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Monolayer islands of pentacene deposited on silicon substrates with thermally grown oxides were studied by
electric force microscopy (EFM) and scanning Kelvin probe microscopy (SKPM) in ultrahigh vacuum (UHV)
after prior 10 min exposure to atmospheric ambient. On 25-nm-thick oxides, the pentacene islands are 0.5 V
higher in electrostatic potential than the silicon dioxide background because of intrinsic contact potential
differences. On 2-nm-thin oxides, tunneling across the oxides allows Fermi level equilibration with pentacene
associated states. The surface potential difference depends on the doping of the underlying Si substrates. The
Fermi level movement at the pentacene SiO2 interface was restricted and estimated to lie between 0.3 and 0.6
eV above the pentacene valence band maximum. It is proposed that hole traps in the pentacene or at the
pentacene-oxide interface are responsible for the observations.

Introduction

Organic semiconductors, most notably pentacene, have at-
tracted attention as channel materials in thin film transistors
(TFTs) since these devices have field-effect mobilities of∼1
cm2/V-sec and current modulation of∼107-108.1-4 In TFTs,
current modulation is restricted to the accumulation layer,
believed to be within a countable number of molecular mono-
layers at the interface with the gate dielectric. Thus, charge
carrier transport in the accumulation layer of TFTs may be very
different from that probed by time-of-flight measurements in
bulk crystals.5-8 The interface between the organic semiconduc-
tor and the gate dielectric plays a crucial role in the thin
accumulation layer.

Relatively few studies have attempted to characterize the
interface or impurity states in pentacene TFTs. In one study, a
distributed trap model with a steep exponential tail of donors
and a shallower exponential tail of acceptors inside the band
gap was proposed to describe the experimental current-voltage
characteristics.9 Capacitance-voltage and deep-level transient
spectroscopy measurements were also performed on pentacene
TFTs.10 Hole traps at 0.24, 0.31, and 1.08 eV above the valence
band maximum and electron traps at 0.69 eV below the
conduction band minimum were observed.

To further understand the device physics, it is necessary to
study the interface directly. Here, we use electric force
microscopy (EFM) in ultrahigh vacuum (UHV) to locally probe
the electrostatic properties of the first pentacene layer at the
interface with a gate oxide. As a variation of scanning probe
microscopy, the EFM technique inherits the capability of local
imaging on insulating samples. It has been previously used to
probe localized charge traps and dangling bond states in silicon
oxide with very high sensitivity.11,12 In addition to probing
E-fields on surfaces, it measures local surface potential differ-

ences by adjusting a DC bias voltage between the tip and the
sample to zero out the field. This closed-loop technique is also
referred to as scanning Kelvin probe microscopy (SKPM) and
has been used to map electropotential in PN junctions13 and
organic TFTs.14 Furthermore, EFM and SKPM provide a
measure of the Fermi level of pentacene thin films. When a
thin oxide layer is used on the substrate, electron tunneling
through the barrier happens fast enough such that an electric
equilibrium between the sample and the Si substrate is estab-
lished within the experimental time scale.15 With the establish-
ment of Fermi level alignment and the measurement of vacuum
level shift, the position of Fermi level within the organic
semiconductor band gap can be extracted.

Experimental Section

Pentacene thin films on SiO2 were prepared by thermal
deposition in high vacuum. Degenerately doped silicon sub-
strates with thermally grown oxide layers (IBM Research,
Yorktown Heights, NY) were first sonicated twice in chloroform
for 10 min and then cleaned in UV-ozone for 30 min. The
substrates were quickly loaded into a vacuum chamber (5×
10-9 Torr) and heated at 300°C for 2 h. The substrates were
then held at 30°C and pentacene was evaporated in the same
chamber at a rate of 0.1 monolayers per min for∼2 min to
deposit submonolayer pentacene islands.

The as-evaporated sample was transported in atmospheric
ambient from the evaporation chamber to the EFM chamber in
about 10 min. The EFM experiments were conducted over a
period of days in a JEOL A4500 UHV (1∼ 2 × 10-10 Torr)
AFM using tungsten carbide coated conducting AFM tips
(MikroMasch, Portland, OR). In the EFM experiments, the AFM
operates in the intermittent contact mode with the tip touching
the sample at the bottom of its 4-nm oscillation cycles. Unlike
ambient EFM in which the electric force gradient is obtained
in a separate scan line from the topography,16 the JEOL vacuum
EFM simultaneously obtains the topography and electric force
gradient in one scan line with a bias voltage applied throughout
the scan. The total force on an EFM tip is the combination of
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the capacitive force, the Coulomb interaction, the van der Waals
force, and the hard-sphere repulsion:

whereFVDW is the van der Waals force,Fhs is the hard-sphere
repulsion when the tip and the sample are in very close contact,
Vb is the bias voltage applied to the sample,æ is the surface
potential difference between the tip and substrate, andC is the
tip-sample capacitance including Si substrate and SiO2 dielec-
tric only. Ez is the static field due to charges or multipoles of
the sample excluding the field of charges accumulated on
capacitor plates, namely, the tip and the substrate under bias
voltages.Ez has two components,Ez

S due to static charges and
multipoles, andEz

ind, due to polarization induced in the sample
by the bias field. The sign of vectors such as force and field is
assigned to be positive when pointing away from surface.

The EFM detects the shift in tip resonance frequency∆ν due
to force gradients. When the van der Waals force and the hard-
sphere repulsion dominate the overall interaction, the sample
surface topography is followed by the tip via a feedback loop
that controls the Z-piezo displacement to hold the tip resonance
frequency at a constant, typically 10-20 Hz higher than the
free resonance (this feedback is different from the usual
amplitude feedback in ambient AFM). The electric force
gradient is measured by adding a small low-frequency modula-
tion to Vb and demodulating the frequency shift signal with a
lock-in amplifier. We chose the phase of the lock-in amplifier
to follow the convention that darker portions in the E-force
gradient images represent regions of relative potentials that are
more negative than those in the lighter areas, or equivalently,
the latter are more positive.11

SKPM measurements are carried out in true noncontact mode,
in which a negative frequency shift set point is used. The tip
oscillates within the attractive force regime.

Results

A. 25-nm-Thick Oxide. Figure 1 shows EFM images of a
pentacene sample deposited on n-type Si with a 25-nm silicon
dioxide taken with a bias voltage ranging from-0.8 to +0.4
V. In these images, the contrast between the bare oxide surface
and the pentacene island is strongly dependent on the applied
bias voltage. At zero bias (Figure 1d), the pentacene island
appears brighter than the SiO2 background. This indicates the
scanning probe feels an electric field with the direction of
positive charges or electric dipoles with the positive end pointing
out of the surface or, equivalently, the surface potential on the

pentacene island is higher than that on the SiO2 background.
The bias dependent contrast is illustrated in electric force line
profiles shown in Figure 2a. At zero bias, a contrast of∼7 V
in lock-in output, which serves as an arbitrary unit for electric
field gradients in this discussion, is observed. When negative
bias voltages are applied to the sample, the difference in electric
force gradient becomes smaller. At-0.6 V bias, little contrast
is seen between the pentacene island and the oxide surface and
at an even more negative voltage of-0.8 V, the contrast in
electric force gradient is reversed. On the other hand, the
observed contrast in electric force gradient is enhanced at
positive applied bias. The average force gradient as a function
of bias is more accurately measured by reading the lock-in
output and averaging over longer time while the tip resides either
on the pentacene or on the oxide. The results are plotted in
Figure 2b.

B. 2-nm-Thin Oxide. The interface properties were drasti-
cally different for thin 2-nm oxides. As shown in SKPM images
in Figure 3, the surface potential of pentacene becomes lower
than the oxide on an n-type substrate (Sb-doped, 0.008-0.03
Ω-cm) with a 2-nm oxide, as opposed to being higher than the
oxide for a 25-nm-thick oxide layer on the same n-type substrate.

Figure 1. EFM images of pentacene islands on 25-nm SiO2 at
various bias voltage (a)-0.8 V (b)-0.6 V (c)-0.5 V (d) 0 (e) 0.2 V
(f) 0.4 V. The scan size for all images is 800 nm.

Figure 2. (a) Electric force profile across the pentacene island at the
cross section labeled in Figure 1d. The offset in the pentacene island
position is due to the scanner drift among the scans. (b) Electric force
gradient averaged over a long time on pentacene and on silicon dioxide
at various bias voltages.

Figure 3. Kelvin probe images of the pentacene islands: (a) and (c)
on n-type Si with 2-nm SiO2; (b) and (d) on p-type Si with 2-nm SiO2.
Scan size: (a) and (b) 3µm; (c) and (d) 1.5µm.

FEFM ) 1
2

dC
dz

(Vb + æ)2 - EZC(Vb + æ) + FVDW + Fhs

Electrostatic Field and Partial Fermi Level J. Phys. Chem. B, Vol. 109, No. 5, 20051835



The contrast is reversed on a p-type substrate (B-doped, 0.005-
0.01 Ω-cm) with a 2-nm oxide. Statistics on multiple images
shows that the pentacene surface potential is 0.09 V lower than
SiO2 on the n-type substrate while it was 0.18 V higher than
SiO2 on the p-type substrate. The relative positions of the
vacuum level of pentacene and SiO2 on p- and n-type Si
substrates with respect to the vacuum level of the scanning
probe were obtained from these images and are summarized in
Table 1.

After the SKPM imaging in UHV over 2 days, we filled the
chamber with about 0.1 Pa (0.75 mTorr) of oxygen and the
pentacene samples were imaged again with SKPM for about
2 h. The resulting images have no apparent changes from the
images in UHV. A short exposure to oxygen has no measurable
effect for our samples which have been previously exposed to
ambient, other than an overall shift in the vacuum level of
∼0.4 eV (Table 1).

Discussion

Interface Dipole on Thick Oxide. The observed contrast in
Figure 1 shows a significant difference between the electrostatic
fields on the pentacene island and on the SiO2 substrate. The
contrast does not appear to arise from bias-dependent charging
of the pentacene island. This notion is based on the following
observation. Work function, ionization potentials, and electron
affinity data for pentacene and W2C (the tip material)17,18suggest
that the Fermi level of the tip lies well within the pentacene
band gap and charging the pentacene should not be possible
for moderate biases as there are no available states that would
enable tunneling of charge between tip and sample. While we
cannot rule out entirely the presence of trapped positive charges,
the uniformity of the signal across the island suggests that such
fixed charge cannot explain the observed contrast. We propose
here that the contrast is due to an interfacial dipole in the
pentacene. The measurement does not distinguish whether the
dipole extends into the pentacene or appears locally between
the oxide and the pentacene monolayer. However, we have no
evidence for a dipole localized at the interface. Instead, we argue
for a dipole across the pentacene layer that arises from contact
potential differences between the SiO2 and the pentacene layer
and the polarizabilty of the pentacene. The shift of charge upon
contact between two dielectrics depends on their respective
charge neutrality levels (CNL), which for SiO2 has been
calculated to be 4.8 eV below the vacuum level, or nearly
midway between the valence and conduction bands.19 Assuming
that the CNL of pentacene lies similarly near midgap or 4 eV
below the vacuum level, the electron density would consequently
shift toward the SiO2 interface leaving the vacuum end of the
pentacene molecules more positive. The resulting dipole exhibits
the correct polarity that can be inferred from the experiment,
that is, an enhanced (brighter) contrast than that observed on
the SiO2. Applying a positive bias enhances the charge separa-
tion in the pentacene presumably because of its greater polar-
izability. A negative bias diminishes and even reverses the

dipole, with some evidence of contrast reversal seen in Figure
1a for the largest (-0.8 V) bias. The electric field gradient is
changed as well on the SiO2, as can be verified by the line
profiles in Figure 2a.

Spatial variation in the EFM images over SiO2 exceeds
instrument noise and reflects real fluctuations of the surface field
gradient. The local variations are very similar to previous studies
on SiO2 that were assigned to individual charge centers and
trapped states.11,12 The fluctuations on pentacene islands are
consistently smaller than those on the SiO2 background. This
suggests that the interface dipole is evenly distributed over the
entire island and the inhomogeneous field that originates from
charge centers in SiO2 becomes smoother on pentacene islands.
The latter could be due to two reasons: (1) the EFM tip is 1.8
nm further away from the charge centers and thus experiences
a more smeared field; and (2) the pentacene monolayer screens
the field from underneath.

The measured electric field gradient as a function of bias
voltage shows a linear response as expected (Figure 2b). The
slope of the linear response curve is greater when measured
above pentacene islands because of the polarization contribution
of the pentacene layer. Surface potential differences between
the tip and sample can be obtained from Figure 2b by mea-
suring the intercept of the linear response curve on the bias
voltage axis. We obtain a tip surface potential of 0.05 V higher
than that of SiO2 but 0.45 V lower than that of pentacene. The
surface electrostatic potential also defines the vacuum level in
the electronic band structure of materials.20 Therefore, the
vacuum level on pentacene is 0.5 V lower than that on silicon
dioxide. The interfacial dipole creates a misalignment between
the vacuum levels of the two materials.

Is this large interfacial dipole consistent with other results?
Interfacial dipoles are commonly observed at organic/metal
interfaces;20-22 for example, photoemission spectroscopy shows
dipoles between pentacene films and samarium23 and between
pentacene and Au(111).24 On the other hand, some organic/
organic interfaces show no interface dipole while others have
dipole shifts of 0.1-0.5 eV. There is no general theoretical
understanding of these data.21 Our 0.5 eV interfacial dipole
between SiO2 and pentacene contradicts the conclusion of a
recent photoemission study of pentacene on an unannealed, 1-nm
wet chemical oxide;25 also, our pentacene sample was air-
exposed unlike their study. We discuss this paper in the
following section on thin oxides.

If the interface dipole is affected by environmental factors
such as moisture and oxygen, or alternatively, if it is altered by
device operation such as in bias-stress experiments, then a shift
in TFT device gate bias would be required to reach the same
net field in the pentacene channel. This represents a plausible
explanation for observed rigid shifts in the transconductance
characteristics.3,8

Partial Fermi Level Pinning at the Pentacene SiO2

Interface. Table 1 shows that the vacuum level of bare SiO2

on an n-type Si substrate (Sb-doped, 0.008-0.03Ω-cm) is about
0.46 V higher than that on a p-type Si (B-doped, 0.005-0.01
Ω-cm). Since the substrate is electrically wired to the scanning
probe, this difference reflects the Fermi level difference between
the two substrates when they are electrically isolated. The 0.46
eV surface Fermi level difference is significantly smaller than
the 1.1 eV Si band gap. A reduced Fermi level swing at the
interface compared to the bulk is frequently seen in Si/SiO2

26

and attributed to band bending at the Si/SiO2 interface. Previous
UHV SKPM and C-V measurements show that Si dangling
bond states at the interface causes a net space charge region

TABLE 1: Relative Vacuum Level with Respect to the
Scanning Probe in UHV and in 0.1 Pa O2

in UHV SiO2 pentacene

p-Si -0.37 V -0.19 V
n-Si 0.09 V 0

in O2 SiO2 pentacene

p-Si -0.77 V -0.61 V
n-Si -0.3 V -0.38 V
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that is different in n-type and p-type Si and reduces the
difference between them. The Fermi level is partially pinned.12,27

Since the 2-nm oxide is thin enough for electrons and holes
to tunnel across at the experimental time scale, an electric
equilibrium is reached and the Fermi level is aligned across
the 2-nm oxide layer. This contributes to the vacuum level shift
above the pentacene in addition to the intrinsic interfacial dipole
at the pentacene/SiO2 interface (as on the thick oxide). In one
extreme scenario, the pentacene/SiO2 interface could be com-
pletely clean with no gap states, and the Fermi level is thus
free to move with respect to the pentacene band structure at
the interface. In this case, the Fermi level alignment requirement
does not affect the vacuum level; therefore, the overall interface
dipole and the vacuum level shift should be independent of
whether the Si substrate was n-type or p-type, and the surface
potential difference between the two substrates would remain
0.46 V. In the other extreme scenario, the Fermi level could be
completely pinned at the interface because of high density of
gap states. In this case, Fermi level alignment across the thin
oxide would require an extra component of interfacial dipole
that shifts the whole band structure of pentacene with respect
to that of Si and SiO2. The observed total vacuum level shift
between the SiO2 and pentacene will then depend on the doping
of Si substrate, but the surface potential difference between the
two substrates on pentacene islands would become zero because
the Fermi level is pinned down.

The experimentally observed pentacene/SiO2 interface be-
haves between these two limiting cases of no gap states and a
high density of gap states. The Fermi level difference on
pentacene islands between the n- and p-type substrate is 0.19
eV (Table 1). Compared to the 0.46 eV difference on bare SiO2,
the Fermi level difference is reduced on pentacene but not yet
completely pinned. Of significance, however, is the observation
that most of the reduction occurs for the p-type substrate. We
suggest that electronic states, specifically hole traps at the SiO2/
pentacene interface (or in the pentacene islands), are populated
by charge transfer across the oxide. Such population results in
an extra interfacial dipole, which shifts the energy of all levels
in the pentacene band structure until the Fermi level aligns with
that of Si across the oxide. The n- and p- type Si substrates
differ by 0.46 eV in the Fermi level; thus, the amount of extra
interfacial dipole and the resulting overall vacuum level shift
also differ on the two substrates. The observed 0.19 eV shift
indicates the density of gap states is just enough for a partial
Fermi level pinning at the interface.

C-V measurements show that the Si/SiO2 Pb centers generate
a symmetric interface state density within the gap;27 therefore,
we approximate the Fermi level at the Si/SiO2 interface to be
atEc - 0.3 eV andEv + 0.3 eV for n-type and p-type substrates,
respectively. With the knowledge of the conduction band offset
between the Si and SiO2 of 3.2 eV,26,28 the electron affinity of
SiO2 of 0.95 eV,29 and the electron affinity of pentacene of 2.9
eV,18 we estimate the Fermi level at the pentacene/SiO2 interface
to beEc - 1.6 eV, or equivalently,Ev + 0.6 eV on n-type Si
andEc - 1.9 eV orEv + 0.3 eV on p-type Si substrate. The
observed Fermi level, which averaged between n- and p-type
substrates, lies around 0.45 eV aboveEv and is similar to that
reported in recent experiments on pentacene single-crystal
TFTs.30

What causes these additional gap states associated with
pentacene? Recent density functional calculations show that
chemical impurities induced by hydrogen, oxygen, or moisture
give rise to electrically active gap states in pentacene solid.31

In this connection, ambient exposure affects transport in organic

TFTs.32 We exposed the sample to 0.1 Pa of oxygen for a short
time (<2 h) as a first attempt to examine the oxygen effect on
the pentacene/SiO2 interface. As shown in Figure 3 and Table
1, no significant change in surface potential difference between
pentacene and SiO2 was observed on either n- or p-type
substrate. The vacuum levels relative to the probe tip (Table 1)
become about 0.4 V lower than that in UHV, on both SiO2 and
pentacene. Considering that the sample was exposed to the
ambient for about 10 min before the UHV measurement, the
interface could be rather insensitive to further exposure to
oxygen. The recent pentacene/SiO2 photoemission study em-
ployed a 1-nm SiO2 layer prepared using wet chemistry, without
further annealing to remove the dangling bonds.25 Considering
the very thin oxide, the Fermi level of the pentacene/SiO2

interface should align with that of the Si/SiO2 in their sample.
It seems likely that the high density of Pb centers pins the Fermi
level around the center of the Si band gap in the sample and
leads to an apparent vacuum level shift (at the pentacene/SiO2)
between what we observe in our n- and p-type substrates.

Conclusion

We find a pentacene/SiO2 dipole of about 0.5 V on the thick
oxide, whose origin is attributed largely to intrinsic contact
potential differences between SiO2 and pentacene. On the thin
oxide, this dipole is modified by an additional interface dipole
of opposite direction that is associated with charge transferred
across the thin oxide, that is, Fermi level alignment. The
observation of partial Fermi level pinning at 0.3-0.6 eV above
the pentacene valence band indicates that there are gap states,
predominantly hole traps associated with pentacene in this
energy range. It will be important in the future to study how
these states vary with exposure to ambient. Our study demon-
strates the usefulness of EFM and SKPM in interface studies
on insulating substrates.
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