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Redox monolayers are the base for a wide variety of devices including high-frequency molecular diodes

or biomolecular sensors. We introduce a formalism to describe the electrochemical shot noise of such a

monolayer, confirmed experimentally at room temperature in liquid. The proposed method, carried out at

equilibrium, avoids parasitic capacitance, increases the sensitivity, and allows us to obtain quantitative

information such as the electronic coupling (or standard electron transfer rates), its dispersion, and the

number of molecules. Unlike in solid-state physics, the homogeneity in energy levels and transfer rates in

the monolayer yields a Lorentzian spectrum. This first step for shot noise studies in molecular

electrochemical systems opens perspectives for quantum transport studies in a liquid environment at

room temperature as well as highly sensitive measurements for bioelectrochemical sensors.

DOI: 10.1103/PhysRevLett.130.218001

Self-assembled monolayers (SAMs) composed of
nanometric-long redox molecules are building blocks for
molecular electronics and electrochemistry. They can
behave as molecular diodes operating at ultrahigh frequency
(potentially as a rectenna in the visible spectrum) [1,2], with
an on-off ratio breaking the Landauer limit [3,4], and show
interesting features such as signatures of collective quantum
interference effects at room temperature [5—7]. In addition,
their operation in liquid offers a direct link between
quantum transport and electrochemistry [8—10] that pro-
vides unique opportunities. For example, the nanoscale
measurements of electrochemical signals remains extremely
challenging while key to the development of nanobiosen-
sors [11]. Several approaches have been explored to tackle
the challenge, using redox cycling [12], high frequency
measurements [13], and fluorescence [14]. The underlying
challenges arise from the presence of parasitic capacitances
and from the fact that under typical measurement condi-
tions, the current scales with the sensor area, leading to
difficulties in retrieving the signal with micro- and nano-
scale electrodes. Simultaneously, these systems offer unique
properties as quantum devices. Probably the most intriguing
aspect for the solid-state physics community is the potential
for millions of single-energy level quantum dots simulta-
neously operating at room temperature, with extremely
small dispersion, tunable electronic coupling [15], and
the Frank Condon effect [16].
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We propose here to exploit and formalize the shot noise
induced by reversible single electron transfers of electro-
active molecules attached to an electrode as a new, very
sensitive electrochemical technique and as a way to
characterize the homogeneity in the electronic properties
of these assembled molecular quantum dots. Shot noise has
been extensively studied in solid-state physics [17] and
more recently in molecular electronics [18,19], but not in
electrochemistry, except for the shot noise due to a variation
of the number of molecules in a nanogap [20-23]. Such
measurements are usually challenging because of the
ubiquitous 1/f noise (e.g., in solid-state physics [24],
quantum transport [25], molecular electronics [26], or in
liquid [27]) which is typically circumvented by low-
temperature measurements and by measurements at higher
relative frequencies.

The 1/f noise here is not dominant thanks to the well-
defined energy level and electron transfer rates of the redox
molecules of the monolayer, allowing us to study its low-
frequency shot noise arising from the sum of single-
electron trapping and detrapping events to each molecule
with a narrow distribution in time constants. A simple and
straight-forward equation of the shot noise is proposed,
giving direct access to the distribution of the charge transfer
rates and the number of charge carriers. This approach
provides clearly readable signals even when Faradaic
currents become unmeasurable, avoids the parasitic capaci-
tance issue, and allows for measurements without extra
excitation other than the thermal noise.

Electroactive redox molecules can be seen as single-
electron quantum dots with extremely small energy
dispersion, even in liquid and at ambient temperature [5].
The equilibrium reaction of an ideally reversible redox

Published by the American Physical Society
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couple Mt /M attached to a metallic electrode and held
at a distance z from the electrode [insets Fig. 1(a)] can be
written as

kox
M=M"+e".
kred

Using the Marcus-Hush formalism to describe the
electron transfer rates gives [28]

_(x—/liﬂ)zd
/ TkgT
kBTﬂ /oo 1+ e"BT v

with k,, the oxidation rate, k.4 the reduction rate, p the
density of state in the metallic electrode, H? the electronic
coupling, 7 the reduced Planck constant, A the reorgani-
zation energy (the Frank Condon effect due to water
molecules reorganizing after charging the redox molecule),
T the temperature, kz the Boltzmann constant, and n =
q(E — E°) with E the potential at the electrode, E° the
standard potential of the molecule, and ¢ the elementary
charge. Equation (1) is analogue to the Landauer formalism
in solid-state physics [8]. The specificity of the redox
molecules is their energy level broadening due to the large
reorganization energy. Equation (1) can be simplified to
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FIG. 1.

Egs. (2) and (3) (Buttler-Volmer model) when || < 4
which is often the case. It will be used here initially for its
simplicity.

M
KBY = koe e,

(2)
(3)

KBY = koe_ﬂze_(l_ahﬂiﬂ
with f the tunneling decay coefficient (1 A, athe charge
transfer coefficient, and k, the standard electron transfer
rate at a distance z = 0 (in s~"). The exponential decay part
is formally contained in the electronic coupling term H? in
Eq. (1) but is usually extracted for convenience to be
included in the Butler-Volmer model [28].

Sampled current staircase voltammetry (SCV) is the
electrochemical technique used to interrogate the surface-
attached redox species [29], analogue to the charge
pumping technique in semiconductors [30]. The electrode
potential is raised in small steps of height E¢.,, and the
current is recorded as a function of time, up to a time fp,
corresponding to the steps duration [Fig. 1(c)].

The current /, in the case of slow scan rate and long
sampling time (i.e., kgyy = kY + kBY > 1/1), can be
expressed as (details in SM)

red
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Mlustration of current and noise versus time and voltage, considering a slow scan rate compared to the electron transfer rates

(kgum > 1/tgep). () I vs E, with the evolution of / as the time after voltage step is increased. (b) Voltnoisograms (PSD vs E) taken at low
frequency [Eq. (8)] corresponding to the same conditions as in (a). (c) Sampled staircase voltammetry example, with the raw current data
(black dots), a double exponential decay fit of the current (red), and the voltage steps (yellow). In this example, each voltage step is of
2.25 mV, starting at 195 mV. (d) Raw currents subtracted with exponential fits (blue). (e) PSD spectrum of one current time trace in (d).
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with N the total number of molecules and v = Eep/fgep
the voltage scan rate. Note that such current represents the
transition of the charges at a certain scan rate, and not an
equilibrium value of the current at a given potential.
Figure 1(a) shows I versus applied voltage E at a given
scan rate and at different times ¢ after the voltage step,
exhibiting a quick decrease of amplitude.

One way to consider the noise of the current versus time
[Fig. 1(b)] is to look at its power spectrum density (PSD,
noted S in equations). The PSD [Figs. 1(b) and 1(e)] can be
seen as a description of how the variance of the measured
signal is spread in the frequency domain. The system under
study has two states related to the oxidized and reduced
states of the molecules, here attached to a single electrode.
Each molecule is expected to lead to the so-called random
telegraph signal (RTS) which is a shot noise due to
individual transfer of electrons in and out of the single-
electron boxes. To avoid confusion, in such a single-
electrode system, the shot noise is not expected to be
compared to 2gl because at equilibrium, where both
oxidation and reduction reactions compensate each other,
I = 0 while S > 0 (discussion in SM) [31]. In general, the
RTS is typically associated with 1/f noise due to the wide
range of energy levels and electron transfer rates [32,33].
However, an ensemble of reversible redox couples, like
those found in a redox SAM in liquid, can be thought of as
an ensemble of quantum dots with very similar energy
levels because the molecules that make up the SAM have
strictly identical atomic structures and may differ only in
their orientation relative to the surface [5]. Assuming first
that all N molecules have identical energy levels E° and
charge transfer rates k.,  and k.4 for oxidation and
reduction, respectively, the PSD can be expressed as [32]

koxkred 1 (5)
kox + kred (kox + kred)z + (27Tf)2

with f the frequency and A/ the current corresponding to
the oxidation (or reduction) of one molecule. If we consider
Al as the transfer of one electron of charge g per the
average time taken for transferring one electron (i.e.,
Al ={q/[(1/koy) + (1/keq)]}), S can be rewritten as

(koxkred)3 1
(kox + kred)3 (kox + kred)2 + (27Tf)2
which becomes at low frequency (assuming a = 0.5)

(koxkred)3
(kox + kred)s ’

koe y ®)
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cosh (2ka

S(f.n.N) =4NAI?

S(f.n.N)=4Ng* (6)

limS(n, N) = 4Ng* (7)

1
:—qu

This equation expresses the dependence of the low fre-
quency electrochemical shot noise of the redox SAM
versus the electrode potential. The corresponding curve
is plotted in Fig. 1(b). Similarly to current SCV signals, it
presents a peak at E°, but narrower than that of the SCV
peak, with a full width at half-maximum (FWHM)

kgT
EEWHM =4 acosh(\s/i) BT ~56 mV. 9)
q

Note that unlike the current, S does not depend on v as
the PSD is considered for a system at equilibrium. § is also
independent of the potential scan direction. Interestingly,
the limiting cases of 7 — 0 and f — 0 give access to
the electron transfer rate k; and the total number of
molecules N.

1 1
limS(f, N) = = Ng*kge #* ————  (10)
n—0 2 4+ ( 2nf )
koe -
with the corner frequency f, = (1/2x)koe =
1
lim S(N) =< Ng*koe™#-. (11)

n—0,f—0 8

The main result of the present work is Eq. (11), linking
directly and simply &k, and N to the noise measured at low
frequency for E = E°. Provided the corner frequency of the
PSD f. can be measured [Fig. S1(b)], the individual values
of kg and N are obtained from Eq. (10) and Eq. (11).
Alternatively, if N is known independently, k, can be
straightforwardly derived from S at E = E° [Eq. (11)].

To demonstrate the validity of the previous analysis,
an experiment is set using ferrocene undecanethiol
Fc(CH;),,SH self-assembled on a gold microelectrode.
A two-electrode electrochemical cell setup is used in a
Faraday cage, using a [NaClO,] = 0.5 M aqueous electro-
lyte and a Ag/AgCl electrode (3 M NaCl) acting as both
reference and counter electrode. Details about the sample
preparation and the measurement setup can be found in the
Supplemental Material ([34] Figs. S2 and S3). The system
is interrogated using staircase voltammetry [Fig. S1(c)],
which is equivalent to linear cyclic voltammetry (CV) at
slow scan rates [43]. Our motivation is to offer a compari-
son of the well-known technique of cyclic voltammetry
with the results obtained looking at the shot noise of
the system.

The Fig. 2 shows an example of current CVs at different
(low) scan rates v. The signal is centered around a potential
value of E° = 0.354+0.02 V vs Ag/AgCl, which corre-
sponds to the expected standard potential for such surface-
attached Fc molecules [44—46]. The density is estimated here
at 4.2 x 10719 mol/cm?, close to the values reported in the
literature for packed SAMs (4.4 ~ 4.9 x 107'° mol/cm?)
[1,47]. The peak currents of the CV exhibit the usual behavior
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FIG. 2. Example of current CVs obtained at different v
(electrode area ~45 mm?, E vs Ag/AgCl (3 M NaCl), electrolyte:
[NaClOy4] = 0.5 M).

for a surface-confined reversible couple, with a linear
dependency of the current versus v (example data Fig. S11).

PSD signals were measured at several scan rates (see
details in SM), their magnitude at 20 Hz versus E (called
“voltnoisogram” for concision) shown in Fig. 3(a), (full
set Fig. S12). Similar data without the Fc molecules can
be found in Fig. S10. The PSD voltnoisograms behave
as expected with a peak-shaped curve centered around
E’~0.35V, close to the standard potential of Fc. As
predicted from Eq. (8), the peak value of the PSD
voltnoisograms [Fig. 3(b)] remains quasiconstant for
v <3 mV/s (see details in SM Fig. 3).

Figure 4(a) shows a CV scan at v = 0.014 mV /s where
no faradaic current signal can be identified. Figure 4(b)
shows PSD values at E < E?, E~ EY, and E > E° on the
forward scan. Figure 4(c) shows the variation of PSD at
10 Hz as a function of the voltage, showing a clear peak.
These results demonstrate the ability to detect an electro-
chemical reaction at an electrode through shot noise
measurements, even when the average current signal from
the CV does not show any reaction. The number of
molecules N = 7.5 x 10'? is calculated from the CV data
at higher scan rates (Fig. S11), and using this value and
Eq. (11), the peak amplitude of PSD data shown in Fig. 3
yields ko = 6.3 x 107 s7! (z = 1 nm), in good agreement
with literature values for this molecule [15,20].

The FWHM of the PSD peaks on Fig. 4 is % 90 mV,
broader than the 56 mV predicted by Eq. (9). Taking = 0
in the Eq. (1) gives an expression for kj, notably showing
dependencies with H and A [28]. Previous work [15]
showed that variations of lambda within physically rea-
sonable limits do not significantly impact the electron
transfer rates. However, the electronic coupling term H
typically varies following lognormal distributions [5] and
can impact significantly the resulting value of k, with

F T T T T T T T T T
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N
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[ -24
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FIG. 3. (a) PSD of the current versus E obtained at different v,

at f ~20 Hz. (b) PSD at f =20 Hz and E = 0.35 V versus v.

variations of just a few percent of its average value (see
Figs. S13 and S14). If a lognormal distribution of the
fluctuation of H (and thus, of k, as well) is assumed, a
standard deviation of o = 4%, comparable to what was
reported in Ref. [5] (& 2%), can explain the broadening
observed in PSD [Fig. 4(c), dashed line].

There is a significant difference between molecular
monolayers in liquid and solid-state devices in terms of
electrostatic forces. In the first case, the electrostatic inter-
actions between neighboring molecules are greatly reduced
thanks to the high permittivity of water. Previous research on
Coulomb repulsion ¢ [Eq. (12)] within similar Fc SAMs
showed negligible impact on current CV [5,48].

- [1 + (%)2} 0

4drepe,d

p=q (12)

with d the intermolecular distance, r, the distance to
counterions, &, the permittivity of the vacuum, and &, =
€m,0/€si0, the permittivity of the medium under consider-
ation. Taking the same formalism and distribution of d as
in [5] for ¢ but changing ey, = 79 to £5i9, = 3.9 results in
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FIG. 4. (a) CVofaFcC;;SH SAM on gold. (b) PSD measured

at 0.014 mV/s at E < E°, E~ E°, and E > E°. (c) PSD versus
potential at 10 Hz. The dashed line is fitted using Eq. (7)
considering a lognormal distribution of H with 6 = 3.97% of the
mean value of H.

variations of Ejyp from 1% to 45%, respectively (see
Figs. S15 and S16). As a result the screening of electrostatic
interaction by water avoids a dispersion of the energy levels,
such as the one observed in nanotransistors [33], and thus,
avoids the domination of a 1/ f noise resulting from the sum
of multiple Lorentzian spectra with different amplitude and
corner frequencies.

In conclusion, we demonstrated the measurement of the
shot noise generated by an ensemble of surface-attached Fc

redox molecules, which can be seen as identical single-
electron boxes, in liquid and in ambient conditions. A
formalism is proposed to understand it and exhibit depend-
encies between such noise and electronic coupling. This
constitutes a further step toward nanoelectrochemistry and
single molecule measurements, which could be practically
achieved using our technique combined with a transducer
such as a nanotransistor and be extended to other systems
such as quantum dot monolayer [49].

Our technique allows for the measurement of electron
transfer rates at low frequencies without the need for highly
time-resolved instrumentation. Although we compared our
technique with traditional voltammetry techniques, exhib-
iting a clear signal in PSD when [ tended to zero, the very
concept of a “potential scan” is actually not required to
perform noise measurements. As few as two points at
potentials far from E° and one at E° can suffice to resolve
the eventual background noise of the experiment and the
noise due to the attached molecule, yielding k, and N
provided the knowledge of # and z. Concurrently, since the
measurements are carried out at equilibrium, capacitive
contributions are altogether avoided, improving the signal
and simplifying drastically the interpretation of the data.
This opens perspectives in the field of biosensors [11],
where the limit of detection of existing techniques could be
further extended by shot noise analysis; and in high-
frequency molecular diodes, where the electron transfer
rate can be estimated through the low-frequency noise.
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