-state dynamics is achieved by analyzing the experi-
mental data as follows: Momentum-resolved conduction-band
photoemission-intensity transients, as shown in Figs. 2(f) and
3(f), are generated for the different momentum cuts indicated
in Fig. 1(b) with regions of integration spanning 0.05 to

) .
At At = 500 fs, the excited-state population in the probed ~ 0:1 A7 and 1.1 to 1.4 eV in the momentum and energy

energy-momentum window has decayed almost completely. direction, respectively. Characteristic rise and decay times
The trARPES spectra along the T'K direction (center are determined by fitting the following model function to the

energy E — Ecpy ~ 450 meV) are shown in Fig. 3 with the ~ fransients:
photoemission-intensity maps of the valence- and conduction-

band region prior to the excitation in Fig. 3(a), characteristic 1(t) = Io1, At <1, (1)
snapshots of the conduction band in Figs. 3(b)-3(e), and the Af —1

transient photoemission intensity around the CBM at 0.53 'K I(t) =1Ip + Ajexp (_ 0)

in Fig. 3(f) [the integration region is marked by the dashed Trise

black box in Figs. 3(a) and 4(a)]. In contrast to the dynamics Af — 1

near M, the increase in intensity at 0.53 'K lasts for ~180 + Ajexp (— >, At > 1. 2)
fs, the intensity decay is slowed down to a picosecond time Thall

scale, and a residual intensity is still present at Az = 15 ps. The two exponential functions describe the rise

Furthermore, at 0.53 T K, we observe distinct changes in the (A; < 0) and the fall (A, > 0) of the photoemission intensity

205406-3



P. HEIN et al.

04 06 0.8 O4 06 08

PHYSICAL REVIEW B 94, 205406 (2016)

ke (A)
04 0.6 08

04 06 08 04 06 038

® 10|l ©

i g 41 F

300 fs max

80 fs | | ()

5 ps

3
5

E - Ecgm (eV)

(syun "que) Aysuayu|

T

I

1

1

1

1

1

I

!
T

1

i
5

At (ps)

FIG. 3. TrARPES data of 2H-MoS, around 0.53 T K . (a) ARPES intensity map of the valence (bottom) and conduction (top) band recorded
along the T'K direction with HHG light (kv = 22.1 eV) at 300 K in equilibrium, i.e., 1 ps before pump excitation. Separate color scales are
used for the valence-band and conduction-band signal. (b)-(e) ARPES snapshots of the conduction band recorded at different time delays.
For comparison, results of band structure calculations for the conduction band from Ref. [42] along the I'-K (black line) and A-H (red line)
direction are added. (f) Photoemission-intensity transient generated by integration of the photoemission signal over an energy and momentum
region centered at 0.53 'K, as indicated by the black dashed box in (a). The solid line is a fit to the experimental data by the model function
described in the text. Dashed vertical lines mark the time delays of the snapshots shown in (b)—(e). The inset compares energy distribution
curves at different time delays obtained by integration of ARPES intensity maps along TK (0.35 < k, < 0.85 AN,

corresponding to population and depopulation of excited states
with the time constants 7.5, and 7, respectively. Ip; accounts
for a constant overall background in the photoemission signal
and [y, accounts for the residual electron population observed
for some of the transients at the maximum investigated
pump-probe delay of 15 ps. The parameter #, determines
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FIG. 4. (a) Calculated band structure of 2H-MoS, for the 'MK
(black) and ALH (red) planes, adopted from Ref. [42]. Black arrows
indicate photoexcitation by absorption of 395 nm light. Blue arrows
illustrate intraband relaxation of photoexcited electrons into the
local conduction-band minima. The black dashed boxes indicate
integration areas used to generate the photoemission-intensity tran-
sients shown in Figs. 2(f) and 3(f). (b) Characteristic photoemission-
intensity rise times 7, and fall times 7y, as a function of momentum,
as determined from fits to momentum-dependent photoemission
transients. The horizontal dashed line indicates the effective time
resolution of the experiment (33 fs) as given by the FWHM of the
pump-probe cross-correlation signal.

the onset time of population (and also depopulation) of the
considered excited state. Notably, the fits do not yield any
momentum dependence of £y, indicating that the population
of the conduction band starts globally within the temporal
width of the excitation pulse. To ensure the continuity of
the model function at f#(, the constraint Iy; = A; + Ay + I
is introduced. Finally, Eq. (1) is convolved with a squared
secans hyperbolicus function (FWHM of 33 fs) representing
the temporal resolution of the experiment. Fitting to the
experimental data is performed with Iy, Ay, Az, fo, Trise
and tp; kept as free parameters. The model fully captures
the observed dynamics, as evidenced by the results shown in
Figs. 2(f) and 3(f).

The fit results for . and 7 as a function of momentum
are compiled in Fig. 4(b). For comparison, Fig. 4(a) also
shows the calculated band structure of 2H-MoS, for the MK
and ALH plane [42]. Additional measurements have been
performed in the vicinity of the conduction-band minima along
'K and TM for absorbed pump fluences of 0.38 mJcm™>
and 1.13 mJ cm~2 corresponding to photoexcited carrier den-
sities of A5 x 10'> cm™2 and ~1.5 x 10'3 cm™2 per MoS,
sandwich, respectively. Within this fluence range, no distinct
dependence of T, and gy on the excitation density was
observed. Also no indication for a dependence of 7., and
Tra ON the two different sample cleaves investigated in this
study was observed.

B. Excitation and intraband relaxation

The results shown in Fig. 4 reveal that both T and Ty
exhibit a momentum dependence that is highly correlated
with the band structure of 2H-MoS,. The lowest values of
Tise are <30 fs, i.e., below the temporal resolution of the
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experiment. They are observed at and close to Cand M, ie.,
close to local maxima of the conduction-band dispersion. In the
vicinity of these high-symmetry points and for an excitation
photon energy of 3.14 eV, the band structure supports direct
interband excitation from the valence band, as indicated by
black arrows in Fig. 4(a). We may therefore associate the fast
signal rise in the photoemission intensity with direct interband
absorption that is responsible for the nascent population of the
conduction band. The rise time T, progressively increases as
one approaches the local conduction-band minima at 0.53 T K,
0.5 TM, and K with maximum Ty values of ~70, 90, and
140 fs, respectively. This indicates a delayed population by
secondary processes. Notably, the characteristic rise times for
the population of the local minima at 0.53 TK and at K
match strikingly well the decay times tp, observed for the
nearby nascent population at r (tran = 50 fs) and M (Tfan =
120 fs), respectively. The local minimum at 0.5 TM adjoins
both regions with nascent populations. Here, ts approxi-
mately corresponds to the average of g, at [ and M.

These observations suggest that the population of the
conduction-band valleys occurs predominantly via energy
relaxation of hot electrons out of the most proximate absorp-
tion region, as indicated by the blue arrows in Fig. 4(a). To
ensure efficient energy relaxation of the nascent population
towards the valley minima, scattering with small-momentum
high-energy phonons needs to be involved. These relaxation
processes may be driven by Frohlich interaction with longitu-
dinal optical phonons which, for monolayer MoS,, have been
shown to considerably contribute to hot electron cooling in
the carrier density regime probed in the present study [43].
Carrier depopulation at I' may in addition be promoted by
impact ionization, as the excess energies with respect to the
CBM are substantially larger than Eg,, [42].

C. Depopulation of the conduction band

For the final decay of the excited-state population accumu-
lated in the valley minima, the experimental data suggest the
presence of at least two decay channels exhibiting considerably
different efficiencies. The major part of the population decays
on characteristic g, time scales of ~650 fs at K, ~900 fs
at 0.5 TM, and ~1.2 ps at 0.53 CK. For all three minima,
a residual population is, however, visible even 15 ps after
excitation, the maximum delay investigated in the present
study [see Fig. 3(f)]. The appearance as a constant background
in the recorded population transients implies that the time
constant of this decay channel is significantly longer than 15 ps.
The ratios between residual intensity and maximum intensity
of the transients [see, e.g., Fig. 3(f)] are taken as a measure for
the relative contribution of the slow decay component to the
decay of the total population accumulated in the conduction-
band minima. Analysis yields values of 9 4%, 13 3%,
and 11 3% for the minima at K, 0.5 TM, and 0.53 T'K,
respectively. Correspondingly, the relative contributions of the
fast component to the population decay are 91 + 4%, 87 + 3%,
and 89 £ 3%.

The depopulation of the conduction-band minima may
arise either from intervalley scattering processes (restricted
to K and 0.5 TM due to energy conservation) or from
scattering processes depopulating the conduction band as

PHYSICAL REVIEW B 94, 205406 (2016)

a whole. The latter processes particularly include carrier
recombination and carrier capture by defect and surface states.
Furthermore, carrier transport out of the probed volume may
be effective, particularly in the case of a surface-sensitive
experiment [36].

TrAOS studies of bulk MoS, [28-3 1] reported on sequential
processes in the relaxation of photoexcited electrons, spanning
time scales from a few-hundred fs to >4 ns. The assignment of
these time scales to the different processes, however, appears
to be difficult and not unambiguous. For instance, Kumar
et al. [28] reported on intervalley scattering processes taking
place within the first 350 fs after excitation and associated
a 100 ps signature in the data with the depopulation of
the conduction band. In contrast, Shi et al. [29] identified
different types of intervalley scattering processes, with the
fastest process being completed within a few picoseconds
and the slowest one taking as long as 2.6 ns. According
to that work, the final depopulation of the conduction band
requires more than several nanoseconds. Similar time scales
for intraband relaxation and conduction-band depopulation
were also observed in Ref. [30]. Guo et al. [31] finally reported
on the depopulation of the conduction band within 25 ps. In all
of the above studies, carrier recombination has been considered
as being exclusively responsible for the depopulation of the
conduction band.

In the present trARPES study, we identify a distinct decay
channel depopulating the global CBM at 0.53 TK at a
significantly shorter characteristic time scale of 1.2 ps. This
additional pathway available for carrier relaxation from the
conduction band has not been detected in trAOS so far.

Contrary to the reports on carrier dynamics in bulk MoS,,
several trAOS studies proved the existence of a fast depopula-
tion channel for the conduction band in few-layer and mono-
layer MoS, [18,21,26,27,29]. The reported time scales range
between 350 fs [27] and several picoseconds [21], in good
agreement with the values for the fast depopulation component
observed in the present study. The fast dynamics was attributed
to carrier capture by defect states or surface states, a process
that should be enhanced by the large surface-to-volume ratio
of few-layer and monolayer samples in comparison to the bulk.
We suspect that the extreme surface sensitivity of the trARPES
technique makes it possible to probe similar processes taking
place at the surfaces of MoS, bulk samples. Indeed, cleaved
2H-MoS, tends to exhibit a high density of surface defects,
including steps generated in the cleaving process and localized
defects such as vacancies and impurities. Past studies on
structural defects of 2H-MoS, surfaces [44,45] revealed a
rather inhomogeneous distribution with respect to species
and density of defects. More specifically, high step density
areas alternate with low step density areas on length scales
of mm [44], whereas in the case of localized defect densities,
variations between 0.1% and 10% have been reported with the
density varying across very small areas of a size of 0.01 um?
[45]. We suspect that as a result of the adjustment of the
sample position for a minimum of pump-induced multiphoton
photoemission processes, a sample area exhibiting a rather low
step density is probed in the experiment. We do not expect,
however, a corresponding selectivity with respect to localized
defects as their density substantially varies across length scales
obviously much smaller than the size of the probe beam. Note
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that the potential relevance of surface defect states for hot
carrier relaxation at semiconductor surfaces has been pointed
out before in time-resolved photoemission studies of GaAs
and InP [46].

The observation of a second decay channel depopulating
the conduction-band minima on time scales much longer than
15 ps is then only possible either in the case of saturation of
the fast channel or in the presence of spatial inhomogeneities
of the probed sample volume. As mentioned above, strong
inhomogeneities in surface defect species and density have
been reported for 2H-MoS,; [45], potentially resulting in local
variations of carrier capture rates [26,47-49] which would be
probed in parallel in a spatially integrating trARPES experi-
ment. This interpretation is consistent with different reports for
monolayer MoS; [26,27,29]. The long-lived population com-
ponent may alternatively arise from subsurface contributions
to the photoemission signal dominated by bulk characteristic
carrier-recombination processes, as predominantly probed
in all-optical studies, i.e., indirect interband electron-hole
recombination channels. Finally, diffusive transport of the
electrons out of the probed sample volume may also contribute
to the long-lived signal associated with the depopulation of
the conduction band [50]. For an estimate of the related time
scales, we have to take the crystalline anisotropy of 2H-MoS,
into account and consider diffusion along the sandwich planes
(governed by a diffusion constant Dj = 18 cm?s~! [28])
and perpendicular to the sandwich planes (diffusion constant
D, <1072. Dy [51,52]) separately. The spreading L of the
electron distribution due to diffusion within a time interval At
is given by L = +/D - At, with D being the corresponding
diffusion constant. For the maximum time interval Aty.,x =
15 ps probed in the present study, this relation yields a value
L = 160 nm for the in-plane spreading, i.e., a value which
is negligible in comparison to the spot size of pump and
probe beam, proving that in-plane diffusion does not affect
our experimental data. For the spreading of the electron cloud
perpendicular to the planes, a similar estimate yields a value
L < 16 nm, which has to be compared to an excitation depth
in 2H-MoS; of 20 nm for absorption of 400 nm light [51]. We
conclude that diffusion perpendicular to the sandwich planes
may start to affect our data at the maximum time delays Atyax
probed in our study.

In this context, we would like to refer to a time-resolved
photoemission study of MoSe, and WSe, that reported on
a fast depopulation of the conduction band on time scales
of a few picoseconds [36]. These time scales were indeed
associated with diffusion of electrons into the bulk. A quanti-
tatively satisfactory description relied, however, on diffusion
coefficients that exceeded the values reported for MoS, by a
factor of 10 to 100.

IV. CONCLUSION

In conclusion, we presented a trARPES study of hot
electron dynamics in the conduction band of photoexcited
2H-MoS,. The unique capabilities of the used technique
enabled us to directly monitor energy-momentum relaxation
of excited carriers selectively within the surface region of
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FIG. 5. Schematic illustration of relaxation pathways of hot
electrons in the conduction band of 2H-MoS, after photoexcitation
with 395 nm laser pulses, as identified within the present study.

the bulk material. We particularly point out the aspect of
momentum resolution of the trARPES technique, which
allows probing electron dynamics in the band structure in
a direct way and particularly complements results achieved
with all-optical techniques. Figure 5 schematically summa-
rizes the identified excitation and relaxation pathways and
the measured time scales. The analysis of the momentum-
dependent photoemission transients allows us not only to
locate optical interband transitions responsible for the gen-
eration of a nascent hot electron distribution, but also to
track subsequent intraband relaxation pathways of the excited
electrons in energy-momentum space. The conduction band is
finally depopulated within &1 ps, with a residual population
remaining for significantly longer times. Thus, in contrast to
results of time-resolved studies of bulk 2H-MoS, using trAOS
techniques [28-31], we observe a considerably accelerated
depopulation of the conduction band. Instead, quantitative
agreement with results for few-layer and monolayer MoS,
is found [18,21,26,27,29]. Following the explanation given
in the latter studies, we attribute the accelerated dynamics
observed within our trARPES study to the presence of surface
defects.

Finally, we emphasize that the ARPES-based experiment
presented here is another example in which the surface
sensitivity of this technique is used to selectively probe aspects
intimately related to the interesting physics of monolay-
ers of transition-metal dichalcogenides, such as MoS, and
WSe,. More specifically, the impact of defects on carrier
recombination highlight the exceeding relevance of defects
for the peculiar optical properties of these two-dimensional
materials [53].
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