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Abstract: Electrical and mechanical properties of metal—molecule—metal junctions formed between Au-
supported self-assembled monolayers (SAMs) of electroactive 11-ferrocenylundecanethiol (FcC;1SH) and
a Pt-coated atomic force microscope (AFM) tip have been measured using a conducting probe (CP) AFM
in insulating alkane solution. Simultaneous and independent measurements of currents and bias-dependent
adhesion forces under different applied tip biases between the conductive AFM probe and the FcCy;SH
SAMs revealed reversible peak-shaped current—voltage (/—V) characteristics and correlated maxima in
the potential-dependent adhesion force. Trapped positive charges in the molecular junction correlate with
high conduction in a feature showing negative differential resistance. Similar measurements on an
electropassive 1-octanethiol SAM did not show any peaks in either adhesion force or |-V curves. A
mechanism involving two-step resonant hole transfer through the occupied molecular orbitals (MOs) of
ferrocene end groups via sequential oxidation and subsequent reduction, where a hole is trapped by the
phonon relaxation, is proposed to explain the observed current—force correlation. These results suggest
a new approach to probe charge-transfer involving electroactive groups on the nanoscale by measuring
the adhesion forces as a function of applied bias in an electrolyte-free environment.

Introduction AFM),5-79-18 has been commonly used to form and study the
electrical and structural properties of+ivl—m junctions. The
electronic properties of a junction are sensitive to the effects of
deformation caused by the interaction force between the probe
- C ) ) and the samplé?15 thus, it is valuable to measure force and
metal (m-M—m) junctions." In these junctions, a molecular ., .-ent simultaneously to properly characterize charge transfer
film is typically sandwiched between two metal electrodes. 4k molecular junctions. This can be achieved directly using
Tunnel pontact barriers and the weak coupling between the CP-AFM, unlike STM where the contact force is neither known
gleptronlc states of the molecules and the metal electrodesrlor controlled. The capability of AFM to measure precisely the
|nd|9§te that charges trappgd on the_ molecules can play 4contact forces between the probe and the sample surface allows
significant role in NDRS but direct experimental measurement i, jependent and simultaneous measurement of the current and
of the extent of charge trapping has been limftéd. the contact force between the probe and the sample. CP-AFM
The scanning probe microscope, where the probe serves ag|so presents the opportunity to measure directly the electrical

one of the metal electrodes in scanning tunneling microscopy capacitance at an interface and hence trapped charges.
(STM)4and conducting probe atomic force microscopy (CP-

Negative differential resistance (NDR), that is, a negative
slope in the currentvoltage (—V) curve, has been observed
for resonant tunneling charge transfer through metablecule-
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Scheme 1. General Schematic of the CP-AFM Experiment Used the junction. Thel—V and F—V profiles were obtained by stepping

in This Study the voltage in 0.05-V increments, with approximately 5-s delays
between successileor F measurements. The experimental error is

dominated primarily by the uncertainty in the exact number of molecules

F'md forming the junction. Because the tip drifts over the surface, variations
Fad;,mw,, Molecular film in the number of contacting molecules may cause fluctuations in the
UL L, measured current and the adhesion force. In addition, variations in the
* Au chemical environment across the SAM surface could also introduce
— experimental error in both force and current measurements.

All experiments reported here were performed in an insulating
Recently, we studied electroactive polythiophene monolayers bicyclohexyl solvent (99.0%, Fluka, Switzerland) to reduce water
self-assembled on a gold surfdéeBy measuring the “pull- contamination and decrease the adhesion forces between the probe and
off” forces under different biases, we observed a peak in the the sample. Au- and Pt-coated V-shape silicon cantilevers (MikroMash,
dependence of the adhesion force as a function of bias thatEstonia) were used, with force constants that ranged from 0.3 to 0.5
apparently originated from an oxidation state change of the N/m and_ tlp_radu of curyature of less than 25 nm. Cantﬂever_s were
polymer chains under the negatively charged AFM tip. Here, Cl€aned in piranha solution (1:3 of 30%G@/98% HSQy) for 5 min,
: . . _rinsed in ultrapure water>18 MQ-cm) for 1 min, then soaked in
we report electrical conduction measurements of electroactlveh oo ' . L
. . ydrofluoric acid for 20 s, and finally rinsed again in ultrapure water
m—M-m junctions formed between Au-supported self-a_s- for 1 min followed by drying under vacuur@aution! Piranha solution
sembled monolayers (SAMs) of 11-ferrocenylundecanethiol is 5 yery strong oxidant and is extremely dangerous to work with:
(FcCuiSH) and a Pt-coated AFM tip using CP-AFM in bicy-  gloses, goggles, and a face shield should be worn.
clohexyl solvent. The objective is to correlate the measured  To decrease the probable effect of tip damaging over repeated
currents and the bias-dependent adhesion force under differentmeasurements, when the conduction between the tip and sample was
applied biases between the conductive AFM probe and the observed to decrease under similar conditions or evolution of the force
molecular film. Ferrocenylundecanethiol was chosen for several curves over repeated measurements was observed, we stopped collecting
reasons. First, recent STM measurements demonstrated tha#iata and changed the tip. Forces higher than 30 nN were not applied
similar molecules displayed NDR in STM tip/SAM/Au junc- due to the potif:eably quick decrease in the magni.tude of.observed
tions12 In addition, FcG:SH molecules can be easily and c_urrents |nd_|cat|ng appare_nt damage_ of tht_a conductive coating on the
reversibly oxidized under relatively small applied biases due tip. Depending on the coating of the tip, typically 18800 force plots
. were collected with the same tip. All measurements were carried out
to the presence of strong electron-donating, ferrocene endat room temperature.
groups, and oxidation was expected to play a significant role
in NDR. We explored the extent of charge trapping within the
electroactive m-M—m junctions when negative differential (A) Bias-Dependent Force Measurements on 1-Octanethiol
resistance was observed. Additionally, electric force measure-SAMs and Models.We first describe electric force measure-
ments along with theoretical modeling both in and out of contact ments and theoretical models of a tip both in and out of contact
with a nonelectroactive 1-octanethiol g&H) SAM were also with a nonelectroactive 1-octanethiolg&H) SAM. If a voltage
performed. is applied between two different conducting materials (in this
Experimental Section case a conducting AFM tip and a conducting substrate), then
SAM Preparation. All self-assembled monolayers were formed by an attlr?fgls(e electrostatic force due to the—tgample capaci-
exposing the freshly prepared Au(111) facet of a single crystalline tancé'*%is added to the other forces experienced by the AFM
bead®to 1 mM 1-octanethiol (€SH, Sigma-Aldrich Corp., St. Louis, ~ Probe. For the typical probe geometry, the total capacitance can
MO) or 5 mM 11-ferrocenylundecanethiol (FGSH, Dojindo Molec- be approximated as a sum of the contributions due to the tip
ular Technologies, Inc., Gaithersburg, MD) solutions in purified (by apex, tip body, and the cantilever. The electrostatic force
distillation) tetrahydrofuran (THF) with soaking times between 4 and between the conductive cantilever body and the conductive
24 h. After assembly, samples were thoroughly rinsed in purified THF sample system can be approximated by a parallel plate capaci-
and dried in a stream of nitrogen gas. All preparations were performed or 21 and in our case it is several piconewtons and has a very
at room temperature, and all samples were used within 1 day of yyeak tip-sample separation dependence. Since the electrostatic
preparation. forces observed here are much larger, we will neglect the

Conducting Probe AFM Measurements. The CP-AFM measure- electrostatic force acting on the cantilever body. The tip bod
ments (see Scheme 1) were performed using a commercial contact mode 9 Y- P y

AFM (Molecular Force Probe, Asylum Research, Santa Barbara, CA) rgsembles an Inverte'd pyramid with a rognded t'.p' At \{ery small
modified in Pittsburgh for conducting probe experiments. Different fixed tIP—Sample separationg (< R, whereR is the tip radius of

tip biases were applied, and currents through the junctions were CUrvature and is the tip-sample separation), the spherical tip
measured (using a picoammeter, Chem-Clamp, Dagan Corp., Min- apex provides the major contribution to the force, and an
neapolis, MN) as a function of vertical piezo displacement, simulta- analytical expression can be obtained from the conductive sphere
neously with independent force detection between the tip and the and a semi-infinite conductive plane mo#ealhile for larger
sample. The sample was not scanned in horizontal directions; rather,tip_samp|e separationg (> R), a uniformly charged line

the AFM tip was allowed to thermally drift over the sample surface. modeb3can provide the closest description. By combining these
Measured “pull-off” forces and currents for different contact forces

over different surface locations were averaged over the number of ,0) cyj, x. D.; Zarate, X.; Tomfohr, J.: Primak, A.; Moore, A. L.; Moore, T.
repeated measurements to obtain averaged bias-dependent adhesion A.; Gust, D.; Harris, G.; Sankey, O. F.; Lindsay, S. Mtramicroscopy

~ _ o 2002 92, 67.
forces and force-dependent currembltage (—V) characteristics of (21) Martin, .. Abraham, D. W.; Wrickramasinghe, H. Kppl. Phys. Lett.
198§ 52, 1103.
(19) Clavilier, J. F.; Guinet, G.; Durand, R. Electroanal. Chem198Q 107, (22) Terris, B. D.; Stern, J. E.; Rugar, D.; Mamin, HRhys. Re. Lett. 1989
205. 63, 2669.

Results and Discussion

7648 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005



FcC11SH SAM Charging Correlates with NDR ARTICLES

0.2 5

g

z 4 o

=0.15 Z b

P = o

2 83 s

8 o1 < ‘.4‘

2 S o

g s A

o= =

50.05 b=, Py

£ 1 esee®

] =

0 0 - .
0 100 200 300 400 0 1 2 4 5

Tip-sample separation (nm) Absolute tip bias (V)

Figure 1. Averaged capacitive force® between a Au-coated tip and a  Figure 2. Experimental @) and theoretical (gray dashed line) bias-
CsSH monolayer normalized by the square of tip bias is shown as a function dependent adhesion force between the Au-coated probe angSkeSAM
of tip—sample separation. The solid gray line represents the best fit using in bicyclohexyl solvent is shown as a function of absolute tip bias.
the analytical expression in eq 1.

o . o of the tip—sample separation. The fit indicates a half angle
c_ontnbutlor_ls, thg tota_ll capacitive forcEcgpaa fc_)r a realistic =10.34 0.2, a tip radius of curvatur® = 27 + 0.4 nm, and
tip shape including tip body and spherical tip apex can be 4 {ota| length of the tigd = 22+ 2 um, which are all close to

approximated as the manufacturer’s reported values {1540 nm, and 2Q:m,

JR . 4 (H respectively). The thickness of thg®H SAM was estimated
Feapac= €0V [E + 1 (4—2)] 1) as 1.04 nm from molecular length, as obtained from semiem-
o pirical calculations using the PM3 method, and a relative

whereV is the difference in potential between the probe and dielectric constant was taken to be 2. Reasonably good agree-
the sampleH is the total tip lengthg. = In[(1 + cos@)/(1 — ment between the theoretical and experimental results suggests
cos6)], and 6 is the half angle of the tip body. It is important that the_long-range noncontact attractive forces gcting on the
to point out that even in the absence of an applied potential, aconductive probe over agSH SAM can be described using
capacitance force may still exist due to the contact potential the analytical expressionineq 1.
difference between different materiafs. Using our definition of the adhesion force as the “pull-off”
The presence of a thin organic layer of high dielectric constant force refative to the zero force when the tip is far away from
grafted on the conductive substrate should not strongly modify the surface, we can plot the experimentally measured, bias-
the capacitive forces assuming that the electrostatic field in the 9ependent adhesion force between the Au-coated AFM probe
dielectric material is much weaker than that in the solution space a1d the GSH monolayer as a function of the applied tip bias.
between the conductive probe and the conductive surface. ThusBias-dependent adhesion forces were obtained by averaging over
to take into account the organic film, it suffices to replace-ip ~ More than 1000 repeated measurements of “pull-off” forces
sample separatiorz(in eq 1 by an effective distanaet d/e; under different tip biases, with the tip contacting different
whered ande; are the thickness and the dielectric constant of Surface spots of the SAM. Due to the fact that the bias-dependent
the organic film, respectively. With respect to the experimental @dhesion forces in this case were fully symmetric for both tip
force plots, the tip-sample separation measured by AFM is bias polarities, the experimentally obtained adhesion force is
between the probe and the organic film, yet the relevart tip shown in Figure 24) as a function of the absolute tip bias.

sample separation in the capacitive forces is between the probe=ach data point shown in Figure 2 represents the mean value
and the substrate on which the molecular film is grafted. of bias-dependent adhesion force for a series-80 repeated

Equation 1 suggests that noncontact attractive capacitive Measurements under a particular bias; the standard deviation
forces have a parabolic dependence upon the applied tip biasOf the mean is typically smaller than the size of the printed

For the Au-coated AFM probe over &8§H SAM in bicyclo- point. . .
hexyl solvent, all force dependencies were overlapped very To calculate the bias-dependent adhesion force between the

closely after normalizing all experimental noncontact capacitive conductive probe and the sample, the bias-dependergaipple
forces with square applied biases, confirming the parabolic bias S€Parationz) at which the tip jumps away from the surface
dependence. The averaged normalized noncontact capacitivdnUst be estimated. This event occurs when the gradient of
force ) as a function of tip-sample separation is shown in Ntéraction force becqme; less or equal to the spring constant
Figure 1. The zero force was selected as the force when the tipOf the cantilever. This distance can be determined from the

was far away £500 nm) from the surface. following equation:

From eq 1, an analytical expression for the capacitive
noncontact attractive force can be compared with the experi- _chapat(Z'V) =k, )
mental results. Since the real dimensions for the Au-coated AFM dz

tip used in these experiments are not known precisely, a total ) ] ] o
length, half angle, and apex radius were used as free fit wherek. is the spring constant of the cantilever. By substituting
parameters. The solid gray line in Figure 1 shows the best fit €1 1 into eq 2, one obtains eq 3, which is an analytical

by the model of the noncontact capacitive force as a function eXPression for the bias-dependent-tgample separation at
which the tip jumps away from the surface.

(23) Hao, H. W.; Baro, A. M.; Saenz, J. Vac. Sci. Technol., B991, 9, 1323.
(24) Hudlet, S.; Saint Jean, M.; Guthmann, C.; BergeEut. Phys. J. BL998 _
2,5. Zy = dle, + |V]y/ e RIK, (3)
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)

(points with error bars as the mean and the standard deviation
of a series 0f~20 repeated measurements under a particular
bias) between the Pt-coated AFM probe and the;f88 SAM
in bicyclohexyl solvent as a function of applied tip bias. Bias-
dependent adhesion forces were obtained by averaging over
hundreds of repeated measurements of “pull-off” forces under
- . - different tip biases with the tip contacting different surface
3025 2415 -1 05 0 05 1 15 2 25 3 . . : .
Tip bias (V) regions of the SAM. Bias magnitudes highernha V were
Figure 3. Experimental (points with error bars) and theoretical (dashed not applied to avoid high currents passing from the conductive
?r:ayFline)S?_iiag ﬁ&penlgemﬁﬂhesion IfOFCfS be“qee“tﬁhe F;t;ﬁoateleré’?e angrobe to the conductive substrate, which might irreversibly
bigs.qr%e error ballrr]s :Ceﬁeoseen)?s/ tsr?evsgﬁg;rg (;Jg\(;li;(t)igr? of (tethr?”lle;ln II‘Fz)r adamage the m_onOIayer' The theo_retlca”y pr_edl_cted dependence
series of~20 repeated measurements under a particular bias. (dashed gray line) was plotted using eq 4 with fitted parameters
obtained from the noncontact capacitive force measurements,
Here, the gradient of interaction force due to only the spherical 54 no additional adjustment of the parameters was performed.
tip apex contribution was considered, since the gradient of force The intrinsic adhesion force of 0.35 nN has been added to the
due to the tip body was negligible. By substituting eq 3 back .5|culated dependence.

into eq 1, the theoretically predicted dependence of the adhesion
force as a function of applied tip bias can be written as:

Adhesion Force (nN)
— '
h — in ta n w in

=

As can be seen in Figure 3, the experimental dependence of
the bias-dependent adhesion force in the negative bias region
5 R clearly deviates from the theoretical dependence in the bias
FaalV) = 7€,V [d/ Y x/T + region betweenr-0.2 and—2.4 V, while the experimental data
& IVlyeRk, in the positive tip bias region closely follow calculated
H ]} (4) dependence. The approximate maximum of the adhesion devia-
4(dle, + V] e RIK) tion peak is around-1.6 + 0.12 V (with a peak width at half-
maximum of about 0.5 0.1 V) with a magnitude of 1.# 0.4
The first term in eq 4 represents the spherical tip apex nN greater than the theoretical dependence. It is noteworthy
Contribution, and the second term pI’OVides the contribution from that this result is significan“y different from measurements on
the tip body to the bias-dependent adhesion force. The intrinsiCthe nonelectroactive &SH SAM where the experimental
adhesion force of 0.62 nN (determineiOaV applied tip bias)  dependence of the adhesion forces closely follows the theoreti-
has been added to the calculated dependence. Excellent agregz|ly calculated dependence for both tip bias polarities. It is
ment between the theoretical (gray dashed line in Figure 2) andimportant to mention that in our previous measurements on a
experimental results suggests that the bias-dependent adhesiop-coated AFM tip/1,4 benzene dimethanethiol SAM/Au
forces between the conductive probe and n0ne|eCtr0aCE\le C substrate junctioﬂﬁ which is not expected to undergo redox
SH SAM can be described using the analytical expression in transitions in this range of applied biases, no deviation from
eq 4. This agreement is especially noteworthy since the fitted theoretically predicted behavior was observed as well. However,
values of the tip dimensions obtained from the noncontact oy CP-AEM measurements on electroactive conjugated poly-
capacitance model were used to make this theoretical predictionthiophene monolayers, sandwiched between two gold electrodes,

iIn
(12

(B) Bias-Dependent Force and Current Measurements on  theoretical dependenéé This indicates that deviation in the
Electroactive 11-Ferrocenylundecanethiol SAMsUnlike Cg- bias-dependent adhesion force is observable regardless of the

SH molecules, FcGSH molecules can be easily and reversibly - glectrode materials (at least for gold and platinum). Since the
oxidized under relatively small applied biases due to the gpserved bias-dependent adhesion force deviation over calcu-
presence of strong electron-donating, ferrocene end groupsated dependence is positive and the terminal ferrocene groups
m—M—m junctions were formed between Au-supported SAMS an e easily oxidized to ferricenium cations {Jcwe

of electroactive FcGSH and a Pt-coated AFM tip. As done  pynothesize that the adhesion force peak in Figure 3 arises from

for CgSH, experimental measurements and data .a.nalyses Wer&itractive Coulombic interactions between the negatively charged
made for the noncontact bias-dependent capacitive forces topp tip and the terminal Ft cations.

determine the Pt-coated tip radius of curvatiRes= 11 + 0.5

nm. The contact potential difference between Au and Pt
materials was found to b&, = 0.45 + 0.05 V, which
corresponds well to the difference in the work functions of Au
(5.2 V) and polycrystalline Pt (5.65 V). The thickness of the
FcCi1SH SAM and the relative dielectric constants were taken
to be 2.37 nm and 2, respectivéRThe noncontact capacitive
force results were consistent with those obtained for the Au-

coated tips over §&SH monolayers and were well described using current-voltage (—V) characteristics of the junction were

our capacitive force model. obtained by averaging over hundreds of repeated measurements

In the same way as for 4SH, experimental megsurements under different tip biases with the tip contacting different surface
and data analyses were performed for the bias-dependent
. - . spots of the SAMs.
adhesion force. Figure 3 shows the measured adhesion forces" "
Figure 4 shows the averaged currernt) (of the FcG1SH

(25) Ohtsuka, T.; Sato, Y.; Uosaki, Kangmuir1994 10, 3658. SAM in bicyclohexyl solvent under a fixed interaction force of

To see if there is a correlation between the measured current
and the adhesion force in the negative bias region that could
help to explain the origin of the observed adhesion force
deviation, electrical conduction measurements were performed
under different applied negative tip biases. In this way, the
current through the junction was measured as a function of tip
sample separation simultaneously with independent detection
of the force between the tip and the sample. Force-dependent

7650 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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Figure 4. Redox adhesion forc@®) and current x) between the Pt-coated
probe and the FcgSH SAM are shown as a function of the applied tip
bias under an interaction force of 5 nN. The error bars represent the standard ) )
deviation of the mean. Figure 5), and the obtained slope was used to determine the

junction resistance. From the fit, the junction resistance for a
5 nN; error bars represent the standard deviation of the meanFcC;3:SH SAM was 25+ 2 GQ.
for a series of repeated measurements. The interaction or net To compare the measured current and the adhesion force,
force between the tip and underlying film at their contact is the calculated adhesion dependence was subtracted from the
considered to be equal to the sum of the loading, intrinsic, and measured bias-dependent adhesion force, and we thus obtained
capacitance forces. This interaction force was employed to the deviation force, which we define here as the redox adhesion
ensure that a sufficient electrical contact between the conductiveforce. Figure 4 plots the redox adhesion fordeaid the current
probe and the sample is achieved, yet there is no significant(x) between the Pt-coated AFM probe over the ESE SAM
monolayer deformation and/or penetration of the tip into the under the interaction force of 5 nN as a function of applied tip
SAM.18 The averaged peak-shapedV characteristic is ob-  bias. By comparing current and redox adhesion force depend-
tained in the negative tip bias region. No peak-shaped currentencies shown in Figure 4, it is apparent that, within experimental
dependence was observed in the positive bias region betweenincertainty, the biases corresponding to the peak positions in
0 and+3 V where current was increasing monotonically with both the bias-dependent adhesion force and the current are the
applied bias (not shown). This is consistent with absence of same; also the shape of both curves appears to be similar to the
deviation in the adhesion force dependence for the same positivepeak width at half-maximum of the redox adhesion force

bias range. somewhat narrower than that of the current. The correlation
As can be seen in Figure 4, an averaged NDR peak (i.e., abetween independent measurements of peak-shaped redox

negative slope in the-V curve) is observed nearl.65+ 0.18 adhesion force and current leads us to the conclusion that the

V (and peak width at half-maximum of 0 0.15 V) with a mechanisms leading to the observed NDR in current and the

peak-to-valley ratio of 35 8. It is important to mention that  peak in the bias-dependent adhesion force should be coupled.
Figure 4 was obtained by quasistatic measurements, and not Molecular Orbitals and Peak-Shaped Current and Adhe-

by rapidly sweeping the voltage. The NDR peak position sjon Force DependenciesThe relative positions of Fermi
observed here is in excellent agreement with recent STM energy levels of connecting electrodes and the highest occupied
measurements in dodecane solvent for similar molecules wheremolecular orbital (HOMO) or the lowest unoccupied molecular

a peak positioned at1.6 + 0.15 V was observet? the peak  orbjtal (LUMO) of the sandwiched molecules is one of the most
width, however, was approximately four times narrower than jmportant factors in understanding charge transport through
that observed here. The reason for this deviation is unclear. m—M—m junctions. When the difference between the HOMO
However, one possibility may originate from the fact that, unlike (LUMO) and the mean Fermi energy of metal electrodes is large,
STM measurements, in CP-AFM currents are measured with charge transport through an-ivi—m interface under relatively

the tip directly contacting the sample. Since the tip drifts over small applied biases is expected to be coherent nonresonant
the surface, variations in the number of contacting molecules tunneling. In the case of large applied biases, the Fermi energy

and in the chemical environment across the SAM surface |evel can approach the energy of molecular orbitals (MOs) and
between measurements could cause fluctuations in the measuregbsonant transition through or in molecular electronic states may

current and in the NDR peak position. take place. For the g$SH SAM, the molecular HOME&LUMO

The observedi—V characteristics were linear withih0.2 V gap is quite large+8 eV), which implies that the charge transfer
bias range. Figure 5 shows the averagief characteristic in - ynder relatively small applied biases is primarily dominated by
the low-bias range of applied tip biases for the SE SAM the above mechanism, while under higher biases, electrical

() in bicyclohexyl solvent under a fixed interaction force of 5 preakdown of the molecular film would most likely occur before
nN. Ohmic dependences observed in theV curves are  reaching the energy of MOs. UnlikesSH molecules, terminal
consistent with the Simmons model in the low-bias regidh  ferrocene (Fc) groups of Fe(SH have redox-accessible states

for nonresonant tunneling through arml—m interface. The  that lie within 1 eV of the mean Fermi level of metal electrodes,
linear portion of thel—V curve was fit by a straight line (see

(27) Sze, S. MPhysics of Semiconductor biees Wiley & Sons: New York,
(26) Simmons, J. HAppl. Phys.1963 281, 1793. 1981.
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implying that molecular states can be probed under relatively
small applied biases without causing electrical breakdown of
the film. The exact energies of these electronic states relative
to the mean Fermi level of metal electrodes are not straight-
forward to estimate in a solid environment and in the absence
of potential control and a supporting electrolyte, and therefore
we are hesitant to provide a more quantitative analysis without
further experiments and theoretical computations.
The present mM—m junction architecture can be considered

as localized discrete electronic levels of electroactive Fc groups

that are weakly coupled to both metal electrodes and separated

from them by two thin insulating metal/molecule junction
barriers: the alkylthiolate-S interfa®%on the substrate end and
the Pt-coated AFM tip/SAM interfaeon the other end. The
overall tunnel junction is noticeably asymmetrical due to the

difference between the metal/electrode contacts: strong chemical

bonding S-Au contacts on the substrate side and weak
nonbonded (mechanical) AFM tip/ferrocenes contacts on the
other side of the moleculésThis implies that most of the
voltage drop occurs at the AFM tip/molecules interface, and
under this consideration, the application of voltage would
generally move the Fermi energy of the tip relative to the
molecular levels more than those levels shift with respect to
the Fermi energy of supporting Au substrate. Similar descrip-
tions have been presented before for both STM and AFM
measurements of redox-active moiefiég?In this approxima-
tion, additional current is expected for the region of applied
biases where narrow features in the local density of states
(LDOS) of the tip apex couples with the electronic levels of
ferrocenes?® As larger bias magnitudes are applied, coupling
between the tip and the Fc electronic levels decreases, leadin
to a decrease in the observed current magnitude. Hence, an ND
peak inl—V curve is expected with the peak width primarily
determined by the extent of localization in the LDOS of the tip
apex. We note that the exact LDOS of the tip apex is expected
to change with repeated contact of the tip with the surface.
Considering the difference in molecule and electrode contacts
employed here and the fact that calculated narrow features in
the LDOS of the sufficiently sharp Pt-coated tip apex lie below
the mean Fermi level of metal electrodes, NDR should occur
only at the negative tip bia®. This expectation is consistent
with our experimental observation that no peak-shaped current
dependence was observed in the positive bias region betwee
0 and+3 V.

The nature of charge transfer through the molecular states
that leads to the observed NDR for the region of applied biases
where narrow features in the LDOS of the tip apex couple with
molecular levels can, in principle, be described by both one-
step resonant tunnelitig’ and two-step reduction/oxidati®#t

n

(A) At Equilibrium, 0 Tip Bias
Hpt HAu
LDOS HOMO
Pt tip Fe Au

(B)  Applied tip bias ~ -1.6 (V)
Hp
eV h” h' HAu

i

(C)  Applied tip bias <-2.5 (V)

Mpt

o)

Hau

Figure 6. Schematic of how the LDOS of the tip apex could float relative
to the HOMO of Fc under negative bias. (A) At equilibriupapy = uau.

(B) At a negative tip bias corresponding to the perfect alignment of the
LDOS with the HOMO, hole transfer via sequential oxidation and
subsequent reduction would lead to the maxima in both additional current
and in the number of trapped positive charges. (C) At more negative tip
biases, the LDOS would move away from alignment, leading to a decrease
in current.

adequately explain the origin of the peak in the bias-dependent
redox adhesion force.

Unlike one-step charge transfer, in the reduction/oxidation

echanism, charge transfer occurs via sequential oxidation and
subsequent reduction of electroactive terminal ferrocenes where
charge is temporarily trapped by the phonon relaxation. Since
the forces observed in the redox adhesion force versus bias
dependence are attractive, ferrocene end groups are strong
electron donors, and the LDOS of the tip apex lies below the
mean Fermi level of metal electrodes, we argue that charge
transfer primarily occurs through and in the HOMO of the Fc
molecules. Though nonreversible change of the ferrocenylun-
decanethiol monolayer cannot be completely ruled out, we note
that repeated measurements in the same area showed the same
result on the second measurement, within experimental error.

The proposed mechanism for NDR and peak-shaped redox
adhesion force based on the oxidation/reduction mechanism is
shown schematically in Figure 6. The bias is applied to the tip,
and the electrochemical potential of the gold substrateis
taken as energy reference. Figure 6A illustrates an equilibrium
energy diagram with zero applied bias where the electrochemical

processes. In the resonant tunneling mechanism, charge transfdpotentials of the substrate and the tip are the same. The narrow

results from the charge tunneling through appropriate molecular
levels without occupying therh®2 The molecules themselves
do not attain a charge over a time scale comparable to the
phonon relaxation time. While this process can, in principle,
describe the peak-shaped current observed here, it canno

(28) Seminario, J. M.; De La Cruz, C. E.; Deroza, P.JAAm. Chem. Soc.
2001, 123 5616.

(29) Snyder, S. R.; White, H. S. Electroanal. Chem2001, 393 177.

(30) Xue, Y.; Datta, S.; Hong, S.; Reifenberger, R.; Henderson, J. |.; Kubiak,
C. P.Phys. Re. B 1999 59, R7852.

(31) Mazur, U.; Hipps, K. WJ. Phys. Chem1995 99, 6684.

(32) Schmickler, W. JJ. Electroanal. Chem1992 336, 213.
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features in the LDOS of the tip apex lie below the HOMO of
Fc, and without alignment charge transport is primarily via
nonresonant tunneling and no additional current is expected.
As negative tip biases are applied, the LDOS sweeps closer to

the HOMO level, and Figure 6B shows the relative energy levels

under such negative tip bias when the narrow features in the
LDOS of the tip apex align well with the HOMO of Fc,
providing the largest coupling. Hole transfer is first from the
gold substrate to the HOMO level of Fc, which oxidizes the
molecule; the hole is temporarily trapped by the phonon
relaxation of the molecular level to its new equilibrium
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configuration. A thermal fluctuation then allows subsequent hole direct contact between the AFM tip and the substrate under 20
tunneling from the molecular level of the molecule to the tip, 30 nN interaction force.
returning the molecule to its neutral state. The largest coupling The deviation magnitude of 1. 0.4 nN observed in the
between the narrow features in the LDOS of the tip apex and bias-dependent adhesion force dependence may be used to
the HOMO molecular level leads to the maxima both in estimate the total trapped char@e The additional attractive
additional current and in the number of trapped positive charges. force arises from Coulombic interactions between the stored
In this configuration, the negatively charged tip provides a charge and its image charges in the tip and Au substrate. Using
stabilizing electric field for the formation of ferricenium cations, a simple parallel-plate geometfyand assuming that stored
similarly to counterions in an electrolyte solution. This is charge is localized on the ferricenium end groups, we find that
consistent with our observation that when the tip is removed the quantity of detected charges @ = 80 + 20 positive
from surface contact for~5 s time delay between every elementary charges or the same number of oxidized molecules
measurement, no deviation from theoretical dependence wasf we assume each molecule can store one charge. We note that
observed in the noncontact capacitive force for both tip bias the obtained number of charges is 3 to 4 times higher than the
polarities. This implies that the interface is not charged and that maximum number of molecules (2@5) in direct contact with
those cations are stable for less than several seconds. As moréhe AFM tip. This is reasonable given that the field extends
negative tip biases are applied, coupling between the narrowbeyond the region of contact, which could enable the lateral
features in the LDOS of the tip apex and the HOMO molecular migration of charges. It is also possible that the parameters used
level decreases (see Figure 6C), moving the interface away fromin the above model overestimate the amount of charge and/or
resonance and leading to a decrease in both current magnitudeinderestimate the number of molecules. Since measured values
and number of cations and, hence, a decrease in the redoXor elasticity modulus are not available, if we were to consider
adhesion force. We next address the extent of interface charging Es = 1 GPa instead of 7 GPa as used above, we would estimate
Number of Trapped Charges Generated under the Nega-  that there are about 7210 molecules in direct contact between
tively Biased Tip. The force-dependent number of molecules the AFM tip and the substrate under-280 nN interaction force,
forming the junction can be estimated from the contact area reasonably close t6-80 positive elementary charges obtained
using a Hertzian elastic contact model with the adhesion force above.
between the probe and sample includéd@he contact area?,

. . - C . Conclusions
between a spherical tip of radil&spenetrating into a uniform o
elastic film may be estimated as: We have presented a method to measure charge within a
molecular circuit that shows negative differential resistance via
> (FR\2/3 conducting probe atomic force microscopy. This has been
a= (?R) ®) facilitated by using a prototypical redox species, ferrocene, in

a metak-molecule-metal junction. We observed that the voltage
whereF is the interaction force an is an effective modulus  region over which conduction was enhanced correlated strongly
equaling (4/13)[(1— v)/E + (1 — vAIEJ ! (Es, vs, Er, and oy with the region over which the scanning probe tip experienced
are Young’'s modulus and Poisson’s ratio of the sample and capacitive attraction to the surface. A model for the capacitance
Pt-coated AFM tip, respectively). The Poisson ratio for most force shows that the force originates primarily at the apex of

materials is between 0.25 and 0.5, and hence, assumings the tip, and the bias dependence indicates that the trapped
~ 0.33, an effective modulus can be approximatedKas charges are holes. The number of charged ferrocenylunde-
1.56E/(E: + E5). Although measured values for elasticity canethiol molecules appears to exceed the number that is in
modulus are not available, assumiig= 170 GP&* andEs = direct mechanical contact with the tip when current flows.
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