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1 Introduction

Two dimensional Transition metal dichalcogenide (TMDCs) semiconductors offer promising appli-
cations for ultra thin optoelectronic applications that could not be performed with semi-metallic
graphene[2]. Monolayer MoS, is one of those particularly promising TMDCs as it has a direct
band gap in the visible range[9][14]. In the research of new interesting materials obtained with
these substrates, Hybrid inorganic/organic structures are very exciting as they can combine charge
carrier properties from the inorganic substrate[14] and light sensitivity of organic molecules[33, 32].
From the interface, can also emerge properties found in neither of the components[5]. Good un-
derstanding of these electronic properties requires in depth investigation of what happens at the
electronic scale. In this regard, hybrid systems raise a challenge as methods proven efficient for
describing the inorganic substrate might be unfit for the organic molecules and inversely. In this
intent, density functional theory (DFT) based methods provide quality insight onto the electronic
structure[5][27].

Methods within and beyond DFT offer very helpful computational method to study the electronic
structure and properties of many body systems like molecules or condensed matter. It has become
a standard for quantum computations[15].

The fundamental idea of DFT is to replace a multi-electronic wave function, the main ingredient in
a many-body problem, by the electronic density[15]. This fact combined with the progress of com-
putational power in the last decades led to the possibility to investigate complex structures with up
to thousands of atoms[16]. One relevant property, the total energy, is computed through the use of
exchange-correlation functionals of the electrons density. These functionals can be improved from
the most simple local density approximation (LDA)to the general gradient approximation (GGA),
or even beyond DFT by introducing the exact Hartree-Fock (HF) exchange method[5].

In this project, we employ GGA and Hybrid functionals to investigate the electronic properties
of monolayer MoSs with adsorbed pyridine and pyrene. The thesis is divided as follows: in section
2, we provide the theoretical background for this work. In section 3, explain the methodological
framework used to obtain our results. In section 4, we show and discuss our results. Section 5 is
dedicated to present additional works that could not be achieved successfully and an outlook for
future works. And finally, we summarize the thesis with our conclusions

2 Theoretical background

2.1 Fundamentals of Density Functional Theory

The basis of Density Functional Theory relies on Hohneberg-Kohn’s theorems which can be phrased
as follows :

e When considering an electrons gas under the influence of an external potential, there exists
a unique relationship between the groundstate density of charge and the external potential.
Hence, the physical quantities such as the total energy can be expressed as functionals of
the external potential. As a consequence of the bi-univocity between the external potential
and the density of charges (Vo,: <> n(r)), physical quantities such as the total energy of the



groundstate are also a unique functionals of the groundstate electronic density :
E = Eln(r)] (1)

e The second theorem is a variational principle applied to a functional of the electronic density.
It states that there exists a universal functional of the electronic density n(r) describing the
energy of the system E[n(r)]. Such that, for a given potential and number of electrons, the
minimal value of this functional is the ground state of the system and the corresponding
density ng(r) is the density of the ground state :

0E[n(r)] B
T(r)|no(r) =0 (2)

The kinetic energy of an electron gas being unknown, Walter Kohn and Lu Sham suggested
to replace the interacting electrons system by a problem of independent electrons in an external
potential in the energy functional.

Es [’I’L] = TS [n] + VS [n] (3)

Where Ts[n] is the kinetic energy of non-interacting electrons, and Vg[n| the potential that includes
the external potential as well as the electron-electron interaction potential. This reformulation leads
to a system of self consistent equations to be solved, known as the Kohn-Sham equations :

2

(—% + Vepf) i = €0 (4)

with :
6 Eze[p]
: )
p(r)
Where the first term is the external potential, the second one is the Coulomb energy, and the last
one the exchange-correlation (xc) potential. This last parameter is detailed later.

Ueff(r) = Uext(r) + 82/ rpﬁrl)', dr’ +

2.2 Local density approximation (LDA)

The local density approximation is the most simple class of exchange-correlation energy functional,
as it relies only on the value of the electronic density through space. It is expressed as :

BEPAfn] = [ nfe)ese(n(e))ds )

Where €, is the exchange-correlation energy for one particle in an homogeneous gas of density
n. The exchange contribution (ELXP4) is obtained by the homogeneous electron gas (HEG) model
where the charges are assumed to be evenly distributed in space : ELP4 = —%(%)% fp(r)%dr.
The correlation part that measures the mutual influence of electrons can be computed by different
approaches[6, 29, 31].



2.3 Generalized gradients approximation (GGA)

The Perdew-Burke-Ernzerhof (PBE) functional, is a type of generalized gradients approximation
(GGA) functional. These approximations are improvement of the local density approximation
(LDA) that considers an electron gas, and assumes a uniform electronic density. In GGAs, we
consider the inhomogeneity of real systems, and their spatial variations in the expression of the
energy functional. The general exchange-correlation energy of GGA approximations is generally
defined as :

ESCGA[n] = /n(r)em[n, Vn| (7)

Where €, now depends on the density and the density gradient. Further improvement can be made
by including the laplacian of the density (the so called meta-GGA functionals), but it is not studied
here.

2.4 Hybrid functionals
2.4.1 PBEO

The PBEO hybrid functional introduces the Hartree-Fock exact exchange functional to the PBE
functional exchange, and the total energy of PBEOQ is written as follows:

ELPPO = oEMF 4+ (1 - a)EYPP + EPPP (8)

Where EHF is the exchange term as given by the Hartree-Fock approach, EFB¥ is the exchange
term as given by the PBE functional, and EFP¥ is the correlation as given by PBE.

The mixing parameter «, a crucial parameter for the accuracy of PBEQ as it determines which
proportion of the exchange Energy is obtained by the Hartree-Fock method. It has been established
in the literature that a value of oz ~ 0.25 should provide the most accurate for many materials[4],
however this parameter can be modified and optimized using solely the electronic density[25].

2.4.2 HSE

The HSE (Heyd, Scuseria, Ernzerhof) Hybrid functional introduces an error function screened
Coulomb potential to the H-F exchange contribution of the PBEO functional. This screening is
said to improve the computational efficiency while giving an accuracy comparable to PBEQ. The
principle behind the efficiency gain is to compute the expensive exact H-F method only on a short
range, and to use the less expensive EFPF for long range interactions. The expression for the
exchange-correlation energy within HSE is :

EﬁSE,w _ aEfF’SR(w) + (1 _ a)EfBE’SR(w) —|—EQI:BE’LR(M) +EfBE (9)

Where SR and LR show respectively the short range and long range coulomb corrections, and the
parameter w controls the “range length” of the Coulomb screening.
The Coulomb operator is split between SR and LR as follow :
I erf(wr) n er fe(wr)

(10)
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2.5 The exciting code

The exciting code is an all-electron full-potential DF'T code which uses linearized augmented plane
waves (LAPW) and local-orbitals as basis set[1].
Here we explain how this is achieved.

2.5.1 LAPW + lo

Interstitial

MT

Figure 1: 2D representation of the partition of real space for augmented plane waves[23]

APW : The main idea behind Augmented Plane Wave (APW), is to separate the space between
non-overlapping muffin-tin regions (spheres) containing the core electrons and interstitial regions
figure.1. This partition determines the basis set to expand the KS wave functions :

Y (r) = Z Cicdc+xk(r) (11)
G

Where the functions are summed over the reciprocal lattice vectors G.
In the interstitial region, the basis functions ¢G4k (r) are plane waves :

G 4u(r) = e (12)

And in the muffin-tin regions, the plane waves are augmented by the atomic-like functions, i.e.
a set of spherical harmonics Y, (r) and radial functions u; :

bati(r) = > AFH U (rg, B)Yim(r) (13)

im

Where « indexes the next neighboring nucleus, and r, the position relative to the nucleus r, =
r—R,.

So, unlike pseudo-potential methods, the electrons are not simply separated between core electrons
and valence electrons, we end up having : core electrons confined in the muffin-tin region and solved
by the Dirac equation (full relativity), semi-core electrons localized but not strictly confined to the
MT region, and delocalized valence electrons.



However, the APW has some drawbacks, this is a non-linear eigenvalue problem and thus can not
be solved in a single shot, the basis set has the energy as a variational parameter.

Linearization : These problems can be solved by linearizing these equations with respect to the
energy. In this sense, a term containing the energy derivative is added to the basis functions :

darr(r) = D (AFEE w1 (r, By) + Bot ¥ ia (1o, Er)) Vi (r) (14)

im

This method has the advantage of being full potential, however, F; has to be fixed thus, there is
only one principal quantum number per 1 and thus is not ”all-electron”.
The eigenvalue problem now reads like :

Z(Hk+G,k+G’ — eneSkt+ak+a)Cnk(G') =0 (15)
G’

With H the Kohn-Sham hamiltonian and Sk+q k+c’ =< ¢atk|Pe +x > the overlap matrix.

A drawback is that the derivative parameter introduces a distortion in the basis functions inside
the MT, and we need more basis functions to correct them and achieve the same behavior as in
APW.

(L)APW + lo An alternative way to linearize the APW basis set with fixed energy, is by intro-
ducing the local orbitals basis functions :

16
0, rel (16)

504(1“, 5ll“5mm“ [a,uula (T'a; Ela) + b,uuloz (T'a; 6loz)]Y*lm (7"2)7 To § RMT
¢u(r) =
Filling the boundary conditions of continuity at the border of the muffin tin region, and [, |¢,(r)|*dr =
1. This method allows us to have both the full potential of LAPW, and all-electrons considered
thanks to the local-orbitals basis set.

3 Methodology

3.1 Hybrid Inorganic Organic System

Similar HIOS computations have been made with the exciting code on bulk Zinc oxyde and
chemisorbed pyridine[27]. Here we investigated a different kind of adsorption, as the adhesion
is made through weak Van-der-Waals forces between monolayer MoSs and pyridine and pyrene
molecules.

In heterostructures, the level alignment is essential for optoelectronic applications[3]. MoSs has
a strong carrier mobility and the organic molecules have a strong light-matter coupling, a type-I
level alignment would make a potential light-emitting device, and a type-II alignment could be used
for solar cells[3, 32, 27, 33]. And as it is important, the determination of the alignment type is also
a delicate problem as small quantitative errors can lead to qualitatively incorrect descriptions[5].

3.1.1 Monolayer MoS,

Molybdenum disulfide (MoS2) belongs to the Transition metal dichalcogenide monolayers (TMDC)
class of materials, i.e it is a 2D semiconductor of type M X5 (wth M a transition metal, and X a



chalcogene),the Molybdenum layer is in between two layers of Sulfur, in an hexagonal structure.
each Mo atom is thus bonded to 6 sulfide ions (fig 2). Bulk TMDCs are made of stacked layers of
TMDCs bound by Van-der-Waals forces like graphite.

Bulk MoSs has on indirect bandgap ~ 1.2eV, between K and I', and when the number of lay-
ers decreases, the bandagap becomes direct and localized on K, and increases to ~ 1.89 eV for
the optical bandgap[11], estimation of the electronic bandgap have been made using photocurrent
spectroscopy[9] and found ~ 2.4.

Figure 2: MoS;, crystalline structure[12]

There exists different metastable crystalline phases of MoS2 fig 3, in this project, we exclusively
focused on monolayer hexagonal MoSs, so it is assumed (unless said otherwise), that every time we
mention MoS,, we are talking about this phase.

Figure 3: MoS; can have different crystalline phases, on the left the 2H (Hexagonal symmetry) (that
we used for these computations), and the 3R(Rhombohedral symmetry) phase on the right[34]



3.1.2 Pyridine

Figure 4: Representation of a pyridine molecule[26]

Pyridine (C5Hs) is a small heterocyclic organic molecule (fig 4) very similar to benzene with
one CH group replaced by a nitrogen atom. The molecule has an aromatic ring of 6 7 electrons
delocalized around the ring. The presence of the nitrogen in the ring provides a lone pair as a sp?
orbital.

Pyridines molecules have an HOMO-LUMO gap ~ 6.12eV[8]. Due to its aromaticity, pyridine
molecules are particularly stable, the presence of the Nitrogen atom makes it slightly electron def-
ficient, it lowers the 77 electron donor-acceptor” parameter|[28]

This molecule also allows functionalization[24] which could provide further applications.

The computations of pyridine @ MoSs; were all made on 2x2 MoSy supercells with adsorbed
pyridine, these are quite small cells, and that means there is probably minor electronic interfer-

ences between neighboring cells pyridine molecules, but making the computations on bigger MoS,
supercells would have been more time consuming.

3.1.3 Pyrene

Figure 5: Representation of a pyrene molecule[22]



The pyrene molecule (C6H1g) fig.5 is an aromatic system made of four carbon rings with a
HOMO-LUMO gap ~ 5.7eV[13]. Pyrene is a strong donor and can be used for light harvesting
applications[33]. So with this material, we can expect a type-II alignment with the HOMO located
higher than the substrate’s valence band.

The pyrene molecule being bigger, we performed the computations on a 3x3 MoSs supercell,
the system being bigger, the hybrid computations took way longer (almost a month), so we could
not perform as many experiments as we did with the 2x2 MoS, and pyridine system.

3.2 Convergence tests

To provide quantitatively accurate results, we had to converge a certain input parameters.

3.2.1 rgkmax

The parameter rgkmax is crucial for running LAPW+lo calculations as it determines the size of
the basis set. This dimensionless parameter is defined as the product of the smallest muffin-tin
radius of the system Ryrr min and |G + K|pae, the maximum value of G + K, as cach G + K
vector represents one basis function, rgkmax indirectly gives the number of basis functions to solve
the Kohn-Sham equations. Typical rgkmax values of 5 and 7 are required for atoms with p and d
orbitals respectively[1]. As our systems contains Hydrogen atoms with small muffin-tin radii of 1
Bohr, a small rgkmax value should be sufficient.

Table 1: convergence of the rgkmax parameter using local density approximation, the convergence
can be considered reached around 3.5

rgkmax 3 3.5 3.7 4 4.5
Bandgap (eV) | 1.7487 | 1.7477 | 1.7476 | 1.7474 | 1.7473

Since the hybrid functional computations are really computationally expensive, a first conver-
gence was made using a fast LDA method 1 and estimated a rgkmax around 3.5, this was later
confirmed by a convergence on HSE computations 2. We kept these values for both systems (2x2
MoS, /Pyridine and 3x3 MoS,/Pyrene), as they are qualitatively quite similar and contain the same
atoms with the same muffin-tin values.

Table 2: Convergence of the rgkmax parameter using the general gradients approximation, the
convergence can be considered reached around 3.5 as predicted by the LDA

rgkmax 3 3.5 3.6
Bandgap (eV) | 1.7489 | 1.7484 | 1.7484
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3.2.2 Grid size

DFT computations also need to be converged on the k-grid, indeed, the basis functions are com-
puted on a subset of k-points belonging to the primitive cell. As we are studying a 2D material, the
subset does not need to be expanded on the (G35 axis, and since the direct band gap is located on
K =1/3G, + 1/3@2, the subset of k-points should be of the form (3n, 3n, 1). The computational
cost being directly related to the number of k points.

Table 3: Convergence of the subset of k-points over the four smallest multiples of 3, the change in
the band-gap is very small, and it is safe to take the smallest (3, 3, 1) k-grid.

rgkmax 3x3x1 | 6x6x1 | 9x9x1 | 1x12x1
Bandgap (eV) | 1.748 | 1.750 | 1.750 1.749

On figure3, we see that the variations in the band gap are ~ 1072, and it is sufficient to work
on the 3x3x1 k-grid.

3.2.3 Number of empty bands

In the exciting code, the integer parameter nempty corresponds to the number of empty eigenstates
above the charge neutrality.

While this number is not really important for standard DFT computations, as it only gives the
number of conduction bands computed, it is decisive for hybrid functionals because it determines
the matrix size for the H-F contribution. This parameter needs to be converged for each system,
however it is safe to assume that the convergence for PBEO functional is also valid for HSE, as only
the range of the H-F contribution differs.

Table 4: Convergence of the number of empty bands for pyridine @ 2x2 MoSs, the change in the
band-gap is very small after 50 so we consider this value for future reference.

Number of empty states 20 50 100 200
Bandgap (eV) 2.027 | 2.153 | 2.162 | 2.177

Table 5: Convergence of the number of empty bands for pyrene @ 3x3 MoS,, the change in the
band-gap is very small after 100 so we consider this value for future reference.

Number of empty states 60 80 100 120
Bandgap (eV) 1.311 | 1.448 | 1.527 | 1.545

The convergence can be seen on table 5 and table 4. The number of empty bands to be considered
is directly related to the size of the system, we can consider the convergence reached for a pyridine
@ 2x2 MoS; structure at 50 empty bands. For a pyrene @ 3x3 MoS, structure, the system is bigger
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and requires a minimum of 100 empty states to have a marginal error.
We used these values for future computations for both PBEO and HSE for the rest of the project.

4 Results

In this section, we present the results obtained in the project and their physical interpretations.
We start with convergence tests on rgkmax, k-points, number of empty states. Then we proceed
comparing electronic properties of pyridine @ MoS; and pyrene @ MoS, obtained with PBE, HSE
and PBEO.

4.1 Pristine MoS, and molecules

Before starting any computation on heterostructures, we wanted to observe the computed results
of our different functionals (PBE, PBE0O and HSE) on pristine monolayer MoS, crystal and single
pyridine and pyrene molecules.

Experimental results of monolayer MoS; give a direct optical bandgap of 1.9 eV and an esti-
mated electronic bandgap around 2.5 eV [11, 9]. As we can see on fig.6, PBE tends to slightly
underestimate the bandgap and the hybrid functionals give more accurate result.

Figure 6: Bandgaps of pristine MoSs and pyridine @ MoS, using different functionals, compared
with the photocurrent spectroscopy estimation.

The computation of a pyridine molecule shows again that PBE functional tends to really un-
derestimate the electronic bandgap in particular for large gap materials. The H-F correction from
hybrid functionals seems to give way mmore accurate results fig.7.
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Figure 7: HOMO-LUMO gap of pyridine molecule using different functionals, compared to the
estimated gap [8]

(a) Z view (b) Side view

Figure 8: Representations of pyridine @ (2x2) MoS, supercells

4.2 Heterostructures

In this section we consider the results obtained for heterostructures, for that we look at the band
structures and density of states graphs of the different materials. The interaction between the
substrate and the adsorbed molecules being purely Van-der-Waals bound, no charge is transferred
between the subsystems. We expect the band structure to be a superposition of the subsystems band
structures. We are truly interested in what type of level alignment we have for these superpositions.

4.2.1 pyridine @ MoS,

In figurell, we show the band structures of pyridine @ MoS, obtained with PBE, HSE and PBEO.
Each band was projected onto the atoms, in red we plotted the lines projections on MoSs atoms,
in black, the projections on carbon atoms, and in blue the bands projections on the nitrogen atom.

In the figure.11, we see that despite the quantitative variations of the band gap, qualitatively,
all the functionals show a direct band gap coming from MoSs located at K point like pristine MoSs.
In figure6, we can see that the MoS, band gap is barely affected by the presence of the organic
molecule, this is likely due to the absence of covalent bond between the two components, rather
Vand-der-Waals interactions.
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(a) Z view (b) Side view

Figure 9: Representations of pyrene @ (3x3) MoSy supercells

More importantly, all the functionals find a type-I level alignment.

In figurel2), we provide the density of states (DOS), considering PBE, HSE and PBEO. In the
DOS, it is more evident that we have a type-I alignment. For HSE and PBEO, the offset between
the HOMO and the top of valence bands are respectively 1.3 and 1.2 eV. The offset between
the LUMO and the lowest conduction band is respectively 2.3 and 2.4. The size of the offsets
strengthens the idea that we have a type-I alignment, as any quantitative error smaller than 1.2 eV
would qualitatively not affect the alignment type, and HSE is said to provide an accuracy of the
offset for heterojunctions smaller than 1 eV[7]. This conclusion and the fact that the band gap is
in the visible range support that the heterostructure pyridine @ MoS; is a potential material for
light emitting devices.

4.2.2 Pyrene @ MoS;

As mentionned before, because of computational costs, only the PBE and HSE computations (with
standards value a = 0.25 and w = 0.11a, ') were made.

Folded band structure : The first thing we notice when observing the bandstructures fig.14
is the localization of the MoSy; band gap, the theory tells us (and it was confirmed by previous
computations) that the direct band gap of monolayer MoSs should be located on K, and here,
we see it delocalized on I'. This is actually not a computational error, it comes from the band
folding, a recurring issue when computing supercells of a crystal. Indeed, when we consider for
instance a 3x3 supercell, the reciprocal primitive cell would be 3x3 times smaller, and the bands
inside this cell would be a superposition of neighboring primitive cell with an overlap distance
% fig.21, in the previous case of the 2x2 supercell, the band gap was still located on K because
K = (%, %, ) = (% — 0.5, %,0) = (%,% —0.5,0)..., but in the case of a 3x3 supercell, it folds the
band gap to I'. We notice also that the plot shows more bands for the same reason. But more of
the band folding and unfolding is discussed in the outlook section.

Type-II alignment : On the band structures, as well as on the DOS figures, we also clearly
see the HOMO of the pyrene molecule clearly above the MoSs valence bands. This corresponds to
our expectations, considering that the pyrene is a strong electron donor[33]. This is qualitatively
observed for both PBE and HSE computations, although quantitavely, the DOS of the HOMO is
smaller with the PBE functional. This gives us a type-II alignment, which would make pyrene @
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Figure 10: Folding band structure of a simplified 2x 1D supercell

MoS; a good light harvesting material. The offset between the HOMO and the highest valence band
of MoS; is around 0.7/0.8 €V, so any quantitative error below that does not affect the alignment
type, and HSE gives this precision[7].

This conclusion supports that the heterostructure pyrene @ MoS, is a potential material for
light harvesting devices.

Polarity of MoS, : Pyrene is very sensitive to the polarity of its environment, it is even
used as a probe to determine solvent environment[35]. MoSs is a polar material with strong spin-
orbit coupling, and a spin orbit splitting of hundreds of meV[30], however for computational costs
reasons, we entirely neglected the spin-orbit coupling of the systems for all the computations. DFT
offers the possibility for any kind of functional to consider the system as a 2-body system (one for
each spin) and compute with the polarity of the system. This should be a very interesting step for
further investigations.

4.3 GGA vs Hybrid functionals

Before varying the various parameters of our hybrid functionals, we start by comparing the results
obtained with a GGA functional (PBE), PBEO and HSE (w = 0.11a," , a = 0.25).

We previously observed that PBE functional tends to slightly underestimate the bandgap of

MoS> and underestimate even more the HOMO-LUMO gap of Pyridine, on fig.??, 12, we can see
the locations of HOMO and LUMO are even closer, it seems that the exchange energy provided by
this method yields some sort of overlapping between the pyridine orbitals and the surface sulfur
electrons, this is particularly visible on the band structures fig.12.
This tends to confirm that the exchange energy that takes a big role in non-covalent bondings is
greatly undervalued by the exchange part of PBE computations, and it becomes really important
when we study such heterojunctions to introduce an exact exchange component. The band struc-
tures given by the hybrid functionals on the other hand, leave the band structures of each material
almost not affected by the other one, as one would expect for a non covalent junction.

4.4 From PBEO to HSE (w variation)

In figures 15and 16 we computed 2x2 MoS, supercells with adsorbed pyridine with different values
of w, as we can see, a decreased screening length (increased w) leads to slightly smaller bandgaps,
which means the long range exchange interactions play a non negligible role in the electronic
structure. However it is interesting to notice, even with important screening parameters, namely

15



(a) PBE (b) HSE (c) PBEO

Figure 11: Comparison of the band structures for PBE functional and hybrid functionals of pyridine
@ MOSQ

(a) PBE (b) HSE (c) PBEO

Figure 12: Comparison of the DOS for GGA(PBE) functionals and hybrid functionals of pyridine
@ MOSQ
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(a) PBE (b) HSE

Figure 13: Band structures for MoS,; with adsorbed pyrene with PBE functional and HSE func-
tional, the direct band gap is now located in I' in the folded supercell

(w=10.20a, ! — screening length = 2.6A), we don’t observe the overlapping phenomenons we had
with PBE functionals fig.??(a).

Since the distance between the molecule and the substrate is ~ 3.4A, It would be recommended to
chose a screening parameter that gives a screening length r = % larger than this distance[?].

4.5 Influence of the exchange parameter «

After observing the influence of the screening parameter on the hybrid, we consider the influence
of the mixing parameter «, these two parameters should be considered together[17].

In figures 17 and 18, we plotted the band structures for o = 0.25;0.5;0.75, (o = 0 corresponds to
a PBE computation).

We can see that increasing the alpha value noticeably increases the value of the electronic band
gap of the MoSs. But more important, it dramatically increases the HOMO-LUMO gap (stability
of the pyridine molecule).

This can be explained by the fact that the H-F exchange parameter calculations systematically
overestimate the charge transfer between bonded atoms due to lack of Coulomb electron correlation
in the one-electron density and thus overestimates the aromaticity of cyclic organic molecules[10].
When we study this kind of system, it becomes really important to consider the perfect mixing
parameter, and by experience, it is usually located around 0.25[10].
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(a) PBE (b) HSE

Figure 14: DOS for MoSy with adsorbed pyrene with GGA(PBE) functional and HSE functional,
the direct band gap is now located in I' in the folded supercell
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(a) w =0 (PBEO) (b) w = 0.05a5 " (¢) w=0.11ag" (d) w = 0.20a;"

Figure 15: Band structures of MoS, / pyridine with varying w

(a) w = 0.0 (PBEO) (b) w = 0.05a; " (c) w=0.11ay" (d) w = 0.20a;"

Figure 16: DOS of MoS; and adsorbed pyridine with varying w parameter
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(a) «=0.25 (b) a = 0.5 (¢) =075

Figure 17: Comparison of the band structures with different alpha values

o am0 (b) a=0.5 (¢c) a=0.75

Figure 18: Comparison of the DOS for different alpha values
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4.6 Computational efficiency of the HSE method
4.6.1 Convergence time

One important interest of HSE hybrid functionals is to provide a precise computation that takes into
account the Hartree-Fock exact exchange energy, and improve the computational cost compared
to a PBEO hybrid functional[21]. The different computations of MoS2 + Pyridine were performed
on using the same conditions and parameters (number of processors, number of empty states, k-
grid, ...). As we can see on figure figure.19, the computational time is only slightly diminished for
w=0.11aq ! but nothing significant, and increased for smaller or bigger values of w compared to the
PBEO computation, it seems that the HSE functional does not provide any kind of computational
improvement, and we try to understand the reasons.

It is said in the original HSE

Figure 19: Computational times (in second) of pyridine @ MoS, for different functionals

It seems that although the HSE does not improve the computation time, it should provide a
higher convergence relative to the grid size[18], however, for our system, we can not take a smaller
k-grid than 3x3x1 if we want K to be a part of the grid.

5 Outlook

In this section, we comment on ideas that have not been completed, or that could be interesting to
follow for better understanding of HIOS MoSs /pyridine,pyrene structures, beyond the functionals.

5.1 Band unfolding
5.1.1 Purpose and Principle

As mentioned previously, when computing crystalline supercells, the obtained band structure is a
folding of the band structure of a primitive cell (fig.21), this can be annoying, because as in the
case of 3x3MoS,, the band gap would be localized on the wrong point of the reciprocal space. And
more generally, a lot of bands would be associated to incorrect wave vectors.
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(a) primitive cell band (c) folded band structure
p (b) 2x folded band structure with its attributed weights

structure to come back to the primi-

tive cell

Figure 20: Simplified representation of band folding and unfolding process[20]

For those reasons, it is interesting to develop a so-called ”band-unfolding” post processing pro-
gram, that unfolds the band structure back to the primitive one. There are different methods, but
the principle remains to attribute to each k-point of each band a spectral weight (from 0 to 1) fig.20.

5.1.2 Projection method

The set of G vectors lattice of the supercell in the reciprocal space is linked to the set of g vectors
lattice of the primitive cell by G = M ~'g with M the transformation matrix in the real space. For
every k in the primitive Brilliouin zone (pbz), there exists a unique K = k — Gy wave vector in the
Supercell Brilliouin zone (SBZ) where Gy = ). G;, k is said to fold in K. Inversely, K unfolds into
a set of k; vectors k; = K+ G;,i =1, ..., N with Ny = det(m) the number of SBZ contained into
the pbz[?].

Each SC eigenvector [Km) can be expressed as a linear combination of SC eigenvectors : [Km) =
Yoic1 2on Fki,n, K, m) |k;n) with m and n the band indices. The purpose of the procedure is
to get the PC eigenstates |k;n) from the SC calculation. for that we obtain their contribution
F(k;,n, K, m) by projecting

P (ki) = Y | (Kmlkin) (17)

this gives the probability of finding a set of PC states |k;n) contributing to the SC state |km), from
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Figure 21: Schematic representation of a 2x2 supercell reciprocal lattice with the k folded into K
represented [20]

that, we can easily obtain the Spectral function of continuous variable E :

A(ki, E) = > Prm(ki)d(Em — E) (18)

m

Problems of implementation : To compute the projections (Kmlk;n), we need to use :

Prem(k Z Z k(i) (G(K)) - Cn k0 (G7) - Sk o). G000 (19)
Gk &

with G the subset of G matching to one k and its multiples in the unit cell. C,, x(G) the expansion
coefficients, and Sk,q,q’ the overlap matrix.

Which means we had to compute overlap matrices for each k-point, thus, the calculation of the
spectral function could not be made truly in post processing, and had to be calculated at the same
time as the bandstructure. However, we had to face a problem, because in the exciting code, the
eigenvalues are stacked on top of each other so that bands never intersect, which means the bands
stored in the output files do not correspond to the ”physical” bands, so we tried to go deeper under
the hood to find a way to produce overlap matrices with matching band indices, but could not
mostly by lack of time.

We then tried an approximation method where we used a simplified ”all plane wave method” where
the overlap matrix is considered as a plane wave overlap matrix (easy to simplify analytically), but as
expected, it provided wrong results for most of the bands because the basis set was inappropriate.
To experiment this method (and the next one), we decided to perform on simple 2x2 graphene
supercell because it is a material with with very distinguishable bands, for simplicity we only
evaluated the density of states in I', the expected k-band weights in I, respectively for each of the
thirteen firsts bands are shown in table 6.

5.1.3 Method of local density of states

This method[] is made to be simpler than the previous one, and does not require a computation
over the neighboring bands, and thus should not be a problem to implement. The idea is simply to
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Table 6: Tab of the obtained weights for band unfolding of a 2x2 graphene supercell in Gamma,
the first line gives the band index (from lowest to highest energy), the second line gives the ideal
value that should be reached, the third line provides the results obtained by the projection method
using the plane wave approximation matrix, and the last line gives the results obtained with the
local density method

index 1 2 3 4 ) 6 7 8 9 10 11 12 13

Theoretical 1 0 0 0 0 0 0 1 0 0 1 1 0

Projection | 1.1 | 0.97 | 0.76 | 0.75 | 0.47 | 0.03 | 0.11 | 95 | 0.32 | 0.77 | 0.96 | 0.78 | 0.42

IDOS 1.0 | 064 | 042 | 0.56 | 0.54 | 0.76 | 0.6 | 0.98 | 0.74 | 0.43 | 0.95 | 0.89 | 0.2

compute the local density of states.
m(a)) =Y [ aKlinc@Pole = ac) = 3 fu, (20)

We found only one occurence of this method being used, and the provided results had a lot of
artifacts, and does not seem appropriate for an important number of overlapping bands. And our
application did not show satisfying results (table.6).

5.2 GW approximation

The exciting code has a GW approximation module implemented[1], it solves the linearized quasi-
particle equation[19] that introduces the energy dependance of the self energy ¥ = GoW, with
G the non interacting single-particle Green function computed from the KS states and Wy is
the screened Coulomb interaction, offering first order perturbative corrections. It would be very
interesting to see how the GW corrects the KS states obtained with the different functionals as the
GW approach is considered the state of the art when it comes to electronic band structures[5]. When
obtained in non-self-consistency (GOWO0), they likely depend on the underlying DFT density and
hybrid functionals are closer to the final result[5]. Unfortunately, by lack of time, the convergence
tests for those computations could not be achieved.

5.3 Exciton study

The exciting code provides (as the name suggests), post processing tools to solve the Bethe-
Salpeter equation and even visualize excitons, It could help us anticipate the presence of charge-
transfer electrons for optoelectronics application, as well as consider the dielectric function of our
materials.
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6 Conclusion

This work has been dedicated to the theoretical investigations of the electronic properties of het-
erostructures made of MoSy and adsorbed pyridine and pyrene molecules. With this intent, a DFT
combined with GGA method was the first choice. For more accurate results, the hybrid functionals
HSE and PBEO were used as they have proven to give better results (than GGA) for each component
of the studied heterostructures, and they are common methods for other types of heterojunctions
to compute e.g. bandgaps, and band offsets.

The analysis of these computations tell us that monolayer MoSs is a candidate substrate for differ-
ent kind of ultra thin optoelectronic devices. As its strong carrier mobility coupled with strongly
light interacting molecules can lead to different types of level alignment. A heterostructure with
pyridine gives a type-I alignment which makes it an interesting material for light emitting devices
in the visible spectrum. On the other hand, a heterostructure with adsorbed pyrene yields a type-11
alignment as pyrene is a strong donor, which makes it suitable for light harvesting applications. As
the offsets obtained with the hybrid functionals were around 0.7 eV for pyrene @ MoSs and 1.2 eV
for the pyridine @ MoSs which is higher than the usual offset precision of HSE, we can be confident
with the type alignment predicted.

As a further step, it would be very interesting to use the GW approach to confirm our previous
conclusions. The reason for this is that band alignment requires precise quantitative results, and
GW is the state of the art in this respect. Further investigations for optoelectronic properties could
be made by solving the BSE starting with the electronic structure obtained with G'W.This would
allow for studying e.g. charge-transfer electrons
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