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Summary . A review on the medchanisms and characterization methods of molecu-
lar electronic transport is preserted. Using self-asserbled monolayers (SAMs) of
alkanethiols in a nanometer scale device structure, tunneling is unambiguously
demonstrated asthe main conduction mechanism for large bandgap SAMs, exhibit-
ing well-known temperature and length dependencies.Inelastic electron tunneling
spectroscopy exhibits clear vibrational modes of the moleculesin the device, pre-
serting the rst direct evidence of the presenceof moleculesin a molecular device.

1 Intro duction

The suggestion[1] and demonstration [2] of utilizing moleculesasthe active
region of electronic devices has recertly generated considerableinterest in
both the basic transport physics and potential technological applications of
molecular electronics[3],[4]. However somereports of molecular mecanisms
in electronic devices[5],[6] have been showvn to be premature and due to
lamentary conduction [7], highlighting the fabrication sensitivity of molec-
ular structures and the needto institute reliable corntrols and methods to
validate true molecular transport [8]. A related problem is the characteriza-
tion of moleculesin the active devicestructure, including their con guration,

bonding, and indeed even their very presence.Here we presen results on
well-understood molecular assenblies, which exhibit an understood classical
transport behavior, and which can be used as a cortrol for eliminating (or
understanding) fabrication variables. Utilizing tunneling spectroscopicmeth-
ods, we presert the rst unambiguous evidenceof the presenceof molecules
in the junction.

A molecular system whose structure and con guration are su cien tly
well-characterizedsuch that it can sere asa standard is the extensiwely stud-
ied alkanethiol (CH3(CH), 1SH) self-asserhled monolayer (SAM) [9]. This
systemis useful as a cortrol since properly prepared SAMs form single van
der Waals crystals [9],[10], and presers a simple classical metal-insulator-
metal (M-I-M) tunnel junction when fabricated between metallic contacts
due to the large HOMO-LUMO gap (HOMO: highest occupied molecular
orbital, LUMO: lowest unoccupied molecular orbital) of approximately 8 eV

[11],[22].
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Various surfaceanalytical tools have beenutilized to investigate the sur-
faceand bulk properties of the alkanethiol SAMs, such asX-ray photoelectron
spectroscoyy [13], Fourier transform infrared spectroscopy (FTIR) [14], Ra-
man spectroscopy [15], scanningtunneling microscopy (STM) [10], etc. Stud-
ies have showvn that the bonding of the thiolate group to the gold surface
is strong with a bonding energyof 1.7 eV [9]. STM topography examina-
tions revealedthat alkanethiols adopt the commer&gratecrystalline lattice
characterized by a c(4 2) superlattice ofa (' 3 3)R30 [10],[16]. FTIR
investigation showvedthat the orientation of the alkanethiol SAMs on Au(111)
surfacesare tited 30 from the surfacenormal [17].

Electronic transport through alkanethiol SAMs have also beencharacter-
izedby STM [18],[19], conducting atomic force microscopy [20]-[23, mercury-
drop junctions [24]-[27, cross-wirejunctions [28], and electrochemical meth-
ods [29]-[31]. These investigations are exclusively at ambient temperature
clearly useful but insu cien t for an unambiguous claim that the transport
mechanism is tunneling (of course expected, assumingthat the Fermi lev-
els of the contacts lie within the large HOMO-LUMO gap). However in the
absenceof temperature-dependert current-voltage (I(V,T)) characteristics,
other conduction mechanisms (such as thermionic, hopping, or lamentary
conduction) cancortribute and complicate the analysis,and thus such a claim
is premature.

Utilizing a nanometer scaledevice structure that incorporatesalkanethiol
SAMs, we demonstrate devicesthat allow I(V,T) and structure-dependert
measuremets [32],[33] with resultsthat can be comparedwith acceptedthe-
oretical models of M-I-M tunneling. The use of this fabrication approac is
not special in any way (other than that we have sofar found it to be success
ful) indeed we stressthat any successfuldevice fabrication method should
yield the results described below if oneis characterizing the intrinsic molec-
ular transport properties.

The electronic transport is further investigated with the technique of in-
elastic electron tunneling spectroscopy (IETS) [33]. IETS was developed in
the 1960sas a powerful spectroscopictool to study the vibrational spectrum
of organic moleculescon ned inside metal-oxide-metal junctions [34]-[38]. In
our study IETS is utilized for the purposeof moleculeidenti cation, chemical
bonding, and conduction medcanism investigation of the control SAMs. The
exclusive presenceof well-known vibrational modes of the alkanesused are
direct evidenceof the moleculesin the device structure, somethingthat has
to date only beeninferred (with good reason,but nonethelessnot unambigu-
ously). The vibrational modes, exclusively identied as alkanes (as well as
contact modes) are di cult to interpret in any other way other than as com-
ponerts in the active region of the device.The speci ¢ spectral lines alsoyield
intrinsic linewidths that may give insight into molecular conformation, and
may prove to be a powerful tool in future molecular device characterization.
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Fig. 1. Schematics of a nanometer scaledevice usedin this study. (a) Top schematic
is the cross section of a silicon wafer with a nanometer scale pore etched through
a suspended silicon nitride membrane. Middle and bottom scematics showv a
Au/SAM/Au junction formed in the pore area. (b) The structures of octanethiol
and octanedithiol are shown as examples

2 Exp erimen t

Electronic transport measuremeis on alkanethiol SAMs were performed us-
ing a devicestructure similar to onereported previously [32],[33],[39-[41]. In
this device,asillustrated in Fig. 1(a), a number of molecules( seeral thou-
sands)are sandwiched betweentwo metallic contacts. This technique provides
a stable device structure and makes cryogenic measuremelits possible. The
device fabrication starts with a high resistivity silicon wafer with low stress
SizsN4 Im deposited on both sidesby low pressurechemical vapor deposi-
tion (LPCVD). By standard photolithography processing,a suspendedSizNg4
menmbrane (size of 40 mMm 40 mm and thicknessof 70 nm) is fabricated
on the topside of the wafer. Subsequeh e-beam lithography and reactive ion
etching createsa single pore with a diameter of tens of nanometersthrough
the menmbrane. As the next step, 150 nm gold is thermally evaporated onto
the topside of the waferto Il the pore and form one of the metallic contacts.

The device is then transferred into a molecular solution to deposit the
SAM layer. For our experiments, a 5 mM alkanethiol solution is prepared
by adding 10 L alkanethiols into 10 mL ethanol. The deposition is done
in solution for 24 hours inside a nitrogen lled glove box with an oxygen level
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of lessthan 100 ppm. Three alkanemonothiol moleculesof di erent molec-
ular lengthsoctanethiol [CH3(CH3)7SH; denoted as C8, for the number of
alkyl units], dodecanethiol [CH3(CH2)11SH, denoted as C12], and hexade-
canethiol [CH3(CH3)15SH, denotedas C16] and one alkanedithiol moleculeca-
tanedithiol [HS(CH,)gSH, denotedas C8-dithiol] wereusedto form the active
molecular componerts. As represenativ e examples,the chemical structures
of octanethiol and octanedithiol are shown in Fig. 1(b).

In order to statistically determine the pore size, test patterns (arrays

Fig. 2. A scanning electron microscope image of a represenativ e array of pores
usedto calibrate device size. The scalebar is 500 nm

of pores) were created under similar fabrication conditions. Figure 2 shows
a scanning electron microscope (SEM) image of such test pattern arrays.
This indirect measuremen of device size is done since SEM examination of
the actual device can causehydrocarbon contamination of the device and
subsequeh contamination of the monolayer. From regressionanalysis of 298
pores,the devicesizesof the C8, C12, C16, and C8-dithiol samplesare 50
8,45 2,45 2,and51 5 nm in diameters, respectively. A more ideal
(less parasitics) C8 sample supersedesthat of previous reports [32], and de-
rived parametersfrom the two data setsagreeto within a standard error. We
will usethesedeviceareasasthe e ectiv e contact areas.Although one could
postulate that the actual area of metal that contacts the moleculesmay be
di erent, thereis little reasonto proposeit would bedi erent asa function of
length over the range of alkanethiols used,and at most would be a constart
systematic error. Further on we will show that the results from the current
density agreewith the results from length dependence giving an independen
ched that the e ectiv e areais in fact the actual area.

The sampleis then transferred in ambient conditions to an evaporator
that has a cooling stage to deposit the opposing Au contact. During the
thermal evaporation (under the pressureof 10 8 Torr), liquid nitrogen is
kept owing through the cooling stagein order to avoid thermal damageto
the molecular layer [32],[42]. This technique reducesthe kinetic energy of
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evaporated Au atoms at the surface of the monolayer, thus preverting Au
atoms from punching through the monolayer. For the samereasonthe evap-
oration rate is kept very low. For the rst 10 nm gold evaporated, the rate is
lessthan 0.1 A/s. Then the rate is increasedslowly to 0.5 A/s for the rest of
the evaporation and a total of 200 nm gold is deposited to form the contact.

The deviceis subsequetly padkagedand loaded into a low temperature
cryostat. The sample temperature is varied from 300to 4.2 K by owing
cryogenvapor onto the sample (and thermometer) using a closedloop tem-
perature cortroller. Two-terminal dc I(V) measuremets are performed us-
ing a semiconductorparameter analyzer. Inelastic electron tunneling spectra
are obtained via a standard lock-in secondharmonic measuremei technique
[34],[35). A synthesizedfunction generatoris usedto provide both the mod-
ulation and the lock-in referencesignal. The secondharmonic signal (pro-
portional to d?I/dV 2) is directly measuredusing a lock-in ampli er, which
is chedked to be consistert with a numerical derivative of the rst harmonic
signal (proportional to di/dV). Various modulation amplitudes and frequen-
ciesare utilized to obtain the spectra. The ac modulation is added to a dc
bias using operational ampli er-based custom circuitry [43].

3 Theoretical Basis

3.1 Possible Conduction Mec hanisms

In Table 1, possible conduction mechanisms are listed with their character-
istic current, temperature- and voltage-dependencieg44] (We do not discuss
lamentary tunneling mecanisms,which are easierto categorize[45]. Based
on whether thermal activation is involved, the conduction mecanisms fall
into two distinct categories:(i) thermionic or hopping conduction which has
temperature-dependert (V) behavior and (ii) direct tunneling or Fowler-
Nordheim tunneling which doesnot have temperature-dependert I(V) behav-
ior. For example,thermionic and hopping conductions have beenobsened for
4-thioacetylbiphenyl SAMs [39] and 1,4-phenelyene diisocyanide SAMs [40].
On the other hand, the conduction medcanism is expected to be tunneling
when the Fermi levels of contacts lie within the large HOMO-LOMO gap
for short length molecule, as for the case of alkanethiol molecular system
[11],[22). Previous work on Langmuir-Blo dgett alkane monolayers [46] exhib-
ited a signi cant impurit y-dominated transport component, complicating the
analysis. I(V) measuremets on self-asserhled alkanethiol monolayers have
alsobeenreported [18]-[28],[47]; however all of thesemeasuremeis were per-
formed at xed temperature (300 K) which is insu cien t to prove tunneling
asthe dominant mecdanism.
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Table 1. Possible conduction mechanisms. Adapted from [44]

Conduction Characteristic Temperature Voltage
mechanism behavior dependence dependence
Direct JI Vexp zh—dp 2m none JI Vv

tunneling*

| dhei I V? ad” om 7% In@NV 2) | 1/
Folwer-Lordheim J/ V< exp = none n@d/N <) 1V

tunneling P

Thermionic 3/ T?exp —L-T= % In@T 2/ UT InQ@) / V=

emission

Hopping JI Vexp In(Av) I UT J/ Vv

conduction

* This characteristic of direct tunneling is valid for the low bias regime [see(3)].

3.2 Tunneling Mo dels

To describe the transport through a molecular system having HOMO and
LUMO energy levels, one of the applicable models is the Franz two-band
model [48]-[5]]. This model provides a non-parabolic energy-momerum E(k)
dispersion relationship by consideringthe cortributions of both the HOMO
and LUMO energy levels [48]:

5 _ 2m E
ke = 2 E 1+ E, 1)
wherek is the imaginary part of wave vector of electrons, m* is the electron
e ectivemass,h (= 2 h) is Planck's constart, E is the electronenergy and Eq
is the HOMO-LUMO energygap. From this non-parabolic E(K) relationship,
the e ectiv e massof the electron tunneling through the SAM can be deduced
by knowing the barrier height of the metal-SAM-metal junction.

When the Fermi level of the metal is aligned closeenoughto one energy
level (either HOMO or LUMO), the e ect of the other distant energylevel on
the tunneling transport is negligible, and the widely usedSimmonsmodel [52]
is an excellert approximation [53]. Simmons model expressedthe tunneling
current density through a barrier in the tunneling regimeof V < g=eas

(24),[52]

n 1=2
_ e eV 2(2m) eV
TS 7me ° oz P TR 8 o7
eV 2(2m)1=2 ev ©
B+ > exp % B+ > d (2)
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wherem is the electron mass,d is the barrier width, g is the barrier height,
andV isthe applied bias. For molecular systems,the Simmonsmodel hasbeen
modi ed with a parameter a [24],[33. a is a unitless adjustable parameter
that is introducedto provide either a way of applying the tunneling model of
arectangular barrier to tunneling through a nonrectangular barrier [24], or an
adjustment to accourt for the e ective mass(m*) of the tunneling electrons
through arectangular barrier [24],[32],[51],[54, or both. a = 1 correspondsto
the casefor a rectangular barrier and bare electron mass.By tting individual
I(V) data using (2), s and a valuescan be obtained.

Equation (1) can be approximated in two limits: low bias and high bias
as comparedwith the barrier height g. For the low bias range, (2) can be
approximated as[52]

(2m p)¥?€a 2(2m)1=2
g Vexp h
To determine the high bias limit, we compare the relative magnitudes of

the rst and secondexponertial terms in (2). At high bias, the rst term is
dominant and thus the current density can be approximated as

J a( 8)d ®3)

e N ev 2(2m)1=2 . ev O

7 Zhe? B &P h

The tunneling currents in both bias regimesare exponertially dependen
on the barrier width d. In the low bias regime the tunneling current density
isJ/ éexp( byd), where byis bias-independert decay coe cien t:

1=2
20M " a( o) ©

while in the high biasregime,J / dizexp( b, d) , whereb,, is bias-dependert
decay coe cien t:

_ 2(2m)*= eV eV
- h & 8 2 2 B ©)
At high bias b,, decreasesas bias increases,which results from barrier low-
ering e ect due to the applied bias.

b, =

1=2
=b, 1

1=2
bV

4 Results

4.1 Curren t-V oltage Characteristics
Temp erature-V ariable Curren t-V oltage (I(V,T)) Measuremen t

In order to determine the conduction mechanism of self-asserbled alkanethiol
molecular systems I(V) measuremens in a sucien tly wide temperature
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Fig. 3. Temperature-dependert I(V) characteristics of dodecanethiol (C12). I(V)
data at temperatures from 300to 80 K with 20 K steps are plotted on a log scale
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Fig. 4. (a) Arrhenius plot generated from the I(V) data in Fig. 3, at voltages from
0.1 to 1.0 Volt with 0.1 Volt steps. (b) Plot of In(1%/V) versus 1/V at selected
temperatures

range (300 to 80 K) and resolution (10 K) were performed. Fig. 3 shaws
a represenativ e I(V,T) characteristic of dodecanethiol (C12) measuredwith
the device structure asshown in Fig. 1(a). Positive bias correspondsto elec-
trons injected from the physisorbed Au cortact [bottom corntact in Fig. 1(a)]
into the molecules.By using the contact areaof 45 2 nm in diameter de-
termined from SEM study, a current density of 1,500 200 A/cm 2 at 1.0
Volt is determined. No signi cant temperature dependenceof the character-
istics (from V = 0 to 1.0 Volt) is obsened over the range from 300 to 80
K. An Arrhenius plot (In(l) versus1/T) of this is shovn in Fig. 4(a), ex-
hibiting little temperature dependencein the slopes of In(l) versus1/T at
di erent bias and thus indicating the absenceof thermal activation. There-
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fore, we concludethat the conduction medanism through alkanethiol is tun-

neling contingent on demonstrating a correct molecular length dependence.
The tunneling through alkanethiol SAMs has been assumedas "through-

bond" tunneling, i.e., along the tilted molecular chains between the metal
contacts [21],[22],[31],[55]. Based on the applied bias as compared with the
barrier height ( ), the tunneling through a SAM layer can be categorized
into either direct (V < =€) or Fowler-Nordheim (V > g=¢) tunneling.

These two tunneling mecanisms can be distinguished due to their distinct

voltage dependencies(see Table 1). Analysis of In(1?/V) versus1/V [in Fig.

4(b)] shows no signi cant voltage dependence,indicating no obvious Fowler-
Nordheim transport behavior in this bias range (0 to 1.0 Volt) and thus
determining that the barrier height is larger than the applied bias,i.e., g >

1.0eV. This study is restricted to applied biases 1.0Volt and the transition

from direct to Fowler-Nordheim tunneling requireshigher bias. Having estab-
lished tunneling asthe conduction mecanism, we can now obtain the barrier

height by comparing our experimental 1(V) data with theoretical calculations
from the aforemenioned tunneling models.

Tunneling Characteristics through Alk anethiols

From the modi ed Simmonsmodel [see(2)] by adjusting two parameters g
and a, a nonlinear least squares tting can be performedto t the measured
C12 (V) data (calculation assuminga = 1 has been previously shaovn not
to t I(V) data well for somealkanethiol measuremets at xed temperature
(300 K)) [24]. By using a device size of 45 nm in diameter, the best tting
parameters (minimizing  2) for the room temperature C12 I(V) data were
found to be g = 142 0.04eV and a = 0.65 0.01, where the error
rangesof g and a are dominated by potential device size uctuations of 2
nm. Likewise,data setswere obtained and ttings were done for octanethiol
(C8) and hexadecanethiol (C16), which yielded valuesf g = 1.83 0.10
eVanda = 0.61 0.0lgandf g = 140 0.03eV,a = 0.68 0.01g,
respectively.

Using g = 1.42eV and a = 0.65, a calculated I(V) for C12is plotted
as a solid curve on a linear scale[Fig. (5a)] and a semi-log scale[Fig. (5b)].
A calculated I(V) for a = 1and g = 0.65eV (which givesthe best t at
low bias range) is showvn as the dashed curve in the same gure, illustrat-
ing that with a = 1 only limited regions of the I(V) canbe t (speci cally
here, for V < 0.3 Volt). For the caseof a rectangular barrier, the param-
eter t presenied above corresponds to an e ective massm* (= a? m) of
0.42 m. In order to investigate the dependency of the Simmons model
tting on g and a, a tting minimization analysis was undertaken on the
individual g and a values as well as their product form of a ézz in (5).
( 8;8)=( jlexpv learv j¥)*™ wascalculated and plotted where I exp:v
is the experimental current-voltage valuesand | 4.y is calculated using (2).
7,500dierent f g;ag pairs wereusedin the ttings with g ranging from



10 Wenyong Wang, Takhee Lee, and Mark A. Reed

(a) ®)
40— ; ; — - ; ; : ~
1
,' Y ®,=142¢eV. =065
\omm®,=065¢Y,0=1
20t
— ~ 10}
<
& ot é
1 L
20} 1
; —®,=142¢eV,a=0065
;- @,=065eV.a=1 01k .
a0l 0 L ' ' ' ' v ' '
10 05 0.0 0.5 1.0 10 05 00 05 1.0
V (V) V(V)

Fig. 5. Measured C12 I(V) data (circular symbols) is compared with calculation
(solid curve) using the optimum tting parametersof g = 1.42eV and a = 0.65.
The calculated I(V) from a simple rectangular model (a = 1) with g = 0.65eV
is also shown asthe dashedcurve. Current is plotted (a) on linear scaleand (b) on
log scale

1.0to 2.5eV (0.01 eV incremert) and a from 0.5to 1.0 (0.01incremert). Fig-
ure 6(a) is a represenativ e contour plot of (  g;a) versus g and a values
generatedfor the C12 I(V) data where darker regionscorrespond to smaller
(  B;a) and various shadesrepresen half order of magnitude ( g;a)
steps. The darker regions represen better ts of (1) to the measuredI(V)
data. In the inset in Fig. 6(a) one can seethere is a range of possible g
and a valuesyielding minimum tting parameters. Although the tunneling
parameters determined from the previous Simmonstunneling tting f g =
1.42eV and a = 0.65g lie within this minimum regionin this gure, there is
a distribution of other possiblevalues.

A plot of ( g;a) versusa ézz for the samedevice revealsa more pro-

nounceddependenceand is shovn in Fig. 6(b). This plot indicatesthe tting

to the Simmonsmodel sharply dependson the product of a ézz. For this plot
the ( g;a) is minimized at a 5~ of 0.77 (eV)1*2 corresponding to a b,
value of 0.79 A ! from (5). The C8 and C16 devicesshaved similar results,

indicating the Simmonstunneling model has a strong a ézz dependence.

Length-Dep endent Tunneling through Alk anethiols

Three alkanethiols of di erent molecularlength, C8, C12,and C16 wereinves-
tigated to study length-dependert tunneling behavior. Figure 7 is a semi-log
plot of tunneling current densities multiplied by molecular length (Jd at low
bias and Jd? at high bias) asa function of the molecular length for thesealka-
nethiols. The molecular lengths usedin this plot are 13.3,18.2, and 23.2 A
for C8, C12, and C16, respectively (eadh molecularlength wasdetermined by
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Fig. 6. (a) Contour plot of ( g;a) valuesfor C12 nanopore device as a function
of g and a, where the darker region corresponds to a better tting. Inset shows

detail minimization tting regions. (b) A plot of (  g;a) asa function ofaa ézz

adding an Au-thiol bonding length to the length of molecule[21]). Note that
theselengths assumethrough-bond tunneling [21],[22],[31],[55]. The high and
low bias regimesare de ned somewhatarbitrarily by comparing the relative
magnitudesof the rst and secondexponertial termsin (2). Using g = 1.42
eV and a = 0.650btained from nonlinear least squarestting of the C121(V)

data, the secondterm becomeslessthan  10% of the rst term at 0.5
Volt that is chosenasthe boundary of low and high bias ranges.

As seenin Fig. 7, the tunneling current showns exponertial dependence
on molecular length, which is consistent with the Simmonstunneling model
[see(3) and (4)]. The b valuescan be determined from the slope at eac bias
and are plotted in Fig. 8. The error bar of an individual b value in this plot
was obtained by consideringboth the device size uncertainties and the linear
tting errors.

The determined b valuesare almost independert of bias in the low bias
range(V < 0:5V), and an averageb of 0.77 0.06 A 1 in this region (from
0 to 0.5 V) can be calculated from Fig. 8. The b value (0.77 0.06 A ‘!
0.96 0.08 per methylene) for alkanethiols reported here is comparable to
previously reported values as summarized in Table 2. This b value agrees
with the value of 0.79A 1(b,) calculated via (5) from tting individual 1(V)
characteristic of the C12 device. The calculated b, of C8 and C16 devices
also have similar values, as summarizedin Table 3.

According to (6), b\z, dependson bias V linearly in the high bias range.
The insetin Fig. 8is a plot of b\z, versusV in this range(0.5to 1.0Volt) along
with linear tting of the data. From this tting, g = 1.35 0.20eV anda
= 0.66 0.04 were obtained from the intercept and the slope, respectively,
consistert with the valuesf g = 1:42 eV and a = 0:65g obtained from the
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Fig. 7. Log plot of tunneling current densities multiplied by molecular length d
at low bias and by d? at high bias (symbols) versus molecular lengths. The lines
through the data points are linear ttings
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ranges (circular symbols). The inset shows a plot of b\z, versus bias with a linear
tting
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Table 2. Summary of alkanethiol tunneling characteristic parameters

Junction b(A?Y) JAem?atlV 5 (eV) Technique  Ref.
(bilayer) monothiol 0.87 0.1 25{200%) 2.19 Hg-junction  [24]
(bilayer) monothiol 0.71  0.08 0.7{3.5% Hg-junction [26]

monothiol 0.79 0.01 1500 200 1.49 Solid M-I-M  [32]

monothiol 1.2 ST™M [18]

dithiol 0.8 008 375 1009 5 20 STM [19]
monothiol 0.73{0.95  1100{1900" 2.9 CAFM [20]
monothiol 0.64{0.8 10-50" 2.3 CAFM [22]

dithiol 046 0.02 3{6 10°°9 1.3{1.5% CAFM [23]

monothiol 1.37 0.03 1.8")  Tuning fork AFM [47]

monothiol 0.97 0.04 Electrochemical [29]

monothiol 0.85 Electrochemical [30]

monothiol 0.91 0.08 Electrochemical [31]

monothiol 0.76 2 10%at 0.1V) 1.3{3.49 Theory [56]

monothiol 0.76 Theory [57]

monothiol 0.79 Theory [54]

Note:

Somedecay coe cien ts b were converted into the unit of A ! from the unit of per
methylene.

The junction areaswere estimated by optical microscope®, SEM®, assuming
single molecule®, and Hertzian contact theory®.

Current densities (J) for C12 monothiol or dithiol at 1V are extrapolated from
published results for other length moleculesby using conductance/ exp(-b d)
relationship.

Barrier height g valueswere obtained from Simmons equation®,
bias-dependenceof bf?, and a theoretical calculation?.

nonlinear least squares tting in the previous section.

b valuesfor alkanethiols obtained by various experimertal techniqueshave
previously been reported and are summarized in Table 2 [18]-[32],[47]. In
order to compare with these reported b values, we also performed length-
dependen analysison our experimental data accordingto the generally used
equation [19-[27],[32:

G = Gpexp( bd): (7

This givesa b value from 0.84to 0.73 A ! in the bias range from 0.1
to 1.0 volt, which is comparableto results reported previously. For example,
Holmlin, et. al, reported a b value of 0.87 A 1 by mercury drop experiments
[24], and Wold, et. al, have reported b of 0.94A ! and Cui, et. al, reported b
of 0.64A ! for various alkanethiols by using a conducting atomic force micro-
scope technique [20],[22]. Thesereported b were treated as bias-independert
quantities, cortrary to the results reported here and that obsened in a



14 Wenyong Wang, Takhee Lee, and Mark A. Reed

slightly dierent alkane system (ligand-encapsulated nanoparticle/alk ane-
dithiol molecules)[23]. We also caution again the use of parameters that
have not beencheded against a temperature-dependert analysis, sincesmall
non-tunneling componerts can dramatically a ect derived valuesof b.

Table 3. Summary of alkanethiol tunneling parameters in this study

Molecules J (Alcm 2) at 1V g (eV) a m* (m) b, (A )*
C8 31,000 10,000 1.83 0.100.61 0.01 0.37 0.85 0.04
C12 1,500 200 1.42 0.040.65 0.01 0.42 0.79 0.02
C16 23 2 1.40 0.030.68 0.01 0.46 0.82 0.02

C8-dithiol 93,000 18,000 1.20 0.030.59 0.01 0.35 0.66 0.02

* b, values were calculated from (5) using s and a.

Franz Mo del

We have analyzedour experimental data using a Franz two-band model [48]-
[51]. Sincethere is no reliable experimental data on the Fermi level alignment
in these metal-SAM-metal systems, g and m* are treated as adjustable
parameters.We performed a leastsquarest on our data with the Franz non-
parabolic E(k) relationship [see(1)] using an alkanethiol HOMO-LUMO gap
of 8eV!. Figure 9 showsthe resultant E(k) relationship and the corresponding
energy band diagrams. The zero of energy in this plot was chosen as the
LUMO energy The best tting parametersobtained by minimizing 2 were

g = 1.49 0.51eVandm* = 0.43 0.15m, wherethe error rangesof g
and m* are dominated by the error uctuations of b [ k? = (b=2)?]. Both
electron tunneling near the LUMO and hole tunneling near the HOMO can
be described by these parameters. g = 1.49 eV indicates that the Fermi
level is aligned closeto one energylevel in either case,therefore the Simmons
model is a valid approximation. The g and m* valuesobtained here are in
reasonableagreemen with the previous results obtained from the Simmons
model.

! Although the HOMO-LUMO gap of alkyl chain type molecules has been re-
ported (see [12]), there is no experimental data on the HOMO-LUMO gap for
Au/alk anethiol SAM/Au system. 8 eV is commonly used as HOMO-LUMO gap of
alkanethiol
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Fig. 9. E(K) relationship (symbols) generatedfrom the length-dependert measure-
ment data for alkanethiols. Solid and open symbols correspond to electron and hole,
respectively. The insets show the corresponding energy band diagrams. The solid
curve is the Franz two-band expressionfor m* = 0.43 m

4.2 Inelastic Tunneling
Inelastic Electron Tunneling Spectroscop y

Electronic transport through alkanethiol SAMs is further investigated with

the technique of inelastic electron tunneling spectroscopy [33], suc as the
works of 1966by Jaklevic and Lambe who studied the conductanceof a tun-

nel junctions with encasedorganic molecules[34]. Sincethen it has become
a powerful spectroscopictool for chemical identi cation, chemical bonding
investigation, and surface chemistry and physics studies [37]. In an inelastic
tunneling processthe electron losesenergy to a localized vibrational mode
with a frequency when the applied bias satis es the condition of eV = hn
As a result, an additional tunneling channel is opened for the electron, re-
sulting in an increasein the total current at the applied bias corresponding
to the vibrational mode energy [36]. Typically only a small fraction of tun-

neling electrons are involved in the inelastic tunneling process(determined
by the electron - vibronic mode coupling coe cien t), resulting in a small
conductancechange, which is commonly measuredin the secondharmonics
of a phase-sensitie detector that yields the characteristic frequenciesof the
corresponding vibrational modesas well as other information [35-[37].
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I(V,T) measuremets and additional IETS studies have been performed
on an octanedithiol (C8-dithiol) SAM usingthe aforemertioned device struc-
ture shown in Fig. 1(a) [33]. Figure 10(a) is the I(V,T) data for this device
obtained from 300to 4.2 K. An Arrhenius plot shown in Fig. 10(b) exhibits
little temperature dependence verifying that tunneling is the main transport
medanism for C8-dithiol SAM. This result is in good agreemen with the
tunneling transport characteristics obsered previously. Figure 11 shows the
room temperature I(V) measuremen result. Using a junction areaof 51 5
nm in diameter (obtained from statistical studies of the nanopore size with
SEM), a current density of (9.3 1.8) 10* A/cm 2 at 1.0 Volt is calculated.
As a comparison,the current density of (3.1  1.0) 10* A/cm? at 1.0 Volt
was obsened for C8 monothiol SAM. Using the modi ed Simmons model
[see(2)], the transport parametersof g = 1.20 0.03eV and a = 0.59
0.01 (m* = 0.34m) were obtained for this C8-dithiol SAM.

(2) (b) , , &
. : . . T : al « 1
0.50 V
g O ] g o
1000 | . ggs > 3 §
e mAZ Z A A
S AhA A 4 A A
g LS O & ied
~ - .15 wee o ° °
= 100t d =
> > D > >
161 maE m N =
1ol | 0.05V
i L L L 1 L 17 L 1 L «;
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V (V) 1/T (1/K)

Fig. 10. (a) I(V,T) characteristics of C8-dithiol SAM at selectedtemperatures (4.2,
50, 100, 150, 200, 250, and 290 K). (b) Arrhenius plot generated from the data in
(a), at voltages from 0.1to 0.5 Volt with 0.05 Volt steps

Figure 12 shows the IETS spectrum of the same C8-dithiol SAM device
obtained at T = 4.2 K. An ac modulation of 8.70mV (rms value) at a fre-
quency of 503 Hz was applied to the sampleto acquire the secondharmonic
signals. The spectra are stable and repeatable upon successie bias sweeps.
The spectrum at 4.2 K is characterized by three pronounced peaksin the
0 to 200 mV region at 33, 133, and 158 mV. From comparison with previ-
ously reported infrared (IR), Raman, and high resolution electron energyloss
(HREEL) spectra of SAM covered gold surfaces(Table 4), thesethree peaks
are assignedto n(Au-S), n(C-C), and g,(CH;) modes of a surface bound



Intrinsic Conduction Mechanism in SAMs 17

Fig. 11. Measured C8-dithiol I(V) data (circular symbols) is compared with cal-
culation (solid curve) using the optimum tting parametersof s = 1.20eV and
a = 0.59

alkanethiolate? [58]-[60]. The absenceof a strong n(S-H) signalat 329 mV
suggestghat most of the thiol groups have reactedwith the gold bottom and
top contacts. Peaksare also reproducibly obsened at 80, 107, and 186 mV.
They correspond to n(C-S), d; (CH;), and ds(CH2) modes. The stretching
mode of the CH, groups, n(CH3), appears as a shoulder at 357 meV. The
peak at 15 mV is due to vibrations from either Si, Au, or d(C-C-C) [61].
We note that all alkanethiolate peaks without exception or omission occur
in the spectra. Peaksat 58, 257,277, and 302, as well as above 375mV are
likely to originate from Si-H and N-H vibrations related to the silicon nitride
membrane [61],[62], which forms the SAM encasemet Measuremen of the
badkground spectrum of an "empty" nanopore devicewith only gold contacts
to obtain badkground cortributions from SizN4 is hamperedby either too low
(open circuit) or too high (short circuit) currents in such a device. However,
to the best of our knowledge alkanethiols have no vibrational signaturesin
these regions. Similar IETS result has also been obtained using a di erent
test structure recertly [63].

Although there are no selection rules in IETS as there are in IR and
Raman spectroscoypy, certain selectionpreferenceshave beenestablished.Ac-
cording to the IETS theory [64], molecular vibrations with net dipole mo-
mernts perpendicular to the interface of the tunneling junction have larger
peak intensities than vibrations with net dipole momerts parallel to the in-
terface (for dipolescloseto the electrodes). Thus vibrations perpendicular to
the electrode interface, i.e., n(Au-S), n(C-S), n(C-C), and g, (CH») dominate

2The symbols d, g, and n denote in-plane rocking (r) and scissoring (s), out-of-
plane wagging (w) and twisting (), and stretching modes, respectively
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the IETS spectrum while modes parallel to the interface, i.e., d;.s(CH2) and
n(CHy), are weak, as clearly shown in Fig. 12.

Fig. 12. Inelastic electron tunneling spectra of C8-dithiol SAM obtained from lock-
in secondharmonic measuremerts with an ac modulation of 8.70mV (rms value) at
a frequency of 503 Hz (T = 4.2 K). Peakslabeled* are most probably background
due to the encasing SizN4

Linewidth  Study

In order to verify that the obsered spectra are indeed valid IETS data,
the peak width broadening was examined as a function of temperature and
modulation voltage. IETS was performed with di erent ac modulations at
a xed temperature, and at di erent temperatures with a xed ac modu-
lation. Figure 13(a) shaws the modulation dependenceof the IETS spectra
obtained at 4.2 K, and Fig. 13(b) shows the modulation broadening of the
C-C stretching mode at 133 meV. The circular symbols are the full widths
at half maximum (FWHMSs) of the experimental peak at T = 4.2 K with
various modulation voltages. A Gaussiandistribution function was utilized
to obtain a FWHM and the error range [65]. The square symbols are cal-
culated FWHM values (Winheor eticat ) taking into accourt both a nite tem-
perature e ect (Winer mal 5.4 kg T) and a nite voltage modulation e ect
(Wmodulation 1.7 Vac ns) [66]. These two broadening contributions add
asthe squaresWeoo eiical = Weer mai ¥ W2oduiaion - The agreemen is ex-
cellert over most of the modulation range, but we note a saturation of the
linewidth at low modulation bias indicating the in uence of a non-negligible
intrinsic linewidth. Taking into accourt the known thermal and modulation
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Table 4. Summary* of the major vibrational modesof alkanethiolates. Taken from
[58]-[60]

Modes Methods Wavenumber (cm 1) (meV)

n(Au-S) HREELS 225 28
n(Au-S) Raman 641 79
Raman 706 88

HREELS 715 89

dr (CH32) IR 720 89
IR 766 95

IR 925 115

HREELS 1050 130

n(C-C) Raman 1064 132
Raman 1120 139

IR 1230 152

g, (CH2) HREELS 1265 157
IR 1283 159

IR 1330 165

ds(CH2) HREELS 1455 180
n(S-H) Raman 2575 319
ns(CH2) Raman 2854 354
HREELS 2860 355

Raman 2880 357

Nas (CH2) Raman 2907 360
HREELS 2925 363

* There is a vast amount of literature with spectroscopic assignmers for
alkanethiols. The referencesgiven are represertativ e for IR [60], Raman [58], and
HREELS [59] assignmerts.

broadenings,and including the intrinsic linewidth (W,) [67] broadeningasa
tting parameter, the measuredpeak width (Weyp) is given by

q
WEXP = WI2 + W + Wrﬁodulation (8)

ther mal

W, can be determined by using a nonlinear least squarest to the ac mod-
ulation data (Fig. 13) with (8), giving an intrinsic linewidth of 3.73 0.98
meV for this line. This is shavn (with the error range) in Fig. 13(b) as a
shadedbar, including the thermal contribution.

We can independertly ched the thermal broadening of the line at xed
modulation width. Figure 14 shaws the temperature dependenceof the IETS
spectra obtained with an ac modulation of 8.70mV (rms value). In Fig. 14(b)
the circular symbols (and corresponding error bars) are experimental FWHM
values of the C-C stretching mode from Fig. 14(a), determined by a Gaus-
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Fig. 13. (a) Modulation dependenceof IETS spectra obtained at 4.2 K. (b) Line
(C-C stretching mode) broadening as a function of ac modulation. The circular
symbols are experimental FWHMs and the square symbols are theoretical calcu-
lations considering both modulation and thermal contributions. The shaded bar
denotesthe expected saturation due to the derived intrinsic linewidth (including a
5.4 kg T thermal contribution) of 3.73 0.98 meV

Fig. 14. (a) Temperature dependenceof IETS spectra obtained at a xed ac mod-
ulation of 8.70 mV (rms value). (b) Line (C-C stretching mode) broadening as a
function of temperature. The circular symbols are experimental FWHMs and the
square symbols are theoretical calculations considering thermal broadening, mod-
ulation broadening, and the intrinsic linewidth
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sian t (and error of the t) to the experimental lineshape. For simplicity
we have only consideredGaussianlineshapes|[65] resulting in increasederror
bars for the lower temperature range due to an asymmetric lineshape. The
square symbols are theoretical calculations consideringthermal broadening,
modulation broadening, and the intrinsic linewidth determined above. The
error rangesof the calculation (due to the intrinsic linewidth error) are ap-
proximately the size of the data points. The agreemem betweentheory and
experimert is very good, spanning a temperature range from below ( 0.5)
to above ( 10) the thermally broadenedintrinsic linewidth. This linewidth
should be a sensitive test to compare to theoretical models of transmission
probabilities [69].

Similar intrinsic linewidths have been determined for the Au-S stretch-
ing mode (33 meV) and CH, wagging mode (158 meV), and the results are
shown in Fig. 15. For the Au-S stretching mode, the deviation of experimen-
tal data from calculated valuesis little, indicating that its intrinsic linewidth
is small. A linewidth upper limit of 1.69 meV is determined for this vibra-
tional mode. For the CH, wagging mode, nonlinear least squarest to (8)
[the solid curvein Fig. 15(b)] gaveintrinsic linewidth of 13.5 2.4meV. The
linewidths and their variation throughout the molecule are potentially due
to inhomogeneoudine broadening, and a more detailed understanding may
give detailed structural information of thesedevice structures.

Fig. 15. Line broadenings as function of ac modulation for IETS spectra obtained
at 4.2 K for (a) the Au-S stretching mode and (b) the CH, wagging mode. The
circular symbols are experimental FWHMs and the square symbols are theoreti-
cal calculations considering both modulation and thermal contributions (but not
intrinsic linewidth). Nonlinear least squares tting to (8) to determine intrinsic
linewidth is shown as the solid curve in (b)
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5 Conclusions

We presert herea study of electrontunneling through alkanethiol SAMs, with
the intent that this systemcan serve as a simple cortrol for the developmert
of well-characterized molecular junctions. The characteristics are consisten
with acceptedmodels of M-I-M tunneling junctions, as well as presering a
system on which tunneling spectroscofy can be performed.

The eld of "molecular electronics" is rich in the proposal and promise
of numerous device concepts [69],[70] but unfortunately has an absenceof
reliable data and characterization techniquesupon which to test theseideas.
It is incumbent upon the experimentalist to carefully institute controls to
carefully validate claims of intrinsic molecular behavior. Systematic cortrols,
such as the model system preserted here, should assist in guiding further
work toward a rational developmert of the fascinating device structures and
systemsthat the eld promises.
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