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Surface confined quantum well state (scQWS) is a QWS confined around the surface of a thin film

whose electronic energy is smaller than the work function of the film. The scQWS is rather rare in

most thin films. Here, we show the existence of scQWS in thin films of transition metal

dichalcogenides, MoS2. Signatures of scQWS are identified as the overall downward band

dispersion in the bulk gap of 2H-MoS2 thin film at larger binding energy range. These scQWSs are

also characterized with a Shockley-type surface state having an inverse parabolic decay into the

film and a symmetric (asymmetric) distribution of projected charge density at the two surfaces of

odd-layer (even-layer) films. Our findings of scQWS in MoS2 shed some light on understanding the

electronic properties of 2D materials with implications in future 2D electronic devices. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934610]

Research on graphene and other two-dimensional (2D)

atomic crystals,1,2 such as transition metal dichalcogenides

and boron nitride, is rising to be one of the leading topics in

condensed matter physics because of a variety of unusual

properties originating from the quantum confinement in com-

parison with their three-dimensional matrix. When the iso-

lated atomic planes are stacking in a way of layer by layer

into van der Waals (referred to be vdw hereafter) structures,

they can reveal unusual properties and phenomena unexplored

before. Many fundamental physics not present in individual

2D crystal is widely expected to emerge in vdw structures

with atomically thin barriers and quantum wells (QWs).3,4

The remarkable effect is that the electrons confined in

thin films lead to QW state (QWS).5,6 The electrons confined

by the finite barrier involve multiple reflections between two

film boundaries. When the thickness of potential barrier is

comparable with the de Broglie wavelength of the electrons,

it leads to quantized energy level and the standing wave of

electronic states takes place. Due to the presence of bound-

ary between crystal surface and vacuum, the finite barrier for

QWSs leads to the following Bohr-Sommerfield quantization

rule (also known as phase accumulation rule)7

2jðEÞd þ /ðEÞ ¼ 2np; (1)

where / is the binding energy and E is the dependent phase

shift at the boundary. Here, the momentum j is the binding

energy dependent as well. n is the principal quantum number

of a quantum well state with film thickness of d. For free

electron gas confined in one-dimensional box, the quantized

energy levels follow E ¼ �h2j2=2m�, where m� is the effec-

tive mass for a free electron. The allowed wave vector k for

quantum well states is given by j ¼ np=L. Thus, we have

the power-law scaling E / 1=m�L2. This is a special form of

Bohr-Summerfield rule.7 If the electronic energy is roughly

in the bulk gap, the electron cannot propagate inside the bulk

crystal and will be reflected backward forming quantum well

resonance (QWr).8 If the energy of an electron is smaller

than the work function, the electron is therefore confined by

the crystal surface potential. Therefore, the confined elec-

tronic states around the film surface will decay in a parabolic

scaling like QWS. This leads to surface confined QWS

(scQWS), which has characteristics of both quantum well

state9 and crystal Shockley-type surface state (SSS).10

The SSS is ubiquitous in 2D confined geometry of mate-

rials, which include closely packed surfaces of noble metals

such as Au(111),10 Ag(111),11,12 Cu(111),13 and Pt(111).14

The wave function of a solid takes the form of

w0 ¼ uðrÞeijxxþijyyþijzz, where uðrÞ is the periodic part of the

Bloch wave function. In the metal thin films, the periodicity

of a crystal solid is broken by the presence of surface. Then,

kz in the general Bloch wave function is replaced by a com-

plex number k. The SSS is non-degenerate due to the coupling

of opposite surfaces for smaller film thickness. The energy

separation between the non-degenerate electronic band fol-

lows E / e�ReðkÞL,15 which indicates that the reciprocal inter-

action between opposite surfaces will decay exponentially.

With the increasing film thickness, the SSS electronic states

become degenerate and are characterized by the parabolic

band dispersion with positive effective mass in the gaps of the

projected bulk states. Moreover, the projected charge density

for these SSS accumulates around the film surface, and decay

exponentially into the thin films, which is strikingly different

from the parabolic decay in scQWS. Moreover, the binding

energy and wave function of the SSS are independent of the

film thickness. Similarly, these properties of the scQWS are

independent of the film thickness as well.

Normally, the scQWS is rare in thin films of conven-

tional noble metals due to the delocalized electron gas. Here,

we show the existence of crystal surface confined QWS in

thin films of molybdenum dichalcogenides by performing

density functional theory (DFT) calculations. The planar

averaged charge density for scQWS is localized around the

surface, just like the SSS. Different from the exponential

decay of the SSS in 2DEG system, however, an inverse

power-law scaling is found in much thicker MoS2 films, sig-

nifying the origin of QWS. Furthermore, the projecteda)jtsun@iphy.ac.cn
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charge density shows a symmetric (asymmetric) distribution

at the two surfaces of odd-layer (even-layer) films.

The electronic ground-state calculations have been car-

ried out within density functional theory formalism as imple-

mented in the VASP code.16 The interaction between valence

electrons and ion cores is described by projector augmented

wave (PAW) method.17 The exchange-correlation functional

is described by local density approximation (LDA).18,19 The

plane-wave kinetic energy cutoff of 400 eV has been

employed for the expansion of wave function. We used slab

models to represent the crystal surfaces in DFT calculations.

Each slab has vacuum of thickness of 20 Å to prevent spurious

interaction between them due to the periodic boundary condi-

tion. Structural optimizations for all the studied MoS2 slabs

were performed by fixing the in-plane lattice constant to that

of experimental bulk MoS2 (a0¼ 3.166 Å).20 All ions in the

studied MoS2 slabs were then relaxed until the Hellmann-

Feynman forces were less than 10meV/Å.

Figures 1(a) and 1(b) show the atomic structures of two-

layer MoS2 thin films as indicated by shallow orange areas.

Each MoS2 monolayer consists of one layer of Mo atoms

(blue) sandwiched by two layers of S atoms (green) in such a

way that each Mo atom is coordinated by six S atoms in a tri-

gonal prismatic geometry and each S atom is coordinated by

three Mo atoms. The symmetry group of monolayer MoS2 is

D3h, which contains the discrete symmetries C3 (trigonal

rotation), rv (reflection by the yz plane), rh (reflection by the

xy plane), and any of their products.

It is well established that the electronic structures of

MoS2 thin films (Fig. 1(d)) evolve from direct semiconductor

in monolayer limit to indirect semiconductor in the multilayer

case. The detailed evolution of the band gap of the MoS2
films with the inverse of film thickness is shown in Fig. 2(a).

The black (red) dotted line is the evolution of direct (indirect)

band gap of the MoS2 film at K point (from C point to Q val-

ley). Both lines (black and red lines) show similar trend of

the band gap evolution for the MoS2 films. The calculated

direct band gap for monolayer MoS2 is 1.9 eV, which is

smaller than that by including the quasiparticle correction.20

This is due to the well-known problem of local density

approximation in DFT framework, which usually underesti-

mates the band gap of solid materials,19 but will not affect

our analysis here. Eight-layer MoS2 film is a semiconductor

with an indirect band gap of about 0.69 eV because of the

indirect electronic hopping from C point and the so-called Q

valley between C point and K point (Fig. 2(b)) as shown in

the first Brillouin zone (Fig. 1(c)).

To investigate the quantum well state of MoS2 thin films,

the band structures of the eight-layer MoS2 film are super-

posed on the projected band structures of bulk MoS2, as

shown by the gray background. Closer inspection of the band

structures of the eight-layer MoS2 film (Fig. 2(b)) shows that

the two energy bands with energy separation DE from the re-

ciprocal surface interaction appear in the gap of the projected

bulk states roughly located at the �1.45 eV below the valence

band maximum. A magnified view of both energy bands is

shown in Fig. 2(c). It is found that both bands show a valley-

like dispersion with a small scale of the Brillouin zone. More

interestingly, the valley-like band dispersion will become flat-

ter, and a protrusion-like band dispersion will appear eventu-

ally in this small region with the increasing film thickness.

Beyond the valley region, both bands originate from the QWS

of the eight-layer MoS2 slab, when the momentum of the

scQWS states is far away from the C point. With the increas-

ing thickness of the MoS2 films, the separation DE (black dots

in Fig. 2(d)) between two electronic states at the C point

decreases and degenerates eventually. This is expectedly due

to the vanishing interaction of both the surfaces, which indi-

cates that both the bands have similar properties of the

Shockley-type SS.

As mentioned above, the SSS exhibits an exponential

scaling as a function of the film thickness, namely, the energy

separation DE decays exponentially as characterized by the

real part of k. So, the calculated energy splitting DE is first fit

by an exponential curve. Surprisingly, the calculated data DE

cannot be fit well with an exponential curve. Instead, the cal-

culated data can be nicely fit by a second-order power-law

scaling function, as shown in Fig. 2(d) (blue line). This indi-

cates that the energy separation DE does not decay with film

thickness steeply in an exponential fashion as expected for the

SSS, but decay slower in an inverse parabolic scaling, charac-

teristic of quantum well state. This leads us to believe that the

band dispersion projected in the bulk gap of the MoS2 thin

film have the electronic origin from the QWS rather than the

SSS. Since these states with the inverse parabolic decay are

localized at the surface, we further characterize them as sur-

face confined QWS. The calculated effective mass in the val-

ley in the vicinity of the C point is 2.8 in unit of free electron

mass m0, which is also confirmed with hybrid functional cal-

culations.21 Obviously, the calculated effective mass deviates

significantly from that of free electron mass. We have pro-

jected the orbital contributed density of state to both the

bands, as shown in Fig. 2(c). It is found that both the bands

are mainly contributed by dz2 -orbital of molybdenum. The

“heavy” effective mass of both bands could be most probably

the reason for their special properties.

As mentioned above, the surface confined quantum well

states as found in MoS2 slabs are located deep in energy at

about 1.4 eV below the valence band maximum. This means

that an electron in occupied states has to overcome 1.4 eV

plus the ionic potential to reach the Fermi level. It has been

reported that work function of thick MoS2 films (more than 3

layers) is 4.59 eV (Ref. 22), indicating that it is hard for an

FIG. 1. Atomic structures and Brillouin zone of molybdenum disulfide. (a)

Side view and (b) top view of two-layer MoS2. (c) The two dimensional

Brillouin zone with high symmetry points. (d) The schematics of multilayer

MoS2.
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electron to escape to the vacuum. Consequently, the electrons

inside the MoS2 thin films experience a very strong surface

confinement potential leading to the formation of scQWS.

The term scQWS means that although these states origi-

nate from the bulk QWSs, their charge distribution is confined

around the crystal surfaces. It is interesting to find out how the

scQWSs evolve from the bulk QWSs to become the surface

confined ones. To answer this question, we have calculated

the planar averaged charge density of the two scQWS and two

QWS in the vicinity of the C point for the even (fourteen-)

and odd (fifty-) layer MoS2 slabs as examples. As shown in

Figs. 3(a) and 4(a), the bulk QWS1 and QWS2 have tiny beat-

ing patterns contributing to a slowly varying envelope func-

tion, which is characterized by a longer wave-length

comparable with the thickness of MoS2 thin film. This is the

n¼ 1 order of QWS according to the Bohr-Sommerfield rule

(Eq. (1)). The different beating patterns between QWS1 and

QWS2 are due to the various contributions among the plane

wave components. For scQWSs, the envelope function does

not show such tiny beating patterns (green and pink lines in

Figs. 3(a) and 4(a)). The projected charge density of plane-

wave eigenfunctions is localized to the surface, which seems

to be similar with the SSS. However, a closer inspection of

the projected charge density around the crystal surface of the

MoS2 thin film reveals a slow decay with a penetration depth

of about 4 or 5 layers, which is significantly different from the

steep exponential decay usually seen in noble metal surfaces.

Therefore, the projected charge density provides again direct

evidence that what we obtained are indeed QWSs originating

from the surface confinement.

The envelope function for the normal QWSs and the

charge density accumulation around the crystal surface for the

scQWSs are also clearly visible in a fifteen-layer MoS2 film.

Particularly, the accumulated charge density of the scQWS

shows symmetric patterns, which are in direct contrast with

the asymmetric patterns seen in a fourteen-layer MoS2 film.

The distinction of the charge density pattern, so called odd-

even oscillation, is obviously due to the phase shift (Eq. (1))

in the geometric structures of the MoS2 film. The momentum

dependence of planar averaged charge density for the normal

QWS and the scQWS provides an opportunity to study the

evolution of the surface confined QWSs in the MoS2 slabs

(Figs. 3(b) and 4(b)). The scQWS in even-layer (odd-layer)

showing an asymmetric (symmetric) momentum dependence

of the projected charge density indicates isotropic band dis-

persion around the center of Brillouin zone.

FIG. 2. (a) Inverse layer thickness (1/L)

dependence of direct (black dots) and

indirect (red dots) band gap. (b) The

band structure (blue line) of eight-layer

MoS2 plus the projected bulk band

(gray shaded background). The Fermi

level is moved to the top of valence

band. The surface confined quantum

well states (scQWSs) are shown as

green and pink lines for opposite surfa-

ces. (c) The magnified view of an

eight-layer MoS2 film extracted from

the small squared region of panel (b).

The circle size indicates the contribu-

tion of the projected Mo dz2 orbitals.

The color lines indicate opposite sur-

face planes. (d) The thickness depend-

ence of energy separation D (black

dots) is fitted by a power law curve

(blue line) using least-square algorithm.

FIG. 3. (a) C point and (b) momentum dependence of planar averaged

charge density of a fourteen-layer MoS2 slab in the Brillouin zone for two

bulk QWSs and two scQWSs. The atomic structures of a fourteen-layer

MoS2 slab are superimposed, where blue and green dots symbolize the Mo

atoms and S atoms, respectively.
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In conclusion, a rare scQWS has been found in the

MoS2 thin films. Different from the SSS with delocalized

electron in conventional transition metals, the scQWSs in the

MoS2 film show a larger effective mass of 2.8m0. Our work

may shed some light on understanding some puzzling and

inconclusive experimental observations in the MoS2 films,

such as exciton with high binding energy,23,24 transport of

intercalated lithium atoms,25,26 p-type metal contacts with

MoS2 (Refs. 27–30), etc.
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