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We report on high-resolution potential measurements across complete metal/organic molecular
semiconductor/metal structures using Kelvin probe force microscopy in inert atmosphere. It is found
that the potential distribution at the metal/organic interfaces is in agreement with an interfacial
abrupt potential changes and the work function of the different metals. The potential distribution
across the organic layer strongly depends on its purification. In pure Alq3 the potential profile is flat,
while in nonpurified layers there is substantial potential bending probably due to the presence of
deep traps. The effect of the measuring tip is calculated and discussed. ©2004 American Institute
of Physics. [DOI: 10.1063/1.1811805]

The performance of organic electronic devices depend,
to a large extent, on the potential profile across the device
and its interfaces. There is considerable interest in under-
standing the physical origin and location of potential shifts
across the device, as these can occur through interface di-
poles, or band bending(either from band tail states1 or
trapped charges) or both; hence accurate potential distribu-
tion measurements are of considerable importance. To date,
measurements of molecular energy levels and level offsets
across metal-organic and organic-organic interfaces have
been carried out by ultraviolet photoemission spectroscopy
(UPS),2–4 x-ray photoemission spectroscopy(XPS)5 and
Kelvin probe (KP)6 measurements as a function of organic
layer thickness. Yet, potential profiles, across interfaces and
complete devices can only be inferred from Kelvin probe
force microscopy(KPFM) measurements.

Many groups have used KPFM to study potential distri-
butions across inorganic semiconductor7,8 but there are very
few studies performed on organic devices.9,10 In the case of
inorganic semiconductors, surface charges associated with
gap states are present at most surfaces and limit the useful-
ness of KPFM on cross-section investigations. On the other
hand, surface states are generally absent in van-der-Waals
bonded molecular materials, making KPFM particularly suit-
able for the latter. We present here a study of the potential
profile across Au–Alq3–M layered structures(Alq3: tris (8-
hydroxy-quinoline) aluminum; M: Au, Al, no metal) per-
formed in a nitrogen environment with nanometer spatial
resolution afforded by KPFM. We compared the fine features
of the potential profile with the results obtained via UPS.

GaAs/Crs5 nmd /Aus50 nmd /Alq3s1–3 mmd /M struc-
tures(Fig. 1 Inset) were prepared by sublimation from solid
sources in an ultrahigh vacuum(UHV) growth chamber in
Princeton University and transported under nitrogen atmo-

sphere to the KPFM glovebox at Tel Aviv University. The
GaAs wafer serves as a cleavable mechanical substrate. A
few nm of clean Au were evaporated in UHV on this initial
Au layer (for a total thickness of 50 nm) to provide a bottom
metal surface with high work function. The organic layer and
the top metal layer were then deposited in the same UHV
chamber.

Our KPFM11 (Autoprobe CP—Veeco Inc.—with Kelvin
probe homemade electronics12) was placed inside a home-
built glovebox with nitrogen atmosphere(,2 ppm water).
The samples were cleavedin situ shortly before the KPFM
measurements in the dark.13 The samples were scanned in
noncontact mode near the cleaved edge, and the contact po-
tential difference(CPD) measurements were typically per-
formed on a relatively smooth cleavage area, with a small
metal stretching, continuous layers, and a small roughness of
the organic layer.

Figure 1 shows a topography image and a CPD profile of
a typical layered structure. The GaAs substrate is on the left
and the Alq3 is placed between two gold layers on the right
(see also the inset). The sandwich-like structure can be easily
recognized due to the protrusion of the two metals(110 nm
with respect to the organic surface). These protrusions are
due to differences in the mechanical properties of the differ-
ent layers and to low adhesion at the interfaces, which lead to
an inherent effect of stretching the metal layers over the
GaAs edge during the cleavage process.

The CPD profile in the proximity of the Au/Alq3 junc-
tions in Fig. 1, i.e., the,600 meV step down on the left and
,600 meV step up on the right, can be attributed to the
interface electric dipole at these junctions.14 The constant
CPD between the metal contacts indicates that the molecular
energy levels are flat across the organic bulk. The two peaks
observed on the inner Au layer are attributed to a lowering of
the Au work function due to exposure of the GaAs/Cr/Au
substrate to air15,16prior to UHV deposition of the rest of the
structure(i.e., Au/Alq3/Au). UPS measurements generally
show a 0.9–1.25 eV interface dipole and drop in vacuum
level energy upon evaporation of the first molecular layer of
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Alq3 on clean Au, as illustrated in the energy levels scheme
shown in Fig. 2(a).3,14,17,18 The smaller potential drop
s,600 meVd measured by the KPFM on this interface(Fig.
1) is probably due to the fact that the Au on the “cleaved”
surface is exposed to residual water and oxygen impurities in
the glovebox and thus has a lower work function than the Au
measured with UPS in UHV. Such a contamination of Au by
oxygen and water can decrease its work function by up to
about 1 eV.15,16 Figure 1 also shows that the potential shifts
at the two Au/Alq3 interfaces are,65 nm wide, consider-
ably more than observed via UPS. This is a measure of the
KPFM resolution near a protruding metal layer, and is a con-
sequence of the tip averaging effect, which will be analyzed
in details below.

Figure 3 shows a CPD profile(solid curve) measured
across a structure comprising an inner gold layer(left) and an
outer aluminum layer(right), as shown in Fig. 2(b). In addi-
tion to the dipole-related potential drops at the two inter-
faces, there is a potential drop between the gold and the
aluminum layers due to the difference in their work func-
tions. This is illustrated in the UPS based energy level dia-
gram in Fig. 2(b). Figure 3 also shows a comparison between
CPD profiles measured on GaAs/sCrdAu/Alq3/Al (solid
curve) and GaAs/sCrdAu/Alq3 (dashed curve) structures. In
the later case the outer aluminum layer was pilled off during
the cleavage. The abrupt potential change at the outer(right)
Alq3/Al interface clearly affects the whole potential distribu-
tion across the organic layer in comparison to the case of no

outer Al layer where no abrupt potential change is observed.
The fact that the two CPD curves merge at the outer border
on the Alq3 layer may stem from aluminum residuals(left
after cleavage) that “pin” the potential but do not support a
macroscopic potential drop. The inset is a calculation of the
tip electrostatic averaging effect explained in the next
section.

The measured CPD equals the tip voltage that minimizes
the electrostatic force between the tip and the sample. Due to
the long-range electrostatic force, the measured CPD at a
point on the surface below the tip apex is a weighted average
of the surface potential in the vicinity of the tip. The effect
here is even stronger since the two metallic layers, which
have work function considerably different from that of the
molecular layer, also protrude from the sample surface, af-
fecting the tip-sample electrostatic interaction.

The effect of the tip electrostatic averaging was calcu-
lated as follows. The three-dimensional Laplace equation
was solved(using a finite element commercial code) for the
following system. A metallic tip(cone shaped with a hemi-
spherical apex, tip height: 5mm, tip opening angle: 11.3°,
and apex radius of curvature of 20 nm) located 20 nm above
a surface composed from a flat region representing the or-
ganic layer at a potential of 0 V, and a protruding square
strip (160 nm high and 160 nm wide) representing one of the
metal contacts at a potential of 1 V; this strip represents the
,1 V potential step at the Au/Alq3 interface. For each tip
location, the potential was calculated for three different tip
voltages, and the CPD was extracted in the following way.
The electrostatic force between the tip and the surface was
calculated by integrating the Maxwell stress over the entire
tip surface.19 Fz=−1

2«rtip surfaceEzẑEndn̂, wheredn̂ is a tip sur-
face element normal to the surface,ẑ is a unit vector in thez
direction(tip-axis direction), « is the dielectric constant, and
the integral is calculated over the entire tip surface. The elec-
trostatic force was then expanded20 asFz=a1+a2V+a3V

2 to
yield the voltage that minimizes the force(i.e., the CPD)
throughVmin=−a2/2a3.

The results are shown in Fig. 3 inset. The calculated
step-like CPD profile(dashed curve) is widened by the mea-
suring tip to a step,290 nm wide which is larger then ex-
perimentally observed(see Fig. 2). The calculated CPD

FIG. 1. CPD profile of left to right cross sections of a
GaAs/sCrd /Au/Au/(purified) Alq3/Au layered structure. Bottom inset pre-
sents topography image of the relevant area. Top inset shows schematics of
the tip-cleaved sample geometry.

FIG. 2. Schematic energy levels structure(not in scale) based on UPS and
inverse photoemission spectroscopy measurements(see Refs. 3, 14, 17, and
18) for (a) GaAs/sCrd /Au/Au/Alq3/Au structure, and (b)
GaAs/sCrd /Au/Au/Alq3/Al structure. The data for GaAss100d /Cr were
taken from Ref. 9. For the Alq3 flat energy levels were assumed.

FIG. 3. Potential profile measured across GaAs/sCrd /Au/Alq3/Al (solid
line) and GaAs/sCrd /Au/Alq3 (dashed line) structures. The inset demon-
strates the averaging effect of the tip by showing a calculated CPD(dashed)
for a metal strip(solid) at a potential 1 V higher than the surface.
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shape at the metal strip corner is attributed to the electrostatic
interaction when the tip apex is in proximity to the step
corner. Comparing this calculation with the dashed curve(no
top Al layer) in Fig. 3 at a distance 290 nm away from the
junctions, we conclude that the curvature in the measured
CPD may be solely due to a tip broadening of the abrupt
potential drop at the Au/Alq3 interface.

Figure 4 shows a CPD profile measured on a
GaAs/sCudAu/Alq3/Au structure. The upper(solid) poten-
tial profile is concave, in contrast to the profile in Fig. 1,
which is nearly flat across the Alq3 layer. This interesting
difference is presumably due to the different impurity con-
tents of the two Alq3 layers; the Alq3 material used in the
device measured in Fig. 4 was not purified before deposition,
while the Alq3 used in the device measured in Fig. 1 was
purified by multiple cycles of gradient sublimation. In the
case of unpurified Alq3, unintentional doping is likely to in-
troduce traps with a broad energy distribution.21 Such traps
may give rise to a space charge region(SCR), causing the
observed curved CPD profile. The presence of a SCR is also
consistent with the simulation results, since the concave
shape of the CPD profiles also appears at distances much
larger then 290 nm from the two contacts; thus the tip aver-
aging effect is not likely to be the origin for the curved
potential profile. The effect of unintentional doping on SCR
was also demonstrated by Kelvin probe measurements on
C60 as a function of film thickness. Hayashiet al. showed an
enhanced molecular level bending across a 600-nm-thick C60
layer deposited on copper from as-received material as com-
pared to purified C60.

Finally, applying a 1 V bias for 2 min between two con-
secutive CPD measurements, conducted at zero bias, lowers
the CPD profile(dashed curve in Fig. 4). A similar structure
that contained purified Alq3 did not show any such changes
in CPD. The applied bias induces positive charging of deep
traps in the Alq3 layer and thus lowers the local vacuum

level, lowest unoccupied molecular orbital and highest occu-
pied molecular orbital energies; as reflected in the lower
CPD across the Alq3 layer.

In summary, we have measured potential profiles on a
complete metal/organic/metal layered structures using
Kelvin probe force microscopy. The abrupt potential drops
across the metal/organic interfaces, which are often ascribed
to interfacial potential dipole, and the influence of the differ-
ent metal work functions, were clearly observed. Using nu-
merical analysis, we estimated the broadening effect intro-
duced by the tip for KPFM measurement on samples that
exhibits abrupt potential and topographical steps. We con-
clude that nonpurified Alq3 layers between two metal con-
tacts sustain molecular level bending, in contrast to purified
Alq3 (within our measurement resolution), which was ex-
plained by the presence of deep traps in nonpurified Alq3.
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