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rganic molecules are commonly

used as functional components in

flexible, lightweight, and cost-ef-
fective electronic devices."? For a variety
of s-conjugated molecules, field-effect mo-
bilities that surpass that of polymorphous
silicon have been achieved>* Recently,
n-type molecular semiconductors on che-
mically modified gate dielectric surfaces
have been used to control the polarity and
density of charge carriers in organic thin
film transistors (OTFTs).> This shows the
potential for applications based on organic
electronic materials.

OTFTs are interface devices in which
charge transport occurs within the first
few layers of molecules that are in close
contact with the gate insulator.® ® How-
ever, the electrical properties of these
ultrathin layers remain largely unknown
because of the lack of reliable characteriza-
tion techniques. For pentacene on dielectric
substrates, it is difficult to obtaining high-
quality films with large-scale structural uni-
formity and integrity. The polycrystalline
morphology of pentacene impedes the ap-
plication of spatially averaged measure-
ments and complicates the interpretation
of electrical transport characteristics.'"!
Although photoelectron spectroscopy has
been used to investigate the band struc-
tures of organic ultrathin film grown on
conductive substrates,'? direct measure-
ments of the electrical properties of organic
materials on gate dielectrics are necessary
for an in-depth understanding of the funda-
mental processes that affect the operation
and performance of OTFT devices.

Here we present an electrical character-
ization of a single layer of an organic semi-
conductor grown on a dielectric surface
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ABSTRACT We report the electrical characterization of a single layer of an organic semi-
conductor grown on a dielectric surface. The dynamic response of the charge carriers in the
monolayer film of pentacene was characterized through the electrostatic interactions between an
electric force microscope (EFM) probe and pentacene islands of various sizes. These islands were
formed in situ by segmenting a coalesced pentacene monolayer into separated regions. The size-
dependent dielectric responses of the pentacene islands suggest that mobile charges exist in the
organic monolayer. Local capacitance spectroscopy revealed that the charge carriers in the p-type
pentacene monolayer could be depleted at high bias voltages, enabling a further determination of
the charge-carrier concentration in the organic semiconductor ultrathin film.

KEYWORDS: electric force microscopy (EFM) - organic semiconductor - pentacene -
charge carrier - monolayer film - dielectric substrate

using an approach based on electric force
microscopy (EFM). EFM is a versatile and
spatially precise method for studying the
electrostatic inhomogeneities in crystal-
line grains at grain boundaries,'"'*"1°
the potential profile near organic hetero-
junctions,''® and at organic/electrode
interfaces.’® %' We used the imaging and
lithography capabilities of EFM to investi-
gate the dynamic response of the charge
carriers in a monolayer film of pentacene. By
measuring the electrostatic interaction be-
tween the EFM probe and the pentacene
islands of various sizes in the monolayer, we
showed that mobile charges exist in the
organic monolayer on the oxide substrate.
The capacitance—voltage characteristics of

the pentacene monolayer further allow fora  *Address correspondence to

quantitative measurement of the charge-
carrier concentration in the organic semi-
conductor ultrathin film.

RESULTS AND DISCUSSION

A schematic of the experimental setup is
shown in Figure 1a. Figure 1b shows a
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Figure 1. (a) Schematic of the experimental setup. (b)
Topographic, (c) Av(1w), and (d) Av(2w) images for the
pentacene submonolayer grown on the SiO, substrate. All
three images were acquired simultaneously. Images of

(e) Av(1w) and (f) Av(2w) after charge injection at the
pentacene grain marked with a cross in (b). The tip lift
height was 10 nm when the Av(1w) and Av(2w) images were
acquired. The tip was biased at 0.5 V to zero out the contact
potential between the tip and substrate in the measure-
ments. The Z-scale bar for (b) corresponds to a height
variation of 2 nm.

topographic image of the pentacene submonolayer
film on a degenerately doped Si substrate with a
250 nm thick SiO, layer, exhibiting a polycrystalline
morphology resulting from the Stranski—Krastanov
growth mode.?*?* The molecular orientation and grain
morphology of the first layer of pentacene depend on
the pentacene—substrate interactions.” The micro-
meter-sized grains have a height of 2 nm, which
indicates the near-vertical orientation of pentacene
molecules on the SiO, substrate.® At higher coverage,
the pentacene grains grew laterally and intercon-
nected with each other. The multilayer pentacene film
had a field-effect mobility of 1.0 cm? V™' 57" in the
saturation region.?*

Figure 1¢d shows EFM images that were taken
simultaneously with the topographic image, which is
shown in Figure 1b. The EFM signals, Av(1w) and
Av(2w), measure the electric force gradients asso-
ciated with the charges/dipoles and the polarization
responses of the samples, respectively.?>?® The differ-
ence in Av(1w) for the pentacene grains and bare SiO,
surface (Figure 1c) can be attributed to the induced
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Figure 2. (a) Topographic and (b) Av(2w) images of the
pentacene monolayer grown on the SiO, substrate. (c)
Coalesced pentacene film was segmented into multiple
islands by physically removing the molecules at the crys-
talline boundaries. (Some residue was present at the edge
of the pentacene islands after the lithography process.) The
Z-scale bar indicates a height variation of 10 nm. (d) Image
of Av(2w) corresponding to (c). (e) Plots of Av~ "2(2w) vs S~
measured for pentacene islands of various sizes. The data
shown by solid squares were measured on the corre-
sponding islands shown in (d). The data shown by hollow
circles correspond to the islands formed during the inter-
mediate steps in the lithography process. The dashed line is
the curve fitted using the series capacitor model shown in
the inset. The error bars denote the Av(2w) signal fluctua-
tions measured at different locations on each pentacene
island. The areas of the segmented regions were calculated
using the topographic image and the SPM software
package.

dipole at the pentacene/SiO; interface. This dipole is
induced by the difference in the work functions of the
materials."""® The spatial variation in Av(1w) for the
different pentacene islands is insignificant despite the
variation in the crystallographic orientation of the
crystalline grains. These findings are similar to those
of Chen et al."* However, in contrast to the homoge-
neity seen in Figure 1c, the value of Av(2w) varied
significantly for the pentacene islands (Figure 1d).
Because the Av(2w) EFM signal corresponds to the
polarizability of the samples underneath the EFM
probe,?® it is somewhat surprising to find that the
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Figure 3. (a) Spectra of Av(2w)—Vy. acquired at two differ-
ent locations (marked by crosses in the inset) on an isolated
pentacene island and on the bare SiO, substrate. The EFM
response of the bare SiO, substrate was periodically mea-
sured to serve as a proxy for tip cleanliness during the
experiment. The inset is a topographic image of a mono-
layer pentacene film. (b) Evolution of Av(2w)—Vy. charac-
teristics after a sequence of lithography steps on the
pentacene monolayer. All spectra were acquired at the
same location (marked by a cross in the inset). Curve | was
taken before the lithography process. Curves I, lll, and IV
are the spectra measured after sequentially forming islands
I, lll, and 1V, respectively. The spectrum recorded for SiO, is
shown for comparison. The point indicated by the pair of
arrows on curve | is defined as the turning point voltage
where Av(2w) decreases abruptly. (c) Schematic of the
capacitive circuit of the tip/pentacene monolayer/SiO,/Si
junction.

crystalline pentacene grains have varying dielectric
responses. A correlation with crystalline orientation
was not evident for the observed variance.®

Following ref 14, we performed local charge injec-
tion by bringing a biased EFM tip into close contact
with the isolated pentacene islands. From Figure 1e, it
can be seen that the charge-injected island exhibited
sharp contrast in the Av(1w) image. The uniform
appearance of the Av(1w) signal in the island indicates
a charge delocalization.?” Although there was signifi-
cant variation in Av(1w), little change in Av(2w) was
observed for the charge-injected pentacene islands
(Figure 1f).

Figure 2a,b shows topographic and Av(2w) images
for a coalesced pentacene monolayer in which the
crystalline grains of pentacene were interconnected.
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The grain boundaries were not distinguishable in
either of the images (Figure 2a or b). We used the
EFM tip to make a series of controlled scratches on the
film at specific locations. The pentacene monolayer
film was segmented into discrete islands that had
various sizes and shapes®® (Figure 2c). Although the
tip only removed a small amount of pentacene mol-
ecules at the edge of each of the islands, pronounced
changes were observed in the corresponding regions
in Av(2w) image (Figure 2d). The corresponding
Av(1w) image is shown as Figure S2c in Supporting
Information. The Av(2w) signal for isolated pentacene
islands was dramatically reduced in comparison with
that of a continuous film, which is made of intercon-
nected crystalline pentacene grains. The Av(2w) signal
for each of the pentacene islands monotonically de-
creased with the island size, which can be seen in the
plotin Figure 2e.The signals of the three smallestislands,
which comprised only a few grains, were very small and
not distinguishable from that of the SiO, substrate.
The capacitive interaction between the EFM probe
and substrate, EFM Av(2w), is generally written as®®

:11 aic V.2
42k\ 9z2 | *€

where v and k are the resonant frequency and force
constant of the EFM cantilever, respectively. 8°C/dz> is
the second derivative of the capacitance of the
tip—sample—substrate junction, C, with respect to
the tip—substrate distance, z. The capacitance, C, con-
sists of the dielectric contribution of the pentacene film
and the underlying SiO, layer. The pentacene mono-
layer has a thickness of 2 nm and an approximate
nominal dielectric constant of 4.2° Therefore, its con-
tribution to the total tip—sample—substrate capaci-
tance is negligible compared with that from the
250 nm thick SiO, layer. We do not expect that the
value of Av(2w) measured for the pentacene mono-
layer would be distinguishable from the bare SiO,
substrate if the polarization of the pentacene molecule
was the only effect taken into account.

We believe that the variation in the value of Av(2w)
observed for the different pentacene islands resulted
from the mobile charge carriers present in the organic
thin film. As shown in the inset of Figure 2e, the
pentacene layer can be modeled as a conductive plate.
This plate forms two capacitors in series, Cyand C;, with
the EFM tip and the degenerately doped Si substrate,
respectively. Because of the small lift height used in the
experiment,*® the force gradient signal we measure
and the capacitance charge effect mainly arise from
the interaction between the tip apex and sample.?>*'
The capacitance, C,, arises from the limited region
beneath the tip apex.?

When the tip voltage with respect to the substrate is
modulated, the voltage applied between the tip and

Av(Q2w)
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pentacene film, V;,, can be written as>?
Vip = Vacll +(Cg/C)] ™ (1)

Here, V, is the modulated voltage applied to the EFM
tip; C; = G,S; Co is the oxide capacitance per unit area;>*
and S is the total area of the pentacene island compris-
ing all interconnected grains. Cy can be treated as a
constant for a given EFM tip and same measurement
conditions. We expect that C; < C; because the EFM
tip apex is much smaller than the pentacene islands.
Thus, the EFM Av(2w) signal can be written as

Tv .
AV(Zw) = ZﬂCthp
= (vl )nri/as T @
4 2k 9 g
We define a = (1/4)(v/2k)V,°C4" for the following
discussion.

The linear dependence of [Av 2w)]™"? on S77,

which is derived in eq 2, agrees well with the experi-
mental data shown in Figure 2e. This validates the
above-mentioned capacitance model and provides
evidence of the mobile carriers in the pentacene film.
The Av(2w) signal arises from the effect of the charge
carriers flowing into and out of the region underneath
the EFM tip apex when the modulated electric field is
applied. Larger pentacene islands form larger capaci-
tors with the ground Si substrate, which results in an
increased voltage drop at the tip—pentacene junction.
Therefore, the Av(2w) signal is enhanced.

The nature of the mobile charges in the pentacene
film was investigated using Av(2w) spectroscopy. Fig-
ure 3a shows the Av(2w)—Vy. characteristics for var-
ious positions on an isolated pentacene island and on
the bare SiO, substrate.3®> The two spectra measured
on the pentacene island have similar features that are
different from those of the substrate. This confirms the
delocalization of the charge carriers in the intercon-
nected crystalline grains. The minima for Av(2w) was
obtained in the spectra of pentacene for a positive tip
voltage. Similar behavior was also seen in the spectra
acquired from the other pentacene islands of various
sizes (Figure 3b). The spectra are rather flat around zero
gate voltage. This explains why the Av(2w) signal of
the crystalline island (Figure 1f) barely increased after
hole injection. (An increase of surface potential by 15 mV
was measured, therefore the amount of injected hole
was very limited.)

The EFM tip is believed to act simultaneously as a
scanning gate®® and a microscopic capacitance meter
during the Av(2w)—Vy4. characterization. When a bias
voltage V. is applied to the tip, the charge carriers in
the film redistribute in response to the non-uniform
electric field near the tip apex. The variation in the local
carrier density underneath the tip, on, causes a change
in the chemical potential of du relative to the original
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band structure. This lateral band bending in the pen-
tacene layer leads to a shift in the vacuum level
between the charged area, So, and the surrounding
region.?’” This effect becomes more pronounced when
the film has a finite density of states (DOS).

In capacitance measurement, an additional capaci-
tance Cy = e?0n/du in series with the geometry capa-
citance was introduced to account for the extra energy
required to accommodate charges besides the electro-
static energy.®*° Whereas the energy comes from
electron—electron interactions in carbon nanotube
and graphene,*®*! known as the quantum capacitance
effect,*®*? the energy in pentacene monolayer may
derive from the finite carrier density of states in the
organic thin film.*® In our experiment, we also suggest
that the accommodation of the charge carriers in the
pentacene monolayer is limited by the finite DOS at the
Fermi level in the film. On the other hand, the EFM
responses of the pentacene film, such as the spectral
line shape and depletion voltage, did not vary appre-
ciably when the AC frequency of the tip voltage was
varied in the range of 200 to 800 Hz, indicating that the
gate-dependent capacitance signal is not originated
from the carrier-density-dependent mobility in this
frequency range.

An equivalent circuit model of the system is shown
in Figure 3c. C4S, is the capacitance of the tip-gated
pentacene area, So. C4So is in series with the geometry
capacitances Cy and C;. In this case, C; is the ground
capacitance of the charged pentacene region. C; can
be ignored for the pentacene islands that contain
many interconnected grains, which produce a large
geometric capacitance with respect to the substrate.
The penetrating electric field can be simulated by the
addition of a capacitance, C,, in parallel with C; and ;.
In this case, C, = (S, is the oxide capacitance of the
area below the gated pentacene. C; is much smaller
than CySo and G;.

In the capacitance model described by eqgs 1 and 2,
we assumed that at zero gate voltage the pentacene
monolayer has a sufficient DOS near the Fermi level to
accommodate the charges induced by the electric field
of the EFM tip. The thin film behaves as a metal-like
layer that efficiently screens the transverse electric
field. When a considerably higher tip voltage is applied,
the capacitance of the organic layer (C;So) may be
significantly reduced and must be taken into account.
Equation 2 can be further written as

AvQ2w) = af1+Cy/(C4S0) +(Cy/Co)S 172 (3)

The linear fit (in Figure 2e) yields a slope of o~ *(Cy/Co)
and a y-axis intercept of a (1 + C4/CqSo). Thus,
(Cg ' +Cq'So ) isdetermined tobe 8 x 107 '8 F.
The scenario described in eq 2 is equivalent to the case
when Cy < (4(0)So, where C4(0) is the capacitance at
zero gate voltage.
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The Av(2w)—Vy. spectra shown in Figure 3a,b are
analogous to the lys/Vgate Characteristics of field-effect
transistors.***> When the value of Av(2w) approaches
that of the bare substrate at a positive voltage, the
mobile carriers are depleted, which suggests that the
pentacene monolayer is a p-type semiconductor.*

Earlier studies have shown that the presence of
holes at a zero gate bias arises from the electron
acceptor states in the band gap close to the HOMO-
derived valence band. These states most likely form as
a result of the hydroxyl groups at the semiconductor/
dielectric interface.> When a positive tip voltage is
applied, the chemical potential of the p-type organic
film shifts away from the valence band, which de-
creases the mobile hole density. We defined the
voltage corresponding to the minimum value of
Av(2w) as Vgepiete- At this voltage, the carrier density
of pentacene at the gated region approaches zero
[C4 ~ 0]. Namely, the film becomes locally nonconduc-
tive. The modulated electric field emanating from the
EFM tip can penetrate through the organic layer and
cause charge accumulation in the heavily doped Si
substrate. The situation can be simulated by placing
the two capacitances, Cg and G, in series.

The condition, Cy < C4(0)S, is readily satisfied
because Vgepiete is much larger than the induced
chemical potential shift in the pentacene layer.*®
Therefore, the tip voltage mainly imposes on the
geometric capacitance (Cg) before the turning point
(indicated by the arrows in Figure 3b). Cy is estimated
to be 8 x 107 '8 F. From this, we calculated that the

EXPERIMENTAL SECTION

Pentacene thin films were prepared via the thermal evapora-
tion of pentacene (purity >99%, Aldrich Co.) on degenerately
n-doped Si(100) substrates with a 250 nm SiO, layer (Northeast
Microelectronics Research Institute) in a high-vacuum evapora-
tor (Auto-306, BOC-Edwards Co.). The deposition rate was
0.02 nm/s at a base pressure of 7 x 107> Pa. The substrates
were kept at room temperature during the deposition. The
samples were transferred immediately to a scanning probe
microscope (Dimension 3100, Veeco Metrology) that was
housed in a nitrogen chamber. The EFM measurements were
performed using a two-pass scan technique. The first pass maps
the topography of the sample for each scan line using a
standard tapping mode. The oscillation amplitude of the tip
was about 26 nm. During the second pass, the probe scans over
the sample surface at a lift height of Ah (10 nm) with respect to
the sample topography. Simultaneously, a modulated voltage,
Vip = Ve + Vac sin(wt), was applied to the Pt/Ir-coated tip (SCM-
PIC, Veeco Metrology). The voltage was measured with respect
to the grounded substrate (Figure 1a), and the amplitude of the
tip was reduced to about 16 nm. For all of the EFM measure-
ments, V,. = 2 V and a modulation frequency of 500 Hz was
used. The 1w and 2w components of the resonant frequency
shift signal of the cantilever were demodulated via lock-in
amplifiers and recorded simultaneously with the topographic
images through a signal-access module to yield the correspond-
ing EFM Av(1w) and Av(2w) images.?® The Av(1w) and Av(2w)
images were taken at a tip lift height of 10 nm with feedback off.
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carrier density at zero gate voltage in the pentacene
monolayer was approximately 1.3 x 10'%/cm? Our
results on single-layer pentacene are similar to those
of transport measurements on pentacene TFT,*#4748
implying that the carrier transport in OTFT takes place
in the few molecular layers closest to the gate di-
electric. The noncontact capacitance approach pro-
posed here provides a versatile tool in thin film
investigation, circumventing the contact problems in
standard scanning capacitance microscopy or trans-
port measurements.

CONCLUSIONS

The electrical characteristics of a monolayer penta-
cene film were investigated using EFM. The mobile
carriers were shown to exist in the organic ultrathin
film through a measurement of the capacitive interac-
tion between the EFM probe and pentacene islands.
The capacitance of the organic layer was measured
using capacitance spectroscopy, which enabled a
quantitative measurement of charge-carrier concen-
tration in the organic film. The approach presented in
this study circumvents the electrostatic complexity of
the metal/organic contacts that are used in conven-
tional transport measurements, allowing for a direct
characterization of the electrical properties of organic
ultrathin films deposited on dielectric substrates. Fu-
ture experiments conducted in vacuum and at a vari-
able temperature may further explain the mechanisms
that govern charge transport in organic electronic
materials.

The oscillation amplitude of the tip was calibrated using the
amplitude versus z spectroscopy on the silicon surface.
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