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ABSTRACT

Electrostatic force microscopy shows that the electric field gradients above pentacene monolayer islands on 2-nm SiO 2/Si substrates, in a
dark, dry nitrogen environment, display a wide distribution of signs and magnitude that is dependent on sample history. Under 12 mW/cm 2

green (532 nm) illumination, pentacene islands accumulate positive charge because of photoexcited electron transfer across the oxide to the
Si substrate. At a strong illumination of 60 mW/cm 2, pentacene islands reform into small spherical particles, apparently because the positive
charge Coulomb repulsion energy becomes comparable to the cohesive energy of the pentacene monolayer.

Introduction. Organic electronics use films of weakly
interacting,π-bonded molecules to construct inexpensive
thin-film transistors (TFTs), typically for lightweight and
flexible displays.1-4 Among these, conjugated small mol-
ecules such as pentacene and sexithiophene have demon-
strated some of the best charge transport properties.5,6

Organic TFT devices work in the accumulation mode in
which current modulation is confined to the interface layer
with gate dielectrics.7 Recent works report that the hole
mobility approaches typical organic FET values when the
film thickness reaches two monolayers in sexithiophene
devices, or six monolayers in pentacene devices.8,9 The
interface is critical; for example, hydroxyl groups at the gate
interface introduce electron trap states in polymer TFTs;10

passivation of hydroxyls on SiO2 effectively reduces the
density of the interfacial trapping states.11

We try to understand the kinetic and equilibrium aspects
of pentacene charging at this interface. Scanning probe
methods have been used to study the microscopic electronic
origin of device parameters observed in transport measure-
ments. Using electrostatic force microscopy (EFM), Marohn
et al. found that hole traps exist within pentacene grains as
well as at grain boundaries in an operating pentacene TFT
device.12 The Vuillaume group studied electron and hole
injection from an AFM tip into pentacene monolayer
islands.13 Previously, we observed a substantial interface
dipole at the monolayer island pentacene/SiO2 interface in

UHV on thick oxides and pentacene induced gap states on
thin oxides.14 We now report pentacene laser photoionization
on thin (∼2 nm) thermal oxides, where electronic equilibrium
with the underlying silicon is possible. This allows us to drive
the system far from equilibrium so that the resulting
relaxation kinetics might be followed. Here, we report
photoinduced charging behavior under nitrogen atmosphere
as a function of prior ambient exposure.

Experimental Section.Monolayer islands of pentacene
(1.8 ( 0.2 nm) were deposited via thermal evaporation in
high vacuum on degenerately doped n-type Si (Sb-doped,
0.008-0.03Ω cm) and p-type Si (B-doped, 0.005-0.01Ω
cm) substrates with a 2-nm thermally grown oxide layer
(IBM Research, Yorktown Heights, NY) using a procedure
described previously.14 After deposition, samples were
exposed to ambient atmosphere for about 2 h. Electrostatic
force microscopy (EFM) images were taken using a Digital
Instruments Nanoscope IIIa MultiMode AFM (Santa Barbara,
CA) in a dry nitrogen box (MBruan Inc., Stratham, NH,
moisture and oxygen level less than 1 ppm). For each image
line, a normal tapping mode AFM scan without applied
voltage was first performed to obtain the sample topography.
This was followed by an EFM line scan in which the tip
was lifted to a constant height,Zlift , of 10 nm above the
sample surface, while a bias voltageV ) Vdc + Vac sin(ωt)
was applied.15 Typically, aVdc value between-0.1 and-0.3
V is used to balance the surface potential difference between
the tip and the SiO2 substrate, and aVac of 3 V is applied to
ensure strong EFM signals. Pt-Ir coated EFM tips (nanosen-
sor EFM20) from Molecular Imaging (Phoenix, AZ) with
resonance frequencies around 65 kHz were used. EFM probe
spring constants were measured to be around 1.2 N/m.16 The

* Corresponding author. E-mail: lwchen@helios.phy.ohiou.edu.
† Current address: Ohio University, Department of Chemistry and

Biochemistry, Athens, OH 45701.
‡ Current address: Columbia University, Department of Biological

Sciences, New York, NY 10027.
§ Current address: Harvard University, Department of Chemistry and

Chemical Biology, Cambridge, MA 02138.

NANO
LETTERS

2005
Vol. 5, No. 11
2241-2245

10.1021/nl051567m CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/01/2005



capacitance of each individual tip with the substrate was
calibrated as described previously.15 Overall, these measure-
ments allowed us to convert measured force gradients to
absolute charge on the films accurately, as explained in the
Supporting Information. Samples were photoexcitated with
a 20-mW 532-nm CW laser (Information Unlimited, Am-
herst, NH, Model no. LM532P20) at grazing angle incidence.
Scanning Kelvin Probe Microscopy (SKPM) was performed
with the DI software package, and the surface potential
measurements were cross-checked by theVdc bias voltage
that zeros the EFM signal. SKPM differs from EFM in that
feedback is applied to the tip bias after the force gradient is
measured.

Results.In the Dark.Pentacene absorbs visible light. With
ambient light blocked, most as-deposited pentacene islands
on a p-type Si substrate (Figure 1A and C) show a static
electric field above their surface corresponding to a negative
charge or an electric dipole with the negative end pointing
toward the tip. There are a few exceptions that show the
opposite (Figure 1A). However, most pentacene islands on
n-type substrates show positive charges (Figure 1B and D).
The E-field gradients above the pentacene islands on both
p- and n-type Si have broad distributions. Less than 3% of
islands show electric fields opposite to the majority depend-
ing on the sample history. Figure 1E shows that for the
samples that had been exposed to air for∼2 h and then stored
in a dry nitrogen box for ca. 3 h the E-field gradient is
relatively weak and close to neutral. The signal becomes
stronger after two weeks in nitrogen with samples on p-type
substrates acquiring more negative charge, and the samples
on n-type substrates acquiring more positive charge. After
two weeks in the dry nitrogen box, all islands on a given
sample show the same sign charge. The measured force

gradients shown in Figure 1 correspond to E-field gradients
on the order of 1014 V/m2 (Supporting Information), using
an EFM tip having a capacitance of ca. 3× 10-18 F when
lifted ∼10 nm above the substrate.15

The band alignment at the SiO2/pentacene interface in the
nitrogen environment is measured using SKPM. The surface
potential of the pentacene islands is 0.1 V higher than that
of the SiO2 background on n-type substrates, but 0.05 V
lower on p-type substrates. The surface potential variation
among islands in the dark is much less than 0.1 eV, and
thus does not change the band alignment significantly.

Moderate Illumination.Under ca. 12 mW/cm2 green
illumination, the E-field gradient signal above pentacene
islands on both n- and p-type substrates shifts up (Figure
2), indicating an accumulation of positive charge. The
pentacene islands that are negatively charged on p-type
substrates (Figure 2A) become nearly neutral upon illumina-
tion, with a few islands becoming slightly positive (Figure
2B). The islands that are positively charged in the dark on
n-type substrates (Figure 2C) become more positive (Figure
2D). Figure 2F shows the time evolution of an EFM signal
averaged over five islands during an excitation and relaxation
cycle. Both the rise and the decay can be fit with single
exponentials for samples on both n- and p-type substrates.
For the sample on an n-type substrate, rise and decay time
constants of 28 and 34 min are obtained. On the p-type
substrates, we obtained rise and decay time constants of 35
and 37 min, respectively. After about 2 h, the EFM signal
decays back to the same level as before illumination in both
samples. Thus, under laser illumination a photostationary
charged state is achieved. At this intensity, we observed
experimentally that slightly increasing the laser intensity
leads to a higher photostationary positive charge.

Figure 1. (A-D) Electric field gradient images of pentacene monolayer islands on Si substrates with 2-nm thermal oxide in the dark. The
height of the islands is 1.8( 0.2 nm. (A and C): p-type Si substrate; (B and D): n-type Si substrate. (E) Sample history dependence of
the E-field gradient statistics. All samples were exposed to the ambient for∼2 h prior to storage in a dry nitrogen box.
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Stronger Illumination.Drastically different behavior, a
change in topography, is observed upon∼ 60 mW/cm2

illumination of samples on n-type substrates, where, as
discussed above, the residual charge in the dark is initially
positive. At this intensity, an order-of-magnitude estimate
indicates that each pentacene molecule is excited∼4 times
per second. The topography image (Figure 3A) shows
circular regions (∼10 µm in diameter) with many small

spherical particles 5-8 nm in height. These round particles
are created by illumination. There are also a few of these
round spherical particles in the area surrounding the circular
regions. Spherical particles are not seen in samples on p-type
substrates whose charge is initially negative. The particles
appear during the first scan (less than five minutes) after
the CW laser is turned on, and remain after the laser is turned
off. In the circular regions with many particles, the remaining

Figure 2. Photoinduced charging of pentacene monolayer islands at 532 nm. (A and C): EFM images in the dark; (B and D): EFM
images with the laser on (12 mW/cm2). (A and B): pentacene on p-type Si substrate; (C and D): pentacene on n-type substrate. (E)
Histograms of E-field gradient above pentacene islands in the dark and under steady-state 532-nm illumination. (F) Red traces: average
time trajectory of the E-field gradient on five islands when the laser is turned on and off. Blue traces: single-exponential fit of the average
time trajectory.

Figure 3. (A) Topography and (B) E-field gradient images of pentacene monolayer islands on n-type Si after 60 mW/cm2 illumination at
532 nm. Statistical distribution of island size and E-field are shown in C and D, respectively. Green: distribution of the sample in the dark;
red: distribution after strong illumination in areas without the spherical particles; blue: distribution after strong illumination in areas with
spherical particles.
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pentacene islands are smaller, (5.6( 3) × 104 nm2 in area
as compared with (11( 3) × 104 nm2 (Figure 3C) before
illumination. We tentatively conclude that round pentacene
particles have been formed from molecules initially in the
monolayer islands. The pentacene islands before illumination
generate a relatively high EFM signal of (1.2( 0.6)× 1014

V/m2. Under the strong laser light, the surrounding region
with few spherical particles accumulated high charge that
caused an EFM signal of (2.3( 0.6)× 1014 V/m2. However,
in the circular region with the particles, the E-field gradient
on pentacene islands is only (1.7( 0.6)× 1014 V/m2 (Figure
3B and D).

Discussion.In the Dark.The electric force gradient above
pentacene islands in the dark is typically on the order of
10-4 N/m. If the pentacene islands are modeled as 1.8-nm-
thick disks 300 nm in diameter with a uniform dipole density
that extends from the pentacene/SiO2 interface to the mid-
height of the pentacene disk, then an E-force gradient of 5
× 10-4 N/m at the 10-nm lift height would require a dipole
density of 1× 1018 D/m2 or 0.24 D/molecule. This dipole
density corresponds to 5.5× 10-3 elementary charges
separated by 9 Å across the molecular axis. Alternatively, if
the 5× 10-4 N/m E-force gradient were to originate from
pure charge with its partial image charges in the substrate
(as described in the Supporting Information), then a uniform
charge density of 0.0024 C/m2 located 0.9 nm above the SiO2

surface across the disk is necessary. This corresponds to 3.6
× 10-3 positive elementary charges per molecule, or, a total
of about 1000 positive charges in the 300-nm-diameter
pentacene disk (Supporting Information). This dark, back-
ground charge density is higher than the recently reported
1.3 × 10-4 e/molecule “remnant charge” on pentacene
islands on 4-nm-thick SiO2, but lower than that on Si
substrates with native oxide (1.1× 10-2 e/molecule).13

These initial dark electric field gradients depend on gas
exposure. The majority of pentacene islands on both p- and
n-type substrates imaged here give E-field directions opposite
of those of similar samples (on the same batch of substrates)
that we imaged previously in UHV.14 Pentacene on n-type
silicon imaged in UHV displays a negative E-field gradient;
after 2 h of exposure to ambient during sample transfer, the
same sample shows neutral to slightly positive E-field
gradient in the dry nitrogen box. The difference between
UHV and nitrogen, and the slow drifting of the E-field signal
in dry nitrogen (Figure 1E) may result from slow charge
transfer related to trace oxygen or water physically trapped
in the pentacene. In this context, note that “dry nitrogen” in
principle may still have milliTorr levels of oxygen and water
vapor. Previous EFM measurements on carbon nanotubes
adsorbed on Au surfaces showed contact potential differences
and net charges that were strongly sensitive to exposure to
the atmosphere.17

The variability of pentacene charge on a given substrate
may be partially due to nearby random positive and negative
fixed charge in the oxide.18,19 These static charges give rise
to heterogeneous local fields and have been shown to polarize
spin-coated nanoparticles.20

Moderate Illumination.The EFM measurements shown
in Figure 2 indicate that the pentacene film accumulates a
positive charge upon illumination at 532 nm. After the laser
is turned off, the EFM signal decays back to original levels.
This suggests a reversible charging and discharging process.
The photon energy of the 532-nm light is 2.3 eV, greater
than the 2.2 eV band gap of pentacene thin film. The simplest
explanation is that electrons tunnel to the Si substrate from
the optically created excited electronic state of pentacene.
The band diagram at the interface based on the surface
potential measured in a nitrogen box is shown in Figure 4.
The 532-nm light excites electrons to the pentacene conduc-
tion band and leaves holes in the valence band. The electrons
in the conduction band have a higher probability of tunneling
across the oxide barrier to the Si because there are empty
states in the Si conduction band at the same energy. However,
the hole states at the valence band maximum roughly align
with the top of the valence band of the n-type Si substrate,
about 0.15 eV above the top of the p-type Si valence band;
therefore, the density of states available in Si for holes to
tunnel is much smaller than that for electrons. A previous
study of CdSe/CdS core-shell nanocrystal optical excitation
using the same 2-nm oxide substrates used in this study also
showed positive photocharging, with similar rise and decay
times on the time scale of 1 h.21,22With pentacene, however,
we do not observe the strong difference in rates between n
and p substrates that was seen previously for the nanocrystals.

Strong Illumination.The pentacene island size distribution
(Figure 3C) reveals that the average island size is reduced
when small spherical particles are produced. This suggests
that pentacene partially reforms into particles. The small
particles only appear when n-type samples that originally
bear strong positive E-force gradient signals (∼ 1.2× 10-3

N/m) in the dark are illuminated with a strong laser light.
Photogeneration of particles results from highly charged
pentacene islands. Indeed, the nearby sample regions (with
fewer particles) have an average of 2.3× 10-3 N/m E-force
gradient on pentacene islands after illumination, which is

Figure 4. Illustration the pentacene/SiO2 interface energy band
alignment in nitrogen and the mechanism of pentacene monolayer
charging.
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the highest value seen among all of the samples and all of
the conditions in this study. This corresponds to a charge
density level of 2× 10-2 positive charges/molecule. These
positive charge levels are more than an order of magnitude
larger than those created previously by tip charging.13

A possible mechanism is Coulombic “explosion” as
positive charge continues to increase in a van der Waals
bonded monolayer. The cohesive energy of the pentacene
monolayer islands is roughly the sublimation enthalpy,∼184
kJ/mol at 25°C.23 With the lattice unit cell volume of 692
Å3 each containing two molecules, we calculate the cohesive
energy for a 300-nm diameter circular disk of monolayer
pentacene to be about 1× 10-13 J. However, a 2.3× 10-3

N/m E-force gradient at the disk center corresponds to a
charge density of about 0.012C/m2, which is equivalent to
about 4800 charges distributed evenly in the disk (1 positive
charge per 14 nm2). The total energy needed to assemble
this charge distribution is calculated to be 1.5× 10-14 J
(Supporting Information), about one-sixth of our approximate
cohesive energy. This order-of-magnitude estimate suggests
that it is possible that further photocharging of the islands
may lead to island disintegration.

Conclusions and Remarks.The EFM signal on pentacene
islands in dry nitrogen shows a wide distribution and strong
sample history dependence. This indicates that charging at
the pentacene/SiO2 interface is highly sensitive to the gaseous
environment (likely trapped oxygen and moisture) as well
as the charge heterogeneity of the substrate. Photocharging
of the pentacene islands reveals that electronic equilibrium
across the 2-nm thin SiO2 dielectric layer occurs on a time
scale of minutes to hours. This points to the important issue
of gate leakage in the scaling down of organic electronic
devices. Further, the charge-induced dissociative explosion
of the pentacene islands suggests that film stability is a
concern in monolayer films of van der Waals bonded organic
semiconductors when subjected to high field.
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