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Capacitance of a molecular overlayer on the silicon surface measured
by scanning tunneling microscopy

Ryota Akiyama, Takuya Matsumoto,* and Tomoji Kawai
The Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

~Received 3 January 2000; revised manuscript received 11 February 2000!

The capacitance of ultrathin cyclopentene overlayers on a Si(100)-231 surface have been measured using
scanning tunneling microscopy~STM!. Both tunneling barrier height spectroscopy and tunneling barrier height
imaging were used to obtain the values of tip-surface separation, electric field, and the apparent tunneling
barrier height of the surface. The apparent tunneling barrier height indicates the magnitude of a local electronic
charge on the surface, which corresponds to the capacitance of molecular overlayer. In this study, the capaci-
tance of single molecule adsorption area was found to beC51.3310220 F, which comprises the dipole
moment of cyclopentene molecule itself and the charge transfer between the molecule and the surface. A series
of STM measurements for determining the capacitance of nanometer-scale structures was then proposed.
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I. INTRODUCTION

Given the current rapid development of microfabricati
and passivation techniques, electronic devices fabricate
silicon wafers have become progressively smaller. Lith
graphic techniques permit the fabrication of nanometer st
tures on the order of 10 nm in plane. Silicon oxide has ser
as the main passivation route for the insulation layer down
thickness of 0.1 nm, and some other nonoxidized atom
scale materials have also been fabricated on silicon wafe1

As these electronic devices are reduced to a nanometer s
several mesoscopic quantum effects appear. One of the l
topics is quantized conductance in nanoconducting w
such as carbon nanotubes which restrict the conductanc
cording to G51/R5h/4e2, based on Pauli’s principles.2

Much attention is also being directed toward single-elect
tunneling in extremely small double-tunneling junctio
~e.g., single-electron transistors!, which were satisfied with
the capacitance ofC,0.1e2/kBT and resistance ofR
.h/e2.3 These requirements show that the ability to cont
the functioning and characteristics of these nanometer-s
devices on the silicon wafers in terms of resistanceR and
capacitanceC would be highly significant. However, in thi
scale range, the geometric configuration of the device is
longer helpful for estimatingR and C, as the surface
interface characteristics have an increasing influence on
functioning of the device. For this reason, an analyti
method is required to characterize the nanometer-scale
vices on the silicon surfaces.

This paper describes how the authors evaluated the
pacitance of a single molecular overlayer using scanning
neling microscopy~STM!. STM has advantages over variou
other useful methods of surface analysis for studying lo
electronic states within a few eV from the Fermi level. Sca
ning tunneling spectroscopy~STS! provides surface densitie
of states, which can arise from the surface-projected b
band structure or from a true surface state. Furthermore,
neling barrier height spectroscopy and tunneling bar
height imaging, which are derivative techniques of STM a
STS, are capable of measuring the apparent tunne
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barrier height between the tip and surface. The apparent
neling barrier height can be useful to detect the local el
tronic charge on the surface, which involves chemical id
tification, band-bending effects, and surface capacitance

The experiments were performed on an ultrathin cyc
pentene overlayer formed on a Si(100)-231 surface.4 Cy-
clopentene molecules were adsorbed on 231 dimer rows by
breaking thep bonds (CvC) of cyclopentene and the S
dimers (SivSi), and bonding to the surface via the tw
newly formeds bonds (Si—C) by 212 cycloaddition. By
using this type of chemically tailoring system, a wide varie
of characteristics can be synthesized and incorporated
silicon surface of very thin and highly uniform thickness.1

II. METHOD

The experiments were carried out using UHV-STM~ap-
proximately 8.0310211Torr) at room temperature. The ti
was mechanically polished Pt/Ir wire which was polycryst
line and 0.5 mm diameter. The substrate was a phosphor
doped ~0.01–0.1V cm! n-type Si~100! wafer. It was an-
nealed for 10 h at 650 °C for outgassing, and a clean 231
surface was prepared by flash-heating up to 1200 °C for
sec. The cyclopentene molecules were purchased from
rich with a minimum purity of 97%. The Si~100! was ex-
posed to the 1.031028 Torr cyclopentene molecules for
min in the UHV chamber.

In this study, the three different kinds of measureme
were used: STS, tunneling barrier height spectrosc
~BHS!, and tunneling barrier height imaging~BHI!. In a
simple one-dimensional model, the tunneling current in ST
can be expressed as

I t5E
EF

EF1Vs

rsurexp~21.025Afappz!dE, ~1!

where I t and Vs are the tunneling current and voltage, r
spectively,rsur is the surface local density of state,fapp is
the average barrier height in eV, andz is the tip-surface
separation in Å units. In STS measurements, the differen
conductancedIt /dVs qualitatively reflects the surface den
2034 ©2000 The American Physical Society
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sity of statesrsur'dI/dVs .5 The apparent tunneling barrie
heightfapp can be also obtained from Eq.~1! as follows:5–7

fapp5F 1

1.025

d ln~ I t!

dz G2

. ~2!

As an experimental procedure, BHI imaging was perform
using a lock-in technique by modulationsDz51 Å and f
54 kHz. Schusteret al. reported that an internal inconsis
tency between the values obtained from the corrugation
different tunneling currents and the values measured b
lock-in technique could not be resolved.8 This means that the
lock-in technique often provides anomalousfapp values, es-
pecially on highly corrugated surface. For this reason,
also measured BHS to calibrate the absolute values of
apparent barrier height in BHI. As Olsenet al.demonstrated,
measurements of individual ln(It)-z curves did not revea
anomalously low values.6,7 In the actual measurement o
ln(It)-z, the dynamic range of the current amplifier was lim
ited when scanning the tip along thez direction over the full
tip-displacement range. For this reason, the values ofI (Dz)
were measured as a partial data series obtained at diffe
feedback positions with displacementDz of 63 Å. The over-
all characteristics were then compiled based on these res
All ln( It)-z measurements were performed during an op
feedback loop for 1.3 sec.

III. RESULTS AND DISCUSSION

Initially, our aim was to measure tip-sample separationz,
electric fieldF5Vs /z, and apparent tunneling barrier heig
fapp on a clean Si(100)-231 surface, which are the bas
parameters required to determine the capacitance of the
trathin cyclopentene overlayer. All of these parameters
be obtained by ln(It)-z curve measurement in BHS: total di
placement from the feedback position to current jump in
curve gives absolutez andF5Vs /z, and the gradient of the
ln(It)-z curve provides the value offapp according to Eq.~2!.

The upper plots in Fig. 1 indicate a typical ln(It)-z curve

FIG. 1. The upper results~right ordinate! show typical experi-
mental data for the tunneling current ln(It) against tip-sample sepa
ration z on the Si~100!-231 surface taken atVs521.5 V. The
steep current surge atz52.34 Å ~dashed line! corresponds to an
electrical contact between the tip and surface. The lower res
~left ordinate! show the plots offapp against the tip-sample separ
tion z which were given by gradients of numerous ln(It)-z samples
at Vs521.5 V.
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on the Si(100)-231 surface withVs521.5 V. ~The dashed
line corresponds to the position of the surface.! A steep
‘‘current jump’’ in the ln(It)-z curve indicates the transition
from vacuum electron tunneling to conductive current, c
responding to the interatomic contact of two Si atoms az
52.3 Å. Absolutez andF5Vs /z values, that are shown in
the lower and upper scales in Fig. 1, can be calibrated fr
this electrical contact.9 As the tip approaches the surface, t
derivative of ln(It)-z saturates gradually until electrical con
tact occurs. This saturation corresponds to the reduction
fapp, as expressed in Eq.~2!. The reduction offapp in the
metal-insulator-semiconductor junction has already been
dicted theoretically due to the band-bending effect.10 Chen
and Hamers observed a steep increase offapp at z<
;1.5 Å on a Si~111! surface, due to the effect of dynam
tip-atom relaxation.11 However, we did not observe this phe
nomenon on a Si(100)-231 surface. The values offapp in
the lower data of Fig. 1 were calculated by Eq.~2! using the
ln(It)-z relationship obtained above. At a large separati
fapp should approachfSi55.6 eV at Vs521.5 V (fSi
54.1 eV atVs511.5 V), which is the average barrier heig
for a square barrier.12,13

As a next step, we measureddIt /dVs curves for both the
bare Si(100)-231 surface and the ultrathin cyclopenten
overlayer. Figure 2~A! shows a STM image of atomically
flat terraces and Si dimer rows of a Si(100)-231 surface
observed in a filled state. The dimers are separated b
surface lattice constant ofa053.84 Å within each row, while
the rows are separated by 2a057.7 Å, resulting in a 231
periodicity. Figure 2~B! shows a STM image of Si(100)-2
31 after exposure to 1.8 L of cyclopentene at room tempe
ture. The cyclopentene molecules appear as round and b
protrusions ordered in rows, with the spacing between m
ecules typically being twice the space of 3.84 Å which se
rates the SivSi dimers. As Chen and Hamers reported, t

lts
FIG. 2. Filled-state STM images of~A! a clean Si~100!-231

surface and~B! Si~100!-231 surface after exposure to 1.8-L cyclo
pentene at room temperature. The cyclopentene molecules wer
sorbed twice on the 231 unit cell of the Si~100! surface.~C! The
results fordIt /dVs on a clean Si~100!-231 surface~dashed line!
and an ultrathin cyclopentene overlayer~solid line!. Thep andp*
states of the Si~100!-231 surface are eliminated by cyclopenten
adsorption, and a wide energy gap arises.
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cyclopentene molecules are located on dimer rows by bre
ing the cyclopentene (CvC) p bonds, and the Si dimer
(SivSi) are then bonded to the surface by forming two n
s bonds (Si—C).4 Therefore, this molecular overlayer
very thin and uniform with a molecular-size unit. In Fi
2~C!, the relationshipdIt /dVs , as a function ofVs on an
ultrathin cyclopentene overlayer~solid line!, is shown to-
gether with that of an Si(100)-231 clean surface~dashed
line!. The Si(100)-231 spectrum shows ap occupied state
at 20.6 eV, and ap* unoccupied state at 1.5 eV with a
energy gap ofEg5;0.8 eV.14 In contrast, the spectrum fo
ultrathin cyclopentene overlayer shows a wide energy ga
Eg5;1.8 eV, with no surface states. This result shows t
chemically reactive adsorption formings bonds (Si—C) ex-
tinguishes thep states of dangling bonds. This elimination
silicon surface states means that the cyclopentene mono
is functioning as an ultrathin insulator layer, which might
useful to constitute a quantum well along the normal dir
tion to the surface.

Finally, the capacitance of the ultrathin cyclopente
overlayer is estimated below. Generally, a dielectric cons
depends on the nature of the material itself: the polariza
of electron clouds, atoms, and dipoles. However, if the thi
ness of the overlayer is reduced to molecular size, the in
action between the overlayer and substrate would bec
more significant than its bulk property. In particular, t
charge transfer between the molecular overlayer and

FIG. 3. Energy diagram for determining the charge transfer
tween the molecule and the substrate.~D! A total dipole moment
m total at the molecule site consists of four components: the per
nent dipole momentmm and induced dipole momentsamF of the
molecule itself, the charge transfer between the substrate and
ecule due to adsorptionms-m , and the external fieldas-mF. The
dipole moments are represented by arrows from negative charg
positive charge~B! Even with zero bias voltage, a surface elect
dipole momentms-m and mm is formed by molecule adsorption
Electric dipole momentsas-mF andamF should also be induced b
a negative~A! or a positive~C! external field. The surface dipol
moment forms an electric potential, which changes the effec
apparent barrier heightDfapp for electron tunneling.
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strate affects the effective capacitance of the overlayer. F
ures 3~A!–3~D! show the influence of dipole moments on th
tunneling barrier between the tip and the silicon substrate
total dipole momentm total at the molecule site consists o
four components: the permanent dipolemm and the induced
dipole momentsamF of the molecule itself, and the charg
transfer between the substrate and molecule due to ads
tion ms-m and external fieldas-mF. Here,am,s-m is the po-
larizability, andF is an external field. These four dipole mo
ments are represented by arrows from negative charg
positive charges in Fig. 3, whose directions correspond
our experimental results. The molecule-substrate cha
transfer owing to molecule adsorptionms-m is induced by the
difference between the substrate work functionfs ~dashed
line at substrate! and the molecule’s chemical potential~the
dashed line at the molecule!. As a result, a molecular charg
2ds-m and an opposite substrate charge1ds-m arise at the
interface@Fig. 3~D!#. For a low bias voltage, dipole momen
ms-m and mm form an electric potential, which changes th
effective apparent barrier height for electron tunneling@Fig.
3~B!#. Conversely, electric dipole momentsamF andas-mF
are also induced in the presence of an external field,
shown in Figs. 3~A! and 3~C!. An external field shifts the
position of molecule’s chemical potential~dashed line at the
molecule!. This charge transfersamF andas-mF can be re-
versed by changing the direction of the external fie
whereas the directions ofmm and ms-m are not concerned
with the external field but determined by the nature of m
lecular adsorption. Accordingly, the magnitude of total d
pole momentm total can be estimated by measuring the tu
neling barrier-height images. This can be expressed as

m total5~mm1ms2m!1~am1as2m!F5DfappS «0S

e D ,

~3!

whereDfapp is the difference in the apparent tunneling ba
rier height between the clean surface and

-
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FIG. 4. Tunneling barrier-height images of cyclopentene m
ecules adsorbed on the Si~100!-231 surface at~A! Vs521.5 V
and~B! Vs511.5 V. The brighter points represent higher tunneli
barrier heights. In these observations, the molecules are always
dered brightly, indicating that the barrier height is enhanced by
presence of cyclopentene molecules. Though some C defects o
Si~100!-231 surface were also imaged brightly atVs511.5 V,
they could be distinguished from cyclopentene by their size. T
insets show the dipole directions by molecule adsorptionmm

1ms-m ~black arrow! and an external field (am1as-m)F ~white
arrow!.
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TABLE I. Results and parameters for calculating the capacitance, the induced dipole, and the permanent dipole of an ultrath
pentene overlayerI t510 PA, r 55.0 Å, andS557.8310220 m2.

Vs51.5/21.5 (V) ms-m1mm

~C m!
as2m1am

~Cm2/V!
Cmol

~F!

z ~Å! F ~V/Å ! fapp(eV) Dfapp(eV)

Si(100)-231 surface 8.9/9.3 0.17/20.16 2.92/3.08
Ultrathin cyclopentene 0.15/0.34 21.24310230 0.66310239 1.3310220

overlayer 9.4/9.8 0.16/20.15 3.07/3.42
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adsorbate-adsorbed surface,F is electric field,S and «0 are
the molecule adsorption area and the permitivity in fr
space, respectively.9,15 This expression implies that the tun
neling electrons encounter a higher or lower barrier hei
than that of the clean surface when the electrons pass thr
an adsorbed molecule with an upward or downward dip
moment on the surfaces. Here, the capacitance of single
ecule adsorption areaCmol can be expressed as

Cmol5
« r«0S

r
5S 11

N~as2m1am!

«0
D «0S

r
, ~4!

where N is the number of molecules contained in a u
(m23), andr is the thickness of the molecular overlayer.

Figures 4~A! and 4~B! show tunneling barrier-height im
ages of cyclopentene molecules adsorbed on the Si~100!-2
31 surface at~A! Vs521.5 V and ~B! Vs511.5 V. The
brighter points in the gray scale represent the higher tun
ing barrier heights. In the observation atVs521.5 V, the
molecules are rendered as small and bright spots, indica
that the barrier height is enhanced by the presence of cy
pentene molecules. Conversely, we have observed two t
of protrusions atVs511.5 V, specifically extremely large
spots and small spots. We have confirmed that the large s
were C defects on the Si~100!-231 surface, and the sma
spots were cyclopentene molecules, which were distingu
able by their sizes.16 In these observations, the molecules a
always rendered brightly at both bias polarities. A high b
rier height at the molecule site implies that the total dip
momentm is always directed from the vacuum to the surfa
despite the polarity change. The value ofDfapp however,
changes with the values ofz and F. In fact, the values of
Dfapp are 0.15 eV atVs521.5 V and 0.34 eV atVs
511.5 V. This variation is attributed to the contribution
an induced dipole, for which the orientation is inverted
the polarity change ofF.9

Here the authors have calculated the dipole momentmm
1ms-m ,(am1as-m)F and the capacitance of single molecu
adsorption areaCmol by solving two simultaneous equation
.jp
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Eq. ~3! with Vs561.5 V. The values used for the calculatio
are contained in Table I. The value ofS was obtained from
the STM images;S557.8310220m2 for the molecule ad-
sorption area corresponded to twice the 231 unit cell of the
Si~100! surface. The value ofr is determined by structure
model, as shown in Fig. 3~D!, where we used a van de
Waals adsorption heightr 55.0 Å for cyclopentene mol-
ecule. The results arems-m1mm521.24310230C m ~0.37
D!, andas-m1am50.66310239C m2/V. Since the molecu-
lar calculations~PC-SPARTAN, ©1996 by Wavefunction
Inc! yield mm525.00310231C m ~0.15 D! for isolated cy-
clopentene molecules,ms-m527.431023 C m ~0.22 D! is
attributed to a charge transfer between the cyclopentene
ecule and the silicon substrate. Assuming an adsorption
tance 3.5 Å between the cyclopentene molecule and sili
substrate, a cyclopentene molecule would always hav
negative charge ford520.013e. Furthermore, we have als
calculated the relative dielectric constant for the ultrath
molecule overlayer to be« r5$11N(as-m1am)/«0%51.26,
which is about half of magnitude compared with benze
molecule (« r52.3) and cyclohexane molecule (« r52.0) in
the liquid phase. These results suggest that the field-indu
polarization is suppressed for an ultrathin molecular ov
layer. Finally, the capacitance of single molecule adsorpt
area is calculated forCmol51.3310220F.

IV. CONCLUSION

In conclusion, we have attempted to use STM in order
evaluate the capacitance of nanometer-thickness org
overlayers. Measured values ofdIt /dVs yield the conductiv-
ity of the ultrathin molecule overlayer, while BHS and BH
provide the values offapp, z, andF, which can be used to
obtain the capacitance of the ultrathin molecule overlay
When the thickness of the overlayer is reduced to nanom
scale, the capacitance become smaller than that of org
materials. We believe that these measurements are usefu
evaluating the surface conductivity and capacitance
nanometer-scale devices formed on a silicon surface.
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