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Distinguishing between interface dipoles and band bending
at metal Õtris- „8-hydroxyquinoline … aluminum interfaces

I. G. Hill,a) A. J. Mäkinen, and Z. H. Kafafib)

Optical Sciences Division, Code 5615, U.S. Naval Research Laboratory, Washington, DC 20375

~Received 17 March 2000; accepted for publication 18 July 2000!

Using a combination of photoelectron spectroscopies and ellipsometry to study the thin-film growth
of Alq3 ~tris-~8-hydroxyquinoline! aluminum! on Ag, we have been able to distinguish between
molecular orbital energy shifts due to ‘‘band bending’’ and interface dipole formation. We have
observed large binding energy shifts~'0.5 eV! of the organic molecular levels at low coverages.
We conclude that these shifts are consistent with the formation of a polarized molecular layer, or
interface dipole, and are inconsistent with an electrostatic band-bending model. ©2000 American
Institute of Physics.@S0003-6951~00!01538-2#
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Molecular organic thin films have recently received r
newed attention for their use in a wide variety of optoele
tronic devices.1 Despite the technological success of the
devices, many of the electronic transport properties of th
devices remain unknown.

In particular, much debate has arisen over whether or
‘‘band-bending’’-like electrostatic energy shifts occur with
these films. If, in fact, a depletion region is formed nea
metalorganic interface, it must be taken into account wh
trying to analyze or simulate the current–voltage charac
istics of an organic light-emitting device.

Surface scientists have played a great role in this deb
Several groups have asserted that band bending does
occur on length scales of'100 Å using ultraviolet photo-
electron spectroscopy~UPS! and x-ray photoelectron spec
troscopy~XPS!,2–6 or on length scales of'1000 Å using the
Kelvin probe technique.7 These studies all identify an abrup
shift of the vacuum level at the metal/organic interface, d
to strong polarization in the first molecular layer, which th
interpret as an interface dipole.

Others, however, have proposed that most of the sh
seen at low coverages~<50 Å! are in fact due to band
bending.8–11 Schlafet al.11 assert that the band-bending sh
can be deduced from the shifts of the XPS atomic core
els, in the absence of strong chemical interactions at the
terface, and that the true interface dipole shift is equal to
vacuum level shift minus the band-bending contribution.
course, the presence of a depletion region implies the p
ence of ionized species, and therefore mobile carriers, w
have been removed from the region which exhibits ba
bending.12

A careful study of these shifts, as a function of an ac
rately calibrated film thickness, would therefore be able
deduce the bulk density of mobile carriers required to p
duce the observed shifts. This density could then be c
pared with previously reported values of the density of f
carriers in the material, derived from transport measu
ments, to determine whether or not the band-bending an
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sis is appropriate. Additionally, the interface dipole mod
which predicts that all shifts should occur within the fir
1–2 molecular layers, could be more thoroughly tested us
a more accurately calibrated film thickness.

In this letter we present our recent photoelectron sp
troscopy studies of the early stages of the growth of a te
nologically important molecular organic material, Alq3 ~tris-
~8-hydroxyquinoline! aluminum! on Ag. We have calibrated
our film thickness using ellipsometry, which has allowed
to distinguish between electrostatic band-bending and in
face dipole formation.

High purity Ag foils ~99.99%, 0.2 mm thick, Sigma
Aldrich! were prepared in ultrahigh vacuum~UHV! by Ar
ion sputtering. The cleanliness of the sputtered foils was
timated from their UPS and XPS spectra. Residual C c
tamination was estimated to be,1% of a monolayer. Alq3
was purified by train sublimation, and deposited on the
substrates under UHV condition ('1029 Torr) from resis-
tively heated Al2O3 crucibles in a sample preparation cham
ber, and transported to the main analysis chamber~base pres-
sure 5310211Torr! without breaking vacuum. UPS studie
were conducted using an Omicron Multiprobe system, c
sisting of a hemispherical electrostatic energy analyzer an
He discharge lamp. The overall energy resolution of the U
system was'50 meV.

Deposition rates were estimated during the experim
using a quartz crystal microbalance, assuming an Alq3 bulk
density of 1.5 g cm23.13 The thicknesses were later correct
by measuring the true thickness of a nominally 100 Å th
Alq3 film on a flat Si~100! substrate using ellipsometry. Th
error in the film thickness has been estimated to be'10%,
considering the uncertainty in this measurement due to
effects of varying unknown parameters, such as the dielec
constant of the Alq3 film.

Figures 1~a! and 1~b! summarize the UPS measuremen
performed, as a function of Alq3 thickness, for the Alq3 /Ag
interface. The left panel~a! shows the onset of photoemis
sion, which corresponds to the vacuum level of the surfa
while the right panel~b! contains the portion of the spectrum
around the metal Fermi level and Alq3 highest occupied mo-
lecular orbital~HOMO!. The metal Fermi level is observe
at 19.9 eV, which is equal to the photon energy~21.22 eV!,

il:
5 © 2000 American Institute of Physics
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minus the work function of the analyzer~4.3 eV!, plus the
applied sample bias of 3 V. While the remainder of the sp
tra ~4–16.5 eV! are certainly of general interest, they ha
been well documented elsewhere.4,14 It suffices to mention
here that our data are in excellent agreement with previo
published results. The Alq3 HOMO is clearly visible at the
lowest coverage of 1 Å, and shifts to'0.5 eV higher binding
energy with increasing film thickness. The Alq3 HOMO en-
ergy remains constant for film thicknesses>16 Å. We note
that the metal Fermi edge is completely suppressed at a
thickness of<16 Å, indicating that the metal surface is com
pletely covered, consistent with the probing depth of
UPS technique~'5 Å!. The left panel clearly shows th
abrupt shift of the vacuum level at low coverages. The on
of photoemission shifts to lower energy by.1 eV within the
first 4 Å of coverage, and then remains constant within
perimental uncertainty, up to a thickness of 64 Å.

Our observation of the abrupt shift in the vacuum lev
at the interface seems to support the interface dip
model,2–6 but the more gradual, and lesser, shift of the A3
HOMO level does resemble band bending as reported in
vious studies.8–11 However, as we shall explain in the fo
lowing paragraph, the shift of the Alq3 HOMO level cannot
be due to band bending, and can be explained by the in
face dipole model.

Figure 2 summarizes the observed shifts of both

FIG. 1. UPS spectra of Alq3 deposited on Ag:~a! onset of photoemission
indicating the vacuum level of the surface;~b! spectral region around the
Alq3 HOMO. Tick marks are intended as a guide to the eye.

FIG. 2. Relative shifts of HOMO and vacuum levels of Alq3, as well as the
change in molecular IP as a function of overlayer coverage.
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vacuum and HOMO levels as a function of Alq3 film thick-
ness. In addition, in Fig. 2 we have plotted the appar
change in the ionization potential~IP! of the Alq3 film as the
overlayer thickness increases.

We again note that the shift of the Alq3 HOMO level
does resemble traditional band bending. However, if we
sume that these shifts are due to a net charge density w
a depletion region, and use the magnitude of the shift and
thickness over which it occurs to calculate the mobile b
carrier density required to produce such shifts, we arrive
value of'1019– 1020cm23. An upper limit on the bulk car-
rier density in Alq3 has previously been estimate to b
1012cm23.15 While there is certainly some uncertainty
each of these measurements, it is hard to reconcile a di
ence of 7–8 orders of magnitude.

To address the band-bending scenario further, we n
that in the context of this model, energy levels, which shift
a result of this electrostatic effect are, by definition, a fun
tion of distance from the metal/organic interface. Howev
the shifts, which we have observed, occur over a length s
of 15–20 Å, which is comparable to the dimensions of
single Alq3 molecule, which has a radius of'10 Å.16 When
interpreting data from film thicknesses less than the dim
sions of a single molecule, we must remember that as
apparent ‘‘thickness’’ increases, the film thickness does n
In fact, below this value it is the areal density of organ
molecules that is increasing, and the distance from the me
organic interface to the film surface~outermost organic
ligands! remains, roughly, constant. It is therefore not app
priate to even consider band bending on these length sc

We will now try to understand these results in the co
text of the interface dipole model. As noted previously, t
abrupt shift of the vacuum level, which saturates at a cov
age of 4 Å, is in excellent agreement with this model. It
the shift of the HOMO that we must try to understand.

It is well known that the IP of a molecule depends on t
polarizability of its surroundings.17–19 In fact, the IP of typi-
cal organic molecules in a solid film is'1.2–1.3 eV smaller
than in the gas phase, due to the screening provided
neighboring molecules. Furthermore, it is to be expected
the IP of molecules in the first molecular layer should
smaller than in the bulk, due to the greater polarizability
the metal surface compared to the organic film. We theref
expect the following progression of observed IP as the de
sition proceeds:~1! well below the completion of the firs
molecular layer, the IP should be greater than at the com
tion of the first layer, due to the absence of nearest neigh
molecules;~2! the IP should decrease, as the coverage
creases, reaching a minimum at the completion of the fi
layer; and~3! the IP should then increase as the second la
forms and approach the bulk value. This is exactly wha
observed in the experiment~Fig. 2!. The relative HOMO and
lowest unoccupied molecular orbital~LUMO! energies are
illustrated in Fig. 3, assuming that the HOMO–LUMO spl
ting is equal to the optical absorption gap, and that
LUMO polarization shift is equal to that of the HOMO
These effects will be discussed in greater detail in a fut
publication,20 in which we will describe our current UPS an
XPS studies of related molecules~the 4-methyl Alq3 deriva-
tive and Gaq3!.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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We have shown that the organic energy level shifts
served at low coverages are not compatible with the ba
bending model. This model predicts mobile carrier densi
7–8 orders of magnitude greater than those estimated
transport measurements. Furthermore, the length scale
which these shifts occur is comparable to the dimension
single Alq3 molecule, and it is therefore unphysical to co
sider energy levels that shift continuously over these d
tances.

The results can be completely understood in the con
of the interface dipole model and the changes in polariza
screening due to the metallic interface. We therefore c
clude that there is no band bending and that a flatband
dition occurs on these length scales.

This research was funded by the US ONR. One of
authors~A.J.M.! acknowledges the NRC for administerin

FIG. 3. Energy levels derived from the UPS studies. The energy levels
slightly offset ~'0.2 eV! in the first molecular layer~'10 Å! due to the
polarization screening of the metal surface.
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