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Thin layers of oligomers with thickness between 7 and 9 nm were deposited on flat gold electrode surfaces by electrochemical reduction of diazonium reagents, then a Ti (2 nm)/Au top contact was applied to complete a solid-state molecular junction. The molecular layers investigated included donor molecules with relatively high energy HOMO, molecules with high HOMO-LUMO gaps and acceptor molecules with low energy LUMO and terminal alkyl chain. Using an oligo(bisthienylbenzene) based layer, a molecule whose HOMO energy level in vacuum is close to the Fermi level of the gold bottom electrode, the devices exhibit robust and highly reproducible rectification ratios above 1000 at low voltage (2.7 V). Higher current is observed when the bottom gold electrode is biased positively. When the molecular layer is based on a molecule with a high HOMO-LUMO gap, i.e. tetrafluorobenzene, no rectification is observed while the direction of rectification is reversed if the molecular layer consists of naphtalene diimides having low LUMO energy level. Rectification persisted at low temperature (7 K), and was activationless between 7 and 100 K. The results show that rectification is induced by the asymmetric contact but is also directly affected by orbital energies of the molecular layer.

A "molecular signature" on transport through layers with thicknesses above those used when direct tunneling dominates is thus clearly observed and the rectification mechanism is discussed in terms of Fermi level pinning and electronic coupling between molecules and contacts.

Introduction

The molecular junction (MJ) is the basic component of molecular electronics, and consists of a single molecule or an ensemble of many molecules between two conducting electrodes. [1][2][3][4] For molecular layers with thickness, d, below 5 nm and in many single molecule devices, direct tunneling through the molecule acting as a barrier is the dominant mechanism for transport and an exponential decrease in junction current with increasing distance is observed. [4][5][6][7] The attenuation factor, β, describing this exponential decay is in the range of 7-9 nm -1 for alkane MJs, and close to 3 nm -1 3,4,8-10 for conjugated molecules. When the thickness of the layer increases, transport is no longer consistent with direct non-resonant tunneling between the contacts and a change in β is often observed. It was attributed to alternative mechanism to tunneling such as activated redox "hopping". [11][12][13][14] Using bisthienylbenzene (BTB) based molecular layers up to d = 22 nm, activationless transport was observed with a β ≈ 1 nm -1 at temperatures below 100 K, with high current densities (> 10 A/cm 2 ). 15 These results clearly indicate unusual transport mechanisms for conjugated MJs with d in the range of 5 -22 nm that is above the direct tunneling limit. 3 Rectification controlled by molecular structure in molecular junction has been one of the founding proposals of Molecular Electronics. 16 When MJs contain a single molecular structure, either as a monolayer or as oligomers, and uses symmetric contacts, the current-density vs voltage (JV) behavior is generally symmetric with respect to polarity, for example in Au/oligophenylimine/Au MJs 17,18 and a variety of aromatic structures between conducting carbon electrodes. 8,15,19 Rectification must necessarily include an asymmetry along the transport direction. 20 This can be done either by using contacts based on conductive materials of different work function, or by using bilayers with a donor (D) and an acceptor (A) part in which unidirectional charge transport through the frontier molecular orbitals is favored. [21][22][23] A new design based on asymmetric anchoring moieties was also recently proposed. 24 Using such systems to create rectifiers has been widely reported and recently reviewed. 2 Early experimental results were reported on devices incorporating hexadecyl-quinolinium tricyanoquino-dimethanide and yielded rectification ratios of 30. 25,26 Rectification in MJs incorporating alkane moities bearing redox units was reported [27][28][29][30][31][32] but transport is limited by the high β value. A--D and more rarely on A--D molecules were widely used with preferred direction of the electron flow from A to D (Aviram-Ratner direction) or from D to A (reverse Aviram Ratner direction) 33,[START_REF] Metzger | Unimolecular and Supramolecular Electronics II: Chemistry and Physics Meet at Metal-Molecule Interfaces[END_REF] and rectification ratio rarely exceeded 100 [33][START_REF] Metzger | Unimolecular and Supramolecular Electronics II: Chemistry and Physics Meet at Metal-Molecule Interfaces[END_REF][START_REF] Lenfant | [END_REF][36][37] especially for single molecule devices. 21,[38][39][40][41] High rectification ratios were obtained using liquid mercury as a top electrode on porphyrin/fullerene bilayer devices. 42 High rectification ratio were also observed in alkyl-Ferrocene self-assembled monolayers, contacted by chemisorption to a bottom electrode and physisorption to a top electrode, and was shown to be strongly dependent upon the position of the Fc between the two conducting surfaces. 27,29,43,44 These devices are among the best molecular rectifiers to date but the techniques used to fabricate these devices suffer from the intrinsic stability limitation of the SAM based molecular layer and EGaIn contact. Rectification as a result of asymmetric contacts 24,[45][46][47] ionic screening 48,49 contact roughness differences 50 and molecular layers on silicon [51][52][53][54] were also reported but in each case rectification ratios remained low (i.e. below 100) or a clear molecular structural effect on rectification was not demonstrated. On a larger scale, "organic p-n diodes" composed of > 100 nm thick films of organic donor and acceptor molecules [55][56][57][58][59][60][61] including the wide fields of OLEDS show strong rectification behavior but the results reported here focus on much thinner molecular layers, i.e. < 10 nm, which despite such ultrathin thickness exhibit high rectification ratio depending both on asymmetric contact and molecular structure.

We have reported an Au/molecule/Ti-Au MJs structure to examine molecular layers made by diazonium electroreduction. Rectifiers were obtained when using BTB with thicknesses above 5 nm 62 and a 7 nm BTB film showed RR ratio over 50 while no rectification was observed with thicknesses below 5 nm. 63 The effect was attributed to hole injection in the BTB layer decreasing the effective tunneling barrier distance when the Au bottom electrode was positively polarized, which is similar to the mechanism proposed by Nijhius et al in for SAM based devices incorporating ferrocene units. 44 The same layers when contacted by carbon show symmetric I(V) curves for films thickness between 2 and 22 nm. 15 Moreover using bilayers with overall thicknesses above 5 nm but below 22 nm control of electronic symmetry and rectification through energy level variations was recently demonstrated. 64 The change in transport mechanism observed above 5 nm in carbon based BTB junction stimulated consideration of molecular layers in the Au/molecule/Ti-Au configuration with thicknesses above 5 nm, in the hope it will be possible to develop reliable rectifiers based on a robust device design. Diazonium-based molecular junctions have proven suitable for commercial applications in electronic music, and are compatible with massively parallel fabrication techniques. 65 In this thickness range with d > 5 nm we also hope to demonstrate a strong "molecular signature" on the electronic response of the devices, compared to that observed when direct tunneling between the contacts is the dominant transport mechanism.

The current report describes single component MJs made by electrochemical reduction of different diazonium reagents 19,64,66,67 yielding layers with 7 to 9 nm thicknesses. The contacts were Au and Ti/Au, so structural asymmetry from contacts with different work function was always present in all the studied devices. The molecular layers included donor molecules, namely bisthienylbenzene (BTB) oligomers with relatively high energy HOMO, molecules with high HOMO-LUMO gaps (tetrafluorobenzene (FB) and nitrobenzene (NB) oligomers and acceptor molecules, namely n-hexyl-naphtalenediimide (NDI) oligomers, with low energy LUMO and alkyl moieties and are shown in figure 1a. The contacts induce asymmetry in the junction and by varying only the composition of the layers, the effects of molecular structures on JV symmetry were observed. The rectification mechanism is discussed in terms of Fermi level pinning and electronic coupling between molecules and contacts. 68 Note that the frontier orbital energies in vacuum neglect the mutual interaction of the oligomers as well as their interaction with the electrode.

Experimental Methods.

Unless noted otherwise, the MJs were fabricated using a gold stripe substrate on SiO 2 /Si wafers with width of 20 µm and several millimeters long. The gold thickness was 45 nm on a Ti adhesion layer (2 nm). After electrochemical deposition of the organic layer, an electron beam Ti/Gold top contact was deposited as described in detail previously. 62,63 Each sample allowed the fabrication of 16 molecular junctions with lateral dimensions of 20 by 20 µm (area = 4 x 10 -6 cm 2 ). Careful control of the back pressure during Ti deposition was important, as this very reductive metal can easily be oxidized to various conductive titanium oxides. [69][70][71] A pressure of deposition systems but since reaction of Ti with the organic layer cannot be excluded the molecular/Ti interface was carefully characterized using X-ray photoelectron spectroscopy (XPS). For all junctions using different molecules the Ti/Au top coat deposition was performed with identical conditions and all junctions were also completed using lithography and shadow mask for top electrode deposition. No significant differences were observed using either shadow mask or direct lithography on the molecular layer showing that the fabrication techniques used here are fully compatible with standard microfabrication techniques.

1-(2-bisthienyl)-4-aminobenzene and, N-(4-aminophenyl)-N'-hexylnaphtalene-1,8:4,5tetracarboxydiimide were synthesized using procedures adapted from literature, 66,68,72 this last molecule being synthesized for the first time its characteristics (NMR and High Resolution Mass Spectroscopy) are given in the Supplementary Information (SI files) while tetrafluoroaniline and para amino-nitrobenzene are commercial products and were purchased from Aldrich. Their corresponding diazonium salts were generated in situ using ter-butylnitrite (Aldrich) as a reagent. This procedure has been described in detail. 19,66,67,73,74 Organic layer thicknesses were determined by AFM measurements. The thickness of the gold stripe deposited on SiO 2 was first measured using AFM profile. The thickness of the gold stripe covered by the grafted layer was then measured and the thickness of the organic layer was deduced by subtracting the gold thickness 75 using a statistical procedure as shown in Figure S1.

Standard deviations of thickness were in the range of 0.4 to 0.8 nm as indicated in Table S1.

Junction designations include subscripts indicating layer thicknesses in nanometers, with all devices using the same bottom and top contact electrodes. For example, Au 45 /BTB 9 /Ti 2 /Au 45 indicates a layer of 9 nm of BTB formed electrochemically on 45 nm or Au followed by 2 nm of Ti and 45 nm of Au top contact deposited in vacuum.

Current density vs bias voltage (JV) electrical characteristics of molecular junctions were measured in air with a Keithley 2602b source-meter at 2 V.s -1 or by dc polarizing the junction while measuring the current with a low-noise current amplifier. In each case a two-probe set-up configuration was used with the top electrode grounded while applying a bias to the bottom electrode. The resulting current-density/voltage (JV) curves exhibited no hysteresis when acquired in air, or in vacuum (<10 -5 torr for several hours, Figure S2-a). All JV curves in figures were obtained in air, and each curve presented in figures is a representative curve of JV characterization obtained with the MJs fabricated on each sample.

Low temperature measurements were performed using a variable temperature insert at a base temperature of 5 K while keeping the sample in He atmosphere. The device was allowed to heat from 5 K to room temperature while successive JV curves were recorded. XPS analysis was performed using Kratos AXIS XPS with Al Kα radiation and depth profiling with a 4 kV Ar + beam at 5 x 10 -10 torr. "Blanket" samples on 1.8 x 1.3 cm silicon surfaces covered with a pyrolyzed photoresist film 64 . Deposition of the BTB layer (d=9 nm) was achieved using the same procedure as that for molecular junctions, and 2 nm of Ti and 20 nm of Au were deposited at <2 x 10 -7 torr pressure. The thinner Au layer was required by subsequent depth profiling. Survey and high resolution spectra for C, S, O, and Ti were obtained initially and during Ar + etching at intervals of 120 seconds. CasaXPS software was used for deconvolution of the XPS spectra using a Shirley baseline and Gaussian-Lorentzian line shapes.

Results

The bottom metal/BTB structure shown in Figure 2a has been described in detail previously, and consists of oligothiophene based molecules bonded by covalent bonds to the gold bottom contact. 67 Such layers exhibit unique on/off switching of their transport properties in an electrochemical environment. Insulating behavior is observed below 0.65 V/SCE, whereas BTB films become conductive above this potential. As a consequence, such systems combine the advantages of conductive oligomers with those of diazonium-based layers, i.e. fine control of the film thickness in the 2 to 20 nm range, ability to generate robust, pinhole-free, electroactive layers with two redox states of different conductivity which can be considered switchable organic electrodes.

Current-density vs applied voltage (JV) curves for Au/BTB 9 /Ti 2 /Au MJ are shown in Figure 2a, for the case of ~ 9 nm thick films of BTB (overlay of several JV curves collected on various junctions are given in Figure S3). As reported previously, JV curves for BTB layers between Au and Ti/Au are not symmetric with respect to polarity provided the thickness, d of the molecular layer, is greater than 5 nm. Indeed large currents are observed when the bottom electrode is positively polarized at moderate bias whereas when negatively polarized the current flowing through the junction is much smaller. Figure S4 shows that the rectification ratio (RR) varies with applied potential and reaches a plateau at 2.7 V, and Figure 2b shows histograms of the rectification ratio at +2.7 V (RR 2.7V ) obtained with 63 different devices produced on different samples (Of the 64 junctions tested, 63 showed behavior similar to figure 2a, for a yield of 98% when using 9 nm BTB layers). Average RR 2.7V is 1200 with few devices showing RR 2.7V at 300 and some devices with RR 2.7V as high as 3000. Such rectification ratios are, to the best of our knowledge unprecedented for a single component molecular junction. They are reproducible and devices show long term stability (over a year). No dependence on scan rate from 0.1 to 100 V.s -1 was observed (see Figure S5). Temperature dependent measurements showed that rectification was still observed at 7 K (see figure S2c-d, RR for BTB decreases with decreasing temperature, by a factor of 10 between 300 and 7 K, but is still large at 7 K) and transport was activation-less in the 7 to 100 K temperature range, with an Arrhenius slope < 5 meV (Figure S2-c) and an activation barrier of 150 meV was measured from 200 to 300 K in agreement with previous results. 15 These findings indicate that activation or reorganization before electron transfer are not important for transport and rectification at low temperature and exclude redox events involving Titanium dioxide 69,76 as being at the origin of the observed rectification properties.

Since similar BTB layers sandwiched between two carbon electrodes show symmetric JV curves 15 we can attribute at first glance the large RR ratios observed here to the use of two different metals with different work functions for contacting the BTB layer. 9 nm BTB (a)

Figure 2: a) Average Current-density vs applied voltage (JV) curves for Au/BTB 9 /Ti 2 /Au MJs inset Schematic illustration of a molecular junction with a 9 nm thick layer of bis-thienylbenzene (BTB) grafted on a gold electrode followed by the direct deposition of a Ti(2 nm)/Au(45 nm) top electrode.). Note that the number of BTB units involved in the device is more than 2. b) Rectification Ratio (J(+2.7 V)/J(-2.7 V)) histogram for 63 Au/BTB 9 /Ti 2 /Au junctions Ti metal can be easily oxidized to TiO 2 during the fabrication process, and has been already reported to be the origin of rectification in molecular junctions. 69,76 To rule out the involvement of TiO 2 in the rectification mechanism, we acquired XPS depth profiles during Ar + etching to yield the elemental composition of Si/SiO 2 /PPF/BTB 9 /Ti 2 /Au 20 made identically to the Au/BTB 9 /Ti 2 /Au molecular junctions but on a 1.8 x 1.3 cm area. Figure 3a shows the atomic percentages (%) -vs-etching time (s) of this structure before and during Ar-ion etching in the XPS chamber. At the beginning of the etching process only Au signal is observed, as expected, but after 360 s of etching the Au signal decreases and simultaneously Carbon and Titanium atomic percentage start to increase. Note that Titanium and Carbon signal increase before oxygen signal which start to be seen at 600 s etching time and the atomic percentage for O 1s remains lower than that of Titanium at all etching depths. Note also that the sulfur signal increases only The dependence of rectification on molecular structure was investigated by first replacing BTB with NB and FB (structures in Figure 1) layers of similar thicknesses. Oligo(NB) is a moiety that is less easily oxidized than oligo(BTB), with a free-molecule HOMO at -7.0 eV while that of BTB is -5.2 eV (see Figure 1). Oligo(FB) is a system with a large HOMO-LUMO gap as it is based on phenylene moieties bearing fluorine substituents. When grafted on gold by diazonium electroreduction fluorinated oligoparaphenylenes are generated. Polyparaphenylene is known to have a band gap of 3 eV 84 and the presence of four fluorine groups on each benzene rings in FB will increase the bandgap further by inducing a greater degree of inter-ring torsion between adjacent phenyl units. It is thus likely that the HOMO-LUMO gap of this layer is close to that of a single AF unit and significantly above that of BTB and NB. DFT Calculations for sexi(FB) oligomer predict a HOMO at -7.5 eV and a HOMO-LUMO gap close to 4.3 eV.

Figure 4a and b compare the J(V) curves of Au/NB 8 /Ti 2 /Au (green curve) and of Au/FB 8 /Ti 2 /Au (blue curve) junctions to that of Au/BTB 9 /Ti 2 /Au (red curve). The same data are displayed in lnJ versus V in figure S7. NB and FB devices are consistently much less conductive than BTB devices as the measured current in the -2.7 V, +2.7 V potential range are smaller at all voltages. FB devices are also clearly less conductive than NB devices and the current scale had to be zoomed in figure 4b for comparison with BTB junctions. Moreover, Figure 4a shows that NB devices also rectify with a rectification ratios (J(+2.7 V)/J(-2.7 V) between 50 and 100 that is clearly lower that those observed with BTB devices. On the contrary FB devices show weak rectification behavior (RR between 1 and 3) in the bias range between -2.7 and +2.7 V. These clear variations of the current densities and rectification ratios with molecular structure are a strong indication of a molecular signature relating structure to conductance and electronic behavior when using aromatic films of 8 to 9 nm thicknesses between Au and Ti/Au electrodes. Figure 4c compares the J(V) curve of Au/NDI 7 /Ti 2 /Au (gray curve) to that of Au/BTB 9 /Ti 2 /Au (red curve). NDI devices are again consistently less conductive than BTB devices over the entire -2.7 V, +2.7 V potential range investigated. Importantly, the direction of rectification in the NDI device is reversed compared to that observed in BTB devices with larger J observed when the substrate bias is negative, i.e. when the potential of the Ti/Au layer is more positive than that of the Au/NDI top contact.

Figure 4d shows the rectification ratio (J(+2.7 V)/J(-2. c) is observed when such differences were not observed for different aromatic structures with thicknesses below 5 nm. 19 The weak effect of orbital energies on JV response when d < 5

nm was attributed to strong electronic coupling between the contacts and the aromatic molecules, which causes deviation from classical Mott-Schottky behavior. This coupling induces a "leveling" effect (or "vacuum level shift") which is known to occur at metal/organic interfaces. 86- 88 However, above 5 nm, single-component layers of NDI, NB, FB and BTB current densities differ by orders of magnitude. This result clearly indicates that molecular structure and orbital energies have pronounced effects on JV behavior for aromatic MJs with d > 5 nm and reveals that the "leveling" effect is limited to ~ 5 nm from the conducting surface in aromatic devices.

Third, all reported cases of single-component molecular layers between symmetric carbon contacts yielded nearly symmetric JV response, with RR < 2 8,15,89 while NDI 7 and BTB 9 layers between Au and Ti/Au contact are strongly asymmetric, with RR statistically below 0.01 and above 1000 respectively, i.e. with RR changing by five orders of magnitude. Such variations of RR with molecular structure are significantly larger than those reported in the literature.

Some mechanistic conclusions are provided below, but the experimental evidence clearly indicates that when the organic layer thickness between Au and Ti/Au contacts is large enough to avoid direct tunneling (i.e. d > 5 nm) rectification which depends strongly on molecular structure is possible for low bias voltages. Rectifying MJs can be reproducibly fabricated and their behaviors are robust due to the diazonium grafting process which bonds covalently to the bottom electrode. The rectification behavior clearly originates from the asymmetric contacts but also shows a strong dependence on molecular structure, of both rectification ratio and polarity.

As already stated, rectification must include an asymmetric feature along the transport The offset between the molecular orbitals and the contact Fermi level is often used to estimate the tunneling barriers for MJs and to identify the main charge carrier flowing through the device. The Fermi level of Au 90 is -5.1 to -5.2 eV vs vacuum while that of Ti and TiC is at -4.3 eV [START_REF] Santerre | [END_REF] . BTB HOMO is close to the Au Fermi level and is separated from that of Ti or TiC by only ~1 eV while the barrier between BTB LUMO and the Fermi levels of either contact is much higher. This suggests that transport in BTB involves holes and agrees with previous reports based on transport 15 and photocurrents. 88,91 Moreover, when using BTB layers where covalent bond formation has been experimentally evidenced both at bottom and top electrodes, we propose that the difference in barriers for hole injection associated with strong coupling at both electrodes is important to the origin of the large rectification (RR >1000) behavior observed for BTB based devices.

Figure 5 shows a plausible scheme explaining the rectification of BTB devices. It shows only the oligo(BTB) HOMO levels as BTB acts as a hole transporting layer and p-dopable species in electrochemical experiments. 67 Four HOMO levels have been arbitrarily represented as molecular relays for intrachain hopping across the 9 nm thick layer. Note that the exact number of hopping steps remains unknown and that it lies between 2 and 7 as the size of a hole in a oligo(BTB) layer is 4-5 nm and that of one BTB unit is 1.3 nm. 92 We assume strong coupling occurs at the Au/BTB interface due to the presence of Au-C chemical bonds and the BTB HOMO being close to the Au FFermi level, and therefore hole injection at this interface is near resonance with a small barrier. In other words, we can assume that part of the BTB layer acts as an extended electrode with almost no barrier for holes injection at the Au/BTB interface. 62 The presence of TiC at the BTB/Ti/Au top interface also leads to strong coupling but the initial barrier for hole injection at this interface is much higher. As a consequence Fermi level pinning is expected at both interfaces and the difference in work function between Au and TiC generates the energetic scheme depicted in figure 5a at zero bias with the four BTB HOMO levels decreasing in energy from the Gold to the Titanium electrode. The barrier between the BTB HOMO and Ti, noted  1 in Figure 5 is significantly larger than that between BTB and Au.

Since the barrier for hole formation in BTB at the Au/BTB interface is smaller than the barrier at the TiC electrode, we expect holes to form in BTB HOMO levels under positive bias. Once these holes are created it is possible for the TiC electrode to compensate the resulting positive charge by injecting electrons into the emptied HOMOs of the oligomers. Note that transport can be obtained by tunneling from a molecular state in resonance with the Fermi level of the electrode (straight arrows) but also by activated processes depicted in Figure 5b by curved arrows. When the bias is reversed as in Figure 5c, hole injection from the BTB layer into Ti is energetically much less favorable for two reasons. First, the applied bias has to compensate for the initial ( 1 ) barrier located at the BTB/TiC interface. Second, tunneling from a molecular state of an oligoBTB moiety in resonance with an empty level in the electrode will be slower because of a larger tunneling distance. As a consequence, at -2.7 V little current crosses the devices as depicted in figure 5c. As Fermi level pinning occurs at BTB/TiC interface, decreasing  1 is difficult and needs to reach bias above -2.7 V to allow the coupled HOMO of oligo(BTB) at the BTB/TiC interface to rise close to the Fermi level of titanium, and participate in charge transport.

Moreover, a bias above 2.7 V will also be needed to allow a molecular state with small enough tunneling distance to reach resonance with the Fermi level of the titanium electrode. This proposed mechanism, involving strong electronic coupling and Fermi level pinning at both interfaces can reasonably rationalise the large rectification observed for BTB. Note that this mechanism explains also easily the temperature dependence of the current observed at positive or negative bias (see Figure S2). Indeed, for positive bias, the thermally activated current observed between 100 and 290 K with low activation energy of 150 meV can be attributed to the small barrier at the Au/BTB interface whereas, for negative bias no observable activation in the same temperature range are observed as a result of the large barrier at the BTB/TiC interface. It also predicts that the RR ratio in BTB devices is mainly linked to the initial barrier and to the Fermi level pinning at the BTB/TiC interface of the top contact.

Decreasing this barrier or the Fermi level pinning at this interface, by any means, will decrease the RR observed. Figure S9 shows an extreme case in which electronic coupling is negligible at the top electrode as if the layer were studied using STM with Ti tip. In that case, it is easier to compensate for the initial ( 1 ) barrier located at the weakly coupled BTB/Ti interface by applying negative bias which decreases sharply the rectification ratio. The situation shown in figure 5b is also consistent with a preferential current flow for positive bias with NB, i.e, in the same direction as that observed with BTB (see Figure SIX) and a smaller RR observed for FB.

The lower energy HOMOs in the latter case creates significant barriers at both interfaces, thus decreasing J and RR.

It is however not possible using this mechanism to explain the reversal of rectification polarity for NDI-based devices. The NDI LUMO is only 0.3 V above the Fermi level of Ti and TiC while its HOMO is 2 V below that of gold which suggests that transport mainly involves electron injection in NDI MJs with molecular layer thicknesses above the direct tunneling limit between the two electrodes. This is confirmed by photocurrent experiments on NDI junctions which are consistent with LUMO mediation. 91 This injection will be much easier at the NDI/Ti interface as depicted in Figure 1b so that if electronic coupling is similar at both electrodes, current will be stronger for positive bias, i.e. in the same direction as that observed in BTB devices. This is clearly not observed here as electrons are experimentally more easily injected in the NDI layer at negative bias i.e. when the Au bottom electrode is negative and Ti/Au top electrode is positive. As a consequence, we propose that the direction of the rectification observed with NDI-based devices can be explained if the couplings of the molecular layer with the contacts are not the same as those demonstrated in BTB-based devices, despite the identical conditions used for fabrication of the devices. One plausible explanation is that weak coupling occurs at the bottom Au/NDI interface as a result of a LUMO localized (see Figure S10) on the central part of the NDI molecule and a large energy difference between the NDI LUMO and the Fermi level of Au. It is also possible that NDI is less strongly coupled at the Ti interface compared to BTB due to the long alkyl moiety which is known to induce a decoupling effect. 93 Assuming such situation, higher current can be obtained when the device is negatively biased depending on the relative coupling strength at each electrode as recently demonstrated in single molecule junction. 94 More complex scenarios can also be considered as molecular resonance between HOMO and LUMO orbitals inside a molecular chain leading to bipolar transport. 95 Full explanation of the mechanism behind rectification in NDI-based devices is beyond the scope of this work and experiments including XPS depth profile and varying the length of the alkyls moieties will be reported elsewhere. Moreover, a full understanding of the rectification mechanism discussed in this study may be achieved by state of the art theoretical modelling that includes the entire system using a non-equilibrium Green's functions (NEGF) approach 96,97 

Conclusions

Molecular junctions with thicknesses between 7 and 9 nm using two contacts of different work function exhibit significant changes in electronic behavior with variation of molecular structure of the layer. Using oligo(bisthienylbenzene) layer, a molecule whose HOMO energy level in vacuum is close to the Fermi level of the gold bottom electrode, the devices exhibit robust and highly reproducible rectification ratios above 1000 at low voltage (2.7 V). Higher current is observed when the bottom gold electrode is biased positively and Ti/Au is negative.

When the molecular layer is based on molecule with high HOMO-LUMO gap, i.e. tetrafluororobenzene, no rectification is observed while the direction of rectification is reversed if the molecular layer consists of molecules with low LUMO energy level, i.e. naphthalene diimides and incorporates alkyl moieties. Rectification persisted at very low temperature (7 K), and was activation-less between 7 and 100 K. The results show that rectification is induced by the asymmetric contacts but is also directly affected by orbital energies of the molecular layer. A "molecular signature" relating structure to transport through layers with thicknesses above those used when direct tunneling dominates is thus clearly observed and RR changing by five orders of magnitude is demonstrated in this regime. The rectification mechanism is discussed in terms of electronic coupling between molecules and contacts and can be understood if one considers that such coupling depends on the molecular layer structure, since the same fabrication process has been used for all studied junctions. These observations clearly demonstrate a rectifying molecular junction can be "designed" by controlling the HOMO and LUMO energies as well as the electronic coupling at the interfaces.
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Figure 1 .

 1 Figure 1. (a) Molecular unit of the oligomers used in this report with their frontier orbitals in vacuum (HOMO calculated by B3LYP/6-31G* and LUMO deduced from UV-VIS calculation (TD-DFT B3LYP/6-31G(d)) and HOMO level and absorption spectra. (b) Molecular orbital levels in vacuum of the various molecules and Fermi levels of the contact. Oligomer length was set to six aromatic units (phenyl or thiophene) in BTB, NB and FB device while NDI levels are for single NDI molecules since oligo(NDI) are weakly conjugated.68 Note that the frontier orbital energies in vacuum neglect the mutual interaction of the oligomers as well as their interaction with the electrode.

  and that the C/S ratio reaches the theoretical value of 7 expected for a BTB layer when etching time is between 800 and 960 s. Similar experiments were performed on a Si/SiO 2 /PPF/Ti 2 /Au 20 large-area sample and are shown in figureS6. In that case Au decreases and simultaneous Carbon, Titanium and Oxygen signals increase (but no sulfur) are also observed with Titanium atomic % being again always above that of oxygen. This excludes the formation of a 2 nm thick TiO 2 layer in the device, and indicates that the Ti layer is mainly Ti II and Ti III oxides, presumably mixed and disordered. Such "sub-oxides" TiO and Ti 2 O 3 contain mobile conduction band electrons and are considered metallic.69,[77][78][79] There is no evidence that the TiO x layer contains significant TiO 2 , and it therefore behaves like a metal rather than a large band gap semiconductor.

Figure 3 :

 3 Figure 3: a) Atomic percentages (%) -versus-Etching time (s) for a Si/SiO 2 /PPF/BTB 9 / Ti 2 /Au 20 b) Titanium high resolution XPS signal, c) Carbon high resolution XPS signal.

Figure 3b and c

  Figure 3b and c show the high resolution XPS spectra of the Titanium and the Carbon regions at 720 seconds etching time, at which point the oxygen signal is at its maximum. No Ti 0 signal at 454.0 eV is apparent in the spectra which implies nearly total reaction of the metallic Ti

Figure 4 :

 4 Figure 4: a) Current-density vs applied voltage (JV) curves for a) Au/NB 8 /Ti 2 /Au (green curve) and Au/BTB 9 /Ti 2 /Au (red curve) MJ b) for Au/FB 8 /Ti 2 /Au (blue curve) and Au/BTB 9 /Ti 2 /Au (red curve) c) for Au/NDI 7 /Ti 2 /Au (gray curve) and Au/BTB 9 /Ti 2 /Au (red curve) MJ d) Rectification Ratio (J(+2.7 V)/J(-2.7 V) histograms for 63 BTB (red), 21 NB (green) and 42 FB (blue) devices and 26 NDI (gray) junctions

  Figure4dshows the rectification ratio (J(+2.7 V)/J(-2.7 V) histograms of more than 150 different devices (63 BTB, 21 NB and 42 FB and 25 NDI) while Figure S7-d overlays the results obtained with the four different molecular layers in lnJ versus V. The electronic behavior of the studied devices clearly depends on the molecular structure of the layers with a high level of confidence statistically. Figure 4d also makes it possible to draw several intermediate conclusions about the effect of molecular structure on JV response in single component layers contacted by Au and Ti/Au. First, single-component layers can support electron transport across molecular layer thicknesses of 9 nm, too thick to be explained by coherent tunneling between the contacts. Second, a large difference in conductance between NDI 7 , NB 8 , FB 8, and BTB 9 (Figure 4 a, b and c) is observed when such differences were not observed for different aromatic structures

  direction. Contacts based on conductive materials of different work function, bilayers with a donor and an acceptor part in which unidirectional charge transport is favored (Aviram Ratner or reverse Aviram Ratner current flow), redox groups in the layer, or layer contacted by chemisorption to the bottom electrode and physisorption to a top electrode have been reported to be at the origin of rectification in previous work. Since the MJ structure in the present case differs from most of the previous studies, several factors might contribute to the rectification mechanism. However the current results clearly demonstrate that both contacts and molecular structure can affect rectification and we consider several of these factors below.

1 Figure 5 :

 15 Figure 5: Plausible mechanism explaining the large rectification for the Au/BTB/Ti/Au devices i.e. Energy diagram at different applied biases a) zero, b) positive + 2.7 V c) negative -2.7 V. Work functions of 5.1 eV and 4.3 eV are assumed for a polycrystalline Au surface and a Ti surface, respectively.  1 represents the initial barrier between coupled oligo(BTB) HOMO and Fermi level of TiC whereas that between coupled oligo(BTB) HOMO and Au Fermi level is taken as close to zero for clarity. Note that the exact number of hopping steps remains unknown

  Synthesis of NDI compound, electrochemical reduction conditions, determination of molecular layer thickness by AFM, temperature dependence measurement of Au/BTB 9nm /Ti 2nm /Au device, Overlaid JV curves of several MJs devices, Rectification ratio versus applied Voltage, Scan rate dependence on Au/BTB 9nm /Ti/Au MJs, Atomic percentages Versus Etching time (s) for a Si/SiO 2 /PPF/ Ti 2 /Au 20 , Ln J vs V curves of BTB, NDI, FB, NB molecule junctions, electroactivity of NDI modified carbon electrode, energetic diagram and plausible mechanism assuming electronic coupling is negligible at the top electrode, LUMO shape of NDI molecules
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