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Thermal Equilibrium (1)

@ Thermal Equilibrium a common Fermi level is established
by means of charge transfer...
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..from higher lying to lower lying Fermi level



Thermal Equilibrium (2)
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Thermal Equilibrium (2)

()

® AV / \ ©

_ Depleted, poorly conductive
Interface dipole layer (poorer than bulk)

space charge region
Scott, J.Vac.Sci.Tech. A 21(3) 2003 521 Tung Mat.Sci.Eng R 35 2001 1




Thermal Equilibrium (2)
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_ Accumulated, highly conductive
Interface dipole layer (higher than bulk)

space charge region
Scott, J.Vac.Sci.Tech. A 21(3) 2003 521 Tung Mat.Sci.Eng R 35 2001 1
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Metal-semiconductor contacts
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Interface dipoles (1)
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Barriers and @, do change!!



Interface dipoles (1)
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Interface dipoles (2)
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Spectroscopical technigues
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(a) UPS (b) XPES (d) IPES

Kahn Adv.Mat. 2003 15 271 Zahn, Chemical Reviews, 2007, Vol. 107, No. 4 1181



Salaneck Adv.Mater. 2009 21 1-23

Interface interaction strength

Weak

Interaction
strength

Strong

Example of interface Interaction type Refs.
Noble gas atoms or saturated | Physisorption, absence of | 59,61-
hydrocarbons on clean metal | charge transfer 63
surfaces
n-conjugaied molecules and | Physisorption, possible integer | 22, 68
polymers on organic or | electron charge  transfer
passivated metal surfaces through tunneling
n-conjugated molecules on | Weak chemisorption, possible | 21, 80
non-reactive  clean  metal | partial charge transfer
surfaces
(m-conjugated) molecules on | Strong chemisorption, | 20
reactive clean metal surfaces covalent bonding between

molecule and metal, (partial)
charge transfer
(m-conjugated) molecules with | Strong chemisorption, | 24, 97

intrinsic dipole and anchoring
groups on clean metal surfaces

covalent bond at specific sites
of the molecule and metal,
(partial)  charge  transfer,
surface dipole




Metal/organic interfaces:



Metal/organic interfaces:



Real Metal surfaces: pushback effect
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Real Metal surfaces: pushback effect

charge density charge density

metal vacuum metal vacuum

H positive charge

+ negative charge

surface dipole




Real Metal surfaces: pushback effect
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Metal/organic interfaces:

Weak

Interaction
strength

Strong

Example of interface Interaction type Refs.
Noble gas atoms or saturated | Physisorption, absence of | 59,61-
hydrocarbons on clean metal | charge transfer 63
surfaces
n-conjugated molecules and | Physisorption, possible integer | 22, 68
polymers on organic or | electron  charge  transfer
passivated metal surfaces through tunneling
m-conjugated molecules on | Weak chemisorption, possible | 21, 80
non-reactive  clean  metal | partial charge transfer
surfaces
(m-conjugated) molecules on | Strong chemisorption, | 20
reactive clean metal surfaces covalent bonding between

molecule and metal, (partial)
charge transfer
(m-conjugated) molecules with | Strong chemisorption, | 24,97

intrinsic dipole and anchoring
groups on clean metal surfaces

covalent bond at specific sites
of the molecule and metal,
(partial)  charge transfer,
surface dipole
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Physisorptive regime
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Physisorptive regime: -
who cares @57
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¢th Fig. 8.3. Density of electrons and rise in potential near an Ohmic contact.
Ll oC —_— L; is the Debye length for the density n;.
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Rose Photoconducitivty and allied problems 1963
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Physisorptive regime:
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Dg,p, Posc (V)

Physisorptive regime: effect of disorder
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Ogp, Posc (eV)

D (eV)

Physisorptive regime: effect of disorder
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Physisorptive regime:
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Clean Metal/molecule interfaces:
weak chemisorption

Weak

Interaction
strength

Strong

Example of interface Interaction type Refs.
Noble gas atoms or saturated | Physisorption, absence of | 59,61-
hydrocarbons on clean metal | charge transfer 63
surfaces
n-conjugated molecules and | Physisorption, possible integer | 22, 68
polymers on organic or | electron  charge transfer
passivated metal surfaces through tunneling
m-conjugated molecules on | Weak chemisorption, possible | 21, 80
non-reactive  clean  metal | partial charge transfer
surfaces
(m-conjugated) molecules on | Strong chemisorption, | 20
reactive clean metal surfaces covalent bonding between

molecule and metal, (partial)
charge transfer
(m-conjugated) molecules with | Strong chemisorption, | 24,97

intrinsic dipole and anchoring
groups on clean metal surfaces

covalent bond at specific sites
of the molecule and metal,
(partial)  charge  transfer,
surface dipole




Induced Density of states model|
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«all Molecular Orbitals
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CNL: Theory vs Experiment
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Metal/ordered molecule interfaces:
n-poles
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Strong chemical interaction

@ Interface

Weak

Interaction
strength

Strong

Example of interface Interaction type Refs.
Noble gas atoms or saturated | Physisorption, absence of | 59,61-
hydrocarbons on clean metal | charge transfer 63
surfaces
n-conjugated molecules and | Physisorption, possible integer | 22, 68
polymers on organic or | electron  charge transfer
passivated metal surfaces through tunneling
m-conjugated molecules on | Weak chemisorption, possible | 21, 80
non-reactive  clean  metal | partial charge transfer
surfaces
(m-conjugated) molecules on | Strong chemisorption, | 20
reactive clean metal surfaces covalent bonding between

molecule and metal, (partial)
charge transfer
Strong chemisorption, || 24,97

(m-conjugated) molecules with
intrinsic dipole and anchoring
groups on clean metal surfaces

covalent bond at specific sites
of the molecule and metal,
(partial)  charge transfer,
surface dipole




Chemisorption
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Chemisorption: Alg3/Mg (1)
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Chemisorption: Alg3/Mg (2)
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Weak

Interaction
strength

Strong

Interface energetics. summary

Example of interface

Interaction type

Noble gas atoms or saturated
hydrocarbons on clean metal
surfaces

Physisorption,
charge transfer

absence of

n-conjugated molecules and
polymers on organic or
passivated metal surfaces

Physisorption, possible integer
electron  charge  transfer
through tunneling

Integer charge transfer

m-conjugated molecules on
non-reactive  clean  metal
surfaces

Weak chemisorption, possible
partial charge transfer

IDIS and partial C.T.

(m-conjugated) molecules on
reactive clean metal surfaces

Strong chemisorption,
covalent bonding between
molecule and metal, (partial)
charge transfer

(m-conjugated) molecules with
intrinsic dipole and anchoring
groups on clean metal surfaces

Strong chemisorption,
covalent bond at specific sites
of the molecule and metal,
(partial)  charge transfer,
surface dipole

Chemical reactions
@ interface




Weak

Interaction
strength

Strong

Solvents “passivates” metals-> no intimate metal organic contact

Polymers on metal

Example of interface

Interaction type

Noble gas atoms or saturated
hydrocarbons on clean metal
surfaces

Physisorption,
charge transfer

absence of

n-conjugated molecules and
polymers on organic or
passivated metal surfaces

Physisorption, possible integer
electron  charge  transfer
through tunneling

Integer charge transfer

m-conjugated molecules on
non-reactive  clean  metal
surfaces

Weak chemisorption, possible
partial charge transfer

(m-conjugated) molecules on
reactive clean metal surfaces

Strong chemisorption,
covalent bonding between
molecule and metal, (partial)
charge transfer

(m-conjugated) molecules with
intrinsic dipole and anchoring
groups on clean metal surfaces

Strong chemisorption,
covalent bond at specific sites
of the molecule and metal,
(partial)  charge transfer,
surface dipole

-> no IDIS nor chemical reaction



Weak

Interaction
strength

Strong

Metal on Polymers

Example of interface

Interaction type

Noble gas atoms or saturated
hydrocarbons on clean metal
surfaces

Physisorption,
charge transfer

absence of

m-conjugated molecules and
polymers on organic or
passivated metal surfaces

Physisorption, possible integer
electron  charge  transfer
through tunneling

Integer charge transfer

m-conjugated molecules on
non-reactive  clean  metal
surfaces

Weak chemisorption, possible
partial charge transfer

IDIS and partial C.T.

(m-conjugated) molecules on
reactive clean metal surfaces

Strong chemisorption,
covalent bonding between
molecule and metal, (partial)
charge transfer

(m-conjugated) molecules with
intrinsic dipole and anchoring
groups on clean metal surfaces

Strong chemisorption,
covalent bond at specific sites
of the molecule and metal,
(partial)  charge transfer,
surface dipole

Chemical reactions
@ interface

Intimate metal organic contact is possible
due to (Ultra) High Vacuum metal evaporation



Metal-Polymers-Metal interfaces

ICT Chemical reaction
barriers < 0.3/0.4 eV o o T
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[Metal/Small molecule] — [Small molecule/metal]
Interfaces

Weak

Interaction
strength

Strong

Example of interface

Interaction type

Noble gas atoms or saturated
hydrocarbons on clean metal
surfaces

Physisorption,
charge transfer

absence of

m-conjugated molecules and
polymers on organic or
passivated metal surfaces

Physisorption, possible integer
electron  charge  transfer
through tunneling

Integer charge transfer

m-conjugated molecules on
non-reactive  clean  metal
surfaces

Weak chemisorption, possible
partial charge transfer

IDIS and partial C.T.

(m-conjugated) molecules on
reactive clean metal surfaces

Strong chemisorption,
covalent bonding between
molecule and metal, (partial)
charge transfer

(m-conjugated) molecules with
intrinsic dipole and anchoring
groups on clean metal surfaces

Strong chemisorption,
covalent bond at specific sites
of the molecule and metal,
(partial)  charge  transfer,
surface dipole

Chemical reactions
@ interface

Intimate metal organic contact is possible
due to (Ultra) High Vacuum metal and molecule evaporation



Molecules: Clean Vs. contaminated metal

A. Wan et Organic Electronics 6 (2005) 47-54
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Molecules: Clean Vs. contaminated metal o9

Contamination by C, O
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Effect of deposition technique

Vacuum deposited vs liquid phase deposition:
solvents/air passivates interfaces

Metal upon Organics vs Organics upon Metal
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eV from Vacuum
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Materials

eV from Vacuum
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Interface functionalization

TABLE I. Work function. sheet resistance. and root-mean-square (rms) surface roughness of ITO for the
different surface treatments.

Work function Sheet resistance  Surface roughness

Surface treatment (eV) (Q/sq) (nm)
As-recetved 4.5 16.1 2.6
(a) Mechanical Paper rubbing 4.2 16.3 23
Teflon rubbing 4.2 16.5 24
(b) Wet cleaning Ultrasonic 4.35 15.5 34
RCA (no IPA) 4.35 19.6 24
Aquaregia (10/20'/30") 4.6/4.3/4.7 18.5/23.5/28.6 3.8/8.4/8.8
} Dry cleaning O, plasma (5'/10'/15") 4.35/4.75/4.65 16.4/15.0/16.4 1.4/1.4/2.1
Ar plasma (5'/10'/15") 4.5/4.5/4.55 16.7/17.3/17.0 10.9/15.4/23.0
(d) Combined* Aquaregia (20')/0, plasma (10") 4.6 27.7 6.0
O, plasma (10")/aquaregia (20") 4.7 >30.0 1.8

© N o *OH
O]H \ / ?
O—-S}I’I'L o) + O_an"l_ 0 _). O""“?”W— 0
O~ O~ O

Salaneck J. Appl. Phys., Vol. 84, No. 12, 15 December 1998



Interface functionalization

 PEDOT PSS on ITO: /
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Interface functionalization

* PEDOT PSS on ITO:

PEDOT-PSS

ITO Polymer
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Large AE, varies with ITO(E;)
Phys. Status Solidi RRL 6, No. 7 (2012)
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Interface functionalization: multilayer
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Interface functionalization(4)

polar SAM on ITO
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Khodabakhsh Ad.Funct.Mat. 14 2004 1205



Doping
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Walzer et al. Chemical Reviews, 2007, Vol. 107, No. 4



Doping
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Charge Injection



Classic models

Through the barrier:

b
_\% Fowler-Nordheim J=BFZexp(—Ej

n

Needs bands and triangualr barrier i}

...... Over the barrier:
4{\ ....... ) A — cE Y2
Richardson-Schottky J = ATZepr— = j

qi

Does not take hopping
INto account




Injection In organics

: E?()V’V:"m Ingredients:

5 * hopping transport
é |10 viom *Schottky effect

g N *Energetic disorder

0 5 10 15 20 25 30 35
electrode distance [A]

Scott J.Vac.Sci.Technol. A(21)3 2003 521 Wolf et al PhysRevB 59 (1999) 7507



Ingredients:

Schottky effect(1) schatty fioc

*Energetic disorder

© ) O SEIREVaN

/1 Schottky AV Barrier
m —

lowering

i AD, o EXP JF R 105 V/em — 2x108 V/cm
(\\ Vi 1V — 20 V su 100nm

ADg: 0.06V —0.28V
Xnax: 3:2nm — 0.7 nm




Ingredients:

Hopping & image potential  :rerenstrenseor

*Schottky effect
; >
F

*Energetic disorder

backflow



Ingredients:

Thermalization length - reesingtranseor

*Schottky effect
*Energetic disorder

High mobility
Eg inorganics

low mobility
Eg. organics

EF

Blossey PhysRevB 9 (1974) 5183



Ingredients:

Under thermal eqUIIIbrlum * hopping transport

*Schottky effect
*Energetic disorder

| Injection (acw) >

® | O
-~

<:Qecombination with image charge (ocu)‘




Ingredients:

Under Applled Voltage - hopping transport

*Schottky effect
*Energetic disorder

Injection (ocp)

IRy

Q&ecombination with image charge (ocp) |




Ingredients:
InJeCthn & mOblllty - hopping transport

*Schottky effect

*Energetic disorder

] TPD:PC,
1  from 30% to 100%

10 107 10" 107
Mobility (cm’/Vsec)

For a given energetics, the larger the mobility,
the higher the injection efficency

Malliaras et al. PhysRevLett 86 (2001) 3867



Electron energy

Ingredients:
Disorder & injection o ererer

*Energetic disorder

ODOS center
is at —[7/,r]

ADg

NM0SC
M00Z

The higher the disorder, the lower @y



Ingredients:
Disorder & injection o ererer

A
*Energetic disorder
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Electron energy
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Disorder & Injection

potential energy [eV]

J = quNgFexp

' E=0 V/cm

E=10° V/cm

{E=10° V/cm

5 10 15 20 25 30 35
electrode distance [A]

1 0%
Cp 77

KT /

Ingredients:

* hopping transport
*Schottky effect
*Energetic disorder

- (Bs + Bo)VF | W(F)

B,= 232 3[qac?/(KT)3°5

Marohn Phys. Rev. Lett. 2007 66101



Disorder & injection
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Enhanced disorder at interface:
Injection is not the most diffult step

4@@@@9@@@
CIPOIBROS
PIEPIRE®

—V

RET g Image charge attenuates interface disorder.....

So what?!

S. V. Novikov, Physica Status Solidi C - Current Topics
Baldo PhysRevB 64(2001) 85201 in Solid State Physics, Vol 5, No 3 2008, 5, 750



Organic Organic interfaces

* Low charge density -> no pillow effect
» Active forces:
« Van der —waals
« Electrostatic interfaction
* Repulsion forces
« Degree of interaction
« CT@gnd state (eg. alkyl chains prevent initmate contact)
« Orbital mixing @gnd state (short range interaction)

INTERFACE
« Polarizations (long range interaction) DIPOLE!

D. Beljonne, J. Cornil, L. Muccioli, C. Zannoni, J. L. Bredas, F. Castet, Chemistry of Materials 2011, 23, 591



The End



