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Abstract

A large variety of organic and molecular materials have been found to exhibit charge memory
effects. However, the mechanism of charge storage is not well understood, which is a key
bottleneck for the development of stable and scalable organic memory devices. Here study the
charge retention mechanism of organic molecules using a model system, a grafted organic
monolayer (GOM) on a silicon substrate. Au nanoparticles (NPs) are used as non-destructive
nano-electrodes with controlled contact area. Using a scanning probe, we manipulate and image
the charge state of the system with nanoscale resolution. We show, via control experiments, that
amine functional groups in the GOM molecules play a vital role in charge retention. Density
functional simulations show a possible route of molecular distortion that leads to metastable
charge states. Our findings shed light to the mechanism of polaronic effects and their role in
facilitating charge storage in nanoscale organic systems.

Introduction

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 functionality (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 conformation, 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 non-volatile 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 materials and device design.
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Here we report a combined experimental and computational study of a model molecular memory
system. To facilitate charge state imaging and mechanistic understanding of the memory effect,
we prepared a GOM on a silicon substrate, and deposited gold nanoparticles on top as non-
destructive electrical contacts to the GOM (16). We use a scanning probe tip to contact the 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 hours). We
did not monitor the charge state of individual NPs for more than 10 hours, 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.

Results

Materials structure

A schematic of the sample and measurement setup is shown in Fig. 1. An insulating monolayer
film of organic molecules (-(CH,)s-CO-NH-(CH>),-NH,) was grafted directly on oxide-free, n-
doped silicon (phosphorus doped, 2 x 10 cm ™) (20, 21). Au nanoparticles were deposited on top
of the GOM (Fig. 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), a non-contact
scanning probe microscopy technique.

Charge state manipulation

Before manipulating the charge state of the system, we measured the CPD of the Au NPs using
KPFM (Fig. 1A). Then we electrically grounded the tip and applied a bias to the sample (Vs). The
tip was then approached towards the NP at a speed of 1-2 nm/s, allowed to contact the NP for a
few seconds with a load < 20 nN, and retracted at the same speed (Fig. 1B). After the tip and NP
separated, we grounded the sample and acquired KPFM images again (Fig. 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.

A typical series of KPFM imaging and manipulation results are shown in Fig. 2. The topographic
image in Fig. 2A, obtained simultaneously with the CPD image in Fig. 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 Fig. 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 mV to -130 mV) (Fig. 2B,C). This modified charge
state remained stable until we contacted the NP again using the tip with V<=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
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value (-180 mV) (Fig. 2D), indicating that the charge state of the system was restored. After
another tip-NP contact with V=1 V, the CPD of the NP decreased by ~80 mV (reaching -260
mV) (Fig. 2E). After a voltage pulse of Vs=-1 V, the system was reset to its original charge state
(Fig. 2F). Note that we found a voltage of V=0 V did not modify the CPD. The difference in the
required discharge voltage for the positive vs negative charged systems are likely due to the
asymmetry in the energy landscape of the metastable molecular configurations (NH, 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 of 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. Fig. 3A summarizes the results on
the CPD change after tip contact at different bias. In agreement with the results shown in Fig. 2,
positive bias always results in a decrease of CPD, while negative bias leads to an increase of
CPD. The other prominent feature in Fig. 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
hours in an inert nitrogen atmosphere (in an environmental chamber of the AFM) at room
temperature (Supplementary Fig. S1).

We further measured NPs of other sizes, and found similar charging and discharging behavior for
all the NPs with diameter between 2.5 nm — 20 nm. Supplementary Fig. 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 behaviors (6-9), 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 s replaced by a non-aminated molecule -(CH,)s-
COO- (inset of Fig. 3B). We found that no CPD change occurred in the Au NP / non-aminated
GOM except at high positive bias (>2 V) (Fig. 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 section, the existence of multiple charge states of an Au NP can be explained by the
bistable molecular configurations of the series of aminated molecules in contact with the NP.

Density functional theory calculations

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
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(DFT) calculations to determine the energy of the Au NP — aminated molecule system as it adopts
different conformations. In the simulation, the (-(CH,)s-CO-NH-(CH;),-NH,) molecule is initially
connected to Au through the amino (NHy) group (Fig. 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 configurations that result in charge retention. We describe here the one that appears more
stable. For completeness another is described in the SI. In both models the reference structure has
the alkyl chain straight, with its terminal NH; in the chain end (-CO-NH-(CH,),-NH,) binding to
Au through the N atom (Figs. 4). This binding is the well-known dative bond where the amine
group donates its lone pair to form a coordinate covalent Au-N bond (22). The description agrees
with a Bader analysis (23) 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 Fig. 4B, where the molecule terminates with an NH3, the H coming from
the second CH; 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 Auof0.75¢".

One can go from the NH; to the NH3 terminated configurations by distortions of the -CO-NH-
(CH2)2-NH, group involving rotations around N-C and C-C bonds which bring the NH, group
close to the C=0 group. The energy of several intermediate configurations is shown in Fig. 5A,
with schematics of these configurations (labeled a to e) shown in Fig. 5C. We found that all the
configurations away from the initial NH, have higher energy, including the local energy
minimum of the final NH3 configuration, which is 0.97 eV higher than that of the initial NH,
ground state. The energy of the configurations from the initial NH to the final NH3; goes through
a maximum, which exhibits a barrier of 2.2 eV higher that the NH, 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 NH; configuration (Fig. 5B). In this case the activation energy for the transition from NH;
to NHj3 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 Fig. 6A. We observe a critical field value of ~2.5 V/nm, where the energies of the NH,
and NHs; 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-(CH;),-NH, group (Fig. 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 CH, group (Fig. S4). Therefore, the
loss of an electron from the p, orbital of the CH, group (by transfer to Au) can lead to the
conversion of CH, to CH (namely sp® to sp?) and the transfer of the H to the terminal NH, to
become NH;".

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 NH, to NH; state (24-27). 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.
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Mechanism of multi-stable charge states in molecular arrays

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 NH;
termination discussed above is the most stable except at high positive fields (Fig. 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 (Fig. 5 and
Fig. 6A), while the tunneling current further excites molecular vibrations that catalyze the
transformation between the NH, and NHj states. As a result, the portion of molecules in different
configurations will change (Fig. 6B and 6C). 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 NH, 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 Fig. S5, 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 100s of mV change in the CPD of the NP. 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 Fig. 3A.

Conclusion

In summary, we experimentally observed multi-stable charge memory effects in a molecular
model system. We attribute such multi-stable charge states to the bi-stable configurations of
individual molecules in the monolayer, and provide a DFT model for a possible atomic-level
process that leads to such bi-stability. Our combined experimental and computational results
provide mechanistic insights into the polaron-induced molecular memory effects.

Materials and Methods

Sample preparation. Au nanoparticle synthesis and organic monolayer preparation was
described before [Caillard 2013, Caillard 2015] (17, 20). The substrate is Si(111) doped with
phosphorus (carrier concentration: 2 x 10 cm™). Before performing KPFM measurements, the
sample was annealed in nitrogen glovebox at 140 °C for 30 min.

Kelvin probe force microscopy measurements. KPFM was performed using a home-built setup
operated in the single-pass, frequency modulation mode (17-19). The tip is Ti/Pt coated Si, with a
spring constant of ~ 2 N/m and a resonance frequency of ~ 70 kHz. Measurements were done in a
sealed chamber continuously purged with nitrogen. The measured CPD was calibrated by setting
the CPD of the GOM to zero in each image. During the measurements the sample remain oxide-
free as evident from the uniform CPD distribution on the GOM surface (17).
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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. V¢ tip bias. Vs: sample bias.
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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
-1V sample bias, the tip was lifted to image the CPD of the NPs with the substrate grounded. (D—
F) Similar with (C), CPD 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 (C—F) is the same as that in (B).
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Figure 3. Charge writing at different bias and with different molecules. (A) 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 non-aminated molecules exhibits
no charging effects in the bias range of -3 V — 1 V, while small, irreversible CPD changes were
observed with 2 V — 3 V bias. Each hollow circle represents one data point, while each solid
circle represents two overlapping data points.
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Figure 4. Bi-stability of the molecular configuration. (A) A stable, minimum energy
configuration where the terminal NH, group hybridizes with Au; the resulting amount of Bader
charge transfer is 0.17 e". (B) A possible meta-stable configuration as a result of proton transfer.
A distortion of the molecular end group leads to a proton transfer from a CH, group to the
terminating NH; group, resulting in the formation of NHs. In this case the Bader charge transfer
to Au is 0.75 e". This configuration is another minimum energy state relative to small distortions.
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the NH;3 termination is the most stable. (C) Schematic structures of the intermediate
configurations (from a to e) corresponding to the states labeled in (A) and (B).
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Figure 6. Multi-charge stability of the Au NP — organic monolayer system. (A) Energy
difference between the NH, and NH3 terminated configurations as a function of applied electric
field (pointing downwards). (B) A schematic showing that there are more NH, groups (neutral)
than NH3 groups (positively charged) underneath the Au NP, in the presence of a zero or small
electric field (<2.5 V/nm). (C) A schematic showing more NH3 groups than NH, groups, in the
presence of a large electric field (>2.5 V/nm).
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Figure S1. Charge retention test of the am-hybrid system. (A) and (B) are the topographic and
CPD images of a NP, showing a height of ~8 nm and a CPD of -220 mV. After tip-NP contact
with 1 V sample bias, the tip was lifted to image the CPD of the NP with the substrate grounded.
The topographic and CPD images, shown in (C) and (D), reveal that the height remained constant
(~8 nm) while the CPD decreased to -300 mV. After 10 hours, the height (E) and CPD (F)
remained unchanged (~8 nm, -300 mV), confirming that the charge stored in the NP is stable for
at least 10 hours.

Charge manipulation of NPs with different sizes

In addition to Au NPs with a size range of 7-9 nm, which is the focus of Fig. 2 and Fig. 3 in the
main text, we measured other NPs with sizes varying between 2.5 nm — 20 nm. These NPs all
showed similar charge memory effects. Results on the 2.5 nm NP are shown in Figure S2. We
also performed control measurements where the AFM (atomic force microscopy) tip was
positioned on the GOM surface (instead of the NP) followed by the same charge writing and
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imaging procedures (1). In this case no charging effect was observed, indicating that the presence
of Au NP is essential for charge memory effects.
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Figure S2. Charge state manipulation of an am-hybrid system with 2.5 nm Au NP. (A and B)
Original topography and CPD image of a NP on top of the organic monolayer. Height and CPD of
the NP are 2.5 nm and about -70 mV, respectively. A charging protocol was performed with -3 V
sample bias applied during tip-NP contact. After this process, the height of the NP remained
unchanged (C), while the CPD increased to approximately 60 mV (D). After discharging (tip-NP
contact with 0 V sample bias), the height of the NP still remained constant (E) and CPD
decreased to about -60 mV (F), close to the original CPD value. Scale bars: 20 nm. The color
scales in (A, C, E) and in (B, D, F) are the same, as labeled on the right of (E) and (F).

DFT calculations

Models and computation details

All calculations are carried out using the Vienna ab initio simulation package (VASP) (2). The core—valence
interaction is described by the projector-augmented wave (PAW) method (3). The wavefunctions are expanded in a
plane-wave basis set with a 500 eV cutoff. Structure relaxation is stopped when the force on each atom is smaller
than 0.01 eV/A. The generalized gradient approximation of Perdew—Burke—Ernzerhof (GGA-PBE) (4) is adopted for
the exchange-correlation functional. The Brillouin zone was sampled using a (3x3x1) gamma-centered mesh of k-
points in the slab calculations, and the gamma-point in NP model. To obtain faster convergence, thermal smearing of
one-electron states (kgT = 0.05 eV) was allowed using the Gaussian smearing method to define the partial
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occupancies. Energy barriers were calculated by the climbing-image nudged elastic band method (5). Gold NPs
surfaces were represented by a slab built up from a (4x4) supercell, 4 atomic layers thick. A vacuum of 25 A was
allowed between the slabs.

DOS of the NH, and NHj; configurations under different electric field

In Fig. S3, the DOS of the aminated molecule + Au systems with the NH, and NH; configurations (see Fig. 4 for the
structure) and under different electric field are shown. At zero field, the NH, configuration is more stable, and its
HOMO level is fully occupied. Under a 2.7 V/nm field, the HOMO level of the NH, configuration is partially
occupied, and it is less stable than that of the NH; configuration. In contrast, the HOMO of the NH; configuration is
always partially occupied, indicating a significant charge transfer from the molecule to Au. This is more clearly seen
in Fig. S4, where the charge density within the energy window [Erermi, Erermit0.25 €V] for the NH3 configuration at
zero field is given. The empty p, state near the second C group can be identified, which stabilizes the NH;
configuration.
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Figure S3. The DOS of the aminated molecule (AM) + Au systems with the NH, and NH; configurations and under
different electric field. To make the figure clear, the DOS of the molecule is multiplied by a factor of 10.
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Figure S4. DOS of the aminated molecule (AM) +Au systems in the NH3 configuration showing the orbitals
involved in the transfer of charge to Au. The charge density within the energy window [Eremmi, Erermit0.25 V] is
shown, in which the empty p, state near the second C group can be clearly seen. To make the figure clear, the DOS of
the molecule is multiplied by a factor of 10.

Alternative polaronic distortion model

As mentioned in the main text, we explored also different conformation models. Here we present one that does not
involve transfer of H from the CH, group to the terminal NH,. Two molecular conformations are calculated: a linear
one (L), as in the model in the main text, and a chelated model (C), formed by a rotation around the C-N bond that
brings the oxygen atom in the CO group to the surface. This results in the formation of a bidentate bond to the surface
involving the N and the O atoms. These are shown in Figure S5. DFT calculations including Van der Waals
corrections (6,7) show that mode C is a bit more stable than mode L by 0.21 eV, so that at RT both modes should
coexist. A Bader analysis shows that the amount of electron charge transferred to the Au NP in this arrangement is
larger: -0.23 €.

Figure S5. Linear (left) and chelated (right) models. The transition state between these states involves a rotation
around the C-N bond, as indicated.

p N A - LAY o B ' 2 , L A& L 2

When an electric field is included in the simulations the C configuration is stabilized; for example with a field of -0.
25 V/ A, Cis 0.38 eV more stable than L. Also, the stronger the field the larger the stabilization, with 0.44 eV for -
0.3 V/ A. Once the field is switched off the system will evolve to its equilibrium C/L ratio. Yet, to accomplish this
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passage involves surpassing a barrier where the O-Au bond breaks, which we have estimated to be 0.43 eV using a
Aus, nanocluster as model for the metal.

When a positive field of +0.3 VV/ A was applied no significant changes were observed in the energy of the L
configuration, except that now it is the organic molecule which appears slightly negatively charged by -0.11e.
However, the C configuration becomes unstable, with detachment of the CO group from the surface and evolving to
the linear configuration.

While both this and the main text model can explain charge transfer and a bi-stable system of two configurations.
However, given that the alkyl end of the molecule is covalently attached to the Si substrate and thus immobile, the
alternative model presented here may require additional molecular rearrangements to accommodate the larger space
needed to accommodate the additional site on the Au surface required for the formation of the chelating CO-Au bond.

Electrostatic simulations

We can simplify the AM as a point charge, and the Au NP as a conducting sphere with a fixed potential determined
by the sample bias (Fig. S5). This sphere of radius R is localized at the origin (0, 0, 0). It has a fixed potential Vo. A
point charge q is placed at (0, 0, -d). Then the potential ¢ at a point (X, y, ) outside the sphere is:

1 [ q qR/d 4 VoR
Amey \[x2 +yZ + (z+d)?2  Jx2+y2+ (z+R2/d)Z  Jx? +y? + 72

px,y,z) =

When the charge on AM changes 4g, using the simple model, the potential change 4¢ is:

[ Aq AqR/d
dmey \[x2 +y2+ (z+d)?2  x2+y2+ (z+ R%/d)?

Ap(x,y,z) =

In the experiment, R~3.5 nm. The DFT optimized d is R+0.41 nm (0.41 nm is the distance between the net charge
center of AM and the Au surface). Considering 4¢g=+1 e, the potential change on the x=0 plane is shown in Fig. S6.
When 4q > 0 (corresponding to NH,-NH; transformation), 4¢ on the tip side (z>0 region) is always positive. This
trend is consistent with the experimental observation that when the sample bias decreases, the CPD increases.
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Figure S6. (A) Simplified point charge and conducting sphere model. (B) The potential change 4¢ when Ag=+1 e,
with R=3.5 nm and d=3.91 nm. The white dot indicates the position of the point charge, and the black region
indicates the conducting sphere.
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