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Resolving momentum degrees of freedom of excitons, which are electron-hole pairs bound by the

Coulomb attraction in a photoexcited semiconductor, has remained an elusive goal for decades. In

atomically thin semiconductors, such a capability could probe the momentum-forbidden dark excitons,

which critically affect proposed opto-electronic technologies but are not directly accessible using optical

techniques. Here, we probed the momentum state of excitons in a tungsten diselenide monolayer by

photoemitting their constituent electrons and resolving them in time, momentum, and energy. We

obtained a direct visual of the momentum-forbidden dark excitons and studied their properties, including

their near degeneracy with bright excitons and their formation pathways in the energy-momentum

landscape. These dark excitons dominated the excited-state distribution, a surprising finding that

highlights their importance in atomically thin semiconductors.

T
he discovery of two-dimensional (2D)
semiconductors launched exciting op-
portunities in exploring excited-state
physics and opto-electronic technolo-
gies (1–3), driven in part by the exis-

tence of robust, few-particle excitonic states.
As a prototypical 2D semiconductor in the
transition metal dichalcogenide (TMD) family,
WSe2 monolayers exhibit a band structure
that hosts two degenerate valence band max-
ima but eight nearly degenerate conduction
band minima in the hexagonal Brillouin zone
(BZ) (4, 5). At the K and K′ valleys, the con-
duction and valence band energies are both
at local extrema, giving rise to two direct
bandgap transitions and the bright excitons
(denoted as K-K excitons) (Fig. 1, A and B).
These excitons, also called direct excitons in
the traditional semiconductor literature, are
behind the strong light absorption and photo-
luminescence in the WSe2 monolayer (6, 7)
and have been extensively investigated in var-
ious optical spectroscopy experiments.
Few experiments, however, have been capa-

ble of probing the indirect or momentum-
forbidden dark excitons in monolayer TMDs,

which consist of an electron and a hole resid-
ing at different valleys (8). Such dark excitons
may interact with bright excitons, serve as the
preferred carriers of information and energy,
or form collective states such as exciton liquids
and condensates (9, 10). Therefore, determin-
ing the properties and controlling the popula-
tion of the dark excitons, as well as their
interactions with the bright excitons, is the
key to a complete understanding of the un-
derlying physics and developing future tech-
nologies. Because of the six other conduction
bandminima at the Q valleys (also denoted as
L or S in the literature) in WSe2 monolayers,
dark excitons may form with an electron in
the Q valley and a hole in the K (or K′) valley
(Fig. 1A) (5, 11). Comparedwith other TMDs, a
near degeneracy between the Q- and K-valley
states of WSe2 has been predicted (12), fur-
thering the possibility that these dark exci-
tons play an important role in the optical
properties (13). The crystal momentum mis-
match between the electrons and holes makes
them inaccessible in first-order optical processes
such as absorption and photoluminescence
(14, 15).
Momentum-resolved studies of excitons

have been a long-standing goal (16–23). Such
studies would provide the resolution to di-
rectly access the recently sought-after dark
excitons in monolayer TMDs (14, 24). In gen-
eral, angle-resolved photoemission spectros-
copy (ARPES)–based techniques have been
one of the most successful in providing mo-
mentum information (25). For example, ARPES
techniques have successfully probed free car-
riers in bulk TMDs (26–28) and specially pre-
paredmonolayers (30–32). However, observing
strongly bound, few-particle excitonic states
is not straightforward even conceptually, as

discussed in a number of recent theoretical
studies (19–23). Experimentally, serious chal-
lenges include the need for high-energy ex-
treme ultraviolet (XUV) photons to access
states at the BZ vertices (XUV-ARPES), spatial
resolution to study the typical high-quality
micrometer-scale TMD samples (m-ARPES)
(8), and time resolution through a pump-probe
configuration (TR-ARPES) to access the dy-
namics of the short-lived excitonic states after
photoexcitation (33–36). Here, we successfully
overcame these experimental challenges in a
single platform to perform TR-XUV-m-ARPES,
providing a direct visualization of dark exci-
tons in a WSe2 monolayer. We report on dark
exciton formation pathways under different
photoexcitation conditions, the nature of their
spectral degeneracy relative to bright excitons,
and the dominant role they play in the quasi-
equilibrium distribution at long time delays.
Our experiments represent a milestone in
studies of photoexcited states by providing
a global view over the entire BZ, along with
exclusive insights inaccessible otherwise.
We studied an exfoliated WSe2 monolayer

placed on an hBN buffer layer supported by
an Si substrate (Fig. 1C). The samplewas probed
at a temperature of 90 K under ultrahigh
vacuum conditions (details about sample
preparation and characterization are provided
in the supplementary materials). Our experi-
ments are enabled by a custom-built platform
that combines an ultrafast, tabletop XUV
source with a spatially resolving photoemis-
sion electron microscope (PEEM) (Fig. 1D and
supplementary text, section 2). First, we per-
formed an XUV-m-ARPES measurement to
obtain the band structure of the nonphotoex-
cited WSe2 monolayer (Fig. 2A). For this, we
used ultrafast XUV probe pulses (21.7 eV) to
photoemit electrons from the sample. Using
the high-resolution spatial imaging capabil-
ities of our PEEMapparatus, we isolated photo-
electrons emitted from only the monolayer
region of the sample (see the supplementary
text, section 3). The reciprocal images of these
photoelectrons were then dispersed in energy
in a time-of-flight detector, thereby resolv-
ing the angle (i.e., momentum) and energy
(with an energy resolution of 0.03 eV) of each
photoelectron (37, 38) (Fig. 1D and supple-
mentary text, sections 2 to 4). The measured
band structure showed the spin-split valence
band extrema at the K,K′ valleys and had
excellent agreement with GW calculations
(Fig. 2A and materials and methods). The
energy differences between the K- and Q-
valley conduction bands were sensitive to
the lattice parameters and functional used
in the calculation (see the materials and
methods).
Next, to measure the excitonic states of the

TMD monolayer, we excited the sample with
an ultrafast pump pulse tunable over the
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visible and near-infrared range of the spec-
trum. Then, the ultrafast XUV probe pulse
discussed above was introduced at a variable
time delay to measure the time-, angle-, and
energy-resolved photoelectron spectrum from
the WSe2 monolayer (TR-XUV-m-ARPES). Re-
cent theoretical studies have predicted photo-

emission signals from excitons exhibiting
an energy-momentum distribution centered
in the corresponding conduction band valley
but binding energy below the conduction
band minimum. In our measurements, after
resonant photoexcitation of the A exciton, a
substantial photoemission signal at positive

time delay was seen below the bandgap cen-
tered at the K (K′), located at ±1.26 Å−1, and Q
valleys, located at ±0.75 Å−1 (Fig. 2B) (21). To
ensure that the detected signals corresponded
to excitonic states, we measured the photo-
emission excitation spectrum (Fig. 2C, top
panel), i.e., the integrated photoemission
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Fig. 1. Time-resolved-XUV-m-ARPES of

excitons in a WSe2 monolayer. (A) Left:
Diagram showing the configuration for
K-K direct excitons and Q-K indirect excitons
with holes located in the K valleys and
electrons in K and Q valleys, respectively.
Right: Representation of the exciton photo-
emission process. XUV photons photoemit
electrons, leaving holes from the bound
electron-hole pairs. (B) Schematic of the
k-space structure of monolayer WSe2 showing
the first BZ composed of six Q valleys and
two K valleys (each K valley is shared between
three BZs, so only one-third of each falls
within the first BZ). (C) Optical image of
the sample composed of a monolayer
WSe2 (blue outline) on hBN (red outline)
on an n-doped Si substrate. Inset is a
side view of the sample. (D) Schematic of
the experimental setup.

Fig. 2. Excitonic resonances. (A) Experimental
and theoretical XUV-m-ARPES results from the
WSe2 monolayer without optical excitation.
The dispersion of the occupied quasiparticle
bands (false color scale of electron emission
intensity) is shown, together with the calculated
band structure plotted along G-Q-K-M (dashed
white lines). (B) Experimental band structure
with a 1.72-eV photoexcitation resonant with the
A exciton at a 0.5-ps delay showing below
conduction band direct and indirect excitonic
states. The experimental data were compared
with nonrenormalized conduction bands with
exciton-induced bandgap renormalization effects
estimated to be <100 meV (20). (C) Top:
Photoemission intensity integrated from 1 to
3 eV above the valence band maximum (VBM)
versus optical pump energy. Seen clearly is the
spectrum dominated by resonance at 1.73,
2.17, and 2.48 eV, corresponding to the A, B, and
C excitons described in the literature, respec-
tively. The observed resonance at low energy is
attributed to the trion peak (8). Bottom: Spectrum
of the resonant optical pump (red) and photo-
emission energy spectrum integrated within
a ±0.015 Å−1 k-space range at the center of the
K valley at zero time delay (gray) and also at later time delays (green). (D) Corresponding momentum-resolved photoemission intensity integrated from 1 to
3 eV above the VBM showing the exciton signals in the K valley for a resonant excitation with the A exciton at zero time delay. The observed asymmetry in the
intensity distribution is largely caused by the matrix element effect determined by the polarization and incidence angle of the photoemission probe.
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intensity (from 1 to 2.5 eV above VB1 in the
first BZ), versus the optical excitation energy
(varied from 1.58 to 2.85 eV). In the photo-
emission excitation spectrum, we clearly ob-
served the distinctive A-, B-, and C-exciton
resonances as previously reported in optical
absorption (6). This energy dependence con-
firms the dominance of excitons under the
experimental conditions used in this work,
namely photoexcitation density, sample struc-
ture, and photoemission probe. Then, we
tuned our pump pulse to 1.72 eV to match
the A-exciton resonance as shown in the bot-
tom panel of Fig. 2C. This choice of pump
wavelength ensured that we were predo-
minantly and resonantly exciting excitons.
Finally, looking at the energy- and momentum-
resolved photoemission signal under these
pump conditions, we clearly saw a signal in
the K valley and also at exactly the energy of
the A exciton. This confirms that the photo-
emission signal at ~1.73 eV, located at ±1.26 Å−1

along the K-G cut (i.e., in the K-valley), cor-
responds to excitons in the K valley, in agree-
ment with previous theoretical calculations

(39) and optical experiments (40). By exten-
sion, given the expected near degeneracy, we
attribute the signal at 1.73 eV and ±0.75 Å−1

momentum along the K-G cut to excitons in
the Q valley. We assigned these two signals
in part to the bright K-K and momentum-
forbidden dark Q-K excitons, respectively (see
the supplementary text, section 7). Given the
large inhomogeneous broadening (~250meV)
in the photoemission spectrum of our sample
(see the supplementary text, section 5), we
expect that the K-valley signal also constitutes
other excitonic states that are nearly resonant
with the bright K-K exciton, such as the spin-
dark K-K exciton, the indirect K-K′ exciton, as
well as trions and biexcitons. Similar consid-
erations also apply for the Q-valley signal. In
the following, we will refer to the ensemble of
excitonic states that constitutes the K- and
Q-valley signals as K- and Q-valley excitons.
We note that the calculated single-particle
band structure in this work does not include
renormalization effects caused by the exciton
density, but we estimate this renormalization
to be <100 meV (20). We also observed the K-

and Q-valley excitons with electrons at the
K,K′ and Q valleys and the presence of holes
that could be seen by the depletion of elec-
trons in the K,K′ valley by taking the differ-
ence between the band structures without
and after photoexcitation (fig. S14A). The
photoemission spectrum taken at different
time delays (fig. S14B) after photoexcitation
then allowed us to follow the formation dy-
namics of these dark indirect excitons and
learn other aspects of their nature. To elim-
inate rigid energy shifts or offsets of the
entire band structure caused by surface pho-
tovoltage effect or other similar phenomena,
we set the peak of the upper spin-split va-
lence band as the zero-energy reference for
every time delay (see the supplementary text,
section 8). We also used an optical excita-
tion spot much larger than the sample to
eliminate any lateral contribution to surface
photovoltage caused by local variations of
intensity (41).
To study the formation dynamics, we next

resonantly excited the optically allowed K-K
exciton as seen in Fig. 2C. We used linearly
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Fig. 3. Exciton dynamics after resonant exci-

tation. (A) TR-ARPES data for delay times of
0, 0.3, and 1.5 ps for the full 2D BZ (in-plane) and
emission energy (vertical). The top of the valence
bands is displayed in grayscale; emission from
the K-valley (Q-valley) excitons is plotted in blue
(red) dots (see the supplementary materials).
The black dashed line defines the boundary of
the first BZ. (B) TR-ARPES data for delay times
of 0, 0.3, and 1.5 ps along the line connecting the
K and Q valleys. The dotted lines show the
calculated (spin-split) conduction bands.
(C) Exciton density versus time delay at Q valleys
(red) and K valleys (blue). The exciton density
was determined by the ARPES signal integrated
over the two K valleys or six Q valleys of the
first BZ and an energy range from 1 to 2.5 eV,
with a correction factor for the respective
photoemission matrix elements. The dotted black
line shows the instrument response function,
i.e., the convolution of the pump and probe pulse.
The corresponding Gaussian pulse is plotted in
green. Inset is the ratio of the K/Q population
(black) obtained by dividing the data in Fig. 3C
showing dominant K-valley exciton population
initially but a ratio approaching ~0.5 at longer
time delays. The blue and red curves correspond
to the center energy of a Gaussian fit of the
distributions of the K- and Q-valley signals,
respectively. (D) Time-resolved spectrum of the
K-valley signal integrated over the first BZ. (E)
Time-resolved spectrum of the Q-valley signal
integrated over the first BZ. K-valley excitons are
populated directly upon photoexcitation. We
observed a clear delay in the rise of the Q-valley
population caused by K to Q scattering.
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polarized pump pulses at 1.72 eV with a fluence
chosen to produce an estimated exciton den-
sity of 2.4 × 1012/cm2 (see the materials and
methods and supplementary text, section 16).
At zero-time delay, we observed only the K-
valley excitons (Fig. 3, A and B). As expected
for resonant excitation, the formation of K-
valley excitons was rapid, as seen in Fig. 3C.
The energy of the K-valley exciton (1.73 ±
0.03 eV) was consistent with the energy of
the pump excitation, within experimental
uncertainty, and did not change for longer
delay times (Fig. 3C). At later times, we saw
a clear buildup of the dark Q-valley exciton
population at energies nearly degenerate (with-
in our 0.03-eV energy resolution) with the
K-valley excitons (Fig. 3D). Through the mo-
mentum sensitivity of the measurement, we
directly observed the formation of the dark
Q-valley excitons through scattering from the
K-valley excitons on an ~400-fs time scale (see
the supplementary text, section 13). Theoretical
studies and indirect optical measurements
have reported on phonon-assisted interval-
ley scattering of excitons (23, 42–44) that are
fundamentally different from the electron-
phonon interactions seen in bulk TMDs (28).

Our measurements directly accessed this
exciton-phonon scattering and are consistent
with the reported time scales of few hundred
femtoseconds. Given the presence of resident
carriers from unintentional doping, exciton-
plasmon scattering could also play a role.
Future experiments varying the doping con-
centration would allow one to tease out this
contribution. The Q and K signals also showed
similar recovery times, which is consistent
with previous studies showing that the dark
Q-K exciton acts as a long-lived reservoir for
the K-K exciton (45). The extracted decay
times were 1.7 and 2.5 ps for K- and Q-valley
excitons, respectively (see the supplementary
text, section 14), reflecting an average decay
time corresponding to all the different exci-
tonic states probed. Future experiments using
samples with narrower linewidths in the
ARPES signal could allow one to distinguish
between the different excitonic states and
the corresponding dynamics between them.
Also of importance is the evolution to a quasi-
equilibrium distribution of excitons. We ini-
tially created a larger K-valley population by
resonant excitation with the A exciton, but
within a picosecond, the Q-valley exciton

population dominated, with the K-valley/
Q-valley ratio tending toward ~0.5 (Fig. 3C,
inset). We note that in calculating the ratio,
we included the population in the entire
first BZ comprising six Q valleys and two
K valleys, as well as a normalization factor
arising from the different photoemission
matrix elements (between band states and
photoelectron states) at the K and Q valleys
(see the supplementary text, section 10). As-
suming this limiting ratio reflects equilib-
rium at the lattice temperature of 90 K and
assuming a density of state factor on the
order of 1 (for details, see the supplementary
materials), one can obtain a tighter bound
of <0.015 eV on the energy difference of the
two exciton species. A video of the exciton
dynamics measured over the full BZ after
resonant photoexcitation is provided in the
supplementary materials (movie S1).
Finally, we turned our attention to the dy-

namics after above-gap excitation. We used a
2.48-eV linearly polarized pump pulse to ex-
cite carriers well above bandgap, producing
an estimated carrier density of 1.6 × 1012/cm2

(see the materials and methods and supple-
mentary text, section 16). Unexpectedly, the
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Fig. 4. Exciton formation and dynamics

after above-gap excitation. (A) 3D plots of
the experimental data at 0.3-, 0.5-, and 1.5-ps
time delays. The top of the valence bands is
displayed in grayscale. The K-valley (Q-valley)
excitons are plotted in blue (red) dots. The
black dashed line defines the boundary
of the first BZ. (B) ARPES data at the K and
Q valleys for 0.3-, 0.5-, and 1.5-ps time delays.
Dotted line is the theoretical calculation
of the conduction bands. (C) Top: K-valley
(blue) and Q-valley (red) exciton density over
the first BZ from 1 to 2 eV. Bottom: Center
energy of the photoexcited population
obtained from fits with Gaussian function
at the center of the K and Q valley. Inset is
the ratio of the total populations between
the K and Q valleys extracted from the top
panel. (D) Time-resolved spectra at the K
valley (top) and the Q valley (bottom) showing
the formation and relaxation of excitons.
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exciton relaxation pathways, particularly for
the dark Q-valley excitons, were substantially
different from those observed for resonant
excitation. Figure 4A shows snapshots of the
full ARPES data at different time delays at
the K and Q valleys (movie S2). Immediately
after excitation (zero delay), we observed a
broad distribution in the K and Q valleys
centered at an energy of ~1.90 eV (fig. S11)
that could involve contributions from both
free carriers and excited excitonic states. Fu-
ture experiments with improved time and
energy resolution are needed to explore these
very early dynamics (see the supplementary
text, section 11). Beyond this regime, we ob-
served full relaxation into the K- or Q-valley
excitons within 500 fs (Fig. 4B). Previously,
optical and mid-infrared spectroscopic mea-
surements had reported the subpicosecond
formation of exciton dynamics (46, 47) but
lacked separate access to the dynamics of the
different types of excitonic states, such as the
darkQ-valley excitons. The relaxation process
can also be described by plotting the average
energy of the photoemission signal versus
time (Fig. 4C), giving an energy relaxation
time of 500 fs. Beyond 500 fs, the peak energy
of the distribution at the Q and K valleys
remained constant at ~1.73 eV, matching the
exciton energies under resonant conditions
(Figs. 3C, inset, and 4C). A marked departure
from the resonant excitation case is that Q-
valley excitons appeared coincident with the
K-valley excitons (rather than at a finite delay
after scattering of the K-valley excitons as for
the resonant excitation). We also observed
that the dark Q-valley exciton density domi-
nated the direct K-valley density at all time
delays (Fig. 4C, and see inset), in contrast to
the resonant excitation case. However, at long
time delays, under both resonant and above-
gap excitation, the system evolved to a similar
quasi–steady state, with a nearly identical K-
valley/Q-valley exciton population ratio and
nearly degenerate exciton energies with re-
spect to the valence band maximum. The
exciton-binding energy is given by the dif-
ference between the conduction band mini-
mum and the energy of the constituent electron
photoemitted from the center of the valley at
long time delays, where quasi-equilibrium is
reached (44). Accordingly, we estimated bind-
ing energies as ~390 and ~480 meV (with
respect to the conduction band minima) for
the K-valley and Q-valley excitons, respectively,
with a combined uncertainty of ~150 meV
caused by theoretical errors, bandgap renor-
malization effects, and experimental uncer-
tainty. Although the former can be compared
to results of various optical spectroscopy
measurements (3), the binding energy and
momentum-space distributions of the dark
exciton in monolayer TMDs are not easily
accessible to other experiments (23).

Ourmeasurements using TR-XUV-m-ARPES
to access strongly bound, few-particle exci-
tonic states in 2D semiconductors and their
dynamics open new possibilities. Such direct
access to dark excitons or other valley- and
spin-polarized excitons will enable their utility
in quantum information (48) and valleytronic
and spintronic schemes and in creating new
many-body excitonic states (9, 10). Energy- and
momentum-resolved photoemission studies of
excitons could directly image excitonic wave-
functions in momentum space. On the basis
of the energy-momentum dispersion rela-
tionship, one could measure important phys-
ical properties, such as the kinetic energy and
temperature of photoexcited excitons (20–23).
Futuremeasurements could access few-particle
excitations, such as trions, biexcitons, and
interlayer excitons in TMD heterostructures,
which may be expected to have their own
specific photoemission signatures. Also, the
use of circularly polarized excitation would
provide direct access to the nature of K to K′
exciton scattering, critical information in the
context of valleytronics. Finally, we expect our
measurements to extend to other condensed-
matter systems in providing a complete pic-
ture of the transformation of their electronic
structure along energy and momentum axes
after optical illumination.
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