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Correlating the structure and composition of nanowires grown by the vapour-liquid-solid (VLS) mechanism with their electrical properties is essential for designing nanowire devices. In situ transmission electron microscopy (TEM) that can image while simultaneously measuring the current-voltage (I-V) characteristics of individual isolated nanowires is a unique tool for linking changes in structure with electronic transport. Here we grow and electrically connect silicon nanowires inside a TEM to perform in situ electrical measurements on individual nanowires at room temperature and high temperatures and upon surface oxidation. As-grown, the oxide-free nanowires have nonlinear I-V characteristics. We analyse the I-V measurements in terms of both bulk and injection limited transport models, finding Joule heating effects, bulk-limiting effects for thin nanowires and an injectionlimiting effect for thick wires when high voltages are applied. When the nanowire surface is modified by in situ oxidation, drastic changes occur in electronic properties. We investigate the relation between the observed geometry, changes in the surface and changes in electronic transport, obtaining information for individual nanowires that is inaccessible to other measuring techniques.

Introduction

The electronic properties of nanowires grown by the vapour-liquid-solid (VLS) mechanism are sensitive to fine details of the nanowire composition, structure and surface. For a wide range of VLS nanowire applications, for example in logic [START_REF] Cui | High Performance Silicon Nanowire Field Effect Transistors[END_REF][START_REF] Weber | Silicon-Nanowire Transistors with Intruded Nickel-Silicide Contacts[END_REF], solar cells [START_REF] Czaban | GaAs Core-Shell Nanowires for Photovoltaic Applications[END_REF][START_REF] Krogstrup | Single-nanowire solar cells beyond the Shockley-Queisser limit[END_REF], optoelectronics [START_REF] Duan | Single-nanowire electrically driven lasers[END_REF][START_REF] Koester | High-Speed GaN/GaInN Nanowire Array Light-Emitting Diode on Silicon[END_REF][START_REF] Breuer | Suitability of Au-and Self-Assisted GaAs Nanowires for Optoelectronic Applications[END_REF], and biological [START_REF] Zheng | Multiplexed electrical detection of cancer markers with nanowire sensor arrays[END_REF] and chemical [START_REF] Demontis | Conductometric Sensing with Individual InAs[END_REF] sensing, achieving the required device performance depends on careful consideration of nanowire composition and surface structure and the interface between the nanowire and the rest of the device. However, determining the structural details of individual nanowires, such as the presence of defects and the surface condition, and relating this to the electronic properties after device fabrication is a challenging task. In situ transmission electron microscopy (TEM) has been a vital tool for visualising and understanding the physical processes involved in the growth of nanowires by the VLS mechanism [START_REF] Ross | Controlling nanowire structures through real time growth studies Reports[END_REF]. Furthermore, in situ TEM has also been able to probe the electrical properties of nanowires inside the TEM while simultaneously recording the structure at high spatial resolution [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF][START_REF] Nam | Electrical wind force-driven and dislocation-templated amorphization in phase-change nanowires[END_REF][START_REF] Chiu | Copper silicide/silicon nanowire heterostructures: In situ TEM observation of growth behaviors and electron transport properties[END_REF]. Such in situ measurements can enhance our understanding of nanowires by correlating composition and structure with electrical characteristics, generating information that is not accessible using other measuring techniques [START_REF] Canepa | Situ TEM Electrical Measurements Controlled Atmosphere Transmission Electron Microscopy[END_REF].

In this work, we have grown and electrically characterised gold-catalysed silicon nanowires inside an in situ TEM with ultra-high vacuum (UHV) at the sample area. We used microcantilever based samples that allow us to grow individual nanowires in a configuration where they are electrically connected at the two ends. We could therefore perform current-voltage (I-V) measurements without exposure to ambient atmosphere on an oxide free nanowire, and then modify the structure and measure again. Figure 1a shows schematics of a sample, a microfabricated chip with Joule heated monocrystalline silicon cantilevers [START_REF] Kallesøe | Measurement of Local Si-Nanowire Growth Kinetics Using in situ Transmission Electron[END_REF] that form the substrate for epitaxial growth of the nanowires. Such chips have been used to study the creation of silicon nanowire devices [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF] and several migration [START_REF] Alam | Creating New VLS Silicon Nanowire Contact Geometries by Controlling Catalyst Migration[END_REF] and high electric field phenomena [START_REF] Panciera | Controlling nanowire growth through electric field-induced deformation of the catalyst droplet[END_REF]. Here, the nanowires are grown between two adjacent but electrically isolated microcantilever heaters to form a suspended bridging nanowire [START_REF] Alam | Creating New VLS Silicon Nanowire Contact Geometries by Controlling Catalyst Migration[END_REF] (Figure 1b). With this setup, we can measure the I-V characteristics of the as-grown nanowire under vacuum at room temperature and higher temperatures. We can also introduce oxygen into the sample region of the TEM in order to study the influence on transport of having oxidised the surface. The experimental setup is described in more detail in the Supporting Information.

Our in situ measurements show that nanowires exhibit nonlinear I-V curves (Figure 1c) that depend on the nanowire diameter and surface chemistry. In the following discussion, we introduce a range of nonlinear transport models before analysing our data and assigning the model that best fits the in situ measurements.

Transport models for nanowires

Ohmic behaviour and Joule heating

At low voltages, a semiconductor will typically follow an Ohmic behaviour where the I-V curve is linear. One source of non-linearity in I-V data is self-heating, in which the increase in temperature due to Joule heating changes the electrical resistance. A temperature increase will decrease the resistance of an intrinsic semiconductor, typically with a strongly nonlinear temperature coefficient of resistivity (TCO). The resistance of an extrinsic (doped) semiconductor, over a limited temperature range, will vary linearly with temperature (positive or negative TCO); but at higher temperatures, it may behave as an intrinsic semiconductor. Since nanowires in this work are suspended, resistive self-heating could lead to considerable temperature increase.

A model combining Ohmic conductance with resistive heating has been described by Mølhave et al. [START_REF] Mølhave | Transmission electron microscopy study of individual carbon nanotube breakdown caused by joule heating in air[END_REF]. As a rough approximation, we may assume a parabolic temperature profile along the length of the nanowire with peak temperature in the center. Resistive heating of the nanowire can lead to linear dependence of either resistance or conductivity with temperature. A linear resistance dependence will produce a linear plot of V/I vs. power IV, while a linear conductivity dependence will give a linear plot of I/V vs. VI. -as seen, for example, in carbon nanotubes [START_REF] Mølhave | Transmission electron microscopy study of individual carbon nanotube breakdown caused by joule heating in air[END_REF].

Several other possible transport mechanisms can also lead to nonlinear I-V characteristics. These include bulk-limited models including space charge limited current and Poole-Frenkel effect and injection limited models of Schottky and Fowler-Nordheim effects. These models are illustrated in Figure 1d-g and summarised in Table 1.

Bulk-limited current models

Space charge limited current (SCLC) dominates when the injected charge density is higher than the thermal equilibrium density of carriers [START_REF] Lampert | Theory of Space-Charge-Limited Currents in an Insulator with Traps[END_REF]. All injected electrons (or holes) are then transported via the conduction (or valence) band. This is typical for insulators, wide-gap semiconductors and poorly conducting polymers [START_REF] Simpkins | Space-charge-limited currents and trap characterization in coaxial AlGaN/GaN nanowires[END_REF]. The SCLC I-V relations can be divided into three regimes [START_REF] Lampert | Theory of Space-Charge-Limited Currents in an Insulator with Traps[END_REF]:

 A low bias Ohmic regime (I ∝ V)  A high bias SCLC regime following a power law (I ∝ V a ), with exponent a = 2, when the material is trap-free as formulated by Mott-Gurney [START_REF] Mott | Electronic processes in ionic crystals Electron[END_REF]. If the material has traps with an exponential distribution of energies as described by the Mark-Helfrich equation [START_REF] Mark | Space-Charge-Limited Currents in Organic Crystals[END_REF], a > 2; this situation is illustrated in Figure 1d. The injected carriers will then be partly consumed to fill up the trap levels (Et), which lowers the current.

 An intermediate voltage regime between the two with an exponential increase near the trap-filled limit voltage [START_REF] Lampert | Theory of Space-Charge-Limited Currents in an Insulator with Traps[END_REF]. The SCLC behaviour has previously been reported for silicon nanowires decorated by TiO2 nanoparticles [START_REF] Rasool | Charge injection and trapping in TiO2 nanoparticles decorated silicon nanowires arrays[END_REF], coaxial AlGaN/GaN nanowires [START_REF] Simpkins | Space-charge-limited currents and trap characterization in coaxial AlGaN/GaN nanowires[END_REF] and InAs nanowires [START_REF] Alagha | Space-charge-limited current in nanowires[END_REF]. The two mechanisms, Ohmic and SCLC, are both bulk-limited mechanisms because the dominating conductance is via the bulk of the nanowire.

Another bulk-limited conductance model is due to the Poole-Frenkel (PF) effect, which is seen in materials with a large number of closely spaced defects or impurities. The carriers then reside on the defect sites and hop from one site to another, as illustrated in Figure 1e [START_REF] Frenkel | On Pre-Breakdown Phenomena in Insulators and Electronic Semi-Conductors[END_REF][START_REF] May | Field emission from chemical vapor deposited diamond and diamond-like carbon films: Investigations of surface damage and conduction mechanisms[END_REF][START_REF] Sze | Physics of Semiconductor Devices[END_REF]. The PF model has a characteristic energy barrier φ (Figure 1e), which is the energy needed to overcome the coulomb potential of the trap sites. If the defect sites are too far from each other, the hopping mechanism cannot keep up with the applied electric field [START_REF] May | Field emission from chemical vapor deposited diamond and diamond-like carbon films: Investigations of surface damage and conduction mechanisms[END_REF][START_REF] Murgatroyd | Theory of space-charge-limited current enhanced by Frenkel effect[END_REF] resulting in a transport mechanism that combines filling the traps with charge carriers and the hopping mechanism, in other words, a combination of SCLC and the PF effect. When the defect density is high, an overlap of the columbic potentials of the defect sites will lower the barrier of the carrier hopping, leading to transport defined by Hill's law [START_REF] May | Field emission from chemical vapor deposited diamond and diamond-like carbon films: Investigations of surface damage and conduction mechanisms[END_REF][START_REF] Hill | Poole-Frenkel conduction in amorphous solids[END_REF].

Injection-limited current models

The current can also be injection-limited, for instance, if the carriers pass through a metal-semiconductor interface [START_REF] Chiang | Electronic conduction mechanisms in insulators[END_REF]. The insert in Figure 1b shows a situation where nanowire growth was terminated in a way that creates a residual gold section with two gold-silicon interfaces. Furthermore, the nanowire surface is also decorated by gold: growth is catalysed by a gold droplet which is known to leave roughly a monolayer of gold on the sidewalls at the low disilane pressures used in the UHV-TEM [START_REF] Wiethoff | Au Stabilization and Coverage of Sawtooth Facets on Si Nanowires Grown by Vapor-Liquid-Solid Epitaxy[END_REF][START_REF] Hertog | Control of Gold Surface Diffusion on Si Nanowires[END_REF]. The presence of a gold layer on the surface not only provides a possible transport

Model

Current-voltage relation Ordinate Abscissa Mechanism Ohmic (+ SCLC at Low field)

I ∝ V I V Bulk-limited Ohmic + resistive heating I ∝ V/(R+cV 2 ) I/V IV Resistive heating SCLC (High field) I ∝ V n (n≥2) ln(I) ln(V) Bulk-limited SCLC + PF I ∝ V 2 exp(aV 1/2 /kT) ln(I/V 2 ) V 1/2 Bulk-limited Poole-Frenkel (PF) I ∝ V sinh(aV 1/2 /kT) Sinh -1 (I/V) V 1/2 Bulk-limited Hill's law I ∝ b sinh(aV/kT) Sinh -1 (I) V Bulk-limited Schottky emission I ∝ exp(aV 1/2 /kT) ln(I) V 1/2 Injection-limited Fowler-Nordheim I ∝ V 2 exp(-a/V) ln(I/V 2 ) 1/V Injection-limited
Table 1 -Transport model overview adapted from ref. [START_REF] Gonon | Electrical conduction and deep levels in polycrystalline diamond films[END_REF] with resistive heating model from ref. [START_REF] Mølhave | Transmission electron microscopy study of individual carbon nanotube breakdown caused by joule heating in air[END_REF].

path via the metal surface but could also affect transport through the bulk silicon nanowire through both band bending leading to formation of a depletion region at the surface layer [START_REF] Sundararajan | Electron transport properties of individual gallium nitride nanowire decorated with gold nanoparticles[END_REF] as well as by the introduction of deep traps [START_REF] Hertog | Control of Gold Surface Diffusion on Si Nanowires[END_REF].

Another mechanism for injection-limited transport is thermionic emission (TE) involving only the carriers that have the energy to overcome the Schottky barrier. This contributes to the current flow (Figure 1g) at the gold/silicon interface at gold particles or regions on the surface (or at the Au section in Figure 1b, if present). At low bias, the electrons cannot cross the barrier leading to a high resistance, while at high bias, they can cross leading to a low differential resistance. TE is strongly temperature dependent, as higher temperature will increase the kinetic energy of the carriers [START_REF] Zhang | Current-voltage characteristics and parameter retrieval of semiconducting nanowires[END_REF]. TE leads to a rectifying effect causing an asymmetric I-V behaviour when sweeping between positive and negative biases. However, for symmetric junctions as the metal-semiconductor-metal configuration that we see experimentally, TE should produce a symmetric I-V curve [START_REF] Sze | Current transport in metal-semiconductor-metal[END_REF][START_REF] Elhadidy | Symmetrical current-voltage characteristic of a metal-semiconductormetal structure of Schottky contacts and parameter retrieval of a CdTe structure[END_REF]. TE transport has been reported for various examples of metal-semiconductor contacts such as Au nanoclusters on hexagonal silicon carbide [START_REF] Ruffino | Size-dependent Schottky Barrier Height in self-assembled gold nanoparticles[END_REF] and Al-Ge nanowire heterostructure [START_REF] Kral | Abrupt Schottky Junctions in Al/Ge Nanowire Heterostructures[END_REF]. TE transport solely via the bulk semiconductor has also been reported for GaN nanowires decorated with Au nanoparticles [START_REF] Sundararajan | Electron transport properties of individual gallium nitride nanowire decorated with gold nanoparticles[END_REF] and may be similar to what we may be observing here for Au-decorated Si nanowire.

Field emission (FE), also known as Fowler-Nordheim (FN) injection, is similar to thermionic emission in the sense that it has an energy barrier, which must be passed before the current can flow. However, instead of jumping over the energy barrier, the electrons tunnel through the (thin) barrier as illustrated in Figure 1g [START_REF] Fowler | Electron emission in intense electric fields[END_REF]. A relevant study showing FN injection [START_REF] Alkhatib | Morphology dependent electrical transport behavior in gold nanostructures[END_REF] involves conductance in thin gold films with separated grains that lead to the tunneling effect.

An overview of the I-V curves expected for the different conduction models is summarised in Table 1. With the ordinate and abscissa given in the table, straight-line plots should result if the I-V data fits the model. Each model has a unique signature in theory, while measurements often show mixed behaviour.

Matching data to the models

Since nanowires are grown and electrically connected inside the TEM under vacuum, they do not have an oxidised surface, gated substrate, or other sources of contamination that can come from exposure to ambient atmosphere. Hence, our experimental setup, unlike typical ex situ probing, allows us to measure I-V curves on individual pristine, oxide-free nanowires with epitaxial contacts while simultaneously imaging the nanowire for signs of physical transformation or deliberate modification during the measurements.

However, TEM imaging requires irradiation of the nanowire by an electron beam hence the influence of the beam on the in situ electrical measurements must be considered.

Irradiation of the silicon nanowire by high-energy electrons can generate electron-hole pairs and trapped electrons that can charge insulating regions and interfaces. In principle (although unlikely at the 10 -10 Torr pressure range of the UHV-TEM), the e-beam can also generate radicals by radiolysis of trace amounts of gas present in the vacuum and these radicals can react with the nanowire surface. We investigated the influence of the e-beam by performing multiple measurements, summarised in Figure S2, on a nanowire with the beam on and off. We found no trend to indicate that beam exposure alters the transport properties of nanowires in our experiments. 

In situ electrical characterisation of pristine nanowire bridges

The length of the nanowires was defined by the cantilever gap (approximately 2.5 µm), so the effect of wire diameter, contact composition, and surface treatment are the experimental parameters that can be varied. The wires had resistances of a few M, making the cantilever lead resistance (a few k) negligible. The nanowire-to-cantilever spreading resistance (~20 k) is also negligible. Three types of nanowires were characterised in this study. Small diameter nanowire (NW1) with a diameter of ca. 50 nm and Si-Si contact (Figure 2a), and large-diameter nanowires with a diameter of approximately 100 nm with a Si-Si contact (NW2), Figure 2b, and a Si-Au-Si contact (NW3), Figure 2c, respectively.

Model for small diameter nanowire

We first discuss the nanowire NW1, with a diameter of ~50 nm, that was connected at one end via a narrow neck created by electromigration of Au contact during Si-Si contact formation [START_REF] Alam | Creating New VLS Silicon Nanowire Contact Geometries by Controlling Catalyst Migration[END_REF]. Figure 2a shows the structure and I-V curve measured by sweeping from -4 V to 4 V. NW1 does not show an Ohmic behaviour. Joule heating effects can also be ignored as the temperature increase is below 10 K as shown in Figure S3. The analysis for the simple resistive heating model is given in Figure 3a and it does not show a linear behaviour of conductivity even for the low bias measurement thus verifying that Joule heating is not responsible for the non-linearity. The nonlinear behaviour must therefore come from other transport effects. The data are re-plotted with the four bulk-limited transport models in Figure 3b such that a straight line would show that the I-V data fits one of the models. The corresponding fitting parameters and statistical results are summarised in Table S1 in Supporting Information. We observe straight line fits for both the SCLC and PF models, and a coefficient of the SCLC fit that is close to 2 corresponding to trap-free SCLC behaviour. However, the nanowires grown in situ are expected to be covered with a monolayer of gold, introducing deep traps as mentioned above. For a thick nanowire with a diameter of ~250 nm, it has been argued that conduction is limited by bulk transport effects [START_REF] Acharya | Poole-Frenkel Transport in Gold Catalyzed VLS Grown Silicon Nanowires[END_REF][START_REF] Acharya | What causes Poole-Frenkel transport in VLS grown silicon nanowires?[END_REF]. Considering a thinner wire, the deep traps introduced by the surface cannot be ignored as easily. Therefore, it is more likely that transport is dominated by a PF mechanism for the narrow nanowire. This conclusion is consistent with silicon nanowires examined elsewhere [START_REF] Acharya | Poole-Frenkel Transport in Gold Catalyzed VLS Grown Silicon Nanowires[END_REF][START_REF] Acharya | What causes Poole-Frenkel transport in VLS grown silicon nanowires?[END_REF], although in that case bulk crystal defects were proposed to cause the traps instead.

Models for large diameter nanowires

We now discuss the two wider nanowires, NW2 and NW3, with diameters close to 100 nm (but with different contact structures). Both wires show I-V curves with an Ohmic behavior for voltages smaller than 3V (Figure 1c inset). This allows us to measure their resistance over this range as 1.25 -2.5 MΩ. The fitting parameters and statistical results of the I-V curve fits are summarised in Table S2 and Figure S5. Nanowires grown in the UHV-TEM are expected to be unintentionally p-doped, according to Ref. [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF], with p-dopant level estimated to be in the range of 10 15 -10 16 cm -3 [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF]. Hence, the nanowires will form a p + -p-p + junction with the p + doped cantilevers that are boron doped to 3 x 10 17 cm -3 . The dopant atoms in the nanowires may come from impurities in the disilane (typically such gases have trace amounts of diborane) and/or from the doped cantilever heater at the initiation of growth. This can occur because the AuSi droplet initially forms a eutectic melt with Si from the substrate (cantilever) and the doping of the substrate may therefore end up in the nanowire. The resistance reported above corresponds to an effective hole concentration of 2-4 x 10 16 cm -3 , assuming the mobility is constant at 450 cm 2 /Vs and the nanowires are pristine [START_REF] Jacoboni | A review of some charge transport properties of silicon[END_REF]. This can be compared to the doping of nanowires grown under similar conditions. Kimukin et al. [START_REF] Kimukin | Surface depletion thickness of p-doped silicon nanowires grown using metal-catalysed chemical vapour deposition[END_REF] studied intentionally doped but oxide-free gold catalysed VLS silicon nanowires of similar diameter grown in a chemical vapour deposition chamber in which no surface monolayer of gold is expected because of the higher silane pressure. These nanowires showed a resistance of 600 kΩ, which, correcting for length, corresponds to 250 kΩ. Hence, the resistance of our unintentionally doped NWs is larger by a factor ~4 than reported literature.

A high temperature (500 ± 10 o C) measurement in the range 0 V to -1.5 V was also obtained for another nanowire (NW4) and agrees well with an Ohmic fit (Figure S7 and S8) giving a resistance of 0.08 MΩ. The decrease in the resistance at high temperatures is by a factor of 25 compared to the room temperature measurements. A final nanowire (NW5) measured at the eutectic temperature of 363 o C (Figure 1c and S7) also shows Ohmic behaviour at lower voltages with a resistance of approximately 0.37 MΩ. The reduction in resistance at increasing temperatures may be explained by a change in dominating carriers. At higher temperatures, the sample may become intrinsic and the electrons have higher mobility than that of the extrinsic holes. At 500 o C, the intrinsic carriers will dominate the bulk charge transport [START_REF] Green | Intrinsic concentration, effective densities of states, and effective mass in silicon[END_REF].

Above 3V, nanowires NW2 and NW3 both exhibit nonlinear behaviour. The temperature profile is likely to be important under these conditions. For NW2, the power used is up to 0.8 mW, resulting in an expected temperature increase of almost 250 K at the centre of the wire as shown in Figure S3. For NW3, greater than 100 K rise is expected at the center (Figure S3). Both wires show linear plots of conductivity with power (Figure 3a), indicating that a Joule heating effect is present. The temperature increase from resistive heating will present. The temperature increase from resistive heating have an impact on Ohmic transport, but it will also affect the different PF models and Schottky emission although not the FN effect. The following analysis should therefore be taken with care since temperature affects most bulk transport models. To avoid effects from a transition region, we apply the models above 5 V where the nonlinear behavior shows clearly.

The two large diameter nanowires, NW2 and NW3, do not indicate SCLC behaviour as their exponent is < 2, as reported in Table S1. Nor do they fit the Poole-Frenkel and Hill's laws, as illustrated in Figure 3c and Figure S6. The poor fits indicate that the behaviour at higher voltages is not dominated by the bulk-limited models. Hence, at high voltages we consider injection-limited currents that arise from gold on the surface of the nanowires. (Only NW3 has a Si-Au-Si region so this cannot explain both sets of results.) We consider the effects on transport [START_REF] Sundararajan | Electron transport properties of individual gallium nitride nanowire decorated with gold nanoparticles[END_REF][START_REF] Alkhatib | Morphology dependent electrical transport behavior in gold nanostructures[END_REF][START_REF] Zhu | Temperature dependent resistance and cryogenic microwave spectroscopy of Au decorated silicon nanowires[END_REF][START_REF] Shekhar | Electrical transport properties of peptide nanotubes coated with gold nanoparticles via peptide-induced biomineralization[END_REF] of either ~ 1 monolayer of gold on the surface, as expected for nanowires [START_REF] Wiethoff | Au Stabilization and Coverage of Sawtooth Facets on Si Nanowires Grown by Vapor-Liquid-Solid Epitaxy[END_REF], or small (5-10 nm) gold islands, also known to form during contact [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF]. The TEM resolution in our experiments does not allow for confirming the presence of a monolayer, but TEM of oxidised wires (Figure S10) does indicate the presence of gold in some form on the nanowire surface, as described later.

Gold on the surface can bend the semiconductor energy bands [START_REF] Sundararajan | Electron transport properties of individual gallium nitride nanowire decorated with gold nanoparticles[END_REF], which can lead to thermionic emission for a semiconductor at high voltages. Another source for injection-limited conductance is if current passes across the surface via the Au monolayer at high voltages. The monolayer of gold can have sufficient separation between the gold atoms that an injection-limited current will appear [START_REF] Alkhatib | Morphology dependent electrical transport behavior in gold nanostructures[END_REF]. In the case of less than a monolayer of gold coverage, the separation of individual gold atoms leads to tunneling.

As was discussed in Table 1, TE will produce a straight line when plotting ln(I) vs V 1/2 , while FN emission will give a turning point at a characteristic voltage when plotting ln(I/V 2 ) vs. 1/V with a negative slope for increasing 1/V (decreasing voltages). Below the barrier, the curve will have a logarithmic growth. The characteristic turning point from FN emission is indeed visible for both NW2 and NW3, i.e. the Si-Si and Si-Au-Si contacts, in Figure 3de. Similar behaviour is seen for NW5 at 363 o C as illustrated in Figure S9. However, at high voltages, the slope is not negative but rather positive, which indicates that transport is not by FN tunneling via the surface layer at high temperature [START_REF] Pananakakis | Temperature dependence of the Fowler-Nordheim current in metal-oxide-degenerate semiconductor structures[END_REF].

It is worth noting in Figure 2 an increase in recorded current for one voltage sweep direction compared to the other as the voltage gets near the energy barrier (15 V and 10 V for NW2 and NW3). The voltages are applied from zero to the negative maximum and then from zero to the positive maximum. The current is noticeably higher for the latter measurement, indicating that something has happened during the first voltage sweep such as charging of impurities or defects that results in this hysteresis. The hysteresis may be due to traps on the surface or in the bulk that are charged the second time voltage is applied, or it may instead be due to restructuring of the gold due to electromigration [START_REF] Alam | Creating New VLS Silicon Nanowire Contact Geometries by Controlling Catalyst Migration[END_REF].

Influence of nanowire surface oxidation

Different gases can be introduced in the TEM column, allowing us to modify the composition of the nanowire surface in between I-V measurements. To study the effect of oxidation we introduced oxygen after measuring I-V data on oxide-free nanowire NW1, Figure 4. Pressures in the 10 μTorr range were used for each of three in situ oxidation steps, and the last step included resistively annealing the sample to approximately 400 o C. This is expected to enhance the surface oxidation, since the reaction is strongly temperature dependent [START_REF] Seo | Surface Charge Density of Unpassivated and Passivated Metal-Catalyzed Silicon Nanowires[END_REF]. A final oxidation step was carried out at 1 atm. ex situ by removing the sample from the TEM vacuum for 10 minutes. No oxidation layer was visible in the TEM before this ex situ oxidation, while an oxide layer of ~ 2.4 nm was visible afterwards (Figure 4b and Figure S10 ). A linear fit of I-V data of the last two oxidation steps (Table S4) shows an increase in the resistance by a factor of 10 indicating that the oxide layer affects the resistance strongly beyond the minuscule reduction in the diameter of Si from the oxidation. The resistance values for each oxidation step are summarised in Figure 4d.

These curves were fitted with a power law and the exponent of the power law for each step is shown in Figure 4c. This clearly shows a shift from a power law with an exponent of 2, indicating the PF model as discussed above, down to 1.5. After annealing, the exponent goes down to 1. The surface modification removes the non-linearity, showing the effect of the surface on the conductance; annealing leads to linear behaviour. We speculate that this may be due to changes in the traps, perhaps by breaking up the surface monolayer of Au into isolated Au islands, as shown in Figure S10. This result could therefore indicate that the initial non-linearity was caused by a PF trapping effect from the gold monolayer rather than the SCLC trap-free effect, as we have argued above. Oxidation in ambient air will form a depletion layer under the oxidised layer that will eliminate the doping effect of the nanowire, as described by Park et al. [START_REF] Park | Extraction of Doping Concentration and Interface State Density in Silicon Nanowires[END_REF], and the PF trapping effect. Hence, PF trapping by the gold monolayer and formation of a depletion layer by oxidation in ambient can account for the changes in the conductance.

Higher voltages for oxidised nanowires

After the fourth oxidation step, high voltages were applied to NW1. The nanowire was able to survive up to 35 V in vacuum (Figure S11). The I-V measurements show a characteristic avalanche breakdown current with a low dynamic resistance above the threshold voltage, as seen in previous studies of Si-Au-Si connected nanowires [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF]. The avalanche threshold voltages are expected to be above 20 V (Table S5) based on the model discussed by Kallesøe et al. [START_REF] Kallesøe | Situ TEM Creation and Electrical Characterization of Nanowire Devices[END_REF], as shown in Figure S11.

Temperature effect on oxidised nanowires

We systematically studied the temperature dependence of the I-V curves of two nanowires, NW6 and NW7, oxidised in ambient atmosphere and probed ex situ TEM on a thermal stage to study the thermoresistivity of the nanowires and extract the related activation energy. We found the I-V curves to be linear (Figure S12). The Arrhenius plot, Figure S13, of temperature-dependent resistance of ambient oxidised nanowires show an Arrhenius dependence with activation energy Ea of the order 300-350 meV. This is considerably more than the 60 meV expected [START_REF] Zhu | Temperature dependent resistance and cryogenic microwave spectroscopy of Au decorated silicon nanowires[END_REF] for hopping conduction between gold islands. It is also higher than the 60 meV reported for detrapping from Coloumb traps that originate from crystallographic misorientations [START_REF] Acharya | Poole-Frenkel Transport in Gold Catalyzed VLS Grown Silicon Nanowires[END_REF][START_REF] Acharya | What causes Poole-Frenkel transport in VLS grown silicon nanowires?[END_REF]. The high activation energy is similar to that found from deep traps caused by Au within and on the sidewalls of highly p-doped silicon nanowires studied by deep-level and photoinduced current transient spectroscopy [START_REF] Sato | Electronic Level Scheme in Boron-and Phosphorus-Doped Silicon Nanowires[END_REF]. In these nanowires, the electrical conductance was also affected by deep traps from gold in nanowires with a monolayer of gold on the surface, but was more clearly measurable when the surface was oxidised.

Conclusion

We have investigated transport mechanism in individual silicon nanowires (with monolayer Au on the surface) that were grown, electrically connected and modified inside a TEM. In this setup, nanowires can be probed at high temperatures as they are connected between microheaters. In addition to manipulating transport by temperature, we can also introduce gases like oxygen to oxidise the wire surface inside the TEM. The observed I-V curves of nanowires before and after oxidation and at room and high temperature were compared to several possible transport models. No single model can explain all the data, suggesting that conclusive model assignment will require a range of experiments with varied parameters such as radius, doping and temperature. However, from the available data, we observed that electronic transport in wires of different diameter is dissimilar despite the common growth mechanism. The electronic transport in ~50 nm diameter nanowires is nonlinear down to 0.13 V and appears best described by the Poole-Frenkel effect while larger wires (with 100 nm diameter) exhibited Ohmic behaviour at low voltages and nonlinear behaviour above 5V that fits with resistive heating models and also shows the characteristic turning point from the injection-limited Fowler-Nordheim model. We demonstrated a transition from nonlinear to linear I-V characteristics by gradual in situ and ambient oxidation of nanowire surface. TEM images show a modification of the surface structure as oxidation breaks the gold monolayer on the surface into gold islands, thus reducing the conduction on the surface. The increase (by a factor of 10) in the resistance of the nanowire after oxidation could also hint at the formation of oxide traps that lead to a depletion effect. Transition to linear I-V behavior is also achieved by operating the nanowire at high temperatures around 500 o C, and the dominant contribution to transport then comes from intrinsic carriers. For nanowires oxidised in atmosphere, increasing the temperature reveals an activation energy of 300 meV that further hints at formation of deep trap states in oxidised wires.

Our experiments demonstrate that in situ electrical measurements can reveal transitions in nanowire conduction mechanisms that would be challenging tasks for postfabrication, ex situ characterisation tools. With in situ TEM data, we can measure the precise dimensions of the electrically probed nanostructure and combine it with techniques exclusive to TEM such as HRTEM, electron diffraction, EDS and EELS. A comprehensive relation between structure, composition and electronic transport can be established, provided enough data is collected, with measurements at a range of temperatures, diameters and surface structures. Finally, the development of this in situ method to grow and electrically characterise silicon nanowires inside the TEM can help us in understanding the behaviour of other nanowire compositions, potentially including III-V nanowires, heterostructure devices and quantum dot systems. In the future, in addition to in situ heating or surface modification, stimuli like irradiation with light could also be used to perform detailed characterisation of optically active nanowires.

Figure 1 .

 1 Figure 1. Illustration of setup up with (a) two cantilevers with a bridging nanowire, which has been (b) magnified to show different possible sources for non-linear current. Growth is from left to right in the direction of x axis. At the base is a Si-Si contact. At the tip, the contact may also be Si-Si or may include Au as shown in the inset. (c) I-V plots for five nanowires measured at various temperatures. (d)-(e) Energy bands for bulk-limited transport models and (f)-(g) energy barriers for injection-limited transport models that can produce non-linear I-V characteristics, see text.

Figure 2 .

 2 Figure 2. Images of three different types of nanowire connections: (a) small diameter nanowires and large diameter nanowires with (b) Si-Si and (c) Si-Au-Si contact, respectively. The corresponding I-V curves are plotted with the absolute value of the negative voltage and current. The difference of the absolute value of positive and negative current (I+-I-) is also plotted. A linear Ohmic fit up to 3V is illustrated for (b) and (c) by dashed lines. The blue lines in TEM images in (b) and (c) distinguish the nanowires of interest from overlapping out of focus wires. Scale bar is 50 nm.

Figure 3 I

 3 Figure 3 I-V-measurements for nanowires NW1, NW2 and NW3 with different transport models applied. (a) Resistive heating model applied on I-V curves from NW1, NW2 and NW3. (b)-(c) Bulk-limited current models given for nanowires with two different diameters, both with Si-Si contacts. (d)-(e) Injection-limited current models for two kinds of contacts, Si-Si and Si-Au-Si. The scale bar in all TEM images is 50 nm.

Figure 4 -

 4 Figure 4 -Oxidation of nanowire NW1 in four different steps. (a)The I-V curves have been fitted to a power law (I ̴ V a ) and the exponent for the different steps are given in (c) together with the changes in resistance in (d). The TEM image (b) is after ex situ oxidation. Scale bar in (b) is 10 nm.
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