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Abstract

The Induced Density of Interface States model is revisited and discussed for weakly-interacting organic semiconductor
junctions. First, unreactive ‘ideal” Au/organic interfaces are analyzed and described as a function of the organic Charge
Neutrality Level (CNL) and the slope parameter Sy;o specific to the case of Au: these values are similar, though not nec-
essarily equal, to those obtained from a fit to reactive and unreactive metal/organic interfaces. Then, using the information
provided by the Au/organic cases, we obtain the organic/organic screening parameters and calculate molecular level offsets
without any adjustable parameter. The good agreement found between our theoretical results and experimental data for
weakly-interacting metal/organic and organic/organic interfaces shows that our analysis in terms of the organic CNL and
the corresponding (Syvo or Soo) slope parameter provides a consistent and predictive description of the energy level align-
ment at these interfaces.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Research in organic electronics over the past dec-
ades has given rise to a series of new organic-based
devices, such as light-emitting diodes, thin-film tran-
sistors and photovoltaic cells, many of which are
based on small-molecule organic materials [1,2].
Since the performance of these devices is ultimately
determined by charge injection at interfaces [3,4],
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the study of metal/organic and organic/organic
interfaces is the focus of considerable theoretical
and experimental work.

Concerning metal/organic interfaces, the Scho-
ttky—-Mott model, which consists of the simple
alignment of the vacuum levels of the metal and
organic material, was soon disproved [5,6], and
interface dipoles and partial pinning of the Fermi
level were observed. Several models have been pro-
posed to explain this behaviour based on charge
transfer between metal and molecule using the
organic ionization and affinity levels [7,8], chemical
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reaction and formation of gap states [7-11], energet-
ically distributed valence states and band bending
[12], orientation of permanent molecular dipoles
[13,14], as well as the reduction of the metal work
function through the compression of the metal elec-
tron tail by the adsorbed molecules [8,15,16] (the
‘pillow’ effect).

Of these, probably the two most important and
frequent mechanisms are chemical reaction at the
interface and the ‘pillow’ effect. Chemically reactive
interfaces are abundant and of obvious importance,
and are characterized by the formation of metal-
molecule bonds and the appearance of chemistry-
induced gap states. While methods based on
Density Functional Theory can be directly applied
to these reacted interfaces, the main drawback is
that the outcome of a particular reaction is unpre-
dictable, so that each interface must be studied indi-
vidually. Moreover, since the results are often very
sensitive to the details of the interaction, it is diffi-
cult to extrapolate the conclusions to other cases.
Thus, knowledge of reactive interfaces is hampered
by its advancement in a stepwise manner.

Concerning the ‘pillow’ effect, the rearrangement
of the metal electronic tail by the adsorbed mole-
cules affects the dipole at the interface, effectively
reducing the metal work function. Notice that,
while the contributions from other mechanisms do
not have a definite direction, the ‘pillow’ effect
always tends to reduce the metal work function.
This effect has been analyzed theoretically by Cris-
pin et al. [15,17] for chemisorptive interfaces, while
for physisorptive junctions, results for small organic
molecules [16,18] have demonstrated this effect,
though a systematic, quantitative understanding at
a fundamental level is still lacking.

In a series of recent papers [19,20], we presented a
model based on the Induced Density of Interface
States (IDIS), in which the driving mechanism is
the tendency of the Charge Neutrality Level
(CNL) to align with the metal Fermi level.

While the importance of reactive or interdiffu-
sive metal/organic interfaces is obvious and the
effects of chemical reactions or defects cannot be
understated, our aim is in fact to focus on the
opposite class of interfaces: free of the complexity
of chemical reactions or defects, which can obscure
the understanding of the interface, the study of
unreactive, ‘ideal’ interfaces can unveil the basic
fundamental mechanisms governing the Schottky
barrier formation. Our aim is to stress that, in
the absence of chemical reaction or defects, there

is an ‘intrinsic’ mechanism operating at organic
semiconductor interfaces.

At organic heterojunctions, which are weakly-
interacting, the vacuum level rule is observed in a
number of cases, with notable exceptions exhibiting
significant (up to 0.5 eV) interface dipoles. While no
consistent explanation for this behaviour had been
presented, our model, based on the partial align-
ment of the CNLs of both organic materials, pro-
vided an intuitive, yet general and consistent,
explanation for the sign and magnitude of the
observed dipoles [21,22].

In this paper, we present a revision of the results
of the IDIS model, which we argue is appropriate
for understanding the behaviour of weakly-interact-
ing interfaces. Concerning metal/organic junctions,
Au is the prototypical case of a non-reactive metal,
since its interaction with organic materials has been
shown to be very weak. Although the ‘pillow’ effect
is not included in the results presented here, it can
be incorporated phenomenologically at this stage
through a reduction of the initial metal work func-
tion, as will be discussed below.

First, we address Au/organic interfaces and
discuss how to extract, using theoretical and exper-
imental information, the CNL of the organic mate-
rial and the slope parameter (S) of the interface.
Here, the values of S are specific to the case of Au
and are similar, though not necessarily equal, to
the values obtained from several reactive and unre-
active metal/organic interfaces [2]. Both the CNL
and the S parameter are shown to be related to
the interface dipole 4 and the hole injection barrier
$Bh-

In addition, given their weak interaction,
organic/organic interfaces are studied within our
model: the added interest of Au/organic interfaces
is the information they provide for understanding
organic heterojunctions. A way of obtaining reliable
screening parameters, Soo, for the different hetero-
junctions is presented. It is then shown how these
values, together with the CNLs of the organic mate-
rials, can be used to calculate molecular level offsets
at organic/organic interfaces.

Results for interface dipoles, injection barriers
and molecular level offsets are presented for the
following organic materials: 3,4,9,10-perylenetetra-
carboxylic dianhydride (PTCDA), 3,4,9,10-peryl-
enetetracarboxylic  bisbenzimidazole  (PTCBI),
4,4 \N,N -dicarbazolyl biphenyl (CBP), copper
phthalocyanine (CuPc), N,N -diphenyl-N,N -bis(1-
naphthyl)-1,1 -biphenyl-4,4 -diamine (a-NPD),
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bathocuproine (BCP) and tris-(8-hydroxyquinoline)
aluminium (Algs). As good quantitative agreement
with experiment is found for interface dipoles and
injection barriers, our approach provides the first
consistent means of understanding the energy level
alignment at weakly-interacting organic semicon-
ductor interfaces. Since some values have been
slightly modified in light of new data, we consider
them to be our most robust and ‘up to date’ set of
results.

2. Discussion of the model

The origin of the concept of CNL can be traced
back as early as Pauling and Miilliken. Even though
their work focused on quantum atomic properties,
such as trends in the periodic table or atom electro-
negativities, Miilliken proposed considering the
average of the ionization (/) and affinity (A) ener-
gies an intrinsic property of atoms. Consider, for
instance, two atoms having ionization and affinity
levels given by I, Ay, and I,, A, (Fig. 1). If an elec-
tron is removed from 1 and placed at 2, the energy
difference is I; — A,. Charge transfer in the opposite
direction gives I, — A;. The difference between both
processes yields I} + 4, — (I, + A45), which suggests
considering &4 as a quantity which characterizes
each atom, and whose relative values will determine
the direction and magnitude of charge transfer: the
atom with the higher (less negative) value of &4
donates electrons to the one with the lower (more
negative) value. This idea was pursued by Pauling
to determine atom electronegativities [23] as a func-
tion of L4,

In inorganic semiconductors, a generalization of
this Z4 concept which consists on averaging the
optical gaps in the Brillouin zone, yields the CNL
of the semiconductor. It is well established that
the CNL model for inorganic semiconductors can

| |
| |

Fig. 1. Ionization (/) and affinity (A4) levels for two different
atoms. The average 42 can be used to determine atom
electronegativities.

explain the band offsets and Schottky barrier forma-
tion associated to the energy level alignment [24].
Concerning organic semiconductors, the average
54 was used by Crispin et al. [15,17] to study reac-
tive metal/organic interfaces within a chemisorption
approach.

Our model for the induced DOS and CNL for
weakly-interacting organic semiconductor interfaces
can be regarded as a generalization of the previous
cases by considering all molecular levels (rather
than just the HOMO and LUMO) and their contri-
bution to the CNL position: the simple 54 argument
predicts the CNL always at midgap. Instead, for
several organic materials, the CNL position is
located close to the LUMO [19,20], as the induced
DOS is greater around the HOMO, pushing the
CNL upper in the gap. Our results for Au/organic
and organic/organic interfaces show that a detailed
calculation, including the effect of all molecular
orbitals, is necessary for a correct determination of
interface properties such as induced dipoles and
injection barriers.

Within our model, the resonance of molecular
states with the metal continuum of states gives rise
to a shift and broadening of the molecular levels
(see Fig. 2). For the particular case of an energy-
independent metal-organic interaction, it can be
shown that, for weakly-interacting interfaces, each
molecular level is broadened into a Lorentzian func-

. r/2 . . .
tion BT where I’ is the broadening of the
su’?fuace Organic
molecule
Dy

Fig. 2. At weakly-interacting metal/organic interfaces, charge
transfer tends to align the organic CNL and metal work function.
This gives rise to an induced dipole 4Ayo and the partial pinning
of the Fermi level in the organic energy gap.
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molecular level E;. The sum of the contributions of
the different molecular levels transforms their initial
o-like distribution into a continuum DOS with, in
particular, non-negligible values in the former
energy gap. By integrating this induced DOS up to
the charge of the isolated molecule, the position
of the CNL is determined. The relative position of
the CNL and metal work function (when measured
with respect to a common vacuum level) determines
the size and direction of charge transfer. If the
organic CNL is higher (less negative) than ¢y (as
is the case of most organic materials on Au), elec-
trons will be transferred from the molecule to the
metal. This initial ¢y; — CNL difference is reduced
by the interface slope parameter Sy;o, which deter-
mines how this initial offset is screened at the
interface.

The interface Fermi level position and induced
dipole can be calculated from Eqgs. 1 and 2:

Er — CNL = Syo(¢py — CNL) (1)
Ayio = (1 = Swmo) (¢ — CNL) (2)

The DOS induced in the gap acts as a buffer for the
transferred charge and is thus responsible for the di-
pole induced at the interface, the degree of Fermi le-
vel pinning at the interface and the Schottky barrier
formation.

Given their weak interaction, the model was later
extended to organic heterojunctions, where it was
proposed [21] that the molecular level offset was
determined by the relative position of the CNLs of
both organic materials. A screening parameter
Soo, similar, but not equal to the one introduced
for metal/organic interfaces, determines how this
initial CNL offset will be screened when the inter-
face is formed. In similarity to metal/organic inter-
faces, the initial and final CNL differences are
related by (see Fig. 3)

[, = (1 Ly = ONLodinital +|eeeesrevee LUMO
............. CNI
LUMO
CN
—————————— HOMO
& CNL, ——
HOMO

Fig. 3. Energy level alignment at organic heterojunctions: the
initial CNL difference is partially screened, resulting in the
formation of an interface dipole 4po and a smaller final CNL
offset.

(CNL; — CNL)g,.1 = Soo(CNL;

— CNL2)ipigiar (3)
while the induced dipole is
400 = (1 = S00)(CNL; — CNL), (4)

Thus, the central quantity in our analysis is the
CNL, whose relative position to the metal work
function (in the case of metal/organic interfaces)
or to the CNL of the other material (at organic het-
erojunctions) largely determines the interface prop-
erties. This initial potential offset is reduced by the
S parameter of the interface, whose value reflects
the ability of the materials forming the interface to
screen electrostatic potential differences. Syo is al-
most always smaller than Soo because the delocal-
ized electrons in the metal are able to screen the
potential difference at the interface efficiently. The
screening ability of organic materials, on the other
hand, is related to their static dielectric function,
as will be commented on below.

3. Au/organic interfaces

Since there is evidence that metals other than Au
are reactive or interdiffusive [2], we restrict our dis-
cussion to the case of interfaces between organic
materials and Au. Au is non-reactive and the junc-
tions formed with organic semiconductors are
abrupt, resulting in almost ideal interfaces [7,25—
28,11,31].

The electronic structure of the interfaces between
Au and PTCDA, PTCBI, CBP and CuPc has been
calculated, and the molecular level positions have
been appropriately corrected [19,20,29] to account
for the underestimation of the gap by DFT and
for the band gap reduction due to polarization
effects [30]. From the calculated DOS at the inter-
face, CNL positions and values for the S parameter
are obtained, which are in good agreement with
experiment (see Table 1 and Figs. 4, 5). But whereas
the CNL is a robust quantity, whose position is
almost independent of the details of the interface,
the S parameter is more dependent on the interac-
tion at the interface, in particular through the
metal-organic distance. We have taken S =0.16
for PTCDA/Au and PTCBI/Au, as result from
our calculations for a metal-organic distance d of
3.2 A. The CNL position of CBP has been recalcu-
lated and is found to be —4.05 eV. Given our previ-
ously reported value [20], we consider this figure to
have an uncertainty of 0.1 eV. For CuPc/Au, our
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Table 1

CNL position, HOMO center (edge) and metal work function, with respect to the vacuum level, as well as theoretical values or fits of the
Smo parameter used in the calculations. Comparison between theoretical and experimental interface dipoles and hole injection barriers are

given. All energies are given in eV

—CNL -IE —dm S (theortical) 4 (theortical) A (experimental)  ¢gy (theortical)  ¢py, (experimental)
PTCDA 4.8 7.3(6.8) 5.1[6] 0.16 0.25 0.2 [6] 245 2.40 [6]
PTCBI 44 6.7 (6.2) 5.0[7] 0.16 0.50 0.4 [7] 2.20 2.10 [7]
CBP 4.05 6.8 (6.3) 4.97[10] 0.50 0.43 0.5 [10] 2.33 2.40 [10]
CuPc 4.0 5.7(52) 5.3[31] 0.30 0.91 1.2 [31] 1.31 1.60 [31]
a-NPD 4.1 6.0 (5.5) 5.14[32] 033 0.70 0.86 [32] 1.56 1.74 [32]
5.4 [33] 0.87 1.3 [33] 1.47 1.9 [33]
Alqgs 3.65 6.3 (5.8) 5.2[6] 0.58 0.65 0.65 [6] 1.75 1.75 [6]
BCP 3.65 6.9(6.4) - 0.42 - - - —
3.00 I
275 [ ] Theor.y |
® Experiment
< 250 -
T 8 ® ]
é{i 2.25 "
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[ = -
3 200+ -
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51
:% 1.75 — o = =
2 r o 1
o |
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1.25— -
1.00 | | | | | |
Au/PTCDA  Au/PTCBI Au/CBP Au/CuPc Au/0-NPD Au/Alq,

Fig. 4. Comparison of theoretical and experimental injection barriers for Au/organic interfaces, as quoted in Table 1.

choice of §=0.3 (d~3.6 A) needs to be com-
mented on. Experimental studies [31,39] seem to
indicate that the molecular level broadening stems
from intermolecular interactions, and that the inter-
action with the Au substrate is weaker than pre-
dicted by our model [21] (where a value d =32 A
was taken), which would result in narrower CuPc
peaks at the interface, and a larger value of S (and
possibly d). Considering all this information, we
have taken a larger value of S, S = 0.3, which is in
better agreement with the reported experimental
findings. For a-NPD and Alqs, the CNL positions
and the S parameters have been fitted to experimen-
tal interface dipoles and Schottky barriers, while
maintaining the tendency (relative values) in S
observed experimentally over a wide range of reac-

tive and non-reactive metals [2]. In particular, for
o-NPD, experimental data for Au/a-NPD interfaces
[32,33] yield a low value of S, while geometrical
considerations, such as its similarity in molecular
structure to CBP, or having its benzene rings less
tightly packed than PTCDA, PTCBI or CuPc, sug-
gest that its value cannot be smaller than in these
materials. As a compromise, we take S=0.3,
with an uncertainty of 40.1. Interestingly, we find
Sau < Smo, Where the latter value is a fit over sev-
eral reactive and unreactive interfaces, although the
reasons for this are unclear at the moment. In the
case of BCP, due to the lack of experimental infor-
mation for Au/BCP interfaces, the calculation and
comparison with experiment of interface dipoles
and injection barriers cannot be carried out.



246 H. Vizquez et al. | Organic Electronics 8 (2007) 241-248

1.50
L
1.25 -
L
- B Theory 4
~ ® Experiment
> 1.00 — —
L
< |
% N a 7
2
8075 —
s} |
8 L - ]
€
2050 ] ° .
L ° - |
025 | —
L
0.00 | | | | | |
Au/PTCDA  Au/PTCBI Au/CBP Au/CuPc Au/a-NPD Au/Alg,

Fig. 5. Calculated and experimental interface dipoles for the Au/organic interfaces considered in this paper.

Instead, the CNL of BCP has been fitted to data
from organic heterojunctions (see below).

Table 1 shows CNLs and S parameters for the
organic materials considered, and compares the the-
oretical and experimental values of the interface
dipole 4 and hole injection barrier ¢g,. Notice that
not only the fitted values, as expected, yield good
agreement with experiment but so do the theoretical
ones, calculated with no aid from external parame-
ters. The agreement in 4 and ¢py, is in most cases
within 0.1 eV, and the calculated and fitted S values
are not necessarily equal though certainly compati-
ble with experimental values derived from a range of
several reactive and non-reactive interfaces.

Notice that the ‘pillow’ effect, not considered in
our approach, depends on the Sy;o parameter, since
this reduction of the metal work function is, too,
screened by the interface charge. Thus, it can be
expected to have a greater impact on those inter-
faces having larger values of S. Although we are
currently working on a proper description of the
‘pillow’ effect within our formalism, it can neverthe-
less be immediately incorporated phenomenologi-
cally through a modification of the initial work
function. As an additional contribution to the inter-
face dipole, which shifts the organic electronic spec-
trum, it increases the values of A and ¢p, given in
Tables 1, but its effect in 4 (Eq. 1) is proportional
to (1 — Smo), and can thus be expected to be negli-

gible for interfaces having S ~ 0 (as with PTCDA or
PTCBI in Table 1), and have a non-negligible
impact on those interfaces exhibiting a smaller inter-
faces screening (Au/Alqs is an example). For these
systems, we estimate the changes in 4 and ¢py, to
be no larger than 0.2 eV.

4. Organic/organic interfaces

Since there is evidence that organic/organic inter-
faces interact only weakly [2], our model for non-
reactive Au/organic interfaces can be extended to
organic heterojunctions. The calculation of molecu-
lar level offsets, as described previously, requires the
knowledge of the screening parameter at the hetero-
junction, Spo. Following Tersoff’'s proposal for
inorganic semiconductors [34], if the potential drop
is equally shared by the two organic materials, the
screening parameter is given by

1/1 1
SIZZ_(_+—) (5)
2 €1 €2

However, the static dielectric function in the direc-
tion perpendicular to the interface €, has, to our
knowledge, only been measured for PTCDA
(ex = 1.9 [35,36]). Using this value as a reference,
we propose to make an ‘educated guess’ of the val-
ues of the dielectric function for the other organic
materials using Monch’s approximation [37]
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(go-1) ~ -1 (©)

where Sy, is the metal/organic slope parameter of
the corresponding organic material with Au. The re-
sults for ¢, using this approximation are shown in
Table 2. It must be mentioned that they are slightly
different from our previously reported values
[21,22], especially in the case of CuPc. As was noted
before, the case of CuPc is puzzling since experimen-
tal results suggest a weak Au-—organic interaction
and a large value of S, while our theoretical calcu-
lations (which depend on the Au-CuPc distance d,
introduced as an external parameter) point to some-
what smaller values of Sa,. We have taken
Sau = 0.3, corresponding to d ~ 3.6 A, which we be-
lieve is a ‘middle point’ or compromise, compatible
with both sets of results. As noted previously [21],
different values of ¢, introduce small changes in
Soo but the main results and trends are not altered,
showing the robustness of the results, which depend
predominantly on the CNLs.

The values of ¢, given in Table 2 enable the cal-
culation of the screening parameters Spo, for
organic/organic interfaces. With these, the interface

Table 2
Values for the Au/organic slope parameter Syo and static
dielectric function, obtained using Eq. 6

Sau €1
PTCDA 0.16 1.9 [35,36]
PTCBI 0.16 1.90
CBP 0.50 1.39
CuPc 0.30 1.60
o-NPD 0.33 1.56
BCP 0.42 1.46
Alqg; 0.58 1.33

Table 3

dipoles at the different heterojunctions can be eval-
uated by inserting Soo into Eq. 4. Table 3 shows
the quantitative evaluation and comparison with
experimental results for the different interface
dipoles for several organic heterojunctions. The sign
of the calculated dipoles always agree with the mea-
sured values, and the agreement in magnitude is
good, in most cases under 0.15eV.

Recently, a study of the molecular level realign-
ment of organic heterojunctions when one of the
materials is p-doped was carried out [38]. The
results, analyzed in terms of a doping-induced shift
of the CNL of the doped material, show the success
of the CNL interpretation of these interfaces and
indicate that our set of CNLs is consistent too with
the observed behaviour at these doped organic
heterojunctions.

5. Conclusions

In summary, we have presented a model for
weakly-interacting interfaces based on the partial
alignment of CNLs. An interface parameter, Syvo
or Soo, plays an important role in determining
how efficiently the potential difference at the inter-
face is screened. At weakly-interacting Au/organic
interfaces, these values have been calculated for sev-
eral organic materials (PTCDA, PTCBI, CBP and
CuPc), while for others (a-NPD, BCP and Alqs)
they have been fitted to experimental dipoles and
injection barriers. This evidence is then used to ana-
lyze organic heterojunctions by calculating the cor-
responding Soo parameters.

The use of either calculated or fitted values of
the CNLs and S, or Soo yields good agreement
with experiment in interface dipoles and injection

Initial CNL difference, screening parameter Soo and calculated and experimental dipoles (in eV) for different organic heterojunctions

(CNL; — CNL))initial Sz A (theory) A (experimental)
CuPc/PTCDA 0.80 0.58 0.34 0.4
CuPc¢/PTCBI 0.40 0.58 0.17 0.1
CuPc/CBP 0.05 0.67 0.02 0.0
CuPc/a-NPD 0.10 0.63 0.04 0.0
PTCDA/Alq; —1.15 0.64 —0.42 —0.5
PTCDA/o-NPD —0.70 0.58 —0.29 —0.1
BCP/Alqs 0.00 0.72 0.00 0.0
BCP/CBP 0.40 0.70 0.12 0.0
BCP/PTCBI 0.75 0.61 0.30 0.4
BCP/a-NPD 0.45 0.66 0.15 0.0
Alg;/0-NPD 0.45 0.70 0.14 0.25
Alqs/CBP 0.40 0.73 0.11 0.1
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barriers for different organic interfaces. Moreover,
this agreement over a range of different weakly-
interacting (Au/organic, organic/organic) interfaces
suggests that the values presented here, which have
been slightly modified in light of new data
[33,31,39], are the most robust and ‘up to date’,
since they compare well over a range of interfaces
of different nature.

Our results unambiguously show that the
induced DOS and CNL are important quantities,
governing the energy level alignment at weakly-
interacting organic semiconductor interfaces. Other
mechanisms discussed previously, such as chemical
reaction and the ‘pillow’ effect, are presumably
small at these weakly-interacting interfaces but
could, in any case, be incorporated into our formal-
ism. Moreover, we would like to stress that this is,
to our knowledge, the first consistent and predictive
analysis of this set of interfaces.

Our model has so far been only applied to
weakly-interacting interfaces, while reactive or
interdiffusive cases are more specific and unpredict-
able, and need to be studied individually. But since
the formulation of our model is general and can
include these cases, strongly-interacting or chemi-
sorptive interfaces will be the focus of future work.
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