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ABSTRACT

We introduce a new technique of probing the local potential inside a nanostructure employing Au nanoparticles as electrometers and using
single-electron force microscopy to sense the charge states of the Au electrometers, which are sensitive to local potential variations. The Au
nanoelectrometers are weakly coupled to a carbon nanotube through high-impedance molecular junctions. We demonstrate the operation of
the Au nanoelectrometer, determine the impedance of the molecular junctions, and measure the local potential profile in a looped nanotube.

The local potential inside a conductor becomes increasingly
challenging to obtain as the dimensions of modern devices
shrink into the nano regime. New methods need to be
developed to reduce the size of voltage probes and control
their placement and coupling to the device under examina-
tion. In addition, the perturbation of the measurement on the
device itself cannot be neglected and must be assessed. In
recent years, several innovative approaches have been put
forward to address these challenges. These include, for
example, the usage of a conducting atomic force microscope
(AFM) tip as a sliding electrode'=* or in electrostatic force
microscopy,* on-site quantum point contacts® and single
electron transistors (SETs)® with high voltage sensitivities,
and scanned SETs’ which are mobile and sensitive. In this
report, we present a new scheme that combines locally placed
Au nanoparticles with AFM-based single-electron force
sensing microscopy to function as weakly perturbative, highly
sensitive nanoelectrometers. The Au nanoelectrometer senses
the local electrostatic potential via its single-electron charge
states. Its large input impedance, produced by a molecular
junction and measured by dissipation force microscopy,
ensures weak coupling to the device. We demonstrate the
operation of the Au nanoelectrometers by mapping the local
potential profile of a looped carbon nanotube (CNT). This
new type of nanoparticle-based electrometer can be general-
ized to map potential distributions in other nanostructures
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such as nanowires and two-dimensional (2D) conductors. The
impedance measurement can be used to probe the resistance
of molecular junctions.

The Au nanoparticle (mean diameter 12 nm) electrometers
are integrated into a CNT field effect transistor® via chemical
linkers (see Supporting Information for details). A schematic
of the CNT-Au assembly is shown in Figure 1a. The linker
molecule consists of a pyrene (CisHjo) end group, a backbone
of amide-containing alkyl chain (CH,);—CO—NH—(CH,)»
of approximately 0.8 nm in length and a thiol (SH) end group
(Figure 1a). Pyrene is known to adhere to CNTs via sr-orbital
stacking, a weak van der Waals bond,® while the thiol forms
a strong covalent bond with Au. An AFM image of a typical
section of the CNT device is given in Figure 2a. Au
nanoparticles preferentially adhere to the CNT rather than
the SiO, substrate. Comparison experiments show that
without the linker molecule, Au nanoparticles do not adhere
to CNTs. The I(V,) curve of a CNT remains nearly
unchanged before and after Au nanoparticle attachment,
indicating that Au nanoparticles are not strong scattering
centers (see Supporting Information for details).

Due to their small size and weak coupling to the nanotube,
the nanoparticles exhibit single-electron charging behavior!?
at 77 K. The charge state of an Au nanoparticle is set by
nearby electrostatic potentials, which is the principle behind
its application as a local electrometer. The linker molecules
form tunnel barriers between the CNT and the Au nanopar-
ticles; this sets the input impedance of the nanoparticle
electrometer.

We detect charge tunneling on/off the nanoparticle with
the AFM cantilever.''"!3 The biased AFM tip oscillates at a
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Figure 1. Schematic of our CNT-Au nanoparticle assembly and calculated response of the cantilever. (a) A schematic of our device and
the gating scheme. A Au nanoparticle is linked to the CNT via a linker molecule. The backbone of the linker molecule is an amide-
containing alkyl chain —(CH,);—CO—NH—(CH,),—. The Au particle is gated by the AFM tip, the CNT, and the silicon n™" global backgate.
The CNT is contacted by two Au electrodes (one shown). (b) Theoretical behavior of the frequency shift (dw) and dissipation (6(1/Q))
signal of the AFM cantilever as a function of w/T". Both are normalized by their maximum values. dw (red line) decreases monotonically
with increasing w/T" while 6(1/Q) (black line) maximizes at w/I" = 1, corresponding to = 9.1 x 10° s’ in our setup.

height z with a small amplitude dz, imposing a perturbative
ac gating effect on the Au nanoparticle. This ac gating effect
induces charge transfer between the CNT and the Au, which
in turn exerts an electrostatic force on the AFM cantilever
and affects its motion. This noncontact force detection only
requires one electrical connection to the nanoparticle (the
molecular junction between the CNT and the Au nanopar-
ticle), greatly simplifying its use as a local electrometer.

The force exerted on the AFM cantilever by tunneling
charges is given by

F,=—ok dz 1 +iw/F2
1+ (w/T)
where
dqc e 2 '
Ok = ( e C_Au) f'(Aey) )]

Cy, is the total capacitance of the Au nanoparticle; g, is
the control charge, and f(Aeg,) is the Fermi distribution
derivative as a function of the electrochemical potential
misalignment between the CNT and the Au nanoparticle.
Since charges tunnel across the barrier between the CNT
and the Au nanoparticle at a finite rate I', a phase lag
develops between the motion of the AFM tip and the induced
charge motion. The real component of the force in eq |1
corresponds to a Coulomb-softening of the cantilever’s spring
constant and a decrease in the resonance frequency by dw,
and the imaginary component causes additional damping,
which can be expressed as a degradation of the cantilever’s
quality factor Q:

ow _ Ok 1 ok w/lT

oW _Ok_ 1 s1/0y=-2%__@°

o 2k 4 (@) ) k' 1+ (wm)?
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w/l'= 20w/w 2)

These two quantities, d(w) and d(1/Q), can be directly
measured experimentally to yield the charge addition spectra
and tunneling rates I' on/off the nanoparticle electrometer.
The former is used to measure local electrostatic potentials,
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and the latter corresponds to the resistive input impedance
of the electrometer, that is, the tunnel resistance of the
molecular junction Ry = 2kg7/e’T".'%'* The w/T" dependence
of dw and O(1/Q) (eq 2) is plotted in Figure 1b. As w/T
increases, that is, as the tunnel barrier becomes more opaque,
the frequency shift signal dw monotonically decreases to
zero, whereas the dissipation signal 6(1/Q) maximizes at w/T"
= 1. The physical meaning of the plot is clear: In the limit
of a transparent barrier, the induced charges tunnel fast and
in phase with the driving AFM tip. This process produces
maximum frequency shift and zero dissipation. When the
barrier becomes extremely opaque, charges cannot tunnel
across the barrier fast enough to respond to the driving of
the AFM tip, producing neither frequency shift nor dissipa-
tion. Maximum dissipation occurs when charges tunnel on
the time scale of one cantilever oscillation cycle.

To measure Ow and 0(1/Q), we drive the AFM cantilever
on resonance with a constant force amplitude F,,; and use a
phase locked loop (PLL) circuit to monitor the resonant
frequency w (or f = w/2m) and oscillation amplitude dz of
the cantilever. The latter directly yields the quality factor
using the relation Q = k dz/F,,. All measurements are carried
out in a home-built AFM system operating at 77 K (see
Supporting Information and refs 9—12 for details). Figure
2b shows a series of spatial scans of the AFM tip above the
CNT device, with the oscillation amplitude of the cantilever
plotted in color scale. We find many sets of dark, concentric
rings centered at specific locations along the CNT. On the
dark rings, the cantilever amplitude is generally decreased
10—20%, corresponding to an increase in dissipation, with
exceptionally dark spots reaching 50%. Figure 2c gives a
close-up of one Au nanoparticle. Several concentric rings
are clearly visible.

A given set of rings corresponds to Coulomb oscillations
of the Au nanoparticle enclosed at the center. At the position
of a dark ring, the oscillating, biased AFM tip causes an
electron to tunnel on and off the nanoparticle during a
cantilever oscillation, producing additional electromechanical
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Figure 2. Coulomb oscillation behavior of Au nanoparticles. (a) Topographic AFM image of a section of the CNT device, showing selective
attachment of Au nanoparticles. The CNT diameter is 3.2 nm. (b) A series of scans above the CNT device with the oscillation amplitude
of the cantilever plotted in gray scale. Coulomb oscillations of the Au nanoparticles appear as concentric, dark rings centered on individual
particles. Charge motion causes additional damping to the oscillation of the cantilever in the tunneling regime of the Au particles, producing
a general decrease of 10—20% in oscillation amplitude with extremely dark spots reaching 50%. Black dashed line indicates the location
of the CNT. All images are taken with V,;, =3 V, V, = =2 V, and tip height z = 60 nm. (c) A close-up image of the Au nanoparticle
indicated by the arrow in b. Several concentric rings are clearly visible. Image taken with V,;, =3 V, V, = —1.5 V, and tip height z = 60

nm.

damping of the cantilever.'> Between the dark rings, the
nanoparticle is in Coulomb blockade, and no tunneling
occurs. Nanoparticles lying on the SiO; substrate away from
any electrode do not produce any signal, demonstrating the
importance of the electrical connection between the CNT
and the nanoparticle.

To characterize the behavior of a given nanoparticle
electrometer, we vary the gating potentials V, and V,;, with
the tip positioned at a constant height z above the nanopar-
ticle. Three V,-dependent charge addition spectra of particle
No. 1 taken at different Vj;,’s are given in Figure 3. Each
spectrum features periodic dips riding on a smooth back-
ground. Similar to the rings in Figure 2, each dip here
corresponds to where the charge state of the nanoparticle
changes. Note that the small cross section of the CNT allows
the n** backgate potential V, to efficiently gate the Au
nanoparticle and add charges one by one.

The average spacing between adjacent charge states is AV,
= 048 V and is independent of V,, This yields the
capacitance between the Au nanoparticle and the global
backgate: Cy = e/AV, = 0.33 aF, where we have neglected
the single-particle energy level spacing of the nanoparticle.
The capacitance between the AFM tip and the particle Cj;,
is determined by tracking the shift of a charge state along
the V, axis as Vy, changes:

C,p=C(AVJAV,,)=0.18 aF

To determine the charging energy of the nanoparticle, we
use the thermal broadening of the Coulomb oscillation peaks.
If the oscillation amplitude dz of the cantilever is small, the
full width at half maximum (FWHM) of a charging dip
measured as a function of V, is given by ~ 4kgTCa,/(eC,).'°
For this particle, we find C4, = (1.5 £ 0.1) aF, and a charging
energy E. = €*/Ca, = (110 £ 10) meV. Finally, the
capacitance between the CNT and the Au is estimated to be
Cent = Cau — Cijp — C,, = 0.99 aF, where we have neglected
any interparticle coupling and coupling to metal electrodes.

Nano Lett,, Vol. 8, No. 8, 2008

N
o

-
&)
T

Ip TMS ampiude az (nm

=
[=)
T

-3 -2 -1
backgate voltage Vg (V)

Figure 3. V,-dependent charge addition spectra of particle No. 1.
Traces correspond to Vi, = 1V (red), 1.25 V (black), and 1.5 V
(blue) respectively. Black and blue traces are shifted down vertically
for clarity. Tip height z = 60 nm. The backgate capacitance C, is
determined by the average spacing in V, between adjacent charge
states. Cy;, is determined by tracking the shift of a specific charge
state in V, as Vj;, varies. Vertical arrows point to charge state #4.
The total capacitance Cy, is extracted from the fwhm of a charging
dip as indicated by the horizontal arrows. Averaging charge state
1—6 of the V,;, = 1.25 V trace, we find fwhm = (0.12 £ 0.01) V
for this Au particle.

Similar measurements are repeated on several Au nanopar-
ticles and summarized in Table 1.

Experimental values of E, are in good agreement with
theoretical estimates and FEMLAB simulations (see Sup-
porting Information for details) based on the mean size and
variation of the Au nanoparticle diameters (12 & 2 nm). This
agreement, together with the uniformity displayed by C, and
Cii, from different Au particles, demonstrates the reproduc-
ibility of these Au nanoparticle electrometers.

Next, we combine measurements of dw and 6(1/Q) to
determine I, the charge tunneling rate on/off the nanoparticle,
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Table 1. Charging Energy and Capacitances of Au

Nanoparticles
Au # C, (aF) Cip (aF) Cay (aF) E. (meV)

1 0.33 0.18 1.5 110
2 0.39 0.23 1.7 95
3 0.39 0.22 1.5 105
4 0.46 0.23 2.1 80
5 0.46 0.23 <2.1 >80
6 0.46 0.25

and calculate the input impedance of the Au nanoparticle
electrometer Ry = 2kg7/e’’. We first establish that the
oscillation amplitude dz of the cantilever can be used to
measure the loss rate 1/Q, as shown in Figure 4a. In Figure
4b, we simultaneously plot frequency @ and amplitude dz
of the AFM cantilever for six charge states of particle No.
1. Both signals show concurrent dips in the charge tunneling
regime of the Au particle. We determine dw and 6(1/Q) and
calculate w/I" using eq 2. Variations among different charge
states yield 0.32 < w/T" < 0.78, corresponding to a tunneling
rate ' = 0.49 x 10° s7! to 1.20 x 10% s™! on/off the Au
particle and Ry in the range of 68—166 GQ.

We have performed similar measurements and analyses
on 12 Au nanoparticles. The average value of w/I" for each
particle is listed: 0.13, 0.15, 0.29, 0.30, 0.32, 0.39, 0.50, 0.50,
0.55, 0.61, 0.65, 0.66. They correspond to I' = 5.8 x 10°
s7hto 3 x 10° 87! or 27 GRQ < Rr < 140 GQ. The large
values of Ry help ensure weak coupling, and hence weak
perturbation of our Au nanoelectrometers to the CNT.

The impedance of the electrometer is determined by the
junction between the CNT and the nanoparticle. On the basis
of data in the literature!>(see Supporting Information for
details), the tunnel resistance of the alkyl chain is estimated
to be ~300 MQ. By adding resistances due to the tunnel
barrier between the CNT and the pyrene and the partial
orbital overlap between the pyrene molecule and the alkyl
chain, Ry in the range of our measurements is reasonable.
The approximate 5-fold variation in Ry is not surprising given
the expected variability in the number of linker molecules
attached to each Au particle and the different conformational
states of the linker molecule and the Au—S bonding sites.'®!7
Surprisingly, variability is also seen in tunneling rates for
the different charge states of the same nanoparticle (see, e.g.
Figure 4). While the origin of this behavior is not known,
electrostatic interactions with neighboring Au nanoparticles
or with charged impurities may be responsible.

Having demonstrated the operation of the nanoparticle
electrometers, we now use them to probe the local potential
in a CNT circuit. In particular, we apply a dc bias to establish
a current flow in the CNT and measure the local voltage
drop in the looped, 35 um long CNT shown in Figure 5a.
This measurement provides a straightforward way of resolv-
ing the important issue of whether significant tunneling
occurs at the crossover point of the loop.!8-20

The idea is as follows: similar to a change in V,, a potential
change in the CNT shifts the charge state of a bound
nanoparticle. Once calibrated, this shift provides a means of
measuring the local potential within the device. This
procedure is illustrated in Figure 5b. Shown is one Coulomb
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Figure 4. Determining charge tunneling rate I" on/off a Au
nanoparticle with frequency shift and dissipation microscopy. (a)
Linear scaling between the quality factor Q (blue squares) and the
oscillation amplitude dz (black trace) of the AFM cantilever. Q is
extracted from the FWHM of a cantilever’s resonance curve in
frequency domain. Inset: A typical resonance curve of the cantilever.
(b) Frequency (red trace) and amplitude (black trace) of the AFM
cantilever measured simultaneously while sweeping V,. Both signals
show concurrent dips in the open regime of the Au nanoparticle.
Vip = 1V, tip height z = 60 nm. Smoothly varying background is
removed in both traces. Values of dw, 6(1/Q), and the resulting
/T for the six charging dips marked in (b) are given in the table
below. 0.32 < w/I" < 0.78 corresponds to tunneling rate 0.49 x
106 s7! < T < 1.20 x 10° s~!. Figure table: Frequency shift and
Q-degradation signal from single-electron charging of a Au
nanoparticle.

oscillation for a particular nanoparticle at four different
configurations of the electrode potentials: (A) V, =V, =0
VB)V,=02V,V,=0VO)V,=0V,V,=02V, (D)
Vi =V,= 0.2 V, where V,; and V, are potentials applied to
the left and right electrode, respectively. Configurations A
and D allow us to calibrate the shift of the CNT’s
electrochemical potential (see Supporting Information for
details), which is then used to read the local potential of the
CNT under forward (B) and reverse (C) bias. The voltage
resolution of the set up is £3 mV and can be further
improved by lowering the measurement temperature and/or
reducing the noise level. Normalized potential readings from

Nano Lett.,, Vol. 8, No. 8, 2008


http://pubs.acs.org/action/showImage?doi=10.1021/nl801295y&iName=master.img-003.jpg&w=191&h=378

o
7.0} =
= ko
3 o
& e
L]
S 6.5 g’
g k:
= N
o ©
6.0} ! © E
080604 0 10 20 30

backgate V4 (V)

distance to right electrode um

Figure 5. Potential profile of a looped CNT device measured with
local Au nanoparticle voltmeters. (a) Topographic AFM image of
the CNT device. The CNT diameter is 2.4 nm. Arrows point to Au
particles selected as voltmeters. Inset illustrates the measurement
scheme. (b) The shift of a charge state in 4 electrode configurations:
A)V,=V,=0VB)V,=02V,V,=0VOC)V,=0V,V,=
02V (D) V,=V,= 0.2V (data from the circled Au particle in
(a)). (c) Normalized local potential of the CNT in forward ((B),
black triangles) and reverse ((C), red squares) bias. The sum of
the two gives unity (blue circles). The linear potential profile along
the whole length of the CNT indicates diffusive transport. The
precise resistance of the looped NT is unknown because of another
NT in parallel (not shown). R;y; ~ 120 kQ in the V, range used
in this manuscript, consistent with other NTs grown and fabricated
in the same batch (8 total).

8 Au nanoparticles along the length of the looped nanotube
are plotted in Figure 5c. The potential drop in the CNT
exhibits a linear profile along the whole length, including
the loop. We conclude that direct tunneling at the loop
crossing point is not important in our device and that the
current flows predominantly around the loop. The linear
voltage drop also indicates that transport is diffusive through
this long CNT device. This observation is consistent with
other reports in the literature, where the mean free path of a
CNT is found to range from hundreds of nanometers to a
few micrometers.?'->3 Also, since there is no significant
potential drop at the metallic electrodes, the contact resistance
is negligible in comparison to the resistance of the CNT itself.

The nanoparticle electrometer scheme presented here has
a number of advantages in comparison with other techniques
to measure local potentials. Unlike contact-probe AFM,'-3
the Au nanoparticle electrometers are mechanically non-
invasive. Compared with electrostatic force microscopy,* the
single electron transistor-based readout method has higher
sensitivity and does not need background removal. Unlike
scanned SETs,” the fabrication and integration of the Au
nanoelectrometers into devices are relatively easy. Our force
sensing techniques demonstrated at 77 K could potentially
operate at room temperature, leading to wide usage of this
method.

Nano Lett,, Vol. 8, No. 8, 2008

In conclusion, we have demonstrated the fabrication,
characterization, and operation of Au nanoparticle electrom-
eters on CNTs using AFM-based force sensing techniques.
The commercial availability of AFM cantilevers of a range
of resonant frequencies, Au nanoparticles of different sizes,
and linker molecules of varying impedances expands the
measurement range and applicability of this technique. By
using suitable linker chemistries, it should be straightforward
to implement the approach we described here to other
material systems such as Si nanowires** and graphene.
Additionally, the impedance measurement provides a novel
method to determine the resistance of single or few molecular
junctions. The fabrication process is significantly simplified
since only one electrical contact to the nanoparticle is
required. The molecules themselves need not form an ordered
monolayer or bridge electrodes separated by ~1 nm gap.?
This dissipation force technique is an important new tool
that complements existing transport-based methods to study
molecular conductors.
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