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2D Manipulation of Nano-Objects by Perpendicular Electric Fields: Implications for Nanofabrication
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The capability to control the motion of nanoobjects on a surface would open perspectives in nanofabrication. Here, we show the proof of concept that the displacement of a 2D nanostructure on a surface can be controlled by means of two perpendicular electric elds. With a specically designed sample holder, we displace a 2D negative island on Si(001) along a close loop, in a low energy electron microscope. Our technique could be applied to other systems, to assemble nanomaterials.

assembly

The development of techniques to fabricate networks of ordered nano-structures on surfaces, like nanowires [START_REF] Huang | Ordered Ag/Si nanowires array: Wide range surfaceenhanced raman spectroscopy for reproducible biomolecule detection[END_REF][START_REF] Sciacca | Solution-grown silver nanowire ordered arrays as transparent electrodes[END_REF] , nanotubes [START_REF] Lynch | Organizing carbon nanotubes with liquid crystals[END_REF] , or nanoislands [START_REF] Giermann | Solidstate dewetting for ordered arrays of crystallographically oriented metal particles[END_REF][START_REF] Trautmann | Dewetting of patterned solid lms: Towards a predictive modelling approach[END_REF] widens horizons in nanodevice engineering. A dierent approach in nanofabrication consists in positioning single nano-objects on a surface.

For instance, top-down approaches are used to directly fabricate nanostructures at dened positions [START_REF] Cordoba | Three-dimensional superconducting nanohelices grown by He+-focused-ion-beam direct writing[END_REF] .

Controlling the position of an already formed object by moving it on a surface is more delicate. To this aim, a challenge among dierent research groups was launched with the NanoCar race [START_REF] Joachim | Molecule Concept Nanocars: Chassis, Wheels, and Motors?[END_REF][START_REF] Simpson | How to build and race a fast nanocar[END_REF] . The ultimate way to move nano objects is the manipulation of single atoms, as performed by Eigler and Schweizer by scanning tunneling microscopy (STM) with Xe atoms [START_REF] Eigler | Positioning single atoms with a scanning tunneling microscope[END_REF] . This procedure is very precise and ideally suited for very small clusters. However, as it involves the displacement of each single atom by a STM tip, it is slow and complex to implement. Another way to move nano objects could pass through the exploitation of external elds. Electric elds are known to lead to mass displacement through the electromigration phenomenon. They can either exert a direct force on partially charged atoms, or they can induce an electric current and the momentum transfer between moving electrons and atoms induces preferential atomic diusion in the electron direction ("electron wind" force) [START_REF] Sorbello | Theory of electromigration[END_REF] .

Historically, electromigration has been considered a detrimental eect because, if not controlled, it can induce accumulation or depletion of matter at specic locations, with the formation of hillocks and voids [START_REF] Blech | Electromigration in thin Al lms[END_REF] that lead to short circuits in electronic devices. More recently, as suggested by Kevrekidis [START_REF] Kevrekidis | External-eld-enabled surface nanopattern engineering[END_REF] , the idea that external elds can be a tool for surface nanopattern engineering started to spread. Our work is motivated by the perspective of controlling the position of single nano-objects on a surface. Here, we show the proof of concept that precise control of the 2D displacement of a nanostructure by means of electric elds can be carried out. We have chosen the Si(001) surface and 2D negative islands (one-atom-deep holes) as model nanostructures. The eect of electromigration on this surface has been widely studied 1319 , and the relation between electric-eld direction and the motion of 2D nanostructures has been recently described [START_REF] Curiotto | 2D nanostructure motion on anisotropic surfaces controlled by electromigration[END_REF] . The Si(001) surface reconstructs by forming parallel dimer rows. The direction of these rows rotates by 90 • on successive terraces [START_REF] Zandvliet | Fluctuations of monoatomic steps on Si(001)[END_REF] . Because of this structural anisotropy, the diusion of atoms adsorbed on the surface is faster along the dimer rows than perpendicularly to them [START_REF] Mo | Anisotropy in surface migration of Si and Ge on Si(001)[END_REF] . On Si(001), an electric eld facilitates adatom diffusion in the electric current direction [START_REF] Yasunaga | Electromigration on semiconductor surfaces[END_REF] . When an external force F aects the diusion of adatoms, the velocity v of a single adatom in the force direction can be written using the Nernst-Einstein relation:

v = F •D ad k B T
, where D ad is the adatom diusion coecient, k B is the Boltzmann constant and T is the temperature. A ux of adatoms does not necessarily imply motion of nanostructures. 2D holes can move if the adatom uxes inside and outside the hole are unbalanced, i.e. if there is an asymmetry between the inner and the outer part of the hole. If diusion inside the hole were as fast as diusion outside, the number of atoms arriving to an edge would equal the number of atoms leaving that edge and the hole would not move. Therefore the specic material surface plays an important role in the motion of the nanostructure. Actually, an edge often implies an asymmetry of some properties. For Si(001) the edge of a 2D hole marks a surface structure change, as the dimer rows inside and outside the 2D hole have dierent orientations. For other materials, the Ehrlich-Schwoebel barrier [START_REF] Ehrlich | Atomic view of surface self diusion: tungsten on tungsten[END_REF][START_REF] Schwoebel | Step motion on crystal surfaces[END_REF] , differences in adatom attachment/detachment at the edge could generate asymmetries between the edge sides and thus enable the motion of a nanostructure under an electric eld.

Figure 1 shows a schematics of the motion of two dierent holes under an external force. The case of a force parallel to the direction of the dimer rows inside the 2D hole is described in gures 1a and 1b. Outside the hole the force is perpendicular to the fast-diusion direction (the direction of the dimer rows), and thus its eect is weaker. Inside the hole, the force is parallel to the fast diusion direction and adatoms drift preferentially in the force direction. Adatoms detach from the left edge, diuse towards the right and attach to the right edge, thus the 2D hole moves to the left, opposite to the force. For the 2D hole shown in gures 1c and 1d, the force on the adatoms has only a weak eect inside the hole, where it is perpendicular to the fast diusion direction. Outside the 2D hole, the force makes the adatom drift from left to right. Therefore adatoms attach to the left edge of the hole, while they are detached from the right edge to move towards the right. The hole moves from left to right, in the same direction of the force and in the opposite direction with respect to the conguration of gure 1a and 1b. We have performed the experiments in a lowenergy-electron microscope (LEEM) to observe in-situ the displacement of 2D nanostructures. To be able to control the motion of a 2D negative island along a dened path, it is necessary to apply at least two electric elds in two dierent directions. We have thus developed a specic LEEM sample holder (detailed in the supporting information, see gure S1) to apply two electric elds, labeled E1 and E2, in perpendicular directions. For the observations, we have used a cross-shaped sample (see gure 2), prepared as described in the supporting information. Barreiro et al. [START_REF] Barreiro | Structured Graphene Devices for Mass Transport[END_REF] have studied by scanning electron microscopy samples with a geometry similar to that of our crosses. They investigated the evolution of Al and Au 3D patches that breakdown in smaller objects when electric elds are applied. They showed an eect of the electric-eld direction on the object displacement but without control. Details on the conditions of formation of the 2D negative islands by Si sublimation, the surface preparation and the LEEM are given in the supporting information. By applying successively E1, E2, -E1 and -E2 we have moved a 2D negative island along a closed loop, as shown by the movie available in the supporting information and summarized in gure 3. The large zone in the center has dark and bright areas, corresponding to atomically at regions with dimer rows oriented along the [110] and the [1-10] directions alternatively in successive terraces (the dimer rows are schematically represented in gure 3a with three parallel white or black lines). The small bright ellipse in the center is a 2D one-atom-deep hole inside the elliptical dark terrace that is in turn one-atom lower than the bright larger region around it. The grey regions correspond to areas with many steps and very narrow terraces. Applying E1 (5 V/cm) the hole moves from the position shown in gure 3a in the yellow arrow direction to the position of gure 3b. Switching o E1 and applying E2, the 2D hole moves to the position shown in gure 3c. The hole is then moved by applying -E1 (with E2=0 V), to the position of gure 3d. The loop is closed and the hole is moved back to the starting position (gure 3e) by applying -E2 (and E1=0 V). We have thus shown that the motion of a nanoobject can be controlled by electromigration.

Carefully observing the movie and gure 3 it is possible to notice two minor eects that deserve some discussion: the 2D hole does not exactly follow the expected square loop but rather a trapezoid loop, and the 2D hole area changes with time. The deviation of the hole trajectory from the square loop is due to (i) electric-eld and (ii) temperature inhomogeneities.

(i) Because of the section change in the middle of the cross, the orientation of the electriceld lines changes as shown by the simulation of supporting information (gure S2). Therefore, locally, according to the observed area, the direction of the force applied by the electric eld could slightly dier from the orientation of the cross arms where the electric eld is applied.

(ii) The experiments are performed at high temperatures (1180 ±40 K) to enhance adatom diusion. At lower temperatures the holes can move but their velocity decreases exponentially with the temperature [START_REF] Curiotto | 2D nanostructure motion on anisotropic surfaces controlled by electromigration[END_REF] , while at higher temperatures silicon evaporation increases. The sample is warmer in the regions where the Joule eect is the most eective, corresponding to the cross arms where the electric eld is applied, rather than in the cross arms where the electric eld is nil. The center of the sample is at intermediate temperatures, because the cold cross arms behave as a heat sink. Furthermore, regions of the sample with dierent cross sections have dierent current density and, because of the Joule eect, they heat dierently. The temperature dierences could lead, through the thermoelectric eect, to secondary electric elds perpendicular to the applied electric eld and thus could perturb it.

Considering the Si Seebeck coecient [START_REF] Fulkerson | Thermal conductivity, electrical resistivity, and Seebeck coecient of silicon from 100 to 1300[END_REF] (about 400 µV /K), an exaggeratedly-high temperature gradient of 500 K/cm (we rather estimate a local gradient of 50 K/cm in the sample center) would lead to an electric eld of 0.2 V/cm that is small with respect to the applied eld (5 V/cm). Temperature gradients could also lead to the displacement of atoms by thermomigration. However, inverting the electric eld in our samples, the temperature gradients do not change but the motion of 2D negative islands is inverted. Therefore, temperature gradients play only a minor role on the nanostructure migration as compared to the eect of the applied electric eld. To evaluate the thermomigration eect we have studied the displacement of 2D holes in Si(001) without applying electric elds, in a sample holder specically developed to apply only a thermal gradient. Preliminary results [START_REF] El-Barraj | Growth and Electro-Thermomigration on semiconductor surfaces by Low Energy Electron Microscopy[END_REF] show that also in this case 2D holes move, but their velocity is about one order of magnitude lower than when an electric eld is applied.

The size of the 2D holes that we studied changes during the motion, and is aected by two opposite phenomena. The Gibbs-Thomson eect makes 2D holes shrink. This phenomenon is more important for small holes. For 2D oneatom-thick positive islands, the concentration of adatoms c in equilibrium with a step with radius of curvature R and step edge stiness β is c ∝ exp( β R ) (see for instance [START_REF] Schultze Icking-Konert | Decay of Cu adatom islands on Cu(111)[END_REF] ). A negative island is considered to have negative R in the above formula, and thus the adatom concentration in equilibrium with the hole edges decreases when the hole size decreases. The equilibrium adatom concentration on the surrounding surface is given by the numerous straight steps (R=∞), and is thus higher than the concentration that would allow 2D holes to be stable. Therefore adatoms attach to hole edges and 2D holes shrinks. However at our experimental temperatures (1180 K), evaporation of Si atoms is also active and leads to hole opening. Because of the combination of the two opposite eects, below a critical size, that we estimate from the size-change measurements of several holes in dierent experiments to be 0.7 µm 2 at 1180 K, the holes shrink, while above it, they open. Local environment eects, like the distance of a specic 2D hole from other 2D holes/islands, steps, step bunches, impurities or generally defects, also aect the hole size change. Precisely positioning nanostructures at dened distances from defects could be a way to obtain information on local environment effects. For instance, the size of a 2D hole close to a step is expected to decrease fast because of the availability of adatoms coming from the step.

Figure 4a shows two holes (bright ellipses in the LEEM images) obtained by evaporation. One of them (hole 2) has nucleated close to a step (curved bright line on the right of the image). Figures 4b-d show the size change of the two negative islands approaching the step under electromigration. The measured area change is shown in gure 4e. The 2D hole on the left of gure 4a (orange squares in gure 4e) initially moves keeping a roughly constant area. Then, starting from a distance of 2 µm from the step, it nds higher adatom concentration on the terrace and thus atoms leaving from its right edge are more or less compensated by adatoms coming from the nearby step edge and the hole shrinks. The negative island on the right of gure 4a, is generated too close to the step, where the adatom concentration is very high. Therefore, the right edge of the hole does not move but atoms continue to arrive on the left edge (similar to the mechanism shown in gure 1c-d but without the removal of the black atoms on the right edge of the hole). Thus hole 2 in gure 4 moves only slightly and shrinks, as shown by the small blue circles in gure 4e, because it is too close to the atomic step. Other processes could aect the 2D-hole size changes, like the Schwoebel barrier, anisotropic attachment to (or detachment from) dimer rows. A modication of the scattering properties of electrons due to local electric-eld changes close to defects [START_REF] Tao | Visualizing the electron scattering force in nanostructures[END_REF] could also play a role in the size change of 2D holes. The small size changes of the hole shown in gure 3 can be explained in the light of the previous discussion. The hole in gure 3a has an area of 0.75 µm 2 , larger than the critical size, therefore it grows (to 0.86 µm 2 ) during the motion from gure 3a to 3b, where it is far from the large-terrace edges. From gure 3b to 3c and 3d the hole approaches and runs along an edge, thus its size decreases because of the previously discussed local environment eects. In gure 3d the hole area is 0.63 µm 2 , below the estimated critical size, therefore it shrinks during the motion towards the position of gure 3e, even if it is far from a terrace edge.

We have made the proof of concept of the control of the motion of nanostructures by means of electric elds. Moving nano-objects close to surface structures or defects can put in evidence local environment eects. In surface science research, as 2D voids feel the presence of steps in their environment and thus change size, they could be used as local probes of surface defects. They should be displaced towards selected regions while monitoring their size. A sudden modication of the size change would give information on the adatom concentration around the surface defect to be probed. We have used as example 2D one-atom-deep holes on a Si(001) surface, but the method should apply to many systems, as electromigration has been widely observed. For instance, germanium behaves similarly to silicon [START_REF] Yasunaga | Electromigration on semiconductor surfaces[END_REF] . 3D particles and 2D surface phases of metals (Au, Ag, Al, Ni, Pd, In, Cu, Pt) have been observed to move under electric elds [START_REF] Ichinokawa | Electromigration of metallic islands on the Si(001) surface[END_REF] . While a direct application of our technique requires to solve some issues (the high temperatures should be reduced and the electric elds increased and applied only locally, the size of the nanostructures should be better controlled), we suggest some perspectives of possible future applications of using two perpendicular electric elds to move nano-objects. Electromigration could become a technique to assemble nanomaterials with a bottom up approach. For instance, we anticipate that the motion of akes of 2D materials (like graphene, BN, MoS2, and other transition metal dichalcogenides) under electric elds should be possible, though it has still to be observed. If demonstrated, dierent akes could be positioned to assemble nanodevices, for instance to make a transistor. In order to apply the electric elds only locally, micro-scale electrodes should be patterned on a small region of the selected surface. Alternatively, a system of four tips/electrodes could be developed to apply two perpendicular electric elds. It can be envisaged that these tips should be lifted, displaced and applied together at dierent regions of interest to control locally the motion of nano-objects. A similar setup could be used to locally remove defects from a selected portion of a surface by driving them at the edges of the selected area to obtain atomically at surfaces. Another possibility to explore is the control of the position with perpendicular electric elds of molecules assembly, macromolecules, DNA chains or biologic units like cells, though a major issue to solve would be the stability of these materials in an electric eld.

information. The movie shows the motion of a 2D one-atom-deep hole along a close loop.

This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1 :

 1 Figure 1: Schematics of the motion of 2D one-atom-deep holes (blue ellipses) in Si(001). Their shape is elliptical because of the anisotropy of the step edge stiness. Dark circles represent Si atoms of the terrace outside (higher than) the hole. Small bright circles are atoms of the terrace inside the hole. Large grey circles are adatoms on the terrace outside the hole. In a and b the dimer rows outside the hole are perpendicular to the electric eld that generates a force on the adatoms from left to right. Because of the diusion anisotropy, the adatoms move fast inside the 2D hole, where the dimer rows are parallel to the force and they move slowly outside, perpendicularly to the dimer rows. They detach from the left edge of the hole and attach to the right edge. Macroscopically, the hole moves to the left. The light blue region in b represents the position occupied by the hole before the motion, in a. In c and d, the dimer rows outside the hole are parallel to the electric eld. Adatoms move from left to right along the dimer rows, they attach to the left edge of the hole and detach from the right edge. In this case the 2D hole moves to the right, in the same direction of the electric eld.

Figure 2 :

 2 Figure 2: Schematics of the cross shaped sample. The thickness of the cross is about 200 µm, the other dimensions are in the gure (in mm). The region observed corresponds to the middle of the cross, while the electric connections to apply the perpendicular electric elds are at the arms extremities. Typical values of the applied electric elds are 5V/cm. During the application of the electric elds, the samples are heated (Joule eect) to temperatures around 1180 K to enhance surface diusion.

Figure 3 :

 3 Figure3: Sequence of dark eld LEEM images (E=4.5 eV) extracted from the movie available in the supporting information. Considering image a taken at time t 0 , b, c d and e are taken at t 0 + 44s, t 0 +62s, t 0 +131s and t 0 +157s. The yellow scale bar, shown in image e, is 1 µm. In each image, atomically at terraces are bright and dark (according to their dimer rows orientation that turns by 90 • on alternated terraces, see the text), while the grey regions correspond to zones with many steps and very shallow terraces. The small white ellipse in the middle is a single-atom-deep 2D hole that moves under the eect of electromigration. The dark terrace surrounding the small bright hole moves opposite to it, because of the mechanisms explained in gure 1. The regions with multiple steps are less aected by electromigration than at terraces, and are thus considered reference points. The region in the dashed red circle of gure a does not move and motion of the 2D hole can be evaluated from that reference point. The direction of the force F induced by the applied electric eld is shown with blue dotted arrows in each image.

Figure 4 :

 4 Figure 4: a-d: LEEM images showing the motion of two negative islands from the left to the right, under an electric eld oriented to the right. The black arrow represents both the 2Dhole motion and the electric-eld direction. The scale bar is is 1 µm. e: Change of area of the two one-atom-deep holes observed in a-d, as a function of their distance from a step. The position of the step is the reference, at 0 nm, on the right of the graph. The orange squares and the small blue circles show the size of the negative islands on the left and on the right of image a, respectively. The empty symbols show the position and the area of the 2D holes at the beginning of the experiment. The measured position is that of the 2D-holes center. Hole number 2 shrinks because of adatoms arriving at the left edge (electromigration) while the right edge does not move because it is in a region with very high adatom concentration, due to the vicinity of the step. The error on the size measurements for small areas gives the illusion of a hole going back.
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The text le available in the supporting information describes the LEEM imaging mode, the sample holder, the procedure of fabrication of the cross-shaped sample, and the surface preparation. It also shows a simulation of the electric potential in the cross-shaped sample and describes the details of image acquisition used to record the movie included in the supporting