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ABSTRACT

Inelastic electron tunneling spectroscopy (IETS) of an alkanedithiol self-assembled monolayer (SAM) is investigated using a nanometer-scale
device. The IETS spectrum of the octanedithiol device clearly shows vibrational signatures of an octanedithiolate, —=SCg H;6S—, bonded to gold
electrodes. The pronounced IETS peaks correspond to vibrational modes perpendicular to the junction interface, which include the stretching
modes of Au-S (at 33 mV) and C—C (at 133 mV) and the wagging mode of CH, (at 158 mV). The observed peak intensities and peak widths
are in good agreement with theoretical predictions.

In the past several years, tremendous progress has been made (a)

in the electronic transport characterization of self-assembled o

monolayers (SAMs}?? Alkanethiol (CH(CH,),-1SH) is one m _‘
molecular system that has been studied extensively because s

of its ability to form a robust SAM on gold surfacéfe-

cently, tunneling has been identified as the main conduction (b) SH
mechanism for alkanethiol SAMs formed in a hanometer- Hs” N TN
scale junctiorf, as expected because the Fermi levels of
contacts lie within a large HOMOGLUMO gap (HOMO:
highest occupied molecular orbital; LUMO: lowest unoc-
cupied molecular orbital) of a short molecidlin this study,
electronic tunneling behavior through alkanethiol SAMs is
further investigated with the technique of inelastic electron
tunneling spectroscopy (IETS). IETS was developed in the
1960s to study the vibrational spectrum of organic molecules
buried inside metatoxide—metal junction& 2 and has since
become a powerful spectroscopic tool for molecular iden-
tification and chemical bonding investigati®he purpose

of our study is to demonstrate that the IETS technique can
be utilized for the unique identification of specific molecular
species contained in nanometer-scale devices with sel
assembled monolayers.

Electronic transport measurements on an octanedithio
SAM were performed using a nanoscale device (Figuré 1a)
in which a small number of molecules-¢everal thousand) ; L
are sandwiched between two metallic contacts. This tech-eIeCtr'Call characterlzat|on§ between 300 and 4.2 K_' ]
nique provides a stable device structure and makes temper- Inelastic electro.n tunneling (IET) spectra are obtained via
ature-variable measurements possible. Details of the device® Standard lock-in second-harmonic measurement tech-

fabrication process have been reported elsewh¥re. this nique®!! A synthesized function generator (Stanford Re-
study, 150 nm gold is thermally evaporated onto the top of S€arch Systems DS 345) is used to provide both the mod-
ulation and the lock-in reference signal. The second-harmonic

* Corresponding author. E-mail: mark.reed@yale.edu. signal (proportional to #/dV?) is directly measured using a

Figure 1. (a) Schematic of the nanopore device. (b) Chemical
structure of the C8 dithiol.

the sample to fill the pore and form one of the metallic con-
tacts. The device is then transferred into~& mM oc-
tanedithiol (HS(CH)sSH, denoted as the C8 dithiol, Figure
1b) molecular solution for SAM deposition. The dithiol
solution is prepared by adding10 uL of octanedithiol to

10 mL of ethanol. SAM formation is carried out for 24 h
inside a nitrogen-filled glovebox with an oxygen level of
less than 5 ppm. Then the device is rinsed and transferred
to an evaporator, where 200 nm Au is deposited on the oppo-
¢.Sing side to confine the SAM and form an enclosed device.
During the second thermal evaporation step (pressutg 28
ITorr), liquid nitrogen flows through the sample holder to
reduce thermal damage to the molecular lgyEhe device

is subsequently packaged and loaded into a cryostat for
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Figure 3. Inelastic electron tunneling spectrum of the C8 dithiol
SAM obtained from lock-in second-harmonic measurements with
an ac modulation of 8.7 mV (rms value) at a frequency of 503 Hz

g —— T=4K (T = 4.2 K). Peaks labeled * are most probably background due to
= 100 —— T=50K 3 the encasing ..
i T=100K ]
— T=10K Table 1: S f the Major Vibrational Modes of
T=200K able 1: Summary of the Major Vibrational Modes o
T=250K | Alkanethiolate’
105‘ T=2%K 3 wavenumber
1 P T T T TR T modes methods (cm™1) (meV)
0.0 0.1 0.2 03 0.4 0.5
v(Au—S) HREELSY 225 28
V (V)
»(C—-S) Raman?3 641 79
) - L R 13 706 88
Figure 2. (a) Room-temperatuilgV) characteristics of a C8 dithiol aman

SAM. (b) I(V, T) characteristics of the C8 dithiol SAM at selected HREELS™ 715 89
temperatures (4.2, 50, 100, 150, 200, 250, and 290 K). 0r(CH2) IR 720 89
IR 766 95

lock-in amplifier (Stanford Research Systems 830), which IR 925 115
has also been checked to be consistent with a numerical HREELS™ 1050 130
derivative of the first-harmonic signal (proportional to »(C-C) Raman?3 1064 132
di/dVv). Various modulation amplitudes and frequencies are Ramant? 1120 139
utilized to obtain the spectra. The ac modulation is added to IR5 1230 152
a dc bias (generated by a Yokogawa 7651 dc source) using Ywt(CH2) HRl’SEELS“ 1265 157
operational amplifier-based custom circuitfy. IR" 1283 159
Figure 2a shows a representative currerdltage ((V)) IR 1330 165
characteristic of a C8 dithiol SAM measured at room temper- ~ 9s(CH2) HREELS'* 1455 180
ature using the aforementioned device structure. Positive bias »(S—H) Raman?3 2575 319
corresponds to electrons injt_ectgd from thg second evaporated ,, cp,) Raman?3 2854 354
Au contact (bottom contact in Figure 1a) into the molecules. HREELSY4 2860 355
Using a J_un_ctlon area of 5 5 nm in dla.mete.r (obtalned. Ramant? 2880 357
from statlst.|cal studies of the nanopore size with a scanning ,,_(cH,) Raman?3 2907 360
electron microscope), a current density-of9.3 + 1.8) x HREELSY 2925 363

10* Alem? at 1.0 V is calculated. Figure 2b shows the | , . . e

. There is a vast amount of literature with spectroscopic assignments
temperature-dependent currembltage ((V, T)) data for this for alkanethiols. The references given are representative of IR, Raman, and
device obtained between 300 and 4.2 K. No significant HREELS assignment8.Taken from refs 1315.
temperature dependence of the currents is observed between
0 and 0.5 V, confirming that tunneling is the transport 503 Hz was applied to the sample to acquire the second-
mechanism for the C8 dithiol SAM. This result is in agree- harmonic signals. The spectra are stable and repeatable upon
ment with the tunneling transport characteristics observed successive bias sweeps. The spectrum at 4.2 K is character-

for alkanemonothiol SAMS. ized by three pronounced peaks in the 0 to 200 mV region
Figure 3 shows the inelastic electron tunneling spectrum at 33, 133, and 158 mV. From comparisons with previously
of the same C8 dithiol SAM device obtainedTat= 4.2 K. reported infrared (IR), Raman, and high-resolution electron

An ac modulation of 8.7 mV (rms value) at a frequency of energy loss (HREEL) spectra of SAM-covered gold sur-
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Figure 4. Line broadening of the 133 meV-&C stretching mode PR T WP S TP |
as a function of ac modulation at a fixed temperature (4.2 K). The 0.0 01 02 03 04 0.5
circles are experimental FWHM values, and the squares are A4 (V)

theoretical calculations considering both modulation and thermal
contributions. The shaded bar denotes the expected saturation due

to the derived intrinsic linewidth (including a %# thermal (b) B R S A
contribution) of 3.73+ 0.98 meV. 40

faces (Table 1), these three peaks are assignehto—S), E ®r

»(C—C), andy,(CH,) modes of a surface-bound alkane- 30F -
thiolate!*>16 The absence of a strongS—H) signal at~329 E 251

mV suggests that most of the thiol groups have reacted with = 20l 3

the gold bottom and top contacts. Peaks are also reproducibly *

observed at 80, 107, and 186 mV. They correspond-to Bt %

(C—S), 0/(CH), and d5(CH,) modes. The stretching mode L
of the CH, groups,v(CH,), appears as a shoulder at 357 0 10 20 30 40 50 60 70 80 90
meV. The peak at 15 mV is due to vibrations from either Temperature (K)

Si, Au, oré(C—C—C).X” We note that all alkanethiolate peaks _. .
ithout exception or omission occur in the spectra. Peaks atFlgurg 5. (a) Temperature dependence of IET spectra obtained
wi p P : at a fixed modulation of 8.70 mV (rms value). (b) Line{C

58, 257, 277, and 302 as well as those above 375 mV arestretching mode) broadening as a function of temperature. The
likely to originate from Si-H and N—H vibrations related circles are experimental FWHM values, and the squares are theo-
to the silicon nitride membrariéa18which forms the SAM retical calculations considering thermal broadening, modulation
encasement. The measurement of the background spectrurRfoadening, and the intrinsic linewidth.

of an “empty” nanopore device with only gold contacts to
obtain background contributions fromz8i, is hampered by
currents that are either too low (open circuit) or too high
(short circuit) in such a device. However, to the best of our

knowledge alkanethiols have no vibrational signatures in function was utilized to obtain a EWHM and the error

these regions. range?’ The squares are calculated FWHM valuéé oretica)

Although there are no selection rules in IETS as there are,_, = . .
. . . taking into account both a finite temperature effénfrmal
in IR and Raman spectroscopy, certain selection preferences_ 5.4 KTY and a finite voltage-modulation effe '
have been established. According to the IETS thébdry, ' 9 8noduiation

L . . . ~ 1.7 Vac md.?* These two broadening contributions add as
molecular vibrations with net dipole moments perpendicular =
: R the squares Wi coretica = Wermai - Wonoduaton THE agree-
to the interface of the tunneling junction have larger peak . eoretical ermaj odulation .
. . L : ) ment is excellent over most of the modulation range, but
intensities than vibrations with net dipole moments parallel : . . .
. . we note a saturation of the linewidth at low modulation
to the interface (for dipoles close to the electrodes). Thus, L : T
R . ) .~ voltage, indicating the influence of a nonnegligible intrinsic
vibrations perpendicular to the electrode interface (i.e.

WAU—S), »(C—S), ¥(C—C), and yu(CHs)) dominate the IlneW|dth. Taking into account the knoyvn _thgrmal a_md
. . modulation broadenings and including the intrinsic linewidth
IETS spectrum, but modes parallel to the interface (i.e.,

5, {CHy) andv(CHy)) are weak (W)? broadening as a fitting parameter, the measured peak
r 2, 2 .

To verify that the observed spectra are indeed valid IETS width (Wex) is given by
data, the peak width broadening was examined as a function
of temperature and modulation voltage. IETS was performed Weyp = «/ W|2 + \Ntzhermaﬁ Modu.ation 1)
with different ac modulations at a fixed temperature and at
different temperatures with a fixed ac modulation. Figure 4 W, can be determined by using a nonlinear least squares fit

shows the modulation broadening of the-C stretching
mode at 133 meV. The circles are the full widths at half
maximum (FWHMs) of the experimental peaKTat= 4.2 K
with various modulation voltages. A Gaussian distribution
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to the ac modulation data (Figure 4) with eq 1, giving an alkanethiol) SAMs. The IETS data of the two manuscripts
intrinsic linewidth of 3.73+ 0.98 meV for this line. Thisis  exhibit both similarities and differences, which reflect the
shown (with the error range) in Figure 4 as a shaded bar, different device geometries and molecules used.
including the thermal contribution.

We can independently check the thermal broadening of References
the linewidth at a fixed modulation. Figure 5a shows the (1) Molecular NanoelectronicsReed, M. A., Lee, T., Eds.; American
temperature dependence of the IET spectra obtained with Scientific Publishers: Stevenson Ranch, CA, 2003.
an ac modulation of 8.70 mV. In Figure 5b, the circles (and  (2) Nitzan, A; Ratner, M. AScience2003 300, 1384.
corresponding error bars) are experimental FWHM values 9 UIman & An iroducten to Ulratin Organc Fims for,
of the C-C stretching mode from Figure 5a, determined by  (4) wang, W.; Lee, T.; Reed, M. APhys. Re. B 2003 68, 035416.
a Gaussian fit (and the error of the fit) to the experimental (5) Ratner, M. A.; Davis, B.; Kemp, M.; Mujica, V.; Roitberg, A.;

; : ‘L ; Yaliraki, S.Molecular Electronics: Science and Technolp8yiram,
line shape. For simplicity, we have considered only the A. Ratner, M. A.. Eds.: Annals of the New York Academy of

Gaussian line shapé%resulting in larger error bars for the Sciences; New York Academy of Sciences: New York, 1998; Vol.
lower temperature range due to an asymmetric line shape. 852.
The squares are theoretical calculations considering thermal (6) Jaklevic, R. C.; Lambe, Phys. Re. Lett. 1966 17, 1139.

(7) Adkins, C. J.; Phillips, W. AJ. Phys. C: Solid State Phy$985

broadening, modulation broadening, and the intrinsic line- 18, 1313.
width determined above. The error ranges of the calculation (8) Hansma, P. K., Edlunneling Spectroscopy: Capabilities, Applica-
(due to the intrinsic linewidth error) are approximately the tions, and New TechniqueBlenum: New York, 1982.

: : 9) Stipe, B. C.; Rezaei, M. A.; Ho, WSciencel998,280, 1732.
size of the data points. The agreement between theory and (io)) Zh‘;u C.: Deshpande, M. R. Reed, M. A.; Jones ,? L Tour J. M.

experiment is very good, spanning a temperature range from Appl. Phys. Lett1997, 71, 611.
below (x 0.5) to above % 10) the thermally broadened  (11) Lambe, J. Jaklevic, R. ®hys. Re. 1968 165 821.
intrinsic linewidth (12) Horowitz, P.; Hill, W.The Art of ElectronicsCambridge University
Intrinsic ) : . Press: New York, 1989.

In conclusion, the electronic transport through self- (13) For Raman data see, for example, Bryant, M. A.; Pemberton, J. E.
assembled C8 dithiol monolayers was investigated. Tunneling J. Am. Chem. S0d99], 113 8284.

. . - (14) For HREELS data see, for example, Kato, H. S.; Noh, J.; Hara, M.;
transport was observed as the main conduction mechanism Kawai, M. J. Phys. Chem. 002 106, 9655.

by temperature-independe(V/) characteristics. An inelastic  (15) For IR data see, for example, Castiglioni, C.; Gussoni, M.; Zerbi, G.

electron tunneling spectroscopy study of a C8 dithiol SAM J. Chem. Phys1991, 95, 7144. _ o
device exhibited that tunneling charge carriers couple with (16) The symbol®, y, andv denote in-plane rocking (r) and scissoring

. . . . . (s), out-of-plane wagging (w) and twisting (t), and stretching modes,
molecular vibrations. Observed peak intensities and widths respectively.

of the inelastic tunneling spectra agree well with theoretical (17) (a) Molinary, M.; Rinnert, H.; Vergnat, M.; Weisbecker, Rater.

i~ Sci. Eng., B2003 69, 301. (b) Bogdanoff, P. D.; Fultz, B.;
predlctlons. Rosenkranz, SPhys. Re. B 1999 60, 3976. (c) Mazur, U.; Hipps,
. . K. W. J. Phys. Cheml982 86, 2854.
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