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a b s t r a c t

The effect of a high current density on the measured admittance of ultrathin Metal–Insulator–Semicon-
ductor (MIS) tunnel junctions is investigated to obtain a reliable energy distribution of the density, DS(E),
of defects localized at the semiconductor interface. The behavior of admittance Y(V, T, x) and current
density J(V, T) characteristics is illustrated by rectifying Hg//C12H25ASi junctions incorporating n-alkyl
molecular layers (1.45 nm thick) covalently bonded to n-type Si(111). Modeling the forward bias admit-
tance of a nonequilibrium tunnel junction reveals several regimes which can be observed either in
C(x � 0) vs. (J) plots of the low frequency capacitance over six decades in current or in M00(x) plots of
the electrical modulus over eight decades in frequency. At low current density, the response of interface
states above mid-gap is unaffected and a good agreement is found between the interface states densities
derived from the modeling of device response time sR(V) and from the low–high frequency capacitance
method valid for thick MIS devices; the low defect density near mid-gap (DS < 1011 eV�1 cm�2) results
from a good passivation of dangling bonds at the C12H25An Si interface. In the high current density regime
(J > 1 mA cm�2), the admittance depends strongly on both the density of localized states and the dc cur-
rent density, so that the excess capacitance method overestimates DS. For very high current densities
(J > 10 mA cm�2), the observation of a linear C(x � 0) vs. (J) dependence could indicate some Fermi level
pinning in a high interface density of states located near the Si conduction band. The temperature-inde-
pendent excess capacitance C(x � 0) � C(1 MHz) observed at very small J, not predicted by the admit-
tance model, is attributed to some dipolar relaxation in the molecular junction.

� 2012 Elsevier Ltd. All rights reserved.

1. 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 saturated organic chains
with a wide electronic band gap (�7 eV) [1]. In the field of hybrid
molecular–silicon junctions, alkyl-based devices have been investi-
gated for fundamental studies of transport mechanisms (therm-
ionic emission, tunneling, recombination) while applications are
foreseen in the fields of solar cells and gate insulators [2,3]. Alkyl
monolayers may form a well controlled interlayer for further
assembly of nanoscale objects (molecules, nanoparticles, nano-
tubes) providing new functionalities to form original devices and
circuit architectures [4–8].

Covalent binding of linear saturated (n-alkyl) chains to hydro-
genated Si(111):H surfaces [9] forms robust molecular layers with
a high coverage which play the role of a nanometer-thick tunnel
barrier. Due to sterical constraints, the density of surface SiAH sites

which are not grafted with alkyl molecules is larger than
4 � 1014 cm�2 (�60% of surface Si atom density); however, the
density of electrically active defects, DS, remains relatively small,
at least immediately after grafting, in the 1 � 1010 to 3 � 1011

eV�1 cm�2 range [10–15]. However, besides the problem of engi-
neering a homogeneous and reliable top electrode in contact with
a nanometer-thick molecular monolayer, a major issue in hybrid
molecular–silicon junctions is the structural disorder which results
from the irreversible grafting mechanism related to the strong
covalent bonding; hence structural disorder probably induces
some distribution of barrier heights for electrical transport and
may explain the wide range of conductance values observed exper-
imentally [16,17].

In metal/semiconductor (SC) junctions, the presence of interface
states and of a thin insulating layer have been recognized as
nonidealizing factors in the current–voltage (I–V) characteristics
[18–21]. A number of methods based on non-stationary measure-
ments have been developed for interface defect characterization
in thick MIS diodes [22,23] and tentatively extended to MIS junc-
tions with interfacial layers [24,25], ultrathin SiO2 [19,26–29],
and molecular insulator [3,14,15,30]. In the latter devices, fre-
quency and temperature dependence of molecular MIS admittance
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brings valuable information to discriminate interface states re-
sponse and dipolar relaxation effects [14,31–33].

MIS tunnel diodes are nonequilibrium devices due to the large
current density flowing through the thin insulating layer (Fig. 1).
It has been shown that, between 1 and 2 nm thick SiO2, the quasi-
static hypothesis progressively fails and a kinetic approach should
be developed [34]; this effect is expected to occur at larger thick-
ness values for an insulator with a lower tunnel barrier height.
We must then calculate the position of the quasi-Fermi level at
the interface, its value depending on the applied voltage, on the
transmission coefficient of the barrier (i.e. essentially on the insu-
lator thickness) and on the interface defects. The non-stationary
transport properties (capacitance and conductance) of ultrathin
MIS tunnel junctions and non-abrupt MS junctions under modu-
lated bias, V + VAC exp(jx t) , have been derived by Gomila [35,36]
using coupled kinetic equations which define the occupancy of
interface states as a function of applied dc bias, V, bias modulation
frequency, x, and temperature, T. In contrast with previous mod-
els, exchange of carriers between interface states and either the
metal or the semiconductor has been considered. However, to
our best knowledge, no systematic validation of Gomila’s model
has been performed with experimental data for tunnel MIS diodes.

In this work, the behavior of admittance Y(V, T, x) and dc cur-
rent density J(V, T) characteristics in ultrathin MIS tunnel junctions
is illustrated by Hg//C12H25An Si junctions incorporating n-alkyl
molecular layers (dT = 1.45 nm) covalently bonded to n-type
Si(111). In order to obtain a reliable density of states distribution
from admittance measurements in nonequilibrium MIS devices,
this work emphasizes the combined role of dc current density
and interface states density, as predicted by the tunnel barrier
model. The strong rectification in J(V, T) due to the n-type doping
provides a very large range of dc current which is helpful to iden-
tify several transport regimes.

The organization of the manuscript is as follows. Section 2 re-
calls the physics of the tunnel barrier model leading to the admit-
tance Y(V, T, x) of ultrathin MIS tunnel junctions. The combined
role of dc current density J(V, T) and interface states density distri-
bution DS(E) in the measured admittance characteristics, in partic-
ular the low frequency capacitance and high frequency conductance, is
emphasized and the device response time is introduced. Section 3
describes the experimental methods, including photochemical
grafting of alkene molecules on Si(111), X-ray photoelectron spec-
troscopy (XPS) characterization of molecular coverage, spectro-
scopic ellipsometry (SE), dc and ac electrical transport at variable
T. Besides J(V, T) measurements in the T range 243–293 K, the
admittance Y(V, T, x) is characterized in a wide frequency range

(10�2–107 Hz) in order to investigate the dynamic characteristics
of the tunnel barrier, the space charge region and the interface trap
distribution. Section 4 is devoted to the admittance spectroscopy
characteristics, used to obtain the flat band voltage, VFB, the device
response time, sR, and the density of interface electronic states,
DS(E) . The comparison of the density of states distributions derived
from the device response time and from the classical low–high fre-
quency capacitance method (valid for thick MIS devices), respec-
tively, allows to define a ‘‘low current density regime’’ and a
‘‘high current density regime’’. The potential influence of high local
current density, e.g. due to some lateral inhomogeneity of the bar-
rier height, on the measured admittance Y(V, T, x) is also discussed.

Our experimental results are compared with some predictions
of admittance modeling for ultrathin MIS tunnel junctions, in par-
ticular the dependence of the low frequency capacitance C(x � 0)
on J(V, T) and the frequency dependence of the electrical modulus.
Some model parameters such as the microscopic response time of
interface defects and their distribution in energy, DS(E) , are de-
rived from experimental data. While all of the experimental results
presented in this work were obtained using Hg//C12H25An Si(111)
molecular junctions, the method is more general and could be ap-
plied to any tunnel MIS device.

2. Non-stationary transport model

The non-stationary transport properties (capacitance and con-
ductance) of nonintimate Schottky contacts and MIS tunnel diodes
have been derived using coupled kinetic equations which define
the occupancy of interface states as a function of applied dc bias,
bias modulation frequency and temperature [35,36]. We briefly re-
call the main hypothesis and the device admittance expression to
emphasize the combined role of dc current density J(V, T) and
interface states density distribution DS(EC � ET) in the low frequency
capacitance and high frequency conductance and to introduce the
device response time directly evidenced in M00(x) plots of the elec-
trical modulus.

2.1. Kinetic mechanisms

In the energy band diagram of the MIS tunnel diode with insu-
lator thickness dT (noted as d in Fig. 1), the barrier height, /BN, is
defined by the metal work function, /m, and the SC electron affin-
ity, v. The dc thermionic emission current across the interface is
governed by this barrier height and by an attenuation factor
exp(�b�dT) due to the tunnel barrier transparency; the parameter
b0 can be derived from the temperature dependence of the appar-
ent barrier height in the thermionic emission regime [15].

Fig. 1 shows that three elementary kinetic processes can be
identified:

qn $ qm; qs $ qm; qs $ qn ð1Þ

in which qn, qm, qs stand respectively for the electrons in the semi-
conductor, in the metal and at the interface states. If the series resis-
tance (RS) can be neglected (not true at high J), the applied bias V is
the difference Fm � Fn between the metal Fermi level, Fm, and the
semiconductor Fermi level, Fn.

In contrast with Gomila’s approach, where no restriction on the
carrier exchange between interface states and either the metal or
the semiconductor has been assumed, previous models of thin
MIS junctions restricted the exchange of electrical carriers of inter-
face traps to the SC conduction band [25,29,37,38]. Although
resulting expressions of the admittance are quite similar to Eq.
(12), the microscopic response times of localized interface states
are quite different: a capture–emission time constant is derived
from Shockley–Read–Hall parameters [22] in the former models

Fig. 1. Energy band diagram and carrier exchange mechanisms at the tunnel MIS
interface [36] (reprinted with permission from IOP).
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