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Electrical transport through molecular monolayers being very sensitive to disorder effects,

admittance and current density characteristics of Hg//C12H25 – n Si junctions incorporating

covalently bonded n-alkyl molecular layers, were investigated at low temperature (150–300 K), in

the as-grafted state and after ageing at the ambient. This comparison reveals local oxidation effects

both at the submicron scale in the effective barrier height distribution and at the molecular scale in

the dipolar relaxation. In the bias range dominated by thermionic emission and modified by the

tunnel barrier (TB) attenuation, expð�b0dTÞ, where dT is the thickness of the molecular tunnel

barrier and b0 is the inverse attenuation length at zero applied bias, some excess current is

attributed to a distribution of low barrier height patches. Complementary methods are used to

analyze the current density J(V, T) characteristics of metal-insulator-semiconductor tunnel diodes.

Assuming a Gaussian distribution of barrier heights centered at qUB provides an analytical

expression of the effective barrier height, qUEFFðTÞ ¼ qUB þ ðkTÞb0dT � ðqdUÞ2=2kT; this allows

fitting of the distribution standard deviation dU and tunnel parameter ðb0dTÞ over a wide

temperature range. In a more realistic modeling including the voltage dependence of barrier height

and circular patch area, the so-called “pinch-off” effect is described by a distribution of parameter

c ¼ 3ðDPR2
P=4Þ1=3

, which combines interface potential modulation and patch area variations. An

arbitrary distribution of c values, fitted to low-temperature J(V) data, is equally well described by

Gaussian or exponential functions. Ageing in air also increases the interface oxidation of Si

substrate and affects the density of localized states near mid gap, which typically rises to the

high 1011 eV�1 cm�2 range, as compared with DS < 1011 eV�1 cm�2 in the as-grafted state. The

bias-independent relaxation observed near 1 kHz at low temperature may be attributed either to

dipoles in the alkyl chain induced by the strong permanent dipoles of interface silicon oxide or to a

local relaxation of water molecules trapped at the OML/silicon interface. The respective roles of

SiO2 formation and water physisorption on the decrease of patch barrier height are also discussed.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4767121]

I. INTRODUCTION

The development of metal-insulator-semiconductor (MIS)

junctions with ultra-thin insulator (dT < 3 nm) has stimulated

the study of new insulating materials, such as high band gap

saturated organic molecules (e.g., n-alkyl molecules).1–6 In the

last two decades, important progress has been made in the con-

trolled covalent grafting of molecular monolayers on semicon-

ductors.7–10

The organization of linear molecules in quasi-2D assem-

blies is the result of a delicate interplay between substrate-

adsorbate interactions and lateral intermolecular (electrostatic,

van der Waals) interactions.11,12 Strong covalent grafting pro-

duces robust assemblies, however irreversible binding to the

semiconductor substrate may lead to substantial fluctuations

in molecular packing density and formation of domains with

variable average orientation.1,13,14

In spite of the intrinsic topological disorder of organic

monolayers (OML) covalently bound to semiconductor (SC)

surfaces, electrical transport properties of such M–OML–SC

devices have been widely studied15–37 due to their relatively

low density of electrically active defects at the OML—Si inter-

face, at least in their as-grown state.28,32,34,38–42 Linear satu-

rated (n-alkyl) chains play the role of a nanometer-thick tunnel

barrier (TB); however steric molecular constraints do not allow

a full passivation of Si(111) surface sites, which remain subject

to post-grafting oxidation at the ambient.43–49 Substrate oxida-

tion due to oxygen molecule penetration through the OML

occurs at increasing rates with decreasing chain length, indicat-

ing increasingly poor organization or porosity of the alkyl

chains layer.12 Preferential post-grafting oxidation (Fig. 1) is

expected at specific areas with either lower molecular coverage

or higher molecular disorder; hence, physically adsorbed

oxygen-containing species can be trapped within the organic

film or bound to the pinholes.49

As a consequence, a large dispersion in electrical prop-

erties of the corresponding devices is expected and has

been observed.19,35–37 In the particular case of macroscopic
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(mm size) molecular junctions obtained by covalent bonding of

a nanometer-thick molecular monolayer to a semiconducting

substrate, different sources of fluctuations with possible influ-

ence on transport properties have been reviewed. They include:

(i) upper electrode non uniformity including formation of con-

ducting filaments through the insulating layer;17 (ii) non uni-

formity in OML thickness resulting from low coverage, poor

organization, and variable tilt angle of the molecular layer;19,35

(iii) spatial dependence of some induced density of states in the

molecular layer band gap due to the strong covalent bonding

with underlying metal or semiconductor;20,27 (iv) fluctuation of

flat-band voltage24 due to spatial dependence of either top elec-

trode work function (e.g., due to metal oxidation), or Si electron

affinity (e.g., due to semiconductor oxidation), or else molecu-

lar dipole density; (v) non uniform oxidation of the bottom

metal or semiconductor creating interface traps which can be

detected by specific trap assisted tunneling signature in noise

dynamics or in C-V characteristics;21,28,32–34 (vi) redox effects

consisting in charge transfer33,50 from the semiconductor to the

adventitious water layer which is present on any surface at the

ambient, with some preferential water physisorption being

expected on oxidized hydrophilic regions.

This work addresses the role of monolayer quality through

a comparison of the temperature dependence of electron trans-

port over a wide temperature range, before and after ageing in

air. Hence, non uniformity in OML thickness (problem (ii)) and

induced density of states (problem (iii)) are not expected to be

strongly affected by the ageing process, since X-ray photoelec-

tron spectroscopy (XPS) gives evidence of constant alkyl mole-

cule coverage. Furthermore, problem (i) can be discarded due

to the high surface energy of Hg (top electrode).19

In contrast, a broadening of the distribution of potential

barrier fluctuations can be expected after ageing, as a result

of preferential oxidation of silicon substrate in areas with

smaller alkyl molecule coverage or increased disorder in the

molecular packing. In addition, hydrophilic silicon oxide

regions may also favor the physisorption of polar water mol-

ecules and contribute to modify the interface potential.51 In

order to get some insight in the dynamics of the molecular

monolayer/SiO2/Si system, this work investigates the dipolar

relaxation signature of chemisorbed and physisorbed polar

moieties over a broad electrical bias and temperature range.

Most of previous current-voltage (I–V) characteristics of

molecular MIS tunnel junctions (M–OML–SC) have been

analyzed assuming homogeneous barrier height over a mac-

roscopic contact area (typically a few 10�3 cm2). For exam-

ple, in a previous work, we have investigated the voltage

partition in a rectifying Hg//C12H25 – n Si(111) tunnel junc-

tion in the forward bias regime. Rather than using

“nominally identical” junctions with variable chain length

(dT), the tunnel barrier attenuation, expð�b0dTÞ, was derived

from the temperature dependence of the apparent saturation

current or effective barrier height

qUEFFðTÞ ¼ qUB þ ðkTÞb0dT; (1)

in the thermionic emission (TE) regime.32 Such hypothesis

may be reasonable near room temperature, but clear indica-

tions of some excess current, as compared with the theoretical

thermionic current with a single barrier height, are observed at

low applied bias and low temperatures.

Such excess current resulting from non-uniform

Schottky contacts has extensively been reported in electronic

device literature.52–64 A realistic model for calculating (I–V)

characteristics considers a distribution of low barrier height

patches ðqUHOM
B � DPÞ embedded in an extended region of

homogeneous but larger barrier heights ðqUHOM
B Þ. When the

Schottky barrier height varies with large amplitudes on small

lateral length scale, the conduction path in front of a patch

with low barrier height is partially blocked by the presence

of high barrier height patches in its close proximity. When

this “pinch off” occurs, the potential at a “saddle point” in

front of the low barrier height patch determines the transport

properties. The condition for “pinch off,” DP

Vbb
>

2RP

W , is

obtained from the potential profile equation, where Vbb is the

total band bending, W is the width of the space charge layer,

RP is the patch radius, and ðqUHOM
B � DPÞ is the potential

right at the interface.

Accurate modeling should include this so-called “pinch-

off” effect, by taking into account the voltage dependence of

both barrier height at the saddle point and effective patch

area.54,55,59,60 In the dipole approximation, valid for a circu-

lar patch radius RP smaller than the width of the space

charge layer, W, the local barrier height

qUSAD
B ¼ qUHOM

B � 3qVbb

DPR2
P

2VbbW2

� �1=3

; (2)

is thus intermediate between the values qUHOM
B of the sur-

rounding homogeneous area and ðqUHOM
B � DPÞ of the patch

right at the interface.54,55,59,60 For a circular patch, the cur-

rent is thus governed by the interface band bending, Vbb, and

the patch parameter c ¼ 3ðDPR2
P=4Þ1=3

. Note that the term

related to the tunnel attenuation, ðkTÞb0dT in Eq. (1), is

assumed to be independent of the patch barrier height.

As will be shown in Sec. III, a wide temperature range

is crucial to assess the role of inhomogeneous barrier height

distribution on the transport characteristics of tunnel MIS

diodes. Hence, admittance and current density characteristics

of Hg//C12H25 – n Si junctions were characterized either in

their as-grown state or after ageing at the ambient, and the

FIG. 1. Schematic C12H25 – n-Si assembly after ageing describing surface

oxidation at specific regions with low molecular coverage, along with pref-

erential water molecule adsorption.
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measurement temperature range was extended to 153 K, well

below the Hg freezing temperature (234 K) as compared

with previous studies on similar molecular devices.32 Oxida-

tion effects at the Si/OML interface are used to emphasize

the role of imperfections in the monolayer organization; dc

and ac electrical transport characteristics reveal local oxida-

tion effects both at the submicron scale (effective barrier

height distribution and average density of electronic states

localized at the Si/OML interface) and at the molecular scale

in the dipolar relaxation dynamics.

Section II describes the experimental methods, including

XPS characterization of OML coverage and surface oxidation,

dc and ac electrical transport. Section III reports the current

density J(V, T) and admittance Y(V, T, x) characteristics

measured as a function of temperature, T, and dc voltage, V;

admittance is measured in a wide frequency range (3� 10�2

to 107 Hz) in order to investigate the dynamic characteristics

of the tunnel barrier, the space charge region, the interface

traps, and the relaxation of dipoles at the molecular scale.

In Sec. IV, lateral interface potential inhomogeneities in

Hg//C12H25 – n Si(111) junctions will be described quantita-

tively using two complementary methods for the analysis of

dc current density J(V, T) characteristics: (i) Model A assumes

a Gaussian distribution of Schottky barrier height values and

neglects any “pinch-off” effect: this rough approximation pro-

vides an analytical T-dependence of the effective barrier

height (Eq. (1) is thus modified) giving the homogeneous

thermionic emission barrier height, qUHOM
B , and distribution

width; (ii) Model B includes the “pinch-off” effect: the homo-

geneous thermionic emission barrier height, qUHOM
B , and an

arbitrary distribution qiðciÞ of c values across the contact area

can be derived from fitting a low-temperature J(V) character-

istics; the shape (exponential or Gaussian) and width of the

qiðciÞ distribution are discussed for the aged junction, in rela-

tion with the flat band voltage and the bias-dependence of the

apparent ideality factor in J(V, T) data.

In Sec. V, the admittance measurements are compared

with the theoretical response of a non equilibrium tunnel

junction including the density of electrically active interface

defects.34,65,66 The physical origin of some bias-independent

dipolar relaxation observed at low temperature is also

addressed in relation with interface oxide and possible water

physisorption effects.

II. EXPERIMENTAL

Covalent grafting of linear alkene molecules on hydro-

genated Si(111):H surfaces using a UV-assisted liquid phase

process was described previously.32 A low-doped n-type Si

(qS¼ 1-10 X cm, Siltronix) has been chosen to obtain recti-

fying junctions.18,23 The Hg//C12H25 – n Si(111) junctions

were characterized in the as-grafted state and after long term

ageing at the ambient for 18 months. The C12H25 – n Si(111)

surface was characterized by XPS immediately before dc

and ac electrical transport measurements.

A. X-ray photoelectron spectroscopy

The alkyl molecular coverage (ROML) and silicon oxida-

tion were characterized by XPS after a few minutes exposure

to the ambient and after ageing, using a Mg Ka (1253.6 eV)

anode source and Omicron HA100 electron energy analyser

(1.0 eV resolution). The thickness, dOML, of the molecular

layer immobilized on the Si surface was derived from the

attenuation [Si 2p]grafted/[Si 2p]bare¼ exp(�dOML/kOML cosa),

with an inelastic mean free path value kOML¼ 3.5 nm (for

Si2p photoelectrons) typical of a dense molecular layer.67,68

After ageing, the oxide thickness, dOX, was derived from the

relative intensities of the Si2p bands at 103 eV (SiO2) and

99 eV (Si) binding energies, assuming a homogeneous cover-

age of the Si substrate and using (dOX/LSiO2 cosa)¼Ln

[1þR0
�1([Si2p]SiO2/[Si2p]Si)] with R0¼ 0.76 6 0.2 and an

attenuation length LSiO2¼ 2.923 nm in silicon oxide for a Mg

Ka source.69

B. Electrical transport measurements

Surfaces modified by a molecular monolayer were probed

using a mercury top electrode (contact area S¼ 5� 10�3 cm2)

to avoid electrical shorts through possible pinholes in the

OML. A parallel plate home-made Teflon cell, compatible

with Hg, was used for current density J(V, T) and admittance

Y(V, T, x) measurements, as described previously.32 The cell

was placed in a cryostat under dry nitrogen flow to avoid

water condensation and to minimize surface oxidation during

measurements. A solid Hg electrode is obtained in the low

temperature range (153 K<T< 234 K) useful to assess the

role of inhomogeneous barrier height distribution in the trans-

port characteristics of Hg//C12H25 – n Si junctions.

The top contact to the OML was taken through a Pt wire

and a fresh Hg drop (99.999% Fluka), and an ohmic back

contact was obtained by applying Ag paste on the scratched

Si backside. A Keithley 6487 picoammeter was used for J(V)

data acquisition using alternatively positive and negative

polarities. Admittance measurements were carried out with

a frequency response analyzer (Alpha-A High Resolution

measurement system, Novocontrol Technologies) in two

runs (VAC¼ 10 mV): a voltage sweep (step 25 mV) and a fre-

quency sweep (range 3� 10�2 Hz to 1� 107 Hz), to study

the measured complex admittance, Y(V, T, x)¼Gmþ jxCm,

against voltage, V, and frequency, x/2p. The Teflon cell ca-

pacitance (CPAR¼ 4.9 pF) was subtracted to obtain Cm. At

each temperature, the series resistance RS can be derived

from the high frequency value of the real part of the imped-

ance, RS¼Gm/(Gm
2þx2Cm

2).70 Tunnel junction electrical

response and dipolar relaxation of molecular moieties were

tentatively discriminated using the temperature and bias

dependence of their respective characteristic frequencies.

III. RESULTS

The optical thickness dOML¼ 1.45 nm is consistent with

previous reports and with the length of the C12 n-alkyl mole-

cule, including some tilt-angle of about 30�.10 We will show

that, although the molecular coverage is not optimized,71 dc

electrical characteristics are fully consistent with device-

quality junctions reported in previous work. We have chosen a

device representative of the average of the conductance distri-

bution in order to observe chemical and electrical changes

brought by long term (18 months) ageing in ambient air.
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A. Surface oxidation

Immediately after dodecyl grafting, no SiO2 component

could be observed near 103 eV on Si2p spectra taken at an

emission angle a¼ 45� (Fig. 2(a)). Considering some uncer-

tainty in the Si2p peak baseline, an upper limit of

RSiO2� 1� 1014 cm�2 (0.05 nm) can be estimated for the as-

grafted C12H25 – n Si assembly before ageing. The optical

thickness dOML¼ 1.45 nm and the molecular coverage

ROML¼ 2.3� 1014 cm�2 both indicate grafting of a rather

dense C12 monolayer. After 18 months ageing at the ambi-

ent, a strong SiO2 component is observed near 103 eV bind-

ing energy (BE) (Fig. 2(a), inset), corresponding to 0.17 nm

of SiO2 (2.3 g.cm�3), which represents an average surface

density, RSiO2¼ 4� 1014 cm�2, i.e., about half a monolayer

of oxidized Si4þ atoms. The alkyl molecular coverage

remains unchanged after ageing, as shown by similar values

of the ratio of C1s to Si2p intensities before (0.78) and after

(0.75) ageing.

Considering the well-known overlap of O1s bands

which result from different chemical environments, decom-

position of the broad unstructured O1s peak (Fig. 2(b))

would be somewhat arbitrary; in contrast with previous anal-

ysis,33 at least three components (SiO2, OH, H2O) are

expected for an accurate decomposition of O1s spectra of the

OML/SiO2/Si system. In this context, a comparison of XPS

spectra before and after ageing is very helpful. Since no SiO2

is observed in the Si2p core level of the as-grafted state, the

peak at a binding energy of 532.4 eV is attributed to adventi-

tious adsorbed OH species.72 After ageing, the O1s peak

maximum shifts to higher binding energy; the difference

spectrum (circles in Fig. 2(b)) reveals an increase of the low

BE component (shoulder at 532.1 eV) and a new component

at 533.0 eV, which is attributed to both interface oxide

(SiO2)73,74 and possibly water molecules,72,75 which can be

more strongly adsorbed than the dioxygen molecule. The

total O1s signal intensity is larger than the amount expected

from a SiO2 stoichiometry for the interfacial oxide alone, by

a factor of 1.7; neglecting the attenuation by the molecular

layer, the amount of adventitious adsorbed OH and H2O

molecules is thus comparable to the surface density of oxi-

dized Si atoms.

B. DC electrical transport

Since transport properties of molecular junctions are

extremely sensitive to molecular monolayer quality, the dis-

tribution of conductance in either reverse or forward bias

regimes may give some indication about the dominant source

of inhomogeneity.19,35–37 Figure 3 (inset) shows the distribu-

tion of conductance, G¼ dJ/dV, values measured in reverse

bias (0 V) and forward bias (þ1 V) regimes, for fresh C12

junctions prepared in nominally identical conditions. The

average values and typical distribution over one decade found

for G (rev.)¼ 0.8-10� 10�7 X�1 cm�2 and G (fwd.)¼ 0.07-

0.7 X�1 cm�2 are fully consistent with device-quality junc-

tions reported in previous work.

For this comparative analysis of local oxidation effects

in the effective barrier height distribution, before and after

ageing, we have chosen a device representative of the aver-

age of the conductance distribution (Figs. 3 and 4). Measure-

ments were performed successively at points A (immediately

after XPS analysis) and B (one week later), to check for data

repeatability.

Details of the current density J(V, T) characteristics of

the Hg//C12H25 – n Si(111) junction in the as-grafted state

were reported previously,32 including the strong rectification

FIG. 2. XPS spectra (a¼ 45�) of a C12H25 – n-Si surface in the as-grafted

state and after ageing at the ambient (18 months): (a) Si 2p core level, (b)

O1s core level. The oxide component at 103.0 eV represents 6.2 at. % of the

total Si2p intensity. The main component appears at 533.0 eV (H2O and

SiO2) in the O1s difference spectrum, with a shoulder at 532.1 eV (adventi-

tious adsorbed OH).

FIG. 3. Current density J(V) characteristics (293 K) of the Hg//C12H25 – n-Si

junction in the as-grafted state (0) and after ageing at points (A) and (B).

Inset: distribution of conductance values in the as-grafted state in depletion

(0 V) and accumulation (þ1 V).
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(R¼ JFWD(V)/JREV(-V)> 106 at 6 1 V, 293 K) and the large

value of the apparent ideality factor (n ¼ 1:45 at 293 K,

increasing towards n� 2 at lower temperatures) (Fig. 3). The

temperature dependence of J(V) characteristics at low bias is

described by a TE mechanism, above a barrier UB with an

ideality factor, n,

IðVÞ ¼ A�ST2 expð-b0dTÞ expð-qUB=kTÞ expðqV=nkTÞ
� ½1� expð�qV=kTÞ� ; (3)

where A* is the Richardson constant (A*¼ 112 A cm�2 K�2

for n-type Si), q the electron charge, k the Boltzmann con-

stant, T the temperature, and S the Hg drop contact area.

Here, b0 ¼ 2ð2m�UT=�h2Þ
1
2 is the inverse attenuation length at

zero applied bias, �h the reduced Planck’s constant, and m*

the effective mass of electrical carriers in the OML. The

effective barrier height, UEFF, is derived in the forward bias

range where J(V) is exponential, typically 0.15–0.35 V above

243 K, and 0.25–0.45 V below 173 K. Above 243 K, UEFFðTÞ
follows a linear T-dependence (“0” data in Fig. 5); analysis

neglecting any barrier height distribution (Eq. (1)), provides

values of b0dT¼ 13.5 6 0.2 and qUB¼ 0.53 6 0.05 eV in the

as-grafted state.32

At high forward bias (V> 0.6 V), saturation in J(V) and

weak temperature dependence of J(T) indicate that the current

becomes limited either by the TB or by some contact resist-

ance, rather than by the TE barrier inside the semiconductor.

In addition, current limitation in the high forward bias range,

near 1.5 V, indicates that the series resistance increases with

decreasing temperature (Fig. 4). This behavior is typical of

rectifying Hg//OML – n-type Si MIS tunnel junctions investi-

gated previously.18,23,24

Fig. 3 shows that ageing in air results in a strong modifi-

cation of the J(V) characteristics at 293 K: (a) the forward

bias current in the tunnel regime (0.6–1.0 V) has decreased

by more than one decade (point A), as expected for a thicker

tunnel barrier due to the SiO2 interface; (b) the exponential

current in the TE regime (0.0–0.5 V) is strongly bent with an

increasing apparent ideality factor; and (c) the reverse bias

current has increased by a factor of 20 (point B).

At low temperatures (Fig. 4), J(V) characteristics clearly

reveal an excess current, as compared with the theoretical

thermionic emission current with a single barrier height. A

quantitative analysis in terms of a barrier height distribution

(Figs. 5 and 6), responsible for a high apparent ideality fac-

tor, will be discussed in Sec. IV.

C. AC electrical transport

The band bending in the semiconductor and the Schottky

barrier height can also be derived from a Mott-Schottky

plot of the junction capacitance, since a linear dependence of

FIG. 4. Temperature dependence of J(V) characteristics for the Hg//

C12H25 – n-Si junction after ageing (point A).

FIG. 5. Effective barrier height (symbols) derived from the exponential part

of J(V) at low forward bias, and fitting of UB, b0dT, and dU (Eq. (4)) to

UEFFðTÞ data. Equation (1) has been used for the as-grown state (0).

FIG. 6. (a) Experimental J(V) at low forward bias after ageing (point A: 183 K,

253 K, and 293 K) and simulation of J(V) data at 183 K using RS¼ 50 X cm2,

S¼ 5� 10�3 cm2, qUB¼ 0.7 eV, b0dT¼ 12, n¼ 1, and the distribution qi (ci)

shown by squares in (b).
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C�2 vs V is expected when the space charge layer capacitance

is much smaller than the insulator capacitance, Ci. The flat

band voltage of the Hg//C12H25 – n Si junction, obtained as

the V-axis intercept (at high frequency, 1 MHz to 100 kHz,

not shown), decreases from VFB¼ 0.68 6 0.03 V in the as-

grafted state to smaller values (0.62 V and 0.30 V for points A

and B, respectively) for the aged junction.

Immediately after grafting, no capacitance hysteresis is

observed in a cyclic voltage scan, from 0 V to �4 V (depletion)

to þ0.8 V (accumulation near flat band conditions) to 0 V.32

After ageing, hysteresis appears at low frequencies, below 10

Hz, in the forward bias range (not shown). The capacitance at

reverse bias (V< 0 V) is low, CREV¼ 10–20 pF (2–4 nF cm�2),

at all frequencies, showing the formation of a depletion layer.

Complex admittance Y*(x)¼Gþ jxC (for a parallel R-

C circuit) as a function of the angular frequency, x¼ 2pf,
may also be analyzed using the complex electrical modulus

M*¼ (e*)�1, which conveniently provides peaks in the

imaginary modulus, M*(x), at the characteristic device

frequencies.32 Low temperature admittance reveals two bias

dependent peaks (Fig. 7) and one bias-independent response

(discussed in Sec. V B).

Two bias dependent peaks are expected from a kinetic

modelling of the MIS tunnel diode, based on kinetic equa-

tions for a non equilibrium junction, as reported elsewhere;34

in a first approximation, f1¼ (G/2pC) and f2¼ (1/2ps) corre-

spond, respectively, to the space charge layer barrier and to

the tunnel barrier characteristic frequencies. The model

shows that both intensity and frequency of M*(x) peaks are

influenced by the dc current density and the density of inter-

face states, DS, in the Si band gap.

Experimentally, the f1 peak frequency increases with

applied bias; at 173 K, it appears only in the forward bias re-

gime where G becomes large enough; it has a large maxi-

mum peak value (M00MAX), which decreases with increasing

bias because the C value increases. In contrast, the f2 peak is

not seen in our experiments although its intensity should be

large for a high density of interface states in the aged state; it

might not be observed if s< 10�7 s. The small bias depend-

ent response at low frequency (fP) could result from some

modulation of the patch current through modulation of posi-

tion and height of the saddle point in front of the low inter-

face barrier; this hypothesis is supported by the broad

character of this low frequency response.

In the aged state, Fig. 7 also reveals an additional weak

peak near 2 kHz, which remains independent of applied bias

over a broad range, from �0.8 V to þ0.4 V. This peak fre-

quency fDIP has a very small temperature dependence, less

than a factor of 3 in the range 134–193 K, as depicted by the

red arrow in Fig. 7; this corresponds to a typical activation

energy EACT� 0.04 eV. As discussed below, this component

is tentatively attributed to dipolar relaxation of some molecu-

lar moieties and labeled as fDIP.

A different representation of the admittance data has

been proposed recently;34 it consists in plotting the low

frequency “excess” capacitance, arbitrarily defined as CLF

(100 Hz) – CHF (1 MHz), as a function of the dc current den-

sity (Fig. 8, point A, cyclic scan). Here, CHF is the space

charge layer capacitance, Csc. In the depletion regime (low

forward bias, low current density), the interface states are

unable to respond to the ac bias modulation, and the dipolar

relaxation capacitance is essentially observed; being bias-

independent, it appears as a plateau. This plateau in the dipo-

lar relaxation capacitance of the Hg//C12H25 – Si junction

increases by a factor of 40 after ageing (Fig. 8, dashed

arrow). In contrast, as the forward applied bias is increased,

the response of interface states above midgap is increasingly

observed and (CLF – CHF) exceeds the plateau value. An

increase from 60 to 600 nF cm�2 is observed after ageing of

the Hg//C12H25 – Si junction (Fig. 8, full line arrow); the cor-

responding value of the density of states near mid gap

increases from DS� 5� 1010 eV�1 cm�2 in the as-grafted

state to DS� 5� 1011 eV�1 cm�2 after ageing. This increase

in the interface states response by a factor �10 can be

FIG. 7. Bias dependence of the imaginary electrical modulus M00(x) at

173 K (point A) showing three resonances: (i) a main peak, strongly bias-

dependent, related to the semiconductor space charge region, with character-

istic frequency f1¼G/2pC, (ii) a small peak, weakly bias-dependent, possi-

bly related to the patch response (fP), (iii) a small peak, bias-independent,

related to the dipolar relaxation, with characteristic frequency fDIP� 2 kHz.

The increase above 0.3 MHz is due to the series resistance.

FIG. 8. Excess low frequency capacitance, CLF (100 Hz) – CHF (1 MHz),

and semiconductor capacitance (CHF) as a function of the dc current density

J(V) through the Hg//C12H25 – n-Si junction in the as-grown state (0) and af-

ter ageing (point A). In the as-grafted state, the measured CLF exceeds the

calculated insulator capacitance COML.34 The dipolar relaxation plateau

increases by a factor �40 (dashed line arrow) and the response of localized

states increases by a factor �10 (full line arrow).
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attributed either to some desorption of hydrogen at Si-H sur-

face sites or to the defective interface oxide layer. It is

emphasized that a low dipolar contribution is an important

condition to detect a small surface states response, since the

latter may be masked by any dipolar relaxation of interface

or embedded polar moieties.

IV. CURRENT DENSITY ANALYSIS

The temperature dependence of effective barrier values,

derived in the TE regime (V<þ0.4 V), qualitatively con-

firms an increasing contribution of low barrier height patches

to the total current as temperature decreases, as shown by

the steeper slope in qUEFFðTÞ, which is observed at low T

(Fig. 5). In the following, two quantitative methods differing

by the treatment of the “pinch off” effect are proposed to

obtain the distribution of low effective barrier patches, re-

sponsible for the excess current in J(V, T) characteristics.

A. Gaussian distribution with no “pinch off” (model A)

Model A neglects “pinch off” effects (an assumption

valid for large patch area). The patches are thus independent,

and the current is the sum of I(V) characteristics correspond-

ing to the UEFF distribution. Assuming a Gaussian distribu-

tion, PðUEFFÞ � exp½�ððUB � UEFFÞ=
ffiffiffi
2
p

dUÞ2�, of barrier

heights, with a standard deviation dU, the integrated current

flow is thus dominated by patches with an effective barrier

height55,60

qUEFFðTÞ ¼ qUB þ ðkTÞb0dT � ðqdUÞ2=2kT: (4)

The barrier height deduced from J(V) measurements is always

smaller than the average value, qUB þ ðkTÞb0dT, and this

departure is larger at lower temperatures. Typical values for

the effective barrier lowering, ðqdUÞ2=2kT¼ 0.05–0.20 eV,

are expected at ambient temperature for qdU values in the

50–100 meV range.

Since this model provides an analytical temperature de-

pendence, Eq. (4) allows fitting of the standard deviation,

dU, and tunnel barrier attenuation factor ðb0dTÞ using effec-

tive barrier values qUEFFðTÞ obtained over a wide tempera-

ture range (Fig. 5). Since the exponential J(V) range is

quite narrow (in particular at point A), large error bars arise

in the qUEFFðTÞ values at high temperature, which may

affect the fit results; hence in this work, the value of ðb0dTÞ
was constrained to be the same for points A and B. The

homogeneous barrier height, qUB, is slightly larger at

point B; however the main difference (relevant to describe

the J(V) shape) arises from a wider distribution at point B,

qdU ¼ 9264meV, as compared to the standard deviation at

point A, qdU ¼ 6364 meV.

B. Arbitrary distribution of c values with “pinch off”
(model B)

In the case of a real interface including small patches

with “pinch off” effects, the effective patch area and the

effective barrier both depend on the applied potential

through c and Vbb. Taking into account the series resistance

effect, the current through a single patch is given by

IPATCH Vð Þ ¼ A�T2 4pcg2=3kT

9qVbb
2=3

� �
expð�b0dTÞ

� expð�qUHOM
B =kTÞ exp

qcVbb
1=3

g1=3kT

� �

� ½expðqV=kTÞ � 1� ; (5)

where V ¼ Va � RSIPATCH is smaller than the applied bias,

Va. An arbitrary distribution of c parameter values for circu-

lar patches can be derived from J(V) data at the lowest acces-

sible temperature, which provides the best sensitivity to the

high c patches.56,57 This distribution must also describe J(V)

characteristics at higher T, by adjusting only the series resist-

ance RS(T). In this study, it is found that RS increases with

decreasing temperature, from 2 X cm2 at 293 K to 50 X cm2

at 183 K.

Using J(V) data at T¼ 183 K and setting RS¼ 50 X cm2

to describe the bias range above 0.5 V, Fig. 6(a) shows that a

limited number of c values, in the range 8–18� 10�4 cm2/3

V1/3, is sufficient to obtain an envelope function which accu-

rately reproduces the measured current; with the addition of

the homogeneous current, the matching is correct over six

decades. Note that for large c patches (high current density),

the current saturation with applied bias is due to the voltage

drop on the series resistance or spreading resistance. Hence,

as shown in Figure 6(a), at a given bias, the current is domi-

nated by a narrow range of c values, i.e., increasing forward

bias selectively probes patches with smaller c values.

The upper limit for statistically significant c values (Fig.

6(b)) is defined by the condition qi (ci) S� 1, while the lower

limit is dependent on the measurement temperature. Within

error bars, the corresponding distribution of c values, qi (ci)

shown in Fig. 6(b)), can be described either by a Gaussian

function (full red line) with standard deviation dc ¼ 4� 10�4

cm2/3 V1/3 or by an exponential function (dashed blue line)

with inverse slope c0¼ 1.3� 10�4 cm2/3 V1/3.

V. DISCUSSION

Comparative analysis of electrical transport characteris-

tics of Hg//C12H25 – n Si junctions in the ac and dc modes,

before and after ageing at the ambient, reveals local oxida-

tion effects in the dipolar relaxation at the molecular scale

and in the effective barrier height distribution. The physical

origin of interface potential fluctuations may arise from

some inhomogeneous distribution of dipoles, charge transfer,

or charged defects;76 in molecular junctions, interface oxida-

tion decreases the barrier height at the semiconductor inter-

face, as reported in previous works.26,49

A. Interface oxidation

As shown previously,24,44,49 the oxidation kinetics of the

C12H25 – n Si interface is slow, with a 2 months typical time

scale, in contrast with a few hours time scale for the oxida-

tion of hydrogenated Si(111):H surfaces. It is thus expected
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that ageing at the ambient for 18 months should produce a

strongly oxidized C12H25 – n Si interface.

XPS shows a SiO2 component at the C12H25 – n Si inter-

face corresponding to an average thickness of 0.17 nm; inho-

mogeneous oxidation requires that interface oxide thickness

has locally larger values. The thickness of this SiO2 layer is

thus important as compared with the OML tunnel barrier

thickness, dOML¼ 1.45 nm. As depicted in Fig. 1, the density

of adventitious OH and strongly physisorbed H2O molecules

is comparable to the density of oxidized Si atoms and is

twice the density of grafted dodecyl molecules. These figures

are important for the discussion of dipolar relaxation at the

molecular scale.

Capacitance measurements using a liquid electrode sug-

gest that water molecules can penetrate through molecular

monolayers with low packing density; for long-term passiva-

tion of Si with n-alkyl molecules, a threshold coverage of

3.2� 1014 cm�2 has been calculated corresponding to inter-

molecular channels narrower than 0.28 nm, which is equal to

the diameter of a water molecule.71 Similarly, recent studies

using a Hg top metal contact33 have shown a reversible effect

of hydration/annealing at 150 �C on the conductance and low

frequency capacitance of alkyl/n-type Si junctions. This effect

is nearly negligible if the molecular monolayer is closely

packed. In this study, the C12 molecular layer coverage being

smaller than the threshold value of 3.2� 1014 cm�2, water

molecule penetration may occur at specific locations with low

packing density where Si oxidation is also expected.

B. Dipolar relaxation at the molecular scale

Complementary information on the OML structure is

given by the dynamic properties of the Hg//C12H25 – n Si junc-

tion, investigated at low temperatures and reverse applied bias

to minimize the dc conductance response of the junction which

would otherwise mask the dipolar relaxation.28 After ageing,

admittance data clearly reveal a relaxation peak at a character-

istic frequency fDIP� 2 kHz, independent of applied bias and

band bending in the semiconductor. Its intensity is much stron-

ger in the aged Hg//C12H25 – n Si junction (M00MAX� 0.06)

than in the as-grafted device (M00MAX	 0.01, not shown). For

these two reasons, the response at fDIP¼ 2 kHz is attributed to

dipolar relaxation of some molecular moieties, arising at or

near the silicon oxide interface. In the following, two physical

origins consistent with literature data are discussed for the

dipolar relaxation observed near 2 kHz: (a) relaxation of a C-C

bond dipole in the alkyl chain next to silicon oxide and (b)

physisorbed H2O molecular relaxation.

A small dipolar relaxation effect is expected in the as-

grafted junction, due to the small value of the alkyl chain

permanent dipole perpendicular to the interface13 and with

the small number of dipoles (�1� 1012 molecules) in the

junction.

In recent literature, dipolar relaxation at similar frequency

values (near 1 kHz) were also found at low temperature in

n-alkyl-dimethylchlorosilane (C4 to C18) self-assembled

monolayers (SAMs) grafted on fused silica substrates with

interdigitated electrodes (235 K)77 and in n-alkyl-trichlorosi-

lane (C10 and C18) SAMs immobilized on porous glass pow-

ders (160 K).78 In both cases, a significant decrease in

frequency with increasing molecular coverage was reported

and attributed to structural ordering. In similar experiments,

no interface component was observed for a reference Hg//

SiO2 (3 nm) – n Si junction with no monolayer;28 in addition,

for this frequency window, the SiO2 response is expected

below 100 K.77

Hence, a likely origin of dipolar relaxation at fDIP� 2 kHz

could be some relaxation of a C-C bond dipole in the alkyl

chain next to silicon oxide. It has been suggested78 that a

strong polar bond in SiO2 may induce a weaker dipole in the

first segments of the alkyl chain near the molecule-substrate

interface. This was confirmed by the observation of similar

dielectric relaxation in both polar (explicit permanent dipole)

and nonpolar (only induced dipole near a siloxane linkage)

molecular layers.77 This hypothesis could explain the

increased intensity of the dipolar relaxation after ageing of

the C12H25 – n Si interface; however, in this work, the dipolar

peak frequency fDIP has a very small temperature dependence,

with an activation energy EACT� 0.04 eV, much smaller than

EACT� 0.25 eV, observed for n-alkyl-trichlorosilane SAMs

on porous glass.78 This very small activation energy indicates

that local motion of short segments (b relaxation) rather than

large amplitude motion of an entire molecule could be

involved in the dipolar relaxation at fDIP¼ 2 kHz.

As an alternative explanation, relaxation of water mole-

cules, adsorbed preferentially at the oxidized interface

regions, cannot be excluded, and this mechanism could com-

pete with the induction effect of Si-O bond dipole in the first

segments of the alkyl chain near the molecule-substrate int-

erface. Indeed, a dipolar relaxation at 1 kHz has been found

near 200 K for confined glassy water condensed on various

surfaces: it has been attributed to a local b-like relaxation pro-

cess of water molecules interacting with the host material.79

C. Distribution of interface barrier heights

Modifications of dc electrical transport characteristics

observed after ageing are attributed to the oxidation observed

by XPS; they are well described by an effective barrier

height distribution. In the thermionic emission regime, a dis-

tribution of low effective barrier patches qualitatively

explains the excess current at reverse and low forward bias

and the discrepancy between barrier heights derived from ca-

pacitance and saturation current. A distribution of barrier

heights explains both the bias-dependence of the ideality fac-

tor and the apparent discrepancy between a large ideality

factor value (n¼ 1.46 at 293 K) and a small density of inter-

face states (DS < 1011 eV�1 cm�2) obtained in the same bias

range, as found for the as-grafted device.32 Note that incor-

poration of device inhomogeneity is crucial for an accurate

modeling of J-V characteristics, otherwise artificially large

interface defect densities may be required to account for the

large values of the apparent ideality factor.80

The lateral spatial extension of the low barrier height

regions can be estimated from the distribution of c values,

derived in the framework of the patch model, which considers

that the smaller low barrier height patches are “pinched off.”

In the limited range of c values, 8-18� 10�4 cm2/3 V1/3, used
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to describe experimental transport data, the corresponding typi-

cal patch radius RP values are expected between 0.2 and

0.5 lm (setting arbitrarily DP� 0.3 eV), which is consistent

with the requirements of the dipole approximation, i.e., RP

is smaller than the width of the space charge layer

W ¼ ð2VbbgÞ1=2
, with g ¼ ðeS=qNDÞ ¼ 4.4� 10�8 cm2 V�1,

as long as the band bending Vbb ¼ UB � V � Vn is larger than

30 mV.

The distribution of c values, qi (ci), can be equally well

described either by a Gaussian function or by an exponential

function (Fig. 6(b)). A comparison can be made between the

standard deviation dU¼ 63 meV of model A (Eq. (4)) and

the standard deviation dc ¼4� 10�4 cm2/3 V1/3 derived from

model B (Fig. 6(b)) since60

dU ¼ dc
Vbb

g

� �1=3

: (6)

This expression indicates that methods A and B do not probe

exactly the same part of the distribution since Vbb is bias-

dependent. The fitted parameters dU and dc are consistent

with Vbb� 0.2 V, which defines some average band bending

at low applied voltage.

The homogeneous barrier height (0.7 eV) chosen for

simulation of J(V) at T¼ 183 K based on model B (Fig. 6(a))

is intermediate between the average barrier obtained from

Mott-Schottky plots near room temperature (0.90 eV) and

model A analysis over the full temperature range (0.61 eV).

Since the total space charge of an inhomogeneous junction is

not affected by details of the band bending at the interface,

the barrier height value, UCV
B , derived from a Mott-Schottky

plot of the reverse bias capacitance, is the average of the dis-

tribution of barrier heights. If the analysis of the saturation

current of J(V, T) obtained in the forward bias regime, using

Eq. (4), is correct then the equality UCV
B ¼UJV

B is expected. At

point B, qUCV
B � qUJV

B ¼�0.07 eV (at 293 K) is within error

bars but at point A, the difference qUCV
B � qUJV

B ¼ 0.3 eV (at

293 K) is significantly high. This could indicate some limits

in the rough model A, which neglects “pinch off” effects. In

contrast, model B considers the bias dependence of both

interface potential modulation and patch area variations,

which combine into a c parameter distribution.

Finally, in spite of its limitations, the Gaussian distribu-

tion model (Eq. (4)) remains useful because it shows that

neglecting the distribution of interface potential may lead to

overestimate the qUEFFðTÞ slope and hence the tunnel param-

eter, b0dT, value, in particular at low temperatures. Using Eq.

(1) near 300 K would lead to a typical overestimation of b0dT

of about 3 and 6 for the qdU parameters derived, respectively,

at points A (qdU ¼ 63meV) and B (qdU ¼ 92meV). An ac-

ceptable error in b0dT� 1 (i.e., an error smaller than 0.7 nm�1

in the b0 value) requires a very homogeneous tunnel barrier

with qdU< 36 meV. This condition (qdU< 1.5 kT) sets a

lower limit on experimentally accessible c values (Fig. 6(b))

typically 6� 10�4 cm2/3 V1/3 (using RP¼ 0.35 lm).

Using the optical OML thickness (dT¼ 1.45 nm) and

neglecting image force effects, it is found that the attenuation

parameter value, b0¼ 0.83 6 0.1 Å�1, is consistent with

b0� 0.87 6 0.1 Å�1 in Hg// alkanethiol - Ag junctions81 but

it is slightly higher than b0� 0.65 Å�1 in junctions with a

covalent Si-C bonded interface on n-type Si deduced from

the variable molecular length method.18

D. Charge transfer effect on interface barrier heights

Oxidation of the Si interface contributes to a strong

increase of the conductance in the reverse bias regime; in this

work, this observation has been attributed to a broadening of

the Schottky barrier distribution, which was quantitatively

described by the patch model (Sec. V C). Although it does not

consider minority carrier transport, this model captures most

of electrical transport features over a broad temperature range.

At this point, it cannot be decided whether SiO2 forma-

tion alone is able to decrease the interface potential or some

additional contribution of physisorbed water also occurs.

Contact potential difference measurements combined with

XPS analysis under ambient pressure have shown that water

molecules can be adsorbed on oxidized silicon with a signifi-

cant increase of the contact potential (net positive charge or

dipole on the surface) of about 400 meV, which essentially

occurs between 2 and 5 water monolayers.51 This result

shows that H2O vapor adsorption can significantly decrease

the barrier height in oxidized patches.

In addition, the role of water molecule adsorption at the

OML/Si interface has been suggested to explain hydration/

annealing experiments performed on Hg//OML-nSi junc-

tions, showing a reversible change of both dc current density

and low frequency capacitance.33 The reversible increase in

dc current density is consistent with the above picture; how-

ever, it is not clear if localized interface states are created by

some kind of water related complexes, or if the observed

increase in low frequency capacitance is simply the result of

increased current density, as predicted by recent modeling of

MIS tunnel diode applied to hybrid molecular junctions in

the forward bias regime.34

Finally, redox transfer from a semiconductor to a physi-

sorbed water layer has been extensively discussed in another

context, namely the high surface conductance of diamond

films due to hole accumulation upon exposure to moist air.50

Modeling of the SC/water interface including the H2/2Hþ re-

dox couple allows prediction of electron transfer for various

semiconductors.50 The potential of the H2O/2Hþ redox couple

being above the Fermi level of silicon,33 the thin water layer

can act as a surface electron donor for the OML/Si system;

hence, the electron exchange from the water layer to silicon,

governed by the redox reaction 2 H2OþH2 ! 2 H3Oþ

þ 2 e�, may contribute to decrease both the positive space

charge inside the semiconductor and the upward band

bending.

VI. CONCLUSION

The role of monolayer quality has been addressed through

a comparison of the temperature dependence of electron trans-

port over a wide temperature range, before and after ageing in

air. Admittance and current density characteristics of rectifying

Hg//C12H25 – n Si junctions incorporating n-alkyl molecular

layers covalently bonded to Si(111) reveal local oxidation

effects both at the submicron scale in the effective barrier

113701-9 Fadjie-Djomkam, Ababou-Girard, and Godet J. Appl. Phys. 112, 113701 (2012)



height distribution and at the molecular scale in the dipolar

relaxation measured at low temperature. Other sources of de-

vice inhomogeneity (non uniformity in OML thickness and

induced density of states, top electrode oxidation) are expected

to be more weakly affected than Si interface oxidation.

In the thermionic emission regime, a distribution of bar-

rier heights qualitatively explains the excess current, the

large apparent ideality factor, and the discrepancy between

barrier heights derived from capacitance and saturation cur-

rent. Fitting low temperature dc current density J(V, T) char-

acteristics with an arbitrary distribution of patch parameters

(model B including “pinch-off”) provides a narrow range of

c values, which is equally well described by Gaussian or ex-

ponential functions. Neglecting “pinch-off” effects, model A

has the advantage of an analytical temperature dependence

of the effective barrier height (Eq. (4)), which allows a sim-

ple separation of energetic (barrier height, qUB and standard

deviation, dU) and kinetic (tunnel attenuation parameter

b0dTÞ properties of the junction.

Incorporation of device inhomogeneity is crucial to

accurate modeling of J-V characteristics, otherwise very

large interface defect densities are required to account for

the large values of the apparent ideality factor. Actually,

ultrathin MIS tunnel barriers can be considered as homoge-

neous if qdU< 1.5 kT, which allows using Eq. (1) near room

temperature to determine the tunnel barrier transparency.

The slow buildup of an interface silicon oxide layer

observed after ageing also brings a significant increase in the

mid gap density of states, which typically rises to the high

1011 eV�1 cm�2 range, after 18 months ageing at the ambient.

The bias-independent relaxation observed near 1 kHz at low

temperature may be attributed either to dipoles in the alkyl

chain induced by the strong permanent dipoles of interface sil-

icon oxide and/or to a local relaxation of water molecules

trapped at the OML/silicon interface. The respective roles of

SiO2 formation and water physisorption in the decrease of the

patch barrier height have been discussed. More work with

intentional oxidation of the silicon substrate or controlled den-

sity of dipoles embedded in the molecule backbone will be

necessary to discriminate both mechanisms.
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