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Organic semiconductor heterointerfaces containing bathocuproine
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Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544
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The four organic–organic heterointerfaces formed by depositing the organic semiconductor
bathocuproine on tris~8-hydroxy-quinoline!aluminum (Alq3), N,N8-diphenyl-N,N8-bis~1-
naphthyl!-1,18 biphenyl-4,49 diamine ~a-NPD!, 4,48-N,N8-dicarbazolyl-biphenyl~CBP!, and
copper phthalocyanine~CuPc! have been studied using ultraviolet photoelectron spectroscopy. The
relative positions of the vacuum levels and highest occupied molecular orbital levels of the organics
were measured at each interface. Within our experimental uncertainty of 100 meV, the vacuum
levels were found to align at all four interfaces. ©1999 American Institute of Physics.
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I. INTRODUCTION

Prior to the use of ultraviolet photoelectron spectrosco
~UPS! to investigate molecular-level alignment at organi
organic heterointerfaces, it was widely assumed that
vacuum levels of two organic semiconductors would align
the interface. When two materials are brought into cont
the Fermi levels must align if the system is in thermod
namic equilibrium. In general, vacuum-level alignme
therefore, requires that the Fermi level be free to move in
least one of the two materials, because of the different p
tions of the Fermi levels relative to the vacuum in the tw
isolated materials. In the case of organic molecular semic
ductors, vacuum-level alignment was justified by citing t
closed-shell nature of the individual molecules, the result
weak intermolecular bonding, and the lack of interface sta
within the semiconducting gaps. The Fermi level would
free to move, and the vacuum levels should align. In suc
case, the offset between the two organic highest occu
molecular orbitals~HOMOs! would simply be equal to the
difference between the ionization energies of the two org
ics.

Recent UPS studies have confirmed that the vacuum
els do align at the majority of organic heterointerfaces.1–5

Several exceptions have been found, including the interfa
between perylenetetracarboxylic dianhydride~PTCDA! and
CuPc,2 PTCDA and tris~8-hydroxy-quinoline!aluminum
(Alq3),

6 Alq3 and N,N8-diphenyl-N,N8-bis~1-naphthyl!-
1,18 biphenyl-4,49 diazine ~a-NPD!,2 and tetracyanoquin
odimethane~TCNQ! and tetrathianaphthacene~TTN!.3 The
formation of a charge-transfer complex, with an electron
ing donated by the TTN to the acceptor TCNQ, was used
explain the TCNQ–TTN interface dipole.

Such donor–acceptor complexes may be expected a
terfaces between materials with large differences in elec
affinities. However, this cannot explain all the cases wh
have been investigated. As noted above, the PTCDA/A3

interface exhibits a measurable dipole, while PTCDA/a-

a!Corresponding author. Electronic mail: ianhill@ee.princeton.edu
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NPD does not, despite the smaller electron affinity ofa-NPD
compared to Alq3.

2,7

In this article, we report the results of an investigation
four organic–organic heterointerfaces. The interfaces w
formed by depositing bathocuproine~BCP! on Alq3, a-NPD,
4,48-N,N8-dicarbazolyl-biphenyl~CBP!, and copper phtha-
locyanine~CuPc!. The molecular structures of these mate
als are presented in Fig. 1. In addition to the fundamen
importance of such a systematic study of interfaces betw
one organic and a range of others, the first three of the ab
interfaces have recently been used in organic light-emitt
devices~OLEDs!,8,9 and our results, therefore, have obvio
technological implications.

II. EXPERIMENT

All experiments were performed in ultrahigh vacuu
~UHV!. Organics were deposited in a preparation cham
~base pressure 4310210Torr!, which is connected to the
main analysis chamber~base pressure 4310211Torr!. The
UPS system consists of a double-pass cylindrical mirror a
lyzer and a He discharge lamp. He I~21.2 eV! and He II
~40.8 eV! photon energies were used. The overall resolut
of the system was estimated to be 150 meV from the wi
of the Fermi-level step on freshly deposited Au.

Samples were prepared by depositing'100 Å of a base
organic (Alq3, a-NPD, CBP, or CuPc! on a flat substrate
@Si~100!:300 Å Cr:1000 Å Au#. All film thicknesses were
determined by timed depositions calibrated using a qua
crystal microbalance. No corrections for sticking coefficien
different from unity were used. The base organic was stud
using UPS to determine the quality of the film, to measure
ionization energy, and to determine the binding energy of
HOMO with respect to the Fermi level. The position of th
vacuum level was determined from the low-energy onse
photoemission with the sample at23 V bias with respect to
the analyzer. Incremental thicknesses of BCP were depos
on the base organic, doubling the total overlayer thicknes
each step. UPS spectra were collected at each thickness
the data showed no contribution from the base layer, indic
5 © 1999 American Institute of Physics
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ing a saturated overlayer with thickness greater than
probing depth of the UPS technique. The data were t
compiled, examined for evidence of overlayer-induc
molecular-level displacement, hereafter called ‘‘bandbe
ing,’’ and the HOMO-level offset and interface dipole ma
nitudes were extracted.

The position of the top of the HOMO was estimat
from the zero crossing of the linear extrapolation of the lo
binding-energy side of the HOMO spectral peak. In the c
of BCP, there appear to be three overlapping peaks wh
cannot be resolved and form a single, broad spectral fea
This is illustrated in Fig. 2. The distance between the ma
mum of this feature and the top of the HOMO, as defin
above, is 1.75 eV. This fact was used to determine the p
tion of the top of the BCP HOMO at intermediate overlay
thicknesses on heterointerfaces, where the overlap of sp
from two organics obscured the low-binding-energy edge

The position of the lowest unoccupied molecular orbi
~LUMO! has been estimated in each case by adding the
ergy of the onset of optical absorption to the HOMO lev
The position of the transport LUMO will differ from this
position for two reasons:~1! the transport LUMO energy will
be increased by the electron–electron Coulomb interac
energy, since the electron transport process involves ad
an extra electron to a neutral molecule; and~2! the transport
LUMO energy will be decreased by molecular relaxatio
assuming the residence time of an electron on a molecu
longer than the relaxation time. Although we do not kno
the exact magnitude of these effects, they are expected t
similar in both organics involved, such that the LUMO
LUMO offset remains' to that estimated using the optic
absorption gaps.

FIG. 1. Molecular structures of the organics used in this study.
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III. RESULTS AND DISCUSSION

The UPS data corresponding to the interface formed
depositing BCP on Alq3 are presented in Fig. 3. The botto
spectrum is characteristic of clean Alq3, as has been reporte
elsewhere.6 The ionization energy of the Alq3 was measured
to be 5.860.1 eV, in excellent agreement with earlier work6

The initial deposition of 4 Å BCP on the clean Alq3 surface
results in a rigid shift of 50 meV towards higher bindin
energies, indicating a slight overlayer-induced bandbend
in the Alq3 layer. After deposition of 16 Å of BCP, the UP
spectra resemble those of BCP on Au, and the Alq3 features

FIG. 2. He I ~21.22 eV! UPS spectrum of 64 Å BCP on Au. The lowes
binding-energy feature appears to consist of three peaks~fitted peaks shown
below!. The distance from the feature maximum to the top of the HOMO
1.75 eV. Our definition of the top of the HOMO is illustrated in the inse

FIG. 3. He I ~21.22 eV! UPS spectra of BCP on Alq3. Tick marks are
included as a guide to the eye. The inset shows the Alq3 HOMO at low
coverages, illustrating the slight bandbending observed.
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are completely supressed, indicating that the Alq3 layer is
completely covered at this thickness. Further deposition
BCP results in a slight~100 meV! shift towards higher bind-
ing energies, which may be a result of bandbending in
BCP layer, or may indicate charging within the wide-g
material. The ionization energy of the BCP film was 6
60.1 eV. By removing the contributions of bandbendi
from the HOMO–HOMO offset, the hole-transport barrier
this interface was determined to be 0.6560.1 eV, with the
HOMO level of Alq3 being above that of BCP, as illustrate
in Fig. 7. The LUMO levels, estimated using the optic
absorption gaps of 2.7 and 3.5 eV for Alq3 ~Ref. 10! and
BCP,10 respectively, predict a small electron-transport barr
of 0.1560.1 eV from Alq3 to BCP. The onset of photoemis
sion ~not shown! was used to determine the position of t
vacuum level at each thickness. The only movement
served was attributed to the above-mentioned bandbend
charging effects. The vacuum levels, therefore, align at
interface, within our experimental uncertainty of60.1 eV.

This interface has recently been used in high-efficien
electrophosphorescent OLEDs.8 A thin layer of BCP was
inserted between two layers of Alq3—one used purely as a
electron-transport layer, and the other as a doped lumi
cent layer. The purpose of the BCP was to confine ho
within the luminescent layer, which is reasonable consid
ing the 0.65 eV hole barrier measured here. Additionally,
this scheme to be efficient, electrons must be transpo
from Alq3, across the BCP layer, and into the Alq3 lumines-
cent layer. This requires near-alignment between the A3

and BCP LUMO levels at the interfaces. The LUMO
LUMO offset estimated above is very small, and therefo
consistent with the measured device performance.

Depositing BCP on the clean surface ofa-NPD does not
result in any appreciable bandbending within thea-NPD
layer, as shown in Fig. 4. The spectral features of the cl
a-NPD surface, and the measured ionization energy of

FIG. 4. He I ~21.22 eV! UPS spectra of BCP ona-NPD. Tick marks are
included as a guide to the eye. The inset shows thea-NPD HOMO position
at low coverages.
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60.1 eV are in excellent agreement with previously repor
values.1 Increasing BCP thickness results in the attenuat
of the a-NPD HOMO spectral intensity. It is difficult to
identify the BCP HOMO at intermediate thicknesses, b
cause of the similarity in shape between the BCP anda-NPD
features at the BCP HOMO binding energy. However, at
Å BCP, where thea-NPD HOMO is completely attenuated
we can unambiguously identify the BCP HOMO. Furth
deposition of BCP results in a 200 meV shift of the spect
features towards higher-binding energy, much as was
served for BCP on Alq3. The ionization energy of the BCP
film was 6.560.1 eV. Once again, the vacuum levels align
the interface, within 0.1 eV. After subtracting the contrib
tion from BCP bandbending, the HOMO–HOMO offset
the interface was found to be 1.060.1 eV, with thea-NPD
HOMO above that of BCP~Fig. 7!. Using the optical absorp
tion band gaps@3.1 eV for a-NPD ~Ref. 11!#, the electron-
transport barrier~LUMO–LUMO offset! was estimated to be
0.660.1 eV, with the LUMO ofa-NPD above that of BCP.

The UPS spectrum of clean CBP is shown at the bott
of Fig. 5. The ionization energy of the clean CBP film w
6.060.1 eV, as previously reported.12 A slight ~,100 meV!
shift of the CBP features was observed upon deposition o
Å of BCP. The CBP spectral features are not complet
supressed until a BCP thickness of 64 Å is reached, indi
ing that the BCP has a lower sticking coefficient on CB
that is, does not undergo layer-by-layer growth, or that
initial CBP surface was rough, resulting in CBP protrudi
through the BCP film until the higher film thickness wa
reached. Little BCP bandbending~,100 meV! was ob-
served, and the ionization energy of the BCP film was m
sured to be 6.460.1 eV, in agreement with the previous tw
interfaces. The HOMO–HOMO offset at the interface
0.4460.10 eV, with the CBP HOMO above that of BCP~Fig.
7!. The LUMO–LUMO offset, estimated using the optic

FIG. 5. He I ~21.22 eV! UPS spectra of BCP on CBP. Tick marks a
included as a guide to the eye. The inset shows the CBP HOMO positio
low coverages.
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band gaps@3.1 eV for CBP~Ref. 10!#, is 0.04 eV, which is
less than our estimated uncertainty of 100 meV. The LUM
levels, therefore, align with our experimental uncertain
Once again, the vacuum levels were found to align at
interface.

The BCP/CBP interface has also been used in hi
efficiency OLEDs.8 In this case, the BCP layer was insert
between Alq3 and the electron-transport layer, and a dop
CBP luminescent layer. Again, the purpose of the BCP w
to confine holes within the luminescent layer, consistent w
our measured hole barrier at this interface. Once again,
this scheme to be efficient, the BCP and CBP LUMO lev
must align to allow electron transport into the CBP lay
The LUMO–LUMO offset estimated above is negligibl
and therefore, consistent with the measured device pe
mance.

The results of the deposition of BCP on CuPc are p
sented in Fig. 6. The spectrum of clean CuPc, and its m
sured ionization energy of 5.260.1 eV, agree well with pre-
vious studies.1 The deposition of 4 Å BCP results in a
'200 meV overlayer-induced bandbending towards high
binding energy within the CuPc film. As in the case of BC
on CBP, the CuPc features were not completely supres
until a thickness 64 Å was reached. This behavior, indicat
a low sticking coefficient, or possibly the growth of islan
which coallesce at higher coverage, has been observe
several interfaces containing CuPc.1 Substantial BCP band
bending of'300 meV towards higher-binding energy w
observed with increasing thickness. The larger degree
bandbending observed here may support the island gro
mechanism of BCP on CuPc, as the 64 Å spectrum m
therefore, be sampling the top of islands which are subs
tially thicker than the nominal coverage, and therefore,
hibit a greater degree of bandbending~or charging!. The ion-
ization energy of the saturated BCP film was measured to
6.560.1 eV. After correcting for these effects, the HOMO

FIG. 6. He I ~21.22 eV! UPS spectra of BCP on CuPc. Tick marks a
included as a guide to the eye. The inset shows the CuPc HOMO at
coverages.
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HOMO offset at the interface was determined to be 1
60.1 eV, with the CuPc HOMO well above that of BC
~Fig. 7!. Using the optical gaps@1.6 eV for CuPc~Ref. 10!#,
the LUMO–LUMO offset is 0.6260.10 eV, with the CuPc
LUMO below that of BCP. As was the case for the previo
three interfaces, the vacuum levels were found to align.

Interfaces between BCP and a range of different org
ics have been presented. These organics span a range of
tron affinities from 2.3 eV~a-NPD! to 3.6 eV ~CuPc!, and
ionization energies from 5.2 eV~CuPc! to 6.0 eV~CBP!. It is
interesting that despite these wide ranges, the vacuum le
were found to align at all interfaces. As far as the electr
affinities are concerned, this may be a result of the interm
diate value of the BCP electron affinity~3 eV!. The differ-
ence in electron affinities of the two interface constitue
does not exceed 0.7 eV at any of the four interfaces inve
gated, in contrast to the reported electron affinity differen
between 0.8 and 1.5 eV at the Alq3 /a-NPD, PTCDA/CuPc,
and PTCDA/Alq3 interfaces. This justification appears le
reasonable, however, when ionization energies are con
ered, given that BCP has the largest ionization energy of
group, 1.2 eV larger than that of CuPc. It is clear, in a
case, that the Fermi level at each of these organic surfac
able to move in an energy window sufficient to avoid t
formation of a compensating interface dipole.

IV. CONCLUSIONS

UPS studies of four organic–organic heterointerfac
have been reported. The four interfaces were formed by
positing BCP on Alq3, a-NPD, CBP, and CuPc. The firs

w

FIG. 7. Molecular-level diagrams summarizing the results of the fo
organic–organic interfaces. The observed Fermi-level position at each i
face is indicated.
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4519J. Appl. Phys., Vol. 86, No. 8, 15 October 1999 I. G. Hill and A. Kahn
three of these interfaces are used in OLEDs. The h
transport barrier~HOMO–HOMO offset! was measured a
each interface. No dipoles were found at these interfa
implying that the vacuum levels align in all four cases.
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