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The influence of sodium on the band structure of MoS2(0001) and the comparison of the

experimental band dispersion with density functional theory show excellent agreement for the

occupied states (angle-resolved photoemission) and qualitative agreement for the unoccupied states

(inverse photoemission spectroscopy). Na-adsorption leads to charge transfer to the MoS2 surface

causing an effect similar to n-type doping of a semiconductor. The MoS2 occupied valence band

structure shifts rigidly to greater binding with little change in the occupied state dispersion.

Likewise, the unoccupied states shift downward, approaching the Fermi level, yet the amount of

the shift for the unoccupied states is greater than that of the occupied states, effectively causing a

narrowing of the MoS2 bandgap. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903824]

Alkali metal adsorption on MoS2(0001) and the related

metal dichalcogenides MX2 (with M¼Mo, W, and X¼ S, Se)

is an effective way to characterize the changes to band struc-

ture that occur upon charge transfer and/or n-type doping. In

the context of nanoscale electronics, charge transfer to MoX2

layers by means of electrostatic gating has been employed to

change their transport properties,1–5 rendering a good under-

standing of the effect of extrinsic charge doping an important

step towards functional MX2-based electronic and spintronic

devices. Indeed, alkali metal potassium doping has been used

to make an n-doped field effect transistor to construct an in-

verter based on WSe2.5 The MX2-Na interaction is, however,

not only relevant for electronic applications but also in several

different areas: for instance, sodium-ion batteries (SIBs) have

been discussed6,7 as an alternative to lithium ion batteries and

2-D layered nanomaterials, such as the MX2, may be capable

of accommodating the large volumetric strains during charg-

ing and discharging, while remaining high-capacity sodium

host materials. In addition, alkali metal adsorption has signifi-

cant influence on the catalytic properties of MoS2.8–10

Although there are many efforts to experimentally char-

acterize the band structure of MoS2,11–16 as well as of mono-

layer MoS2,14,17 the aspect of intrinsic and extrinsic doping

has not been addressed by methods that allow access to both

occupied and unoccupied band structure/alignment.16 Worse

yet is our understanding of the influence of alkali metals on

the electronic structure of MoS2.8–10,17–21 This study

addresses some of the deficiencies in our understanding in

charge donor modifications to the MoS2(0001) band struc-

ture through a combined investigation of both the unoccu-

pied and occupied electronic structure, detailing the changes

in electronic structure that accompany Na adsorption, but

without the complexities associated with intercalation.17

The occupied states were measured by high-resolution

angle-resolved photoemission spectroscopy (ARPES), per-

formed at the linear undulator beamline (BL-1)22 at the

Hiroshima Synchrotron Radiation Center (HiSOR) at

Hiroshima University, Japan, described elsewhere.16 The

energy resolution was limited by temperature, not the instru-

ment, and estimated to be �30 meV for ARPES performed

at room temperature. The angular resolution was 0.7�, corre-

sponding to a wave vector resolution of 0.035 6 0.005 Å�1

for h�¼ 34 eV at the Fermi level (EF).

The unoccupied state spectra were acquired in separate

ultrahigh vacuum systems equipped with the inverse photo-

emission (IPES), low energy electron diffraction (LEED),

and x-ray photoemission spectroscopy (XPS). The inverse

photoemission experiments were acquired in the isochromat

mode with a commercial high resolution electron gun

(Kimbal Physics) combined with channeltron-based photon

detector (Omnivac), as well as using an electron gun based

on the photoemission from cesiated GaAs, with a Geiger

Muller photodetector, the latter as described elsewhere.23

The results shown here are from the inverse photoemission

spectra obtained with the channeltron-based photon detector.

The IPES systems were capable of angle resolved measure-

ments to extract wave vector dependence of the unoccupied

states. The total IPES resolution was about 400 meV. Spectra

were taken along two different crystallographic directions

with various electron incidence angles, corresponding to the
�C to �K direction to �1.0 Å�1 and to the �C to �M direction to

�0.7 Å�1, in steps of 5�. Throughout the discussion, the

binding energies are referenced to the Fermi level (E–EF) of

an Au film electrically connected to the sample.

Samples were cleaved in-situ for both the photoemission

and inverse photoemission measurements, and surface order

0003-6951/2014/105(24)/241602/4/$30.00 VC 2014 AIP Publishing LLC105, 241602-1
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and orientation were confirmed by LEED, as described in Ref.

16. Sodium dosing onto MoS2(0001) was achieved by means

of a standard Na getter (SAES). The vacuum remained better

than 10�10 Torr throughout the experiments and the Na/

MoS2(0001) surface was routinely characterized by X-ray

core level photoemission (XPS) to verify the absence of sur-

face contamination. All measurements were carried out at

room temperature to ensure adsorption of no more than one

monolayer of Na, and to suppress the time-dependent interca-

lation as has been described for K on MoS2 at low

temperatures.17

As noted elsewhere, the experimental band structure

(red and yellow in Figure 1(a)) is seen to be in excellent

agreement with surface weighted band structure obtained

from density functional theory (DFT) calculations using the

super cell method with a plane-wave basis set (at a cutoff

energy of 500 eV) and the projector-augmented wave

(PAW)24,25 technique as implemented in the Vienna

ab-initio Simulation Package (VASP),26,27 as detailed in

Ref. 16. The van der Waals interactions are treated using the

DFT-D3 approximation.28 This agreement between theory

and experiment for the occupied valence states of clean

MoS2(0001) surface is seen along the �C– �K and �C– �M direc-

tions of the surface Brillouin zone.

Figure 1(b) shows a selection of IPES spectra along the

high symmetry directions of MoS2(0001) surface Brillouin

zone. IPES is a very low intensity measurement, so the ex-

perimental band structure measurements include far less

wave vector sampling than angle-resolved photoemission

measurements of Figure 1(a). Nonetheless, there is clear evi-

dence of dispersion for multiple bands along both symmetry

lines, �C– �M– �K. The experimental wave vector dependent

band mapping for the unoccupied states shows the trends

expected from theory (DFT), but the agreement is not nearly

as good as seen for the occupied states, as summarized in

Figure 2. The experimental band structure of the unoccupied

states, while in reasonable agreement with the expectations

of DFT close to EF (green), diverges significantly from the

DFT predictions well above the Fermi level (red and blue). It

is a known problem that DFT must be rescaled for

comparison with experimental results for unoccupied

states.29,30 Here, the electronic band structure along the
�C– �K– �M–�C directions were calculated with 159 k-points, but

no corrections were made for finite temperature or final state

effects in our model calculations.

From the combined photoemission and inverse photo-

emission measurements, we find an indirect band gap of

1.4 6 0.2 eV, close to the expected MoS2 1.29 eV indirect

band gap,31 but much larger than the calculated band gap of

density function theory of 0.90 eV, as is generally expected.

The placement of the Fermi level closer to the valence band

maximum, than the conduction band minimum cannot be

taken as an indication of a more p-type material, while there

is no evidence of charging in our measurements, band bend-

ing in the region of the surface cannot, a priori, be excluded.

The deposition of Na on MoS2(0001) leads to an

increase in the valence band binding energies by �0.5 eV, as

illustrated in Figure 3. Figures 3(a)–3(d) show the experi-

mental occupied band structure of clean MoS2(0001) along

both the �C– �K symmetry direction (Figures 3(a) and 3(b))

and the �C– �M symmetry direction (Figures 3(c) and 3(d))

before (Figures 3(a) and 3(c)) and after (Figures 3(b) and

3(d)) Na exposure. We observe a rigid shift of the occupied

valence bands to greater binding energies practically inde-

pendent of symmetry direction and wave vector. This bind-

ing energy increase (shift) is greater than the roughly 100 to

150 meV shift reported for Na on WSe2,32 but less than the

approximately 0.5 to 0.84 eV, 0.6 eV, and 0.75 eV shifts seen

for Cs, Li, K, respectively, on MoS2.21 As with Na adsorp-

tion on WSe2 at room temperature,32 we find evidence for

only a single 1s Na core level and multiple 2p shallow core

level that might be an indication of multiple site locations

but not intercalation (see the supplementary material33).

We attribute the binding energy shifts largely to initial

state effects resulting from charge doping of the MoS2 sur-

face leading to band bending or possibly similar to alkali

FIG. 1. (a) The density functional theory surface and near surface weighted

bands (blue dots) of MoS2(0001) are compared to the display of the experi-

mental band structure (red and yellow, with yellow indicating greater inten-

sities) obtained from ARPES, for the p-polarization geometry and 34 eV

photon energy along the combined �M-�C- �K symmetry directions of the sur-

face Brillouin zone. Binding energies are denoted as E-EF. (b) The experi-

mental set of angle-resolved IPES spectra, with a thick black spectrum

referring to �C (normal incident IPES results), along both �M-�C- �K symmetry

directions. FIG. 2. The combined occupied and unoccupied band dispersion obtained

from photoemission and inverse photoemission (Figure 1) along both �M-�C-
�K symmetry directions. Those black dots are the results of the density func-

tional theory for the surface and near surface weighted bands of MoS2(0001)

calculation and overlapped on the experimental results, in the region of the

Fermi level both below (ARPES) and above (IPES) EF, respectively.

241602-2 Komesu et al. Appl. Phys. Lett. 105, 241602 (2014)



metal doping of organic thin films.34,35 This is also consist-

ent with theory, as seen in Figure 4(c), where with only a 1=4
monolayer of Na on MoS2(0001), the six layer DFT slab cal-

culation shows the system metallic with an appreciable Na

weighted density of states at �K and �M just below the conduc-

tion band minimum of MoS2(0001), which now crosses the

Fermi level. The photoemission spectra show a weak states

near the Fermi level in the vicinity of �K and �M, induced by

Na adsorption, and not seen for clean MoS2(0001). These

new states, that accompany alkali metal adsorption on

MoS2(0001), are expected from the calculated band struc-

tures for greater than 1=4 monolayer of Na on MoS2(0001)

and reported previously.17,21 Intercalation of K, below sur-

face layer of single crystal MoS2, has been seen to result in a

band structure with greater binding energies,26 as seen here,

but the dispersion of the states at the top of the valence band

structure changes dramatically, resulting in a band structure

somewhat more characteristic of an MoS2(0001) monolayer.

This alteration in the placement of the valence band maxi-

mum,26 with alkali metal adsorption, is not seen here, as is

evident in Figures 3(a)–3(d).

Figure 4 juxtaposes the shift of the occupied states with

increasing sodium adsorption to the shift found for the unoc-

cupied states between the bare and the Na room temperature

saturated surface of MoS2(0001). This complementary set of

photoemission and inverse photoemission spectra shows that

the energy shift that occurs with Na exposure to MoS2(0001)

is 0.5 eV for photoemission and 1.0 eV for inverse photoemis-

sion, respectively, resulting in a net lowering of the apparent

bandgap by �0.5 eV corresponding to more than 1/3 of its

native value. This difference in the binding energy shifts

observed for occupied (valence) and unoccupied (conduction)

electronic structure, that accompanies Na exposure to

MoS2(0001), is a strong indication that the band structure is

perturbed either in the initial state, leading to a closure of the

band gap, or in the final state, due to a change in metallicity.

Initial state effects, which leave the band structure otherwise

unaffected, as in the case of simple extrinsic charge doping,

should affect both occupied and unoccupied states equally and

in the same direction. In contrast, differences in the shifts seen

for the unoccupied states (inverse photoemission) and occu-

pied states (photoemission) are indicative of either final state

effects or changes to the initial state band structure that lead to

a closure of the band gap. Prior work attributed differences in

the shifts seen for the unoccupied (inverse photoemission) and

occupied states (photoemission) to final state effects36,37 and

frequently final state effects are most evident in the unoccu-

pied state band structure. For molecular thin film systems,

increased screening in the final state, affects more profoundly

the inverse photoemission than the direct photoemission, lead-

ing to an apparent reduction in the highest occupied molecular

orbital (HOMO) to the lowest unoccupied molecular orbital

(LUMO) gap.36 This is consistent with the increased metallic

character evident in our DFT calculations for Na coverages of
1=4 monolayer and above, with a monolayer of Na making

MoS2(0001) fully metallic, leaving no bandgap whatsoever in

the six layer slab calculation. Alternatively, Na adsorption is

seen to affect the band structure of MoS2(0001), and most sig-

nificantly the unoccupied bands (Figure 4(c)), with a decrease

in the gap of the MoS2(0001) weighted density of states

between 13% and 43%, corresponding to the variation of Na

coverage from 1/16 monolayer to 1/4 monolayer Na. A full

monolayer of Na on a six layer slab of MoS2 is found to be

fully metallic, with no gap in the region of the chemical poten-

tial (the Fermi level), but the decrease in the gap of

the heavily weighted MoS2(0001) density of states of only

about 12%. Band bending, as suggested for Rb on WSe2,38

would also have a more profound effect on the unoccupied

states, than the occupied states.

The fact that the band gap decreases rather than

increases, with Na exposure, argues against Na intercalation.

In studies of K on MoS2 at very low temperatures,17 the

FIG. 3. The experimental band mapping of MoS2(0001) along the high sym-

metry lines: (c) and (d) for along the �C- �M, and (a) and (b) for along the �C- �K
symmetry directions. The panels (a) and (c) are for clean MoS2(0001), while

(b) and (d) following Na exposure to MoS2 (saturation at room temperature).

The total shift seen in the photoemission is about 0.5 eV, largely independent

of wave vector.

FIG. 4. The experimental spectra for both (a) photoemission (occupied) at

normal emission and (b) inverse photoemission (unoccupied) at normal inci-

dence or about the �C for both occupied and unoccupied states. The photoem-

ission (a1) and inverse photoemission (b5) spectra for clean MoS2 are

compared the photoemission spectra (a2), (a3), (a4), and inverse photoemis-

sion spectrum (b6) for increasing Na coverages on MoS2(0001), with spectra

(a4) and (b6) taken for saturation at room temperature. This illustrates

changes in electronic structure with increasing Na coverages on MoS2. The

total shifts on photoemission and inverse photoemission are roughly 0.5 eV

and 1.0 eV, respectively. (c) shows the calculated six layer slab band struc-

ture (DFT) for 1=4 (2�2) Na adlayer on MoS2(0001), with a strongly Na

weighted occupied density of states below the MoS2 conduction band.

241602-3 Komesu et al. Appl. Phys. Lett. 105, 241602 (2014)



band gap was seen to increase so that an electronic structure

characteristic of the isolated monolayer at the surface of the

bulk MoS2 crystal was noted, as a result of intercalation of

K. The effective band gap, of 1.8 eV, as might be inferred

from those measurements,17 places the band gap close to the

value predicted by DFT, and the value of 1.9 eV expected

based on photoluminescence of monolayer MoS2(0001).

This minor deviation in the band gap, easily explained by an

added Na density of states just below what was formally the

MoS2 monolayer conduction band minimum, argues against

a major final state influence on the photoemission spectra

due to increased metallicity.

In summary, we obtained the wave vector dependent

occupied and unoccupied band structure of the MoS2(0001)

surface though a combination of angle-resolved photoemis-

sion and inverse photoemission. While the exposure of Na to

the MoS2(0001) surface leads to the expected n-type doping

shifts of the bands,5 this shift in the band binding energies is

wave vector independent for the occupied bands, not seen in

the case of alkali metal intercalation.17 From the different

shifts seen in photoemission and inverse photoemission we

are led to the conclusion that Na exposure increases the met-

allicity of MoS2(0001), consistent with theory.
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