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Layered materials are typically composed of planar sheets, with 
strong (e.g., covalent or ionic) bonds between the atoms within a 
layer and weak (e.g., van der Waals) binding between the layers.  

Layers of hexagonal MoS2, MoSe2, WS2 and 
WSe2 can form interfaces whose potential 
landscapes determine the mechanical 
and electronic properties of the device. 
Such interfaces often appear in nano-
electromechanical systems (NEMS), which 
present the ultimate miniaturization of 
electromechanical devices. One of the main 
known caveats of NEMS is their low 
mechanical durability resulting from severe 
effects of friction and wear on. In principle, 
lubrication should reduce such effects, 
traditional liquid-phase lubricants usually fail 
to perform under nanoscale-confined 
conditions as they become too viscous.  
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vdW bonding in layered materials:  
equilibrium geometries, elastic constants, atomization 
energies, binding and exfoliation energies test the reliability 
 of the current methods 
• lattice constants vs. relative thickness of the constituents 
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What should be out benchmark method? 
Is there a universally applicable 
semilocal approximation? 
 

Comparison of the deviation of c axis lengths from 
experimentally reported values for  
different approximations 



The lattice mismatch in heterostructures between the constituent components 
gives rise to van der Waals nature of the interface. 
The lattice mismatch is relevant in fabrication of NEMS and also in bad-
gap modulation for optoelectronic device industry. 
There is an interplay between van der Waals and electrostatic forces to 
determine the corrugation. 
(the role of van der Waals forces is to “anchor” the layers at a fixed distance, 
whereas the electrostatic forces dictate the optimal stacking mode and the 
interlayer sliding energy) 
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Registry effects between layers of semiconductors: 
Heterojunctions interfacing different 2D materials would enable the so-called 
van der Waals epitaxy, in which the lattice matching condition in traditional 
epitaxy is drastically relaxed, allowing the formation of a wide range of 2D/2D, 
2D/3D, or even 3D/2D/3D heterostructures. The interlayer landscape is 
essential to determine mechanical proerties (twisting, bending, corrugation). 



The proposed work: 
 
•  find the interlayer stacking modes (AA’ is called the energetically most stable 
mode) 
 

 
 
• The BE of these structures will be calculated as a function of the interlayer 
distance at fixed intralayer coordinates w/o the vdW correction and compressive 
strain as well 
•Starting from the AA’ stacking mode with a given interlayer distance, we perform a 
set of lateral shifts of one layer parallel to the basal plane of the other. At each 
shifted configuration we calculate the total energy of the bilayer system. 
•The role of vdW in the sliding potential 
 

 
 

What is vdW role in the sliding process? 
i.e.; in the sliding of h-BN because of the polar B-N bond, electrostatic interactions 
dominate. This ratio, however could change with the nature of the bond between the 
atoms within the layer. 
Conclusion; we need an accurate description of both vdW and electrostatic 
interactions as well. The RPA could be  a benchmark for this case, but RPA cannot 
be widely applied yet for solid states. 
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Questions to be answered: 
Is the MGGA_MS family accurate enough to get the correct BE? 
What should be our benchmark method? 
 
We suggest the VV10 combined with the new SCAN meta-GGA 
with an optimized cutoff parameter.  
Benchmark: MBD combined with the new SCAN meta-GGA 
with an optimized cutoff parameter.  
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An interesting application in ground-state: semiconductor-
metal transition in bilayers 

The semiconductor-metal transition is a consequence of the applied pressure 
or compression strain in bilayers. The pressure can be used to modulate 
the band-gap in heterostructures for optoelectronics applications. 
 
The challenge for theory: 
 
• Band-structure and DOS calculations at different pressure at the given 
stacking mode with accurate electronic structure methods. 
 

•Reversing the problem; can we find that pressure which produces the 
semiconductor-metal transition? 
Can we use the MGGA_MS family of meta-GGA’s which have been proven 
useful and accurate in bulk phase transition calculations? 
 
 
S. Battacharyya and A. K. Singh, Phys. Rev. B, 86,075454 (2012) 
J. Sun, B.Xiao and A. Ruzsinszky, J. Chem. Phys. 137, 051101 (2012) 
B. Xiao, J. Sun, A. Ruzsinszky, J. Feng and J.P. Perdew, Phys. Rev. B., 86, 094109 (2012) 
J. Sun, J.P. Perdew and A. Ruzsinszky, submitted to PNAS. 
 



2D materials have band gaps falling in the visible or near-infrared light 
regime so that they are promising for efficient solar-energy conversion. The 
specific layered structure of these materials makes it possible to fine tune 
their electronic properties by either introducing foreign atoms or molecules 
between weakly bonded layers to form various intercalated compounds or 
forming low-dimensional nanostructured materials. 

Layered materials in optoelectronic or photovoltaic applications 

Hydrogen production through photo-induced water splitting is promising for 
a sustainable energy economy.  

The problem: The band edges of the material should be tailored to 
match the water redox potential levels and the material should have a 
certain conversion efficiency. 

TiO2 has been known already a  photocatalyst material.  
The PEC activity is achieved by co-doping.  
Doping can align the band edges to the desired position. 
MoS2 could be a photocatalyst (according to its CBM and VBM), but its band-gap is 

too small. Layered heterostructures or nanostructured MoS2 are more promising. 

The process: Upon ilumination by photons with energy larger than band-gap, 
elecron-hole pairs are created in the semiconductor. Then, electrons or holes 
are transferred from the semiconductor to the electrolyte for the redox reactions. 

A.J. Nozik, Ann. Rev. Phys. Chem. 29, 189, (1978). 8 
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During photovoltaic process, optical energy is converted into electrical 
energy. In this case only one redox couple is present. 
During photoelectrolysis, optical energy is converted into chemical energy. 
Two redox reactions are present. Water is decomposed into hydrogen 
 and oxygen. 
All phenomena during the process occur at the semiconductor-electrolyte 
interface. 

Photovoltaics/Photoelectrolysis 

On the energy scale, the zero-level 
is the vacuum in semiconductors, 
while the standard redox potential 
of one of the redox couples. 
 

The energy levels 
corresponding to this redox 
couple can be related to the 
CBM and VBM. 
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Current approximations: When calculating band structure, theorists 
often apply quasiparticle methods (GW) or at least the screened hybrid 
HSE density functional. The GW methods depend strongly on the choice 
of their input. In this proposal, we will achieve a systematic search for the 
optimum input for the GW approximation based on an optimum 
admixture of the exact and semilocal exchange. 

The challenge for theorists: Accurate ab initio calculations on 2D 
dichalcogenides are necessary. Precise absolute positions of band 
extrema (the ionization energy and electron affinity at the semiconductor-
electrolyte interface  and the band alignment related to the water splitting 
level) and band offsets (band edge states forming a type-II arrangement 
in which free electrons and holes will be spontaneously separated) can 
give experimentalists guidance for an application of photo-splitting of the 
water at the transition-metal dichalcogenide monolayers. 

G. Onida, L. Reining, and A. Rubio, Rev. Mod. Phys, 74(2), 601 (2002). 
 J. Heyd and G.E. Scuseria, J. Chem. Phys. 121, 1187 (2004). 
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L. Hedin, Phys. Rev. 139, A796, (1965).  

Self-Consistent GW 
An exact closed set of 5 equations for finding the interacting  one-particle 
Green’s function. 

 Σ self-energy is expressed in terms 
of the screened Coulomb potential: 

 Dyson equation links 
the non-interacting G 
function  
to the interacting one: 

Bethe-Salpeter equation:  
The vertex contains the interaction 
between quasiparticles 

Polarization expresses the electron 
addition/removal, 
without the vertex this is the RPA 
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Non-Self-Consistent G0W0  
 

The Kohn-Sham orbitals and eigenvalues from a DFT calculation are 
assumed to be a good approximation for the many-body wave-function 
and QP energies.  
The QP energies are calculated non-self-consistently as perturbative 
corrections to the DFT eigenvalues by solving the linearized quasi-particle 
equation in the diagonal approximation:  

ixc
WG

i
KS
i

WG
i VE ϕϕε −Σ+= 0000

What should Vxc be? 

Hybertsen and Louie, PRB, 34, 5390 (1986)  
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Self-interaction error (SIE)  
Spurious Coulomb repulsion of an electron 
from itself affects highly localized orbitals 
more strongly. Causes qualitative changes 
in the orbital ordering that propagate from 
DFT to G0W0  
Mitigated by addition of EXX  
 
  
 

 
The Starting Point Dependence of G0W0  

 
 
 
Underscreened: 
overestimated gap or  
too stretched 
 
 Overscreened:  
underestimated gap or  
too compressed  

Screening:  
For semiconductors, the 
most important interaction 
effect is the screening, 
that is, the weakening of 
effective interaction 
between electrons as a 
result of the presence of 
other electrons. 

 
Finding a G0W0 or scGW0 starting point with the “right amount” of 
overscreening can compensate for neglecting the vertex in the  
GW approximation 

G0W0 

ev-scGW 

scGW0 

scGW 

T. Körzdörfer & N. Marom, PRB 
86, 041110(R) (2012)  

0-100 % Fock Exchange 
(EXX)  

partial sc in eigenvalues 

U. von Barth and B. Holm, Phys. 
Rev. B 54, 8411 (1996) 

S. V. Faleev, M. van Schilfgaarde, 
and T. Kotani, Phys. Rev. Lett. 
93, 126406 (2004). 

Dyson equation is iterated 

self-consistent G with a non-self-consistent W 

X. Blase, C. Attaccalite, and V. 
Olevano, Phys. Rev. B 83, 115103 
(2011). 
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GW approximation in practice 

GW calculations for slabs are computationally not feasible. The effect of GW 
can be included as a quasiparticle correction to the VBM as obtained from 
the GW calculations of the bulk system. 

[ ] [ ]bulk
c

bulk
VBM

slab
cvac

KS VI εεε −−−=

bulk
VBM

KSGW II ε∆−= :bulk
VBMε∆ quasiparticle correction for   bulk

VBMε

:cε core states in bulk 

)(2/1 AI +=χ

:φ work function 

H. Jiang, J. Chem. Phys. 134, 204705 (2011) 

electronegativity: 
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Direct and indirect band-gaps 
 
Indirect band-gaps: 
KS DFT underestimates the direct band-gaps. GW approximation 
provides an improvement. 
Direct band-gaps: it is more difficult to measure. The excitonic effects 
are also stronger. GW results deviate more from experiments.  
 

indirect band-gap 
direct band-gap 
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• In this proposal, we will achieve a systematic search for the optimum input 
for the GW approximation based on an optimum admixture of the exact and 
semilocal exchange.  
One way to do this is to consider the Perdew-Burke-Ernzerhof (PBE) hybrid 
functional (PBEh) and make the XC energy Exc explicitly α dependent. 
For a given system we then choose α by minimizing the quasiparticle 
(QP) correction to the HOMO level. 
V. Atalla, M. Yoon, F. Caruso, P. Rinke and M. Scheffler, Phys. Rev. B. 88, 165122 (2013) 

 
• Complications arise when the LDA@G0W0 approach is used to calculate 
the electronic structure of semiconductors with negative LDA band gaps or 
when occupied shallow semicore d bands are treated as valence in the 
pseudopotential framework. EXX@G0W0 can remedy this problem. 
Alternatively, the inexpensive input from the BJ potential can be used 
to GW. (BJ-cLDA@G0W0) 
A. Qteish, P. Rinke, M. Scheffler, J. Neugebauer, Phys. Rev. B. 74, 245208 (2006) 
A.D. Becke and E.R. Johnson, J. Chem. Phys. 124, 221101 2006  

Proposed Methodology 
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• This part of my proposal strongly relies on Ref. with the self-consistent GW 
implementation in some of the electronic structure codes (VASP, FHI-aims). 
Beyond Ref. we will employ a modified dielectric function in W.  
 
 
 
  
Kxc is responsible for the many-body effects that are missing from W with 
RPA screening, and is the focus of the current section. 
 

010 )1(1~ χχε vKxc
−−−=

The ionization energy from scGW shows systematic error which is attributed 
to the wrong description of localized d and f states. 
The success of G0W0 was related to a fortuitous cancellation of errors between 
systematic shortcomings introduced by the G0W0 approximation itself. 

F. Caruso, P. Rinke, X. Ren, M. Scheffler and A. Rubio, Phys. Rev. B, 86, 081102(R) (2012). 

A. J. Morris, M. Stankovski, K. T. Delaney, P. Rinke, P. Garcia-Gonzalez and R. W. Godby, Phys. Rev. B 76, 155106 (2007). 
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this part of the proposal is applicable for nanoclusters only at this time! 



The full NEO model static kernel with an energy gap 
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• The kernel should provide the long-ranged screening in insulators.  
This motivates including the inhomogeneity of the density into the proposed 
kernel via the local band-gap idea. 
•  The ultranonlocality is provided by the form: 

10 ≤≤ σx

For a one-electron fully-spin-polarized density:  ufxc /λλ −= 0/ =+≡ λλ λ xcHxc fuf

For a two-electron spin-unpolarized density:  )2/( ufxc λλ −= )2/( ufHxc λλ =

The kernel is exchange-like  

Ultranonlocality 

J.B. Krieger, J. Chen, G. Iafrate, and A. Savin, in Electron Correlation and Material Properties, edited by 
A. Gonis, N. Kioussis, and M. Ciftan ({Plenum, NY, 1999). 

Z. H. Levine and S. G. Louie, Phys. Rev. B 25, 6310 (1982). 

:σx band-gap, :σz iso-orbital indicator, :u interelectronic distance 
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Band-gap modulation in heterostructures is consequence of their lattice 
mismatch and spontaneous electrostatic polarization. Heterostructured 
materials possess new functionalities and superior electrical and 
optoelectronic properties that far exceed the one for their constituents, MoS2 
or WS2. 
The band-gap can be modulated  
• by the tensile strain by the lattice mismatch (the band-gap varies with 
changing the composition) 
• applying a bias electric field (the band-gap reduction can even lead to 
semiconductor-metal transition) 

Heterostructures as optoelectronics device applications  

H-P. Komsa,  A.V. Krasheninnikov, Phys. Rev. B, 88, 085318 (2013) 
L. Kou, T. Frauenheim,  and C. Chen, J. Chem. Phys. Lett, 4, 1730 (2013). 19 



Electron and hole confinement in MoS2 nanoclusters 

The band-gap of MoS2 can be tuned by forming 
nanoclusters. Clusters are an exciting class of 
materials whose properties are intermediate 
between atoms or molecules and bulk materials. 
Size-dependent physical and chemical 
properties are a consequence of the 
confinement of their electrons and their 
unusual surface morphology. Below a certain 
size electron-hole confinement can occur. 
(crossover from bandlike (solid) to molecule-like 
spectra) 
The aim: understanding the evolution of cluster 
properties with cluster size (band-gaps and level-
alignment). 
 
 
 

T.R. Thurston, J.P. Wilcoxon, J. Phys. Chem. B, 103, 11, 
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Phys. Rev.B, 67, 085710, (2003) 20 
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