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ABSTRACT: While a large variety of organic and molecular materials have been
found to exhibit charge memory effects, the underlying mechanism is not well-
understood, which hinders rational device design. Here, we study the charge
retention mechanism of a nanoscale memory system, an organic monolayer on a
silicon substrate, with Au nanoparticles on top serving as the electrical contact.
Combining scanning probe imaging/manipulation and density functional
simulations, we observe stable charge retention effects in the system and attributed
it to polaron effects at the amine functional groups. Our findings can pave the way
for applications in nonvolatile memory, neuromorphic computing, and high
dielectric breakdown devices.

KEYWORDS: organic monolayer, nanoparticle, charge retention, polaron, Kelvin probe force microscopy, density functional theory,
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Organic and molecular materials have been widely
explored for large-area electronics applications, such as

wearable electronics, solar cells, and display devices.1−4 A key
difference of such organic systems from inorganic structures is
the structural flexibility. On one hand, this has been utilized to
fabricate flexible and wearable devices, where the electronic
functionalities are not affected by mechanical bending and
stretching.1,2 On the other hand, in certain organic materials,
the structural reconfiguration is strongly coupled to the
electronic states, which can offer new electronic function-
ality.5−7 Remarkably, such strong coupling, or polaronic effect,
can occur in the size scale as small as a single layer of
molecules. Previously, it has been shown that the conforma-
tion, charge, or spin states of certain organic monolayers or
single molecules can have two or multiple stable configurations
that can be switched in the presence of external stimuli such as
light or electric current.6−12 This effect is appealing for a
variety of applications ranging from nonvolatile memory,
neuromorphic computing, and high dielectric breakdown

devices.13−15 However, so far the mechanism behind the
charge state−conformation coupling is not well-understood,
which hinders rational material and device design.
Here, we report a combined experimental and computa-

tional study of a model molecular memory system. To facilitate
charge state imaging and mechanistic understanding of the
memory effect, we prepared a grafted organic monolayer
(GOM) on a silicon substrate and deposited gold nano-
particles on top as nondestructive electrical contacts to the
GOM.16 We use a scanning probe tip to contact the
nanoparticles (NPs) and inject charges into the GOM, and
to image the surface potential of the NP. The measured
potential reflects the charge state of the GOM underneath the
NP.17−19 We observe a series of charge states at room
temperature, which remain stable over a long time (at least 10
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h). We did not monitor the charge state of individual NPs for
more than 10 h, due to the significant thermal drift of our AFM
over such long time periods. We examine the role of molecular
distortion on charge stabilization through control experiments,
density functional theory calculations, and electrostatic
modeling and discuss the implications on memory and
computing device applications.
A schematic of the sample and measurement setup is shown

in Figure 1. An insulating monolayer film of organic molecules
(−(CH2)6−CO−NH−(CH2)2−NH2) was grafted directly on
oxide-free, n-doped silicon (phosphorus doped, 2 × 1018

cm−3).20,21 Au nanoparticles were deposited on top of the
GOM (Figure 1A). The thickness of the GOM was
determined to be 1.3 nm by ellipsometry. Due to the
substantial contact potential difference (CPD) between Au
and the n-doped Si, electrons accumulate in the Au NPs (via
tunneling through the GOM) in equilibrium conditions,
accompanied by a positive charge depletion layer in the Si.
As we showed previously,17 the charge state of the NP depends

on its radius and can be measured from the change in CPD in
the Au NP. This CPD was detected by Kelvin probe force
microscopy (KPFM),22−26 a noncontact scanning probe
microscopy technique.
Before manipulating the charge state of the system, we

measured the CPD of the Au NPs using KPFM (Figure 1A).
Then, we electrically grounded the tip and applied a bias to the
sample (Vs). The tip was then approached toward the NP at a
speed of 1−2 nm/s, allowed to contact the NP for a few
seconds (typically 1−5 s) with a load <20 nN, and retracted at
the same speed (Figure 1B). After the tip and NP separated,
we grounded the sample and acquired KPFM images again
(Figure 1A) to determine any change in the charge state. We
performed additional measurements by increasing the
compression force during tip−NP contact and found that
similar results were obtained with the sample topography
remaining intact for loads up to ∼50 nN. This ensures that the
change in charge state is not induced by mechanical forces
between the tip and the sample.

Figure 1. Schematic of the device and measurement setup. (A) Left: molecular structure of the hybrid tunnel junction consisting of silicon/grafted
organic monolayer (GOM)/Au nanoparticle (NP). Right: charge state imaging by Kelvin probe force microscopy (KPFM). (B) Charge state
manipulation by applying an electric bias (to the sample) while the tip is in contact with the Au NP. Vt: tip bias. Vs: sample bias.

Figure 2. Charge state manipulation of the am-hybrid system. (A) Topographic image of two NPs. The one on the right (with a height of ∼7 nm)
was approached by the tip to manipulate the charge state, while the one on the left was not contacted during the whole process. (B) Original CPD
image of the two NPs on GOM/Si substrate before tip contact. (C) After tip−NP contact with −1 V sample bias, the tip was lifted to image the
CPD of the NPs with the substrate grounded. (D−F) Similar to part C, the CPDs of the NPs were imaged after tip−sample contact with different
sample bias applied, as labeled. Scale bar: 30 nm. All the images were taken at the same area and have the same size scale. The CPD color scale in
parts C−F is the same as that in part B.
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A typical series of KPFM imaging and manipulation results
are shown in Figure 2. The topographic image in Figure 2A,
obtained simultaneously with the CPD image in Figure 2B,
shows two Au NPs separated by ∼100 nm. Charge state
manipulation was performed on the 7 nm high NP on the right
in the figure, while the untouched NP on the left served as a
control. Throughout the whole imaging and manipulation
process the topography of the two NPs (height and
separation) remained unchanged. We find that while the
CPD of the right NP was modified following the process
described in Figure 1, the CPD of the left particle remained
constant throughout the whole charging and discharging
process. After a tip−NP contact with −1 V sample bias, the
CPD of the right NP increased by ∼50 mV (from −180 to
−130 mV) (Figure 2B,C). This modified charge state
remained stable until we contacted the NP again using the
tip with Vs = 0 V (while the tip was grounded). After this zero
bias contact, we found that the CPD of the NP was reset to the
original value (−180 mV) (Figure 2D), indicating that the
charge state of the system was restored. After another tip−NP
contact with Vs = 1 V, the CPD of the NP decreased by ∼80
mV (reaching −260 mV) (Figure 2E). After a voltage pulse of
Vs = −1 V, the system was reset to its original charge state
(Figure 2F). Note that we found that a voltage of Vs = 0 V did
not modify the CPD. The difference in the required discharge
voltage for the positive versus negative charged systems is
likely due to the asymmetry in the energy landscape of the
metastable molecular configurations (NH2 and NH3 states), as
discussed later.
Following the same procedure, we performed charging and

discharging experiments on a series of Au NPs within the size
range 7−9 nm. We were able to alter the charge state of the
NP in both directions, up or down, with voltages in the +3 to
−3 V range. Figure 3A summarizes the results on the CPD
change after tip contact at different bias. In agreement with the
results shown in Figure 2, positive bias always results in a
decrease of CPD, while negative bias leads to an increase of
CPD. The other prominent feature in Figure 3A is that the
CPD change is overall larger after the application of a larger
bias, revealing the presence of a series of stable charge states.
An important observation is that the CPD of the charged Au
NP/GOM system remained stable for at least 10 h in an inert
nitrogen atmosphere (in an environmental chamber of the
AFM) at room temperature (Figure S1, Supporting Informa-
tion).

We further measured NPs of other sizes and found similar
charging and discharging behavior for all the NPs with a
diameter between 2.5 and 20 nm. Figure S2 shows the charge
manipulation results of a 2.5 nm NP.
According to our previous results and calculations,17 without

tip contact, only one stable charge state exists in electrostatic
equilibrium for a given NP size. Therefore, the existence of
multiple stable states induced by tip contact could be due to
either defects or redox charging in the Si substrate or structural
reorganization of the GOM. Although the Si surface could
have trace amounts of defects, no surface defect-induced
charge memory has ever been reported in Si during the past
few decades of research. We thus conclude that the GOM is
responsible for the observed memory effect.
Previous work has shown that some molecules with nitro

and/or amino groups exhibit conductance switching behav-
iors6−9 and propose that conformational changes in the
molecules could be responsible for such effects. However, to
our knowledge there is no published experimental evidence or
theoretical calculation to confirm the coupling of molecular
conformation to the electrical conductance. To examine
whether the amine groups in our GOM are responsible for
the observed charge memory effects, we performed the same
charging procedures on control samples where the GOM is
replaced by a nonaminated molecule −(CH2)6−COO− (inset
of Figure 3B). We found that no CPD change occurred in the
Au NP/nonaminated GOM except at high positive bias (≥2
V) (Figure 3B). However, the CPD change at this high bias is
small and irreversible, indicating that it is likely due to
permanent damage to the molecules. Therefore, we conclude
that the amine group in the GOM is indeed an essential factor
contributing to the charge state memory effects in the Au NP−
GOM−Si system. As we explain in the following, the existence
of multiple charge states of a Au NP can be explained by the
bistable molecular configurations of the series of aminated
molecules in contact with the NP.
To understand how the charge memory effects observed

with the aminated GOM molecules could be related to
configuration changes of the molecules, we performed density
functional theory (DFT) calculations to determine the energy
of the Au NP−aminated molecule system as it adopts different
conformations. In the simulation, the (−(CH2)6−CO−NH−
(CH2)2−NH2) molecule is initially connected to Au through
the amino (NH2) group (Figure 4A). The Si substrate on the
other side of the GOM is not included. After structural
relaxation we found two possible distortions leading to final

Figure 3. Charge writing at different bias and with different molecules. (A) The Si/GOM/Au NP tunnel junction with aminated molecules exhibits
bias-tunable (the sample bias applied during tip−NP contact), reversible charging effects. (B) The junction with nonaminated molecules exhibits
no charging effects in the bias range from −3 to 1 V, while small, irreversible CPD changes were observed with 2−3 V bias. Each hollow circle
represents one data point, while each solid circle represents two overlapping data points.
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configurations that result in charge retention. We describe here
the one that appears more stable. For completeness another is
described in the Supporting Information. In both models the
reference structure has the alkyl chain straight, with its terminal
NH2 in the chain end (−CO−NH−(CH2)2−NH2) binding to
Au through the N atom (Figure S4). This binding is the well-
known dative bond where the amine group donates its lone
pair to form a coordinate covalent Au−N bond.27 The
description agrees with a Bader analysis28 that shows a net
charge transfer (0.17 e−) from the molecule to coordinately

unsaturated surface Au atoms. There is another local minimum
energy configuration, shown schematically in Figure 4B, where
the molecule terminates with an NH3, the H coming from the
second CH2 group, and forming a H-bond with the O in the
carboxyl group. This configuration bears a positive excess
charge, with the Bader analysis indicating a charge transfer to
Au of 0.75 e−.
One can go from the NH2 to the NH3 terminated

configurations by distortions of the CONH(CH2)2
NH2 group involving rotations around NC and CC bonds
which bring the NH2 group close to the CO group. The
energy of several intermediate configurations is shown in
Figure 5A, with schematics of these configurations (labeled a−
e) shown in Figure 5C. We found that all the configurations
away from the initial NH2 have higher energy, including the
local energy minimum of the final NH3 configuration, which is
0.97 eV higher than that of the initial NH2 ground state. The
energy of the configurations from the initial NH2 to the final
NH3 goes through a maximum, which exhibits a barrier of 2.2
eV higher that the NH2 configuration (1.23 eV higher than the
NH3 configuration).
In the presence of an electric field, either due to the initial

charge transfer in the molecular junction or by the application
of an electric bias, the energy landscape of the molecular
conformation is altered. We found that an electric field of 2.7
V/nm (positive value denotes downward direction) is able to
pull the energy of the NH3 configuration to a level lower than
that of the NH2 configuration (Figure 5B). In this case the
activation energy for the transition from NH2 to NH3
configurations is lowered to 1.67 eV. We further calculated
the energy difference between the two minimum energy states
in the presence of different electric field intensity, with the
results shown in Figure 6A. We observe a critical field value of
∼2.5 V/nm, where the energies of the NH2 and NH3

Figure 4. Bistability of the molecular configuration. (A) Stable,
minimum energy configuration where the terminal NH2 group
hybridizes with Au; the resulting amount of Bader charge transfer is
0.17 e−. (B) Possible metastable configuration as a result of proton
transfer. A distortion of the molecular end group leads to a proton
transfer from a CH2 group to the terminating NH2 group, resulting in
the formation of NH3. In this case the Bader charge transfer to Au is
0.75 e−. This configuration is another minimum energy state relative
to small distortions.

Figure 5. Energy landscape of various molecular configurations. (A) Series of possible molecular configurations in the absence of an external
electric field. An energy barrier separates two minimum energy configurations, and the NH2 termination is the most stable state. (B) Energy
landscape in the presence of a positive 2.7 V/nm electric field (pointing downward). In this case the NH3 termination is the most stable. (C)
Schematic structures of the intermediate configurations (from a to e) corresponding to the states labeled in parts A and B.
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configurations become equal. The higher stability of the NH3
configuration at larger electric fields can be understood by the
shift of the Au Fermi level to a position lower than the HOMO
level of the −CO−NH−(CH2)2−NH2 group (Figure S3),
which leads to electron transfer from the molecule to the Au.
We further found that the wave function of this HOMO level
has substantial amplitude around the C−H bonds of the
second CH2 group (Figure S4). Therefore, the loss of an
electron from the pz orbital of the CH2 group (by transfer to
Au) can lead to the conversion of CH2 to CH (namely sp3 to
sp2) and the transfer of the H+ to the terminal NH2 to become
NH3

+.
In addition to modifying the energy levels of the molecular

configurations, the electric field across the molecular junction
also leads to electron tunneling.17,21 These tunneling electrons
can excite molecular vibrations (which may involve C−C, C−
H, C−N, etc.) that further facilitate the molecular transition
from the NH2 to NH3 state.

29,30 Note that the bending and
stretching modes of the molecular bonds have energies below
0.5 eV, which can be easily excited by the tunneling electrons.
Given that most of the Au NPs have a diameter around 8

nm, we estimate that there are approximately 30 molecules in
contact with each NP. Although the configuration with NH2
termination discussed above is the most stable except at high
positive fields (Figure 6A), we expect that there will always be
a non-negligible number of NH3 terminated molecules under
the NP. The local electric field modifies the energy landscape
of the molecular conformations (Figures 5 and 6A), while the
tunneling current further excites molecular vibrations that
catalyze the transformation between the NH2 and NH3 states.
As a result, the portion of molecules in different configurations
will change (Figure 6B,C). This induces a modification of the
charge state of the Au NP, which depends on the ensemble of

molecules and their charge configuration. When the bias is
switched off, there is a large (>1 eV) barrier between the NH2
and NH3 configurations of each molecule, which, in the
absence of tunnel current, prevents charge state switching at
room temperature.
To quantify the effect of molecular switching on the

potential change of the NP, we performed electrostatic
simulations by treating each molecule as a point charge. As
shown in Figure S6, when a molecule switches its charge state
from 0 to 1, the change of potential a few nm above the NP
surface will be 5−10 mV. We can thus estimate that charge
state switching of ∼30 molecules underneath one NP will
induce a few hundred millivolt change in the CPD of the NP.
The switching of a fraction of these ∼30 molecules will lead to
smaller CPD changes of the NP. This is consistent with our
experimental results shown in Figure 3A.
Our combined experimental and computational results not

only provide mechanistic insights into the polaron-induced
molecular charge retention effects but also can enable a variety
of device applications such as flexible electronics, nonvolatile
memory, and neuromorphic computing.
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