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— Silicon Nanowires (Si1 NWs) functionalization

— Graphane Hydroxylation
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« Density functional theory fundamentals
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Many body Schrodinger’s for N atoms and n

electrons system

Many body Schrodinger’s Hamiltonian:

h? ze’ 1 e’
H=——>) V- A S
Zij: ) ;‘rj—R, 2,; rj—rj.‘

Many body Schrodinger’s equation:

ih%‘lf(rl, 6y £ )= HE(, 1. 1)

Solutions by the variational approach is a big issue!
M = number of parameters required, n = number of electrons,
p = number of parameters per variable (3 < p <10): M= p3". e electrons

Set n=100 we get M= 33%0x= 1050 parameters!!! ij,\P = -y

W. Kohn's Nobel Lecture, Reviews of Modern Physics, Vol. 71 (1999)
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Density functional theory

DFT is valid for ground-state properties only and transforms the quantum many-body problem into an equivalent
problem of (fictious) non-interacting electrons, the Kohn-Sham Hamiltonian, giving a set of independent particle
Schrodinger equations that can be solved numerically, which are called Kohn-Sham equations; eigenfunctions obtain
the system electron density:

fictitious single-particle

]",2 ggzii:iljed in density
RLER v RYSN A OL, . [n(r)]
EF”? ]1“:(1 ) + VE'ff(l )wf (l ) — EF Veﬂ’.‘(r) — VE (l') —'—\/(II‘IV(P,F{)H(IJ) —|— g:;—(r)
E,c is the exchange correlation energy.
The total energy is minimized as functional of the charge Electrons charge density:
density:

~
= sum extended to all the
occupied fictitious states

1
E, = ZE,'— E]drdr’k’(r, r')no(r)no(r’) no(r) = Z:ﬂ:] yi(r)
1

+ Exc [no(r)] — /Vrt'(rj”ﬂ(r)“'r- We do not know the exact form of XC!
We solve choosing approximation of different accuracy.
More the accuracy and more the computation cost is.
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Jacob’s |ladder (the different approximations for XC

from the Perdew’s point of view)

Chemical

Accuracy Genesis 28:10-12

Jacob’s Dream at Bethel

10 Jacob left Beersheba and set out for
Harran. 1 When he reached a certain
place, he stopped for the night because
the sun had set. Taking one of the stones
there, he put it under his head and lay
down to sleep. 12 He had a dream in which

exact exchange
and exact partial
correlation

exact exchange
and compatible
correlation (e.g.,

Increase of the accuracy

hybrid PBEO, he saw a stairway resting on the earth,
HSE, ...) with its top reaching to heaven, and the

Meta-GGA angels of God were ascending and

descending on it.
GGA
LDA John P. Perdew, AIP Conf. Proc. 577, 1 (2001)
Hartree
World Jacob’s Ladder, Villa

Farnese (Caprarola, Rome)
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Example: Atomization Energies (in eV)

LSDA
H, 4.9 4.6 4.7

CH, 20.0
NH, 14.6
H,O 11.6
CO 13.0
o, 7.6

18.2
13.1
10.1
11.7
6.2

18.2
12.9
10.1
11.2
5.2

1 eV = 23.1 kcal/mol

GGA total energy calculations provide good approximation to the exact AE

Em FUNCTIONALIZATION OF NANOMATERIALS — Sde Boker, 05/09/2022



The fundamental band gap problem in the Kohn-Sham

A Photoemission

Cs =f=t

N-1 electrons

B Inverse Photoemission

€s -

N+l electrons

D. Golze, et al. Front. Chem. (2019)

E(N) = DFT total energy of N electrons system
Photoemission IP = E(N) — E(N — 1) electron removal

Inverse Photoemission EA = E(N+1) — E(N) electron addition

v

Fundamental Band gap Eg,, = IP — EA=E(N — 1) — 2E(N) + E(N+1)
The Khon-Sham gap is different from the fundamental band gap!

Definitions from single-particle states
(lacking XC energy in LDA/GGA)

Indeed IP — EA # & yuo0 — €Homo I EA Evacuum
Rather Egap = gLUMO - 8HOMO + SXC |P A 8LU'\/l()
exc.eea =0 ¥ gap
’ o €HomMO

K. Capelle, Brazilian Journal of Physics, vol. 36 (2006)
See also: Ab initio calculations of electron affinity and ionization potential of carbon nanotubes - F Buonocore,
et al. Nanotechnology 19, 25711 (2008)
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Electronic states meaning in Kohn-Sham equations

fictitious single-particle

nj ) SLtiln?iied in density
=5, V() + Ve (1) wi(r) = Es

In the formal Kohn-Sham theory the eigenvalues g, are merely auxiliary coefficients and
the eigenvectors are fictitious single-particle orbitals.

But they are more than just that!

Indeed, for exact/accurate charge density:

« g are well-defined zeroth-order excitation energies
* IP =-¢,0u0 (EXact equation)

and single-particle orbitals are used to define orbital functionals (hybrid, Meta-GGA, SIC,

)

K. Capelle, Brazilian Journal of Physics, vol. 36 (2006)

Em FUNCTIONALIZATION OF NANOMATERIALS — Sde Boker, 05/09/2022 11



Examples of WF prediction for metals

vacuam [

Metal WF(exp) WF(GGA) a(exp) a(GGA)
U eV eV bulk A bulk A
e | __ e Au(111) 5.25 5.23 4.08 4.15
3 ; ; { occupied
‘l P P l' } levels
\ | Pt(111) 5.69 5.70 3.92 3.99
~  Er
0o -fors (fa) fcc lattice

potential inside metal

Workfunction: W=E, .. - Er GGA = DFT General Gradient Approximation

The metal substrate are all cleaved in the (111)
direction, the most used in experiments.

O 1stlayer atom

@ 2nd layer atom
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* ADb Initio approaches to
— Silicon Nanowires (Si1 NWs) functionalization
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Silicon NanoWires (SINWSs)

The controllable growth of nanowires allows to
uncover the growth mechanisms and tailor building
blocks to construct functional devices.

SiNWSs applications could make electronic devices
neat, cheap, efficient, and powerful.

Benefits are seen from the implementation of
SiNWs in solar energy conversion and storage
devices.

Understanding the energetic of surfaces is the key
to control the behavior of the devices and to
suggest the chemical modification required to
iIncrease the device performances.




Electronic properties on VLS grown Silicon nanowires
by surface charge transfer

ML<1 o S
SiNW Si NW >48 | o @ !
3 1 D 45 [ ! 1
= Q o )
oH H ¢® .4 o X 42 &
. H & OH 3.9F :
° o :
H . . HO 0.8 ey
~ Annealing - Annealing — | ° o
Suliid —> EE¢ —> > . e
- ~0.4 |
- ‘H i o ' @
?H .. H H P :
Oxide layer 0.0+ : . . ;
. 0 1 2 3 4 5
®=H,0 00=0, 1: (5i,0), 2: (Si0) , 3: (5i,0,), 4: SiO, ML (Six'Hy'On)

. . . The experimental surface electronic parameters
Oxide thin Iayer grOWth by annealmg pUIseS on the (work function @, electron affinity y and surface

S”'Cor_‘ NWs. ) _ dipole 8) vs. the number of monolayers. Quite flat
* The Si,-H,-O, interface replaces the starting for ML < 1.

hydrogen-SIIlcon bonds (SI_H) at the Si NW surface. Awad Shalabny, Francesco Buonocore, Massimo Celino, Lu Zhang, Kasra
Sardashti, Michael Harth, Dirk W. Schubert, Muhammad Y. Bashouti.
Applied Surface Science 599 (2022) 153957
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DFT calculations of work function by

converting the Si-H to Si-OH and Si-Si to Si-O-Si.

We considered different configurations of the adsorption of dissociated oxygen and hydroxyl groups on the hydrogenated Si
surface and calculated the variation of the work function ® to be compared to the experimental A®.

b

:; *& All H desorbed and 100% O coverage gives A® = 1.2 eV (too much high).

l

All H substitution with —OH gives A® = -0.25 eV (opposite change)

The H substitution with —OH in the
‘ “'? . low barrier early stage dissociated
,,‘ ‘ oxygen adsorption on hydrogenated
. :> ' ‘&’ L, Sisurfacegives A® = 0.3 eV (closer
‘ ' ? to experiments).

More complex adsorption Si-OH and Si-O-Si patterns are possible. However, the simultaneous presence of both has been proved to
give rise to low formation energy configurations. The intrinsic dipole carried by the hydroxyl group has the effect of mitigating the
increase in the work function due to the atomic oxygen adsorption and the related electron charge transfer.

A. Shalabny, et al. Applied Surface Science 599 (2022) 153957
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SINWSs functionalization

Purpose: to prevent extensive oxidation of the SINWSs
through chemical methods while preserving the low
surface recombination velocity.

Bashouti et al. have shown that through a
chlorination/alkylation process for functionalizating
SiNWSs with C1-Ce alkyl chains, provides surface stability
that depends on the chain length and molecular
coverage (J. Phys. Chem. 2008, 112, 19168-19172).

PCls, 5 min,
90-100°C
g a’
R ay]
R ard
R l I ard
R | RMgal

I 70-80°C I
Si Si
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Si NWs: optimized atomic structures

<112> H-SiNWs

<112> CI-SiNWs

- Top-view Top-view Top-view ToD-Vi
cross-section (110) surf. (111) surf. cross-section (11%) o (1012)\/;3\:1/‘_
#ﬁ* Y/i‘f/&‘ i 722 p i 4 &
b E‘,I, /af 24 atoms ;:ﬁ; v &Aé
o - D=0.7 nm et & b g Y
100000004 I:I: P2999999 .
88094 oy Rk 088840 %
it R G e
$Hb4 188 | Setihte E
Er2 Lt £ 2 L 2R 222 .?Yiﬁ???.
eststestets SR AR, 4
mg , it
$60080860084 & SR 216at0ms  ~fiebiiiieles “Pr
5000000080404 . D=26nm 3irtrisseee it of
PEAORIII AN & St
HEHHRHE 4, SHEHL
$88444844444d

B. Ferrucci, et al. Nanomaterials 2022, 12, 1590
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Electronic properties of Cl- and H-SINWSs

H/CI- SINWs EFORM (eV/at)

S|96H40 '0.035
Si24C|20 '073
S|96C|40 '0.51

The formation energy per atom
(Erorm) Shows that Cl atoms
improve the structural stability
of the wire better than H atoms.

Ferrucci, B.; Buonocore, F.; Giusepponi, S.;
Shalabny, A.; Bashouti, M.Y.; Celino, M. Ab
Initio Study of Octane Moiety Adsorption on H-
and Cl-Functionalized Silicon Nanowires.
Nanomaterials 2022, 12, 1590.
https://doi.org/10.3390/nan012091590

Encrgy (¢V)

The band-gap energy of the
three H-SINWs is larger than
that of the respective CI-
SiNWs. The difference of the
gaps decrease vs the diameter.

2
<

Si24Clao Si2aHa0 Si96Clao

1

Energy (eV)

[HES

r

GGA

-+-CI-SiNWs  -e—H-SiNWs
2.5 7
Siz4Hao
T ?[Shck
&
o 15
c
o
=3 X Siz16Hso
8o .
© Si216Cleo
&
m 05
0
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Octane moiety adsorbed on the (111) and (110) surfaces

of H- and CIl- SINWSs

CI-SiNW initial geometry CI-SiNW optimized geometry

+AQ=37°y

The chlorinated systems present a

0=60° N
|

higher bond dissociation energy 2990999 Pe09se? sese
(BDE) of octane moiety with respect mit iy i 4 ﬁ?’: m i
to the hydrogenated systems. Wtj W :;ﬁ u Ay
eetesstss sl vt
-t o it
H-SiNW initial geometry H-SINW optimized geometry
=Y
CI-Si-CgH,,(111) 733.85 048 idbbbbd- 44 N
CI-Si-CgH,,(110) 716.47 D44 Wﬂ*f ool
HSECH ML - 63730 ey dbebbee R
H-Si-C4H,,(110) 632.67 AT -oereoeee- i

Ridtdddsalintiddtdtn

B. Ferrucci, et al. Nanomaterials 2022, 12, 1590
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Octane moiety adsorbed on the (111) and (110) surfaces
of H- and CI- SINWSs

The octane moiety adsorption does not give rise

S P isgev - Tisgev to any energy level inside the energy band gap,
E: di-siNw-CeH H-SINW-CH1r differently from the case of alkene molecule
5 adsorption.

=

Lu -

—

intragap energy level

Band structure and
intragap energy level of

Eg(H-SINW-C8H17) < Eg(H-SiNW) i i <112> SiNW with the
I adsorption of alkenyl chain
AE,,=0.01ev = - (H. Xu, et al. Appl. Phys.

Eg(CI-SiNW-C8H17) > Eg(CI-SiNW) Lett. 2011, 98, 073115)

AE ., =0.07 eV

B. Ferrucci, et al. Nanomaterials 2022, 12, 1590
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Differential charge density of CI/H-SINW-CsH17(111)/(110)

(111) (110)
=
<
=
Z
< Charge transfer does not dependend on CI- or H-
o functionalization;
« charge transfer of 0.2 e from the Si NW to the octane
moiety (partial charge of 48.3 e for the isolated CgH,-).
=
<
=
Z
<P
T

Green = positive difference
Red = negative difference

; B. Ferrucci, et al. Nanomaterials 2022, 12, 1590
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* ADb Initio approaches to

— Graphane Hydroxylation
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Graphene and its derivatives

In the fully sp? hybridized 2D lattice, some carbons can be altered into the sp?® hybridization while bonds pop
out to become available out of the plane
Graphene periodic Graphene Based Derivatives

Graphane: all carbons are sp?® and
bonded to hydrogen

Fluorographene: the same structure
with fluorine

Graphone: hydrogen only on the top

' Also fully sp® GOH structures are possible:
irregular and «aperiodic> hydrogenated, epoxide, hydroxyl mix are predicted to
be stable (Buonocore et al., The Journal of Chemical
Physics vol. 147, 104705 (2017) ).

HOOC O GO: oxidised graphene.
Epoxide, carboxyl and hydroxyl
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Example of ab initio energy gap: the hydroxylated

graphane case

Egap = SLUMO - SHOMO Wlth (HSE and
HSE,) and w/o (PBE GGA) exact
exchange fraction

‘ ‘ ‘ % of Hydroxylated C
| lowest lowest lowest 0 20 40 60 80 100
‘ energy 4 gnergy ‘ energy 8 - T T T T T T T T
‘ " " isomer ‘ 2OMeY . 1 isomer
| ‘ . L | [
. v o M -0.32eV # -0.07 eV # -0.09ev
e K g 4 i v d

GoH(OH) GoH(20H) GoH(30H) GoH(40H)

| .

‘ ¢ | lowest T

energy ‘ ‘
‘ 4 isomer I : S |
J S [ /

9 g

W -0.68eV % 0.16¢€ | b ‘ o T ‘

lowest
energy
isomer ‘

Bandgap (eV)

GoH(50H) GoH(60H) GoH(70H) GoH(8OH)
The lowest and second lowest energy Energy gap of the lowest energy isomers.
hydroxylated graphane isomers. HSE and HSE, are hybrid functionals with 25%
Ab initio thermodynamic stability investigated in Buonocore et and 50% of the exact exchange energy,
al., The Journal of Chemical Physics vol. 147, 104705 (2017) respectively. (F. Buonacore, et al. J. Physical

Chemistry C vol. 125 (2021))
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Effect of hydroxylation on EA of graphane

» Hydrogen less electronegative with
a) b) respect to C - outward-pointing surface
SEA= +0-40 eV dipoles - decrease of the EA
* Oxygen more electronegative than C -

| ‘ inward-pointing surface dipole -
increase of the EA
» The different EA on the two sides give

rise to an electric dipole p, = 0.219 D
(AEA=0.64 eV).

oER==0:30 BX « Two different faces - Janus structure
* EA=E, .cuum — €Lumo With exact exchange
t = dipole energy fraction (HSE,)

OEA is the electronic affinity (EA) variation

I I B re et al., J. Phys. Chem. C 2021,
due to the first hydroxylation. e e oy Chem
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Electric dipoles in Janus 2D structures

Electronic affinity and induced microscopic Difference in EA and total intrinsic dipole moment p,
electric dipoles for the HyGH structures (HSE,).
An |AEA (eV)| D)
A B s O _- EDTIE
k] 1 i i GH(10H) 0.64 0.219
W W rﬁ&‘ ﬁ&f GH(20H) 2 1.23 0.423
| deorde beosle | ] GH(@BOH) 1 0.55 0.189
GH(BOH) 1 0.85 0.297
e) f) g) h)
BR=113eV EA=0.37 eV EA=1.01 eV GH(GOH) 2 103 0364
,9@1 Mx "H‘P YH'P GH(7OH) 1 0.61 0.218

Buonocore et al., J. Phys. Chem. C 2021,
125,29,16316-16323
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Tuning the work function of the graphene/hydroxylated

graphane (HyGH) heterostructure

WF=5.2 eV

w » v
T T T

WF= 3.9 eV

= 5

Average potential V(z) (eV)

=)

> &

3 D
z (Angstrom)

Having a commensurate lattice structure to graphene and
affording the WF tunability of different isomers, HyGH family
materials could be ideal interlayers in graphene-based devices
and 2D heterostructures.

THE JOURNAL OF

CHEMISTRY "7 Deo

Tuning the Electronic Properties of Graphane via Hydroxylation: An
Ab Initio Study

Francesco Buonocore,” Andrea Capasso, Massimo Celino, Nicola Lisi, and Olivia Pulci

Cite This: J. Phys. Chem. € 2021, 125, 16316-16323 I:Inuu Online
& More

ACCESS|

Buonocore et al., J. Phys. Chem. C 2021,
125,29,16316-16323
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Graphene based derivative (GBD) as hole transport

layer (HTL) for organic photovoltaics

Voltage (mV)
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
1 asl

0 alaasalaaialiaialisigl
4 2.9eV
<3 338V L Ca
o 4
T s
| e I R R 4.3eV
g + a7ev | CED  IoppTTT.C.T [70]PCBM
o : 4.9eV Rl L
g 10 ITO e e
G 19 -Je 5.1eV
- PEDOT:PSS
gl 000 «/SEmS U 0000000 [ lecessessessssssssss —
. 6.0eVv
* The cells attained a maximum power L
conversion efficiency of 5%, matching h* transport active Iayer e transport
reference cells made with state-of-the-art layer hy layer
PEDOT:PSS as the hole transport layer

* The advantage is that GBD do not corrode

the ITO electrode. hole 44
A. Capasso, et al., ACS Appl. Mater. Interfaces, 2016, 8, pp 23844—-23853 electron

Low T GBD characterization: A. Capasso, et al., Advanced Functional Materials Volume
31 2005300 (2021) GBD PBDTTT-C- Ca

T/[70]PCBMO
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EERAdata: Towards a FAIR and open data ecosystem in the low

carbon energy research community

European H2020 CSA — 3 years project started in March 2020
Building a Low-Carbon, Climate Resilient Future: Secure, Clean and Efficient Energy (LC-SC3-CC-3-2019)

Vision:
* Energy data exploitation with useful metadata and quality assurance to choose, monitor
and implement sustainable transition pathways
* Industrial and research applications in 4 use cases: 1) Materials for energy, 2) Power
transmission and distribution, 3) Buildings efficiency, 4) Low carbon and energy efficiency
policies
Objectives:

* Low carbon energy research databases opening and FAIRification (Findable, Accessible,
Interoperable, Reusable)

* Develop a community platform for both providers and users of energy data

* Build technical, operational and financial capacities for the management of data in energy

research communities: The European Energy Research Alliance (EERA) , EOSC (European
Open Science Cloud)

website: www.eeradata.eu

FHERN

This project has received funding from the European
Union's Horizon 2020 research and innovation programme
under grant agreement no. 883823.
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Conclusions

« Density functional theory is a powerful theoretical approach that must be
used wisely.

« The functionalization of nanomaterials plays a critical role since it
determines, to a large extent, the properties and performances of the
devices in applications. The alkyl functionalization can enhance protection of
the hydrogenated and chlorinated nanowire quantum surfaces against
oxidation without substantial modification of the electronic properties of H-
and Cl-functionalized Si NWs.

« Heterostructures fabricated with Janus monolayers (asymmetric bifacial
functionalization) may play the role of charge transport layer in solar cells,
depending on the polarity of the 2D crystal.
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