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ABSTRACT

Photo-induced charge separation in transition metal dichalcogenide heterobilayers is being
explored for moiré excitons, spin-valley polarization, and quantum phases of
excitons/electrons. While different momentum spaces can be critically involved in charge
separation dynamics, little is known directly from experiments. Here we determine
momentum-resolved electron dynamics in the WS2/MoS; heterobilayer using time and angle
resolved photoemission spectroscopy (TR-ARPES). Upon photoexcitation in the K valleys,
we detect electrons in M/2, M, and Q valleys/points on time scales as short as ~70 fs, followed
by dynamic equilibration in K and Q valleys in ~400 fs. These findings reveal the essential
role of phonon scattering, the coexistence of direct and indirect interlayer excitons, and

constraints on spin-valley polarization.

Monolayer transition metal dichalchogenides (TMDCs) are excellent models for the
exploration of semiconductor physics at the two-dimensional (2D) limit, with potential
applications in electronics, optoelectronics, and quantum devices [1]. Heterobilayers formed from
stacking two TMDC monolayers may bring about new physical properties or processes, such as
moire excitons [2—4], long-lived spin valley polarization [5,6], exciton condensation [7,8], and
quantum phases of carriers [9]. For TMDC heterobilayers with type-II band alignment,
photoexcitation of one monolayer leads to electron or hole transfer to the other layer, resulting in
interlayer excitons with electron and hole spatially separated across the interface. Interlayer
excitons have been characterized in photoluminescence spectroscopies, and the corresponding
interlayer charge transfer is evidenced in transient absorption/reflectance spectroscopies and THz

emission [9—-16]. It has been found that photoinduced interlayer charge transfer occurs on ultrafast
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(<100 fs) time scales, regardless of relative layer orientation [13,14,17,18]. This observation is
surprising since the conduction band (CB) minimum and valence band (VB) maximum are both
located at the K/K' points at the hexagonal Brillouin zone corners, and relative orientation between
the two monolayers should result in momentum mismatch. A likely mechanism for efficient
charge transfer involves phonon-assisted scattering of photoexcited CB electrons from the K
valleys of one monolayer to other energetically resonant momentum regions [10,19]. However,
experimental evidences for such momentum-indirect interlayer charge transfer and the roles of

optically dark interlayer excitons are absent at the present time.

In contrast to optical experiments, time and angle resolved photoemission spectroscopy (TR-
ARPES) enables direct characterization of dynamics in the momentum space. TR-ARPES
experiments have been used to reveal photoexcited electron dynamics and band renormalization
in TMDC monolayers with femtosecond time resolution. [20-23] Here we apply TR-ARPES for
the first time to probe electron transfer mechanisms in a single-crystal and single-domain TMDC
heterobilayer, MoSe>/WSe», with time, energy, and momentum resolutions. Recently, Wilson et
al. applied micro-ARPES to probe the static valence band structure of the MoSex/WSe:
heterobilayer, This study revealed strong hybridization of valence bands from the two monolayers
at the I point [24] but cannot provide dynamic information on the charge transfer process. In
comparison, our TR-ARPES determines the dynamics of ultrafast distribution of CB electrons
across the Brillouin zone in the heterobilayer following across gap photoexcitation. Specifically,
TR-ARPES measurements will (i) solve a major mystery in the field — the insensitivity of ultrafast
charge separation to interlayer twist angle in TMDC heterobilayers; (ii) reveal the dominant role
of phonon scattering is mediating interlayer electron transfer; and (iii) identify the presence of a
dynamic equilibrium between optically bright K-K (K'-K") excitons with the optically dark K(K")-

Q excitons in angle-aligned heterobilayers.

The pump-probe scheme of the TR-ARPES is shown in Fig. 1a. The visible pump (hv; = 2.2
eV, 40 fs pulse width, s-polarized, 0.5-2 mJ/cm?, spot diameter 0.5-1 mm) excites electrons from
VB to CB, and the extreme UV probe (EUV, hv, = 22 eV, pulse duration <100 fs, 10 kHz, p-
polarized, ~10° photons/s, spot diameter 200 pum) ionizes the electrons from both valence and
conduction bands after a controlled time delay for detection by a hemispherical analyzer. We used

a WS2/MoS: heterobilayer with lateral size > 3 mm (image shown in Fig. 1b and Fig. S1 [25]) and



a small interlayer twist angle of 5° as determined by second harmonic generation (SHG, Fig. S2
[25]). The sample is prepared from a gold-tape exfoliation technique [26] on a dielectric substrate
(285 nm thick SiO» on n-doped Si) to minimize disturbance to the electronic properties [20]. Gold
electrodes are deposited on the side for grounding. The SHG mapped across the heterobilayer area
for TR-ARPES measurements (Fig. 1¢) shows uniform phase, reflecting the homogeneous single

crystal quality and the uniform crystal orientation of the heterobilayer sample.

Fig. 1(d) shows predicted band structure of the angle-aligned WS2/MoS: heterobilayer from
first principle calculation by Okada et al [27]. Wavefunctions at the K/K' point band edges are
strongly confined within each monolayer, with little interlayer electronic interaction [19,27,28]. In
contrast, I point of the VB, Q and the M/2 valleys of the CB have significant mixed characters of
both monolayers [19,29]. The EUV probe-only photoionization ARPES maps out the valence band
structure for the WS>/MoS; heterobilayer along I'-K and I'-M directions, as shown in Fig. 1d and
le, which agrees with the theoretical prediction. The band structure of heterobilayer and the
corresponding energy distribution curves (EDCs) is compared with those from the monolayer WS>
and MoS,, showing hybridization at the I" point from monolayer bands compared with K point
(Fig. S3 - S4 [25]), in agreement with that found in high resolution static valence band ARPES of
MoSe»/WSe; heterobilayers [24].

We carry out pump probe TR-ARPES measurements around five representative positions in
the momentum space, including the Brillouin zone center I', corner K (K"), edge M and the halfway
positions of Q and M/2. Fig. 2 shows the ARPES of CB without (At < 0) and with (At = 0) visible
pump excitation, with the EDCs shown in the bottom panel. The monolayers are intrinsically n-
doped. [20,30-32] The intrinsic electron doping population is observed close to the Fermi level
(Er) at At < 0 predominantly near the K point, which is predicted to be the global CB minimum.
When the pump pulse overlaps with the probe pulse at At = 0, the conduction band electron
population increases at K, O, M and M/2 positions. The initial pump pulse induces direct transition
in the K valleys in both WS> and MoS, monolayers, as known from the much larger oscillator
strength of intralayer excitons than that of the interlayer [33]. Observation of CB electrons at the
other momentums near At = 0 indicates ultrafast intervalley scattering upon the initial excitation.

The CB electrons are not observable at I', which is predicted at higher energy.



The integrated CB electron intensities at the K, O, M, and M/2 are recorded as a function of At,
shown in Fig. 3. The corresponding energy-resolved 2D pseudo-color plots are shown in Fig. S5.
The M and M/2 CB electron population undergo a sharp rise followed by fast decay to zero. We
fit the M and M/2 dynamics using an instantaneous rise with a single exponential decay, convoluted
with Gaussian function (black curve in Fig. 3, detailed in supplementary information). The
variance of the convoluting Gaussian, o = 140 + 30 fs, represents an estimated upper limit in
experimental time constant of ~70 fs (!/2 o). It indicates that interlayer electron transfer from the
K to M/2 and M occur with a time constant of Ty < 70 fs. The M/2 position has strong interlayer
electronic coupling, which is also energetically close to initial K valley excitation of WS,.
Following the ultrafast rise, the electron populations decay with single exponential lifetime of Tvd
= 0.7£0.1 ps at both M and M/2. As we discuss below, this decay can be attributed to the transfer
of electron population to the lower-lying O (mixed WS> and MoS») and K (MoS>) valleys, Auger

recombination, as well as other nonradiative charge recombination channels.

In contrast to the fast formation and decay of M/2 and M electrons, CB electron signal at Q or
K in Fig. 3 has a delayed feature. The kinetics can be fit with two components, including a prompt
formation from initial excitation (1,1 < 70 fs) and the delayed formation (1.2 = 0.6%0.3 ps) which
may be attributed to inter-valley back scattering from M and M/2. The initial prompt formation
dominates the kinetics at K, while the delayed formation component with 1.2 =0.6+0.3 ps is more
significant in Q. Following the rise, the decay of Q and K electrons can be described by bi-
exponentials, with time constants for the fast and slow channels of 41 = 0.7-1.7 ps and 142 > 40 ps.
The fast channel is likely a result of many body scattering, such as Auger recombination at the
initial high excitation density. The slow decay channel is assigned to the radiative and nonradiative
recombination of direct and indirect interlayer excitons, respectively. The majority of CB electrons
reside at the K point, which is predicted to be the global conduction band minimum. The Q point
lies close in energy (see Fig. 1a, energy offset discussed in the SI). The similarity in the kinetic
profiles at longer times reveals a dynamic equilibrium of CB electrons at the K and Q points. The
CB electrons at K and Q points form optically bright K-K (K'-K") and the dark K(K")-Q excitons,
respectively, with holes located at K(K").

The dominant dynamic pathways following photoexcitation of the WS2/MoS: heterobilayer

revealed by TR-ARPES is summarized in Fig. 4. Following the initial cross-gap excitation at XK,



the CB electrons quickly occupy a broad momentum space covering the K, O, M and M/2 positions
within < 70 fs time scale, likely from efficient phonon scattering known in 2D TMDCs [19,34]. In
contrast to the layer localized K valleys, the CB at Q and M/2 exhibit significant hybridization
from wavefunctions of both monolayers, [19,29] facilitating interlayer charge transfer.
Subsequently, on time scales of T ~ 0.6 ps, the CB electrons at the M/2 and M positions are scattered
to the lower energy K and Q valleys. The CB electrons in the K and Q valleys undergo
recombination with VB holes on longer time scales of > 40 ps. During this time, the bright K-K
(K'-K") excitons are in dynamic equilibrium with the dark K(K")-Q excitons. The momentum
conservation in these intervalley scattering processes requires the participation of a phonon, likely
a longitudinal optical (LO) phonon, via the efficient Frohlich scattering mechanism. In most polar
semiconductors, Frohlich scattering occurs on the ultrafast time scale of a few to a few tens
femtoseconds [35]. A TR-ARPES study on bulk MoS; reveals inter-valley scattering from the
initially populated K valley to the 2'valley in < 50 fs [36], in excellent agreement with the present
finding of ultrafast inter-valley scattering in the WS2/MoS: heterobilayer. The strong interlayer
electronic coupling at O and M/2 valleys and the ubiquitous involvement of LO phonon scattering
may explain the ultrafast charge transfer in TMDC heterobilayers regardless of twist

angles [10,19].

Although we did not attempt to assign the CB electrons to that of the WS, and MoS, bands
individually due to limited energy resolution, early time dynamics indeed show a relaxation in
average electron energy in the K valley by ~ 100 meV on the ~0.5-1 ps time scale, as shown in
Fig. S6a-b [25]. Such energy relaxation is not detectable in monolayer MoS, or the Q valleys in
the heterobilayer. This energy relaxation may reflect interlayer charge transfer from K point of

WS; to K point of MoS; (via the M/2, M, and Q) as well as hot electron relaxation.

The result presented above suggest that valley polarization of CB electrons is lost on ultrafast
time scales for TMDC heterobilayers. As is shown in Fig. S7 [25], circularly polarized excitations
in our TR-ARPES measurement results in equal amounts of CB electrons in the K and K’ valleys.
Circularly polarized light achieves spin-valley specific excitation at K/K' points in monolayer
TMDC and heterostructures [37,38]. However, the CB energy splitting of opposite spins are
negligible at K/K' points, resulting in approximately equal probability of electron scattering to K
and K' from the midpoint M/2 and M. The dynamic equilibrium between Q and K/K' further



scrambles the CB spin-valley polarization. A recent TR-ARPES study of bulk WSe; also reveals
that CB valley polarization is lost in ~100 fs [39]. In contrast to the CB, spin-orbit energy splitting
in VB is an order of magnitude larger (100s meV). Spin polarized hole scattering from K/K' to the
opposite K'/K valleys will need to overcome a large energy offset. Therefore, holes in the VB may
maintain a high degree of spin-valley polarization. Although unpolarized CB electrons occupy
both K/K' valleys, only electrons at the same valley as holes can give rise to optically bright
transitions. As a result, spin valley polarized holes may be solely responsible for the circularly
polarized light emission/absorption/reflection, as is measured in previous optical spectra [5,6,40].
In such optical spectroscopy measurements, CB electrons at the Q and the spin-opposite K'(K)
valleys may act as dark reservoirs, albeit in competition with phonon-assisted radiative or
nonradiative recombination. Moreover, confinement of interlayer exciton to the spin-valley
polarized K(K") valleys may be assisted by the Moiré potential, provided the excitation density and

the temperature are both sufficiently low [2,3].
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Figure 1. (a) Schematics of the TR-ARPES experiment. A femtosecond visible pulse serves as pump
and the femtosecond EUV pulse is probe. The photoelectrons are detected by hemispherical analyzer at
various polar angle a from surface normal for momentum resolution. (b) Image of the WS,/MoS,
heterostructure on 285 nm Si0,/Si, with blue color from optical contrast. Gold electrodes are deposited
on the side for grounding. A zoomed-out image of the sample is shown in Fig. S1. (¢) SHG mapped
across 40 different points on the mm scale heterostructure. The uniform phase indicate uniform crystal
orientation. The inset is the SHG polar plot of the 40 sampled points. (d) Calculated band structure of
WS,/MoS, heterostructures with 0 degree alignment. (Reprinted with permission from Ref. [27].
Copyright 2018 American Chemical Society). The color scheme indicates the contribution to
wavefunctions from each layer. The inset is a schematic of the different points in the Brillouin zone.
(e)(f) Experimental ARPES of WS,/MoS; heterostructure measured along (e) I'-K direction and (f) I'-M
directions respectively. All TR-ARPES and ARPES measurements are performed at room temperature.
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Figure 2. TR-ARPES of the WS,/MoS:; heterostructure (a) without (At<0) and (b) with (At=0) the visible
pump excitation, respectively. The ARPES spectra are collected at M, M/2, I, O, K positions in the
momentum space. The color scheme is scaled up a lot to show weak signal in the CB. (c) The
corresponding electron energy distribution curve (EDC) near the CB edge, collected without (At<0, red)
and with (At=0, green) the visible pump excitation, and the difference with and without pump (black).
The EDCs are integrated within a £0.15 A™' window of the center momentum at each point from raw
photoionization signals. The visible pump is fixed at a photon energy of 2.2 eV and the probe at 22 eV.

The sample is at room temperature.
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Figure 3. CB electron dynamics at K, O, M/2, and M points as a function of pump probe delay. The
integrated CB photoelectron intensities are shown as grey curves, with intensity at At < 0 set to zero.
The solid black curves are kinetic fits and the blue curves (scaled to experimental peak intensity) are
convoluted Gaussians (c = 140 fs) representing laser pump-probe time resolution up to 70 fs (/2 ).
The dashed lines show zero intensity levels. The CB electron intensities are integrated from -0.5 eV to
2.5 eV. The corresponding TR-ARPES in 2D pseudo-color plots are shown in Fig. S5. The intensity is
integrated within a £0.15 A™' window of the center momentum.
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Figure 4. Schematics of intervalley electron scattering in the CB. The visible pump beam excites the
electron from VB to CB in the K valleys (green arrows), followed by ultrafast scattering (< 70 fs) of
electron from K to M, M/2 and Q (black arrows). The dashed arrows represent subsequent electron
scattering (~0.4 ps) from M/2 and M back to K and Q. The double-ended and dashed arrows represent

dynamic equilibria.
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