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Calculating the Universal Energy-Level Alignment of 
Organic Molecules on Metal Oxides
 Recently, Greiner et al. [ Nat. Mater.  2012,  11 ,  76 ] published a survey of the 
level alignment of about 40 metal oxide/organic molecule interfaces. They 
observed a striking regularity in the electronic level alignment of the highest 
occupied molecular orbital (HOMO) and the Fermi level that depends solely 
on the difference between the substrate work function and the ionization 
energy of the molecule independent of the details of the electronic structure 
of the oxide. The authors could reproduce their data under the assumption of 
thermodynamic equilibrium occupation of the HOMO using four adjustable 
parameters. A model that quantifi es well-established concepts in heterojunc-
tion physics and achieves the same result without any adjustable parameters 
is presented here. This approach explains why the level alignment is rather 
independent of the experimental details, such as the electronic structure of 
the oxide, defects in the oxide, and the thickness of oxide and overlayer. The 
model can also be extended to organic molecules or polymers on metals 
without any intermediate oxide as long as certain conditions are met. It also 
sheds new light on the large polaronic binding energy required to interpret 
the electronic level alignment of metal-polymer interfaces. 
  1. Introduction 

 Electronic and optoelectronic devices based on organic semicon-
ductors consist of a number of different chemical components 
arranged either in layers or intermixed as in heterojunction 
solar cells. [  1–9  ]  The layers provide different functionalities such 
as light emission or absorption, electron and hole transport, 
and blocking and contact for electrons and holes, respectively. [  7  ]  
Contact layers are introduced to facilitate the emission of elec-
trons and holes from the cathode or anode, respectively, into the 
organic stack. The characteristic quantities for these contacts 
are the emission barriers for electrons (  Φ   Bn ) and holes (  Φ   Bp ), 
which the carriers have to overcome when entering the trans-
port levels of the adjacent organic molecule. Hence, these bar-
riers are the energy difference between the Fermi level  E  F  of the 
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contact material and the transport orbital 
which usually is the lowest unoccupied 
molecular orbital (LUMO) for electrons 
(  Φ   Bn   =   E  LUMO  –  E  F ) and the highest occu-
pied molecular orbital (HOMO) for holes 
(  Φ   Bp   =   E  F  –  E  HOMO ). For a direct contact, 
(i.e., one without intermediate dielectric 
between the metal and the organic layer), 
the barriers are overcome by thermionic 
emission and therefore even differences of 
the order of 3 kT   ≈  75 meV (at room tem-
perature) make a difference in the con-
tact resistance of more than one order of 
magnitude. Consequently, the design and 
characterization of suitable metal/organic 
molecule combinations in terms of energy 
level line-up have been and continue to 
be an area of intense research and devel-
opment. [  10–25  ]  The most-direct informa-
tion about the energetic positions of the 
HOMO and LUMO relative to the Fermi 
level of the contact material comes from 
photoemission and inverse photoemission 
work on the metal/organic interfaces. The status of this topic 
after about twenty years of research has recently been summa-
rized comprehensively by two of the protagonists of this kind 
of work and their collaborators. They have developed concepts, 
which not only systematize the large body of experimental work 
on metal/organic interfaces, but are also meant to have a cer-
tain predictive value for the tailoring of these interfaces. [  26  ,  27  ]  
The concepts owe much to the older concepts developed in 
conjunction with corresponding contact problems in the area of 
Schottky and ohmic contacts to inorganic semiconductors. [  28  ]  

 The starting point is in both cases the Schottky–Mott rule, 
whereby the vacuum level  E  vac  is the common energy level for 
the line-up of those of a metal (for simplicity we will refer to 
all kinds of contact material as metal even though in organic 
electronics highly conducting and transparent materials such 
as indium tin oxide (ITO) or poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS) are also used) and semi-
conductor (SC) or organic molecule. If the interaction between 
the metal substrate and the SC remains weak after deposition, 
as is the case, for example, for a predominantly Van der Waals 
interaction, this common reference level determines the bar-
riers according to Equation 1:

 �Bn = �sub − EAorg and �Bp = IEorg − � sub   (1)    

 Here,   Φ   sub   =   E  VAC  –  E  F  is the work function of the metal sub-
strate and  EA  org   =   E  VAC  –  E  LUMO  and  IE  org   =   E  VAC  –  E  HOMO  are 
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     Figure  1 .     So-called “Zorro” diagram according to Salaneck and co-
workers. [  26  ]  Fictitious data points of the combined work function   Φ   sub,org  
of an organic layer on top of different substrates are plotted vs. the sub-
strate work function   Φ   sub . The intersections of the  S   =  1 branch with the 
two  S   =  0 branches mark the energies of the integer charge transfer states 
ICT  + , −  . The energy differences  Δ   Φ   are marked by arrows.  
the electron affi nity and ionization energy of the organic semi-
conductor, respectively, as they are measured for the isolated 
constituents of the interface. This, of course, presupposes that 
the LUMO and HOMO are the transport levels for electrons and 
holes, respectively. An obvious consequence of the Schottky–
Mott rule is that the work function remains unchanged after 
deposition of the organic semiconductor onto the substrate, 
that is to say:

 �sub,org = �sub   (2)    

 Consequently, varying the substrate work function for a 
common organic overlayer will change the barrier height and 
the work function by the same amount:

 

d�sub,org

d�sub
=

d�B

d�sub
= S = 1

  
(3)

    

 Thus, the slope parameter,  S , equals unity. 
 For stronger interacting systems the slope parameter is 

smaller than 1 and might even approach 0. This is the situ-
ation referred to as “pinning of  E  F ” and the consequence for 
the work function of the combined system of the substrate and 
an organic overlayer is that it deviates from the substrate work 
function by an energy  Δ   Φ  :

 �sub,org = �sub + ��   (4)    

 “Ideal” interfaces (i.e., one that follows the Schottky–Mott 
rule ( S   =  1)) have regularly been observed by Salaneck and co-
workers for polymers deposited by spin-coating onto metal sur-
faces, [  26  ]  whereas a pinning situation with  S   <  1 has more often 
been observed for small organic molecules evaporated under 
ultra high vacuum (UHV) conditions onto metals by the groups 
of Kahn, Ueno, and Koch. [  10,12  ,  15–24  ,  27  ]  

 However, even for polymers on metals there occurs a transi-
tion from  S   =  1 to  S   =  0 when the frontier orbitals approach the 
Fermi level to, within an energy   γ  , the HOMO from below and 
the LUMO from above, or in other words, if  IE  org  –   Φ   sub   <    γ   or 
  Φ   sub  –  EA  org   <    γ  . In the work of Salaneck and co workers, [  26  ]  this 
results in what they refer to as the “Zorro” curve of  Figure    1  . 
For an explanation they invoke a transfer of integer charges 
between the substrate and the polymer. The level into which 
electrons or holes are transferred are called integer charge 
transfer states (ICT  + , −  ), where the superscript indicates the sign 
of the charge transferred. The transferred charge sets up an 
electric fi eld between the substrate and the overlayer and a cor-
responding potential step  Δ   Φ  .  Δ   Φ   varies by the same amount as 
  Φ   sub  such that  E  F  remains pinned at the corresponding ICT and 
no variation in the combined work function of the polymer on 
the substrate is observed for different metals. Experimentally in 
the work of Salaneck and co-workers, the energies of the ICTs 
relative to the vacuum level equal the work function of the sub-
strate at the intersection of the  S   =  1 and  S   =  0 branches of the 
Zorro curve as indicated in Figure  1 . However, a difference   γ   of 
about 0.4 to 0.6 eV is regularly measured between the energies 
of the ICTs so determined and  E  HOMO  and  E  LUMO , respectively. 
In other words, the Fermi level is not pinned directly at the 
HOMO or LUMO but remains separated by an energy   γ  . This 
difference is ascribed by the authors to polaronic effects, which 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 794–805
are not included in the spectroscopically determined HOMO 
and LUMO energies as expressed through  IE  org  and  EA  org , 
respectively. The unusually large polaronic binding energy is, 
according to the authors, due to the fact that one is dealing here 
with interface polarons. We shall return to this question later.  

 Recently, Greiner et al. [  29  ]  expanded the results of Salaneck 
and co-workers [  26  ]  to encompass small molecules as well. They 
too observed the upper part of the Zorro curve for a great 
number of organic/metal oxide molecule interfaces, albeit 
measured slightly differently. Instead of the work function, they 
measured the energy of the HOMO orbital relative to  E  F , (i.e., 
the hole-emission barrier   Φ   Bp ), and plotted  Δ  E  H   =    Φ   Bp   =   E  F  – 
 E  HOMO  vs.   Φ   sub  –  IE  org . This plot is redrawn here as  Figure    2  . 
Substrates and interfaces were prepared in UHV and the sub-
strate work function, the ionization energy of the organic mol-
ecules, and  Δ  E  H  were measured in situ by photoemission spec-
troscopy. In this sense, Greiner et al.’s [  29  ]  procedure follows 
more closely that of Kahn and co-workers, [  27  ]  except for using 
metal substrates with a well-defi ned oxide layer on top. Never-
theless, the experimental results comply perfectly with those of 
Salaneck and co-workers and the interpretation is based on the 
same concept, namely the transition from the Schottky–Mott 
regime to pinning when the substrate work function equals the 
ionization energy:

 

S = 1  for �sub − IEorg ≤ 0
S = 0  for �sub − IEorg ≥ 0  

(5)   
  

 The transition at   Φ   sub  –  IE  org   =  0, as suggested by the dashed 
line, indicates that the relevant ICT  +   is indeed the HOMO. 
However, spectroscopically the HOMO is measured about 
0.3 eV below  E  F . Greiner et al. [  29  ]  were able to describe their 
considerable body of data with an expression that contains 
four adjustable parameters. In what follows, we present a 
795wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Level alignment of about 40 organic/metal oxide interfaces as 
measured by Greiner et al. [  29  ]  The dashed lines are best fi ts with slope 1 
and slope 0, respectively, as indicated by Greiner et al. [  29  ] Adapted with per-
mission. [29]  Copyright 2011, Macmillan Publishers Ltd: Nature Materials.   

     Figure  3 .     Evaluation of  Equation 6  for 1, 5, 10, and 20 layers of organic 
molecules and three values of   β  .  
simple, physically reasonable model that allows for the descrip-
tion of Greiner et al.’s results without any adjustable para-
meters. It furthermore sheds some new light on the polaronic 
energy difference,   γ  , in the work of Salaneck, Fahlmann, and 
others. [  13  ,  14  ,  25  ,  26  ]    

 2. Results and Discussion 

  2.1. Greiner et al.’s Formula 

 Greiner et al.’s [  29  ]  formula describing the connection between 
 E  F  –  E  HOMO  on one side and the difference between the sub-
strate work function   Φ   sub  and the ionization energy  IE  org  of the 
molecule on the other, reads

 

�EH = EF − EHOMO = I Eorg + δ −α sub

+
e2ρd

2ε0

∞∑
i = 0

(
1 + g exp

[
I Eorg − (�sub − iβ)

kT

])−1

�

  

(6)    

 The parameters that enter into  Equation 6  and their meaning 
according to ref. [  29  ]  are the following: “ …   δ   is the interfacial dipole 
from the “push-back” effect,   α   is a proportionality constant based 
on the molecular layer’s ability to screen the potential of the sub-
strate surface,   Φ   sub  is the substrate’s work function,  e  is the ele-
mentary charge,   ρ   is the planar number density of molecules and 
 d  is the distance between the molecular plane and the substrate. 
The summation is taken over  i  molecular layers.” The parameter 
 g  is the degeneracy factor of the HOMO level, and all of the other 
symbols have their usual meaning, apart from   β  , whose meaning 
is described below. The gist of the underlying physical model is 
given as: “the above model implies that pinning occurs because, 
when a molecule is adsorbed to a surface and coupled with the 
solid’s Fermi energy, the ionized form of the molecule becomes 
thermodynamically stable when the Fermi energy [or better, the 
work function] is greater than the ionization energy.” 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 The authors were so generous to provide us with the values 
of the parameters they used to generate the dashed line in 
Figure  2  from  Equation 6 . They are 0.22 eV for   δ  , 0.11 eV for 
the prefactor to the sum and 0.1 eV for   β  . The slope parameter 
  γ   equals 1, as estimated from the slope of the dashed line in 
Figure  2 . With these parameters we have evaluated  Equation 6  
for different numbers of layers of organic molecules. We have 
also varied the crucial parameter   β   between 0.05 eV and 0.2 eV. 
The result is shown in  Figure    3  .  

 Referring fi rstly to the curves for   β    =  0.1 eV, it is apparent that 
with increasing difference in   Φ   sub  –  IE  org  an increasing number 
of organic layers is required to yield the pinning of  E  HOMO  
to a level about 0.3 eV below  E  F . For a difference of 1.9 eV, 
which corresponds, for example, to 4,4′,4″-tris( N -2-naphthyl- N -
phenyl-amino)triphenylamine (2T-NATA) ( IE  org   =  4.98 eV) on 
V 2 O 5  (  Φ   sub   =  6.9 eV) a thickness of at least 20 layers would be 
required before a pinning of  E  HOMO  should be observed. That 
corresponds to an overlayer thickness of approximately 160 Å, 
while the data points in Figure  2  were obtained for about a 
monolayer of organic molecules. [  29  ]  Hence, a summation over 
an infi nite number of layers as implied by  Equation 6  in the 
form given by Greiner et al. [  29  ]  does indeed reproduce the pin-
ning position but is physically unreasonable. The difference of 
0.3 eV in  E  F  –  E  HOMO  is furthermore determined solely by the 
“push-back” parameter   δ   according to  Equation 6 . What appears 
to be missing in the diagram of Greiner et al. (Figure  2 ) is the 
slight but systematic increase in  E  F  –  E  HOMO  in the region 
  Φ   sub   −   IE  org   >  0 that is undoubtedly present in the evaluation 
of  Equation 6  with the parameters provided by Greiner. The 
result is, furthermore, very sensitive to the parameter   β  . For 
  β    >  0.1 eV there is no pinning at all and for   β    =  0.05 eV there 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 794–805
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     Figure  4 .     Schematic band diagrams illustrating for the Schottky–Mott rule the Schottky–Mott 
regime (a) and the pinning case (b) for the HOMO position in a metal/oxide/organic interface. 
All of the energy differences that are marked by the arrows are positive throughout the paper. 
We have sketched the two cases for the same organic molecule (i.e., identical  IE  org , but different 
substrate work functions   Φ   sub ). Note that in each case only the difference between these two 
quantities is physically relevant. The charge neutrality level  E  0  of the oxide should be used when 
defects within the oxide are taken into account.  
is an overcompensation of the screening and an entirely unre-
alistic dependence of  E  HOMO  on the difference   Φ   sub  –  IE  org . 
It is thus hard to imagine a reasonable physical origin of the 
parameter   β   that would explain the extreme sensitivity of the 
HOMO position on the exact value of this parameter, and that 
would have to be exactly the same for all organic/metal oxide 
heterojunctions. We have therefore analyzed the problem ex 
ovo and our approach will be described next. We will restrict 
the discussion to the case of p-type organic overlayers, as it is 
also exclusively discussed in the work by Greiner et al. Concep-
tually however, electron injection into the LUMO of organics 
with suffi ciently high electron affi nity can be dealt with in 
strict analogy.   

 2.2. Charge Transfer and Level Alignment 

  2.2.1. The Oxide as an Ideal Dielectric 

 We start by assuming that the interaction between substrate 
and organic layer is so weak that there are no changes in level 
alignment due to short-range interface dipoles upon contact 
between the molecule and the substrate. We shall refer to this 
situation as governed by the Schottky–Mott rule as opposed to 
the situation where intimate contact between the molecule and 
the substrate sets up dipoles on an atomic scale, which modify 
the line-up of the substrate work function,   Φ   sub , and molecule 
ionization energy,  IE  org , as they are measured separately. This 
is a more-stringent assumption than that of Greiner et al. [  29  ]  
because their parameter   δ   allows just that, namely a change 
of   Φ   sub  brought about by the contact between molecule and 
oxide. To be distinguished from the Schottky–Mott rule is the 
Schottky–Mott regime, which corresponds to the situation 
where the HOMO position is well below  E  F , and hence no net 
charge exchange occurs between substrate and molecules. In 
this regime (see  Figure    4  a), the energy difference between  E  F  
and  E  HOMO  scales linearly with   Φ   sub  –  IE  org , as observed experi-
mentally for   Φ   sub  –  IE  org   <  0 by Greiner et al. We agree with 
Greiner et al. that a charge transfer from the HOMO level to 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 794–805
 E  F  occurs once the former approaches or 
exceeds the latter. Whereas Greiner et al. 
make no statement as to where the electrons 
from the organic HOMO are transferred, 
we postulate that they are transferred to the 
metal because there are, in most cases, no 
accessible empty states in the oxide. This is 
assuming that the oxide layer behaves as a 
perfect dielectric with no defect states in the 
band gap and with valence and conduction 
band edges far from the Fermi level, so that 
the density of free charge carriers is negli-
gible. The positive charge,  Q , (per unit area) 
in the organic adlayer must then be com-
pensated by an equal but opposite negative 
charge in the metal. The oxide in between 
acts purely as a dielectric and hence a poten-
tial difference

 
�� = e

Q

Cox   
(7)     
 develops across the oxide, where  Cox = εε0
dox

   is the capacitance per 
unit area of the metal/organic layer slab with the oxide (rela-
tive permittivity   ε  ) of thickness  d  ox  as a dielectric in between (cf. 
Figure  4 b). 

 In a fi rst step we will assume that the organic layer depos-
ited onto the substrate is so thin that any potential drop across 
it can be neglected. We will discuss the error caused by this 
approximation further below.  Q , the positive areal charge in the 
HOMOs of the organic adlayer is determined by the product of 
the areal molecular density  n  and the probability of the HOMO 
to accommodate a hole, (i.e., by. [1  −   FD ( E  HOMO   −   E  F )] where 
 FD  is the Fermi–Dirac function augmented by the degeneracy 
factor  g  of the HOMO). With  E  HOMO   −   E  F   =  (  Φ   sub   −   Δ   Φ  )  −   IE  org  
(see Figure  4 ), the following expression holds for the total posi-
tive areal charge density  Q  residing in the HOMO levels of the 
adsorbed molecules:

 

Q = en

(
1 −

[
1 + g −1 exp

(
�sub −�� − I Eorg

kT

)]−1
)

= en

[
1 + g exp

(
I Eorg −�sub + ��

kT

)]−1

= en

[
1 + exp

(
I Eorg −�sub + kT ln g

)
+ ��

kT

)]−1

  

(8)   

 

 Here,  g  is the degeneracy factor of the HOMO. The  FD  func-
tion in  Equation 8  applies to the ensemble of molecules such 
that each molecule has either one or no positive charge in 
order to yield, on average, the fractional occupancy as required 
by the  FD  statistics. Note that the degeneracy factor  g  of the 
HOMO causes a weak logarithmic temperature-dependent 
shift of the energy difference  IE   −    Φ   sub . By inverting  Equation 7  
and combining with  Equation 8  the charge-neutrality condi-
tion yields an implicit equation for the potential drop,  Δ   Φ  , 
across the oxide:
797wileyonlinelibrary.comeim
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     Figure  5 .      E  F  –  E  HOMO  vs.   Φ   sub  –  IE  org  as calculated in the framework of the 
charge-transfer model for one (solid line) and 10 (dashed line) monol-
ayers of organic molecules on top of an oxide, according to  Equation 9a . 
The data and fi ts of Figure  2  are also plotted in grey.  

     Figure  6 .     Graphical solution of  Equation 7  and  8 . The straight lines are 
the transferred charge  Q  vs.  Δ   Φ   from the capacitor  Equation 7 , calculated 
for two capacitances  C  ox  that differ by an order of magnitude. They cross 
the tails of the  FD  function ( g   =  1),  Equation 8 , also plotted as a function 
of  Δ   Φ   with different values for   Φ   sub  –  IE  org  as a parameter. The dashed 
lines mark the Fermi level positions and the distance from there to the 
corresponding crossing point (short horizontal lines) give the distance 
between  E  F  and  E  HOMO .  
 

�� = e2 n

Cox

[
1 + g exp

(
I Eorg −�sub + ��

kT

)]−1

= �0

[
1 + g exp

(
I Eorg −�sub + ��

kT

)]−1

  
(9a)

   
 

 Aside from the weak infl uence of the HOMO degeneracy, the 
solution of Equation 9 for a specifi c energy difference  IE  org  – 
  Φ   sub  depends only on one system parameter,   Φ   0 , which is, up 
to  e  2 , the ratio of the organic surface coverage  n  and the oxide 
capacitance  C  ox . 

 In  Figure    5   we have plotted  Δ  E  H  vs.   Φ   sub   −   IE  org  by solving 
 Equation 9a  for  g   =  1 and typical system parameters as used 
by Greiner et al.: [  29  ]  an oxide thickness of 6 nm and 6 for the 
permittivity of the oxide layer, giving  C  ox   =  8.85  ×  10  − 3  F cm  −  2   =  
5.5  ×  10 12  e cm  − 2  V  − 1 . The coverage of organic molecules was 
set to one monolayer or 2.5  ×  10 15  cm  − 2 , corresponding to the 
experimental situation. Comparison with Figure  2  shows that 
our model reproduces the trend in the data just as well as 
Greiner et al.’s formula for an infi nite number of layers albeit 
without any adjustable parameters: the Schottky–Mott regime 
with slope parameter  |   γ   |   =   S   =  1 for  IE  org   >    Φ   sub  and a HOMO 
level that is pinned between 0.14 and 0.2 eV below  E  F  for   Φ   sub   >  
 IE  org .  

 A pinning position of  E  F  more than 10 kT  above  E  HOMO  was 
one of the surprising results in the work of Greiner et al. [  29  ]  
because, for situations where the Schottky–Mott rule holds, the 
pinning position was assumed to coincide with the ICT  +  , which, 
in the present case, coincides with the HOMO experimentally, 
as well as in our model calculation. The experimental evidence 
is the fact that the  S   =  1 and  S   =  0 branches cross at   Φ   sub   =   IE  org  
in Figure  2  as mentioned earlier. 

 In order to gain some insight into the origin of this offset in 
the pinning regime, we have plotted in  Figure    6   the two charge 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
densities separately: the positive charge density  Q   +   in the mol-
ecules, which is governed by the  FD  function, and the negative 
charge density  Q   −   in the metal, which is related to the potential 
drop  Δ   Φ   via  Equation 7  by a linear relationship with  C  ox  as the 
slope.  

  Equation 7  and  8  have to be fulfi lled simultaneously for a 
common  Q . The ensuing condition in terms of  Q  and  Δ   Φ   cor-
responds to the crossing points shown in Figure  6  for a range 
of   Φ   sub  –  IE  org  values. In Figure  6 , we have bracketed the nom-
inal  C  ox  value of 5.5  ×  10 12  e cm  − 2  V  − 1  by  C  ox   =  1  ×  10 12  and  C  ox  
 =  1  ×  10 13  e cm  − 2  V  − 1  to account for uncertainties in  d  ox  and   ε  . 
From Figure  6  it is apparent that the crossing points between 
the two functions for  Q  occur in the tail of the  FD  distribution 
rather than at  E  F , the point where the average occupation of the 
HOMO levels is 0.5. This is due to the fact that, even for large 
differences   Φ   sub  –  IE  org  on average, a hole concentration per 
molecule well below 0.5 is suffi cient to fulfi ll the charge equi-
librium between the metal and the molecular layer (see also 
 Figure    7  ). As a consequence, the crossing points do not coin-
cide with   Φ   sub   =   IE  org , but occur rather at a value that is about 
0.2 eV above.  

 Rather than exploring a large parameter space to see how the 
 Δ  E  H  offset varies with system properties, we turn to a closer 
inspection of  Equation 9a . Using the parameters quoted above, 
the prefactor   Φ   0   =   e  2  n / C  ox   =  1100 eV. The pinning value can be 
estimated when we read  Equation 9a  as a self-consistent equa-
tion for  Δ  E  H   =   IE  org   −    Φ   sub   +   Δ   Φ   (cf. Figure  4 b):

 

�EH + �sub − I Eorg = �0

[
1 + g exp

(
I Eorg −�sub + ��

kT

)]−1

  
 (9b)   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 794–805
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     Figure  7 .     a)  E  HOMO  –  E  F  as a function of coverage. b) The fraction of mol-
ecules that is simply positively charged as a function of coverage.  
 

�EH = kT ln
[

g −1

(
�0

�sub − I Eorg + �EH
− 1

)]

≈ kT ln
(

�0 /g

�sub − I Eorg

)
  

(10)   

 

 In the last step we have used   Φ   0   �    Φ   sub   −   IE  org   �   Δ  E  H . For 
  Φ   sub   −   IE  org   =  2.0 eV and  g   =  1 we obtain  Δ  E  H   =  0.158 eV as 
an approximate solution for the pinning position. This is small 
compared with   Φ   sub   −   IE  org  justifying the approximation, and 
indistinguishable from the value read from Figure  5 . From 
 Equation 10  it is obvious that  Δ  E  H  shows only a weak loga-
rithmic dependence on   Φ   sub   −   IE  org  and on all other system 
parameters gathered in   Φ   0  except for the temperature. Even for 
a close contact of an organic layer with a metal surface which is 
equivalent to setting the oxide thickness to a molecular scale of 
say 0.3 nm,   Φ   0  is reduced only to 55 eV, still larger than any rea-
sonable difference   Φ   sub   −   IE  org .  Equation 10  thus holds for the 
pinning position also in the absence of an oxide. However, even 
in this situation the Schottky–Mott rule is supposed to prevail 
and pinning is solely brought about by integer charge transfer 
between the substrate and the molecule and the ensuing poten-
tial difference  Δ   Φ   across a space of molecular dimensions. 
Reducing the thickness of the dielectric layer by a factor of 20 
goes along with a reduction of  Δ  E  H  by  kT ln(20)  =  75 meV, illus-
trating once more the weak logarithmic dependence of the pin-
ning position on the system parameters.   
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 794–805
 2.2.2. The Charge Distribution in the Molecular Layer 

 It is furthermore instructive to follow the evolution in charge 
transfer and  E  F  –  E  HOMO  as a function of coverage in the pin-
ning regime. This is done in Figure  7 a for   Φ   sub   −   IE  org   =  2 eV 
and the experimental value of  C  ox . Also shown, in Figure  7 b, is 
the fraction of molecules that are positively charged on account 
of the charge transfer. The initial difference between  E  HOMO  and 
 E  F  is 2 eV and all molecules deposited are positively charged on 
account of the large difference between  E  HOMO  and  E  F , which is 
only gradually reduced by the potential drop  Δ   Φ   across the oxide 
capacitor. However, for  C  ox   =  5.5  ×  10 12  eV  − 1  cm  − 2 , a coverage of 
only 2.2  ×  10 13  cm  − 2  suffi ces to donate the amount of charge 
needed to lower  E  HOMO  to the position of  E  F , and the average 
number of charged molecules has dropped to 0.5. This coverage 
corresponds approximately to 1/100 th  of a monolayer (ML). For 
a coverage of 2.5  ×  10 15  cm  − 2  (1 ML), which is the thickness 
typically used in the data of Figure  2 , the average occupation 
of the HOMO levels with positive charge has dropped to 4  ×  
10  − 3 . This means that about one out of 250 organic molecules is 
actually charged in order to maintain the amount of transferred 
charge that is necessary to yield a  Δ   Φ   that is large enough to 
keep  E  HOMO  close to but somewhat below  E  F . It is this fact that 
allows a position of  E  HOMO  in the tail of the  FD  distribution and 
that is responsible for the 0.14 eV difference between  E  F  and 
 E  HOMO , which is consistently observed in the work of Greiner 
et al. [  29  ]  

 The analysis considered here for the pinning of  E  F  at the 
HOMO in cases where   Φ   sub   >   IE  org , holds also for the pinning 
of  E  F  at the LUMO for substrates with very low work func-
tions (  Φ   sub   <   EA  org ). For example, the gradual transition from 
fully ionized organic molecules to mainly neutral molecules 
has recently been observed for C 60 F 48  on diamond, where a 
charge transfer from the diamond to the LUMO of the C 60 F 48  
takes place and leads to the well-known surface conductivity of 
hydrogen-terminated diamond that is carried by a hole accumu-
lation layer below the diamond surface. In this case, the dif-
ferent charge states of C 60 F 48  have been identifi ed and quanti-
fi ed through a marked chemical shift in the C1s core level spec-
trum of charged and neutral C 60 F 48  species. [  30  ]  An indication 
of differently charged overlayer molecules has also been seen 
in the valence-band spectra of C 60  on poly(3-hexylthiophene) 
(PH3T). [  14  ]    

 2.2.3. The Effect of a Finite Thickness of the Organic Layer on the 
Pinning Position 

 With the parameters of Greiner et al.’s [  29  ]  experiment, specifi -
cally by setting the organic layer thickness to 0.40 nm corre-
sponding to 1 ML (2.5  ×  10 15  cm  − 2 ), as specifi ed by the authors, 
we obtain a pinning position of  Δ  E  H   =  0.14 eV compared with 
the experimental value of 0.33  ±  0.05 eV in ref. [  29  ]  In this and 
the following we shall refer to  Δ  E  H  at   Φ   sub  –  IE  org   =  2 eV as 
the “pinning position”. One possible origin for this systematic 
deviation could be due to the polaronic effect suggested by 
Salaneck and co-workers   [26]    to explain a similar offset in their 
ICT  +   compared with  E  HOMO  in polymer/metal interfaces. [  29  ]  It 
is an open question if such an explanation can hold also for 
the smaller molecules used in the study of Greiner et al. An 
799wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  8 .      E  F  –  E  HOMO  as a function of coverage in the pinning regime 
  Φ   sub   −   IE  org   =  2.0 eV. The full and dash-dotted lines represent the full 
model including the potential profi le in the molecular layer stack: solid 
line for a 6 nm oxide and dash-dotted line for no intermediate oxide.  C  ML  
in the latter case denotes the interface capacitance between the metal 
surface and a molecular monolayer. The dashed line reproduces the oxide 
case of Figure  7 , which ignores the potential profi le in the organic layer. 
The dotted vertical line marks the monolayer coverage.  
alternative possibility is that the real thickness of the organic 
layer was underestimated in the experiment and hence in our 
simulation. In the Supporting Information to ref. [  29  ] , Greiner 
et al. in fact show spectra for organic layer thicknesses up to 
12 nm, and their model reproduced here as  Equation 6  explicitly 
takes an infi nite number of organic layers into account. We will 
therefore extend our model in the same sense; that is to say, by 
evaluating the electric-fi eld profi le in the organic layer. In order 
to do so, we once more consider  Equation 8  for the total areal 
charge density in the organic layer. It is up to a factor  e / C  ox , 
identical to the right hand side of  Equation 9 , which determines 
the potential drop between the metal surface and the surface of 
the oxide layer. So far, we have assumed that the organic layer 
has zero thickness and  IE  org   −    Φ   sub   +   Δ   Φ   in  Equations 8  and 
 9  is the Fermi level position relative to the HOMO, valid for 
all organic molecules. When the organic sheet is built up from 
more than one (say M) molecular layers, each with a molecule 
density   ν   and separated by a distance  d  from each other; this 
energy, and thus the potential difference   Φ   M  vs. the metal sub-
strate have to be calculated separately to obtain the correct areal 
charge density  δ  Q M   in each layer. According to Gauss’ law of 
electrostatics, the areal charge density in a specifi c layer,  m , in 
turn reduces the electric fi eld in the space between this and the 
next layer of the stack by  Δ  F   m   +  1, m    =   δ  Qm   /(  ε   0   ε   org ) where   ε   org  is 
the permittivity of the molecular solid. The potential difference 
between the  m  th  and the  m   +  1 th  layer is  −  F m   d  and that gives 
the following recursion scheme by which the fi elds  F m   and 
potentials,   Φ  m  , of the M layers must be evaluated:

 

�m + 1 = �m + eFmd and

Fm + 1 = Fm − eν

ε0εorg

[
1 + g exp

(
I Eorg −�sub + �m

kT

)]−1

  (11a)   

with the initial values: 

 �0 = �� = eQ
Cox

and F0 = ��
edox

εox
εorg

.     (11b)

When the top molecular layer is not complete, the areal 
molecular density   ν   has to be reduced for this layer accordingly. 
The condition of charge neutrality in this recursion scheme is 
equivalent to  F   M   +  1   =  0 (i.e., a vanishing fi eld at the surface of 
the organic layer), and  Δ   Φ   has to be determined to match this 
condition. 

 In  Figure    8   we have evaluated the pinning position  Δ  E  H  
(full curve) as a function of the organic layer thickness for  d   =  
0.40 nm and   ε   org   =  2.5.  

 The dashed line in Figure  8  reproduces the result of Figure  7  
when we follow the simple model of  Equation 9 , ignoring the 
potential drop in the organic layer. This can easily be achieved 
also in the recursion formula ( Equation 12 ) by formally set-
ting  d   =  0. We start by considering the full calculation for the 
case of an oxide thickness of 6 nm (full line in Figure  8 ). For 
coverages up to a monolayer (ML), both models, that with and 
that without consideration of the potential drop within the 
molecular layer, give identical results, as would be expected. 
However, beyond a ML, the increase in  Δ  E  H  with number of 
layers is clearly more pronounced when the potential drop in 
the organic layer is taken properly into account. For 4 nm, we 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
calculate  Δ  E  H   =  0.28 eV and, for  d   =  11 nm, corresponding to 
the maximum thickness investigated by Greiner et al. (see sup-
porting information to ref. [  29  ] ), we fi nd  Δ  E H    =  0.33 eV (instead 
of the 0.14 eV for a single layer), which is identical to the exper-
imental value of 0.33  ±  0.05 eV. The 4 nm case is also plotted in 
Figure  5  as the dashed line. 

 We proceed by discussing the “non-oxide” case, where we 
assume a distance of closest approach between the organic 
layer and metal of 0.25 nm and a permittivity of 2.5, resulting 
in a capacitance  C  ML   =  10 C  ox . Here, the larger capacitance of 
the interface requires more charge transfer to pull the surface 
HOMO close to the Fermi level. Consequently, about 3% of 
an organic monolayer is now needed to pin  E  F  at  E  HOMO , and, 
for 1 ML coverage,  Δ  E  H   =  0.08 eV is noticeably smaller than 
in the oxide case ( Δ  E  H   =  0.14 eV). With an increasing number 
of organic layers, however, the pinning value,  Δ  E  H , increases 
and is practically identical to the oxide case for three layers 
of organic molecules. Hence, for organic layers beyond a few 
MLs the thickness of the oxide has no infl uence on the pinning 
position. 

 We should make a comment on the electric fi elds that go 
along with the pinning mechanism in the case of the “no oxide” 
metal/organic interfaces: without a separating dielectric, the 
potential difference between the metal and the organic layer 
is set up across a molecular distance, say typically 0.25 nm, as 
we have assumed in our simulation. Pinning from an original 
level separation of   Φ   sub   −   IE  org   =  2.0 eV leads to an electric fi eld 
of 80 MV cm  − 1  between the metal and the organic layer. This 
value is about four times the break-down fi eld in diamond 
( ≈  20 MV cm  − 1 ) known as the strongest dielectric so far. [  31  ]  This 
is an interesting aspect with respect to the limits of the model 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 794–805
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presented here. We do not want to discuss this further, but 
mention only that electric break-down fi elds in matter concep-
tually do not limit electric fi elds on a molecular scale.   

 2.2.4. The Effect of a Finite Density of Defects in the Oxide Layer 

 The fi nal question to be answered is how the electrons get from 
the HOMO of the adlayer to the metal. From an operational 
point of view, it is clear that the oxides provide the necessary con-
ductance to enable the electron transfer in a fraction of a second. 
This is so because in the photoemission spectra of Greiner et 
al. [  29  ]  there is no measurable charging shift. Whenever electrons 
are emitted from the surface of a sample, they have to be replen-
ished from the back contact, which is in electrical contact with 
the spectrometer. This current causes a potential drop between 
surface and the back contact, which is a product of the electron 
current and the sample resistance. Such a potential drop, if 
measurable, is referred to as a “charging shift”. The photoelec-
tron current in the kind of experiments performed by Greiner et 
al. [  29  ]  is of the order of 10  − 9  A from an illuminated spot of about 
1 mm diameter, or about 10  − 7  A cm  − 2 . The smallest measurable 
shift is estimated to be about 50 meV. This implies that the oxide 
resistance over an area of 1 cm 2  is of the order of 5  ×  10 5   Ω  or 
smaller. This maximum sample resistance compatible with the 
experimental observations corresponds to a lower limit of 1.2  ×  
10  − 12   Ω   − 1  cm  − 1  for the conductivity of the oxide layer. Hence, in 
the worst case, it takes about 1 s to transfer the 10 13  e cm  − 2  that 
are necessary to pin  E  HOMO  across the oxide for an initial poten-
tial difference of 1 V (cf. Figure  6 ). 

 The obvious mechanism for a current across a wide-bandgap 
dielectric is quantum-mechanical tunnelling through the oxide. 
In lieu of data for the oxides used by Greiner et al., [  29  ]  we take 
models and calculations from metal oxide-semiconductor 
(MOS) devices as a guide for the tunnelling currents that 
can be expected in the situation at hand, namely oxides with 
a thickness of 6  ±  1 nm. The leakage current through a SiO 2  
gate oxide of 6 nm thickness at an applied voltage of 1 V is of 
the order of 10  − 20  A cm  − 2  or about 0.06 e s  − 1  cm  − 2 . [  32  ]  This is 
defi nitely too small in order to establish the transfer of about 
10 13  e cm  − 2  alluded to above. Hence, there has to be a fi nite den-
sity of deep defect states that carry the transfer current and the 
photo emission current by hopping conductivity. The most-general 
expression for hopping conductivity between localized centres 
that are on average a distance  R  apart yields a conductivity

 
σ = σ0 exp

[
− τ R

a

]
exp

[
− Ea

kT

]
  

(12)   

where  a  is the localization length of the impurity wave function 
and   τ   is a numerical factor of order unity. It is generally found that 
the hopping activation energy  E  a  lies between 10  − 4  and 10  − 3  eV 
and the localization length is of the order of 5 nm. [  33  ]  

 Using these values and   σ   0   =  600  Ω   − 1  cm  − 1  from the work of 
Fritzsche and Cuevas, [  34  ]  we estimate the average distance  R   ≈  
170 nm corresponding to an impurity concentration  N  i  of about 
2  ×  10 14  cm  − 3 , which is required to provide the necessary con-
ductivity. This corresponds to an areal density of 10 8  cm  − 2  for 
a 10 nm-thick oxide, which has to be compared with an areal 
density of defects of 10 10  cm  − 2  for the best SiO 2  gate oxide of 
comparable thickness in MOS technology. It is more than likely 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 794–805
that the oxides in the work of Greiner et al. [  29  ]  have consider-
ably higher defect and impurity concentrations, and therefore 
meet the conductance requirements mentioned above under all 
circumstances. Naturally, a fi nite density of defects in the oxide 
will also contribute to the charge distribution in the molecule-
oxide-metal stack, and we shall proceed to calculate the effect of 
this charge on the level alignment. 

 The formalism we have developed in the previous sections 
can, in fact, with a few steps be extended to defective dielec-
trics as well. To this end, we will assume a constant defect den-
sity of states  D  0  with a charge neutrality level (CNL)  E  0  in the 
bandgap of the oxide. In most cases, the charge neutrality level 
in a metal oxide on top of the metal itself is below the metal 
Fermi level by an energy  W  0 . [  29  ]  Consequently, excess electrons, 
and thus a negative charge density will reside in the oxide. Fol-
lowing the electron potential,   Φ  ( x ), through the oxide using 
the CNL (i.e., setting   Φ  ( x )  =   E  0 ( x )  −   E  F  for the potential profi le 
in the oxide), will give a space charge density,   ρ  , that is linked 
to the local potential   Φ  ( x ) by   ρ  (  Φ  )  =   e  D  0   Φ  . In this relation we 
have employed a step function for the Fermi–Dirac occupation 
statistics of the defects states (i.e., the low temperature limit). 
With this space charge function,   ρ  (  Φ  ), Poisson’s equation for 
the potential profi le in the oxide reads:

 

ε0εox

e

d2�

dx2
= e D0�

  (13)    

 The general solution of this homogeneous differential equa-
tion of second order contains two integration constants that 
need to be fi xed by two boundary conditions. The fi rst is given 
by the potential   Φ   at the metal surface that is identical to – W  0 . 
This leaves only one free constant,   λ  , for the potential profi le 
inside the dielectric, and it is easily seen that:

 
� (x) = W0

[
λ exp (μx) + (1−λ) exp (−μx)

]
  

(14)   

where the co-ordinate  x  extends from the metal/oxide interface 
in a positive direction towards the surface. The constant   μ   in the 
exponential is related to the defect density of states  D  0  and the 
permittivity   ε   ox  of the oxide by  μ =

√
e2 D0/ (εoxε0)   . Its inverse is 

an estimate for the minimum oxide thickness necessary to show 
the effect of defects on the potential profi le across the interface. 
The total potential drop  Δ   Φ   across the oxide, and the total areal 
charge density  Q   −   of the metal oxide combination (made up by 
the sheet charge in the metal on the one hand and the space 
charge in the oxide defects on the other) and the electric fi eld  F  0  
at the oxide surface can now be expressed by the parameter   λ  :

 
�� (λ) = −W0

[
λ exp (μdox) + (1 −λ) exp (−μdox)

]
 
 (15)   

and

 

εoxε0 F0 (λ) = − Q− (λ)

= − εoxε0

e
μW0

[
λ exp (μdox) − (1 −λ) exp (−μdox)

]
  

 (16)    

  Q   −  (  λ  ) is negative and monotonically decreases with   λ   and it 
is readily confi rmed that   λ   0   =  (1  +  exp (2  μ d  ox ))  − 1  yields  Q   −    =   F  0   =  
0 and describes the case of the bare oxide substrate where the 
801wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  9 .      E  F  –  E  HOMO  as a function of organic molecule coverage on top 
of an oxide layer (6 nm) with a high and constant defect density of states 
 D  0  in the band gap (dashed line). For comparison, the surface Fermi 
level position relative to  E  HOMO  is also shown for the defect-free case 
(solid line, identical to Figure  8 ). The dotted vertical line marks the one 
monolayer coverage.  

     Figure  10 .     Band profi les for metal/oxide substrates and metal/oxide/
organic layer stacks for which the substrate work function is modifi ed by 
an increase in the density of defect states  D  0  in the band gap of the oxide. 
The arrows labelled   Φ   sub  indicate the varying work functions of the bare 
substrates. For details see text.  
charges in metal and oxide add up to zero. Depositing organic 
molecules leads to additional negative charge transfer to the 
substrate and results in potential profi les in the oxide that 
belong to   λ    >    λ   0 . We use   λ   instead of  Δ   Φ   as a variational para-
meter in the recursion scheme of  Equation 9  and replace the 
starting parameters by:

 

�0 = �� (λ) and

F0 (λ) = − μW0
e

εox
εorg

[
λ exp (μdox) − (1 −λ) exp (−μdox)

]
   

(17)

Again, the variational parameter has to be chosen such that 
 F   M   +  1   =  0.   Φ   M  is then the overall potential drop between the 
metal and the organic layer surface. 

 We plot in  Figure    9   the surface Fermi level position as a 
function of the organic layer thickness for this general model 
that includes defects in the oxide and the full potential profi le 
across the complete interface for an extreme value of the defect 
density of states in the oxide:  D  0   =  5  ×  10 19  cm  − 3  eV  − 1 . The thick-
ness and permittivity of the oxide, as well as the layer separation 
and the permittivity of the organic fi lm, are the same as those 
used in Figure  8  and, for comparison, we have also included 
the defect-free case from Figure  8  in Figure  9 .  

 The high defect density of states  D  0   =  5  ×  10 19  cm  − 3  eV  − 1  cor-
responds to 1/  μ    =  2.6 nm, a value comparable with the oxide 
thickness. For the energy of the oxide CNL relative to  E  F , we 
assume  W  0   =  –1.0 eV with the initial condition   Φ   sub   −   IE  org   =  
2.0 eV. As a consequence of the defects in the oxide, the part 
of the charge in the substrate that is responsible for the pin-
ning is now stored closer to the organic overlayer in the oxide. 
As a consequence, about twice as many organic molecules are 
needed to pin  E  F  at a given level. This is apparent by the hor-
izontal shift in the two curves of Figure  9  for sub-monolayer 
802 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
coverages. However, for coverages beyond 1 ML, the difference 
is undetectable within the experimental resolution. 

 While defects in the oxide have no measurable effect on the 
pinning position, they do alter the potential profi le in the oxide 
signifi cantly as illustrated in  Figure    10  . We simulate a 6 nm 
oxide, for which we assume densities of defect states that vary 
between 1  ×  10 17  cm  − 3  eV  − 1  and 5  ×  10 19  cm  − 3  eV  − 1 .  W  0  is set to 
–2.5 eV in all cases.  

 For each  D  0  we show two potential profi les. In the ones 
on the left that end at the oxide surface (6 nm on the lower 
abscissa), the potential is represented by the vacuum level rela-
tive to  E  F  (left-hand ordinate). The starting point is the work 
function of the metal, which was set to 4.0 eV. For the lowest 
 D  0 , the charge transfer between the metal and the oxide is neg-
ligible, resulting in a fl at potential across the oxide (dotted line). 
Consequently, the work function   Φ   sub   =  ( E  vac  –  E  F ) surf  equals that 
of the metal. Increasing the defect density gradually, however, 
leads to negative charge transfer from the metal into the oxide 
and a corresponding upward band bending. This increases the 
work function of the substrate with increasing  D  0  up to 6.0 eV 
for the highest defect density simulated. 

 The second set of curves that extend across the whole dia-
gram shows the potential profi les after a 6 nm thick layer of 
organic molecules with an ionization energy of 5.0 eV was 
deposited on top of the respective substrates (lines in the oxide, 
symbols plus lines in the organic layer). The ionization energy 
was chosen such that   Φ   sub   −   IE  org  varies between –1.0 eV to and 
 + 1.0 eV. This choice was motivated by one of the experiments 
of Greiner et al. [  29  ]  They deposited the same organic molecule 
( γ -NPD) on top of Ni/NiO substrates, for which they could 
increase the work function by gradually increasing the density 
of oxygen interstitial defects by moving to harsher oxidation 
conditions. As a consequence, they effectively varied   Φ   sub   −  
 IE  org  in the range covered by our simulation (–1 eV,  + 1 eV), and 
their measured  Δ  E  H  values (their Figure  6 ) cover the transition 
from the Schottky–Mott regime to the pinning regime in the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 794–805
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same way as the data of Figure  2 . The band profi les in Figure  10  
explain this result as well. For low defect densities of states 
(1  ×  10 17  cm  − 3  eV  − 1  and 3  ×  10 18  cm  − 3  eV  − 1 ) where the work 
functions of the substrate remain considerably smaller than 
 IE  org , the band profi le across the organic layer is fl at and the 
surface Fermi level with respect to the HOMO ( Δ  E  H , right hand 
ordinate of Figure  10 ) simply follows  IE  org   −    Φ   sub . This is the 
Schottky–Mott regime, which holds despite substantial band 
bending in the oxide ( D  0   =  3  ×  10 18  cm  − 3  eV  − 1 ). When the defect 
density becomes so high that the work function approaches 
or exceeds  IE  org , the pinning regime is recognized with  Δ  E H    =  
0.33 eV as discussed above. For the extreme case of  D  0   =  
5  ×  10 19  cm  − 3  eV  − 1  this is accompanied by a steep band pro-
fi le across the oxide that even exhibits a local maximum. Nev-
ertheless, the measurable pinning offset is hardly infl uenced at 
all by this profi le (cf.  D  0   =  1  ×  10 19  cm  − 3  eV  − 1  and  D  0   =  1  ×  
10 19  cm  − 3  eV  − 1 ).     

 3. Summary and Conclusions 

 We have quantifi ed here a model that describes the universal 
energy alignment of organic molecules on oxide-covered metals, 
as recently demonstrated by Greiner et al. [  29  ]  without any adjust-
able parameters. It is based on three factors:  

 i)     the Schottky–Mott rule of molecules weakly interacting with 
their substrate, and hence the absence of any interface di-
poles on the atomic level that would affect the energy dif-
ference   Φ   sub  –  IE  org  as it is inferred from the corresponding 
quantities measured spectroscopically for the substrate and 
the organic molecules separately;   

 ii)     the charge equilibrium between the electronic systems of 
the organic molecules and the underlying substrate as ex-
pressed by the Fermi–Dirac distribution function;   

 iii)     the condition of overall charge neutrality.    

 In a fi rst approximation, the oxide has the function of a dielec-
tric and does not participate in the charge exchange. This implies 
that for situations where the frontier orbitals of the molecule (the 
only ones considered) are energetically suffi ciently removed from 
the Fermi level, the charge exchange is negligible and the level 
alignment according to the Schottky–Mott regime holds. When 
the frontier orbitals approach the Fermi level, Fermi–Dirac sta-
tistics and the condition of charge neutrality require a charge 
exchange, which increases the closer the two are in energy. Simul-
taneously, a potential drop across the oxide realigns the Fermi 
level and the frontier orbitals of the molecules to counteract the 
charge transfer. Because the potential drop is itself determined 
by the amount of transferred charge and the capacitance of the 
metal oxide-molecule arrangement, the problem has to be solved 
self consistently. As we have shown, this leads to a pinning of the 
HOMO 0.14 eV below  E  F , because the charge needed to ensure 
thermal equilibrium is on average far less than 1% for each mol-
ecule at densities in excess of one monolayer. Hence, the HOMO 
energy lies below the Fermi level in the steep tail of the Fermi–
Dirac distribution function. An analogous scenario holds for 
equilibrium charge exchange between  E  F  and LUMO with the 
LUMO lying by the same amount above  E  F . 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 794–805
 On a second level of sophistication we consider the charge 
distribution and the ensuing potential drop within the organic 
layer. This is again done self consistently and leads to essen-
tially the same result as before, albeit with a pinning position 
of the HOMO 0.33 eV below  E  F  for a layer thickness of 11 nm, 
a value that is in perfect agreement with the 0.33  ±  0.05 eV of 
Greiner et al. [  29  ]  At the same time, the calculations reproduce 
the “band bending” towards higher binding energy with a layer 
thickness that is widely observed experimentally. [  17  ,  29  ,  35  ,  36  ]  

 In a last step we have considered the effect of a fi nite density 
of defects in the oxide. Numerical calculations again confi rm 
that neither the transition from the Schottky–Mott regime to 
the pinning regime nor the pinning position itself are measur-
ably infl uenced by oxide defects up to a level where the density 
of states due to defects reaches 5  ×  10 19  eV  − 1  cm  − 3 . This is so 
despite the fact that charge transferred to the defect levels dis-
torts the potential in the oxide signifi cantly compared with the 
defect-free case. 

 Finally, on all levels of approximation, the pinning posi-
tion shows only a weak logarithmic dependence on all system 
parameters, such as the thicknesses and permittivities of the 
oxide and organic layers, and the results including the pinning 
positions carry even over to a situation without oxide, provided 
integer charge transfer between the organic molecules and the 
substrate is the only factor responsible for energy alignment. 

 The universality and robustness of the pinning position, as 
observed by Greiner et al. [  29  ]  for small organic molecules, and 
by Salaneck’s group [  26  ]  for polymers, rely on two factors. Firstly, 
the average amount of charge on each molecule is small for 
layers in excess of a monolayer. Molecules can carry at most 
one unit of charge on account of Coulomb repulsion, and yet 
far less than a monolayer of fully charged molecules right at 
the interface will fulfi ll the self-consistent charge-exchange con-
dition and pin  E  HOMO . Hence, for coverages of a few to many 
MLs, as were encountered in most of the experimental studies, 
there will be little further change in the level alignment. 

 This robustness is also refl ected in the small scatter of  ± 0.05 eV 
in the  Δ  E  H  values in the pinning regime, as seen in Figure  2 b. 
This fact leads us to conclude that the much larger scatter of 
the data in the Schottky–Mott regime is not due to uncertain-
ties in  Δ  E  H  but rather due to variations in   Φ   sub  –  IE  org.  It is 
unlikely that the variations in   Φ   sub  –  IE  org  refl ect experimental 
uncertainties, because both   Φ   sub  and  IE  org  were determined by 
the same technique as  Δ  E  H , namely photoelectron spectroscopy. 
Hence, there has to be a physical origin of the horizontal scatter 
in the data. While  IE  org  is experimentally accessible even after 
interface formation,   Φ   sub,interface  is not. Therefore, it is plausible 
that   Φ   sub,interface , as it determines the level alignment after inter-
face formation, differs from   Φ   sub  as measured for the bare sub-
strate. The obvious mechanism for such a modifi cation is the 
formation of an interface dipole that changes the substrate’s 
work function by an amount   δ  . Hence,   Φ   sub,interface   =    Φ   sub   +    δ   
would have been the correct quantity to enter our model instead 
of   Φ   sub . The difference between the data and our model calcula-
tion in the Schottky–Mott regime of Figure  5  in terms of   Φ   sub  – 
 IE  org  equals   δ  . There appears to be a systematic and a random 
deviation of the data points from the model curve. The system-
atic deviation amounts to  <   δ   >   ≈  0.35 eV which corresponds to 
an increase in   Φ   sub.  The random scatter of  ± 0.20 eV refl ects 
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     Figure  11 .     Full level alignment calculation (data points) plotted in the 
form of a “Zorro” diagram (cf. Figure  1 ) for a coverage of 5  ×  10 16  cm  − 2  
organic molecules ( ≈ 8 nm thickness) with an ionization potential of 5.0 eV. 
For details see text.  

   Table  1.     Fermi level pinning positions of organic molecules on various sub

Substrate/ Adlayer

PEDOT:PSS/copper phthalocyanine (CuPc)

PEDOT:PSS/fl uorinated copper phthalocyanine (CuPcF 4 )

PEDOT:PSS/poly(9,9 ′ -dioctylfl uorene- co -bis- N , N  ′ -(4-butylphenyl)-bis- N , N  ′ -phenyl-1,4-p

ozoned Au/poly(9,9 ′ -dioctylfl uorene- co -bis- N , N  ′ -(4-butylphenyl)-bis- N , N  ′ -phenyl-1,4-p

PEDOT:PSS/poly(9,9 ′ -dioctylfl uorene) (F8)

PEDOT:PSS/poly(9,9 ′ -dioctylfl uorene) (F8)

PEDOT:PFESA/(N,N’-bis-(1-naphthyl)-N,N’-diphenyl1-1,1-biphenyl1-4,4-diamine) (NP

Ca/copper phthalocyanine (CuPc)

Mg/copper phthalocyanine (CuPc)

Sm/copper phthalocyanine (CuPc)

PEDOT:PFESA/poly(3-hexylthiophene) (P3HT)

PEDOT:PSS/poly(3-hexylthiophene) (P3HT)

indium tin oxide/poly(3-hexylthiophene) (P3HT)

Oxidized Silicon/poly(3-hexylthiophene) (P3HT)

PEDOT:PFESA/poly(9-(1′-decylundecylidene)fl uorene) (P10AF)

PEDOT:PSS/poly(9-(1′-decylundecylidene)fl uorene) (P10AF)

PEDOT:PFESA/poly(2,7-9,9-(di(oxy-2,5,8-trioxadecane))fl uorene) (PFO)

PEDOT:PFESA/poly(2,7-9,9-(di(oxy-2,5,8-trioxadecane))fl uorene) (PFO)

indium tin oxide/tetrafl uorotetracyanoquinodimethane (F 4 TCNQ)

PEDOT-PSS/tetrafl uorotetracyanoquinodimethane (F 4 TCNQ)

PEDOT-PFESA/tetrafl uorotetracyanoquinodimethane (F 4 TCNQ)

Au/tetracyanoquinodimethane (TCNQ)

indium tin oxide/tetracyanoquinodimethane (TCNQ)

PEDOT-PSS/tetracyanoquinodimethane (TCNQ)

poly(9,9 ′ -dioctylfl uorene) (F8)/C 60 

    a) In the limit of one monolayer.   
the individual deviation of the particular oxide-molecule inter-
face dipole from the average dipole. Widely discussed in the 
literature on organic interfaces and also introduced by Greiner 
et al. [  29  ]  is the so-called push-back effect. This effect refers to 
the push back of the electron spill-out from the substrate by 
the organic overlayer, which effectively decreases the substrate’s 
work function (i.e.,   δ    <  0). This is opposite to the average  <   δ   >  
and hence cannot be responsible for the deviation. For the 
class of interfaces discussed here, it therefore appears that the 
Schottky–Mott regime holds quantitatively with an uncertainty 
of  ± 0.20 eV after a correction of  + 0.35 eV has been applied to 
  Φ   sub . 

 Our calculation has implications for the work of Salaneck, 
Fahlmann and co-workers as well. [  13  ,  14  ,  26  ]  In  Figure    11  , we 
present our model results near the intersection of the Schottky–
Mott ( S   =  1) and the pinning regime ( S   =  0) in a form that cor-
responds to the “Zorro” diagram of Figure  1 . To this end we 
assume a specifi c organic molecule with  IE  org   =  5.0 eV and 
replace the   Φ   sub  –  IE  org  abscissa by   Φ   sub . From the HOMO posi-
tion relative to  E  F , the work function of the organic overlayer, 
mbH & Co. KGaA, Weinheim

strates for cases of weak interaction. 

Adlayer orbital energy 
(eV)

Authors Reference

 E  F  –  E  HOMO   E  LUMO  –  E  F    

0.4 Peisert et al.  [  37  ] 

0.5 Peisert et al.  [  37  ] 

henylenediamine) (PFB) 0.44 Hwang et al.  [  38  ] 

henylenediamine) (PFB) 0.45 Hwang et al.  [  38  ] 

0.49 Hwang et al.  [  38  ] 

0.36 a) Hwang et al.  [  38  ] 

B) 0.4 Braun et al.  [  39  ] 

0.4 Tanaka et al.  [  40  ] 

0.4 Tanaka et al.  [  40  ] 

0.4 Tanaka et al.  [  40  ] 

0.5 Tengstedt et al.  [  41  ] 

0.5 Tengstedt et al.  [  41  ] 

0.5 Tengstedt et al.  [  41  ] 

0.5 Tengstedt et al.  [  41  ] 

0.4 Tengstedt et al.  [  41  ] 

0.4 Tengstedt et al.  [  41  ] 

0.6 Tengstedt et al.  [  41  ] 

0.6 Tengstedt et al.  [  41  ] 

0.3 Braun et al.  [  39  ] 

0.3 Braun et al.  [  39  ] 

0.3 Braun et al.  [  39  ] 

0.2 Murdey et al.  [  42  ] 

0.2 Murdey et al.  [  42  ] 

0.2 Murdey et al.  [  42  ] 

0.5 Osikowicz et al.  [  14  ] 
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  Φ   sub,org , is obtained by adding  IE  org , and this is the scale of 
the ordinate in Figure  11 . The result of the simulation is rep-
resented by a series of individual points mimicking an experi-
mental data set and to these are fi tted two straight lines with 
slopes  S   =  1 and  S   =  0, respectively. In the spirit of Salaneck and 
co-workers, [  26  ]  the substrate work function at the intersection of 
the two lines is assigned to the energy of the ICT  +   relative to 
the vacuum level. The result, 4.68 eV turns out to lie 0.32 eV 
above  E  HOMO . This difference would be interpreted by Salaneck 
and co-workers [  26  ]  as polaronic binding energy as discussed in 
the introduction. However, our model treats the spectroscopi-
cally determined HOMO as the charge-transfer state without 
any polaronic relaxation effects and yet yields the apparent 
polaronic binding energy of 0.32 eV. This demonstrates that a 
major fraction of the polaronic binding energy of 0.5  ±  0.1 eV, 
as reported by Salaneck and co-workers, [  26  ]  is in reality due to 
the fact that in equilibrium the position of the HOMO does not 
coincide with  E  F , as implicitly assumed in the interpretation 
of the “Zorro” diagram by Salaneck and co-workers, [  26  ]  but lies 
0.32 eV below  E  F.   

 Finally, in  Table    1   we have collected the pinning positions 
of  E  F  relative to the HOMO of a wide range of organic mol-
ecule/substrate combinations where there is sometimes direct, 
more often circumstantial evidence that the interaction at the 
interface is weak. The central message is that in no case is  E  F  
pinned right at  E  HOMO . The same is true for the cases where a 
pinning of  E  F  near the LUMO is observed. In both cases, the 
difference between  E  F  and the transport orbital, and thus the 
injection barrier, for carriers is at least 0.3 eV, in excellent agree-
ment with our calculation. This universal behavior refl ects the 
fact that our results do not depend on the detailed aspects of the 
organic material, such as conformational degrees of freedom, 
growth mode, crystalline vs. amorphous fi lms, etc., as long as 
the Schottky–Mott rule holds.   
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