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a r t i c l e i n f o

Article history:
Received 21 September 2007
Received in revised form 11 July 2008
Accepted 15 July 2008
Available online 9 September 2008

The review of this paper was arranged by
Prof. A. Zaslavsky

Keywords:
Tunnelling
Schottky structure
MOS structure

a b s t r a c t

We derive general formulae for calculating the transport of free charge carriers in a MOS structure with a
thin insulating layer. In particular, we obtain relationships for boundary concentrations of free charge
carriers on the insulator–semiconductor interface and for the current densities flowing through the
MOS structure. Our direct tunnelling-diffusion approach makes the well known thermionic emission–dif-
fusion theory for the Schottky interface applicable also to metal–insulator–semiconductor barriers with a
very thin insulator layer. We demonstrate how direct tunnelling through the insulating layer and drift–
diffusion of free charge carriers in the semiconductor affect the I–V and C–V curves and the boundary con-
centrations needed to numerically solve the continuity equations.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

MOS FET structures with a thin high-j oxide layer and a
metallic gate represent a new generation of unipolar integrated
circuits [1]. Analysis of the physical phenomena in the MOS struc-
tures, particularly in the 1–2 nm scale of insulator thickness, re-
quires deep knowledge of the processes taking place in the
oxide layer, in the underlying working region of the semiconduc-
tor and at their interface. At this length scale, quantum-mechan-
ical tunnelling through the gate dielectric causes a significant
leakage current which raises numerous problems with static
power dissipation [2] and reliability of the dielectric [3]. There-
fore, accurate modelling of the tunnelling current through the
gate dielectric and subsequent predictive simulation is inevitable
for a proper device and circuit design. Many papers dealing with
this hot topic were presented within the last few years [4–8]. A
comprehensive review and detailed comparison of existing mod-
els is given in [9].

The formulae we present generalize the well established
thermionic emission–diffusion theory for metal–semiconductor
barriers derived by Crowell and Sze [10] and later by Simmons
and Taylor [11] and Tung [12]. Simulation of I–V and C–V charac-
teristics contributes to a thorough understanding of the phenom-
ena taking place in the MOS structure with the thin high-j oxide
gate layers.

2. Theory

The theory charge transfer through the MOS structures is based
on 1-D self-consistent solution of the Schrödinger and Poisson
equations and of the continuity equations for electrons and holes
in a metal/dielectric/silicon stack. The Schrödinger equation is
solved by the effective mass approximation applying closed
boundary conditions, the final result being the tunnelling
probability.

Our model is 1-D, it does not consider a 2-D MOSFET structure.
Therefore, the transport of charge carriers is not affected by the
current flowing in the transistor structure between the source
and drain. The theory takes into account direct tunnelling of
charge carriers through the insulating layer and drift–diffusion,
as well as tunnelling mechanisms of charge transport in the semi-
conductor. The continuity equations along with the formulae for
boundary electron and hole concentrations on the insulator-to-
semiconductor interface constitute the basic set of equations.
For the sake of simplicity we will distinguish the quantities re-
lated to electrons and holes by indices. For example, electron
and hole concentrations are denoted as ce and ch, respectively.
Similarly, the upper sign in the equations belongs to electrons,
the lower sign to holes.

The Poisson equation takes the form
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ch � ce þ ND � NA
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and is solvable satisfying the insulator-to-semiconductor interface
condition

e0jS
dw
dx

����
S
� e0jI

dw
dx

����
I
¼ Q f ; ð2Þ

where the x-coordinate is perpendicular to the metal–insulator–
semiconductor interface, w is the electrostatic potential, ND and
NA are donor and acceptor doping densities, jS and jI are relative
permittivities of the semiconductor and insulator, respectively,
and Qf is the effective fixed charge of the insulator, Qf = qDS. Here,
DS is the integral surface charge density in the insulator. Note that

a similar condition holds for all interfaces present in the structure,
thus also for the interface between the high-j insulator and the
interface layer, see Fig. 1.

Distribution of free charge carriers in the semiconductor is ob-
tained by solving the quasi-stationary continuity equations for
electrons and holes

dJe;h
D

dx
¼ �qðR� GÞ �

d Je;h 2
RDT � Je;h 2

GDT

� �
dx

; ð3Þ

where Je;h
D are the drift–diffusion current densities of electrons and

holes in the semiconductor expressed as

Nomenclature

C capacitance of the MOS structure (F m�2)
Cox capacitance of the sandwich oxide layer (F m�2)
CS differential capacitance of the semiconductor (F m�2)
ce,h density of free electrons or holes in the semiconductor

(m�3)
ce;h

S density of free electrons or holes at the place of the
insulator–semiconductor interface (m�3)

ce;h
S0 density of free electrons or holes at the place of the

insulator–semiconductor interface under TDE (m�3)
ce;h

T GR quantity having a dimension of concentration (m�3)

ce,h(L) density of free electrons or holes at the right boundary
of the semiconductor substrate (at x = L) (m�3)

DS integral surface charge density in the insulator (m�2)
EC,V bottom of the conduction band or top of the valence

band (eV)
EF Fermi energy level in the metal (eV)
Ee;h

F quasi-Fermi energy levels in the semiconductor (eV)
E? energy perpendicular to the surface (eV)
Ejj energy parallel to the surface (eV)
E total energy of free charge carriers (eV)
Eg energy band gap (eV)
F1/2 Fermi integral of the order of 1/2 (–)
G net generation of electron and holes in the semiconduc-

tor by all mechanisms (m�3 s�1)
Je;h
D drift–diffusion current densities of electrons or holes in

the semiconductor (A m�2)
Je;h 1;2
G;RDT generation G or recombination R direct tunnelling cur-

rent density of electrons or holes in region 1 or 2
(A m�2)

Je,h total electron or hole current density (A m�2)
Je;h
R—G recombination–generation current density of free

charge carriers in the semiconductor (A m�2)
Je;h 1;2
DT direct tunnelling current density of electrons or holes in

region 1 or 2 (A m�2)
Je;h 1;2
RDT recombination direct tunnelling current density of elec-

trons or holes in region 1 or 2 (A m�2)
Je;h 1;2
GDT generation direct tunnelling current density of electrons

or holes in region 1 or 2 (A m�2)
Ke,h empirical function for electrons or holes used in approx-

imating the Fermi integral of order 1/2 (–)
k Boltzmann constant (J K�1)
L right boundary of the semiconductor substrate (–)
m�e;h effective electron or hole mass (kg)

me;h
t effective tunnelling mass of electron or hole (kg)

mt transversal electron mass (kg)
ml longitudinal electron mass (kg)
m0 rest electron mass (kg)
mlh mass of light holes (kg)
mhh mass of heavy holes (kg)

NC,V effective density of states in the conduction or valence
band (m�3)

Ni intrinsic density of charge carriers (m�3)
NA,D donor or acceptor impurity density (m�3)
nie modified intrinsic density (–)
n�ie twice modified intrinsic density using correction factors

ce;h (m�3)
Qf effective fixed charge of the insulator (C m�2)
QSC total integral charge in the semiconductor (C m�2)
q elementary charge (m�3)
R net recombination of electron and holes in the semicon-

ductor by all mechanisms (m�3 s�1)
T absolute temperature (K)
tox total oxide thickness (m)
VS

a voltage drop on the semiconductor (V)
V I

a voltage drop on the insulation layer (V)
Va applied voltage (V)
Vstep applied voltage step (V)
VS

step voltage step applied to the semiconductor (V)

V I
step voltage step applied to the insulation layer (V)

VS TDE
bi built-in potential in the semiconductor under TDE (V)

x x-coordinate normal to the metal–insulator–semicon-
ductor interfaces (m)

xit position of the insulator–semiconductor interface (m)
xt place in the semiconductor, where tunnelling vanishes

(m)
�h reduced Planck constant (J s)
vS electron affinity of the semiconductor (eV)
DEg band gap narrowing (eV)
e0 permittivity of vacuum (F m�1)
UB Schottky barrier height on n-type semiconductor (eV)
UM work function of the metal (eV)
Ce;h electron or hole tunnelling coefficient (–)
ce;h correction factors for Fermi integral of order 1/2 (–)
ue;h quasi-Fermi potentials (V)
j relative permittivity (–)
jS;I relative permittivity of the semiconductor or insulator

(–)
jIi relative permittivity of the ith layer in the insulator (–)
le;h electron or hole mobility in the semiconductor

(m2 V�1 s�1)
me;h

RDT recombination velocities of direct tunnelling for elec-
trons and holes (m s�1)

me;h
GDT generation velocities of direct tunnelling for electrons

and holes (m s�1)
me;h

D diffusion velocity of electrons or holes (m s�1)
se;h lifetime of electrons or holes in the semiconductor (s)
w electrostatic potential (V)
we;h modified electrostatic potentials for electrons or holes

(V)
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