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Local impedance measurement of an electrode/single-pentacene-grain
interface by frequency-modulation scanning impedance microscopy

Tomoharu Kimura,1 Kei Kobayashi,1,2 and Hirofumi Yamada1,a)

1Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8510, Japan
2The Hakubi Center for Advanced Research, Kyoto University, Kyoto 615-8520, Japan

(Received 20 April 2015; accepted 17 July 2015; published online 5 August 2015)

The device performances of organic thin film transistors are often limited by the metal–organic

interface because of the disordered molecular layers at the interface and the energy barriers against

the carrier injection. It is important to study the local impedance at the interface without being

affected by the interface morphology. We combined frequency modulation atomic force

microscopy with scanning impedance microscopy (SIM) to sensitively measure the ac responses of

the interface to an ac voltage applied across the interface and the dc potential drop at the interface.

By using the frequency-modulation SIM (FM-SIM) technique, we characterized the interface

impedance of a Pt electrode and a single pentacene grain as a parallel circuit of a contact resistance

and a capacitance. We found that the reduction of the contact resistance was caused by the reduc-

tion of the energy level mismatch at the interface by the FM-SIM measurements, demonstrating the

usefulness of the FM-SIM technique for investigation of the local interface impedance without

being affected by its morphology. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927921]

I. INTRODUCTION

Organic electronics have currently attracted many

researchers’ attention because of their potential applications

to light-weight and flexible electronic devices by simple and

cost-effective fabrication processes.1,2 The performances of

organic field-effect transistors (OFETs), which are one of the

basic devices in organic electronics, are still not sufficient

for practical applications. For example, the charge transport

in the OFETs is often limited not only by the intrinsic char-

acteristics of the organic thin films but also by the electronic

properties at the metal–organic interfaces.3,4 The influence

of the electronic properties of the metal–organic interface

becomes even noticeable for the OFETs with a short channel

length and those using the organic molecule exhibiting a

high carrier mobility.5,6 In order to overcome the limitation

of the device performances, more intensive research focused

on the metal–organic interfacial properties is becoming

important.

The metal–organic interface often exhibits an electrical

contact resistance. It has been well known that the contact

resistances in the OFETs often show non-linear current-

voltage characteristics6,7 and also depend on the gate bias

voltages,8–10 which makes it difficult to control the device

performances. An energy level mismatch at the metal–or-

ganic interfaces is thought to be one of the origins of the

contact resistance; a difference between the Fermi energy

(EF) of the metal and the highest occupied molecular orbital

(HOMO) energy of the organic film (EHOMO) induces a

hole injection barrier for hole conducting materials. For

example, B€urgi et al.11 found a large contact resistance at

the metal–organic interface when they used a metal with a

small work function for the electrode, and other reports

showed the reduction of the contact resistance by modifying

the electrode with self-assembled monolayers (SAMs)12,13 or

thin metal-oxide layers.14 Wang et al.,9,15 however, suggested

another possible reason for the contact resistance and its gate-

bias dependence that the mobility of the disordered organic

thin films near the metal electrodes becomes low and the dis-

ordered film area works as a contact resistance. These previ-

ous studies imply that the metal–organic interface properties

are extremely complex, and the origin of the contact resistan-

ces and its gate-bias dependence is still under discussion.

The impedance of the metal–organic interfaces has been

studied by various impedance measurement techniques, such

as the transition line method,16 capacitance–voltage mea-

surement,17 and impedance spectroscopy.18 By using these

techniques, we can measure the dependence of the contact

resistance and metal–organic capacitance on the gate bias

voltage and obtain information on the energy levels and den-

sities of the traps. However, these electrical measurements

require large-area electrodes; thereby, the measured imped-

ance is inherently affected by the film morphology, such as

grain sizes, roughness, and crystallinity. This is problematic

especially when we compare the impedances of the interfa-

ces with different electrode materials or different surface

modifications, because they often alter the morphology of

the electrode surface and that of the organic thin film. In

order to separate the effect of the morphology on the meas-

ured impedance, it is important to measure the local imped-

ance with an electrode smaller than the grain size.

Atomic force microscopy (AFM) is a very useful tech-

nique not only to image the morphology of the sample at a

nanometer-scale resolution but also to investigate various

local electrical properties, such as the potential difference

between organic grains,19 potential distribution of thea)Electronic mail: h-yamada@kuee.kyoto-u.ac.jp.
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operating OFETs,4 and current–voltage characteristics of a

single organic grain.20,21 Among them, scanning impedance

microscopy (SIM), which was developed by Kalinin and

Bonnell,22 can obtain information on the electrical impedance

of an interface by laterally applying an ac modulation voltage

to the interface of a sample and measuring the amplitude and

phase of the electrostatic force between the tip and sample.

They demonstrated the measurements of the local impedances

of the grain boundaries of an inorganic semiconductor22 and

the metal-semiconductor Schottky junction.23 Moreover, it

has also been shown that SIM can be useful to identify the

local defects in carbon nanotube networks.24

We now propose frequency-modulation SIM (FM-SIM),

a technique based on the same concept as the original SIM,

but modified in several aspects as described below. First, we

utilized the FM technique25 not only because it allows us to

operate SIM in a vacuum, which is essential for the electrical

measurement of the OFETs, with a realistic measurement

time but also because the electrostatic force between the tip

and sample can be detected with a lateral resolution higher

than that by the amplitude-modulation method used in the

original SIM.26 In the original SIM, the dc potential drop

across the interface should be separately measured by a sur-

face potential measurement technique, Kelvin-probe force

microscopy (KFM),27,28 and its effect on the SIM signal

should be taken into account to interpret the SIM measure-

ment results. In the FM-SIM technique that we developed,

the FM-KFM is implemented at the same time; namely, the

dc potential drop across the interface and the electrical im-

pedance can be simultaneously measured in a single mea-

surement. In this study, we measured the local impedance of

a single pentacene grain connected to a single electrode by

FM-SIM, which is regarded as a simple metal–organic inter-

face model of the bottom-contact OFETs and the laterally

connected metal-insulator-semiconductor structure usually

used in capacitance-voltage measurements, and we discuss

the relationship between the contact resistance and the elec-

tronic properties at the metal–grain interface.

II. PRINCIPLE OF FM-SIM

Figure 1 shows a schematic diagram of the FM-SIM

measurement setup for measuring the local impedance of the

interface between an electrode and an organic grain. In

FM-SIM, the local impedance is simultaneously measured

along with the topography by the conventional frequency

modulation atomic force microscopy (FM-AFM) and surface

potential by FM-KFM. The cantilever is self-oscillated at its

resonance frequency (f0) using a self-excitation circuit (not

drawn in the figure), and the distance between the cantilever

tip and sample is regulated by keeping the dc component in

the frequency shift (Df dc) of the cantilever constant, enabling

the topographic imaging in the constant frequency shift

mode (FM-AFM). A bias voltage is applied to the tip,

Vt ¼ Vt
dc þ Vt

ac cos 2pftt, where Vdc
t is a dc control voltage

that compensates the contact potential difference between

the tip and the local area of the sample under the tip

(FM-KFM). At the same time, another bias voltage is applied

to the electrode of the sample (Vs ¼ Vs
dc þ Vs

dc cos 2pfst). If

we describe the electrical potential of the local area as

Vlo ¼ Vdc
lo þ Vac

lo cos ð2pfstþ /loÞ, the electrostatic force

exerted on the cantilever tip is given by

FES ¼
1

2

@Cts

@z
Vdc

lo þ Vdc
t þ Vac

t cos 2pftt
�

þVac
lo cos 2pfstþ /loð Þ�2; (1)

where z and Cts are the distance and capacitance between the

tip and the sample, respectively. There are several frequency

components in FES, among which a component at ft is given

by

Ft
ES ¼

@Cts

@z
Vdc

lo þ Vdc
t

� �
Vac

t cos 2pftt: (2)

The frequency modulation induced by F t
ES, denoted as Df t, is

detected by a lock-in amplifier (LIA). The output of the LIA

is then fed to a bias feedback circuit to generate a dc control

voltage (Vdc
t ) that compensates the contact potential differ-

ence between the tip and the local area of the sample under

the tip and nullifies F t
ES. This enables the measurement of

the local dc potential (Vdc
lo ) by FM-KFM. The frequency

component at fs6ft in FES, given by

Ft6s
ES ¼

1

2

@Cts

@z
Vac

t Vac
lo cos 2p ft6fsð Þt6/lo½ �; (3)

FIG. 1. Schematic diagram of the FM-SIM measurement setup. The conduc-

tive cantilever is oscillated at its resonance frequency, and the topography is

obtained by scanning the tip over the sample while the tip-sample distance is

regulated by keeping the dc component of the frequency shift (Df dc) con-

stant (FM-AFM). Two ac bias voltages are applied to the cantilever (fre-

quency: ft, amplitude: Vac
t ) and to the electrode (fs, Vac

s ). The resonance

frequency shift (Df) is modulated at ft (Df t), and the local electrical potential

is measured by detecting the ft component in Df. At the same time, the fsþ ft
component in Df (Df tþs) is also detected as the FM-SIM signal.

055501-2 Kimura, Kobayashi, and Yamada J. Appl. Phys. 118, 055501 (2015)
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also induces the frequency modulation in the resonance fre-

quency of the cantilever, which is denoted as Df t6s. The

magnitude of Df t6s is proportional to the potential modula-

tion (Vac
lo ) of the local area under the tip, and the phase of

Df t6s is exactly the same as that of the potential modulation

(/lo). The phasor representation of the sum frequency com-

ponent, given by D~f
tþs ¼ aVlo

acej/lo , is defined as the “FM-

SIM signal.” a is a proportional factor that is constant during

a single measurement as long as the tip–sample distance and

the mechanical oscillation amplitude of the cantilever at

f0þDƒdc remain constant.

The measured FM-SIM signal can be easily converted to

the local impedance of the metal–grain interface (Zlo).

Figure 2(a) shows an equivalent circuit of the measured

interface with the effective capacitance of the insulator under

the organic grain (Ci). It is assumed that the impedance of

the grain is much smaller than that of the interface, and the

potential of the grain is uniformly constant at Vlo. The valid-

ity of this assumption is discussed later. As the FM-SIM sig-

nal measured when the tip is on the electrode is given by

aVac
s , we define the “normalized FM-SIM signal” (c) as

c ¼ aVac
lo ej/lo

aVac
s

: (4)

It is also related to the complex voltage division ratio by the

impedances of the interface and that of the effective capaci-

tance as

c ¼ 1= j2pfsCið Þ
Zlo þ 1= j2pfsCið Þ ¼

1

1þ j2pfsCiZlo

: (5)

Therefore, we can estimate Zlo by measuring c on the grain

(FM-SIM).

If we measure c as a function of fs and plot it in the com-

plex plane, we can determine the appropriate equivalent cir-

cuit model. Figure 2(b) shows the theoretical plots of c for

various equivalent circuit models. If Zlo is resistive, c follows

a semicircle with a diameter of unity. On the other hand, if

Zlo is capacitive, c stays on the real axis. If Zlo is modeled as

a series or parallel circuit of the resistor and capacitance

(RC-series or RC-parallel), c gives a semicircle with a diam-

eter of less than unity starting at 1 or ending at 0, respec-

tively, as shown in Fig. 2(b).

III. MATERIAL AND METHODS

A. Sample preparation

We fabricated pentacene thin films connected to a Pt

electrode for the local impedance measurement of the met-

al–grain interface. The pentacene molecule is a p-conjugated

p-type semiconductor whose fundamental electrical proper-

ties have been intensively studied.29 We fabricated a Pt elec-

trode whose thickness and width were approximately 10 nm

and 100 nm, respectively, by electron beam lithography on a

highly doped n-type Si substrate (dopant: Sb, resistivity:

�0.02 X cm) with a 100-nm-thickness thermally grown ox-

ide layer. After UV/ozone cleaning of the substrate for

30 min, we deposited the pentacene molecules with an aver-

age thickness of 17 nm by vapor deposition while the sub-

strate temperature was kept at 30 �C.

B. FM-SIM measurement

We used a commercially available AFM apparatus

(JEOL: JSPM-4200) with a lab-built AFM controller. We

used a Pt-coated conductive cantilever (Olympus: OMCL-

AC240TM-R3), whose nominal spring constant and resonance

frequency were 2 N/m and 70 kHz, respectively. The cantile-

ver was mechanically oscillated at f0 and the oscillation ampli-

tude was kept at about 15 nmp-p. The frequency shift was

detected by a lab-built FM detector,30 and the frequency

modulation components were demodulated by lock-in ampli-

fiers (NF Corporation: LI5640 and Zurich Instruments:

HF2LI-MF). We always set ft and Vac
t at 1 kHz and 2 Vp-p,

respectively, while the parameters of the bias voltage applied

to the electrode varied depending on the experiments. All of

the measurements were performed at room temperature and

under a vacuum condition (<1� 10�3 Pa) in order to reduce

the effects of atmospheric oxygen and water.

IV. RESULTS AND DISCUSSION

An FM-AFM topographic image of the obtained penta-

cene film is shown in Fig. 3. The surfaces of the pentacene

grains are partially flat but exhibit step and terrace structures

with a step height of about 1.7 nm, indicating that the long

axis of the pentacene molecules is almost perpendicular to

the substrate as already reported.31 We found that a grain

“A” indicated by the white arrow in the figure was obviously

isolated from the other grains and directly connected to the

Pt electrode. Therefore, the interface between the Pt elec-

trode and grain A is well described by the equivalent circuit,

FIG. 2. (a) Schematic illustration of the sample structure and equivalent circuit.

Zlo is the interface impedance between the electrode and grain, and Ci is the

effective insulator capacitance under the grain. (b) Theoretical plots of the nor-

malized FM-SIM signals (c) for Zlo modeled with various equivalent circuits.
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and we chose this interface as the target interface for the

FM-SIM measurement.

We first performed the FM-SIM measurement at the

interface between the Pt electrode and grain A by recording

both the amplitude and phase of the FM-SIM signal, while

the tip was raster-scanned over the sample surface and no

gate bias voltage was applied (VG¼ 0 V). Figures 4(a) and

4(b) show a topographic image and a surface potential image

of the area of concern recorded during the FM-SIM measure-

ment, respectively. Figures 4(c) and 4(d) show the amplitude

and phase images of the FM-SIM signal, respectively, taken

with Vac
s ¼ 1 Vp-p. We note here that the reference phase of

the LIA was adjusted such that the phase of the FM-SIM

signal on the electrode became zero. Figure 4(c) shows that

the amplitude of the FM-SIM signal was almost uniform

within grain A. It is also clear from Fig. 4(d) that the

FM-SIM phase signal on grain A was also uniform, and there

was a significant difference in the FM-SIM phase signal

across the interface, while the other grains connected to the

electrode showed the phase signal close to the electrode. In

this case, the FM-SIM images suggest two aspects: the grain

A was not electrically well-coupled and the local impedance

of the pentacene grain is much smaller than that of the met-

al–grain interface. The FM-SIM images often allow us to

locate the sites with significant electrical impedance, consid-

ering the principle of the FM-SIM. Figures 4(e) and 4(f)

show the topography and the FM-SIM phase image, respec-

tively, of a large area near the electrodes at VG¼�2 V. We

found that the pentacene grains showed a variety of the phase

signal in a range between �40� and 0�, which is the phase

on the electrode. The heterogeneity in the phase signal on

the grains indicates the differences in the local impedance at

each metal–grain interface. However, the positive or nega-

tive phase shift compared to the electrode does not directly

correlate with a good or poor electrical coupling. We have to

convert the FM-SIM signals to evaluate the impedance to

discuss on the electrical coupling. Hereinafter, we will dis-

cuss the FM-SIM measurement results using the equivalent

circuit models shown in Fig. 2.

Second, we measured the normalized FM-SIM signal on

grain A as a function of fs to determine the equivalent circuit

of the interface with Vac
s ¼ 1 Vp-p. In this measurement, we

set VG to �5 V such that the pentacene grains were in the

hole accumulation regime. We recorded the FM-SIM signals

on grain A and the electrode at fs ranging from 10 Hz to

900 Hz. The normalized FM-SIM signal (c) calculated using

Eq. (4) was plotted on the complex plane in Fig. 5. We found

that the measured c at low frequencies was close to 1, and it

followed a semicircle with a diameter smaller than 1 as fs
increased; namely, the interface impedance is well depicted

by the RC-parallel in Fig. 2(b). The impedance of the

RC-parallel circuit is given by Zlo ¼ ðR�1
lo þ j2pfsCloÞ�1

;

however, if the interface impedance is represented by the

FIG. 3. Topographic image of pentacene grains near the metal electrode,

which is enclosed by the dashed curve. The dark area surrounding the elec-

trode and grains is the bare SiO2 surface. Grain A indicated by the arrow is

isolated from the other grains.

FIG. 4. (a) Topographic, (b) surface potential, (c) amplitude FM-SIM, and (d) phase FM-SIM images of the area around the interface between the Pt electrode

and grain A measured at VG¼ 0 V. While the amplitude of the FM-SIM signal on grain A was almost as uniform as that on the electrode, a distinct difference

was observed in the FM-SIM phase signal across the interface in (d). (e) and (f) Topographic and FM-SIM phase images, respectively, of a large area near the

Pt electrodes measured at VG¼�2 V.
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RC-parallel circuit, it is more intuitive to discuss in terms of

the admittance rather than the impedance, Ylo ¼ Z�1
lo ¼ R�1

lo

þ j2p fsClo. In the following, we use the admittance (con-

ductance and susceptance) to discuss the interface between

the grain A and the electrode instead of the impedance (re-

sistance and reactance).

The normalized admittance, that is, the interface admit-

tance normalized by the effective insulator susceptance was

then introduced and given by

Ynorm ¼ ðR�1
lo þ j2pfsCloÞ=2pfsCi ¼ 1=2pfsCiRlo þ jðClo=CiÞ;

(6)

which can be calculated from c as Ynorm¼ jc/(1� c). We fit-

ted the theoretical c curve to the experimental c curve and

found that the curve with the parameters CiRlo¼ 0.84 ms and

Clo/Ci¼ 0.23 gave the best fit to the result, as shown by the

solid curve in Fig. 5. This result pointed out the existence of

a local capacitance at the metal–organic interface and a con-

tact resistance. Previous reports ascribed the interface capac-

itance to the energy mismatch between EF and EHOMO.17,32

However, these reports studied the top-contact OFETs,

where the organic films were sandwiched between the elec-

trodes and the gate insulator. Since the thickness of the or-

ganic film is typically thicker than the conducting channel

where the carriers are accumulated, the measured impedance

for the top-contact OFETs might include not only the intrin-

sic metal-organic interface but also the impedance of the

bulk region in the organic film above the channel. However,

as our experiments were performed on bottom-contact or-

ganic thin films, the existence of the capacitive component

in the metal-organic interface admittance (or impedance)

was more directly revealed by the FM-SIM than the previous

reports.

These FM-SIM measurements were performed when the

carriers were accumulated in the pentacene grain, that is, in

the hole accumulation regime. However, the electronic prop-

erties at the metal–organic interface should change according

to the degree of the carrier accumulation in the grain. In

order to clarify the origin of the metal–organic contact resist-

ance, we investigated the change in the interface admittance

as a function of VG. We fixed fS at 100 Hz and recorded the

FM-SIM signals while the tip was scanned along the A-B

line indicated in a topographic image shown in Fig. 6(a). VG

was changed from þ2 V to �3 V (forward) and then reverted

to þ2 V (backward). Vac
s was set to 0.2 Vp-p in this case to

minimize the averaging effect because VG and Vac
s are in se-

ries (see Fig. 1). Figure 6(b) shows the FM-SIM amplitude

signal profiles measured at VG from þ2 V to �3V (forward)

along the A-B line indicated in Fig. 6(a). The FM phase sig-

nal profiles are also available in the supplementary mate-

rial.33 While the magnitude of the FM-SIM amplitude signal

on the electrode stayed constant as expected, those on the

grains gradually changed. We averaged the FM-SIM ampli-

tude and phase signals on the electrode and grain A, and cal-

culated the normalized FM-SIM signal (c) and then the

normalized admittance of the interface (Ynorm). In order to

discuss the dependence of the admittance as a function of the

voltage drop at the interface, we plotted the real and imagi-

nary components of the normalized interface admittance as

well as the voltage drop across the interface (DV) measured

from the surface potential profiles simultaneously recorded

by FM-KFM with FM-SIM (Figs. 6(c)–6(e)).

We found that the conductance (real part of Ynorm) dras-

tically increased as a more negative VG was applied, while

FIG. 5. Plot of the normalized FM-SIM signal (c) measured at the interface

between the electrode and grain A. The solid curve shows the theoretical c
curve for the parallel circuit of a resistance and a capacitance (RC-parallel)

that gave the best fit to the experimental result.

FIG. 6. (a) Topographic FM-AFM image of the area around the interface

between the Pt electrode and grain A. (b) FM-SIM amplitude signal profiles

measured along the A-B line indicated in (a). (c) and (d) The plots of the

real part and imaginary part of the normalized interface admittance Ynorm as

a function of VG, respectively. (e) The plot of the potential drop across the

interface DV as a function of VG. The solid symbols represent the data points

measured during the forward sweep of VG from þ2 V to �3 V, and the open

symbols represent the data points during the backward sweep.
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the interface susceptance (imaginary part of Ynorm) did not

show an obvious change. The reduction of the contact resist-

ance as VG increases is often seen in previous studies on the

OFETs.9,10,34 Several models were suggested for the reasons

of the contact resistance reduction induced by VG, such as the

effect of the bulk organic layer and the low mobility region

near the electrode.34,35 However, these explanations are valid

for the top-contact electrode or the OFETs with multi-grain

films. As our FM-SIM measurements presented here were per-

formed for the interface of the metal and single organic grain

with the bottom-contact structure, we can rule out the effects

of both the bulk layer and the grain boundary interfaces on the

measured admittance (or impedance). Therefore, the increase

in the conductance (or reduction of the contact resistance) by

applying a negative VG that we observed here reflects the

intrinsic property of the injection barrier at the metal–grain

interface, of which the previous studies cannot directly access.

It is of significant importance that the interface conduct-

ance in Fig. 6(c) and DV in Fig. 6(e) showed a similar hyste-

retic behavior between the forward and backward VG

sweeps. A similar hysteretic behavior is often found in the

transfer characteristics of the OFETs.36 The accumulation of

holes is accompanied by hole trapping in deep trap states at

the organic–insulator interface, which shifts the necessary

VG for making the channel conductive, that is, the threshold

voltage to a negative value in the backward sweep. The hys-

teretic behavior observed here can also be attributed to the

deep trap states at the organic–insulator interface, because

SiO2, the insulator we used, tends to cause significant hyster-

esis in the OFET characteristics. Generally, the interface ca-

pacitance is determined by fast charge/discharge of the

mobile carriers and slow charge/discharge of the deeply

trapped carriers at the interface, which cause the hysteretic

behavior. While the latter may vary depending on the charge

accumulation, the former is considered as constant. As the

FM-SIM measures the ac responses of the interface to an ac

voltage applied across the interface, the FM-SIM measures

the former in principle. Therefore, the deeply trapped holes

at the organic–insulator interface do not change the effective

Ci measured by the FM-SIM, and only a small variation was

observed for the interface capacitance (Fig. 6(d)).

A plot of the interface conductance as a function of DV
(Fig. 7(a)), which shows less hysteresis between both

sweeps, indicates that the metal–grain interface properties is

determined not by VG itself but by the interfacial potential

drop DV. Therefore, the observed hysteretic behaviors of the

conductance and the potential drop are not intrinsic proper-

ties of the metal–organic interface. From Fig. 7(a), it was

determined that there was almost no interface conductance

Re(Ynorm) at DV> 0 V, while the interface conductance

increased at DV< 0 V, corresponding to the hole depletion

and accumulation regime induced by the positive and nega-

tive VG. The interface conductance showed a steep increase

roughly at DV¼�0.2 V, which indicates that the interfacial

voltage drop of �0.2 V was needed for the metal–grain inter-

face to become conductive. The change in the metal–organic

interface conductance can be explained by the following

description. Figures 7(b) and 7(c) illustrate energy diagrams

of the metal–organic interface between the Pt electrode and

the pentacene grain. In the zero-bias condition, EF is located

higher than EHOMO, which produces the hole injection bar-

rier, and the pentacene film is in the hole depletion regime

(Fig. 7(b)). There is a significant energy mismatch between

the EF and EHOMO of the organic grain. In this situation, a

high energy is needed for a hole to be injected from the elec-

trode into the organic grain, and it appears as a high contact

resistance. Note that the carrier accumulation layer at the

organic–insulator interface has a non-zero density of trap

states in the energy gap between EHOMO and ELUMO, the

energy of the lowest unoccupied molecular orbital (LUMO)

level. These states are partly filled even at the zero-bias con-

dition, which fix EF between EHOMO and ELUMO.

When a negative VG is applied to the gate electrode,

more trap states are filled and EF approaches EHOMO, which

induces a negative DV. The energy mismatch becomes low,

allowing the holes to be easily injected into the grain, which

leads to a lower contact resistance (the hole accumulation re-

gime), as shown in Fig. 7(b). Thus, the application of VG pro-

duced a change in the energy alignment condition at the

metal–organic interface. While this simple interpretation has

already been discussed on the basis of the electrical measure-

ments using electrodes having various work functions or

FIG. 7. (a) Plot of the interface conductance Re(Ynorm) as a function of the voltage drop during the forward (VG¼þ2 V to �3 V, solid symbols) and backward

(�3 V to þ2 V, open symbols) sweeps. (b) and (c) Energy diagrams of the metal–organic interface between the Pt electrode and the pentacene grain. The den-

sity of states (DOS) vs. hole energy (E) in the organic grain is also depicted in each diagram. (b) When the voltage drop across the interface is positive

(DV> 0), the hole injection is inhibited by a significant energy mismatch between EF and EHOMO. The trap states above the HOMO level are partly filled as

depicted in the DOS-E diagram. (c) For DV< 0, the holes are accumulated in the organic grain, and more trap states are filled as depicted in the DOS-E dia-

gram, which leads to a low energy mismatch that reduces the contact resistance.
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SAMs having different electrical dipoles, it is remarkable

that the relationship between the energy alignment condition

and the contact resistance can be discussed on a single-grain

scale by the FM-SIM measurement. The results demonstrate

that one can use the FM-SIM technique as the local imped-

ance measurement tool with an electrode smaller than the

grain size, which enables us to measure the intrinsic imped-

ance without being affected by the morphology of the

interface.

V. CONCLUSIONS

We developed FM-SIM by combining FM-AFM and

heterodyne electrostatic force sensing to investigate the local

impedance at the interface between a metal electrode and a

single grain as well as the potential drop at the interface. The

measured interface impedance was well described by the

equivalent circuit of a contact resistance and a capacitance in

parallel. We found the contact resistance at the interface

decreases upon application of negative gate bias voltages

with a hysteretic behavior, which has also been previously

reported. However, by simultaneously measuring the effec-

tive voltage drop at the interface, we concluded that the hys-

teretic behavior is not an intrinsic property of the contact

resistance, but caused by the charge trapping at the organi-

c–insulator interface, and we explained the reduction in the

contact resistance in terms of the reduction in the energy

mismatch, which hinders hole injection at the interface.

These results demonstrated the usefulness of the FM-SIM

technique for investigation of the intrinsic electronic proper-

ties of a metal–organic interface without being affected by

the morphology of the interface, unlike the impedance meas-

urements using macroscopic electrodes.
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