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Capacitance of a molecular overlayer on the silicon surface measured
by scanning tunneling microscopy
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The capacitance of ultrathin cyclopentene overlayers on a Si(160)-&urface have been measured using
scanning tunneling microscog$TM). 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 taChel.3x 10 2°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.

I. INTRODUCTION barrier height between the tip and surface. The apparent tun-
neling barrier height can be useful to detect the local elec-
Given the current rapid development of microfabricationtronic charge on the surface, which involves chemical iden-
and passivation techniques, electronic devices fabricated dification, band-bending effects, and surface capacitance.
silicon wafers have become progressively smaller. Litho- The experiments were performed on an ultrathin cyclo-
graphic techniques permit the fabrication of nanometer strudoentene overlayer formed on a Si(100)2 surface Cy-
tures on the order of 10 nm in plane. Silicon oxide has serveglopentene molecules were adsorbed enl2dimer rows by
as the main passivation route for the insulation layer down t®reaking ther bonds (G=C) of cyclopentene and the Si
thickness of 0.1 nm, and some other nonoxidized atomicdimers (S&=Si), and bonding to the surface via the two
scale materials have also been fabricated on silicon whfersn€Wly formedo bonds (Si—C) by 2+2 cycloaddition. By

As these electronic devices are reduced to a nanometer scattsing this type of chemically tailoring system, a wide variety

several mesoscopic quantum effects appear. One of the |até§ff_characterlst|cs can be synthesized and incorporated on a

topics is quantized conductance in nanoconducting wire?I icon surface of very thin and highly uniform thickness.
such as carbon nanotubes which restrict the conductance ac-

cording to G=1/R=h/4e?, based on Pauli's principlé&s. Il. METHOD

Much attention is also being directed toward single-electron Tpe experiments were carried out using UHV-STap-

tunneling in extremely small double-tunneling junctions proximately 8.0< 10 Torr) at room temperature. The tip

(e.g., single-electron transistprsvhich were satisfied with \yas mechanically polished Pt/Ir wire which was polycrystal-

the capacitance ofC<0.1e?/kgT and resistance ofR Jine and 0.5 mm diameter. The substrate was a phosphorous-

>h/e?.® These requirements show that the ability to controldoped (0.01-0.1Q cm) n-type S{100 wafer. It was an-

the functioning and characteristics of these nanometer-scaleealed for 10 h at 650 °C for outgassing, and a clexl2

devices on the silicon wafers in terms of resistaRcand  surface was prepared by flash-heating up to 1200 °C for 10

capacitanceC would be highly significant. However, in this sec. The cyclopentene molecules were purchased from Ald-

scale range, the geometric configuration of the device is noch with a minimum purity of 97%. The §100) was ex-

longer helpful for estimatingR and C, as the surface/ posed to the 1,810 8Torr cyclopentene molecules for 2

interface characteristics have an increasing influence on thain in the UHV chamber.

functioning of the device. For this reason, an analytical In this study, the three different kinds of measurement

method is required to characterize the nanometer-scale devere used: STS, tunneling barrier height spectroscopy

vices on the silicon surfaces. (BHS), and tunneling barrier height imagin®@HI). In a
This paper describes how the authors evaluated the caimple one-dimensional model, the tunneling current in STM

pacitance of a single molecular overlayer using scanning tuncan be expressed as

neling microscopySTM). STM has advantages over various

other useful methods of surface analysis for studying local Br+Vs —

electronic states within a few eV from the Fermi level. Scan- = JEF Pour€XP( — 1.025/dop7) dE, @

ning tunneling spectroscod$ TS provides surface densities

of states, which can arise from the surface-projected bulkvherel, and Vg are the tunneling current and voltage, re-

band structure or from a true surface state. Furthermore, turspectively,pg, is the surface local density of statég, is

neling barrier height spectroscopy and tunneling barriethe average barrier height in eV, amdis the tip-surface

height imaging, which are derivative techniques of STM andseparation in A units. In STS measurements, the differential

STS, are capable of measuring the apparent tunnelingonductancedl,/dVy qualitatively reflects the surface den-
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FIG. 1. The upper resultgight ordinat¢ show typical experi-

1 2 3

mental data for the tunneling current lj@gainst tip-sample sepa- % 2 - v O(V)
ration z on the S{100-2x 1 surface taken a¥s=-1.5V. The =
steep current surge at=2.34 A (dashed ling corresponds to an FIG. 2. Filled-state STM images dA) a clean Sil00-2x 1
electrical contact between the tip anq surface_. The lower resultg | (o andB) Si(100-2x 1 surface after exposure to 1.8-L cyclo-
(left ordinatg show the plots ofpap, against the tip-sample separa- pentene at room temperature. The cyclopentene molecules were ad-
tion z which were given by gradients of numerousl{g samples sorbed twice on the 21 unit cell of the Si100) surface.(C) The
atVs=—15V. results fordl,/dV, on a clean $100-2X1 surface(dashed ling
~and an ultrathin cyclopentene overlaysolid line). The 7 and 7*
sity of statespq,~dI/dV;.° The apparent tunneling barrier states of the $100)-2x 1 surface are eliminated by cyclopentene
hEIth ¢app can be also obtained from EQ].) as '|:O||OWS.5_7 adsorption, and a wide energy gap arises.

2
L dincly (20 onthe Si(100)-X 1 surface withVs=—1.5V. (The dashed
1.025 dz line corresponds to the position of the surfacA. steep

As an experimental procedure, BHI imaging was performed current jump™ in the In(l)-z curve indicates the transition
using a lock-in technique by modulatiodsz=1 A and f from vacuum electron tunneling to conductive purrent, cor-
=4 kHz. Schusteet al. reported that an internal inconsis- responding to the interatomic contact of two Si atomg at
tency between the values obtained from the corrugation at 2.3A. Absolutez andF =V,/z values, that are shown in
different tunneling currents and the values measured by #e lower and upper scales in Fig. 1, can be calibrated from
lock-in technique could not be resolvB@his means that the  this electrical contactAs the tip approaches the surface, the
lock-in technique often provides anoma|0¢§pp values, es- derivative of |n(.t)'Z Satur.a.tes gradually until electrical C.0n'
pecially on highly corrugated surface. For this reason, wedact occurs. This saturation corresponds to the reduction of
also measured BHS to calibrate the absolute values of th@app: S expressed in E@2). The reduction of,p, in the
apparent barrier height in BHI. As Olset al. demonstrated, Metal-insulator-semiconductor junction has already been pre-
measurements of individual Itz curves did not reveal dicted theoretically due to the band-bending efféo€hen
anomalously low value%’ In the actual measurement of and Hamers observed a steep increasedgf, at z<
In(l)-z the dynamic range of the current amplifier was lim- ~1.5A on a Si111) surface, due to the effect of dynamic
ited when scanning the tip along thelirection over the full ~ tip-atom relaxatiort” However, we did not observe this phe-
tip-displacement range. For this reason, the valudgs#)  nomenon on a Si(100)-21 surface. The values @b,y in
were measured as a partial data series obtained at differeffte lower data of Fig. 1 were calculated by E2). using the
feedback positions with displacemexz of =3 A. The over-  In(ly)-z relationship obtained above. At a large separation,
all characteristics were then compiled based on these result®app Should approachgg=5.6eV at Vs=—1.5V (¢sg;

All In(1)-z measurements were performed during an operr4.1€V atVs=+1.5V), which is the average barrier height

¢app:

feedback loop for 1.3 sec. for a square barrie:*®
As a next step, we measurdd, /dV; curves for both the
IIl. RESULTS AND DISCUSSION bare Si(100)-X 1 surface and the ultrathin cyclopentene

overlayer. Figure 2ZA) shows a STM image of atomically

Initially, our aim was to measure tip-sample separation flat terraces and Si dimer rows of a Si(100)2 surface
electric fieldF =V,/z, and apparent tunneling barrier height observed in a filled state. The dimers are separated by a
$app ON @ clean Si(100)-2 1 surface, which are the basic surface lattice constant af,=3.84 A within each row, while
parameters required to determine the capacitance of the uhe rows are separated byag=7.7 A, resulting in a X1
trathin cyclopentene overlayer. All of these parameters caperiodicity. Figure 2B) shows a STM image of Si(100)-2
be obtained by Ir()-z curve measurement in BHS: total dis- X 1 after exposure to 1.8 L of cyclopentene at room tempera-
placement from the feedback position to current jump in theture. The cyclopentene molecules appear as round and bright
curve gives absoluteandF=Vg/z, and the gradient of the protrusions ordered in rows, with the spacing between mol-
In(l;)-z curve provides the value @f,,,according to Eq(2). ecules typically being twice the space of 3.84 A which sepa-

The upper plots in Fig. 1 indicate a typical l){z curve  rates the Si=Si dimers. As Chen and Hamers reported, the
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(8)

Ha " molecule molecule
(D) surface surface
-:Z__{S}m —sm FIG. 4. Tunneling barrier-height images of cyclopentene mol-
_5m+5m STM ecules adsorbed on the(800)-2x 1 surface a(A) Ve=—1.5V
------ - tip and(B) Vs=+1.5V. The brighter points represent higher tunneling
{ﬁrq' }s barrier heights. In these observations, the molecules are always ren-
dered brightly, indicating that the barrier height is enhanced by the
r z presence of cyclopentene molecules. Though some C defects on the
Silicon | Cyclopentene Si(100-2x 1 surface were also imaged brightly ¥t=+1.5V,
t‘;F :: they could be distinguished from cyclopentene by their size. The

insets show the dipole directions by molecule adsorptigp

FIG. 3. Energy diagram for determining the charge transfer be-+ u. .. (black arrow and an external field ¢+ aq.n)F (White
tween the molecule and the substrai@) A total dipole moment  arrow).
Miotal @t the molecule site consists of four components: the perma-
nent dipole momeni.,, and induced dipole moments,F of the  strate affects the effective capacitance of the overlayer. Fig-
molecule itself, the charge transfer between the substrate and malyes 3A)—3(D) show the influence of dipole moments on the
ecule due to adsorptiops., and the external fieldrs.nF. The  tynneling barrier between the tip and the silicon substrate. A
dipole moments are represented by arrows from negative charge Btal dipole momentu,y at the molecule site consists of
positive charggB) Even with zero bias voltage, a surface electric four components: the permanent dipalg, and the induced
dipole momentus. and up is formed by molecule adsorption. dipole momentsy,,F of the molecule itself, and the charge

Electric _dlpole momenters = and sh_o uld also be mduce_d by transfer between the substrate and molecule due to adsorp-
a negative(A) or a positive(C) external field. The surface dipole . - .
ion us and external fieldvg \F. Here, ap s, is the po-

moment forms an electric potential, which changes the eﬁectiv«% iz abili dE i | field. Th f dinol
apparent barrier height ¢,,, for electron tunneling. arizability, andF Is an external field. These four dipole mo-

ments are represented by arrows from negative charge to
. ositive charges in Fig. 3, whose directions correspond to
_cyclopentene molecules are located on dimer rows b_y brea ur experimental results. The molecule-substrate charge
ng thg cyclopentene (SC) w bonds, and the .S' dimers transfer owing to molecule adsorptigs._,, is induced by the
(SE=SI) are _then 4bonded to the s_urface by forming two NeWyitference between the substrate work functi®pn (dashed

7 bond_s (S'_C)'. Therefore, this molecu_lar ovc_erlayer_ls line at substrateand the molecule’s chemical potentighe
very thin and_unlfo.rm with a molecular-_S|ze unit. In Fig. dashed line at the moleculéAs a result, a molecular charge
2(C), the relationshipdl,/dV,, as a function ofV on an — 5., and an opposite substrate charge..,, arise at the
ultrathin pyclopentene o_verlayefsolid ling), is shown to- intesr_fn;ce[Fig. 3(D)]. For a low bias voltage,s_(r;ipole moments
gether W'th.that of an Si(100)-21 clean surface_{dashed Msm and u, form an electric potential, which changes the
line). The S|(100)-2i1 spectrum shows & occupied s_tate effective apparent barrier height for electron tunnelifr@.

at —0.6 eV, and arr unocltiup|ed state at 1.5 eV with an 3(B)]. Conversely, electric dipole momenis,F and a..F
energy gap oEq=~0.8eV." In contrast, the spectrum for 5.0 "5i55 induced in the presence of an external field, as
ultrathin cyclope.ntene overlayer shows gmde energy gap of, o in Figs. 8) and 3C). An external field shifts the
Eq=~1.8eV, with no surface states. This result shows thaj,sition of molecule’s chemical potentialashed line at the
chemically reactive adsorption formingbonds (Si—C) ex- moleculd. This charge transfers, F and @, F can be re-
tinguishes ther states of dangling bonds. This elimination of \orseq by changing the direction of the external field
silicon surface states means that the cyclopentene monOIayWhereas the directions Qf,, and u.., are not concerned ’

is functioning as an ultrathin insulator layer, which might be i the external field but determined by the nature of mo-
useful to constitute a quantum well along the normal d'rec'lecular adsorption. Accordingly, the magnitude of total di-

tion to the surface. pole momentu,, can be estimated by measuring the tun-

FlnaIIy,_ the capacitance of the ultrath|_n cyc!openteneneling barrier-height images. This can be expressed as
overlayer is estimated below. Generally, a dielectric constant

depends on the nature of the material itself: the polarization £0S
of electron clouds, atoms, and dipoles. However, if the thick- o= (tmT ts—m) + (amT as— m)F:Aqbapp( ?),
ness of the overlayer is reduced to molecular size, the inter- 3)
action between the overlayer and substrate would become

more significant than its bulk property. In particular, the whereA ¢y, is the difference in the apparent tunneling bar-
charge transfer between the molecular overlayer and sulsier height between the clean surface and the
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TABLE |. Results and parameters for calculating the capacitance, the induced dipole, and the permanent dipole of an ultrathin cyclo-
pentene overlayel,=10 PA, r=5.0A, andS=57.8x 10 2°n?,

Vs=1.5/-1.5(V) Msmt Mm As_mT ay Chnol
(Cm) (CMAIV) (F
z(R) F (VIA) bapp(eV) Adapp(eV)
Si(100)-2x 1 surface 8.9/9.3 0.17#/0.16 2.92/3.08
Ultrathin cyclopentene 0.15/0.34 -1.24x10°%  066x10°3%°  1.3x10°%°
overlayer 9.4/9.8 0.16/0.15 3.07/3.42

adsorbate-adsorbed surfageis electric field,Sande, are  Eq.(3) with Vo= +1.5V. The values used for the calculation
the molecule adsorption area and the permitivity in freeare contained in Table I. The value 8fwas obtained from
space, respectiveR/® This expression implies that the tun- the STM imagesS=57.8x10-2°m? for the molecule ad-
neling electrons encounter a higher or lower barrier heightorption area corresponded to twice the 2 unit cell of the
than that of the clean surface when the electrons pass throu@i(100) surface. The value of is determined by structure
an adsorbed molecule with an upward or downward dipolénodel, as shown in Fig.(B), where we used a van der
moment on the surfaces. Here, the capacitance of single molyaals adsorption height=5.0 A for cyclopentene mol-

ecule adsorption are@,, can be expressed as ecule. The results argq m+ um=—1.24x 107°C m (0.37
D), and g+ am=0.66xX 10 3°C n?/V. Since the molecu-
_&reoS _ 14 N(as-m*am) | £0S (4) lar calculations(PC-SPARTAN, ©1996 by Wavefunction,

molTy € r’ Inc) yield w,=—5.00< 10 31 Cm (0.15 D for isolated cy-

clopentene moleculegy ,=—7.4x10"3Cm (0.22 D) is
attributed to a charge transfer between the cyclopentene mol-

Figires 4% and 4B) show unnelng barerheght . £C4S 214 e Sicon substiee hssuming n adsorplon ds
ages of cyclopentene molecules adsorbed on U®0§i2 substrafe a cyclo enteneymofecule would always have a
X1 surface atA) Ve=—1.5V and(B) Vi=+1.5V. The , @ cyclop y

: S . negative charge fof=—0.013. Furthermore, we have also
it;lrégEt:rrri2?|E§$2tghelr?r§1);s(t):slseerr\(/e;t:gze\;g:thf1h::_?\f}ert:]lénnegalculated the relative dielectric constant for the ultrathin
molecules are rendered as small and bright spots, indicatin@ﬁilceﬁuif sggﬂf{gftszﬁg #t: dl\(la(ﬁé;rn;ﬁ;gzj/ S\/S%t; 1b.§r?£ene
that the barrier height is enhanced by the presence of cyclo- olecule ¢,=2.3) and cyc?ohexane moplecule £2.0) in
pentene molecules. Conversely, we have observed two typ S e g
of protrusions atV,=+1.5V, specifically extremely large e liquid phase. These results suggest that the field-induced

spots and small spots. We have confirmed that the large sp ag Igrnzlgitl'gﬂ 'Stﬁg%greséf;nig O‘?nsizlt{:tmglga:gc:éasgf\;g‘
were C defects on the @i00)-2x 1 surface, and the small yer. Y, P 9 P

; - —20
spots were cyclopentene molecules, which were distinguish"’-Irea is calculated f0Cmo=1.3x10“°F.

able by their size&? In these observations, the molecules are
always rendered brightly at both bias polarities. A high bar-
rier height at the molecule site implies that the total dipole In conclusion, we have attempted to use STM in order to
momenty is always directed from the vacuum to the surface evaluate the capacitance of nanometer-thickness organic
despite the polarity change. The value d#,,, however, overlayers. Measured valuesaf,/dV; yield the conductiv-
changes with the values afand F. In fact, the values of ity of the ultrathin molecule overlayer, while BHS and BHI
Apapp are 0.15 eV atVg=—-15V and 0.34 eV atVs  provide the values Obhapp, Z @andF, which can be used to
=+1.5V. This variation is attributed to the contribution of obtain the capacitance of the ultrathin molecule overlayer.
an induced dipole, for which the orientation is inverted byWhen the thickness of the overlayer is reduced to nanometer
the polarity change of.° scale, the capacitance become smaller than that of organic
Here the authors have calculated the dipole momepnt materials. We believe that these measurements are useful for
+ s m (emt s m)F and the capacitance of single molecule evaluating the surface conductivity and capacitance of
adsorption are€,, by solving two simultaneous equations: nanometer-scale devices formed on a silicon surface.

where N is the number of molecules contained in a unit
(m~3), andr is the thickness of the molecular overlayer.

IV. CONCLUSION
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