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Inorganic/organic interfaces are already present...

... and affect or determine device properties.

Can we understand and control them?



Hybrid Inorganic/Organic Interfaces (HIOS)

Combine the best 
of two worlds...

Hybrid electronics:
• make interface central

ZnO/p-sexiphenyl
(courtesy of S. Blumstengel)

inorganic materials:
• stable crystal structures
• good growth control
• high charge carrier mobilities

organic materials:
• strong light matter coupling
• large chemical compound space

synergy or more!



Potential for new physics at HIOS
solid organic

HIOS

•potential for new interface morphologies



HIOS in reality - defects and disorder
solid organic

defects... disorder...

HIOS



Optimizing HIOS - the right combination

•Vast chemical compound space

HIOS

•What is the right 
combination?



Fundamental questions at HIOS interfaces

•What is the nature of charge carriers?
•Do new quasiparticles emerge at interface?

-

band-like

-

polaronic
?



Level alignment

Charge transfer

Van der Waals interaction

Surface structure Adsorption geometry

Atomistic understanding of molecules@surfaces

F4TCNQZnO
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HIB: hole injection barrier

EIB: electron injection barrier

Level alignment at interface

valence band

conduction band

Fermi level

molecular 
states
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injection limited current:



HIB

EIB

Modifying level alignment at interface

valence band

conduction band

Fermi level

molecular 
states

+ -
+ -
+ -
+ -

interface layer to adjust 
level alignment



HIB

EIB

Modifying level alignment at interface

valence band

conduction band

Fermi level

molecular 
states

e.g. acceptor F4TCNQ 
(tetrafluoro-tetracyano
 quinodimethan)ZnO



Charge transfer induced work function increase

valence band

conduction band

Fermi level
-

High doping ⇒ flat bands ⇒ metallic regime

LUMO

vacuum level

molecular 
acceptor 
state



valence band

conduction band

Fermi level

High doping ⇒ flat bands ⇒ metallic regime

LUMO

vacuum level

large 
charge 
transfer

Charge transfer induced work function increase

interface 
dipole

-+

work function 
change



Formation of space-charge layer

valence band

conduction band

Fermi level

low doping ⇒ band bending

LUMO

vacuum level

low charge 
transfer

transferred charge

bulk doping concentration
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In analogy to Hartree theory Kohn and Sham divided the total energy into
known contributions such as the kinetic energy of the non-interacting particles
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EH [n] =
1

2

∫

dr n(r)vH(r) =
1

2

occ
∑

ij

∫∫

dr dr′
φ∗
i (r)φi(r)φ∗

j (r
′)φj(r′)

|r− r′|
, (14)

the external energy

Eext[n] =

∫

dr n(r)vext(r) , (15)

1

macroscopic dimensions:
    100nm for ND=1017cm-3

space-charge layer

work function 
change

-++++



Quantum mechanical treatment

adsorption energy:

n(α) − n(γ) at a=4.6Å
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ΣGW (r, r′,ω) = −
i

2π

∫

dωeiωηG0(r, r
′,ω + ω′)W0(r, r

′,ω′)

G0(r, r
′; ε) = lim

η→0+

∑

i

ψi(r)ψ∗
i (r

′)

ε− (εi + iη sgn(Ef − εi))

χ0(r, r
′,ω) =

occ
∑

i

unocc
∑

j

ψ∗
i (r)ψj(r)ψ∗

j (r
′)ψi(r′)

ω − (εj − εi)
+ c.c.

W = v + vχ0v + vχ0vχ0v + . . .

ERPA
tot = Ts + Eext + EH + Eexact

x + ERPA
c
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Density-Functional Theory (DFT)



All-electron DFT and beyond code developed in the Fritz-Haber-Institut

•Accurate numerical atomic orbital basis sets: 

•Massively scalable, massively parrallel

•DFT functionals: LDA, PBE, hybrids (HSE), ...

• pairwise van der Waals (vdW) scheme [2]:

Our Code: FHI-aims [1]

[1] V. Blum et al. Comp. Phys. Comm. 180, 2175 (2009)  
[2] A. Tkatchenko and M. Scheffler Phys. Rev. Lett. 102, 073005 (2009)  

Renormalized second-oder perturbation theory for the

electron correlation energy: concepts and benchmarks

Patrick Rinke, Xinguo Ren, and Matthias Scheffler†

Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany

⇔

EvdW = −

∑

B>A

fdamp

CAB
6 [n]

R6
AB

(1)

We present a renormalized second-oder perturbation theory (R2PT) for the electron

correlation energy that combines the random-phase approximation (RPA), second-

order screened exchange (SOSEX) [1], and renormalized single excitations (rSE) [2].

These three terms all involve a summation of certain types of diagrams to infinite

order, and can be viewed as a “renormalization” of the direct, the exchange and the

single excitation (SE) term of 2nd-order Rayleigh-Schrördinger perturbation theory

based on an (approximate) Kohn-Sham reference state. A preliminary version of

r2PT has been benchmarked for covalently-bonded molecular systems and chemical

reaction barrier heights [3] and shows an overall well balanced performance. We have

extended this, by including “off-diagonal” diagrams into the rSE term and expect

this refined version of r2PT to be more generally applicable to electronic systems

of different bonding characteristics. Extended benchmarks of van-der-Waals-bonded

molecules and crystalline solids will be presented.
†Part of this work was done in collaboration with Gus Scuseria.

[1] A. Grüneis et al., J. Chem. Phys. 131, 154115 (2009).

[2] X. Ren et al., Phys. Rev. Lett. 106, 153003 (2011).

[3] J. Paier et al., New J. Phys. 14, 043002 (2012).

distance between atoms A and B

density-dependent C6 coefficient

60 Implementation details

Dunning “augmented correlation-consistent” (aug-cc-pVNZ) gaussian basis sets, will also be used in
this thesis, because: (i) they can be used to compare FHI-aims to reference codes that use Gaussian
basis functions, and (ii) explicitly correlated calculations are almost exclusively done in these basis sets.
These basis sets are based on configuration interaction and coupled cluster calculations, such that they
describe the non-local correlation systematically better as the size of the basis set increases. The V

in the name of these basis sets means that they were optimized considering valence orbitals, the p

means that there is the addition of the “polarization functions”, which are functions with angular momenta
higher than the valence orbital of the atom, and NZ stands for the multiple number (N = D,T,Q, 5, 6)
of functions added to each orbital. The word “augmented” means that diffuse functions are added to
describe long-range dispersion interactions.

The NAOs in FHI-aims are atom-centered basis functions of the form:

⌅i(�r) =
ui(r)

r
Ylm(�), (5.3)

where the radial shape of ui(r) is numerically tabulated and fully flexible, and Ylm denotes the spherical
harmonics. For all-electron codes2, NAOs have some important advantages. One is that by using a
minimal NAO basis (consisting of the core and valence functions of spherically symmetric free atoms)
that is exact for free atoms, the shape of the orbitals close to the nuclei, where the external potential is
deep and dominated by the partially screened nucleus, is automatically well described also for bonded
atoms. For a DFT-derived minimal basis used in a DFT calculation, this feature rapidly reduces the
so-called basis set superposition error (discussed in detail in the next section) with increasing basis
set size. Another advantage is that, since the radial functions can be localized by a confining potential,
such a scheme allows for an almost O(N) scaling of the code. The radial functions ui(r) obey the
Schrödinger-like equation given by :

�
�1

2

d2

dr2
+

l(l + 1)

r2
+ ⇤i(r) + ⇤cut(r)

⇥
ui(r) = ⇥iui(r), (5.4)

where ⇤i(r) is the potential that sets the shape of the radial function and ⇤cut(r) is the confining potential,
which in FHI-aims has the following form:

⇤cut =

⇤
⌃⌃⌃⇧

⌃⌃⌃⌅

0 r ⇤ ronset

s · exp( rcut�ronset
r�ronset

) · 1
(r�rcut)2

ronset < r < rcut

⌃ r ⌅ rcut

(5.5)

in which s is a global scaling parameter. This confining potential ensures a smooth decay of all basis
functions and their derivatives to zero, and the radial functions are evaluated on a dense logarithmic
grid [r(i) = r0 exp[(i� 1)�], i = 1, ..., Nlog], that has the convenient features of being dense close to the
nucleus and coarse far away. In the default settings for each atomic species of FHI-aims, the value of
ronset is chosen conservatively, so as not to influence significantly the shape of the radial functions. For
DFT calculations ronset ⇧ 4 Å gives converged results [1], but for explicitly correlated calculations this
value may have to be larger, as will be shown and discussed in Chapter 11. The choice for the value
of this parameter is an explicit keyword in the code, so that it can and should be tested by the users
explicitly.

Pre-constructed basis sets for all elements of the periodic table are distributed with the code. The

2DFT codes that are not “all-electron” often use so-called pseudopotentials or projector formalisms to effectively describe the core
electrons, such that only valence electrons are explicitly treated.
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atoms. For a DFT-derived minimal basis used in a DFT calculation, this feature rapidly reduces the
so-called basis set superposition error (discussed in detail in the next section) with increasing basis
set size. Another advantage is that, since the radial functions can be localized by a confining potential,
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⇥
ui(r) = ⇥iui(r), (5.4)

where ⇤i(r) is the potential that sets the shape of the radial function and ⇤cut(r) is the confining potential,
which in FHI-aims has the following form:

⇤cut =

⇤
⌃⌃⌃⇧

⌃⌃⌃⌅

0 r ⇤ ronset

s · exp( rcut�ronset
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) · 1
(r�rcut)2

ronset < r < rcut

⌃ r ⌅ rcut

(5.5)

in which s is a global scaling parameter. This confining potential ensures a smooth decay of all basis
functions and their derivatives to zero, and the radial functions are evaluated on a dense logarithmic
grid [r(i) = r0 exp[(i� 1)�], i = 1, ..., Nlog], that has the convenient features of being dense close to the
nucleus and coarse far away. In the default settings for each atomic species of FHI-aims, the value of
ronset is chosen conservatively, so as not to influence significantly the shape of the radial functions. For
DFT calculations ronset ⇧ 4 Å gives converged results [1], but for explicitly correlated calculations this
value may have to be larger, as will be shown and discussed in Chapter 11. The choice for the value
of this parameter is an explicit keyword in the code, so that it can and should be tested by the users
explicitly.

Pre-constructed basis sets for all elements of the periodic table are distributed with the code. The

2DFT codes that are not “all-electron” often use so-called pseudopotentials or projector formalisms to effectively describe the core
electrons, such that only valence electrons are explicitly treated.
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Structural features:
• weak binding (hydrogen bonding, vdW)
• CN groups bind to hydrogens
• F4TCNQ does not bend appreciably
   (unlike on metals)
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Step 1: add electrons to DFT calculation

adsorption energy:

n(α) − n(γ) at a=4.6Å
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Adding electrons to surface calculations
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Adding electrons to surface calculations

chemical potential of electrons

• we confine charge background (virtual crystal approximation)
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-

-
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background
+ +

• we change nuclear charge:
    
      Z → Z+δ    (δ~10-2)

In our all-electron code:

n(α) − n(γ) at a=4.6Å
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Adsorption energy as function of Fermi energy

q



Step 2: contribution from space charge region

Step 2a:

spurious band 
bending 

in calculation

• translate Fermi energy into doping dependence
(standard semiconductor text book expressions)

Step 2b:

• introduce space charge region (add band bending contribution)
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∆Eads
q (ND) = EDFT
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+ (q∆εF(ND)− qδ)−
e2

6εε0NDA2
|q|3 +

e2d

6εε0A
q2. (3)

E[n] = T + Eext + EH
︸ ︷︷ ︸
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(7)
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bulk doping concentration

surface area

macroscopic 
band bending

supercell length
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Introducing bulk doping into 1st principles
Eads(ND) = Emol@surf − Emol − Esurf

︸ ︷︷ ︸
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c
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c = + + · · ·

• we use random-phase approximation (RPA) for W :

= + + +�...

v:�bare�Coulomb�interaction

c0:�Kohn-Sham�polarizability

W

• formally scales with (system size)4
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∆ΦID =
δq

ε0
deff (1)

∆ΦBB =
δq2

2ε0εND
(2)

∆Φ = ∆ΦID +∆ΦBB =
δq

ε0
deff +

δq2

2ε0εND
(3)

∆Emol (4)

∆φ (5)

−
1

4z
(6)

1

microscopic: DFT macroscopic model

charge transfer adsorption energy

F4TCNQ@ZnO

Y. Xu, O. T. Hofmann, R. Schlesinger, S. Winkler, J. Frisch, J. Niederhausen, A. Vollmer, S. 
Blumstengel, F. Henneberger, N. Koch, P. Rinke, and M. Scheffler, submitted to Phys. Rev. Lett
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microscopic: DFT macroscopic model

charge transfer adsorption energy

• small charge transfer

F4TCNQ@ZnO



Adsorption energy and charge transfer

charge transfer work function change

• small charge transfer

• large work function increase



Formation of space-charge layer

valence band

conduction band

Fermi level

LUMO

vacuum level
interface dipole 

+
band bending

low doping + deep donors ⇒ band bending pins

deep donors
like O vacancies

band bending pins



Work function increase in photoemission
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Collaborative 
Research Center 
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Organic Systems”

photoemission (UPS/XPS) in collaboration with:
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A. Vollmer

Humboldt University Berlin

Synchrotron - 
BESSY II

R. Schlesinger, Y. Xu, O. T. Hofmann, S. Winkler, J. Frisch, J. Niederhausen, A. Vollmer, S. Blumstengel, 
F. Henneberger, P. Rinke, M. Scheffler, and N. Koch, Phys. Rev. B 87, 155311 (2013)

Experiment

• work function 
increase: 1.4 eV

• minimal charge 
transfer



14 12 10 8 6 4 2 0

20

b)
in

te
ns

ity
 (a

rb
. u

ni
ts

)

binding energy (eV)

θ (Å)

16

8

4

2

1

+
ZnO

F4TCNQ@ZnO - photoemission

F4TCNQ@ZnO(00-10)
coverage

similar spectra for ZnO(0010)



14 12 10 8 6 4 2 0

20

b)
in

te
ns

ity
 (a

rb
. u

ni
ts

)

binding energy (eV)

θ (Å)

16

8

4

2

1

+
ZnO

F4TCNQ@ZnO - photoemission

F4TCNQ@ZnO(00-10)
coverage

no filled 
LUMO

R. Schlesinger, et al., Phys. Rev. B 87, 155311 (2013)



F4TCNQ@ZnO - photoemission

!

•extraordinarily large work function changes

2.8 eV
1.4 eV

Zn-terminated

O-terminated

R. Schlesinger, et al., Phys. Rev. B 87, 155311 (2013)



Workfunction of F4TCNQ@ZNO

• DFT-HSE workfunction in good agreement with UPS
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Workfunction of F4TCNQ@ZNO

• DFT-HSE workfunction in good agreement with UPS
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•work function change:
• theory: ~3.5 eV
• exper.:  ~1.4 eV

•potential reasons for deviation:
• photo voltage effect
• deep defects pin band bending
• hydrogen concentration at 

interface differs



H-deficient ZnO-O 2x1-H surface

valence band

conduction band

Fermi level
-

O dangling bonds

H removal⇒

O dangling bond

+



H-deficient ZnO-O 2x1-H surface



H-deficient ZnO-O 2x1-H surface

1 H atom per 6x6 cell 
removed:

⇒ 47.2% H coverage
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•Bulk doping creates H-deficient surfaces

•H-rich environments ⇒ well ordered surfaces
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Level alignment

Charge transfer

Van der Waals interaction

Surface structure Adsorption geometry

HIOS are fascinating systems

Defects

Space-charge layers



Level alignment

Charge transfer

Van der Waals interaction

Surface structure Adsorption geometry

Atomistic understanding of HIOS

Defects

Space-charge layers



Level alignment

Charge transfer

Van der Waals interaction

Surface structure Adsorption geometry

Atomistic understanding of molecules@surfaces

Defects

Space-charge layers

Coupling to phonons

Polarons

Large compound space

Disorder
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Adsorption geometries and energies

•monolayer is composed of flat-lying molecules
•molecular orientation in layer random: disorder

(no impact on electronic structure)
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Step 2: contribution from space charge region

Step 2a:

• translate Fermi energy into doping dependence
(standard semiconductor text book expressions)

∆εF → ND (1)

∆Eads
q (ND) = EDFT

ads (q)−
e2

6εε0NDA2
|q|3 +

e2d

6εε0A
q2 (2)

∆Eads
q (ND) = (−Esurf/mol

q + Esurf
q + Emol

0 )

+ (q∆εF(ND)− qδ)−
e2

6εε0NDA2
|q|3 +

e2d

6εε0A
q2. (3)

E[n] = T + Eext + EH
︸ ︷︷ ︸

+ Exc
︸︷︷︸

(4)

Eads(ND) = Emol@surf − Emol − Esurf
︸ ︷︷ ︸

+∆BB(Q,ND)
︸ ︷︷ ︸

Eads(ND) = Emol@surf − Emol − Esurf +∆BB(Q,ND)

Eads = Emol@surf − Emol − Esurf

Eads = Emol@surf − Emol − Esurf + qµe

Eads = Emol@surf − Emol − Esurf + q∆εF

Eads(q) = Emol@surf (q)− Emol − Esurf + q∆εF

EEX+cRPA
tot = Ts + Eext + EH + Eexact

x + ERPA
c

ε(r, r′, iω)

ERPA
c =

1

2π

∫ ∞

0

dωTr [ln (ε(iω)) + (1− ε(iω))]

∆ΦID =
δq

ε0
deff (5)

∆ΦBB =
δq2

2ε0εND
(6)

∆Φ = ∆ΦID +∆ΦBB =
δq

ε0
deff +

δq2

2ε0εND
(7)

1

bulk doping concentration
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The adsorption energy (∆Eads
q ) of an adsorbate that

receives q electrons from the electron reservoir with an
electron chemical potential εF can be written as

∆Eads
q (εF) = −Esurf/mol

q + Esurf
0 + Emol

0 + qεF +∆ESC.
(1)

Esurf/mol
q is the total energy of the adsorbate system that

is charged q electrons in the supercell. Esurf
0 and Emol

0 are
the total energies of the neutral bare substrate and the
neutral molecule. This definition is similar to that used
in calculations of defects in the bulk or at interfaces [1–3],
but differs in the additional term ∆ESC that quantifies
the energy contribution from the space-charge layer.
For the bare substrate, Esurf

0 is related to Esurf
q (the

total energy in the charged state) by the definition of the
Fermi level εsurfF (q) = dEsurf

q /dq. We thus have

Esurf
q − Esurf

0 − qεF =

∫ q

0
dq′[εsurfF (q′)−εF] = qδ − q∆εF,

(2)
where εF can be referenced to energy levels of the bare
substrate, for instance, the conduction band minimum
εCBm for electrons and the valence band maximum εVBM

for holes.
For electrons,

∆εF = εF − εCBm, (3)

and we obtain

δ =

∫ εsurfF (q)−εCBm

0 ED(E)dE∫ εsurf
F

(q)−εCBm

0 D(E)dE
, (4)

where D(E) is the density of states (DOS) of the bare
substrate.
For holes,

∆εF = εF − εVBM, (5)

and we obtain analogously

δ =

∫ εsurf
F

(q)−εVBM

0 ED(E)dE∫ εsurf
F

(q)−εVBM

0 D(E)dE
. (6)

In the limit of small q, δ becomes zero. Combining Eq.

(1) and Eq. (2), the adsorption energy becomes

∆Eads
q (εF) =(−Esurf/mol

q + Esurf
q + Emol

0 )

+ (q∆εF − qδ) +∆ESC. (7)

Fermi level as a function of dopant concentration

The Fermi level position ∆εF = εF − εCBm of n-type
semiconductors (ZnO here) is related by the bulk dopant
concentration ND by the relation [4]:

ND

1 + 2 exp(∆εF
kBT ) exp(

Ed

kBT )
= NC

2
√

π
F1/2(

∆εF
kBT

). (8)

Ed is the donor binding energy and NC the effective den-
sity of states in the conduction band, which is given by

NC = 2(
2πm∗kBT

h2
)

3

2 . (9)

Here m∗ is the density of state effective mass for elec-
trons, kB the Boltzmann constant, T the temperature
and h the Planck constant. F1/2 is a function defined as

F1/2(ηF) =

∞∫
0

η1/2dη

1 + exp(η − ηF)
. (10)

For ZnO we used the following parameters: Ed = 30
meV [5], m∗=0.27 me (me: mass of free electron) [4], T
= 300 K.
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where εF can be referenced to energy levels of the bare
substrate, for instance, the conduction band minimum
εCBm for electrons and the valence band maximum εVBM

for holes.
For electrons,
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and we obtain

δ =
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F4TCNQ@ZnO schematically
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F4TCNQ@ZnO schematically

∆ΦID =
δq

ε0
deff (1)

∆ΦBB =
δq2

2ε0εND
(2)

∆Φ = ∆ΦID +∆ΦBB =
δq

ε0
deff +

δq2

2ε0εND
(3)

∆Emol (4)

∆φ (5)

−
1

4z
(6)

−
(ε− 1)

4(ε+ 1)

1

z
(7)

ε (8)

W (r, r′, t) =

∫

dr′′
ε−1(r, r′′, t)

|r′′ − r′|
(9)

E = E[n] (10)

E[n] = T + Eext + EH + Exc (11)

E[n] = −
∇2

2
+

1

2

∫

dr n(r)vH(r) +

∫

dr n(r)vext(r) + Exc[n] (12)

Exc = α
(

EHF
x − EPBE

x

)

+ EPBE
c (13)

EHF
x (14)

In analogy to Hartree theory Kohn and Sham divided the total energy into
known contributions such as the kinetic energy of the non-interacting particles
Ts, the Hartree energy

EH [n] =
1

2

∫

dr n(r)vH(r) =
1

2

occ
∑

ij

∫∫

dr dr′
φ∗
i (r)φi(r)φ∗

j (r
′)φj(r′)

|r− r′|
, (15)

the external energy

Eext[n] =

∫

dr n(r)vext(r) , (16)
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F4TCNQ@ZnO schematically
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In analogy to Hartree theory Kohn and Sham divided the total energy into
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∫

dr n(r)vext(r) , (16)
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