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* Part 1: Basics of Bands
— How bands are formed from molecular orbitals
— The meaning of k-space
— Density of states
— Electron filling
— The Fermi level
— Metals vs semiconductors
— Conduction
— Doping
* Part 2 : The Fermi level, Work Function and Band Bending
— Significance of Fermi level
— Understanding work function
— Interfaces and band bending
— Relevance to catalysts



Part 1:
Basics of Band Structure



1. Chemist’s View of Electronic
structure in Solids

 This material is taken from:

“Solids and Surfaces: A Chemist’s View of
Bonding in Extended Structures”

By Ronald Hoffmann



1.1 Orbitals and bands in 1-dimension
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1.1 Infinite chain of H atoms

cyclic boundary condition
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1.2 Bloch functions and band
structures in k-space

Better way to write ... translational symmetry
useanindexn=1, 2, 3,4, ..
Then there is a basis function (an H 1s orbital), Xo, X1, X2 » X3+ - X
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1.2 Bloch functions and band structures in
k-space

Quick test...
does it work fork=0and k=m/a ?
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Higher the magnitude of k, the more number of nodes.
k has a range. Values outside this range are not unique, and reproduce values of lower k
|k| £m/a (This is called the first Brillouin zone, i.e. the range of unique k)




1.2 k-space

How many values of k are there?

As many as the number of
translations in the crystal

(i.e. as many as the number of
microscopic unit cells

in the macroscopic
crystal)



1.2 k-space

*k-space is also known as reciprocal space or momentum spaces

*Relationship between k = 2n/A and momentum is from de Broglie’s A
= h/p

*i.e. k is proportional to p (momentum of the electron wavefunction)

*k is not only a symmetry label and a node counter, it is also a wave
vector (i.e. it measures momentum)



1.2 k-space
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1.2 BandW|dth a.k.a. dispersion
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1.3 p-orbitals in solids

When the basis set (i.e. orbitals) have inversion symmetry (e.g. p-orbitals) then bands

run in the opposite direction (i.e. k = 0 has higher energy than k = ni/a)

Vo = Xot Xy+ Xo+ Xg+ *°
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1.3 Stacks in solids

Getting more complicated
with d® PtL, complexes
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1.3 Frontier orbitals of monomer
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1.3 Bands from frontier orbitals
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1.3 Orbitals at k =0 and k = t/a
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1.4 Bands in 2 Dimensions

1-01,1

We can factor the Schrodinger equation of the crystal into wavefunctions
along the x- and y-axis, each being identical to the 1D representations.

Then we have two kinds of wave vectors, k, and k,

0< |k, Ik | <m/a (a=la;] = [a,])
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1.4 Solutions in 2D for s-orbtials

ky=0, ky=m/a

J
9,0.0
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2D Solutions for p-orbtials

Py Py
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1.5 Brillouin Zone in 3D

Cu

LDA band structure
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http://slideplayer.com/slide/8814870/26/images/12/Brillouin+Zo http://www.theochem.unito.it/crystal_tuto/mssc2008_cd/tutorials/m
nes+in+3D+fcc+bcc+hep+The+BZ+reflects+lattice+symmetry.jpg etals/metalklaus_files/cuLDAband.jpg



1.5 Brillouin Zone of other lattices

*The BZ reflects lattice symmetry

http://slideplayer.com/slide/8814870/26/images/12/Brillouin+Zo 26
nes+in+3D+fcc+bcc+hcp+The+BZ+reflects+lattice+symmetry.jpg
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Calculated-band-structure-for-fcc-photonic-crystals-con-sisting-of.png



Binding Energy (eV)
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1.6 Density of States
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1.6 Filling with electrons

— 38
— 3p
— 3d

——  total DOS

Density of States

=)

1 s-state per atom
3 p-states per atom
5 d-states per atom

1023 atoms = 9x1023 states
2 electrons per state
Can fit 18x1023 electrons

Fermi Level

I

Copper has 11 electrons per atom
This means the bands are not full
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1.6 Band filling of the transition metals
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1.7 Semiconductors and band gaps

Bands diagram of silicon

k-points Density of States

http://gvallver.perso.univ-pau.fr/wp/wp-content/uploads/bands_Si.png
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1.7 Metals vs Semiconductors

10 - Conduction Band » Metals have states at
r ______ ’I Fermi level
|
} i *SC’s and insulators do not
ST ' !
i | *“Band Gap” is the
T ’ difference between CB and
Or e @ Fermi VB.
*For intrinsic SC’s the Fermi
5 F . level is in the middle of the
1oL Valence Band

Metal Semi-conductor
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1.7 Conduction

*Elect. Conduction occurs via excitation
of e” into unoccup. States

*This generates electrons in the CB and
holes (i.e. electron vacancies) in the VB.

*Both lead to conductivity

* Average thermal energy (kT) at room
temp.is 0.013 eV

* Only the electrons within a few kT of
the Fermi level can contribute to
conduction
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1.7 Fermi-Dirac Function

http://ummalqura-phy.com/HYPER1/disfd3.gif

35



1.7 Carrier Concentrations
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*At O K, the electron population
distribution is a step function

*As T increases, CB states become filled
and VB states become unoccupied.

*Fermi function is used to calculate this.

*Fermi function can be used to calculate
charge carrier concentrations in semi-
conductors.

Conduction
band

E¢

https://cbc-wb01x.chemistry.ohio-state.edu/~woodward/ch754/lect2003/conductivity_lect20.pdf



1.8 Doping Semiconductors

101 T N ] *Impurities can be added to SC’s to
| | | increase conductivity
| I
S | i I i *N-type dopants add filled states close
L A i to the CB
oL — *P-type dopants add empty states

"""""""" close to the VB
* N-type shifts Fermi toward CB
*P-type shifts Fermi toward VB

10 L *In Si, P is an n-type dopant, B is a P-
n-type p-type type dopant.
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1.8 Doping with defects

*Consider d° oxides
ed-orbitals are empty, O 2p orbitals are full

*Examples: TiO,, MoO,, V,0, WO,

eg d,v':'\:’ df 2 = :(Z‘)\
d\': 4 d7x\\\ . S TOtal DOS
= . i .
d ' d_ (n.b) =
. o 2
L s T |, Tidd,, 3d, |,
_________ X » Ky (7)) s ; 2g
bt 02 5 Al Tz, f
—L 2 z r |
s g : Ti 3d,, 3d{ g
0
-4 0 4 8 12
Energy (eV)
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Charge neutral

*Perfect crystal has Fermi at mid-gap

Defect free
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5 R - g
N CXGe
Srgm . ©
l_‘_::::::f Net charge = +2
—
L9
@@ ®
e
O deficient

O vacancy requires two Ti** to become Ti3*
*Therefore, Ti 3d band not empty

*Electrons on Ti3* sites are n-type dopants



Doping with defects

*Due to entropy, there is always some finite concentration
of defects.

*Therefore, oxides are always intrinsically “doped”

*Type of doping depends on thermodynamic stability of
defects

*O vacancies are n-type dopants
*Metal vacancies are p-type dopants
O interstitials are p-type dopants
*Metal interstitials are n-type dopants

*Doping degree changes with temperature and O-partial
pressure



Doping with defects

*Due to entropy, there is always
some finite concentration of
defects.

*Therefore, oxides are always
intrinsically “doped”

*Type of doping depends on
thermodynamic stability of defects

O vacancies are n-type dopants

*Metal vacancies are p-type dopants

O interstitials are p-type dopants

Formation energy (eV / lattice defect)
o N B

*Metal interstitials are n-type
dopants

*Doping degree changes with
temperature and O-partial pressure
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Edge = 7.27 eV, = 5898

Edge = 9.5 e\\>

Perfect, defeci-free Mo, . 0.35 -
e A e . Mid-gap
0.30
0.25 |
E Real, near-stoichiometric MoO,
l"‘-a___ 0.20
0 0.05 0.1 015 0.2 025

MNon-stoichiometry (x)

______ : __----K Gap ~ 0.99 eV

“-B Real, near-stoichiometric MoO 5

MNon-stoichiometry (x)

Defect states become detectible
C
M—..__\_\_\_\_\_\_
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Non-classical Insulators

a Mott-Hubbard Insulator
independent correlated
electrons electrons

Energy

b  Charge-Transfer Insulator

independent correlated
electrons electrons

Energy

DOS DOS
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Part 2:
The Fermi Level, Work Function and
Band Bending



2.1 Fermi level is related to electronegativity

Evac Evac
Y YWY
EA
t EA
; — & Conducti
IE t IE L '_ Band
Valence

' Band
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2.1 Work Function

*Work function is the minimum energy required to remove
an electron from a solid.

|t is the energy difference between the “local” vacuum
level and the Fermi level.

*Local is to be distinguished from absolute vacuum level
*Work function is a characteristic of surfaces.

*If is related to the Fermi level (which is a property of
solids), but contains an additional term that is a property of
the surface

*This term is the surface dipole.



2.1 Surface Dipole

EA
Fermi level v
[+

AN

_®

nuclei

http://inspirehep.net/record/1497822/files/workfunctions.png

A=dipole barrier
p=chemical potential
®=work function

electrons: O =A-u
®>0
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2.1 Surface Dipole

Valence

Band

Distance



2.1 Local vs. Absolute Vacuum Level

Absolute vacuum is a universal constant, however, it is
not directly measureable

It is the rest energy of a test charge in absolute
vacuum, at infinite distance away from all other
particles.

All we can measure is energy required to eject an
electron.

This is the sum of Fermi energy + surface dipole
We cannot disentangle these two contributions

Thus work function is not really Fermi energy or
electron chemical potential, but it is the our best
measureable approximation.




2.1 Work Function Anisotropy

* Different crystal faces have different surface
dipoles due to differing atomic packing and
resulting electron density

* Thus different crystal faces have different
work functions.

- Work Function (eV)

Cu(111) 4.91
Cu(100) 4.81
Cu(110) 4.53
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2.1 Work Function, Fermi Level and
XPS Binding Energies

Decrease ¢ by Decrease ¢ by
decreasing & decreasing p
~l— m——
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P
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2.2 Equalizing Fermi Levels

Two metals with different Fermi levels at infinite distance

Vacuum Level

----Fermi (A)

Metal B

Metal A
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2.2 Equalizing Fermi Levels
Two metals with different Fermi levels in contact

*Fermi levels equilibrate
* Electrons move from low work function to high work function

_______ ,  Vacuum Level

N —
I
I
I
I
I
I
|

Fermi (A) ----

Metal B

Metal A



2.3 Band Bending at p-n Junction

n-type



2.3 Band Bending at p-n Junction

n-type p-type



2.3 Band Bending at p-n Junction

n-type h* drift
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2.4 Band Bending at Metal-SC Junction

Metal n-type



2.4 Band Bending at Metal-SC Junction

n-type

Note:

* Metals have carrier densities
of ~1022cm?3

*Screening lengths of ca. 0.1
nm

*Semi-cond. have carrier
densities ~107 cm-3

*Screening lengths of ca. 10
nm
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2.5 Band Bending at Surfaces

n-type Surface
States
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2.5 Band Bending at Surfaces

®
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n-type States




What does all this have to do with
catalysis?

e Surfaces can have significantly different
energy levels than expected from bulk
considerations.

* This will affect interactions and charge transfer
with adsorbed molecules.

* Adsorbed molecules can also change the
surface band bending.



Influence on Metal-Support
Interaction

“Pepletion Layer_”
~ g

rd
'b~-_-‘-

Bulk Semiconductor

Zhang, Yates, Chem. Rev. 2012, 112, 5520-5551
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Metal Disk\
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Zhang, Yates, Chem. Rev. 2012, 112, 5520-5551



Band Bending and Adsorption

n-type Semiconductor
(a) (b) (c)
Evar. | e Eva: | _Euac
CB Xmulecule : :
_——fm - CB. _ _ _ ___ )
E|: TIXI EF......H CB 55 o
— T - E E!'E"m
/‘ LUMO L 'lumo ‘e 00 LUMO
n-type doping | |
| |
VB Ve | L/
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Zhang, Yates, Chem. Rev. 2012, 112, 5520-5551 "



Band Bending and Adsorption

p-type Semiconductor

(d) (e) (f)
Ey | Ey CB |<—D—v~ Ey
D
s 2, T~
0000
p-type doping errry | (L m— E; I:_*—l:l
N\ HOMO 0o ooaol HomMo | Qe | HOMO
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S I vE‘ _______ IT_\ _____________ : _____
VB |
| I

Zhang, Yates, Chem. Rev. 2012, 112, 5520-5551 v



Band Bending and Particle Size

Depletion Layer !
(D) ”

CB
"VBB
V":I _______ CB
E < Radius (rQ)
|
|
: VB
1 VB
|
|
|
Big Particle Small Particle

Zhang, Yates, Chem. Rev. 2012, 112, 5520-5551
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a) Case 1: Broad s-Band

i) Metal i) Metal
inferaction interaction
on off
5 EFermi
D
-
LI P —
g’ Adsorbate
5 Orbital
£
m
Broadened

State

s-Band

b) Case 2: Narrow d-Band

i) Metal iil) Metal
interaction interaction
on off

Anti-bonding

> E.

E) Fermi

(b}

c
IJJ ‘:—

o)) + Adsorbate
£ Orbital
©
£
o

‘ Bonding
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Further Reading

“Solids and Surfaces: A Chemist’s View of
Bonding in Extended Structures” R. Hoffmann

“Electronic Properties of Materials” D. lJiles

“Solid Surfaces, Interfaces and Thin Films” H.
LGth

“Band Bending in Semiconductors: Chemical
and Physical Consequences at Surfaces and
Interfaces” Zhang, Yates: Chem. Reviews
(2012)



Any Questions?



log (Defect concentration / cm':’}

Doping with defects

30 20 -10 0 10 20 30 40
log (po,(T") / bar)
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