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_Electric-field-controlled phase
‘transition in a 2D molecular layer
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Received: 6 April 2017 . Self-assembly of organic molecules is a mechanism crucial for design of molecular nanodevices.
Accepted: 23 June 2017 . We demonstrate unprecedented control over the self-assembly, which could allow switching and
Published online: 04 August 2017 . patterning at scales accessible by lithography techniques. We use the scanning tunneling microscope
© (STM) to induce a reversible 2D-gas-solid phase transition of copper phthalocyanine molecules on
technologically important silicon surface functionalized by a metal monolayer. By means of ab-initio
calculations we show that the charge transfer in the system results in a dipole moment carried by
the molecules. The dipole moment interacts with a non-uniform electric field of the STM tip and the
interaction changes the local density of molecules. To model the transition, we perform kinetic Monte
Carlo simulations which reveal that the ordered molecular structures can form even without any
attractive intermolecular interaction.

The process of molecular self-assembly, using organic molecules as building blocks of spontaneously grown
molecular structures, became one of the leading topics important for development of molecular devices 2 In
recent applications, such as organic field-effect transistors®, tunnel diodes?, solar cells’, light-emitting diodes® etc.,
static ordered layers are utilized. A possibility to control molecular density—and thus ordering of whole molec-
ular assemblies—by means of external stimuli would allow programmable molecular patterning’ at scales acces-
sible by recent lithography techniques. Controlled switching has been well demonstrated on the level of isolated
molecules®'%, but connecting the single-molecular switches to the rest of a functional device remains an obsta-
cle!> 16, A small number of switchable ordered molecular structures reported up to date is limited to liquid-solid
interfaces'”~?? or small inorganic molecules®. In atomically clean environment under ultra-high vacuum (UHV),
synchronized rotations of molecular rotors have been realized very recently?*. However, to allow molecular pat-
terning, switching of an assembly of mobile molecules mediated by surface diffusion would be necessary. So far,
no such study in well defined UHV environment has been reported.

In our previous studies, we have shown that the Si(111)/T1 substrate is weakly interacting and suitable for
growth of ordered ad-layers of metal atoms**-?”. Compared to bare silicon surfaces, where adsorbed molecules
are immobilized by strong chemical bonding to silion surface atoms?-?!, the self-assembly of phthalocyanines
on weakly interacting surfaces depends on a delicate balance between adsorbate-substrate and inter-molecular
interactions, and on external parameters such as tempearture and surface coverage®. For growth of organic
ordered layers composed of metalo-phthalocyanines (MPc), the weakly interacting metal surfaces are typically
used as substrates®. A dominant factor governing the adsorption of different MPc molecules is a van der Waals
interaction between the molecules and substrate, often resulting in a net static dipole moment perpendicular to
the surface. Intermolecular interactions are weak attractive or even repulsive due to an interaction of the static
dipoles, depending on the average inter-molecular distance®*-3%. The stable self-assembled layers are therefore
often observed only at close-to-monolayer coverage, when the thermal motion of the molecules is limited by its
neighbors®>3%36,

Here, we demonstrate the electric-field-controlled room-temperature switching of the copper phthalocyanine
(CuPc) self-assembled arrays on the Si(111)/T1- (1 x 1) surface, evidenced experimentally by the scanning tun-
neling microscopy (STM) and explained with help of ab-initio calculations. Stability of the ordered CuPc arrays
during the scanning depends strongly on the polarity and amplitude of the applied tip-surface voltage. Negative
sample bias stabilizes the ordered CuPc arrays, while application of positive sample biases causes the fast disinte-
gration. By means of a strong electric field under the STM tip, we repeatedly change the orientation and position
of all molecules within the domain. Measured probabilities of the domain changes demonstrate an existence
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Figure 1. Field-induced switching of the CuPc self-assembled molecular array. (a) Change of a domain
orientation (1) and position (2) as a response to voltage pulses. Purple stars mark positions above which the
pulses were applied. The image was taken at the sample bias U;= —2.3 V. The inset depicts the structural model
of a CuPc molecule. Red and green dots mark positions of molecules in the molecular structures with different
orientations. (b) STM image of the CuPc molecular array taken at the sample bias of —1.7 V, which is close

to the threshold of imaging the stable arrays. Red arrows indicate the scanning direction. Green bars denote
the length of 3nm. (c,e) Shape of the triangular voltage pulse and corresponding dependence of the domain
change probability on the peak voltage of the pulse Uy. The values of probability were acquired from the 320
voltage pulses applied over the same domain. (d,f) Shape of the rectangular voltage pulse and corresponding
dependence of the domain change probability on the pulse duration. The results were acquired from 100 voltage
pulses applied over the same domain. Dashed line denotes ideal probability of random switching in a system
of 45 domains (see Supplementary). The error bars represent a range of two standard deviations. Note that
absolute values of the voltages and probabilities can vary for different STM tips and different surface coverages,
but the character of the measured probability dependence remains the same.

of a voltage threshold above which the changes occur. Based on the results of ab-initio calculations and kinetic
Monte Carlo (KMC) simulations, we provide a simple electrostatic model of the field-molecule interaction. The
model explains the probabilistic nature of the process by disordering and the following random re-assembly of
the molecular array at the measured threshold voltage. We expect that a similar electric-field control over surface
assembly can be achieved for a wide range of systems containing a weakly interacting mobile adsorbate carrying
sufficiently strong permanent dipoles.

Results

Switching of the self-assembled arrays. The CuPc molecule belongs to the family of planar macrocy-
cles, phtalocyanines. These molecules tend to self-organize on nonreactive surfaces, as previously demonstrated
using various substrates'® 14323742 STM images of approximately 0.8 monolayer (ML) of the CuPc molecules
deposited on the Si(111)/T1- (1 x 1) surface reveal the similar long-range ordering (Figs 1a,b and 2a,b). However,
in addition to the self-assembly, we observe that the stability of the CuPc arrays at sub-monolayer coverage
depends strongly on the scanning conditions. The ordered arrays are observable only at negative sample voltage
U < —1.8V, while scanning at sample voltage Us > —1.8 V leads to noisy STM images without the presence of any
ordered molecular structure. We note that the absolute value of the threshold can vary for different experimen-
tal conditions such as surface concentration of CuPc molecules, temperature etc. The presence of the threshold
indicates that the electric field of the STM tip influences the molecular ordering. Figure 1b shows an STM image
scanned at a sample voltage of —1.7 V, which is near the threshold of imaging the stable molecular arrays. During
the scanning, the image of the initially stable CuPc structure is repeatedly perturbed by abrupt spikes until the
ordered pattern completely disappears.

To reveal the mechanism of the tip influence we investigated the effect of tip-sample voltage pulses on the
ordering of the molecules. During the image acquisition the scanning is stopped for a moment required by the
pulse and then continues immediately. A result of such procedure is shown in Fig. 1a, where the purple stars mark
positions where the pulses were applied. Abrupt changes in molecular layouts are visible immediately after the
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Figure 2. Self-assembly of CuPc molecules on the thallium-passivated Si(111) surface. (a) The Tl-passivated
surface covered by almost 1 ML of CuPc molecules. Three domain orientations of the ordered CuPc array are
shown. U;=—3V. (b) STM image of the CuPc array superimposed by the structural model. U;=—2V. Red,
green and blue squares mark unit cells of the CuPc molecular arrays. (c) Top view of the relaxed structural
model. Purple and gray spheres denote positions of Tl and Si atoms, respectively. (d,e) Isosurfaces of the
constant difference of the charge density. The cross-section plane, the direction of the view and the volume
imaged is marked in the panel c. The isovalues are set to 0.012 eA~3 (panel d) and 0.005eA 2 (panel e). Red and
blue colors represent electron density depletion and accumulation, respectively. (f,g) Side view of the relaxed
structure superimposed by the plane-integrated charge transfer Ap (panel f) and the cumulative charge transfer
Q (panel g).

application of a pulse. More STM images of CuPc ordered arrays and their response to voltage pulses can be seen
in Supplementary materials.

As we will show later in this work, the changes in the molecular layouts can be assigned to domain changes of
the same CuPc ordering on the TI-(1 x 1) surface. By repetitive applying different voltage pulses, we obtained
statistics of the successful collective switching, which are present in Fig. 1e and f. We opted for two pulse shapes
with various duration and amplitude. First, we applied triangular pulses (see Fig. 1c) with the initial voltage of
—3V (the stable ordered structure) to study dependence of the switching probability on the peak voltage Uy.
Though pulses with Uy in the range of (—3V, —1.8 V) do not induce any change of the molecular arrays, from
Up~ —1.8V the probability of the domain change increases approximately linearly with U, The maximal switch-
ing probability (0.65+0.10) is reached for sample biases Up = 1.0 V. In the case of the rectangular pulse (see
Fig. 1d), the sample voltage is changed from the scanning value of —3.5V directly to+ 2.0 V and is held constant
for various time intervals. The average probability of a pulse-induced domain change saturates at the level of
(0.9£0.1). In the switching experiment, we were able to distinguish two types of the domain change. In the first
case (Fig. 1a-1) the orientation of the molecular superlattice is changed, while in the second case (Fig. 1a-2) the
orientation is preserved and the superlattice is shifted with respect to the original layout. For simplicity, the
changes will be referred to as domain rotations and domain shifts, respectively. Taking into account the two cate-
gories, we analyzed the rectangular-pulse-induced changes and we determined that the average probability of the
domain rotation is (0.6 & 0.1) and the average probability of the domain shift is (0.3 £ 0.1). In the studied range
from milliseconds to seconds, no dependence on the pulse duration was observed, implying that the time neces-
sary for the switching is less than 1 ms.

Besides the external electric field, concentration of CuPc molecules and of surface defects have a significant
impact on ordering of the molecules as well. The domain switching was observed only at near-monolayer surface
coverage in the range of 0.6-0.95 ML. At saturated coverage, we observe stable molecular arrays at all scanning
conditions. Here, CuPc molecules cover tightly the whole surface with exception of defects in the TI- (1 x 1) layer
and their surrounding (see Fig. 2a). At lower coverage, we observe only individual adsorption of CuPc molecules
at step edges. Independently on STM conditions, no stable ordering of the molecules was observed on terraces
up to ~0.6 ML, indicating the presence of the 2D gas-like phase of highly mobile molecules on the surface. At all
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coverages, defects represent positions of the surface that are forbidden for CuPc molecules (see Supplementary
materials for more STM images). Ordering of the molecules is substantially affected by defects especially if the
local concentration of defects is high.

Existence of the voltage threshold of domain switching and absence of ordered molecular arrays at voltages
above the threshold suggest that stability of the arrays depends on the external electric field. Changes of the
tip-sample electric field during the pulse can explain switching of CuPc domains as follows. Molecular arrays are
stabilized by the electric field at sample voltage U, < —1.8 V. During the voltage pulse, at sample voltages corre-
sponding to the saturated switching probability (U, 2 1.0 V), a whole domain of the CuPc array disintegrates
faster than recordable by the STM. At the end of the pulse, when the voltage is restored to the original value, CuPc
molecules reorganize randomly into one of the possible configurations (in total 90 different configurations exist;
among them 45 configurations with 3 possible orientations are distinguishable in our experiment; see
Supplementary for details). The expected probability of a domain change, rotation and shift in such a system
would be %, % and %, respectively. In the experiment, we obtained the average values of (0.940.1), (0.6 £0.1)

and (0.3 £0.1), respectively. All expected values fall within the standard deviation range of the measured values.
Slightly lower mean experimental values are caused by surface defects which can locally “pin” or “block” some
domains. Another reason is the limited room-temperature STM resolution, which could be insufficient to distin-
guish small domain shifts.

Geometric and electronic structure of the ordered array. To clarify the details associated with the
molecule-substrate and molecule-molecule interactions, the relativistic DFT calculations have been performed.
In our models, we took into account the experimentally obtained Cu-Cu distance of the nearest molecules of
~1.4nm and the orientation of the molecules in the surface reconstruction shown in Fig. 2b. The remaining free
parameter, the position of CuPc molecules with respect to the T1-(1 x 1) surface, was determined by evaluating
the adsorption energy of molecules in the most symmetric sites (on top, hollow and bridge) after relaxation of the
testing configurations. The highest adsorption energy per molecule was obtained for central Cu atoms of CuPc
molecules located above bridge positions of the T1-(1 x 1) lattice (2.92 eV), followed by the hollow (2.83 eV) and
on top sites (2.68eV). In the relaxed bridge configuration (see Fig. 2c), molecules lie 0.33 nm above the TI-(1 x 1)
layer. Due to symmetries of the CuPc molecules and the bridge positions of the substrate, there are 90 equivalent
CuPc configurations in total (see Supplementary for details).

On the T1- (1 x 1) surface, the CuPc molecules are stabilized by van der Waals forces, which is also the case
of phthalocyanine molecules on metal surfaces® *. Figure 2d and e show the charge transfer Ap induced by
an interaction of the CuPc molecule with the substrate. The transfer is calculated from the DFT calculations by
subtracting charge densities of the isolated systems of the substrate and the adsorbate from that of the combined
system. A dominant charge transfer is associated with Cu, N and C atoms in the central ring of the CuPc molecule
(see Fig. 2d with isovalues £0.012 eA—3). The transfer has a mirror symmetry plane, which is identical with the
plane of the CuPc molecule and is parallel to the surface. Therefore, the transfer within the molecule contributes
only to quadrupole or higher moments of the molecule.

Contributions to the dipole moment can be found mainly in the region between CuPc molecules and the T1
layer (see Fig. 2e with isovalues +0.005eA~3). The plane-integrated charge transfer Ap (see Fig. 2f) shows that the
charge is shifted from proximity of the surface towards molecules. In Fig. 2g, the cumulative charge transfer,
obtained as Q(z) = f Ap(z')dz' is shown, indicating that ~0.23 e is transferred in maximum, which results in
a static dipole moment tof ~0.35eA. Similar formation of a dipole pointing from the substrate to adsorbed mole-
cules was calculated for other phthalocyanine-on-metal systems®>*. In the following discussion, we neglect the
complex charge transfer within the system and take into account only the dipole moments perpendicular to the
surface plane.

Mechanism of the phase switching. Under the studied conditions, the molecules are highly mobile on
the surface. Two electrostatic forces acting on the molecules carrying dipoles can influence their dynamics: a
dipole-dipole repulsive force and an interaction between the molecular dipole and the tip-sample electric field.
The former can be neglected, because at the distance corresponding to the most close-packed configuration the
interaction energy is ~0.6 meV, which is much less than the energy of thermal fluctuations at room temperature
kT = 25meV, where k is the Boltzmann constant. Presence of a biased STM tip in proximity of the surface induces
a strong electric field (typically >107Vem™!) with maximum intensity E~ U/d;s under the tip apex, where d is
the tip-sample spacing and U is the tip-sample voltage. Along the surface, the field is non-uniform and almost
vanishes at a distance of the tip radius. The influence of the gradient field on mobile dipoles on surfaces has been
previously reported*. In case of the positive (negative) tip bias and dipoles ;1 pointing perpendicularly to the
surface, the field represents a potential well (hill) with depth (height) p.E for each dipole. If the well is deeper than
kT, an isolated molecule would be”trapped” by the tip. If a reservoir of molecules is available, their concentra-
tion would increase locally under the tip. Assuming the tip-sample separation of 1 nm, yE~ kT at a sample bias
of ~—0.7 V. Because the high concentration results in ordering of the molecules, this value can be considered a
threshold for assembly of the CuPc molecules into ordered arrays.

When scanning at the tip bias inducing sufficiently deep potential well, the locally increased concentration of
molecules allows formation of a stable CuPc array (see Fig. 3). If we lower or reverse the bias (e.g. during a voltage
pulse), the well becomes shallow or even reversed, which rapidly decreases the molecular concentration under the
tip. At the end of the voltage pulse, when we sweep the voltage back to the scanning voltage, the potential well is
restored and the molecules reorder randomly in the region under the tip to one of 90 possible configurations. This
explanation is supported experimentally by Fig. 1e, where the voltage necessary for the CuPC assembly obtained
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condensed phase 2D-gas phase

Figure 3. Graphic illustration of the field-controlled switching mechanism. Static dipoles carried by the CuPc
molecules are represented schematically by the +/— signs on the surface. Green arrows indicate forces acting
upon the dipoles in the electric field.

from electrostatic relations and DFT calculations fits within the region of transition between zero and saturated
switching probability, and by Fig. 1f, where the measured average switching probabilities correspond well to val-
ues expected in a system where domains switch into random domain layouts.

In order to further support the hypothesis that the existence of a potential well under the tip is sufficient
for the self-assembly of molecules, we performed kinetic Monte Carlo simulations. In the simulations, the real
shape of CuPc molecules is modeled by 15 lattice points of the substrate lattice and the interaction of molecules
is limited to a steric repulsion which applies when the molecules overlap (see Supplementary). Apart from that,
no inter-molecular interaction is included. Results of the simulations can be seen in Supplementary Fig. S6. On
the intact surface the molecules at 0.75 ML coverage behave as a 2D gas (Fig. S6a and ¢). As a potential well
is introduced to the surface, the local molecular coverage inside the well increases, inducing formation of the
close-packed ordered molecular structure (Fig. S6b). The structure remains stable while the potential is held
sufficiently low (Fig. S6d).

Discussion

Our explanation neglects several factors. First, we consider a dipole moment only and omit higher moments of
the molecule. The higher moments would affect a molecule-molecule interaction, which is though insignificant
at RT, while the crucial interaction of the molecules with the tip field is driven by the dipole moment dominantly.
Secondly, the strong field may affect molecule-substrate distance accompanied by a charge redistribution*. Such
changes can be treated by the dipole approximation as well. If the dipole induced by the distance change was
stronger than the static one, the tip-molecule interaction would be attractive at both bias polarities, in contrast
to the experiment. Diffusion barriers can be modified by the field as well*, but we expect that at room temper-
ature the diffusivity would be still very high, as supported by the field-independent 2D gaseous phase observed
at coverage <0.6 ML. Thirdly, defects, such as step edges or point defects*, necessarily represent real boundary
conditions, which may influence stability of ordered domains. In our experiments, we are able to find small areas
isolated by defects where molecules are strongly confined and do not change their positions at any scanning
conditions. Similarly, we are able to find areas with lower local concentration of molecules where we observe
spontaneous switching even under otherwise stable conditions. Lastly, we note that experiments with different
tips and coverage resulted in the qualitatively same results, however with different values of the threshold voltage
in the range from —0.5V to —2V and different values of switching probabilities.

Outlook

At sub-monolayer coverage and at room temperature, CuPc molecules behave like a 2D gas. We showed that,
thanks to the permanent electric dipole between the molecules and the substrate, the local concentration of
the molecules on the surface can be controlled by the nonuniform electric field. As ordering of the molecules is
closely related to their local concentration, it is possible—at the scale of tens of nanometers—to switch between
ordered and 2D-gas phases. An idea of patterning based on aggregation of molecules carrying dipoles by means of
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a nonuniform field has been introduced theoretically by Suo and Hong a decade ago’. Later, Jiang et al. reported
possibility of tip-field-induced freezing of molecules on metal surface at 77K, benefiting of increasing diffusion
barriers rather than of dipole moments*. Our results show that it is possible to achieve the adaptive field-induced
patterning at room temperature on technologically well mastered silicon substrates (see Supplementary Fig. S7).

In general, adsorption of molecules at surfaces is often accompanied by a charge transfer and formation of
adsorption-induced permanent dipoles. We therefore expect that interaction of an external electric field with
the dipoles can be utilized to control the surface assembly of a wide range of weakly-interacting adsorbates and
substrates, similarly to the case presented in this study.

Methods

STM. Experiments were carried out in an ultra-high vacuum non-commercial STM apparatus with a base
pressure below 5 x 10° Pa. Pressure during the experiments was sustained within the order of 1078 Pa. The
Si(111)/T1- (1 x 1) surface was prepared by the thermal deposition of 1 ML of thallium (purity 99.999 %) on the
Si(111) - (7 x 7) surface and annealing at 300 °C for 2 minutes?. The Si(111) - (7 X 7) surface was prepared on the
Sb-doped Si monocrystal (resistivity 0.005-0.01 Q.cm by flashing to 1200 °C. The samples were resistively heated
by passing DC current. CuPc molecules were deposited on the passivated surface after cooling down the sample
to the room temperature. Tunneling current was in the range 0.05-0.15 nA during the acquisition of all presented
STM images.

DFT. Our theoretical study is based on the density functional theory as it is implemented in the Vienna
Ab-initio Simulation Package (VASP)*~* and the use of plane wave basis set. In all presented calculations the
description on the electron-ion interaction has been performed with the help of the projector-augmented wave
(PAW) method while the exchange-correlation effects were included in the framework of generalized gradient
approximation (GGA) in its Perdew-Burke-Ernzerhof (PBE) formulation®. The convergence of the energy of
electronic states was performed using Davison-Block algorithm®! and the atomic structure has been relaxed using
the conjugate gradient method. All calculations presented in the paper were performed with the use of nine
k-points. The influence of this factor was tested in separate check calculations. The cutoff energy applied during
calculations was 450 eV. The considered system was represented by a repeated slab model composed of CuPc mol-
ecule at the top, one Tl layer and six Si layers. The bottom Si layer was saturated by H atoms. In the total-energy
calculations the molecule and 5 topmost layers of the substrate were relaxed until the forces present were less than
0.01eV/A. The slabs were separated by 15 A of vacuum. The van der Waals interactions were included using the
scheme of Grimme®2.

KMC. In the simulations, each molecule is represented by 15 lattice points which correspond to the real
shape of CuPc molecules. The molecules can randomly either move to one of the 6 neighboring sites or rotate
by 60°. Activation energy for both processes was calculated as the intersection point of neighboring harmonic
potentials®. The energy of an adsorption configuration is increased by each lattice point in which two neigh-
boring molecules overlap. Apart from that, no interaction was considered between non-overlapping molecules.
The time-averaged maps of the local occupancy of lattice-points by molecules (see Supplementary Fig. S6) are
obtained by averaging of the molecular positions over at least 1.5 x 10° successive simulation steps per molecule.
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