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Elastic and Inelastic Electron Tunneling in Alkane Self-Assembled Monolayers
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A review of the mechanisms and characterization methods of molecular electronic transport is presented.
Using self-assembled monolayers (SAMs) of alkanethiols in a nanometer-scale device structure, tunneling is
unambiguously demonstrated to be the main conduction mechanism for large band gap SAMs exhibiting
well-known temperature and length dependencies. Inelastic electron tunneling spectroscopy exhibits clear
vibrational modes of the molecules in the device, presenting the first direct evidence of the presence of
molecules in a molecular transport device and confirming the tunneling transport mechanism in alkane self-
assembled monolayers.

1. Introduction as X-ray photoelectron spectroscogykourier transform in-
frared spectroscopy (FTIRY,Raman spectroscog§ scanning

The suggestiohand demonstraticnof using molecules as  nneling microscopy (STMPand so forth. Studies have shown
the active region of electronic devices has recently generatedi, ot the bonding of the thiolate group to the gold surface is

considerable interest in both the basic transport physics andStrong with a bonding energy of1.7 eV® STM topography

potential technological applications of molecular electrofits. gy aminations revealed that alkanethiols adopt the commensurate
HOV.Veveg some reports of molecular mechanisms in electronic . qtajjine lattice characterized by a c42) superlattice of a
device8® have been shown to be premature and due to (V3 x +/3)R30.1917 FTIR investigation showed that the

filamentary conductior highlighting the fabrication sensitivity  yrientation of the alkanethiol SAMs on Au(111) surfaces is tilted
of molecular structures and the need to institute reliable controls _3y from the surface normap

o et [ vl tue el ersboceted . Electoncansprthouh aaneitil S s also e
P characterized by STME20 conducting atomic force micros-

structure, including their configuration, bonding, and indeed copyZ--2* mercury-drop junctionaS-28 cross-wire junctiond?

Exggr;?gérdVnewgegﬁzreggiénl:te)lrigsmtﬁa? :aexsheilr)]itt L?’lsdu:rsstf)(gdvgleallls- and electrochemical methodS>* These investigations are
. . exclusively at ambient temperature, clearly useful but insuf-
sical transport behavior and can be used as a control for

eliminating (or understanding) fabrication variables. Utilizing TICIem for_ an unambl_guous claim that the transport _mechamsm
tunneling spectroscopic methods, we present the first. unambigu-IS tur!nellng (which is, of course, gxpected assuming that the
ous evidence of the presence of’ molecules in the junction and Fermi levels of th_e contacts lie within the large HOMOUMO
further confirm the charge-transport mechanism obtained by gap). However, in the absencg c_)f temperature-dependent eur-
standard currertvoltage characterizations rerjt—voltage v, M) characterlst!cs, oth_er conduction mec_h-
) . . anisms (such as thermionic, hopping, or filamentary conduction)
A molecular system whose structure and configuration are

- X ) cannot be excluded and complicate the analysis, and thus such
§uffr|]C|entIy ngl (:lharacégrlge(zll ksuch ;halt it Cé“l]l servesalj a stl?ndarda claim is premature.
is the extensively studied alkanethiol (8H,), - 1SH) self- Utilizing a nanometer-scale device structure that incorporates
assembled monolayer (SAMhis system is useful as a control

b roperly prepared SAMs form single van der Waal alkanethiol SAMs, we demonstrate devices that all¢v T)
eca“sel'g’ operly prépared SAVIS form single van der Waals 5 structure-dependent measureniédtsvith results that can
crystals?1%and it presents a simple classical metalsulator-

. . . be compared with accepted theoretical models of IMM
me:a:l_(M—l—tM)t tl;)nnel junc§c|otr|l wlhen fakz)rﬁzgjz&getween tunneling. The use of this fabrication approach is not special in
n;%?\ﬂg-cﬁ'n l?ci ecau_sz 0 | € Iargeb_t | LUMO: glgap i any way (other than that we have so far found it to be
( - highest occupied molectiiar oroital, .Howes successful); indeed we stress that any successful device fabrica-
unoccupied molecular orbital) of approximately 8 &V?

: ) ) . tion method should yield the results described below if one is
Various surface analytical tools have been used to '”VeSt'gatecharacterizing the intrinsic molecular transport properties.

the surface and bulk properties of the alkanethiol SAMs, such  go¢ronjc transport is further investigated with the technique

of inelastic electron tunneling spectroscopy (IEFSETS was

I*T%Whom correspondence should be addressed. E-mail: mark.reed@ developed in the 1960s as a powerful spectroscopic tool for
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(a)

500 nm

Figure 2. Scanning electron microscope image of a representative array
of pores used to calibrate the device size. The scale bar is 500 nm.
(b) HS” T TN

o for 24 h inside a nitrogen-filled glovebox with an oxygen level
M L W W e W of less than 100 ppm. Three alkanemonothiol molecules of
octanedithiol different molecular lengthsoctanethiol (CH(CH,);SH; denoted

Figure 1. Schematics of a nanometer-scale device used in this study as C8 for the number of alkyl units), dodecanethiol §EEH,)11-
(not drawn to scale in relative thickness). (a) The top schematic is the SH  denoted as C12), and hexadecanethiol (CH,)1sSH,
cross section of a silicon wafer with a nanometer-scale pore etched denoted as C16)and one alkanedithiol molecutectanedithiol

through a suspended silicon nitride membrane. Middle and bottom L
schematics show a AUSAM—Au junction formed in the pore area. (HS(CH)sSH, denoted as C8-dithiofjwere used to form the

(b) Structures of octanethiol and octanedithiol shown as examples. ~active molecular componerf3As representative examples, the
chemical structures of octanethiol and octanedithiol are shown
IETS is used for the purpose of molecule identification and in Figure 1b.
chemical bonding and conduction mechanism investigations of  To determine the pore size statistically, test patterns (arrays
the “control” SAMs. The exclusive presence of well-known of pores) were created under similar fabrication conditions.
vibrational modes of the alkanes that are used is direct evidencerigure 2 shows a scanning electron microscope (SEM) image
of the molecules in the device structure, something that has toof such test pattern arrays. This indirect measurement of device
date only been inferred (with good reason, but nonetheless notsjze is done because an SEM examination of the actual device
unambiguously). The vibrational modes, exclusively identified can cause hydrocarbon contamination of the device and
as alkanes (as well as contact modes), are difficult to interpret subsequent contamination of the monolayer. From a regression
in any way other than as components in the active region of analysis of 298 pores, the device sizes of the C8, C12, C186,
the device. The inelastic tunneling spectra also demonstrate thatand C8-dithiol samples are determined ast58, 45+ 2, 45
electronic tunneling occurs through the molecules, confirming + 2 and 51+ 5 nm in diameter, respectively. A more ideal
the conduction mechanism obtained|By, T) characterizations.  (less parasitic) C8 sample supercedes that of previous réBorts,
The specific spectral lines also yield intrinsic line widths that and derived parameters from the two data sets agree to within
may give insight into molecular conformation and may prove standard error. We will use these device areas as the effective
to be a powerful tool in future molecular device characterization. contact areas. Although one could postulate that the actual area
. of metal that contacts the molecules may be different, there is
2. Experiment little reason to propose that it would be different as a function
Electronic transport measurements on alkanethiol SAMs were Of length over the range of alkanethiols used, and at most it
performed using a device structure similar to one reported would be a constant systematic error.
previously33:3440-42 |n this device, as illustrated in Figure 1a The sample is then transferred under ambient conditions to
(not drawn to scale in relative thickness), a number of molecules an evaporator that has a cooling stage to deposit the opposing
(ca. several thousands) are sandwiched between two metallicAu contact. During the thermal evaporation (under a pressure
contacts. This technique provides a stable device structure anddf ~1078 Torr), liquid nitrogen is kept flowing through the
makes cryogenic measurements possible. Device fabricationcooling stage to avoid thermal damage to the molecular
starts with a high-resistivity silicon wafer with a low-stressh\gi layer3344This technique reduces the kinetic energy of evapo-
film deposited on both sides by low-pressure chemical vapor rated Au atoms at the surface of the monolayer, thus preventing
deposition (LPCVD). By standard photolithography processing, Au atoms from punching through the monolayer. For the same
a suspended $il,; membrane (4@&m x 40 um size and~70 reason, the evaporation rate is kept very low. For the first 10
nm thickness) is fabricated on the top side of the wafer. nm of gold evaporated, the rate is less than 0.1 Als. Then the
Subsequent e-beam lithography and reactive ion etching createrate is increased slowly to 0.5 A/s for the rest of the evaporation,
a single pore with a diameter of tens of nanometers through and a total of 200 nm of gold is deposited to form the contact.
the membrane. As the next step, 150 nm gold is thermally  The device is subsequently packaged and loaded into a low-
evaporated onto the top side of the wafer to fill the pore and temperature cryostat. The sample temperature is varied from

form one of the metallic contacts. 300 to 4.2 K by flowing cryogen vapor onto the sample (and

The device is then transferred to a molecular solution to thermometer) using a closed-loop temperature controller. Two-
deposit the SAM layer. For our experiments,~& mM terminal dcl(V) measurements are performed using a semi-
alkanethiol solution is prepared by adding O uL of alkanethi- conductor parameter analyzer. Inelastic electron tunneling

ols to 10 mL of ethanaot® The deposition is done in solution  spectra are obtained via a standard lock-in second-harmonic
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TABLE 1: Possible Conduction Mechanism3

conduction characteristic temperature voltage
mechanism behavior dependence dependence
direct 2d N
tunneling JrV ex;{— ?«/ 2m<I)) none I~V
Fowler—

Nordheim I VP ox p(_ 4d«/2m(I>3’2) none In( 3 ) 1
tunneling 30hV V2V
thermionic o — V/dmed J\ .1 o
emission J~ T ex[{— + In 25T In(J) ~ V
hopping ® J 1 N
conduction J~Vexpg— E" In(V) ~ T JrV

a Adapted from ref 46° This characteristic of direct tunneling is valid for the low-bias regime; see eq 3a.

measurement techniqde3® A synthesized function generator When the Fermi level of the metal is aligned closely enough
is used to provide both the modulation and the lock-in reference to one energy level (either HOMO or LUMO), the effect of the
signal. The second-harmonic signal (proportional3édy?) is other distant energy level on the tunneling transport is negligible,
directly measured using a lock-in amplifier, which is checked and the widely used Simmons motfels an excellent ap-

to be consistent with a numerical derivative of the first-harmonic proximation®®> The Simmons model expresses the tunneling
signal (proportional to lddV). Various modulation amplitudes  current density through a barrier in the tunneling regimé&/ of
and frequencies are used to obtain the spectra. The ac modula< ®g/e ag>%*

tion is added to a dc bias using operational amplifier-based

custom circuitry#s . ( e ){ (q) e\/) ex;{ 2(2m)1/2a(q) e 1,2d]
=|l— B = — 5= o
3. Theoretical Basis 4r’hd” 2 h 2
3.1. Possible Conduction Mechanismgn Table 1, possible N+ eV _ Z(Zn)”2 B+ ev 1/2d
conduction mechanisms are listed with their characteristic B 2 ex h x| Pe 2
current, temperature, and voltage dependeffci@¥e do not (2)

discuss filamentary tunneling mechanisms, which are easier to ] ) ) ) ]
categorizé’) On the basis of whether thermal activation is Wheremis the electron massi is the barrier width®g is the
involved, the conduction mechanisms fall into two distinct Darrier height, an¥ is the applied bias. For molecular systems,
categories: (i) thermionic or hopping conduction, which has the Simmons model has been modified with a paramefér®
temperature-dependet() behavior and (ii) direct tunneling ~ ®iS@ unitless adJustapIe parameter.that is introduced to provide
or Fowler-Nordheim tunneling, which does not have temper- €ither a way of applying the tunneling model of a rectangular
ature-dependeri(V) behavior. For example, both thermionic  Parrier to tunneling through a nonrectangular batfier an

and hopping conduction have been observed for 4-thioacetyl- 2djustment to account for the effective mase”)( of the
biphenyl SAME° and 1,4-phenelyene diisocyanide SARME. tunneling electrons through a rectangular baﬁ@f%&o_r both.
However, the conduction mechanism is expected to be tunneling® = 1 corresponds to the case for a rectangular barrier and bare
when the Fermi levels of contacts lie within the large HOMO ~ €lectron mass. By fitting individua((V) data using eq 2Ps
LUMO gap for short molecules, as for the case of an alkanethiol @nda values can be obtained.

molecular systeri~13 Previous work on LangmuirBlodgett “Equation 2 can be approximated in two limits: low bias and
alkane monolayef&exhibited a significant impurity-dominated ~ Nigh bias as compared with the barrier heighy. For the low-
transport component, complicating the analys) measure-  Dias range, eq 2 can be approximatet as

ments on self-assembled alkanethiol monolayers have also been

reportedt®-2249 however, all of these measurements were (2md,) % 2(2m)+2 "

performed at a fixed temperature (300 K) that is insufficient ~ g Vexpg— —5—a(®) d| (3a)

for proving tunneling to be the dominant mechanism.

3.2. Tunneling Models.To describe the transport through a
molecular system having HOMO and LUMO energy levels, one
of the applicable models is the Franz two-band mé&#eE This
model provides a nonparabolic energnomentumE(k) disper-
sion relationship by considering the contributions of both the

To determine the high-bias limit, we compare the relative
magnitudes of the first and second exponential terms in eq 2.
At high bias, the first term is dominant, and thus the current
density can be approximated as

HOMO and LUMO energy levels? N ( o )((D eV) ex;{ 2(2m)1/2(1 o e llzd
_om [ L E @\ 2/ TR (B_zv)
=5 = 4rhd

K 2 E(1+ Eg) (1) T (3b)

wherek is the imaginary part of the wave vector of electrons, ~ The tunneling currents in both bias regimes are exponentially
m* is the electron effective masls(= 27h) is Planck’s constant,  dependent on the barrier width In the low-bias regime, the

E is the electron energy, arig} is the HOMO-LUMO energy tunneling current density is

gap. From this nonparabolig(k) relationship, the effective mass

of the electron tunneling through the SAM can be deduced by 10 1 exp(p,0)

knowing the barrier height of the metaBAM—metal junction. d 0
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wherefy is a bias-independent decay coefficient 100 — . r . .

(a)

IBO = h a(¢B)l/2 (4a) 10+ J
whereas in the high-bias regime g
1 T 3
JO d_2 expp,d)
0.1 3

wherepy is a bias-dependent decay coefficient

2(2m)Y2
By = %a(q’a - e_ZV)l/Z =Bo (1 - %)1/2 (4b)

At high bias Sy decreases as bias increases, which results from (b) G800 0 o 6w o o o
a barrier lowering effect due to the applied bias. 8l %3555853 i 2 » ] o0V
eSS 2 S S AP SR IRy
Ausasssanaa®® © s . -

4 Results . .. e 00 oooo:; ° ; o © © Z ggg
4.1. Tunneling Current—Voltage Characteristics. Tem- —_ T L T, s 05V

perature—Variable Current —Voltage ((V, T)) Measure- g 21 PR 1 o 04v

ment. To determine the conduction mechanism of self- ARG ® 0.3V

assembled alkanethiol molecular system{¥) measurements 2 "t 1 » 02V

over a sufficiently wide temperature range (300 to 80 K) and »l -t .. =01V

resolution (10 K) were performed. Figure 3a shows a repre- . . . A . |

sentativd (V, T) characteristic of dodecanethiol (C12) measured 0.002 0.004 0.006 0.008 0.010 0.012 0.014

with the device structure as shown in Figure la. Positive bias /T (1/K)

corresponds to electrons injected from the physisorbed Au

contact (bottom contact in Figure 1a) into the molecules. By

using the contact area of 45 2 nm in diameter determined 72— - T - T -

from the SEM study, a current density of 1580200 Al/cn? at (C)

1.0 V is determined. No significant temperature dependence of r3r . . ® = ] = 200K

the characteristics (frord = 0 to 1.0 V) is observed over the — 74l "« a ' 1 fggﬁ

range from 300 to 80 K. An Arrhenius plot (In(versusl/t) of L - e s B o 140K

this is shown in Figure 3b, exhibiting little temperature = 175F . aa . * 4 <« 9K

dependence in the slopes of Ingersus/ at different bias 1 tee, 11 . Tt “

and thus indicating the absence of thermal activation. Therefore, - 176 o o]

we conclude that the conduction mechanism through alkanethiol P .t AR S |

is tunneling, contingent on demonstrating a correct molecular ’ e 0

length dependence. The tunneling through alkanethiol SAMs 78l s . s . s

has been assumed to be “through-bond” tunneling (i.e., along 10 12 14 16 18 20

the tilted molecular chains between the metal contagis25y. 1/V (1/V)

On the basis of the applied bias as compared with the barrierFigure 3. (a) Temperature-dependel() characteristics of dode-
height @g), the tunneling through a SAM layer can be canethiol (C12)I(V) data at temperatures from 300 to 80 K with 20 K
categorized into either direc?(< ®g/e) or Fowler-Nordheim steps are _plotted on a log scale. (b) Arrh_enius plot generated from the
(V > ®gle) tunneling. These two tunneling mechanisms can :rg\é)A%?t\?elrgungwaatfrsg?egfé dt(t)er]r-llge\r/atvl\:lrt:so.l V steps. (c) Plot of
be distinguished by their distinct voltage dependencies (Table '
1). An analysis of Inif\V?) versus'/y (in Figure 3c) shows no  parameters (minimizing?) for the room-temperature C12V)
significant voltage dependence, indicating no obvious Fowler data were found to bég = 1.42+ 0.04 eV ando. = 0.65+
Nordheim transport behavior in this bias range (0 to 1.0 V) and 0.01, where the error ranges &g and oo are dominated by
thus determining that the barrier height is larger than the applied potential device-size fluctuations of 2 nm. Likewise, data sets
bias (i.e. @ > 1.0 eV). This study is restricted to applied biases were obtained and fittings were done for octanethiol (C8) and
<1.0 V, and the transition from direct to FowteNordheim hexadecanethiol (C16), which yielded valueg & = 1.83+
tunneling requires higher bias. Having established tunneling as0.10 eV andx = 0.61+ 0.0 and{®g = 1.40+ 0.03 eV,
the conduction mechanism, we can now obtain the barrier height= 0.68 £+ 0.01}, respectively.
by comparing our experimentd(V) data with theoretical Using @z = 1.42 eV ando. = 0.65, a calculatedi(V) for
calculations from the aforementioned tunneling models. C12 is plotted as a solid curve on a linear scale (Figure 4a) and
Tunneling Characteristics through Alkanethiols. From the on a semilog scale (Figure 4b). A calculatd) for oo = 1
modified Simmons model (eq 2) by adjusting two parameters and ®g = 0.65 eV (which gives the best fit in the low-bias
dp anda, a nonlinear least-squares fitting can be performed to range) is shown as the dashed curve in the same Figure,

fit the measured C12(V) data (calculation assuming = 1 illustrating that witha. = 1 only limited regions of thé(V) can
has been previously shown not to V) data well for some be fit (specifically here forv < 0.3 V). For the case of a
alkanethiol measurements at fixed temperature (30¥By rectangular barrier, the parameter fit presented above corre-

using a device size of 45 nm in diameter, the best fitting sponds to an effective mass (= o®m) of 0.42 m.
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Figure 4. Measured C12(V) data @) compared with the calculation
(=) using the optimum fitting parameters @& = 1.42 eV anda =
0.65. The calculatedi(V) from a simple rectangular moded (= 1)

Wang et al.
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0.4 0.6 0.8 1.0 1.2 1.4
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Figure 5. (a) Contour plot ofA(dg, o) values for the C12 nanopore
device as a function obg anda, where the darker region corresponds

with ®g = 0.65 eV is also shown as the dashed curve. Current is plotted to a better fit. The inset shows detailed minimization fitting regions.

(a) on a linear scale and (b) on a log scale.

To investigate the dependency of the Simmons model fitting
on ®g anda, a fitting minimization analysis was undertaken
for the individual®g anda values as well as their product form
of ad®g?in eq 4a.A(®Pg, @) = (Zllexptiy — lcaicay|?)™? was
calculated and plotted, whetgpy represents the experimental
current-voltage values andcacqy iS calculated using eq 2.
Different { ®g, o} pairs (7500) were used in the fittings with
dgp ranging from 1.0 to 2.5 eV (0.01 eV increment) aad
ranging from 0.5 to 1.0 (0.01 increment). Figure 5a is a
representative contour plot 8f{®g, o) versus®g anda values
generated for the C112V) data, where darker regions correspond
to smallerA(®g, a) and various shades represent half-order of
magnitudeA(®g, a) steps. The darker regions represent better
fits of eq 2 to the measurd@V) data. In the inset of Figure 5a,
one can see that there are a range of posdiglanda values
yielding minimum fitting parameters. Although the tunneling

(b) Plot of A(®g, o) as a function ofudg2

and @g gives a similarsy value within the error range as the
C12 and C16 devices (Table 2).

Length-Dependent Tunneling through Alkanethiols.Three
alkanethiols of different molecular length, C8, C12, and C16,
were investigated to study length-dependent tunneling behavior.
Figure 6 is a semilog plot of tunneling current densities
multiplied by molecular lengthJd at low bias andlc? at high
bias) as a function of the molecular length for these alkanethiols.
The molecular lengths used in this plot are 13.3, 18.2, and 23.2
A for C8, C12, and C16, respectively. Each molecular length
was determined by adding an Athiol bonding length to the
length of the molecul& Note that these lengths assume through-
bond tunneling?233257The high- and low-bias regimes are
defined somewhat arbitrarily by comparing the relative mag-
nitudes of the first and second exponential terms in eq 2. Using
®g = 1.42 eV anda = 0.65 obtained from nonlinear least-

parameters determined from the previous Simmons tunneling squares fitting of the C1®V) data, the second term becomes

fitting { ®g = 1.42 eV ando. = 0.65 lie within this minimum
region in this Figure, there is a distribution of other possible
values.

A plot of A(®g, o) versusuds'/? for the same device reveals

less than~10% of the first term at~0.5 V, which is chosen as
the boundary of low- and high-bias ranges.

As seen in Figure 6, the tunneling current shows an
exponential dependence on molecular length, which is consistent

a more pronounced dependence and is shown in Figure 5b. Thigwith the Simmons tunneling model (eq 3). Thealues can be

plot indicates that the fitting to the Simmons model sharply
depends on the product of®g'2. For this plot,A(®g, o) is
minimized at aoc®g? of 0.77 (eV}? corresponding to #o
value of 0.79 A from eq 4a. The C8 and C16 devices showed
similar results, indicating that the Simmons tunneling model
has a strongx®g2 dependence. For the C8 device, although
the dg obtained from the fitting is a little larger, combined

determined from the slope at each bias and are plotted in Figure
7. The error bar of an individug value in this plot was obtained
by considering both the device size uncertainties and the linear
fitting errors.

The determined values are almost independent of bias in
the low-bias range\( < 0.5 V), and an averagg of 0.77 +
0.06 A1 in this region (from 0 to 0.5 V) can be calculated
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TABLE 2: Summary of Alkanethiol Tunneling Parameters in This Study

molecules Jat1V (Alcn?) D (eV) a m* (m) Bo(A~1)2

C8 31 000+ 10 000 1.83+0.10 0.61+ 0.01 0.37 0.85- 0.04
C12 1500+ 200 1.42+ 0.04 0.65t 0.01 0.42 0.79t 0.02
C16 23+ 2 1.40+ 0.03 0.68+ 0.01 0.46 0.82+ 0.02
C8-dithiol 93 000+ 18 000 1.2G+ 0.03 0.59+ 0.01 0.35 0.66+ 0.02

a3y values were calculated using eq 4a.

TABLE 3: Summary of Alkanethiol Tunneling Characteristic Parameters

junction pa(AY Je(Alcm?) at 1V D5 (eV) technique ref
(bilayer) monothiol 0.8A 0.1 25-200¢° 2.19 Hg junction 25
(bilayer) monothiol 0.71 0.08 0.7-3.5 Hg junction 27
monothiol 0.79+ 0.01 15004+ 200 1.4 solid M—I1—-M 33
monothiol 1.2 ST™M 19
dithiol 0.8+ 0.08 3.75x 10® 54 2n STM 20
monothiol 0.73-0.95 1106-1900 2.3 CAFM 21
monothiol 0.64-0.8 10-50 2.3 CAFM 23
dithiol 0.46+ 0.02 3-6 x 10 13159 CAFM 24
monothiol 1.3 0.03 1.8 tuning fork AFM 49
monothiol 0.97+ 0.04 electrochemical 30
monothiol 0.85 electrochemical 31
monothiol 0.91+ 0.08 electrochemical 32
monothiol 0.76 2x 10*(at 0.1 V¥ 1.3-3.4 theory 58
monothiol 0.76 theory 59
monothiol 0.79 theory 56

aSome decay coefficieni$ were converted into the unit of & from the unit of per methylené.Current densities (J) for C12 monothiol or
dithiol at 1 V are extrapolated from published results for other length molecules by using conduCtaxpé-/ d) relationship ¢ Junction area
estimated by optical microscopyJunction area estimated by SERMIunction area estimated for a single molectilrinction area estimated by
Hertzian contact theory.Barrier height®g values obtained from the Simmons equatibBarrier height®g values obtained from the bias dependence
of 8. ' Barrier height®g values obtained from a theoretical calculation.

10° . . . . T T 1.0 T T T T T
o 1.0V
F C8 o 09V ]4g°
a 08} e
107k > "ou * %
_ <oy % !
§ ; ¢ ~1o‘“2 -~ 06F % T
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- E =] ~ ~
- 3 i Q@ 04 & 4
10°F 110" B o4
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Figure 6. Log plot of tunneling current densities multiplied by
molecular lengthd at low bias and byl at high bias (symbols) versus
molecular length. The lines through the data points are linear fittings.

from Figure 7. Table 3 is a summary of previously reported

alkanethiol transport parameters obtained by different tech- 0.04 were obtained from the intercept and the slope, respectively,

niques. The current densitied) (isted in Table 3 are for C12  consistent with the valuef®s = 1.42 eV anda = 0.653

monothiol or dithiol devices at 1 V, which are extrapolated from obtained from the nonlinear least-squares fitting in the previous

published results of alkane molecules of other lengths. The largesection.

variation in J from these reports can be attributed to the g values for alkanethiols obtained by various experimental

uncertainties in device contact geometry and junction area astechniques have previously been reported and are summarized

well as complicating inelastic or defect contributions. The  in Table 31973349 To compare with these reportgtivalues,

value (0.77+ 0.06 A1 ~ 0.96 £+ 0.08 per methylene) for  we also performed length-dependent analysis on our experi-

alkanethiols reported here is comparable to previously reportedmental data according to the generally used equ#tiéh3?

values as summarized in Table 3. TRisalue agrees with the

value of 0.79 Al (Bo) calculated via eq 4a from fitting G = G, exp(—4d) (5)

individual I (V) characteristic of the C12 device. The calculated

Po values of C8 and C16 devices are similar, as summarized in This gives aB value from 0.84 to 0.73 Al in the bias range

Table 2. from 0.1 to 1.0 V, which is comparable to results reported
According to eq 4b/; depends on bia¥ linearly in the previously. For example, Holmlin et.aleported g3 value of

high-bias range. The inset in Figure 7 is a pIotB@fversusV 0.87 A1 by mercury drop experiment8Wold et al. reported

in this range (0.5 to 1.0 V) along with a linear fitting of the a of 0.94 A%, and Cui et al. reportefl of 0.64 AL for various

data. From this fitting®s = 1.35+ 0.20 eV andx = 0.66 £ alkanethiols by using a conducting atomic force microscope

Figure 7. Plot of 5 versus bias in the low-bias rand®)(and the high-
bias range ®). The inset shows a plot qﬂ\z, versus bias with a linear
itting.



18404 J. Phys. Chem. B, Vol. 108, No. 48, 2004 Wang et al.

T (a)
‘Dm\ ! 1000
-2F Electron tunneling - -
_ g
> — 100}
& 4t 1
m
-6 Hole tunneling oF , , ]
‘I\IT% R, 0.0 0.1 0.2 0.3 0.4 0.5
HOMP ) ) ) vy
025 020 015 040 005 000 (b) f T T —%
2 -2
K (A7) BEs B B o ooy
Figure 8. E(K) relationship (symbols) generated from the length- 14r g% § a § 1 > oeey
dependent measurement data for alka}nethiols. S(_)Iid and open symbols @06 o S o o3y
correspond to electron and hole tunneling, respectively. The insets show — 5| wee o . o | ao25v
the corresponding energy-band diagrams. The solid curve is the Franz = o> b > s ] o o%Y
two-band expression fan* = 0.43m. > 0.10V
16 pmw m . . 1 moesv
technique?l23 These reporteg values were treated as bias- <
independent quantities, contrary to the results reported here and oo 001 002 0037025
that observed in a slightly different alkane system (ligand- UT (1/K)
encapsulated nanoparticle/alkartithiol moleculesf* We also
caution against the use of parameters that have not been checked (©)
with a temperature-dependent analysis because small non-
tunneling components can dramatically affect derived values 1000 1
of S. _
Franz Model. We have analyzed our experimental data using g
a Franz two-band modé? >3 Because there is no reliable = 100f E
experimental data on the Fermi level alignment in these metal
SAM—metal systems®g and m* are treated as adjustable
parameters. We performed a least-squares fit on our data with 1ol . : . .
the Franz nonparaboli€(K) relationship (eq 1) using an 008 000510
alkanethiol HOMG-LUMO gap of 8 eV*213Figure 8 shows M\

the resultanE(K) relationship and the corresponding energy- Figure 9. (a) I(V, T) characteristics of a C8-dithiol SAM at selected

: : : temperatures (4.2, 50, 100, 150, 200, 250, and 290 K). (b) Arrhenius
band diagrams. The zero of energy in this plot was chosen aSplot generated from the data in plot a at voltages from 0.1 to 0.5 V

the LUMO energy. The best fitting parameters obtained by i “0.05 v steps. (c) Measured C8-dithid[V) data at room
minimizing x? were ®g = 1.49+ 0.51 eV andm* = 0.43+ temperature®) is compared with the calculatior-J using the optimum
0.15 m, where the error ranges®f andm* are dominated by  fitting parameters ofbg = 1.20 eV ando. = 0.59.
the error fluctuations g [k2 = —(#/,)3. Both electron tunneling
near the LUMO and hole tunneling near the HOMO can be a phase-sensitive detector that yields the characteristic frequen-
described by these parametedss = 1.49 eV indicates that  cies of the corresponding vibrational modes as well as other
the Fermi level is aligned near one energy level in either case; information36-38
therefore, the Simmons model is a valid approximation. The  |(V, T) measurements and additional IETS studies have been
®g andn values obtained here are in reasonable agreementperformed on an octanedithiol (C8-dithiol) SAM using the
with the previous results obtained from the Simmons model. aforementioned device structure shown in Figuré“lRBigure

4.2. Inelastic Tunneling. Inelastic Electron Tunneling 9a shows thé(V, T) data for this device obtained from 300 to
Spectroscopy.Electronic transport through alkanethiol SAMs 4.2 K. An Arrhenius plot shown in Figure 9b exhibits little
is further investigated with the technique of inelastic electron temperature dependence, verifying that tunneling is the main
tunneling spectroscop¥,such as in the 1966 work of Jaklevic  transport mechanism for C8-dithiol SAMs. This result is in good
and Lambe, who studied the conductance of tunnel junctions agreement with the tunneling transport characteristics observed
with encased organic molecul&sSince then, it has become a previously. Figure 9c shows the room-temperati(s® mea-
powerful spectroscopic tool for chemical identification, chemical surement result. Using a junction area of65 nm in diameter
bonding investigation, and surface chemistry and physics (obtained from statistical studies of the nanopore size with
studies®® In an inelastic tunneling process, the electron loses SEM), a current density of (9.& 1.8) x 10* A/lcm? at 1.0 V
energy to a localized vibrational mode with a frequenayhen is calculated. As a comparison, a current density of £31.0)
the applied bias satisfies the condition of e\tw. As a result, x 10* A/lcm? at 1.0 V was observed for C8-monothiol SAMs.
an additional tunneling channel is opened for the electron, Using the modified Simmons model (eq 2), we obtained
resulting in an increase in the total current at the applied bias transport parameters dfg = 1.20+ 0.03 eV andx = 0.59+
corresponding to the vibrational-mode enef¢¥ypically, only 0.01 fnm* = 0.34m) for this C8-dithiol SAM.
a small fraction of tunneling electrons are involved in the Figure 10 shows the IETS spectrum of the same C8-dithiol
inelastic tunneling process (determined by the eleetxdloronic SAM device obtained af = 4.2 K. An ac modulation of 8.7
mode coupling coefficient), resulting in a small conductance mV (rms value) at a frequency of 503 Hz was applied to the
change that is commonly measured in the second harmonics ofsample to acquire the second-harmonic signals. The spectra are
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0 1000 2000 3000 4000 cm’ C).5* We note that all alkanethiolate peaks without exception
T T T " T T T T or omission occur in the spectra. Peaks at 58, 257, 277, and
o . 302 as well as above 375 mV are likely to originate from8i
9; ] and N—H vibrations related to the silicon nitride membr&ws>
i which forms the SAM encasement. To the best of our
knowledge, alkanethiols have no vibrational signatures in these
regions. Measurement of the background spectrum of an
“empty” nanopore device with only gold contacts to obtain
background contributions from $8l, is hampered by currents
. that are either too low (open circuit) or too high (short circuit)
1 in such a device. A similar IETS result has also recently been
4 obtained using a different test structéfe.
I l Although there are no selection rules in IETS as there are in
-5.0u | ] IR and Raman spectroscopy, certain selection preferences have
. . \ \ . . been established. According to IETS the®iyolecular vibra-
0.0 0.1 0.2 0.3 0.4 05 tions with net dipole moments perpendicular to the interface of
the tunneling junction have larger peak intensities than vibrations
VV) with net dipole moments parallel to the interface (for dipoles
Figure 10. Inelastic electron tunneling spectrum of a C8-dithiol SAM  close to the electrodes). Thus, vibrations perpendicular to the
obtained from lock-in second-harmonic measurement with an ac electrode interface (i.e.y(Au—S), »(C—S), »(C—C), and

modulation of 8.7 mV (rms value) at a frequency of 503 Az 4.2 CH.)) dominate the IETS spectrum. and modes parallel to
K). Peaks labeled * are most probably background due to the encasingVW( 2)) P ' P

20.0u

2
)
o
<
T
N

V(Au-S)

T

o)
o
—
T
*
<«— §(CH)

v(C-S)

d’Vav’ (A/V

5.0u -

SiaNa. the interface (i.e.¢r{CH,) andv(CH,)) are weak, as clearly
shown in Figure 10.
TABLE 4: Summary? of the Major Vibrational Modes of Line-Width Study. To verify that the observed spectra are
Alkanethiolates® indeed valid IETS data, peak-width broadening was examined
modes methods wavenumber (ch (meV) as a function of temperature and modulation voltage. IETS was
v(Au—S) HREELS! 205 28 performed with different ac modulations at a fixed temperature

and at different temperatures with a fixed ac modulation. Figure

vC=9) S;‘m:gf, %é ;g 11a shows the modulation dependence of the IETS spectra
HREELS. 15 89 obtaineq at 4.2 K, and Figurg 11b shows the modulation
5(CHy) IRE2 720 89 b'roademng of the €C stretch!ng mode at 133 meV. The
IR62 766 o5 circular symbols are the full width at half-maximum (fwhm)
IR62 925 115 values of the experimental peak &t= 4.2 K with various
HREELS! 1050 130 modulation voltages. A Gaussian distribution function was
»(C—C) Ramaf? 1064 132 utilized to obtain a fwhm and the error rangfeThe square
Ramar° 1120 139 symbols are calculated fwhm value®kfeoretica taking into
IR62 1230 152 account both a finite temperature effeb¥ferma ~ 5.4kgT)%®
Ywi(CHz) HREELS* 1265 157 and a finite voltage modulation effeModuiation™ 1. Vac_m3.*°
IR62 1283 159 These two broadening contributions add as the squi@gsoretical
IR® 1330 165 = Waherma+ Wmodulation ThE agreement is excellent over most
0s(CHy) HREELS* 1455 180 of the modulation range, but we note a saturation of the line
¥(S—H) Ramai® 2575 319 width at low modulation bias indicating the influence of a
v{CHy) Ramaf® 2854 354 nonnegligible intrinsic line _vvidth. Takir_lg into account the
HREELS! 2860 355 known thermal and modulation broadenings and including the
Rama® 2880 357 intrinsig line width .QN|).7° as a fitting parameter, the measured
ve{CH;)  Rama® 2907 360 peak width Wexp) is given by
HREELS? 2925 363
aThere is a vast amount of literature with spectroscopic assignments Wexptl = \/\NIZ + \Ntzhermal+ Wﬁw dulation (6)

for alkanethiols. The references given are representative of IR, Raman,

and HREELS assignmentsTaken from refs 66:62. . . . .
¢ W, can be determined by using a nonlinear least-squares fit to

stable and repeatable upon successive bias sweeps. The spectrutite ac modulation data (Figure 11) with eq 6, giving an intrinsic
at 4.2 K is characterized by three pronounced peaks in the 0 toline width of 3.734 0.98 meV for this line. This is shown (with
200 mV region at 33, 133, and 158 mV. From comparison with the error range) in Figure 11b as a shaded bar, including the
previously reported infrared (IR), Raman, and high-resolution thermal contribution.

electron energy loss (HREEL) spectra of SAM-covered gold  We can independently check the thermal broadening of the

surfaces (Table 4), these three peaks are assigngéin-S), line at fixed modulation width. Figure 12a shows the temperature
v(C—C), and yw(CH;) modes of a surface-bound alkane- dependence of the IETS spectra obtained with an ac modulation
thiolate%-3 The absence of a strongS—H) signal at~329 of 8.7 mV (rms value). In Figure 12b, the circular symbols (and

mV suggests that most of the thiol groups have reacted with corresponding error bars) are experimental fwhm values of the
the gold bottom and top contacts. Peaks are also reproduciblyC—C stretching mode from Figure 12a, determined by a
observed at 80, 107, and 186 mV. They correspond@-S), Gaussian fit (and error of the fit) to the experimental line shape.
0r(CHyp), andd(CH,) modes. The stretching mode of the CH  For simplicity, we have considered only Gaussian line shé&pes,
groups,v(CH,), appears as a shoulder at 357 meV. The peak at resulting in increased error bars for the lower-temperature range
15 mV is due to vibrations from either Si, Au, o(C—C— due to an asymmetric line shape. The square symbols are
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5[ 'II—‘ 1 Figure 12. (a) Temperature dependence of IETS spectra obtained at
L a fixed ac modulation of 8.7 mV (rms value). (b) Line<{C stretching
B R mode) broadening as a function of temperature. The circular symbols

are experimental fwhm values, and the square symbols are theoretical
calculations considering thermal broadening, modulation broadening,
and the intrinsic line width.
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Figure 11. (a) Modulation dependence of IETS spectra obtained at

4.2 K. (b) Line (C-C stretching mode) broadening as a function of ac . A . . S
modulation. The circular symbols are experimental fwhm values, and ist to institute controls carefully to validate claims of intrinsic

the square symbols are theoretical calculations considering both Molecular behavior. Systematic controls, such as the model
modulation and thermal contributions. The shaded bar denotes theSystem presented here, should assist in guiding further work
expected saturation due to the derived intrinsic line width (including a toward a rational development of the fascinating device
5.4T thermal contribution) of 3.73 0.98 meV. structures and systems that the field promises.

theoretical calculations considering thermal broadening, modula- Acknowledgment. We thank J. F. Klemic, X. Li, and R.

tion broadening, and the intrinsic line width determined above. \yngen for helpful discussions and assistance. We especially
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spanning a temperature range from belovd 5) to above % 10) (F49620-01-1-0358), NSF (DMR-0095215), and NASA (NCC
the thermally broadened intrinsic line width. This line width 2-1363).

should be a sensitive test to compare to theoretical models of
transmission probabilitie%. Note Added after ASAP Posting.This article was posted
ASAP on 7/30/2004. A data label in Figure 12 has been

5. Conclusions changed. The correct version was posted on 8/05/2004.

We present here a study of electron tunneling through
alkanethiol SAMs, with the intent that this system can serve as
a simple control for the development of well-characterized
molecular junctions. The characteristics are consistent with
accepted models of MI—M tunneling junctions and present a
system on which tunneling spectroscopy can be performed.

The field of molecular electronics is rich in the proposal and
promise of numerous device conc€ptSbut unfortunately has (5) (&) Chen. Y. Jung. G.v. Ohlberg, b. A. A Li X.. Stewart, D
an absence of reliable data and characterization techniques UPOR : jeppesen, J. O.: Nielsen, K. A.; Stoddart, J. F.; Williams, R. S.
which to test these ideas. It is incumbent upon the experimental-Nanotechnology003 14, 462—-468. (b)Beyond Silicon: Breakthroughs
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