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Monolayersoftransition metaldichalcogenides(TMDCs)featureexceptional

opticalpropertiesthataredominatedbyexcitons,tightlyboundelectron-holepairs.

Formingvander Waalsheterostructuresbydeterministicallystackingindividual

monolayersallowstotunevariouspropertiesviachoiceofmaterials[1]andrelative

orientationofthelayers[2,3].Inthesestructures,anewtypeofexcitonemerges,

whereelectronandholearespatiallyseparated. Theseinterlayerexcitons[4,5,6]

allowexplorationof many-bodyquantumphenomena[7,8]andareideallysuited

forvalleytronicapplications[9]. Mostly,abasic modeloffullyspatially-separated

electronandholestemmingfromtheK valleysofthe monolayerBrillouinzones

isappliedtodescribesuchexcitons. Here, wecombinephotoluminescencespec-

troscopyandfirstprinciplecalculationstoexpandtheconceptofinterlayerexci-

tons. Weidentifyapartiallycharge-separatedelectron-holepairin MoS2/WSe2

heterostructuresresidingattheΓandKvalleys. Wecontroltheemissionenergyof

thisnewtypeofmomentum-spaceindirect,yetstrongly-boundexcitonbyvariation

oftherelativeorientationofthelayers. Thesefindingsrepresentacrucialstepto-

wardstheunderstandingandcontrolofexcitoniceffectsinTMDCheterostructures

anddevices.

AnopticalmicrographofarepresentativeMoS2/WSe2heterobilayer(HB),whichwasfabri-

catedbydeterministictransferandstacking[10]followedbyanannealingprocedure,isshown
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inFig.1(a). AllHBandisolatedregionsoftheconstituent monolayers(ML)werethoroughly

studiedby micro-photoluminescence(PL)spectroscopy,typicalspectraareshowninFig.1(b).

The MLregionsdisplaythewell-knownAexcitonandtrionpeaks[11,12,13,14]near1.65and

1.9eVfor WSe2(green)and MoS2(blue),respectively.IntheHBregionthesametwopeaks

arediscernible,butslightlyshiftedinenergyduetothemodifieddielectricenvironment[15,16].

However,inadditionanewpeaknear1.6eVisobserved,whichisabsentinthe MLregions.

Weassignthispeaktotheinterlayerexciton(ILE)[4,17].

Now,wecontroltherelativeorientationoftheTMDClayerstorevealthek-spaceindirect

natureofthisILEin MoS2/WSe2HBs. Thetwistangleismeasuredwithrespecttoeachlayer’s

zigzagdirection(greenandbluearrowsinFig.2(a)),varyingbetween0◦ (aligned)and60◦

(antialigned). Atotalof15 HBs withtwistanglescoveringthisrange werefabricated,and

theILEemissionwasobservableasahigh-intensityPLpeakinallsamples. Thetwistangle

wasdeterminedbysecondharmonicgeneration measurementsandthesamples werefurther

characterizedbyRamanspectroscopy(fordetailsseeSupplementaryInformation).Thepresence

oftheILEbecomesmoreobviousinFigure2(b),whichdisplaysPLspectrafromtheHBregion

oftwosampleswithtwistanglesof33.0◦and58.7◦andtheirdecompositionintothreeGaussian

peaks. Thecomparisonofthetwopanelsshowsthatasthetwistangleisvaried,theILEpeak

shiftsmuchmoreinenergythantheA/trionpeaks. AsisclearfromFig.2(c),thelatterdonot

exhibitadistinctdependenceonthetwistangle. Figure2(d)showsthattheILEenergy(red

balls)shiftsasacontinuousfunctionofthetwistangleoverarangeof50meV.Themaximumof

thecurveisnear30◦anditexhibitsaslightasymmetry,i.e.,theminimumnear0◦hasasmaller

energythanthe minimumnear60◦.Similartwist-angle-dependent,slightlyasymmetricshifts

ofPLpeakshavebeenobservedintwistedbilayer MoS2[2,3,18].

Weareabletoexplainthiseffectquantitativelyviadensityfunctionaltheory(DFT)calcu-

lations. DetailsmaybefoundintheSupplementaryInformation. Ananalysisofthegeometries

revealedthatthe meanlayerseparationofaHBchangesasacontinuousfunctionofthetwist

angleoverarangeof0.07̊A,asshowninFig.2(e). Thisresultcanbeascribedtostericeffects

sincethesurfaceofaTMDC MLisnotatomicallysmoothbutcorrugatedduetoprotrusionof

thechalcogenatomsoutofthemetalatomplane.Foranglesnear0◦or60◦,Fig.2(e)indicates

areductionofthe meanlayerseparationby1%.Inthesesystemslong-wavelength moiŕepat-

ternsareformedandtheindividuallayers maximizetheiradhesionviaadoptingstaticspatial

fluctuations. Tostudytheconsequencesoftheseobservationswenowanalyzetheelectronic

structureofthe MoS2/WSe2HB(fordetailsseeSupplementaryInformation). Alevelalignment

diagramisshowninFig.3(a).ItillustratesthestaggeredbandalignmentoftheHB,theoptical

transitionsinthetwo MLsthatgiverisetotheAexcitons(verticalarrows)andtheK−K and

Γ−K interlayertransitions. Duetothegenerallyweakcouplingbetweenthe MLsinTMDC

heterostructurestheBlochwavevectorsdefiningtheK valleysofthe MLsarealsoapproximately

goodquantumnumbersoftheHB.InFig.2(d)K−K andΓ−K interlayertransitionenergiesof
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twistedHB,asobtainedfromDFTcalculations,areplottedasfunctionoftwistangle. Toallow

avisualcomparisonoftheDFTtransitionenergieswiththePLILEenergies,theDFTvalues

inFig.2(d)arerigidlyshiftedby0.445eV,whichimpliesthat(relative)energydifferencesand

notabsoluteenergiesarecompared. Thecomparisonrevealsaremarkablequantitativecorre-

spondencewiththeΓ−K transition(red)butnotwithK−K (yellow). Thissuggeststhatthe

ILEisrelatedtotheΓ−K transition. Forthe MLAtransitionstheDFTresultsexhibitno

changewithtwistangle(seeSupplementaryInformation). ThebehaviorexposedbytheDFT

calculationsisinfullagreement withthePLresultsofFig.2(d),becausethechangeofthe

Γ−K transitionenergyisessentiallyashiftoftheΓ-pointvalencebandenergy(whitearrow

inFig.3(a)),aneffectthatshouldbe wellcapturedby DFT(fordetailsseeSupplementary

InformationSec.3.2.4)[18,19].

Tobetterunderstandtheimpactofthelayerseparationontheelectronicstructureofthe

MoS2/WSe2HB,westudiedbyDFTanartificial modelsystemthatisantialignedandlattice-

commensuratebyapplyingstrain. Weconsidered28differenttransitionsbetweenvalenceand

conductionbandextremaandcalculatedtheirenergiesasfunctionoflayerseparation(seeSup-

plementaryInformation). Mosttransitionsexhibiteithernodependenceonthelayerseparation

oralineardependencewithanegativeslope(includingK−K).Thereisonlyasingletransition,

Γ−K,thatlieswithinareasonableenergyrange,hasthecorrecttrendandapositiveslope

of0.47eV/̊A,inexcellentagreementwith0.44eV/̊AfoundforrealisticsystemsinFig.2(e).

TheseresultsuniquelyidentifytheobservedILEtoberelatedtotheΓ−K transitionandnot

toK−K thatisusuallyassumedwhenstudyingILEs. Additionalevidencesupportingthiskey

findingofourworkisprovidedbyanalysingthetwistangleandtemperaturedependenciesof

theILEPLintensityandbyanexciton model.

WenotethatiftheILEwasrelatedtoa K −K transition,itsPLemissionshouldonly

beobservablefornearly(anti-)alignedstructuresbecausethetransitionprobabilityofk-space

directtransitionsishigher[20]. However,theanalysisofthePLintensityasafunctionoftwist

angleintheHBsshowsnopronouncedangle-dependence(seeSupplementaryInformation).

Forindirectopticaltransitionsthedifferencebetweenthewavevectorsoftheelectronand

holesstatesiscompensatedbycouplingtoaphononandtheefficiencyofthisprocesscanbepar-

tiallytunedbyvaryingthetemperature,whichcontrolsthephononpopulation. Temperature-

dependentPLmeasurementsofaHBandisolated WSe2and MoS2MLsareshowninFig.3(c).

Weobserveasystematicblueshiftofallexcitonpeakswithdecreasingtemperature. Addition-

ally,weobserveacomplexbehavioroftherelativePLintensitiesintheheterobilayerregion.

TheILEPL,whichisthemostprominentemissionpeakatroomtemperature,decreasesrelative

tothe MoS2intralayeremissionasthetemperaturedecreases,instarkcontrasttothebehavior

forILEoftheK −K typeobservedin WSe2-MoS2 heterobilayers, wheretheILEPLyield

monotonouslyincreaseswithdecreasingtemperature[5,21],furthersupportingthe k-spacein-

directcharacterofthetransitioninourheterobilayersystem. Wealsoobservethatthe WSe2
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intralayeremissionisquenchedwithdecreasingtemperature,asreportedpreviouslyfor WSe2

monolayers[22,23]. Additionalmeasurementsanddiscussionofthetemperature-dependentPL

arepresentedintheSupplementaryInformation.

Wenowanalyzethelocalizationofelectronandholewavefunctionsinthe WSe2/MoS2HB.

Figures4(a),(b)showpartialchargedensitiesofelectronandholestatesfortheΓ−K and

K−K transitionsinthe modelsystemcalculatedwithDFT.Threeuniquestatesareinvolved,

theK-valleyelectronstate|−,theK-valleyholestate|+K andtheΓ-valleyholestate|+Γ .

Theelectron-holewavefunctionoverlapofaILEcanbequantifiedbyprojectingtheholestate

|+k (k=ΓorK)ontothe MoS2layerok=|MoS2|+k|2.TheoverlapoftheK−K transition

(seeFig.4(a))isnearlyzero(oK ≈ 0 %)becauseelectronsandholesonlyinvolvetransition

metalatomd-statesandreside6.6 Åapart(seeFig.2(e)). ThePLintensityscaleswiththe

squareofthetransition matrixelement,whichsuggeststhatradiativerecombinationofK−K

ILEissuppressedandisthusnotseeninourPL measurements[24]. Thisisverydifferent

fortheΓ−K transition(Fig.4(b)):|+Γ isstronglyaffectedbyinterlayerhybridizationand

thereforeextendsoverbothlayers with Mo,S, W,andSeatomsallparticipating.Ithasa

largecomponentthatresidesinthe MoS2ML(oΓ=24%)where|−islocalized. Thereforethe

matrixelementis muchlargerforΓ−K transitionsthanitisforK−K ones.

OurobservationsstronglyimplythepictureofanILEwithhighPLintensitythatdoesnot

representthethermodynamicallylowest-energystates(i.e.theK−K excitonictransition),and

isfullyconsistentwithtransitionsoftheΓ−K type. Wenotethatoursystemispumpedwith

asufficientlyhighenergytocreatecarriersacrossawiderangeof momentawithahot,non-

thermaldistribution.Thustheobservedresponsewilldependintimatelyonthenon-equilibrium

kineticsofexcitonformationandrecombination,aswellaschargetransfer[25]andahostof

non-radiativerelaxationchannels[26,27]. However,itshouldbenotedthatnon-equilibrium

effectsaloneareinsufficienttoexplainwhytheΓ−K ILEappearstobesostronglyfavored.

Onepossibilityisthatthelarge,real-spaceoverlapofelectronandholesintherespectivelayers

kineticallyfavorstheformationandrecombinationofpartiallycharge-separatedΓ−K excitons

despitethefactthatsuchstatesarenotformedfrombandedgecarriers. Thelarge,real-

spaceoverlapofthesek-spaceindirectinterlayerexcitonssuggestsabindingenergythatis

increasedascomparedtotheirK−K counterpartsthatarefullycharge-separated. Therefore,

wecalculatetheexcitonbindingenergies∆EX oftheAexcitonsaswellasK−K andΓ−K ILEs

usingthe QuantumElectrostatic Heterostructure model[28]andavariationalwavefunction

ansatz. Excitonicinterlayerinteractionsaredescribed withinatight-bindingapproach(see

SupplementaryInformationfordetails). Experimentally,theexcitonbindingenergyisdefined

as ∆EX =Eqp
gap−Eopt

gap,whereEqp
gapisthequasiparticlebandgapandEopt

gapistheopticalgap,

measuredasthePLpeakenergy. TheresultsofthesecalculationsaregiveninFig.4(c),where

∆EX isindicatedbyarrows.FortheAexcitons,thetheoreticalandexperimentalenergiesagree

well. ∆EX valuesareoftheorderof0.5eV,ingoodagreementwithpreviousresults[29].For
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theK −K ILE ∆EX =0.29eV,whichisalsoinagreementwithearlierresults[15,30]. For

Γ−K weobtaina muchbiggervalueof0.55eV,comparabletothoseofAexcitons. The main

reasonforthislargenumberisthedelocalizationoftheholestateoverbothlayersthatenhances

theelectron-holeCoulombattractionandgivestheΓ−K ILEalsoastrong MLcharacterin

MoS2. WenotethattheILEemissionenergycalculatedusingthislargebindingenergyisin

goodagreementwiththeexperimentallyobservedvalue.Itshouldalsobenotedthatcharge

separationcreatesexcitonswithaninterlayerdipolemomentofµIL=(1−ok)ed≈(1−ok)·1.4

Debye(eistheelementarychargeanddthelayerseparation).Thelatterisreducedbyinterlayer

hybridization. ThusK−K andΓ−K excitonscanpotentiallybedistinguishedby measuring

µIL.

Inthisworkwehaveshownthat MoS2/WSe2HBshostopticallybright, k-spaceindirect

excitonscomposedofholesfromtheΓ-valleyandelectronsfromtheK-valley. TheΓ−K

characteroftheseinterlayerexcitons wasuniquelyidentifiedbythetwistangledependence

ofthePLemissionenergyinconjunctionwithfirstprinciplescalculationsthatquantitatively

reproducetheobservedenergyshifts. Theirk-spaceindirectnatureisfurthersupportedby

analysisoftemperature-andtwist-angle-dependent PLintensities,andbyaΓ−K exciton

modelyieldingtheemissionenergyobservedinexperiment. Wefurthershowedthatstrong

interlayerhybridizationoftheholestatereducesthedegreeofchargeseparationandenhances

radiativerecombinationthatgivesrisetothehighPLintensityoftheILE,whilepreserving

anexcitonbindingenergycomparableto monolayerexcitons. Theseresultsextendcurrent

interpretationsaboutthenatureofILEinTMDC-basedvander Waalsheterostructures. with

importantimplicationsforboththestudyoffundamentalphysicsaswellasthedevelopmentof

optoelectronicdevices.

Methods

SeetheSupplementaryInformationintheon-lineversionofthepaper.
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Figure1: Interlayerexcitonsin MoS2/WSe2heterobilayers.a,Opticalmicrographofa

samplewithatwistangleof58.7◦,fabricatedbydeterministictransferandstacking. Monolayer

(ML)andheterobilayer(HB)regionsareindicated.b,Photoluminescence(PL)spectraofthe

HBandtheMLregions.Theoccurrenceofaninterlayerexciton(ILE)near1.6eVisdiscernible

intheHB.

9



Figure2: Tuningtheinterlayerexcitonenergyviainterlayertwist.a,Atomicstructure

illustrationofMoS2/WSe2HB.Thetwistangleistherelativelatticeorientationofthetwolayers.

Inset:sideviewoftheHB;thelayerseparationdisthedistancebetween Moand Wplanes.

b,PLspectraandtheirdecompositioninto Gaussianpeaksfortwo HBwithtwistanglesof

33.0◦and58.7◦.BesidestheAexcitonpeaks,arisingfromthe WSe2(green)and MoS2(blue),

anILEnear1.6eVhasemerged(red). Dashedverticallinesallowtocomparepeakpositions;

blacklinesarethesumoftheGaussians. Theextractedpeakenergiesareusedincandd.c,A

excitonenergiesfor MLandHBregionsforvaryingtwistangles. Dashedhorizontallinesindicate

the meanvalues. Weobservenocleardependenceonthetwistanglebutaredshiftfromthe

monolayertotheHB. d,ILEenergiesandcalculatedtransitionenergiesforHBwithdifferent

twistangles. TheerrorbarsindicatethestandarddeviationoftheILEenergydetermined

fromspatialaveragingofILEPLemission(seeSupplementaryInformation). TheΓ−K and

K −K valuesarecalculatedwithdensityfunctionaltheoryandtheyarerigidlyupshiftedby

0.445eV(seetext). OnlythetrendofΓ−K isinquantitativeagreementwiththeexperiment.

e, Meanlayerseparation(indicatedgraphicallyintheinsetofa)asfunctionoftwistangle,

ascalculatedwithdispersion-correcteddensityfunctionaltheory.Stericrepulsionofchalcogen

atoms,duetolattice mismatchandincommensurability,createsatwistangledependenceand

leadstobiggerlayerseparationsthanthe meanofthelayerspacingsofbulk MoS2and WSe2

samples(dashedhorizontalline). Reddotscorrespondto’ILE(experiment)’ind. Astrong

correlationisdiscernible;thelinearproportionalityfactoris0.44eV/̊A.
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Figure3: Electronicstructureof MoS2/WSe2heterobilayers.a,Bandalignmentdia-

gram. ThevalencebandmaximumattheΓvalley|+Γ isahybridstateofbothlayersand

itmovesupashybridizationincreases.ColoredverticalarrowsindicateMLtransitions.Γ−K

andK−K arepossibleinterlayertransitions.b,Two-dimensionalbandstructureoftheHB

nearthebandedges.IntwistedHBtheBrillouinzonesofMoS2(blue)and WSe2(green)are

misaligned.ThereforebothHBtransitions,K−KandΓ−K,arek-spaceindirect(thewave

vectorsoftheelectronandholesstatesdiffer).However,fortwistanglesnear0◦(aligned)or60◦

(antialigned)K−Kisk-spacedirect(nowavevectordifference).c,Temperature-dependentPL

spectrameasuredonisolated WSe2(leftpanel)andMoS2(rightpanel)MLsandonaHBregion

(centerpanel).Everyspectrumisindividuallynormalizedtothepeakofhighestintensity.In

theHBregion,spatialaveragingofPLspectraisperformedduetothespatiallyinhomogeneous

ILEemission,seeSupplementaryInformationfordetails. Thedottedlinestracethespectral

evolutionofthe WSe2andMoS2Aexcitonandtrion,aswellastheILEasafunctionoftem-

perature.Asthetemperatureisdecreased,theILEPL,whichisthemostprominentemission

atroomtemperature,issuppressedcomparedtotheintralayerMoS2emissionintheHBregion.

ThisfindingsupportsourassertionthattheILEisrelatedtoak-space-indirect,phonon-assisted

transition.
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Figure 4: The nature of interlayer excitons. a, The hole|+K and electron|−states

of theK−K ILE are localized in the individual layers (the pink and magenta contours are

partial charge densities). b, Hole and electron states of the Γ−K ILE. While the electron

state|−is only localized in the MoS2layer, the hybrid hole|+Γ state is delocalized over

both layers. Values in percent correspond to the fraction of the wave function that is localized

in each layer.c, Comparison between experimental (◦) and theoretical (×) photoluminescence

peak energies for different monolayer A excitons and ILE. The arrows indicate exciton binding

energies ∆EX, as calculated with our model. The theoretical band gaps (∗)areG0W0results

from the literature [29]. The theoretical results closely match the experimental data. ∆EX for

the Γ−KILE is comparable to values in the ML, and the resulting emission energy is in good

agreement with the experimentally observed ILE peak.
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Methods(on-line)

Samplefabrication

Heterobilayer(HB)sampleswerefabricatedby meansofadeterministictransferprocess[10].

Forthis, weinitiallyexfoliated MoS2 and WSe2 flakesfrombulkcrystals(here, weutilized

anatural MoS2crystalandasynthetic WSe2crystalboughtatHQgraphene.com)ontopoly-

dimethylsiloxane(PDMS)substrates. Monolayer(ML)regionsoftheseflakeswereidentifiedvia

optical microscopy. Then,wefirsttransferreda MoS2flakeontothetargetsubstrate,asilicon

waferpiececoveredwithSiO2layerandpre-defined metal markers. Subsequently,the WSe2

flakewastransferredontopofthe MoS2.Foreachoftheheterobilayersfabricatedinthisway,

therelativeorientationoftheindividuallayerswaschosentooptimizetheoverlapregionofthe

monolayerpartsoftheflakes.Subsequenttothetransfer,theheterobilayerswereannealed.For

this,theyweremountedinafurnace,whichwasinitiallyflushedwithanH2/Argongasmixture

andthenpumpedtohighvacuum.Invacuum,thesampleswereannealedatatemperatureof

150oCfor5hours.

Opticalspectroscopy

Photoluminescence(PL)andRaman measurementswereperformedinaself-built microscope

setup,detailsarepublishedelsewhere[31]. Acontinuous-wavelaser(wavelength532nm)was

coupledtoa100xmicroscopeobjectiveandfocussedtoasub-micronspotonthesamplesurface.

PLandscatteredlightwerecollectedwiththesameobjective,passedthroughlong-passfilters,

coupledintoagratingspectrometeranddetectedwithaPeltier-cooledcharge-coupleddevice

(CCD).Fortemperature-dependentPL measurements,thesample was mountedonthecold

fingerofasmallHe-flowcryostat. ForPL mapping,thesamplewas movedbeneaththefixed

microscopeobjectiveusinga motorizedxystage,andPLspectra werecollectedforsample

positionsdefinedonasquarelattice.Inordertoextractinformationfromthesespectra,an

automatedfittingroutinewasemployed,whichyieldstheintegratedintensity,spectralposition

andfullwidthathalf maximum(FWHM)foreachspectralfeatureextractedusingaGaussian

fitfunction.Secondharmonicgeneration(SHG)measurementswereperformedinasimilar,self-

builtmicroscopesetup,whichwasoptimizedtoyieldhighSHGthroughput. Here,aTi:sapphire

laseroscillator(pulselength100fs,central wavelength815nm) wasusedasanexcitation

source. Thelaserlightcoupledintothe microscopeobjectivewaslinearlypolarized,andthe

samepolarizerwasusedtoanalyzethereflectedlight,sothatonlythesignalpolarizedparallel

totheexcitation wasdetected. ToseparatetheSHGsignalfromthereflectedfundamental

laserwavelength,adichroic mirrorandshortpassfilterswereemployedbeforetheSHGsignal

waseithercoupledintoagratingspectrometertobedetectedbya CCD,orfocussedonto

anavalanchephotodiode(APD).Inthe measurementsusingthe APD,alock-inschemewas

employedtofurtherincreasesignal-to-noiseratio. ForSHG mapping,thesamplewas moved
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beneaththefixed microscopeobjectiveusinga motorizedxystage.Forpolarization-dependent

measurements,thecombinedpolarizer/analyzerwasrotatedusinga motorizedstage.

Experimentaldataanalysis

Foreachheterobilayerstructure,aPLmapwasmeasuredatroomtemperature. Tocompensate

forthespatialinhomogeneityoftheinterlayerexciton(ILE)emission,spatialaveraging was

employed.Forthis,theaveragePLemissionenergyoftheILE,aswellasitsstandarddeviation,

werecalculatedfromthevaluesextractedfromanautomatedfittingroutineappliedtoindividual

PLspectracollectedintheheterobilayerregionwheresufficientlyintenseILEPLwasobserved.

Thesizeoftheseregionsvariedfromsampletosample,butonaverage, morethan60spectra

wereevaluatedforanindividualheterobilayer.

Densityfunctionaltheorycalculations

Densityfunctionaltheory(DFT)calculations werecarriedout withthePBEfunctional[32]

andtheDFT-TSdispersion-interaction-correctionscheme[33]usingthePAW method[34]and

aplanewavebasissetwithacutoffenergyof259eV,asimplementedinthe VASPpackage

[35,36]. Forthek-pointsampling,anin-planesamplingdensityof0.1̊A2wasused.Itwas

carefullycheckedthatthisdensityleadstoconvergedtotalenergies(energydifferencesare

smallerthan1 meV/atom). Thek-spaceintegrationwascarriedoutwithaGaussiansmearing

methodusinganenergy widthof0.05eVforallcalculations. Allunitcells werebuilt with

atleast10Åseparationbetweenreplicasintheperpendiculardirectiontoachievenegligible

interaction. Allsystemswerefullystructurallyoptimizeduntilallinteratomicforcesandstresses

ontheunitcellwerebelow0.01eV/̊Aand10kbar,respectively.Spin-orbitinteractionswere

generallynottakenintoaccountandtheinclusionoftheseinteractionsdoesnotalteranyof

ourconclusionsasspin-orbit-dependentinterlayerinteractionshaveneverbeenreportedbefore

[2,18]. Thewavefunctionoverlapok=|MoS2|+k|2iscalculatedbyintegratingthepartial

chargedensityofthestate|+k (k=Γor K)overthehalfofthevolumeoftheunitcell

thatcontainsthe MoS2layer. Thecuttingplanebetweenthetwohalvesisthe minimumofthe

plane-averagedlinechargedensityinthevander Waalsgapbetweenthelayers.
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1 Supportingexperimentaldetails

1.1 Evaluatingtheeffectsofannealing

Allsamplesinvestigatedinthisstudyweresubjectedtoanannealingstepafterfabrication,which

waspreviouslyshowntoincreaseinterlayercoupling[1].Here,wedemonstratetheeffectsofthe

annealingusingphotoluminescencemeasurementsandatomicforcemicroscopy. FigureS1(a)

showsanopticalmicroscopeimageofaspecificheterobilayersample.Toevaluatethecoupling

betweenthetwoconstituentmonolayersinthissample,weperformedscanningphotolumines-

cencemeasurementsbeforeandaftertheannealingstep.InFig.S1(b),false-colormapsofthe

PLintensitiesofMoS2andWSe2,measuredbeforetheannealing,areshown. Weclearlyobserve
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thatthePLintensityofbothmaterialsisnotdiminishedintheheterobilayerregion,indeeditis

evenslightlyenhancedfor MoS2. Thisindicatesthatthetwomonolayersaredecoupled,sothat

thereisneitherbandstructurehybridizationnorrapidinterlayerchargetransfer. Bycontrast,

afterannealing,wefindapronouncedquenchingofthePLemissionfromthe MoS2and WSe2in

theheterobilayerregion,whiletheemissionisunchangedintheisolated monolayerregions,as

Fig.S1(c)shows. Additionally,weobservethelower-energyPLemissionoftheinterlayerexciton

intheheterobilayer. Thisindicatesthattheannealingprocedureenableselectronicinterlayer

couplingandrapidchargetransfer. WenotethattheinterlayerexcitonPLintensityisspatially

inhomogeneous,indicatinglocalvariationsofinterlayercoupling.

TheeffectsofannealingarecorroboratedbyAFM measurementstakenonthesamesample

beforeandafterannealing. AsFig.S2(b)demonstrates,thestepheightsfromthesubstrate

totheindividual monolayers measuredbeforeannealingareontheorderofafewnanometers,

andthestepheightbetweenthe MoS2and WSe2isofasimilar magnitude. Allofthesevalues

significantlyexceedthethicknessofa TMDC monolayer, whichislessthanonenanometer,

indicatingthatadsorbates,suchashydrocarbons,aretrappedbeneathandinbetweenthe

TMDCflakesandactasspacers,effectivelydecouplingthelayers. Afterannealing,wefindthat

allstepheightsarereduced(Fig.S2(c)),andthatthestepheightbetweenthe MoS2and WSe2

monolayersisclosetotheexpectedvalueoflessthanonenanometer. Additionally,wenotethe

formationofvariousbubblesintheheterobilayerregion,whichindicatesacoalescenceofthe

trappedadsorbates[2].

1.2 Vibronicinterlayercoupling

Ramanspectroscopyisapowerfultooltoidentifyvarioustwo-dimensionalcrystals,andtostudy

theeffectsofexternalparameterssuchasstrainanddoping. Whilevarioustwo-dimensional

materialshavespecificRaman modesdependentonthecrystalstructure,therearetwo modes

thataregenerictolayered materials,therigid-layershearandbreathingvibrations, where

adjacentlayersoscillate withrespecttoeachother. Theserigid-layeroscillationshavelow

Ramanshiftsduetothe weakinterlayercoupling. FigureS3showsaseriesoflow-energy

Ramanspectra measuredon WSe2(top)and MoS2(bottom) mono-andnaturally2H-stacked

bilayers,aswellasonaheterobilayer.Inthe2H-stackedbilayers,theshear(SM)andbreathing

(LBM) modesarereadilyobservable. Naturally,both modesareabsentinthe monolayers.

Asexpectedfromitshigher massperunitarea,SMandLBM modesin WSe2 areatlower

frequenciesthanin MoS2. Forboth materials,nearlyidenticalspringconstantskhavebeen

extractedpreviously[3].Intheheterobilayer,wealsoobservetheLBMmode,withafrequency

of31cm−1,inbetweenthevaluesfor WSe2(29cm−1)and MoS2(41cm−1)bilayers. Asimple

harmonicoscillatorestimateassuminganaveraged massperunitareaandanidenticalspring

constantkfortheheterobilayerslightlyoverestimatesthe modefrequency,yieldingavalueof

35cm−1.Bycontrast,ourDFT-TScalculationsyieldavalueof30cm−1,inexcellentagreement
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FigureS1:(a)Opticalmicroscopeimageofheterobilayersample.Theorangerectanglemarks

theareaofthePLscansshownin(b)and(c).TheoutlinesoftheMoS2and WSe2monolayers

andtheheterobilayeraremarkedbythedottedlines.(b)FalsecolormapsofthePLintensities

ofMoS2and WSe2emission,measuredatroomtemperaturebeforeannealingofthesample.(c)

FalsecolormapsofthePLintensitiesofinterlayerexciton,MoS2and WSe2

(b) pre annealing(a) (c) post annealing

HS

WSe2

MoS2

emission,measured

atroomtemperatureafterannealingofthesample.

FigureS2:(a)Opticalmicroscopeimageofheterobilayersample.Theorangerectanglemarks

theareaoftheAFMscansshownin(b)and(c).(b)AFMscanofsamplebeforeannealing.(c)

AFMscanofsampleafterannealing.Thesolidlinesin(b)and(c)indicatelinetracesextracted

fromtheAFMdata,thecorrespondingnumbersindicatestepheightsinnanometers.
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FigureS3:Low-energyRamanspectraof(a) WSe2monolayers(ML)andbilayers(BL),(b)

heterobilayer(HB)andbaresubstrate,(c)MoS2mono-andbilayers.SMandLBMindicatethe

shearandlayerbreathingmodes,respectively.ThedottedlinesmarktheLBMpositionsinthe

threebilayers.

withthemeasuredvalue.ForthesecalculationsthelayerseparationoftwistedHBwasslightly

increasedanddecreasedaroundtheequilibriumvalueandthetotalenergyofeachgeometry

wascalculated.Theenergyvs.separationserieswasfittedtoaharmonicfunctionandtheLBM

frequencywascalculatedfromtheharmonicforceconstant.

1.3 SHG microscopy

Inordertodeterminethetwistangleoftheheterobilayers,weemploypolarization-resolved

second-harmonic-generation(SHG)microscopy,whichwaspreviouslyshowntobeapowerful

tooltodeterminethecrystallographicorientationofTMDCmonolayers[4,5]andstackingan-

glesofheterobilayers[6]. FigureS4demonstratesthisprocedureforoneparticularsample,

whichisdepictedinFig.S4(a).Foreachofthetwoconstituentmonolayers,wedeterminethe

relativeangleφ0betweenthearmchairdirectionsandthehorizontalpolarizationaxisofour

SHGsetupbymeasuringthepolarization-resolvedSHGintensityISHGonisolatedmonolayer

regions.ForparallelpolarizationoffundamentalandSHGlight,theSHGintensityismaximum

ifthepolarizationaxisisorientedalonganarmchairdirection,yieldingaISHG∝cos
2(3φ−φ0)

dependence.AsFig.S4(c)and(d)show,polarplotsoftheSHGintensitycanreadilybefitto

theexpectedISHGdependence. However,the6-foldsymmetryofISHGdoesnotallowusto

determinewhetherthemonolayersinaheterobilayerare,e.g.,aligned(α=0◦)orantialigned

(α=60◦).Toresolvethisambiguity,weperformscanningmeasurementsofthetotalSHGin-
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FigureS4:(a)Opticalmicroscopeimageofheterobilayersample.Theorangerectanglemarks

theareaoftheSHGscan,shownin(b).TheoutlinesoftheMoS2and WSe2monolayersand

theheterobilayeraremarkedbythedottedlines.(b)FalsecolormapoftotalSHGintensityas

afunctionofposition.(c)and(d)PolarplotsoftheparallelcomponentoftheSHGintensity

ISHGasafunctionofpolarizationunderlinearlypolarizedexcitationmeasuredonthe WSe2

(c)and MoS2(d)monolayerregions. Theredarrowsindicatetheorientationofanarmchair

directionrelativetothehorizontalpolarizationorientation,extractedfromfits(solidorange

lines)totheexperimentaldata(dots).

tensity.Intheheterobilayerregion,SHGfromtheindividualmonolayersinterfereconstructively

foralignedstackinganddestructivelyforantialignedstacking.AsshowninFig.S4(b),weob-

serveareducedSHGintensityintheheterobilayerregion,relativetotheSHGintensitiesofthe

constituentmonolayers,indicatingdestructiveinterference. WenotethattheSHGsignalisnot

fullysuppressedwithintheheterobilayerregionduetothefactthattheinterferingSHGfields

oftheconstituentmonolayershavedifferentamplitudes.Inconjunctionwiththepolarization-

dependentSHGmeasurementsshowninFig.S4(a),thedestructiveinterferenceobservedinthe

heterobilayerregionallowsustodetermineatwistangleof58.7◦forthissample.

1.4 QuenchingofintralayerPLemissioninheterobilayers

Inallofourheterobilayers,weobserveapronouncedsuppression/quenchingofthemonolayer

AexcitonPLemissionoftheconstituent WSe2and MoS2monolayers,asshowninthemain

manuscriptandinFig.S5(a).Remarkably,wefindthatthequenchingofthe WSe2PLemission

isfarmorepronouncedthanthatoftheMoS2.Thistrendisobservedforalloftheinvestigated

heterobilayersamples,asFig.S5(b)demonstrates. Whilewedonotfindacleardependence
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FigureS5: (a)Room-temperaturePLspectrameasuredonisolated WSe2and MoS2monolayers

andonaheterobilayerregion. Allspectraarerecordedusingidenticalexcitationdensityand

integrationtimes.(b)Ratioof WSe2(greendots)and MoS2(bluedots) Aexciton/trionPL

intensitiesintheheterobilayerrelativetoisolated monolayersasafunctionoftwistangle. The

dashedlinesindicatetheratioaveragedoveralltwistangles.(c)ILEintensityasafunctionof

twistangle.(d)Ratioof ILEto WSe2Aexcitonintensity(measuredonisolated monolayer

region)asafunctionoftwistangle.

ofthisquenchingfactorasafunctionoftwistangle, weseethatonaverage,the MoS2 PL

intensityisreducedtoabout8percentofthe monolayervalue,whilethe WSe2PLemissionis

reducedtoabout2percent. Wenotethatduetothelowintensityofthe WSe2PLemission

intheheterobilayer,combinedwiththespectraloverlapwiththeILEemission,therearelarger

fluctuationsofthequenchingratiofromsampletosample. Whileaquantitativeanalysisof

thequenchingratioswouldrequire measurementsofinterlayertunnelingratesfrom WSe2to

MoS2andviceversa,aswellasradiativerecombinationratesforthetwo materials,thelarge

differenceofthequenchingratiossupportsourcalculationsoftheheterobilayerwhichyielda

delocalizedholestatethatextendsoverthetwoconstituent monolayers,andanelectronstate

localizedfullyinthe MoS2layer.Intheheterobilayer,PLemissionof MoS2Aexcitons maybe

enabledbyintralayerholescatteringfromtheglobalvalenceband minimumatΓtothelocal

minimumatK andsubsequentradiativerecombinationwithelectronsattheglobalconduction

bandminimumatK.Bycontrast,PLemissionof WSe2Aexcitonsfromtheheterobilayerwould

requireinterlayertunnelingofelectronsfromthe MoS2layerintothe WSe2layeragainsta

substantialbandoffsetdifference,leadingtoa morepronouncedsuppressionofthistransition

intheheterobilayer.

1.5 Twistangledependenceofinterlayerexcitonemissionintensity

AdditionalevidencefortheΓ-K characteroftheILEemissionin WSe2-MoS2 heterobilayers

isthe(lackofa)dependenceoftheILEemissionintensityonthetwistangle.Inatwisted

heterobilayer,bothΓ−K andK −K transitionsaregenerallyindirectinkspace. However,

fortwistanglescloseto0and60degrees,theK −K transitionisalmostdirectinkspace,
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sothatalargerPLyieldcouldbeexpectedforthistransition. FigureS5(c)showstheILE

emissionintensityasafunctionoftwistangle. Wenotethattheintensityfluctuatesstrongly

fromsampletosampleandthatthereisnopronouncedincreaseofPLyieldforsampleswith

twistanglescloseto0or60degrees. Thisobservationisinstarkcontrastto WSe2/MoSe2

heterobilayers,whereacleardependencyofthePLintensityoftheILEwithrespecttothetwist

anglewasobserved[7].Inordertoreducesample-to-samplevariationswhich mightstemfrom

changesofthesetup,suchaslaserspotsize,wealsodeterminedtheintensityratiooftheILE

emissionandthe WSe2Aexcitonemissionontheisolated monolayerregions. AsFig.S5(d)

demonstrates,thereisnocleardependenceofthisratioonthetwistangleeither. Thislack

ofanincreasedPLyieldfornear-alignedandantialignedheterobilayerssupportsourassertion

thattheILEemissionstemsfromtheΓ-K transition,whichis,naturally,alwaysindirectink

space,irrespectiveofthetwistangle.

1.6 Energyshiftof monolayerexciton/triontransitionsinheterobilayers

AsdiscerniblefromFig.2(c)ofthe mainarticle,theAexciton/trionPLpeaksdonotexhibita

cleardependenceonthetwistangle. ThePLenergiesfromthe MLpartsareslightlyscattered

aroundwell-definedmeanvaluesof1.659eV(WSe2)and1.890eV,whichareingoodagreement

withtheliterature[8,9]andjustifytheidentificationasexciton/trionpeaks. However, we

observearedshiftfromthe MLtothe HBby18 meV(WSe2)and24 meV(MoS2). Similar

redshiftsinTMDhomobilayershavebeenreportedpreviously[8,9].Itislikelytobearesult

ofenhancedscreeninginthe multilayersascomparedto ML.Thescreeningreducesboththe

quasiparticlebandgap(redshift)andtheAexcitonbindingenergy(blueshift)andintotalthe

redshiftdominates[10,11].

1.7 Low-temperaturePL measurements

Asdiscussedinthe main manuscript,weobserveacomplexbehavioroftheILEemissionwith

decreasingsampletemperature. Here,wepresentadditionaltemperature-dependentPL mea-

surementsintherangefrom90Kto4K.FigureS6(a)showsaseriesofPLspectrameasuredon

aheterobilayerandonisolated WSe2and MoS2monolayers. Tosuppresstheeffectsofspatial

inhomogeneityoftheILEemission,aPL mapwasrecordedforeachsampletemperature,and

spatialaveragingofabout30individualspectra measuredintheheterobilayerregionwasper-

formed. Thespectraarenotnormalized,sothatthePLintensitiesfordifferenttemperatures

canbedirectlycompared. Forbothoftheisolated monolayers,thesystematicblueshiftofthe

Aexciton/trionPLemissionwithdecreasingtemperatureduetobandgapincreasecontinues.

WealsoobservethattheAexcitonandtrionemissionyieldinthe WSe2monolayerdecreases

asthetemperatureisloweredbelow90K.Theoriginofthisdecreasewillbediscussedbelow.

Additionally,abroadshoulder(markedL)emergesat60K,whichcanbeattributedtoemission

fromlocalizedstates[12,13]. Thislocalized-stateemissiondominatesthePLspectrumofthe
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WSe2monolayerat30Kandbelow.Inthe MoS2monolayer,wefindthattheexciton/trionPL

yield monotonouslyincreaseswithdecreasingtemperature, mostlikelyduetothesuppression

ofnonradiativedecaychannels. Wealsoobservetheemergenceofabroad,low-energyshoulder

(markedS)asthetemperatureisreducedbelow90 K.Thisfeaturewaspreviouslyattributed

toexcitonsboundtosurfaceadsorbates[14].Intheheterobilayerregion,weobservethat,while

the MoS2PLyieldincreases monotonouslywithdecreasingtemperature,theILEemissionis

nolongerclearlydiscernibleattemperaturesbelow90 K.Thisisduetotheemergenceofthe

pronouncedlocalized-stateemissionof WSe2intheheterobilayerregion,whichisataslightly

lowerenergythantheILE,butsobroadthatitoverlapswiththeILEemissionregion.Thus,we

cannotclearlyquantifytheILEyieldfortemperaturesbelow90K.However,anupperboundary

fortheremainingILEemissioncanbeextractedfromthePLspectra. Forthis,wecompare

theILEPLemissionobtainedat90K,blueshiftedbythesameamountasthe MoS2emission

toaccountforthechangingtransitionenergy,withthespectraat60Kandbelow.Scalingthe

tracebyanappropriateamountto matchthePLspectrayieldsaconservativeupperboundary

forremainingILEemission. ThisapproachisindicatedforthePLspectrum measuredat4K

bytheredspectrum,whichcorrespondstotheappropriatelyblueshiftedILEemissionspectrum

measuredat90K,scaledbyafactorof0.7. Wenotethatthisupperboundarymostlikelysignif-

icantlyexceedstheILEemissionthatwouldbeobtainedbydecompositionofthePLspectrum

intoGaussianpeaksforILEanddefect-relatedemission. Wealsonotethatwedonotobserve

thelow-energyemissionfrom MoS2intheheterobilayerregion. Thisobservationindicatesthat

duetothefactthat MoS2iscoveredbythe WSe2layer,nopronouncedadsorbate-relatedPL

emissionoccurs.

InFig.S6(b), weplottheintegratedPLintensitiesforthe WSe2 exciton,the MoS2 exi-

ton/trionandtheILEemissionmeasuredintheheterobilayerregion,normalizedtotheirrespec-

tivevaluesat300K,asafunctionoftemperature.WefindthatthePLyieldofthe MoS2-related

emission monotonouslyincreaseswithdecreasingtemperature. Bycontrast,forthe WSe2 A

excitonemission,thePLyielddecreaseswithdecreasingtemperature,andtheneutralAexci-

tonemissionisnolongerobservableattemperaturesbelow120K.Thisdecreaseisduetothe

peculiarbandstructureof WSe2,inwhichtheconduction-bandspinsplittingissuchthatthe

opticallybright,spin-allowedAexcitontransitionisbetweentheuppervalenceandtheupper

conductionband. Hence,thereisalower-energy,opticallydarkAexcitonstatein WSe2andthe

related WS2. Thelower-energydarkAexcitonstateinthetungsten-based materialswasindi-

rectlyinferredintemperature-resolvedPLmeasurements,wherethePLyieldinitiallyincreases

withincreasingtemperatureduetoincreasingthermalpopulationoftheopticallybrightAex-

citonstate[15,16,17]. Morerecently,PLemissionfromthedarkstatewasdirectlyobserved

usingappliedin-plane magneticfields[18]andin-planeexcitationanddetectiongeometry[19].

SincetheILEisformedfromelectronslocatedinthe MoS2layer,wheretheconduction-band

spinsplittingisverysmall[20],andholesthatarelocatedpredominantlyin WSe2,wedonot
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FigureS6: (a)Temperature-dependentPLspectrameasuredonisolated WSe2(leftpanel)

and MoS2(rightpanel)monolayers(ML)andonaheterobilayerregion(centerpanel). The

spectraarenotnormalized,sothatthePLintensitiesfordifferenttemperaturescanbedirectly

compared.Thedottedlinestracethespectralevolutionofthevariousemissionpeaks.Inthe

WSe2monolayer,emissionfromlocalizedstates(L)andtrions(T)isobservableinaddition

totheneutralAexciton.Inthe MoS2monolayer,alow-energyPLemissionattributedto

surface-adsorbate-boundexcitons(S)isidentifiedinadditiontothetrionfeature.Inthehetero-

bilayer,theinterlayerexciton(ILE)emissionissuppressedasthetemperatureisreducedfrom

90Kto60K.Asthetemperatureisreducedfurther,pronouncedemissionfromtheWSe2Lpeak

masksanyresidualILEemission.ToestimateanupperboundaryforresidualILEemission,the

spectrummeasuredat90Kisscaledbyafactorof0.7andsuperimposedontothespectrumat

4K,takingtheblueshiftinenergyduetoreducedtemperatureintoaccount.(b)IntegratedPL

intensityof MoS2trion/exciton, WSe2excitonandILEpeaks,normalizedtotheirrespective

intensitiesat300K,asafunctionoftemperature.FortheILEemissionintensitiesbelow90K,

theestimatedupperboundaryisindicated.
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expectanenergeticallyfavorable,spin-forbidden(dark)ILEgroundstate,evenifwewereto

assumeaK-KnatureoftheILE.Hence,wedonotexpectanonmonotonoustemperaturedepen-

denceoftheILEemissionbasedondarkstateformation. However,wefindthat,afteraninitial

increaseoftheILEPLyieldwithdecreasingtemperature,mostlikelyduetothesuppressionof

nonradiativedecaychannels,weobserveaclearsuppressionoftheILEemissionasthetemper-

atureisdecreasedbelow60K. Whilewecanonlygiveanupperboundaryforthissuppression,

thisbehaviorisinstarkcontrasttothatobservedinthe MoSe2-WSe2 heterobilayersystem.

Forthat materialcombination,inwhichILEareconsideredtobek-space-direct,asignificant,

monotonousincreaseoftheILEPLyieldisobservedwithdecreasingtemperature[21,22]. This

cleardifferenceintemperaturedependenceoftheILEPLyieldfurthersupportsourassertion

thattheILEobservedinour MoS2-WSe2heterobilayersarek-space-indirect. Wenotethatwe

donotexpectacompletesuppressionoftheILEPLemissioninoursystematlowtempera-

tures: whileradiativerecombinationofk-spaceindirectexcitonsispartiallysuppressedatlow

temperaturesduetothereducedphononpopulation,PLemissionofk-space-indirectexcitons

remainspossibleviaphononemissionprocesses.

Thetemperature-dependentPLdatapresentedinthemainmanuscriptandsupplementwere

recordedonasamplewithatwistangleofabout33degrees. Asecond measurementserieson

asamplewithnear-alignment(twistangleabout59degrees,notshown)yieldsaqualitatively

identicalbehavioroftheILEPLintensityasafunctionoftemperature,furthersupportingour

assertionthattheILEtransitioninourheterobilayersisalwaysk-space-indirect,irrespectiveof

twistangle.
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FigureS7: (a)Topandsideviewofthestrained,crystallographicallyantialignedandcom-

mensuratemodelsystem. Blacklinesshowthehexagonalunitcell.(b)Superpositionofthe

bandstructuresoftheHBmodelsystem(solid,black)andtheindividual(strained)layersof

MoS2(dashed,blue)and WSe2(dashed,green). Greycirclesindicateregionswhereinterlayer

hybridizationleadstostrongmodificationsofthebandstructure.(c)Projectedbandstructure

oftheHBmodel. Thewidthofthebandsisproportionaltothemonolayercharacterofthe

state.Spectroscopicallyrelevanttransitionsareindicatedbyarrows;statesarelabeledasin

Fig.S8(a).Encircledregionsagainindicateinterlayerhybridization.

2 Supportingtheoreticaldetails

2.1 Modelsystem

2.1.1 Basicelectronicstructureofheterobilayers

Inordertounderstandthebasicpropertiesof WSe2/MoS2HBswefirstanalyzeanidealized

modelsystem,wheretheMLsarecrystallographicallyantialignedandcommensurate.Inthis

systemthecrystallographicantialignmentimpliesatwistangleof60◦asinTMDbulkcrystals

ofthe2Hphase.Latticecommensurabilityisenforcedbyanin-planecompressionof1.6%for

the WSe2MLandanexpansionof2.1%for MoS2(thein-planeDFT+TSlatticeconstants

of MoS2and WSe2are3.16Åand3.28Å,respectively). Themodelsystemisillustratedin

Fig.S7(a).ItselectronicbandstructureisshowninFig.S7(b),wherethebandstructuresof

theindividualMoS2and WSe2layersaresuperimposedandallenergylevelsarealignedwith

respecttothevacuumlevelEvac. Thelatterwasdeterminedfromtheconstantvalueofthe

DFTeffectivepotential(withouttheexchange-correlationpotential)atlargedistancesfromthe

system. Duetothestrongappliedstrain,bandgaps,bandextremaandbanddispersionsare

modifiedincomparisontostrain-freesystems[23,24].Forexample,thevalencebandmaximum

of ML MoS2inFig.S7(b)isattheΓ-point. However,instrain-free ML MoS2itisattheK

pointandthebandgapisalsobigger(andthatof WSe2issmaller). Wewillusethemodel
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FigureS8: Thedependenceofinterlayertransitionenergiesonthelayerseparationinthemodel

system.(a)Thelabelingofbandextremanearthevalenceandconductionbandedges.Vertical

arrowsindicatethemonolayerbandgaps. ColorcodeasinFig.S7(c).(b)DFTtransition

energiesasfunctionofinterlayerseparationdformonolayer(ML)andinterlayertransitions.

Thetransitionsaredefinedaskvalencei −kconductionj .

systemtoanalyzetheinfluenceofinterlayerinteractionsonthebandstructure.Asdiscernible

inFig.S7(b)thebandstructureoftheHBismostlyasuperpositionofthebandstructuresofthe

individualMLs.Thestaggeredbandalignmentisreflectedinthevalencebandmaximumbeing

definedby WSe2statesandtheconductionbandminimumbyMoS2states.Thelocalizationof

thestatesisindicatedinFig.S7(c)anditisapparentthatwhereverthebandenergiesagreewith

thecorrespondingMLvalueinFig.S7(b)thestatesarefullylocalizedintherespectivelayer.

However,electronicinterlayerinteractionsmodifycertainstatesoftheHBbandstructure.Their

bandenergiesareshiftedandhybridinterlayerstatesareformed. Thesestatesareindicated

bydashed,greycirclesinFig.S7(b)and(c). Mostrelevantforthisstudyistheinterlayer

hybridizationatthevalencebandmaximumneartheΓ-point.Pinkarrowsindicatethestrong

shiftofbandenergies.Importantistheupshiftofthehighestoccupiedband.Thebandcurvature

increases,whichimpliesareductionoftheholeeffectivemass.Thewavefunctionofthisstateis

ahybridof76% WSe2and24%MoS2.Thesecond-highestoccupiedbandatΓisshifteddown

anditsbandcurvaturedecreases(increaseoftheholeeffectivemass).

2.1.2 IdentificationofthenatureofILEviathedependenceoftheelectronicstruc-

tureonthelayerseparation

WithPLspectroscopywefoundthatthePLpeaknear1.6eV(dubbed‘ILE’)shiftsinenergy

asacontinuousfunctionofthetwistangle.FurthermoreaDFTanalysisoftheHBhasshown
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thattheseparationbetweenthelayerschangesasfunctionofthetwistangle. Mostremarkably,

thefunctionaldependenceofbotheffectsonthetwistangleisverysimilarwithalinearpropor-

tionalityfactorof0.44eV/̊A(seemainarticle).InordertoexplainthesePLresultsweneedto

identifyalow-energybandtransitionthatincreasesinenergyasthelayerseparationincreases

(i.e.positiveslope). ThereforewestudythedependenceoftheDFTtransitionenergiesonthe

separationbetweenthe ML.TheresultsaregiveninFig.S8. Panel(a)issimilartoFig.S7(c)

butadditionallythebandextremanearthegaparelabeled. Transitionsbetweenstatesofthe

valenceandtheconductionbandinpanel(b)aredefinedaskvalence
i −kconduction

j . Weemphasize

againthatthe MLofthemodelsystemaremodifiedbyin-planestrainandthereforebandgaps

andabsolutetransitionenergiesaredifferentfromstrain-freesystems(seeabove). Howevertoa

firstapproximationtheout-of-planeinterlayerinteractionscanbeconsideredasindependentof

thein-planestrain. Therefore,generaltrendsoftheeffectoflayerseparationontheelectronic

structurecanbestudiedwiththe modelsystem.

Withintheconsideredrangealltransitionenergiesshiftasanearlylinearfunctionofthe

layerseparationandtheextractedslopesaregiveninTableS1. MLtransitions(leftandcentral

panelinFig.S8(b))thatinvolvehybridizedstates(Γ1,Q4,R4)exhibitapronounceddependence

onthelayerseparation,whiletransitionsbetweennon-hybridizedstates(Ki, Q1, Q2, Q3, Q5,

R1,R2,R3,R5)donot. Thisisplausiblesincetheinterlayerhybridizationistunedbythelayer

separation. MoS2MLtransitionsinvolve mostlynon-hybridizedstatesandthereforetheyare

almostinsensitivetothelayerseparation(theslopesarenearlyzero). WSe2MLtransitionsthat

involveΓ1,Q4,R4exhibitaseparationdependence.ButonlyΓ1-relatedones(Γ1-K2andΓ1-Q4)

haveapositiveslope(0.561and0.319eV/̊A,respectively). Howeverthetransitionenergyis

largerthanthatofthe K1-K2MLtransition(alsoinunstrainedsystems),whichisrelatedto

the Aexciton. Thereforethesetransitionscannotbe measuredwithPLandweexcludethe

possibilitythatthePLpeaknear1.6eVisrelatedtotransitionswithin MLof MoS2or WSe2.

Asaresultofthestaggeredbandalignment,allinterlayertransitions(rightpanelinFig.S8(b))

areatsmallerenergiesthan MLtransitions. ThePLpeaknear1.6eVisthereforelikelytobe

relatedtoaninterlayertransition. Transitionswithpositiveslopes(lastlineinTab.S1)are

onlythosethatinvolveΓ1. TheslopesofΓ1-K1,Γ1-Q2,Γ1-R1,Γ1-R2areallverycloseto0.44

eV/̊A.ButΓ1-K1isthelowest-energytransitionandtheonlyoneofthemthatisrelevantforPL

measurements. WeemphasizethatalsointheunstrainedsystemK1formstheconductionband

edgeandQ2,R1andR2areathigherenergies. Thus,weareabletoidentifyasingletransition

–Γ1-K1–thatlieswithinareasonableenergyrange,hastherighttrendandthecorrectpositive

slopeof0.47eV/̊A,inexcellentagreementwiththevalueof0.44eV/̊A,foundforrealisticHB.

ItisinterestingtonotethenegativeslopeoftheK1−K1interlayertransitioninTab.S1.

This meansthattheK1−K1gapofisolated MLissmallerthantheoneintheHB.Asimilar

K1−K1gapreductionbetween WSe2/MoS2HBsandtheirisolated MLwasreportedbyLatini

etal.[10]. Theyascribethiseffecttochargetransferbetweenthe ML.
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WSe2ML K1-K2 K1-Q4 K1-Q5 K1-Q6 K1-R4 K1-R5 K1-R6 Γ1-K2 Γ1-Q4

(eV/̊A) -0.025 -0.267 0.013 -0.112 -0.223 0.000 -0.097 0.561 0.319

MoS2ML K2-K1 K2-Q1 K2-Q2 K2-Q3 K2-R1 K2-R2 K2-R3 Γ2-K1 Γ2-Q1

(eV/̊A) -0.019 0.071 0.002 0.023 -0.037 -0.017 -0.076 -0.081 0.010

interlayer K1-K1 K1-Q1 K1-Q2 K1-R1 K1-R2 Γ1-K1 Γ1-Q1 Γ1-Q2 Γ1-R1 Γ1-R2

(eV/̊A) -0.116 -0.025 -0.094 -0.133 -0.113 0.471

Twist angle θ = 14.5°

Twist angle θ = 45.5°

Twist angle θ = 21.1°

Twist angle θ = 38.9°

Twist angle θ = 5.1°

Twist angle θ = 54.9°

0.561 0.492 0.453 0.474

TableS1:Theslopesextractedfromthetransitionenergyvs.layerseparationplotsinFig.S8(b).

FigureS9: Unitcells(green)andatomicdecoration(Moisblack,Sisyellow, WisblueandSe

isorange)oftheheterobilayersstudiedwithDFT.MoS2isthebottomlayerand WS2isthetop

layer.Thewavelengthofthediscerniblemoiŕepatternsincreasesfromtherightcolumn(twist

anglescloseto30◦)totheleftcolumn(twistanglescloseto0◦or60◦).

2.2 Twistedheterobilayers

2.2.1 Constructionoftwistedheterobilayers

InordertogeneratetheatomicstructureoftwistedHBs,commensurate,periodicsupercellsfor

specialtwistangleswereconstructed. Theunitcellsoftheconsideredsystemsareshownin

Fig.S9.Thesupercelllatticevectorsforthetopandbottomlayersaregivenby

T=ntt1+mtt2

B=nbb1+mbb2,

wheret1andt2aretheprimitivelatticevectorsforthetoplayer,b1andb2aretheprimitive

latticevectorsforthebottomlayer(hexagonallatticevectors)andnt,mt,nbmbareintegers.

Thecommensurabilityconditionthensimplyis|T|=|B|. AstheDFT-TSlatticeconstants

of MoS2and WSe2(3.16and3.28̊A[25,26])differbyabout4%,thesystemsareactually

incommensurate.Howevervarioussupercellsofonelayercanbeconstructedsuchthattheyare
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WSe2 MoS2

twistangle(◦) (nt,mt) strain(%) (nb,mb) strain(%) atoms |T|=|B|(̊A)

5.1,54.9 (9,2) 0.029 (10,1) -0.029 642 33.277

14.5,45.5 (2,9) 0.029 (10,1) -0.029 642 33.277

21.1,38.9 (7,4) -0.027 (10,0) 0.027 579 31.602

TableS2:TheparametersdefiningthecommensuratesupercellsoftheHBforeachtwistangle.

Theprimitive-to-supercellscalingfactorsnt,mt,nbandmb,thestrainineachlayer,thenumber

ofatomsperHBsupercellandthelengthofthesupercellbasisvectoraregiven.

nearlycommensuratetosupercellsoftheotherlayer. Commensurabilityisthenenforcedby

applyingasmallamountofstraintotheindividuallayers.Inourstudythestrainisalways

lessthan0.03%(seeTableS2).DFTcalculationsofpositivebiaxialstraininMoS2showthat

thebandgapchangesby-0.240eV/%strain. ThestraininthecommensurateHBsupercells

thereforealterstheMoS2bandgapbylessthan10meV.Thisismuchsmallerthantheband

structureeffectsweareconsideringinthiswork. Allrelevantstructuralparametersaregiven

inTableS2.EachsetofparametersdescribesasmallandalargeangleHB.Thedifferencesis

generatedbyasimilaroroppositerelativeorientationofthetransitionandchalcogenatomsin

theprimitiveunitcellsofeachlayer.

2.2.2 Layerseparationandstaticwaviness

ThetwistedHBwerestructurallyoptimizedwithdispersion-correctedDFT-TScalculations.

FigureS10(a)showsthemeanlayerseparationdoftheconsideredHB.Thelatterchangesas

acontinuousfunctionofthetwistangleoverarangeof0.07̊A.Incommensurabilityandsteric

effectsleadtoan4%increaseofdascomparedtoahypotheticalcommensurateHBsystem

(dashedlineinFig.S10(a)atd=6.33̊A,takenashalfofthemeanlatticeconstantsof2HMoS2

and WSe2). Thereductionofdforanglesnear0
◦or60◦by1%isaresultofstaticwaviness.

ThiseffectisillustratedinFig.S10(b). TheupperpanelshowsaHBwithatwistangleof

21.1◦andtheupperrightpaneldisplaystheverticalcomponentsofS-Sedistancesandhowthey

varywithintheunitcell. Onefindsvariationsinarangebetween3.32and3.35Å,whichis

insignificant.ThisisverydifferentfortheHBwithtwistanglesnear0◦or60◦.Inthe5.1◦HB

inthelowerpanelalong-wavelengthmoiŕepatternisdiscernibleinthestructureillustration

ontheleft.Thelocallayerseparationismaximaliftwochalcogenatomsareverticallyaligned

(arrow’SeonS’)andminimalifchalcogenandmetalatomsareverticallyaligned(arrow’W

overS’).ThisistheessenceofstericeffectsinTMDChomobilayersandHB.TheS-Sedistances

inthelowerrightpanelshowalargevariation,rangingfrom3.10̊Ato3.55Å.Similarelastic

deformationsinvander WaalsHShavebeenreportedbysomeoftheauthors[27]andKumar

etal.[28].Duetothelong-wavelengthofthemoiŕepatternandaflexibilityoftheMLtobend,
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FigureS10:(a)MeanlayerseparationofMoS2-WSe2heterobilayersvs.twistangle.The‘error

bars’indicatetheminimumandmaximumlocalvariationoftheseparationthatbecomesvery

strongforanglesnear0◦and60◦.(b)left:structureillustration(colorcodeasinFig.S9);

right:colormapofS-Sedistances(verticalcomponents).Distancesinthecolorbararein̊A.

thesetwoextremaarerealizedwithinasingleunitcellandcreateastaticwaviness.For21.1◦

thewavelengthofthemoiŕepatternoftheHBistoosmallandthetwo MLaretoostiffto

conformitandthereforetheHBisnotwavyandtheS-Sedistancesarecloseto3.34̊A.For5.1◦

theS-Sedistancesaresmallerthan3.34̊Ainlargepartsoftheunitcell.Thisisthereasonwhy

themeanlayerseparationisreducedforsmalltwistangles.

2.2.3 DeterminationofDFTtransitionenergies

ThebandstructuresoftwotwistedHBareshowninFig.S11. Duetothelargenumberof

atomspercell(ca.600)thenumberofbandsisalsoverylargeandthecomplexitydoesnot

allowaneasyanalysisasdonewiththeHBmodelsystem(compareFig.S7).IntwistedHBthe

BrillouinzonesoftheindividualMLaretwistedwithrespecttoeachother(seemainarticle)

andtheirbandsarefoldedintotheBrillouinzoneofthecommensuratesupercell.Thisfolding

alsoimpliesthatstatesfromtheK-pointsoftheMLarefoldedtogeneralk-pointsintheHB

supercell.BytracingthemappingoftheMLKpoints,wefindforthetwoexamples,i.e.5.1◦

HB:KMoS2→ ΓHB,KWSe2→ KHB;21.1
◦HB:KMoS2→ KHB,KWSe2→ ΓHB. Notethatthe

Γ-pointalwaysmapstoΓ: ΓML → ΓHB.Itisstraightforwardtoextracttheenergyofthe

K1−K1transitionfromthevalencebandmaximum(VBM)andconductionbandminimum

(CBM)inFig.S11(a).TofindtheenergyoftheVBMK2,Γ1,Γ2andtheCBMK2weexpanded

thewavefunctionsofthebandstatesinLCAO-likebasisfunctions. Weobtaintheprojected
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FigureS11:(a)DFTbandstructuresofHBswithtwistanglesof5.1◦(left)and21.1◦(right).

Thecolorindicatesthelocalizationofthebandstatesinthe WSe2layer(green)andtheMoS2

layer(blue);eachbandstructureisdoubledforclarity.Relevantopticaltransitionsareindicated

bycoloredarrows.StatesarelabeledasinFig.S8(a).(b)ImportantDFTtransitionenergies

forHBwithvaryingtwistangles.Dashedlinesintheupperpanelindicatevaluesobtainedfrom

isolatedmonolayers.

bandstructuresasshowninFig.S11(a)bysummingupthesquaresoftheexpansioncoefficients

fromallatomsofonelayer.Thecolorclearlyindicatesthelocalizationofthestatesandallows

onetofindtheenergiesoftheVBMofMoS2andtheCBMof WSe2.Thefourmostrelevant

transitionenergiesofHBwithdifferenttwistanglesaregiveninFig.S11(b).Theresultsshow

thatthe MLtransitionsareinsensitivetotwistingorinterlayerinteractions,astheirenergies

areequaltotheMLvalue(dashedlines).Thesmallvariationsthatarediscerniblearelikelyto

comefromdifferencesintheresidualstrainofthecommensurateHBsupercells(seeTab.S2).

ThetwointerlayertransitionshoweveraresensitivetotwistingbutonlythetrendofΓ1−K1

agreeswiththePLresults,asdiscussedaboveandinthemainarticle.

2.2.4 Comparisonwithphotoluminescenceenergies

AbsoluteDFTtransitionenergiescannotdirectlybecomparedwithabsolutePLenergiesdue

totheinabilityofthesingle-particleKohn-Shamdescriptiontoproperlyaccountforboththe

quasi-particlebandgapandthetwo-particlestatessuchasexcitons,thatareveryimportantin

TMDCmaterials.TomatchtheenergyscalesofPLandDFTinFig.2(d)ofthemainarticle

wethereforerigidlyshifttheDFTtransitionenergiesby+0.445eV.Thisimpliesthatwedo

notcompareabsolutebutrelativeenergyscales. Forthevariationoftheenergieswithtwist
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Figure S12: Energy gaps and band offsets in the MoS2/WSe2heterobilayer for (left) Γ−K

and (right)K−Ktransitions. States are labeled as in Fig. S8(a).

angle we obtained quantitative agreement that allows us to ascribe the ILE PL peak to the

Γ−K transition. The change of the Γ−K transition energy is essentially a shift of the Γ-

point valence band energy (white arrow in Fig. 3(a) of the main article). It has been previously

shown that relative shifts of valence band energies of TMDCs and other systems with respect

to structural changes can be calculated reliably with DFT [29, 30]. The outstanding agreement

between experiment and DFT in Fig. 2(d) of the main article indicates that neither the dielectric

screening nor the exciton binding energies (see Sec. 2.3) are significantly affected by twisting

and therefore the observed twist-angle-dependent PL shifts are mainly a band structure effect.

2.2.5 Band alignment diagram: estimation of band gaps and band offsets

The basic optical and electronic properties of a HB are defined by the band edge states. Their

relative energies are given in the band alignment diagram in Fig.3(a) of the main article and in

Fig. S12. These diagrams contain the band gaps and the band offsets in the MoS2/WSe2HB.

DFT calculations allow one to calculate ground state properties with high accuracy but band

gaps and the band offsets in heterostructures are only qualitatively correct. For a more reliable

determination we use converged G0W0results from Rassmussen et al., who tabulated absolute

energies1of band edge states (K1andK2) in MoS2and WSe2ML (and various other TMDCs)

[31]. The analysis above shows that interlayer interactions have a weak impact on the band

energy ofK1andK2. Therefore we use these ML values to estimate the band offsetsV
K
h and

Vein the HB as given in the right-hand part of Fig. S12.

1relative to the vacuum level

18



ThebandenergiesofthestatesΓ1andΓ2arestronglyinfluencedbyinterlayerinteractions

(seepinkarrowsinFig.S7(b)). As G0W0 calculationsfortwisted HB(ca.600atomsper

unitcell)arenotatallfeasible,weestimatethebandenergyofthesestateas:εΓ1 =εGW
K1

−
1
2∆GW

SOC(WSe2)−εDFT
K1

+εDFT
Γ1

,whereεGW
K1

istheG0W0bandenergy,∆GW
SOC(WSe2)isthesplitting

oftheK1stateduetospin-orbitinteractionsfromRef.[31]andεDFT
K1

andεDFT
Γ1

aretheDFT

bandenergiesinatwistedHBwithatwistangleof21.1◦(seelabelsinFig.S11(a)). Asthe

G0W0calculationsincludespin-orbitinteractionsandtheDFTcalculationsdonot,weusehalf

of∆GW
SOC(WSe2)tocorrectthatdifference. Wearguethatitisreasonabletocalculatetheenergy

differencebetweenK1andΓ1inDFTbecausethetwostatesare mostlylocalizedinthe WSe2

layerandDFTbandenergydifferencesbetweenvalencestatesinTMDC MLswereshowntobe

ingoodagreementwithexperiment[32,29].Similarly,thebandenergyofΓ2isestimatedas:

εΓ2 =εGW
K2

−1
2∆GW

SOC(MoS2)−εDFT
K2

+εDFT
Γ2

. Theleft-handsideofFig.S12isobtainedusingthis

approach. ThebandoffsetoftheΓ-pointholestatesVΓ
h =εΓ1−εΓ2 inseparated MLis0.16eV

and0.44eVinHB(21.1◦).

2.3 Excitonbindingenergies

Theelectronandholeprobabilitydensitydistributionsinthe MoS2and WSe2layersthatcom-

posetheheterostructureplayafundamentalroleintheexcitonbindingenergyandoscillator

strength. Suchdistributionscanberetrievedfrom DFTcalculationsofthebandstructureof

the MoS2/WSe2heterostructure,asshowninFig. S7(c), whereoneobservesthatattheK-

point,thevalenceandconductionbandstatesarefullyseparatedindifferentlayers.Infact,

thisiswhatonewouldexpectbringingtogetherthesetwolayers:foratype-IIbandalignment

electrons(holes)shouldbefullyconfinedinthe MoS2(WSe2)layer. Thisishowevernottrue

forthevalencebandstatesattheΓ-point,wherea mixingof MLstatesisobserved,with24%

ofthevalenceorbitallocalizedinthe MoS2layer. Wheneverwespeakofelectron-holeoverlap

ointhefigureanddiscussionbelow,werefertotheprojection2oftheholewavefunction|+k

(k=ΓorK)ontothe MoS2layero=|MoS2|+k|2.

Asaconsequenceofthismixture,holesatΓandelectronsatK pointsformpartiallycharge-

separatedexcitonsinrealspacethatexhibitfiniteoscillatorstrength,incontrasttothefully

charge-separatedexciton,withbothelectronsandholesatK,wherethesechargesarecompletely

spatiallyseparatedindifferentlayersand,therefore,haveverysmalloscillatorstrengths.

Inordertoestimatethebindingenergyofsuchpartiallycharge-separatedILE,onecoulduse

the24%-76%distributionforthehole,alongwithacompletelylocalizedelectronin MoS2,to

constructtheexcitonwavefunctiondistributionalongthedirectionperpendiculartothelayers,

whereasthein-plane motion wouldbedescribed,e.g.,byavariationalfunction. However,

electron-holeinteractionsin2D materialsareknowntobeverystrong,duetothelackof

dielectricscreeningbytheenvironmentsurroundingthelayers(assumedtobevacuumhere),

2 Withtheresolutionofidentity 1̂=|WSe2 WSe2|+|MoS2 MoS2|.
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whichsuggeststhatthisdistribution,obtainedabinitiowithoutaccountingforelectron-hole

interactions, maychangeifthisinteractionistakenintoaccount. Therefore,itisimportant

todevelopa modelthat matchesthe DFTinterlayerorbitaldistributionsinthelimitofnon-

interactingcharges,butalsoallowsforcorrectionsduetoelectron-holeinteractions.Thisisdone

inwhatfollows,withinthetight-binding modelframework.

First, weusethe DFTresultstoparametrizetheinterlayerhoppings. Bycomparingthe

conductionandvalencebandsattheK-pointinFig.S7(b)forisolatedmonolayers(dashedlines)

andtheirheterostructure(solidline),oneobservesthatthelatterisbasicallyjustasuperposition

oftheresultsintheformer. Moreover,aspreviously mentioned,electronsandholesarefully

confinedtotheirlayers,withnointerlayer mixing. This meansthatwithinthesimplesttight-

binding modelforelectronsandholesatK,interlayerhoppingparameters mustbezeroand

abasiswithelectronandholewavefunctionsgivenbysingle-layerstates,|i,representingan

electronorholeconfinedinthei-thlayer,withi=1(for MoS2)or2(for WSe2),diagonalizesthe

system. Forsuchacharge-separatedexciton,therefore,nofurtherrefinementisneeded:tight-

binding2×2matricesfortheconductionorvalencebandHamiltonianarediagonal,eigenvalues

aresimply0andVK
e(h)forconduction(valence)bands,whereVK

e(h)istheconduction(valence)

bandoffsetatK,andeigenvectorsare(10)and(01).Lowest-energyelectronandholestates

are(10)and(01),thusrepresentinganelectronlocalizedin MoS2andaholein WSe2,andthe

bindingenergycanbereadilycalculatedjustbysolvingthein-planeSchr̈odingerequationfor

anelectron-holepairusingtheinteractionpotentialforseparatecarriers,whichwillbediscussed

ingreaterdetailfurtheron.

ForvalencebandstatesatΓinFig.S7(c),however,thereisaclear mixtureof MLstates

andtheheterostructurevalencebandisnotjustasuperpositionofthe monolayerones. This

suggeststhatthe2×2tight-bindingHamiltonianmatrixinthiscaseisnolongerdiagonal,but,

inthesimplesttight-binding model,canberatherwrittenas

HΓ
v =

VΓ
h th

th 0
, (1)

where VΓ
h isthevalencebandoffsetbetweenseparate MLandth istheinterlayerhopping

parameter. ThebandstructureinFig.S7(b)showsthatthebandoffset(pinkarrows)increases

asthe MLareputtogetherinaHB.IntheprevioussectionVΓ
h wasdeterminedtobe0.16eV

and0.44eVforseparated MLandthe HB,respectively. Wethusadjustth astoreproduce

thisincreaseofthebandoffsetintheheterostructurevalencebands,obtainingth=0.2341eV.

Finally,diagonalizingHΓ
v fortheseparameters,oneobtainsalsoaholewavefunctionthatis

distributedbetweenbothlayers,with32%(68%)probabilitytobefoundinthe MoS2(WSe2)-

veryclosetotheratio24%-76%obtainedwithDFT,whichaddssupporttoour model.

Wenowconsiderahybridtrialwave-functionfortheexciton |Ψ =Hy(r)|ij:itsradialpart

isgivenbyavariationalhydrogenicfunctionHy(r)=(2a
√

2π)e−r/a,whereaisavariational

parameter,whereasitslongitudinalpart|ijconsistsofthetight-bindingbasisdiscussedabove,
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withanelectroninthei-thlayerandaholeinthej-thlayer.Inthisway,weareassumingthat

thewavefunctionspreadsovertheplanesofeachlayer(withaneffectiveBohrradiusa),butit

isinfinitelythinaroundeachlayerinthedirectionperpendiculartothem.Thisapproachallows

usto”lock”theeigenstatesinthegroundstatefortheradialdirection,whileweinvestigatethe

electron-holedistributionalongthelayersfordifferentstatesintheperpendiculardirection.

Inthemodelbasis|11,|12,|21,|22,thehybridcontinuum/tight-bindingmodelHamil-

tonianisrepresentedbythematrix

H=










H11,11 th te 0

th H12,12 0 te

te 0 H21,21 th

0 te th H22,22










, (2)

withdiagonalelementsH11,11=K11+V11+V
Γ
h,H12,12=K12+V12,H21,21=K21+V21+V

K
e+V

Γ
h,

andH22,22=K22+V22+V
K
e,wherethekineticenergycontributionis

Kij=
2

2µij

1

a2
, (3)

withreducedeffectivemasssµij=(1/m
i
e+1/m

j
h)
−1,whiletheeffectiveinter-andintralayer

electron-holeinteractionpotentialsVijaretheexpectationvaluesoftheinteractionpotential

VQEHij (r),calculatedwithintheQuantumElectrostaticHeterostructuremodel[33],assumingan

electroninthei-thlayerandaholeinthej-thlayer,i.e.Vij=2π
∞
0 H

2
y(r)V

QEH
ij (r)rdr.Inter-

layerhoppingparametersforelectronsandholesareteandth,respectively.TheHamiltonian

FigureS13: GroundstateK-ΓILEbindingenergyasafunctionoftheholebandoffset,

fordifferentholeeffectivemasses:mΓ,WSe2h =2.1m0andm
Γ,MoS2
h =3.3m0(blacksolid),

mΓ,WSe2h =2.1m0andm
Γ,MoS2
h =10.0(bluedotted),mΓ,WSe2h =3.7m0andm

Γ,MoS2
h =3.3m0

(reddashed),andmΓ,WSe2h =3.7m0andm
Γ,MoS2
h =10.0(greendashed-dotted).Electron-hole

overlapsareshownintheinsetfortheblacksolidandbluedottedcases. Theabscissaofthe

insetagreeswiththemainplot.
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matrixEq.(2)isthennumericallydiagonalizedfordifferentvaluesofa,untilaminimumground

stateenergyisreached.

AsverifiedinFig.S12,theconductionbandoffsetatK is0.31eV,(MoS2beingthelayer

withlowestenergy)andduetothelackofinterlayer mixingoftheconductionbandorbitals,

weassumete=0,which makestheHBconductionbandsthesameasasuperpositionof ML

bands,aspreviouslydiscussed. Thisisequivalenttohavingaveryhighelectroneffective mass

inz-directionfortheTMDClayers. Thein-planeelectron massesaremMoS2
e =0.55 m0and

mWSe2
e =0.48 m0[31]. ForthevalencebandwetakeVΓ

h =0.16eV,th=0.2341eVandthe

effectivemassesmΓ,MoS2
h =3.3m0andmΓ,WSe2

h =2.1m0[23],unlessotherwiseexplicitlystated.

LetusfirstinvestigatetheAexcitonbindingenergiesinisolated MLandintheHBwithin

our model.Inthiscase,thevariationalpartofthe modelissufficientandthetight-binding

matrixconstructionisdiscarded,sinceelectronsandholesarebothlocalizedinasinglelayer

andinvolveK-pointstatesonly. The Aexcitonbindingenergiesarethusobtainedsimply

by minimizationofE
MoS2(WSe2)
b = K11(22)+V11(22) withrespectto a. Forisolated ML we

obtainEMoS2
b =−0.607eVandEWSe2

b =−0.553eV.Thesevaluesareingoodagreementwith

thoseintheliterature[34,13]. Forthe MLsinthe HBweobtainEMoS2
b = −0.432eVand

EWSe2
b =−0.396eV,inexcellentagreementwithresultsofLatinietal.whoobtained0.42eV

and0.39eV,respectively[10]. Thesevaluesarelowerthanthoseobtainedforisolated ML.This

isduetothefactthatintheHB,evenwhendealingwith MLexcitons,Viiiscalculatedtaking

intoaccounttheexistenceofanadjacentlayer,whichprovidesextrascreeningoftheCoulomb

interactionthusreducing MLbindingenergies.

TheK −K ILEdoesnotrequiretheuseofthetight-binding matrixdescribedheresince

theconductionandvalencebandstatesinK arecontainedineachsinglelayer. Equivalently,

thetight-binding modeldevelopedherewouldhavehoppingparameterste=th=0. Thehole

effectivemassesatK aremK,MoS2

h =0.56m0andmK,WSe2

h =0.44m0[31]. Ourmodelleadsto

afullK −K charge-separatedexcitonwithbindingenergyEK−K
b =−0.285eV.Thisresultis

ingoodagreementwith0.28eVfoundinRef.[10],whereonlytheK−K ILEisdiscussed.

Conversely,forthepartiallycharge-separatedK−ΓILE,diagonalizationoftheHamiltonian

inEq.2isrequired,whichleadstoabindingenergyEK−Γ
b =−0.547eV,withanelectron-hole

overlapof0.59. AstheinterlayergapfortheK−Γtransitionis2.21eV(seeFig.S12),theILE

peakforthistransitionisexpectedtobeatEK−Γ
ILE −EK−Γ

b =1.663eV.Noticetheinterlayer

electron-holeattractionissostrongitchangestheholedistributionbetweenlayersfromthe

previous32%-68%,forthenon-interactingcase,to59%-41%whentheinteractionisturnedon.

Suchaholedistribution,stronglysharedbetweenbothlayers,explainsthehighvaluesfound

forbindingenergyandelectron-holeoverlapinthiscase.

Itisworthinvestigatinghowtheseresultsdependontheeffective massandbandoffsets

choseninthe model. Forexample,asdiscussedinSec. 2.2.5,theVΓ
h =0.16eVbandoffset

usedhereisinferredfromtheonefoundwith G0W0calculationsfortheK −K transitionby
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subtractingthedifferencebetweenthetopofthevalencebandsforeach materialatΓandK

pointsasobtainedfromDFT.There maythusbeapossibleinaccuracyinthedefinitionofthis

parameterwhichrequiresfurtherinvestigationoftheILEdependenceonthisparameter. For

theeffective massespreviously mentioned,thedependenceoftheILEbindingenergyEK−Γ
b on

VΓ
h isshownasasolidblackcurveinFig.S13. Oneverifiesthatevendoublingthebandoffset

toVΓ
h =0.32eV,thebindingenergystilldecreasesonlyby0.04eV,lessthan10%ofitsoriginal

valueatVΓ
h =0.16eV.NoticethevaluemΓ,WSe2

h =2.1m0isobtainedfromtheheterostructure

bandstructure,whereasmΓ,MoS2
h =3.3 m0isthe monolayereffective massfor MoS2(atΓ).In

factintheheterostructure,thevalencebandwhosewavefunctionispredominantlylocalized

inthe MoS2MLisalmostflat[seeFigs.S7(b)andS11(a)],i.e.itexhibitsanextremelyhigh

effective mass. Nevertheless,inthedefinitionofthereduced massµij,this massappearsinthe

denominator,sothathighvaluesjustshiftthereducedmassclosertotheelectronmassandthe

bindingenergywouldnotbesignificantlyaffected. Thisisverifiedbythebluedottedcurvein

Fig.S13,whichshowsresultsassumingmΓ,MoS2
h =10.0 m0.Suchanenhancementofthehole

effective massfortheΓ2bandonlyleadstoa 0.010eVdifferenceintheILEbindingenergy,

foranyvalueofVΓ
h. Theholeeffective massfortheΓ1band,ontheotherhand,isreducedin

theheterostructure. Usingthe MLvaluemΓ,WSe2
h =3.7 m0whilekeepingmΓ,MoS2

h =3.3 m0,

oneobtainsthereddashedcurveinFig.S13,whichis 0.007eVbelowtheblacksolidcurve.

Finally,usingextremevaluesofeffectivemasses,i.e.mΓ,WSe2
h =3.7m0andmΓ,MoS2

h =10.0,still

leadstobindingenergiesonly≈ 0.010eVbelowtheblacksolidcurve,asshownbythegreen

dashed-dottedcurveinFig. S13.Intermediatevaluesofeffective masswouldleadtocurves

withintheshadedregionofthisfigure.ItisthussafetosaythattheILEbindingenergyisonly

weaklydependentontheeffective masses,whichisinagreementwithdiscussionsinprevious

theoreticalworks[35]. AlthoughthedependenceonVΓ
h isstronger,changingthisparameter

stilldoesnotleadtovaluesofILEbindingenergyfarfromthe≈ 0.5eVfoundhereandthe

conclusionthattheILEhashighbindingenergyisrobust.

TheinfluenceofVΓ
h ontheelectron-holeoverlapoisshownintheinsetofFig.S13forthe

caseswheremΓ,WSe2
h =2.1 m0andmΓ,MoS2

h =3.3 m0(blacksolid)ormΓ,MoS2
h =10.0 m0(blue

dotted).Thisoverlapiscloselyrelatedtotheinterlayerdipolemoment(µIL=ed(1−o),eandd

aretheelementarychargeandthelayerseparation,respectively),whichcouldbeexperimentally

verifiedby measuringtheILEStarkshiftduetoaperpendicularlyappliedelectricfield,where

alinearcontributionshouldappearalongwiththeusualquadraticshift. This measurement

wouldthusgivealsoanestimateoftheholebandoffsetbasedonthe modelproposedhere.

Letusnowcomparethetheoreticallyobtainedresultswiththeactualpeaksobservedinthe

PLexperiment. The meanvaluesoftheAexcitonpeaksof MoS2and WSe2MLare1.920eV

(here,weassumeanexciton-trionsplittingof30 meV)and1.659eV,respectively. Usingthe

energygapatK-pointfor MoS2and WSe2inFig.S12andthepreviouslycalculatedexciton

bindingenergiesforisolated ML,thesepeaksaretheoreticallypredictedtobearound1.873and
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1.527eV,respectively.ThusweobtainexcellentagreementforMoS2andasmallunderestimation

ofthePLenergyfor WSe2. TheILEpeakinthe HBis measuredat≈ 1.61eV(twistangle

near30degrees). OurtheoreticalvaluefortheΓ−K ILEis1.663eV.Thisvaluelieswithin

thesameorderof magnitudeasthe ML WSe2peak. Thisexplainswhythelowerenergypeaks

intheexperimentalPLspectrumarepracticallymerged. Moreover,usingtheinterlayerK−K

gapEK−K
IL fromFig.S12,combinedwiththebindingenergyfortheK−K ILE,EK−K

b ,leads

toapeakaround1.485eV,whichisalreadyfarfromtheexperimentallyobservedmergedpeaks

around≈1.60−1.65. ThisprovidesfurthersupportthatnotaK −K ILEbutΓ−K ILEis

experimentallyobserved.
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