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We present a mechanism that explains the energy-level alignment at organic-g@@nisemiconductor
heterojunctions. Following our work on metal/organic interfaces, we extend the concepts of charge neutrality
level (CNL) and induced density of interface states to OO interfaces, and propose that the energy-level
alignment is driven by the alignment of the CNLs of the two organic semiconductors. The initial offset between
the CNLs gives rise to a charge transfer across the interface, which induces an interface dipole and tends to
align the CNLs. The initial CNL difference is reduced according to the screening f§caoguantity related to
the dielectric functions of the organic materials. Good quantitative agreement with experiment is found. Our
model thus provides a simple and intuitive, yet general, explanation of the energy-level alignment at organic
semiconductor heterojunctions.
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Organic-organic(OO) heterojunctions have become the two materials, and thus governs the formation of the inter-
focus of considerable attention in recent years, since thedace electronic structure. This energy difference is screened
interfaces are at the heart of multilayer organic-based deby the polarization of both materials. The screening power is
vices, such as organic light-emitting devit@md photovol- measured by the paramet&rdE:/d¢),, which describes
taic cells? In these devices, electron-hole recombination orhow the position of the Fermi level at the MO interface in
separation takes place at or near interfaces between electrtime organic gap depends on the metal work function. By the
and hole transport layers. A detailed understanding of theame tokens also gives the variation of the electron injec-
energy-level alignment at these OO heterojunctions is thuson barrier, ¢g,,, at the interfaceS=-d¢g,/dpy.
essential for the control and optimization of these organic- In the present paper, we extend these ideas and show that
based devices. the OO barrier formation is controlled by charge transfer

The energetics of OO heterojunctions apparently exhibibetween the two organic semiconductors. The sign and mag-
contradictory behaviors. In the majority of cases, vacuummitude of the charge transfer is determined mainly by the
level alignment is observed within experimental error ofenergy difference between the CNLs of the two materials.
photoemission spectrosco¥50—100 meV, the technique We discuss how an interface paramegrsimilar to the one
of choice to measure interface energefitdn some cases, introduced for MO interfaces, can be used to evaluate the
however, a significant electrostatic dipdle to 500 meVis  electrostatic dipole induced at the OO heterojunction. Using
observed at the interface. Recently, a series of experimentbese ideas, we show how the apparently contradictory be-
performed on OO heterojunctions with one of the two mate-havior of the OO offsets finds a simple explanation.
rials dopedp-type revealed the presence of a large interface It is convenient to start with a discussion of the IDIS
dipole (0.5-0.6 eV.> Up to now, no consistent explanation model at MO interfaces. In Refs. 11 and 12, we studied in-
of these data has been put forward, and the energy-levégrfaces between goltAu) and threew-conjugated organic
alignment at OO interfaces remains an open problem. molecular materials:3,4,9,10 perylenetetracarboxylic dian-

The energetics of metal/organiMO) interfaces are, too, hydride (PTCDA), 3,4,9,10 perylenetetracarboxylic bisbenz-
under discussion, and have been analyzed with differeritnidazole (PTCBI), and 4,4-N,N’-dicarbazolyl-biphenyl
models which include(i) simple charge transfer based on (CBP). Here, we restrict the discussion topper phthalo-
the relative values of the metal work function and the organicyanine(CuPg on Au.
electron affinity or ionization enerdy? (ii) chemical The metal-induced molecular density-of stap©S) and
bonding/*® (iii) metal-molecule chemical reaction and for- associated CNL is shown in Fig. 1 for a metal-molecule dis-
mation of gap state$? and (iv) compression of the metal tance of 3.2 A. Our calculations, detailed in Refs. 11 and 12,
surface electronic tail by the adsorbed moledtihe “pillow neglect the intermolecular interactions, which introduce only
effect”).”8101n two recent papers;’? we have shown that a small additional broadening of the molecular levels but do
the energy-level alignment at MO interfaces can be exfot create a DOS inside the molecular energy gap. The
plained using the concept of charge neutrality lef@NL)  metal/molecule interaction, on the other hand, broadens the
and the induced density of interface staté3lS) model, molecular levels, so that the initial deltalike distribution of
used in the past for metal/inorganic semiconductorthe isolated molecule is transformed into a continuum DOS
interfaces=® According to this approach, the difference be-with, in particular, non-negligible density in the molecular
tween the initial metal work function and the CNL of the energy gagFig. 1). The position of the CNL is such that the
organic semiconductdmeasured with respect to a common total integrated density of states up to the CNL accommo-
vacuum level determines the charge transfer between thelates the number of electrons in the isolated molecule.
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FIG. 1. (Color online IDIS, CNL, and calculated interfadér
for CuPc/Au, for a metal-molecule distance of 3.2 A. Laisborb
bars correspond to the(o) states neglecting the metal-molecule
interaction. The value of the initial Au work functio,,, taken to
be 5.1 eV, is indicated by a vertical line. The CNL akd are
related by Eq(1).
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CNL. If, as is the case of Fig. X is below the CNL(i.e.,

¢y is greater than the energy difference between the vacuum
level and the CNL, negative charge is transferred from the
molecule to the metal and a dipole is induced, which shifts
the metal Fermi level upwards on the electron energy scale
and reduces the initial difference betweeg and Eqy . A
measure of this drive to align the two levels is given §y
which depends directly on the DOS around the Clit3and
relates the initial and final energy difference (sge Fig. J;

Er— Ecne = S(ém — Ecn) - (1)

For CuPc/Au, we obtainS=0.19 and an interface
dipole of A=0.9 eV, compared to the experimental value of
A=1.2 eV* Our calculations yield Ez=-4.2 eV, or
~1.5 eV above theenterof the highest occupied molecular
orbital (HOMO) peak, in good agreement with experimental
evidencet

In summary, the energy-level alignment at MO interfaces
is characterized b$, the CNL, and the work functiog,, of
the metal: the CNL plays the role of an effective Fermi level
for the organic material an8 acts as a screening parameter,
which determines how the initial energy difference

An important outcome of our results is the weak sensitiv-¢y—Ecy. IS to be screened.

ity of the organic CNL to the metal/organic interaction. This

Our model for OO heterojunctions extends the previous

has been checked by modifying the molecular level broadenarguments and proposes to consider the CNLs as the organic
ings by factors of up to 2: our calculations yield the same‘effective” Fermi levels. This implies that the CNLs, calcu-
position of the CNL irrespective of the interaction strentjth. lated for MO interfaces, can be used to analyze OO hetero-
One can therefore deduce that for the deposition of the ojunctions. Although, strictly speaking, this should be con-
ganic material on another nonreactive mefab, for in-  firmed by specific calculations of the different OO interfaces,
stance, the position of the CNL will not be significantly the validity of this assumption in our model is supported by
modified, although the interaction between théand thus the arguments given above about the insensitivity of the
the molecular level broadeningsay be different. This is CNL at MO interfaces, together with the good agreement of
crucial for our OO heterojunctions model, as it shows thatour results with experiment.
the CNL is an intrinsic property of the organic material, The initial relative position of the CNLs of the two or-
nearly independent of the metal on which it is deposited. ganic materials determines how charge is transferred be-
The physical meaning of this result is clear: the chargdween them. Table | shows the calculdfedCNLs for
transfer at the interface is controlled by the difference bePTCDA, PTCBI, CBP, and CuPc, as well as those deduced
tween the metal Fermi level and the organic CNL. The offsefor a-NPD, BCP, and Alg. We stress that the latter three are
between the CNL of the organic molecule and the initialnot obtained from theoretical calculations, but are deduced
metal Fermi level, or work functionpy if its position is  from the best fit to experimental datsee below, once the
referred to the vacuum level, determines whether and ialculated CNLs of PTCDA, PTCBI, CBP, and CuPc are
which direction charge is transferred between the metal anfixed.
the organic molecule. The charge transfer induces an inter- Table | shows the calculate@r deducefl CNL position
face dipole which tends to align the Fermi levgl, and the  with respect to the vacuum level and the ionization energy

TABLE |. Charge neutrality leve{CNL) (with respect to the vacuum leyeionization energyIE), and
estimated static dielectric function for various organic materials. The CNLs of the bottom three compounds
are deduced, as discussed in the text.

—Ecni(eV) —IE(eV) Ecni-lE(eV) €
PTCDA 4.8 7.3 2.5 1.9Ref. 18
PTCBI 4.4 6.7 2.3 2.0
CBP 4.2 6.8 2.6 1.5
CuPc 4.0 5.7 1.7 2.5
a-NPD 4.2 6.0 1.8 1.5
BCP 3.8 6.9 3.1 1.4
Algs 38 6.3 25 16
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™ \A=(1-5) (E'en. — E2eninia, & TABLE Il. Calculated and experimental Ref. 16 interface di-
€ oo LUMO poles(in eV) for different OO heterojunctions.
I S

LUMO v CNL, A(theory) A(exp.)
S (E'ent — Eondinia CuPc/PTCDA 0.43 0.4
CNy, —— ——— | CuPc/PTCBI 0.22 0.1
: HOMO CuPc/CBP 0.09 0.0
HOMO CuPcla-NPC 0.09 0.0
PTCDA/Alg -0.42 -0.5
FIG. 2. CNL alignment in organic heterojunctions: an interface PTCDA/a-NPD -0.24 —01
dipole A=(1-S) (E&\ —E2\ initial is induced, lowering the initial BCP/Algs 0.00 0.0
levels of organig (dotted line$ and reducing{EéNL—EéNL)initia| by BCP/CBP 0.12 0.0
a factorS. BCP/PTCBI 0.24 0.4
BCP/a-NPD 0.12 0.0
(IE) of several organic materials. IE is measured on molecu- Algs/ a-NPD 0.14 0.25
lar films by photoemission spectroscémnd is defined in Algs/CBP 0.14 0.1

Table | as the difference between the vacuum level and the
centerof the HOMO peak.

Consider, for instance, the CuPc/PTCDA interface. The The quality of our model can be judged by comparing the
values of Table | suggest that negative charge is transferreghlculated and experimental interface dipalsse Table .
from CuPc to PTCDA and that the electrostatic dipole in-The signs of calculated and experimental dipoles always
duced between the two materials shifts the PTCDA energwagree. Moreover, the agreement between the absolute values
levels upwards and reduces the initial energy difference beis reasonable, the largest difference being 0.16 eV for BCP/
tween the CNLs. This is in qualitative agreement with ex-PTCBI, which is close to the 0.1 eV experimental error.
periment, which shows a 0.40 eV dipole in the same direc- Our model can be used to analyze the validity of the
tion at this interfacé® transitivity rule in OO heterojunctions: this rule states

The quantitative evaluation of the interface dipole isthat the molecular level offset between two organic semicon-
achieved by introducing the interface screening param@ter, ductors can be obtained by aligning each one of them
In accordance with the model developed for MO interfaceswith a third organic material. It is easy to see that if the
the final(mis)alignment between the CNLs of the two mate- screening paramete; were the same for the three inter-

rials is given by(Fig. 2) faces,S; =S, 3=S, 3, the transitivity rule would be satisfied
(ELy = B2 )sinar = S(ELry = B2 )in ) within our model: in all three cases, the same factor is
CNL — =CNL/final CNL — =CNL/initial» screening the difference between the CNLs.
and the induced dipole is Small differences amon§ ; introduce some inaccuracies
_ 1 2 in the transitivity rule. Figure 3 shows the experimental
A=(1-9(Ecn ~ Ecnuinitiar- (3 results for PTCDAA-NPD/Alg,/PTCDA2L where the

We estimateS by considering how a given external poten-

tial offset is screened by the organic materials. In principle, FICDR,  oehRD Rlg, PIEDA
this can be calculated by means of the static dielectric func- 0.1eV 0.25eV  05eV

tion, €, in the direction perpendicular to the interface. For 7 T ™~ e

MO interfaces S varies between 0 and &/where the lower IE=6.0

and upper bounds depend on whether the screening take 61 IE=s.5

place in the metaleyeta— ©, S=0), or in the semiconductor | (- (E

(S=1/e).}” For OO heterojunctions, a simple electrostatic $

~—

argument, assuming that the potential offset is equally 3 4-
screened by each organic material, yiéfds o E =45
/1 1 w34 E,=4.5
S= _<_ + _> (4) " E;=3.2
2 €1 € Eg=3‘2
The problem with the application of E¢4) is the lack of 14
experimental data forg. We know, however, that . —

e(PTCDA)=1.9 (Refs. 18 and 19 and that(e—1) is in-

versely proportional to the square of the energy gap of the F|G. 3. Transitivity in OO heterojunctions: experimental results
material. This suggests using the approximate valueg of for PTCDA/a-NPD/Algs/PTCDA (adapted from Ref. 21 The
given in Table |, estimated using the optical gaps of the orHOMO and LUMO are represented by black and gray bars, respec-
ganic materialg® With these, the calculated values $ffor  tively. Interface dipoles, ionization energies, and peak-to-peak
the interfaces of Table Il vary between 0.41 and 0.70. transport gaps are shown.
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transitivity rule would imply that the PTCDA levels vides a good description of the energy-level alignment at
in the initial and final deposition are aligned, and that thethese interfaces. An important difference appears with the
sum of the interface dipoles is zero. From the theoreticatase of inorganic semiconductors, for which screening is
values given in Table II, we find the following interface di- strong and the paramet& is close to zerd? In the OO
poles: A(PTCDA/a~NPD)=-0.24 eV,A(a-NPD/Alds) = interfaces considered in this pape,is larger, typically
-0.14 eV, andA(Alg3/PTCDA)=0.42 eV. The sum of 0.6, Small differences with our calculated valuesSofill
these values shows that the transitivity rule for these organige found if the dielectric constants of the materiajs,are
materials is satisfied within our model with an accuracy ofgjfferent from our estimated values, but this will not alter the
~0.05 eV, due to the slightly different values 8fat the  yengs in the interface dipoles, which depend predominantly
different interfaces. This is in good agreement with the exy, the CNLs. Notice that all CNLs for the organic materials
perimental data, shown in Fig. 3. _ _of Table | are within 4.0£0.2 eV, except for PTCDA and
Finally, we note that this model provides a natural, if prcg|. This implies that large interface dipoles will be ob-
qualitative for the time being, explanation for the introduc- served only at interfaces with these two materials. The other
tion of a dipole at some OO heterojunctions with one of thegases correspond to small interface dipoles, close to the ex-
two materialsp doped (as mentioned prewous)IyDoplrJg perimental resolution of photoemission spectroscopy. This is
introduces a density of carriefsf the order of 18 cm an important effect that has obscured the physics behind the
holes in the present casavhich increases considerably the penavior of these interfaces, suggestimgongly) that the

dielectric constant of the organic material. As a consequencgqcyum level alignment rule would be an appropriate way of

Sin Eq. (4) decreases by as much as a factor of 2, leading tQ|etermining all organic-organic band offsets.

an increase im\, according to Eq.(3). Furthermore, it is

likely that the introduction of a large concentration of dop- Financial support by the Consejeria de Educacion de la
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wards the HOMO maodifies the position of the CNL at these1999-00164, and the Spanish CICYT under Project No.

interfaces. The latter point remains to be investigated. MAT 2001-0665, as well as the National Science Foundation
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interface states model adapted to OO heterojunctions prdeelectronic§A.K.), is gratefully acknowledged.
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