
SUPPORTING INFORMATION

Two-dimensional to bulk crossover of the

WSe2 electronic band structure

Raphaël Salazar,†,‡ Matthieu Jamet,¶ Céline Vergnaud,¶ Aki Pulkkinen,‡

François Bertran,† Chiara Bigi,† Jan Minár,‡ Abdelkarim Ouerghi,§

Thomas Jaouen,∥ Julien Rault,† and Patrick Le Fèvre∗,†,∥

†Synchrotron SOLEIL, L’Orme des Merisiers, Départementale 128, F-91190 Saint-Aubin,

France

‡New Technologies Research Centre, University of West Bohemia, 30614 Pilsen, Czech

Republic

¶Univ. Grenoble Alpes, CEA, CNRS, Grenoble INP, IRIG-SPINTEC, 38000 Grenoble,

France

§Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies, 91120,

Palaiseau, Paris, France

∥Univ Rennes, CNRS, IPR - UMR 6251, F-35000 Rennes, France

⊥ABB Switzerland Ltd, Baden Dättwil, Switzerland

E-mail: patrick.lefevre@univ-rennes.fr

1

patrick.lefevre@univ-rennes.fr


ARPES measurements

The ARPES measurements were all performed at the CASSIOPEE beamline of the SOLEIL

storage ring using a Scienta R4000 analyzer. The sample is installed on a vertical sample

holder, with its surface normal horizontal. The photon beam is horizontal and comes at

45◦ from the electron analyzer axis (see Figure S1), which is mounted with its entrance

slit vertical. In our measurements, we used linear horizontal (LH) polarized light. Three

rotations are available to precisely align the sample with respect to the electron analyzer.
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Figure S1: Top and side view of the experimental geometry showing the sample (schematized
as a rectangle) and the nose of the electron analyzer. On the top view, the light is coming
from the right (schematized as a solid line) at 45◦ from the sample normal when it is facing
the analyzer. ε is the polarisation vector of the beam, which was always linear horizontal in
our measurements. The slit of the analyzer is vertical (along the z-axis, as defined at the
bottom left of the figure).

• A θ-rotation around the z-vertical axis (see bottom left of Figure S1 for the definition

of the frame). This rotation is used to perform a complete 3D-band structure mea-

surement (kx,ky,EB) which can be cut at any electron binding energy EB, giving the

constant energy surfaces used below to align and characterize the samples (see Figure

S2).

• A ϕ-rotation around the sample surface normal, which can be used to align any crys-
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Figure S2: Example of a 3D data block (kx,ky,EB) of the band structure of the N-layer
sample.

tallographic axis of the sample along the analyzer slit.

• A Tilt-rotation around a horizontal axis contained in the sample surface plane, which

was mainly used here to correct vertical angular misalignment.

For the photon energy dependant measurements presented in the main text of the paper,

we used these three degrees of freedom to align the Γ-K direction of the sample reciprocal

space along the electron analyzer slit. Three translations along perpendicular axis are also

available, first to place the sample surface at a correct measurement position, but also pos-

sibly to scan the sample surface. In this latter case, the spatial resolution is around 100 µm.

All the measurement were performed at room temperature. We call k∥ the component of

the wave vector parallel to this direction. A (k∥, EB) image can then be measured at once

thanks to the 2D-detector of the electron analyzer. Here, EB is the electron binding energy

and is measured with respect to the Fermi level. The most efficient way to travel along kz in

the reciprocal space (Γ − A direction) is to vary the photoelectron kinetic energy EK . For

a photoelectron going out from the sample along the surface normal, the relation between

kz and EK is given by kz =
√

2m
ℏ2 (EK + V0), where m is the electron mass and V0 is the

so-called inner potential, a material-dependent quantity which is not known a priori but can

be determined experimentally1. In bulk WSe2, it was shown to be in the order of 13 eV2

(14.5 eV in the work of Finteis et al.3). In this work, we kept the value V0 = 13 eV for all
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conversions. Since EK ≃ hν − EB, varying the photon energy corresponds to changing kz.

In our measurements, we used photons from 20 to 90 eV (and 1 eV-step), which amounts to

span a kz-range from roughly 2.5 to 5 Å−1.

The principle of the monochromator installed on CASSIOPEE does not allow for an

absolute determination of the photon energy. To calculate as precisely as possible the relative

binding energies from one measurement to the other, the Fermi level energy was measured

every 5 eV (at 20, 25... and 90 eV photon energies) on the Mo-clips holding the sample

and connecting it to the ground. The Fermi level energy position was then extracted for

each photon energy by linearly interpolating the data set, and used as the reference for the

binding energies. To allow for more quantitative analysis, the intensities of the spectra were

normalised to the secondary electron background intensity above the Fermi level (excited by

higher harmonics of the undulator providing photons to the beamline), correcting both the

detector background and the differences in flux between two photon energies.

More details about the samples

Most of the samples were grown by Moleclar Beam Epitaxy (MBE) on graphene/SiC(0001),

held at 573 K as measured by a thermocouple in contact with the sample holder) by co-

evaporating W from an e-gun evaporator at a rate of 0.15 Å/min and Se from an effusion

cell. The Se partial pressure measured at the sample position is fixed at 10−6 mbar. In

situ Reflection High Energy Electron Diffraction (RHEED) is used to monitor the WSe2

crystal structure during growth. The obtained WSe2 films were then annealed at 1023 K

during 15 minutes to improve the crystalline quality. Using this method, centimeter scale

(here typically 1×1 cm2) samples can be obtained with a precise control of their thickness,

given by the amount of deposited W, Se atoms being in excess by a factor ∼204–6. The

graphene on SiC(0001) substrates was slightly doped7. Prior to their introduction in the

ARPES chamber, the samples were annealed at 573 K until the pressure stabilised and
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reached down P≃10−9 mbar (about three hours). The annealing aimed at eliminating most

of the contamination adsorbed on the surface.

Prior to the photon energy dependence measurements, we checked the samples to assess

their quality and their band structure. Because ARPES is a reciprocal space resolved tech-

nique, we can extract qualitative information about the crystallography of the sample like

symmetries or surface reconstructions which will manifest in the band structure symmetry

and band duplication. Chemical homogeneity can be checked as well by looking at binding

energy shifts and sharpness of the bands. We review here the evidences collected by the

mean of ARPES on all the samples.

2-layer WSe2 sample

This sample was made by MBE on a graphene/SiC(0001) substrate following the procedure

described above. Depending on the probed area, the band structure appears to be different.

Figure S3(b) shows two dispersions along Γ−K measured on two different locations (labelled

B1 and B2) of the sample. There is an obvious binding energy shift in between the two band

structures, of the order of 200 meV and the top band is brighter at B2. A X-Y map performed

by scanning the beam over a roughly 4×4 mm2 area on the sample surface is presented on

Figure S3(a). The intensity for each pixel is obtained by integrating the intensity over a

binding energy range containing the top band on the B2-location (coloured area in S3(b)).

The sample appears to be quite homogeneous at the beam-size scale (around 50×50 µm2),

but it is clearly not true at the mm-scale.

Let’s focus on the B1-zone, which presents interesting characteristics. The constant

energy cuts shown in Figure S4(a) a show a relatively well defined band structure with

Γ−K directions clearly visible for both graphene (denoted Γ−KGr in the figure) and WSe2

(Γ − KWSe2). The alignment Γ − KWSe2 − KGr also tells us that the WSe2-layer is truly

in epitaxy on graphene. The image does not have excessive azimutal smearing, meaning

that the probed WSe2 is essentially single domain. A second derivative of the constant
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Figure S3: 2-layer sample : (a) Intensity map in the range Ek = −1± 0.2 eV for sample 2-
layer B, hν = 90 eV - LH polarization. (b) Γ−K ARPES cuts on locations representative of
the two zones, hν = 60 eV, LH polarization. The semi-transparent colored areas correspond
to the parts of the signal contributing to the intensity map in (a).

energy surface highlights the double-pocket formed by the two bands at KWSe2 without

any other contributions. However, the pocket contour loses some intensity near the KGr

points, certainly because of the large brightness of the latter. A zoom on a KGr point for

two binding energies are presented on Figure S4(b). The cut at EB=-0.75 eV, near the

Dirac point located at ED=-0.32 eV, shows six points forming a hexagon at a distance of

0.4 Å−1 from the center KGr, a signature of a graphene surface reconstruction. The cut

at EB = −1.65 eV, shows that the graphene π-band is actually doubled, meaning that, on

the SiC-substrate, coexist single layer (SLG) and bilayer graphene (BLG). This is confirmed

by the dispersion displayed in Figure S4(c). Looking in detail at Figure S3(b) we can see

that the low-lying band at Γ of the B1 location is duplicated. This is because the graphene

layer is not completely uniform and two thicknesses of graphene coexist at this location.

The magnitude of the charge transfer being dependent on the number of graphene layers8,

the photoemission spectrum of the WSe2 is duplicated. In the B2-zone, there is no trace of

splitting in the Γ−K dispersion, suggesting a more uniform substrate. We used this zone for

the kz-measurements presented in the main text and its band structure in Γ −K direction

is shown in Figure S5.
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Figure S4: 2-layer sample: (a) Constant energy cut of the band structure and second deriva-
tive recorded on the B1 zone. The thick black line on top indicates the scale 1 Å−1. (b)
Constant energy cuts near the graphene cone at high symmetry point KGr (area surrounded
by the red frame in (a)) at the two indicated binding energies. The thick white line at the
bottom indicates the scale 0.2 Å−1. (c) Γ −→ KGr −→ −KGr ARPES cut with logarithmic
color scale. The cut is made along the thick red line/dash line highlighted in (b). All mea-
surements are done with hν = 90 with LH polarization.
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Figure S5: Γ−K band dispersion of the 2-layer sample in B2 zone. hν = 60 eV, polarization
LH. (a) Raw ARPES data, (b) Second derivative, (c) EDC extracted at K-point from (a) in
red and (b) in green.
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3-layer WSe2 sample

The 3-layer WSe2 sample was grown on Mica and then wet-transferred onto a Gr-SiC sub-

strate4,9. The constant energy cuts in Figure S6(a) show a well defined band structure with

K points with little azimutal smearing. Both the raw data and their second derivative clearly

show the double pocket at KWSe2 . Unlike for the 2-layer sample, the KWSe2 and KGr points

are not aligned but separated by an angle of 13◦. It is actually not surprising since the sam-

ple was grown on a Mica substrate before being transfered onto the graphene layer. The two

structures have therefore no reason to be aligned one with respect to the other. The details

on the bottom of Figure S6(b) show that the graphene has the same surface reconstruction

as in the 2-layer sample, although this time there is only one cone. This is visible both in

the zoomed constant energy cut (EB=-1.6 eV) and the ARPES cut in Figure S6(c) implying

that the substrate is SLG. A dispersion Γ−K recorded at photon energy 60 eV is presented

on Figure S7. It shows the three expected bands at Γ10.
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Figure S6: 3-layer sample: (a) Constant energy cut of the band structure and second deriva-
tive. The thick black line on top indicates the scale 1 Å−1. (b) Detail of the constant energy
cut near the graphene cone at high symmetry point KGr at two energies. The thick white
line at the bottom indicates the scale 0.2 Å−1. (c) Γ −→ KGr −→ −KGr ARPES cut with
logarithmic color scale. The cut is made along the thick red line/dash line highlighted in b.
All measurements are done with hν = 90 eV, LH polarization.
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Figure S7: Γ − K Band dispersion of the 3-layer sample. hν=60 eV, LH polarization. (a)
Raw ARPES data, (b) Second derivative, (c) EDC extracted at K-point from (a) in red and
(b) in green.

N-layer WSe2 sample

The last sample used in the work presented here is the N-layer WSe2 (N-ML). The constant

energy cut in Figure S8 show only the band structure of WSe2 film. In this sample, the

graphene is not visible anymore because of the high number of WSe2 layers (thick sample).

The definition of the ARPES image suggests that the sample is of very high quality with

very low azimutal dispersion. Looking closely, it is possible to see ring patterns that hints

at some disorder. The overall sharpness of the bands, however, is a strong indicator of the

quality of the sample (see Figure S9).
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kx (Å−1) kx (Å−1)
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Figure S8: Sample N-ML: Constant energy cut of the band structure (left) and its second
derivative (right). The thick black line on top indicates the scale 1 Å−1.
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Figure S9: Γ −K band dispersion of the N-ML sample. hν = 60 eV, polarization LH. (a)
Raw ARPES data, (b) Second derivative, (c) EDC extracted at K-point from (a) in red and
(b) in green.

Photon-energy dependence

Figure S10 shows the photon-energy dependent photoemission raw signal corresponding to

the Figure 3 of the main text prior to the conversion to kz for the three studied samples. The

top part of the figure displays the photoemission intensity integrated over a binding energy

range centered on the positions of the bands. It gives a more precise view of their intensity

behaviour.
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Figure S10: Bottom part: Experimental band intensity variations at Γ along the Γ − A
direction of the reciprocal space for 2 (d), 3 (e) and N (f) layers of WSe2 as a function of the
photon energy. Top part: Photoemission intensity integrated over a binding energy range
centered on the positions of the bands for those three samples (areas highlighted with colors
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Tight-binding modelisation of the kz-dispersion

Definition of the model

To model our experimental data, we developed a tight-binding model on increasingly thick

WSe2, retaining only the essential physics of the system and inspired by the derivations

presented in references 11,12. Γ-states are principally composed of one W-5dz2 and two

Se-4pz orbitals. To construct the tight-binding matrix, we use the states |4pb(t)z (rb(t),n)⟩ with

index b(t) corresponding to bottom (top) Se-atoms at position rb(t),n inside a given layer n, as

well as the |5dz2(rd,n)⟩ states of the W-atom located at position rd,n. The matrix describing

the band structure at Γ in a single layer is given by:

H1 =


ep tpd 0

tpd ed tpd

0 tpd ep

 (1)

and the interlayer Hamiltonian Hint is given by:

Hint =


0 0 0

0 0 0

tpp 0 0

 (2)

with on-site energies ep and ed and hopping amplitudes tpp = ⟨pbz(rb,n+1)|Hint |ptz(rt,n)⟩ and

tpd = ⟨dz2(rn,d)|H1 |pb(t)z (rb(t),n)⟩. We consider that the layers are only coupled through the

topmost and bottommost pz orbitals12,13. These amplitudes are calculated using Slater-

Koster integrals Vppσ, Vppπ, Vpdσ, Vpdπ which, in general, depend on the distance between the
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considered atomic centers. The expression of tpp and tpd is as follows:

tpp = (Vppσ − Vppπ)

(
dXX,z

dXX

)2

+ Vppπ (3)

tpd = Vpdσ

((
dMX,z

dMX

)2

− 1

2

(
dMX,x

dMX

)2
)(

dMX,z

dMX

)
+
√
3

(
dMX,z

dMX

)(
dMX,x

dMX

)2

Vpdπ (4)

The full Hamiltonian for N layers of WSe2 is a 3N × 3N matrix written as:

HN =



H1 Hint

HT
int H1 Hint

HT
int H1

. . .


(5)

We directly diagonalize HN to obtain the new eigenstates of the system, obtaining the 3N

eigenstates |ϕi⟩ of energy Ei.

Calculation of the photoemission current

The photoemission current is calculated using the Fermi-Golden rule. We assume a damped

plane wave final state to mimic partial kz conservation |kf −
i

λ
e⊥⟩. The photoemission

current contributed by the state |ϕi⟩ =
∑

j Pij |nj, lj,mj, rj⟩ is:

Mkf ,ϕi
= ⟨kf +

i

λ
e⊥|A · p |ϕi⟩ (6)

= −iℏ
∑
j

Pij

∫
d3rA0e

ikhν ·re−i(kf+
i
λ
e⊥)·r · ∇Rj

nj lj
(|r− rj|)Y j

ljmj
(r− rj) (7)

Being at low energy (10 < hν < 100 eV), we neglect the photon momentum khν . We are only

interested in the perpendicular direction to the surface i.e. kf = kze⊥ so that we only keep
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the component ri · e⊥ = zi. Following the derivation of reference 14, equation (7) becomes:

Mkz ,ϕi
∝
(
−ikz +

1

λ

)
A0 · e⊥

∑
j

Pije
−i(kz+ i

λ)·zi
∫

d3re−i(kz+ i
λ)zRj

nj lj
(r)Y j

ljmj
(r) (8)

Equation (8) involves a damped Fourier transform of the orbitals |nlm⟩ that we approximate

to the simple Fourier transform of ⟨k|nml⟩ = fnl(|k|)Yml(θk, ϕk)
14. In our case, this means

⟨kz|nml⟩ = fnl(kz)Yml(0, 0) with fnl such as:

fnl(k) = 4πa3/2∗

√
(n− l − 1)!

(n+ l)!
n222l+2l!

(−iy)l

(y2 + 1)l+2
C l+1

n−l−1

(
y2 − 1

y2 + 1

)
(9)

where a∗ = a0/Z (a0 is the Bohr radius and Z the charge of the nucleus in question)

y = nk/a∗ and C l+1
n−l−1 a Gegenbauer polynomial11. It follows that:

Mkz ,ϕi
≈
∑
j

Pije
−i(kz+ i

λ)·zif j
nj lj

(kz)Y
j
ljmj

(0, 0) (10)

≈
∑
j

e−i(kz+ i
λ)·ziPijMkz ,j (11)

Finally we can calculate the total photoemission current as:

Iph(kz, ω) ≈
∑
i

|Mkz ,ϕi
|2A(ω − Ei) (12)

where A(ω − Ei) =
2η

(ω−Ei)2+η2
is the broadened Ei line.

Simulation parameters

For the simulation, we used the Vppσ = 1.530 eV, Vppπ = −0.123 eV, Vpdσ = 5.803 eV,

Vpdπ = −1.081 eV coefficients from reference 15. ep and ed = −2.7 eV are set equal despite

the different crystal fields values. This modification accounts for the missing hybridization

within the layer. The distances dMX,z = 3.5881056 Å, dMX = 1.4459472 Å, dXX,z = 4.59299
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Å, dXX = 2.55271 Å, are determined geometrically (see Figure S11) from the bulk crystal-

lographic parameters16. In the specific case of WSe2, one has to encode two contributions

for the photoemission signal: one can have the sequence W-Se-Se or the sequence Se-Se-W

emitting simultaneously in the kz direction. This is a simplified version of the screw axis

symmetry discussed in reference 3. This corresponds to a phase factor that we include in

the formula of the matrix element:

Mkz ,ϕi
≈

∑
φ∈{0,2π/c}

∑
j

e−i(kz+φ+ i
λ)·ziPijMkz ,j (13)

This can lead to additional interferences. For the clarity of exposition, we only keep the

phase term φ = 2π/c which corresponds to the less-suppressed bands in the experimental

data.

dXX

dMX
dMX,z

dMX,x

dXX,z

M

X

layer
n

layer
n+1

b

t

Figure S11: Geometrical model for the 1D kz-dispersion of a MX2 TMD.
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One-step model ARPES calculations

The structures of the 1-, 2- and 3-layer as well as bulk WSe2 were constructed using the bulk

lattice parameters (a = 3.282 Å, c = 12.96 Å). The electronic structure was calculated us-

ing the full potential spin-polarized relativistic Korringa-Kohn-Rostoker method (SPRKKR

package)17, which solves the Dirac equation using multiple scattering and Green’s functions.

The 1-, 2-, and 3-layer structures were solved within a repeated slab geometry with vacuum

thickness > 25 Å. Exchange and correlation effects were treated at the level of local spin

density approximation (LSDA) and the basis set was truncated at lmax = 3. The ARPES

calculations were performed in layer-KKR formalism with a semi-infinite surface construc-

tion. For the 1-, 2-, and 3-layer structures we set the bulk repeat sequence as vacuum, and

therefore the ARPES calculation treats them as truly freestanding thin films.

Detailed comparison of the models and experiments

Comparison of the three simulation schemes for different 1,2,3,N-

layer systems

Figure S12 summarizes the results of the different calculation strategies used in this paper

for 1-, 2- and 3-layer WSe2 systems as well as on a bulk crystal.

Quantitative comparison of the eigenvalues calculated in the TB and

1-step models with experimental data

This section is dedicated to the extraction of the bands binding energies at Γ and K, both in

the experimental data recorded on the different samples and in simulations. This was done

by fitting energy dispersion curve (EDC), i.e. vertical cuts in images like the one presented on

Figure S9. To improve the signal to noise ratio, EDCs were averaged over ±0.05 Å−1 around

the points of interest. This work was done on the second derivative of experimental images
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Figure S12: Comparison of kz-dispersions obtained with the different models. Left: TB-
FE: tight-binding initial state, free-electron final state. Middle: 1-step-FE: Bloch spectral
function initial state, free-electron final state. Right: 1-step-TrLEED: Bloch spectral function
initial state, time-reversed LEED final state. These calculations were performed on (from
top to bottom) 1-, 2- and 3-layer WSe2 systems as well as on a bulk crystal.

recorded at hν = 60 eV, a photon energy which corresponds to a bulk Γ point (see Figure

S10). For the calculations, we used the results obtained with the 1-step-TrLEED model at

hν = 90 eV, another bulk Γ point. Figure S13 shows the EDC at Γ and K extracted from the

experimental data (second derivative) and the calculations. The positions of the peaks are

extracted after fitting the data with appropriate line-shapes (Lorentzian for the simulations,

Gaussian for the experiments). We are here only interested in the top bands of the valence
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band, so lower lying bands are excluded from the fit. We calculated different quantities like

∆Γ−K , the energy difference between the top of the valence band at Γ and at K, ∆s−o, the

splitting between the two bands at K and ∆Γ−tot, the total energy width containing all the

bands at Γ constituting the top of the valence band. The extracted values are summarized

in table 1 and table 2. They compare well to the literature. In the case of 3-layer sample,

the reported values differ slightly from the literature value in reference 9 even though the

samples are identical. This might indicate a slight deviation from the Γ − K cut in the

detector or a slight evolution of the sample on a few years time span.
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Figure S13: (a-c) Normalised experimental EDC from second derivative signal measured
at hν = 60 eV for samples 2,3,N-layers (see Figures S5, S7, S9). Valence band peaks at
Γ (labeled Γi) and K are fitted with Gaussian line-shapes. (d-g) Normalised experimental
EDC from signal calculated with 1-step-TrLEED model at hν = 90 eV for samples 1,2,3,N-
layers. Valence band peaks at Γ and K are fitted with Lorentzian line-shapes. For the bulk
case, ∆Γtot is obtained by locating the low binding energy side of the band using a fit with
a Fermi-Dirac distributions.

17



Table 1: Energy differences between the three top bands of the valence band at the Γ-point
(∆Γi,j is the energy difference between band i and band j; ∆Γtot is the energy difference
between band 1 and band 3) extracted from the TB-FE calculation, the 1-step-based cal-
culations and the experimental data (second derivative). 1-step and experimental values
are calculated from the EDCs available in the Supplementary Information. We did not fit
1-step-FE data since they yield the same values as 1-step-TrLEED (same initial state). The
values for the TB-FE model are calculated from the eigenvalues after diagonalization of the
TB-Hamiltonian.

TB 1-step EXP
2-layer ∆Γtot 0.503 0.602 0.600

3-layer
∆Γ12 0.237 0.275 0.299
∆Γ23 0.410 0.495 0.479
∆Γtot 0.648 0.770 0.778

N-layer ∆Γtot 0.737 1.013 0.975

Table 2: Energy differences (see text for the definitions) between the bands at Γ and K ex-
tracted from the 1-step calculations and compared to experimental data (second derivative).
Calculated from the data in Figure S13. Additional values from the literature are given in
parenthesis for comparison with our results.

1-step EXP

1-layer ∆Γ−K -0.507 (-0.518)
∆s−o 0.477 (0.488)

2-layer ∆Γ−K -0.055 -0.047 (-0.08019)
∆s−o 0.484 0.478 (0.48919)

3-layer ∆Γ−K 0.054 0.073 (0.0579)
∆s−o 0.481 0.474 (0.4809)

N-layer ∆Γ−K 0.165 0.189
∆s−o 0.466 0.464
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