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Introduction

While self-assembled organic monolayers (OML) form dense quasi two-dimensional sheets of oriented molecular moieties, interacting laterally through van der Waals forces, covalent tethering to crystalline semiconductor (SC) surfaces establishes additional periodic constraints at molecular heads which influence topological order and may lead to some transverse gradient of disorder [1,2].

Molecular conformation of these soft layers is obviously sensitive to immobilization methods and resulting OML characteristics, e.g. molecular packing density, dipole-dipole interactions, interactions between tail-group functionalities … but possibly also to external parameters, e.g. temperature, applied pressure, selective adsorption of molecular or bio-molecular species, solvent effects.

In the field of molecular electronics, a wide range of device scales has been used to investigate electrical transport [3] from single molecule (conducting AFM, STM, break junctions) to large area junctions using either liquid Hg drop or solid evaporated metal as the top electrode. Robust junctions are obtained by direct binding of molecular monolayers to hydrogenated Si(111) surfaces through Si-C covalent bonds and such metal / organic monolayer / semiconductor hetero-structures have often been considered as benchmark devices to understand charge carrier transport through saturated (e.g. n-alkyl) or unsaturated (e.g. aromatic) molecules [4-7]. However, despite strong experimental and simulation efforts, it is not yet clear how local or average molecular configurations affect the electronic properties of molecular layer / silicon assemblies, e.g. electronic band alignment, energy barriers for thermionic emission or tunneling of charge carriers.

Different structural and conformational models have been proposed to analyze electron transport properties of grafted molecular monolayers [8][9][10][11][12]. In n-alkyl -Si assemblies, shorter tethered polyethylene (CH 2 ) n chains (n < 14) are more sensitive to global tilting of the average backbone orientation upon application of some small electrostatic pressure (electrostriction effect) [8] and temperature-induced disorder decreases the average chain-tilting [11]. It has been concluded that end gauche defects, i.e. non planar (CH 2 ) n chain conformations located at the molecular tail, do not play a dominant role for transport through OML junctions [9] but little information is available on the effect of other topological defects. The energetics of gauche bonds in OML systems is a complex matter.

Experimental studies and molecular dynamics simulations have emphasized the essentially all trans chain conformation of the n-alkyl backbone in the ordered phase at low temperature and the increasing probability of gauche defects as temperature increases in the range 200-400 K [13-17].

However, in densely-packed n-alkyl monolayers, apart from terminal gauche bonds at chain tails, the simplest conformational sequence which approximately maintains the overall chain orientation is probably a pair of gauche bonds forming a "kink" in an otherwise all trans chain [18].

In order to elucidate the nature of conformational defects and their potential role in electrical transport properties in real molecular junctions, e.g. with applied voltage bias at variable temperature, broadband admittance spectroscopy measurements can readily be performed using a well-defined metal -OML -SC planar configuration relevant for molecular electronics devices [7,12,[19][20][21][22]. A proper choice of the SC doping type allows achievement of rectifying metal // n-alkyl -Si junctions which provides extremely low conductance (G) and small response frequency of the space-charge layer (SCL) f SCL = (G / 2 C) in the reverse voltage regime, ideally below 1 Hz at ambient temperature [7].

At higher frequencies, the measured device admittance results either from modulation of localized electrical charge density (e.g. electron traps at the Si surface) ot from the ability of molecular dipoles to reorient in response to a time-dependent electric field [START_REF] Vassilikou-Dova | Thermal analysis of Polymers: Fundamentals and Applications[END_REF][START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]. In n-alkl monolayers, the dipole moment of non-centrosymmetric methylene conformations will depend on details of the trans-gauche sequences while their dynamic properties (relaxation frequency and related activation energy) are expected to be affected by sterical constraints related to OML structure and chain conformation.

Molecular-level insights into the dynamics of defect reorientation is also important to identify various channels of energy dissipation which govern tribological properties of functionalized surfaces [START_REF] Biswas | [END_REF][26][27].

In previous studies, peak shape analysis has revealed a non-Debye behavior of dipolar relaxation, due to many-body interactions, interpreted as collective dynamic behavior of n-alkyl chains tethered to Si(111) [21,22]. The strong decrease in relaxation frequency values with increasing reverse voltage has revealed additional motional constraints; the simultaneous increase of their activation energies was attributed to electrostatic pressure applied to the nanometer-thick monolayer [22]. Finally, to account for the observed correlation between activation energy and logarithm of pre-exponential factor, a multi-excitation entropy model has been proposed, where the molecular reorientation path is strongly coupled with a large number of low energy excitations (here n-alkyl bending vibrational mode) collected from the thermal bath [22].

In this work, to obtain new insights in the organization of soft tethered monolayers at the molecular level, admittance measurements of dipolar relaxation in rectifying Hg // HOOC-C 10 H 25n Si junctions have been performed as a function of applied bias voltage and temperature. As compared with a previous study [22] using a low density of carboxylic acid functionality at molecular tails (referred to as the Si-Acid 5 junction) and slightly larger overall coverage, this molecular junction (Si-Acid 100 junction) shows a weaker decrease in relaxation frequency with increasing reverse voltage and it allows a more comprehensive investigation of both relaxation frequency and effective dipolar strength, over a broader range of V DC values. A complex behavior characterized by a large number of relaxation peaks is observed in the available frequency range (0.1 Hz -10 MHz), requiring particular care in spectral decomposition of the frequency response; possible microscopic origin for each relaxation mechanism is discussed on the basis of their activation energy, their sensitivity to applied voltage and previous dynamic studies of structural defects such as gauche conformations or chain kinks in either free or tethered n-alkane assemblies.

Experimental

Covalent binding of n-alkyl monolayers to Si(111) surfaces was performed using a UV-assisted liquid-phase process to obtain well-defined and robust molecular assemblies (section 2.1). Molecular coverage and monolayer thickness were derived from X-ray photoelectron spectroscopy (XPS) (section 2.2). Current-voltage and admittance characteristics were measured over a broad temperature and applied reverse voltage range to investigate dipolar relaxation activation energy and dipolar strength values (section 2.3).

Covalent immobilization of acid-functionalized OML

Carboxylic acid-terminated alkyl monolayers were prepared on hydrogen-terminated Si(111):H via direct photochemical hydrosilylation of undecylenic acid, as described previously [28]. This UVassisted process provides covalent immobilization of well-defined dense monolayers on the oxidefree Si surface [29][START_REF] Asanuma | Kinetic Control of the Photochemical Reactivity of Hydrogen-Terminated Silicon with Bifunctional Molecules[END_REF][31]. A low-doped n-type Si substrate (P doped, 1-10 .cm, Siltronix) was chosen to obtain rectifying junctions. After etching in NH 4 F, the Si(111):H surface was used immediately for covalent binding of the n-undecanoic acid-terminated monolayer (denoted as Si-Acid 100), using the photochemical reaction at 300 nm for 3 h of Si(111):H with neat undecylenic acid. The carboxylic acid-modified surface was rinsed copiously with acetone, then dipped in hot acetic acid and dried under an argon stream [31].

XPS analysis

XPS measurements were performed with a Mg K (h = 1253.6 eV) X-ray source, at normal emission angle ( = 0°), using an Omicron HA100 electron energy hemispherical analyser at 22 eV pass energy (overall resolution of 1.0 eV). Spectral analysis includes Shirley background subtraction and peak separation using mixed Gaussian-Lorentzian functions. Assuming a homogeneous organic layer on top of the Si substrate, the thickness d OL is derived from the angular averaged signal [Si 2p] OML / [Si 2p] BARE = exp(-d OL /  OL cos ) using the inelastic mean free path of Si 2p photoelectrons through a dense organic layer  OL = 3.6 nm [START_REF] Powell | NIST Electron Inelastic-Mean-Free-Path[END_REF]33]. Determination of the molecular coverage  COOH was performed by normalizing the non-attenuated C1s signal of (HO-C=O) groups (binding energy 290.1 eV) to the Si 2p intensity of one non attenuated Si(111) plane, using the number, N s = 7.8×10 14 cm -2 , of atoms per unit Si(111) surface.

Admittance measurements

The sample was mounted in a Teflon cell [7] inside a cryostat under dry nitrogen gas flow to avoid extensive water condensation and to minimize Si oxidation during electrical measurements. Ohmic back contact was obtained by applying a silver paste electrode on the scratched Si backside and a mercury top electrode (99.999 % Fluka, contact area S = 5×10 -3 cm 2 ) was used to avoid electrical shorts through possible pinholes in the OML. Current (I) -voltage (V) characteristics measured using a Keithley 6487 picoammeter do not show abrupt changes near the Hg electrode melting temperature (T = 234 K).

Admittance measurements were performed with a frequency response analyzer (Alpha-A, Novocontrol) using a two terminal active cell with impedance converter mounted directly above the sample. The ac modulation amplitude V AC was set at 20 mV, and the complex admittance is given by Y() = (ῖ AC / ῦ AC ). The measured complex admittance, Y*(V DC , T, ) = G m + jC m may also be analyzed using the complex electrical modulus M* = (*) -1 = j C 0 Y* (here C 0 = C* / * is arbitrarily set at 100 pF). The capacitance (4.5 pF) of the empty Teflon cell in parallel with the molecular junction was subtracted to obtain C m . At high frequencies, useful information on dipolar mechanisms is limited by the series resistance S R (due to bulk Si and back contact resistance).

Electrical measurements were performed after XPS analysis and further storage of the OML-Si assembly under UHV for one month. Prior to admittance measurements, reproducibility of I -V characteristics was checked at several sample locations (293 K to 173 K). Acquisition of dipolar relaxation data was performed with decreasing temperature steps (for typically one hour, stability 0.1 K) and, at each temperature, the direct current (dc) voltage was scanned from the reverse regime (V DC = -2 V) towards the forward regime (V DC = +1 V).

Under experimental conditions including a large electric field over the nanometer-thick monolayer, reversibility of bias voltage-and temperature-induced junction modifications can be assessed from the reproducibility of room-temperature admittance before and after the entire low temperature scan. For this Hg // HOOC-C 10 H 25n Si junction, weak spectral changes were observed upon return to room-temperature (293 K), e.g. at -0.2 V the space charge layer relaxation peak remains located near 2 Hz, while the B2 peak is shifted to higher frequency by a factor of 2 while the peak strength  (B2) has increased by about 25%. Qualitatively similar effects were reported previously for the Si-Acid 5 junction [22].

Experimental results

The C1s and Si2p signal intensities and hence the number of molecular chains grafted to the oxidefree Si(111) surface remains stable over several days in UHV. The density of acid end groups obtained by XPS provides the surface coverage ( COOH = 2.0×10 14 cm -2 ). A consistent but slightly larger coverage ( C1s = 2.2×10 14 cm -2 ) is obtained from the total C1s signal (see Supplementary information). Hence, the molecular coverage is not very high, with typically 28% of the Si(111) surface atoms being used as anchoring sites. The OML thickness ( OL d = 1.0±0.1 nm) indicates formation of an alkyl monolayer with rather large average tilt angle (55°) of the chain backbone with respect to the normal direction. Si 2p spectra at large emission angles ( = 45°) show no trace of Si oxidation.

As expected for metal // n-alkyl -Si junctions using n-type silicon [7, 9, 28], strong rectification is obtained in the current-voltage characteristics of Hg // HOOC-C 10 H 25n Si junctions (Figure 1). Analysis of I (V, T) characteristics was performed by considering a Schottky barrier in series with a tunnel barrier, according to a procedure described previously   = 0.9 Å -1 is similar to that observed in other n-alkyl junctions

[3, 7].
These results as a whole show that the structure and electrical properties of the Hg // HOOC-C 10 H 25n Si junction are quite similar to previous metal-OML-Si devices reported in the literature.

In the following, guidelines are given to discriminate dipolar relaxation against space-charge layer response (Section 3.1) and to obtain the characteristic peak shape of each dipolar relaxation mechanism (Section 3.2). The frequency and dipolar strength values resulting from data analysis will be described as a function of temperature (Section 3.3) and reverse dc voltage (Section 3.4). In addition to the relaxation frequency behavior, the electrical modulus M"() representation of admittance data provides a clear criterion to discriminate the broad asymmetric relaxation mechanisms related to the OML dipolar response, defined by apparent pre-peak slope (m DH < 1) and post-peak slope (1-n DH < 1), and the symmetrical SCL peak shape (m SCL = 1, n SCL = 0).

Dipolar relaxation: peak shape analysis

Figure 3 shows several representative plots of the imaginary electrical modulus M" vs frequency (log -log scale), where five peaks are easily identified and denoted as B0, B1, B2, C, D in the order of increasing frequency values at a given temperature. In our measurement conditions, no other relaxation peak is detected in the frequency window 0.1 Hz -100 kHz.

For each relaxation mechanism, four parameters (,  DH , m DH , n DH ) are necessary to describe the complex dielectric permittivity in the framework of Dissado-Hill theory for manybody interactions in complex systems [21, 22 34, 35]:

() - ∞ () = [1-j DH ] -1+n DH × 2 F 1 [1-n DH , 1-m DH ; 2-n DH ; (1-j DH ) -1 ] / 2 F 1 [1-n DH , 1-m DH ; 2-n DH ; 1] (1)
where 2F1 ( , , ; ; ) is the Gauss hypergeometric function with 0 ≤ m DH ≤ 1 and 0 ≤ n DH ≤ 1,  DH is the peak frequency and  is the frequency. Since a large number of overlapping peaks often results in some underdetermined parameter fitting, pre-peak and post-peak slopes are obtained by the procedure described below, and set constant over a wide range of temperatures and V DC values, while the frequencies and dipolar strengths are fitted by minimizing the error function EF(,  DH , m DH , n DH ) given by the sum over the fitting range of [Ln (M " EXP / M " CALC )] 2 . Since all peaks possibly overlap, data fitting must be performed over the whole frequency range in order to obtain accurate relaxation frequencies (f X ) and effective dipolar strengths ( X ). In some conditions (e.g. large reverse voltage), a larger noise level may require additional fitting constraints. In order to impose a constant peak shape for each relaxation mechanism, we have chosen to evaluate pre-peak (m) and post-peak (n-1) slopes in some unambiguous measurement conditions, as described below. At relatively high temperature and intermediate reverse voltage (Fig. 3 A constant B1 peak shape is found for a broad T range (173 -223 K). However, a narrower B1 peak shape (m 1 = 0.80, n 1 = 0.20) must be set for data fitting at 233 K and above, otherwise the fitted dipolar strength (B2) shows a very broad random dispersion and the fitted frequency f (B2) is no longer consistent with the activated behavior observed at T ≤ 223 K; interestingly, taking into account this peak narrowing effect does not change f(B1) values but it reconciles high temperature data with the temperature-independent dipolar strength (B1) found below 213 K.

With increasing reverse voltage (Fig. In summary, pre-peak and post-peak slope values derived from the above approach and summarized in Table 1 are suitable to describe experimental results over a wide range of temperatures and V DC values. Clear departure from the constant-shape assumption only occurs in the lower temperature range, typically T < 173 K and for the post-peak B1 slope at higher temperatures, n 1 = 0.2 for T ≥ 223 K (Fig. 3 

Temperature dependence at low V DC

Using this fixed-shape analysis procedure, a consistent behavior of relaxation peak frequencies and dipolar strength is observed, as a function of measurement temperature and applied voltage.

For relaxation mechanisms B2 and C, above 180 K, relaxation peak frequencies follow a clear Arrhenius dependence on temperature, f X = f 0 X exp[-E X / kT], over two to three decades, as illustrated in Fig. 4a (V DC = -0.10 V). At low applied voltage (-0.2 V ≤ V DC ≤ 0 V), nearly constant E X values are observed: 0.38±0.02 eV (B2) and 0.46±0.02 eV (C), corresponding to preexponential factors f 0 (B2) = 2×10 11 Hz and f 0 (C) = 2×10 14 Hz. As discussed in Section 4, the activation energy is interpreted in terms of a minimal energy barrier governed by motional constraints for dipole reorientation. In contrast to mechanisms B2 and C, an Arrhenius plot of f B1 shows a pronounced curvature, with some transition near T H = 213 K; since B1 is the most intense relaxation mechanism, artifacts due to data fitting can be discarded. The weak T-dependence of f B1 observed at low T is parameterized using an apparent activation energy at low-T, E LT (B1) ≈ 0.32±0.02 eV, while the stronger variation of f B1 above 213 K is parameterized using an apparent activation energy at high-T denoted E HT (B1) ≈ 0.70±0.05 eV. Dipolar strength ( X ) decreases for peaks B2 and C as temperature decreases from 233 K to 183 K (Fig. 4b, V DC = -0.05 V). In contrast, a temperature-independent dipolar strength (B1) is found if the B1 peak narrowing effect near 233 K is taken into account. Interestingly, peak B2 vanishes ( << 0.02) below 183 K whereas (C) increases significantly, indicating again a different OML structure at very low temperature. In this low temperature range (T ≤ 183 K) some fits were also performed by constraining (B1) to its constant plateau value, confirming the vanishing strength of peak B2. (B2) increases with increasing temperature and increasing reverse voltage V DC (from 0 V to -1.0 V). The order-disorder temperature, T D , is defined by the onset of gauche or kink defect relaxation.

Reverse bias voltage dependence of dipolar relaxation mechanisms

As illustrated in Fig. 3, relaxation mechanisms B1 and B2 are sensitive to the magnitude of the applied reverse voltage. A monotonous decrease of relaxation peak frequencies with increasing reverse voltage is observed, over several decades (Fig. 5a) and the corresponding activation energy, E X , simultaneously increases. Peak B0 basically follows the same trend but only few data are available. In contrast, a very weak effect of reverse voltage is found for peak C frequency which depends essentially on temperature with constant activation energy, E C ≈ 0.46±0.05 eV eV.

Note that, as a consequence of poorer signal / noise ratio in M" data, larger error bars on fitted  X and f X values are obtained for stronger reverse voltage (-2.0 V ≤ V DC ≤ -0.4 V).

As far as dipolar relaxation strength is concerned, at large reverse bias,  X decreases for peaks B2 and C as temperature decreases from 233 K to 183 K, and the temperature-independent dipolar strength (B1) is very weakly dependent on V DC . The peculiar behavior of peak C below 183 K is maintained at large bias voltage applied to the Hg // Acid 100n-Si junction. )
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The bias voltage dependence of dipolar strength is particularly interesting for peak B2. Its monotonic decrease vs decreasing temperature (from 233 K to 183 K) is very reproducible for several low reverse voltage values, as shown in Fig. 6. At very small reverse voltage (V DC = -0.05 V), the temperature dependence of (B2) follows an Arrhenius law with activation energy of 145±10 meV. With increasing reverse voltage (-1.0 V ≤ V DC ≤ -0.2 V), a significant increase of (B2) is observed, particularly in the T range 183-213 K, along with a monotonic decrease of its apparent activation energy (typically 113 meV at V DC = -0.4 V, 60 meV at V DC = -0.6 V and nearly zero at V DC = -1.0 V). Interestingly, (B2) drops to extremely small values below T D = 175 K, for all the investigated reverse bias voltage conditions, so that good fits of M" are still obtained by setting (B2) = 0 (Fig. 3d).

Considering the temperature-activated behavior of relaxation peak frequencies, Fig. 5b shows that Arrhenius lines (extrapolated to high T) obtained at different V DC values tend to converge at a so-called "focal point" (or isokinetic) temperature, T F (B2) ≈ 243±5 K for mechanism B2. A slightly larger value is found for mechanism B1, T F (B1) ≈ 250±10 K (not shown) using the frequencies obtained at high temperature (213-233 K). This result is related to the observed linear correlation between activation energy and logarithm of pre-exponential factor, shown in Fig. 7 This discussion is built upon some concepts proposed earlier for the interpretation of admittance data: a) dipolar relaxation is a collective behaviour, where the motion of "embedded dipoles" under small bias modulation depends on spatial correlations described by the DH model Three peaks (B0, B1 HT , B2) show a significant dependence of relaxation frequency on applied reverse bias voltage; this behavior is typical of mechanism "B" in our previous analysis In contrast, a temperature-activated mechanism with bias-independent frequency, as observed for peak C, has not been reported before. In addition, the peculiar behavior observed for peak C below 183 K, namely a T-independent frequency, reminds of mechanism "A", observed in indicated by experiments and simulations [11,13,16]. Starting from such quasi-perfect conformational order, metastable non-planar defects appear with increasing temperature.

Si

In this context, it is tempting to attribute the observed increase of (B2) with increasing temperature and reverse bias voltage to some disorder or chain defect configurations; the temperature (T ≈ 150-200 K) for the appearance of gauche defects in molecular dynamics calculations coincides with the onset of peak B2 (T D ≈ 175 K) although the latter value may slightly depend on the proper choice of relaxation peak shapes. In this hypothesis, T D represents a transition temperature between the low-temperature ordered phase of the OML and the high-T phase with gradually increasing topological disorder. Conversely, the constant value of (B1) for T ≤ 233 K indicates that mechanism B1 must be attributed to a non-defective configuration, e.g. reorientation of a carboxylic acid dipole or TTTTT → TG + TG -T kink creation.

Dynamics of gauche defects in tethered n-alkane OML

It is usually considered that defects that are not energetically too costly will exist in equilibrium proportions determined by their Boltzmann factor, exp(-E D /kT). However, despite low energy difference (E = 20.9 meV) and small isomerization barrier (E TG = 138 meV) between a stable all trans conformation and a metastable gauche defect in short alkane molecules [37,38], the occurrence of isolated gauche bonds can be ruled out in n-alkyl monolayers with a moderately high coverage (typically 0.30-0.45 nm 2 footprint as compared with 0.18 nm 2 in bulk polyethylene) because the area occupied by one molecule would change significantly with the position of the gauche bond along the chain. In contrast, formation of a "kink" in an otherwise all trans chain (e.g. TTTG + TG -TTT) causes a small reduction of the end-to-end distance and leaves the planar all trans portions parallel to each other, but non coplanar [18,36,39]. Supporting this hypothesis, simulations of anchored bilayers indicate that, if not all trans, an alkane chain is expected to hold two gauche defects and that most of gauche defects are organized in pairs [36].

As far as chain dynamics in dense tethered OML is concerned, transitions must take place in relatively short chain segments causing a minimum disturbance in the orientation of the chain at either end of the segment [39] and obviously no positional change at the substrate binding site.

Transition mechanisms without motion of the end stems, such as rotation of a 3-bond sequence (TGT) or 5-bond sequence (TGTGT) around the fixed stem bonds (so-called crankshaft motions), clearly appear to require too much volume [40]. Transitions with some rotational or translational shift of molecular segments should rather be considered.

In the following, the nature of defects and relaxation mechanisms in tethered OML is discussed in relation with molecular mechanics calculations of conformational transitions (Table 2). In the molecular mechanics approach, the energy of a molecule that can change conformation and be distorted is described as the sum of the energies of its individual bonds (bond twisting, bending …) and the energies of steric interactions between different parts of the molecule and its

neighbors. An energy landscape dependent on internal coordinates (torsional angles, bond angles, bond lengths) is calculated from parameterized force fields to find a minimum energy pathway In this context, the transition observed near T H = 213 K in the behavior of B1 peak frequency, typically from E LT (B1) ≈ 0.32±0.02 eV to E HT (B1) ≈ 0.70±0.05 eV, could result from a gradual change in the preferential hydrogen-bond structure from one to two H-bonds, on average.

Considering that the energetics of the global system is the sum of van der Waals interactions between tethered alkyl chains and dipolar interactions between carboxylic acid-end groups, the ordered lowtemperature phase of the OML is governed by the former contribution which imposes stronger topological constraints on the formation of H-bonds, while van der Waals interactions between alkyl chains are probably weaker in the disordered high-T phase, leaving more degrees of freedom for the more demanding formation of carboxylic acid dimers. This transition coincides with a narrowing of peak B1 (n 1 = 0.20) above 213 K which reveals some relaxation between independent units (Debye-type, n B = 0) rather than a highly collective relaxation (n B = 1), consistent with weaker correlations between relaxing units as temperature increases.

Hydrogen bond formation between carboxylic acid-end groups and adventitious water 

Interpretation of increased activation energy with bias voltage

The decrease in peak frequency values with increasing reverse bias voltage (Fig. 5) essentially results from the increase in activation energy of the relaxation frequency. As shown in Fig. 8, Future studies of model tethered OML systems might help to discriminate these alternative concepts.

Multi-excitation entropy model

The linear correlation between activation energy of relaxation frequency and logarithm of pre- Identification of the observed mechanisms has been discussed by comparing the activation energy of relaxation frequency, considered as the barrier along the dipole reorientation path, with molecular mechanics calculations. This approach is highly valuable although modeling of matrix effects in dense OML systems is not a simple task. Attribution of peak B2 to gauche conformations organized in pairs (kinks) is consistent with both kink migration and kink inversion barriers; it explains the vanishing dipole relaxation strength below T D ≈ 175 K and the strong increase in kink defect probability with applied voltage, as expected from some electrostatic stress induced on the soft molecular monolayer. The transition temperature, T D , given by the intensity of peak B2 may be considered as the "melting point" of the low-temperature ordered phase of the OML.

Formation of some hydrogen-bond network, between carboxylic acid functionalities of the Si-Acid 100 junction, is inferred from a comparison with a similar junction bearing a low density of acid end groups. This hydrogen-bond network likely explains the additional stiffness against external electrostatic stress, revealed by weaker sensitivity of relaxation frequencies to applied voltage (for B0, B1, B2 mechanisms) and smaller longitudinal acoustic mode wavenumber of tethered n-alkane OML derived in the context of a multi-excitation entropy model. Peak B1 is attributed to carboxylic acid end groups with different hydrogen bond conformations; its activation energy shows a transition near T H = 213 K consistent with a low-temperature phase (possibly dominated by single H-bonds) and a high-T phase where preferential formation of carboxylic acid dimers could be expected. In this picture, the transition temperature, T H , given by the dynamics of peak B1 represents a useful surface probe of carboxylic acid end-group conformations.

As far as dipolar relaxation is concerned, tethered carboxylic-acid terminated n-alkyl monolayers is a complex assembly with a large variety of relaxation mechanisms. It is also a very interesting system to investigate the possible interplay between van der Waals energy due to tethered alkyl chains interactions and hydrogen-bond formation between carboxylic acid-end groups. More detailed investigations will be useful to determine the consequences of the temperature-dependent and bias voltage-dependent kink defect probability on electron transport through molecular junctions. 
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 7 . In the low forward voltage regime (0.05-0.35 V), it provides the junction ideality factor (n = 1.68±0.03) and a Tfrom the band bending in the semiconductor (space-charge layer) and from the effective attenuation of the OML tunnel attenuation length at zero applied voltage, ћ the reduced Planck's constant and m* the effective mass of electrical carriers in the OML. of the junction. Using T d = 1.0 nm, the resulting inverse attenuation length, 0
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 12 Figure 1 : Differential conductance (G) obtained by numerical derivation of I -V characteristics of the Hg // Acid 100n-Si junction.

Figure 1

 1 Figure 1 shows the differential conductance obtained by numerical derivation of I -V characteristics, between 233 and 293 K. Within a factor of two, differential conductance values match the real part of the admittance Y() plateau obtained in the low frequency limit (Figure 2.c). Since the capacitance C() remains close to 100 pF for all temperatures (Figure 2.b), the response frequency of the spacecharge layer f SCL = (G / 2 C) essentially follows the conductance variations, e.g. at 273 K, G() = 1.5×10 -9  -1 at low frequency and the imaginary electrical modulus M" shows a strong peak at f SCL = (G / 2 C) ≈ 3 Hz (Figure 2.a, V DC = 0 V).

Figure 3

 3 Figure 3 Determination of asymmetric peak shape parameters (Dissado-Hill theory, Eqn 1) for each dipolar relaxation mechanism. The red line is the peak sum fitted to data (open triangles): a) T = 223 K, V DC = -0.60 V (m 1 = 0.70, n A = 0.55). b) T = 203 K, V DC = -0.60 V (m 1 = 0.70, n 2 = 0.50, n A = 0.55) ; c) T = 203 K, V DC = -1.0 V (m 1 = 0.70, n 2 = 0.50, n A = 0.50) ; d) T = 173 K, V DC = -0.20 V (n 1 = 0.40, m A = 0.70, n A = 0.35, m C = 0.30, n C = 0.60).

  .a, T = 223 K, V DC = -0.60 V), pre-peak B1 slope (m 1 = 0.70) and post-peak C slope (n C = 0.55) are readily obtained. For all mechanisms, peak frequencies strongly decrease with decreasing measurement temperature (Fig. 3.b, T = 203 K, V DC = -0.60 V) but pre-peak and post-peak slope values remain unaffected. The B0 peak shape has been adjusted at high temperature (T = 223 K, m 0 = 0.77, n 0 = 0.25).

  Fig. 3.d, T = 173 K, V DC = -0.20 V) and the imaginary electrical modulus M" at low frequencies can be fitted using peak B1 alone, providing post-peak B1 slope (n 1 = 0.40). Under this low temperature condition, relaxation frequency of peak D has decreased near 30 kHz, which allows an accurate determination of pre-peak and post-peak D slopes (m D = 0.30, n D = 0.60). Some narrowing of peak C is also found at 173 K (Fig. 3.d, m C = 0.75, n C = 0.35) and 153 K (Table 1, m C = 0.80, n C = 0.25), possibly indicating a modified OML structure, either in alkyl chain packing or in end group conformations, at very low temperature.

Figure 4

 4 Figure 4 Temperature dependence of the dipolar relaxation frequencies f X (a) and dielectric strength (b) at small reverse voltage (V DC = -0.10 V) for peaks B0, B1, B2, C, D. The lines are Arrhenius fits to the frequency data in the range 183-223 K. A transition at T H = 213 K is observed for peak B1 frequency.

Figure 5

 5 Figure 5 a) Reverse voltage dependence of relaxation frequencies for peaks B1, B2 and C at 193, 203, and 213 K. (b) Temperature dependence of f B2 at different reverse voltage values (V DC range from -0.05 V to -1.25 V); the lines are Arrhenius fits to the data, showing the existence of a "focal point" near T F (B2) = 243 K.

Figure 6

 6 Figure 6 Dipolar relaxation strength for mechanism B2 in the Hg // Acid 100n-Si junction;

  for relaxation mechanisms B1 and B2. Similar values are obtained for the inverse slopes kT* (C) = 19.1 meV (222 K), kT* (B2) = 20.0 meV (232 K), kT* (B0) = 19.3 meV (224 K) and kT* (B1) = 20.0 meV (232 K) relevant to E HT (B1) in the high temperature range. The few data available for peak D preclude any conclusion. The physical meaning of kT F and kT* energy values (20 meV or 161 cm -1 wavenumber) will be discussed in Section 4.5, in the context of collective relaxation dynamics.

Figure 8 2 (Fig. 8 ,

 828 Figure8displays the activation energies of the relaxation frequency as a function of applied dc voltage V DC for mechanisms C (triangles), B1 (squares) and B2 (circles). The stronger sensitivity is found for peak B2, where the quadratic V DC dependence E B2 (eV) = 0.30 + 0.55 │V DC │ 2 (Fig.8, full line) at low bias is followed by some saturation at larger voltage, V DC ≤ -1.0 V. A weaker increase, from 0.7 eV to 1.0 eV, is found for E HT (B1). In contrast E C remains nearly constant, within fitting error bars, over a broad V DC range. For a more quantitative analysis, the increase of E X between 0 and -1 V, denoted W(0/-1) = E X (-1.0 V) -E X (0 V), was obtained; their respective values, W(B2) = 0.31 eV, W(B1) = 0.23 eV, W(C) < 0.10 eV, will be discussed in Section 4.4.

Figure 7

 7 Figure 7Linear correlation between activation energy of the relaxation frequency and logarithm of pre-exponential factor derived from Fig.4, for peaks B0 (stars, black), B1 (LT, diamonds, red), B1 (HT, squares, red), B2 (squares, green) and C (triangles, blue). The inverse slope is denoted kT*.

Figure 8 [ 31 ]

 831 Figure 8 Activation energy of the relaxation frequency as a function of applied dc bias voltage, V DC , for mechanisms B0 (stars, black), B1 (LT, diamonds, red), B1 (HT, squares, red), B2 (squares, green) and C (triangles, blue). For peak B2, the full line is a calculated power-law function with forced exponent value: E B2 (eV) = 0.38 + 0.29 │V DC │ 2 .

[ 34 , 4 . 1

 3441 35], b) the minimum energy required to overcome the saddle point of this dipole reorientation path is provided by elementary excitations collected from a thermal bath, as described by the multi-excitation entropy model [22], c) the increased motional constraints related to the applied reverse dc bias voltage are attributed to compression and shear stresses (e.g. induced by the complex mechanical response of the soft molecular layer to electrostatic pressure, Scheme 1 in ref. 22). Molecular dynamics simulations have shown that trans-gauche isomerization rates in anchored bilayers are slower than in lipid bilayers at the same temperature and that they increase as the bond positions approach the tail [36]. Although a distribution of relaxation rates may be expected from this description, several well defined relaxation peaks and activation energies have been found in this study. The existence of several dipolar relaxation mechanisms rather than a distribution of local activation energies is further supported by the different dependence of E X on applied bias voltage V DC (i.e. different W values). Microscopic defects such as pinholes are not considered either since they were not evidenced in scanning tunneling microscopy studies [28]. Identification of dipolar relaxation mechanisms As compared with our previous study of the Si-Acid 5 junction [22], the main novelty of this work is the large number of relaxation mechanisms observed in the experimentally available frequency window. All mechanisms (B0, B1, B2, C) show strong dependence of relaxation frequency on temperature, described by Arrhenius laws (at least above 180 K for peak C).

[ 22 ].

 22 Dipolar strength analysis shows that (B2) is temperature-dependent while (B1) is nearly constant below 233 K, in good agreement with the related peaks B1 and B2 observed in the Si-Acid 5 junction [22]. Interestingly, the apparent activation energy of (B2) in the range 183-233 K, decreases from 145±10 meV (a value matching the trans-gauche isomerization energy, E TG = 138 meV) to very small values, as the reverse bias voltage is increased (Fig. 6b). For the intermediate value V DC = -0.6 V, the apparent activation energy, 60 meV, of (B2) is similar to that found in the Si-Acid 5 junction (52 meV) [22].

-Acid 5 [ 22 ]

 522 and in aged n-alkyl Si-C12[12] junctions, which has been attributed to adventitious water molecules. Similarly, peak D at very high frequency and low T was not detected in the Si-Acid 5 junction.A first tentative identification of relaxation mechanisms among the different potential dipolar-active configurations (all-trans conformation, topological defects, carboxylic acid end groups) is based on their dipolar strength. In n-alkanes, the conformation of three-bond segments is related with three minima on the potential energy curve for the rotation around the central CH 2 -CH 2 bond axis: T, G + , G -(trans, right gauche, left gauche). The most stable all trans conformation of tethered (CH 2 ) n molecular backbones can be reached (at least locally) at low temperature, as

( 2 : 4 . 3

 243 saddle-point) along one reaction coordinate; transition rates between restricted conformational states can be obtained from vibrational partition functions of the initial and excited (saddle point) states within Eyring's transition state theory [Molecular mechanics calculations of energy barriers, E ACT , for conformational transitions in short n-alkyl chains: a) ref. 18, b) ref. 39, c) ref. 42, d) ref. 43. A weak dependence of kink energetics on environmental constraints was reported in several works [18, 39]. The kink energy is located at about 0.32 eV above the all trans conformation energy, as derived from short polyethylene chains, [18]) and the kink annihilation transition (TG + TG -T → TTTTT) has a very small energy barrier (0.084 eV) [18]. Creation and annihilation (TTTTT ↔ TG + TG -T) of kink defects have been modeled in short polyethylene (CH 2 ) n [18], poly(oxyethylene) [(CH 2 ) 2 -O] n [39] and polypropylene [42] chains. The kink creation (TTTTT → TG + TG -T) barrier was estimated at 0.38 eV in C 14 H 39 linear chains [18], a value larger than twice the isomerization barrier E TG (0.28 ev); in contrast, significantly smaller values (0.18-0.23 eV) were derived for linear chains containing ester bonds [39] or polypropylene [42].Energetics and transition barriers have also been investigated for different kink motions, e.g. kink migration (TTG + TG -↔ G + TG -TT) or kink inversion (TG + TG -T ↔ TG -TG + T)[39,[START_REF] Bartos | [END_REF]43]. Kink migration consists in a longitudinal motion by two CH 2 units along the polyethylene backbone which leaves the remainder of the chain conformation entirely unaffected. A wide range of kink migration barriers (0.20-0.42 eV) has been reported, depending on the degree of correlation between successive bond angle rotations (e.g. TTG + TG -→ TTTTT → G + TG -TT). A large matrix effect was also reported with a typical 0.15 eV increase in the kink migration barrier [43]. Kink inversion (or flip-flop motion) has been proposed as the dominant mechanism for the  relaxation at low temperature in polyethylene [18, 40]. By exchange of the senses of the gauche bonds (TG + TG -T ↔ TG -TG + T), a kink is converted into its mirror image [40]. Kink inversion does not involve any change in the chain length but rather a translational shift of one of the chain stems (on the tail side in the case of a tethered chain) with respect to the other, which implies some interactions with the neighbor molecules. The kink inversion barrier (TG + TG -T ↔ TG - TG + T) was estimated at 0.42 eV in C 14 H 39 chains [18], a value very similar to the kink creation barrier. In summary, large calculated barriers above 0.5 eV only appear when strong matrix effects are explicitly included in the modeling of kink defect energetics. Several kink motion mechanisms, with barriers in the range 0.38-0.46 eV, are consistent with experimental activation energies for peaks B2 and C. This result comforts the attribution of B2 relaxation to some kink inversion or translation mechanism. Dynamics of carboxylic acid tails in tethered n-alkyl OML Since peak C was not observed in the Si-Acid 5 junction, it should rather be attributed to the dynamics resulting from the carboxylic end groups. A similar statement can be inferred from the curvature in the Arrhenius plot of peak B1 relaxation frequency, a feature lacking in the Si-Acid 5 junction. Simulations indicate that two types of effects can be expected in carboxylic acid-terminated nalkyl OML: a) in addition to van der Waals interactions between alkyl chains (80 meV / methylene unit [44]), dipolar and H-bonding interactions occur between carboxylic acid-end groups, b) the formation of H-bond networks is accompanied by a high fraction of gauche conformations in the last two dihedral angles and by bending of the alkyl chains [14]. Interestingly, the activation energies observed at low V DC for peak B1 (0.32 and 0.71 eV) nearly coincide with the electrostatic part of the interaction energy, respectively for a single H-bond (0.26-0.32 eV) and for a gas phase dimer (0.72 eV) formed between two short carboxylic acidterminated n-alkyl molecules [44]. In carboxylic acid-functionalized SAMs, molecular dynamics simulations of hydrogen-bond structure and dynamics have shown that roughly half of all adjacent acid groups are involved in hydrogen bonds [45]; additional H-bonding interactions may also occur with physisorbed water molecules [46] and COOH end-groups are expected to promote the penetration of water molecules [31].

  molecules is a good candidate to explain the presence of mechanism C in the Si-Acid 100 junction, for three reasons. First, in contrast with all other observed mechanisms, peak C shows a very small increase in the activation of relaxation frequency with applied reverse voltage, showing weak coupling of the transition strain with electrostatic stress, as explained in Section 4.4. Second, peak C follows a similar coupling with elementary excitations of the (CH 2 ) n backbone (as discussed in Section 4.5) which would be surprising for other mechanisms such as water-water H-bond interactions. Third, a temperature-activated mechanism with bias-independent frequency, has not been observed in the Si-Acid 5 junction; in contrast mechanism "A", attributed to adventitious water molecules, was characterized by both bias-independent and T-independent frequency over the same temperature range[22].

  variable sensitivity, W(B2) > W(B1) > W(C) in descending order, is found for the different mechanisms in the Si-Acid 100 junction.Considering the kink motion mechanism (B2), the V DC dependence found in the Si-Acid 100 junction can be expressed using a forced quadratic approximation: E B2 (eV) = 0.38 + 0.31 │V DC │ 2 as compared with E B2 (eV) = 0.32 + 0.90 │V DC │ 2.5 in the Si-Acid 5 junction [22]. This large difference is consistent with some mechanical rigidity against compressive stress brought by the hydrogen-bond structure, both in the ordered low-temperature phase (dominated by single Hbonds) and in the disordered high-T phase (carboxylic acid dimers).Two alternative points of view may explain this increased energy required for defect reorientation when electrostatic pressure is increased: a) the interaction with surrounding molecules may increase as a result of electrostriction (global tilting of chain backbones); this suppression of some degrees of freedom of molecular segments imposes motional constraints (or a decrease of the "free volume") and increases the saddle point energy along the defect reorientation path.b) the work performed by defect reorientation in the presence of stress (normal and shear stress arising from electrostatic pressure) adds to the no-stress energy barrier. Parameter W is interpreted according to Boyd's statement: "each site or state of a defect has its own strain field; reorientation of a defect from one site to another changes the strain. When this is done in the presence of a stress imposed on the specimen, work is done"[START_REF] Boyd | Molecular basis of transitions and relaxations[END_REF]. Indeed, the formation of a kink from an initial all trans chain fragment results in a shortening of the fragment which will lead to strains in the remainder of the chain and also in the surrounding lattice[18,39]. Similarly, kink inversion into its mirror image gives rise locally to a change in conformation that can be propagated through the specimen as a shear strain field[40]. In this picture, the amount of work performed for each mechanism must thus depend on the relative orientation of strain change and stress.

5 Conclusion

 5 exponential factor, observed previously in the Si-Acid 5 junction [22], is confirmed in the Si-Acid 100 junction. Characteristic inverse slope values are quite similar for mechanisms B0 (224 K), B1 (232 K), B2 (232 K) and C (222 K). Along with the existence of an isokinetic temperature (T F ≈ 243±5 K for mechanism B2), this "compensation law" is interpreted using a thermodynamic description of the dipole reorientation path strongly coupled with elementary excitations collected from a thermal bath [48]. This behaviour has been taken as manifestation of a strong coupling of dipolar-active mechanisms with the longitudinal acoustic mode (LAM-1, bending vibration) of the C 12 alkyl chain [22].In this work, the characteristic wavenumber of 161 cm -1 , corresponding to energy value the kT* = 20 meV), is significantly lower than both wavenumber (227±10 cm -1 ) found in the Si-Acid 5 junction [22] and calculated longitudinal acoustic modes (LAM) of a tethered C 12 alkyl chain[49]. Since the chain length is essentially the same in Si-Acid 100 and Si-Acid 5 junctions, the most likely explanation for this low LAM frequency value is the rigidity introduced at chain ends by the hydrogen bond network[14,31,45] formed between the carboxylic acid end groups. This work addresses the microscopic origin of dipolar relaxation peaks observed in admittance characteristics of Hg // HOOC-C 10 H 25n Si junctions. A collective behavior of dipole dynamics in alkyl chains tethered to Si(111) is inferred from non-Debye asymmetric relaxation peak shape and strong coupling of the dipole relaxation path with longitudinal acoustic vibrations of the nalkyl monolayer.

Figure 1 :

 1 Figure 1 : Differential conductance (G) obtained by numerical derivation of I -V characteristics of the Hg // Acid 100n-Si junction.

Figure 2

 2 Figure 2 Temperature dependence of the admittance of the Hg // Acid 100 -Si junction (V DC = 0 V): a) imaginary electrical modulus M"() ; b) capacitance C() ; c) real admittance G(). A clear discrimination between space-charge layer and OML dipolar relaxations appears in the electrical modulus representation. A larger noise level is found at the grid frequency (50 Hz).

Figure 3

 3 Figure 3 Determination of asymmetric peak shape parameters (Dissado-Hill theory, Eqn 1) for each dipolar relaxation mechanism. The red line is the peak sum fitted to data (open triangles): a) T = 223 K, V DC = -0.60 V (m 1 = 0.70, n A = 0.55). b) T = 203 K, V DC = -0.60 V (m 1 = 0.70, n 2 = 0.50, n A = 0.55) ; c) T = 203 K, V DC = -1.0 V (m 1 = 0.70, n 2 = 0.50, n A = 0.50) ; d) T = 173 K, V DC = -0.20 V (n 1 = 0.40, m A = 0.70, n A = 0.35, m C = 0.30, n C = 0.60).

Figure 4

 4 Figure 4 Temperature dependence of the dipolar relaxation frequencies f X (a) and dielectric strength (b) at small reverse voltage (V DC = -0.10 V) for peaks B0, B1, B2, C, D. The lines are Arrhenius fits to the frequency data in the range 183-223 K. A transition at T H = 213 K is observed for peak B1 frequency.

Figure 5 a

 5 Figure 5 a) Reverse voltage dependence of relaxation frequencies for peaks B1, B2 and C at 193, 203, and 213 K. (b) Temperature dependence of f B2 at different reverse voltage values (V DC range from -0.05 V to -1.25 V); the lines are Arrhenius fits to the data, showing the existence of a "focal point" near T F (B2) = 243 K.

Figure 6

 6 Figure 6Dipolar relaxation strength for mechanism B2 in the Hg // Acid 100n-Si junction; (B2) increases with increasing temperature and increasing reverse voltage V DC (from 0 V to -1.0 V). The order-disorder temperature, T D , is defined by the onset of gauche or kink defect relaxation.

Figure 7 4 ,

 74 Figure 7Linear correlation between activation energy of the relaxation frequency and logarithm of pre-exponential factor derived from Fig.4, for peaks B0 (stars, black), B1 (LT, diamonds, red), B1 (HT, squares, red), B2 (squares, green) and C (triangles, blue). The inverse slope is denoted kT*.

Figure 8

 8 Figure 8Activation energy of the relaxation frequency as a function of applied dc bias voltage, V DC , for mechanisms B0 (stars, black), B1 (LT, diamonds, red), B1 (HT, squares, red), B2 (squares, green) and C (triangles, blue). For peak B2, the full line is a calculated power-law function with forced exponent value: E B2 (eV) = 0.38 + 0.29 │V DC │

Table 1 :

 1 Shape analysis of the dipolar relaxation peaks: pre-peak slope (m DH ) and post-peak slope (n DH -1) are given by Eqn. 1. A constant shape is found for a broad T range (173 -223 K) while a narrowing of B1 peak shape occurs above 233 K.

	Temperature	m 0	n 0	m 1	n 1	m 2	n 2	m C	n C
	range								
	T ≥ 233 K	0.77	0.25	0.80	0.20	0.40	0.50	0.70	0.55
	173 K -223 K	0.77	0.25	0.70	0.40	0.40	0.50	0.70	0.55
	153 K	0.70	0.60	0.70	0.30	0.40	0.50	0.80	0.25

.a).

CPS)Binding energy (eV)
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SUPPLEMENTARY INFORMATION

XPS spectra for the

Si 2p

XPS signal (10