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Abstract

This article examines how the concept of alignment of charge neutrality levels (CNL) can be used to explain and predict interface
dipole and molecular level offset at organic—organic (OO) heterojunctions. The application of the model of CNL alignment to interfaces
between undoped materials is reviewed first. The model is then extended to explain the shift of the CNL upon electrical doping of an
organic material, and the resulting change in interface dipole and molecular level alignment. This approach provides, at this point,
the first comprehensive prediction of energetics at OO heterojunctions.
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1. Introduction

Relative positions of molecular levels across metal-or-
ganic semiconductor (MO) and organic—organic semicon-
ductor (OO) interfaces are key characteristics of organic
thin film devices. Molecular level offsets define energy bar-
riers that control carrier injection into, and transport be-
tween, layers. These barriers have a direct impact on the
performance of organic devices like OFETs, OLEDs and
photovoltaic cells. Understanding interface mechanisms
and predicting energy level alignments is therefore highly
relevant to engineering new devices and designing new
functionalities.

Molecular level alignment at MO interfaces has been
extensively investigated over the past decade [1-8]. Inter-
faces formed between spun-on polymer films and metallic
surfaces have generally been found to approach the Scho-
ttky—Mott limit with near vacuum level alignment across
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the interface [9]. For these systems, charge injection barri-
ers can therefore be fairly accurately predicted from the dif-
ference between the metal work function and the polymer
ionization energy (for holes) or electron affinity (for elec-
trons). On the other hand, vacuum evaporation of molecu-
lar films on clean metal surfaces, which presumably form
interfaces where the molecule-metal interaction is more
intimate than with spun-on films, has been shown experi-
mentally to produce interfaces that depart from that limit
and exhibit substantial interface dipoles 4 [1,3,8]. Several
mechanisms have been proposed to explain the formation
of these dipoles and MO barriers. At reactive interfaces,
for example, the electronic structure can be entirely domi-
nated by chemistry-induced gap states, which control the
charge exchange between the two materials, determine
the interface dipole 4, pin the Fermi level in the gap of
the organic material and define the barrier [10]. At unreac-
tive interfaces, contributions to the vacuum level misalign-
ment range from direct charge exchange between metal and
molecule [5], reduction in metal work function caused by
the adsorption of molecules [4,11,12], mirror charge in
the metal substrate [4], and alignment of intrinsic molecular
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dipole moments [4]. Recently, a more general model based
on the concept of induced density of interface states (IDIS)
was developed to predict trends in barrier vs. metal work
function and organic parameters [13,14]. In its original
form, this and similar models were put forth 30 years ago
to explain the formation of energy barriers at interfaces be-
tween metals and inorganic semiconductors [15-19].
According to the IDIS model, the continuum of metallic
states in close proximity with the semiconductor induces
a density of states in the organic gap. These states play a
key role in defining the position of the Fermi level, and
their occupation determines the size and sign of the inter-
face dipole. Both Fermi level position and dipole depend
on the density of induced gap states, on the position of
the charge necutrality level (CNL) of these states, and on
the relative positions of the metal Fermi level and CNL
[18,19]. The degree of Fermi level pinning is generally ex-
pressed in metal-semiconductor physics in terms of the
interface parameter S, which is defined as the change in
Fermi level position in the gap of the semiconductor
(EFr), equal to the negative of the change in electron injec-
tion barrier (®g,), as a function of the metal work function
(Pn):

_dEp  dP, 1
T doy doy (1)

Alternatively, S is defined in terms of the metal electroneg-
ativity [20], which avoids the problem of the high sensitivity
of @y to the specific state of the metal surface. S is natu-
rally inversely related to the density of interface-induced
states. The IDIS model was recently applied in the weak
chemical interaction limit to interfaces between Au and
several molecules like perylenetetracarboxylic-dianhydride
(PTCDA) [13], 3,4,9,10-perylenetetracarboxylic bisbenzim-
idazole (PTCBI) [14], and 4,4’,N,N’-dicarbazolyl biphenyl
(CBP) [14] (Fig. 1). Remarkably, the calculations con-
cluded to IDIS of the order of ~5x10"-2x
10" eV~ cm ™2 for these interfaces, with the largest value
(for PTCDA) comparable to IDIS calculated for Si or
GaAs [19], and the smallest (for CBP) corresponding to
materials with weaker pinning behavior and larger S-
parameter. The model was shown to correctly predict trend
and sign of MO interface S-parameters, dipoles 4 and
injection barriers.

The IDIS model was recently extended to OO hetero-
junctions [21]. Photoemission studies done on a number
of these systems in the past few years have shown that a
majority of OO heterojunctions nearly follow vacuum level
alignment, interface dipole 4 (<0.1 eV) [22-25]. However,
a small number of these OO interfaces were found to exhi-
bit a significant dipole, for example 4= -0.5¢V for
PTCDA /tris(8-hydroxy-quinoline)aluminum (Alqs) [26]
and 4 = 0.4 eV for copper phthalocyanine (CuPc)/PTCDA
[27]. While previous analyses had not been able to resolve
these differences and could not provide adequate predic-
tions of molecular level alignment, the application of the
IDIS model was found to provide an interesting opening

S

based on the concept of alignment of the CNLs of the
two organic materials [21].

Following a short experimental section on the forma-
tion of OO heterojunctions and measurement of molecu-
lar level offsets, we re-examine experimental results
obtained for OO heterojunctions and give an account
of the analysis and its application to the prediction of
molecular level alignment. We show how the presence
or absence of an interface dipole is rationalized in all
cases. The second part of the paper considers the puz-
zling change in molecular level alignment induced by
doping one of the constituents of the OO interface [28].
We show how (p-)doping actually shifts the CNL of
doped organic materials, and how the IDIS model ac-
counts for the realignment of molecular levels across
the interface. Note that electrical doping in molecular
solids involves the incorporation of a relative density of
molecular dopants (0.1-1%) that is far larger than for
standard inorganic semiconductor doping. Such concen-
tration in inorganic semiconductors would normally lead
to conditions beyond degenerate doping and associated
with the formation of an alloy. In the case of (mostly
amorphous) van der Waals-bonded molecular films, how-
ever, intermolecular overlap of wavefunctions is small
and localization of carriers is strong, preventing the for-
mation of doping-induced bands and similar phenomena
associated with degenerately doped inorganic semicon-
ductors. It is therefore generally accepted that the notion
of doping remains valid, even with the very high concen-
trations of dopants mentioned above.

2. Experimental procedures

All the experiments were performed in ultra-high vac-
uum, using organic materials pre-purified by gradient sub-
limation techniques. OO heterojunctions were prepared by
depositing 60-100 A of one organic material on a sub-
strate, typically Si(100): 200 A Cr: 800 A Au, then building
the interface by incremental deposition of the second or-
ganic material on top of the first. At each step of the depo-
sition, the position of the vacuum level, the valence states
and the ionization energy (IE) of the film were measured
by ultra-violet photoemission spectroscopy (UPS). Mea-
surements were carried out until all contributions from
the bottom organic film were eliminated and the valence le-
vel positions and line shapes of the overlayer film were sat-
urated, signifying completion of the heterojunction. The
resolution of the UPS measurements, performed with a
He discharge lamp (Hel, 21.22eV and Hell 40.84 ¢V)
and a double-pass cylindrical mirror analyzer, was
0.15eV. All IEs and energies of molecular levels were
found to be reproducible +0.1 eV.

For each interface, the interface dipole 4, i.e. the shift of
the vacuum level across the interface, was measured from
the shift of the photoemission onset at the initial stage of
overlayer deposition [26]. The offset between the highest
occupied molecular orbitals (HOMO) for each OO hetero-
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Fig. 1. Chemical structure of organic compounds mentioned in this article.

junction was defined as the energy difference between the
linear extrapolation of the leading (low binding energy)
edge of the HOMO peak on each side of the interface.
The position of the lowest unoccupied molecular orbital
(LUMO) of each material, and their offset across the
interface, were deduced from the HOMO positions, adding
in each case the transport gap previously determined by
UPS and inverse photoemission spectroscopy (IPES)
[29,30].

The doped films were made by co-evaporation of host
and dopant [28,31-33]. The dopant used in this study
was the strong electron-acceptor molecule tetra-
fluorotetracyanoquinodimethane (F4-TCNQ), which has
been shown to efficiently p-doped hole-transport materials
like zinc phthalocyanine (ZnPc) [31,32] and N,N’-diphenyl-
N,N'-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (o-NPD)
[33].

3. Results and discussion
3.1. Undoped OO heterojunctions

The UPS spectra for the formation of a typical OO het-
erojunction, i.e. zinc phthalocyanine (ZnPc)/CBP, are
shown in Fig. 2(a). From the point of view of the electronic
structure of the heterojunction, the most important aspects
of these spectra are the shift of the vacuum level across the
interface, which denotes the interface dipole 4, and the en-
ergy offset between the HOMOs of the two materials. In
this particular case, 4 < 0.1 eV and the HOMO-HOMO
offset is 0.92 eV. Using the transport gaps previously deter-
mined by UPS/IPES for ZnPc [31] and CBP [28], one ob-
tains the complete interface energy diagram, including
LUMO-LUMO offset, displayed in Fig. 2(b). UPS spectra
of a heterojunction with strong interface dipole are shown



132 A. Kahn et al. | Chemical Physics 325 (2006) 129-137

———
CBP on ZnPc
hv=21.2eV

L
CBP on ZnPc
hv=21.2eV

100A CBP

a

50A CBP

100A CBP

12A CBP

<0.1eV

LA B S A B A L A I T
19 18 17 16 -15 4 8 2 1 0
Binding energy to E.(eV) Binding energy to E(eV)

b EVac
5.3eV 6.2 eV
Volohonnnnnnnnnns .
1.14eV
LUMO EEEEEEEEEEES ;-
Er
I 0.84eV v
HOMO
0.92eV
A
ZnPc CBP

Fig. 2. (a) UPS spectra as a function of incremental deposition of CBP on
ZnPc. The right panel shows the features corresponding to the frontier
orbitals, with the ZnPc HOMO at 1.25eV below Eg. The ZnPc/CBP
HOMO-HOMO offset is 0.92eV. The left panel shows the onset of
photoemission. The absence of significant shift (<0.1 eV) upon deposition
of 3 and 12 A CBP indicates vacuum level alignment; (b) corresponding
heterojunction energy diagram. The interface dipole is within experimental
error of 0: A < 0.1 ev.

in Fig. 3(a). In this case, a 0.4 eV shift in the onset of
photoemission is measured upon deposition of the first
molecular layers of Algs on a film of 1,4,5,8-naphthalene-
tetracarboxylic-dianhydride (NTCDA). The interface en-
ergy diagram is given in Fig. 3(b). It shows a —0.40 eV
interface dipole and a 0.19 eV additional shift of the vac-
uum level and molecular levels. The latter is attributed
either to the completion of the interface dipole upon for-
mation of a continuous Alqs layer (the morphology of
the interface is not known at the molecular level) or to a
small amount of molecular level bending present if the
layer has a small density of defects or impurities. Table 1
summarizes the experimentally determined 4’s of several
undoped OO heterojunctions. 4 is chosen positive when
the vacuum level increases (steps up) from the first organic
listed in the heterojunction to the second The HOMO-
HOMO offset can be deduced from the 4’s and the IE of
each organic material (Table 2).

According to the IDIS model, the energetics of an OO
barrier is controlled by charge transfer between the two or-
ganic semiconductors, the sign and magnitude of which are
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Fig. 3. Same as Fig. 2 for the NTCDA/Alqs heterojunction. The shift of
the photoemission onset shows a —0.40 eV interface dipole.

Table 1
Experimentally measured vs. calculated interface dipole for a number of
OO heterojunctions

A(experiment) A(theory)

CuPc/PTCDA 0.4 0.43
CuPc/PTCBI 0.1 0.22
CuPc/CBP 0.0 0.09
CuPc/o-NPD 0.0 0.09
PTCDA/Alqs —0.5 -0.42
PTCDA/a-NPD —0.1 —0.24
BCP/Algs 0.0 0.0
BCP/CBP 0.0 0.12
BCP/PTCBI 0.4 0.24
BCP/o-NPD 0.0 0.12
Algs/o-NPD 0.25 0.14
Alq;/CBP 0.1 0.14
NTCDA/Alq; -0.4 —-0.37
NTCDA/CuPc -0.4 —-0.38
NTCDA/BCP —0.45 -0.32
Flrpic/Alqs -0.25 -

Results for several of these heterojunctions were published in [21].

determined mainly by the energy difference between the ini-
tial positions of the CNLs of the two materials. The sign
and magnitude of the interface dipole 4 reflect the sign
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Table 2
Ecnp: CNL position relative to Ey,.; IE: ionization energy measured as
the energy difference between E,,. and the centroid (the edge) of the
HOMO peak; ¢: dielectric constant of the material, calculated as defined in
the text

—Ecnt (€V) IE (eV) P
PTCDA 48 7.3 (6.8) 1.9
PTCBI 44 6.7 (6.2) 2.0
CBP 42 6.8 (6.25) L5
CuPc 4.0 5.7 (5.2) 2.5
a-NPD 42 6.0 (5.5) L5
BCP 3.8 6.9 (6.4) 1.4
Alqs 3.8 6.3 (5.8) 1.6
NTCDA 4.8 8.5 (8.0) 1.6
Flrpic - 6.7 (6.2) 1.6

and magnitude of the charge exchanged between the two
materials. Accordingly, the CNL can be considered as
playing a role analogous to that of the electronegativity
of the material. The lower the CNL is in the gap of the (or-
ganic) semiconductor, the stronger is the attraction of this
material for electronic charges. Given that the potential off-
set between two solid surfaces is screened according to the
dielectric properties of the materials, the interface dipole
that arises from the potential difference and charge ex-
change can be written as [21]

A= (1—-S800)(CNL; — CNL,), i1 (2)
where [34]

1/1 1
SOO—E(E'FE)- (3)

In that expression, ¢, and ¢, are the low frequency dielectric
constants of the two organic materials.

The CNLs are either calculated using a density-func-
tional theory (DFT) local-orbital approach of the metal/
molecule interface in the weak chemistry approximation,
or deduced from measurements of energetics of metal/or-
ganic interfaces. The theoretical approach, described in de-
tail in [13], calculates the density of states induced in the
gap of the semiconductor by the proximity of the contin-
uum of the metal states. The CNL is calculated by integrat-
ing the induced local density of states and imposing charge
neutrality condition: the total number of electrons distrib-
uted in states up to the CNL equals that of the isolated
molecule. Such calculations have already been performed
for the following organic materials: PTCDA, PTCBI,
CBP and CuPc [13,14]. In cases where the CNLs were
not calculated, they were deduced from the measured posi-
tion of the Fermi level at interfaces between the organic
material and metals with different work functions using

Er — CNL = Spyo(@m — CNL), 4)

where Syio is the metal-organic semiconductor interface
parameter, @y is the metal work function, and EF is the
position of the Fermi level at the interface, all three quan-
tities measured in a series of experiments on metal/organic
interface energetics [3,6,8]. All levels are referred to the

vacuum level (E,,.). The positions of the CNLs with re-
spect to Ey,., along with the HOMO and LUMO edges
of the organic material are given in Table 2.

The fundamental assumption behind this application of
the CNL approach to OO systems is that the CNL, calcu-
lated (or measured) for MO interfaces, remains a meaning-
ful and representative energy marker for OO
heterojunctions. Strictly speaking, the CNL depends on
the electronic structure of the (organic) semiconductor,
on the electronic density of states of the metal, and on
the geometry of the metal/semiconductor interface, and
the assumption of a CNL independent of the metal has
not been confirmed by specific calculations of the electronic
structure of OO interfaces. Yet, the validity of this assump-
tion is supported by the argument that the position of cal-
culated CNLs at interfaces between various organic
materials and gold is found to be nearly independent of
the metal/organic interaction strength. This is verified in
particular by calculating the IDIS and CNL at the metal/
organic interface for different distances between the inter-
face molecule and the outer metal atomic plane. The mag-
nitude of the density of states induced in the organic gap, in
particular around the CNL, is found to depend strongly on
this interaction [13], but the position of the CNL does not.
In that sense, the CNL plays the role of an intrinsic level of
the organic material, nearly independent of the metal on
which it is deposited.

Finally, the dielectric constants of the materials, which
are needed to calculate the screening parameter Sgo, are
generally not known but are evaluated as follows.
¢(PTCDA) was measured and is known to be ~1.9 [35].
Furthermore, ¢; is inversely proportional to the square of
the energy gap of the material. Using the gap of the organic
materials determined via UPS/IPES, an evaluation of ¢ rel-
ative to that of PTCDA becomes possible (Table 2). S is
found to be of the order of 0.6 for most of the compounds
studied here (much larger than the values found for inor-
ganic heterojunctions where ¢ ~ 10 and S~ 0.1). Using
these values and the calculated or deduced CNL positions,
the above equation for 4 leads to specific predictions of
sign and magnitude of the OO heterojunction dipoles,
and thus of the molecular level alignment for these inter-
faces. Calculated and measured OO heterojunction dipoles
are compared in Table 1. The signs always agree, and the
agreement between the absolute values is reasonably good.
The largest discrepancy is 0.16 eV for the bathocuproine
(BCP)/PTCBI pair, which is close to the 0.1 eV experimen-
tal uncertainty on measurements of interface dipoles.

The results on interface dipoles presented in Table 1 are
consistent with the fact that the organic materials investi-
gated here are wide band gap (E, > 2.5-3 eV), low dielec-
tric constant materials with very few free charge carriers.
At interfaces between wide gap (nearly insulating) materi-
als, little charge exchange is expected and the realignment
of energy levels is small. This is to be contrasted with inter-
faces involving metals, where the presence of a large reser-
voir of free charges allows charge exchange and screening
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of the initial difference between the work function and
charge neutrality levels of the materials, leading to large di-
pole values.

Having achieved better understanding and prediction of
simple OO interfaces using the concepts of alignment of
CNLs, we turn to the experimental observation that p-dop-
ing one of the organic constituents of the heterojunction
leads to the formation of a large interface dipole accompa-
nied by a commensurate modification of molecular level
offsets at the interface [28]. We use the concept of CNL
and modification of the electronic structure of the doped
organic material to explain the new situation.

3.2. Doped OO heterojunctions

3.2.1. Basic experimental

The energy diagrams of several heterojunctions formed
by deposition of an electron transport material (ETM),
i.e. BCP or CBP, on an undoped or doped hole-transport
material (HTM), ie. o-NPD or ZnPc, are shown in
Fig. 4(a) and (b), respectively. In all cases, doping is done
by co-evaporation of the HTM with F4-TCNQ, and the
doping level is indicated. These diagrams of heterojunction
energetics lead to several important points. First, none of
the four undoped heterojunctions displays a significant
interface dipole, in line with the majority of OO interfaces,
as mentioned above. Note that the IDIS/CNL model pre-
dicts (Table 1) very small dipoles for «-NPD/BCP
(—0.12 eV) and for CuPc/CBP (0.09 eV), in agreement with
the experimental data. CuPc has nearly the same electronic
structure (DOS, energy gap, ionization energy, electron
affinity) as ZnPc and is therefore relevant in this compari-
son. Second, three of the four doped heterojunctions exhi-
bit a significant dipole magnitude (0.5-0.9 eV). Note that
the sign of the dipoles is incompatible with cross-doping.
Indeed, p-doping of the ETM by diffusion of F4-TCNQ
from the HTM would lead to a shift of the ETM molecular
level structure, and thus an interface dipole, in opposite
direction. Third, the dipole is not induced by a movement
of the Fermi level only. In the experiment described in
Fig. 5, the position of the Fermi level in the a-NPD/BCP
heterojunction is moved by nearly 1 eV by substituting a
low work function metal, i.e. magnesium (Mg), for gold
(Au), as the substrate [28]. The interface dipole remains
negligible. Fourth, like for undoped OO heterojunction,
the molecular level offsets and dipole remain unchanged
upon reversal of the deposition sequence, indicating that
the measured interface electronic structure is specific to the
heterojunction and not affected by fabrication, i.e. by the
deposition sequence. Finally, the position of Ef in the en-
ergy gap of the undoped ETL remains at a specific position
with respect to the HOMO or LUMO, independent of the
doped HTL it is deposited on: Ef is 2.26 eV above the BCP
HOMO, whether BCP is on doped o-NPD or doped ZnPc,
and Ey is 1.60 eV above the CBP HOMO, whether CBP is
on doped a-NPD or doped ZnPc. The difference between
the interface dipoles at these heterojunctions just compen-

A
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Fig. 4. Electronic structures of four organic HTM/ETM heterojunctions,
a-NPD/BCP, ZnPc/BCP, a-NPD/CBP and ZnPc/CBP with (a) undoped
HTM and (b) doped HTM (after [28]).

sates for the difference between the work functions of the
doped HTLs.

3.2.2. Analysis of the doped heterojunction data using the
IDIS model

Before getting to the specific issue of the change in
molecular level alignment and interface dipole upon doping
of one of the two organic materials, we briefly consider one
of the points made in the previous paragraph. The fact that
the energetics of an OO interface remain independent of
the deposition sequence is a fairly general property of or-
ganic/organic heterojunctions [25,26]. Unlike inorganic
heterojunctions, where arrays of strong inter-atomic cova-
lent bonds across the interface usually exhibit defects re-
lated to the kinetics or to the thermodynamics of growth
sequence, the organic heterojunctions considered here
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vac vac

Er Mg | 2.07eV

1.22eV

1 1.0eV

a-NPD BCP a-NPD BCP

Fig. 5. Electronic structure of the (undoped) o-NPD/CBP heterojunction
with (a) Au and (b) Mg substrate. The ~1 eV Fermi level movement due to
substrate substitution induces no change in molecular level alignment at
the heterojunction (after [28]).

exhibit interfaces with van der Waals-intermolecular bond-
ing between closed-shell molecules that, by and large, are
free of electronically active defects. Unless molecular inter-
diffusion or cross-doping occurs and dominates the elec-
tronic structure of the interface, the energetics of the
doped OO heterojunctions mentioned above are not ex-
pected to exhibit differences based on deposition sequence.
This is confirmed by experiments on transitivity in molecu-
lar level alignment and equality of interface energetics un-
der reversal of deposition sequence, which have been
reported elsewhere for undoped [26,27] and doped [28]
interfaces.

The model that requires alignment of the CNLs of the
two organics across the interface provides an intuitive ap-
proach to the change in dipole when one of the two mate-
rials, the HTM in this particular case, is doped. Indeed the
changes that take place in the electronic structure of the
doped material, especially at high doping concentrations,
suggest that the position of the CNL changes upon doping,
and thus forces a realignment of the molecular levels of the
two materials. An extreme case is presented in Fig. 6, which
shows in panel (a) the UPS and IPES spectra measured
from undoped ZnPc and ZnPc:30% F4-TCNQ. Panel (b)
shows the HOMO and LUMO positions of the host and
dopant, respectively, previously determined by UPS and
IPES [31,32]. F4-TCNQ is an efficient p-dopant in ZnPc
due to the fact that its LUMO is only ~50 meV above
the ZnPc HOMO (the dopant electron affinity is nearly
as large as the host ionization energy), leading to an elec-
tron transfer from the ZnPc HOMO to the F4-TCNQ
LUMO. The empty states of the dopant overlap therefore
with most of the energy gap of the host. In the 30% doping
case, the IPES is able to pick up this large density of states,
and the UPS/IPES combination shows that the doped
material (nearly an alloy) has only a small gap of a few
100 meV near to bottom of the former gap of ZnPc. If
the CNL of pure CuPc (and ZnPc) is about 1.7 eV above
the HOMO (Table 2), the CNL of this alloy is clearly much
closer to the HOMO of the undoped material. The doping
concentrations in the experiments presented in Fig. 4 are
far below the 30% of Fig. 6, but are large compared to
usual doping concentrations in inorganic semiconductors
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Fig. 6. (a) Combined UPS/IPES spectra of undoped ZnPc (top) and of
ZnPc:30% F4,-TCNQ (bottom) films, with the energy position referenced
to the vacuum level. Curve fitting of the IPES spectra help locate
individual peaks. HOMO and LUMO peaks of the doped film are
decomposed and shown in dashed lines. (b) Energy diagram with relative
positions of host and dopant molecular levels.

(107*-107%%). One can therefore think of the p-doped or-
ganic materials of interest here as having a significant den-
sity of empty states corresponding to the dopants and
overlapping with the upper half of the gap. This, in turn,
lowers the CNL of the doped material with respect to that
of the undoped one, leading to a realignment of the molec-
ular levels and to the formation of a dipole, as observed in
Fig. 4. In addition, the dielectric constant of the doped or-
ganic material increases significantly because of the pres-
ence of free carriers, and Soo decreases with respect to
its value at the undoped interface, according to Eq. (3).
The combination of a shifted CNL and smaller Soo leads
to a large dipole 4, according to Eq. (2) and in qualitative
agreement with the results of Fig. 4.

A complete calculation of the electronic structure of OO
heterojunctions is not possible at this time, as no specific
information on the structure of these interfaces is available.
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Nevertheless, a quantitative evaluation of the shift in CNL
at the interface of the doped organic material can be
achieved by examining the doping-induced change in inter-
face energetics at interfaces between that material and
metals.

To illustrate this approach, we compare the interface
electronic structure of (a) undoped and (b) 0.5% doped
a-NPD deposited on Au [33] (Fig. 7). p-doping of the or-
ganic semiconductor results in the expected molecular level
bending away from the interface, which signals the forma-
tion of a depletion region in the organic films. The interface
dipole between Au and o-NPD is also seen to decrease as a
result of p-doping. Both types of doping-induced changes
are observed at other interfaces, such as Au/ZnPc or Mg/
ZnPc [31,32]. The change in dipole is related to the change
in CNL position via

5(4)
(1-Swo)’

where Syio is the metal/organic interface parameter defined
with Eq. (4). Smo is primarily defined by the metal/mole-
cule interaction and is assumed to remain unchanged in
the low doping regime. In the case of a-NPD on Au, the
~0.1 eV change in interface dipole (Fig. 7) and the value
of the interface parameter (Syo = 0.5 [8]) translate to a
0.2 eV shift of the CNL position toward the HOMO when
the organic material is doped with 0.5% of F4-TCNQ.
Therefore the CNL, referred to the vacuum level of the
material, shifts from —4.2 to —4.4 eV. Considering that
the dielectric constant of doped a-NPD is large compared
to that of the undoped material and taking ¢(BCP) ~ 1.4
(Table 2), Eq. (3) gives a value of Soo ~ 0.35 for the doped
a-NPD/BCP interface. Using this value, the new CNL po-
sition of a-NPD and the CNL position BCP (Table 2), Eq.
(2) yields a dipole 4 =(1— Soo)(CNL; — CNL,) =
—0.40 eV. Table 3 summarizes the results obtained with
this approach for the interfaces presented in Fig. 4. The

8(CNL) ~ (5)

vac

0.78eV

5.14eV

undoped o-NPD

0.-NPD: 0.5% F,-TCNQ

Fig. 7. Energy diagram of the Au/a-NPD interface obtained by UPS as a
function of deposition of undoped (left) and 0.5% doped (right) a-NPD.

Table 3

Comparison between measured and calculated dipoles for the four doped
heterojunctions of Fig. 4(b), using the approach (discussed in the text)
based on a doping-induced shift of the CNL calculated from the electronic
structure of the doped organic/metal interface

A(experiment) A(calculated)
0.5% doped a-NPD/BCP —0.6 —0.40
0.5% doped a-NPD/CBP —0.1 —0.15
3% doped ZnPc/BCP -0.9 -0.5
3% doped ZnPc/CBP —0.5 —-0.2

agreement with experimental data is fairly good for o-
NPD/BCP (—0.40 vs. —0.6eV) and for o-NPD/CBP
(—0.15 vs. —0.1 eV). The results are not as close for the het-
erojunctions involving the highly doped ZnPc, though they
show the correct tendency for the formation of a measur-
able dipole upon doping and predicts the dipole sign.

The agreement obtained with the approach described
above is qualitative in nature and does pretend to address
the details of the electronic structure of these OO hetero-
junctions. Nevertheless, it captures in a consistent fashion
one of the key physical phenomena that defines molecular
level alignment at both MO and OO interfaces. The dop-
ing-induced shift in the CNL of the material is extracted
from data and equations that pertain to MO interfaces
and are independent of the OO heterojunctions analyzed
here. It is then applied successfully to describe the doped
OO interfaces. The relatively poor quantitative agreement
between measured and predicted dipoles for interfaces
involving ZnPc is presumably due to an underestimation
of the CNL shift in the highly doped (3%) material. It is
likely that such a high doping level profoundly affects of
the electronic structure of the material, as exemplified with
the extreme case of 30% doping discussed above (Fig. 6).
The assumption made above that Sy;o remains unchanged
by doping in Eq. (5) also presumably contributes to wors-
ening the agreement between theory and experiment. Tak-
ing a CNL position closer to the Fermi level of the material
would, in this case, lead to better quantitative agreement
than in Table 3. An ab initio calculation of the electronic
structure of doped molecular films will be needed to ad-
dress the problem in a fundamental way.

4. Summary

Using the concept of CNL alignment previously devel-
oped for predicting the electronic structure of undoped
OO heterojunctions, we present here an ad-hoc model to
understand the doping-induced changes in interface dipole
at doped heterojunctions. Using experimental results on en-
ergy level and dipole shifts induced by doping at MO inter-
faces, we calculate the doping-induced shifts in CNL
position of two specific organic materials, then apply these
shifts to recalculate the interface dipole at doped OO inter-
faces involving these materials. Good qualitative agreement
with experiment is obtained. This approach provides the
first consistent means of understanding, in an entirely con-
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sistent way, the evolution of MO and OO energetics upon
electrical doping the organic semiconductor.
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