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Abstract

Resolving the momentum degreefifedom of exciton$ electrorhole pairs bound by the Coulomb

attraction in a photoexcited semiconductor, has remained a largely elusive goal for decades. In atomically
thin semiconductors, such a capability could probe the momentum forbidden darksxeitah

critically impact proposed optelectronic technologies, but are not directly accessible via optical
techniques. Here, we probe the momentiate of excitons in a Wsmonolayer by photoemitting their
constituent electrons, and resolving thertinme, momentum and energy. We obtain a direct visual of the
momentum forbidden dark excitons, and study their properties, including thenlegsmeracy with

bright excitons and their formation pathways in the enengyentum landscape. These dark ex&ton
dominate the excited state distributioa surprising finding that highlights their importance in atomically

thin semiconductors.
Main text

The discovery of twalimensional (2D) semiconductors launched excitipgortunitiesn

exploring exciteestate ysics and opt@lectronic technologies [1,2,3], drivenpart by the
existence of robust, feyarticle excitonic states. As a prototypical 2D semiconductor in the
transition metal dichalcogenide (TMD) family, Wi3eonolayesexhibits a bandtructure that

hosts 2 degenerate valerlzand maxima, but 8 nearly degenerate condudiaord minima in

the hexagonal Brillouin zone (BZ)-andvalericé . At
band energies are both at local extrema, giving risedice2t bandgap transitiorasd thebright
excitons, (denoted as-K excitons)(Fig. laand 1b. Theseexcitons are behind the strong light
absorption and photalinescence in the Wgmonolayer [6,7]and have been extensively

investigated in various ol spectroscopy experiments

Few experiments, however, are capable of protiieghomenturaforbiddendark excitonsn
monolayer TMDsconsisting of an electron and a hole residing at different vdl&ySuchdark
excitons may interact with bright excitons, servéhagpreferredcarriers ofinformationand

energy, or form collective states such as exciton liquids and conder®sadgsAs such,
determining the@ropertiesand controllinghe population of the dark excitons, as well as their
interactions with the bright excitons, is the key to a complete understanding of the underlying
physicsand developing future technologi®ecausg of the six other conductidmand minima at

the S valleys inWSe monolayes, dark excitons may forrwith an electron in th&-valley and a



hole in the K( o r-) vlléy (Fig. 1a) [5,11]. The crystaimomentum mismatch between the
electrons and holesake them inaccessihie the firstorder optical processeasich as absorption

and photoluminescen¢#2,13].

Momentum resolved studies of excitons have been adtanmgling goal14-21]. Such studies
would provide the resolution to directly access the recently saftgrtdark excitons in
monolayer TMDs22,23]. In general, ARPES based techniques have been one of the most
successful in providing momentum informati@d. For exampleARPEStechniques have
successfullyprobedfree carriersin bulk TMDs [25-28] and speciallyprepared monolayer29-
31]. However, observingtronglybound, fewparticleexcitoric statess notstraightforward
even conceptuallyas discussed in a numberretenttheoretical studiegl7-21].

Experimentally seriouschallengesncludethe need foultrafasthigh energy XUV photons to
accesphotoexcited states #te BZ vertices TR-XUV-ARPES)[32-35], andhigh spatial
resolution to study the typical micron scale TMD samp¥as\(-u-ARPES)[8]. Here, we
overcome these experimental challeniges single platfornto perform TRXUV -pu-ARPES
providingthe first directvisualization ofdark excitonsn a WSe monolayer We report ordark
exciton formation pathwaysnder different photoexcitation conditigriee nature of their
spectral degeneracglative tobright excitons, and the dominant role they play in the guasi
equilibrium distribution at long time d&}s Our experiments represent a milestone in studies of
photoexcited states by providing a global view over the entire Brillouin atoey withunique

insight inaccessible otherwise.
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Fig. 1: Time-resolved XUV -u-ARPES of excitonsin WSe: monolayer. (a) Left: Diagram showing the

configuration for KK direct excitons an®- K indirect excitons with holes located in thevidlleys and electrons in

K- andS-valleys, respectively. Right: Representation of exciton photoemission process. XUV photons photoemit
electrons leaving holes from the bound electnote pairs(b) Schematic of the-space structure of monolayer

WSe showing the first BZ composed of$valleys and 2 Kvalleys (each Kvalley is shared between 3 BZbus

only a 1/3of eachfalls within the first BZ) (c)Optical image of the sample composed of a monolayer.\({iee

outline) on hBN (red outline) on andoped Si substraténset:Side viewof the sample(d) Schematic of the

experimental setup.

We studiedanexfoliated WSemonolayeiplaced oran hBN buffedayer supported bg Si
substrate (Figc). The sample was probed at a temperature of 90 K under ultrahigh vacuum
conditions.(Details about sample preparatiamd characterizatioare provided in Methodsnd

S| 81) Our experiments are enablley acustombuilt platform thatcombiresan ultrafast,table
top XUV source with a spatiallyesolving photoemission electron microscope (PEEdEFig.
1d and SI82. First, weperformed an XUW1-ARPES measurement tdtain the bandstructure
of the unphotoexcited Wsenonolayer (Fig. 2a)For this,we usedultrafastXUV probe pulse



(21.7 eV)to photoemit electrons from the sample. Using the tn@golution spatial imaging

capabilities of our PEEM apparatus, we isolated photoelectrons emitted from only the monolayer
region of the samplésee S| 83)These photoelectrons were then dispersed in energy and imaged

in the back focal plane in a tinté-flight detector, thereby resolving the angle (i.e., momentum)

and energywith an energy resolution of 0.03 ebf each photoelectror3,37] (See Fig. & and

S184). The measured bandstructure showedspins pl i t val ence band extre
valleys, and hadxcellent agreement with theoretical DFT calculai@@®eFig. 2a andletails in

Methods).

Next, b measuréhe excitonicstates of the TMD mmlayer, we excited the sampigth an
ultrafastpump pulse, tunable over the visilaled neaiinfraredrange of the spectrunThen, the
ultrafastXUV probe pulsaliscussed abowsas introducedtaa variable timedelayin order to
measure théme-, angle and energyresolved photoelectraspectrumfrom the WSe2

monolayer (TRXUV -u-ARPES).Recent theoreticatudies have predictgthotoemission

signak from excitors, exhibitingan energymomentum distribution centered in the
corresponding congttion band valleybutbinding energy below the conduction band minimum.
In our measurementa,strikingphotoemissiorsignalat positive timedelayafter photoexcitation
was seemelow thebandgap e nt er ed at Evalleys (Fig. 2k)Wedaltribuaethisl
signalto theK-K  a n-ld exéftons respectivelfj19]. To ensure that the detected signals
correspond to excitons, we measured the photoemission excitation spectrumt{fiigpdoel)),

i.e. the integrated thghotoemission intensity (from 1 to 3 eV above VB1 in the first BZ) versus
the optical excitation energy (varied from 1.58 to 2.85 eV). In the photoemission excitation
spectrum, we clearly observed the distinctive Bx and Gexciton resonances as previlyus
reported in optical absorptio§]. This energy dependence confirms the dominance of excitons
under the experimental conditions used in this work, namely photoexcitation density, sample
structure and photoemission probe. Then, we tuned our pump puisgdh the Aexciton
resonance as shown in the bottpanel of fig. 2c. This choice of pump wavelength ensures that
we are predominantly and resonantly exciting excitons. Lastly, looking at the eaedyy
momenturaresolved photoemission signal under thpamp conditions, we clearly see a signal
in the K-valley, and also at exactly the energy of thex&iton. This confirms that the
photoemission signal at ~1.73 eV, located at +1.2§i/&. in the Kvalley) corresponds to the
K-K exciton in agreement ith previous theoretical calculatiof9] and optical experiments



[40]. By extension, given the expected ndae g e n e r a eckyexcidoh, we ditebutd?the

signal at 1.73 eV and +0.75%mo ment um ~(aInl ¢ We &or r-Kexgtannds t o t
We also observéhe K-K a n-ldexdftonswi t h el ect r-andvalgysand he K, Ko
presence of holakatcan beseenviathel e pl et i on of el echytakingthe i n t h ¢
difference between the bandstructungthout and after photoexcitation (se@pplementary

Fig.S12a. The photoemission spectrum taken at different time detmes(pplementary

Fig.S120) after photoexcitatiothen allowed us to follow the formation dynamics of these dark
excitonsandlearnother aspects of tirenature We note here that in order to eliminate rigid

energy shifts or offsets of the entire bandstructure due to surface photovoltage effect or other

similar phenomena, we set the peak of the uppersplihvalence band as tlaeroenergy

reference for every time delay (see Sl 85 for more detAfésplso use an optical excitation spot

much larger than the sample to eliminate any lateral contribution to surface photogtaage

local variations of intensitj41].
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Fig.2: Excitonic resonancesExperimental and theory XUM-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 calated band structure (dashed white [)n€ls) Experimental bandstructure with
a resonant photoexcitation at a 0.5 ps delay showing below condbatiddirect and indirect excitonic states. (c)
Top panel: Photoemission intensity integrated from 1&¥ Z2ibove the VBM vs optical pump energy. We clearly
see the spectrum dominated by resonance at 1.73, 2.17, 2.48 eV, corresponding,tB-taadAGexcitons of
literature. Bottom panel: Spectrum of the resonant optical pump (red) and photoemissiorspeetgyn at the
center of the Kvalley at zeretime delay (gray) and also at later thdelays (green). (d) Corresponding momentum
resolved photoemission intensity integrated from 1 to 3 eV above the VBM showing the exciton signals for a

resonant excitatin in the kvalley at zeretime delay.

To study the formation dynamiocae nextresonantlyexcitedthe optically allowedK-K exciton
as seen in Fig. 2&Ve employedinearly polarized pumpulsesat 1.72 eMwith a fluencechosen
to producean estimateéxcitondensity of 8 x1&/cn?. At zerotime delay, we observe only the

K-K excitons (Fig8a and3b). As expected for resonant excitatiolne formation ofK-K



excitonsis rapid as seen by the coincidemge in thephotoemission signaindthe pumppulse

(fig. 3c). The energy of th&-K exciton(1.73+ 0.03 eV)is consistent with the energy of the
pump excitationwithin experimentatincertainty anddoes not change for longer delay times
(fig. 3c). Morestrikingly, at latertimes we ®ea clearbuildupof thedark S-K exciton

population atenergiesiearlydegeneratéwithin our 0.03 eV energy resolutionwith theK-K
excitons(Fig. 3d). Through the momentum sensitivity of threeasuremenivedirectly observe

the formation of the darg-K excitons viascatteringrom theK-K excitons on a 400fs
timescalgsee Sl 8). Theoretical studies and indirect optical measurements have reported on
phononassisted intervalley scattering of excitons 42142], fundamentally different from the
electronphonon interactions seen in bulk TMDs [27]. Our measurements directly access this
excitonphonon scattering and are consistent with the reported timescales of few hundred
femtosecondsThe S and Ksignals &0 show similar recovery time which is consistent with
previous studies that the deBkK exciton acts as lontived reservoir for the KK exciton §5].

Also of importance is the evolution to a quasjuilibrium distribution of excitons: We initially
create dargerK-K populationby resonant exation, butwithin a picosecondhe S-K exciton
population dominatesvith K-K/S-K ratio tending towards-0.5 (inset of fg. 3c). We note that

in calculating the ratio, we include the population in the efitseBZ comprisingé -V&lleys

and 2 kvalleys as well aa normalization factor arising from the different photoemission matrix
elements (between band states and photoelectron stategyrat&valleys (see Methods: First
Principles Calculations for detail#)ssuming this limitingratio reflects equilibrium athelattice
temperature of 90Kahdassuminga density of state factor on the order &fdetails provided in
SI 87), one can obtain a tighter bound of <0.015 e\épargy differencef the two exciton
speciesA videoof theexciton dynamicsneasuredaver thefull BZ afterresonant

photoexcitations presented in the Sl.
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Fig. 3: Exciton dynamics following resonantexcitation. (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 (verticBlje top of the valence bands is displayed in grayscale
while emission frontheK-K (S-K ) excitonsis plotted in blue (red) dotsee SI84). The black dashed line defines
the boundary of the®1BZ. (b) TR-ARPES datdor delay times of 0, 0.3, and 1.5 ps along the line connectini§ the



andS valleys. The dotted lines show the calculated (sgtit) conduction bandgc) Excitondensityversus time
delayat S-valleys(red) and kvalleys(blue). The exciton density was determined by the ARBIgBalintegrated

over the2 K-valleys or 6S-valleys of thel*tBZ andan energy range from 1 to 2.5 eNith a correctionfactorfor
therespectivephotoemissiomatrix elementsThe dotted black line shows tirestrument response function, i.e. the
convolution of the pump amatobepulse In green, we plot the corresponding gaussian pulse. Inset: Ratio ofShe K
population from Fig2c shows dominant KK excitonpopulationinitially, but a ratioapproaching ~0.5 at loeg
time-delays (d) Time-resolved spectrum of thé-valley signalintegrated over the first BZe) Time-resolved

spectrum of th&-valley signalintegrated over the first BA-K excitonsare populaddirectly upon

photoexcitation. We observe a clear delay in the rise dstlifepopulation dudo theK to S scattering

Finally, weturnedour attention tdhe dynamics aftesibove bandgaexcitation We used a 2.48
eV linearly polarized pump pulse to excite carriers well above bandgap, producing an estimated
carrier density of 2 x #&/cn?. Surprisingly, the exciton relaxation pathveagaticularly for the
darkE-K excitons,weredramatically different fronthoseobserved for resonaekcitation.Fig.
4a shows snapshoté the full ARPES datat different time delays at the K aBdvalleys(the

full movie of the exciton dynamids included in Sl)Immediatéy after excitationZerodelay),
we ea broad distributiom the K- andS-valley centered aan energy of1.90 eV(seeFig.

S10 ofSl) that could involve contributions frobyothfree carriers and excited excitonic states
Futureexperimeng with improved timeandenergyresolutionare needed to explore these very
early dynamics (see Sl for a more detailed discusdBayond this regimewe observed full
relaxation into the KK 0-K ex@&tons within 500 fs (Fig. 4bPreviously, optical and mid
infrared spectroscopic measuremerdd reported the sylicosecond formation of exciton
dynamicg46,47], butlackedseparate accessthe dynamics of thdifferent types of excitonic
states, such as tldark Z-K excitons The relaxationprocesscanalsobedescribedy plotting
theaverage energy of the photoemission signal versus tigh€l€), giving an @ergy relaxation
time of500 fs.Beyond 500s, the peak energy of the distribution at 81@ndK-valley remains
constant aapproxmately 1.73 eV, matchingthe excitorenergesunder resonant conditioriBig
3c Insetand4c). A striking departure from the resonant excitation case isstétexcitors
appearcoincident withthe K-K excitons (ather than ta finite delayafter scatterin@f the K-K
excitonsasfor the resonangxcitation). We also observihatthedarkS- K excitondensity

dominates the bright K density at all timedelays(Fig. 4c and4c inset) in contrast tadhe



resonant excitation caddowever,at long time delaysynder bottresonant and abovgap
excitation the systenevolvesto a similarquaststeadystate with anearly identicaK-K/S-K
excitonpopulationratio, andnearly degenerate exciton energigth respect with to the valence
band maximumThe excitorbinding energy is given by the difference between the conduction
band minimum and the energy of the constituent electron photoemitted from the center of the
valley, with a correction for the exciton thermal enerj§].[At these long timelelays, where
guasi-equilibrium is reached, we can assume exciton temperature to be close to the lattice
temperature (90 K¥Yf] leading to an estimated exciton thermal energy of ~7 meV. With this
thermal energy being much smaller than our expt. resolution (see Methbds)see estimate
binding energies without explicitly accounting for the thermal correction as ~390 meV and ~480
meV (with respect to the conduction band minirf@)the K-K andS-K excitons, respectively.
While the former can be compared to results oioues optical spectroscopy measureme8}s [
thebinding energyand momenturspace distributionsf the dark excitoin monolayer TMDs

arenot easilyaccessible totherexperimens [21].
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Fig. 4: Exciton formation and dynamics followingabovegap excitation. (a) 3D plots of the experimental data at
0 ps, 0.3 ps and 1.5 ps time delays. The top of the valence bands is displayed in grayscal€.($Heé Kexcitons
are plotted in blue (red) dots. The black dashed line defines the boundary $B#He (b) ARPES data at the-K
andS-valleyfor 0.3 ps 0.5 ps and 1.5 géme delays. In dotted line is theoretical calculation of the conduction
bands. €) upper panelK-valleys (blue)andS-valleys (red)exciton densityover the first Brillouin zone from 1 eV

to 2eV. Lower panel: Center energy of the photoexcited populatiained from fits with Gaussian function at the



center of the KandS-valley. Inset: Ratio of the total populations betweerakdS-valleysextracted from upper
panel. ¢l) Time-resolved spectra at-Kupper panel) an8-valleys (lower panelyhowing the formation and
relaxation of excitonsef Photoemission energy spectra at the K valley fr0r8 ps to 3.6 ps time delays showing
the evolution of the valence bawahd photoexcited populations.

Our measurements, using PRIV -u-ARPES to accesstrongly-bound, fewparticle excitonic
states in 2D semiconductaad their dynamigopen new possibilitie§Such directccess to
dark excitonsor other valleyand spinpolarized excitonsvill enabletheir utility in quantum
information[48], valleytronic andspintronic schemeandin creating novel manipody excitoric
states 9, 10]. Energy andmomentumresolved photoemission studies of excitons could directly
image excitonic wavefunctions in reahd momentunrspace Via theenergymomentum
dispersion relationship, one coutteasuremportant physical properties, suchthskinetic
energy and temperature of photoexcited excif@8<21]. Futuremeasurementsould access
few-particle excitationssuch agrions,biexcitons and intervallegxcitonsin TMD
heterostructuresvhichmay be expected to have their own unique photoemission signatures.
Lastly, we expecbur measurement® extend toother condensed matter systemgrovidinga
complete picture aothe trarsformationof their electronic structure alommergy& momentum
axesafteroptical illumination
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Methods

Sample preparaton. The WSe monolayer(40x20 um) and hBNweremechanically exfoliated

and transferred @a an-doped Si substrat&dhe hBN buffedayerwas~20nm thick. This

thickness was chosen to be greabugh to prevemapidquenching of excitonsy energy

transfer to the substrateyt alsosmallenough to provide conductive channels to the Si substrate
underexcitationby theXUV probe and thus prevemhargingof the sampleThe monolayer
wasalso in contact with bulk WSelirectly on Sj whichcould a provide an alternate conductive
pathway.

Optical pump and XUV photoemission probeWe usel alaser system based orvh doped
fiber amplifieroperatng at 1 MHzandproviding 230 fs pulseat 1030 nm with @ulse energy
of 100 pJ. 20 pdvereused to pump an optical parametric amplifigth a5nm spectral
bandwidth tunable from 320 to 2500 nmith pulse enengs in therange of 0.11 pJ.Optical
pulsesfrom this sourceservedio photoexcite the sample widip-polarized beanat a22° angle

of incidence The pulse duration at the samplasconsistently measured to be ~240 fs for the



wavelength range used in this experimé&® puJ of 1030 nnwereconverted into 515 nm
radiation with a BBO crystal providing 30 pJ to genebat#/ radiation.XUV radiationwas
produced vianigh harmonicgeneration (HHG) by focusing the beam to an intensigxap'*
W/cm?2 in a Kr gas jet located avacuum chambean asimilar manner aBuss et al. [26]The
photon flux at 21.7 eV (measured with a calibrated XUV CCD camesa}10* photonspulse.
This excitation led to an average0.1 photoelectromeasured ahe detector per pulsee., to

10° photoelectrons/s.

Sample photoexcitatio. For the resonant study, the sample was photoexcited at 1.72 eV
(FWHM 5nm)with a fluence of 14 pJ/cméorresponding toraestimatediensity ofexcitons of
8 x1012cm 2, For the offresonant case, we used 5 pJ/cm?2 excitation at 2.48 eV (FWHM 5nm)
creatingan estimated initial photocarrigiensity of 2x10*?cm . In both casesye assumed a

typical absorptiorof 15%from the monolayer WSeas previously reported.

Time-resolved XUV micro-angle resolved photoemission spectroscopy (FRUV -¢-
ARPES). TR-XUV-¢-ARPES was performed in a tird-flight momentum microscop@ee Sl
82 for a detailed descriptiorfPhotoelectrons emitted from the sample are collected by an
immersia objective lens giving access to the full kgface above the sample surface.
Momentum spaceapsof selected sample aregereobtainedoy imaging the Fourier plane at
the back of the objective lens. By inserting a field aperture at the Gaussian isragefthe
microscope, we selected a regioréaflCe non the monolayer WSdérom which we collected
the photoelectrons. The kinetic energy of the photoemitted elecsroresasured by a tiref-
flight detector, the effective energy and momentum resolati@ur system iset to bearound
30 meV and ~0.01 A respectively(see S| §4)

First-principles calculations Density functional calculation®FT) within the local density
approximationLDA) were performedisingthe Quantum ESPRESSO pack§gd. Weused

the experimental lattice constant of 3&2& our calculations. The G\[B8] calculations were

carried otiusing the BerkeleyGW packafg9]. In the calculation of the electron selhergy,

the dielectric matrixvas constructed with a cutoff energy of 35 Ry. The dielectric matrix and the
selfener gy wer e cal c u lgdd T®hequasipartislebantgap was codverded 1 k
to within 0.05eV. The spiinorbit coupling was included perturbatively within the LDA



formalism.The calculationsf the ARPES efficiencies for different regions of the \B&re

performed byusing the quasiparticle band structure, withitiensitygiven by thenodulus
squareghotoemission matrix elementhe matrix elementsetween thé&ohn-Sham
wavefunctionginitial states)and thefree electrons wavefunctions (final stategrecalculated

within the electriedipole approximationThe broadeningvasset t00.2 eV with aGaussian
lineshape In general, the GW method is expected to provide a systematic error of 100 meV for
guasiparticle band gaps of semiconducf6®. Another important consideration is the
convergence parameters coming from the number of k points, number of empty bands, and

dielectric cutoff which in our case yield an error smaller than 50 meV.
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1. Sample geometry and characterization

Fig.Sla shows an optical image of the sample composed o#4SE/hBN heterostructure on a
n-doped Si substrate. The heterostructure was prepared by dry transfer method using PDMS
stamps [S1]. We exfoliate hBN onto a commercially PDMS from Gelpak antdfydfaw layer

hBN for transfer via optical contrast. Once we have identified the few layer hBN flake, we transfer
it onto the rdoped Si substrate using a hemet transfer setup. Similarly, we exfoliate VsS&

a PDMS stamp and identify 1L WS&sample sging optical contrast. We then transfer the 1L WSe

onto the previously transferred hBN to make the heterostructure. We then heat the sample in
vacuum during 4 hours at 4%Dto remove interfacial trapped air. To ensure that the sample did
not exhibit anycharging during the photoemission process, a bulk region of the sample attached
to the monolayer was directly in contact with the conducting Si substrate to provide an extraction
channel (Fig. S1b). (We note that the Si substrate has a few nm nativéagridehich does not
impact our observations.) Finally, we confirm the successful assembly dfetBestructure
sample by measuring the PL from the A exciton of the transferred 1l BSeBN using a 532

nm CW excitation at room temperature (Fig. STt main A exciton line was measured at 1.64

eV as expected from a WSmonolayer at room temperature [S1, S2].
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Fig.S1(a) Optical photo of the sample (b) schematic of the sample. (c) Photoluminescence spectrum at

295K of the monolayer Wge



2. Experimental setup

We provide in Fig.S2 a schematic of the experiment.

Fig. S2Schematic of the time resolved micamgle resolved photoemission spectroscopy>{r
ARPES) setup.



